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Abstract

Geomorphologic investigations were undertaken in the Kopongo region, located in the northwestern margin of the Congo cra-
ton. The study carry out on the Kopongo, a portion of the Cameroonian passive margin (3°53-4°05'N, 10°06'-10°19'E), aims
to examine the topographic and hydrographic anomalies through the use of geomorphic indices combined with geographic
information systems, field observations, and literature data for the categorization of the relative index of active tectonics.
Geomorphic and morphotectonic evaluations of this area have been carried out by implicating different geomorphic indices
such as hypsometric parameters, relative tectonic uplift, basin shape, asymmetry factor, bifurcation ratio, and valley floor
width to valley height ratio. The results obtained show that the region includes areas of high (14.89%), moderate (72.71%),
and low (12.33%) tectonic activity zones. This inequitable distribution of the relative tectonic activity is caused by varia-
tions of tectonic uplift (0.16-0.68) and tilting (0.06—-35.6). A strong correlation is seen between structural patterns and field
morphotectonic indices such as river and channel anomalies, V-shaped valleys, hill tiltings, and young topographies. This
indicates an influence of neotectonic uplift rates dating from the Cretaceous to the Quaternary. The origin of neotectonics
along this passive margin correlates with the high volcanic activity along the Cameroon Volcanic Line, which is a conse-
quence of the mechanical behavior of the lithosphere beneath West-Central Africa. The Kopongo area is more influenced
by high and moderate tectonic activity. Thus, it appears that this area has been rejuvenated due to interactions with climate,
lithology, and neotectonic activities.
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Introduction

The genesis of landscape features at the regional and local
scales is interplayed among climatic conditions, geological
formations, and past and recent geological events. Therefore,

Responsible Editor: Stefan Grab

P4 Thierry Abou’ou Ango
abououangothierry @yahoo.fr

Department of Earth Sciences, Faculty of Science,
University of Yaounde I, P.O. Box 812, Yaounde, Cameroon

Compagnie Miniére du Cameroun, BP 35561, Yaoundé,
Cameroun

3 Institut de Recherches Géologiques Et Miniéres, BP 4110
Nlongkak, Yaoundé, Cameroun

Department of Civil Engineering, ETSICCP, University
of Granada, Campus Fuentenueva S/N, 18071 Granada,
Spain

the used of geophysical data, satellite images, and geomor-
phic anomalies in various geodynamic contexts is applied to
evaluate tectonic activity (El Hamdouni et al. 2008; Amine
et al. 2020; Ezati et al. 2021). Otherwise, the tectonic evolu-
tion of any drainage system morphologies shows that rivers
and topography with their recognizable patterns correspond
to new analytical and modeling tools used for the study of
tectonic which is active. After the success of geodesic and
dating methods, morphotectonic analysis, structural geology,
and seismology are other methods used in the acquisition
of anomalies from tectonic, it conclude uplift, incision, and
erosion rates (e.g., Burbank and Anderson 2001; E1 Ham-
douni et al. 2008; Bathrellos et al. 2009). The processing
and analysis of geomorphic indices at different scales and
environments played an important role in the investigation
of landscape and river systerms (e.g., Bahrami et al. 2020;
Abou’ou Ango et al. 2021).

Currently situated in the southwestern part of Cameroon,
the Kopongo site is developed within the Western Central
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African region well-known as a sedimentary unit deposited
along a humid passive margin portion (Owona 2008). Due
to the lack of a full suite seismotectonic landscape data in
the numerous localities worldwide, it is evident that many
researchers are using multiple geomorphic indices in order
to measure, identify, and delineate regions of anomalously
low to high deformation rates. At the south-western regions
of Cameroon, these seismic activities occur along or close
to the major tectonic structures and the Cameroon Volcanic
Line (Fig. 1c; Gaelle Nana et al. 2021; Ndibi et al. 2021).
The quantitative analysis reported here constitutes signifi-
cant investigations through geomorphologic indices (Tables 1
and 2) and fieldwork in order to improve the understanding of
the tectonic control, the role played by lithologic variability, and
climatic changes on the evolution of the landscape in Kopongo.
Several reports have shown the importance of using geophysi-
cal data, satellite images, and geomorphic anomalies in various
geodynamic contexts to evaluate tectonic activity (E1 Hamdouni

et al. 2008; Amine et al. 2020; Ezati et al. 2021). However, the
tectonic evolution of any drainage system morphologies shows
that rivers and topography with their recognizable patterns cor-
respond to new analytical and modeling tools used for the study
of active tectonics. After the success of geodesic and dating
methods, morphotectonic analysis, structural geology, and seis-
mology are other methods used in the acquisition of anomalies
from tectonic, conclude uplift, incision, and erosion rates (e.g.,
Burbank and Anderson 2001; El Hamdouni et al.2008; Bath-
rellos et al. 2009). The processing and analysis of geomorphic
indices at different scales and environments played an important
role in the investigation of landscape and river systems (e.g.,
Bahrami et al. 2020; Abou’ou Ango et al. 2021).

Currently situated in the southwestern part of Cameroon,
the Kopongo site is developed within the Western Central
African region well-known as a sedimentary unit deposited
along a humid passive margin portion (Owona 2008). Due
to the lack of a full suite of seismotectonic landscape data

10°6'0"E

10°9'0"E

()

