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Electrical resistivity tomography revealing
possible breaching mechanism of a Late

Pleistocene long-lasted gigantic rockslide dam

in Diexi, China

Abstract Landslide damming is a widespread phenomenon world-
wide and significantly affects the evolution of fluvial landscapes.
However, it is rarely witnessed from an antiquities perspective, and
the case for observing their internal structure is challenging. We
attempt to visualize the subsurface structure and understand the
likely breaching mechanism of the late Pleistocene Diexi gigan-
tic landslide dam (longevity of ~ 10 ka), using electrical resistivity
tomography (ERT) method. Eight ERT measurements on the Diexi
dam body revealed high resistivity zones near the periphery and
lower resistivity zones in the middle portion of the profiles. Geo-
morphological mapping based on the LiDAR data determined the
boundary of the landslide. Field investigation found that zones of
low resistivity were connected to a ditched gully. Because breaching
such an enormous lake with a total area of 21.4 km* dammed by a
gigantic landslide body with intact rocks was not likely by overtop-
ping alone. The authors postulate that differential seepage of water
from the gullies through the landslide debris could have accelerated
the undercutting erosion of the otherwise stable Diexi dam. Utiliz-
ing geophysical techniques, along with field geomorphology works,
can provide valuable information on the evolution of a gigantic
paleo-landslide dam, which has real implications for the stability
evaluation and forecast of future landslide dams.

Keywords Diexi gigantic landslide - Electrical resistivity
tomography (ERT) - Landslide dam - Breaching mechanism

Introduction

Landslide dams are common worldwide, especially in tectonically
active mountain regions. Landslide dams are defined as the per-
manent or ephemeral interruption of a river course by landslide
deposits (Costa and Schuster 1988; Hermanns et al. 2011). The lon-
gevity of landslide dams ranges from minutes to thousands of years,
depending on the volume and nature of the transposed slide debris,
rates of inflow sediments and water to the lake, and rates of seep-
age through the blockage (Adams 1981). Breaching typically results
from three types of failure processes: piping, progressive failure,
and overtopping erosion (Fan et al. 2020; Wang et al. 2016). Among
them, overtopping is reported as the dominant breaching cause for
natural dams (91%), followed by piping/seepage (5%) and slope fail-
ures (1%) (Peng and Zhang 2012). Researchers have made enormous
progress in developing landslide dam inventories, evaluating dam
stability by geomorphic indices, and simulating dam-breach flood
events, etc. (e.g., Dong et al. 2009; Chen and Chang 2016; Korup
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2004; Meric et al. 2005; Wang et al. 2014a, 2018), see the review by
Fan et al. (2020). The internal structure of landslide dams plays a
key role in controlling the dam stability and breaching process, and
catastrophically placed debris fields may be bereft of meaningful
structural and stratigraphic exposures. It is usually difficult to char-
acterize slide debris that is not exposed in outcrops.

In recent years, the development of advanced geophysical
techniques has made it feasible to explore subsurface structures
in detail, such as electromagnetic (e.g., Santamarina et al. 2005),
geoelectric (e.g., Delunel et al. 2010), and seismic surveys (e.g.,
Havenith et al. 2018). These methods can measure the physical
parameters linked with lithological, hydrological, and geotechni-
cal characteristics of the landslides. Although they provide indirect
observation, they are generally capable of characterizing the total
thickness and geotechnical properties of the internal structure of
geological deposits in a rapid and non-invasive manner (Korup and
Tweed 2007). Based on this, many studies have utilized geophysical
methods to investigate recent landslides (Perrone et al. 2014; Wang
et al.2014a, b) and monitor changes in landslide features (see a
review by Whiteley et al. 2019). However, only a few dozen landslide
dams have been probed or investigated by detailed geophysical sur-
veys (see the review by Fan et al. 2021). Paleo-landslide dams are
largely over-looked unless they are located within the boundaries
of developed parcels that could be impacted by the reactivation
of even a portion of a Paleo-landslide (Dufresne et al. 2018; Pdnek
et al. 2009).

It is significant to study the internal structure of paleo-landslide
dams in order to better understand the mechanisms of landslide
dam formation and evolution, which can also provide insights
into recent and potential damming events. For example, the 1911
Sarez earthquake-induced landslide has formed the largest historic
landslide dam and reservoir near Usoi, Tajikistan, which is threat-
ening about five million people living downstream (Havenith and
Bourdeau 2010). The study of paleo-landslide dams can also yield
reliable and insightful results into the following challenges integral
to the study of landslide dams: (1) filling the data gap of historical
inventories by expanding the geological past (Costa and Schuster
1991; Fan et al. 2020; Dufresne et al. 2018); (2) understanding the
predisposing factors and geomorphic processes that lead to sub-
sequent dam failures (Korup 2002; Shen et al. 2020; Wassmer et al.
2004); (3) assessing the possible long-term geomorphic impacts
and hazards (Fan et al. 2021; Strom 2010; Hewitt 2011); and
(4) reconstructing the landscape evolution to Quaternary climate
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change and neotectonism (Adams 1981; Hewitt 1998; King et al.
1989; Reneau and Dettier 1996; Wayne 1999; Strom 1998; Alford and
Schuster 2000; Pének et al. 2014; Bfezny et al. 2021).

