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Some Characteristics of Seismicity and Stress State in the
Korean Peninsula Using the Korean Seismic Data of the
Past and the Present
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Seismicity and stress state in the Korean peninsula are studied using the catalogue of historical earth-
quakes and that from the seismological observations before the 1960s, with the aid of instrumental cata-
logue up to 1995. It seems that the completeness of the historical catalogue has a significant enhancement
during the first two hundréd years of the Yi dynasty, i.e., from the 1400s to the 1600s. From then on the
catalogue may be regarded as near to complete for strong earthquakes in an overall sense. From the distri-
bution of strong earthquakes, three seismic zones may be identified. From the south to the north, those are
the southern seismic zone (g7 t), the Seoul —Pyongyang seismic zone ( A& - A), and the
northern seismic zone (X # ). The mechanisms of some earthquakes obtained using first motion read-
ings are reevaluated with a grid testing method. The results indicate that the compressional axis is nearly
horizontal along the EW direction.
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Introduction

Locating near to the boundary of the Eurasian
plate and the Pacific plate, the Korean peninsula
has been subjected to earthquakes since the ancient
time. In the view of seismic engineering, it is ex-
tremely dangerous to consider the Korean peninsu-
la as a ‘quiet’ area. In fact the risk of seismic loss
is increasing in recent years with the rapid devel-
opment of economy.

In the assessment of seismic disasters, historical
literatures and the seismological data in the past
play important roles providing the information
about the earthquakes in the past. To some extent,
the analysis of historical data is the only way. in ob-
taining the long—term seismicity of a certain re-
gion.

The historical records of earthquakes in the Ko-
rean peninsula can be traced back to as early as 2

A.D. Since the Koryo (918—1391) and Yi (1,392 -

—1910) dynasty many historical documents have
been kept. Several studies have been carried out
since the beginning of this century on the earth-
quake data in the past time, accordingly some cata-
logues have been compiled and published (eg.
Wada, 1912 ; Musha, 1951 ; DPRK Instituie of
Seismology, 1986r;Kim, 1987, 1993 ; Kang and
Choi, 1993). This paper aims to draw some conclu-
sions about the seismicity and stress state in the
Korean peninsula through the reexamination and
analysis of these catalogues as well as some con-
clusions obtained from the seismological recordings
in the past.

Discussions on the historical
earthquake catalogue

From 2 A.D. to 1900, some 1,843 earthquakes
have been registered in the historical catalogue.
The catalogue containing most earthquakes
(DPRK Institute of Seismology, 1986) is chosen
for the analysis, with the reference of other data
(Kim, 1987, 1993). Corrections on the locations
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and magnitudes of some strong earthquakes are’
made according to more reliable evidences. In the
analysis attention is focused on the shallow earth-
quakes, and the deep earthquakes are not consid-
ered. According to modern seismological record-
ings, it may be concluded that the deep earth-
quakes are mainly located in the north East Sea,
reflecting the subduction of the Pacific plate under
the Eurasain plate. But from historical records,
few information can be obtained about the deep
earthquakes. Seismic observations since the begin-
ning of this century have recorded a few deep
earthquakes, which will not be discussed either. Ac-
cordingly the ’earthquakes’ mentioned in this
paper are regarded as shallow ones.

Magnitudes in two of the catalogues (DPRK In-
stitute of Seismology, 1986 ; Kim, 1993) estimated
by different quantification schemes are compared.
The comparison concludes that different estimation
methods have led to the magnitude difference of
average - . The catalogue used for this analysis
seems to have a higher magnitude estimation. For
instance, the M7.0 earthquakes mentioned in the
analysis may correspond to the M6.5 ones in other
catalogues.

