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Abstract. The Fengjiaping Landslide, located at the transitional zone between the western Qin-
ling Mountains and the southwestern margin of the Loess Plateau in China, is a reactivated loess–
mudstone interface landslide. Its complex evolution is influenced by geological, hydrological and cli-
matic factors, as well as human activities. The critical zone regulates precipitation infiltration, which,
in turn, controls soil moisture and groundwater dynamics. Although excessive water infiltration is
recognized as the primary trigger, the landslide exhibits heterogeneous deformation, with recurrent
events not always correlated with rainfall, making its reactivation mechanisms diYcult to understand
and predict. Potential sliding zones in moisture-induced landslides are typically characterized by high
soil moisture and elevated water fluxes, manifesting as low electrical resistivity and enhanced stream-
ing current densities. In this study, we applied an integrated geophysical approach, combining direct-
current electrical resistivity tomography (ERT) and self-potential (SP) measurements, to infer subsur-
face water pathways and identify zones potentially contributing to slope instability. The joint interpre-
tation of SP and ERT data suggests preferential flow channels and groundwater activity beneath scarps
and cracks, highlighting their potential role as conduits for infiltration and slope weakening. Despite
these insights, uncertainties remain due to limitations in data coverage, boundary eVects, and simpli-
fied assumptions in the inversion framework. Future work should focus on continuous and time-lapse
SP and ERT monitoring, complemented by methods such as induced polarization and borehole inves-
tigations, to better constrain subsurface hydrogeological properties and improve the understanding of
the processes governing slope instability.
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Electrokinetic eVect.

⁄Corresponding author

ISSN (electronic): 1778-7025 https://comptes-rendus.academie-sciences.fr/geoscience/

https://doi.org/10.5802/crgeos.327
https://orcid.org/0000-0002-6721-1705
https://orcid.org/0000-0002-1923-3002
https://orcid.org/0000-0002-9997-8505
https://orcid.org/0009-0004-4094-5444
https://orcid.org/0000-0001-9829-2272
mailto:huangq@pku.edu.cn
https://comptes-rendus.academie-sciences.fr/geoscience/


140 Kaiyan Hu et al.

Funding. National Natural Science Foundation of China (42574089), China Postdoctoral Science
Foundation (GZC20241598, 2024M753016), China Postdoctoral Science Foundation–Hubei Joint Sup-
port Program (2025T045HB), “CUG Scholar” Scientific Research Funds at China University of Geo-
sciences (Wuhan) (Project No. 2023139), Geological Disaster Prevention Special Fund of the Gansu
Provincial Department of Natural Resources (Grant No. 20230209GYY).

Note. Article submitted by invitation.

Manuscript received 5 December 2024, revised 1 September 2025 and 27 January 2026, accepted 9 Feb-
ruary 2026, online since 7 April 2026.

1. Introduction

Gansu Province, located in inland China, lies at the
intersection of the Qinghai-Tibet Plateau, the Loess
Plateau, and the Inner Mongolia Plateau. This re-
gion is characterized by its complex geological struc-
tures, diverse landforms, and fragile ecological en-
vironment. Frequent earthquakes and concentrated
rainfall make it highly susceptible to geological haz-
ards such as collapses, landslides, and debris flows
(Meng and Derbyshire, 1998; F. Zhang and X. Huang,
2018; Fan, Scaringi, et al., 2019; D. Peng et al., 2019; Y.
Xu et al., 2020). Among its cities, Tianshui is the sec-
ond largest in Gansu Province and lies on the south-
ern edge of the Loess Plateau. The area’s bedrock pri-
marily consists of mudstone, overlain by loess, form-
ing a geologically unstable setting highly sensitive to
rainfall (Z. L. Zhang et al., 2020; T. Qi et al., 2021). Hu-
man activities such as irrigation and land reclama-
tion significantly influence soil–water interactions,
further destabilizing slopes (F. Zhang and G. Wang,
2018; Jia et al., 2023; Lan et al., 2023). The Fengjiap-
ing Landslide, located in the Tianshui region, is a rep-
resentative loess–mudstone interface landslide trig-
gered by multiple factors. Assessing its risk requires a
comprehensive understanding of the hydromechan-
ical processes that drive its activity.

