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Abstract

Geochemical data of fifteen Cretaceous sediment samples from Kumba area in
the Douala sub-basin are presented to determine the provenance, source rock
weathering, tectonic setting and paleo-oxidation conditions of the deposition-
al setting of these rocks. For this purpose, the whole-rocks were analyzed for
their major and trace element, including rare earth elements (REEs), contents
by ICP-AES and ICP-MS methods respectively. On the basis of their major
element composition, the rocks have been classified mainly as Fe-shale, shale,
arkose and Fe-sandstone. For the provenance, the plot of Zr vs. TiO,, Y/Ni vs.
Cr/V, TiO, vs. Al,O, diagrams, high LREE/HREE ratios (5.84 to 20.91) and
negative and positive Eu anomalies (Eu/Eu*= 0.87 to 1.62) suggest that the
studied rocks were mainly derived from felsic igneous rocks with lesser con-
tribution of mafic components. The higher values of paleo-weathering indices
such as Plagioclase Index of Alteration (PIA) and Chemical Index of Wea-
thering (CIW), ranging from 79.63 to 99.90 and 87.57 to 99.92 respectively,
suggest that the sediments and their potential source rocks experienced in-
tense weathering. Whereas the variable Chemical Index of Alteration (CIA)
values (63.01 to 99.50) coupled with high content of K,O (up to 7.5) in most
samples could be indicative of K-addition diagenetic processes. The A-CN-K
plot also suggests a possible K-addition. The redox conditions during the se-
dimentation were suboxic to oxic as evidenced by the Ce anomalies of 0.88 to
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1.03. This is also confirmed by the values of Ni/Co (less than 7), U/Th (less
than 1.25) and Cu/Zn (mostly less than 1). Tectonic discrimination diagrams
(e.g., §Si0,-K,0/Na,0O and Th-Sc-Zr/10) show that these rocks were deposited
mainly in an active continental margin setting, and in various tectonic envi-
ronments. This reflects probably the recycling effect experienced by the sam-
ples studied.
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1. Introduction

The Douala/Kribi-Campo basin is one of a series of continental shelf basins ex-
tending in West Africa from the edge of the Niger delta in Cameroon to the
Walvis ridge near the Angola-Namibia border. It is divided into two sub-basins:
the Kribi-Campo sub-basin to the south and the Douala sub-basin to the north.
The latter is located at the bottom of the gulf of Guinea in the Central African
rain forest. It comprises the Early to Mid-Cretaceous siliciclastic rocks such as
sandstone, siltstone and shale. These deposits are known mainly from offshore
boreholes because they have been interesting for petroleum industry [1]. As a
result many geological studies (stratigraphy, sedimentology, etc.) were made in
order to constraint the productive petroleum systems [1]-[7]. The onshore out-
crops of these clastic sediments are not easily visible due to the dense landscape
and the thick lateritic cover in the rainforest. Few areas such as Kumba exhibit
these Lower to Mid Cretaceous outcrops which have been less described in the
framework of a regional geology [8]. Until now, no geochemical studies have
been carried out on the outcrops of ancient sedimentary rocks of Douala
sub-basin exposed in the Kumba area.

The chemical composition of sedimentary rocks has been widely used to
record the geological evolution of the continental crust through time [9]. Partic-
ularly, the geochemical signature, comprising of major, trace and rare earth ele-
ments (REEs) geochemistry, of siliciclastic sediments is indicative of several in-
teracting variables such as provenance, weathering, transportation and diagene-
sis [10] [11] [12] [13]. A number of recent geochemical studies on ancient and
modern clastic sediments from different parts of the world have been carried out
and provided some valuable information on the source rock composition [14]-
[20], climate, mode of transportation, depositional environment, degree of source
rock weathering [21] [22] [23], tectonic setting and post depositional processes
such as diagenesis and metasomatism [24] [25] [26] [27] [28].

In this study, inorganic geochemistry (major, trace and rare earth element
composition) of Cretaceous mudrocks (siltstone and shale) and sandstones of
Douala sub-basin exposed in the Kumba area in the South West Cameroon is
presented to decipher provenance, degree of paleo-weathering, post-depositional

diagenesis, paleo-oxidation conditions and tectonic setting of depositional envi-

394

K2
o5
“2:0

Scientific Research Publishing



G. Ngueutchoua et al.

ronment. Considering the lack of geochemical data from the studied rocks, the
data and their interpretation presented in this study will improve the under-

standing of the paleogeographical knowledge of the Douala sub-basin.

2. Geological Setting

The Douala sub-basin is located 3°20'N to 5°N and 9°E to 10°30'E (Figure 1). It
occupies an emergent area of about 6950 km’. This sub-basin is limited to the
South by the northern border of the Kribi-Campo sub-basin, which is broadly de-
lineated by the northern end of the Kribi Fracture Zone (KFZ) [32] [33] (Figure
1), and to the Northwest and West by the Cameroon Volcanic Line (CVL),
which also separates this sub-basin from the Rio-Del-Rey basin. Eastward, the
boundary is the Pan-African migmatitic-gneiss basement, which is cross-cut in
many places by mafic dykes and intruded by mafic to felsic plutons such as
those of Ngongo and Ekomédion area [34] [35] (Figure 1(a) & Figure 1(b)).
The Douala sub-basin is semicircular in shape. The history of this sub-basin, like
that of the of the Douala/Kribi-Campo basin to which it belongs, is related to the
continental rifting, in the Late Jurassic, and the progressively separation of South
American and African plates to form the South Atlantic Ocean [32] [36]. Its de-
position comprises several formations which can be divided into three main
tectono-lithostratigraphic sequences (corresponding to rift, rift-drift and drift
stage) ranging in age from Early Cretaceous to Pleistocene, according to pre-
vious studies [3] [33] [36] [37] (Figure 2). Among these, Cretaceous sequences
shown consist of four lithostratigraphic formations, namely, from bottom to top,
the Lower Mundeck, Upper Mundeck, Logbadjeck and Logbaba (Figure 2).

The Lower Mundeck Formation formerly named “Basal sandstones” (Barre-
mian-Aptian) represents the oldest deposit (syn-rift sequence) known from Doua-
la sub-basin [1] [3] [37] [38] [39]. It consists of conglomerates, conglomeratic
sandstones, arkosic sandstones, organic matter-rich dark marls interbedded with
thin limestones and black to dark grey shales. This synrift sequence unconforma-
bly overlies Precambrian basement and appears to be controlled by listric faulting
and associate roll-over anticlines [36]. The Lower Mundeck Formation is theoret-
ically overlain by a relatively thin transitional evaporate unit. The latter has been
observed in the neighboring Kribi-Campo sub-basin, but has not yet been recog-
nized in the Douala sub-basin. This salt deposition corresponds to the rift-drift
transition phase (Mid-Late Aptian). This rift-drift sequence was marked by trans-
form directions resulting in a series of cross-faults which have segmented the rift
structure [40].

The Upper Mundeck Formation (Albian-Cenomanian) consisting of sand-
stones, shales, marls and carbonates was deposited under marine conditions.
These shales and sandstones are exposed at the Kumba area (Figure 3). The
Upper Mundeck Formation unconformably overlies the Lower Mundeck forma-
tion and corresponds to the first drift stage (Albian-Coniacian, noted Drift I;
Figure 2) of the post rift phase (Albian-Present).

