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I. Introduction

Deep-seated landslides (DLS) are fast and large scale mass movements whose slip planes are
within bedrock. Although the DLS are rare events, a single event can cause catastrophic
damage. To avoid such disasters, it is important to estimate susceptibility of slopes for DLS.
However, methods to evaluate susceptibility for DLS have not been established yet. One of the
ways to evaluate landslide susceptibility is statistical analysis of the relationship between
landslides and slope properties (SLPs) using data-driven methods. Although there are many
previous studies that analyzed susceptibility of shallow landslides, few studies for DLS have
been made, probably because the number of DLS in an area is usually too small for statistical
analysis. Considering this problem, this study creates DLS susceptibility models using many
relict mass movement landforms (MMLF) that are geographical features made by old mass
movements whose slip surfaces are located in bedrock. Then the models are verified with DLS

that occurred after the occurrence of the relict mass movements.

II. Study area and methods

The study area is located in the upper Kumano River basin in Japan where DLS occurred
recently. Slope aspect, gradient, roughness, profile curvature, and plain curvature, as well as
distance to river, density of valleys, flow length, and distance to fault are taken as SLPs. MMLF
data include 1004 MMLF shown in the landslide distribution maps provided by the NIED
(National Research Institute for Earth Science and Disaster Prevention), and DLS data include 34
DLS that occurred recently. The MMLF include many slow and short distance mass movements.

To investigate characteristics of both DLS and MMLF corresponding to each SLP, a univariate
analysis using Cramer’s Vwas conducted before model creation. Prediction models were created
by logistic regression. The explanatory variables were SLPs, and the response variable was
presence or absence of MMLF. AUC (area under the ROC curve) was used to validate whether
the created models predict DLS well. This study also investigated which DEM resolution is best
to calculate topographic characteristics (aspect, slope gradient, slope roughness, profile

curvature, and plain curvature) for analyzing mass movements.

III. Result and discussion
Although the best DEM resolution varies for each topographic characteristic or the size of
mass movements, the 30-m DEM was often found to be the best in the study area. Therefore,

topographic characteristics calculated from the 30-m DEM were used.



Cramer’s Vshows that the relationships of slope aspect, slope gradient, and distance to fault
with DLS may be different from those with MMLF. Considering this, different SLPs were
combined to construct landslide susceptibility models. The model that includes SLPs except for
slope gradient and distance to fault has the highest predictive power (AUC= 0.744). This value
1s “acceptable” as a prediction model and comparable to values from previous studies. Using the
best model, the study area was classified into three categories of landslide susceptibility: high,
moderate, and low (Table 1). DLS that occurred where MMLF were not detected (DLS at
MMULF-free) account for 79% of overall DLS. However, 62% of these DLS are located in the high
or moderate susceptibility areas which accounts for 32% of the total study area (Table. 1). These
results indicate that the statistical analysis of relationships between MMLF and SLPs is useful
for evaluating DLS susceptibility.

Relationships of DLS with SLPs except for slope gradient and distance to fault are considered
similar to those of MMLF based on the prediction model, Cramer’s V, and frequency distribution.
Also the relationships of both DLS and MMLF with SLPs are consistent with those of MMLF
reported by researchers whose study areas have various environmental conditions in terms of
geomorphology and geology. These suggest that the method developed by this study is also
useful for other areas.

On the other hand, relationships between DLS and slope gradient or distance to fault are
different from those for MMLF. The difference related to slope gradient can be explained that
many MMLF have lower slope gradients due to previous mass movements. The difference
regarding distance to fault may reflect that rapid and long distance mass movements tend to
occur only where bedrock was crushed and weakened by fault motion.

This study shows that statistical analysis of the relationship between SLPs and MMLF is
useful for predicting DLS, because SLPs associated with DLS are similar to those with MMLF
except for slope gradient and distance to fault. Future work is needed to improve the prediction
accuracy. It is also necessary to include slope gradient in the prediction model, because many

previous studies found that slope gradient is important for triggering mass movements.

Table.1 Distribution of DLS for three landslide susceptibility zones. The zonation is based on
the model that include all SLPs except for slope gradient and distance to fault.

Low Moderate High

susceptibility susceptibility susceptibility
Study Area(%) 67.8 21.3 10.8
DLS (%) 323 26.7 41.0

DLS at MMLF-free(%) 38.2 27.4 344



