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The Up per Cre ta ceous Ajali Sand stone is an ex ten sive strati graphic unit of the Anambra Ba sin in south ern Ni ge ria. It con -
sists of fri a ble, white cross-bed ded sand stones ex hib it ing a fin ing up ward se quence. Struc tures such as bioturbation, pla nar
and her ring bone cross beds in di cate vari abil ity in depositional en vi ron ment rang ing from fluviatile to deltaic. Petrographic
and geo chem i cal com po si tions (ma jor and trace el e ments) of these sand stones have been in ves ti gated to de ter mine their
prov e nance, tec tonic set ting and weath er ing con di tions. Fif teen sand stone sam ples ex am ined are rich in quartz but poor in
feld spar and lithic frag ments. Tex tur ally, the frame work grains of the sand stones are fine- to me dium-grained, sub-an gu lar to 
sub-rounded, mod er ately sorted to poorly sorted, pos i tively skewed and leptokurtic. The sand stones are tex tur ally im ma ture
as de picted by their sub-an gu lar edges of grains, but min er al og i cally ma ture in terms of high per cent age of quartz. The high
chem i cal in dex of al ter ation (CIA) val ues (71.0–99.2%) for these sand stones sug gests that they were de rived from highly
weath ered rocks in the source area. The com po si tion of the ma jor ox ides in the sand stones re vealed that SiO2 (49.1–99.7%), 
Al2O3 (0.2–30.3%), Fe2O3 (0.4–1.8%) and TiO2 (0.06–3.2%) were the most abun dant el e ments in all sand stone sam ples in di -
cat ing a high de tri tal quartz and clay min eral con tent. The Al2O3/TiO2 ra tios (1.47 to 12.48), Ti/Zr (6.48–18.63) and Zr/Cr
(2.24–22.36) sug gest that the sand stones were de rived from vari able base ment com plex rocks, in clud ing some con tri bu tion
from mafic or ultra mafic com po nents. In fer ences from the plots of K2O/Na2O ver sus SiO2 in di cated a pas sive mar gin tec tonic
set ting for the sand stones. The high load ing of CaO and Na2O in more than 50% of the sam ples is in dic a tive of terrigenous in -
put, mainly in the form of car bon ates and sil i cates. These re sults are gen er ally con sis tent with a der i va tion of the sand stones
from ad ja cent ig ne ous and meta mor phic base ment com plexes (Cam er oon–Adamawa high lands and Oban Mas sif) while the 
ex ten sive and blan ket-like ge om e try of the Ajali Sand stone is in dic a tive of an ex cel lent res er voir for ground wa ter in the
Anambra Ba sin.

Key words: pe trog ra phy, geo chem is try, Ajali Sand stone, prov e nance, tec tonic set ting, Ni ge ria.

INTRODUCTION

The Maastrichtian Ajali Sand stone (Reyment, 1965) ex -
tends from Fugar/Agenebode area in the west along the Udi Hill 
in the east, and thins south-east of Okigwe in Ni ge ria (Hoque
and Ezepue, 1977; Tijani et al., 2010) thereby form ing an over -
all blan ket-like ge om e try (Ladipo, 1986). It is an ex ten sive strati -
graphic unit of the Anambra Ba sin with a max i mum thick ness of 
500 to 600 metres in the cen tral part of the ba sin (Simpson,
1954). It thins to the south (Simpson, 1954) to about 200 metres 
where its out crop crosses the axis of the Abakaliki Anticlino -
rium, though only a few tens of metres were re ported from this
area by Ladipo (1986). This for ma tion is ex posed on the
Awgu–Enugu Es carp ment and Udi Hill (Fig. 1).

Murat (1972) de scribed the stra tig ra phy and palaeo ge ogra -
phy of the Cre ta ceous and Paleogene in the South ern Ni ge ria
sed i men tary ba sin in terms of three ma jor tec tonic phases
which con trolled the mor phol ogy and evo lu tion of the ba sin (Fig. 
2). Ac cord ing to Burke et al. (1972), the Santonian up lift re -
sulted in the ero sion of over 2000 m of sed i ments from the
Abakaliki folded belts and much of these eroded ma te ri als were
de pos ited in the Anambra Ba sin, which be came the ma jor
depocenter dur ing Campanian to Early Eocene time.

Hoque (1977) stud ied the petrographic char ac ter is tics of
sand stone units in south east ern Ni ge ria, de pos ited dur ing the
first and sec ond tec tonic ep i sodes of Murat (1972). He used the
petrographic char ac ter is tics of sand stone units as ev i dence of a 
ma jor change in the tec tonic events in the area, in rec og niz ing
the strati graphic bound ary be tween two sed i men tary cy cles,
and de lin eat ing mar gins of pre-Santonian and post-Santonian
bas ins. Hoque and Ezepue (1977) stud ied the pe trol ogy and
palaeo ge ogra phy of the Ajali Sand stone and re ported that in -
tense chem i cal weath er ing un der hu mid con di tion both at
source and dur ing trans por ta tion could elim i nate feld spars and

* Corresponding author, e-mail: etunimogala@yahoo.com

Received: Received: March 9, 2014; accepted: November 26, 2014; 
first published online: December 29, 2014