493'0"N

4°0'0"N

10°0'0"E

5°0'0"N

3°57'0"N

10°6'0"E

4°0'0"N
4°0'0"N

3°54'0"N

10°12'0"E 1 10°18'0"E

3°54'0"N

10°12'0"E 10°15'0"E 10°18'0"E

@© Locality

3°0'0"N

~~~~— Contour

Agm= River

Chad Lack

10°0'0"E 11°0I'0"E

Fig. 1 Kopongo geographical position: a map illustrating Africa and Cameroon. b Cameroon. ¢ SW-Cameroon with the Kopongo sub-divisions;

‘ Atlantic Ocean

D Study area Mﬂgmtu<dle

— Faull
[ istrict [1-2f P>
[2-3[ w E

\\\ Shear zone

o

- Sanaga maritime m Cameroon Volcanic Line o B s
SW-Cameroon E;  Swath profile O [43[
Relief @) [5-7 Hill shade

l:l Cameroon boundary ~ Value N Value N

High : 601 High : 254

! L

- Africa

Low :51.1 Low: 0

il

LF, Loloma fault; NF, Ngombe fault; SF, Sanaga fault; and KCSZ, Kribi Campo Shear Zones. d Kopongo area

@ Springer



Page3of26 175

Arab J Geosci (2023) 16:175

KJIAT)OR OTUOIO9)

MO[ “9INJBU UT JB[NOIIO AIOW ‘07" T >Sg > [T T:€ SSBD %
¢K)IATIO® D1U0)09) 9JeIOPOW “AINjeu

ur paje3uo[e-qns 0} pAjeSuo[d ‘9L [ 5SS [T 1:T SSID
¢KITATIOR DTU0}O9)

Y31y ‘arnyeu ur pajeSuo[d ‘gz e >SS > LL'T T SSB[Dx
QouopIsqns prIw

10 1J17dn 51U0)99) MO[ 0 AJRIIPOUL ‘€°()> () € SSBID x

“yrrdn 0100109 YSTY ‘90> 1> €°0 T SSBID

S1dn o1u03993 Y31y 104 ‘9°0 <] 1] SSBID

7107 uen3eo[n) pue pooWyBA

LT0T 'Te 10 Tewmny Aefy

(o—ey "31) sossaoo1d [euorsors 3uons Yim

PIRIOOSSE SPAUSIANEM PO SSAIAXD SIAIND ABIUOY) 4
£59559001d [BUOTSOIS QJeIopOW

) JO 20UINPU] JOPUN SBAIE Y} MOYS SIAIND Padeys-§
£S109JJ0 [BUOISOID Yeom 0) PIIBIOOSSE PIYSIdjem

Funok 9AnIOr S9JBOIPUT 9AIND JINAWOSAAY XOAUOD VY 4
‘paysIarem ay) jo (onel
BOIR UISEQ 810} “V//B) IR 9ATIR[I Y} pue (0nel JySioy

uIseq 1303 ‘H/Y) 1YS1oY 9ATIR[I Y} U99M)Iq OFRl ) ST 4
Y319y Ure)Id

9661 IWUIJ PUB IS[[OY B 9A0QE BAIe 90BJINS JO 93ejuadiad ay) 03 spuodsario)) .

2ATIOBUT/K)TATIOR OTUO}OJ) MO] ‘G'() > TH > 0 € SSB[D %
{A)1ATIOR D1U0109) 9)BIAPOW ‘GG°() > IH > G0 T SSBIDx

800 T¢ 10 Tunopwiey [gq $KATIOR D1U0303) YSIY ‘T > TH > 66°0 T SSBID«

(3% 31y
A[oAT30adsaI ‘YIpIm WNWIXEW Y} Pue ‘YISUS wnur
-IXewW 2y} 0) puodsariod mg pue [g IYM Mg/[d =59 sq
PAySIofeM UTRW A} JO UOT)BAJ[O WNWIXBU
9} 0} PIZI[BULIOU PUE BAIE A} JO %()G SULIDA0D UOT)
-BAQ[Q 9]} WOIJ PAuTLIqO PaysIdem-qns ) Jo JyIoy
93e10A®R 9} PAIAPISUOD ST WZ ‘AUIYM (TH-1) +WZ =

odeys uiseg 4

N xopur yrdn o1u030d) PANE[SY €

/ oH oAmd opowosdAy 7

U319y WNWIUTW = Uruy,

‘(w) urseq a2y} Jo JYSIoY WNWIXBW = XBW
QYA ‘(uruz-xewy) /(ururz-uedwy) =14 H reidour otowosdAyg |

SOOUAIAJIY S98SB[D)

euIo [OqWAS s1joweIe ON

mye1d)1] snoraaxd Sursn sao1put o1ydIowods Jo uore[no[ed 9y} J0J pasn Se[nuwio] | d|qeL

pringer

a's



175 Page 4 of 26

Arab J Geosci (2023) 16:175

Table 2 Formulas used for the calculation of geomorphic indices using previous literature

No Parameters Symbol Formula Classes References
1 Asymmetry factor AF AF=100(Ar/At) Where At cor- * AF <50, suggests uplift processes  Keller and Pinter 2002
responds to the total area of a affect the left sides of the river
watershed while Ar represents system;
the area on the right side (facing * AF equal or close to 50, shows that
downstream) of the main river in the region is stable;
the watershed (Fig. 4d—f) *AF > 50, suggests uplift processes;
influence the right side of the river
system
2 Asymmetry factor AF' AF'= | 50-AF | * Class 1: AF' <5, symmetric water-  Pérez-Peiia et al. 2010
shed;
* Class 2: AF'=5-10, gently asym-
metric watershed;
*Class 3: AF'=10-15, moderately
asymmetric watershed;
* Class 4: AF'> 15, strongly asym-
metric watershed
3 Bifurcation ratio Rb Rb=Nu/Nu+ 1 Where, Rb is the *Class 1: Rbm > 5, high tectonic Chow Ven 1964

4 Ratio of valley floor A%
width to valley height

5 Relative tectonic activity IAT

bifurcation ratio, while Nu and
Nu+ 1 are the number of stream
segments of a given order and the
number of stream segments of next
higher order, respectively

Vf=2Vfw/ (Eld + Erd—2Esc),
Where Vfw and Esc are the width
of the valley floor and the elevation
of the valley floor, respectively,
while Eldand Erd represente the
elevations of the left and the right
valley divides (facing downstream)
respectively, (Fig. 4h)

IAT =S/n, Where S represents the
sum of all indices values, and n

activity

* Class 2: 3<Rbm <5, moderate
tectonic activity

* Class 3: Rbm < 3, low tectonic
activity

* Class 1: Vf<0.5, high tectonic
activity

* Class 2: 0.5<Vf< 1.0, moderate
tectonic activity

* Class 3: V> 1, low tectonic activ-

ity

* Class 1: very high tectonic activity,
1.0<IAT<1.5

Keller and Pinter 2002

El Hamdouni et al. 2008

corresponds to their total number

* Class 2: high tectonic activity,
1.5<IAT<2.0

* Class 3: moderate tectonic activity,
2.0<IAT<2.5

* Class 4: low tectonic activity,
IAT>2.5

in the numerous localities worldwide, it is evident that many
researchers are using multiple geomorphic indices to meas-
ure, identify, and delineate regions of anomalously low to
high deformation rates. In the southwestern region of Cam-
eroon, these seismic activities occur along or close to the
major tectonic structures and the Cameroon Volcanic Line
(Fig. 1c; Gaelle Nana et al. 2021; Ndibi et al. 2021).

The quantitative analysis reported here constitutes the
investigations through geomorphologic indices (Tables 1
and 2) and fieldwork to improve the understanding of the
tectonic control, the role played by lithologic variability,
and climatic changes on the evolution of the landscape in
Kopongo. In this contribution, an assessment of the distribu-
tion and intensity of tectonic activities under multiple com-
pressive and extensive stresses in the region was carried out
for geodynamic understanding. Various geomorphic indices
were used to evaluate relative rates of active tectonics (IAT)

@ Springer

and for classifying the sub-basins into different classes from
relatively low to the highest tectonic activity.

Geological, geomorphological, and climatic
settings

Geological setting

Kopongo area is located within the Paleoproterozoic Nyong
Group (NyG) which crops out on the northwestern border of
the Archean Congo craton in southern Cameroon (Fig. 2).
This group constitutes the northwestern part of the reworked
Archaean Ntem Complex. It is documented as the reactiva-
tion of the northwestern corner of the Congo Craton during the
Paleoproterozoic (Toteu et al. 1994; Weber et al. 2016; Bouyo
Houketchang et al. 2019) and Neoproterozoic (Lasserre and
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Fig.2 Geological map of SW-Cameroon (modified after Maurizot et al. 19

Soba 1976; Toteu et al. 1990; Castaing et al. 1994) collisional
events. The area consists of a Proterozoic basement (Maurizot
et al.1986) marked by slightly undulating and gentle topography
as a result of extensive erosion during the Eburnean-Transam-
azonian (e.g., Loose and Schenk 2018), Neoproterozoic orog-
enies (e.g., Fuh et al. 2021), and present tectonic activities (e.g.,
Nsangou Ngapna et al. 2020). For the past decade, numerous
studies within this passive margin have shown several reactiva-
tions related to regional structures such as Loloma, Ngombe,
and Sanaga faults (Moussango Ibohn et al. 2018; Nsangou
Ngapna et al. 2020), and Kribi Campo Shear Zones (KCSZ,
Sandron et al. 2018) that surround and affect the Kopongo area
(Fig. 1c). The west central African region is characterized by
several geological features: Cretaceous Benue rifts, Tertiary
Cameroon Volcanic Line (CVL), and Tertiary Adamawa vol-
canic uplift. They are the three active regional structures that
generate high tectonic activities in the region (Cornacchia and

86)

Dars 1983; Ngako et al. 1991; Déruelle et al. 2007; Moudi et al.
2007). However, this region is characterized by three large-scale
major faults: the Centre Cameroon Shear Zone (CCSZ), the
Kribi-Campo fault (KCF), and the Sanaga fault (SF).

Benue trough is a regional feature found on the western
