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Abstract. Southwest China is located in the southeasternities were due to landslides triggered by the shaking (Yin et
margin of the Tibetan Plateau and it is a region of high seis-al., 2009; Zhang, 2009). Different from the landslides caused
mic activity. Historically, strong earthquakes that occurred by rainfall, earthquake-triggered landslides can take place in
here usually generated lots of landslides and brought dea comparatively wider region, and sometimes they are the
structive damages. This paper introduces several earthquakeiost potentially destructive amongst the secondary geotech-
triggered landslide events in this region and describes theinical hazard associated with earthquakes. These large and
characteristics. Also, the historical data of earthquakes withwidely distributed landslides usually cannot be prevented by
a magnitude of 7.0 or greater, having occurred in this regioncurrent mitigating measures, nor can the regular measures
is collected and the relationship between the affected areased to monitor or predict rainfall-triggered landslides. In-
of landslides and earthquake magnitude is analysed. Basestead, the effective preventive measures are early warning
on the study, it can be concluded that strong earthquakesand evacuation of vulnerable communities. In order to mit-
steep topography as well as fragile geological environmentjgate the damages, researches on the potential earthquake-
are the main reasons responsible for serious landslides imduced landslide zoning are being conducted in many coun-
southwest China. At the same time, it is found that the re-tries at present (Jibson and Michael, 2009; Scott and Keefer,
lationship between the area affected by landslides and th€003; National Institute for Land and Infrastructure Man-
earthquake magnitude in this region are consistent with whaagement, Ministry of Land, Infrastructure, Transport and
has been obtained worldwide. Moreover, in this paper, it isTourism, 2004).

seen that the size of the areas affected by landslides change gor the assessment of earthquake-triggered landslide haz-
enormously even under the same earthquake magnitude igrqs, it is necessary to establish correlations between seismic
the study region. While at the same tectonic place or faultyround shaking and landslides in different geological, topo-
belt, areas affected by landslides presented similar outlin@raphicm and climatic conditions (Rdduez et al., 1999).
and size. This means that local geological conditions andand, the assessment can be performed at different levels
hiS'[OI‘ica| earthquake background ha.Ve an important inﬂU'ranging from regiona| Studies to the Site_specific evalua_
ence on landslides distribution, and they should be considtign of individual slopes aimed to different demands (ISS-
ered when assessing earthquake-triggered landslide hazarfifGe, 1999; Australian geomechanics society landslide zon-
at Grade 1 according to ISSMGE. ing working group, 2007; Bommer et al., 2002). Keefer com-
piled an earthquake-triggered landslides database which in-
cluded 40 historical world-wide earthquakes and, based on
1 Introduction it, he studied the characteristics, geological environment of
landslides, as well as the relations between landslide distri-
As a kind of secondary disaster caused by strong earthbution and seismic parameters (Keefer, 1984). Rodriguez
quakes, earthquake-triggered landslides have drawn mucextended Keefer's work with other 36 world-wide earth-
attention in the world because of severe hazards it causegiuakes and used the similar approach to analyse his new data.
In a mountainous region, sometimes a great loss of livesThe knowledge obtained by Keefer and Rgdez are very
and properties caused by landslides even exceeds the lossgisnilar except the presence of extreme outliers in some of
caused by the earthquake itself. For example, in thethe correlations (Rodlyuez et al., 1999). The relationships
Wenchuan earthquake of 12 May 2008, almost 20 000 fatalbetween the area of landslides and earthquake magnitude
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should be the simplest and most important method in eval
uating earthquake-triggered landslide hazards: the hazard
expressed as a binary function defining geographical limits |
within which landslides will be expected from an earthquake _| *
of specified magnitude and location (Bommer et al., 2002).

In Southwest China, due to its complex geological and
geographical conditions, many strong earthquakes occurre
frequently and are accompanied by a large number of land
slides that was associated with the serious damage (Yi €
al., 2002; Xu et al., 2005; Chen et al., 2010; Wang et .
al., 2009; Wen et al., 2004). For example, the destruction
caused by landslides during Wenchuan Earthquake in Chin.
in 2008 was unexpected and shocked the world. This earth
quake not only caused an amount of landslides of more thal
15000 (Yin et al., 2009), also, it triggered some infrequent
huge landslides along the seismic faults. Daguangbao lanc__
slide with estimated volume of 750 milliontis the largest “
one among the individual landslides triggered by Wenchuar
earthquake (Huang et al., 2009). Similarly, landslides cause
by the Diexi earthquake in 1933 formed a large dam on the
Min river, and later this dam collapsed and inundated the
downstream region, resulting in thousands of deaths. Ob
viously, as a secondary seismic disaster, earthquake-induce®*
landslides in the southwest China clearly constitute an im-
portant factor of the high level seismic risk to which the pop-
ulation and fragile environment of this region are exposed.

