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Investigation of Crustal Deformation due to the Kyungju 
Earthquake in 2016
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Abstract
The Mw=5.8 Kyungju (South Korea) earthquake took place on 12 September 2016. This event may cause 

deformation around Kyungju city, located in the southeastern part of the Korean peninsula. In this study, GPS 
data was collected from the 17 Korean CORS and processed to determine the deformation. Minimum constraint 
solutions, to avoid the network distortion, are obtained and an S-transformation is applied to the coordinate 
difference vector and its covariance matrix for comparisons. In the final step, a statistical test is performed to 
determine the deformation due to the Kyungju earthquake. Based on the results, it was found that there is no 
significant deformation around Kyungju city. Hence, it can be said that the re-measurement or re-establishment 
of the geodetic control points in South Korea is not required.
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1. Introduction

The GPS (Global Positioning System) can provide precise 
positions in 3 dimensional space and, as a consequence, it has 
been widely used for crustal deformation analysis (Hager et 
al., 1991; Erdoğan et al., 2009; Liu et al., 2014). GPS is also 
known to be an efficient tool to monitor deformation because 
it is not affected by weather conditions and continuous data 
collection is available. The coordinates of specific points may 
be estimated in absolute or in relative positioning mode using 
the GPS. It is notable that absolute positioning does not provide 
enough positioning accuracy, unlike relative positioning. 
However, the relative positioning technique has an inherent 
drawback, i.e., the datum defect of the system of observations 
(Papo and Stelzer, 1985; Ananga, 1991; Even-Tzur, 2011). To 
overcome this drawback, solutions can be obtained by fixing 

one of station coordinates, or applying stochastic constraints 
on some station coordinates. This may lead to network 
distortion, which is not suitable for deformation analysis, 
hence the minimum constraint (also called free net or trace-
minimum) approach is usually adopted for deformation 
analysis. For the minimum constraint solution, the network 
geometry is retained. Nevertheless, two solutions cannot 
be directly compared as each solution may refer to different 
datum. Hence, the transformation from one datum to another, 
without performing an additional adjustment, should be 
applied using the so-called S-transform (Barda, 1973; Denli, 
2004). Time series analysis can also be used to detect the 
deformation by analyzing the coordinate variations with 
respect to time (Miura et al., 2002; Hamdy et al., 2005; Lin 
et al., 2010). In this case, ITRF (the International Terrestrial 
Reference Frame) stations located outside of the network may 
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be required so that the estimated coordinates are consistent 
with ITRF. However, the estimated coordinates are dependent 
on the selected datum, which may degrade the capability of 
detecting the subtle deformation.

In this study, the assessment of deformation due to the 
Kyungju earthquake occurred on 12 September 2016. 
Kyungju city is located in the southeastern parts of the 
Korean peninsula and deformation around the city may have 
occurred, considering the 5.8 magnitude earthquake. To 
investigate the possible deformation, the GPS data collected 
from the CORS (Korean Continuously Operating Reference 
Station) is processed and analyzed. The determination of the 
deformation is then performed through the statistical test.

2. Methodology

The computation of the positions of the points with reliable 
accuracy in two periods is required for the deformation 
analysis. For this purpose, the positioning can be performed 
using the GPS measurements through the least-squares 
adjustment method. The double differenced observations in 
the relative positioning mode are usually used to eliminate or 
reduce the inherent errors, so that precise positioning results 
can be obtained. The linearized observation equation for the 
GPS measurements in the Gauss-Markov adjustment model 
is as follows (Snow, 2002; Schaffrin, 2003): 
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where  y : n×1  vector of observations,  A : n×m design 
matrix, 
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 : m×1 vector of unknowns (parameters),  e : n×1  
vector of measurement errors,  
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: variance factor, P : n×n 
weight matrix for the observations, and rk(·) : rank of matrix.

The normal equation can then be derived by minimizing 
the quadratic form  
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, given by:
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, with 
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.  (2)

In principle, relative GPS positioning adopts the 
interferometric technique so that additional constraints 
are imposed to compute the absolute coordinates of the 
stations. Various types of constraints may be imposed 

to avoid the rank deficiency problem. However, some 
types of constraints cause network distortion, which 
is not suitable for the deformation analysis. Therefore, 
the minimum constraint solution also called the “inner 
constraint solution”, which minimizes the norm of the 
parameter vector, is commonly used as it does not affect the 
network geometry. The minimum constraint solution can 
be obtained by imposing the constraint 
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 (Snow, 2002; 
Schaffrin, 2003). E is defined such that its transpose forms 
a basis for the null space of  A, and the minimum constraint 
solution is then given by: 
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.    (3)

where (·)+ : pseudoinverse, also called the Moore-Penrose 
inverse (Koch, 1999).

