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Abstract 

This study examined the frequency-size distribution of 6117 landslides spread over 440  km2 in Iburi Subprefecture, 
Hokkaido, Japan, induced by the Hokkaido Eastern Iburi Earthquake (Mw 6.6) on September 6, 2018. The study area 
is characterized by gently undulating terrain that is finely dissected by shallow streams and covered predominantly 
by layers of volcanic products with high water content. Most of the landslides were shallow landslides, and their slip 
surfaces often formed in a layer of volcanic soil called the “Ta-d,” deposited at 9000 ybp. Low ridges separating small 
catchments allowed individual landslides to coalesce in many locations. The average size of landslides was 7160  m2. 
Landslide size tended to increase with slope angle up to 20° to 25° and then decrease with further increase of slope 
angle. About half of the landslides occurred in a feature with both concave planform and profile curvature, and their 
average size was 8720  m2. In contrast, 17% of the total landslides occurred in the case of both curvatures being 
convex, and their average size was 5190  m2. The results indicated that the accumulation of saturated soil in concave 
features provided more opportunities for landslides of large sizes. The frequency-size distribution of the landslides 
presented high rollover, 5.0 × 10−3  km2, but the exponent of power law decay for medium to large landslides, − 2.46, 
was not largely different from those of studies in other locations. Compared with other seismically caused examples, 
the landslides triggered by the Hokkaido Eastern Iburi Earthquake can be characterized as more clustered, more 
numerous, and larger in size for the moment magnitude of the earthquake. Conversely, the magnitude scale for the 
landslide event estimated from the total landslide area was equivalent to that of a region struck by an earthquake 
of Mw = 7.0 to 7.4. This study demonstrated that gently undulating regions can produce unexpectedly large and 
frequent landslides when struck by an intense earthquake, and when soil layers vulnerable to ground shaking cover 
the ground.
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Introduction
Earthquakes can trigger numerous landslides, causing 
huge financial losses through damaged infrastructure 
and property, as well as human casualties. The total num-
ber, area, and volume of landslides tend to become larger 
as the moment magnitude of the causative earthquake 

increases, whereas their type, such as shallow landslide, 
deep rotational slide, debris flow, earthflow, or rock ava-
lanche, varies according to the geology and topography of 
the sites (Rodríguez et al. 1999; Keefer 2002). The prob-
ability-size distribution of landslides is typically univer-
sally similar; when landslides are small, the probability of 
landslide occurrence increases with size, but decreases 
after a size threshold, or ‘rollover,’ is reached. This rela-
tionship follows a power law decay for medium to large 
landslides (Malamud et al. 2004; Van Den Eeckhaut et al. 
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2007). Hence, determining the rollover and power law 
decay exponent for the region of interest is useful for 
hazard assessment because the frequency density, or pos-
sible number, of landslides of various sizes can be esti-
mated by multiplying the probability by the total number 
of landslides, which is related to the moment magnitude 
of a potential earthquake (Keefer 1994).