The discovery of ~ 30 ka B.P. old Quaternary lacustrine deposits
in Diexi, eastern margin of the Tibetan Plateau, Sichuan, China,
indicated the possible existence of an enormous, late Pleistocene
rockslide dam (Wang et al. 2005; Wang and Meng 2008; Dai et al.
2021). Direct dating evidence advocates that the paleo-landslide
dam appears to have survived more than 10,000 years in total
(Wang et al. 2014b), making it indefinitely the oldest of such fea-
tures within longest ever lasted (and dated) natural dam in recent
geological time worldwide as per the author’s know-how. Prior to
the work of this article’s authors, no attempts had been made to
understand the internal structure of the Diexi paleo landslide dam,
which made it an excellent candidate for site-specific studies to
characterize the likely evolution of such features.

Reactivation of the study of such an unusual and persistent fea-
ture would be of considerable value in understanding the breach-
ing process and failure mechanisms of landslide dams and their
impacts on fluvial landscape evolution. To this end, this study inves-
tigated the Diexi paleo-landslide dam by using advanced electrical
resistivity tomography (ERT), together with detailed geological
and geomorphic surveys. Our studies demonstrate the nature and
morphology of the paleo landslide dam and discuss the possible
breaching zone and mechanism by analyzing the ERT profiles, high-
resolution 3-dimensional topographic models from unmanned
aerial vehicles (UAVs), and LiDAR data, as well as intense field
investigations. This study demonstrates how geophysical methods
could be extremely useful for revealing the internal structure of
paleo-landslide dams, which could have important implications
for the hazard assessment of existing and future landslide dams.

The Diexi paleo-landslide and regional geological setting
Physical evidence suggests that the Diexi paleo-landslide appears to
have been formed at ~ 30 ka B.P. (Wang et al. 2005). Once-outburst
flooding of the Diexi paleo dam occurred in the late Pleistocene,
approximately 27 ka B.P. (Ma et al. 2018), followed by an unknown
number of stable and breaching sequences. Seven fluvial terraces
of different ages were identified within the lacustrine deposits. The
authors hypothesize that breaching occurred several times within a
time range of 20-26.5 ka ago (Wang et al. 2011). For this reason, the
location of the dam body forming the lacustrine deposits is contro-
versial, which was discussed in our previous study (Dai et al. 2021).

The landslide is located in the eastern margin of the Tibetan
Plateau (Fig. 1), which is one of the most remarkable continental
escarpments on earth, unveiling significant relief (~3500 m) over
a short horizontal distance (~60-80 km) due to persistent tectonic
uplift appurtenant to the tectonic collision of the Indian and Eura-
sian plates (Kirby et al. 2002). During the Mesozoic and Cenozoic
Eras, the Tibetan Plateau lay within the northeastern margins of
the Tethyan Himalayan domain, coincident with the growth of
the Sichuan Basin along the Minshan Mountains (Chen et al. 1994;
Dirks et al. 1994; Burchfiel et al. 1995; Kirby et al. 2002). The north-
trend mountain range, termed Minshan Mountain, is the source
of the Minjiang River, and over 60 km of it was formed by seismic
erosion and recent neo-tectonism (Ma et al. 2018).

Complex geological and revolving tectonic systems are widely
recognized along the Minjiang catchment. Strong neo-tectonic
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zones and three major Quaternary faults were identified around
these areas (Fig.1): (1) the Minjiang Fault zone on the westernmost
part, which is a north-trending and west-dipping reverse fault with
a strike-slip component (Kirby et al. 2000). The northern part of
Minjiang Fault extends for 85 km and is well defined. Meanwhile,
it is believed that this fault extends discontinuously to the south of
Jiaochang (Chen et al. 1994; Qian et al. 2000); (2) the Huya Fault
bounds the Minshan mountain in the east, with a total length of
approximately 60 km, which is composed of three segments. The
south segment (length of 30 km) shows a combination of reverse
and left-lateral movement. The middle segment associated with
intense compression from the northern and southern segments
produced reverse movements. The northern segment shows a left-
lateral strike-slip component and may extend farther north (Chen
et al. 1994; Zhang et al. 2006); (3) the Xueshan Fault is a west-trend-
ing fault that terminates against the northern side of the Minjiang
fault. Kirby et al. (2000) interpreted the Xueshan Fault as playing
a minor role in Cenozoic deformation observed along Minshan
mountain.

