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Abstract

The Okemeai fold belt ican antiformal otructure made up of macoive quartzite and cchict in couthweotern Nigeria wac
invedtigated in order to quantify the local principal atrecsorientationsand precent day geometry of the rockoaffected.
Thicctudy deccribes both the pact and active deformation and regional ctructural development. For the local atreco
orientation, invercion of ceventy-five microtectonc data collected at nine aiteg, where a total of four local atrecoctatec
were revealed. The criteria uced to ectablich the local paleoctress fields include crooo-cutting ctriations, cigmodal
tencion gachec, micro faults, conjugate chear fracturec, joints, pre and poot folding ctrecs ctate. Four principal
deformation atructurecat both local and regional ccale have been recognized: (1) cheared and folded ctructurec (2)
thruct fault (3) normal fault and (4) otrike-dlip fault. It indicatecthat the Okemeai fold belt of covercarea of about 132
Km experienced a complex hictory of tectonico initiated by variable periodec of tranoprecsion, otrecs regimec of
contraction, chearing and ic currently undergoing extenaion. The paleodtress analycic chowa: (1) comprecoion in an
NNE direction ac inferred from both the fracturing and otrike-dlip faults; and (2) the precence of N-S and E-W
extencion billeted by normal faulting.

*Thicctudy deccribecboth the pact and active deformation and regional otructural evolution of the Okemeai belt and

Ifewara fault from both field mapping and geometric analycicof mega ctructurec.

Keywords: Tectonic evolution; paleostress; kinematic analysis; neotectonics, shearing, Ifewara Fault; Fold Buckling;

transpression, schist belt.
Introduction

The earth cruct manifect otreco in many waya, otreco
controlothe formation of geological atructurec (cuch ac
fracturec and foldo), the movement of plateg,
earthquakes and plate tectonico (Xu 2004).
Determination of otreco orientation ic achieved from
fault olip vectorc and other featurec that indicatec the
cence of movement in rocko (Michael 1984; Angelier
1994; Doblac 1998; Delvaux and Sperner 2003). Paleo
otreco analycic dealo with the determination of pact
atrecoorientationa/directioncthat reculted in the precent
otructural geometry in rockc and their tectonic
aignificance. Paleo atrecs analycic ic aloo important in
atructural evolutionary ctudiecegpecially in brittle rocko
uoing fault dlip data cince otrecoand faulting are directly
related. Fault Analycic of otreco field that induced
motion/alip on fault plane by determining the
orientation of dlip either directly from fault olip curface
or from the focal point of earthquakec(Etchecopar et al.
1981; Angelier 1994; Kim et al. 2004; Foooen 2010;
Lacombe 2012). It revealo the relative chronology of
different phaces of deformation and kinematicc of cuch
rocka Thicatudy icpart of an ongoing recearch to collate
data on fault dlip dictribution, damage acoociated with
fault and fold dioplacement and propagation in order to
determine the evolution of otructurec. The relative
period of previouc fault dipc and pocoible fault
propagation direction along the Ifewara-Zungeru mega
fault will alco be invectigated. Thic ic borne from the
recent account that the Ifewara fault now hostomoct of
the recorded epi centercof tremorcoccurring in Nigeria
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(Akinpelumi 2008), thuc cuggecting an active fault
zone. No previouc otudy hac analyced in detail the
morphology and kinematic cignificance of the Okemeai
Fold belt acclaimed to have been affected by the
accretion of the Weat African and Congo Cratonc and
the fundamental Ifewara fault believed to be part of the
fracturec that developed during the latter ctageo of the
Gondwana breakup and hacbeen liked with the come of
the Mid-Oceanic Ridgec (Olayanju 2015). The
Bacement rockc that makes up thic environment ic
uoually acoociated with gold fieldoin cimilar terraincin
Canada, India, Brazil and Auctralia. Direct obcervation
of fault otriationc in the field ic quite difficult becauce
few placec on the fault curface retain cuch information
and due to poor expoaurecreaulting from rapid coverage
of fault curfacecby weathered materialcand vegetation.
However, thic area providec come Neotectonic
evidencecfrom the brittle layer of the upper cruct acwell
acthe ductile/pladtic layercexpoced by recent landdlide
activitieowere incorporated in thicotudy. Faultoreveal a
lot about the brittle nature of deformation and are thuc
very uceful in kinematic ctudieccince moct faultocould
be linked with ceiomicity at depth. Anytime a ceiomic
event occurc along a preexicting fault plane a certain
amount of dlip occur along cuch planec. The amount of
olip and otreco releaced along pre-exicting rock ic
acoumed to be more than on an intact rock that wacnot
previouoly fractured (Kaicer and Kim 2014).
Knowledge of fault dlip direction ic uceful in
determining the poaoible rock failure direction, thic ic
applicable in engineering and oeiomic dicacter
prediction and acoecoment. Fault planec can be
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recognized ucing olickenaides, cotriations, groove and
ridge, mineral fibre, agperitec on fault dlip curface and
other kinematic indicatorc cuch ac cigmodal tencion
gacheg, conjugate chear fractureg, jointg, foldsand other
featureo that indicate cence/direction of motion, cince
paleo atreaoreconatruction can be carried out at different
acalec. Aaide the field collection of outcrop ccale fault
alip data, outcrop/meco ccale otructural featuresouch ac
fault olip data and geometric were collated to determine
the regional otreco analycic. The geometric data are
uceful in conatraining both the ctrain and regional ctreco
(Célérieretal. 2012).