80 Jude Etunimonuwa Ogala, Samuel Bamidele Olobaniyi, Omolemo Olutoyin Omo-Irabor and Edwin Ozor Adaikpoh

Fig. 1. Map of the study area show ing sam pling lo ca tions 
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Fig. 2. Palaeogeographic map of the Anambra Ba sin dur ing the Maastrichtian–Danian (mod i fied from Murat, 1972)



other la bile frac tions to pro duce min er al og i cally ma ture sand.
Such a de posit is un likely to have tex tural ma tu rity of quartz
arenites de pos ited on a sta ble plat form. The min er al og i cally
ma ture Ajali Sand stone, as well as sand stone units of the
Enugu, Mamu, Nsukka and Nanka for ma tions of the sec ond
phase were formed by pro found chem i cal weath er ing of gra nitic 
rocks of the Cam er oon high lands in a cli ma tic en vi ron ment very 
sim i lar to the pres ent-day hu mid con di tion. Hoque and Ezepue
(1977) also in ter preted the Ajali Sand stone as a fluvio-deltaic
de posit and sug gested a der i va tion from the Cam er oon– Ada -
mawa high lands. Tijani et al. (2010) stud ied the tex tural and
geo chem i cal char ac ter is tics of the Ajali Sand stone and noted
that the source area is con strained to the Pre cam brian base -
ment rock units of Adamawa–Oban Mas sif ar eas to the east of
the Anambra Ba sin and the ad ja cent Abakaliki Anticlinorium.

Banerjee (1979), Amajor (1984) and Ladipo (1986, 1988)
de scribed a num ber of fea tures in dic a tive of a tidal to shal low
sub-lit to ral palaeoenvironment: Ophiomorpha and Sko lithos;
bi po lar-bi modal cur rent az i muths; and re ac ti va tion sur faces of
in ferred tidal or i gin. Ladipo (1986) sug gested a sub-tidal to tidal
or i gin for the Ajali Sand stone with a gra da tion into more paralic
de pos its in the sub-sur face.

The sand stone beds oc cur ring in Ayangba and en vi rons are 
the west ern ex ten sion of the post-Santonian Ajali Sand stone of
the Anambra Ba sin (Fig. 1). Much as the lithostratigraphic units
of the Anambra Ba sin are well-known and doc u mented
(Tattam, 1944; Simpson, 1947, 1954; Reyment, 1965; Murat,
1972; Hoque and Ezepue, 1977; Ladipo, 1986, 1988), lit tle at -
ten tion has been paid to the ex ten sion of the Maastrichtian Ajali
Sand stone in the Ayangba lo cal ity. This study as sesses the
petrographic and geo chem i cal com po si tions of Ajali Sand stone 
out crops in Ayangba and its en vi rons in or der to in fer their prov -
e nance, tec tonic set ting of the source area and weath er ing con -
di tions in the source area.

LOCATION OF STUDY AREA AND GEOLOGY

Ayangba is lo cated in north-cen tral Ni ge ria within lat i tudes
7°20’ and 7°45’N, and lon gi tudes 6°45’ and 7°15’E (Fig. 1). This 
area is un der lain by the Ajali Sand stone For ma tion that oc ca -
sion ally form prom i nent top o graphic fea tures. Re gion ally, the
Ajali Sand stone is un der lain by the Mamu For ma tion and over -
lain by the Nsukka For ma tion (Fig. 3 and Ta ble 1). 

The or i gin and evo lu tion of the sed i men tary bas ins (Benue-
 Abakaliki folded belts, Niger Embayment, Anambra Ba sin,
Afikpo Syncline and Niger Delta; Fig. 2) in South ern Ni ge ria is
as so ci ated with the open ing of the South At lan tic Ocean dur ing
Early Cre ta ceous time (Murat, 1972; Nwachukwu, 1972). Sed i -
men ta tion in the south ern Ni ge rian bas ins be gan dur ing the
Early Cre ta ceous (Albian) fol low ing the base ment sub si dence
along the Benue Trough (Nwachukwu, 1972; Olade, 1975; Fig.
1). Fold ing and up lift oc curred dur ing the Santonian along a
NE–SW axis in the Abakaliki-Benue folded belts (Fig. 2). The
Anambra Plat form, ly ing to the west and south-west of the
Abakaliki folded belts, sub sided to form the Anambra Ba sin
(Reyment, 1965; Short and Stauble, 1967; Murat, 1972; Ben -
khelil, 1989; Fig. 1).

The post-Santonian strati graphic suc ces sion in the Anam -
bra Ba sin be gan with the de po si tion of the ma rine Campanian-
 Maastrichtian Enugu/Nkporo Shales and its lat eral equiv a lent –
the deltaic Owelli Sand stone (Ta ble 1). These basal units are
over lain suc ces sively by the Lower–Mid dle Maastrichtian
deltaic coal-bear ing Mamu For ma tion (Lower Coal Mea sures),
Mid dle Maastrichtian tidal Ajali Sand stone (False-Bed ded
Sand stones) and  the flu vial-deltaic Nsukka For ma tion (Up per
Coal Mea sures; Ta ble 1). 

The Ajali Sand stone in the Anambra Ba sin, which is the fo -
cus of this study con sists of fri a ble, white cross-bed ded sand -
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Fig. 3. Geo log i cal map show ing the Anambra Ba sin and the ad ja cent units in south ern Ni ge ria 
(in set: map of Ni ge ria show ing the lo ca tion of study area; mod i fied from Akande et al., 2007)



stone with thin beds of whit ish claystone. The cross-beds are
large scale and dip about 20–30° west wards. The sand stone
units dis play thin, poorly de fined cyclothems and con tain abun -
dant mud clasts. There are nu mer ous bands of var ie gated,
rarely car bo na ceous shales and mudstones, of ten cap ping the
sand stone cyclothems. The Ajali Sand stone is Maastrichtian in
age with a thick ness of about 500 m (Reyment, 1965) and of ten
shows an up ward-fin ing se quence. In the subsurface, the Ajali
Sand stone is dom i nantly fine-grained and cal car e ous. It is usu -
ally shaly, and py ritic or car bo na ceous, and may con tain ostra -
cods and arenaceous foraminifers (Agagu et al., 1985).