The Logbadjeck Formation (Cenomanian-Campanian) is represented by an
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Figure 1. (a) Location of the study site and (b) geological map of this site and Kumba
area (geological map adapted from [29] [30] [31]: (1) Recent alluvium, (2) Tertiary vol-
canic rocks (basalts and trachytes), (3) Neogene (siltstones, sandstones), (4) Lower Eo-
cene (bedded clays, claystones, silts, loose sandstones), (5) Undifferenciated Tertiary, (6)
Paleocene (marine facies: claystones, dolomites, sandstones, silts), (7) Paleocene (conti-
nental facies: small conglomerates, loose sandstones), (8) Upper Cretaceous (clays, sands,
sandstones, marly and calcareous limestones), (9) Lower Cretaceous (Basalt sandstone),
(10) Precambrian basement (migmatitic gneisses + granites).
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Figure 2. Tectono-lithostratigraphy of Douala sub-basin. Compiled from [3] [33] and [36].
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Figure 3. Sample locations (black squares) of the Kumba sediments. Insets show the stra-
tigraphic position of samples from vertical section. For the map location, see Figure 1.

assemblage that is mainly clayey, with sandy intercalations and rare episodes of
foraminifera-rich limestone [8]. This formation represents the first deposit of
the second drift stage (Santonian-Eocene, noted Drift II; Figure 2). It is a dis-
crete drift phase linked to a regional tectonic episode. During this episode, orig-
inal rift-related roll-over structures were inverted and the platform sedimentary
section was folded. The Drift II is separated from the Drift I by the Santonian
unconformity.

The Logbaba Formation (Maastrichtian) is constituted of shales with calca-
reous nodules. It is dated due to its pollens and its rich microfauna [8]. This
formation also belongs to the second drift stage.

This study is focused on clastic rocks belonging from the Upper Mundeck

Formation (Albian-Cenomanian), outcropping at the Kumba area.

3. Sampling and Analytical Methodology

After a careful geological mapping, a total of fifteen representative sediment
samples were collected from Lower to Mid Cretaceous succession from Douala

sub-basin, exposed at Kumba area. These samples, consisting of five shales, four
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siltstones (both termed as mudrocks) and six sandstones, were trimmed to re-
move weathered surfaces and subsequently crushed using a jaw crusher for size
reduction. The particles were oven-dried at 110°C overnight. The dried samples
were then left to cool for 24 h. The samples were pulverized in an agate mortar
to grain size of less than 0.063 mm, homogenized and packed into plastic bags.
Five grams of aliquots of each powdered sample were packed and sent to ALS
Geochemical Laboratory, Galway, Ireland for major and trace elements (includ-
ing rare earth elements-REEs) determination.

Major and trace elements (including REEs) were determined by Inductively
Coupled Plasma-Atomic Emission Spectrometry (ICP-AES) and Inductively
Coupled Plasma Mass Spectrometer (ICP-MS), respectively. For ICP analyses,
0.25 g aliquots of each sample were mixed with a flux of lithium metaborate and
lithium tetra borate and fused in an induction furnace at 1000°C. The molten
melt was immediately poured into a solution of dilute HNO,. The digested sam-
ples were measured for major oxides and the trace elements. The oxides of 10
major elements (Si, Ti, Al, Fe, Mn, Mg, Ca, Na, K and P) were measured after
the method described by [41]. Trace elements data (including REE) were ob-
tained with standard ICP-MS procedure as described in detail by [42]. Detection
limit were 0.01 wt% for all major elements. The precision of the analysis is with-
in 0.01 - 2 ppm for most trace elements (except for Li, Ti, Cr and As which is less
than 10 ppm). Loss on ignition (LOI) was determined from the weight loss after
roasting the sample at 1000°C for 2 hours. Totals ranged between 98.28 wt% and
101.96 wt% for major elements. Further details of the analytical procedures, pre-
cision, accuracy and standards used for instrumental calibration can be obtained
from the ALS Laboratories. The REEs data were compared to the average com-
positions of plutonic rocks intruding the Pan-African migmatitic-gneiss base-
ment such as mafic to felsic intrusive rocks (MFR), fine-grained granites (FGG)
and coarse-grained granites (CGG) [34], and biotite-rich granite, porphyritic
granite, alkali feldspar granite and two-mica granite [35] which could be the po-

tential source-rocks of Kumba Cretaceous sediments.

4. Results
4.1. Major Elements

The mudrock and sandstone samples from Kumba area show variable geochem-
ical composition. These geochemical characteristics are plotted on the SiO,/
AL O, vs. Fe,0/K,0 discriminant diagram of Herron [43]. This scheme of classi-
fication has been proven to be useful when applied to clastic sedimentary rock
[44]. Mudrocks are divided into Fe-shale, shale and wacke. The latter have been
grouped into shale because of the less number of sample in each sub-group and
due to the fact that the wacke samples plot toward the field of shale, thus re-
flecting variation in quartz-feldpar/mica ratio in the studied mudrocks. Sand-
stones are divided into arkose and Fe-sandstone (Figure 4). Table 1 shows the
concentrations of major element oxide, different elemental ratios and presents

the descriptions of different geochemical indices calculated for the sample.
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Figure 4. Classification of the Kumba sediments according to the scheme of Herron [43].

Table 1. Major elements composition (wt.%) and element ratios of Kumba Cretaceous sediments and average compositions of
PAAS and UCC.

Sample Fe-shale Shale Arkose Fe-sandstone

Ref.code BB2 BB3 BB4 EDDd MTR5 MTR4 TJCl TJC2 TJC4 MTFb MTR1 TJC3 TJC5 BB5 BBl PAAS UCC
Sio, 30.40 24.60 59.40 65.10 62.20 55.00 56.90 61.50 62.10 70.80 84.10 67.30 77.80 79.80 76.80 62.80 66.00
TiO, 539 449 135 030 091 094 09 075 1.21 062 012 039 0.19 1.07 1.07 1.00 0.50
ALO; 2560 2190 18.60 16.55 17.15 24.20 16.60 1490 19.40 1510 11.00 13.10 11.70 8.03 13.05 1898 15.20
Fe,0, 22,60 3320 439 245 572 433 7.52 356 249 1.75 017 261 097 622 354 650 4.50
MnO 0.11  0.08 0.02 001 0.02 002 001 009 001 001 0.04 007 0.01 002 0.01 0.11 0.10
MgO 0.37 019 042 0.22 146  1.20 1.58 1.87 093 081 006 124 010 0.06 0.09 220 220
CaO 0.12 002 0.06 011 031 001 039 171 0.04 023 <0.01 172 0.02 <0.01 0.03 1.30  4.20
Na,O 0.08 0.04 0.11 .35 0.1 o0.01 010 011 011 013 005 0.14 0.14 0.06 0.03 1.20  3.90
K,0 0.08  0.05 1.13 636 750 4.03 701 645 6.60 7.19 211 583 439 063 013 370 3.40
P,0, 066 053 0.11 0.06 012 007 015 0.13 021 0.0 002 0.09 005 012 012 016 0.17
LOI 13.60 1345 1355 887 6.4 1115 7.15 7.77 639 437 340 7.01 291 451 6.09 - -
Total 99.01 9855 99.14 101.38 101.64 101.96 98.37 98.84 99.49 101.11 101.07 99.50 98.28 100.52 100.96 97.77 100.10

SiO

All CZ)/ 1.19 1.20 3.90 3.93 3.63 2.27 3.42 4.12 3.20 4.69 7.65 5.13 6.64 9.94 5.89 3.32 4.34
23

K,0/

Na.O 1.00 1.25 10.27 4.71 68.18 403.00 70.10 58.63 60.00 5531 42.20 41.64 31.35 10.50 4.33 3.08 0.87
2

