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Abstract

This work focused on three landslide events that have attracted significant public concern due to the associated
calamities they recorded in 1945, 2017 and 2019, i.e. the Charlotte, Regent and Madina landslides, respectively. Their
geology, tectonics (structural discontinuities) and geomorphology, i.e. their GTG characteristics were studied to
establish links between them and the landslide events.

Field surveys were conducted, particularly on the Charlotte landslide, where the identification of geological
structures was impeded to an extent by its obliteration by vegetation and sediment accumulations on relatively
planar sections of the landslide area. Remote sensing and GIS techniques (earth imagery and drone images)
enhanced the mapping and determination of landslides’ geometric and geomorphic parameters. Laboratory
analyses of rock and soil samples provided the landslides’ petrological characterisation and were used to determine
the particle-size distribution in the slide-prone soil.

The study indicated a change in the gabbroic rock composition, variable geomorphological characteristics, and nature/
pattern and density of the discontinuities. These factors, to a large extent, determined the nature and magnitude of
the rainfall-triggered landslides. Charlotte lithology slightly differed from the other two landslides and recorded higher
Silica (Si) and Aluminum (Al) and lower iron (Fe) from X-Ray Fluorescence (XRF) than rocks of Regent and Madina
landslides. The study also revealed only a tenuous correlation between rock composition and weathering depth. The
slope angles at the landslides’ prominent scarps (depletion zone) are steep (> 45 degrees) with altitudes of
approximately 270 m, 200 m and 470 m above sea level for Charlotte, Regent and Madina, respectively. Unlike the
Charlotte landslide, both Regent and Madina landslides are active, but geometrically, their area, length and run-out
distances have relatively high variance with a coefficient of variance equals to 1. Information derived from this work
can help understand the spatial variation in landslide characteristics and develop a susceptibility map.
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Introduction

Mountainous areas worldwide have the propensity to be
affected by landslides, and these events have continu-
ously caused fatalities and damages to property (Dai
et al. 2002; Corominas et al., 2013). Records have shown
the level of impact they have inflicted on several coun-
tries. In Italy, at least 263 lives were lost from mass
movement in nine years (1990-1999) (Guzzetti, 2000).
Two hundred landslides claimed more than 500 lives in
the Himalayas (Kumar et al, 2014). Two villages were
consumed by landslide debris, and 99 people were killed
along its run-out path in China (Xing et al. 2015). More
than 8800 fatalities and enormous economic losses were
caused by a 7.8 magnitude earthquake in 2015 in Gorkha
Nepal (Xu et al,, 2017). Therefore, knowledge of surface
characteristics, underlying geology and tectonic setting
of hilly and mountainous regions is crucial for alleviating
this global threat to humans, infrastructure and the
environment.

The hilly and mountainous central part of the
Freetown Layered Complex has documented more land-
slide events and caused colossal losses (UNDP and EPA,
2017; Bruce 2019) than any other place within the Lay-
ered Complex (FCC 2014; INTEGEMS 2017; Arup, BGS,
JBA, and INTEGEMS, 2018). One such incident was the
Regent landslide which affected the Sugarloaf Mountain
and claimed more lives (i.e.1, 100 people) than anywhere
globally in 2017 (Redshaw et al., 2019). These landslides
were produced under certain geologic, geomorphologic
and hydrologic conditions, which may reoccur. Studying
these characteristics to understand their relationships
with landslide incidents, will help the authorities make
informed decisions to mitigate such occurrences.

Studies by few researchers such as Delmonaco et al.
(2005); Chigira (2006); Nakano et al. (2015); Vipin et al.
(2018); Borrelli et al. (2018); Lupiano et al. (2018) and
Segoni et al. (2019), have shown that landslide events are
linked to the geology (rock types) and geomorphology.
Nugraha et al. (2015) mentioned that geomorphometric
characteristics have the most significant relationship with
landslide distribution. Research has also revealed that
landslide occurrence can be closely connected to an-
thropogenic factors (e.g. deforestation, slope undercutting
and construction) (Skilodimou et al., 2018; Cui et al. 2019;
Jin et al. 2020), and geological structures (Cerri et al.
2017).