One of the above three major fault zones, which likely pro-
duced strong paleo-earthquakes, is believed to have formed the
Diexi gigantic landslide dam. Liquefaction patterns in the palaeo-
lacustrine sediments suggest the occurrence of probably six strong
earthquakes of magnitude 6-7 and one > 7, indicating intense earth-
quakes occurred during the period 25-20 ka B.P. (Wang et al. 2011;
Zhong et al. 2019). Furthermore, in the history of recorded earth-
quakes, strong earthquakes with a short recurrence period are typi-
cal: September 4% 1713A.D. (~M 7.5), August 25" 1933 A.D. (M 7.5),
August 16,1976 A.D. (M 7.2), and more than sixteen earthquakes
with M 6-7 have occurred in and around Minshan mountain since
the twelfth century (Fig. 1, Jiang et al. 2014; Wang and Meng 2008).
Among them, the most destructive one was the M 7.5 Diexi earth-
quake on August 25, 1933 A.D. During this earthquake, the paleo-
Diexi gigantic landslide deposits were partly reactivated as two
vast landslides, and these reactivations formed two lakes (named
Xiaohaizi and Dahaizi, Fig. 2, Dai et al. 2021). The 1933 earthquake-
induced landslide dams were much smaller than the Diexi paleo-
landslide event. Considering the size of the paleo landslide, and
evidence from geologic structures, paleoclimate studies (Jiang et al.
2014), and landslide chronologies (Wang et al. 2011), we feel that we
have reason to believe that the parent Diexi paleo-landslide was
most likely triggered by a paleo-earthquake.

Figures 2 and 3 illustrate the enormity of the Diexi gigantic
landslide (32.0°N, 103.7°E) situated on the left bank of the Minji-
ang River within deeply incised V-shaped valleys. The prevailing
annual weather cycle of this region exhibits a subtropical conti-
nental monsoon climate with an average temperature of 12 °C and
a maximum of 32 °C. In addition, 420 mm of annual rainfall has
been recorded, of which 80% occurs from May to October every
year (Xu et al. 2015; Ma et al. 2018). Around the Diexi landslide, the
most prominent geological feature is the Jiaochang arcuate struc-
ture (Wang et al. 2014b). It is characterized by symmetric, parallel,
and parabolic structures (Fig. 2). The Jiaochang structure is cut
by the left-lateral N-S striking Mingjiang Fault in the center, and
three E-W striking, south-dipping reverse faults (Jiaochang, Guan-
chaigou, and Shidaguan faults). The 30-km-long Songpinggou fault
exposed northwest of Jiaochang is N-W trending left-lateral fault.
These structural zones comprise a series of Mesozoic folds and
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associated thrusts, suggesting that the region has under consider-
able compression (Ren et al. 2018; Deng et al. 2013).

The lithologies of adjacent outcrops are metamorphosed sand-
stone and slate of the Mid-to-Upper Triassic age units (T,z, T,zh),
Fig. 3. The main Mesozoic strata of the Jiaochang structural zone
are dominated by siliciclastic and carbonate rocks, including mar-
ble, limestone, sandstone, shale, carbonaceous phyllite, quartz-
sericite-schist, and carbonatite from Devonian (Dwg,), Carbonif-
erous (C), Permian (P,), and Lower Triassic (T,b) (Wang et al. 2005;
Yang et al. 2008). Quaternary sediment mainly comprises the latest
Pleistocene to earliest Holocene fluvial sand and gravel deposits,
Holocene soils, and colluvium (based on the geological map from
the Ministry of Geology and Mineral Resources, People’s Republic
of China 1991). The distribution of the lacustrine deposits was little
known before Dai et al. (2021), but their discovery proved the exist-
ence of the paleo-landslide dammed lake in Diexi.

103°30'0"E

Data and methods

Investigations of the Diexi gigantic landslide

Several of the co-authors flew UAVs and a helicopter equipped with
LiDAR prior to the ERT survey to create high-resolution 3-dimensional
topography models of the Diexi paleo-landslide dam and lake region,
which were also used in our previous study on landslides triggered
by the 1933 Diexi earthquake (Dai et al. 2021). The LiDAR data were
acquired in 2018 with the SKYEYE SE-J1200B airborne LiDAR system
configured for mountainous environments. The maximum field of
view (FOV) was 50°, and the pulse rate is in the range of ~ 50-550 kHz.
Data filtering was conducted on the TerrascanTM software and cross-
checked by eye to remove any false ground data points. Finally, the
acquired ground data was interpolated by constructing a TIN to derive
the 0.5-m-resolution DEM. Based on this, the boundary and geomor-
phic features of the Diexi paleo-landslide complex were interpreted.

Landslides |
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Fig.2 a Generalized geological map of the Diexi study area (according to Fan et al. 2017), showing the localization of the paleo-landslide
dam complex. The black outline marks the region of Fig. 4a; b geological section (A-A’ in Fig. 2a) of the Jiaochang arcuate tectonic zone is
based on DEMs, geological mapping (scale 1:2,000,000), and Deng et al. 2013

These fissures, including tension cracks, linear scarps, surface texture,
talus, and outburst flood deposits, were confirmed by detailed field
investigations. The field survey allowed the authors to select the best
locations to set up the geoelectric profiles.

