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Based on the existing materials of fault segmentation, characteristic earthquakes, and their empirical relationships, we calcu-
lated the parameters of the fault segments, such as length, width, magnitudes of characteristic earthquakes, etc. Constrained by
GPS velocity field, the slip rates of these fault segments in depth were inversed using the 3-D half-space elastic dislocation
model. As not all of the recurrence periods and co-seismic displacements of characteristic earthquakes are known, we selected
the fault segments with these two parameters known and calculated the accumulation rate of average co-seismic displacement,
which shows the faults’ slip rate in seismogenic layer. Then, the slip rate in depth was compared with that in seismogenic layer,
the relationship between them was obtained, and this relationship was used to get the recurrence periods and co-seismic dis-
placements of all fault segments. After the studies above, we calculated the co-seismic deformation field of all the earthquakes
larger than M 6.8 from AD 1700 one by one and inversed the potential displacement in the co-seismic deformation field. Then,
we divided the potential displacement by the slip rate from GPS inversion to get the influences of these fault segments, added
the influences into the elapsed time of the characteristic earthquakes, and obtained the earthquake hazard degree of all the
segments we studied in the form of the ratio of elapsed time to recurrence period; so, we name the ratio as the Impending
Earthquake Risk (IER). Historical earthquake cases show that the fault segment is in safety when the IER is less than 1 but in
danger after the IER becomes larger than 1. In 2009, the IER is larger than 1 on the following segments, 1.35 on the Tagong
segment of Xianshuihe fault, 1 on the Menggu-Dongchuan segment, 1.04 on the Dongchuan-Xundian segment, and 1.09 on the
Yiliang-Chengjiang segment of Xiaojiang fault.
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The Sichuan-Yunnan rhombic block is located in the south-
eastern frontier of the Tibetan Plateau, and becomes the
most active tectonic region after the eastward extrusion of
the central Tibetan Plateau. This extrusion makes the east-
ern boundary faults of the Sichuan-Yunnan rhombic block
have a high left-lateral slip rate with frequent strong earth-
quakes [1-4]. The eastern boundary faults of the Sichuan-
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Yunnan rhombic block consist of the Garze-Yushu fault, the
Xianshuihe fault, the Anninghe fault, the Zemuhe fault, and
the Xiaojiang fault [5-7].

Because of the high left-lateral slip rates and rapid ener-
gy accumulation, these faults release energy frequently
through strong earthquakes. At least 18 earthquakes larger
than M,7.0 have occurred since AD 1327, including 3 larger
than M8.0 [8]. Besides, the nearby Litang fault is also with a
high frequency of strong earthquakes, of which three larger
than M7.0 occurred on three adjacent segments in 1886,
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1890, and 1948 [9]. These earthquakes may be related to the
interactions among fault segments. The Daliangshan fault,
which is parallel to the Anninghe fault and the Zemuhe fault,
has no historical earthquake records. But recent studies
proved its high left-lateral motion with frequent paleo-
earthquake activities. The Daliangshan fault may have re-
placed the role of the Anninghe fault and Zemuhe fault in
crustal deformation adjustment. This adjustment makes the
Daliangshan fault a dangerous one with earthquake risks [6,
10, 11]. In order to analyze the earthquake hazard risk, it is
necessary to know the following factors, the fault segmenta-
tion, the historical events on the segments, the recurrence
period of characteristic earthquakes (hereafter called CERP),
and the interaction among fault segments.

Fortunately, there are many studies focused on the char-
acteristic earthquakes on the east boundary faults of the
Sichuan-Yunnan rhombic block. Wen [8] described the sur-
face rupture parameters of almost all the earthquakes larger
than M6.5 since AD 1327, including the magnitude, rupture
length, and occurrence time. Moreover, there are many oth-
er similar results on these faults [3, 12, 13].

Because of the high frequency of earthquakes on these
faults, many studies have been done on the interaction
among these earthquakes, and almost all the results are from
the Coulomb stress changes [14—16]. Owing to the lack of
the historical earthquake records and paleo-earthquake
studies, it is impossible to know the recurrence period of
strong earthquakes on all of these fault segments. So, no
comprehensive studies have been done on the CERP,
earthquakes interactions, and earthquake hazard analysis.

Here we carry out a comprehensive study in the follow-
ing steps.

(1) We will divide the eastern boundary fault zone into
detailed characteristic earthquake segments, and analyze the
empirical relationships among the rupture parameters to get
more reasonable results, including the rupture length, width,
average co-seismic displacement, and so on.

(2) We will collect and sort the material of paleo-earth-
quakes and detailed historical earthquake records of some
fault segments that have more research results, determine
the recurrence period of strong earthquakes on these fault
segments, and obtain the average slip rate from the ratio
between the average co-seismic displacement and recur-
rence period.

The average slip rate we obtained represents the accu-
mulation rate of co-seismic displacement (hereafter we call
the slip rate V¢q) in the seismogenic layer, showing the en-
ergy accumulation rate of earthquakes.

(3) We will inverse the slip rate of all the fault segments
in depth (hereafter we call the rate Vi) in the crustal de-
formation field constrained by GPS data, and obtain the
relationship between Vg and V.

(4) According to the relationship above and Vg, of all the
fault segments, we can get V.4 of all the segments, and de-
termine the recurrence period of characteristic earthquakes
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(CERP), which is the ratio between the average co-seismic
displacement and V,q. Then we can get the elapse degree of
characteristic earthquakes through dividing the elapsed time
by the recurrence period, calculate the co-seismic defor-
mation field of all the earthquakes larger than M 6.8 since
1700 using the parameters obtained above, inverse all Vg,
and give the influence degree of these earthquakes by the
ratio between influence value and V.