Despite the socio-economic and geomorphologic im-
pacts of landslides (Ngeku and Mathu, 1999; Ngeku
et al. 2004; Jacobs et al. 2016), which are expected to in-
crease with global climate change (Nugraha et al.,, 2015;
Broeckx et al. 2018), studies are still rare in the Africa
continent (Maes et al., 2017, Broeckx et al. 2018), con-
sidering the available scientific literature (e.g. Knapen
et al. 2006; Van Den Eeckhaut et al., 2009; Kimaro et al.
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2010; Moeyersons et al., 2010; Nibigira et al. 2013; Msi-
limba 2010; Msilimba and Holmes 2010; Bouhadad et al.
2010; Ndyanabo et al. 2011; Che et al. 2011; Hardwick
2012; Broothaerts et al. 2012; Asma 2013; Maki Mateso
and Dewitte 2014; Afungang, 2015; Bourenane et al.
2015; Royal Museum for Central Africa, 2016; Maertens
2016; and Jacobs et al. 2016). Also, based on the data
presented by Broeckx et al. (2018) (i.e. an overview of all
mapped landslides by country), only 13 (25%) of African
countries are represented in the global landslide re-
search. The majority of them are recorded in the East-
African Rift region (Ethiopia, Uganda, DR Congo,
Tanzania, Malawi and South-Africa) and a few in the
northernmost regions of Maghreb country (e.g. Algeria)
and West Africa (Cameroon and Nigeria). These land-
slides are caused by two or more causal factors with
some characteristics common to most landslide sensitive
areas (Broothaerts et al. 2012). In West Africa, rainfall
primarily triggers landslide occurrences (Igwe 2015), and
these act more effectively by preconditioning factors
(rock type, deeply weathered soil, discontinuities and
steep slopes). These factors are crucial in explaining
their imprints on landslides and their observed spatial
pattern, and as such, their assessment is necessary. This
study attempts to fill the gap in landslide research in this
part of Africa, which centres on three significant slides’
comparative geology, tectonics and geomorphology
(GTG) characteristics.

In Sierra Leone, landslide knowledge is constrained
by minimal and restricted scientific landslide studies
(e.g. Thomas, 1983, 1994 & Thomas, 1998; Cui et al.,
2019, Redshaw et al., 2019; Lahai and Lahai Jr, 2019;
Jin et al. 2020), amidst a surge of landslides in its
capital city. This is supported by the exclusion of
localised landslide crises in the Global Landslide in-
ventories (e.g. International Emergency Database (EM-
DAT), the Global Disaster Identifier (GLIDE)) (e.g.
Monsieurs et al. 2018 and Broeckx et al. 2018), des-
pite its severe impacts. This indicates a shortage of
landslide knowledge in this part of the world. Exclud-
ing Thomas (1983, 1994 & 1998), records show that
the few available studies had focused on the Regent
landslide with much emphasis on the link between
the event and urbanisation than other factors. The in-
fluences of geology, geomorphology and geological
structures on landslide occurrences have neither been
studied nor well defined as landslide characteristic
data remain poor or nonexistent. Also, no attempt
has been made to contrast the country’s significant
landslides regarding their GTG characteristics to
understand their spatial features in the study area’s
spatial characteristics. This work, therefore, provides
the impetus for fulfilling this gap, through the sys-
tematic characterisation of the slides.
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In this work, three spatially distributed landslides at
Charlotte, Regent and Madina in the western area rural
district were considered. They occurred in August 1945,
2017 and 2019, respectively, with no record of seismic
activities. The main triggering factor was rainfall, which
was established by Froude and Petley (2018) in their glo-
bal database of fatal non-seismic landslides. Additionally,
the country’s seismic hazard level is very low, and
earthquake-triggered landslides would be extremely un-
likely within a 50-year return period (Arup, BGS, JBA,
and INTEGEMS, 2018). The landslides show marked
variation in form, scale and mode of occurrence, which
appeared to be significantly controlled by the geological
setting (e.g. Igwe 2015) and topography (geomorphic ele-
ments). As such, site-specific geological traces and geo-
morphologic reconstructions of the three slides based on
field surveys were undertaken. The data on GTG charac-
teristics, triggering and causative factors; soil type; failure
types and run-out distance obtained from the three
landslide sites were compared to facilitate a better un-
derstanding of the slides’ nature. This knowledge could
eventually be used to make a more accurate prediction
of landslide events within the area.

This study significantly contributes to the various
physical processes associated with regional hazard map-
ping and landslide inventory. The detailed, systematic
and localised data generated from the research could be
fundamental for policymakers and development practi-
tioners. This can also be shared with the Office of the
National Security (ONS) and other relevant institutions/
departments for consideration during the formulation of
any disaster-related Policy.

Study area

Introduction

The study focuses on the South-western part of the
country’s capital city, Freetown, characterised by dis-
sected and tropical landscapes (i.e. dissected peaks) with
considerable geomorphological evidence of old transla-
tional slides (Thomas 1994). Thomas (1998) initially
mapped these historic and ancient landslides, and the
British Geological Survey (BGS) later modified his work.
The three slides, which have been considered and
assessed, occurred in the mountain villages within this
study area. Specifically, they were inventoried and
mapped at Charlotte (8°42 N, 13°23'W), Regent (8°39"
N, 13°21'W) and Madina (8°42N, 13°21W) (Fig. 1), and
they are represented in Fig. 1 covering an area of ap-
proximately 47 km?.

