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Abstract

Major and trace element proxies of the shale samples from the Middle Buanji Group of the Upper Paleoproterozoic ( 1.67 Ga)
are reported in this paper to decipher the provenance and depositional environment in the study area. The analytical results
of shales in the Middle Buanji Group indicates relatively low percentage of major oxides compositions such as; SiO2 (38.84
—54.26 %), AlaO3 (6.8 — 10 %), K20 (2.22 — 3.04 %), TiO2 (0.21 — 0.28 %) and CaO (0.15 — 0.51 %) and moderately high
FepO3 (4.34 — 10.4 %) and P20s5 (1.62 — 2.01 %). The trace element composition of the analyzed shale samples displays wide
concentration variation such as Mn (29 -19600 ppm), Ti (468 - 35600 ppm), P (370 — 4610 ppm), Ba (400 — 7730 ppm), and
S (5 — 2350 ppm), V (130 — 290 ppm), Zn (5 — 100 ppm), Sr (40 — 160 ppm), As (2 — 70 ppm), and Cr (100 — 250 ppm).
Measured proxies of major oxides AlaO3 /TiO2 (10.86 to 15.31) and K2O/AlaO3 (0.23 — 0.35). Variation of Cr concentrations
in the shale samples indicates diverse source compositions in the study area ranging from; ultramafic, mafic, intermediate, to
feldspar-rich rocks. The measured Mn values in shales have an average of 2527.65 ppm, and proxies of V/Cr: 0.65 - 1.7, V/ (V
+ Cr): 0.39 — 0.63, and CuO/Zn: 0.004 — 1.7 elements suggest that shales and dominant clay minerals (illite and chamosite)

were deposited in marine environment under oxidizing conditions.
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Key points

e The shales from the Middle Buanji Group indicates diverse composition
in the range of ultramafic, mafic, intermediate and feldspar-rich rocks

e The shales and clay minerals are deposited in the marine environments
under oxidizing conditions.

Abstract

Major and trace element proxies of the shale samples from the Middle Buanji
Group of the Upper Paleoproterozoic ( 1.67 Ga) are reported in this paper to
decipher the provenance and depositional environment in the study area. The
analytical results of shales in the Middle Buanji Group indicates relatively low
percentage of major oxides compositions such as; SiO, (38.84 — 54.26 %), Al,O4
(6.8 — 10 %), K;,0 (2.22 — 3.04 %), TiO, (0.21 — 0.28 %) and CaO (0.15 —
0.51 %) and moderately high Fe,O,; (4.34 — 10.4 %) and P,0O; (1.62 — 2.01
%). The trace element composition of the analyzed shale samples displays wide
concentration variation such as Mn (29 -19600 ppm), Ti (468 - 35600 ppm), P
(370 — 4610 ppm), Ba (400 — 7730 ppm), and S (5 — 2350 ppm), V (130 — 290
ppm), Zn (5 — 100 ppm), Sr (40 — 160 ppm), As (2 — 70 ppm), and Cr (100 —
250 ppm). Measured proxies of major oxides Al,O4 /TiO, (10.86 to 15.31) and
K,0/Al,04 (0.23 — 0.35). Variation of Cr concentrations in the shale samples
indicates diverse source compositions in the study area ranging from; ultramafic,
mafic, intermediate, to feldspar-rich rocks. The measured Mn values in shales
have an average of 2527.65 ppm, and proxies of V/Cr: 0.65 - 1.7, V/ (V + Cr):
0.39 - 0.63, and CuO/Zn: 0.004 — 1.7 elements suggest that shales and dominant
clay minerals (illite and chamosite) were deposited in marine environment under
oxidizing conditions.
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Introduction

The investigation of fine-grained sediments has been attracting the attention of
researchers for the last thirty years because fine- grained terrigenous sediments
such as shales and siltstones comprise

about 70% of the sedimentary record (Ahmad et al., 2014; Armstrong-Altrin
et al., 2015; Bhuiyan et al., 2011; Jung et al., 2012; Tobia & Shangola, 2016).
Fine-grained rocks such as shales are

