RUSSIAN JOURNAL OF EARTH SCIENCES
vol. 16, 3, 2016, doi: 10.2205/2016ES000568

Deformation precursors of large
earthquakes derived from long term
GNSS observation data

V. Kaftan'? and A. Melnikov?

1Geophysical Center of the Russian Academy of Sciences,
Moscow, Russia

2 Agro-Technological Institute, Peoples’ Friendship Univer-
sity of Russia, Moscow, Russia

(© 2016 Geophysical Center RAS



Abstract. The results of observation of
Global Navigation Satellite Systems (GNSS) in
areas of large earthquakes are analyzed in this
article. The Earth’s surface deformation
characteristics before, during and after the
earthquake are researched, the results indicate
the presence of abnormal deformation near their
epicenters. The statistical evaluation of
abnormal deformations with their root mean
squares (rms) are presented. Conclusions about
the possibilities of using local GNSS observation
networks for evaluation of risk of strong seismic
events are performed.
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Introduction

Researches of deformation earthquake precursors were
on the front burner from the middle to the end of the
previous century. The repeated conventional geodetic
measurements such as precise leveling [Kaftan and Os-
tach, and linear-angular networks have been used
for the study. Many examples of studies referenced to
strong seismic events using conventional geodetic tech-
niques are presented in [Rikitake, [1976]. One of the
first case studies of geodetic earthquake precursors was
done by Mescherikov .

Rare repetitions, insufficient densities and locations
of control geodetic networks made difficult predicting
future places and times of earthquakes occurring.

Intensive development of Global Navigation Satellite
Systems (GNSS) during the latest decades allows doing
the research in a more effective level.

Investigation Area and Networks

Today permanent GNSS stations are being installed
widely all over the world. It is possible now to study the
Earth's surface deformation on a scale never possible
before. Some of permanent GNSS networks are cov-
ering the seismo-generating zones. One of the more



investigated seismic areas is San Andreas Fault zone
of California, USA [Wallace, [1990]. Two of GNSS
networks of this zone are well placed to study Earth's
surface deformation just near the epicenters of the
strong Parkfield (September 28, 2004, Mw = 6.0) and
El Mayor Cucapah (April 4, 2010, Mw = 7.2) earth-
quakes. The epicenters of the earthquakes are conve-
niently located several kilometers far from the perma-
nent GNSS networks.

The Parkfield permanent GPS network of the Plate
Boundary Observatory, USA, was used for the study of
the Earth's surface deformation in relation to the Park-

field earthquake (Figure 1)). The usage of the network

for the study of seismic displacements is described in
[Langbein and Bock, .

The California Real Time Network (CRTN) of per-
manent GPS stations ([Figure 2)) is located not far from
the epicenter of El Mayor Cucapah main shock and cov-
ers epicenters of some aftershocks of it. The Southern
California Integrated GPS network is described partic-
ularly in [Hudnut et al., 2001].

The only shortest baseline vectors formed the De-
launey triangulation were used in the processing as it is
recommended in [Dokukin et al., and shown at
[Figure 1 and [Figure 2|
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Figure 1. Parkfield permanent GPS network used in the
study.

Observation Data and Preprocessing

The block flow diagram of the analysis is shown at
Figure 3

Observation data used for the deformation analysis
was received from the archive of the Scripps Orbit and
Permanent Array Center (SOPAC) [http://sopac.ucsd.
edu/|. Data sampling is equal to 30 s. Daily measure-
ments were processed using MAGNET Tools software
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Figure 3. Block flow diagram of the analysis.

for the determination of baseline vectors and its co-
variation matrices. Such processing was performed for
the 6 measurement epochs for both GNSS networks.
Then the obtained baseline vectors were adjusted using
the special technique. The two dimensional approach
of the deformation analysis has been used in the study.

It is recommended as a proper and unified example in
[Dermanis and Kotsakis, [2005].



Measurement Adjustment and Graphical
Representation

The procedure of the adjustment is described as fol-
lows. Observation equations were presented as

v = Adx + | (1)

where v — vector of the derived corrections to the dif-
ferences of repeatedly measured baseline components
of the order (3n — 3) x 1 for n baselines; A — matrix
of the coefficients of the observation equation ([I)); dx
— vector of point displacements of the order 3k x 1 in
case of k determinate points; / — vector of the differ-
ences of the measured network elements of the order
(3n—3) x 1.

The Least Square solution of the observation equa-
tions (1)) is

dx = —NTL = —Qul

where N = ATQ"A and L = ATQ/"/, the so-called
matrix of the normal equations coefficients and vector
of the free terms of the normal equations, where Q,Jr =
P is the matrix of the weights of the measurements.

This solution satisfies not only the condition v’ Pv =
min but the x” Q¥ x = min too.