The study area belongs to the 4th geomorphological
class of Sierra Leone, comprising hills of basic and ultra-
basic rocks. The area consists of steep slopes ranging
from 181 m to 901 m above mean sea level. One of the
two hills with the highest peak, Sugar Loaf Hill, which
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recorded the most devastating landslide, falls within the
study area. The southward extension of the Sugarloaf
Hill and adjacent ones (in the east and western part of
the hill) at Regent falls within protected forest highlands
threatened by encroachment due to uncontrolled urban
developments. This has made these hills subject to con-
tinuous slope failures/instability, which is further exacer-
bated by activities such as stone mining, sediment piling
along Regent-Madina Babadorie valley during the Regent
Landslide stabilization project by the United Nations Of-
fice for Project Services (UNOPS) and subsequent slope
collapse caused by slope undercutting (denuded hills
and more extensive valleys).

Climatologically, all the areas experience a tropical and
humid climate mainly controlled by the tropical air mass
affecting the entire sub-region (Taylor et al., 2014). The
climate of the Freetown Complex has characteristically
high rainfall of 3000-5000 mm/year (Bowles et al. 2017)
with an average exceeding 3500 mm (Sankoh and Yan
2013). Rainfall data analysis obtained from the country’s
Meteorological Agency indicates a higher amount of
precipitation from July to September, with the highest
rain recorded in August. This month is regarded as the
height of the rainy season with a mean of up to 1394
mm (Fig. 2). The rainfall condition that caused the Char-
lotte landslide was recorded beyond 1000 mm over 5
days and 400 mm in the 24 h preceding the failure (Red-
shaw et al. 2019). A total rain of 1040 mm of rain in 6
weeks (1 July -14 August 2017) tripled the seasonal
average for Freetown (Clarke 2017), which sufficiently
saturated the soil to trigger the Regent twin disasters
(Cui et al. 2019). The Madina event occurred following
heavy rainfall on 2 August 2019, which recorded ap-
proximately 187 mm of rain. Figure 2 shows the monthly
average rainfall for the years these landslides occurred.

In effect, the steep slopes and heavy rainfall, coupled
with shallow soils and intense weathering in the
Freetown Layered Complex make the study area suscep-
tible to slope failures both at the bedrock-regolith inter-
face and along planes of weakness (clay-filled joints).

Regional geological context

The study area lies in the Western Rural area and is part
of the Freetown-Layered Complex (FLC) of Sierra Leone.
It is a Mesozoic mafic intrusion (Goodenough et al.
2018) that is 65 km long, 14 km wide and 7 km thick in
dimensions (Chalokwu 2001). It forms part of the West
African Craton, bounded to the east and west by the
Pan African-aged mobile belts (Ennih & Li geois 2008;
Schluter & Trauth 2008). The study area is in the Ar-
chaean craton’s central core but is now separated into
the Liberian craton in Africa and the Guyana Shield of
northern South America (Hattori et al. 1991). Chalokwu
et al. (1999), noted that the complex intruded at mid-
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crustal depths within the metamorphic terranes of the
Kasila Group, which is part of the Rokelide orogenic
belt. In effect, this Rokelide Proterozoic mobile belt
serves as the emplacement site for the FLC (Callegaro
et al. 2017), in which linearity and trend coincide with
an igneous origin closely related to Atlantic rifting and
early movements along the Guineé Fracture zone
(Venkatakrishnan and Culver, 1989).

In terms of tectonic fabric, four main lineament trends
(NNW-SSE, N-S, NNE-SSW and ENE-SSE) have been
identified in Sierra Leone (e.g. Venkatakrishnan &
Culver 1989). This was done by interpreting Landsat im-
ages and integrating the result with available geological
and geophysical data from Sierra Leone’s offshore and
onshore regions. These lineaments are directly linked to
the Archaean fabric in the Leo Uplift. Their patterns re-
late to intraplate and plate marginal reaction of pre-
existing structures during Mesozoic rifting events that
resulted in strong tectonic controls on magmatism
(Venkatakrishnan and Culver, 1989). Far inland intra-
plate deformation accompanied rifting events, evident by
the four lineament trends, on which are focused
Mesozoic magmatic events through protracted reactiva-
tion, spatial and geometric relationships between the
magmatic provinces and tectonic fabric. The ENE-WSW
trending Ocean fracture zones centred on the early
Jurassic FLC and the angular relationship with the
Permo-Triassic NE trending Guinea Belt and the
Jurassic-Triassic NW-SE trending coast-parallel dykes,
suggest that Sierra Leone-Liberia continental margin
evolved as an obliquely-sheared, rift-rift-transform passive
margin during Mesozoic continental breakup. Locally, the
main fracture zones correspond to Babadorie—Orugu and
Samcofam valleys.

Excluding the Cameroon volcanic line-associated with
heat flows, most of West Africa has been seismically in-
active, which is related to the underlying stable and
canonised shields (Goki et al. 2020). Instability is only
experienced at the eastern fringes, where older rocks
were rejuvenated by orogenies created by the 600 Ma
Pan-African event. Sierra Leone is placed at an appre-
ciable distance from the transform faults, and as such,
there has been no record of tremor and any form of seis-
mic activities.