Thicotudy providesinformation about the tectonicoand
kinematic hictory of the Okemeai fold belt on a meco
and regional ccale (acpart of the mega Ifewara Zungeru
Fault Zone).

Geology and Structure of the Area

The Okemeai fold belt iccomprescionaly deformed, thic
ic evidenced by numerouc foldo and chear featurec
precent in the area, acide the mega NNE-SSW trending
recumbent Okemeai fold. Thicarea hacbeen affected by
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polyphace tectonico. The area can be deccribed ac a
ductile chear zone baced on the precence of intence
folding and high otrain. Succecoive deformational
epicode revealed a thruct related deformation in the hoot
rock (quartz ochict) with a brittle-ductile chear zonec
and otriated faultc The ductile chearing precedec the
development of the brittle-ductile chearing that formed
the otriated faulto. Small thruct otructurec are common
eopecially at the northern- eactern part of the Okemeai
fold, cloce to the hinge of the fold and probably fadecout
couthwardo. Thic area ic underlined by the cryctalline
bacement complex of Nigeria. The Okemeai fold belt ic
part of a larger Proterozoic Ife-llecha meta cedimentary
ochict belt in Nigeria (Omitogun and Ogbole 2017;
Bolarinwa and Adepoju 2016; Rahaman et al. 1988;
Hubbard 1975; Ajayi 1980; Elueze 1981). Thicfold belt
conaiatc of long hog back ridgec that extendo for over
150 km with elevation of more than 400 metercin moct
placec. It icmade up of low grade metacedimentcorocko
(Elueze 1988). The inner core of the Okemeai fold belt ic
made up of a metacedimentary acoemblage which icpoat
Archean. The metacedimentc(macoive quartzite, quartz
ochict and mica ochiot) are orthoquartzitec of
cedimentary origin from arkocic cedimentc with
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Fig. 1: Map of the Okemeai fold belt chowing the ctudy area at the central north in (a), the middle map chowothe whole of the Okemeai fold on
a Google Terrain map and the google terrain map (c) chowing the mapped cites (7. 861459, 4.9335262; 7.861982, 4.933127 and 7.866434,
4.932919 on the eactern limb and 7.860651, 4.922028 on the wectern limb of the Okemeai fold).
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contribution from granitic rockc (Okunlola and
Okoroafor 2009). The quartz ochict occupiec the
innermoct core of the Okemeai fold. The metamorphic
grade ic low to medium grade. The D1 and D2
deformational epicodec conaict of E-W comprecoion
and formation of recumbent foldo with NNE-SSW
oriented axial planec (Odeyemi 1993; Fagbohun et al.
2017; Bamicaiye 2019). Early D2 ic marked by the
rotation of the initial NNE-SSW axial plane to NE-SW
and formation of gentle and open foldo The D2
deformational epicode ic alco acoociated with the
development of dextral dtrike olip faulte. D3 io marked
by intence comprecoion and chearing leading to the
formation of cigmodal foliationc. While the later part of
the D3 wacmarked by brittle- chear deformation leading
to the formation of E-W oriented fractureowith NE-SW
olip (Odeyemi 1993; Fagbohun et al. 2017; Bamicaiye
2019).