Investigations of the Diexi paleo-lake

To understand the stability and evolution of the Diexi paleo-land-
slide dam, it was important to reconstruct the areal extent of the
paleo-dam formed lake. Most long-lived landslide dams preserve
sedimentary archives of fluvial and lacustrine activities before
catastrophic dam breaches (Fan et al. 2020). Therefore, our field
investigations concentrated on the zone along the Upper Minjiang
Valley and its tributary, focusing on discovering lacustrine outcrops
and fluvial terraces (e.g., continuous terraces were considered to
be shorelines formed along paleo-lakes (Hggaas and Longva 2019).
The paleo-lake lacustrine sequences are characterized by rhythmi-
cally bedded silts, while coarse-grained rhythms composed of regu-
larly alternating parallel sand layers represent sequences of rapid
erosion and deposition (e.g., Xu et al. 2020). Individual outcrops
were digitized as marked points with detailed attributes to their
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extent and characteristics. The LiDAR interpretation, integration
of outcrop data, DEM extrapolations, and parameter calculations
were evaluated using ArcGIS.

Electrical resistivity tomography

It was previously believed that the landslide deposits only existed
on the left bank of the Minjiang River (the proximal side of the
landslide). The right bank (distal side) did not display noticeable
sedimentological features of the Diexi landslide as the result of
thousands of years of evolution since its emplacement (Fig. 3b).
The problem lies in distinguishing between deposits and bedrock.
For this purpose, five ERT profiles (D2-D6) were carried on the
distal portion, which achieved the maximum coverage possible. The
proximal side, as mentioned earlier, underwent a reactivation slip
during the 1933 earthquake and then was reworked for engineered
construction projects, leading to some restrictions on the ground
conditions for the ERT measurements. Nevertheless, two ERT pro-
files (D7 and D8) in this area were laid out as far as possible, to
match the results of the profiles D2-D4. The ERT profile D1 was
arranged in the paleo-landslide deposits where they are overlain
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Fig.3 The Diexi paleo-landslide complex with the boundary (the red
line) and the viewing locations shown on the inserted panels. The
white arrows indicate the direction of the sliding. a View of the head
scarp taken from the summit of the paleo landslide dam (~2500 m
a.s.l); b panoramic view from the zone of depletion to the zone of
accumulation, which blocks a few gullies on the distal end. Six white
boxes mark the locations where the photographs of Fig. 5 were
taken; c views of the incised canyon formed in the landslide deposits
and outburst flood deposits

by the paleo-lacustrine sediments where the terrain is most gentle.
In summary, a total of eight ERT profiles were carried out in the
Diexi gigantic landslide deposits,and measurement parameters and
location information are presented in Table 1 and Fig. 4a, respec-
tively. Considering the accessibility and the ground conditions, the
co-author’s teams set up their ERT profiles to cover the landslide

Table 1 Characteristics of

deposits at large and obtain the most considerable imaging depths
possible. Our team’s longest ERT profile (D1) was 1000 m long, one
of the deepest and longest profiles reported in the engineering geo-
physical literature.

Our geophysical survey team used GeoERT IP 2401 resistivity
system with an electrode spacing of 10 m in the Wenner-Schlum-
berger configuration. We found this configuration to be the most
sensitive to changes in vertical resistivity (Dahlin and Zhou 2004).
This device and array type were chosen because of the need to pro-
vide a higher signal level for deeper measurements and to reflect
more sensitivity to resistivity variations with depth in the face of
such a large landslide. We located these electrical profiles using a
GPS and measured their topographic changes utilizing the DEM.
All the measurements were performed in the dry period of the year
(December) to lessen the effects of precipitation (rainwater). Resis-
tivity data sets were inverted with the 2-D inversion algorithm of
Loke and Barker (1996), which is implemented in the RES2DINV
software using a smoothness-constrained least-squared method.
The inversion algorithm aims to determine electrical resistivity
values in a number of rectangular blocks. The block arrangement
is loosely tied to data distribution in the pseudo-section to enhance
the computation efficiency (Yilmaz and Narmam 2015). We then
removed the topographic effect on the inverted results to reflect the
true depths of the subsurface structures being profiled.

Results

The Diexi landslide dam and present-day surface morphology

The total surface area of Diexi landslide deposits covers an area of
about 5.13 km? Based on the area and depth approximation from
our digital elevation model, the paleo Landslide volume was esti-
mated to be between 1.4 km? and 2.0 km?3. The travel distance of
the prehistoric debris is confined by the hillslopes on the distal
end (Fig. 3). The massive landslide deposits not only blocked the
original Minjiang River but also blocked a few ravines/gullies on
the distal end, which previously acted as a conduit for the river.
One of the prominent erosion/gullies prominent has a width of
over 300 m and a depth of about 100 m (marked as G2 in Figs. 4a
and 7a). The other two gullies, though not as prominent but also
blocked by talus, are marked as G1 and G3 (Figs. 4a and 7a). There-
fore, ERT profiles D2-D6 were set up, crossing these gullies to reveal

Profile Number of Spacing (m) Max depth (m) Iterations RMS error
ERT acquisitions and of the electrodes (%)
inversion results
D1 100 10 174 5 8.1
D2 86 10 146 5 3.4
D3 88 10 150 5 2.4
D4 52 10 86 5 4.1
Ds 68 10 115 5 3.4
Dé 88 10 136 5 10.5
Dy 84 10 150 5 3.6
D8 68 10 115 5 6.1

Landslides |
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if they were blocked by the giant Diexi landslide. If so, we could
further confirm the landslide boundary initially obtained by field
geomorphic mapping.