Eventually we can get the Impending Earthquake Risk
degree after adding the elapse degree and influence degree,
and determine the earthquake risk of fault segments using
the Impending Earthquake Risk.

1 Distribution of strong earthquakes and divi-
sion of fault segments

1.1 Fault segmentation around the eastern boundary
fault zone of Sichuan-Yunnan rhombic block

The eastern boundary fault zone is composed of a number
of faults, namely, the Garze-Yushu, Xianshuihe, Anninghe,
Daliangshan, Xiaojiang, and Litang faults. Meanwhile, al-
most all the segments of the fault zone have surface rupture
tracks. Reasonable fault segmentation is crucial for the
study of characteristic earthquakes interaction and earth-
quake hazard risks [17]. In this paper, we will give a more
refined segmentation model of the faults after analyzing the
data of earthquake rupture parameters and previous seg-
mentation model (Figure 1).

The segmentation of Xianshuihe fault is based on the
model of Wen [18]. As to the overlapping section of fault
branches, we have divided it into two parts at the mid-point
and attached each part to its main side. However, for the
earthquakes with M7/, in 1786 and M7'/, in 1955, the over-
lapping section has been assumed as a single segment, given
that the rupture zone of the earthquake in AD 1786 may be
a cascade rupture event of the Moxi segment and the over-
lapping section. Also at the section between Qianning and
Kangding, the Xianshuihe fault has three sub-parallel faults,
namely, the Yalahe sub-fault, the Selaha-Kangding sub-fault,
and the Zheduotang sub-fault; we have divided this fault
section into two segments, 31 and 44 km in length respec-
tively, according to the surface rupture distribution of the
Kangding earthquake in 1955.

As to the Zemuhe fault, Li [3] pointed out that the dip
direction of the fault may have changed in the Qionghai
basin. Zhang and Ren [19] also suggested that the fault
should be divided into two segments at the same place,
based on the view that the character of motion is stick-slip
in the north segment but creep in the south. Thus, we
thought that the Zemuhe fault should be composed of two
fault segments, with the separation point in the Qionghai
basin. The M6/, earthquake in 1732 occurred on the north
segment of Zemuhe fault whereas the earthquake in 1850
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ruptured the whole fault. The magnitude of the earthquake
in 1850 is still in debate [12, 20, 21]. Wen et al. [21] held
that the earthquake has ruptured the whole fault after having
analyzed the characters of the surface rupture, and indicated
that the magnitude should be larger than M7'/,. Ren [12]
argued that the co-seismic displacement of the earthquake in
1850 should be equivalent to that of an M8 earthquake. In
addition, Li [3] reported that the recurrence period of M8.0
earthquakes on the Zemuhe fault was 885-1275 based on
the studies of paleo-earthquake in Holocene.

Similarly, the segmentation of other faults is based on the
results of previous studies. The segmentations of these faults
are shown in Figures 1, 2 and Table 1, including the Garze-
Yushu fault [22], the Anninghe fault [23], the Xiaojiang fault
[2, 8], the Daliangshan fault [10] and the Litang fault [9]. This
segmentation model and the strong earthquakes occurring on
the fault segments can help us study the interaction among
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earthquakes and earthquake hazard risk.

1.2 Parameters of earthquake rupture segments and
their self-adaptive relationships

Although studies are focused on these faults, especially on
the size of earthquake ruptures, detailed descriptions on the
other parameters, such as the rupture width, co-seismic dis-
placement, etc., are seldom seen. Many relationships exist
among the magnitude of the earthquakes and these parame-
ters [29-31], and the most well-known is that of Wells [31],
which is based on the statistical studies of the global earth-
quake rupture data. Given that the movement of these faults
is mainly left-lateral strike-slip, the dip-slip component is
ignored in this paper, with the GZIF as an exception. Thus,
we selected the formulas of Wells [31] as shown by eqgs.
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Figure 1 Distribution of faults in Sichuan-Yunnan region and segmentation of the east boundary faults of Sichuan-Yunnan rhombic block. GZ,
Garze-Yushu fault; GL, GZIF, Garze inner fault; XSH, Xianshuihe fault; ANH, Anninghe fault; ZMH, Zemuhe fault; DLS, Daliangshan fault; XJ-F,
Xiaojiang fault; LT-F, Litang fault; LRB-F, Longriba fault; LMS-F, Longmenshan fault; MJ-F, Minjiang fault; LJ-F, Lijiang-Xiaojinhe fault; CH-F,
Chenghai fault; BT-F, Batang fault; JSJ-F, Jinshajiang fault; ZD-F, Zhongdian fault; HH-F, Honghe fault; LCJ-F, Langcangjiang fault; NJ-F, Nujiang fault;
NTH-F, Nantinghe fault; LL-F, Longling-Langcangjiang fault; JH-F, Jinghong fault; MB-F, Mabian fault; HYS-F, Huayingshan fault.
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Figure 2 Segmentation of the east boundary faults and historical earthquakes.

[32]. Eq. (7) expresses the relation between M, and M,,

log(SRL) ==3.55+0.74xM, M with M, measured in N - m:
log(RW) =-0.76 +0.27x M, 2) logM, = 1.64- M, +7.56, 6)
log(RA)=-3.42+0.90x M, 3) )
M, =—logM,—-6.033. @)
log(AD) =—-6.32+0.90x M, “) 3
M =6.81+0.78 xlog(MD), (5) In view of the specialty of the regional tectonic environ-

ment, the applicability of the relationships should be

where M is the moment magnitude, SRL the surface rupture
length, RW the rupture width, RA the rupture area, MD the
maximum co-seismic displacement, and AD the average
co-seismic displacement.

