98

Fib R EITE

10

11

12

13

14

Lin Changyou and Wu Yuxia. The inversion of the data of magnetotelluric sounding and electromagnetic frequency
sounding with horizontal electric dipole. Acta Seismologica Sinica. 1993, 6(2). 495—501.

O brien Douglas P. and Morrison H. F. Electromagnetic field in an N—layer anisotropic half—space. Geophys. ,
1967, 32: 668—677.

Reddy I. K. and Rapkin D. Magnetotelluric response of laterally inhomogeneous and anisotropic media. Geophys. ,
1975, 40: 1035—1045.

Savage M. K., Peppin W. A. and Vetter U. R. Shear wave anisotropy and stress direction in and near Long Valley
Caldera, California, 1977—1988. Geophys. J.Res., 1990,95.: 11165—11177.

Wang Chiyuen and Sun Yan. Oriented microfractures in Cajon Pass drill cores: Stress field near the San Andreas
fault. J. Geophys. Res., 1990,95: 11135—11142.

Yan Jiaquan, Shi Zhenlian, Wang Suyun and Huan Wenlin. Some fractures of the recent tectonic stress field of China
and environs. Acta Seismologica Sinica, 1979,1(1): 9—24.

F A A H B B AR B EDA #ysRE ML ATJK
it REE #kE KEE

(B K EHZNREAT T, 24 730000)

BE HRITEZETEDAAZHRRNACEREHRFERLE. 2MHAR

THRENMNACSESHFLETRIRY XL BAL IR TAHBERE, HRT
Kb 2ERF A EDA e B F R RS TRARZ AR EETHAEET LR L
B2REHFHYLER L THKREOFRERMRARLBTH G KA,

TEEMRAE KHEHNFE SFERXERE BESHRHE



17 T4 Pithsl b X2 ] Vol. 17,No. 4
1995412 B NORTHWESTERN SEISMOLOGICAL JOURNAL Dec. ,1995

USING MTS TO DISTINGUISH THE EARTHQUAKE
PRECURSOR OF EDA ELECTRICAL CHANGES"

Lin Changyou, Wu Yuxia, Yang Changfu and Chen Junying
(Earthquake Research Institute of Lanzhow, SSB, Lanzhou 730000)

Abstract
The characteristics of conductivity anisotropy of earth medium due to EDA phenomena were demonstrated,
the pattern end characteristics of MT response function variations caused by the changes of conductivity
anisotropy were analysed and studied, the distinguishability of MTS to the earthquake precursor of EDA electrical
changes and the necessity of considering the anisotropy in the interpretation of MT data were expleained, and the .
inverse problem of MT data for the symmetrically anisotropic laysred medium was discussed.
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1 The Conductivity Anisotropy of the Earth’ s Medium due to EDA

The extensive-dilatancy anisotropy (EDA) is a microcrack activity phenomenon under
lower stress level, and the microcracks in the rock are predominantly orientated along maxi-
mum compressive principal stress direction and opened along the minimum principal stress
direction. In recent years the shear wave splitting phenomena were observed in some regions of
Turkey, Canada, U.S. A., Japan, Russia and China, their physical mechanism was inter-
preted as the extensive-dilatancy anisotropy in the upper crust, at present the idea has been
accepted by most of geophysicists (Crampin and Lovell, 1991). Since the differential stress
causing the EDA phenomena is 1 or 2 orders of magnitude lower than stress causing the nor-
mal dilatancy, in the upper crust, especially in tectonic active regions, the EDA phenomena
ought to be more general phenomena. The phenomena had not been noticed earlier only
because of the restriction of the observation technique and theoretic method. In the upper crust
shallower than 20 km, the maximum and minimum principal stresses are in the horizontal
plane roughly, the EDA microcracks orientated along the maximum principal stress direction
are vertical cracks. When shear waves with some given incident angles propagate in the
medium with oriented cracks, they are splitted into the fast and slow waves, and the fast wave
polarizes along the direction cf the microcrack orientation.