According to the latest earthquake statistics, there are
835 earthquakes with magnitude 4.7 or greater which oc-
curred in the study area (Earthquake Disaster prevention de
partment of State Seismological Bureau, 1995; Earthquak«
Disaster prevention department of China Earthquake Admin-

istration Bureau, 1999). Therefore, the data of landslides s = - ;
which occurred with these earthquakes would enrich the |7 fnain abyssal fracture [P | structural basins
worldwide landslides database. Limited to incompleteness [ Jearthquake( Ms>=7.0) [/~ province boundary

of historical documents, this paper will present just a part of

earthquake-triggered landslides in southwest China and deé_ 1 Distribution of th in faults and structural basins | "

scribe several earthquakes which triggered many landslide§'d: - P'Strioution ofthe main faults and structurai basins in soutn-
d 99 y west China (revised from Southwest China Intensity Zoning Team

in the modern time and had formal post-earthquake mvestlgabf State Seismological Bureau), (1) Longmenshan fault: (2) Emei-

thns. Despite of |mpe|.'fect datg, ea_rthqgake-tngggred I"indﬁlinyang fault; (3) Lianfeng-Qiaojia fault; (4) Yiliang-Shuicheng
slides of southwest China provided in this paper will supple-¢; t- (5) Mile-Shizong fault; (6) Puxionghe fault; (7) Xiluohe
ment the previous researches, as well as the worldwide dat@yit; (8) Luoxi fault; (9) Xiaojiang fault; (10) Zemuhe fault;
for a better understanding in landslide hazard. Also, the re{11) Anninghe fault; (12) Nanhe fault; (13) Ninghui fault; (14) Qu-
sults obtained in this study will be a preliminary step in fur- jiang fault; (15) Shiping-Jianshui fault; (16) Mopanshan-Lvzhijiang
thering the study on influencing factors related to landslidefault; (17) Xianshuihe fault; (18) Litang fault; (19) Xiaojinhe fault;

hazard assessment at the region scale. (20) Jinhe-Yongsheng-Binchan fault; (21) Yuanjiang fault; (22) Jin-
shajiang fault; (23) Lancangjiang fault.

2 Regional setting

2.1 Geology and geomorpholo
The study region called Southwest China is located in the 9 g P o

southeastern margin of Tibetan Plateau. This research act
ally focuses on a slightly larger area from 99—1&5nd 23—
33 N, which includes the western part of Sichuan province
and the eastern part of Yunnan province in China (Fig. 1).

Yhe present structural outline of southwest China has re-
sulted from the combination of Indo Sinian orogenesis, Yan-
shan detachment movement and the Himalayan thrust nappe
movement. From the Cenozoic era, features of the fault
blocks, which formed during Indo Sinian orogenesis and
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Yanshan movement, had changed due to the extension mowv: o 102 e

ment of the crust (Southwest China Intensity Zoning Team | | Songpy/ | /0

of State Seismological Bureau, 1985). As a result, there art_ W

around one hundred structural basins with various charactel

istics formed in this region. Also, the fault zones with NS,

NE and NW trending directions dominate in this area (Zhang

et al., 2003). Generally, the fracture zones are hundreds ¢

kilometres in length, and have a width ranging from 10km = o

to 30km. They extend straight and are unaffected by the

geomorphology. The fault basins, in general, change from | [ o JQustemay

1km to 10 km in width and 10—70 km in length, and are dis- [v ] ratiny

tributed mostly along the fault zones (Southwest China In—ma = | Cretaceons

tensity Zoning Team of State Seismological Bureau, 1985). - s

In southwest China, the contrast between the elevations il [ ] s

this region is remarkable, high mountains always intersect: [ ] Permin

with deep valleys. It is one of the most obvious tectonic fea- o Jcaboniaons

tures that deep fracture zones and the fault blocks created £ _ . EE N

the faults are very well-developed. 4 [ Jsiion
In the seventies of last century, a comprehensive study o [ o | Ordovician

earthquake intensity zoning in southwestern China is con- Combrian

ducted by Southwest China Intensity Zoning Team, State S

Seismological Bureau of China. In total, there are 23 frac- [ ] magnatiam

ture zones with different lengths and trending directions [ s

marked in this region (Fig. 1). Among these fracture zones,
Anninghe fracture zone and Mopanshan-luzhijiang fracture
zone are so typical that they straightly extend in NS direc-Fig. 2. Geological map in southwest China (Revised from Litho-
tion through this area, with magmatic rocks from different SPheric dynamics atlas of China, 1989).