K,0/

ALO 0.00 0.00 0.06 0.38 044 0.17 042 043 0.34 048 0.19 044 037 0.08 0.01 0.20 0.22
23

AL O,/

TIO 4.75 4.88 13.78 55.17 18.85 2574 17.29 19.86 16.03 2435 91.67 3358 61.57 7.50 1220 1898 30.40
2

Fe,0/

K.0 282.50 664.00 3.88 0.39 0.76 1.07 1.07 0.55 0.37 0.24 0.08 0.44 0.22 9.87 2723 175 1.30
2

CIA 98.92 99.50 9347 6791 6841 8566 6888 6431 7419 66.67 8352 63.01 72.00 9198 98.56 7530 56.93
PIA 99.22 99.73 99.04 87.47 9583 9990 95.14 82.28 9884 95.65 99.33 79.63 97.86 99.06 99.54 85.88 59.30
Icv 112 173 040 065 093 043 106 097 059 071 023 091 050 1.00 037 0.83 1.20
CIw 99.22 99.73 99.09 91.89 97.61 99.92 97.13 89.11 99.23 97.67 99.46 87.57 98.65 99.14 99.54 88.32 6524

LOI: Loss of ignition. CIA (%) = [ALO,/(ALO; + CaO* + Na,O + K,0)] x 100 from [21]. PIA (%) = [ALO; — K,0/(ALO; + CaO* + Na,O - K,0)] x 100
from [21] and [45]. ICV = (FeO; +K,0 +Na,0 +CaO + MgO + Ti0,)/ALO; from [46]. CIW = (AL O,/(ALO, + CaO* + Na,0)] x 100 from [47]. The PAAS
and UCC values are cited from [9] and [48].
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10

Both arkose and Fe-sandstone show similar composition compared to the rest.
SiO, and AL O; are the two abundant elements and are negatively correlated (r =
—0.85). Arkose (67.3% - 84.1%) and Fe-sandstone (76.8% - 79.8%), are enriched
in SiO, compared to Fe-shale (24.6% - 59.4%) and shale (55% - 65.1%), suggest-
ing their higher quartz content. Fe-shale (18.6% - 25.6%) and shale (14.9% -
24.2%) have higher contents of Al,O,, indicating their higher content in clay
phases and other clay-sized phases. Both K,O (4.03% - 7.5%) and MgO (0.22% -
1.87%) are higher in shale. The concentrations of CaO, Na,O and P,O; are low
and vary from 0% to 1.72%, 0.01% to 1.35% and 0.02% to 0.66% respectively.
Fe,O; is more concentrated in the Fe-shales (22.6% - 133.2%) than the other
samples (0.17% - 7.52%).

Shale has SiO, concentration similar to the average Post Archean Australian
Shale (PAAS) (Figure 5(a)). Ignoring shale and arkose, TiO, (1.07% - 5.39%)
has higher concentration compared to the average PAAS and Upper Continental
Crust (UCC) (Figure 5(a) & Figure 5(b)). Fe-shale and shale samples have
higher concentrations of Al,O, compared to the UCC and PAAS [9] [48]. All the
samples have lower concentration of MgO, CaO and Na,O than the UCC. Most
of the arkose samples and all the Fe-sandstone samples are highly depleted in
CaO. Most shale and arkose samples are enriched in K,0. MnO shows a relative
dispersion in abundance (0.01% - 0.11%). Except sample BB2, the content of
MnO is, in all samples, well below both the PAAS and UCC values (0.1%).

0.1

Sample/PAAS

0.01

Sio,

T102 A|203 Fe,0; MnO MgO Cao Nazo Kzo P205

10

Sample/UCC

0.01 |-

0.00

(b)

—@— Av. Fe-shale
—O©— Av. Shale

—B—  Av. Arkose
—8— Ay.Fe-sandstone

Si0,

TiO,

Al,O; Fe;0; MnO MgO CaO Na,0 K,0 P,0s

Figure 5. Distribution of major element oxides for average of various sediment samples: (a) PAAS-normalized, (b)
UCC-normalized. The average composition of UCC and PAAS are considered from [9] and [48]. The plot of UCC
and PAAS, on diagram (a) and (b) respectively, is shown for comparison. Av. = average.
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4.2. Trace Elements

The trace element concentrations and elemental ratios are presented in Table 2.
The contents of Ba, Cr, V, Nb, Sr, Rb and Ni show a wide range from 104 to
1870 ppm, <10 to 600 ppm, 11 to 581 ppm, 3.8 to 86.2 ppm, 43.5 to 341 ppm, 3.2
to 256 ppm, 6 to 311 ppm respectively. Shales show higher concentrations of Rb
(134.5 - 256 ppm), Sr (170 - 341 ppm), Ba (138.5 - 1870 ppm) and Pb (16 - 51
ppm). Fe-shales have higher concentration of Cr (120 - 600 ppm), V (115 - 581
ppm), Ni (53 - 311 ppm), Y (28.1 - 86.3 ppm), Ga (27.5 - 39.5 ppm), Sc (16 - 37
ppm), Li (10 - 30 ppm), Co (23 - 27 ppm) and Ta (3.1 - 5.6 ppm). Shale sample
TJC4 has the highest Zr content (1680) well above the PAAS and UCC contents
(210 and 190 ppm respectively). Figure 6(a) & Figure 6(b) presents the PAAS
and UCC normalized trace element distributions in mudrocks and sandstones.
Compare with PAAS, Ta, Nb and Zr are enriched whereas Cs is distinctly dep-
leted.

4.3. Rare Earth Elements

The rare earth element concentrations and elemental ratios are presented in Ta-
ble 3. Total REE content varies between 81.17 and 738.75 ppm with higher con-
centrations (289.67 - 738.75 ppm) in the Fe-shale and shale samples. La, Ce and
Nd have higher contents than other REE, particularly in Fe-shale and shale. The
total content of these three lanthanides vary between 69.20 and 543 ppm with
more than 233.10 ppm in Fe-shale samples (Table 3). Amongst HREE, only
Gd and Dy have relatively high concentrations (>7 ppm), particularly in the Fe-
shale.

REE concentrations normalized to PAAS [9] [48] indicate: (i) REE-enrich-
ment except in some sandstone samples (MTR1, TJC3 and BB5); (ii) LREE-
enrichment in Fe-shale, shale and some sandstone samples; (iii) HREE depletion
in sandstone and one shale samples; (iv) positive Eu anomalies (Eu/Eu*~ 1.04 to
1.56), particularly for the Fe-shale and shale; (v) slight negative Eu anomalies
(Eu/Eu*~ 0.87 - 0.98) for two sandstone samples; (vi) REE slight fractionation
for both mudrocks and sandstones ((La/Yb)y varying between 0.60 and 3.99);
and (vii) low (La/Sm)y, varying between 0.56 and 1.72, and variable (Gd/Yb)y
ratios, ranging from 0.78 to 3.55; (viii) Ce/Ce* ranges from 0.89 to 1.03 with
lesser values in the Fe-shale (Table 3; Figure 7(a)). For comparison, REE com-
positions of the studied samples and the PAAS were normalized to the chondrite
[49] (Figure 7(b)). The chondrite-normalised REE pattern confirms broadly the
similar LREE-enrichment for the studied samples and the slight negative Eu
anomalies for average sandstone samples (Figures 8(a)-(d)). Figure 9 presents

the chondrite normalized REE pattern [49] of the probable source rocks.

5. Discussion

5.1. Paleoweathering and Diagenesis

Weathering of parent-rocks consist mainly of the removal of alkaline and alka-
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Table 2. Trace element composition (ppm) and element ratios of Kumba Cretaceous sediments and average compositions of
PASS and UCC.