SAMPLING AND METHODS

FIELD STUDY

In this study, fif teen sand stone and two clay (lithified) sam -
ples were col lected from six out crops ex posed at road cuts in
the Ayangba area (Fig. 1). The spot sam pling method, which
mainly in volves sam pling of out crops at des ig nated lo ca tions,
was used in the field for sam pling. The sam ples col lected were
mac ro scop i cally ex am ined. The mudstones were clay-sized
(BT3) and silt-sized (DE1) sam ples. The grain-size of the sand -

stone sam ples ranged from coarse to fine sand. There are sed i -
men tary struc tures such as bur row ing sur faces, and pla nar and
her ring bone cross beds (Figs. 4 and 5). The Ajali Sand stone
con sists of fri a ble, white cross-bed ded sand stone with thin beds 
of whit ish claystone. The thick nesses of the stud ied se quences
are 5–35 m (BT), 2–16 m (AY), 1–6 m (AN), 2–5 m (DO) and
0–5 m (DI). Fig ure 4 pres ents the lithological sec tions of the
units stud ied. 

LABORATORY ANALYSIS

The sam ples were disaggregated and sub jected to
grain-size anal y sis us ing a Ro-Tap au to matic sieve shaker in
or der to de ter mine par ti cle size dis tri bu tion in the sand stones.
Graphic meth ods (Folk and Ward, 1957) were used in cal cu lat -
ing the sta tis ti cal grain-size pa ram e ters (mean grain-size, stan -
dard de vi a tion, graphic skew ness and kurtosis). For petro -
graphic stud ies, thin sec tions of fif teen rep re sen ta tive sam ples
were ex am ined with an op ti cal mi cro scope (ML 9000). Modal
counts of 300 points were per formed for each sam ple fol low ing
the Gazzi-Dickinson point count ing method (Gazzi, 1966;
Dickinson, 1970). 

Chem i cal anal y sis of fif teen rep re sen ta tive sand stone and
clay sam ples were per formed at Ac ti va tion Lab o ra tory, On tario,
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T a  b l e  1

Strati graphic sub di vi sion of the south ern Benue Trough (mod i fied from Reyment, 1965)



Can ada, us ing in duc tively cou pled plasma-op ti cal emis sion
spec trom e try (ICP-OES) for de ter mi na tion of ma jor and trace
el e ments. Loss on ig ni tion (LOI) was de ter mined by weigh ing
be fore and af ter ig ni tion at 1050°C. Lim its of de tect able mea -
sure ment (LDM) for ma jor el e ments were 0.01 for SiO2, Al2O3,
Fe2O3(T), MgO, CaO, Na2O, K2O and P2O5; 0.001 for MnO and

TiO2 and 0.01% for S. LDM for trace el e ments were 2 ppm for
Ba, Sr, Zr, Bi, Te; 1 ppm for Y, Sc, Be, Co, Cr, Cu, Ga, Hg, Ni, Li, 
Mo, Ni and Zn; 5 ppm for V, Sb, Tl and W; 0.3 ppm for Ag and
Cd; 10 ppm for U; 3 ppm for As and Pb and 4 ppm for Sc.

Sta tis ti cal anal y ses were car ried out us ing the sta tis ti cal
pack age for so cial sci ences (SPSS ver sion 20). Sam ples that
have con cen tra tions be low the re spec tive de tec tion limit (Ag,
As, Bi, Cd, Sb, S, Tl, U and W) were ex cluded from fur ther sta -
tis ti cal treat ment. Pearson’s cor re la tion co ef fi cient was com -
puted for the data set. Fac tor Anal y sis (FA) and Prin ci pal Com -
po nent Anal y sis (PCA) were also ap plied on the data set stan -
dard ized through z-scale trans for ma tion. Hi er ar chi cal agglo -
merative clus ter anal y sis was per formed on the data set by
means of the Ward’s method with a view to group the similar
sampling sites spread over the region.

RESULTS AND INTERPRETATION

TEXTURAL FEATURES

Re sults of graphic meth ods (Folk and Ward, 1957) from
sieve anal y sis are pre sented in Ap pen dix 1*. The mean grain-
 size of the sand stones ranges from 0.01 Æ (coarse-grained) to 
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Fig. 4. Pro files of lith o logic units show ing dis tance be tween the mea sured sec tions

Fig. 5. Field photo of Ajali Sand stone out crop show ing
bioturbation struc tures and cross beds

* Supplementary data associated with this article can be found, in the online version, at doi: 10.7306/gq.1208

https://gq.pgi.gov.pl/rt/suppFileMetadata/12844/0/2543


1.93 Æ (me dium-grained). The stan dard de vi a tion val ues of
the sand stones vary from 0.73 to 1.09 Æ, sug gest ing that the
sand grains are mod er ately to poorly sorted (Ap pen dix 1). Ten 
out of the fif teen sam ples have pos i tive skew ness, while the
graphic kurtosis ranges from 0.50 Æ (very platykurtic) to
1.49 Æ (leptokurtic).

