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ABSTRACT

Geochemical and mineralogical analyses of shales penetrated by Akukwa and Amansiodo wells of Anambra Basin in the
context of paleoenvironments and chemostratigraphy. Sixty well samples were subjected to XRF, ICMPs and XrD
analyses. Major Oxides and Rare Earth Elements were used to construct chemostratigraphic profiles for the investigated
wells in the study area. Four chemo zones were identified for each of the wells. AK1 is characterized by high CaO, P,O;
and low NA,O, K,O and SiO, indicating marine transgression while Zone AK, is characterized by high SiO,, K,0O, Na,O,
Al,0, and low CaO, MgO and P,O, indicating a regression of the marine environment. Zone AM1 is characterized by high
MgO, CaO, P,O, and low SiO,, K,O indicating marine transgression while AM, is low in MgO, CaO, P,O, and high SiO,
indicating regression. The Sr/Ba ratios in Akukwa ranges from 0.21-0.63 indicating a fresh-brackish water environment
while Sr/Ba ratios in the Amansiodo wells ranges from 0.22-1.29, indicating saline conditions. The value of Boron
content as well as the Boron/Gallium (B/Ga) ratios in Akukwa samples are 33.1-57.9 pg/g and 1.30-2.89 respectively
while Amansiodo well are 19.2-86.7 ng/g and 1.09-35.22 indicating brackish water environment. Values of V/(V+Ni) for
Akukwa well samples range from 0.39-0.45 with average of 0.42 while in Amansiodo, it ranges from 0.40-0.88 with
average of 0.45 suggesting oxic condition. In Akukwa well, the mean values of Ni/Co: (2.49), V/Cr (1.04) Cu/Zn (0.37)
Cu+Mo/Zn: (0.39) are slightly higher than mean values in Amansiodo (Ni/Co: 2.31, V/Cr: 0.97, Cu/Zn: 0.34,
(Cut+Mo)/Zn: 0.37), pointing to an oxic conditions. The presence of kaolinite in all the analysed intervals and few
smectite is interpreted to be suggestive of exhaustive leaching under acidic tropical conditions while the presence of
halite and gypsum in some intervals suggest sedimentation in an isolated density-stratified, sediment starved and

stagnant conditions.
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INTRODUCTION

A stratigraphic record is the result of an exogenous
mechanism (one from outside) consisting of geological
setting, sea level changes, changes in geochemical
reactions between seawater and rock, processes of
climate and sediment formation (Srinivasan, 1989), so
differences in bulk chemistry are exposed by the resulting
sedimentary record. Furthermore, because these
modifications produce various mineral combinations, the
sediment's distinctive main and trace elemental
compositions are also observable and can be used to
compare and classify these rocks; this, in turn, forms the
basis for applying chemostratigraphy in subdividing
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strata (Das, 1997). With the ability to analyse these
distinctions, the concept of chemostratigraphy holds well
the distinction between chemical composition and its
causative factor (local, regional or global), enabling
chemozone identification and analysis on an adequate
scale (Ramkumar & Sathish, 2006).

Inorganic geochemical studies of sedimentary sequences,
also known as chemostratigraphy, can be used as a
reference method for researching changes in the
geochemistry of sediments. This is achieved by analysing
samples of conventional core samples, ditch cutting,
sidewall core and outcrop samples that allow inter-well
correlations to be made at the regional to reservoir scale. It
includes the Application of geochemistry of the major-
and trace elements to classify and subdivide sequences
into distinct geochemical units and strata differentiation in
sedimentary basins. It is a robust technique that uses
changes in abundance of the major, trace and rare earth
elements to classify and correlate sedimentary rock
sequences. Chemostratigraphy stratigraphic technique is
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based on identifying shifts in the Concentration of
elements over time and using them to model shifts in
geological events such as provenance (Ratcliffe et. al.,
2010; Pearce et. al.,, 2005) and paleoclimate (Wright et.
al., 2010; Ratcliffeet. al., 2007).

The correlation of Chemostratigraphic data is especially
applicable to sequences with very little biostratigraphic
control or sequences that are very thick, deposited rapidly
and cannot be further subdivided by biostratigraphic data.
In addition, uncertainty and more conventional correlation
approaches such as biostratigraphy, lithostratigraphy, and
geophysical logging are also overcome.

GEOLOGY AND LOCATION OF THE STUDY
AREA

The study area in the southern part of the regionally wide
northeast-southwest of Benue Trough is the Anambra
Basin (Figure 1), a Cretaceous Basin. It is a synclinal
structure consisting of upper Cretaceous to Recent
sediments over 5,000 ft thick, and it represents the third
phase of marine sedimentation in the Benue Trough after
the Santonian Tectonic event (Ladipo, 1988; Akande &
Erdtman, 1998; Ojo et. al., 2009, 2010). Consequently, the
basin was believed to have evolved into the late Jurassic to
the Cretaceous basement fragmentations with subsidence,
rifting, block faulting and drifting apart from the South
American and African plates and thus represent part of the
West African Rift System (Genik, 1992; Fairhead &
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Figure 1: Generalised geological map of Anambra Basin
(boxed area of inset) (Akande et al., 2007) 1. Asu
River Group, 2. Odukpani Fm., 3. Eze-Aku Shale,
4. Awgu Shale, 5. Enugu/Nkporo Shale, 6. Mamu
Fm., 7. Ajali Sandstone, 8. Nsukka Fm., 9. Imo
Shale, 10. Ameki Fm., 11. Ogwashi Asaba Fm.