Sample Fe-shale Shale Arkose Fe-sandstone

Ref. code BB2 BB3 BB4 EDDd MTR5 MTR4 TJCl1 TJC2 TJC4 MTFb MTR1 TJC3 TJC5 BB5 BB1 PAAS UCC
Ba 194.00 146.50 387.00 1505.00 1220.00 138.50 1020.00 1090.00 1870.00 1345.00 534.00 1265.00 1110.00 193.50 104.00 650.00 550.00
Cr 390.00 600.00 120.00 20.00 70.00 110.00 90.00 60.00 80.00 40.00 <10 40.00 20.00 160.00 60.00 110.00 83.00
Zr 371.00 362.00 348.00 110.00 567.00 242.00 442.00 336.00 1680.00 721.00 110.00 196.00 171.00 371.00 531.00 210.00 190.00

Cs 0.17 0.38 2.94 1.56 7.23 5.90 6.83 4.62 4.86 3.97 1.07 2.05 0.91.00 0.73 1.09 5.16 4.60
Th 7.71 8.74 1655 10.60 3020 26.30 2510 1.15 5050 3230 6.04 9.91 8.83 9.15 1510 14.60 10.70
U 2.06 3.51 7.22 2.89 3.24 4.00 3.09 3.69 5.96 3.75 1.02 2.14 19.00 2.74 2.01 3.10 2.80

\% 460.00 581.00 115.00 39.00 68.00 7500 82.00 71.00 81.00 41.00 11.00 47.00 19.00 108.00 91.00 150.00 107.00
Hf 8.80 8.80 8.40 330 1660 7.00 11.50 9.30 44.50 20.00 3.40 4.80 4.70 8.60 1340 5.00 5.80

Nb 86.20 80.40 4550 11.10 2090 21.50 22.70 16.60 2620 16.10  3.80 8.50 520 2950 3560 19.00 12.00
Sr 138.00 74.60 109.50 341.00 170.00 296.00 186.50 250.00 310.00 183.00 154.50 259.00 216.00 43.50 79.70 200.00 350.00
Y 28.10 33,50 86.30 8.80 33.10 116.00 3540 2250 67.70 2640 1270 21.00 7.30 10.90 19.60 27.00 22.00
Ta 5.60 5.00 3.10 0.80 1.50 1.60 1.60 1.30 2.20 1.30 0.40 0.60 0.40 1.90 2.40 1.28 1.00

Ga 3950 3640 2750 17.00 2530 3540 2440 1940 2540 1930 11.20 1490 9.30 13.10 19.00 20.00 17.00
Rb 3.50 320 57.00 158.50 256.00 134.50 233.00 191.50 190.50 213.00 66.10 152.00 114.50 24.10 12.10 160.00 112.00
Ni 311.00 179.00 53.00 33.00 29.00 39.00 33.00 31.00 22.00 16.00 14.00 12.00 6.00 21.00 25.00 55.00 44.00
Co 26.00 23.00 27.00 21.00 9.00 10.00 8.00 10.00 5.00 5.00 32.00 7.00 1.00 4.00 2.00 23.00 17.00
Cu 78.00 89.00 34.00 18.00 3.00 13.00 <1 25.00  5.00 2.00 6.00 7.00 1.00 1400 9.00 50.00 25.00
Sc 37.00 37.00 16.00 3.00 9.00 12.00 11.00 9.00 10.00 6.00 1.00 6.00 2.00 9.00 9.00 16.00 13.60
Pb <2 <2 22.00 51.00 26.00 16.00 2500 25.00 48.00 22.00 31.00 25.00 20.00 800 13.00 20.00 17.00
Zn 187.00 120.00 57.00 8.00 54.00 67.00 63.00 40.00 37.00 29.00 5.00 28.00 <2 23.00 22.00 85.00 71.00

w 2.00 2.00 1.00 1.00 1.00 2.00 1.00 1.00 2.00 1.00 1.00 1.00 1.00 1.00 2.00 - -
Sn 3.00 3.00 3.00 2.00 5.00 5.00 4.00 3.00 4.00 3.00 1.00 1.00 1.00 1.00 3.00 - -
Li 10.00 10.00 30.00 <10 - 10.00 <10 <10 10.00 <10 <10  10.00 10.00 10.00 10.00 - -
Ti <10 <10 <10 <10  10.00 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 - -

Zr/Hf 4216 41.14 4143 33.33 3416 34.57 3843 36.13 37.75 36.05 3235 40.83 3638 43.14 39.63 42.00 32.80

Cr/Th 5058 68.65 7.25 1.89 2.32 4.18 359 5217 1.58 1.24 - 4.04 227 1749 397 7.53 7.76
Cr/Ni 1.25 3.35 2.26 0.61 2.41 2.82 2.73 1.94 3.64 2.50 - 3.33 3.33 7.62 2.40 2.00 1.89
VI/Cr 1.18 0.97 0.96 1.95 0.97 0.68 0.91 1.18 1.01 1.03 - 1.18 0.95 0.68 1.52 1.36 1.29
Th/Cr 0.02 0.01 0.14 0.53 0.43 0.24 0.28 0.02 0.63 0.81 - 0.25 0.44 0.06 0.25 0.13 0.13

Th/U 3.74 2.49 2.29 3.67 9.32 6.58 8.12 0.31 8.47 8.61 5.92 4.63 8.10 3.34 7.51 4.71 3.82
Th/Co 0.30 0.38 0.61 0.50 3.36 2.63 3.14 0.12 10.10 6.46 0.19 1.42 8.83 2.29 7.55 0.63 0.63
Th/Sc 0.21 0.24 1.03 3.53 3.36 2.19 2.28 0.13 5.05 5.38 6.04 1.65 4.42 1.02 1.68 0.91 0.79
U/Th 0.27 0.40 0.44 0.27 0.11 0.15 0.12 3.21 0.12 0.12 0.17 0.22 0.12 0.30 0.13 0.21 0.26
Ni/Co 1196  7.78 1.96 1.57 3.22 3.90 4.13 3.10 4.40 3.20 0.44 1.71 6.00 525 1250 1.10 2.59
Cu/Zn 0.42 0.74 0.60 2.25 0.06 0.19 0.01 0.63 0.13 0.07 1.20 0.25 0.50 0.61 0.41 0.58 0.35
Y/Ni 0.09 0.19 1.63 0.27 1.14 2.97 1.07 0.73 3.08 1.65 0.91 1.75 1.22 0.52 0.78 0.49 0.50
Co/Th 3.37 2.63 1.63 1.98 0.30 0.38 0.32 8.70 0.10 0.15 5.30 0.71 0.11 0.44 0.13 1.58 1.59
Zr/Cr 0.95 0.60 2.90 5.50 8.10 2.20 4.91 5.60 21.00 1.03 - 4.90 8.55 2.32 8.85 1.91 2.29
Zr/Sc 10.03  9.78 21.75 36.67 63.00 20.17 40.18 37.33 168.00 120.17 110.00 32.67 85.50 41.22 59.00 13.13 13.97
Cr/V 0.85 1.03 1.04 0.51 1.03 1.47 1.10 0.85 0.99 0.98 - 0.85 1.05 1.48 0.66 0.73 0.78
Cr/Zr 1.05 1.65 0.34 0.18 0.12 0.45 0.20 0.18 0.05 0.06 - 0.20 0.12 0.43 0.11 0.52 0.43

The PAAS and UCC values are cited from [9] and [48].
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Table 3. Rare-earth element composition (ppm) and element ratios of Kumba Cretaceous sediments and average compositions of
PASS and UCC.