From the temporal distribution of earthquakes
with magnitude larger than or equal to 6.0 in the
catalogue, as shown in Figure 1, apparently there
exists a seismic active period from the 15th centu-
ry to the 18th century. It is pointed out that this
seismic active period is correlated with the seismic
active period in the north China (Kang and Choi,
1993). From the M—t diagram the existence of the
seismic active period seems persuasive, however, it
is not assured whether before that time the Korean
peninsula can be regarded as “quiet’. As shown in
Figure 2a, 2b and 2c, the locations of the regis-
tered earthquakes have a clear tendency of ’
gpreading” from 1400 A.D. to 1600 A.D. After
that time, the ‘spreading’ is seen to be “saturai-
ed’. A possible explanation of such ‘spreading’
might be the increase of seismicity during that
time. However, another competing possibility has
at least the equal importance : the enhancement of
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Figure 1 M-t diagram for earthquakes in the Korean peninsula with M=6.0 from 2 A.D. to 1960.
See text for the discussion on the overestimation of magnitudes in the catalogue used in

this study.

the level of recording earthquakes. In fact from
Figure 2a it may be seen that the ’seeds’ of such
spreading concentrate mainly in the Kyongju,
Seoul, and Pyongyang region, strongly suggesting
that stimulated by the increasing seismicity, people

at that time began to pay more and more attention -

to earthquakes, accordingly the level of recording
earthquakes had a significant enhancement from
the beginning of the 15th century to the 16th cen-
tury. As a result, the earthquake literatures after
that time may be considered as reliable for strong
earthquakes in an overall sense. On the other hand,
it is not reasonable to regard the time before the
14th century as "quiet’ period.

To determine the magnitude threshold above
which the catalogue may be considered as near to
complete, the occurrence frequency as a function
of magnitude is shown in Figure 3a. Inspite of the
uncertainties in the estimation of magnitudes, the
distribution can still provide some information
about the completeness of the catalogue. In the fig-
ure a single peak distribution is shown. On the left
hand side of the peak (shown in the figure as zone
I ) the record is determined mainly by the distribu-
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tion of the recording sites; near to the peak
(shown in the figure as zone 1) the record re-
flects a mixed effect of the distribution of earth-
quakes and the distribution of recording sites ; and
on the right hand side of the peak (shown in the
figure as zone II) the record mainly reflects the
distribution of earthquakes, which generally obeys
the Gutenberg—Richter’s relation except for very
large magnitudes. It may be seen that the number
of earthqaukes with the same magnitude from 2 A.
D. to 1400 counts almost the same as that within a
single century after 1400, implying that before
1400 it is hard to regard the catalogue as complete
for any magnitude. From the distribution of occur-
rence frequency it can also be seen thai the magni-
tude threshold is near to 6.0, i.e., the catalogue of
earthquakes with magnitude larger than or equal
to 6.0 since 1600 A.D. may be considered as near
to complete in an overall sense.

From 1900 to 1960 there are 224 earthquakes
registered, with 85 of them having reliable loca-
tions. Figure 3b shows the magnitude—frequency
relation of these earthquakes. As a comparison, the
magnitude—frequency distribution of earthquakes
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Figure 3b Occurrence frequency as a function
of magnitude for earthquakes in this
century.

recorded from 1960 to 1983 is also shown in the
figure. It can be seen that because of the limitation
of instrumentations and the recording site distribu-
tion, the earthquake catalogue from 1900 to 1960

still can not be considered as complete for earth-
quakes with magnitude less than 6.0. For example,
for the magnitude interval of 5.5—6.0, there are
still 50 percent of earthquakes without reliable lo-
cations. On the other hand, however, the earth-
quakes with magnitude above 6.0 might be consid-
ered as reliable.

From 2 A.D. to 1400, there are 272 earthquakes
registered. From 1400 to 1900, in contrast, there
are 1571, Since most of the earthquakes in the cat-
alogue are contributed after the time when the cat-
alogue of earthquakes above the magntiude thresh-
old began to be reliable, the whole result about the
strong earthquakes can be regarded as reliable, in
which the earthquakes before the time when the
catalogue began to be reliable and those below the
magnitude threshold act as auxiliary information.
On the other hand, it should be kept in mind that
such a distribution only reflects the time period in
which the records were reliable. For the Korean
peninsula, it reflects only the seismic characteris-
tics since the Yi dynasty, rather than that since the
first century.