PETROGRAPHY 

Petrographic anal y ses re vealed that the Ajali Sand stone
sam ples are mod er ately well-sorted. The frame work grains of
the sand stone is dom i nantly com posed of sub-rounded to
sub-an gu lar monocrystalline (Qm) and polycrystalline (Qp)
quartz and sub-or di nate amounts of feld spars, heavy min er als
(rutile, zir con and tour ma line) and lithic frag ments (Ta ble 2 and
Fig. 6). Quartz is the most abun dant frame work grain in the
sand stones, con sti tut ing on av er age 95% of rock vol ume. Ac -
cord ing to Folk (1968) and Osae et al. (2006), de tri tal sand -
stones can be clas si fied by their min er al og i cal com po si tions
and ma trix con tent. On the ba sis of their min er al og i cal com po -
si tions, the Ajali Sand stone sam ples are clas si fied as quartz
arenites (Fig. 7). The re cal cu lated min er al og i cal ma tu rity in dex
(MMI) val ues of 0.93 to 0.99 sug gest re cy cled and re worked
par ent ma te ri als for the Ajali Sand stone (Ta ble 2). 

Fedo et al. (1995) dem on strated that diagenetic pro cesses
are known to mod ify the geo chem i cal com po si tion of sed i men -
tary rocks. Petrographic ob ser va tions re vealed that most of the
sand stone sam ples con tain mi nor amount of fine-grained quartz
ce ment (on av er age 0.9%; Ta ble 2). The sam ples are dom i nated 
by frame work grains (de tri tus) with lit tle ma trix. In most of the
sam ples, low con cen tra tion of ma trix (on av er age 2.3%) were ob -
served (Ta ble 2). Among quartz grains, Qp (64.3 vol%) is dom i -
nant over Qm (28.7 vol%) and most Qp show straight to
undulose ex tinc tion. Qp are an gu lar to sub-an gu lar while the Qm
are rounded to sub-rounded. The Qp show 2 to 3 crys tals and the 
con tacts be tween crys tals are su tured. Qp crys tals do not show
pre ferred ori en ta tion and they gen er ally lack in clu sion. Qm crys -
tals gen er ally lack in clu sions and they show straight to slightly
undulose ex tinc tion. These char ac ter is tic fea tures of the Qp and
Qm sug gests a plutonic source for the quartz grains. Feld spar (F) 
grains are sub-an gu lar and are com par a tively less abun dant
(2%) with dom i nant K-feld spar. The as sem blage of heavy min er -
als is dom i nated by rel a tively sta ble heavy min er als such as
rutile, zir con and tour ma line. All sand stone sam ples con tain mi -
nor amounts of lithic frag ments (on av er age 3%). A plot of the
min er al og i cal com po si tion of the sand stone sam ples on the QFL
di a gram (Fig. 8) shows that all sand stone sam ples plot within the
field of craton in te rior sources. This sug gests that the Ajali Sand -
stone was de rived from crys tal line base ment source rocks
(Dickinson and Suczek, 1979; Dickinson et al., 1983).
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T a  b l e  2

Modal anal y sis re sults of the Ajali Sand stone

Sam ple 
no Li thol ogy

Qt
F Rf M C

[%]
MMI

Qp Qm Q F Rf

AN1 fine-grained
sand stone 64 31 1 2 1.6 0.4 96.9 1.0 2.0 0.97

AN2 fine-grained
sand stone 66 26 2 3 2.4 0.6 94.8 2.1 3.1 0.95

AN3 coarse-grained
sand stone 69 27 1 1 1.5 0.5 98.0 1.0 1.0 0.98

AN4 coarse-grained
sand stone 79 15 2 2 1.7 0.3 95.9 2.0 2.0 0.96

AN5 me dium-grained 
sand stone 64 28 1 3 3.1 0.9 95.8 1.0 3.1 0.96

AN6 fine-grained
sand stone 63 27 3 2 3.8 1.2 94.7 3.2 2.1 0.95

AN7 coarse-grained
sand stone 58 40 – 1 0.7 0.3 99.0 0.0 1.0 0.99

AY1 coarse-grained
sand stone 53 37 1 3 4.3 1.7 95.7 1.1 3.2 0.96

AY2 me dium-grained 
sand stone 70 24 1 2 2.1 0.9 96.9 1.0 2.1 0.97

AY3 fine-grained
sand stone 62 36 – 1 0.7 0.3 99.0 0.0 1.0 0.99

BT1 coarse-grained
sand stone 62 28 2 3 3.9 1.1 94.7 2.1 3.2 0.95

BT2 me dium-grained 
sand stone 56 34 3 4 2.0 1.0 92.8 3.1 4.1 0.93

DI1 me dium-grained 
sand stone 66 26 2 2 2.1 1.9 95.8 2.1 2.1 0.96

DO1 coarse-grained
sand stone 67 25 3 2 1.8 1.2 94.8 3.1 2.1 0.95

DO2 coarse-grained
sand stone 66 26 2 2 3.0 1.0 95.8 2.1 2.1 0.96

Qp – polycrystalline quartz, Qm – monocrystalline quartz, Qt – to tal quartz, F – feld spar, Rf –
rock frag ments, M – ma trix, C – ce ment, MMI – min er al og i cal ma tu rity in dex [Qt/[(Qt + F + Rf)]