Malamud et al. (2004) devised an inverse gamma equa-
tion that enabled them to represent the probability-size 
distribution of landslides from three locations. Although 
the landslide cases that they investigated were triggered 
by different types of events (earthquake, snowmelt, and 
rainfall), the equation indicated common features among 
them: the average size of landslides was 3.07 × 10−3  km2, 
rollover occurred at the size of 4.0 × 10−4  km2, and the 
exponent of power law decay for medium to large land-
slides was − 2.3. Van Den Eeckhaut et  al. (2007) also 
demonstrated an exponent within − 2.3 ± 0.6 based on 
both historical and event-triggered landslide inventories 
collected from around the world. However, their collec-
tion indicated that rollover can vary to a larger degree 
than the exponent. The factors determining these values 
are not entirely understood at present, although a series 
of studies has revealed some associations with slope pro-
cesses. Pelletier et  al. (1997) explained power law decay 
based on a threshold slope shear stress and indicated that 
the dynamics of soil moisture determine the size distri-
bution of landslides. On the other hand, based on slope 
stability analyses, Frattini and Crosta (2013) demon-
strated that soil cohesion controls rollover. After carry-
ing out experiments using a vibrating sandbox, Katz and 
Aharonov (2006) concluded that two groups of natural 
landslides affect the distribution, i.e., shallow landslides 
within unconsolidated and homogeneous soil for small 
landslides and deeper slides of rock mass with a hetero-
geneous nature due to fractures, layers, or bedding for 
large landslides; they suggested that the size of shallow 
landslides is related to the depth of soil. However, both 
slope material properties and slope topography affect the 
probability-size distribution. Although high-elevation 
relief tends to produce larger landslides (Korup et  al. 
2007), Frattini and Crosta (2013) stated that the area of 
slopes is constricted between high ridges in deeply dis-
sected landscapes, thereby limiting landslide size. Based 
on field observations and simulations of loess slides, Qiu 
et al. (2018) reported that slope length, rather than slope 
angle, is the major determinant of landslide size and 
rollover. However, these studies did not consider topo-
graphic effects on soil depth and groundwater accumula-
tion, which indicate the sensitivity of a slope to ground 
shaking that works to increase pore water pressure and 
reduce slope material cohesion. Assuming that a con-
cave feature is likely to collect more groundwater and 

accumulate deeper soil than a convex feature, and thus 
be at increased risk of landslide occurrence and increased 
landslide sizes, slope curvature should affect the fre-
quency-size distribution of landslides. Similarly, slope 
angle should also be investigated from this point of view 
because steeper slopes cannot hold groundwater or slope 
materials for as long as gentler slopes, unless the materi-
als are sufficiently coherent to remain on the slope.

In this study, the frequency-size distribution of land-
slides induced by the Hokkaido Eastern Iburi Earthquake 
(Mw 6.6) on September 6, 2018 and its association with 
slope angle and curvature were examined. The landscape 
is characterized by gently undulating terrain densely dis-
sected by streams with low divides between catchments, 
and slope length is mostly limited (Fig. 1). Slopes are cov-
ered predominantly by layers of volcanic ash and pumice, 
in which most of the slip surfaces of landslides formed. 
Most of landslides observed after the earthquake were 
shallow landslides, but there were several deep-seated 
slides, including one that formed a landslide dam. At 
the end of this study, the size distribution of the land-
slides was compared with those induced by other seismic 
events, to highlight the distinctive topographic char-
acteristics and soil properties and appraise the magni-
tude of this landslide event. The outcome raises concern 
regarding potential landslide disasters in regions covered 
with layers of soil with high water content, but this risk is 
rarely recognized because a large proportion of hillslopes 
are gentler than the angle of repose of the slope materials.

Study area
This study examined an area of 440  km2 in the Iburi Sub-
prefecture, southern part of Hokkaido Island, affected 
by landslides triggered by the Hokkaido Eastern Iburi 
Earthquake (Fig.  1a). The epicenter of the earthquake 
was located at 42.686°N, 141.929°E, the focus depth was 
35.0 km, and the modified Mercalli intensity scale in the 
area ranged from 7.5 to 9 (US Geological Survey [USGS]: 
https ://earth quake .usgs.gov/earth quake s/event page/
us200 0h8ty /execu tive#pager ). The peak ground accelera-
tion around the area recorded by the National Research 
Institute for Earth Science and Disaster Resilience 
(NIED), Japan, was 1796 gal at max (https ://www.kyosh 
in.bosai .go.jp/kyosh in/topic s/html2 01809 06030 750/
main_20180 90603 0750.html), or 75.62% g as determined 
by the USGS (same website as above). Based on an analy-
sis of soil stratigraphy and carbon dating by Tajika et al. 
(2016), part of the area was struck by an earthquake trig-
gering landslides sometime between 4600 and 2500 ybp.