typically deposited in lakes and lagoon deposits, river deltas, floodplains, and
offshores; and occupy a large volume compared with other detrital sedimentary
rocks (Tobia & Shangola, 2016). Several authors have used geochemical data
of the shales to predict ancient sediments depositional conditions such as pa-
leo redox conditions and provenance (Yarincik et al., 2000; Yang et al., 2004;
Akinyemi et al., 2013; Ahmad et al., 2014; Armstrong-Altrin et al., 2015; Adeoye
et al., 2020). This approach has been applied to fine-grained clastic sedimen-
tary rocks which are dominantly deposited in different geological records of the
basins for example Proterozoic (Kasanzu et al., 2008; Quasim et al., 2017; Ghaz-
navi et al., 2018; Rashid & Ganai 2018; Khan et al., 2019) and Mesozoic basins
(Kasanzu et al., 2017; Tobia & Shangola, 2016). The geochemical signatures
of shales are influenced by many complex factors such as the composition of
source rocks, weathering conditions, transportation, digenesis, and metamor-
phism (Yarincik et al., 2000; Yang et al., 2004). Major elements such as K, Na,
Ca, P, Ba, Mg, Sr, and Si are considered mobile and disperse more directly into
detrital sediments thereby preserving a record of the source rock composition
(Nesbitt, 1982; Middelburg et al., 1988; Hossain et al., 2017; Kasanzu et al.,
2017). The major elements in the range of K, Ca, P, Sr, Mg, Si, and Ba are
reported in this study.

The study area is dominated by different clastic sedimentary rocks ranging be-
tween brown to green shales, micaceous siltstone, dolomitic limestone, conglom-
erates, quartzite, and sandstone with variable thicknesses (Kasanzu et al., 2008;
Manya, 2013; Kasanzu et al., 2017). From field observation, shales are catego-
rized by reddish-brown, grey, and green/blue colours. Further, these shales are
referred to as cupriferous shales (Manya, 2013) and/or shale-hosted copper (Mu-
tasingwa et al., 2021) due to their green/blue colouration which has attracted
copper exploitation through small-scale mining operations. The presence of
colour variation in these shales (i.e., red, grey, and green/blue) remain unstud-
ied in the Middle Buanji Group which could infer the prevailed conditions in
their provenance and depositional environment. Kasanzu et al. (2017) reported
the general provenance of the sediments in the whole Buanji Group, however,
little is known for the shales in the Middle Buanji Group in terms of their prove-
nance and depositional environment which led to their colour variation. The
present study is therefore focused on the mineralogy and geochemistry of the
shales of the Middle Buanji Group distributed in the Kimani area to understand
their provenance and depositional conditions.



2 Geological Settings

The study area is located in the Mbarali district-Mbeya region, Southwest, Tan-
zania. It is bounded by latitudes 8° 48" 50.24” S and 8° 59’ 11.15” S and
longitudes 34° 1’ 11.24” E and 34° 17’ 23.86” E (Figure 1) as described on the
Quarter Degree Sheet 246 (Harpum and Brown 1958). The area is dominated by
the sedimentary rocks and lavas that overlie uncomfortably on the Proterozoic
(2.1-

1.8 Ga) (Manya 2013; Kazimoto et al., 2015) Ubendian high-grade metamorphic
rocks, gabbros, and granitic intrusive ( Lenoir et al., 1994; Boven et al., 1999).

Stratigraphically, based on the lithological distribution the Buanji Group is sub-
divided into three sub-groups (Figure 2) which include the Lower, Middle, and
Upper Buanji Groups (Harpum and Brown 1958; Manya, 2013). Kasanzu et al.
(2017) reported the thickness of 245 m, 366 m, and 457 m, for Lower, Middle,
and Upper Buanji Groups, respectively. The Lower Buanji Group contains rocks
such as conglomerates comprised of pebbles of agate and jasper, red shales with
intermittent quartzitic sandstones (Manya, 2013; Kasanzu et al., 2017). The
Middle Buanji Group consists of brown and green shales, dolomitic limestone,
conglomerates, quartzite, sandstone, and micaceous siltstone (Kasanzu et al.,
2008; Manya, 2013: Kasanzu et al., 2017). Further, observation from fieldwork
reports the presence of red or reddish-brown, grey, and blue shales in the Middle
Buanji Group. The Middle Buanji shales are referred to as cupriferous shales
(Manya, 2013) dominated by green colour (Figure 2) from which copper metal
is locally exploited by small-scale miners. The Upper Buanji Group is char-
acterized by greenish or greyish shales, mudstone, siltstone intercalated with
sandstone and, the horizon of conglomerate and quartzite above which they are
overlaid by dolomite with chert bands. The Upper Buanji division ends with
effusive volcanism characterized by highly vesicular lavas on Chaufukwe Moun-
tain (Manya, 2013; Kasanzu et al., 2017). Furthermore, some of the Middle
Buanji Group rocks are rarely exposed due to the presence of thick soil cover in
low lands, however, at the hillsides and tops, most of the rocks are well exposed.
The whole area of the Buanji Group was tectonically affected by compressional
deformation mechanisms that have led to various regional metamorphism and
local thrusts (Harpum & Brown, 1958).