Okereke, 1987; Ojo et. al, 2009). The stratigraphic
sequence in the basin-reveals that the basin consists of the
Enugu/Nkporo/Owelli Campanian to Maastrichtian Type.
The study wells lay within the Enugu Sheet 72 of the
Nigerian Geological Survey Agency (NGSA) of 1957 and
were compiled by Shell-BP Petroleum Development
Company of Nigeria Limited. The well Amansiodo-1 lies
within 60 28.7'N and 70 16.9'E, while the well Akukwa-2
lies within 60 15.9'N and 70 9.87'E (Figure 2).
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Figure 2: Location Map of the Study Area Extracted from
Enugu sheet 72 of Nigerian Geological Survey
Agency.

METHODS

Approximately 60 shale samples were collected from the
two wells for this study. Their mineralogical composition
was studied at Bureau Veritas, Vancouver, Canada. The
samples were tested using two methods for Major
Elements (Oxides), Rare Earth Elements (RRE) and Trace
elements (TE); Aquaregia ultra-trace Inductively Coupled
Plasma Mass Spectroscopy (ICP-MS) and X-ray
Fluorescence (XRF).

RESULTSAND DISCUSSION

Chemostratigraphic profiles provide an instrument for
detecting geochemical events that are stratigraphically
important. These events are usually marked in elementary
curves by either maxima or minimum deflections.
However, based on interpretations from the graphical
analysis of the geochemical data of the sediments and the
chemostratigraphic correlation, various zones have been
established and will be analyzed accordingly:

CHEMOSTRATIGRAPHIC ZONES
WELLAKUKWA-2

Geochemical data from the borehole resulting from the
shale samples are described in Figures 3 - 5. It presents the

57



geochemical profiles against the depth of the absolute
elementary concentrations. This approach allows the
visualization of the main geochemical features of the
study intervals. They are centered on elementary
depletions, enrichments, and the evolution of recurrent
patterns recognized from the geochemical profiles. The
research profiles are divided into intervals called
'chemostratigraphic units' that are geochemically distinct.
The average concentrations of elements for each unit are
shown in Tables 1 - 3. The interval of study is divided into
four chemostratigraphic units. The boundaries between
the chemostratigraphic units broadly coincide with the
limits of the lithostratigraphy. The principal geochemical
characteristics of these units are shown below:

UNITAK1

This unit is characterized by high values for SiO,, Al,O,,
TiO,, Na,O, Cr/Sc, Zr/La, TiO,/K,0, TiO,/Zr, NaO/TiO,,
Zr, Cr, Cu and low values for MgO, MnO, Fe,0,, CaO,
K,0O, P,0O,, Zr/Cr, Sc/Zr, Zn/Sc, TiO,/K,0, Fe,0,/MgO,
log (Zr/Al,0,), Ba, La, Ce, Sc, Sr, Y, Zn. The high values
for Si0O, and ALO, and low values for CaO and MgO can
be suggested to correspond to marine regression and a
high supply of continental sediments. This was observed
within the plots of major elements, trace elements and
their ratios.

UNITAK2

The unit begins from about 900m and extends to 1300m
within the well Akukwa-2; it has high values for CaO,
MgO, P,0,, TiO,, MgO, CaO, MnO, P,0,, Zn/Cr, Z1/La,
Cr/Sc, Sc/Zr, TiO2/Zr, Log (Z1/Al,0,), TiO,/K,0,
Fe,0,/MgO, Zr, Ba, Cr, Cu, Ce and low values for SiO,,
AlO,, Fe,0,, Na,O, Zn/Sc, NaO/TiO,, La, Sc, Sr, Y and
Zn. The high values for CaO, MgO, and P,O; and low
values for SiO,, ALO,, Fe,O,, and Na,O suggest being
characterized by marine transgression. The unit can also
be suggested to experience maximum flooding surface
(MFS) around 1200m within the well.
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Figure 3: Major Element Geochemical Profiles for Well
Akukwa-2.

UNITAK3

The unit begins from about 1300m to 1600m within the
well Akukwa-2. It has high values for SiO,, Al,O,, TiO,,
Na,0, K,0, Zt/Cr, Cr/Sc, Zr/La, TiO,/K,0, Log(Zr/Al,0;),
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Figure 4: Ratio Geochemical Profiles for Well Akukwa-2.
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Figure 5: Trace Element Geochemical Profiles for Well
Akukwa-2.

Zr, Cr, Cu, La, Ce and low values for Fe,O,, Mno, MgO,
Ca0, P,0,, Sc/Zr, Zn/Sc, TiO,/Zr, Ba, Sc, Sr, Y and Zn.
This zone is suggested to correspond to marine regression
as a considerable reduction was observed in the values of
Ca0, MgO, P,0,, and high values for SiO, and Al,O,.

UNITAK4

This begins from 1600m and runs down to the bottom of
the well. It has high values for MnO, MgO, P,O,, TiO,,
Fe,0,, MnO, Zn/Sc, Sc/Zr, TiO,/K,O, Fe,0,/MgO, log
(Zr/AL,0,), Ba, La, Sc, Sr, Y, Zn and low values for Al,O,,
Si0,, Na,0, K, 0, Zr/Cr, Cr/Sc, Zr/La, TiO,/Zr, Nao/TiO,,
Zr, Cr, Cu, Ce. This zone suggests being characterized by
marine transgression as there is a high value for marine-
derived elements as confirmed by major, trace and ratio
plots.