Since the development of culture and population
is inhomogeneous in nature, also it seems possible
to obtain more information for some special re-
gions. As we have stated before, from Figure 2a it
may be seen that the recordings form 2 A.D. to
1400 concentrates mainly in three regions : the
Seoul region, the Pyongyang region, and the
Kyongju region, reflecting the development of cul-
ture in the ancient time. Accordingly it may be de-
duced that for these three regions, the catalogue
since 1400 A.D. may be considered as near to com-
plete for strong earthquakes, while for the other re-
gions the time when the caialogue can be regarded
as near to complete is around 1600. A plausible
hypothesis is that some regions, especially the
Seoul region, the Pyongyang region, and the
Kyongju region, had been ready to have a com-
plete strong eai'thquake catalogue by 1400 because
of their development, while stimulated by the in-
creasing seismicity from the 15th century, the
whole peninsula enhanced its recording level gradu-
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ally, and by the latest 1600 the whole peninsula
had been able to have a sirong earthquake cata-
logue which is near to complete. Considering the
difference in magnitude estimation, the overall reli-
ability level of the Korean historical earthquake
catalougue for the time period from the Yi dynasty
to the beginning of this century may be estimated
as approximately near to the same, probably a lit-
tle bit lower, comparing to that in the north China
(Gu, 1983).

Distribution of earthquakes

Figure 4a shows the distribution of earthquakes
with magnitude larger than or equal to 6.0 in the
catalogue from 1400 to 1600, while Figure 4b
shows the distribution of earthquakes with magni-
tude larger than or equal to 6.0 since 1600. As we
have mentioned in the above discussions, Figure 4a
can be considered as reliable for the region of
Seoul, Pyongyang, and Kyongju, and the other re-
gions have a lower reliability due to the incomplete-
ness of the catalogue, while Figure 4b may be con-
sidered as reliable for the whole peninsula. In the
analysis to account for the phenomena that some
earthquakes are located at the same place, and
such coincidence are mainly due to the uncertain-
ties of the location, we plotted such coincident
events with slightly different coordinates. From the
figures it may be seen that from 1400 to 1600 two
seismic zones can be identified ; the Seoul —Pyong-
yang seismic zone locating near to the Seoul region
and the Pyongyang region, ¢xtending near to the
NW direction, as shown in the figure by Zone I,
and the southern seismic zone locating in the south-
ern part of the peninsula and extending near to the
NE direction, as shown in the figure by Zone 1.
From Figure 4b two seismic zones may be identi-
fied from the distribution of strong earthquakes
since 1600 : the southern seismic zone extending
nearly in two conjugate directions, and the Seoul —
Pyongyang seismic zone kept being active.

As a summary, the earthquakes with magnitude
larger than or equal to 6.0 are shown in Figure 4c.
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As we have mentioned before, the seisrhicity
shown in the figure mainly reflects the seismicity
since the Yi dynasty. Through the above analysis
of the distribution of earthquakes, with the aid of
the auxiliary information of the earthquakes before
the 15th century, the seismicity pattern of the Ko-
rean peninsula can be described as being composed
of three seismic zones, as shown in the figure. The
Seoul—Pyongyang seismic zone, as shown by Zone
Lin the figure, is located from the Seoul region in
the south to the Pyongyang region in the north,
characterized by its high and persistent seismicity.
According to the distribution of earthquakes, this
seismic zone can be further divided into two seis-
mic belts : the Seoul seismic belt, and the Pyong-
yang seismic belt. Figure 5a shows the detailed pat-
tern of seismicity of the Seoul —Pyongyang seismic
zone. It may be seen that the two seismic belt have
some correlations in their seismicity. The southern
selsmic zone, as shown in Figure 4¢ by Zone I 0.
4, includes the peninsula to the south of 38°N ex-
cept the region belonging to the Seoul —Pyongyang
seismic zone. Comparing with the background seis-
micity, relatively higher seismicity concentrates in
the center part of this seismic zone. Still another
seismic zone is the northern seismic zone, as shown
in Figure 4c by Zone I 0.4, including the peninsu-
la to the north of 38°N except the region belonging
to the Seoul—Pyongyang seismic zone. In this seis-
mic zone the seismicity is relatively lower. What is
interesting is that if we link the regions with
higher seismicity by straight lines, the orientations
of such lines are near to the orientation of the tec-
tonic boundary in that region (Masaitisa, 1964) or
its conjugate. This phenomena, although having ar-.
bitrariness to some extent, may provide some clues
of the tectonics in this region.