https://gq.pgi.gov.pl/rt/suppFileMetadata/12844/0/2543


GEOCHEMISTRY

An a lyt i cal data of the ma jor and trace el e ments for the
quartz arenites and mudstones in the Ajali Sand stone sam ples
are listed in Ap pen dixes 1 and 2. The de scrip tive sta tis tics of
ma jor and trace el e ment con tents of quartz arenites in the Ajali
Sand stone sam ples are pre sented in Ta bles 3 and 4. The Ajali
Sand stone is rel a tively de pleted in most ma jor and trace el e -
ments and  en riched in SiO2, sug gest ing a high de gree of
weath er ing and re work ing that prob a bly re moved ferro mag -

nesi an min er als and feld spars (Getaneh, 2002). The av er age
Na2O con tent for the Ajali Sand stone is 0.04%. This de ple tion of 
Na2O (<1%) is re flected in the rel a tively smaller amount of
Na-rich plagioclase, as shown by the pet ro graph i cal data. This
re sult is con sis tent with those given by Armstrong-Altrin et al.
(2004) and Osae et al. (2006). How ever, two mudstone sam -
ples (BT3 and DE1) have SiO2 and Al2O3 val ues of 49.1% and
74.5%, and 30.3% and 16.2%, re spec tively (Ap pen dix 1). The
high Al2O3 con tent re flects their protolithic na ture. The most
abun dant trace el e ments in the Ajali Sand stone sam ples are Zr
(mean of 120 ppm), Mn (72 ppm), Cr (21 ppm), Zn (13 ppm)
and Ba (13 ppm). How ever, these con cen tra tion val ues are
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Fig. 6A,B – thin sec tion mi cro pho to graphs show ing min er al og i cal com po si tion in quartz arenite
of the Ajali Sand stone (crossed polars)

M – monocrystalline quartz, P – polycrystalline quartz, F – feld spars, RF – rock frag ments

Fig. 7. QFL ter nary di a gram (Folk, 1968) show ing
compositional/fields of Ajali Sand stone

Fig. 8. QFL ter nary di a gram (Dickinson and Suczek, 1979;
Dickinson et al., 1983) show ing tec tonic fields 

for the Ajali Sand stone

https://gq.pgi.gov.pl/rt/suppFileMetadata/12844/0/2543
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gen er ally lower than the av er age up per con ti nen tal crust (UCC) 
val ues (Armstrong-Altrin et al., 2004).

Us ing the geo chem i cal clas si fi ca tion di a gram of Herron
(1988), the Ajali Sand stone sam ples are clas si fied as quartz
arenites, ex cept for two mudstone sam ples that fall in the shale
and Fe-shale fields, re spec tively (Fig. 9).

STATISTICAL TREATMENT

The re sults ob tained were sub jected to sta tis ti cal anal y sis to 
char ac ter ize the geo chem is try of ma jor and trace el e ments (Ta -
bles 3 and 4).

The cor re la tion co ef fi cients be tween ma jor el e ments are
listed in Ap pen dix 3. There is a strong neg a tive cor re la tion be -
tween Al2O, Fe2O3, MgO, K2O, TiO2, P2O5 and LOI with SiO2,
re flect ing the min er al og i cal ma tu rity of the sed i ments. Al2O cor -
re lates well with Fe2O3, MgO, K2O, TiO2, P2O5, which im plies a
terrigenous or i gin for the sed i ment. Alu mina, SiO2 and K2O ex -
ist in the form of sil i cate and/or alu mi no sili cate, whereas TiO2

and Fe2O3 are in the form of ox ides. The modal com po si tion of
frame work (MMI; that is the ra tio of quartz to quartz + feld spar +
rock frag ments, Bhatia and Crook, 1986), ma trix and ce ment
were also cor re lated with ma jor and trace el e ments. There is a
pos i tive cor re la tion be tween MMI and SiO2 (r = 0.65), and a
neg a tive cor re la tion with Al2O3 and LOI (r = –0.71 and r =
–0.61), re spec tively, in di cat ing the min er al og i cal ma tu rity of the
sand stones. Ce ment cor re lates well with K2O (r = 0.74); Fe2O3

(r = 0.61) and MnO (r = 0.60). There is no cor re la tion of ma trix
with the ma jor el e ments ex cept Na2O (r = 0.63). These in ter pre -
ta tions sug gest that the chem i cal com po si tions are re lated to
the petrographic modal data. 

Fac tor anal y sis was also em ployed to re veal any as so ci a -
tion of chem i cal el e ments and in deed the most likely un der ly ing
pro cesses that have in flu enced such pro cesses. The ro tated
fac tor ma trix is pre sented in Ta ble 5. A 3-fac tor model was
adopted, which cov ers 94.4% of the to tal vari ance. The first fac -
tor pro vides strong pos i tive load ings for Al2O, MgO, K2O, TiO2,
P2O5 and LOI, and a neg a tive load ing for SiO2, ac count ing for
61.64% of the to tal data vari ance, while fac tor 2 (with high load -
ings of Na2O and CaO) ac counts for 18.21% of the to tal data
vari ance. Fac tor 3 (with high load ings of Fe2O3 and MnO) ac -
counts for 14.5% of the to tal data vari ance. The load ings in fac -
tor 1 re flected el e ments that are as so ci ated mainly with clay
min er als which con sti tutes the ma trix. Fac tor 2 dis plays the

high est load ings with Na2O and CaO, which sug gests a mea -
sure of terrigenous in put, mainly in the form of calcic and sodic
plagioclases. The high pos i tive load ing of Fe2O3 and MnO in
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T a  b l e  3

De scrip tive sta tis tics of ma jor ox ides of quartz arenites
in the Ajali Sand stone for 13 sam ples