3 Materials and Methods

In this study, 16 shale samples were systematically collected from the outcrops
and channel cuttings based on their colour i.e., green, red, grey shales, and loca-
tions are given in Figure 1. The collected shale samples with grey and red colours
were found in a single sedimentary succession within the Middle Buanji Group.
All sixteen (16) samples were crushed to 2 mm size and powdered to -75 mesh by
using Jaw crusher and Swing Mill, respectively. About 0.5 g of each powdered
sample was pressed onto the white caps, then covered with transmitted paper



film at both ends for analysis. Major and trace elements were analyzed on X-Ray
Florescence Spectrometer (XRF; MiniPal4 and Nilton Model) (Geological Sur-
vey of Tanzania) with £0.1 ppm and £0.01 ppm detection limit, respectively.
The copper (Code: CS28054) was used as standard material for the analysis
for which the precision and accuracy was 6.78%. Standard procedures for the
determination of the major and trace elements concentrations using the X-Ray
Fluorescence (XRF) were followed as reported by Petruk (2000).

4 Results

4.1 Major and Trace elements

The results of major elements of the Middle Buanji Group shale samples are
given in Table 1. The results showed significant compositional variations, of
which silica (SiO,) ranged from 38.84 to 59.6 wt%, (average = 49.31 wt %).
The shale samples also contained CuO (0.39-32.2 wt%, average = 12.26 wt%),
Al,O4 (0.1 — 10 wt% average = 8.02 wt%), Fe,05 (4.23 — 10.4 wt% average =
7.31 wt%), K,0 (2.19 - 3.04 wt% average = 2.59 wt%), CaO (0.15 — 0.78 wt%,
average = 0.34 wt%) and ZrO, (0.14 — 0.26 wt%, average = 0.19 wt%). The
conversion of CuO to elemental composition (Cu metal) shows the variation of
copper concentrations among red shales (0.31 wt %), grey shales (0.35 — 10.9
wt%, average = 5.2 wt %) and green shales (0.31 — 25.7 wt%, average = 13.17
wt %). The trace element composition of the analyzed shale samples displayed
wide variations in terms of concentrations, such as Mn (290 — 19600 ppm), Ti
(3560 — 4680 ppm), P (3700 — 4610 ppm), and Ba (130 — 7730 ppm) and S (10
— 3050 ppm) (Table 1) Based on proxies of major oxides Al,O5 /TiO, (10.86
to 15.31; average 12.82) and K,0/Al,05 (0.23 — 0.35, average = 0.29). The
measured Mn values in shales have an average of 2527.65 ppm, and proxies of
V/Cr (0.65 — 1.7; average = 1.1), V/ (V 4 Cr) (0.39 - 0.63; average = 0.5), and
CuO/Zn (0.004 — 1.7, average = 0.22) (Table 2).

5 Discussion

5.1 Major element

The major oxide concentrations of sixteen (16) samples and ratios of the oxides
are given in Table

1. The summary of the average major element oxides (wt%) data for the stud-
ied samples was compared to average shales published worldwide as reported
by Pettijohn (1957), Gromet et al., , (1984), Turekian et al. (1961), and Taylor
and McLennan (1985). Results revealed that most of the shale had a relatively
low percentage of major elements such as; SiO, (38.84 — 54.26 %), Al,O4 (6.8 -
10 %), K,O (2.22 — 3.04%), TiO, (0.21 — 0.28 %) and CaO (0.15 — 0.51%) and
moderately high Fe,O4 (4.34 — 10.4 %) and P,O5 (1.62 — 2.01 %). More of the
K,O0 in the clay minerals are sourced from the weathering of muscovite/biotite