Sample Fe-shale Shale Arkose Fe-sandstone

Ref.code BB2 BB3 BB4 EDDd MTR5 MTR4 TJCl1 TJC2 TJC4 MTFb MTR1 TJC3 TJC5 BB5 BBl PAAS UCC
La 67.20 53.70 117.00 47.40 64.00 6570 67.70 49.70 182.50 51.40 1990 26.60 19.80 29.20 4890 38.20 30.00
Ce 139.00 112.50 287.00 93.10 126.00 126.50 127.50 92.20 316.00 101.50 36.50 48.70 37.30 52.50 106.00 79.60 64.00
Pr 19.50 15.95 3520 10.20 14.05 1245 14.55 10.65 3720 11.10 3.83 566 398 6.08 11.70 883 7.10
Nd 78.00 66.90 139.00 38.00 5290 4240 5220 40.50 130.00 40.80 12.80 21.80 1570 21.70 45.20 33.90 26.00
Sm 16.35 1390 2500 574 818 626 925 719 2230 570 1.68 414 286 429 880 555 4.50
Eu 468 413 574 174 177 171 196 152 482 118 042 103 078 067 175 1.08 0.88
Gd 1220 12.00 2020 448 7.85 9.02 6.63 537 1465 565 151 311 2.03 3.06 690 466 3.80
Tb 1.68 154 275 045 093 141 1.02 073 227 068 024 045 032 045 098 0.77 0.64
Dy 8.05 801 16.15 213 586 1220 546 423 1275 448 185 267 148 225 4.66 4.68 3.50
Ho 120 1.24 298 037 1.09 283 1.15 076 224 089 034 058 026 042 076 0.99 0.80
Er 270 329 809 083 326 89 337 204 639 250 102 18 074 1.13 2.04 285 230
Tm 032 044 1.09 013 045 121 046 031 087 039 015 025 0.09 020 031 041 0.33
Yb 208 230 626 088 289 698 339 189 586 245 0.1 1.54 066 1.10 2.02 282 220

Lu 025 032 092 011 044 108 048 030 09 040 0.12 021 010 017 026 043 0.32

La+ Ce+

Nd 284.20 233.10 543.00 178.50 242.90 234.60 247.40 182.40 628.50 193.70 69.20 97.10 72.80 103.40 200.10 151.70 120.00

YREE 353.21 296.22 667.38 205.56 289.67 298.71 295.12 217.39 738.75 229.12 81.17 118.59 86.10 123.22 240.28 184.77 146.37
YLREE 324.73 267.08 608.94 196.18 266.90 255.02 273.16 201.76 692.82 211.68 75.13 107.93 80.42 114.44 222.35 160.53 132.48
YHREE 2848 29.14 5844 938 2277 43.69 2196 1563 4593 1744 6.04 1066 568 878 1793 12.18 13.89
LREE/H

REE 1140 9.17 1042 2091 11.72 584 1244 1291 1508 12.14 1244 10.12 14.16 13.03 1240 13.18 9.54
Eu/Eu* 1.56 1.51 1.20 162 104 107 118 115 126 098 124 135 152 087 106 063 0.65
Ce/Ce* 089 089 1.03 098 097 102 094 092 088 098 09 092 097 091 1.02  1.04 1.08
La/Th 872 614 7.07 447 212 250 878 569 11.03 159 329 251 066 3.19 324 231 280
La/Sc 1.82 145 731 1580 7.11 548 183 1.34 1141 857 1990 887 220 324 543 239 220
(La/Yb)n 239 172 138 398 193 0.69 147 194 230 155 1.81 128 060 196 179 915 9.21

(La/Sm)n 0.60 0.56  0.68 1.20 1.14 117 1.06 1.00 1.19 1.31 1.72 093 1.01 099 081 433 4.20

(Gd/Yb)n 355 316 195 3.08 164 078 118 1.72 1.51 140 1.13 122 1.8 1.68 207 134 140

EwEu* = (Eusample/ Etpys)/ Smsample/ S a8) l/z(Gdsample/ Gdpppe)'?.  Ce/Ce* = (Cesample/ Cepans)/ Lasample/ LaPAAS)I/Z(Prsample/ Prog)'”  (La/Yb)y =
(Lasample/ Lapyas)/ (Ybsample/ Ybpasg). (La/Sm)y = (Lasample/ Lapas)/ (Smsample/ Smpysg). (G/Yb)y = (Gdsample/ Gdpass)/ (Ybsamplc/YbPAAS)' The PAAS and UCC values
are cited from [9] and [48].
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Figure 9. Chondrite normalized REE pattern [49] of the probable source rocks. REE data are from (a) [34] and (b)
[35]. n = number of samples.

line-earth elements in siliclastic sediments [50]. The concentration of AL,O, (A),
CaO and Na,O (CN) and K,O (K) is thus important for evaluating the geochem-
ical alteration of the sediments. To this end, several chemical indices, using those
concentrations, have been proposed. Amongst these indices, the Chemical Index
of Alteration (CIA) is the most commonly used. CIA is defined as [Al,O,/(ALO,
+ CaO* + Na,O+ K,0)] x 100 where CaO* is Ca exclusive of carbonates and the
values are in molar proportions to emphasise mineralogical relationships [21]
[47] [51] [52]. CaO was low in all considered samples. Therefore, CaO* was re-
garded equal to CaO. The Plagioclase Index of Alteration (PIA) = [ALO, -
K,0/(Al,O; + CaO* + Na,O - K,0)] x 100 is also sensitive to chemical alteration
of sediments [21] [45]. Both the CIA and the PIA provide the quantitative esti-
mations of secondary aluminous clay mineral abundance with respect to the
primary feldspar [21]. High values of CIA and PIA (ie, 76 - 100) are indicative
of intense chemical weathering in the source areas whereas low values (Ze., 50 or
less) reflect unweathered source areas. For comparison and to facilitate inter-
pretation, PAAS and UCC have PIA values of 85.88 and 59.30, respectively. CIA
values of Fe-shale (93.47 - 99.50), shale (67.91 - 85.66), arkose (66.67 - 83.52)
and Fe sandstone (91.98 - 98.56) suggest moderate to extreme chemical wea-
thering (Table 1). The PIA values (87.47 - 99.90) are always high, indicating
probably the degradation of almost all the plagioclase feldspar into clays minerals.
The weathering and association of detrital mineralogy can also be constrained
by calculating the Index of Compositional Variability [ICV = (FeO, + K,0 +
Na,O + CaO + MgO + Ti0,)/AL,0,] (Table 1) [46]. Immature sediments, con-

taining a high proportion of silicates other than clays, commonly show high val-
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ues of this index (ICV > 1), whereas mature sediments, depleted in silicates other
than clays, generally show low ICV values (ICV < 1). The ICV values of Kumba
mudrocks and sandstones vary between 0.23 and 1.73 (Table 1) with only a few
exceptions > 1. This suggests the presence of dominant clay mineral such as
kaolinite and illite, indicating intense weathering of first-cycle sediments or
recycled sediments [53]; but also, to a lesser extent, the rock forming mineral
such as K-feldspar.

To quantify weathering effects, the analyzed samples are plotted in the
A-CN-K ternary plot of Nesbitt and Young [54] (Figure 10). On this triangular
diagram, most of the samples are aligned between the neighborhood of the
muscovite point and the A apex which is the idealized fields of the clay minerals
such as kaolinite and chlorite. This feature reflects intense weathering but also
probably diagenetic processes such as K-addition, since kaolinite as the main
clay mineral may undergo K-metasomatism to produce illite. As a result, such
samples will plot very close to the A-K boundary. Moreover, they can form a
trend at right angles to the A-K joint [45] [55]. This is almost the case for some
of the studied samples; few shale and arkose samples plotting near the muscovite
point exhibit a clear cut trend back, at right angles to the A-K joint (heavy solid
line; Figure 10) indicating probably K-addition processes. This is consistent
with high K,O contents (up to 7.50%) in most of the shale and arkose samples,
in comparison to the PAAS (3.70) and UCC (3.40). In moderate to extremely
weathered sedimentary rocks, K-addition is related to K-metasomatism [45]
[56]. The trend of K,O enriched samples is parallel to A-K join and also suggests
that the K-addition has resulted in the conversion of secondary clay mineral

such as kaolinite into illite.