The adjustment procedure makes possible to calcu-
late the plan deformation characteristics. Principal de-
formations 71, 72 and dilatation A have been used in
this study.

M = [xe(dys — dy1) + y2(dxs — dx1) — x3(dyz — dy1)—
y3(dxo — dx1)] / (23 — x3y2)

Y2 = [x2(dx3 — dxi) + ya(dys — dy1) — x3(dxp — dx1)—
y3(dy2 — dy1)] / (x2y3 — x3y2)

A = [xo(dys — dy1) — y2(dxz — dx1) — x3(dy2 — dy1)+

y3(dxo — dx1)] / (x2y3 — X3y2)

where x;, y; are plan coordinates; dx;, dy; — plan dis-
placements; i — indices of vertex of triangles.
Displacements and deformations were calculated for
the three epoch differences before and three epoch dif-
ferences after the EI Mayor Cucapah earthquake. Cor-
responding characteristics referenced to the Parkfield



earthquake were received from the study [Kaftan et
al., [2010]. The plan displacement vectors and verti-
cal displacement isolines are presented in and
[Figure 5 The visual comparison of these characteris-
tics does not allow to see some abnormal earth surface
behavior before the earthquakes.

The graphical contour maps of the dilatation pat-
terns and the main strain axes as a result of the “quick
look” analysis are presented in [Figure 6] and [Figure 7]
in comparison to each other. shows the exis-
tence of substantial Earth’s surface deformations prior
to the both earthquakes rising in time approaching to
the moments of the main shocks. The main extremes
of deformations are placed near the earthquake epi-
centers. It is possible to consider that these features
have to be considered as the earthquake precursors.
The postseismic deformations are shown at [Figure 7]
It accelerates in the same locations in relation to the
preseismic patterns.

The quantitative estimates of the dilatation A and
root mean square errors o of every observation inter-
val for both study cases are represented in the [Table 1]
Preseismic and postseismic dilatation values are written

in the top and bottom parts of the[Table T respectively.
The values of preseismic deformations vary from 0.1 to
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Flgure 4 Preselsmlc horlzontal (arrows) and vertical
(contour lines) displacements before the Parkfield (a, c, €)
and the El Mayor Cucapah (b, d, f) earthquakes. Solid red
dots are strongest foreshocks with M > 4.
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Figure 5. Postseismic horizontal (arrows) and vertical
(contour lines) displacements before the Parkfield (a, c, €)
and the El Mayor Cucapah (b, d, f) earthquakes. Solid red

dots are strongest shocks with M > 4. Stars are the main
shock epicenters.
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Figure 6. Preseismic principal strains (crosses of solid

and dashed lines) dilatation patterns (contour lines) before

the Parkfield (a, c, €) and the El Mayor Cucapah (b, d, f)

?\?’rthqlluakes. Solid red dots are strongest foreshocks with
> 4.
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Figure 7. Postseismic principal strains (crosses of solid
and dashed lines) dilatation patterns (contour lines) before
the Parkfield (a, ¢, €) and the El Mayor Cucapah (b, d, f)
earthquakes. Solid red dots are strongest shocks with M >
4. Stars are the main shock epicenters.
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1.8 x 1072, The world practice demonstrates that so
high level of deformation corresponds to seismic pro-
cesses. These values of deformations can be considered
as alarms of approaching to seismic event occurrences
near its localizations.

In the case of the adopted adjustment technique it
is possible to test the general statistical efficiency of
displacement vectors determination. For this purpose

we compute the ratio [Kaftan, 2003

dx " Nd
F_ xT Ix
v’ Pv
and set a confidence level a according to a freedom
degree n—k with the use of F-distribution tables setting

up the critical value F(, ,_k k). The results of the
testing are shown in .

As it is seen from the[Table 2 all F ratios confidently
exceed the critical values. It attests to the presumption
that the level of displacements is much higher than the
level of the measurement accuracy.

The range of extremal dilatation values Ry = Amax—
Anin was used as other criterion of the abnormal de-
formation of the studied territory. It presented in the

able 2| It is possible to consider that the range val-
ues can be thought of as deformation precursors of the



strong earthquake occurrence.

Conclusion

Two studied cases of horizontal deformation behav-
ior before and after strong earthquakes show the con-
trast deformation changes from years by days before
the events near their epicenters.

The estimated extremes can be considered as tem-
poral precursors of the earthquake occurring.

It is possible that the places of the earthquake oc-
curring can be predicted using the extremes too.

The permanent GNSS networks covering seismic gen-
erating fault zones can be effective tools for the earth-
quake prediction.

The further research will be continued to reveal the
more detailed tendencies and regularities of Earth’s sur-
face deformation behavior in seismo-generating zones.

Acknowledgments. Authors are very grateful to GNSS web-
archive and earthquake catalog creators for opened data access.
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