(Dayal & Varma 2017) from the pre-existing parent materials (Galdn, 2006).
The presence of the K,O in the shale samples suggests a decrease of micas
(i.e., muscovite and biotite) minerals as an ideal source during which weather-
ing of K- bearing rocks release KT into the shales. Shale materials with low
CaO and MgO compositions indicate merely not associated with carbonate or
dolomitization (Okunlola & Idowu, 2012). The reported low CaO composition
(0.15 — 0.51 %; average = 0.28 %) of the shale samples indicate that they are
poorly associated with carbonates. Samples with a low composition of P,O4
indicate depleted with an accessory phase such as apatite (phosphate-bearing)
and monazite (Ramasamy et al., 2007; Okunlola & Idowu, 2012). The P,04
values recorded in this study range between 1.62 — 2.01 % with an average of
1.68 % which is higher as compared to reported P,Oy average values 0.15 — 0.2%
(Pettijohn 1957; Turekian et al., 1961; Gromet et al., 1984; Okunlola & Idowu,
2012; Taylor & McLennan, 1985) (Table 2). Therefore, the high P,O5 composi-
tion in this study suggests the presence of several amounts of accessory minerals
associated with shales. Similarly, the XFR results of the shales from this study
reported higher P (3700 — 4610 ppm) (Table 1) which affirms the presence of
pseudomalachite as a major accessory mineral (Mutasingwa et al., 2021). Shales
in this study have shown a composition of SiO, and Al,O5 to be of an average
of 45.65 % and 8.04 %, respectively. Nesbitt (1984) reported that the chemical
content of the deposited sediments is the characteristic of the degree of chemical
weathering. Thus, during weathering cation with large ionic radius (such as Al,
Mg, Cs, etc) remain intact in the source rocks while cation with small radius
(such as K, Na, Ca) are easily dissolved, transported, and deposited together
with newly formed sediments (Nesbitt, 1982; Kasanzu et al., 2017). The rate
at which the small ionic radius is dissolved, transported, and deposited from
their precursor rocks defines the degree of weathering of a particular geological
environment (Condie, 1993). The reported low alumina concentration (average
= 8.04 %) in this study is probably as a result of low to an intermediate degree
of weathering prevailed in their provenance of which did not incorporate more
of Al into the sediments because of its immobile nature. This is in agreement
with Chemical Index Alteration (CIA) value reported in the study area ranging
between 73 — 81; average = 76) indicating an intermediate degree of weathering
(Kasanzu et al., 2017). In addition, Han et al. (2020) worked on the comparative
study of the shales between two wells in the Lower Cambrian Shale Formations
in Northern Guizhou, South China from which reported Al,O4 content of 8.73
% and 13.28 % in the two wells with respective CIA values between 35.43 and
71.48; average = 60.94, and 58.48 and 80.67; average = 70.71 which indicating
lower alumina content correspond to the lower CIA values and vice versa.

5.2 Paleo-provenance characteristics

The presence of minerals, such as illite and chamosite (Chlorite-group mineral)
is an indication of older formation and occurs in restricted shallow marine envi-
ronments characterized by > 20°C of warm-bottom water as an ideal formation
condition for these clay minerals (Net et al., 2002). These minerals have been



reported in the study area by (Mutasingwa et al., 2021). The immobile trace
elements such as Ti, Zr, and Ni are used as geochemical proxies to demarcate
the provenance of the sediments (Floyd et al., 1989; Hayashi et al., 1997). The
TiO, against Zr binary diagram indicates that most of the samples plot in the
intermediate source provenance field (Figure 3). Al,O5/TiO, ratios are useful
in deciphering the provenance of the sediments with the granitic to a mixture of
granitic/basaltic composition (Amajor, 1987). The Al,O4/TiO, ratios in felsic
rocks generally range between 10 and 100 and < 20 for mafic rocks (Hayashi
et al., 1997; Kasanzu et al., 2017; Sindhuja et al., 2019). On the other hand,
Archean and Proterozoic shales have high Al,O4/TiO, ratios of an average of
50 and 31, respectively, which reflect felsic sources (Hayashi et al., 1997). The
provenance of the clastic rocks can be deduced from the Al,O5/TiO, ratios
whereby Al,O4/TiO, for most of them ranges from 3 to 8 for mafic rocks, 8 to
21 for intermediate rocks, and 21 to 70 for felsic igneous rocks ( Hayashi et al.,
1997; Adeoye et al., 2020). Results from this study indicate that Al,O5/TiO,
ratio ranges between 10.86 and 15.31 (average = 12.82) (Table 1), thus sug-
gesting intermediate source rocks. It has been revealed from elsewhere that
the K,0/Al,O4 ratio can also be used as an indicator to infer the early sedi-
ments’ original composition. The K,0/Al,O4 ratios of the clay minerals and
feldspars vary between 0.0 — 0.3 and 0.3 — 0.9, respectively, (Cox et al., 1995).
In this study, the K,0/Al,O5 ratios range from 0.23 — 0.35 which indicates the
presence of feldspars and clay-rich rocks.