The landscape is characterized by gently undulating 
hills with elevations of 200 to 400 m that become steeper 
toward the east (Fig. 1). About 70% of the slopes in the 
area are lower than 30°, and about 60% of the landslides 

https://earthquake.usgs.gov/earthquakes/eventpage/us2000h8ty/executive#pager
https://earthquake.usgs.gov/earthquakes/eventpage/us2000h8ty/executive#pager
https://www.kyoshin.bosai.go.jp/kyoshin/topics/html20180906030750/main_20180906030750.html
https://www.kyoshin.bosai.go.jp/kyoshin/topics/html20180906030750/main_20180906030750.html
https://www.kyoshin.bosai.go.jp/kyoshin/topics/html20180906030750/main_20180906030750.html
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that occurred during the earthquake were on slopes of 
between 20° and 30° (Fig. 2). The ground is mostly cov-
ered by several layers of volcanic ash, pumice, and scoria, 
with alternations of andosols, underlain by Miocene to 
Pleistocene sedimentary rocks (Yanai 1989; Ozaki et  al. 
2014; Nakagawa et  al. 2018). These volcanic products 
originated from the Kuttara, Shikotsu, Eniwa, and Taru-
mae volcanoes located 50 to 70 km southwest of the area.

Landslides induced by the earthquake spread toward 
the north-northwest direction from the epicenter, com-
patible with the strike of faults (Fig. 3), and were particu-
larly clustered between 6 and 13 km from the epicenter 
(Figs.  3, 4). This is a rather unusual spatial pattern for 
seismically induced landslides, which generally concen-
trate around the epicenter (Keefer 2002). The reason for 
this unique pattern is presently unclear, but it may relate 
to the motion pattern of fault planes and the associated 
peak ground acceleration.

Most of the landslides observed in the area after the 
earthquake were shallow landslides, occurring on both 

concave and convex slopes. Low ridges separating small 
catchments allowed individual landslides to coalesce 
at many locations (e.g., Fig.  5: outlined in red). Land-
slides also connected with streams at their feet and thus 
expanded (e.g., Fig. 5: outlined in blue). The slip surfaces 
of landslides predominantly formed near the bottoms of 
layers consisting of volcanic ash and pumice from the 
Tarumae volcano (Ta-d), which was deposited at about 

a

b

Fig. 1 Study area. The area affected by landslides was 440  km2 (enclosed by black line). b Enlarged image of the area framed in red in a. Contour 
interval is 10 m. The figure was composed based on a 10-m digital elevation model (DEM) provided by the Geospatial Information Authority of 
Japan (GSI)

Fig. 2 Probability density of slope angle for hillslopes (> 5°) in the 
study area and landslides
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9,000 ybp (Yanai 1989; Nakagawa et  al. 2018). Figure  6 
is a photograph of a landmass that slipped over the base 
of Ta-d layer (orange–brown) on the slope. These layers 

usually occur a few to several meters below the ground 
surface (Figs. 6, 7) on most slopes, except those steeper 
than 35° (Osanai et al. 2019). The natural water content 

Fig. 3 Distribution of landslides induced by the Hokkaido Eastern Iburi Earthquake in 2018. Fault locations are based on a 1:200,000 land geological 
map of the Ishikari Depression and its surrounding area, provided by Ozaki et al. (2014). Landslides were identified by Kita (2018). Pink square: area 
shown in Fig. 5; Red square: location of a photographic image presented in Fig. 6; Blue square: location of soil stratification demonstrated in Fig. 7
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of soil samples from the upper and middle parts of Ta-d 
layer, collected 1 week after the earthquake, on Septem-
ber 13, was 99.9 and 137.7%, respectively. The locations 
of sampling holes are marked by blue (upper part) and 
white (middle part) circles in Fig. 7. On the day of sam-
pling, Ta-d layers were very saturated; water sprang out 
in some places on exposed slip surfaces, although condi-
tions were not damp before the earthquake: 6  mm/day 
and 2.5 mm/h at maximum on August 30; 10.5 mm/day 
and 7  mm/h at maximum on August 31; and 12  mm/
day and 9  mm/h at maximum on September 5 at the 
Japanese Meteorological Agency Atsuma observa-
tory station (Fig.  1). In total, only 7  mm of rainfall was 
recorded between the earthquake and September 13. The 
grain size distribution of the samples collected from the 