WELLAMANSIODO-1

Table 1: Akukwa Major Element Geochemical Profiles.

UNITS | SiO; | Al203 | TiO2 | Fe203 | MnO | MgO | CaO | Na:O | K20 | P20s
AK 1 50 15 0.7 15 0.1 1 1.8 17 | o1

v|N|o|olQ@

AK 2 53 20 1 10 0.15 25 1 13 0.5
AK 3 55 20 2 10 0.1 5 1.6 1.5 0.5
AK 4 10 12 0.9 50 1.2 6 0 1 3

The analysis interval from this borehole splits into four
chemostratigraphic units (Figures 6 - 8). The geochemical
profiles are also presented (Tables 4 - 6) and expressed
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Table 2: Akukwa Ratio Geochemical Profiles.

UNI | Zr/ | Crl | Zri | Sc/| Zn/ | TiO2 | TiO2/ | Fe0s/ | Na2O/T | Log(Zr/A
TS [ Cr | Sc| La | Zr | Sc | K20 Zr MgO i02 1203)
AK1 | 02 | 12 | 15 | 2 1 1 0.1 10 3 0
AK2 | 06 | 10 | 2 4 5 1 0.4 4 1 0.4
AK3 | 07 | 8 | 15| 2 2 15 0.1 5 1.2 0.4
AK4 | 07 | 8 |05 | 12| 7 2.5 0.2 25 0.01 0.3

Table 3: Akukwa Trace Element Geochemical Profiles.

UNITS | Zr Cr Ba Cu La Ce Sc Sr Y Zn
AK1 15 62 28 12 10 20 5 5 5 5
AK 2 15 62 50 15 20 80 10 10 20 20
AK 3 35 58 100 20 20 60 10 10 20 20
AK 4 12 140 310 13 50 120 32 32 100 100

below

UNITAM1

This unit corresponds to the beginning of Well
Amansiodo-1 and runs to about 1100m, having high
values for MgO, CaO, MnO, P,O, Na,0, Al1,O, FeO,,
TiO,, K,0, Cr/Sc, Zn/Sc, Ti 2/Zr, Na,O/TiO,, Zr, Cr, Ba,
Cu, La, Ce, Sc, Y and low values for SiO,, Cr/Sc, Zr/La,
Sc/Zr, TiO /K0, Fe ,0/MgO, Log (Z1/A1,0,), Sr, Zn. This
zone proposes to have been characterised by marine
transgression, as shown by high values for MgO, CaO,
MnO and PO, A maximum flooding surface (MFS)
suggests around 1000m within the zone.

UNITAM2

This unit ranges between 1100m to 1400m and has high
values for SiO,, ALO,, Zr/Cr, Cr/Sc, TiO,/K,0O,
Fe,0,/MgO, La, Ce and low values for Fe,O,, MnO, TiO,,
MgO, CaO, P,0,, Na,O, K,O, Zr/La, Sc/Zr, Zn/Sc,
TiO,/Zr, Na,0/TiO,, Log (Zr/Al,0,), Zr, Cr, Ba, Cu, Sc, Sr,
Y and Zn. This zone proposes to correspond to regression
as seen by high values for SiO,, Al,O, and low values for
CaOand MgO.

UNITAM3
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Figure 6: Major Element Geochemical Profiles for Well
Amansido-1.
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Figure 7: Ratio Geochemical Profiles for Well Amansido-1.
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Figure 8: Trace Element Geochemical Profiles Well for
Amansido-1.

This range between 1400m to 1700m, and it has high
values for MnO, TiO,, MgO, CaO, K,O, P,0,, Na,O,
Cr/Sc, Zr/La, Sc/Zr, TiO,/Zr, Fe,0,/MgO, Log (Zr/ALO,),
Zr, Cr, Ba, Cu, Y and has low values for Si0,, Fe,O,, ALO,,
Zr/Cr, TiO,/K,0, Zn/Sc, Na,0O/TiO,, La, Ce, Sc, Sr, and
Zn. This zone is proposed to be characterized by the
transgression of the marine as seen by high values for
MnO, MgO, CaO and low values for SiO,, AL,O,.

UNITAM4

This begins from about 1700m and runs down the well. It
has high values for MnO, MgO, CaO, P,0O;, Zr/Cr, Cr/Sc,
Zr/La, Sc/Zr, Zn/Sc, TiO2/K,0, Fe,0,/MgO, Log
(Zr/ALO;), Ba, Cu, La, Ce and low values for SiO,, ALO;,
Fe,0,, TiO,,K,0,Na,O, TiO,/Zr, Na,O/TiO,, Zr, Cr, Sc, Sr,
Y and Zn. The zone is suggested to have been
characterized by marine regression as shown by the
various values for major, trace and ratios analyzed.

SALINITY CONDITIONS

Sr/Ba- Strontium (Sr) and Barium (Ba) are alkaline earth
metals with chemically similar properties. Sr content in
seawater is often high, so it is possible to use Sr/Ba ratios
to discriminate against freshwater (Sr/Ba: < 1) and marine
sediments (St/Ba: > 1) (Sun ef al., 1997). For example,
St/Ba ratios between 1.0 and 0.5 suggest brackish water.
Conversely, a Sr/Ba ratio above 1.0 in lacustrine
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Table 4: Amansiodo Major Element Geochemical Profiles.