El e ment 
(N = 13) Min i mum Max i mum Mean Stan dard

De vi a tion

[%]

SiO2 96.74    100.30    98.57 1.23   

Al2O3 0.14   2.02 0.66 0.66   

Fe2O3total 0.29   1.20 0.87 0.30   

MnO 0.0009 0.01 0.01 0.003 

MgO 0.009  0.01 0.01 0.0003

CaO 0.01    0.02 0.02 0.005  

Na2O 0.02    0.06 0.04 0.01   

K2O 0.009  0.03 0.02 0.01   

TiO2 0.046  0.32 0.15 0.07   

P2O5 0.009  0.02 0.01 0.003 

LOI –0.13      0.80 0.14 0.30   

T a  b l e  4

De scrip tive sta tis tics of trace el e ments of quartz
arenites in the Ajali Sand stone for 13 sam ples

El e ment 
(N = 13)

Min i mum Max i mum Mean
Stan dard
De vi a tion

[ppm]

Co 0.99 1.00 0.99    0.004

Cr 6.00 46.00  20.77 12.02 

Cu 2.00 27.00  8.23 7.55

Ga 0.99 3.00 1.46 0.78

Hg 0.99 3.00 1.15 0.56

Li 1.00 3.00 2.31 0.63

Mn 37.00  113.00   71.85 20.74 

Mo 0.99 3.00 1.53 0.88

Ni 0.99 4.00 3.23 1.09

Pb 2.99 5.00 3.77 0.84

Te 1.99 3.00 2.07 0.28

Zn 2.00 42.00  13.15  12.87 

Ba 11.00  17.00 13.23  2.01

Sr 5.00 10.00 6.54 1.56

Y 0.00 4.00 1.92 0.95

Sc 0.99 2.00 1.07 0.28

Zr 67.00  313.00    119.85   63.25 

Be 0.99 0.99 0.99 0.00

V 4.99 12.00 8.15 2.16

T a  b l e  5

Varimax ro tated fac tor load ings of 10 ma jor el e ments 
and LOI on three sig nif i cant com po nents 

ex plain ing 94.35% of the to tal vari ance 
for 15 Ajali Sand stone sam ples

Vari able Fac tor 1 Fac tor 2 Fac tor 3

SiO2 –0.99  –0.09  –0.13  

Al2O3 0.99 0.13 0.10

Fe2O3total 0.56 –0.03  0.80

MnO –0.14  0.39 0.90

MgO 0.92 0.36 0.03

CaO 0.32 0.79 0.30

Na2O 0.01 0.90 0.07

K2O 0.82 0.50 0.01

TiO2 0.98 0.09 0.11

P2O5 0.98 –0.06  0.13

LOI 0.99 0.11 0.08

Eigenvalues 6.781 2.00 1.59

% of vari ance 61.64 18.21 14.50

Cu mu la tive % 61.64 79.85 94.35

https://gq.pgi.gov.pl/rt/suppFileMetadata/12844/0/2545


fac tor 3 sug gests the pos si bil ity of hydrogeneous ferro-man ga -
nese for ma tion dur ing sed i men ta tion.  

The cor re la tion co ef fi cients be tween trace el e ments of the
Ajali Sand stone are listed in Ap pen dix 4. The great ma jor ity of
trace el e ments show strong pos i tive cor re la tion co ef fi cients
with each other (Ap pen dix 4). This sug gests a com mon de tri tal 
source for the bulk of these el e ments. Fac tor anal y sis (FA)
was ap plied to the cor re la tion ma trix. The ini tial ap pli ca tion of
FA pro duced over lap in fac tors for Mo. The ro tated fac tor ma -
trix is pre sented in Ta ble 6. A four-fac tor model cov er ing
93.8% of the to tal data vari ance was adopted (Ta ble 6). Only
vari ables with load ing val ues greater than 0.50 were con sid -
ered sig nif i cant mem bers of a par tic u lar fac tor. Fac tor 1 ex -
plains 66.1% of the to tal vari ance and con sists of high load ing
val ues of Co, Cr, Ga, Ni, Pb, Te, Zn, Ba, Sr, Y, Sc, Zr, Be and
V. The load ing in fac tor 1 is in dic a tive of el e ments show ing af -
fin ity for both acidic and mafic source rocks. Fac tor 2 ex plains
10.3% of the vari ance in the data set. The ma jor com po nent of
this fac tor is Li, which re flects the clay com po nent of the sed i -
ment. Fac tor 3 ex plains 9.7% of the to tal vari ance and con -
sists of Cu and Mn which may sug gest the ac tiv i ties of hy drog -
e nous bac te ria en rich ment of Cu, Fe and Mn in the sed i ment. 
This is also sup ported by the pos i tive cor re la tion of ce ment
with Cu (r = 0.83) and Mn (r = 0.64) as well as the neg a tive cor -
re la tion of MMI with es ti mated val ues of Cu and Mn val ues, re -
spec tively (r = –0.88 and r = –0.61). 

SOURCE-AREA WEATHERING

The ex tent of chem i cal al ter ation in sed i men tary rocks dur -
ing weath er ing can be eval u ated by ex am in ing the re la tion ships 

among al kali and al ka line earth el e ments (Nesbitt and Young,
1982). Nesbitt et al. (1980) ob served that dur ing weath er ing
pro cesses, cal cium, so dium and po tas sium are the main el e -
ments leached and car ried away by ground wa ter. A good mea -
sure of the de gree of chem i cal weath er ing can be ob tained by
cal cu la tion of chem i cal in dex of weath er ing (CIW; Harnois,
1988), chem i cal in dex of al ter ation (CIA; Nesbitt and Young,
1982) and plagioclase in dex of al ter ation (PIA; Fedo et al.,
1995). High CIW, CIA and PIA val ues (75–100%) in di cate in -
ten sive weath er ing in the source area whereas low val ues (60% 
or less) in di cate low weath er ing in source area.