side of Kopongo and known to have formed at the same time
during the lower Cretaceous and the opening of the Gulf of
Guinea. It represents the continental prolongation of equato-
rial oceanic fracture zones along which a sinistral transcurrent
shear occurred (Benkhelil and Robineau 1983). This feature
has the same geometry as the CVL, defined by a N30°E trend-
ing intraplate “Y-shape” alkaline volcano-plutonic forma-
tions extending over 2000 km long and generally less than
200 km wide (Fig. 1b). It is a major African volcano-tectonic
structure that dates from Cretaceous to present (Moudi et al.
2007; Nkouathio et al. 2008; Gaelle Nana et al. 2021). The
CVL extends across the Gulf of Guinea from Pagalu, Sao

@ Springer
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Tomé, Principe, and Bioko islands through Cameroon (Mts.
Cameroon, Manengouba, Bambouto, Oku, Adamawa Plateau)
to Lake Chad (Njome and De Wit 2014). The main feature
within the CVL is Mount Cameroon which has remained
active since the end of the Miocene and is located in the north-
western part of the Kopongo area.

The CCSZ (Ngako et al. 2003) or fracture zone of Per-
nambuco-Tiko-Adamawa (Cornacchia and Dars 1983) is a
ductile fault zone striking N70°E in Cameroon. It extends
from the Trans-Brazilian Lineament to Sudan. The zone was
rejuvenated several times, usually with a dextral movement,
before and during the opening of the South Atlantic in the
Cretaceous period (Dorbath et al. 1986). The CCSZ underlies
a chain of CVL volcanoes which includes the active Mount
Cameroon, Nyos and Monoun crater lakes, and several non-
active ones. This shear zone is also considered a pre-drift
extension of the Pernambuco fault in NE Brazil (De Almeida
et al. 1981). During the late Pan-African tectonic evolution,
the CCSZ was dextrally reactivated (Ngako et al. 1991). To
the southeast of the studied area, the KCF trends almost in an
N-S direction and may correspond to the northwestern mar-
gin of the Congo Craton. Reports from the Kribi area show
that over sixteen earthquakes occurred in southern Cameroon
during the last 100 years (Tabot et al. 1992; Nfoumou et al.
2004). Ateba et al. (1992) carried out several studies on seis-
mic events and indicated that they are related to the volcanic
activities of Mount Cameroon. The most recent earthquake
in the region, with a magnitude of 3.2, occurred in July 2002
(Nfoumou et al. 2004). The southeastern part of the study
area is bordered by the Sanaga fault which is a major crustal
ductile deformation initially identified through remote sensing
technique (Dumont 1986) and likely extends into the Cen-
tral African Republic. This fault strikes N70°E and covers a
distance of about 820 km along a fault axis zone of 100 km.
This fault was reactivated during the Cretaceous (Ngako et al.
2008) and remains active till the present (Ndikum et al. 2014;
Ngatchou et al. 2018; Moussango Ibohn et al. 2018).

Granulite and eclogitic facies assemblages, associated with
charnockitisation and/or migmatization, have served as indi-
cators to attest the Eburnean-Transamazonian geodynamic
processes along the western margin of the Archean Congo
craton dated at 2.1-2.0 Ga (Ledru et al.1994; Teixeira and
Figueiredo 1991; Penaye et al. 2004; Lerouge et al. 2006;
Van Schmus et al. 2008; Weber et al. 2016; Loose and Schenk
2018; Bouyo Houketchang et al. 2019). In contrast, the pres-
ence of similar gneissic facies within the Eburnean and Pan-
African belts has been highlighted as a Neoproterozoic reju-
venation dated at 566 + 35 (Toteu et al. 1994). The geological
evolution of this group indicates of mafic-to-ultramafic facies
in the form of orthogneisses, meta-quartzites pyroxenites, and
amphibolites (Lerouge et al. 2006; Ebah Abeng et al. 2012;
Chombong and Suh 2013), whereas the syn- to late-tectonic

@ Springer

orthopyroxene-garnet gneisses, alkaline syenites, and post-
tectonic meta-diorites were considered main plutonic rocks
(Toteu et al. 1994; Lerouge et al. 2006). More recently, Mauri-
zot et al. (1986), Loose and Schenk (2018), and Bouyo Houk-
etchang et al. (2019) identified several types of eclogitic facies
and garnetiferous outcrops enclosed by micaceous quartzite,
amphibolite, and gneiss/granulite country rocks in the NyG
(Fig. 3).

Structurally, the NyG has been affected by D, D, ., D,,»
(Feybesse et al. 1998; Toteu et al. 1994; Abou’ou Ango et al.
2021, 2022), and D, ; (Owona 2008; Abou’ou Ango et al.
2022) polyphase deformations. D, corresponds to the first
increments of crustal thickening, characterized by S, relict
foliation mostly concentrated on the F . .qq hinge zones
and in paragenesis (Feybesse et al. 1998; Penaye et al. 2004).
The D, ., emplaced S, flat-laying, F, ,, folds, and blasto-
mylonitic C,,; shear zones (Feybesse et al. 1998; Abou’ou
Ango et al. 2022), whereas S, ,, mylonitic foliation, C__,
shear planes, A, | ool 2X€s, and F, , open folds represented
the D, ,, geological structures (Feybesse et al. 1998; Abou’ou
Ango et al. 2021, 2022). Meanwhile, F, ,, open folds consti-
tute the structural scale forming the Nyong nappe transported
top to East onto the Ntem Group, which were later dissected
by sinistral NE-SW blastomylonitic shear zones (Feybesse
et al. 1998; Minyem 1994; Penaye et al. 2004). D, 5 is docu-
mented by E-W, NE-SW, NNE-SSW, and ENE-WSW tension
gashes, tension fractures, and faults (Owona 2008; Abou’ou
Ango et al. 2022). This suggests that the Nyong Group dis-
criminates against four tectonic events (Toteu et al. 1994;
Ndema Mbongue et al. 2014; Abou’ou Ango et al. 2022).

Geomorphological and climatic settings

Geographically, the study area lies between longitudes
10°06'E and 10°19’E and latitudes 03°53'N and 04°05'N.
This area is considered to be located within Edea 2, Ngwei,
and Dibamba districts of the Sanaga-Maritime sub-divi-
sion of Edea town, Cameroon (Fig. 1c). The shape of the
Kopongo area is slightly rectangular and comprises 518.6
km? area and 91.134 km of the perimeter, with the eleva-
tions range from 51.1 to 601 m. This region falls within a
dense forest and tropical climate. Kopongo area belongs to
the Sanaga watershed and west to south Cameroon Low Pla-
teau (Ségalen 1967). The topographic variation of this area
has been previously subdivided into three altitudes known
as (1) lower altitudes (51.1 <LA <169 m), (2) intermedi-
ate altitudes (169 <IA <305 m), and (3) upper altitudes
(305<UA <601 m) (Fig. 3, Abou’ou Ango et al. 2021). Cen-
tral Africa and Cameroon are summits of the same equato-
rial climate since the Miocene (Bamford 2000). The rises of
planetary topography from the late Cretaceous to early Ter-
tiary African and the late Tertiary post-Pan-African surfaces
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Fig.3 Kopongo geological map extracted from Maurizot et al. (1986). This map was overlaid by the drainage network types

are all influenced by climatic variations (Nsangou Ngapna
et al. 2020). Since the beginning of the Miocene, the whole
region was affected by an equatorial Guinean climate with a
pluviometry exceeding 4000 mm/yr (Ndam Ngoupayou et al.
2007; Regard et al. 2016). This climate contributes partially
to landscape development and influences meteoric erosion
(Nsangou Ngapna et al. 2020).

Methodology
Source, acquisition, and data processing
The approach adopted for this study involves the use of SRTM

(Shuttle Radar Topographic Mission) organized within a GIS
environment. This DTM (Digital Terrain Model) radar image
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«Fig.4 Geomorphic indices parameters: a—¢ Top and plan views of
hypsometric parameters with their different hypsometric curve mod-
els (modified after Strahler 1952). d Geometrical illustration of the
main river channel without tectonic deformation influence. e Geomet-