The southern seismic zone and the northern seis-
mic zone have different levels of seismicity. How-
ever, analysis shows that the seismicities in these
two seismic zones have similar scale invariant
properties. To show such similarity, box —counting
is taken for the two seismic zones. In thl(;)2 b%x

counting the size of the box is taken as 1°, T
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Figure 4b Earthquakes with M>=86.0 since 1600 A.D.
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from the distribution. :
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3/2
, _21_°_’ .+, respectively, and the number of non—

vacant boxes (boxes occupied by at least one
earthquake) is counted for different S1Zes,
respectively. Generally the number of the non—va-
cant—boxes as a function of box—size has three
parts. As the size of the boxes becomes very large,
the number of non—vacant boxes becomes 1,
which is omitied as trivial. As the size becomes
smaller than the disiances between different
events, the number converges to the number of
earthquakes. If there are some earthquakes hap-
pened in the same place, the number of non—va-
cant—boxes will converge to the number of ’earth-
quake places’. As the size varies between & certain
range, the number—size relation may be represeni-
ed as

NocL™P

in which N is the number of the non—vacant—
boxes, L is the box size, and D is a constant reflect-
ing the scale—invariance clustering characteristics
of the seismicity. To some extent D may be regard-
ed as an approximation of the fractal dimension of
the seismicity, reflecting the fractal geometry of
the seismogenic deep fault system. In the view of
seismicity, the size at which the number of the non
—vacant—hoxes changes from a constant to a
seale—invariant distribution reflects the average
distance between different events (or ‘event plac-
es’), while the constant D reflects the scale—invar-
jance property of the cluster. Figure 5b shows the
box—counting results for the two seismic zones. It
may be seen that the difference of the two zones in
their average distances between different events
(or more exactly the distance between different
event places’) is very clear, reflecting the differ-
ence of seismic activity. Seen in the perspective of

the scale—invariance of the clusters, on the other

hand, the two seismic zones have no distinct differ-
ence, implying that the seismogenic deep fault
systems in these two regions have similar structure.
And probably we can further suppose that
although having distinct differences in their seismic
activity, the whole peninsula may be controled by a
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common seismogenic deep fault system under an
integral stress field. The difference in seismicity re-
flects only the difference between different parts
of the fault system and the different parts of the
stress field. _

Since the catalogue has significant incomplete-
ness, and the magnitude estimation has consider-
able uncertainties, it is not approporiaie to assess
the seismic risk through the b—value analysis, at
least at the present stage. As an alternative ap-
proach, Figure 5¢ shows the statistics of the time
intervals between two consequent moderate and
strong earthquakes (the magnitudes of these
events equal or exceed 6.0 in the catalogue, ap-
proximately corresponding to the earthquakes with
magnitude larger than or equal to 5.5 in general,
as discussed in the above section). The ‘integra-
tion’ of such ’spectra’ reflects the intensity of
seismicity, while the shape of the ‘spectra’ reflects
the recurrence of moderate and strong earthquakes
for a certain seismic zone. To compare the relative
seismicity one has to account for the normalized
result, i.e., the iniegration divided by the area of
the seismic zone, while the recurrence period is not
comparable among different seismic zones unless
the areas of the seismic zones are near to the
same. For the Seoul seismic zone and the Pyong-
yang seismic zone which are small in size, the first
point in the figure may correspond to strong
foreshocks and/or strong aftershocks, which oc-
curred within one year before or afier another
stronger earthquake. As these numbers are small,
making no discriminations of foreshocks and
aftershocks will not affect the result.

Reevaluation of the focal mechanism
solutions obtained using the seismological
data in the past

Few strong earthquakes have occurred in the
Korean peninsula since the begining of this
centruy, still less earthquakes have modern seismo-
logical recordings enough to determine the focal
mechanism, making the determination of the stress
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state by earthquakes extremely difficult, In this
point of view the few existing records are worth to
be reevaluated. At present, the determination of
focal mechanisms in the perspective of seismic mo-
ment iensors has become a routine job in the seis-
mological observations. On the other hand, as look-
ing back at the earthquakes in the past, consider-
able uncertainties may be found due to the limita-
tions of both the quality and the quantity of the
data. For example, Xu et al. (1994) redetermined
the fault plane solutions of 229 Chinese earth-
quakes during 1933—1972 using a grid testing al-
gorithm. Their results conclude that only for 47
earthquakes relatively reliable solutions could be
obtained. For all other earthquakes the data are of
poor quality and far not enough to constrain the
solution to an acceptable range. In their grid test-
ing algorithm all -of the possible nodal planes are
plotted on a single projection sphere. In our ap-
proach, a modified representation is taken, and the
solution is represented by the funciion