The CIW, CIA and PIA val ues for the Ajali Sand stone vary
from 77.1 to 99.8%, 74.1 to 99.2% and 76.6 to 99.4%, re spec -
tively (Ap pen dix 1). The high CIW, CIA and PIA val ues sug gest
high de gree of chem i cal weath er ing in the source area from ad -
ja cent Cam er oon base ment com plex and Oban Mas sif (Hoque
and Ezepue, 1977; Tijani et al., 2010).

IMPLICATIONS

PROVENANCE AND TECTONIC SETTING

The use of quan ti ta tive tri an gu lar di a grams based on plots
of quartz (Q), feld spar (F) and rock frag ments (L) can serve as a 
pow er ful in di ca tor of tec tonic set ting of the source area.
Dickinson and Suczek (1979) and Dickinson et al. (1983) es tab -
lished a ter nary di a gram re lat ing sand stone com po si tions to dif -
fer ent prov e nance types such as undissected arc, tran si tional
arc, dis sected arc, re cy cled orogen, base ment up lift, tran si -
tional con ti nen tal and craton in te rior. Oth ers, in clud ing Bhatia
(1983), and Roser and Korsch (1986), Getaneh (2002), have
used graph i cal schemes show ing rel a tive el e men tal abun -
dance to de fine the tec tonic set ting of prov e nances. On a QFL
di a gram of Dickinson and Suczek (1979) the Ajali Sand stones
plot en tirely in the craton in te rior field (Fig. 8). Ac cord ing to
Dickinson and Suczek (1979) and Dickinson et al. (1983), sand -
stones plot ting within the craton in te rior field are ma ture sand -
stones de rived from ig ne ous source rocks. On the K2O/Na2O
ver sus SiO2 dis crim i na tion di a gram (Fig. 10) of Roser and
Korsch (1986) the ana lysed sam ples plot en tirely in the pas sive
mar gin field. This re sult is con sis tent with the clas si fi ca tion of
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T a  b l e  6

Varimax ro tated fac tor load ings of 20 trace el e ments on 
four sig nif i cant com po nents ex plain ing 93.8% of the 

to tal vari ance for 15 Ajali Sand stone sam ples

Vari able Fac tor 1 Fac tor 2 Fac tor 3 Fac tor 4

Co 0.946 0.296 –0.049 0.119

Cr 0.954 –0.121 0.000 –0.213 

Cu 0.081 0.530 0.782 –0.026 

Ga 0.971 0.184 –0.040 0.140

Hg 0.279 –0.266 –0.093 0.646

Li 0.336 0.840 0.154 0.071

Mn –0.230  –0.069 0.937 –0.022 

Mo –0.044  –0.316 –0.079 –0.855 

Ni 0.978 0.121 0.068 0.120

Pb 0.945 0.302 –0.021 0.103

Te 0.925 –0.284 –0.019 0.203

Ba 0.915 0.382 –0.059 0.102

Zn 0.744 0.065 0.536 0.166

Sr 0.985 0.082 –0.036 0.137

Y 0.956 0.256 –0.037 0.132

Sc 0.960 0.239 –0.046 0.135

Zr 0.910 0.318 –0.070 0.158

Be 0.931 –0.264 –0.025 0.191

V 0.980 0.130 –0.044 0.141

Eigenvalues 12.56     1.95 1.84 1.47

% of vari ance 66.09    10.28  9.68 7.76

Cu mu la tive % 66.09    76.36  86.05 93.80  

Fig. 9. Chem i cal clas si fi ca tion of the Ajali Sand stone 
(fields af ter Herron, 1988)
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Roser and Korsch (1986) and Osae et al. (2006), which linked
quartz-rich sed i ments to the pas sive con ti nen tal mar gin de rived 
from plate in te ri ors or sta ble con ti nen tal ar eas.

Sev eral au thors (Ronov et al., 1974; Bhatia, 1983; Dickin -
son et al., 1983; Bhatia and Crook, 1986; Roser and Korsch,
1986, 1988) have used the geo chem i cal com po si tions (ma jor
and trace el e ments) of sand stones to in fer the prov e nance of
source ma te ri als. Hayashi et al. (1997) sug gested that
Al2O3/TiO2 ra tios of 3 to 8 are in dic a tive of mafic ig ne ous
rocks, 8 to 21 for in ter me di ate ig ne ous rocks, and 21 to 70 for
fel sic ig ne ous rocks. The Al2O3/TiO2 ra tios of quartz arenites
and mudstones in the Ajali Sand stone range from 1.39 to
12.48 and 9.59 to 10.88, re spec tively. On the Roser and
Korsch (1988) dis crim i na tion di a gram (Fig. 10) for sed i men -
tary prov e nance, ma jor ity of the sam ples plot within the
quartz ose sed i men tary prov e nance with one sam ple ly ing
within the fel sic ig ne ous prov e nance, sup port ing the in ter pre -

ta tion that the sand stones were de rived from a mixed prov e -
nance of gra nitic rocks and re cy cled sed i ments. Also, the high
CIA and CIW val ues of the sam ples sup port the as ser tion that
the re cy cled sed i ments were de rived from the up lifted ex tru -
sive and sed i men tary units of the ad ja cent Abakaliki Anticlino -
rium (Tijani et al., 2010), and the ad ja cent Cam er oon Base -
ment Com plex and Oban Mas sif (Hoque and Ezepue, 1977).
Fur ther more, the high Zr/Sc val ues (68–313 ppm) of the
quartz arenites in the Ajali Sand stones and low Zr/Sc val ues
(44–55 ppm) of the mudstone sam ples are sim i lar to the val -
ues of sed i ments de rived from fel sic and mafic base ment
(Osae et al., 2006) of the ad ja cent base ment com plex.  