For the conversion among M,,, M, and M, we have used
eq. (6); it was given for strike-slip faults based on all the
earthquakes larger than M5.0 during 1977 to 2001 in China

checked. To compare the parameters observed from field-
work with those calculated from Wells’ formulas, we have
done some tests on the fault segments with enough parame-
ters. Table 2 and Figure 3 show the results.

As to the rupture length, the results are in good agree-
ment with each other in most cases, but the Qianning earth-
quake in 1893 is an exception. We considered that the rea-
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Table 1  Fault segmentation and rupture parameters of the east boundary fault zone of Sichuan-Yunnan rhombic block
_Geological slip rate Ma).umum Average Observed
) . horizontal
Fault zone . Segment Length Strike- Characteristic L recurrence  recurrence
Segment interval " Thrust co-seismic . . Reference
name 1D (km) slip earthquakes . period period
(mm/a) displacement
(mm/a) (m) (a) (@)
Batang-Luoxu GZ1 70 M,7.3 in 1896 5 - —
Garze-Yushu Luoxu-Yakou GZ2 180 1242 -0.6--1.2 M,7.7in 1854 9 - — [22, 24]
Yakou-Tingka GZ3 65 M.,7.3 in 1866 53 - -
. M6/, in 1811
GZIF Tingka-Zhuwo GL 20 - - —_— - - 156 [16]
M6.8 in 1967
Donggu-Zhuwo XSHI1 20 M7.61in 1973 [25]
M7'/,in 1816
Luohuo XSH2 70 8.8+£3.5 T — 4 131-161 157
M7.6in 1973
Renda XSH3 45 10-15 - M7.3in 1923 3 93-126 -
M7 in 1904
Daofu XSH4 33 10-15 e — 0.78 70-96 77
M6.9 in 1981
. . Qianning XSH5 54 10-15 - M=17',in 1893 2.44 84-118 100-101
Xianshuihe [4, 18,
fault Tagong XSH6 31 7.5+0.8 - - - 197-269 - 2527
. M7 in 1725
Kangding XSH7 44 9.1£09 - —_——— 3 225-310 230
M7/, in 1955
. L M7/, in 1786
Kangding-Xindianzi XSH8 20 9.9+0.6 - e ——— - - 169
MT7'/,in 1955
. M7°/,in 1327
Moxi XSH9 90 9.9+0.6 - e — - 360-490 459
M7/, in 1786
North of Mianning ANHI1 62 3.8+4.2 1.4 M7/, 1in 1480 3+0.5 520-660 -
Anninghe fault . M7',in 814 [13]
South of Mianning ANH2 84 5-8 - _— - - 722
M7'/,in 1536
M6/, in 1732
orth ZMHI 23 64206 - @ ————l 2 118 [19]
Zemuhe fault g ~M8 in 1850 885-1275
South ZMH2 108 64206 - ~M$ in 1850 - 1226 13]
segment
Qiaojia-Menggu XJ1 50 102 -0.2--0.7 - - - - [10]
Menggu-Dongchuan XJ2 45 10+2  -02--0.7 M7/, in 1733 -
- - ~1000 ~900 [2, 3, 28]
Dongchuan-Xundian XJ3 40 102 -0.2--0.7 M7%,in 1733 —
Xundian-Songming XJ4 48 10+2  -0.2--0.7 MS in 1833 - -
Xiaojiang fault S ing-Yili XJ5 48 102 -0.2--0.7 M7, in 1500 333
iaojiang fau ongming-Yilian +2  02--07 ——— -
Jiang gming-THng M8 in 1833 830-930 2,3, 10]
- . M7/, in 1500
Yiliang-Chengjiang XJ6 32 10+2 -02--07 ——(————— - 333
M8 in 1833
Chengjiang-Tonghai XJ7 60 10£2  -0.2--0.7 - - - - (8]
Tonghai-Jiangshui XJ8 60 - - - - - -
35000 a B.P.
Shimian-Yuexi DLS1 73 1-3 - _— - - -
4500 a B.P.
28000-30000
Puxiong-Zhuhe DLS2 66 2 - ____aBP. - - -
24000 a B.P.
Dahfaarlllghshan 25000 a B.P. [10, 11]
Tuodu-Butuo DLS3 62 2.6-39 - 10000 a B.P. - - -
7500 a B.P.
15000 a B.P.
Jifulada-Jiaojihe DLS4 65 3 - 3500 a B.P. - - -
1520-1950 a B.P.
Maoyaba LT1 55 4 0.1-1.8 M,7.1in 1886 4.1 - -
Litang fault Litang LT2 50 4 0.1-1.8 M,7.11in 1890 =4 500-1000 - [9]
Kangga-Dewu LT3 40 4 0.1-1.8 M,7.0 in 1948 43 - -
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Table 2 Characteristic earthquakes on fault segments and related rupture parameters

Rupture size Maximum Average

L .o . Time
o wan GO SRR AD v an
M, of char- __km) (km) (m) (m) year)
Fault segment s