locations marked in Fig. 7 is presented in Fig. 8. The liq-
uid and plastic limits for the same sample collected from 
the upper part were 149.9 and 96.8%, respectively, and 
184.9 and 113.3% for the one from the middle part. Slip 
surfaces of shallow landslides also formed in other tephra 
layers, such as En-a (Osanai et  al. 2019). Andosol con-
tained decomposed tephra, and weathered mudrock too 
composed slip surfaces (Osanai et al. 2019). Additionally, 
the layer of the one deep-seated rockslide that created 
a landslide dam may have been in shattered mudrock, 
although further investigation is needed for confirmation.

Methods
A publicly available landslide inventory created by Kita 
(2018) (https ://githu b.com/kouki ta/2018_09_06_atuma 
tyou) was used in this study. This inventory was based 
on bare land detected on orthophotographs taken 
from 6 to 11 September by the Geospatial Informa-
tion Authority of Japan (GSI). Despite the good reso-
lution of the image, clouds hid 0.5  km2 of the area, 
and shadow created by trees and ground relief made it 
difficult to identify the outlines of landslides in some 
locations. In fact, the other inventory produced by 
GSI from the same image, which is also available on 
the internet (https ://saiga i.gsi.go.jp/3/20180 906/iburi 
-hokai _2-zenta izu.pdf ), demonstrates a very similar 
but somewhat different distribution and area of land-
slides from the inventory provided by Kita. Neverthe-
less, the total landslide area of the GSI inventory was 
48.4  km2, according to the author’s estimates from the 

Fig. 4 Number of landslides and horizontal distances from the 
epicenter. Distances were measured by setting concentric circles with 
radii 1 km apart, originating at the epicenter

Fig. 5 Enlarged image of the area framed in pink in Fig. 3. Dashed lines divide individual identified landslides. Streams connected with landslides 
are indicated by pale blue lines. The contour interval is 10 m. The original inventory was produced by Kita (2018). This photograph was provided by 
the Hokkaido Regional Development Bureau

https://github.com/koukita/2018_09_06_atumatyou
https://github.com/koukita/2018_09_06_atumatyou
https://saigai.gsi.go.jp/3/20180906/iburi-hokai_2-zentaizu.pdf
https://saigai.gsi.go.jp/3/20180906/iburi-hokai_2-zentaizu.pdf
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inventory map, showing good agreement with the 43.8 
 km2 of the Kita (2018) inventory, considering that the 
former contains more landslide deposition area on 
the plain than the latter. The size of each landslide was 
obtained based on landslide polygons provided by Kita 
using ArcGIS software. The total number of landslides 
in the Kita (2018) inventory was 6117, and the average 
size was 7160  m2, more than twice the 3070  m2 demon-
strated by Malamud et  al. (2004), reflecting coalesced 
and expanded features of landslides unique to the area.

The slope angle and curvature of the study area were 
calculated with a 10  m digital elevation model (DEM) 

using ArcGIS software, made available to the public 
by GSI (https ://www.gsi.go.jp/kiban /index .html; index 
numbers: 6341-77, 6441-07, 6441-17, 6442-00, 6442-
10). Because this DEM set was produced from a con-
tour map with a scale of 1:25,000 and error up to 5 m, 
a certain degree of uncertainty had to be considered 
when using the data. Hence, this study used the aver-
aged value for slope angle, as well as the profile and 
planform curvature of 10-m cells contained in a land-
slide polygon, to represent its topographic characters. 
With the averaged curvature, each landslide was clas-
sified into four types: Cc, concave for profile and plan-
form curvature; Ccpr, concave for profile and convex 
for planform curvature; Ccpl, concave for planform and 
convex for profile curvature; and Cv, convex for both 
curvatures (Fig.  9). This study neglected the degree 
of curvature, and ‘planer’ surface was not considered 
because of the data uncertainty mentioned above.

