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Abstract: Earthquakes are some of the most disastrous natural hazards. Coseismic slope failures often 

significantly contribute to the global damage and may cause most of the casualties related to strong 

earthquakes. Seismically induced landslides are widespread phenomena within tectonically active 

mountain terrain. Their abundant occurrence and the large volumes of displaced slope material reveal 

their great influence on topographic changes. This paper presents new correlations between the 

earthquake magnitude and the total volume of displaced slope material and between earthquake 

magnitude and the volume of the largest triggered landslide. These relationships allow us to quantify 

erosion due to seismically triggered landslides. Calculation of the total volume of displaced slope 

material is based on the parameters of the largest landslides which could be preserved in the topography 

for thousands years. This approach was tested in the most seismically active southeastern part of Russian 

Altai, which is evidenced by numerous giant earthquake-induced paleo-landslides. The total volume of 

slope material displaced during ancient earthquakes within the Chagan-Uzun river basin, calculated on 

the basis of statistical correlations, is (3.0-4.3)×10-1 km3, and the Holocene erosion rate due to 

seismically induced landslides (1.1-3.0)×10-5 m a-1. The numerical estimates were verified by calculating 

the volumes of all detected earthquake-triggered landslides within the Chagan-Uzun river basin and the 

neighboring Kurai basin on the basis of detailed profiling approach, which are 1.33×10-1 and 2.25×10-1 

km3, respectively. The Holocene erosion rate due to seismically induced landslides in these basins could 

be estimated at 1.1×10-5 and 1.4×10-5 m a-1, respectively. Thus the Holocene erosion rate of the SE Altai 

due to earthquake-triggered landslides obtained by applying different techniques can be estimated at 

(1.1-3.0)×10-5 m a-1, which more precisely characterizes topography changes within the Chuya-Kurai 

system of intermountain depressions and framing ridges. 
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1 Introduction 

 

Seismically triggered landslides accompanying 

strong earthquakes are one of the most dangerous 

natural hazards. Coseismic slope failures, which 

are widespread phenomena within tectonically 

active mountain terrain, represent a high risk to 

both human lives and construction. Numerous 

examples provide evidence for this. The well-

known catastrophic Huascaran rock debris 

avalanche triggered by the 1970 Peru earthquake 

(M=7.7) killed more than 18,000 people (Plafker 

et al 1971); giant loess landslides induced by the 

1920 Haiyuan earthquake, NW China, (M=8.5) 

caused about 100,000 casualties (Schuster and 

Highland 2001); and a long run out loess and rock 
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avalanches triggered by the 1949 Khait 

earthquake (M=7.4) (Havenith et al 2015) 

destroyed local settlements in the Yasman valley 

and buried Khait town with thousands of 

inhabitants. 

Seismically triggered landslides are also 

especially important agents of denudation in 

tectonically active zones. Each strong earthquake 

can cause thousands of seismo-gravitational 

deformations with a total volume of displaced 

slope material of several millions of cubic meters 

within an area of thousands of square kilometers 

(Keefer 1994, Keefer and Wilson 1989). In some 

regions, erosion due to seismically triggered 

landslides reaches up to 50% of total topographic 

denudation (Keefer 1994). In spite of diversity in 

climatic, geological, geomorphological conditions 

and peculiarities of seismic process for different 

areas, landslides of various types can be triggered 

even by moderate seismic shocks with the 

smallest magnitudes of approximately 4 – 5 

(Keefer 1994, Bommer and Rodriguez 2002). 

Since about 1/5 of the Earth’s surface is affected 

by earthquakes, evaluating of seismic risk hazard 

and associated topography changes is a matter of 

vital importance. 

Accompanying the process of mountain 

growth, more intensive erosion is related to 

periods of increased tectonic activity and relief 

sharpening. The practically instant impact of 

seismically triggered mass wasting slope 

processes on topography can be equivalent to 

long term (hundreds and even thousands years) 

effects of other erosional agents (Iveronova 

1969). Despite the fairly detailed documentation 

of large earthquake-triggered landslides, the 

influence of seismically induced slope processes 

on erosion is still poorly investigated. The main 

problem of calculating erosion due to earthquake-

triggered landslides is the complexity of 

quantifying the volume of rocks displaced from 

the slopes during seismic shocks. Although 

sedimentary records could indicate the periods of 

tectonic activity due to the increasing size of 

deposited colluvial debris, these records cannot 

solve the problem of estimating the influence of 

seismically triggered landslides on denudation as 

well as its comparison with other erosional 

agents, such as glaciers and rivers. The 

determination of seismically displaced slope 

material deposited in piedmont foredeeps and 

even in intermountain depressions is practically 

impossible. Often even high mountainous 

lacustrine sedimentary archives don’t contain 

information about catastrophic topography 

changes associated with seismic events. Such 

sedimentation records more sensitively reflect 

moisture fluctuation (Kashiwaya et al 2004). 