The use of trace elements to infer sediments provenance has been studied by
various researchers, (e.g., Piper & Calvert, 2009; Adegoke et al., 2014; Adeoye
et al., 2020). Trace elements such as chromium (Cr) have been useful due to its
variable redox states which describe its mobility behavior in the environments
( Fendorf, 1995; Ball & Nordstrom, 1998) either as immobile (Cr®*) or mobile
(Cr**) (Oze et al., 2004). The presence of chromium (i.e., Cr3") in the deposi-
tional environments is a result of the dissolution of host minerals (i.e., chromite,
FeCr,0,). The dissolution is controlled by several factors, such as mineral abun-
dance and reactivity, water pH, and the redox state of an individual element
(Middelburg et al., 1988; Aiuppa et al., 2000).

However, chromite weathers slowly under ambient conditions and require strong
oxidant such as MnO, or H,0, to oxidize Cr3* (immobile) to Cr*t (mobile)
(Oze et al., 2007; Hao et al., 2017). Oxidation of trace elements such as Fe, Mn,
Cr, Cu, Mo, and Re significantly increases their solubility rate in the surface
waters along with isotopic fractionation (Hao et al., 2017). Most of the immobile
elements are transported and deposited in the sedimentary environments as a
solution and organic complexes, adsorbed, precipitated, and co-precipitated,
organic solids, and crystalline sediments (Gibbs, 1973). Gibbs (1973; 1977),
further reported that the Cr element is deposited in the fine-grained sediments
such as shales, as detrital particle or adsorbed-ion particle both of which are
controlled by source area geology.

High concentration of Cr > 150 ppm and Ni > 100 ppm in the sediments are



indicative of the ultramafic source rocks (Garver et al., 1996) and low Cr concen-
tration suggests mafic source rocks (Wrafter & Graham, 1989). Out of sixteen
(16) analyzed samples in this study, eleven (11) samples showed the Cr concen-
trations ranging between 150 — 250 ppm which suggests ultramafic rocks as a
possible source. Only five (5) samples showed Cr concentrations ranging be-
tween 100 —140 ppm (Table 1). Nevertheless, mafic rocks have been noted to
contribute high concentrations of Cr and V in clay-rich sediments (Hossain et
al., 2017). In this regard, the results of Cr (100 — 140 ppm; average = 126 ppm)
and V (130 — 290 ppm; average = 185.29 ppm) reported in this study, might
have sourced from mafic rocks.

5.3 Paleoredox conditions

The geochemistry of manganese in sedimentary environments is dominated by
the redox control of its speciation and higher oxidation states (Mn3* and Mn**)
occurring as insoluble oxyhydroxides in oxic environments whereby the lower ox-
idation state (Mn?*) is more soluble in anoxic conditions (Calvert & Pedersen,
1996). Mn?T is released during weathering of mafic silicates under anoxic con-
ditions (Van Cappellen et al., 1998) and incorporated into clays in the form of
adsorbed-ion particles (Gibbs, 1973). Mn metal has been useful as an indicator
of bottom water conditions due to its sensitivity to redox changes. Different
types of shales are grouped based on their Mn contents and paleo-oxygenated
conditions. The type 1 shales contain Mn of an average of 1000 ppm indicating
oxic conditions, type 2 and 3 shales has 150 — 310 ppm Mn signifying anoxic,
and type 4 shales with an average of 75 ppm Mn showing highly reduced bot-
tom water conditions (Yang et al., 2004). Further, other studies have reported
Mn concentration in shales of an average of 56,000 ppm indicating oxic condi-
tions (Quinby-Hunt & Wilde, 1994), and Mn < 260 ppm showing anoxic (Pi et
al., 2014; Tobia & Shangola, 2016). Results from this study indicate that Mn
concentration ranges between 290 — 19600 ppm, (average, Mn = 2527.65 ppm)
suggesting oxic conditions for the deposited shales in the Middle Buanji Group.
The Mn value reported in this study is far higher (Mn = 2527.65 ppm) above
its crustal abundance of about 1000 ppm (Yaroshevsky, 2006), and occurs as an
oxyhydroxides in both pelagic sediments deposited in the deep ocean and sur-
ficial continental margin environments (Goldberg & Arrhenius, 1958; Calvert
& Pedersen 1996). Further, a recent study by Adeoye et al. (2020) reported
that the presence of high Mn concentrations in the shales suggests a marine
depositional environment under oxic conditions.