Moisture-induced landslides are often triggered
by water infiltration in the unsaturated zone, ground-
water table fluctuations, preferential flow paths, and
their complex interactions (Sorbino and Nicotera,
2013; Fan, Q. Xu, et al., 2017; Whiteley et al., 2019;
Y. Xu et al., 2020). During rainfall or artificial ir-
rigation events, infiltrating water rapidly increases
pore water pressure and soil moisture, weakening the
shear strength and raising the likelihood of slope fail-
ure. Notably, shallow landslides may initiate before
full soil saturation is reached (Sorbino and Nicotera,
2013; P. Li et al., 2016; Z. Yang et al., 2017; Filho
and Fernandes, 2019; Hu, Mo, et al., 2021). Con-
versely, landslides may also occur under fully sat-
urated conditions due to aquifer variations caused

by water recharge, even in the absence of rainfall
(Tu et al., 2010). The critical roles of groundwater
flow and soil moisture in these processes underscore
the importance of monitoring their spatial and tem-
poral variations to identify high-risk zones and sup-
port risk management.

Understanding landslides requires an integrated
approach that considers the complex interactions
within the critical zone, particularly in regions like
Tianshui. Monitoring rainwater infiltration and hy-
drodynamic processes often involves hydrological
and deformation measurements. Conventional tech-
niques include measuring pore water pressure, ma-
tric suction, soil moisture, and groundwater levels, as
well as stress–strain and surface deformation moni-
toring (e.g., Lourenço et al., 2006; Schulz et al., 2009;
Terajima et al., 2014; Jiang et al., 2017; Lu et al.,
2024). However, these approaches are largely point-
based or surface measurements, oVering limited res-
olution of the internal dynamics of landslides. Given
the heterogeneous nature of water flow within slid-
ing masses, no single traditional technique can fully
capture their spatial and temporal complexity.

Geophysical methods provide valuable tools for
imaging subsurface structures and delivering higher
spatial information than point-based measurements.
Among these, Direct-Current Electrical Resistivity
Tomography (DC ERT) is widely applied in land-
slide studies due to its sensitivity to water con-
tent. The availability of open-source and user-
friendly inversion software such as Res2DInv (Loke
and Barker, 1996; Loke, 2020), BERT (Rücker, Gün-
ther and Spitzer, 2006; Günther et al., 2006), py-
GIMLi (Rücker, Günther and Wagner, 2017), and Re-
sIPy (Blanchy et al., 2020), has further promoted its
use in landslide research (e.g., Caris and Van Asch,
1991; Lapenna, Lorenzo, Perrone, Piscitelli, Sdao, et
al., 2003; Lapenna, Lorenzo, Perrone, Piscitelli, Rizzo,
et al., 2005; Colangelo et al., 2006; Perrone et al.,
2014; Uhlemann et al., 2017; D. Peng et al., 2019).
For instance, Gance et al. (2015) applied the open-
source BERT framework to correct fissure eVects in
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resistivity pseudosections, improving interpretation
reliability. More recently, Jabrane et al. (2023) com-
bined ERT with vertical electrical soundings using py-
GIMLi and BERT to delineate sliding surfaces, un-
derscoring ERT's potential for landslide monitoring
and hazard assessment. Low resistivity is often as-
sociated with highly saturated soils and therefore re-
lated to slope instability (Szalai et al., 2017; Zhao et
al., 2020; X. Wang et al., 2022; F. Zhang, G. Wang and J.
Peng, 2022). In the Loess Plateau, however, resistivity
is also in�uenced by high salinity, clay content, and
structural features such as �ssures and loess caves
(Waxman and Smits, 1968; Jougnot, Ghorbani, et al.,
2010; Revil, Coperey, et al., 2017; T. Zhang et al., 2019;
Mendieta et al., 2021; Y. Qi and Wu, 2022). These
complexities highlight the need to combine geophys-
ical methods with localized geological knowledge for
reliable interpretation.

In addition to ERT, the self-potential (SP) method
provides a passive approach for monitoring hydroge-
ological processes. SP measurements capture natural
electric �elds generated by in�ltrating water, o Vering
unique insights into subsurface water �ow (Thony
et al., 1997). Since the early 20th century, SP has
been recognized for its potential in landslide mon-
itoring, particularly due to its sensitivity to water
saturation and water �ow (Bogoslovsky and Ogilvy,
1977; Corwin, 1990). Recent studies show its promise
as a supporting tool for early warning of rainfall-
induced landslides, as it can detect water in�ltration
and preferential �ow patterns (Haas and Revil, 2009;
Yamazaki et al., 2017; Whiteley et al., 2019; Guo et al.,
2022; Hu, Q. Huang, Tang, et al., 2024; Hu, Q. Huang,
Han, Tao, et al., 2025; de Araújo et al., 2025). For ex-
ample, in southern Italy, SP mapping has been suc-
cessfully applied to investigate groundwater �ow di-
rection in landslide zones (Lapenna, Lorenzo, Per-
rone, Piscitelli, Sdao, et al., 2003; Colangelo et al.,
2006). Additionally, Chambers et al. (2011), demon-
strated the combined use of SP and ERT methods for
investigating landslides in mudstone–sandstone for-
mations.