D ezlcttﬁcr;ligl‘ie hi]s:trci)t?;al

IEII’I; Wells l;l;};:sr Wells SS\Z d Wells Wells IEII’I; Hrlesgc))?;:l I;l;};)l; e?llat]t; ;;;fr S:l}l;e Dip slip
s?udies
GZ11[22] 7.6 70 71 15 163 5 42 25 335 - 356+24 1896 - 9.4+0.8 12.0+0.8 —-0.1+0.9
GZ2[22] 8.0 180 141 15 21 138 6.1 491 - 517134 1854 - 9.5+0.8 12.1+0.8 —-0.5+0.9
GZ3[22] 7.6 65 71 15 163 53 42 25 36l - 391441 1866 - 9510 12.1+x1.0 -0.2+09
GL [16] 6.8 20 - 15 - - - - 0.23 156 256+110 1811-1967 - 1.1£06 14+06 —4.1x09
XSH1 6.8 20 0.57 - =403 - - 0.24+1.5 0.3xl.5 0.0£0.9
73 15 164 4 45 184 1973
XSH2 [16] 75 70 23 157 240+26 1816 167  9.7+13 12313 -0.1+0.8
XSH3 [16] 73 45 42 15 134 3 1.7 09 1.7 - 176x16 1923 - 9.6£1.5 122+1.1 -0.1+0.8
XSH4 [16] 7.0 33 24 15 109 078 064 047 074 77 78+7 1904 1981 9.6 9.5+1.1 12.1+0.7 -0.1x0.8
XSHS [16] 73 54 38 15 129 244 14 12 14 - 144+13 1893 - 9.8£14 124+0.7 -0.1x0.8
XSH6 [16] 7.1 31 - 15 - - - - 1.7 - 192+20 - - 8.8+1.2 11.2+0.7 -0.1+0.8
XSH7 [16] 73 44 1.7 - 19319 1725 8.9+1.1 114409 0.5+£0.6
61 15 153 3 32 1.5 230 1955 10.9

XSH8 [16] 6.8 20 0.84 459 95+9 1786 83 89+1.0 11.3x09 0.6+0.6
XSH9 75 70 - 15 - - - - 2.3 - 285+39 1327 - 8.2+14 104+09 1.2+0.6
ANHI [8] 75 62 61 15 153 305 32 1.5 2.6 520-660  518+72 1480 44406 5.1+09 6.5+09  0.6+0.6
ANH2 7.7 4 - 15 - - - - 4.1 722 708+77 1851346 58+0.8 74+0.8  0.6x0.6
ZMH1 6.9 23 - 15 - - - - 073 118 1226 149+17 1732 1850 5.0+£0.7 63+0.7 -1.3+0.6
ZMH2 7.8 08 - 15 - - - - 4.6 - 85098  — - 55408 7.0£0.8 —-1.3x0.6
XJ1 74 50 - 15 - - - - 22 - 282+26 - - 79409 10.0+09 -0.7+0.6
XJ2 73 45 - 15 - - - - 1.7 900 220+25 173 7.7£1.1  9.8+1.1 -0.7+0.6
XJ3 73 40 - 15 - - - - 19 249+23 - 7.6+09 9.7+09 -0.7£0.6
XJ4 7.3 48 - 15 - - - - 1.6 - 20022 - - 8.0+1.1 10.1+x1.1 -0.7+0.6
XJ5 73 48 - 15 - - - - 1.6 200+22 1833 - 8.0+1.1 10.1+x1.1 -0.7+0.6
XJ6 7.1 32 - 15 - - - - 1.1 333 143+13 1500 - 78409 9.9+09 -0.7£0.6
XJ7 75 60 - 15 - - - - 2.7 - 365+35 - - 74+09 94409 -0.7+0.6
XJ8 75 60 - 15 - - - - 2.7 - 508+48 - - 5.0£1.1 63+1.1 -0.7x0.6
DLSI1 7.6 73 - 15 - - - - 32 - 1065+213 - - 31408 4.0£0.8  0.5+0.6
DLS2 75 66 - 15 - - - - 24 - 806162 - - 3.1+0.8 4.0+£08  0.5+0.6
DLS3 75 62 - 15 - - - - 2.6 - 860+172 - - 3.1+0.8 4.0£08  0.7£0.6
DLS4 75 65 - 15 - - - - 25 - 820+164 - - 3.1+0.8 4.0+£08  0.5+0.6
LT1[9] 74 55 - 15 - - - - 2.0 - 620130 1886 - 34+09 43+09  0.5+0.6
LT2[9] 74 50 51 15 144 4.1 24 12 22 - 649+130 1890 - 34409 45409  0.5+06
LT3 [9] 73 40 43 15 135 43 1.8 1 19 - 555+111 1948 - 3409 45+09  04+0.6

sons should be as follows. Heim [33] pointed out that the
surface rupture extended from Songlinkou to Huiyuansi for
about 54 km, which was also confirmed by later fieldwork
[4, 34]. However, according to the empirical relationships,
both the rupture length and the maximum co-seismic dis-
placement are larger than those of an M7'/, earthquake.
Therefore, we considered that the magnitude of the earth-
quake should be M,7.4, with a rupture length of 50 km and
maximum co-seismic displacement of 2.34 m, as given by
eqs. (1)—(5), which are consistent with the results of field-
work.

For the rupture width of the fault segments, Wells has
given the statistic relationship between magnitude and rup-

ture width (depth), too [31]. However, it should be consid-
ered that the temperature of crust in the lithosphere in-
creased gradually with the depth, and there is some depth
where the structure of the lithosphere transits from elastic to
plastic in character. The rupture of the earthquake is con-
strained above the depth probably, especially when the
earthquake is an intraplate event; this depth can be called
the locking depth, while the upper layer above the locking
depth is called the seismogenic layer. Zhu et al. [35] sug-
gested that the average locking depth of the crust is about
15 km in Sichuan-Yunnan region from the relocation of
small earthquakes. Wang et al. [6] also found that the inver-
sion residual of the GPS data becomes the minimum when
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Figure 3 Comparison between the results of Wells’ empirical formulas and those of field work. (a) Rupture length; (b) maximum co-seismic displacement.

the locking depth of the faults is about 15 km. because of
these studies, we did not calculate the rupture width from
Wells’ formulas but considered 15 km as the rupture width
of all the fault segments.