Haruna and Ojo / NAPE Bulletin 34 (2); 2025 56-67

UNITS | Si0z | Al203 | TiO2 | Fez03 | MnO | MgO | CaO | Naz20 | K20 | P20s
AM 1 60 20 1.5 8 002 | 17 5 15 1.8 | 04
AM 2 82 17 1 2 0.02 | 02 0 0 0.4 0.1
AM 3 5 3 1.2 1 0.1 0.5 1 0 1 0.5
AM 4 5 3 0.1 1 0.02 | 06 2 0 0 0.2

Table 5: Amansiodo Ratio Geochemical Profiles

UNI | Zr/ | Cr/ | Zr/ | Scl/| Zn/ | TiO2/ | TiO2 | Fe203/ | Na20/T | Log(Zr/A
TS | Cr | Sc | La | Zr | Sc | K20 Zr MgO i02 1203)
AM1| 04 | 10 | 1 2 | 70 1 03 5 1.2 0.2
AM2 | 0.6 4 0 1 7 2 0.2 20 0.1 -0.6
AM3 | 02 | 2 0 4 10 20 0.4 0 0 0.4
AM4 | 06 | & 3 6 12 0 0.1 25 0.1 0.7

Table 6: Amansiodo Trace Element Geochemical Profiles.

UNITS | Zr Cr Ba Cu La Ce Sc Sr Y Zn
AM 1 20 50 100 30 10 50 10 140 10 500

Figure 9: Vertical distribution of some geochemical proxies
for paleoenvironment and paleoclimatic
interpretation for Akukwa-2 after Strobel
et. al., 2015.

AM 2 5 20 20 10 20 25 5 10 10 0
AM 3 6 30 40 40 20 50 15 20 20 150
AM 4 6 200 20 10 50 150 30 80 50 300

environments under an arid climate can indicate saline
lake water (Shiet. al.,2003; Meng et. al.,2012).

The Sr/B ratios in Akukwa-2 range from 0.21 to 0.63
(Figure 9{e}), promoting a fresh-brackish water climate.
The Sr/Ba ratios in the Amansiodo-1 range from 0.22 to
1.29 (average 0.53), indicating alternating freshwater and
saline conditions. High Sr/Ba ratios often correspond to
high Sr/Cu values (see Figures 9{b} & 10{b}), which
indicates that increases in salinity between the two wells
may have been caused by climate change.

B and B/Ga-Boron (B) and gallium (Ga) have slightly
different chemical properties. Boron is a mobile variable in
water, and its content increases with salinity (Deng &
Qian, 1993), while Ga is a more immobile element. Liu ez.
al. (1984) found that the content of Ga is higher in
continental freshwater mudstones (20-35 ppm) than in
marine rocks (7-10 ppm). Therefore, as additional salinity
proxies, B and B/Ga can also be used. In freshwater lakes,
B is below 60ug/g and B/Ga is below 3-3.3, while in salt
water, B and B/Ga surpass 100 pg/g and 4.5-5.0,
respectively (Wangez. al., 1979; Deng & Qian, 1993).

The B content as well as Akukwa-2 B/Ga ratios (33.1-57.9
pg/g; 1.30-2.89) and Amansiodo-1 ratios (19.2-86.7 pg/g;
1.09-35.22; Figures 9 & 10{c,f}), reflects temporary
brackish water conditions.

REDOX PROXIES

V/Cr, Ni/Co, V/(V+Ni), Cu/Zn, (Cu+Mo)/Zn, and trace
elements such as V, Ni, Mn, and Mo are sensitive redox
proxies (Arthur er. al., 1994; Anderson et. al., 1989;
Morford & Emerson,1999). For anoxic conditions,
vanadium is enriched more than nickel (Lewan et. al.,
1982). Generally, V/(V+Ni) ratios greater than 0.60 reflect
anoxia, suboxic conditions reflect between 0.46 and 0.60,

Figure 10: Vertical distribution of some geochemical proxies
for paleoenvironment and paleoclimatic
interpretation for Amansiodo-1 after Strobel
et. al., 2015.

and oxic environments reflect less than 0.46 (Teng et. al.,
2005; Wang, 2003). V/(V+Ni) ratios of Akukwa-2 shale
range from (0.39 to 0.45, with an average of 0.42, while the
one from Amansiodo-1 ranges from 0.40 to 0.88 with an
average of 0.45 (Figures 9 & 10{g}), suggesting oxic
deposition.

Cu/Zn, V/Cr, Ni/Co, and (Cu+Mo)/Zn ratios increased
with the declining availability of oxygen (Wang, 2003) and
were used as additional redox indicators. Figures 9 —&10
{h-k} show the vertical variance of the ratios of the given
variable. All ratios in the Akukwa-2 and Amansiodo-1 are
well relatively uniform. However, in Akukwa-2 (V/Cr:
1.04; Cu/Zn: 0.37; Ni/Co: 2.49; (CutMo)/Zn: 0.39), the
mean ratios are slightly higher than in Amansiodo-1 (V/Cr:
0.97; Cu/Zn: 0.34;Ni/Co: 2.31, (Cu+Mo)/Zn: 0.37).