Under the thermodynamic conditions in the upper crust, the resistivity of dry rock is
above 10° ohm-m, but the volume resistivities in the upper crust rock obtained by the data
inversion of MTS and other EM methods are 10° — 10* ohm-m, 2 — 4 orders of magnitude

lower than that of the dry rocks, so it is considered that there are cracks and porous water in

* Projects sponsored by the joint earthquake science foundation.
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the rock. The numerical simulation of the volume resistivity for two-phase medium showed

that a few percent of the cracks containing water probably make the volume resistivity decrease
by several orders of magnitude (Lin et al. , 1989). Presently the existence of a few cracks and
a little porous water in the upper crust has been accepted by most of geophysicists, even it was
used for modelling the magnetotelluric and seismic reflection results of the lower crust in some
regions (Hyndman and Shearer, 1989). The orientated microcracks due to EDA phenomena
are the flat cracks with larger pore shape ratio, the self-consistent approximate calculation of
the cracked medium shows that its volume conductivity is apparently directive, when there is
the porous water in the cracks, the direction of the crack orientation is the direction of high
conductivity (Hoening, 1978 —1979). On condition that there are the orientated flat cracks in
the rock, along the direction of the crack orientation the degree of connecting each other is
higher, even some conductive paths form along it, thereby the direction becomes an apparent
high conductivity direction. The numerical modelling of the volume conductivity for two-phase
medium shows that its volume conductivity can be expressed as a weighted average of the
volume conductivities for two ideal medium models in the field of the connective degree
between cracks, the volume conductivity is affected very much by the eonnective weight
factor. If the crack porosity in the upper crust was 0. 03, the resistivity of the porous water
was 0. 4 ohm-m and the resistivity of the rock framework was 10° ohm-m, the increase from
0.4 to 0.8 of the connective weight factor results in the decrease from 10* ohm-m to 10°
ohm-m of the effective volume resistivity (Lin et al, 1989). It is shown that the EDA cracks
including porous water surely result in an apparent conductivity anisotropy of the earth's
medium, and its principal characters approach those of the symmetrical anisotropic medium. In
fact, the results of super deep drilling show that some layers in which the cracks developed
better and the porous water was richer just were the layers with stronger anisotropy for the
seismic wave. The oriented microcracks in some drill cores were certainly observed, they were
considered relative to the stress state in situ (Wang and Sun, 1990).
2 The Precursor of EDA Electrical Changes in the Wide Regions around the Focal Zone

A great number of rock physics experiments, a variety of earthquake theories and a Int of
numerical modelling calculations have predicted that during the macroseism-pregnant process
the distribution of the stress field in the deep crust of an enough wide region around the focal
zone would apparently change. A great number of the observed earthquake precursors have
been imputed the changes of the stress field in the crust. The inversions of the earthquake pro-
cess and precursor field for some strong earthquakes (for example, the Xingtai earthquake in
1966, the Tangshan earthquake in 1976) also inferred some changes of the crustal stress field
distribution in enough wide region around the focal zone. The stress field changes in situ surely
result in the electrical anisotropy changes of EDA, which can appear as the changes of the con-
ductivity values along two principal directions or (and) the changes of anisotropic principal
direction. Although few EDA precursors observed using S-wave splitting data have been

reported because of the harsh observation condition and there are some controversies for the
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EDA precursor observed using shear wave splitting data due to the complexity of the problem,

we believe that to distinguish the EDA earthquake precursor by using S-wave splitting observa-
tions also has better prospects.

If MTS site is enough far from the future earthquake fault to neglect the influence of the
lateral inhomogeneity in the focal zone on the MT response functions, a symmetrical anisotro-
pic layered model can be used to describe the earth's medium conductivity distribution. In this
condition the conductive property of the medium in the j-th layer is showed by a symmetrical

tensor in the plane:

@

glcos’d,+-o’sin’f; (5 —0))sind cosf;
[o;]

- (62 —0a})sinf;cosll, ocos’l;+-alsin’d,
including three independent variates o] and of are the conductivities along principal directions,
0; is angle between principal direction 1 and x-axis. It is easily deduced that for a symmetrical
anisotropy homogeneous half-space the EM wave in the medium can be considered as the
superposition of two EM waves polarizing along two principal directions and propagating inde-
pendently, which are respectively equivalent to two waves propagating in two homogeneous
isotropic half-spaces with the conductivities along two principal directions. For the homoge-
neous symmetrical anisotropic layered medium in which the principal direction of all layers are
the same with each other, the mentioned case also occurs. When the principal directions of the
layers are different, the case is more complex, the horizontal components of the EM field on
the earth’s surface can be calculated using the upward recursion from the top of the lowest
half-space a layer by a layer (O brien and Morrison, 1967). Using a series of complex metrix
operation the tensor impedance on the earth's surface can be calculated, then various MT re-
sponse functions can be calculated. The MT response functions of the symmetrical anisotropic
layered medium have shown some apparent “non-one-dimensional characteristics” (Fig. 1).
The apparent resistivity and phase curves along the measured directions separate each other,
even different shape and character appear, and the two-dimensional judge coefficients and the
dimensional weigh factors show that the model does not have ideal two-dimensional
characteristics.