The maximum co-seismic displacements observed in
fieldwork differ little from those calculated by Wells’ for-
mulas. The most obvious discrepancy is seen in the data of
the Renda earthquake in 1923, and the magnitude and max-
imum co-seismic displacement are M 7.3 and 3 m respec-
tively from ref. [16]. The data were cited from Allen et al.
[4], who described the maximum co-seismic displacement of
the Renda earthquake with uncertainty, and deduced this
displacement as the sum of two events. In that case, the
maximum co-seismic displacement of the Renda earthquake
is about 1.5 m, close to the result of Wells’ formula. In Fig-
ure 3(a) and (b), the rupture length and maximum co-seismic
displacement from fieldwork are compared with those from
formula for each earthquake. The figures show that the larg-
er the magnitude of earthquake is, the more the increases of
rupture length and co-seismic displacement would be, espe-
cially for earthquakes greater than M,7.5. This explains the
deviation of the M,,7.7 earthquake in 1854 in Figure 3.

As to the earthquakes occurring on the Litang segment
and Kangga-Dewu segment, Xu et al. [9] deduced that the
magnitude of the Litang earthquake is M,,7.1 from rupture
length but M,7.3 from the maximum co-seismic displace-
ment using Wells’ formula, whereas the magnitude of the
earthquake on the Kangga-Dewu segment is M,7.0 from
rupture length but M,7.3 from the maximum co-seismic
displacement.

As the maximum co-seismic displacement is likely to be
affected by irregular rupture and local structures, the rupture
length always has some errors. So we used the formula be-
tween the magnitude and rupture length, eq. (1), to get the
magnitude of the two earthquakes. Thus, the magnitude of
earthquake on the Litang segment is M, 7.1, and the magni-
tude of that on the Kangga-Dewu segment is M,,7.0. This
process has eventually caused the deviation between the

observed and calculated results of the maximum co-seismic
displacement in Figure 3(b).

The above studies reveal that the statistic formulas of
Wells are applicable in this region, especially the relation-
ship among the magnitude of earthquakes, rupture length,
and the maximum co-seismic displacement. Therefore, we
can use these formulas to calculate the rupture parameters
from the magnitude or deduce the magnitude from rupture
parameters. As to the magnitude of historic earthquake rec-
ords, '/, means 0.1~0.4, '/, means 0.4~0.6, and */, means
0.7-0.9 in this paper.

As the average co-seismic displacement from fieldwork
is not very accurate, Wells’ formula also has large errors.
Thus, we have used the scalar seismic moment to calculate
the average co-seismic displacement when the rupture
length and width are known. The formula is as follows and
the results are shown in Table 2:

M,=pu-L-W-D. ®)

In eq. (8), u is the rigidity of the elastic layer; L is the rup-
ture length; W is the rupture width; D is the average
co-seismic displacement; ,u=3><1010 N/m?;, and W=15 km.
Table 2 gives the calculation results.

1.3 Slip rate of the fault segments

In order to check the reasonableness of our calculated rup-
ture parameters, we should obtain the present-day slip rates
of the fault segments. This also can help us calculate the
Recurrence Period of the Characteristic Earthquakes (CERP).
Once the average co-seismic displacement and CERP be-
come known, we can calculate V... Meanwhile we can in-
verse the long-term slip rate of the fault segments in depth
(Vgps) using GPS data. The comparison between Veq and Ve
will reflect the feasibility of our method.

(1) Accumulation rate of co-seismic displacement (V).
The CERP that we have collected from previous studies can
be divided into two parts. One is from the ratio of the aver-
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age co-seismic displacement and the average accumulation
rate in geological history. For example, the average CERP
of the segments on Xianshuihe fault was given by Wen [26],
i.e. the 888-1275 years’ CERP of M8 earthquake on the
Zemuhe fault, about 1000 years’ CERP of the Dongchuan
event in 1533 on Xiaojiang fault, and the 830-930 years’
CERP of the Songming earthquake in 1833 of the Xiaojiang
fault [3]. The other is from the average time interval of
events in geological history. For example, Ran et al. [13]
pointed out that the CERP of the north segment on the An-
ninghe fault is 520-660 years from the average time interval
of three earthquakes in the last 1700 years. Li [3] thought that
the CERP of the Dongchuan earthquake in 1733 is about 900
year from '“C dating result of two paleo-earthquakes. In that
case, if we use the data from the first method to calculate
Ve, we will fall into the trap of a loop calculation when
using the CERP calculated from V,, to calculate V4. Thus,
we have only used the CERP obtained by the second meth-
od, which means the average interval of recurrence paleo-
earthquakes or historical earthquakes.

The GZIF is not a main boundary fault but a fault seg-
ment of small size in the Garze pull-apart basin; and the
basin lies between the Garze-Yushu fault and Xianshuihe
fault. Two M 6.8 events have occurred on the GZIF, with
rupture length of 20 km, left-lateral displacement of 0.23 m
and tensile displacement of 0.64 m. Considering the spe-
cialty of the GZIF, we assumed that the rupture length of
the fault segment is 20 km, the strike-slip displacement is
0.23 m, the tensile displacement is 0.64 m, and the dip angle
is 85°. The average displacement of the GZIF segment is D,

D =1/(0.23/5in85")> +0.64 =0.68 m. The rupture width

can be obtained to be 12.6 km from eq. (8).