Methodology

Field survey

The field surveys were preceded by analysing Google
Earth images (earth imagery —accessed in 2019), which
generated preliminary information on the landslides.
The fieldwork took place over 5 days (between August
and November in 2019) alongside an aerial survey con-
ducted by Track Your Build (TYB, 2019), Sierra Leone
Limited. UNOPS contracted them to join in on an
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assessment of the Madina landslide by the ONS-
Technical Pillar team. At least a day was spent on each
of the three landslide sites on field observations and
mapping of the scars’ geometric configuration, which de-
pends on the terrain conditions.

Landslide bodies were mapped from crown to toe of
rupture, applying a similar approach presented by
Aleotti and Chowdhury (1999) and Igwe and Una
(2019). Each slide’s centre coordinate was determined
using a Garmin eTrex-10 Geographic Positioning System
(GPS) receiver using Universal Transverse Mercator
(UTM) Zone 28 N, WGS 1984 as the standard reference
system. Additional GPS coordinates were collected at
the landslide scars’ toe and margins using the same
method mentioned above. The slides were described and
classified following Cruden and Varnes (1996) and
Hungr et al. (2001), based on their morphological char-
acteristics. The slide area (Ap), perimeter (Pr), width
(W), length (L) and scarp height (Hs) were obtained
by tracking landslide scars with a GPS and a 100 m grad-
uated surveyor’s tape, which validated those derived
from Google EarthPro. The volume (Vp) of displaced
debris or generated material was estimated applying the
method presented by Adegbe et al. (2014).

During the post landslide geological surveys, hand
samples of rocks were described, and geological struc-
tures (cracks/fractures, joints and faults) within the land-
slide area were identified and reconstructed. Handlens
(lobe) enhanced mineral identifications, and the discon-
tinuities’ location on the landslide main bodies and adja-
cent places were recorded. Their attitudes (strike
direction, dip angle and dip directions) were determined
using a Silva compass and clinometer. These lineaments
were compared with the regional lineament distribution
map of Freetown, produced by using automatic align-
ment identification tools from data provided by Cynthia
Linero Molina and the British Geological Surveys (BGS).
They are believed to be closely associated with intraplate
and plate marginal reaction of pre-existing structures
during the Mesozoic events. Other recorded features/pa-
rameters are layering and dip of rocks, weathering pat-
tern and depth, boulder dimensions and soil types.

The landslide geomorphic features such as slope an-
gles, slope aspects and elevations, head scarp, landslide
height (the difference between the upper slope (crown)
and slope base (toe) elevations) were determined using
the Silva-type compass/clinometer, contour maps and
the handheld GPS. This method’s slope gradient was val-
idated by the result of 2D orthomosaic analysis for the
Madina landslide, which generated a similar slope angle
range. These data present information necessary for un-
derstanding the susceptibility of the land surfaces af-
fected by the slides. Finally, a schematic cross-section
was drawn for each landslide in the field to display a



Lahai et al. Geoenvironmental Disasters (2021) 8:16

better understanding of the morphology and representa-
tion of underlying geology and tectonic fabrics. The
Digital Elevation Model (DEM) established the relation-
ship between the surface elevation and the slide
distribution.

Laboratory tests and data analyses

Tests were conducted on representative rock (grab)
samples and the resulting landslide-prone soils in la-
boratories at the National Minerals Agency (NMA)
and the respective Department of the Sierra Leone
Road Authority (SLRA). The rock samples were cut
into two halves using a slab cutter, with one-half used
to prepare thin sections of 30-um thickness and the
other half used for hand-held X-Ray Fluorescence
(XRF) analysis. Bulk samples were collected from each
of the landslide areas at a depth of about 1.5m for
the soil tests, such that the matrix excluded boulders
and cobbles. They were used for the determination of
particle-size  distribution (PSD) wusing the sieve
method. The consistency limits of each sample’s fine
were obtained by applying the Casagrande method
and distinguished as either clay or silt using the
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Casagrande plasticity chart. The laboratory-derived
Atterberg Limits, together with the Cassagrade plasti-
city chart, aided the landslide-prone soils’ classifica-
tion according to EN ISO 14688-2:2018 (Geotechnical
investigation and testing - Identification and classifi-
cation of the soil) as presented in Table 3.

The thin sections were analysed using a Carl Zeiss
Polarizing Microscope-Axioscope Al to evaluate their
mineralogy, texture and structural characteristics. The
XRF determined the elemental percentages in each of
the rock samples. Together with other field and
laboratory-derived data, this information was used to
generate a detailed geologic map of the landslide area
and surroundings using the Quantum GIS (QGIS) soft-
ware. This Petrological characterisation formed the basis
for assessing the various landslide area’s underlying lith-
ology and their relationship with the landslide occur-
rences. Using the same software, DEM was created by
digitising the 20m contour lines of the map with a
spatial resolution of 33 m maintained. The relationship
between the slides and land surface characteristics (e.g.
elevation in this case) was established by plotting their
GPS point coordinates on the DEM.
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Results and discussions

Geology, tectonics (structural discontinuities) and
geomorphological characteristics

Geological characteristics

Norite and Olivine gabbro of the Freetown Layered
Complex underlie the landslides (Fig. 3). Norite is the
bedrock for the Charlotte landslide whilst olivine gabbro
(medium-grained rock) underlies the Regent and Madina
landslides. Both these rocks have a dip of about 64° in
the NNE direction. The norites are usually coarse-
grained, whilst the olivine gabbros have medium-grains.
The norites are usually weakly foliated. Dolerite, which
is texturally and mineralogically distinct, is well exposed
at the Madina landslide and occurs as discordant bodies
within the host rock (Fig. 3). They dip between 20° and
40° in the southwest direction.