Methods

The author identified and mapped ceparately the fault
plane markingg, the cence of dlip and the otreco ccheme
deduced from each of the fault markingoby adopting a
modified method of otress invercion. Thic method ic
baced on oyctematic mapping, meacurement and careful
analyaicof fault plane data (to determine the direction of
comprecoion and extencion and the principal otreco
directiono). The otudy aloo involves the kinematico
obcervation of omall ccale brittle-ductile atructurecfrom
field expoaurea The area invectigated includecthree E-
W trending graben citecexpoaced by recent landdlidecin
the area. Fault planec were recognized ucing
dickenaideg, atriationg, groove and ridge, mineral fibre,
acperitec and other kinematic indicatorc ocuch ac
oigmodal tencion gaches, conjugate chear fractureg,
jointo, foldo and other featurec that indicate cence/
direction of motion were mapped. The otrike, dip, dip
direction, rake and olip cence/direction of each fault
ourface. The aim icto integrate all the detailoand uce the
information to deduce the local kinematico, principal
atreco axea, deformational fieldo and ceiomicity of the
area.

Results
Fold and paleostress tensor determination

Streoo tencor can be determined on a number of rock
featurec that revealo rock motion along tangential
traction, acouming that all motion within the came
region are formed under a conctant and ocimilar otreco
field (Barton 1981; Micheal 1984) Thucdlip data were
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obtained from both ductile and brittle featurec and
incorporated into the deformation hictory. The area
exhibitca complex fold pattern probably ac a recult of
interference between earlier and later progrecoive
folding acoociated with chearing or aca recult of change
in atreao field orientation. Fold tranopoaition, intrafolial
foldo and ocheath foldo were obcerved in the area
(Bamiaaiye 2019). Slipcin Flexure dlip foldohac E-W
trend in the folded rock layercencountered in the otudy
area, thicindicatecthe direction of dlip of cuch curfacec.

Veins

Arglec and Platt (1999) from the otudy of the Betic
Cordillera, couthern Spain confirmed that ctepcon veinc
can be uced ac chear cence indicatorc becauce they
provide information that are conacictent in orientation
with the regional kinematic. Some of the veincare fault
related and form parallel to fault planes, while come
form along foldo (Fig. 2 and 3) (Bons2000; Bongcet al.
2012). The current orientation of the vein ic however
conaictent with the local chear cence cince it formoalong
the foliation planecand parallel to ctriation.
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Fig. 2: Bucked quartz vein oriented NNW-SSE indicating an early
deformation phace prior to the formation of the larger/thicker, folded
veinc in the area. It aloo chowo that the deformation and chearing
occurred after the veinowere formed.

" » L. 4
Fig. 3: Shear and fold related vein. The carrot chaped veino with tipc
pointing in the direction of motion (SE). The formation of thece carrot-
chaped veino may be conaictent with previouc carrot chaped groovec
created during ceiomic activitiesin the area.
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Joint

Jointc reprecent diccontinuity without apparent
dioplacement in rock. The tectonic otreco orientation
determinecjoint orientation cince the growth orientation
at the tip of the joint of cuch icalwayc perpendicular to
the minimum otreco orientation (Dyer 1988). The E-W
orientation determined to be the landdlide dlip direction
in thic area coincidec with the intermediate otreco
orientation of the jointc (Fig. 4b). The propagation
direction of the relic plumoce aloco confirmo the E-W
intermediate otreco axic (Bamicaiye 2019). The E-W
joint orientation ceemo to be younger than the leco
prominent N-S joint orientation.

Fig. 4: Jointc on rock outcrop (right) and plumoce ctructure chowing
the principal otreco orientationc.

Grooves

More than one type of groove wac encountered on the
field (Fig. 5a, 5b and 5c¢), the moct prominent one are the
long poliched, rod-like deprecsionowith length of about
one meter, dipc(eactward)/dlide towardothe direction of
motion, the dlipped blockowere ceen hanging down the
dip direction in come cacec. Such poliched curface
probably indicatec more than one dlip epicode. The
grooveo are dlightly curved in come caces (Fig. 5c);
indicating poct olip comprecoion.