To sum up, we have obtained the average co-seismic dis-
placement and V4 of the fault segments with enough data.
Table 2 shows the results.

(2) Slip rate of fault segments inversed from GPS (V).
The slip rates inversed from GPS data are only for the
whole fault [6, 7], but not for the fault segments we have
divided. Therefore, we inversed the slip rates in depth of the
fault segments in our model using the GPS data. And the
results will be compared with the accumulation rate of
co-seismic displacement (V) in seismogenic layer to see
the feasibility of our method.

The 3-D half-space elastic dislocation model we used is
based on the Okada’s elastic dislocation theory [36—41], and
has been adopted in the co-seismic deformation field calcu-
lation and the slip rates inversion widely. In the model, the
crust is seen as an elastic body, and the fault is seated under
the locking depth. The locking depth divides the crust into
two layers, seismogenic layer in shallow place and disloca-
tion layer in deep place. In the interseismic period, the fault
can be explained as the continuous movement of dislocation
while the seismogenic layer is locked. In the co-seismic
period, the seismogenic layer ruptures abruptly while the
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dislocation layer is locked relatively. After the earthquake,
the seismogenic layer will heal over for years, with the ad-
justment of post-seismic deformation.

The GPS data we used are from Shen et al. [7], which are
obtained by 248 GPS stations in several phases of observa-
tion. The fault geometric model and parameters in this paper
are cited from previous studies [42]. The fault parameters
include the strike, dip direction, dip angle, and locking
depth. The locking depth is 15 km in the Sichuan-Yunnan
rhombic block but 20 km in the Sichuan basin. Based on the
3-D fault geometric model and fault segmentation, we in-
versed the slip rate in depth of these fault segments. Firstly,
we inversed the slip rate of the east boundary fault zone
with more GPS stations around. Then we added the results
of the first step into the geometric model as initial value and
inversed the slip adjustment of other faults. The inversion
results are shown in Figure 4 and Table 2.

The results are similar to those of rigid block motion
model [7] and linked-fault element model [6]. But our mod-
el has taken the dip angles of all the faults into considera-
tion, which makes our results more practical.

(3) The relationship between V,q and V. Comparing Veq
in seismogenic layer and Vg, in depth on the specific seg-
ments (Table 2 and Figure 5), we will find that Vg, and V,
have good conformity, which means that the segments with
high Vg, are also with high V.. In order to obtain the statis-
tic relationship between V4 and Vi, we first removed the
two events with maximum or minimum ratio of Veq and V.
Then we got the statistic proportion of them (eq. (9)):

V, =0.7873xV, . ©)

After that, we can use this formula to calculate all the V,
via Vj, then use the average displacement of characteristic
earthquakes (D) and Vi to calculate the Recurrence Pe-

riod of Characteristic Earthquakes (CERP). Table 2 shows
the results.

2 Co-seismic deformation fields and their in-
fluence on other fault segments

With the parameters of earthquakes on the fault segments
known, we can first calculate the co-seismic deformation
field and then inverse the potential displacement of other
fault segments in the co-seismic deformation field. This
potential displacement can reflect the energy accumulation
or release of the other segments during the earthquake. In
order to calculate the potential displacement, we chose a
time-window from AD 1700 to AD 2009, in which histori-
cal records are more complete and more than half of the
studied fault segments have been hit by earthquakes.

During the calculation of the earthquakes larger than
M6.8 since 1700, each earthquake was regarded as having
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Figure 5 Comparison between Vq and V.

ruptured the whole segment even when the earthquake was
not strong enough. In that case, the average co-seismic dis-

placement D will be smaller. But the influence on other
fault segments will change little, because the scalar moment
is not changed. The parameters of these earthquakes are
listed in Table 2.

The steps we used to calculate the potential displacement
are as follows. First, we calculated the co-seismic defor-
mation field caused by the earthquakes, then we inversed
the adjustment of other segments in the co-seismic defor-
mation field based on the geometric model of faults in the
Sichuan-Yunnan region. This adjustment is just the influ-
ence on other faults in depth.

In order to calculate the co-seismic deformation field of
earthquakes, the area was set to a network of 0.5°x0.5°
grids with assumed GPS points on each grid point. In addi-
tion, we have also set an assumed GPS profile across each

22°

fault segment. Once an earthquake occurs, the co-seismic
deformation field will be reflected on the GPS profile and
other assumed GPS stations, which will reflect the potential
adjustments of these fault segments.

In this paper these assumed GPS stations were used as a
constraint to inverse the precise potential displacement in
depth using the 3-D half-space elastic dislocation model
[42].

First, we inversed the potential displacement of the seis-
mogenic segment using the co-seismic displacement of all
the assumed GPS stations. Then, we removed the GPS sta-
tions around the seismogenic segment from the network to
inverse the potential displacement of the adjacent fault
segments. Similarly, we removed the GPS stations around
both the seismogenic fault segment and adjacent fault seg-
ments to inverse the potential displacement of the fault
segments that are still farther away. Finally, we obtained the
potential displacements of all the fault segments in the
co-seismic deformation field. When we divide the potential
displacement by V,, the Influence Value, which means by
how many years the period of fault segment’s earthquake
energy accumulation will be lengthened or shortened, can
be obtained. If we divide the Influence Value by CERP of
the fault segment, we can get the Influence Degree of the
fault segments.