Slope material displaced as a result of recent 

Holocene earthquakes may not reach the local 

erosion base level (usually associated with floors 

of intermountain depressions) and is accumulated 

within mountain valleys. This is the reason why 

quantifying the volume of earthquake triggered 

landslides through a statistical approach and 

through the profiling method are currently the 

most exploitable techniques worldwide. 

Obviously utilizing both techniques gives the 

opportunity to estimate the volumes of displaced 

strata and the related erosion due to seismically 

induced landslides for the last 10 - 15 ka, only. 

During this time period the largest landforms 

could be preserved under arid climate conditions. 

The lifespan of such landforms in humid climate 

is significantly smaller. In this case, the largest 

landslide triggered by an earthquake is the most 

interesting target for paleo-seismogeological 

investigations for several reasons. First of all, it 

leaves the most persistent imprint on landforms 

and thus represents the longest period of seismic 

activity. Then, our data on strong modern and 

prehistoric earthquakes for the Altai-Sayan 

mountain province show that the volume of the 

largest landslide is several times or even orders of 

magnitude greater than the volume of the next 

one. Thus each largest landslide is related to a 

separate trigger unlike faults or smaller landslides. 

And finally, large landslides can be well 

identified from remote sensing imagery which is 

especially important for hardly accessible terrain. 

In this paper we develop previously presented 

approach of estimating paleoseismicity and 

earthquake-induced topography changes (Nepop 

and Agatova 2008, Agatova and Nepop 2009, 

Agatova and Nepop 2011). In addition to 

previously specified correlation between 

earthquake magnitude and the total volume of 

slope material displaced as a result of this 
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earthquake (Nepop and Agatova 2011), we 

present a correlation between earthquake 

magnitude and the volume of the largest triggered 

landslide and three independent equations for 

calculating the total volumes of seismically 

triggered landslides. This approach gives an 

opportunity to utilize parameters of the largest 

seismically induced landslides for quantifying 

erosion, and expands the scope of classical 

paleoseismogeological method (Solonenko 1973). 

So far within the frame of this method seismically 

induced landslides have been used mainly for 

establishing epicentral zones and possible timing 

of past earthquakes (Solonenko 1962, 1973). 

 

2 Methods of Quantifying Erosion due to 

Seismically Induced Landslides 

 

The quantitative assessment of earthquake-

induced topography changes can be done using 

VLT, the volume of landslides triggered by single 

seismic event. This value defines the destructive 

effect of earthquake resulting in topography 

changes. The intensity of these changes can be 

evaluated by the erosion rate due to seismically 

induced landslides h&  (Nepop and Agatova 2011): 

TS

V
h

LT

×
= ∑

×α&  (1) 

Here ∑ LTV  is a total volume of all landslides 

triggered by each individual earthquake, 

summarized for all strong earthquakes within a 

region with the surface area S during time period 

T; α is the regional factor taking into account the 

contribution of aftershock-triggered landslides 

(Agatova and Nepop 2009). For an accurate 

estimate, all strong earthquakes over this time 

period should be taken into account. Moreover, T 

should be much longer than the recurrence 

interval for strong earthquakes. It should also be 

taken into account that there is a certain area 

affected by landslides triggered by a single 

earthquake. Although there are a lot of factors, 

such as focal depth, specific ground motion 

characteristics of individual earthquake, 

geological conditions and so on, this area 

correlates with the earthquake magnitude and 

thus can be estimated (Keefer and Wilson 1989, 

Keefer 2002). Therefore, while calculating 

erosion rate, it should be compared in a proper 

way with studied area S (it is not possible to make 

correct calculations if studied area is smaller than 

the area affected by landsliding or only partially 

covers it). Thus, to quantify erosion due to 

seismically induced landslides, it is necessary to 

estimate the total volume of slope strata displaced 

as a result of all strong earthquakes within study 

area. 

In case of modern, and more rarely, strong 

historic earthquakes, in-situ measurements are 

usually applied. Such a technique was utilized to 

study ground effects of the 1957 Gobi-Altai 

(MW=8.1), the 1971 Oimjakon (M=6.9-7.0), the 

1995 Tunka (MS=5.9) and other earthquakes 

(Florensov and Solonenko 1965, Kurushin et al 

1976, Agafonov 2002). The first step consists of 

mapping all triggered landslides. Then, an area of 

each seismically induced ground effect is 

measured in the field using detailed topographic 

maps, aerial photos, and GPS facilities. The 

volume could be calculated applying empirical 

correlations between the landslide area and its 

volume (for example those presented by Simonett 

(1967) 1 and Hovius et al (1997)2), geophysical 

methods (Havenith et al 2000) or, more often, by 

multiplying landslide area with the average 

thickness, usually estimated by the height of its 

front scarp.   