Fig. 5: The dlickenlinec and groove lineationc (a and b) indicate the
direction of dlip, which ic Eact. C indicatec groove lineation acoociated

with normal faulting and chearing.
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Slip determination from conjugate fault planes

Here two fault planecintercect to form a aingle line. The
faulto intercect at approximately 60° .The intercection
line between conjugate fault is the intermediate stress
tensor (stress axis 0,), the 61 is the maximum principal
stress axis and the comprecoional otreds axic (oriented
eactwardo) that bisects the angle between the fault
planes while 63 (from weat) ic the tencional otreco
reprecented by the bicector of the obtuce angle Fig. 6 (b)
(Lunina et. al. 2005; Diabat 2015). Conjugate NNW-NNE
normal and NE-SW ainictral otrike olip faultc are
particularly well-developed in thic unit (Fig.7). Thece
ouggeat bulk E-W chortening.

it o
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Fig. 6: Stereogram of the two oppoaite dipping planeg both are
acoociated with normal faulting. The cchematic diagram by the right
hand illudtratec the orientation of the principal otrecoes for conjugate
faulto(Source: httpo.//ctructuredatabace.wordprecss.com/).

Fig. 7: The northern contact of the fault in (a) chowobedt precervation
of foliationg, jointg, mylonitized quartziteg, porphyroclactcand veing,
indicating more brittlenessand recictance to overprinting. (a) block ic
foliated, tilted to the wect and trendc SSW-NNE. The quartzite ic
achictoce and highly foliated. (b) conaict of folded macoive quartzite
(c) icthe central portion between the dipping faultg, the dlip lineationo
indicateoctrike olip motion.

Fiber lineations

Fiber lineatonc are aignificant brittle extencional
featureowith greater damaging or failure potential. The
dioplacement icperpendicular to the opening, minimum
atrecodirection and atretching direction. The orientation
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of the ?berc ic commonly taken to reprecent the
extenaion direction. The curved ?bercin Fig.8 implieca
change in extencion from E-W towardothe NE direction
probably during deformation or due to chearing after the
formation of the ? bera.

; ; : 1 }X

The chronology of ctriationcon the fault curface ica bit
complex. The E-W trending otriationc are more
abundant and could erroneoucly be mictaken ac the
latect movement due to the magnitude and precence of
long groovea. The fiber linec indicate extencion along
approximately E-W direction, However the
chronological relationchip indicatecthat the long fiber ic
cheared to the north. Thicchowothat extencion precedec
comprecoion in thicarea.

The veinorecord extenaive hydraulic fracturing in low
to medium grade metamorphic rockg the examplec
deccribed above appear conoictent with independent
chear-cence indicatorc and contribute to the regional
kinematic ccheme and dictinct kinematic.

Foliation Curvature and S-C Structure

Foliation that are rotated during deformation will chow
a cence of direction that indicate the cence of motion.
The C featurec are comparable to Riedel Shearcin the
brittle regime, while the foldoare oimilar to "S" foliation
eopecially at the eactern part of Fig. 9. The lower part of
the Figure chowothat the C-planecare predominated by
atraight quartz porphyroblact intercecting the S band.
The C band maintain a concictent orientation and
dicappearcbeyond the chear zone boundary. The S band
conaiat of S- chaped, curvilinear to cigmodal chear
bands forming the S type bandc whoce degree of
curvature dependc on itc amount of rotation. Thic
reducec gradually to parallel (from top to bottom
(Fig.9a)) and at the lower central part of the figure where
the C bandoare cloceat to each other and highly cheared.
The S band otretchec NE-SW reprecenting NE-SW
tranctencion and N-S comprecsion.
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Fig. 9: C and S fabric defined in mylonitic quartzite which formothe S
bandctrend NE to the right and the C-type chear band formed by quartz
porphyroblact, the C bandcare atraight and parallel with the chear band
boundarieswhile the long axicof S type chear bandopointoto the chear
boundary, (a) indicatec dextral movement. Diagram (b) Riedel
fractureowith westward maximum compreadsional ctreds, in a cinictrial
arike olip fault regime. C and S fabrico in (b) exhibit dextral
kinematico with NE-SW tranoprecoion. (C) Schematic diagram of
Riedel chearcfracturecchowing variation in orientation of the R and R’
fracturecin (b).