The cofactor matrix for unknowns 

   2 1
0, ~ 0, , { , }rk q m n    y Aξ e e P A  

 
y  1n  A  n m  ξ  1m  e  1n  2

0  P  n n   rk   Te Pe  
 

ˆ Nξ c     , , TN c A P A y  
 

Eξ 0  E A   
 

  1ˆ    Tξ N E E c N c  
 

   
ξ̂

Q  e    2
0̂  

 

ˆ


ξ
Q N  ˆ e y Aξ   Te Pe  2

0ˆ f
 

  f  

 
ˆ ˆ

j iξ Sξ  j i TQ SQ S   
 
S  I  SI  G  
 

10 10 0 0

10 10 0 0

10 10 0 0

10 10 10 0 0 0

1 0 0 1 0 0
0 1 0 0 1 0
0 0 1 0 0 1
0 0

0 0
0 0

m

m m

m m

m m m

z y z y
z x z x
y x y x

x y z x y z

 
 
 
 
 

   
   
  
 
 

TG

 
 

0ix  0iy  0iz   
 

0
ˆ ˆ: j j

II IH ξ ξ  
 

ˆ ˆj j
II I d ξ ξ  

 
ˆ ˆ

I II
 d ξ ξ

Q Q Q  

 

 R  T
dd Q d  

 

d   dQ  d  

 

, the residual vector   
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 can be derived by using 
Eqs. (1) and (3): 
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= degrees 
of freedom  (4)

In general, the minimum constraint solution shown in 
Eq. (3) is a datum-dependent solution. This means that the 
coordinates obtained in the two periods cannot be compared 
directly because the estimated coordinates are not based on 
the common datum. To solve this problem, it is necessary 
to apply a so-called S-transformation to both solutions 
obtained from two periods (Gründig et al., 1985). It should 
be noted that the geometric shape of the network does not 
change due to the S-transformation (Koch, 1999). Then, the 
coordinate vector and its covariance matrix with respect to 
the new datum can be computed as shown in Eqs. (5) and (6), 
respectively (Denli, 2004; Acar et al., 2008 ): 
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S=I-G(GTISG)-1 GTIS   (7)
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where  S : S-transformation matrix, I : identity matrix,  IS: 
datum selection matrix. 

For the three-dimensional networks, the matrix G is as 
follows:

(8)
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(i=1,m): coordinates with respect to the 
geometric weight center of the network. 

In conventional 3D geodetic networks, the number of 
datum defects is 7 (i.e., 3 translations, 3 rotations, 1 scale 
factor). However, in the GPS network the number of datum 
defects is 3, for the number of translations on the three axis 
directions (Welsch, 1993). To investigate the deformation, 
testing of the null hypotheses can be introduced as follows 
(Denli, 2004; Küreç and Konak, 2014):
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The displacement vector and its covariance matrix can be 
compute and given by
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where  d : difference vector,  
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: cofactor matrix for d.
The combined variance factor 2
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 can be computed as 
follows:2
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The corresponding test statistic is then computed by:
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where  
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If the test value T is greater than the critical value, i.e.,  
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, then we can say that a significant deformation 
is occurred. Fig. 1 shows the overall procedures applied to 
investigate the deformation due to the Kyungju earthquake 
on 12 September 2016.

 

3. Numerical Results

To investigate earthquake-related crustal deformation, a 
subset of the Korean CORS located within ~100 km from 

Fig. 2. Location map of Korean CORS and Yangsan 
geological fault line

Fig. 1. Flowchart of the deformation analysis
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Kyungju city, is selected. The total number of selected 
stations is 17 for the deformation analysis and the locations 
of the Korean CORS are shown in Fig. 2. The blue and red 
dots indicate the locations of Korean CORS and Kyungju 
city, respectively. Also, the Yangsan geological fault line is 
shown in purple.  

The GPS data was collected from the stations shown in 
Fig. 2 over a 3-month period. The 3-month period is divided 
into two periods (period I and II) to analyze the deformation 
between the periods, i.e., two months before and one month 
after the earthquake, as indicated in Fig. 3. 

Fig. 3. Data span used for the deformation analysis

The collected data is processed on a daily basis in double 
difference mode using the Bernese GPS software package, 
version 5.2 (Dach et al., 2015). Hence, the daily network-

based solutions for each day are obtained for both period I 
and II. It should be noted that the daily solutions are computed 
by applying tight stochastic constraints on the coordinates 
of the CHSG station. The parameters in this step include 
the coordinates of the stations, the total zenith tropospheric 
delay, and ambiguities. 