Following Malamud et al. (2004), the probability-size dis-
tribution of landslides in the study area was given by:

where p(AL) is a probability density function, δNL is the 
number of landslides with areas between AL  (km2) and 
AL + δAL , and δAL  (km2) is based on the log scale. The 
frequency density of landslides, (AL) , is given by:

(1)p(AL) =
1

NLT

δNL

δAL
,

(2)f (AL) = NLTp(AL),

Fig. 6 A photographic image of a landslide, taken on the day after 
the earthquake at the location marked by a red square in Fig. 3. The 
base of Ta-d layer (orange–brown) was exposed over the landslide 
scar, indicating the location of a slip surface

Fig. 7 An example of soil stratification at the location marked by a 
blue square in Fig. 1. Ta: tephra produced by the Tarumae volcano. 
a in 1739, b in 1667, c at 2500 ybp, and d at 9000 ybp. En-a: tephra 
produced by the Eniwa volcano at 20,000 ybp (Nakagawa et al. 2018). 
Blue and white circles show the locations of soil sampling

Fig. 8 Grain size distribution of Ta-d soil samples. Upper: sample 
collected from the upper part of the layer; Middle: sample collected 
from the middle part of the layer. Both the sampling locations were 
marked in Fig. 7

https://www.gsi.go.jp/kiban/index.html
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where NLT is the total number of landslides in an inven-
tory. This study defined rollover as the smallest value at 
which the best coefficient of determination was obtained 
for power law decay.

The frequency-size distribution of landslides in the study 
area was compared with those for various event magni-
tudes proposed by Malamud et  al. (2004), to assess the 
nature of this landslide event. They represented the prob-
ability density of landslides with area AL  (km2) as follows:

where ρ is a parameter controlling the power law decay 
for medium and large landslides, a  (km2) is a parameter 
controlling the location of the maximum probability dis-
tribution, s  (km2) is a parameter controlling the exponen-
tial rollover for small landslides, and Ŵ(ρ) is the gamma 
function of ρ . According to the analysis by Malamud 
et  al. (2004), we adopt ρ = 1.40, a = 1.28 × 10−3  km2, 
s = − 1.32 × 10−4  km2, and  Ŵ(1.4) = 0.88726. Malamud 
et al. (2004) also proposed a magnitude scale for a land-
slide event, mL , as follows:

The combination of Eqs. (1)–(4) provides the frequency 
density of landslides linked to the magnitude scale of a 
landslide event. A list of symbols describing the key 
parameters of the area and the inventory is provided in 
Table 1.

(3)

p(AL : ρ, a, s) =
1

aŴ(ρ)

[

a

AL − s

]ρ+1

exp

[

−
a

AL − s

]

(4)mL = log10(NLT).

Results and discussion
Topographic characteristics of landslides
The average slope angle of the landslides induced by the 
earthquake was 27.1°, with a standard deviation of 6.4. 
They were generally steeper in the eastern part of the 
study area, reflecting the landscape (Figs.  1, 10). The 
probability density was highest in the range of 25°–30° of 
average slope (Fig.  11). Some landslides were very gen-
tle, with an average angle of less than 20° (Figs.  10, 11), 
implying that this event was largely influenced by soil 
properties. Landslide size tended to increase as slope 
angle increased up to 20°–25° and then decreased with 
further increase of slope angle (Fig. 12). There were nine 
landslides larger than  10−1  km2, and their slope angle 
was between 20° and 30° (Figs. 10, 12: outlined in pink in 
Fig.  10). The deep-seated rockslide that formed a land-
slide dam (white arrow in Fig. 10) was the largest of these, 
at 5.4 × 10−1  km2, and its slope angle was 21.7°. Other 
than this slide, there were coalesced landslides over low 
divides between catchments and at streams, mainly 
located in the western part of the study area (Fig.  10b). 
Although coalesced landslides could be found in the 
eastern part, the results indicate that gentler landscape 
provides more opportunities for individual landslides to 
unite and enlarge. In addition, although steeper slopes 
are generally less stable, Fig. 12 implies that these slopes 
do not hold materials that could move as landslides, 
because the ground is too steep, as exemplified by the 
Ta-d layer missing on slopes greater than 35°.