Here the M8.0 earthquake on the GZ2 segment in 1854
can be taken as an example. First, we calculated the
co-seismic deformation field of this earthquake using the
3-D half-space elastic dislocation model, in which the seis-
mogenic layer ruptures abruptly while the dislocation layer
is locked. Then we inversed the potential displacement in
depth of the other fault segments. The results are shown in
Figure 6.
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Figure 6 (a) Co-seismic deformation field of the earthquake in 1854; (b) inversion of the main rupture segment’s potential displacement; (c) inversion of
the adjacent segments’ potential displacement; (d) inversion of the farther fault segments’ potential displacement.

After the above calculations, we have got the influence
of the earthquake in 1854 on other fault segments. If we
divide this influence by Vg, the Influence Value of the
earthquake can be obtained. And the Influence Degree
comes out when the Influence Value is divided by CERP.
The results of Influence Degree are shown in Figure 7; pos-
itive stands for the increase of earthquake energy accumula-
tion while negative the decrease of it.

From the results, we know that the influence values of
the GZ1, GZ3 and GZIF segments are 29.3, 16.1 and 77.9
respectively in 1854, which make the energy accumulation
of these fault segments increased. Also the influences are
reflected on the segments of the Xianshuihe fault and the

Litang fault, but not obvious on other segments. So we as-
sumed that the earthquake in 1854 had moved up the occur-
rence time of characteristic earthquakes on GZ1 in 1896 and
GZ3 in 1866. Similarly, other earthquakes also have some
influences on these fault segments. Figure 7 gives our cal-
culation results of all the influences.

3 Characteristics of strong earthquakes evolu-
tion

In order to get the Impending Earthquake Risk (hereafter we
call it IER), which reflects the energy accumulation degree
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Figure 7 Map showing the interaction among earthquakes around the eastern boundary of Sichuan-Yunnan rhombic block. Abscissa shows the time of
earthquake occurrence; ordinate shows fault segment hit by earthquake. Colored bar shows the influence value of the fault segments in each co-seismic de-
formation field, being —0.1 to 0.1 in most cases; the blue grid means that the influence value is negative; the white grid means negligible effects of the seg-
ments in co-seismic deformation field; other colored grid means that the influence value is positive.

and earthquake hazard risk of the fault segment, we studied
the followings.

First, we divided the elapsed time by CERP to get the
elapsed degree of the fault segment. In some cases, there
may be earthquakes, which are not strong enough but have
obvious energy release, to occur between two characteristic
ones; we assumed them as having released some of the ac-
cumulated energy. So we deducted the average displace-
ment caused by the earthquakes from the accumulated dis-
placement at that time. The earthquake of XSH6 in 1748 is
such an example; its magnitude is M6.8, smaller than the
characteristic magnitude of M7.1.

Secondly, we added the influence degree into the elapsed
degree to obtain the energy accumulation degree of each
fault segment. The energy accumulation degree can be seen
as the degree of earthquake risk and we call it Impending
Earthquake Risk (IER). Figure 8 shows the IER of each
fault segment just at the time before the earthquake oc-
curred. The IER of historical earthquake cases can help us
to see whether the earthquake risk can be known from IER.

As to the fault segment with no characteristic earthquake
record, we thought the elapsed degree is O and the Impend-
ing Earthquake Risk (IER) could not be shown clearly but
only can be assigned as O.

We can see from the results that almost all the IER in
history are larger than 1, i.e. 1.85 of the GL segment in
1967, 1.17 of the XSH4 segment in 1981, 1.31 of the XSH7
segment in 1955, 1.82 of the XSHS8 segment in 1955, 4.92
of the XSHS segment in 1786, and 1.62 of the XSH9 seg-
ment in 1786. Two exceptions are that the IER of ZMHI1
segment in 1850 is 0.6 and the IER of XSH2 segment in
197315 0.75.

The most probable reasons that cause the IER on the
large or small side may be as follows.

For the Luhuo earthquake that occurred in 1973 on the
XSH1 and XSH2 segments, the IER of XSH2 segment is
0.75, smaller than 1. But we can see from Figure 3 and Ta-
ble 2 that the V., calculated from the Recurrence Period of
Characteristic Earthquake (CERP) is 12.3x0.7873 mm/a; it
is much smaller than 16.7 mm/a, which is calculated from
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Figure 8 Impending Earthquake Risk around the east boundary faults of the Sichuan-Yunnan rhombic block. Abscissa shows the time of earthquake oc-
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geological studies of historical earthquakes (Table 2). We
thought that the smaller V., value may be due to the influ-
ence of XSH1 segment. The XSH1 segment, which lies at
the tip of the Xianshuihe fault, was not ruptured in 1816 and
enough energy may have accumulated for many years. The
rupture of the XSH1 segment advanced the rupture of the
XSH2 segment. So we got a smaller CERP and a larger V,
(Figure 2 and Table 2). If we use 16.7 mm/a as V,,, the IER
will be 1.29, which may better represent IER of the XSH2
segment in 1973.

As to the XSHS8 segment with IER of 4.92 larger than 1
in 1786, we thought this value cannot represent the real sit-
uation. The reasons are as follows. First, the length of
XSHS8 segment is small; and its rupture in 1955 may be
caused by the influence from the XSH9 segment. Second,
there may be earthquakes on the segment not recorded in
history and the earthquake is not larger than M6.8, without
surface rupture. And in 1850, the IER of ZMHI1 is 0.6,
smaller than 1. We assumed that the rupture of this segment
might be induced by the rupture of the ZMH?2 segment.

The IER of other fault segments can be considered as
reasonable, because on each of these fault segments, at least

two characteristic earthquakes have occurred in the time-
window with reasonable recurrence time gap.