The combined solutions for each period are computed by 
accumulating the normal matrix from the daily solutions. 
The minimum constraint solutions, which are associated 
with the 3 dimensional Helmert transformation, are obtained 
for periods I and II, respectively, to avoid network distortion. 
Table 1 shows the minimum constraint solutions for both 
periods I and II. 

The mean values of the coordinate differences for the X, Y, 
and Z components are -0.028m, 0.033m, 0.030m, respectively. 
These coordinates differences may be caused by the fact that 
each solution for period I and II is computed on different 
datum. Therefore, the S-transformation using Eq. (5) needs 
to be applied to each solution to make both solutions refer 
to the same datum. It should be noted that last row of  GT, 
which correspond to the scale factor, is not used to detect 

Table 1. Minimum constraint solutions (unit: meter)

Period I Period II
Station
Name X Y Z X Y Z
CHNG -3233224.374 4067916.448 3686212.184 -3233224.343 4067916.411 3686212.151
CHSG -3237145.847 3989513.776 3767338.630 -3237145.816 3989513.743 3767338.599
CHWN -3260411.353 4070678.491 3659345.351 -3260411.323 4070678.457 3659345.321
GOCH -3189851.575 4091157.939 3698444.845 -3189851.541 4091157.899 3698444.807
GOJE -3273540.891 4102034.416 3612576.600 -3273540.862 4102034.383 3612576.571
GOSG -3243049.309 4105277.505 3636138.736 -3243049.280 4105277.474 3636138.708
HADG -3192918.472 4129777.905 3652656.572 -3192918.449 4129777.877 3652656.547
HDBG -3290018.348 4005491.245 3704357.943 -3290018.320 4005491.214 3704357.913
KIMC -3185110.003 4055952.084 3740570.884 -3185109.978 4055952.050 3740570.850
KUNW -3211712.202 4026954.380 3749223.408 -3211712.174 4026954.349 3749223.378
PUSN -3287592.249 4049012.153 3659188.031 -3287592.220 4049012.124 3659188.009
SNJU -3175473.144 4043362.987 3762213.654 -3175473.118 4043362.956 3762213.627
TEGN -3241051.626 4030771.806 3719838.557 -3241051.597 4030771.773 3719838.527
WOLS -3300601.093 4015928.397 3683580.259 -3300601.066 4015928.360 3683580.228
WULJ -3238396.239 3940665.446 3816730.650 -3238396.211 3940665.414 3816730.621
YECH -3185564.156 4012511.085 3786513.690 -3185564.131 4012511.055 3786513.664
YODK -3257453.430 3964411.726 3775960.846 -3257453.401 3964411.693 3775960.816
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the possible expansion of the network. Also, corresponding 
covariance matrices can be computed using Eq. (6) by the 
error propagation law. The difference coordinate vector and 
its covariance matrix can be computed using Eq. (10). Table 
2 present the coordinate difference vector for each coordinate 
component.

Table 2. Differences of coordinate after S-transformation 
(unit: meter)

As shown in Table 2, the magnitudes of the differences 
after the S-transformation are relatively small when they 
are compared with those values in Table 1. The estimated 
variance factor for period I is 3.409 and for period II is 
3.031. The degrees of freedom, 
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, are 19820561 
and 11850547, respectively. Hence, the combined variance 
factor   
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 computed using Eq. (12) is 3.268 and the test 
statistic  T=0.001 is subsequently obtained. For a given 
confidence level of  
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= 5% and 
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 = 45, it follows that the 
critical value from the statistical tables 
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 is 1.370. The 
results showed that the test statistic is smaller than the critical 
value, which indicates that there is no significant deformation 
between the two periods.

4. Summary and Conclusion

Three months of GPS data was collected and used to 
investigate the deformation due to the Kyungju earthquake 
that occurred on 12 September 2016. To investigate the 
deformation, the coordinates of 17 Korean CORS are 
computed and analyzed for periods I and II. The minimum 
constraint approach is selected to avoid network distortion 
and the S-transformation is applied to the coordinates for 
each period. Following this, the difference of coordinate 
vector and its covariance matrix are obtained to compute the 
test statistic. It is shown that the computed test static quantity 
is smaller than the critical value when a confidence level 
of 
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= 5% is selected. The results show that no significant 
deformation is observed due to the Kyungju earthquake. 
Therefore, it can be said that the re-measurement or re-
establishment of geodetic control points is not necessary.
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