100— A Kaolinite, Chlorite
and Gibbsite
80 |
CI
60|
Plagioclase K-feldpar
Granodiorite
CN K

Figure 10. A-CN-K plots [54] for sediment samples from Kumba area. The dotted line
represents the possible weathering trend of the source rock if no K-addition is involved.
The heavy solid line represents possible weathering trend combined with K-metasomat-
ism from the source rock. The symbols are the same as in Figure 4.
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Since the CIA index is less sensitive to the weathering degree when K reintro-
duction occur in the system, as it is probably the case for the present study, the
Chemical index of Weathering [CIW = (AL,0,/(AL,O, + CaO* + Na,O)] x 100
(Table 1) which is not sensitive to post-depositional K-enrichment can be used
to monitor paleo-weathering at the source [47]. All the samples have CIW values
higher than 87, indicative of extreme chemical weathering. This, in turn, accords
with data obtained using PIA index.

The K,0/AlLO, ratios also reflect weathering processes, since they indicate
presence of clay minerals. The K,0/ALQ, ratios for clay minerals and feldspars
are different (0.0 to 0.3 and 0.3 to 0.9 respectively) [46]. The average K,0/ALO,
ratio for Fe-shale and shale is 0.25 and is 0.26 for sandstone. These ratios are
closer to the clay mineral range in both mudrock and sandstone samples, indi-
cating the leaching of almost all the feldspar in the studied samples. However,
enrichment in K,0/Na,O ratio (1.00 - 403.00) reflects decomposition of plagioc-
lase than K-feldspar during weathering [57] [58] and/or K-reintroduction in the
system during diagenesis [59] [60]. The weathering of almost all the plagioclase
is attested by the markedly depletion of the elements Ca and Sr relative to PAAS
and UCC, since these elements are contained in minerals that weather rapidly
such as plagioclase [44].

For Th/U in sedimentary rocks, weathering tends to result in oxidation of in-
soluble U** to soluble U®*, with loss of solution and elevation of Th/U ratios [19]
[20] [61]. The increase in these ratios can be attributed to intermediate and in-
tense weathering when Th/U is greater than 3 and 4, respectively [9] [62]. The
Th/U ratios of mudrocks and sandstones from Kumba range from 2.29 to 9.32
(Table 2) with only 3 ratios less than 3 and most ratios greater than 4. Moreover,
many of the Th/U ratios (up to 9.32) are far above the PAAS value of 4.71. In
this sense, these sediments might have been derived from a source subjected to
significant weathering.

Furthermore, intense weathering produces LREE/HREE fractionation [63], al-
though the REE are quantitatively transferred from the source to the sediment
[64]. This is possibly due to preferential HREE retention in solution [65]. In this
study, LREE/HREE ratios vary between 5.84 and 20.1, indicating remarkable frac-

tionation and suggesting, as noted above, that weathering was intense at that time.

5.2. Provenance

Provenance analysis of sediments is aimed at reconstructing the parent-rock as-
semblages of sediments [66]. Al,0,/TiO, ratio is widely used to identify sediment
provenance [67] because Ti is less affected by weathering [68] [69]. Al also be-
haves as a relatively conservative element during weathering [70]. In order to
identify the source rock, the Al,0,/TiO, ratios have been calculated and the ele-
mental concentration of sediment plotted (Figure 11(a)). The AL,O,/TiO, ratio
in terrigenous sediments increases from mafic to felsic rocks, varying between 3
and 8 for mafic igneous rocks, 8 - 21 for intermediate rocks and 21 - 70 for felsic

rocks [72] [73] [74]. Except one sample, shale and arkose of the studied samples
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exhibit Al,O,/TiO, ratios ranging from 16.03 to 91.67, suggesting geochemical

signature of both intermediate and felsic igneous rock whereas Fe-shale and

Fe-sandstone (4.75 - 13.78) indicate contribution of both intermediate and mafic

rock. Figure 11(a) shows the comparison of AL,O; vs. TiO, between the Kumba

mudrocks and sandstones and average compositions of UCC and PAAS. Loca-

tion of the samples in the TiO, vs. Zr scatter plot confirm geochemical signature

of a provenance comprising dominantly felsic igneous rock with lesser contribu-

tion of intermediate rocks (Figure 11(b)).
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Figure 11. Scatter plots of (a) AL,O; vs. TiO,, (b) Zr vs. TiO,, (c) Y/Ni vs. Cr/V and (d) Th/Co vs.
La/Sc [71] for the studied sediments.
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Provenance of clastic sediments can also be constrained, as suggested by pre-
vious studies, by the concentrations of elements and elemental ratios such as Cr,
Ni, and Cr/Ni, Y/Ni, Cr/V respectively [64] [75] [76]. Cr is strongly concen-
trated in chrome spinel that is a key mineral in ultramafic and mafic rocks. Very
high concentrations of the trace elements Cr (up to 1528 ppm) [75] and Ni are
indicative of significant contribution from a mafic-ultramafic source component
in sedimentary rocks. Furthermore, Garver et al [76] suggested that values of
Cr > 150 and Ni > 100 ppm are diagnostic of mafic-ultramafic rocks in the
source area. Compared to the PAAS (110), the relatively higher Cr concentration
(120 - 600 ppm) of some Fe-shale and Fe-sandstone might be related to contri-
bution from the mafic source rocks. Cr/Ni between 1.3 and 1.5 ratios reflect the
contribution of mafic-ultramafic rocks whereas higher Cr/Ni ratios > 2 typify an
input of mafic volcanic detritus; but it is noteworthy that these ratios > 3 for
sandstones suggest significant sedimentary fractionation [76]. With only a few
exceptions, the studied samples have Cr/Ni ratios > 2; these ratios are high (up
to 7.62) for sandstone samples, suggesting an input of mafic rock and/or a sig-
nificant fractionation of the sedimentary rocks of the Kumba area during trans-
port and deposition. The relative contribution from mafic-ultramafic source in
comparison to the felsic rocks have been evaluated by plotting the sediments in
the Y/Ni vs. Cr/V scatter plot of [77] (Figure 11(c)). The ultra-mafic rocks are
characterized by lower Y/Ni and Higher Cr/V [64]. Most of the samples have
slightly higher Cr/V compared to both UCC and PAAS, indicating probably a
noticeable contribution of mafic to ultra-mafic rocks. It is noteworthy that the
Cr enrichment could be associated with the fractionation of Cr-bearing mineral
in sediments as a result of different sedimentary processes [76]. On the other
hand, the Th/Co vs. La/Cs plot [71] suggests that almost all the studied samples
were derived from felsic source rocks rather than mafic source rocks (Figure
11(d)). It follows that the interpretation supporting mafic input in the samples
studied must be made cautiously.

In addition, the shape of REE patterns and the size of the Eu anomaly have
been also used to infer sources of sedimentary rocks [9] [63] [78]. Since basic
igneous rock contain low LREE/HREE ratios and little or no Eu to positive Eu
anomalies, whereas silicic igneous rocks usually contain higher LREE/HREE ra-
tios and negative Eu anomaly [79] [80]. LREE/HREE ratios of this study are va-
riable, ranging from 5.84 to 20.91. Some values are lower than the PAAS (13.8)
and UCC (9.54) and other higher (up to 20.91), indicating the derivation of se-
diments from a source area composed of felsic and mafic source rocks. The
PAAS-normalized REE pattern shows markedly positive Eu anomalies for aver-
age of Fe-shale and shale samples (Figure 7(a)) and the chondrite [49] norma-
lized REE patterns of the studied rocks exhibit slight negative or no Eu anomaly,
as shown in Figure 7(b). These features, particularly the positive and negative
Eu anomalies (Eu/Eu* = 0.87 - 1.62), are indicative of provenance including
both felsic and mafic nature of protolith. It is important to observe that, it could

be expected that Eu/Eu* should increase (ie., a prominent negative Eu/Eu*), as

K2
035: Scientific Research Publishing

411



G. Ngueutchoua et al.

more feldspar is destroyed in a second weathering cycle [81]. On this basis we
may state that the positive Eu/Eu* of some of the studied samples, slightly higher
than that of the PAAS, could likely monitor minor contribution of mafic com-
ponents. The limited importance of a mafic supply is confirmed also by other
provenance proxies including the Cr/V and Y/Ni ratios.