When there is no possibility to apply 

geophysical techniques for determining 

subsurface geometry, to obtain more precise 

estimates of landform volume method of detailed 

profiling is often applied.  This method is similar 

to the cross-sections technique in geodesy – each 

accumulated body is divided by profiles for 

separate prismatoids. Landslide bedrock 

topography is determined by morphology of 

undisturbed slope. Area of the prismatoid base is 

calculated on the basis of topographic or geodetic 

                                 

1 Correlation between landslide volume (VL) and area (SL) 

was obtained as a result of studying 201 landslides in New 

Guinea: 368.1024.0 LL SV ×=  

2  Relationship 
5,1

LL SV ×= ε  (ε=0.05±0.02) was obtained 

on the basis of studying 4984 landslides in New Zealand. 
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data. Then calculated prismatoid volumes are 

summarized. Main difficulties associated with 

this technique include problems of clear 

identification of bedrock topography and 

separating different accumulative bodies in case 

of multiple landslide events. These difficulties are 

the main sources of errors.  

Applying statistical methods is a completely 

different approach. Presence of representative 

statistical samplings gives an opportunity to 

establish correlations between different physical 

parameters (which characterize different aspects 

of seismic process and landslide event) without 

knowing the precise physical relationship 

between them 3 . Depending on landslide 

preservation, both analysis of historical inventory 

of seismically induced landforms (surface effects 

of several past seismic events within study area) 

and complete inventory of landslides associated 

usually with a single modern earthquake could be 

analyzed. By now the most exploitable 

relationship is the correlation between the total 

volumes of earthquake-triggered landslides VLT, 

and the earthquake magnitude M4, suggested by 

(Keefer and Wilson 1989). Later statistical 

sampling for regression and correlation analyses 

has been extended several times (Keefer 1994, 

Malamud et al 2004b). Now this correlation 

(equation 2) covers data on 17 modern 

earthquakes with instrumentally measured 

magnitude (Nepop and Agatova 2011) (Table 1, 

Figure 1).  
 

95.1039.1log −= MVLT   

(5.3 ≤ M ≤ 8.6; r2 = 0.814; n = 17) (2)  

                                 

3  In this context earthquake magnitude as a measure of 

released seismic energy is preferable parameter. Being 

instrumentally measured it doesn’t depend on experts. In 

contrast, earthquake intensity is an expert evaluation of 

damage and destructions within an area affected by seismic 

shock. Besides earthquake magnitude, seismic moment 

could be also applied. It is a measure of earthquake strength 

defined by shear modulus of the rocks involved in the 

earthquake, by area of the rupture along the geologic fault 

where the earthquake occurred, and by average 

displacement within this area.  
4  Here and below Moment Magnitude is implied and 

volumes measured in km3, unless mentioned otherwise. 

Despite different regional tectonic, climatic, 

geological and geomorphological settings for all 

presented earthquakes, there is a high correlation 

between the earthquake magnitude and the total 

volume of triggered landslides. Studying the 

complete inventory of landslides triggered by a 

single event, Malamud et al (2004a) calculated 

the general landslide probability distribution 

function. Using this function and equation (2) we 

correlated the total volume of earthquake-

triggered landslides (VLT) with the volume of the 

largest triggered mass movement VLmax (Nepop 

and Agatova 2011): 

89.0log02.1log max += LLT VV   (3) 

Equations (2) and (3) give the opportunity to 

quantify total volumes of seismically displaced 

slope strata utilizing the magnitude of seismic 

shock or volume of the largest earthquake 

triggered landslide. 

 

3 New Correlations for Estimating 

Earthquake Induced Topography Changes 

 

The problem of correct magnitude determination 

is an obvious difficulty of applying equation 2 
 

 
Figure 1. Correlation between total volume of triggered 

landslides and earthquake magnitude  

for quantifying topographic changes induced by 

strong past earthquakes. In this case the largest 
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seismically triggered landslides could provide 

valuable information, first of all, due to their 

better preservation and then to their relation to the 

power of associated seismic events. Previously 

published equation 3 (Nepop and Agatova 2011) 

presents relationship between VLT and VLmax. In 

this section, we suggest two new independent 

relations based on statistical approach. As a first 

step, utilizing data on 14 strong modern 

earthquakes with instrumentally measured 

magnitude (M) and estimated volume of the 

largest triggered landslide (VLmax), we calculated 

correlation between M and VLmax (see correlation 

graph in Figure 2, based on data included in 

Table 2): 