ric representation of a river basin having undergone a modified tec-
tonic deformation of the normal faults, modifying the flow channel. f
Different parameters of AF are represented by the area of the basin to
the right of the main channel (Ar) oriented downstream and the total
area of the basin (At) (modified after Mahmood and Gloaguen 2012).
g View in three dimensions of the Basin shape (Bs) associated with
the contours, drainage divide, basin length (BI), and basin width (Bl);
h parameters of Vf viewed in two planes

2021). The resultant images were used in the calculation and
extraction of the geomorphic indices and increating the neces-
sary vector layers such as elevation, sub-watersheds, drainage
network, contour lines, and slope.

Sub-catchments of about twenty were generated and inves-
tigated with their parameters (Fig. 4) to calculate different
morphometric indices such as hypsometric integral (Hi),
hypsometric curve (Hc), asymmetry factor (AF), bifurcation
ratio (Rb), basin shape ratio (Bs), relative tectonic uplift (U),
and valley floor width to valley height ratio (Vf) (Tables 1
and 2) followed by the production of their respective maps.
In the end, the relative active tectonic (IAT) values and map
were obtained by a combination of all used indices (Table 2).
Meanwhile, the drainage network classification was identified
according to Strahler (1957). In parallel, ArcGis.10.8 exten-
sion known as “DEM Surface Tools©, Version 2.1.375” (Jen-
ness 2013) was used to provide a slope inclination map using
the classification proposed by Klimaszewski (1978).

Swath profile forms have been used to condense spatial
information of the topographic patterns, river profiles, and
geological structures (e.g., Pérez-Pefia et al. 2016; Abou’ou
Ango et al. 2021). In this study, the drainage patterns were
investigated using the swath profiles function in MATLAB
platform. A rectangular swath width of 2 km was chosen to
extract a series of parallel profiles. On one hand, this width
is large enough to appropriately condense both elevated
surfaces and streams. On the other hand, it is small enough
to avoid averaging topographic structures which are too
oblique to the axis of the rectangular swath. Thus, in a
GIS environment, statistical parameters such as maximum,
minimum, and mean elevations were calculated along each
swath profile. This method helped to provide longitudinal
topographic stream profiles from obtained drainage net-
work vector data to determine the incision zones.

Fieldwork

Drainage catchments are sensitive to variations in tectonic
intensity and their geometric characteristics depend on the
combined action of tectonic forces and degradation pro-
cesses. The shapes and patterns thus created can be studied

and analyzed qualitatively and quantitatively (Keller and
Pinter 2002). Due to the immensity of the study area (500
km?), the simplified geological map by Maurizot et al
(1986), with, 30 m resolution DTMs and a digitized topo-
graphic map (1: 200,000) were used as a guide and allowed
the selection of specific sites for the field study. Based on
these data, the fieldwork consisted of an identification of
the morphological, structural and lithological types, and the
geological changes. In addition, the detection of anomalies
in the flow trajectories provides valid data for the devel-
opment of geological structures that are used in approving
the morphometric and morphotectonic interpretations made
from the numerical values of the calculated geomorphic
indices. During this fieldwork, several characteristics in
terms of geological structures and contacts were observed
and analyzed.

Results
Slope inclination

The slope map of the investigated area was classified into
seven categories (Fig. 5): plains (0-2°), slightly inclined
(2-4°), moderately inclined (4-9°), strongly inclined
(9-19°), steep inclined (19-45°), very steep inclined
(45-65°), and crags (> 65°). Plains and slightly inclined
slopes occur all over the research area and are mainly asso-
ciated with the hinge of synforms and flood valleys, but are
more visible at the wide valley floors occupied by Loloma,
Ngombé, and Malibo Rivers. Moderately, strongly, and
steeply inclined slopes are mostly observed in the IA and
are associated with escarpments, steep fold limbs, and
structural hills. Very steep inclined and crags are more
displayed by UA and are related to the highest ridges, very
steep flank of the hill, very steep fold limbs, and hinge of
antiforms.

Drainage patterns

The present Kopongo river system shows a hierarchical and
typological heterogeneity. Hydrographic network is marked
by sub-parallel, sub-dendritic, curved trellis, contorted,
angular, and colinear patterns (Fig. 6), whereas stream
orders vary between 1 and 5 orders: Ngombe (5th order),
Loloma (4th order), Malibo (3rd order), and their tributaries
(1st to 2nd orders). The drainage patterns and lithology of
this area are very complex and are influenced by geological
structures including N-S, NW-SE, and NE-SW faults, and
N-S, NE-SW, and NNE-SSW thrust faults and folds (Fig. 3).
The presence of these geological structures controlled by
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Fig. 5 Kopongo slope inclina-
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Landform patterns

The Kopongo area displays a complex topography char-
acterized by alternating flat to crag landscapes, developed
within remobilized Archean Congo craton into Paleo-
proterozoic Nyong and Neoproterozoic Yaounde Groups
(PPNG and NPYG, respectively), later covered by Creta-
ceous to recent Logbadjeck sediments. Three districts are
highlighted in this area according to their elevation, slope,
uplift variations, and lateral tilting (Fig. 3).

The LA includes Paleoproterozoic, Neoproterozoic,
and sedimentary formations. It is crosscut and incised by
Loloma, Ngombé, and Malibo Rivers and their tributaries
(Fig. 3). It is also characterized by extensive slightly steep
slopes, plains, and low relief all over the investigated area.
The TA encompasses the entire moderate to steep slopes,
and residual reliefs incised by 1st and 2nd order streams.

@ Springer

This altitudinal unit shows moderate to narrow V-shaped
valleys occupied by resistant rock types (Fig. 3). The UA is
crosscut and incised by the lower order stream (1st order).
This geomorphic unit is characterized by the highest relief,
low incision, very steep inclined slopes, craps, and narrow
valleys that could correspond to the highest uplift rates and
lateral tiltings. This is common in the central, northwest,
northeast, and southeast parts overlaid by metamorphic
rocks (Fig. 3).

This indicates that the sedimentation zones are observed
at the low altitudes, while the areas of strong erosion are
located at the high altitudes.

Field observations

This comprises samples obtained from outcrop and drill-
core, and the different morphological changes produced by
vertical uplift and tilting affecting the drainage pattern and
landscape are all recorded (Figs. 7 and 8). It appears that
the drainage system is controlled by geological structures
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Fig.6 Drainage pattern classifi-
cation map of the Kopongo area
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inducing the river diversion (Fig. 7a) and channel inci-
sion (Fig. 8c). Paradoxically, there are some cases which
show that the streamflow follows the direction parallel to
the Ngombe strike-slip fault (Fig. 8c), perpendicularly to
the fault plane (Fig. 8d) or parallel to the foliation (Fig. 7f).
Besides, the river deviation and parallel flow do not show
a close relationship with lithological heterogeneity, but can
be related to a normal dip-slip fault (Fig. 7e and g), inverse
dip-slip fault (Fig. 7g), and strike-slip faults with reverse and
