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Abstract

Earthquake location process has an important role in any seismological applications
including seismic tomography etc. The relationship between the travel-time of seismic
phases and earthquake hypocenter (latitude, longitude, depth) and origin-time is non-
linear and many different linearized methods have been implemented in recent years to
linearize the relationship. The principal underlying linearized methods is given by Geirger
(1912) based on the Taylor series. However, attempts have been made to incorporate
higher terms of the Taylor series in earthquake location process (e.g. Thurber, 1985).
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Using more higher-terms of the Taylor series provides more constrained solution at the
expense of computation costs. Full-nonlinear earthquake location algorithm was also
developed and discussed earlier e.g. by Tarantola and Vallette (1982) and Tranatola
(1987). In this algorithm, the location of earthquake is defined using Probability Density
Functions (PDF) of all possible points around the hypocenter. In this study we use a
nonlinear probabilistic method based on global search methods. In this method, the
calculations of the partial derivatives are not required, and there is a higher probability to
converge to the global minima due to the nonlinearity of the problem. (E.g. Lomax et al,
2008). The optimal solution in this method can be found using different algorithms such
as Metropolis -Gibs (Metropolis et al, 1953), grid search (e.g. Sambridge and Mosegaard,
2002) and Octtree (oct-tree) Importance sampling algorithm (Lomax and Curtis, 2001).
The oct-tree importance sampling algorithm is very faster, more complete and simple in
comparison to the other methods e.g. grid search and metropolis-Gibs algorithms. The
application using oct-tree algorithm is provided to produce accurate, efficient and
complete mapping of Probability Density Functions (PDFs) (e.g. Lomax and Curtis,
2001). In this study we use the oct-tree importance sampling to find the optimized
solution.

In this study, we apply non-linear earthquake location method developed by Lomax et
al. (2000) for local earthquakes during 2006-2010, for magnitude M,>4 occurred in the
Central Alborz region. Non-linear location method is based on a posterior Probability
Density Functions (PDF) determined for the model parameters. This function represents a
complete probabilistic solution for the earthquake location problem including information
on the uncertainties due to phase-picking uncertainties, calculated travel-time and the
network geometry. We perform different synthetic tests to evaluate the performances of
non-linear method, where the location problem is ill-conditioned due to station geometry
and phase picking error. In this regard we test the effect of azimuthal gap and distance to
the nearest station using various synthetic tests conducted in this research.

In the synthetic tests conducted, we consider 4 events in different situations located
outside of an assumed seismic network. The seismic network includes 8 stations with
station-spacing of order of 15 km. The azimuthal gap of the events varies in the range of
225-317 degree. In these tests we also add noise with Gaussian distribution in arrival-
times, in order to investigate the performance of the nonlinear location method in the
presence of large azimuthal gap and noise in the data simultaneously. In other synthetic-
tests to consider the performance of nonlinear location method due to distance of nearest
station to earthquake, we perform tests using different situations in presence of noise in
the data with different levels in arrival times. In first case we consider an event in a dense
network with station spacing of order of 15 km, and in second case we expand the
network to 150 km station spacing.

In this study to relocate earthquakes occurred in the Central Alborz region during
2006-2010, for magnitude M,>4, we have used the data set of Iranian Seismological
Center (IRSC), including the arrival times of P and S phases. In this regard we used three
sub networks, Tehran, Sari and Semnan belonging to the IRSC network. Also in order to
enhance the station coverage especially in the southern part of the Alborz region, we
added data-set of two other stations from Isfahan sub network, namely KLH and ZEF
stations.

Finally, we show the robustness of the non-linear location algorithm in the presence of
outliers by analyzing the shape, size and position of the 68% confidence ellipsoid that can
be calculated from the PDF to track the changes in the distribution of the PDF with
changing station geometry.

We find that the non-linear method is robust in the presence of high azimuthal gap e.g.
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300 degree and high Gaussian errors up to 1.0 sec, and is able to locate earthquakes with
error less than 5 km. We relocate 16 earthquake occurred in the Central Alborz region
with M, > 4.0 between 2006 -2010. Despite of high azimuthal gap and high station
spacing in the dataset used in this study, 10 earthquakes located with horizontal error less
than 3 km. In order to verify the quality of results, we compare the non-linear location
results with those reported by IGUT and IIEES. The comparison shows that the nonlinear
relocation solutions are, in most of cases, closer to IGUT solutions.

Key words: Earthquake location, Non-linear, Central Alobrz, Probability Density
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Event longitude latitude depth (Sec) ap(®) (km)  (km) length noise
(km) (km) (km) gap (km) (sec)
1 0.04 0.04 -0.01 0.003 45 0.43 1.82 1.09 0.0
2 -0.53 0.18 -0.64 0.06 47 1.45 6.91 13.1 0.2
3 -2.11 -0.70 -7.39 0.37 54 16.65 12.49 97.1 0.5
4 -4.22 1.41 -7.91 0.59 65 80.97 15.52 156 1.0
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Event

10

11

12

13

14

15

16

Date

23-Feb-06
19-Dec-06
20-Dec-06
20-Dec-06
18-Jun-07
19-Jun-07
25-Aug-07
19-Nov-07
27-Mar-08
16-Jul-08
16-Jul-08
6-Mar-09
29-Jul-09
13-Aug-09
14-Aug-09

17-Oct-09

latitude
(deg)

36.177
34.303
35.798
36.122
34.613
34.621
34.907
34.737
36.375
35.958
35.928
34.215
36.140
36.403
36.385

35.570

longitude
(deg)

50.284
52.711
51.934
53.836
50.872
50.882
51.963
53.022
52.647
53.219
53.214
51.129
50.416
52.066
52.090

51.501

Depth
(km)

04.08
08.02
09.53
05.11
10.08
04.06
17.02
06.13
14.44
04.44
05.02
03.04
05.15
06.25
04.04

15.74

RMS (sec)
(IGUT)

0.4

0.4

0.3

0.4

0.9

0.5

0.2

0.3

0.4

0.5

0.4

0.4

0.4

0.4

0.4

0.4

RMS (sec)
(NLL)

0.3

0.3

0.2

0.5

0.8

0.8

0.2

0.6

0.3

0.5

0.4

0.6

0.6

0.4

0.4

0.2

g

Az. ERH
ap(’)  (km)
264 15.1
197 7.8
108 1.1
258 11.8
148 8.0
146 8.2
087 23
186 7.2
244 2.8
110 1.6
105 1.2
239 3.8
118 2.2
176 25
203 2.2
083 0.9

ERZ Dist.

(km)  (km)
5.6 9
6.4 20
1.5 17
33 13
9.1 120
9.0 120
29 12
6.8 17
2.7 17
2.1 22
1.6 27
2.1 103
2.6 28
3.0 21
2.1 18
21 21

Mag
(M)

4.1
4.1
4.2
4.2
5.9
4.4
44
4.8
4.5
4.2
4.0
4.2
4.0
4.1
4.4

4.0
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