On the basis of a series of our studies about deep physics circumstance of seismicity (for
example, Lin 1984; Lin et al, 1988), in some regions of the Nothwestern China, there is a
high resistive layer in the upper crust about 5—30 km deep, the rock in it has higher strength
and is more brittle, the accumulation and release of the stress and energy during the earth-
quake readiness and occurrerce process take place mainly in it. The layer becomes one of main
loaded layers for the regional tectonic stress field. During the earthquake readiness the stress
and strain changes in the focal zone ought to result mainly in the stress field distribution
changes in the layer around the focal zone, then EDA electrical changes probably take place
mainly in the layer. The characteristics of MT response function changes due to the conducti-
vity anisotropy coefficient changes and the changes of the principal axis direction angle in the

layer are studied by us. In accordance with the earth’ s conductivity structures given by the
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phases of the principal impedance tensor Fig.1 Some MT response functions for a six-layer s ccal

elements along the measured direction
(due to symmetry of the model conduc-

tive property, the magnitude of the auxi-

anisotropic model. Py s Pyx+Pry » Pyx are the normal apparent
resistivity and impedance phase in the measured direction;
APA is apparent direction angle of the principal axis; Sk

and Sb are two-dimensional judge coefficients; DN1, DN2
and DN3 are one-, two- and three-dimensional weight
factors. The model is the model 4 in Tab. 1, in which the
conductivity anisotropic coefficients in the second and
fourth layers are 5. 0.

liary impedance tensor elements always
is smaller than that of the principal
impedance tensor elements very much)
and the variations of the two dimensional
judge coefficients (skew, ellipticity) and one-, two- and three-dimensional weight factors are
studied. From the analysis of the obtained MT modelling results the following conclusions are
given: a) When the conductivity anisotropy of the corresponding layer medium changed more
clearly, the distinguishable variations of various MT response functions in varying degrees
were produced, in some conditions the apparent resistivity and impedance phase curves under-
went many variations, even their shape and characters changed largely; b) Depending on
background models, for the same changes of medium anisotropy the different MT response
function appears different characters of the variation, for example, for the models 1, 3, 4 the

affection of the anisotropic coefficient on the mentioned MT response functions is larger than
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that of the principal directional angle changes apparently, but for model 2 the affection of the

principal directional angle changes on the mentioned MT response functions is more apparent ;
¢) If the layer in which the conductivity anisotropy undergoes changes outcrops at the earth's
surface (model 3), various MT response functions will be affected by the anisotropy changes
more apparently, otherwise the variations of the MT response function curves will occur within
the middle and long period range; d) The two-dimensional judge coefficients and the dimen-
sional weight factors all probably show apparent distinguishable variations due to conductivity
anisotropy changes for the model 1 and 4, Sk is affected by anisotropy changes more
apparently, Sb is affected by anisotropy changes apparently for the models 2 and 4, one-,
two- and three-dimensional weight factors are affected by anisotropy changes more strongly for
the model 3.

Tab.1 Several tested models

Para. model 1 model 3

Res. 1j 12.0 800° 8. 00 800° 8. 00 120°¢ 8.00 800° 5. 00 250 5. 00

Res. 2j 12.0 800° 12.0 800° 12.0 120° 12.0 800° 15.0 800 15.0

& 0. 00 65.0° 20.0 65.0° 20.0 85.0° 15.0 85.0" 15.0 15.0 15.0
hj 2. 00 12.0 3. 00 28.0 10.0 2.00 18.0 3.00 57.0
Para. mode] 2 model 4

Res. 1j 12.0 800° 12.0 800° 12.0 8. 00 400° 8. 00 800° 5.00 400

Res. 2j 16.0 800° 8. 00 800° 8. 00 16.0 400° 12.0 800° 10.0 800

) 45.0 | 50.0° 45.0 | 50.0° 45.0 10.0 | 55.0° 10.0 | 55.0° 10.0 10.0

hj 2. 00 15.0 3.00 28.0 3. 00 10.0 2.00 15.0 3. 00

Res. j—ohm-mj6—degree; hj—km. # the layer whose conductivity anisotropy changes in modelling.