normal component (Figs. 7b and 8c, respectively). In addi-
tion, tectonic forces impose a topographic configuration that
influences the flow of the hydrographic network.

From the structural point of view, Kopongo hills dis-
play a chocolate-slab pattern of blocks with intermontane
depressions, bounded by detachment faults in an extensional
environment (Fig. 8b). Besides, en echelon patterns of nor-
mal dip-slip faults are also observed along the corridor con-
trolled by Ngombe River (Fig. 8e and f). Observations were
made at the outcrop scale as well as on drillcore samples
en echelon normal (Fig. 8d) and reverse (Fig. 7g) faults.

Because of the intensity of the pressures generated by tec-
tonic stresses in the Kopongo region, the shear zones, ten-
sion gashes (Fig. 7b), and tension fractures (Fig. 7e) have
been produced, especially over the metamorphic rocks. Con-
sequently, the morphostructural pattern at the Kopongo is
mainly characterized by asymmetric hills and plains. This
suggests an alternating NNE-SSW trending asymmetrical
antiforms and synforms at the regional scale crosscut by
normal fault (Fig. 7e) and attested at the outcrop scale by
two generations of the fold (Fig. 7d).

Longitudinal profile analysis

The investigations carried out on the longitudinal profiles
of the Loloma, Ngombé, and Malibo rivers (Fig. 9a—c),
developed over a total cumulative length of 60 km, have
enabled the general overview of the altitudinal behavior and
list of the multiple incisions along these rivers. Moreover,
these longitudinal profiles were elaborated on: (1) a 28 km
long section of the Loloma river with elevations ranging
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Fig. 7 Field photo of geological
structures of the Kopongo area:
a river diversion. b Strike-slip
fault. ¢ Alternating antiform
and synform crossed-cut par

a normal fault. d F, fold over-
printed by F, | .to1a- € Network
fractures. f The watercourse
flows perpendicularly to the
foliation. g En echelon normal
and inverse dip-slip faults

Normal fault

Synform

- Lifold

Antiform

from 95 to 239 m; (2) a 22 km long section of the Ngombe
river, from 63 to 113 m; and (3) a 10 km long section of the
Malibo river with a gradually increasing level of elevation
from 73 to 110 m. Along some of the profiles (Fig. 9b and
c), the elevation changes abruptly, whereas others (Fig. 9a)
show gradual elevation, with localized abrupt changes. It
is also observed that some maximum incisions along these
main rivers ranged between 9 and 13 m. Loloma topo-
graphic profile shows a maximum incision of up to 13 m,
while Ngombe and Malibo rivers displayed their respective
incisions of 9 and 10 m. This suggests that zones within the
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investigated area with significant incisions are tectonically
active. Indeed, the different incisions observed character-
ize vertical to oblique slips produced by brittle geological
structures or unequal distribution of tectonic forces inducing
these deformations.

Tectono-geomorphic responses
Hi-values are assigned and grouped into two classes: 2 and

3, varying between 0.12 and 0.51 (Table 3; Fig. 10). Class
2 (~16.63%; 76.75 km?) and class 3 (~83.39%; 384.78
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Fig.8 Kopongo geological
structures: a morphological
units. b Kopongo hills display a
chocolate-slab pattern of blocks
with intermontane depressions,
bounded by detachment faults
in an extensional environment.
¢ Ngombe channel incision with
the watercourse flowing along
the Ngombestrike-slip fault

or in parallel. d Watercourse
flowing perpendicularly to

the normal dip-slip fault. e En
echelon normal dip-slip faults. f
Normal dip-slip fault

km?) correspond to moderate and low tectonic activities,
respectively (Table 3; Fig. 10). This variability of the Hi-
values suggests a difference of the maturity of sub-basins.
The hypsometric curves obtained from these sub-basins
are divided into three different shapes, with concave (less
mature), S-shaped (mature), and complex hypsometric
curves (Fig. 10). The results indicated in Table 5 show that
15.11-20.79% of the Hi-values, with the basin area which
gradually decreases from LA (76.75 km?) to UA (4.96
km?), are displayed by class 2, while class 3 consists of
the higher values (~79.21-84.89%) and their areas > 27.87
km?. From this observation, evidence of tectonic activities
of ~43.47% (200.66 km?; LA), ~50.88% (234.84 km?; IA),
and ~5.65% (32.83 km?; UA) is observed over the investi-
gated area (Table 6).

WNW ESE

intermontane depressions

The values of U vary from 0.16 to 0.68 and were catego-
rized into three different classes (Table 3; Fig. 11a). These
different responses to tectonic uplift, unequivocally point
towards the landscape anomalies. Three classes are iden-
tified: 1 (~2.66%; 12.28 km?), 2 (~42.40%; 195.69 km?),
and 3 (~54.95%; 253.62 km?) and typified as high, moder-
ate, and low (mild subsidence) active tectonics, respectively
(Fig. 11a). In the present study, as depicted in Table 5, class
1 shows their lower values in the IA (3.93%, 7.22 km?) and
UA (11.45%, 5.06 kmz); class 2 displays their low to mod-
erate values in the LA (~7.41%, 17.31 kmz), 1A (~78.53%,
144.19 km?), and UA (~77.29%, 34.16 km?), whereas class
3 exhibits their decrease values from LA (~92.59%, 216.37
km?) to UA (~11.27%, 4.98 km?). Thus, this reaffirms an
influence of uplift or subsidence of ~50.64% (233.73 km?;
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Fig.9 Topographic swath profiles elaborated across the Loloma (a),
Ngombe (b), and Malibo (¢) main rivers (see map in Fig. 1d)

LA),~39.78% (183.61 km?; IA), and ~9.58% (44.20 km?;
UA) (Table 6).

Table 3 and Fig. 11b show that Bs ranges in values
from 1.13 to 3.02 and defines three classes: 1 (90.05%;
415.62 km?), 2 (8.63%; 39.83 km?), and 3 (1.33%; 6.09
km?). Class 1 (elongated sub-basin), class 2 (elongated to
sub-elongated sub-basin), and class 3 (more circular sub-
basin) are related to high, semi-, and low tectonic activi-
ties, respectively (Fig. 11b). Moreover, Table 5 indicates
that Bs-values with their respective basin areas decrease
from LA (~90.24%: 230.9 km?) to UA (~89.79; 35.81
km?) in class 1, while classes 2 (8.48%; 4.07-21.71 km?)
and 3 (1.27%; 2.84-3.25 km?) illustrate their irregular
lower values from one unit to another. Thus, drainage sub-
basins belonging to class 1 have a longitudinal and narrow
geometry revealing a rapid uplift, while class 2 tends to
evolve by a progressive uplift rate. The above inhomoge-
neity of Bs-values exhibits a spatial variability of uplift
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rate of ~55.44% (255.86 km?; LA), ~35.92% (165.80 km?;
IA), and ~ 8.64% (39.88 km?; UA) over the entire explored
site (Table 6).

Values of the IAF-50I indices over the study area rang-
ing between 0.06 and 35.6 and four classes can be obtained
(Table 4; Fig. 12). Class 1 (14.92%; 68.86 km?) shows
strongly asymmetric sub-basins with intense tectonic activ-
ity, causing high tilting to the NE (e.g., SW-III). Class 2
(6.70%; 30.92 km?) implies moderately asymmetric sub-
basins associated with high tectonic activity, and class
3 (43.22%; 199.48 km?) indicates gently asymmetric
sub-basins with semi-tectonic activity, whereas class 4
(35.17%; 162.32 km?) belongs to symmetric sub-basins
reflecting low tectonic activity associated with tilting to the
SE-NW and suggesting an equilibrium state (e.g., SW-VI).
From LA to UA, AF index anomalies recorded by classes
1 (~16.45-5.65%; 36.98-3.65 km?), 3 (~61.52-38.15%;
94.33-39.72 km?), and 4 (~42.46-30.76%; 72.8-20.14 km?)
are disturbed, with basin area gradually decreasing, while
class 2 (~11.01-1.63%; 24.84—1.05 km?) generally shows
their decrease values (Table 5). This confirms ~48.86%