(080 = 3 18, 8.4, A2, i)Fw,

in which ¢,, 8, and 1 are the strike, dip, and rake of
the fault plane, respectively, fu ¢, 8, X, Az i,) is
the theoretical P—wave first motion symbol at the
n—th station with azimuth Az, and take—off
angle i, F,is the actual P—wave first motion sym-
bol, and the weight w, is taken reversely
propotional to the number density of stations, to
put emphasis on the azimuthal coverage of the ob-
servation sites. In the plotting the functlon 3 is nor-
malized by its maximum. :

Figure 6 gives the distribution of earthquakes re-
examined in this paper. The parameters of the
earthquakes are listed by Kim (1993). Figure 7
gives the result for the April 15, 1981 earthquake.
In figure 7a the S function is plotted in the a—
plane for different § values. In the figure from the
left top to the right bottom, the small figures corre-
spond to §=0°, 10°, 20°, 30°, ...., 90°, respectively.
In each small figure, the horizontal axis corre-
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sponds to ¢, form 0° to 360° from the left to the
right, while the vertical axis corresponds to A from
—180° to 180° from the top to the bottom. The
grid testing step is taken as 10° for ¢, &, and 1.
The black points in the plots correspond to S$=1,
while the other two kinds of points with different
grey scales correspond to S=0.9 and S=0.5,
respectively. In Figure 7b, the S function is plotted
for different P and T axis on the lower—sphere of
equal—area—projection,‘ in which the black blocks
with three different sizes represent the location of
P axis at which S=1, 5=0.9 or $=0.5, resp-
ectively, and the grey blocks represent the position
of T axis at which S=1, $=0.9 or S=0.5,
respectively. On the projection sphere the P—wave
first motion readings are also plotied, with cross
representing compression and circle representing
dilatation. It may be seen from the figure that
although the number of readings is limited, the
focal mechanism and the stress axis are acceptably
constrained. Figure 8 shows the composite result of
the February 14, 1982 earthquake and the March
16, 1937 earthquake, while Figure 9 shows the
composite result of all of the earthquakes shown in
Figure 6 except the April 15, 1981 earthquake. It
may be seen that in spite of the lack of the first
motion readings, the solutions are still constrained
to an acceptable extent, and the results given in
previous studies (Kim, 1993) seem reliable. The
results indicate that the compressional axis is near-
ly horizontal along the EW direction, which might
be originated from the compression of the Pacific
plate.

Discussion

From the analysis in this paper, in the perspec-
tive of historical earthquakes and focal mecha-
nisms, the regime of the seismicity and stress state
of the Korean peninsula may be described by Fig-
ure 10, in which the compression comes from the
interaction between the Eurasian plate and the Pa-
cific plate, and the straight lines répresent the ap-
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Figure 7 The grid testing result for the April 15, 1981 earthquake.

(a) Stunction in the ¢.-1 plane for different 8. ) .

From the left top to the right bottom, the small figures correspond to 8=0°, 10°, 20°,
30°, ..., 90°, respectively. In each small figure, the horizontal axis corresponds to ¢.
from 0° to 360° from the left to the ri%ht, while_the vertical axis corresponds to 2
from ~180° to 180° from the top to the bottom. The grid testing step is taken as 10°
for ¢. 8, and 1. The black 8oints in the plots correspond to S=1 while the two grey
scales correspond to $=0.9 and 5=0.5, respectively.

(b) Sfunction for different P and T axis on the lower-sphere of equal-area-projection, The
black blocks with three different sizes represent the location of P axis at which S=1,
520.9 or $=0.5, respectively, and the grey blocks represent the position of T axis at
which §=1, §=0.9 or §=0.5, respectively. On the projection sphere the P-wave first
motion readings are also plotted, with ¢ross representing compression and circle rep-
resenting dilatation.
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quake. See Figure 7.