Redox-sensitive transition group elements have been useful in understanding
various fundamental geochemical processes (Huang et al., 2015). Vanadium
(V), in particular, has been considered a key redox indicator to decipher and
interpret past surface environments. Vanadium has been considered widely due
to its occurrence in diverse redox states, such as -1, 0, +2, +3, +4, and +35,
the highest oxidation states are mostly used (i.e., V3*, V4t V5%) (Huang et
al., 2015; Shaheen et al., 2019). Vanadium (V°T) is the most mobile element



(Shaheen et al., 2019), whereby, vanadium (V31) is insoluble and easily oxidized
to vanadium (V4F) or vanadium (V5%) under low levels of oxygen (Imtiaz et al.,
2015). Solubility of vanadium species is controlled by the pH and Eh conditions
(Taylor &Van Staden, 1994), whereby, Vo7 is stable in oxic environments at low
pH, V** is stable under suboxic conditions, and vanadium (V3*) is found in
anoxic environment of pH up to 10 (Sadiq, 1988; Huang et al., 2015). However,
in both oxic and anoxic environments vanadium can be soluble if the pH is
higher up to 8. Weathering processes play a significant role in the oxidation of
vanadium species such as V3+ and V4 to V°* resulting in major V mobilization
into the sediment (Yang et al., 2014). These distinct chemical signatures of V
are preserved in sedimentary marine rocks which make it a potential proxy for
establishing paleo-redox and paleo-productivity conditions (Tribovillard et al.,
2006; Anbar & Rouxel 2007).

To infer the paleo-redox characteristics of the deposited sediments, the V/Cr
ratio has been considered as a key paleo-oxygenated indicator ( Dill, 1986; Dill et
al., 1988; Adegoke et al., 2014; Ekoko et al., 2019). Most studies have indicated
that values of V/Cr > 4.5, 2 — 4.25, < 2, respectively, represent anoxic, dysoxic,
more oxidizing depositional conditions (Dill et al., 1988; Jones & Manning, 1994;
Adegoke et al., 2014; Adeoye et al., 2020). The results of V/Cr ratios in this
study ranges between 0.65 — 1.7; average = 1.1 (Table 1) suggesting oxidizing
conditions. Under relatively oxidizing conditions heavy metals like copper are
leached from the porous country rocks and precipitated as sulfides/phosphates
when the reduced beds like green shales are encountered. Thus, the environment
of deposition is alkaline with low oxidation potential indicating shales deposited
in most shallow-water seas. Moreover, (Hallberg, 1976), put forward Cu/Zn
ratio as redox parameters to infer their depositional conditions. Okunlola &
Idowu (2012) studied Cu/Zn ratios of the shales and clay-stone from the Bida
Basin (Nigeria) and suggested that Cu/Zn ratios ranging between ~0.03 to 1.15,
and ~1.7 to 2.0 respectively, indicate an oxidizing condition in which the shales
were deposited. The results from this study have recorded Cu/Zn ratios between
0.004 and 1.7; average = 0.22 suggesting oxidizing depositional conditions.

6 Conclusions

Mineralogy and Geochemistry of the shales from the Middle Buanji Group were
studied to constrain the depositional environment in the Kimani area and the
following has been concluded:

1. The proxies for major element oxides Al,O4/TiO, (10.86 to 15.31, average
= 12.82) and K,0/Al,04 (0.23 - 0.35, average = 0.3) indicate an interme-
diate, and feldspars and clay-rich rocks, respectively, as the ideal source
that has contributed to the shale composition. Also, the Cr concentra-
tions recorded in this study range between 150 — 250 ppm and 100 — 140
ppm, indicating ultramafic and mafic rocks as the source materials for the
deposited shales, respectively. Therefore, the shales in the study area orig-



inated from mixed sources which include ultramafic, mafic, intermediate,
feldspar, and clay-rich rocks.