34.8log78.0 max +×= LVM ,  

(4.9 ≤ M ≤ 8.1; r2 = 0.862; n = 14) (4)  
 

Figure 2. Correlation between earthquake magnitude and 

the volume of largest triggered landslide 

 
Table 1. Earthquake location, date and moment magnitude M, along with corresponding volume VLT associated with the 

earthquake 

Location Date M VLT (km3) Reference 

Arthur’s Pass, New Zealand 09.03.1929 6,9 0,059 Adams 1980 

Buller, New Zealand 17.06.1929 7,6 1,3 Adams 1980 

Torricelli Mtns., New Guinea 20.09.1935 7,9 0,215 Simonett 1967 

Assam, India 15.08.1950 8,6 47 Mathur 1953 

Daily City, CA, USA 22.03.1957 5,3 0,000067 Bonilla 1960 

Inangahua, New Zealand 23.05.1968 7,1 0,052 Adams 1980 

Peru 31.05.1970 7,9 0,141 Plafker et al 1971 

Papua New Guinea 31.10.1970 7,1 0,028 Pain and Bowler 1973 

Guatemala 04.02.1976 7,6 0,116 Harp et al 1981 

Darien, Panama 11.07.1976 7 0,13 Garwood et al 1979 

Mammoth Lakes, CA, USA 25.05.1980 6,2 0,012 Harp et al 1984 

Coalinga, CA, USA 02.05.1983 6,5 0,00194 Harp and Keefer 1990 

San Salvador, El Salvador 10.10.1986 5,4 0,000378 Rymer 1987 

Ecuador 05.03.1987 6,9 0,0925 Evans and DeGraff 2002 

Loma Prieta, CA, USA 17.10.1989 6,9 0,0745 Keefer 1989 

Northridge, CA, USA 17.01.1994 6,7 0,12 Harp and Jibson 1996 

Niigata, Japan 23.10.2004 6,6 0,1 Guidebook 2008 
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Table 2. Earthquake location, date and moment magnitude M, along with corresponding volume VLmax associated with the 

earthquake  

Location Date M VLmax (km3) Reference 

Gobi-Altai, Mongolia 04.12.1957 8,1 0,342 Florensov and Solonenko 1965 

Peru 31.05.1970 7,9 0,075 Stephen et al 2002 

Irpinia, Italy 23.11.1980 6,9* 0,023 Porfido et al 2002 

Racha earthquake, Georgia 29.04.1991 7,1 0,03 Jibson et al 1994 

Suusamyr earthquake, 

Kirgizia   
19.08.1992 7,3* 0,05 Havenith 2008 

Northridge, CA, USA 17.01.1994 6,7 0,008 Harp and Jibson 1996 

Chi-Chi earthquake, Taiwan  21.09.1999 7,6 0,125 Lee 2000 

Denali earthquake Alaska, 

USA 
03.11.2002 7,9 0,04 Harp et al 2003 

Chuya earthquake, Russia 27.09.2003 7,3 0,027 Nepop and Agatova 2008 

Niigata, Japan 23.10.2004 6,6 0,0075 Hasbaator et al 2006 

Kashmir earthquake, 

Pakistan 
08.10.2005 7,6 0,08 Owen et al 2008 

Handiza earthquake, 

Uzbekistan 
25.04.2008 4,9 

0,0000

6 
Nijazov and Nurtaev 2009 

Sichuan earthquake, China 12.05.2008 7,9 1 Chigira and Woo 2008 

Iwate-Miyagi, Japan 14.06.2008 6,9 0,067 
Tohoku Regional Bureau of MLIT 

2008 
*Magnitude of surface waves is presented 

 
If regional geologic evidences argue for 

invariability of seismic regime within study area, 

this relationship allows estimating magnitudes of 

paleoearthquakes, which is important for 

assessing earthquake hazard and seismic risk 

zoning. Applying equations 2 and 4 also allows 

calculating relation between VLT and VLmax in 

another way (different from equation 3): 

64.0log08.1log max +×= LLT VV  (5) 

Studying general properties of the statistical 

landslide probability distribution function, 

Malamud et al (2004a) present a number of 

quantitative relationships between physical 

parameters, which characterize a complete 

inventory of these landforms (equations 4 - 9 in 

(Malamud et al 2004а)5). Using equations 7 and 9 

from that paper, relation between VLT and VLmax 

could be calculated by another different method: 

876.0log048.1log max += LLT VV  (6)  