(225.52 km?; LA),~37.15% (171.46 km?; IA), and ~ 13.99%
(64.56 km?; UA) of tilted surfaces all over the Kopongo area
(Table 6).

The values and classes of Rb (bifurcation ratio) and
Rbm (mean bifurcation ratio) are given in Table 4 and
Fig. 13a. The Rbm ranges from 1.20 to 5.88. Three
classes of Rbm are summarized: 1 (~33.07%;152.63
km?), 2 (~45.88%; 225.60 km?), and 3 (~ 18.06%; 83.31
kmz) that correspond to high, moderate, and low tectonic
activities, respectively. Besides, they display their irregu-
lar values from LA to UA (Table 5): 1 (~25.14-44.60%;
13.49-70.77 km?), 2 (~20.49-57.88%; 6.34—157.42 km?),
and 3 (~35.91-16.41%; 11.11-46.16 km?). Thus, Table 6
reflects a tectonic complexity of ~58.92% (271.95 km?;
LA),~34.38% (158.65 km?; IA), and ~ 6.70% (30.94 km?;
UA) all over the landscape.

Vf-values varying from 0.17 to 1.92 were grouped
into three classes (Table 4; Fig. 13b): 1 (15.38%; 70.98
km?), 2 (44.51%; 205.43 km?), and 3 (40.12%; 185.17
km?) that which indicate tectonically active regions with
high, moderate, and low levels, respectively. All the Vf-
values less than 0.48 revealed deeply incised and narrow
V-shaped, and tight valleys. The intermediary values
show irregular-shaped valleys, while the higher values
of Vf are indicative of U-shaped valleys. From LA to
UA, ~ 11.64-23.16% (11.49-32.48 km?) values of Vf were
of class 1,~25.94-54.59% (18.74—140.65 km?) were of
class 2, and ~33.77-53.01% (19.37-86.99 km?) were of
class 3 (Table 5). Indeed, unequal distribution of uplift
and incision rates of 55.82% (257.64 km?; LA), 33.43%
(154.30 km?; TA), and 10.75% (49.60 km?; UA) all over
the area (Table 6).
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Table 3 Classification of the
geomorphic indices

Geomorphic indices

Sub-watersheds HI HI_Class U U_Class Bs Bs_Class
I 0.32 3 0.34 2 2.80 1
I 0.23 3 0.26 3 1.99 1
1 0.32 3 0.27 3 2.34 1
v 0.35 3 0.36 2 223 1
v 0.21 3 0.28 3 1.24 2
VI 0.32 3 0.34 2 1.80 1
Vil 0.32 3 0.20 3 2.35 1
VIII 0.50 2 0.55 2 1.57 2
X 0.50 2 0.57 2 2.07 1
X 0.50 2 0.68 1 3.02 1
XI 0.50 2 0.53 2 2.40 1
XII 0.50 2 0.26 3 2.04 1
X1 0.51 2 0.16 3 1.79 1
X1V 0.50 2 0.25 3 1.41 2
XV 0.50 2 0.27 3 1.13 3
XVI 0.50 2 0.26 3 1.13 3
XVII 0.50 2 0.41 2 1.38 2
XVIII 0.50 2 0.46 2 2.07 1
XIX 0.51 2 0.41 2 1.85 1
XX 0.50 2 0.62 1 1.79 1

Assessment of relative active tectonics (IAT)

The average values obtained from six classes of geomor-
phic indices including Hi, U, Bs, AF’, Rb, and Vf (IAT)
helped to classify the different studied sub-watersheds
as a function of their IAT (Table 4; Fig. 14). Class 2
(14.89%; 68.72 km?), class 3 (72.71%; 335.58 km?),
and class 4 (12.33%; 56.90 kmz) are high, moderate,
and low active tectonics, respectively. Then, from LA to
UA, ~20.88-84.88% (14.47-169.43 km?) values of IAT
were of class 2,~25.27-37.70% (14.47-126.52 kmz) were
of class 3, and ~7.41-48.36% (4.22-39.74 km?) were of
class 4 (Table 5). This shows that the region underwent
various levels of tectonic activities from one unit to
another with ~48.16% (222.31 km?; LA), ~35.11% (162.03
km?; IA), and ~ 16.72% (77.19 km?; UA) (Table 6).

Discussion

Geotectonic evolution of the Kopongo area
through geomorphicindices

Based on the results of geomorphic, morphotectonic anal-
ysis, and extensive field campaigns, Kopongo site is con-
sidered to be a tectonically active zone, due to the presence
of significant topographic and hydrographic anomalies.

Indeed, the intensity of the tectonic activities and the mul-
tiple indicators of the regional deformation within the area
have been demonstrated through the field data and the val-
ues obtained from the geomorphic indices (e.g., Hi, Hc, U,
AF, Rb, Bs, and Vf).

Hi and Hc values in the Kopongo area vary from one
sub-watershed to another (Table 3; Fig. 10), and consid-
erably from LA to UA (Tables 5 and 6). Following the
classification proposed by Strahler (1952), this altitudinal
variability is a major characteristic of less mature (LA)
and mature (UA) sub-basins. In addition, the high, mod-
erate, and low values of Hi coincide with the concave
(less mature), S-shape (mature), and complex hypsomet-
ric curves, which allow the appreciation of fluctuations
of the active tectonics detected for the Ngombe, Loloma,
and Malibo major strike-slip faults (Fig. 3), coupled with
the reactivation of old faults Sanaga (Ndikum et al. 2014;
Noel et al. 2014; Moussango Ibohn et al. 2018; Nsangou
Ngapna et al. 2020) and Kribi-Campo (Nfoumou et al.
2004; Sandron et al. 2018) faults close to the Kopongo
area. Besides, concave, S-shape, and complex hypsomet-
ric curves obtained in this study show shape variabilities
corroborating with the tectonic instabilities. The S-shape
curves represent the moderately eroded region in which
the topography evolves in the steady-state sub-basins
(e.g., SWs-1V, VIII, and IX), while concave shape curves
characterize highly eroded and fractured regions due
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Fig. 10 Kopongo hypsometric parameters map

to structural discontinuities (e.g., SWs-X, XI, and XII,
Pérez-Peia et al. 2009). On one hand, the spatial distribu-
tion from lower (0.21-0.35, LU) to higher (0.50-0.51, TA
and UA) Hi-values shows that several kilometers of areas
were characterized by remarkably high rates of denuda-
tion, whereas on the other hand, relatively significant rock
masses have been eroded (El Hamdouni et al. 2008). Since
the shape of the curve describes lateral erosion, the irregu-
lar shapes observed at the upstream and downstream (e.g.,
SWs-XIX and XX) could positively correlate to rejuvena-
tion processes, piracy events, or differential uplift associ-
ated with strong heterogeneity of geological formations
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Relative area, a/A Relative area, a/A Relative area, a/A

(Fig. 3, Ajay Kumar et al. 2018). Differences observed
in the Hi (Tables 5 and 6) and the Hc (Fig. 10) can be
attributed to the uplift caused by neotectonic processes
(e.g., Gu and Shi 2018). Thus, moderate (0.50 < Hi) and
high (0.50 < Hi <0.7) values of Hi obtained prove that the
Kopongo area is influenced by weak (e.g., LA) and moder-
ate (e.g., IA and UA) tectonic uplift activities indicative
of a rejuvenation.

According to Kirby and Whipple (2012), the landscape
and stream anomalies due to uplift rate processes testify
to the type, time, and geometry of tectonic forces in the
extensive and compressive environment. Consequently,
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Fig. 11 Geomorphic indices maps: a index of relative tectonic uplift and b basin shape of the Kopongo area

Table 4 Classification of the geomorphic indices

Geomorphic indices

Sub-watersheds AF AF' AF'_Class Rb Rbm Rbm_Class %4 V{_Class IAT TIAT class
1 47.98 2.02 4 2.41-10.67 5.36 1 2.04 3 2.33 3
1I 42.98 7.02 3 1.98-10.60 4.27 2 0.52 2 2.33 3
I 85.59 35.60 1 3.75-8.00 5.88 1 0.59 2 1.83 2
v 59.89 9.89 3 4.00-4.50 4.25 2 0.48 1 2.00 3
\Y% 54.40 4.40 4 3.75-4.00 3.88 2 1.00 3 2.83 4
VI 49.94 0.06 4 3.75-4.00 3.88 2 1.38 3 2.50 4
VII 61.38 11.38 2 2.50-3.00 2.75 3 0.41 1 2.17 3
VIII 59.16 9.16 3 1.50-2.33 1.92 3 0.21 1 2.17 3
IX 65.03 15.03 1 2.00 2.00 3 0.75 2 1.83 2
X 44.72 5.28 3 1.25 1.25 3 0.32 1 1.83 2
XI 64.79 14.79 2 1.67-3.00 2.33 3 0.17 1 1.83 2
X1 64.08 14.08 2 2.00 2.00 3 1.92 3 2.33 3
X1 68.60 18.60 1 1.29-7.00 4.14 2 1.15 3 2.00 3
XV 40.53 9.47 3 1.20 1.20 3 0.61 2 2.50 4
XV 19.04 30.96 1 1.33 1.33 3 0.45 1 2.17 3
XVI 40.64 9.36 3 2.00 2.00 3 1.03 3 2.83 4
XVII 47.46 2.54 4 1.25 1.25 3 1.05 3 2.67 4
XVII 69.31 19.31 1 2.00 2.00 3 0.90 2 1.83 2
XIX 56.20 6.20 3 1.33 1.33 3 1.71 3 2.33 3
XX 19.43 30.57 1 2.00 2.00 3 0.69 2 1.67 2
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Fig. 12 Basin asymmetric factor
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climatic variations can be linked to tectonic uplift events