The present surface morphology of the landslide dam is the
result of erosional evolution for the past 30,000 years since its
initial emplacement (see the cross section in Fig. 4b). It has been
observed that the distal part of the dam does not undergo sig-
nificant alteration compared to the proximal zone. The height of
the dam at the distal portion is ~ 400 m from the current river
bed, while the proximal zone has a height of only about 200 m.
However, the erosional remnants of landslide deposits in the form
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of crest lines have been particularly visible above 2490 m a.s.l.
at the proximal location, indicating that the original topography
has been extensively modified by intense linear erosion. Recently,
Dai et al. (2021) pointed out that during the 1933 Diexi earthquake,
the proximal part of the dam deposits experienced a mass sliding
of ~ 21 million m? and the distal and proximal side zone elevation
was at the same level before this earthquake (Fig. 4b). The longitu-
dinal analysis shows the downstream side of the dam is marked by
steep slopes and higher elevations compared to the upstream side.
It can be confirmed by the presence of thick lacustrine deposits
on the proximal edge of the upstream area (Fig. 4a). The gentle



slopes on the landslide bodies are presently utilized for cultiva-
tion by the local people. The incised canyon formed by the lake
outburst and lateral cutting of the landslide deposits produced a
near-vertical slope on both sides of the river (Fig. 3¢).

Through an extensive geological field survey, we found four
types of materials in the deposition zone: (a) carapace (Davies
and McSaveney 2004) with large boulders (Fig. 5a), which covers
almost the entire surface of the landslide dam (Fig. 4a), apart
from the absence of the southeast section due to the reactivation
slip during the 1933 earthquake. Some of the boulders are more
than 10 m in diameter. It is the most common sedimentary
feature of large rock avalanches (Dufresne 2017). In our case,
it is difficult for any other surface processes to produce such
a wide distribution of large boulders, neither the intervention
of human activities; (b) typical landslide deposition (Fig. 5b),
located in the main landslide deposition body, characterized by
large blocks supported with m-sized clasts and finer-grained
materials. Large intact blocks were retained due to the limited
movement distance and were generally found just below the car-
apace, especially outcrops on either side of the landslide flanks;
(c) jigsaw-fractured false bedrock (Fig. 5¢), located in the distal
end of the landslide deposition, which looks like fractured bed-
rock, but actually is still part of the landslide deposition that
remained and exhibiting the similar geological structure as orig-
inal, pre-existing bedrock; (d) matrix facies formed by strong
shearing and disintegration of the intact rock mass (Fig. 5d),
which consist of highly fragmented debris in which grains of
all sizes are mixed (typical of turbulent flow). Such sedimen-
tary features were noted along the banks of deep canyons and
ravines, alternating with more intact rock masses. Overall, the
landslide deposits at the proximal side (close to the landslide
scarp) are highly fragmented, while the distal side on the oppo-
site bank of the river appears more intact, possibly due to the
confined runout by the opposite hillslope (Fig. 4b). The locations
of those photographs are shown in Fig. 3b.

The extent and characteristics of the Diexi paleo lake and
lacustrine sediments

Field investigations were concentrated in an altitudinal bracket
under 2500 m a.s.l. (dam crest) along the upstream reaches of the
Minjiang River above the paleo-landslide dam crest to verify the
remaining evidence of the paleo-lake shorelines and lacustrine
sediments deposited in the lake that formed behind the paleo
landslide dam. Using LiDAR-derived images, we clearly observed
the shorelines from the surrounding terrain (Fig. 6a). In terms of
lacustrine exposure investigation, close to the Zhengping Village,
located ~ 26 km upstream from the dam site, we observed coarser
grain size and turbidity current deposit features between lacustrine
laminations (Fig. 6b), indicating that the transportation mode has
changed from suspension to saltation (even traction), which infers
that this site may have been the end of the paleo lake (Ma et al. 2022).

Altogether the authors documented 207 exposures of the lacus-
trine sediments in the field and reconstructed the areal extent of
the paleo-lake with the highest elevation of 2390 m a.s.1. (Fig. 6¢).
The paleo-landslide dammed lake extended along both sides of
the slopes and shortly intruded into the northeast Songping and
Yuerzhai gullies by 5 km and 2 km, respectively, covering a total area
of 21.4 km? Compared to the capacity of the dammed lake formed
by the 1933 earthquake (Dai et al. 2021), the impact of the outburst
floods is bound to be far-reaching (Ma et al. 2022). However, a more
stable paleo-landslide dam body prevented the outbreak of floods
from occurring in the short term.