Trace element ratios (Th/U, V/Cr, Ni/Co, and V/(V+Ni))
may contain information about paleoredox conditions
(Jones & Manning, 1994; Hatch & Leventhal, 1992;
Rimmer et. al., 2004). Under oxic conditions, Thorium is
generally concentrated in clay sediments (Wignall &
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Myers, 1988; Adams & Weaver, 1958). Under organic
matter-rich reducing conditions, sediments can trap
aqueous U (Holland, 1984; Kochenov et. al, 1977).
Therefore, small Th/U ratios are characteristic of anoxic
conditions with high authentic U. As an indicator of oxic
sediments, Th/Ub< 2 has been commonly used (Wignall
& Twitchett, 1996). Nickel and V are concealed in organic
matter under anoxic conditions (Breit & Wanty, 1991;
Lewan & Maynard, 1982). In contrast, redox conditions
do not affect Co and Cr concentrations linked to detrital
components (Ross & Bustin, 2006). Thus high values of
V/Cr, Ni/Co and V/(V+Ni) reflect oxic conditions (Jones
& Manning, 1994). A clear interpretation of paleoredox
conditions in the Akukwa-2 and Amansiodo-1 shale
samples using standards for Th/U, Ni/Co and V/Cr
(Figures 11 - 12). However, the Akukwa-2 and
Amansiodo-1 shale ratios of V/(V + Ni) range from 0.62
to 0.88, pointing at all in oxic conditions, while other
proxies also indicate dysoxic to oxic conditions (Figures
11-12).

Rhenium, due to its low detrital concentrations, is a
valuable resource for evaluating redox conditions (0.5
ppb in continental crust; Crusius ez. al., 1996) and is not
linked to Fe or Mn cycling (Crusius et. al., 1996), usually
acting in oxic and anoxic conditions as a conservative
item. Redox activity is, therefore, simplistic and useful to
track accurate accumulation (through diffusive sediment
flux; Morford et. al, 2001). It has been proposed that
rhenium may be introduced into sulfides after spreading
through the sediment-water interface (Colodner et. al.,
1993). Re/Mo ratios are used (Crusius ef. al., 1996) to
distinguish suboxic sedimentation. High Re/Mo ratios (>
15 x 10-3) are suggestive of suboxic conditions as Re over
Mo is preferentially enriched in low-sulfide environments
(Crusius et. al., 1996). In contrast, anoxic/sulfidic
groundwater has lower Re/Mo ratios, closer to the modern
marine-water value of 15 x 10-3. Sediments of Akukwa-2
and Amansodo-1 plot below the seawater Re/Mo (Figure
13), indicating suboxic deposition with occasional anoxic
conditions.
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Figure 11: Stratigraphic distribution of detrital influx proxies
(Al, Ti/Al), redox proxies (Mo, Th/U, Ni/Co,V/Cr
and V/(V+Ni) and Paleoproductivity proxies
(Babio, Cu/Al, Ni/Al) in Well Akukwa-2.
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Figure 12: Stratigraphic distribution of detrital influx proxies
(Al, Ti/Al), redox proxies (Mo, Th/U, Ni/Co,V/Cr
and V/(V+Ni) and Paleoproductivity proxies
(Babio, Cu/Al, Ni/Al) in Well Amansiodo-1.

DETRITALINFLUX PROXIES

The contents of titanium, aluminium, Silicon, Zircon, and
Thorium were widely used as indicators of detrital influx
(Tribovillard et. al., 2006; Murphy et. al., 2000).
Aluminum is the prominent conservative in a fine-grain
deposition for the detrital aluminosilicate component
(Arthur et. al., 1985; Calvert & Pedersen, 2007; Arthur &
Dean, 1991). In this paper, Al concentrations are generally
high in the shale (Figures 11- 12), indicating a rise in
detrital clay influx. Titanium is commonly found in clays
and heavy minerals such as rutile, while Si is found in
detrital and biogenic components (Kidder & Erwin, 2001).
In various prior studies, the Si/Al ratio was used as a
detrital influx proxy, reflecting the quartz-to-clay ratio
(Rimmer et. al., 2004; Murphy et. al., 2000). However, the
silica or Si/Al ratios may be an inaccurate indicator of
detrital influx since biogenic silica could theoretically
originate from radiolarians in siliceous and silty shale
(Rimmer et. al., 2004; Schieber et. al., 2000). The relative
distribution of Ti/Al for all samples in this study indicates
a very homogeneous supply of coarse-grain detrital
fractions in the shale of Akukwa-2 and Amansiodo-1
(Figures 11 -12).

PALEOPRODUCTIVITY PROXIES

Barium is known as a paleoproductive proxy because the
biogenic barite is associated with the decay of
phytoplankton (Francois et. al, 1995; Dymond et. al.,
1992; Monnin et. al., 1999; Jeandel ez. al., 2000). Biogenic
Ba (Babio) has been demonstrated in the water column as
an indicator for the measurement of carbon emissions
from the photon zone and is considered a valid proxy for
paleoproductivity (Tribovillard et. al., 1996; Brumsack,
1989; Martinez-Ruiz er. al, 2000; McManus et. al.,
1998a, 1998b, 1999; Joachimski et. al., 2002; Eagle et. al.,
2003; Tribovillard et. al., 2004; Averyt & Paytan, 2004;
Riquier et. al., 2005; Joachimski et. al, 2002). The
formula used to assess Ba,,, content is:

Ba, =Ba,—(Al,,xBa/Al,)=Ba,—(Al,x0.0075)
Whereas Ba,,: is the content of biogenic Ba, Ba,, is the
Total content of Ba, Ba/Al,: is the Ba/Al ratios of
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aluminosilicate detritus in crustal rocks, and Al,: is the
total Al content. It means that all of Al is from
aluminosilicate in sediments. The aluminosilicate factor
Ba/Al,, ratios range from 0.005 to 0.01 in crustal rocks
(Taylor, 1964), and the value of 0.0075 are commonly
used to measure the Ba,,, content (Dymond ez. al., 1992).
In both Akukwa-2 and Amansiodo-1, the batot and ba,, are
high. In sulfate reduction conditions (organic-rich shale),
however, barite may dissolve, and Ba may migrate to pore
water, which may make Ba, and Ba, an accurate
predictor of paleoproductivity in organic-rich sediments
formed under these conditions (Torres et. al., 1996; Van
Os et. al., 1991; Van Santvoort et. al., 1996). Hence the
high concentrations of Batot and Ba,,, in high organic-rich
shale of Akukwa-2 and Amansiodo-1 suggest a higher
paleoproduction.