geological periods distributing along them, reflecting strong ) )

tectonic movements. During the long geological period, the@nd damage prevention department of China Earthquake Ad-
fracture zones tend to have a significant effect on the advandninistration Bureau, 1999).

ing depositional history. Blocks adjacent to fracture zones Of the two 8.0 earthquakes, one is the 2008 Wenchuan
are shown as uplifting with respect to sinking. For instance, earthquake recorded by seismograph instrumentals, the other
the uplift blocks tend to consist of the early Palaeozoic se4s located at Songming region in Yunnan province in 1833.
quence, while the fault basins are filled with Palaeozoic orThe latter's seismic parameters were obtained by inference
Mesozoic formations. Regarding this area as a whole, therd’om various historic records about the damages during this
is a tendency for the NS fault zones, along which the basingarthquake. Both of these two 8.0 earthquakes caused a huge
are situated, to show a changeable elevation higher in th@umber of landslides and collapses (Yin et al., 2009; Huang
north and west with respect to the south and the east; and fd¢t al., 2009; Wang et al., 2009).

the NW fault zones, higher in the northwest with respect to Research and field investigation find out that the strong
southeast. The variation in elevation for the basins in this reearthquakes were always generated along the deep frac-
gion indicates the relationship between the rising of the Tibetture zones, showing some close relationship between them
Plateau and the subsiding of the basins. From Sinian PeriofSouthwest China Intensity Zoning Team of State Seismo-
to Quaternary, although almost all kinds of stratum are out-logical Bureau, 1985; Zhang et al., 2003). Moreover, epicen-
cropped in this place, they have been cut in pieces due to thi¥es of several shocks are regularly aligned in the same struc-

frequent and strong events which occurred (Fig. 2). tural zone. For example, at Xianshuihe seismic zone, there
are more than 50 earthquakes documented with magnitude
2.2 Seismicity and seismic hazard 4.7 or greater, in which there are 22 of 6.0 or greater. Espe-

cially, there are 4 earthquakes with magnitude 7.0 or greater
Historically, southwest China is very prone to earthquakes.occurred in this seismic zone since 1900.
According to the latest earthquake statistics in the study area, Yi et al. (2005) studied the features of active tectonics and
there are 835 earthquakes with magnitude 4.7 or greater, inecurrence behaviour characteristics of strong earthquakes in
which there are 119 earthquakes of 8.8/ < 7.0, 35 earth-  this region, the results showed that the low velocity layers as-
gquakes of 7. M <8.0, and 2 earthquakes @ > 8.0 sociated with the high conducting layers should be the cause
(Fig. 3, Earthquake-resistant and damage prevention departf frequent earthquake occurrence in the upper crust (Yi et
ment of State Seismic Bureau, 1995; Earthquake-resistardl., 2002; Xu et al., 2005).
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less, historical landslide documents are still the important
base for the landslides research. Table 1 shows earthquakes
with magnitude 7.0 or greater in southwest China.

In southwest China, except for a few earthquakes which
occurred in modern times had relatively detailed landslide in-
ventory based on field investigations, such as Luohuo earth-
quake, Longling earthquake, most of the historical earth-
quakes were just simply recorded with the place where the
big size landslides occurred. Due to this reason, it is diffi-
cult to count the landslide number and to calculate the ar-
eas affected by landslides. Fortunately, in the 1990s, Chi-
nese Earthquake Administration took charge of collecting
and compiling the historical earthquakes catalogue, which
was intended to obtain more accurate and reliable informa-
tion about seismic parameters such as magnitude, epicen-
tre, secondary disasters and so on. As a result of the work,
some historical earthquakes could be traced back, then seis-
mic intensity lines can be obtained based on history docu-

e ments and corresponding field works. Although it is still dif-
[ o Jar<=m=so0 ficult to draw lines enclosing the landslides based on the his-
[ O Js0=M<60 torical earthquake catalogue, the seismic intensity line will
[0 |60<-M<7.0 help. In this paper, the seismic intensity line of VIl is used
[ ]7o<=m instead to roughly calculate the area affected by landslides.