Results of electrical resistivity profiles

Figure 7a shows the locations of eight ERT measurement profiles.
The distribution of the diverse nature of landslide deposits with
varying electrical properties made the interpretations very com-
plex. The longest ERT profile D1, 1000 m long (Fig. 7b), located at

Fig.5 aCarapace with large
boulders; b typical landslide
deposition characterized by
large blocks supported with
fine clasts; ¢ jigsaw-fractured
false bedrock; d matrix facies
formed by strong shearing and
disaggregating of the intact
rock mass. The locations of
these photographs are shown
in Fig. 3b
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Fig.6 aExamples of shore-
line segments of the paleo-
lake; b lacustrine and fluvial
sediments at the end of the
paleo-lake; c estimated paleo-
lake extent and exposures of
the lacustrine sediments are
represented by yellow dots,
and the principal knickpoints
are shown as white pentacles
(Fan et al.2019)

Shoreline
sedmernts 25
4 75~

the Jiaochang platform, shows a wide distribution of superficial
conductive layer L (<300 Q m), 10 to 80 m thick. The thickness
of layer L matches the borehole data at the same location (Fig. 7b;
Wang et al. 2014b), which was advanced to a depth of 52 m, which
included 49 m of lacustrine sediments. The distribution of the L
layer is also consistent with the observed exposures of lacustrine
sediments. The truncation of this layer appears to have been trig-
gered by artificial excavation and landfill at the southern end,
which is also reflected in the results summarized in Fig. 7b. There-
fore, the continuation of L can be interpreted as a lacustrine plane
and suggests that our imaging results are robust.

Figure 8 shows the resistivity profiles for D2 to D4 (distal end)
near gully G2, oriented in the NNW-SSE, and consisting of three
major electro-units. The 850-m-long D2 profile, located above the
large gully G2 blocked by the rockslide deposits, is characterized
by an average resistivity of 1500 Q2 m. In this profile, we observe a
sharp vertical lower resistivity body U (<300 Q2 m) under gully G2,
crossing 230 and between 460 m. The D2 profile has a maximum
depth of 146 m, and this anomalously low resistivity layer extends
beyond the maximum depth of investigation. The vertical contrast
in resistivities might be the structure inside the rockslide deposits
or because of the influence of surrounding bodies. The resistivity
distribution in both flanks is more complex. In the northwest area,
we observed a moderate resistivity body M (300 to 6000 Q m). The
rest of the resistivity model is occupied by multiple electro-units
with relatively large resistivities, B (> 6000 Q m), with increasing
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resistivities towards the southeastern and northwestern margins of
the paleo slide feature. The northwestern end of the profile matches
the location on top of the ridge.

We interpreted these three major electro-units as (i) blocky
facies of intact typical of electro-unit B, (ii) matrix facies of sheared
and disaggregated rocky materials for the electro-unit M, and (iii)
loose, unconsolidated materials and crushed schists, weathered
into clays, present groundwater flow, or a faulted margin of elec-
tro-unit U. Similar electro-units are also noticed in the other two
profiles (D3 and D4) on the distal end. Although the D3 profile is
located farther away from the ridge bordering the north side of the
gully, the U and B units are on the Southeastern (S.E.). the side is
prominent. The resistivity change might be due to material prop-
erty changes within the deposits. Unit U is also shown on profile
D4. However, it is observed that unit B in the Northwestern (N.W.)
zone is thicker and more prominent, probably because of the higher
elevation of D4, with the high resistivity portion located above the
groundwater table. The higher resistivities are likely influenced by
a higher coherence of the buried large block that is part of the
deposits.

D5 and D6 profiles are located across the other two gullies,
G1 and G3, which are downstream and upstream of the gully G2,
respectively (Fig. 8). While most part of the D5 profile is still located
on the rockslide materials. The low resistivity layer U1 (<300 Q m)
at the middle of the profile corresponds to the location of Gi, indi-
cating that the low resistivity material could be due to the presence
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of colluvium deposited by G1 or the groundwater flow associated
with G1. The Southwestern (S.W.) part of the resistivity model sug-
gests a “high resistivity corner” I (> 6000 Q m), which indicates
part of the southern end could be the in-situ “bedrock” units, lying
beneath all of the landslide deposits. The D6 profile illustrates a
very high resistivity layer O (>10,000 Q2 m) over most of the profile.
It overlays a superficial resistive layer with hundred Q m resis-
tivity (C). The lenticular conductive layer C consists of material
filling gully G3, where the fine sediment only grew sod and broke
away from the surrounding shrubby forest. It can be interpreted
as the lake deposits or colluvium from G3, which do not belong to
the rockslide itself and are not likely connected to the main lake
because they could never have reached an altitude above 2400 m.
The outcrops on the cliff wall below this profile clearly indicate
that the high-resistivity materials (unit O) could represent highly
coherent rock blocks within the deposits. Thus, the small lake could
be formed by the rockslide blocking G3.