Thus application of statistical approach allows 

calculating the total volume of landslides 

triggered by a single earthquake using 

information about the largest landslide (equations 

3, 5 and 6). To quantify erosion rate due to 

seismically triggered landslides applying 

relationship (1), first of all, the largest earthquake 

induced landslides for a particular area should be  
 

  

 

5 3

0

2 1007.3)(][ −
∞

×=××= ∫ LLLL dSSSkmS ρ    

122.063 )103.7(][ LTL NkmV ××= −  

LTLTLLT NNSkmS )1007.3(][ 32 −×=×=  

122.163 )103.7(][ LTLTLLT NNVkmV ×⋅=×= −  

714.032

max )1010.1(][ LTL NkmS −×=  

071.163

max )1082.1(][ LTL NkmV ××= −  

here 
LTN - number of landslides in complete inventory; 

LS , 

LV - average area and volume; 
LTS , 

maxLS  - total area of 

landslides and an area of the largest landslide; )( LSρ - 

probability density function.  
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detected. Accumulative bodies of these landforms 

should be delineated for estimating their areas 

and further calculating landslide volumes by 

methods suggested above. Obvious advantage of 

statistical approach in comparison with in-situ 

measurements is taking into account the volumes 

of not only the largest landforms but the volumes 

of all triggered landslides including even smaller 

ones that are completely destroyed during the 

time and are not identified in topography. Thus 

for calculating correlation (2), modern 

earthquakes with complete inventory of triggered 

landslides (including the smaller ones) were 

studied, and for establishing correlations (3) and 

(6), general landslide probability distribution 

function (which does not “lose” smaller 

landslides) was additionally applied. 

The main difficulty in calculating erosion due 

to seismically induced landslides on the basis of 

statistical approach is determining the 

characteristic sizes of the largest landslides 

triggered by earthquakes of specific magnitude 

for studied area. Due to the fact that weak seismic 

events can generate the largest landslides 

comparable in size with “ordinary” landslides 

triggered by strong earthquake, it is necessary to 

detect particularly the largest landslides within 

the study area taking into account their age and 

state of preservation. 

It should be also mentioned that all presented 

correlations were calculated for earthquakes that 

triggered the largest landslide with an area of 

accumulative body no more than 1 km2. 

Application of obtained relations for studying 

much larger seismically induced landforms 

actually needs a separate investigation. 

 

4 Application of the Suggested Approach in 

the SE Altai 

 

4.1 Study area 

The above suggested approach of quantitative 

estimation of the Holocene erosion due to 

seismically induced landslides was applied in the 

course of the paleoseismicity study of the 

southeastern part of Russian Altai (SE Altai) 

(Figure 3). This is the highest part of Russian  

  

 
 

Figure 3. Study area. Location of the SE Altai within the Altai Mountains. Dotted lines show the boundaries of 1) the 

Chagan-Uzun river basin, and 2) Kurai basin. 
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Figure 4. Some giant earthquake triggered landslides within the study area. A – Taldura river valley, black arrows show 

ancient landslide and white arrow – the largest landslide triggered by the 2003 Chuya earthquake; B – Tjute valley; C – the 

largest in the SE Altai multievent Sukor seismogravitational paleodislocation 

 

Altai with most strongly dissected topography 

which is characterized by extremely arid climate. 

The Altai neotectonic uplift is the northern part of 

the Central-Asian collision belt and is a 

transpressional zone formed due to oblique 

thrusting. The southeastern part of Russian Altai 

is the northern extension of the Mongolian Altai, 

which is known for its high seismicity. As a result, 

SE Altai is the most seismically active part of 

Russian Altai. This was evidenced by the 2003 

Chuya earthquake (MS=7.3), which triggered 

giant (for Russian Altai) landslide in Taldura 

valley (Figure 4).  

The historical chronicles which mentioned 

strong earthquakes in the SE Altai are quite poor, 

seismostatistical database is quite limited, and 

period of seismological regional studies is short 

(regional seismological network was developed in 

1962). Along with old ruptures, the only evidence 

of the high Holocene regional seismicity is 

provided by the giant earthquake-induced 

paleolandslides (Figure 4). Kurai-Chuya system 

of intermountain depressions and framing ridges 

is the most ancient area of orogenesis within Altai 

Mountains uplift (Devyatkin 1965, Bogachkin 

1981), and is still active during the Holocene. The 

recurrence interval of strong earthquakes here is 

about 500 - 900 years in the Holocene (Rogozhin 

et al 2007) and about 400 years during the last 

4000 years (Agatova and Nepop 2016). Ground 

effects of a series of strong past earthquakes, 

which struck this mountain province after 

degradation of the Late Pleistocene glaciations, 

are clearly identified in the topography 

(Butvilovsky 1993, Rogozhin and Platonova 2002, 

Novikov 2004, Agatova et al 2006, Rogozhin et 

al 2007, Nepop and Agatova 2011). The 2003 

Chuya earthquake (MS=7.3) is the latest in this 

series.  