Tay lor and McLennan (1985) and Bhatia and Crook (1986)
have showed that Ta, Th, Co, Sc, Zr, Hf, Nb and rare earth el e -
ment (REE) have low mo bil ity dur ing sed i men tary pro cesses.
Trace el e ments such as Co, Sc, Ni and Cr are more con cen -
trated in mafic than in fel sic ig ne ous rocks (Tay lor and
McLennan, 1985). Hence, ra tios such as Zr/Cr, Ti/Zr, La/Co,
Th/Co, Cr/Th are con sid ered to be good discriminators be tween 
mafic and fel sic source rocks. The Ti/Zr ra tios of the quartz
arenites and mudstone in the Ajali Sand stone sam ples range
from 6.5 to 16.7 and 19.3 to 31.1, re spec tively. This re sult is
con sis tent with the val ues com monly re corded for fel sic ig ne ous 
rocks (<20), un like mafic ig ne ous rocks that are char ac ter ized
by higher val ues greater than 50. Also, the Zr/Cr ra tios of 2.3 to
22.4 for the ana lysed sam ples are con sis tent with the value of
greater than two for fel sic ig ne ous rocks, com pared to less than
one for the mafic type (Tijani et al., 2010). The high Zr/Cr ra tio
can be at trib uted to pos si ble reconcentration of zir con grains by
hy drau lic sort ing dur ing the sed i men tary pro cesses (Tijani et
al., 2010).   

The low con cen tra tions of trace el e ments such as Cr, Ni,
Sc, V, and Co in the quartz arenites of the Ajali Sand stone in di -
cate that very min i mal mafic rocks were ex posed in the source
area (Ta ble 3). This re sult is in agree ment with those given by
Osae et al. (2006). Ac cord ing to Wrafter and Gra ham (1989)
and Garver et al. (1996), high Cr and Ni con tents (Cr >150 ppm
and Ni >100 ppm) are in dic a tive of ultra mafic rocks in the
source area, while low abun dance in di cates fel sic prov e nance.
The gen er ally low Cr and Ni abun dances (Ta ble 4) in the quartz
arenites of the Ajali Sand stone sug gest a fel sic prov e nance.
Fur ther more, high-field-strength el e ments (HFSE) such as Zr,
Nb, Hf, Y, Th, and U are en riched in fel sic rather than mafic
sources (Feng and Kerrich, 1990) and, as a con se quence, re -
flect prov e nance com po si tions due to their im mo bile char ac ter
(Tay lor and McLennan, 1985). The rel a tively high con cen tra tion 
of Zr in the ana lysed sam ples sug gests a con tri bu tion from a fel -
sic source. 

CONCLUSIONS

Petrographic anal y ses of the Ajali Sand stone show that the
sand stones are mainly quartz arenites. Quartz is the most
abun dant frame work grain in the sand stones, con sti tut ing on
av er age 95% of rock vol ume. The sand stones are tex tur ally im -
ma ture as de picted by their sub-an gu lar edges but min er al og i -
cally ma ture in terms of high per cent age of quartz. Petrographic 
and geo chem i cal stud ies sug gests that the sed i ments of the
Ajali Sand stone were de rived from fel sic ig ne ous and re cy cled
sed i men tary source rocks, most likely the gra nitic com plex of
the Cameroon highlands and the Oban Massif.  

The multivariate sta tis ti cal tech niques in clud ing fac tor anal -
y sis re vealed that the chem is try of the sed i ment was in flu enced
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Fig. 10. Dis crim i na tion di a gram for sed i men tary tec tonic
set ting (af ter Roser and Korsch, 1986) 

for the Ajali Sand stone

For ex pla na tions see Fig ure 9

Fig. 11. Dis crim i na tion di a gram for prov e nance sig na tures
(af ter Roser and Korsch, 1988) of the Ajali Sand stone

F1 = 30.638 TiO2/Al2O3 – 12.541 Fe2O3(to tal)/Al2O3 + 7.329
MgO/Al2O3 + 12.031 Na2O/Al2O3 + 35.402 K2O/Al2O3 – 6.382; F2 =
56.5 TiO2/Al2O3 – 10.879 Fe2O3(to tal)/Al2O3 + 30.875 MgO/Al2O3

–5.404 Na2O/Al2O3 + 11.112 K2O/Al2O3 – 3.89; for other ex pla na -
tions see Fig ure 9



by the as so ci ated clay min er als that con sti tute the ma trix,
terrigenous in put, sub-aque ous ferro manga nese for ma tion in
the sed i ment, and the base ment prov e nance. The in ferred tec -
tonic set ting of the depositional ba sin sug gests that the Ajali
Sand stone was deposited on a passive margin.
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tion Lab o ra to ries, On tario, Can ada, for the chem i cal anal y ses
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