As for slope curvature, 48% of the landslides were 
classified as the Cc type, and these were found over the 
entire study area (Fig.  13). Among the nine landslides 
larger than  10−1  km2, seven belonged to the Cc type and 
two were of the Ccpr type; one of these was the largest 
slide mentioned above. According to Student’s t-test, 
the average landslide size differed significantly between 
slope types, except between the Ccpr and Cv types 
and between the Ccpr and Ccpl types. The average and 
median landslide sizes of the Cc type were the largest, at 
8720 and 4980  m2, whereas those of Cv type, which occu-
pied 17% of all the landslides and tended to appear in the 
eastern part of the area, were the smallest, at 5190 and 
2710  m2, respectively (Fig. 14). The average and median 

Fig. 9 Schematic diagram of slope types classified based on the 
profile and planform curvatures of each landslide

Table 1 Symbol descriptions

Symbol Description

A Area of landslide distribution induced by earthquakes  (km2)

AL Landslide area  (km2)

ALT Total area of landslides in an inventory  (km2)

NLT Total number of landslides in an inventory

mL A magnitude scale for a landslide event ( = log10(NLT))
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sizes of the remaining slope types, Ccpl (17% of all land-
slides) and Ccpr (18%), were between the values of the Cc 
and Cv types, but the former had larger sizes.

Additional field data will be collected to underpin our 
assumption regarding the relationship of slope angle 
and curvature with soil thickness and groundwater level. 
Nevertheless, the results suggest that the assumption 
was not contradicted by the outcomes and that these 
topographic features can be regarded as major factors 
controlling landslide sizes in this environment. Further 
topographic analyses were not conducted because of 

uncertainty in the data and a lack of detailed information 
regarding landslide types at present. With more precise 
and detailed topographic data, as well as field informa-
tion, the classification of slope types could be refined to 

a

b

Fig. 10 a Distribution of landslides with average slope angle. Landslides larger than  10–1  km2 are outlined in pink. White arrow indicates the 
landslide that formed a dam. b Enlarged image of the area enclosed in red in a. The original inventory was produced by Kita (2018)

Fig. 11 Probability density of the average slope angle of landslides

Fig. 12 Box plots of the logarithm of landslide area (AL,  km2) with 
average landslide slope angle. The interquartile range is represented 
by the box. Upper whiskers are maximum values ≤ 1.5 times the 
interquartile range from the top of the box. Lower whiskers are 
minimum values ≥ 1.5 times the interquartile range from the bottom 
of the box. Outliers are plotted as dots. The horizontal line represents 
the median landslide area
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more clearly identify the relationship between slope cur-
vature and landslide size.

Frequency‑size distribution of landslides
Figure  15 presents the frequency-size distribution of 
the landslides and those provided for each mL drawn 
with Eqs.  (1)–(4). Based on Eq.  (4), the mL for this 
earthquake event is 3.79, but landslides of medium to 
large size in the study area fit the distribution curve for 
mL between 4 and 4.5. The rollover, 5.0 × 10−3  km2, was 
much larger than the value suggested by the equations, 
of 4.0 × 10−4  km2 (Fig.  16). Examining the effect of 
slope curvature on the size distribution, the frequency-
size distribution of landslides of each slope type was 
also plotted on Figs. 15 and 16, revealing that the roll-
over values of the Cc and Ccpl types were 6.0 × 10−3 
 km2 and that those for the Ccpr and Cv types were 
3.0 × 10−3  km2. The higher rollover for the Cc and Ccpl 
types may imply that cross-sectional concave features 
were likely to accumulate more water and soil than the 
other types, as also shown by the larger median land-
slide sizes than for the other types.