(Dana 1856). In this case, either the climate change that took
place at the end of the Cenozoic caused a direct or indirect
tectonic uplift or the erosion rates associated with isostatic
compensations during this climatic variation can not have
definite resolutions in the face of the problem observed,
to generate vertical motions (Hay et al. 2002). The avail-
able data in the African continent show significant climatic
changes from the Cretaceous to the present (Burke and Gun-
nell 2008; Grimaud 2014; Mvondo Owono et al. 2022). It
has also been reported that Africa registered a humid period
during the Aquitanian early Miocene (Bamford 2000), while
the SW coast became and remained arid after the middle
Miocene (Pickford and Senut 1999). The same climatic
evolution has been observed in southwestern Cameroon in
the Rio Del Rey basin (Mvondo Owono et al. 2022) and
Edea-Eseka region (Nsangou Ngapna et al. 2020) located
within the Gulf of Guinea. The southwestern Cameroon

@ Springer

region has been submitted since the early Miocene to an
equatorial typical Guinean climate. Kopongo falls within the
same climate region and displays three main seasons: a short
dry season (3 months), a short humid season (3 months),
and a very long rainy season (6 months) (Sighomnou 2004).
Within the investigated area, the pluviometry measured up
to 3512 mm/yr (Tchindjang et al. 2015), with temperatures
between 28 and 33 °C and a 70% of humidity rate (Olivry
1986). According to Mvondo Owono (2011), volcanism is
another phenomenon that can affect the morphology of a
region. Indeed, the Cenozoic intraplate volcanism that has
affected the Gulf of Guinea appears as discrete centers or lin-
ear zones, associated with the domal uplift of the basement
(Poudjom Djomani et al. 1995). The Cameroon Volcanic
Line (CVL) that traverses the Gulf of Guinea has developed
uplifts during the Tertiary. This activity became very prolific
due to the activity of Mount Cameroon volcano, one of the
most important and active volcanoes along the CVL found
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Table 5 Geomorphic indice

. Geomorphic  Classes Morphological units
values grouped in classes and indices
morphological units with their LA 1A UA
respective frequency (Freq.%)
and area (A, km?) Freq A Freq A Freq A
HI 2 ~16.83 76.75 ~20.79 48.82 ~15.11 4.96
3 ~83.17 166.88 ~79.21 186.02 ~84.89 27.87
6] 1 ~3.93 7.22 ~11.45 5.06
2 ~7.41 17.31 ~78.53 144.19 ~77.29 34.16
3 ~92.59 216.37 ~17.54 32.25 ~11.27 4.98
Bs 1 ~90.24 230.9 ~89.81 148.91 ~89.79 35.81
2 ~8.48 21.71 ~8.47 14.05 ~10.21 4.07
3 ~1.27 3.25 ~1.71 2.84
AF' 1 ~16.40 36.98 16.45 28.22 ~5.65 3.65
2 ~11.01 24.834 ~2.93 5.02 ~1.63 1.05
3 ~41.82 94.33 ~38.15 65.42 ~61.52 39.72
4 ~30.76 69.37 ~42.46 72.8 ~31.20 20.14
Rbm 1 ~25.14 68.37 ~44.60 70.77 ~43.60 13.49
2 ~57.88 157.42 ~38.97 61.84 ~20.49 6.34
3 ~16.97 46.16 ~16.41 26.04 ~3591 11.11
Vf 1 ~11.64 30 ~21.05 32.48 ~23.16 11.49
IAT 2 ~54.59 140.65 ~25.94 40.03 ~37.78 18.74
3 ~33.77 86.99 ~53.01 81.79 ~39.06 19.37
2 ~20.88 14.47 ~30.76 21.13 ~48.36 33.23
3 ~50.45 169.43 ~37.70 126.52 ~11.84 39.74
4 ~84.88 38.41 ~25.27 14.38 ~7.41 422
Table 6 Geomorph%c indice Morphological units/districts
values are grouped in
morphological units with their Geomorphic LA 1A UA
respective frequency (Freq. %) indices 3 3 3
and area (A, km?) Freq. (%) A (km?) Freq. (%) A (km®) Freq (%) A (km?)
HI ~43.47 200.66 ~50.88 234.84 ~5.65 32.83
U ~50.64 233.73 ~39.78 183.61 ~9.58 442
Bs ~55.44 255.86 ~35.92 165.8 ~8.64 39.88
AF' ~48.86 225.52 ~37.15 171.46 ~13.99 64.56
Rbm ~58.92 271.95 ~34.38 158.65 ~6.70 30.94
\%3 ~55.82 257.64 ~33.43 154.3 ~10.75 49.6
IAT ~48.16 222.31 ~35.11 162.03 ~16.72 77.19

in proximity to the study area. The mountain contributes to
a very important uplift whose rate was evaluated at~ 3.8 m/
Ma by Koum et al. (2013). Given these conditions, the land-
scape of the Kopongo area has undergone rejuvenation and
demonstrates a transient geomorphic response as feedback to
tectonic-climatic forcing. Thus, the interplay among tectonic
uplift, climate, erosion, and vegetation on the landscape evo-
lution in a region has been indisputably documented, since
the modification of one of the factor products for an imme-
diate disequilibrium and changes. In Cameroon, these tec-
tonic uplifts are marked by the presence of young geological

structures illustrated by the Benue trough and the basaltic
ridge of the CVL which extends from the Atlantic Ocean to
north Cameroon (Goussi Ngalamo et al. 2017). This tectonic
consequence also shows that the thickness of the continental
crust in Cameroon is thinned and varies between ~ 50 km in
the south and ~ 14 km in the north. This suggests an impor-
tant rise of the Moho towards the north of ~50-32 km under
the Congo Craton, ~32-22 under the Adamawa plateau, and
22-18 km under the western portion of Cameroon (Fig. 15a,
Poudjom Djomani et al. 1995). Kopongo area is close to
the basaltic ridge of the CVL where the crustal thickness
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Fig. 13 Maps of the Kopongo geomorphic indices: a bifurcation ratio and b valley floor width to valley height ratio

varies from 27 to 35 km (e.g., Noel et al. 2014). The tectonic
uplift in Central Africa varies from 7 to 18 km (Fig. 15b
and ¢, Poudjom Djomani et al. 1995). This suggests that the
Congo Craton would have undergone repeated intrusions
of crustal rock of a denser nature, which would have gen-
erated metacratonization processes during the Pan-African
orogeny (Goussi Ngalamo et al. 2017) although the origin
of this uplift is still unknown and stays under discussion.
Otherwise, this uplift could be linked to the displacement
of the African plate towards the north in a context of pas-
sive margin (e.g., Deffontaines et al. 2008) generated from
the asthenospheric mantle (Lee et al. 1994). In this case,
this resulted in the vertical thrust of the Moho observed in
Central Africa since the opening of the South Atlantic to
the Mesozoic. In several studies, relict landscapes and river
anomalies produced by uplift processes as those observed in
Kopongo were considered significant indicators (e.g., Clark
et al. 2004). These same features were also found on the
rivers of the southeastern margin of the Tibetan plateau,
which show successive variations in the rate of rock uplift
in space and time (Whipple2004). By contrast, southwestern
Cameroon shows a high rate of uplift in the context of pas-
sive margin, marked by several active faults and numerous
active volcanic islands and complexes (Nsangou Ngapna
et al. 2020) located within and near the Kopongo area.
Kopongo region has been affected by active LF, NF, and SF
(Moussango Ibohn et al. 2018; Nsangou Ngapna et al. 2020)
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and KCSZ (Sandron et al. 2018) parallel and closer to the
active CVL (Moudi et al. 2007; Kamgang et al. 2008). The
UA is characterized by the highest uplift rates and lateral
tilting (Figs. 7 and 8). This geometry observed along the
margin and through time can also be related to the uplift
and volcanic activities along the CVL. Consequently, the
tectonic activities observed on Kopongo should be related
to CVL. Otherwise, Owona (2008) suggested that the asso-
ciated tectonic uplift of thickened crust defines the Nyong
Group nappe that was transported top-to the East towards the
Ntem Group. Likewise, metagabbro rocks observed within
the Nyong Group show decompression textures that can be
explained by their rapid cooling and/or rapid uplift (Owona
2008). Thus, the existence of a regional relict landscape in
the Kopongo area associated with a spatial variation of the
relative tectonic uplift index (0.16-0.68), which is continu-
ous with the Adamawa-Yade and West Cameroon domains,