Although this study shares methodological simi-
larities with Chambers et al. (ibid.), it di Vers in sev-
eral key aspects. First, the Fengjiaping Landslide rep-
resents a loess–mudstone contact surface landslide,
dominated by Malan loess and fractured mudstone
debris, where moisture in�ltration and preferential
�ow were primary drivers of instability. This di Vers

fundamentally from mudstone–sandstone settings
as Chambers et al. (ibid.). Second, we applied an
SP inversion approach based on the current conti-
nuity equation and incorporate ERT-derived con-
ductivity models, in contrast to cross-correlation
techniques used (e.g. Colangelo et al., 2006; Cham-
bers et al., 2011; Hu, Q. Huang, Tang, et al., 2024).
This approach ensures a more physically consis-
tent interpretation of streaming current sources.
Third, we integrated in-situ soil property measure-
ments, including temperature, volumetric water
content, and bulk electrical conductivity, which pro-
vided a stronger basis for interpreting geoelectrical
anomalies.

In this study, we integrate passive SP and active
ERT methods to investigate subsurface water �ow
paths and delineate possible water-rich zones that
contribute to slope instability. By performing SP in-
version combined with ERT results, we analyze SP
source distributions and their implications for land-
slide processes. Using the Fengjiaping Landslide as a
case study, our objective is to map subsurface water-
storage areas and preferential pathways that may
trigger reactivation. These geoelectrical approaches
enhance the understanding of hydrological controls
on landslides and provide a framework for improving
risk assessment and mitigation strategies within the
Earth's critical zone.

2. Materials and methods

2.1. Study area

The Fengjiaping Landslide is an ancient landslide,
shaped like a “circular chair”, measures approxi-
mately 840 m in length and an average width of
423 m, covering an area of 2.32 £ 105 m2 (Figure 1).
It has an average thickness of 16 m, a total volume
of 3.78 £ 106 m3, and a primary sliding direction of
245°. The elevation at the front edge of the landslide
is 1390 m, while the rear edge rises to 1570 m, result-
ing in a relative elevation di Verence of 180 m. The
overall slope of the landslide is 15.7°.

This ancient landslide has been reactivated due to
the combined e Vects of rainfall, groundwater activity,
and land use. The reactivated Fengjiaping Landslide
is a medium-sized loess–mudstone contact surface
landslide, displaying a “long tongue” shape planform
and a stepped cross-sectional pro�le (Figure 1b). It
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Figure 1. (a) Location of the investigation site; (b) the ancient Fengjiaping landslide marked by white line to indicate its boundary
and its reactivation body with yellow shaded area (image from Google Earth); (c) the drill log (the red dot in b) conducted in April 22–
23 of 2022. Qml

4 , Qdel
4 and N denote arti�cially �lled silt, Holocene deposits and the Neogene system, respectively.

features well-developed gullies along both sides of
the landslide body (H1 and H2). The reactivated
landslide has a front edge elevation of 1395 m and a
rear edge elevation of 1532 m, with a relative height
diVerence of 137 m. It spans 450 m in length, with
an average width of 64.4 m, covering an area of
2.90£ 104 m2. The reactivated landslide has an av-
erage thickness of approximately 8 m, a total vol-
ume of 2.32 £ 105 m3, a main sliding direction of 225°,
and an average slope of 14.7°. The thicknesses of
both the ancient and reactivated landslides were es-
timated based on borehole logging data. Since only
two boreholes were available, located respectively
within the H1 and H2 bodies, these thickness esti-
mates are subject to uncertainty. Nevertheless, they
provide �rst-order constraints on the internal struc-
ture of the landslide.

The study area is predominantly covered by
Holocene strata of the Quaternary system. A
borehole was drilled in the central region of the
reactivated landslide body (34°24 036.64126800N,

105°41013.53948000E) at an elevation of 1646.10 m
above sea level on April 22–23, 2022 (Figure 1c). The
drill logs indicate that the shallow zone primarily
consists of arti�cially �lled silt (Q ml

4 ), with increasing
water content and heterogeneous soil texture at
greater depths. The landslide accumulation mainly
derives from Holocene deposits (Q del

4 ), predomi-
nantly composed of silty clay. Beneath these de-
posits, moderately weathered mudstone and sandy
mudstone of the Neogene system (N) are exposed
(Figure 1c). The integrity of the rock formation has
been compromised by multiple vertical joints along
the slope.

The deformation caused by the landslide has led
to signi�cant damage to residential properties (Fig-
ure 2). A visible gap between a house and its
foundation underscores the ground displacement
and movement caused by the landslide (Figure 2b).
Within the landslide zone, one building shows ex-
tensive structural damage, with multiple �ssures
and large cracks along the walls, accompanied by
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