As to the relationship between seismic intensity and land-
slides distribution, it is said that there are many landslides
Fig. 3. Seismicity in southwest China (Revised from Southwest which occurred in the area with intensity of VI and even
China Intensity Zoning Team of State Seismological Bureau, 1985)|ower according to the pub“cations in recent years (Keefer,
2002, 2006; Jibson, 2000; Qi et al., 2010). But in south-
west China, studies of documented historical earthquakes
3 Landslides caused by earthquakes in southwest China and earthquakes which occurred in modern times show that
earthquake-induced landslides are prior to occur more likely
to within the area with seismic intensity VII or greater (Qiao
etal., 1992; Zhou et al; Yang et al., 2002; Wang et al., 2009;
Reports and documents of earthquake-triggered landslidemstitute of Geography of Sichuan province, 1973, 1974;
in southwest China have been collected from a wide vari-Earthquake disaster prevention department of State seismo-
ety of source, there are 835 earthquakes with magnitude 4.lbgical Bureau, 1995, 1999). Qiao’s study also showed that
or greater occurred in the study area according to the latestome earthquake-triggered landslides were mostly concen-
earthquake statistics. Although the records of strong earthtrated around the epicentre regions such as the Batang earth-
quakes Y >=7.0) dates back to 814 BC, data of the oc- quake in 1870, Diexi earthquake in 1933 and so on (Qiao
currence of landslides in the events is extremely sparse prioet al., 1992). Certainly, there are some earthquake-triggered
to 1500 (Earthquake-resistant and damage prevention deparfandslides in the area with an intensity line of VI, such as
ment of State Seismic Bureau, 1995). Limited to the develop-Longling earthquake that will be introduced in this paper
ment level of economy and culture in southwest China in thelater, but the number and size of landslides in these events
past time, not every earthquake which triggered landslidesare far smaller. The difference between the characteristics
had a detailed investigation and records. As a result theref landslide distribution in the different regions reveals the
is often uncertainty regarding the source parameters of sommfluence of local geological and topographic conditions on
of the earlier events and, in particular, focal depths are ofdandslide development. Though sometimes it may underesti-
ten poorly determined. Not only in China, it is universal that mate the landslide area using the seismic intensity line of VII
historical earthquake-triggered landslide data is scarce in théor calculating the affected area in the study region, consider-
world. The first formal and scientific post-earthquake inves-ing characteristics of landslide distribution and the limitation
tigation was undertaken following the earthquake swarm inof data, it may be an acceptable way to deal with the data.
Calabria, Italy in 1783 (Keefer, 2002). Before it, the his-
torical accounts of landslides in earthquakes are typically so
incomplete and vague that conclusions based on these ac-
counts are of limited usefulness (Keefer, 2002). Neverthe-

3.1 Earthquake database

Nat. Hazards Earth Syst. Sci., 12, 351363 2012 www.nat-hazards-earth-syst-sci.net/12/351/2012/
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Table 1. Earthquakes with magnitude 7.0 or greater in southwest China.