a

b

Fig. 13 a Distribution of landslides with slope type. Landslides larger than  105  m2 are outlined in pink. White arrow indicates the landslide that 
formed a dam. b Enlarged image of the area enclosed in red in a. The original inventory was produced by Kita (2018)

Fig. 14 Box plots of the logarithm of landslide area (AL,  km2) with 
average landslide slope angle. The interquartile range is represented 
by the box. Upper whiskers are maximum values ≤ 1.5 times the 
interquartile range from the top of the box. Lower whiskers are 
minimum values ≥ 1.5 times the interquartile range from the bottom 
of the box. Outliers are plotted as dots. The horizontal line represents 
the median landslide area. The average landslide area for each slope 
type is also marked



Page 10 of 12Kasai and Yamada  Earth, Planets and Space           (2019) 71:89 

Generally, historical landslide inventories demonstrate 
high rollover due to a lack of small landslides, which often 
fade with time (Malamud et al. 2004). The low-resolution 
imagery used to create a landslide inventory may also 
contribute to this pattern because small landslides can-
not be identified on such images (Stark and Hovius 2001; 
Frattini and Crosta 2013). However, the inventory used 

for this study was created immediately after the earth-
quake using high-resolution aerial photographs, in which 
landslides of 200  m2 were still recognizable. Therefore, 
rollover in the study area was related to shallow landslides 
induced in homogeneous and incoherent surface soil, as 
demonstrated by Katz and Aharonov (2006). The high 
rollover value can largely be attributed to soil proper-
ties because the layers, particularly Ta-d, were presumed 
to be vulnerable to ground shaking, and thus reduced 
cohesion, due to constant saturation, demonstrated by 
the soil samples collected within 1 week after the earth-
quake and the weather around the sampling date. The 
gentle landscape and limited slope length also contrib-
uted to high rollover by allowing adjacent landslides to 
merge together over ridges or at streams. In the study 
area, coalesced landslides mainly determined the power 
law decay for medium to large slides, whereas Katz and 
Aharonov (2006) demonstrated that heterogeneous rock 
mass played this role for deeper landslides. Nevertheless, 
the exponent of the power law decay for all landslides was 
− 2.46, and those for each slope type were from − 2.69 to 
− 2.14 (Fig.  16), within the range demonstrated by Van 
Den Eeckhaut et  al. (2007) in their historical and event-
triggered landslide inventories (− 2.3 ± 0.6).

Comparison of the landslide event caused by the Hokkaido 
Eastern Iburi Earthquake with other seismic cases
The landslide event induced by the Hokkaido Eastern Iburi 
Earthquake was compared with other seismically triggered 
cases to characterize the event. Regarding the area of land-
slide distribution induced by earthquakes, A  (km2), Keefer 
and Wilson (1989) presented a linear regression relation-
ship with moment magnitude, Mw, as follows:

With Mw = 6.6, Eq. (5) gives A ranging from 470 to 4070 
 km2, and the study area plots are near the low end of the 
range. For the number of seismically caused landslides, 
NLT, Keefer (2002) presented the following empirical 
relationship:

Thus, for Mw = 6.6, NLT is 1988. In turn, insert-
ing NLT = 6117 into Eq.  (6), Mw = 7.0. The relationship 
between Mw and NLT for the 11 cases from Keefer (2002), 
six published cases (Wang et  al. 2002; Dai et  al. 2011; 
Alfaro et al. 2012; Xu and Xu 2014; Xu et al. 2015; Roback 
et al. 2018), and the result of this study (Fig. 17) yields a 
slightly different equation from Eq. (6), as shown below:

With Eq.  (7), Mw = 6.6 yields an NLT of 2,390, and 
an NLT of 6117 provides Mw = 7.0. Xu et  al. (2015) 

(5)log10A = Mw − 3.46(±0.47).

(6)Log10NLT = 1.2312Mw − 4.8276 (R2
= 0.72).

(7)Log10NLT = 0.9842Mw − 3.1174 (R2
= 0.69).