To sum up, the IER for the following fault segments are
reasonable, 1.85 for the GL segment in 1967, 1.29 for the
XSH2 segment in 1973, 1.17 for the XSH4 segment in 1981,
1.31 for the XSH7 segment in 1955, 1.82 for the XSH8
segment in 1955, and 1.62 for the XSH9 segment in 1786. It
can be seen that all the IER above are close to or larger than
1.2 before historical earthquakes. Some reasons why the
IER are close to or larger than 1.2 but not 1 are as follows.
The CERP is not the real situation, but contains the influ-
ences from other earthquakes. In order to highlight the in-
fluences, we have calculated the influences again and added
them into accumulated energy. Thus, the CERP we calcu-
lated is smaller, and the IER we calculated becomes higher.

In order to reflect both the interactions and the real situa-
tion, we did not use the elapsed time to judge the earthquake
hazard risk but divided the IER by 1.17, which is the small-
est one of the IER of the recurring earthquakes in history.
The IER values of the recurring events are as follows: 1.58
for the GL segment in 1967, 1.10 for the XSH2 segment in
1973, 1 for the XSH4 segment in 1981, 1.12 for the XSH7
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segment in 1955, 1.56 for the XSHS8 segment in 1955, and
1.38 for the XSHO segment in 1786. Until the year 2009, the
IER values close to or larger than 1 corresponding to dif-
ferent fault segments are as follows, 1.35 for the Tagong
segment of Xianshuihe fault (XSH6), 0.92 for the north
segment of Anninghe fault (ANHI), 1.17 for the Menggu-
Dongchuan segment of the Xiaojiang fault (XJ2), 1.04 for
the Dongchuan-Xundian segment of the Xiaojiang fault
(XJ3), and 1.09 for the Yiliang-Chengjiang segment of the
Xiaojiang fault (XJ6). The results are consistent with the
former studies from the maximum shear strain rate [43].

For some fault segments, including the Daliangshan fault
(DLS1-DLS4), the Qiaojiang-Menggu segment of the
Xiaojiang fault (XJ1), the Chengjiang-Tonghai segment of
the Xiaojiang fault (XJ7), and the Tonghai-Jiangshui seg-
ment of the Xiaojiang fault (XJ8), we were unable to obtain
the Impending Earthquake Risk (IER), but only calculated
the influence degrees owing to the lack of the time when the
latest earthquake occurred. The segment XSHI1 is also a
special case; it is located at the tip of the Xianshuihe fault,
with unknown activity and fault length, so the influences
from other earthquakes are not clear in this study.

4 Discussion and conclusions

The recurrence period of characteristic earthquakes, as the
major evidence to judge the earthquake hazard risk, is a hot
issue in earthquake studies. It is easy to obtain the Recur-
rence Period of Characteristic Earthquake (CERP) in the
region with enough historical earthquake records and paleo-
earthquake studies. But owing to the difficulty of paleo-
earthquake research and short period of historical earth-
quake records, it is difficult to obtain the CERP of all the
segments.

Fortunately, the application of GPS on crustal defor-
mation gives us an opportunity to know the present-day slip
rate of the active faults and makes the precise studies on the
assessment of earthquake risk possible. Taking the two as-
pects above into consideration, we can obtain Veq and Vg,
from geological survey and GPS studies in some fault seg-
ments at first, and then get a characteristic relationship be-
tween them at these segments. After that, by using this rela-
tion and all the Vg, inversed from GPS, we can get all V.
We have got the statistic relationship between Vg, and Veq
in eq. (9), which means V, is always less than Vi, Vs can
be seen as the slip rate of the fault segment in the geological
history, and V4 is considered equal to Vs less Vi, and V. is
the creep rate [44].

Finally we can divide the average co-seismic displace-
ment by Vg, and all the CERP will be obtained. Based on
the rupture parameters we calculated, we have studied the
interrelation of historical earthquakes and strong earth-
quakes evolution.

After the above studies, we conclude, Owing to the in-
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teraction among earthquakes and fault segments, once an
earthquake occurs on a segment of the east boundary fault
zone of the Chuan-Yunnan rhombic block, especially a
large event, it will influence the surrounding fault segments
more or less; the influence degree on other fault segments
depends not only on the earthquake’s magnitude but also on
the present slip rate (V) and geometric scale of those
segments.

Because the Xianshuihe fault, the Anninghe fault, the
Zemuhe fault, and the Xiaojiang fault have the common
characters of left-lateral strike slip, the influences on their
segments from the earthquakes occurring on these faults are
always promoting the energy accumulation. The Litang
fault, which is parallel to the Xianshuihe fault, accepts both
positive and negative influences from earthquakes on other
segments in increasing the energy accumulation. As to the
Daliangshan fault, the influence values on this fault are not
always positive; in particular, the M8.0 earthquake occur-
ring on the Zemuhe fault has great influence on it, and the
influence on the Tuodu-Butuo segment (DLS3) is the most
obvious in mitigating the energy accumulation.

As to the results of IER, we can find that the IER of the
previous earthquakes are always larger than 1 (Figure 8). At
present, there are four segments with IER larger than 1, i.e.
the Tagong segment of the Xianshuihe fault, the Menggu-
Dongchuan segment of the Xiaojiang fault, the Dongchuan-
Xundian segment of the Xiaojiang fault, and the Yiliang-
Chengjiang segment of the Xiaojiang fault, for which the
IRE values are 1.35, 1.17, 1.04 and 1.09, respectively. So
these segments might be in a dangerous state. Also attention
should be paid to the north segment of the Anninghe fault
with IER of 0.92.
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