Earthquake Date Focal Magnitude Location Epicentre seismic Area affected Reference*
No. (yy-mm-dd) depth (km) Epicentre intensity landslide @gm
Latitude Longitude
1 814-4-6 27.9 102.2 7 Xichang,Sichuan IX E
2 1216-3-24 28.4 103.8 7 Leibo,Sichuan IX E
3 1500-1-13 24.9 103.1 7 Yiliang,Yunnan >=IX E
4 1515-6-27 26.7 100.7 7.75 Yongsheng,Yunnan X 20010 E,S
5 1536-3-29 28.1 102.2 7.5 Xichang,Sichuan X E
6 1588-8-9 24 102.8 7 Jianshui,Yunnan >=IX 8843 E,S
7 1652-7-13 25.2 100.6 7  Midu,Yunnan IX+ 4392 E,S
8 1713-9-4 32 103.7 7 Maoxian,Sichuan IX E
9 1725-8-1 30 101.9 7 Kangding,Sichuan IX E
10 1733-8-2 26.3 103.1 7.75 Dongchuan,Yunnan X 15480 E,S
11  1786-6-1 29.9 102 7.75 Kangding,Sichuan E
12 1786-6-10 29.4 102.2 7  Luding,Sichuan E
13 1789-6-7 24.2 102.9 7  Huaning,Yunnan IX+ 8416 E,S
14 1799-8-27 23.8 102.4 7  Shiping,Yunnan IX 5647 E,S
15 1816-12-8 314 100.7 7.5 Luhuo, Sichuan X E
16 1833-9-6 25 103 8 Songming,Yunnan >=X 27480 E,S
17 1850-9-12 27.7 102.4 7.5 Xichang,Sichuan X 11710 E,S
18 1870-4-11 30 99.1 7.25 Batang,Sichuan X E
19 1887-12-16 23.7 102.5 7  Shiping,Yunnan IX+ 2946 E,S
20 1893-8-29 30.6 101.5 7 Daofu,Sichuan IX E
21 1904-8-30 31 101.1 7 Daofu,Sichuan IX E
22 1913-12-21 24.15 102.45 7 Eshan,Yunnan IX 2839 E,S
23 1923-3-24 31.3 100.8 7.3 Luhuo,Sichuan X 1868 E,S
24 1925-3-16 25.7 100.2 7 Dali,Yunnan IX+ 4888 E,S
25 1933-8-25 32 103.7 7.5 Maowen,Sichuan X 7161 E,S
26 1941-5-16 23.7 99.4 7 Gengma,Yunnan IX 2654 E,S
27 1948-5-25 29.5 100.5 7.3 Litang,Sichuan X 6110 E,S
28 1955-4-14 30 101.9 7.5 Kangding,Sichuan X 4416 E,S
29 1970-1-5 13 24 102.7 7.8 Tonghai,Yunnan X+ 8479 E,,ES
30 1973-2-6 11 31.48 100.53 7.6  Luhuo,Sichuan X 409 E,GS,C
31 1974-5-11 14 28.2 103.9 7.1 Daguan,Yunnan IX 610 E,GS
32 1976-5-29 21 24.45 98.87 7.4  Longling,Yunnan IX 3382 E,GS
34 1976-8-16 15 32.61 104.13 7.2 Songpan,Sichuan IX 1991 E,ES
36 1988-11-6 16 23.37 99.5 7.2 Gengma,Yunan X 5966 E,ES
37 1996-2-3 10 27.083 100.267 7 Lijiang,Yunnan IX 8433 E,EY
38 2008-5-12 14 31 103.4 8 Wenchuan,Sichuan Xl 21000 N

* E: Earthquake disaster prevention department of China Earthquake Administration (1995, 1999); ES: Earthquake Administration of Sichuan Province; C: Chengdu earthquake
investigation team of State seismological Bureau; EY: Earthquake Administration of Yunnan Province; GS: Institute of Geography of Sichuan province; S: Southwest China Intensity
Zoning team, State Seismological Bureau; N: National Wenchuan Earthquake experts committee.

3.2 Earthquake-induced landslides In China, Chinese Seismic Intensity is used widely in the

As mentioned before. southwest China is located in theearthquake—triggered landslides research. Table 2 shows the

southeastern margin of the Tibetan Plateau. During the tec[elationship of C_hinese Seismic Intensity value and peak
tonic evolution, this region experienced tectonic movementsground acceleration.

many times and today it is still one of the highest seismic-3_2_1 Luhuo earthquake in 1973

ity regions in China. In addition to the steep topography,

earthquake-induced landslide is a kind of common hazarq \;hu0 earthquake occurred in Luhuo county, Sichuan
phenomena in this region. _ province, on 6 February 1973. The macro-epicentre was
In this paper, 3 earthquakes (Luhuo earthquake in 1973jpcated at 31.48N-100.53 E. Mainshock magnitude is 7.6

Zhaotong earthquake in 1974, and Longling earthquake iRyjth focal depth 11 km. Epicentre seismic intensity is up to
1976) will be introduced. These earthquakes occurred in (Fig. 4).

modern time and landslides triggered during the events were
recorded comparatively in detail through post-seismic field
investigations.

www.nat-hazards-earth-syst-sci.net/12/351/2012/ Nat. Hazards Earth Syst. Sci., 12, 35d3- 2012
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Fig. 4. Geological map of Luhuo earthquake area and locations of earthquake-triggered landslides (revised from the Institute of Geography
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Table 2. Distribution of Peak Ground Acceleration Corresponding to Each of the Chinese Seismic Intensity values (Li et al., 2008).

1.

Nat.