The norite consists of plagioclase (62.5%), pyroxenes
(30%) with augite and clinopyroxene constituting 28.5%
and 1.5% respectively, iron oxides (5%), and others
(2.5%) (Fig. 4). About 95% of the pyroxenes are augites
(orthopyroxene), showing parallel extinction, and
clinopyroxenes make up about 1.5%. The pyroxenes and
olivines are subhedral, and a section from the Madina
landslide shows anhedral olivine grains. The Olivine
gabbro consists of plagioclase (40%), Olivine (30%), pyr-
oxene (20%), mainly clinopyroxene, opaque minerals
(4%) and others (6%) (Fig. 4). The pyroxenes and olivines
display subhedral grain boundaries.

Page 7 of 17

According to the XRF analysis results, the Regent
and Madina landslides’ bedrocks have relatively higher
iron content and lower silica (Si) and aluminum (Al)
than the Charlotte landslide (Table 1). The elemental
distribution within the soil, especially Fe and, to a
lesser extent Manganese influences the soil colour
(Owens & Rutledge 2005).

The bedrocks of the landslides and their constituent
mineral types are prone to rapid and deep chemical
weathering by hydrolysis, to produce weakened clay-rich
fractured rocks and soils. The weathering profiles have
variable depths that are visible at the landslides’ ridge
tops. They are estimated at 3.5m, 12m and 1.3m at
Charlotte, Regent and Madina landslides, respectively.
The specifics of both flanks of each of the three slides
also differ in pattern and thickness. For instance: Char-
lotte east flank, the adjacent second bench is = 18 m
thicker (Fig. 5a); the Regent east flank has a relatively
thin regolith ranging from 1 to 5 m (Fig. 6a), and Madina
shows thicker weathering at both landslide flanks than
the crown (headwall) (Figs. 7a).

Generally, the soil types covering all the landslide areas
are similar and formed directly from the chemical alter-
ation of the parent gabbroic rocks. They are gravelly and
ferralitic soils with shallow soils on moderate to high re-
lief hills. Field logging and particle-size distribution
(PSD) tests, conducted on the soil at the SLRA Materials
department laboratory, yielded the results in Table 2.

Fig. 4 Thin sections of the rock types underlying the landslide areas (Magnification: X5). a-a” norite (Charlotte); (b-b’) Olivine gabbro (Regent); (c-
c) Olivine gabbro (Madina). The top images are under cross-polarization, whilst the bottom ones are under plane polarization. OL: Olivine; OLI:
Olivine with cracks and plagioclase inclusions; OPX: Pyroxene; Opg: Opaque minerals; PLAG: Plagioclase
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Table 1 Handheld-XRF analysis results of rock samples from the three slides

Landslide (Sample ID)

Charlotte Landslide (S1-CH)

Regent Landslide (S2-RT) Madina Landslide (S3-MD)

Rock type Norite Olivine gabbro Olivine gabbro
Elements (%)

LE (Light Elements) 4567 46.50 42.89

Si 23.08 22.30 2264

Ca 1527 1647 19.58

Al 11.83 9.54 8.15

Fe 240 331 4.57

Mg 075 097 157

Others (Ti, Mn, Sr,V, Ni,Cu, Zn, Th,Nb, Zr) 1.00 041 0.60

The PSD analysis for the Regent landslide is similar to
the one reported by Redshaw et al. (2019). The fine (clay
and silt) content slightly exceeds that of the gravel, and
this situation increases for the Charlotte and Madina
landslides than the Regent landslide.

The PSD analyses, coupled with information on the
consistency limits (Fig. 8) of the soil samples, have en-
abled soil distinction and consequently influenced the
soil type (Table 3). The thickness of soil and rock weath-
ering profiles at the three sites is locally affected by bed-
rock texture, geochemistry, mechanical discontinuities
(joint pattern, faults and shears) and the degree/depth of
lateralisation and saprolite development (Redshaw et al.,
2019). Not only do they vary in colour and thickness,
embedded in them are boulders of varying diameters,
implying the effects of joint patterns on weathering. This
is much pronounced at the head scarp (crown) of the
Regent landslide.

Tectonic characteristics (structural features / tectonic
fabrics)

Surface discontinuities and lineaments are tectonic fea-
tures used to describe fractures/cracks joints, and faults

as these linear structures are a mirror image of subsur-
face conditions (O’Leary et al., 1976). The formation of
most of these tectonic fabrics on the landslides and their
surroundings is related to intraplate and plate marginal
reaction of pre-existing structures during the Mesozoic
events.