Unconsolidated Cenozoic sediments are 

widely distributed in the region in the most active 

areas at the depression-range transition along 

fault boundaries of landforms and provide 

geological conditions to produce earthquake 

induced landslides. All studied giant landslides 

evidently have Late Pleistocene - Holocene ages 

because the youngest displaced rocks are Late 

Pleistocene moraine and glaciofluvial deposits 

that cover the valleys at the depression-range 

transition. Several radiocarbon dates of associated 
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sediments were obtained for some giant 

earthquake triggered landslides within the 

Chagan-Uzun river basin, SE Altai (Rogozhin et 

al 2008, Agatova and Nepop 2016). The oldest 

among them (8100±410 IGAN 3211 (Rogozhin et 

al 2008)) also supports this thesis. A few papers 

(Butvilovsky 1993, Rogozhin and Platonova 2002) 

present approximate estimations of the volumes 

of some earthquake triggered paleolandslides. But 

erosion due to seismically induced landslides for 

Russian Altai has not been estimated previously.  

The Chagan-Uzun river basin (surface area 

≈1430 km3, see Figure 3) was chosen as a key 

area which represents earthquake impact on 

topographic changes. A number of giant 

seismically induced paleo-landslides was mapped 

here (Agatova et al 2006, Rogozhin et al 2008, 

Nepop and Agatova 2011). Study area includes 

southwestern part of Chuya intermountain 

depression, framing (South Chuya and North 

Chuya) ranges, and the part of Chagan-Uzun 

massif. This massif is a single neotectonic block, 

which separates Chuya and Kurai intermountain 

depressions. Faults bordering this block are some 

of the most active seismogenerative structures 

within the SE Altai, and are marked by the 

presence of the largest earthquake induced 

landslides. Rock composition of the Chagan-

Uzun massif plays its role in the uplifting of this 

block. That is first of all serpentinized peridotite 

which produce numerous glide planes within fault 

zones.  

Erosion due to seismically induced landslides 

estimated for the Chagan-Uzun river basin on the 

basis of statistical approach and in-situ 

measurements was compared with those 

calculated for the neighboring Kurai basin which 

has a comparable area ≈1660 km2 (Figure 3). 

Apart from western part of the Chran-Uzun 

massif, Kurai and North Chuya ranges, this basin 

includes exposures of the Paleozoic basement, 

which according to Rogozhin and Platonova 

(2002) and Novikov (2004), represent denuded 

parts of the floor of Kurai intermountain 

depression as well as the Cenozoic sedimentation 

basin in its eastern part. The area ratio of strongly 

dissected mountain parts of the basin and steeply 

inclined slightly dissected plain parts (without 

any traces of landsliding) is 2.6 for the Kurai 

basin (1200 km2 and 460 km2, respectively) and 

6.5 for the Chagan-Uzun river basin (1240 km2 

and 190 km2, respectively). 

It should be mentioned that generally all types 

of landslides triggered by earthquakes may also 

occur without seismic triggering (Jibson 1996, 

Keefer 2002). Strong earthquakes are the leading 

factor in the generation of giant landslides in the 

SE Altai. Our field observations of the impact of 

strong modern and prehistoric earthquakes reveal 

several criteria that indicate seismic origin of 

observed ground failures within studied area 

(Nepop and Agatova 2008): i) the great extent of 

ground failures upon strongly cemented Neogene 

and Pleistocene permafrost sediments, as well as 

high concentration of numerous seismically 

induced landforms (both huge and small ones) 

within the same area; ii) location of the landslides 

in the most active areas at the basin-range 

transition along fault boundaries of landforms and 

fault crossings; iii) absence of correlation 

between location of landslides and exposure of 

slopes to insolation, their age and rock 

composition; and iiii) conjunction (relative 

position) of landslide locations with the ruptures 

on the watersheds and valley slopes. It should be 

also noted that location of all giant landslides in 

an area of extremely dry climate with 100 - 200 

mm mean annual precipitation in the floor of the 

Chuya intermountain depression (Bulatov et al 

1967) rules out their rainfall or a snowmelt 

trigger. While quantifying erosion due to 

seismically induced landslides, only strong 

earthquakes were taken into consideration. This 

approach is quite reasonable because of the much 

more significant influence of strong earthquakes 

on mountain topography in comparison with the 

moderate seismic shocks. As evidenced by the 

example of the 1995 Tunka earthquake (M=5.9), 

the volume of eroded material as a result of 

moderate seismic shock is two orders of 

magnitude less than those produced by strong 

earthquakes (Agatova and Nepop 2011). 
 