326



37 2 84 A Data2¥H V= AAEF7 348

0 ¢, 380° 0. ¢, 360° 0 S 360° 0 4 360° 0 4 360°

]

W, 00 8=10° 8=20° h p=30° _'& 40° |—180°
NEVE AT

b

: 1":::. - *a . —f' [ n 1800
N E‘ Benin® i‘_ ;__170*' F 8=80° lr 8=y -180°
S T’ ,

LRy A

| b A B I

180°

L
.

s -

H

-
[y
-
H
‘-
[]
'a

-
LT 1 s
. .
s w)

all=em =~

. ":..:_t?
o

(b)

Figure 9 The composite result of all of the earthquakes in Figure 6 except the April 15, 1981
earthquake. See Figure 7.

327



&%, a7, LEE

34

o . ! . <40
. o 4.0-60"
’ 4 _
e 0 100km o 20770
L O >7.0
| | | . |
125 107 129 131

Figure 10 Earthquakes from 2 A.D. to 1960 A.D. with magnitude larger than or equal to 6.0, to-
gether with seismicity from modern seismological observations, showing the regime of

seismicity and stress state of the Korean peninsula.
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proximate orientation of the preferred fracture. In
the figure the earthquakes from 2 A.D. to 1960
with magnitude larger than or equal to 6.0 and the
earthquakes from 1960 to 1977 (DPRK Institute of
Seismology, 1986) as well as those from 1978 to
1992 (Kim, 1993) recorded by the seismic stations
in the peninsula are plotted. The data from 1993 to
Aﬁgust 1995 from the Korean Meteorological
Administration (KMA) are also added to the map.
Comparing io Figure 4, it seems that the spatial
pattern of seismicity has had some consistency
since the 15th century.

From the above analysis it may be seen that the
historical documents and the seismological records
in the past time may provide the study of seismici-
ty with some useful information. On the other
hand, as have seen in the discussions, the incom-
Pleteness of the catalogue and the uncertainty of
the magnitude estimation are the main problem af-
fecting the reliability of the analysis. Considering
that since the beginning of this century the Korean
peninsula has been in the period of ‘seismic quies-
cence’, the historical data is of most importance to
reveal the seismic characteristics of this region. It
is clear that more detailed studies on certain earth-
quakes and further reexaminations of the historical
recordings are needed in probing the nature of the
seismicity as well as that of the seismological re-
cords in the old times. ‘

Acknowledgemetns

This work was supported by the STEFI of Korea
and the Korean Ministry of Education (BSRI—95
—5420). Acknowledgements are also due to Mr.
Cho, P.J. and Mr. Mah, S.Y. for their help in the
mapping.

References

DPRK Institute of Seismology (ed.), 1986. Korean
Earthquake Catalogue. Seismological Press, Chi-
nese translation, translated by Li, Y. C.

Gu, G. X. (ed.), 1983. China Earthqueke Calalogue

(1831 B.C.-1969 A.D.). Scientific Press, in
Chinese.

Kang, S. D. and Choi, Y. C., 1993. On the seismici-
ty of Korea. In ! Ding, G. Y. and Chen, Z. L.
(eds.), Continental Earthquakes, Seismological
Press, 185—193,

Kim. S. G., 1987. Seismology : Physics of the Earth’
s Interior. Bakyong Press, in Korean.

Kim, S. G., 1993. Seismclogical characteristics of
the Korea peninsula. In : Ding, G. Y. and Chen,
Z. 1. (eds.), Continental Earthquakes, Seismolog-
ical Press, 130—141.

Kim, 8. J. (ed.), 1992. Seismological Bulletin of
Korea (1978—1992). Korean Maeteorological
Administration, in Korean.

Masaitisa, V. N., 1964. Geology of Korea. Nedra, in
Russian.

Musha, K., 1951, A chronological table of earth-
quakes, volcanic eruptions, and other phenome-
na occurred in Japan and its adjacent areas.
In : The Japanese Historical Documem‘.g of Earth-
quakes, The Mainichi Press, in Japanese.

Xu, Z. H., Wang, 5. Y., Gao, A. J. and Guo, Y.,
1994. Redetermination of some early focal
mechanism solutions of Chinese earthquakes.
Seismological and Geomagnetic Observation and
Research, 15(5), 1—9, in Chinese with English
abstract.

Wada, Y., 1912. The earthquakes in Korea. In :
The Scientific Memories of the Meteorological Ob
servation of the Governmental Generel of Korea,
2, 16—30, in Japanese.

i, S1EE
SFNET AR A
RA71% QHakA] thEHE 396
TEL : (0345) 400—5532
FAX : {0345) 400—5830