The resistivity profiles D7 (oriented in N.W.-S.E.) and D8
(N.N.W.-S.S.E.) are in the proximal part of the landslide (Fig. 9).
The Dy profile exhibits a wide and relatively homogeneous distri-
bution of a low-to-medium resistivity body H (~ 300 Q m) within
the subsurface, while the extension of H observed in the distal end
is minimally visible at the D8 profile beneath the surface. These
two profiles seem to be located on relatively homogeneous rock-
slide deposits that must include a significant component of fines
that lower the overall resistivity. As aforementioned in the “Diexi
landslide dam and present-day surface morphology” section, this
portion of the landslide body has undergone considerable erosion

over time. Further, successive sediment deposition from the source
area, along with the presence of gullies and cultivated land close
to them, can contribute to low resistivity clusters. For example,
in the D8 profile, the lower resistivity body G is located at depths
below the ground level of 0-30 m; corresponding to this location,
a gully is featured in the source region. On the other hand, the data
show tiny high resistivity variations near the surface (T), located
at depths below ground level between o and 10-m depth and con-
fined at three separate locations in both D7 and D8 profiles. The
field investigation confirmed the presence of very large boulders
at these locations.

Due to some high contrasts induced by the complex subsurface
inhomogeneities and the setup of the long array, three profiles (D1,
D6, and D8) generate relatively high root mean square error (RMS),
which is defined as the difference between the measured and calcu-
lated apparent resistivities. However, the inversion results of these
ERT profiles are consistent with either the borehole data or the
on-site geological observations, and thus, such analytical errors are
acceptable and do not affect the robustness of the results.

Discussion

Anomalous resistivity zone

The most striking feature of the electrical resistivity tomography in
the Diexi paleo landslide site is the presence of the vertical zone of
anomalously low electrical resistivity (U) beneath the surface from
profiles D2 to D4 extending to more than 150 m deep and about
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Fig. 8 Interpretation of the electric resistivity profiles D2 to D6 with a detailed view of the distal portion G1, G2, and G3 of the Diexi gigantic

landslide deposit

300 m wide. This zone is outspreading from the distal end to the
proximal zone with a decreasing trend. There are several possible
candidates for interpreting such low resistivity zones:

(i) Fault zone—concealed faults beneath the surface can induce

low resistivities. Gélis et al. (2010) conducted a 2D ERT sur-
vey at the Experimental platform of Tournemire in France,
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where there is a well-identified regional fault across the area,
to detect the buried fault. Their results indicate that one of
the low-resistivity discontinuities matches the location of
the regional fault. Based on a 2D electrical resistivity tomog-
raphy study, Arjwech et al. (2022) identified a suitable site
for trenching, where there were no obvious morphotectonic
features to locate the fault. However, in our study area, the
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Fig.9 Interpretation of the electric resistivity profiles D7 and D8 with a detailed view of the proximal portion of the Diexi gigantic landslide
deposits

(ii)

(iii)

NNW-SSE ERT profile could only show clear fault contacts
for NNE-SSW or NE-SW oriented structures, which are not
known in this region. Strike-slip faults (e.g., Minjiang fault),
like the one that most likely produced the 1933 Diexi earth-
quake, have an NNW-SSE orientation (Huang et al. 2003; Ren
et al. 2018; Dai et al. 2021; Fig. 2), parallel with the ERT profile
and thus unlikely to be detected by these resistivity profiles.
Meanwhile, the Jiaochang structure comprises a series of
Mesozoic folds and associated thrusts (Ren et al. 2018), and
no evidence of tectonic activity in the last few tens of thou-
sands of years has been presented yet. It is also possible to
have a micro lineament deep under the burials. However, its
extension did not show up to the D2 to D4 on the distal and
Dy in the proximal zone (Figs. 8 and 9). Furthermore, avail-
able geological information, as well as extensive fieldwork,
could not locate a fault morphotectonic landform/exposure
within the Diexi paleo-landslide body.

Deposits with high clay content are another candidate for
low subsurface resistivities (Unsworth et al. 1997). Sedimen-
tary strata having thick phyllite and schist sequences are
found in the source areas. Minerals in these rocks typically
showcase higher clay content, and clays have low resistivities
(Arjwech et al. 2021). Based on the high-resolution grain-size
measurements, Liang and Jiang (2017) confirm that the Diexi
lacustrine sediments have abundant clay. During the dam-
ming process, the soft sedimentary rocks may be crushed
and transformed into fine clays.

A third possible candidate is the presence of fluids or satu-
ration. Low resistivity values can be due to the presence of
fluids in the deposits. Suzuki and Higashi (2001) observed
that resistivity values decrease by up to 8% in highly porous
and weathered rocks within a short period because of the
heavy precipitation. During the summer rainfall months,
water can be percolated through the weakly stratified land-
slide deposits inducing low resistivities. The water-saturated
rocks or sediments through porous and permeable land-

fills via pore pressure buildup in the groundwater table or
trapping water during damming could also induce very low
resistivities (Urish 1981).