4.2 Quantitative estimates of erosion due to 

seismically induced landslides on the basis 

of statistical approach 

As it was mentioned above, the main difficulty in 

applying a statistical approach is determining the 
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typical size of the largest earthquake triggered 

landslides for studied area. To date, there are no 

special studies of statistical distribution of 

seismically induced landslide in Russian Altai. 

Nevertheless, the difference in volumes of the 

largest and other landslides triggered by the 2003 

Chuya earthquake is at least two orders of 

magnitude. Taking into account the constancy of 

seismic regime and similarity of mechanisms of 

seismic excitations within study area during the 

Holocene (Agatova and Nepop 2009, 2011), it 

could be suggested that each of the large ancient 

landslides that is comparable in size with the 

largest landslide triggered by the 2003 Chuya 

earthquake indicates a separate strong past 

seismic event. 

For calculating erosion due to seismically 

triggered landslides in the Chagan-Uzun river 

basin, we utilized the volumes of the largest 

landslides mapped there together with the data on 

the 2003 Chuya earthquake. Surface effects of 

this recent strong seismic event were estimated 

applying equation (2). Landslide accumulative 

bodies were contoured by GPS navigator and 

surface areas were measured in ArcView GIS 3.2 

software using topographical maps, scale 1:25000. 

Landslide volumes were calculated applying 

empirical correlations presented in Hovius et al 

(1997). 

Using all obtained correlations between total 

volumes of landslides generated during seismic 

excitation and volume of the largest triggered 

landslide (equations 3, 5 and 6) we quantified 

total volumes of displaced slope strata (2.50×10-1, 

3.58 × 10-1, 3.34 × 10-1 km3) and the Holocene 

erosion rate due to seismically induced landslides 

for the Chagan-Uzun river basin (equation 1) – 

2.1×10-5, 3.0×10-5, 2.8×10-5 m a-1 respectively. 

All these values have the same order of 

magnitude. 

The marginal error of these calculations can 

be estimated assuming that each of mapped 

earthquake induced landslides regardless of its 

size is the largest landslide triggered by separate 

seismic event. In this assumption overestimated 

erosion will be 5.4×10-5 m a-1, about two times 

greater than calculated one, and will have the 

same order of magnitude.  

Another difficulty while quantifying erosion 

can occur when accumulative landslide bodies of 

the second and even the third generations are 

concentrated practically on the same area and 

sometimes overlie each other. That is a typical 

situation in the SE Altai where during the 

Holocene the same focal zones have been 

repeatedly reactivated. In this case the suggested 

approach allows more precise estimates of 

parameters of the youngest triggered landslide. At 

the same time while estimating the total volume 

of earthquake induced landslides using equations 

3, 5 and 6, the error caused by wrong number of 

determined events doesn’t exceed 5 %, which can 

be ignored (three landslides with the volume of 

VLmax/3 were used instead of one with VLmax). 

Among other problems of applying the 

suggested technique some local difficulties in 

establishing the seismic origin of landslide events 

and determining of the landslide parameters 

should be mentioned, as well as problems of 

absolute age determination of paleolandslides. 

These difficulties are typical for 

paleoseismogeological investigations and are 

discussed in the literature (see McCalpin 2009 for 

the most complete recent overview).  
 

4.3 Quantitative estimates of erosion due to 

seismically induced landslides on the basis 

of detailed profiling of landslides  

In addition to application of statistical approach, 

estimating the volumes of all mapped landslides 

within study area was carried out utilizing 

detailed profiling technique (Figure 5). For this 

purpose, interpretation of aerial photographs and 

extensive field investigations were carried out in 

order to mark all seismically induced landforms. 

The calculated total volume of earthquake 

triggered landslides in Akkol, Chagan, Kuskunur 

river valleys (Chagan-Uzun river basin) is 

1.33×10-1 km3 and the Holocene erosion rate for 

the Chagan-Uzun river basin is 1.1×10-5 m a-1. 

This value is lower than erosion rate calculated 

on the basis of statistical approach. It can be 

explained by decreasing volumes of landslides 

that are affected by erosion as well as by 

destruction over the time of small landforms. 

Nevertheless, calculated values have the same 

order of magnitude. 