The chondrite normalized REE of the samples studied have LREE and HREE
patterns and contents roughly similar to those of various lithologies of expected
plutonic source rocks intruding the exposed surrounding migmatitic-gneiss
basement, but display different Eu anomalies. The arkose and Fe-sandstone
samples, with slight negative or no anomalies, have REE pattern comparable to
that of the MFG (Figure 9(a)). The latter are massive with modal composition
of diorite, quartz-diorite, quartz-monzodiorite, quartz monzo-gabbro or compo-
sitionally banded with light felsic layers (granodioritic to monzogranitic) alter-
nating with dark mafic layer (dioritic to quartz dioritic) [34]. It could have acted,
to a certain extent, as a source of the mafic component of the studied sediments.
The LREE pattern and the Eu anomalies of shale underline to a certain extent
the signature of CGG (Figure 9(a)). This rock, together with biotite-rich granite,
porphyritic granite, alkali feldspar granite and two-mica granite [35] could have
served as the felsic protolith for the Kumba sedimentary rocks. However, the
prominent negative Eu anomalies of the latter (Figure 9(b)) are inconsistent
with the slight negative or no Eu anomalies of the studied sediments. On the
other hand, any significant contribution of these granitoid bodies to the sedi-
ments would result in reduced Eu anomalies of the samples. In addition, the lack
of significant negative Eu anomalies and overall flat HREE patterns implies a
granodiorite rather than a granite source [53] [82]. This would indicate that, al-
though their contribution cannot be excluded, these granitoids are not the main
source of the Kumba sediments. The contribution of the extensive Neoprotero-
zoic migmatitic-gneiss basement rocks exposed relatively adjacent to the study
area is possible. The fact that the Precambrian rocks [tonalite-tronjhemite-gneiss
(TTG), granodiorite and quartz diorite] generally exhibit positive Eu anoma-
lies and high LREE/HREE ratios, as pointed out by Cullers and Graf [83], and
Nagarajan et al. [19], further supports this idea. These migmatitic gneisses were
metamorphosed under amphibolite-facies conditions and are in many places
cross-cut by mafic dykes [35]. These mafic dykes could have acted, to a lesser
extent, as the source of mafic materials. However, the chemical analyses for these
neighboring migmatitic-gneiss rocks, as well as those of the mafic dykes, are not

available.

5.3. Sorting and Recycling

It is well known that transport and deposition of clastic sediments involve me-
chanical sorting. Their effect on the chemical composition of terrigeneous sedi-
ments is important and may affect the distribution of paleoweathering and
provenance proxies [16] [84]. The distribution of the chemical components

winthin a suite is mainly determined by the mechanical properties of the host
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minerals. The process basically fractionates Al,O, (clay minerals) from SiO,
(quartz and feldspars). The SiO,/Al, O, ratio reflects the abundance of quartz as
well as the feldspar content of the sediments [85] [86]. This ratio can be used to
understand both the sorting and recycling of sediments. With increasing sedi-
ment recycling, the proportion of quartz among sediments will increase, whereas
feldspar and mafic minerals would decrease. As a result, the SiO,/Al,O, ratio
would progressively increase [87]. In this study, the SiO,/Al,O; ratio is low in
Fe-shale and shale and range from 1.19 to 4.12 with an average of 2.89. Whereas
this ratio is relatively higher in arkose and Fe-sandstone and ranges from 4.69 to
9.94 with an average of 6.65. This SiO,/Al,O, ratio is always >1 and mostly high-
er than those of the PAAS (3.32; Table 2) suggesting quartz enrichment in the
sediments and thus chemical maturity of the studied rocks.

Sorting also fractionates TiO,, mostly present in clay minerals and Ti-oxides,
from Zr, present in zircon, and sorted with quartz. However, the variable con-
tent of inert elements in mudrocks is mostly due to the weathering degree, which
affects parent rocks. Ternary plots based on ALO,, TiO, and Zr eliminate the
weathering effects and may illustrate the presence of sorting-related fractiona-
tions which are recognizable by simple mixing trends on a ternary Al,0,-TiO,-
Zr diagram [88]. In the present study a mixing trend, mostly characterized by
changes in Al,O,/Zr, which could be due to a recycling effect, is clearly envisaged
(Figure 12(a)). This is consistent with the low ICV values (<1) in most samples.
Zr/Sc ratio is also a useful index of sediment recycling [81]. Higher values of this
index indicate zircon accumulation by sediment recycling and sorting. Except
for two samples, all the sediments have Zr/Sc ratios ranging between 20.17 and
168, indicating zircon accumulation by sediment recycling and sorting. Zircon,
and thus Zr enrichment during sorting, can also be evaluated when the Zr/Sc ra-
tio is plotted against the Th/Sc ratio, an indicator of chemical differentiation
[64]. The first cycle sediments show a simple positive correlation of Th/Sc with
Zr/Sc, whereas the Zr/Sc ratio will increase more rapidly than Th/Sc with the in-
creasing recycling of sediments [80]. The sedimentary rocks of Kumba area have
Zr/Sc ratios ranging between 9.78 and 168 accompanied by Th/Sc ratios ranging
between 0.13 and 6.04 that suggest, according to Mclennan et al. [64] composi-
tional variation from source area. In the scatter plot of Zr/Sc vs. Th/Sc, all the
samples are not clustered along the primary compositional trend but fall along a
trend involving zircon addition (Figure 12(b)) and thus sediment recycling; this
is consistent with Al,0,-TiO,-Zr diagram.

The K,0/Na,O ratio is also indicative of sediment recycling. It increases with
weathering due to more liable nature of plagioclase relative to K-feldspar [21].
This ratio > 1 indicates high chemical maturity [89]. The K,0/Na,O ratios for
the studied samples range from 1.00 to 403.00, with most of them (Table 1)
higher than the PAAS (3.08) and UCC (0.87), indicating a high amount of sedi-
ment recycling.

In addition, the recycling processes is possibly recorded by the slight similar
CIA value (Table 1) for both studied mudrocks (Fe-shales and shales) and sand-
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Figure 12. (a) Ternary 15%Al,0,-300*TiO,-Z plot showing possible sorting effects [88]
and (b) Th/Sc vs. Zr/Sc plot of the Kumba sediments. The symbols are the same as in
Figure 11.

stones (arkose and Fe-sandstone). Since it is well known that finer grain rocks
such as shales should show stronger evidences of weathering than sandstones
[90]. These recycling processes might have homogenized, to some extent, com-
positions. Moreover, very high values of CIA, if the sediments have experienced
K-enrichment, may reflect a sediment recycling nature, and thus a cumulative
effect [91] [92] [93]. Some of the CIA values for the studied samples, as shown
on Table 1, are very high (up to 99.5), indicating that the sediments underwent a
recycling process.

Furthermore, the YREE abundances (Table 3) reflect the recycling process.
High YREE contents suggest a possible control by differing amounts of accessory
minerals (e.g., zircon) and/or quartz due to recycling processes [94]. In this
study, YREE values range from 81.17 to 738.75 ppm, with an average of 282
ppm, higher than that of the PAAS (184.77 ppm) and UCC (146.37 ppm), sug-
gesting the recycling of the Kumba sediments. It is also important to note that
the fractionated REE pattern with slight elevated total light REE (YLREE) con-
tent of mudrocks, ranging from 196.8 to 692.8 (average 343.03), suggests that the
sorting or recycling is slight higher for the mudrocks than the sandstones, with
YLREE ranging between 75.13 and 211.6, average100.39. It follows that, although
harmonization of the mudrock and sandstone can be envisaged, as discussed

earlier, REE geochemistry of these samples is still, to a lesser extent, different.