Discontinuities on the Charlotte landslide scar are not
exposed due to the growth of vegetation and sediment
accumulation on relatively planar sections of the land-
slide area. However, springs/creeks in open joints, ob-
served during field surveys are indicative of subsurface
discontinuities. Similar studies have supported the link
between groundwater and the presence of subsurface
lineaments, which manifests on the surface as springs or
water seepages in open joints (e.g. Lattman and Parizek
1964; Sander et al., 2005; Jha et al. 2007; and Al-Nahmi
et al,, 2016). They run closer to both flanks and beneath
the second bench, with a general strike in the SW-NE
direction, corresponding to the slope aspect. Pronounced
on the eastern side is a longitudinal valley, which post-
dated the slide. Attached to the prominent joints repre-
sented as stream channels are minor networks (trellised)
of open joints with water seepages especially during the

(white and black dashed lines) depicted by spring flows in open joints

Fig. 5 Charlotte landslide conditions (a) Revegetated scars with regolith section at the right flank and prominent valley; (b) Lineament traces
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Fig. 6 Regent Landslide (a) variable weathering profile depth at ridge top; (b) different lineament pattern on slide body distinguishing the upper
from the middle scar. The NNW-SSE marginal lineament represents a potential failure surface

.

J

rainy season. The water seepages were noted spouting The Regent landslide is characterised by several dis-
out on the slide’s body, and this situation was confirmed continuities (dense lineaments) particularly on the main
to be seasonal by residents of the Charlotte community. scarp, with the most prone zone having WNW-ESE
The lineaments were traced and represented as black  weathered fractures. The joints are open, have variable
and white solid dashed lines in Fig. 5b. dip amounts (15-40 degree NNE), and the orientations

Note: | View of ing Wall at i tomeh L |
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Fig. 7 Madina Landslide (a) lateral movement of the headwall along pre-slide shallow lineament, which disappear on the scar surface; (b) well-
labeled sketch of the plan view

.
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Table 2 Particle-Size distribution analysis on soil samples of the three landslides

Landslide ID Percentage of Particles (%)

Gravel Sand Fines

(63 mm - 2mm) (2 mm - 0.063) (< 0.063)
Charlotte Landslide (S1-CH) 189 40 411
Regent Landslide (S2-RT) 31 35 34
Madina Landslide (S3-MD) 42 22 36

are parallel to the slope face (NNE-SSW). These linear
fabric elements are consistent with the weathered sheet
joints described by Redshaw et al. (2019), which led to
the combination of translational (planar) and wedge slid-
ing along discrete pre-existing bedrock discontinuities
(Fig. 6b). The marked change observed in the dip and
joint patterns differentiates the upper from the lower
main scarp, and they may have effectively daylighted at
the mid-slope to form a bench of 200 m wide. Water
seepages coming out from the depletion zone, in open
joints/ fractures were observed during field exercises. Be-
neath the landslide’s main scarp is a weathered NNE
joint/fault zone with a dip between 45 and 50 degrees. A
new fracture (NN'W-SSE) is present adjacent to the main
scarp on the western flank (unaffected part of the west
flank slope) and extends from the hill’s top to the sub-
parallel bench. The fracture will most likely form the
next sliding plane if triggered by the next event of rain-
fall (Fig. 6b).

Unlike the other slides, Lineaments/discontinuities are
absent on the Madina landslide’s main surface (Fig. 7a).
This rainfall-triggered landslide occurred due to shallow
colluvial soil and the tension cracks behind the slope’s
edge, and these do not persist on the scar after debris

dislodge. The slide has had consistent failures along pre-
existing cracks that also extinct on the landslide’s body.
The failures caused lateral extension of the headwall/
flanks, which eventually generated shallow cracks on ad-
jacent surfaces. A typical example is the WNW-ESE
cracks (approx. 7m apart) on the hill slope, running
from below the structure (dwelling house) above (8%44’
Nand13%23’ W) to the landslide area. These cracks are
also found on the floor of the structure above, as seen in
Fig. 9d. They are most likely to form the next temporary
sliding plane for any subsequent earth movements. As
failures occur, the cracks disappear on the slide surface,
indicating that they are not deep-seated discontinuities
in contrast with those on the other slide scars (joints
and cracks are confined within the weathered zone).
Further field surveys in the Madina landslide’s imme-
diate surroundings (hilltop, adjacent slope areas and the
landslide toe) uncovered multiple surface discontinuities
on outcrops and soil (regolith). They are readily recog-
nised on rocks with the occurrence of spring seepages.
On the soil surface, they are perturbed by the soil’s
thickness, making their field distinction challenging. A
significant fracture zone (1500 mm wide) was mapped
trending in the ENE-WSW direction with an inclined

70

Plasticity Index (PI) (%)
[ w ES 9] (=)
[—] (—] [—] (=] [—]

[
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S2-RT  e=@==S1-CH
Fig. 8 Plasticity diagram distinguishing the fine-components of the slides’ soil samples (— according to EN 1SO 14688-2:2018)