Fig. 15 Frequency-size distribution of landslides for all landslides, 
and for landslides of each slope type. The distribution curves for mL 
from 3 to 5 are also shown

Fig. 16 Frequency-size distribution of landslides for all landslides and 
each slope type after rollover
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demonstrated a relationship between total landslide area, 
ALT, and moment magnitude with 13 earthquake events:

In the above, with Mw = 6.6, ALT is 10.0  km2. Malamud 
et al. (2004) also presented a relationship between mL and 
 log10 ALT, given by:

Combining Eqs. (4) and (9), ALT becomes 18.9  km2 with 
NLT = 6117. Conversely, by applying ALT = 43.8  km2 to 
Eq. (9), mL becomes 4.19, and then, with Eqs. (4) and (6), 
Mw becomes 7.4. For the order of magnitude, ALT = 43.8 
 km2 is not far from the values estimated from the equa-
tions. However, all of the values given above suggest that 
the landslides triggered by the Hokkaido Eastern Iburi 
Earthquake can be characterized as more clustered, more 
numerous, and covering a larger area for the moment 
magnitude of the earthquake than the ‘average’ of seis-
mically induced events. The values also indicate that the 
event was equivalent to an event caused by an earthquake 
of Mw = 7.0 to 7.4. With an occupancy of 11% of the land 
by landslides, this moment magnitude does not appear to 
be extreme. As the model by Liucci et al. (2017) suggested 
that the intensity of an event controls the probability dis-
tribution of landslide size, the strong seismic intensity 
and peak ground acceleration of the Hokkaido Eastern 
Iburi Earthquake probably contributed to producing high 
rollover, together with soil layers that were very sensitive 
to ground shaking and the topographic characteristics of 
the study area. Unfortunately, this study did not address 
this issue further because of the limited availability of 
detailed information about the intensity. As mechanisms 
such as fault plane motion become clearer with time, 

(8)ALT = 9× 10−7exp(2.4585Mw) (R
2
= 0.69).

(9)mL = log10ALT + 2.51.

understanding of this landslide event will improve, which 
should contribute to appraising the magnitude of future 
landslide events globally and finding an empirical rela-
tionship between intensity and event magnitude, similar 
to those with moment magnitude.

Conclusion
Gently undulating regions other than those prone to 
deep-seated landslides are usually paid scant attention for 
landslide hazards, even though there is a historic record 
of seismically induced landslides. This is mainly because 
rainfall rarely triggers landslides due to the gentle slope 
angle. The occurrence of a landslide event in the study 
area is not frequent, possibly once every few thousands 
of years, considering that similar seismic events occurred 
between 4600 and 2500 ybp (Tajika et al. 2016). In fact, 
the almost undisturbed soil stratigraphy exposed in many 
landslide scars indicates that those slopes had been stable 
for more than 9000 ybp. The results suggest that the com-
bination of low-elevation relief and volcanic soil, which 
can move very easily in response to ground shaking, may 
cause unexpectedly large numbers and sizes of landslides 
when the area is struck by an intense earthquake. In this 
case, concave slopes are more prone to landslides, which 
tend to be larger than those on convex slopes.

The frequency-size distribution of landslides in the 
study area indicated that the magnitude scale for the 
landslide event, mL, was equivalent to that of an area 
struck by an earthquake of Mw = 7.0 to 7.4 with high roll-
over. Finding the rollover and the exponent of power law 
decay will considerably facilitate landslide hazard assess-
ment. This study demonstrated that slope angle and cur-
vature were associated with the size distribution, that is, 
rollover, whereas the exponent of power law decay, − 2.3, 
appeared to be similar to those of past case studies and 
applicable to any location. Efforts to identify ways to pre-
dict the rollover associated with earthquake intensity will 
be furthered by building models, performing laboratory 
experiments, and collecting field cases, with considera-
tion given to the mechanics of slope mass movement and 
the degree of topographic restriction. A series of works 
will contribute to reducing landslide disaster globally in 
the future.
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