3 Magnetotelluric Inversion of Symmetrical Anisotropic Layered Medium

The observed MT data must be inversed and fitted by an anisotropic model to study the
conductivity anisotropic property of earth's medium. We studied some problems about the MT
inversion of symmetrical anisotropic layered medium. Since the anisotropic principal directions
of layers in the model are not completely the same with each other, the apparent principal axis
direction angle estimated using the observed MT data does not have clear meaning. It is not
probable to estimate the apparent resistivity and phase values in the principal direction and to
use them for the one- or two-dimensional inversion interpretations according to the mormal
MT inverse interpretation. Here the principal impedance tensor elements in the measured di-
rection are used as fitted MT response functions in the inversion, they are described separately
using two pairs of real numbers: the normal apparent resistivity impedance phase (AP inver-
sion), the impedance real part apparent resistivity-imaginary part apparent resistivity (RI in-
version). Four sets of MT data in two measured directions are fitted at the same time (p,,,
Pyes Pegs Pyes OF Prrs Oyurr Poyiv Pysi)e We also tested the case in which the mensioned eight sets

of the data were fitted at the same time (AP <+ RI inversion). The number of the model
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parameters for N-layer symmetrical anisotropic medium is 4N-1, i. e. two times as large as

that for the isotropic model, the number of the fitted observed data also is two times as large as
that for the isotropic model.

After the linearization of the inversion problem the following inversion normal equation
can be formed.

[A][AlnA]=[Alnp] )
here [A7] is partial derivative matrix of the response functions for the model parameters,
[AlnA] is the logarithm values of the parameter's corrected vector, [Alnp] is the vector of the
response function s difference values, which is expressed as the difference between the ob-
served logarithm value and the calculated value for the model. Here SVD is used to calculate
the generalized inversion matrix of [A]. In order to overcome the difficulty brought by the ill-
condition of equation (2) as to make the inverse iteration converge steadily, in the inverse-
iteration process a damping factor is added, which decreases gradually in the process.

The inverse tests for some theoretical models show that generally, when the primary
model is enough different to the theoretical model, “the observed data” always can be fitted
with higher accuracy, and the model whose parameters enough approach those of the theoreti-
cal model with the distinguishable level corresponding the fitted accuracy of the data can be
found. After 3—5 times of the iterations in the early stages of the inversion the relative fitted
difference descends by one order of magnitude, it is shown that for inverse fitting of the ob-
served data with the error of several percent the inverse method is effective and suitable. In
comparison with the isotropic model having the same number of layers, since the anisotropic
model is more complex and its more parameters must be obtained by inversion, the ranges of
the non-uniqueness of inverse resolution and the equivalence of model parameters are larger,
the curved surface of the objective function in the model parameter's space is more complex, it
is more difficult to find the minimum point of the objective function corresponding to the theo-
retical model, and inverse iteration is needed more times probably. For the isotropic mediu.r
models it was demonstrated that in the most conditions the RI inversion is more advantageous
than the AP inversion apparently (Lin and Wu, 1991), the primary tests show that for the
anisotropic medium the phenemona also existed.

Using the AP inversion of symmetrical anisotropic layered model the observed apparent
resistivity and phase data along two measured directions at two sites basically are fitted in 1he
observed error range (Fig. 2). Two sites are not far from each other, the conductivity struc-
tures obtained by the inversion of the anisotropic medium for two sites are analogous to each
other (Tab. 2). The first electrical layered boundary of two models probably corresponds to
the boundary between the Cretaceous and Jurassic layers given by the drill data here, is
shallower than the latter a little. and the second layer with lower resistivity is guessed as the

Jurassic J; layer (Lin and Wu, 1993). Except for the surface laver, the lower resistivity

direction of the other layers, given by the inversion, is about N 0° —10° E which quite

approaches the P-axis direction (N7 E) given by the focal mechanism solution of the Mingin
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earthquake in 1954 (it is not far from the site), the direction was inferred as the direction of

the regional tectonic principal pressure stress in the area (Yan et al. , 1979). It is shown that
the MT inversion of anisotropic medium has better prospects for the research of the stress state

in the deep crust.
Tab.2 The results fitted for the MT observed data at two sites using AP inversion

Param. I f2 o3 oL Pi ot [ [ o [
site 1 6. 63 1. 46 36. 3 1. 49 7.52 27.6 3. 37 118 1.16 1. 36
site 2 5.02 | 1.77 | 51.2 | 1.65 | 13.8 | 35.4 | 2.92 | 139 | 0.79 | 2.0l

Param. & 8, 81 8 8 hy h, hs h, | F.E.
site 1 47.3 | 9.88 | 7.02 | 88.2 | 8L.0 | 0.84 | 0.45 | 4.29 | 6.32 | 4.5%
site 2 34.5 | 9.39 | 5.51 | 96.6 | 745 | 0.97 | 0.47 | 503 | 679 | 5.6%