Most deposited as organometallic complexes are Nickel
and Cu. Ni and Cu released during the decay of organic
matter can be incorporated into pyrite under sulfate
reduction conditions (Algeo & Maynard, 2004; Fernex et.
al., 1992; Piper & Perkins, 2004). Although the
sedimentary organic matter deteriorated after deposition,
Ni and Cu could point to its vital presence. Hence Ni and
Cu can be used as accurate measures of Productivity. The
ratios Cu/Al and Ni/Al indicate the standardised patterns
at both wells supporting the high paleoproductivity. In
addition, due to precipitating authentic quartz form
dissolution and recrystallisation by radiolarians, excess
silica concentrations are due to radiolarians, and their
content (excess silica) may imply paleoproductivity
(Schieber, 1996). The excess content of silica reveals
similar patterns to the Cu/Al and Ni/Al ratios (Figures 11 -
12).

Suboxic
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Figure 13: Rhenium vs. Mo ratio used for identifying anoxic
and dysonic sedimentation modified after Crusius
et. al., 1996.
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MINERALOGY

Clay minerals are of great importance among the most
valuable and useful industrial minerals in the world. They
are used in a variety of geological applications, such as
stratigraphic correlations, deposition environment
indicators and hydrocarbon generation temperature
indicators. X-ray diffraction (XRD) technique is widely
used to identify whole rock mineralogy and clay
mineralogy through interaction of the x-ray beam with a
sample. The quantitative analysis of clay minerals in soils
involves working out of peak intensity (area or height)
ratios based on standard powder diffraction of the
International Powder Diffraction File. In this research,
using x-ray diffraction (XRD) patterns following the
Brown and Brindley (1984) method, the identification of
the specific shale mineralogical composition was obtained.

MINERALOGICALCOMPOSITION

Identification of whole rock mineralogy of rocks and
sediments has been widely attempted with an application
of x-ray diffraction (XRD) technique. In this research,
identification of the mineralogical composition of the
studied shale samples were also attempted using x-ray
diffraction (XRD) method and both qualitative (Peak
patterns) and quantitative results of all whole-rock
samples are presented in Table 7 and 8. Generally, the
results indicate presence of clay and non-clay minerals for
both Akukwa and Amansiodo wells with kaolinite as the
predominant among the clay minerals whereas quartz as
the most abundant among the non-clay types and also
carbonate and iron minerals are also present in minor
compositions.

AKUKWAWELL (AK)

The analyzed shale samples are composed of non-clay,
clay, evaporites, carbonate and minor iron minerals. The
non-clay rock forming minerals includes quartz,
microcline, anatase, plagioclase, jarosite and muscovite
whereas the clay minerals present are kaolinite, smectite
and palygorskite in the decreasing order with the kaolinite
having the highest composition whereas palygorskite have
lowest. Also, it is interesting to note that aside the clay and
non-clay rock forming minerals, chemical minerals
(evaporite) including gypsum, halite and chlorite,
carbonate (calcite) and iron rich mineral (pyrite) are also
present though, in fewer samples Table 7 (Figure 14 and
15).

Generally, the minerals present in the samples show 3
categories of behavior. Category 1 consists of minerals like
quartz, microcline, kaolinite and pyrite that are present
throughout from the upper through the middle to the lower
parts of the well. Minerals such as anatase, plagioclase,
kaolinite, gypsum, jarosite and chlorite are present in
category 2. Meanwhile, in the category 3, minerals
including muscovite, smectite, palygorskite, calcite, halite
and chlorite are present. Interestingly, it is observed that
there is significant reduction in the quantity of Kaolinite
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from category 2 as chlorine started to show in the shale
samples and this goes on down to category 3.

Table 7: Mineralogical composition of the Shale samples
from Akukwa well.

Weight% | AK1 | AK3 | AK5 | AK7 | AK9 | AK11 | AK13 | AK15 | AK17 | AK19
Quartz | 40.54 26.36 33.53| 28.51| 19.98| 85.92| 3.1 | 5.95 | 5.52 | 10.93
Gypsum | 1.97 | 249 | 1.68 | 4.85| 0.00 | 0.00 | 6.41 | 0.00 | 0.00 | 4.97
Jarosite | 0.00 | 14.45| 10.53| 0.00 | 0.00 | 0.00 | 15.42| 0.00 | 0.00 | 6.26
Kaolinite | 35.94| 40.37| 36.34| 39.85| 10.61| 0.00 | 0.00 | 4.75 | 6.34 | 4.39

Microcline | 8.36 | 6.2 | 7.45| 592 | 1.65| 9.56 | 6.41 | 2.59 | 5.63 | 2.12
Anatase | 3.24 | 413 | 3.35| 3.73 | 1.39| 0.00 | 0.00 [ 0.00 | 0.00 | 1.16
Smectite | 0.00 | 0.00 | 0.00 | 0.00 | 53.73| 0.00 | 0.00 | 67.74| 53.88 | 70.17