5.4. Paleo-Oxidation Conditions

Ni/Co and V/Cr ratios are sensitive to the paleoredox conditions of ancient se-
diments [19] [95] [96]. Sedimentary rocks derived from oxic conditions are cha-
racterized by Ni/Co ratios below 5; between 5 and 7, these ratios are related to
dysoxic conditions whereas values greater than 7 reflect suboxic to anoxic condi-
tions [95]. V/Cr ratios < 2, ranging between 2 and 45.25 and >4.25 indicate oxic,
dysoxic and suboxic to anoxic conditions respectively. Except for 3 samples, the
studied sediments show Ni/Co ratio always less than 7, reflecting oxic and dy-
soxic conditions. Whereas all the samples exhibit V/Cr ratios less than 2, sug-

gesting oxic environment. Other ratios such as U/Th and Cu/Zn are also useful
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in determining redox conditions of clastic rocks [19] [61] [97]. Oxic conditions
of deposition are characterized by U/Th ratios below 1.5 whereas values above
1.25 indicate suboxic and anoxic conditions [98]. High Cu/Zn values suggest
reducing depositional conditions, whereas low Cu/Zn values are related to oxi-
dizing environments. Except one sample, all the U/Th ratios of the studied se-
diments are less than 1.25, supporting oxidizing conditions. Cu/Zn ratios, in the
present samples, range from 0.01 to 1.2, with most of the data less than 1, re-
vealing the depositional environment of these samples to be oxic. Ce anomaly
can also help to highlight the paleoredox conditions of terrigenous sediments.
Since Ce is easily oxidized to Ce™ in oxidizing conditions and therefore remain
in sediments, causing a positive Ce anomaly with Ce/Ce* ratios > 0.10. Whereas,
an anoxic environment will cause a negative Ce anomaly with Ce/Ce* ratio <
0.10 [46] [99]. For the current study, the Ce anomaly ranged from 0.88 to 1.03,
which is greater than 0.10, supporting an oxic condition. Taken collectively,
Ni/Co and V/Cr ratios and Ce anomaly clearly indicate that the depositional
conditions for the studied sediments were oxic to suboxic. This result is in
agreement with a depositional milieu ranging from a restricted to full marine
environment, which are supposed to be broadly suboxic to oxic respectively
[61] [98]. This is the case for the studied sediments which were deposited in such
an environment during the post-rift (Drift I) stage of the tectonic history of the
Douala sub-basin, related to the opening of the South Atlantic Ocean [3] [33] [36]
[37] (Figure 2).

5.5. Tectonic Setting

Plate tectonic settings of the provenance of clastic sedimentary rocks control the
chemical composition of these rocks. To constraint the tectonic settings of an-
cient sedimentary basins from geochemical characteristics, it is presumed that
the nature of the source terrain is intimately related to processes controlling the
origin and evolution of adjacent lying sedimentary basin [11] [28]. Major ele-
ments of clastic sedimentary rocks, such as the SiO,, K,O and Na,O, are valuable
in determining the tectonic setting from terrigenous sedimentary rocks. SiO,
and K,0/Na,O increase from volcanic-arc to active continental margin to pas-
sive margin setting [12] [100]. In the SiO,-K,0/Na,O discrimination diagram of
Roser and Korsch [12], most samples fall in the general area of active continental
margin field, except for a few in the oceanic island arc margin (Figure 13(a)).

The Th-Sc-Zr/10 ternary diagram of Bhatia and Crook [11] has also been used
to differentiate the tectonic setting of the studied sediments. This diagram is be-
lieved to be most useful trace element tectonic discrimination plots. Samples
from Kumba sediments are relatively scattered on Th-Sc-Zr/10 ternary diagram
with data spreading across three fields: the passive continental margin (PM), the
continental island arc (CIA) and the active continental margin (ACM), suggest-
ing that the tectonic setting of the Kumba sediments may be more complex
(Figure 13(b)).

This complexity, most likely resulting from an inherited signature, is probably

K2
035: Scientific Research Publishing

415



G. Ngueutchoua et al.

100

o)
g, |® PM
< Do
<1 o o -
g ° =
— 0.1 ARC ACM
0.01 ' - ' Zr/10
20 60 70 80 90
Si0,%

Figure 13. Discrimination diagrams to understand the different tectonic settings of the stu-
died rocks. (a) Scatter plot of SiO, vs. K,0/Na,O [12] and (b) triangular plot of Th-Sc- Zr/10
[11], PM = passive margin, ACM = active continental margin, ARC = oceanic island arc
margin, OIA = continental island arc. The symbols are the same as in Figure 11.

related to recycling effect experienced by the samples studied, since some sedi-
ments can be transported from their tectonic setting of origin into a sedimentary
basin in a different tectonic environment [90]. Such discrepancy may also reflect
a sediment derived from potentially multiple sources (ie., mixed provenance)
[26] [94]. In this study, the result obtained can be partially explained by the
possible contribution, in the Kumba sediments, deposited in a less tectonically
drift-period, of reworked materials from the underlying Lower Mundeck For-
mation, characterizing the rift-drift and still tectonically active period. Similarly,
it is significant to note that the Cretaceous Lower Mundeck Formation overlies
unconformably the Pan-African Precambrian basement, exposed relatively ad-
jacent to the study area (Figure 1) and have experienced the contribution of re-
worked materials of this Precambrian [3] [33] [36] [37] and probably of the un-
known Paleozoic deposits, which have certainly been thoroughly eroded and
thus have never been documented [37]. Therefore, besides the possible contribu-
tion of the adjacent Precambrian basement, the recycling of preexisting Lower
Cretaceous and probable Paleozoic clastic rocks could explain the complex com-

positional signal of the Kumba sediments.

6. Conclusions

In this study, fifteen Cretaceous sediment samples from Kumba area in the Dou-
ala sub-basin were analyzed in order to determine the provenance, source rock
weathering, paleo-oxidation conditions of the depositional environment and
tectonic setting of these rocks. Based on results and discussion, the following
conclusions are reached:

1) The studied rocks have been classified, on the basis of their major element
composition, mainly as Fe-shale, shale, arkose and Fe-sandstone.

2) These rocks were mainly derived from felsic igneous rocks with lesser con-
tribution of mafic component as suggested by the plot of Zr vs. TiO,, Y/Ni vs.
Cr/V, TiO, vs. Al,O; diagram, REE characteristics and Eu anomalies.

3) The PIA and CIW values suggest that the sediments and their potential
source rocks were subjected to intense weathering. Whereas the CIA and K,O/

Na,O ratio in most samples could be indicative of K-addition processes. The
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A-CN-K plot also suggests a possible potash metasomatism during diagenesis.

4) The Ce anomalies and the values of Ni/Co, U/Th and Cu/Zn show that the
redox condition during the sedimentation were suboxic to oxic.

5) The SiO,-K,0/Na,O and Th-Sc-Zr/10 tectonic discrimination diagrams
show that the studied rocks were deposited mainly in an active continental mar-
gin setting, but also in a passive margin and various tectonic environments, re-
flecting probably the recycling effect experienced by the samples studied.

6) The geochemical compositional trends of sedimentary rocks from the Up-
per Mundeck Formation, outcropping at the Kumba area, document the paleo-
geography of the Douala sub-basin. These rocks are, in some extent, material
embodiments of the beginning of the separation of South American and African

plates during Early Cretaceous.
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