implies significant surface deformation (e.g., Clark et al.
2002; Goussi Ngalamo et al. 2017). Therefore, river anom-
alies (Fig. 7a and c) and landscape deformations such as
normal (Fig. 7b—f) and inverse (Fig. 7b and g) dip-slip faults
observed during field investigations reveal the influence of
tectonic uplift.

Bs-values can be used to indicate the influence of the
cartographic fold activities in the sub-watershed (Table 3;
Fig. 11b). Their geometric shapes correspond mostly to car-
tographic folds described as polyharmonic F,; and F,
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Fig. 14 Map obtained at the
Kopongo from geomorphic
indices combination to illustrate
the heterogeneity of relative
tectonic activity index (IAT)
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folds aligned as drap anticlines and shallow synclines with
an asymmetric pattern (Abou’ou Ango et al. 2021).

The Vf and AF values enabled the detection of possible
sub-basin tilt or differential uplift as well as the degree of the
incision within the Kopongo area through different altitudinal
classes (Table 5). The lower Vf-values (Vf< 1) are observed
in the TA and UA districts corresponding to narrow, steep,
and deep V-shaped valleys, and characterizing a neotectonic
that is marked by significant incision rate due to uplift pro-
cesses. Meanwhile, high Vf-values (Vf> 1) are displayed by
LA district dominated by broad-floored (U-shape) canyons
demonstrating an eroded area in a tectonically inactive envi-
ronment (El Hamdouni et al. 2008; Ajay Kumar et al. 2017;
Ajay Kumar et al. 2018). The intensity of the transverse tilt of
a sub-watershed is determined by the AF-values (Ajay Kumar
et al. 2020). The obtained values of AF all over the morpho-
logical units show a generalized asymmetry of the sub-basins,
which could have a link with the tectonic tilting of the blocks

(Fig. 8d). To this end, the asymmetry of a sub-basin in an
environment dominated by a progressive uplift can be linked
to a structural orientation of the geological formations of the
area (Alipoor et al. 2011). In the Kopongo area, four symmet-
ric sub-watersheds are tectonically stable (SWs-I, V, VI, and
XVII) with their AF-values close to 50 (Fig. 12), whereas a
heterogeneity tectonic tilting towards the NW-W, NE-S, and
SE directions is observed on the rest of sub-asymmetric to
asymmetric sub-watersheds. This tectonic tilting is linked
to their AF-values (AF <50 or AF > 50), which indicate the
response to uplift and/or influence of geological formations
having experienced a tectonic deformation (Fig. 12c; Ajay
Kumar et al. 2017). This shows an area dominated by thrust
faults, whereby, the asymmetry of the sub-watershed devel-
oped during the tectonic displacement of tectonic blocks/
Nyong Group nappes (Owona et al. 2011).

The spatial variability of the bifurcation ratio values dis-
played by sub-watersheds and the morphological units (i.e.,
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1.20-10.67) shows that the lithologic heterogeneity also
influences the landscape evolution of this study area (Fig. 3,
Sreedevi et al. 2004). Indeed, the lower Rb values observed
within sub-watersheds show that there was a deep correlation
with the high number of 1st and 2nd-order streams. Usu-
ally, moderate to high values of Rbm >3 in the Kopongo
area were related to Loloma, Malibo, and Ngombe active
faults and thrust fault activities (Fig. 13a) (e.g., Barman et al.
2021).

Relative tectonic activity index interpretation

To evaluate the intensity of the active tectonic within the
Kopongo region, the calculation of the Hi, U, Bs, AF, Rb,
and Vf indices was applied. Their heterogeneity can be
a consequence of the topography and drainage system
changes influenced by faults and anticline growth activities
(e.g., Jackson et al. 1998; Bahrami et al. 2020). Because the
evolution of the reliefs is influenced by the growth of fron-
tal anticlines, the topographic slopes thus created during
this tectonic process impose a new drainage pattern (Keller
and Pinter 1996). The topographic undulations observed
at the Kopongo area shows that the growth of frontal anti-
clines was not constant and that regional folds displayed
asymmetrical shapes due to active tectonic (Abou’ou Ango
et al. 2021). In addition, the irregularity of their hinges
shows that the basin areas were strongly eroded, while the
dome areas were under the influence of strong tectonic
activity (Abou’ou Ango et al. 2021). Besides, the regional
F,-F,,, folds generated were considered to be tectonic indi-
cators emplaced from the W to E (Abou’ou Ango et al.
2021) during the thrust activities of the Nyong tectonic
nappes over the Ntem Group (Feybesse et al. 1998). Later
on, this area was overlaid by the Yaounde tectonic nappes,
characterized by F 5 nappe folds (Owona et al. 2011).
Alternatively, these cartographic F -F, 5 folds have been
interpreted as anticlinal and synclinal (Tchameni et al.
2001) or as swell-and-basin-type (Poudjom Djomani et al.
1997) structures, with their geometrical disposition modi-
fied by sinistral normal faults (Fig. 7c). This variability
of geomorphic indices, topographic surface parameters,
structural features, frequency, and magnitude in the inves-
tigated area has served as indicators in other tectonically
active regions (e.g., Mahmood and Gloaguen 2012; Ezati
et al. 2021). Thus, the different values of IAT from the
Kopongo area show that the explored area is more influ-
enced by high to moderate tectonic activities. Thus, sug-
gesting differences in relief and topographical features
considered a consequence of the tectonic uplifts and tilt-
ings (Figs. 7 and 8). This kind of tectonic activity level
has been reported in the most active margins around the
world (e.g., El Hamdouni et al. 2008; Melnick et al. 2009;

Ajay Kumar et al. 2020). It has also been linked to the fol-
lowing: (1) the variations in subduction zones (Clift and
Vannucchi 2004) due to topographic anomalies, which
would be closely related to the deduced decreasing uplift
rate; (2) fold type variabilities such as fault-related folds,
simple buckle folds, and fold following the old inherited
fractures (Fouad 2010), e.g., F, jnefolq Crosscut by nor-
mal fault (Fig. 7c) and F, fold overprinted by F,,,; folds
(Fig. 7d); (3) the effets of rock uplift and rock resistance
(e.g., Van Laningham et al. 2006), marked by a variability
in lithological facies (Fig. 3); (4) crustal thickening (Rehak
et al. 2008), which has not been observed within the study
area (e.g., Poudjom Djomani et al. 1995); (5) uplift related
to mantle plume in Cameroon that started around 34 Ma
(Guillocheau et al. 2018) followed by a magmatic activity
according to the alignement of the“plutonic-volcanic com-
plexes” at ca.67 Ma to the present (Njonfang et al. 2011);
and (6) climate changes (Miao et al. 2018) in rain forest
from Late Cretaceous to Quaternary (Maley 1996), where
the investigated area is located.

Conclusion

Evaluation of the relative tectonic activity of the Kopongo
area and the highlight of the main factors that controlled
the evolution of this region end up with the following
conclusions:

(1) The Kopongo region is controlled by tectonics, climate,
lithology, and mantle dynamics;

(2) The region includes zones of low and high tectonic activ-
ities due to heterogeneous spatio-temporal distribution
of uplift and tilting following the NE-SW direction;

(3) The CVL is one of the main active geological features
in Central Africa which constantly causes the uplift and
tilting in the region.

(4) Morphometric responses crossed with field data and drill
cores support that the morphology of this portion of the
southwestern Cameroon greenstone belt is the expres-
sion of the neotectonics that prevails in the region.
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