Chinese seismic Intensity <VI VI

Vil Vi IX >X

Peak Ground Acceleration (gal)

10.0-44.9 45.0-89.9

90.0-177.9 178.0-353.9 354.0-70708.0

Geology and geomorphology

The main affected area of Luhuo earthquake present at
Daxueshan Mountain range, with an average elevation
of 3800 m. Terrain in this region changes sharply. The
Xianshuihe river runs from northwest to southeast along
the Xianshuihe fault zone, companied by narrow val-
leys alternating with wide valleys. At narrow valley, the
bank is steep and the river bed gradient is big, while at
wide valley, the bank is moderate and river bed gradient
is small.

In this area, the outcropped strata are simple, which
only include Permian, Triassic and Quaternary System.
The lower Permian stratum is mainly composed of lime-

stone, while the upper Permian stratum is composed of
basalt and shale. The Triassic stratum is some kind of
metamorphic flysch formation. The component of Qua-

ternary strata is river-terrace gravel layer, which mostly

distribute along the Xianshuihe valley.

Hazards Earth Syst. Sci., 12, 351363 2012

Field investigation found Xianshuihe fault was the seis-
mic fault responsible for Luhuo earthquake. Taking ac-
count of fault activity, Xianshuihe fault can be divided
into two parts bounded at Moxi: the northwest part of
Xianshuihe fault has the character of left-lateral strike-
slip fault, while southeast part has the reverse compo-
nent (Xu, et al., 2005).

2. Landslides caused in the earthquake

The epicentre region has a profile of 41km in length,
and 4.5 km in width. Within this region, all of the Ti-
bet style buildings were collapsed, and the ground crack
distributed in groups or belts. Landslides and collapses
can be seen everywhere (Fig. 3).

Post-earthquake investigation found that the landslides
spatial distribution was controlled by the Xianshuihe
fault zone, almost all of the landslides and collapses oc-
curred in the Xianshuihe Valley along the faults. The
landslide affected area is around 70 km in length along

www.nat-hazards-earth-syst-sci.net/12/351/2012/
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Table 3. Number of earthquake-induced landslide in different seis-
mic intensity area.

Seismic  Number of Percent
intensity landslide %
X 96 70.1
IX 37 27.0
VI 4 2.9
Total 137 100

the valley, and the widest part is less than 2km. In to-

tal, there are 137 landslides recorded by the field inves-

tigation group. With the increasing of seismic inten-
sity, the number of landslides is increasing. The land-
slides distribution in different seismic intensity area is
shown in Table 3. Among these 137 landslides, only

one landslide occurred in Permian limestone, whereas

all of others were found in Quaternary accumulation
layer. Statistical studies also show that the favourite
range of slope angles for landslides is betweehatl

50° degree. All the landslides occurred in the area with
seismic intensity above VIII (Institute of Geography of
Sichuan province, 1973).

3.2.2 Zhaotong earthquake in 1974

Zhaotong earthquake occurred at the boundary region o
Yongshan County and Daguan County of Yunnan province,
on 11 May 1974. The macro-epicentre is at the 108,9
28.2 N. Mainshock magnitude i8/s = 7.1 with focal depth

8 km. Epicentre seismic intensity is up to IX (Fig. 5).

1. Geology and geomorphology

Table 4. Distribution of landslides by slope angle (from Institute of
Geography of Sichuan province).

Slope angle 1825 26°-35 36°-45 46°-55 total
Number of landslides 5 4 13 6 28
Percent (%) 17.8 14.3 46.4 215 100

Table 5. Distribution of rock avalanches by slope angle(from Insti-
tute of Geography of Sichuan province).

Slope angle <50° 51°-6C° 61°-7C° 77° total
Number of rock avalanches 3 8 19 9 39
Percent (%) 7.4 20.5 48.7 23.1 100

residual deposits and deep weathered layer. For rock
avalanches, they concentrated in the Permian limestone
and Triassic sandshale which are deeply weathered and
have developed joints.

Tables 4 and 5 show the relationship between landslides
and slope angle, rock avalanches and slope angle, respec-
tively; Table 6 shows relationship between landslides, rock
avalanches and seismic intensity (Institute of Geography of
Sichuan province, 1974).

3.2.3 Longling earthquake in 1976

}_ongling earthquake occurred at Longling County, Yunan
province on 29 May 1976. Actually, Longling earthquake
contains two mainshocks with magnitude of 7.3 and 7.4.
Epicentre of the magnitude 7.3 mainshock is at 9883
24.62 N, and epicentre of the magnitude 7.4 mainshock is
at 98.87 E, 24.43 N. As a result, there are 2 epicentre seis-
mic zones formed with seismic intensity IX.