These aforementioned assumptions can partially explain the low
resistivities in the ERT profiles. However, the confinement of the low
values only to a narrow zone in the inversion of the ERT dataset sug-
gests another component might be responsible for their origin. As
resistivity largely depends on hydrogeological properties such as per-
meability (e.g., Priegnitz et al. 2015), porosity (e.g., Brunet et al. 2010),
saturation (e.g., Wilkinson et al. 2010), infiltration (e.g., Looms et al.
2008), seepage (e.g.,Sandberg et al. 2002), etc., understanding the effect
of these factors on the ERT inversion results requires extensive detail-
ing. In light of field evidence and interpretation of the ERT profiles, it
can now be determined that the narrow stretch of the low resistivity
sections (Fig. 8) corresponds with the large gully (G2) on the opposite
side of the dam body. As mentioned in "The Diexi landslide dam and
present-day surface morphology", this gully has a width of about 300 m
and previously might have brought enough water from its large catch-
ment area to the original Minjiang River. After the damming, water
could have accumulated in this ditched portion. Because the dam fills
consist of highly variable material properties, such coarse-grained
zones are highly porous and permeable. Given the large gradient and
catchment area, the potential for seepage and water saturation is highly
possible through this gully (shown in Figs.1and 2).

Relation to dam breaching

The Diexi landslide is a consequent slope, sliding along the bed-
ding. Its runout was halted by the opposite hillslope. Our ERT
results and field investigations reveal that the dam body on the
lake end consists of intact rocks. Landslide dams formed by such
types of landslides normally have homogeneous material and can
be consistently stable for an extended period by arresting pockets
or seams of seepage and hydraulic piping.

Landslides |
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Fig. 10 Diagrams showing the dam failure mechanisms and sequences revealed by the ERT survey, remote sensing images, and field investi-
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In the Alpine belt, Films Sturztorm dammed the upper Rhine
River valley, Switzerland, and breached about 8500 years after its
formation (Wassmer et al. 2004) despite being double the size (10 km
wide) of the Diexi landslide dam. Another perspective is that, in tec-
tonically active areas like Diexi, earthquake shaking can trigger the
collapse of dams, such as the one observed in the Mokihinui River
dam collapse in New Zealand (Adams 1981). However, the analysis
of disturbed layers in the lacustrine core sediments of Diexi lake
revealed at least ten seismic incidents between 30,000 years B.P.and
15,000 years B.P. (Wang et al. 2014b, 2005). The stratigraphic record
suggests that the dam was sufficiently stable to resist earthquake
shaking during numerous events. Moreover, the seven terraces of
fluvial deposits identified in the upstream location (Wang et al.
2014b) suggest that the breaching was likely by overtopping rather
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than seepage. But the high-resolution ERT result suggests that the
weakest point in the landslide dam is the narrow, low-resistivity zone
corresponding to the ditched gully G2 and the proximal downstream
zone of the landslide dam. On the upstream side, the large coherent
rock block within the subsurface revealed by both ERT and remote
sensing images enhances the stability of the dam at G3 compared to
the dam remnants at G2. It has also been evident from the geomor-
phic mapping (cf. "The Diexi landslide dam and present-day surface
morphology") that flooding of the lake over the dam crest in the
proximal areas produced strong linear erosion here. On the other
hand, at the downstream side of G3, the large and ditched gully G2
perpendicular to the dam deposits could have allowed water seepage
during heavy rainy periods that have been prolonged in the past. We
postulate that the seepage from the gully G2 might have allowed the



already weak layers to weaken further, causing downcutting during
overtopping flash flood seasons, finally breaching the Diexi dam and
forming the present-day canyon morphology (Fig. 10).

Interpretation of ERT data presented here for the first time
describes the internal structure of the Diexi paleo-landslide dam,
which forms one of the longest stable landslide-dammed lakes in
the geological literature. However, additional data are still needed
to fully understand the likely breaching processes. Seismic surveys
in the dam body can reveal the depth of low resistivity layers, as
ERT measurements only reach a maximum depth of 150 m. Seismic
surveys in the main dam body might also reveal the presence or
absence of concealed faults to validate our hypothesis.

Conclusions

We present a comprehensive study on the longest-ever-lasted
paleo landslide dam in Diexi, Sichuan, China, using geophysical
techniques and extensive field investigations. With complemen-
tary geomorphology work using UAV’s and LiDAR data, as well
as field investigations of the dam and associated paleo-lakes, we
provide valuable information on the breaching mechanisms of
the paleo-dam. We image the subsurface structure of the paleo
landslide dam in detail using the ERT technique. Eight ERT meas-
urements with a maximum imaging depth of 174 m were carried
out at both proximal and distal portions of the paleo-landslide
deposits. The lake deposits are clearly imaged as low resistivity
layers on the ERT profiles, and the thickness of the lacustrine
deposits matches the drilling log. A prominent low-resistivity
unit with a depth extent of more than 150 m and a width of about
300 m from the ERT profiles D2-D4 located near the gully G2
at the distal side of the landslide deposits indicates a possible
zone of seepage associated with the pore water pressure migrat-
ing from the area of G2. Based on the interpreted results, we pro-
pose that breaching such a large paleo-landslide dam was not
possible by overtopping alone. The geophysical and geomorphic
evidence suggests that seepage from the surrounding gullies may
have been caused by the downcutting, thus weakening the dam
and eventually leading to its breaching. This study provides the
first framework to understand the paleo-landslide dam using
multiple modern investigation techniques, such as geophysical
and geomorphic measurements, which are most effective when
investigating paleo-landslide dams. Our results and conclusions
provide valuable information for evaluating the internal stability
of landslide dams in tectonically active regions.
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