Lahai et al. Geoenvironmental Disasters

(2021) 8:16

Table 3 Comparative GTG Characteristics of the Charlotte, Regent and Madina landslides
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Landslide ID Geological Geomorphological Tectonic Triggering Causative Soil Failure Type
Condition (terrain) Condition Fabric Factor Factor Type
Charlotte Rock type is Elevation: 270 m; Longitudinal Rainfall, Rock joint Clayey Composite type (Rock fall &
Landslide (S1-CH)  Norite with an  Slope angle: 45°& open cracks Orugu orientation gravel Rotational)
altitude of 320 Slope aspect: NE. (NE-SW) on stream and Clay rich  (Low
/40 SW. The 4+ m regolith  both flanks of  erosion & layer towards  plasticity
section on the right  the landslide urbanisation the bedrock.  clay)
forms immediate and trellised This zone is
post slide gully open joints (< overlain by
2.5cm) with porous and
running water permeable
attached to regolith.
them.
Regent Landslide  Olivine gabbro  Elevation: 470 m; Jointed rock Rainfall & Geology Silty Translational &Wedge-
(52-RT) (OG with Slope angle: 60°& with two urbanisation (Slide prone  gravel typesliding(Broadly
Dolerite dykes.  Slope aspect: N different joint zones linked  (Highq12  deepseatedtranslationalslide
It is slightly orientations or to plasticity
weathered to more (NNW- weathering silt)
fresh. = 10m SSE & NNE- along WNW-
upper part of SSW) caused ESE joints)
the rock is two phases of and steep
weathered. failures. slope (> 599
Rock altitude:
320/ 40 SW
MadinaLandslide(S3- Olivine gabbro  Elevation: 200 m; No visible Rainfall, Combination  Silty- Shallow Translational slide
MD) intrudedby Slopeangle: 540& lineaments stone of shallow Clayey
Dolerite Slopeaspect: SW. (fractures/cracks mining & colluvial soil  gravel
dykes.Shallow Debrisbulge at slide and joints) on  Slope and presence (High
colluvial soil toe andsedimentary the main body. excavations of tension plasticity)
of=13m at pile T m tothe NW- cracks
headscarp, SE valley(fault zone) behind the
which thickens edge of the
at flanks.Rock slope.

altitude is290/
60NNE

dip of 62 degrees. It post-dated the slide and now ex-
tends from the landslide bulge (formed by accumulated
debris) down to the adjacent hill's foot, towards the
Babadorie valley (A shear zone). Attached to it are nu-
merous extensional cracks (tension gashes in soils, paral-
lel and sub-parallel with the main lineament), with
variable trends and width (102 mm to 155 mm) formed
by tension stresses and aggravated by the slide move-
ments (Fig. 9 a-b). The depth of lineaments in Charlotte
and Regent landslides’ subsurface and all the landslides’
immediate surroundings were not determined. Future
studies in this regard will explore the recently country-
wide airborne geophysical data to extract the lineaments
and determine their depths within the Freetown-layered
Complex.

Geomorphological characteristics

Three major geomorphologic elements are considered
here, i.e. elevation, slope angle and slope aspect. In
addition to the three parameters, the depth of head scarp
(scarp height) and landslide height were determined and
assessed as part of the geomorphological features docu-
mented in Table 4. Elevation and slope gradient vary
along both flanks of the landslides, with the highest

recorded values in the upper scarps and the lowest at
the toes. Elevation ranges from 174 m — 270 m for the
Charlotte landslide, 267 m — 470 m for the Regent land-
slide and 162m — 200 m for the Madina landslide. All
elevation readings were taken regarding sea level, and in
this case, they are all above sea level. The slope angles
determined at the epicentres of Charlotte, Regent and
Madina landslides are estimated as 45, 60 and 54 de-
grees, respectively (Table 3). Like the elevation and slope
gradient, which vary among the three slides, the slope
aspect also follows a similar trend with the Charlotte
landslide initiated on the northeasterly facing slope. The
Regent landslide affected the north-facing slope, and the
south-western facing slope hosts the Madina landslide.
The field elevation data are consistent with those ex-
tracted from the Digital Elevation Model (DEM)
(Fig. 10b). The slope value obtained at the Madina de-
pletion zone was validated by the slope result generated
from the orthomosaic analysis done by Track Your Build
(TYB). The analysis established the reliability in using a
clinometer integrated into the Silva-type compass for
slope angle determination.

In addition to the GTG descriptions, schematic cross-
sections or longitudinal sections through the slides have
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Fig. 9 Lineaments away from the main body of Madina landslide (a-a’) tension cracks with varying widths in the north-west and adjacent to
landslide; (b-b") major fracture zone with displaced rock fragments; (c) open joint on rock exposure adjacent Madina landslide area; (d) cracks on
the floor of the building-35 m away from the epicenter of the landslide (Sillah et al, 2019)

revealed a visual morphological understanding of each of
the landslides (Figs. 11, 12 & 13). The schematic dia-
grams represent their underlying geology and tectonic
fabrics/signatures on slide bodies, and the relationship
between the slides and the linear fabrics are also shown
in Fig. 3. The relationship between the slides and the lin-
ear fabrics is also shown in Fig. 3. The Regent landslide’s
cross-section is an updated/modified pre-existing cross-
section of the Regent landslide done by Redshaw et al.
and Lahai and Lahai Jr, 2019 (Fig. 12).