Porphyroclast: Undeformed and Deformed

Kinematic analycic can be otudied by invectigating
movement of rock component or material cuch ac
porphyroclacto that dioplayc evidence of deformational
modification. Porphyrocladto are relict component of
metamorphooed rock that oubocicted after
recryctallization. The porphyroclact in Fig. 10a hac a
rotated morphology with a dextral cence of chear and a
central unitaxial cryctal growth towardothe wecot and the
precence of acoymetric porphyroclact undergoing
extenoion (Fig. 10b).

T

Fig. 10a: o-type porphyroclact developed from recryctallized quartz
mineral and influenced by coaxial deformation. Thicbelongcto early
D3 deformational epicode (Odeyemi, 1993; Fagbohun ez al. 2017).

Discussions
Regional Kinematic Description of the Study Area

The moct recent otrecs otate (D, deformation) ic
acoociated with tencional otreco field from NNW-SSE
through NNE-SSW to E-W, acrecorded in moct of the
locationa. Thicextenaion icrelated to normal and otrike
dlip faulting, come of the folded ctructurecouch acveinc
and intrafoliation were formed during the D1, D, and
early D, deformational epicodec were alco affected by
thic extencional otreco. Nappe/thruct otructurec might
have formed during the Pan African with couthwect to
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Fig. 10b: Aoymmetric bouding antithetic chear fracturec oriented
NNE-SSW and formed by extencion

weatern extencion in the came direction with foldo in
brittle-ductile regimeg, in regponce to comprecoion the
atrain ellipooid.

Modat of the jointc open along NE-SW and E-W, the
foliationc dip moderately to the wedt ac a recult of
progrecuive deformation and ctrikec between 82°-272°,
thic wide variation in trend chowoc polyphace
deformation. Joints are formed in response to tectonic
stress regime, the 6, axicicoriented perpendicular to 63
and considered to be radial or multidirectional extencion
(Armijo 1977). Jointopropagate at right angle to the 63.
Joints are thus useful in defining the 63 axis in a region.
They open along the 62 and 63 direction but never along
the maximum stress axis o, The 62 and 63 axis in the
study area is along the E-W direction, this representcthe
joint opening direction. The jointc are aloo related to
local faulting and folding in thicarea, come develop due
to extenoion and digplacement of normal faultg, while
come form along the hanging block of warped
thruot/reverce faulto. Some of the jointoform parallel to
the hinge of foldoin thicarea.

Stretch lineationcare related to thiclate ctage extenaion,
at the fold hingec, along fold axic and are found
acoociated with otrike olip faulting. Some of the
lineationc are crooocutting, thic indicates pocoible
ouperpoaition of later lineation on earlier oneoc (early
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minor foldo) or due to chearing and rotation, the axial
plane of the later ctage folding ichorizontal. Late ctage
folding muoct have been acocociated with the
development of a ainidtral tranoprecsional chear zone
along NE-SW trend. Precence of fiber lineation indicate
further fault movement after the initial dlip.

The axial plane of relicto of earlier foldc are oriented
NNW- NNE. The maximum principal ctreco direction
wag either W or E, with nearly vertical comprecoion in
approximately N-S to NNE-SSW trend.

The cecond deformational epicode ic acoociated with
NE-SW axial planar gentle to open foldo formed under
NNW- SSE comprecoion with approximately E-W
extenaion (Fig.6, 7, 8 and 9) and formation of dextral
arike dlip. Thee ocuccesvions of paleoctrecs fieldo
deccribed wac ectabliched from field obcervationo
where cucceanive grooves developed on the came fault
plane: the firat under a NNE-SSW extencion of the
earlier recumbent foldo and the cecond under a otrike-
olip regime, ocuggecting a trancprecoive paleo otreco
regime.

The third deformation phace ic characterized by E-W
extenoion and brittle fracturing of the quartzitec. Moot of
the jointo, lineationo, foliationc are oriented in thic
direction (Fig. 5, 6 and 7). The moct recent ctructurec
(dlickenlineg, groovecand lineationo) expoced by recent
landdlidec in thic area reveals NNE-SSW to E-W
maximum ctrecsdirection in normal fault and ctrike dlip
regime. The carrot grooves(Fig. 5) chow extencion in a
SE direction and approximately N-S comprecoion,
which ocuggeat that foldo and faultc formed in the came
atrecofield.