Muscovite | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 1.77 | 8.16 | 0.00 | 0.00 | 0.00

Plagioclasef 4.09 | 1.67 | 2.09 | 143 | 1.55| 2.74 | 0.00 | 0.00 | 0.00 | 0.00
Pyrite 5.86| 4.33| 503 | 6.91| 3.73| 0.00 | 1.03 | 1.07 | 1.15 | 0.00
Calcite 0.00 | 0.00 | 0.00| 88 | 6.22| 0.00 | 0.00 | 7.29 | 7.94 | 0.00
Halite 0.00 | 0.00 | 0.00 | 0.00 | 1.13 | 0.00 | 1.59 | 1.86 | 0.00 | 0.00
Chlorite | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 10.48| 12.51| 11.82| 15.18

Palygorskit¢ 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 48.98| 10.6 | 19.55| 0.00

Figure 14: (A): Diffractograms of the Clay (sample AK 7)
from Akukwa Well. (Mo- Montmorillonite,
C- calcite, Q- Quartz, K-Kaolinite.
(B): Diffractogram of the Clay (sample AK 13)
from Akukwa Well. (M-Muscovite Q-Quartz).

AMANSIODO WELL (AM)

The analyzed shale samples from Amansiodo well are also
composed of non-clay, clay, evaporites, carbonate and
iron minerals like in the Akukwa well (Table 8 and Figure
16 and 17). It is noted that non-clay rock forming minerals
(e.g. quartz, microcline, anatase, plagioclase, jarosite,
muscovite, covellite and rutile) occur in various
proportions with quartz having the highest proportion.

® Quartz

W Gypsum

™ Jarosite

W Kaolinite
W Microcline
H Anatase

W Smectite
= Muscovite
® Plagioclase

Pyrite

Figure 15: Pie Chart showing the mineralogical compositions
of studied Shale from Akukwa well.

Among the clay minerals, kaolinite has the highest
percentage while smectite occur only in a sample (50.72)
and in higher proportion. It is interesting to note that
palygorskite is absent in all the analyzed samples from the
well. It is also interesting to note that unlike Akukwa well,
the minerals present here are only gypsum and chlorite
whereas halite is absent. Aragonite is also present
alongside with calcite among the carbonate minerals
while the iron rich minerals are composed of pyrite and
hematite.

Same behavioral pattern is also noted among the minerals
present in this well with 3 categories delineated though,
with little difference. Minerals present in category 1
include quartz, kaolinite and pyrite that are present in all
the analyzed samples from the lower through the middle
to the upper parts of the well. Minerals present in category
2 includes microcline, anatase and plagioclase) present in
the samples found in the lower and upper parts of the well
whereas, other minerals that made up of the category 3
only appears from middle to the lower part of the well. It is
interesting to note that unlike the Akukwa well, muscovite
was found only in a sample (AM1) that is closer to the
upper (surface) part of the Amansiodo well.

DIAGENESIS, PALEOCLIMATE AND
PALEOENVIRONMENTS OF AKUKWA AND
AMANSIODO WELL

Mineralogical compositions of the studied samples are
employed here for deposition environment
reconstruction. The mineralogical composition of
sediments can be used to determining its depositional
environments according to Mamman et. al. (2010). There
are two main environments recognized within the two
wells using the mineralogical composition and their
abundance, especially kaolinite and chlorite. Generally,
presence and abundance of rock forming minerals
including quartz, microcline, kaolinite and pyrite that are
present mostly in the upper parts of the well indicating
continental environments. In contrast, minerals including
muscovite, smectite, palygorskite, calcite, halite and
chlorite with a significant decrease in kaolinite while
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chlorite start increasing. This may suggest a change in
environments from continental to marine. Also, an
increase in the abundance of siderite and pyrite contents
may reflects a different climate because ferric minerals
were formed in a warm, humid, non-oxidizing
environment in the basin as more reducing conditions
become gradually evident with depth.

Table 8: Mineralogical composition of the samples from the
Amasiodo Well.

Weight% | AM1 | AM3 | AM5 | AM7 | AM8 | AM9 | AM12 | AM13 | AM15 | AM16 | AM17

Quartz | 72.21| 63.06| 63.9 | 42.93| 86.38| 94.55| 46.02 | 56.72 | 16.13 | 38.85 | 38.85

Gypsum | 2,53 | 0.00 | 1.72| 1.32| 0.00 | 0.00 | 1.66 | 0.00 | 4.05 | 2.19 | 219

Jarosite | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 15.84 | 0.00 | 10.08 | 0.00 | 0.00

Kaolinite | 15.27| 18.87| 23 |41.24|13.62| 4.38 | 26.7 | 26.9 | 13.15| 16.23 | 14.13

Microcline| 7.36 | 9.31 | 9.01| 9.2 | 0.00 | 0.00 | 6.2 564 | 0.00 | 9.93 [ 9.93

Anatase | 1.41| 1.94 | 226 | 3.14 | 0.00 | 0.00 | 0.00 | 0.00 | 1.56 | 3.37 | 3.37

Smectite | 0.00 | 0.00 [ 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 50.72| 0.00 | 0.00

Muscovite| 3.74 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00

Plagioclas¢ 0.00 | 1.35 | 0.00 | 0.00 | 0.00 | 0.00 | 3.58 | 3.82 | 0.00 | 4.03 | 4.03