The affected area of Zhaotong earthquake is located in 1 Geology and geomorphology

the northern part of eastern Yunnan plateau. This re-
gion is kind of undulating hills with elevation around
1300~ 1800 m. In the study region, almost all of the
strata from the Sinian Period to Quaternary period are
outcropped. The tectonics in Quaternary system dis-
tribute along the rivers, form the river terrace and the
river beds.

2. Landslides triggered in this earthquake

Zhaotong earthquake triggered lots of landslides. Most
of the landslides occurred in the epicentre region of
seismic intensity IX, some distributed in the area with

seismic intensity XllIl or Xl (Fig. 5). Landslides were

The study area is located in the western part of Yunnan
province, on the west side of Lancangjiang deep fault
zone. Itis composed of a series of anticlines, synclines
and faults. This region has experienced intense tec-
tonic movement, and subjected to frequent severe earth-
quakes. Frequent and sustainable magmatic actions re-
sulted in magnetite, which formed in different periods
from Caledonian and Hercynian to Quaternary. Geo-
morphologically, the study region takes on an aspect of
structural basins alternating with hills. It has 6 distinct
levels of planation surface bounded by faults. Their el-
evations from top to bottom are: higher than 2400 m,

seldom found beyond these areas. The places where ~2200m, 2000m, 1800 m, 15301600 m, and 1000 m,
landslides developed usually have steep slope angle respectively. Structural basins usually are 100 m lower

26~ 45°, while rock avalanche can be found at the

than planation surfaces around them.

steeper places and fault fractural zone. Only one land- Lithology in this region can be classified as 4 types:

slide slid along the bedding layer in the Permian lime-

granite, sedimentary rocks, metamorphic rock and Qua-

stone, whereas all others occurred in the Quaternary  ternary basalt. The surface part of Granite has been
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Fig. 5. Geological map of Zhaotong earthquake area and locations of earthquake-triggered landslides (revised from Institute of Geography
of Sichuan province. Photos are from Institute of Geology, State Seismology Bureau).

Table 6. Distribution of landslides by seismic intensity (from Insti-
tute of Geography of Sichuan province).

Seismic intensity IX vl vl VI total
Rock lanch Number 10 23 6 0 39
ockavalanches percent (%) 256 59.0 154 0 100.0
. Number 17 4 7 0 28
Landslides

Percent (%) 60.7 143 250 0 100.0

deeply weathered and becomes a loose soil layer. A

gle landslide, it usually has a dimension of 20-100m
in length, 10—-60 m in width. Most of the landslides oc-
curred in the residual deposits of soil, with a thickness
ranging from 1 to 2m and the maximum thickness 4—
5m. The places where landslides developed are usually
at the river valleys with steep slope angle 35-4@d
height deviation greater than 200 m. Lots of the land-
slides occurred in the region of seismic intensity greater
than VII, some scattered in the area with seismic in-

tensity VI (Institute of Geography of Sichuan province,
1976).

lot of shallow landslides occurred in this weathered Of these 3 earthquake examples, which occurred in dif-
residue during the Longling earthquake. The combina-ferent parts of the study region and had the similar features
tion of lithological condition and topographic condition in landslides distribution with steep topographic features and

is prone to induce shallow landslides.

2. Landslides generated by the earthquake

seismic intensity, Luhuo earthquake, which occurred at the
north part of the study region, triggered landslides that are

narrowly limited to Xianshuihe valley within the seismic in-
Longling earthquake triggered lots of landslides, which tensity line of VIII, and showing a more close relationship

spread through a wide area in groups (Fig. 6). For a sinwith the seismic faults than the other 2 earthquakes.
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Fig. 6. Geological map of Longling earthquake area and locations of earthquake-triggered landslides (revised from Institute of Geography
of Sichuan province. Photos are from Institute of Geology, State Seismology Bureau).