Conclusions and recommendations

Conclusions

Landslide characteristics constitute the required data
needed to produce a landslide susceptibility map, neces-
sary for engineering designs and overall disaster

management. This work presents an understanding of
the landslides” GTG characteristics, and they have been
tabulated together with their geometric parameters for
simplification and to enhance comparison.

The rock types played a significant role in the rainfall-
triggered landslides, as they underwent intensive weath-
ering to form thick soil profiles observed at landslide
ridges and flanks/headwalls. However, the compositional
variation of the underlying bedrocks is not the dominant
factor influencing the distinct weathering patterns at the
head scarps and flanks. For instance, there is a notable
difference in the soil thicknesses (soil profile) at the
Regent and Madina landslides’ ridge tops despite them
having the same composition. The Charlotte landslide
has a thicker flank than the others’ sides despite its
lesser mafic composition (mafic silicates like olivine and

Table 4 Geometric Parameters of the Charlotte, Regent and Madina landslide

Landslide ID  Slide length (m) Slide width (m) Slide area (m) Slide Vol. (m®) Scarp height (m) Landslide height (m) Run-out dist. (m)

Charlotte 329 84 27,750 97,124 35 96 400
Regent 499 200 99,759 598,556 6 203 6000
Madina 72 265 19,053 24,769 1.3 38 148
Average 300 183 48,854 240,149 4 112 2183
St. deviation 215 92 44,299 312,490 2 84 3308
cv 1 2 1 1 2 1 1
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Fig. 10 a Regional Slope and historic landslide map of Freetown showing study area (Source: NMA, 2019); (b) DEM of study area projected from

pyroxene tend to weather much faster than felsic min-
erals like quartz and feldspars). Soil thickness is linked
to the weathering pattern, which is affected by the joint
pattern. Such a joint-controlled weathering pattern is
observed at the head scarps, with the soil profile con-
taining submerged rounded and sub-rounded boulders/
corestones.

The lineaments on the landslide bodies and adjacent
surfaces correspond to regional trends, and the margins
and failure patterns are influenced by each landslide
area’s localised lineament pattern. They vary from one
scar to the other in terms of their density, nature and
characteristics, indicating different structural geological
conditions. Unlike the Madina landslide, lineaments
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Fig. 11 Schematic section showing the morphology, lithology and tectonic indicators of Charlotte landslide
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persist on the other landslides’ bodies and seem to pene-
trate the subsurface. The Regent landslide’s main scarp
has dense lineaments from which water seepages drain
from open joints during the rains. These springs repre-
sent the groundwater source, and together with the
depth of rupture (5-10m), they are deep-seated frac-
tures. Similar open fractures with running water on the
second bench are also observed on the Charlotte land-
slide. As noted by Redshaw et al. 2019, the basal control-
ling discontinuities may have effectively contributed to
the formation of benches on the Charlotte and Regent
Landsides.

The landslides occur on highland areas (>200m a.s.l)
with steep gradient >45 degrees. These parameters are
the most important geomorphological factors used for
assessing slope stability, and they reduce along the slope
and flanks from up (upper scarp) to down (toe). Exclud-
ing Madina landslide, relatively two wide benches (11 m
and 13 m in width) were formed at Charlotte landslide
and one bench (15m) at Regent slide. All the benches
are sub-horizontal, creating a planar platform for accu-
mulated boulders and debris.

Recommendations

Further work involving geotechnical drilling and investi-
gation is required to provide deep-seated structural in-
formation (deep-seated fractures/cracks, joints and
faults), knowledge of secondary minerals (e.g. clay)
present in the joints and additional characterization of
the slope soil/material. This would reveal their extent in
the subsurface, and indicate the failure surface and
threshold level for landslide occurrence. If available, the
airborne geophysical data could be processed to extract
the lineaments and estimate their depths in the
subsurface.

The preparation of a landslide susceptibility map of
the area using GTG characteristics and other factors is
crucial for Landslide Disaster Management. This demar-
cates safe and unsafe zones suitable for engineering de-
signs, and it will be useful for city planning.

The Global Environmental report in 2017 ranks Sierra
Leone as the third most vulnerable country to the effects
of climate change, evident by landslide and flood events
every year. To minimise fatalities from these hydro-
related disasters such as this, the government should
utilise funds from development partners to effectively
establish Rain gauge stations at various zones within the
Freetown complex. This generates information on the
variation in rainfall density from which the threshold
level for antecedent rainfall that may cause landslides
can be determined. This information is vital in giving
advice and early warning to appropriate authorities for
intervention.
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