Param. is model parameter; F. E. is the relative fitting error of the inversion.
4 The Characteristics of the MT Response Function's Variation at the Sensitive Locations of

the EDA Precursor around the Focal Region

. Ll
2o g0 i 0 10 Tisec) 1

Fig. 2 The fitted results of the MT data at two sites by using AP inversion for the symmetrical anisotropic layered model.
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The analysis and research of the observed earthquake precursors show that the space dis-

tribution of many precursors has more complex characters, some locations probably become the
sensitive response points of some earthquake precursors, the precursor data observed in the lo-
cations include more useful informations, their background noise level is lower, to use these
data for monitoring and predicting earthquakes is advantageous. Savage et al. analysed S-wave
splitting data observed in California, U. S. A. during 1977 — 1988, and indicated that the
EDA precursors observed at some sites mainly were from a smaller region near the site in the
vicinity of an active fault. In the active fault belt a lot of the microcracks oriented along the
fault strike were developed, the changes of the precursor stress field resulted in the variation of
the crack porosity and shape ratio, and led up to more apparent EDA precursor variation which
can be analysed and studied more easily by using S-wave splitting data (Savage et al. , 1590).
Thus the location in the vicinity of some active fault belt probably becomes the sensitive re-
sponse location of the EDA precursor. The research of the Yamasaki active fault in Japan
showed that its conductivity distribution appeared zonal characteristics clearly (Electromagnetic
Research Group for the Active Fault, 1982). Generally, the active fault consists of a low
resistive zone (or several zones), this is relative to the oriented microcracks including water
along the fault strike.

To study the EDA electrical variation in the vicinity of an active fault using MTS is a MT
anisotropic two-dimensional modelling problem. As an approximation, the electrical anisotropy
around the fault belt is neglected. Since dominant direction of the microcrack orientation is al-
ways along the fault strike, i. e. low resistive direction of the conductivity anisotropy in the
fault belt, and the lateral direction becomes the high resistive dircetion, here the EDA electri-
cal anisotropy change mainly shows as change of the electrical anisotropic coefficient and there
is no change of anisotropic principal direction. Because the fault belt has larger longwide ratio,
the problem can be reduced to MT modelling for a symmetrical anisotropic two-dimensional
medium, only the medium in the conductive zone is anisotropic, and low resistive direction is
along the structure strike. In general MT two-dimensional anisotropic condition, TE and TM
polarizations can not be separated and studied separately, the EM field components, Ex and
Hx, along the strike couple each other, two nonhomogeneous partial differential equations are
formed (Reddy and Rakin, 1975). However, in this problem one of the anisotropic principal
directions coincides with the strike, let 6,,=a,,,0,,~=a,, =0, then two equations can be uncou-
pled and the following two partial differential equations are formed:

FH./3V*+a H. /a7 + jwuk H.=0

FE,/Y*+FE. /37 + jouk E.=0 €]
here ki=0,—Jwe,i=x,y;0, and o, are the conductivities along the strike direction and its per-
pendicular direction separately. The equations (3) and (4) are analogous to the TM and TE
polarizations for the isotropic two-dimensional medium. Thus the problem of MT modelling for
the anisotropic two-dimensional medium can be resclved by the modelling for the isotropic two-

dimensional medium, only the different conductivities o, and 6,) are adopted in the TE and
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TM calculations separately.

On the basis of the conductivity structure models of the crust in some seismic regions of
Northwestern China a four-layer one-dimensional model is used as the background medel, it is
representative. An anisotropic two-dimensional conductive zone included in the medel is used
to model the fault belt. In the modelling, the conductivity anisotropic coefficient of conductive
zone is changed (to change the conductivity value along a principal direction or to change two
conductivity values along two principal directions at the same time), the variational character-
istics of the apparent resistivities and phases at various locations on the earth’s surface are stud-
ied. After analysis the following conclusions are obtained: a) When certain changes of the con-
ductivity anisotropic coefficient in the conductive zone occur, the distinguishable variations of
two apparent resistivity and phase values in a certain range on the earth's surface can be ob-
served; b) If the conductivity only in a principal direction changes, the apparent resistivity and
phase values only in the direction are affected; c) If the change of the conductivity anisotropic
coefficient is due to the synchronous changes in two directions, above the conductive zone the
response functions of TM mode are more sensitive to the change, and the space range in which
the TE response are affected by the change is wider; d) The change of the conductivity
anisotropic coefficient in an incline conductive zone affects MT response functions in wider
range, the magnitude of the variations and the frequency band range which is affected by the
change more apparently at a given site depend on the location of the site relative to the conduc-
tive zone; e) The existence of a surface overburden with low resistivity apparently reduces the
influence of the conductivity anisotropy change in the conductive zone on various MT response

functions.
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