Total volumes of the Holocene earthquake- 
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Figure 5. Method of detailed profiling. Earthquake triggered landslide near the Sakanda river, Kurai basin. A – aerial 

photograph; B – geomorphological map (1- valley slopes, 2- main scarp, 3- landslide body, 4- proluvial fans, 5- terrace, 6- 

terrace’s brows, 7- profiles, 8- rivers); C – digital elevation model; D – the same model without landslide; numbers 1-4 show 

corresponding profiles (1- relief, 2- landslide bedrock, 3- accumulative body, 4- profile number) 

 

triggered landslides within the neighboring 

territory of the Kurai basin and framing ridges, 

which was calculated applying the same 

technique is 2.25×10-1 km3. The major volumes 

of slope colluvium of seismic origin are 

concentrated in Kuektanar, Tute, Arydjan, and 

Chuya (between Chuya and Kurai intermountain 

depressions) river valleys, which support modern 

seismotectonic activity of the Chagan-Uzun 

massif. Calculated the Holocene erosion rate due 

to seismically induced landslides in this part of 

the SE Altai is 1.4 × 10-5 m a-1, which is 

practically equal to this rate in the Chagan-Uzun 

river basin. 

Thus the Holocene erosion rate due to 

seismically induced landslides obtained by 

applying different techniques can be estimated as 

(1.1-3.0) × 10-5 m a-1. This assessment 

characterizes erosion within the Chuya-Kurai 

system of intermountain depressions and their 

framing ridges more precisely because of the 

similarity of geomorphological and climatic 

conditions. Lower rates of erosion can be 

expected in the southeastern part of studied area 

within significantly less dissected northern slopes 

of the Sajlugem range. At the same time the fault 

boundary between South Chuya and Sajlurem 

ranges along the Tarkhata river valley is marked 

by numerous earthquake induced landslides. 

 

5 Conclusion 

 

Estimating earthquake magnitudes and 

earthquake-induced topography changes using 

instrumental data and historic accounts can give 

information about the seismicity of mountain 

provinces during a relatively short time period. 

Analysis of geomorphically expressed surface 

displacements of obviously seismic origin can 

provide valuable information about regional 
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paleo-seismicity. So far most of the research was 

focused on coseismic fault motion. Giant 

earthquake-triggered landslides have been used 

mainly for establishing epicentral zones and the 

timing of old earthquakes. At the same time using 

the parameters of the largest seismically induced 

landslides for estimating earthquake magnitudes 

and earthquake induced topographic changes can 

improve the analysis of seismotectonic 

dislocations.  

The new relationship between earthquake 

magnitude and the volume of the largest triggered 

landslide, the correlation between earthquake 

magnitude and total volume of triggered 

landslides, as well as previously published 

general landslide probability distribution 

functions allow us to calculate correlations 

between the total volumes of slope strata 

displaced by strong earthquake and the volume of 

the largest triggered landslide. The presented 

equations allow us to quantify erosion due to 

seismically induced landslides.  

The suggested approach was tested in the 

course of a paleo-seismogeological study of the 

most active high-mountainous SE Altai, which is 

characterized by an arid climate. Total volume of 

slope material displaced during past earthquakes 

within the Chagan-Uzun river basin, which was 

calculated on the basis of statistical correlations, 

is (3.0-4.3)×10-1 km3, and the Holocene erosion 

rate due to seismically induced landslides (1.1- 

3.0)×10-5 m a-1. These estimates were certified by 

calculating the volumes of earthquake triggered 

landslides within the Chagan-Uzun river basin 

and neighboring Kurai basin on the basis of 

detailed profiling approach. The estimated 

volumes of seismically displaced slope strata are 

1.33×10-1 and 2.25×10-1 km3, and the Holocene 

erosion rate 1.1 × 10-5 and 1.4 × 10-5 m a-1, 

respectively.  

Thus the Holocene erosion rate due to 

seismically triggered landslides in the SE Altai 

calculated by two different methods could be 

defined as (1.1-3.0) × 10-5 m a-1 and most 

precisely characterizes this process within the 

Chuya-Kurai system of intermountain 

depressions. Quantitative assessment of erosion 

due to earthquake induced landslides indicates 

that together with the glacial and fluvial activity it 

is one of the major relief changing processes in 

the SE Altai and forms about 10% of the total 

regional denudation in the Holocene.  

Difficulties associated with this approach 

suggest some numerical estimates of possible 

errors. However, the quantitative values obtained 

are the most precise indicators of the order of 

magnitude of the intensity of the studied 

processes reported to date. Taking into account 

the complexity of the problem of paleo-

environmental reconstructions it is an acceptable 

result.   

The suggested approach expands the scope of 

classical paleo-seismogeological methods and 

allows quantifying erosion due to seismically 

induced landslide for seismically active mountain 

provinces where historical chronicles are not 

available, period of instrumental seismological 

observations is short, and giant earthquake 

triggered paleo-landslides are the major evidences 

of strong past seismic events. 
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