addition, there are some differences existing in the landslidehis study, due to incomplete information of the earthquakes,
types and landslide materials. More detailed information istwo measurements are taken to calculate the area affected
needed to explore the reasons that caused dissimilarity dby the landslides: (1) for the landslides which have detailed

landslides in earthquakes in southwest China. information of characteristics like location, scale, number
and so on, the area affected by landslides is defined as a re-
3.3 Areas affected by the earthquake-triggered gion enclosing all the recorded landslides. This is the same
landslides as Keefer's definition (1984); (2) for the landslides which

are lacking the necessary information, the area of associated

Keefer (1984) defined the area affected by the earthquake b gndslides is defined as a region enclosed by the isoseismal
ine of seismic intensity VII. Regarding the available data,

drawing a boundary around all the reported landslide Iocal_most of the landslides or rockfalls could be found within

ities and calculating the size of the region enclosed (Keefer, =~ = . .
Eaelsmlc intensity VII. The previous examples also show that

1984). Bommer et al., used the same technique to calculat . . - . L
the landslide-affected area in his study of earthquake-induce ndslides mainly distribute in the places bounded by seismic
intensity VII.

landslides in Central America (Bommer et al., 2002). In
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sociated landslides in southwest China. Figure 8 shows the
correlations between the earthquake magnitude and the areas

Fig. 7. Earthquake epicentres and area of associated landslides iAffected by the landslides, and the upper bound used here is
southwest China (solid lines are the earthquakes having detaileéfentified by Kee_fer (1984). _ _
landslides records, dash lines are inferred from the history docu- From these 2 figures, the first observation that can be made

ments, which using seismic intensity line of VII for instead). is that all of the data dots representing landslides fall un-
der the upper-bound line identified by Keefer. This means
that the relationship between seismic magnitude and land-
slides affected area in southwest China is consistent with the

Since the smallest earthquake could cause landslides bigiowledge obtained by Keefer in 1984. In this study, though
ger than 4.0 (Keefer, 1984), 835 historical earthquakes Ofhere are 2 approaches used to calculate the size of affected
M = 4.7 occurred in the study region are supposed 10 triggekyea and different measurements would result in a different
landslides. Actually, only a part of the historical earthquakesggtimated size of landslides area, the affected areas can be
are documented with landslide reports due to sparsely i“habCompared when the same measurement is used.
ited and an uncultured situation in the past time. Generally, From Figs. 7 and 8, it can be seen that with the same earth-
the area affected py earthquake shows strong cor.relation Witauake magnitude, the areas affected by the landslides vary
earthquake magnitude, and earthquakes with a bigger magnisnormously. For example, earthquakes of No. 6, 13, 14, 24,

tude can cause a wider influencing area (Keefer, 1984; Bom7 19 22 and 26 are all with magnitude 7.0, however the areas
mer et al., 2002; Rodguez et al., 1999). In the study region, affected by landslides change greatly from 2600 to 8843 km
there are, in total, 37 historical earthquakes with magnitude, hen the same measurement is used.

7.0 or greater recorded (Table 1). But only a few of these yqever, the size and shape of the landslide-affected area
historical earthquakes that occurred in the modern time had, ¢ very similar in some areas where there are frequent oc-
detailed field investigation (Earthquake-resistant and dame,rences of strong earthquakes, such as in Xianshuihe fault

age prevention department of State Seismic Bureau, 1995,,4 and Shiping-Jianshui fault zone (Figs. 6 and 7).
Earthquake-resistant and damage prevention department of
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4 Conclusions Also, though the magnitude is important for earthquake-
triggered landslides prediction in the long term, more and
Although there are hundreds of earthquakes generated withore researches show that the ground shaking intensity influ-
supposed generated landslides in southwest China in historgnces the occurrence of landslides to a deeper degree. Geo-
the data which can be used for deep analysis is extraordinaiogical setting in a wider region will need more attention. For
ily limited. This paper provides several earthquake exam-example, in northwest China, where the Loess Plateau is the
ples which have comparatively detailed records of landslidemost widely distributed region of loess on earth, earthquake-
distribution, and also presents a set of data regarding earthriggered landslides in northwest China show different dis-
quakes with magnitudes 7.0 or greater in this region. Despit&ribution characteristics compared to earthquake-triggered
the fact that the dataset is not comprehensive, the work in thisandslides in southwest China. Earthquake with magnitude
paper still allows some useful preliminary research that mays 0 or greater will cause serious geotechnical disasters in the
be helpful in further work. loess sites (Wang, 2003). Deep research about earthquake-

Primary analysis shows that steep slope degree and higltiggered landslides in Loess Plateau in China will be con-
seismic intensity are the common characteristic of the landdycted in the near future.
slides triggered by strong earthquakes in southwest China.
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