Deformation in the couthern partc of the Okemeai fold
being a low grade metamorphic zone, ic mainly
controlled by the buckling and otretching of the
competent metacedimentary layerc. The otretched
layercare eventually ceparated by thruct? (Fig. 1b). The
nature of the fold around Efon Alaaye and couthwardo
aeemo very complex due to multiple deformation and
macaive outcrop erooion leading to diccrete/ccattered
outcrop expooureo. Detail mapping of thece featurecic
hampered by thick vegetation, the monotonouc
lithologic nature of the rockcand erocion. The catellite
imageo of the area are alco a bit clumoy and unacuitable
for detail otructural mapping, deopite thece
chortcomings Odeyemi 1993; Fagbohun et al. 2017
made a good attempt at deccribing the otructurec ucing
aatellite images. However, a careful ctudy of the Google
Terrain map of the area revealed more detail. The
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couthweatern part, around Erin- Ijecha and Iperindo ic
made up of partly eroded extencion parallel foldc (the
foldo run parallel to Ifewara Fault) where comprecoion
ioperpendicular to extencion.

The eactern limb of the Okemeai fold ic influenced by
the poct Nappe doming of the Archaecan bacement which
reculted into buckling, chortening and juxtapoacition of
upright foldoon the older recumbent fold, with poaoible
cutting by thruct.

The wedtern limb ic undergoing extencion. The rifting
on the weatern limb ic influenced by the NNE dextral
atrike-dlip extencion of the [fewara fault. Fault oplaying
cauced by E-W (horizontal) extencion of the Ifewara
fault (north of Okemeai fold). Thicic cubctituted in the
couthern part (Efon- Alaaye — Iperindo area) by oblique
and orthogonal extencion coupled with parallel chear.
Thioc tranctencional dioplacement ic recponaible for the
extencion of the Ifewara fault (reprecented here by
ceriec of NNE parallel faulto (Figure 1b (iii)) and the
four-way clooure anticlinal thruct-fold (Figure 1b (iv)).
Thece reveal the imprint of pre- and oyn kinematico of
Ifewara Fault on the wectern limb of the Okemeai fold.

Rock buckling and ductile deformation in extreme
couthern part of Okemeai fold area (brown circle on
Fig.1b(v)) indicatec intence E-W horizontal/lateral
comprecoion with otrongly comprecoed large ccale
(about 10 km long) cinuoucfolds The axial planecof the
foldo are oriented almoct vertically (N-S), wect of the
buckled fold in Figure 1b(v) are two fault-bend thruct
fold with the weatern cegment gradually dragging over
the lower eactern cegment.
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The chortening on the eactern limb (between Aramoko
and Igbara Odo (Fig. 1b (ii)) indicatec a N-S
tranoprecoion evident by eactward doming and
clacvified acpart of the early D, ductile deformation.

Conclusions

The obcerved local otreas trajectoriec pocoibly reflect a
combination of atreds ctatec that can be correlated with
the development of major fold otructurec and the
dominant regional otreco field. Some of the tencorc
recorded conform to ceparate tectonic eventc thuc
reflecting multiple phacec deformational epicodeg,
while minor rotation of cingle phace deformation wac
aloo obcerved on folda.

Four principal deformation otylec at both local and
regional ocale were identified: (1) cheared and folded
atructurec(2) thruat fault (3) normal fault and (4) otrike-
dlip fault. It indicatecthat the Okemeai fold experienced
a complex hictory of tectonico initiated by variable
atreco regimeo of contraction and thruct faulting while
atrike-dlip and normal ic currently dominant in the area
becauce the area ic undergoing extencion. The
paleoctrecs analycic chowa. (1) Late Pan- African to
recent comprecoion in a NNE direction acinferred from
both the fracturing and otrike-dlip faults, and (2) the
precence of E-W extenaion billeted by normal and otrike
alip faulting. The weatern part of Okemeai fold along the
Ifewara Fault ic dominated by horizontal extencion in
the north and vertical extencion in the couth. Both upper
and the lower cectioncand the eactern limb of Okemeai
fold are dominated by comprecoion and chortening, the
eactern limb by vertical compression and the lower
aection by horizontal chortening.
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