Pyrite 0.00 | 547 | 1.82| 3.49 | 0.00 | 1.48 | 0.00 | 4.6 1.02 | 54 54

Calcite | 0.00 | 0.00 [ 0.00 | 0.00 | 0.00 | 7.56 | 0.00 | 2.32 | 0.00 | 0.00 | 0.00

Halite 1.24 | 0.00 | 1.33 | 0.00 | 0.00 | 0.00 | 1.24 | 1.41 | 1.36 | 0.00 | 0.00

Chlorite | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 7.02 | 10.85| 12.38 | 3.28 | 16.43 | 0.00

Aragonite | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 30.37 0.00 | 0.00 | 0.00 | 0.00 | 0.00

Covellite | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 2.29 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00

Rutile 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 1.68 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00

Hematite | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 1.08 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
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DIAGENESIS
Presence of calcite suggest a limited carbonate
remobilisation during diagenesis. Presence of diagenetic
clay minerals including smectite which is inferred tobe a
product of kaolinite transformation during deep burial
whereas chlorites concentrations which is typically
locally augmented in the lower parts is suggested to be a
product of transformation of smectitic clay or of
precipitation from more alkaline pore water points
deposition with the prevalence of humid conditions. In
order to produce both gypsum and anhydrite, the
diagenetic solution-precipitation process of halite and
chlorite can indicate syn-depositional and early
diagenetic development. Early diagenetic processes
occur, according to Shearman (1983), after the gypsum
has been precipitated, but before it has been substantially
buried. According to Hussain (1989), the transformation
from gypsum to anhydrite by solution-reprecipitation is
often characterized by chicken-wire textures (Schreiber,
1988). Gypsum may precipitate in the form of nodules
on layers already rich in gypsum. Meanwhile the
dissolved carbonate mud is crystallized by anhydrite and
other initial impurities are forced out and form a layer
around the anhydrite nodules. The dark gypsum and
anhydrite are thought to be from carbonate substitution.
In the Akukwa and Amansiodo wells, gypsum and halite
are found at varying depths (Figure 18).
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Figure 16: Diffractogram of the Clay (sample AM10 showing
the non-clay mineral peaks) from Amasiodo well.
(GP- Gypsum-, C- calcite, A-Aragonite).
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Figure 17: Pie Chart showing the mineralogical compositions

of studied Shale from Amasiodo well.
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Figure 18: The occurrence of gypsum and halite within the

Akukwa and Amansiodo Wells. Note: The red
circles indicate the intervals where the evaporates
occur.

There is an appearance of metastable aragonite which has
ability to transforms to calcite at depth of about 1,200 to

1,300m which suddenly disappearance and absent in other

samples in lower part of the section. Siderite and pyrite are
also noted to be increasing as the calcite are increasing
with depth. According to Deans (1934), ferric oxides are
prone to conversion to soluble ferrous iron in the strongly
reducing environment. Also, according to Ryo and Azuma
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(1981), an increase in the activity of iron promotes
extensive precipitation of siderite, and with the
appearance and increase of calcite at burial depths above
1,000 m strongly reflect the original depositional
environments. This may reflect climatic controls based on
palynological studies with the presence of aragonite.

CONCLUSIONS

In the wells Akukwa-2 and Amansiodo-1, four
chemostratigraphic units, namely AK1, AK2, AK3, AK4,
AMI1, AM2, AM3 and AM4, were identified. The
elemental composition of the zones reflects alternating
marine transgression and regression down holes. In the
Akukwa-2, the Sr/Ba ratios range from 0.21 to 0.63,
supporting a freshwater condition, while the Sr/Ba ratios
in the Amansiodo-1 range from 0.22 to 1.29 (average
0.53), suggesting alternating freshwater and brackish
water conditions. The B content and the ratios of Akukwa-
2's B/Ga (33.1-57.9 pg/g; 1.30-2.89) and Amansiodo-1
(19.2-86.7 pg/g; 1.09-35.22) reflect temporary brackish
water conditions. The distribution of Ti/Al in this study for
all samples suggests a rather homogeneous supply of
coarse-grain detrital fractions in Akukwa-2 and
Amansiodo-1 shale.

V/(V+Ni), Ni/Co, V/Cr, Cu/Zn, Th/U, Re/Mo ratios and
(Cut+Mo)/Zn indicate mainly oxic condition and slight
fluctuation in suboxic and dysoxic for the investigated
shale. Redox proxies show that the shale was deposited
under fairly oxic conditions controlled by high
paleoproductivity, moderate-high detrital influx, and
dysoxic/oxic conditions during their accumulation.

Mineralogy reveals that the shales are rich in clay, non-
clay, evaporites, carbonate and iron minerals. There is
enrichment of kaolinite and quartz in the upper intervals
of the wells suggesting more continental conditions
whereas the lower part is enriched in chlorite but depleted
kaolinite indicating seaward contributions. Gypsum and
halite occurred in few intervals in the wells suggesting
occasional evaporate diagenetic environment and dry
conditions. Based on the values of CIA, PIA and CIW
ranging from 84% to 93%, it can be suggested that the
litho components of the shales were subject to intense
chemical weathering which were substantiated by several
binary and ternary plots such as Na,O, K,0, CaO and PIA.
Also, in the diagram K,0/Na,O vs. PIA, (K,0+Na,O) vs.
PIA, MgO vs. CIA, A-CN-K, A-CNK-FM.
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