2. The reported Mn values (290 — 19600 ppm; average = 2527.65 ppm), V/Cr
(0.65 — 1.7; average

=1.1), V/ (V + Cr) (0.39 — 0.63; average = 0.5) and Cu/Zn (0.004 to 1.7,
average = 0.22) proxies for the shales in this study are suggesting marine depo-
sitional environment restricted under oxidizing conditions.
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Table 1. Major (wt %) and trace (ppm) elements distribution of the shale from
Middle Buanji Group.

@ Sp(-32) * Sp(-32) * >p(-32) * >p(-32) * >p(-32) * >p(-32)* >p(-
32) * >p(- 32) * >p(- 32) * >p(- 32) * >p(- 32) * >p(- 32) * >p(- 32) *
>p(- 32) * >p(-32) * >p(-32) * >p(-32) *@

Sample ID
&

C1
&

C2
&

17



C3

C4

Ch

C6

c7

C8

C9

C10

C11

C12

C13

C14

C15

Cl16

Si02

18



47.35

38.84

54.26

43.62

51.87

47.35

51.34

52.4

51.21

44.42

52

46.82

52.14

44.16

45.89

52.4

19



Al203

8.8

8.1

9.8

9.5

7.8

7.8

10

9.5

9.5

6.8

7.6

7.9

7.4

20



8.7

8.4

Fe203

8.91

10.4

5.83

9.51

8.89

8.59

6.09

7.48

4.34

6.59

6.48

8.93

21



4.61

4.75

6.48

9.49

CaO

0.29

0.21

0.3

0.33

0.15

0.37

0.17

0.33

0.16

0.51

22



0.31

0.3

0.39

0.43

0.3

0.27

K20

2.81

2.22

3.01

2.19

2.76

2.42

2.89

3.04

23



2.49

2.3

2.85

2.37

2.31

2.28

2.83

2.72

7ZrO2

0.16

0.18

0.22

0.18

0.26

0.21

24



0.17

0.19

0.2

0.14

0.2

0.2

0.19

0.17

0.18

0.19

CuO

2.12

10.63

1.74

9.86

25



0.44
&

2.71
&

17.87
&

0.39
&

26.62
&

28.03
&

8.5
&

10.02
&

32.23
&

12.82
&

0.39
&

10.63

Trace elements (ppm)

L&&&&&E&E&&&&E&&EEE&

Ti

26



4230

4010

3830

4140

4140

4110

4680

4000

3780

3560

3980

4180

3720

3630

3770

4240

27



1460

19600

2870

2220

1520

2650

460

290

710

2030

2440

1450

940

1580

28



2220

530

1970

12

280

670

190

200

1110

2350

3050

29



230

1420

220

3970

4270

4130

4290

3740

3960

4610

4090

4430

3830

30



3900

4390

3700

4120

4040

4050

150

280

220

230

150

190

290

190

31



190

170

190

180

130

170

210

210

7Zn

70

100

20

90

90

80

32



100

30

80

100

20

100

60

70

12

Sr

160

90

60

60

33



60

50

90

40

90

60

50

50

50

50

50

50

As

20

60

34



10

11

20

70

10

20

40

40

20

30

30

Cr

35



230

250

140

150

160

180

220

220

130

190

130

190

130

100

190

36



190

2520

1310

640

2250

840

700

1830

510

1880

7730

510

740

1290

37



920

410

400
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1.86

1.8

1.87
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1.63
&

1.73
&

2.01
&

1.79
&

1.93
&

1.67
&

1.7
&

1.92
&

1.62
&

1.79
&

1.76
&

1.77

Table 2. Comparing the average chemical composition of the Buanji shales to
the published average shales

@ >p(-12) * >p(- 12) * >p(- 12) * >p(- 12) * >p(- 12) * >p(- 12) * >p(-
12) * @

Elements

&
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Average Shale Middle Buanji Group

&
Average shale Bida Basin (Okunlola and Idowu,
2012)
&
Average
shale
&
Turekan & Wedephol (1961)
&
PAAS (Taylor & McLennan,
1985)
&
NASC
(Gromet et al.,
1984)
& &&
(Pettijohn,
1957)
& &&
Si02
&
45.65
&
62.26
&
58.1
&
58.5
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62.40

64.82

TiO2

0.23

1.74

0.6

0.77

0.99

0.8

Al203

8.04

16.88

15.4

15
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18.78

17.05

Fe203

6.9

3.75

6.9

4.72

7.18

5.7

MgO

0.16

2.4

2.5

2.19
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2.83

CaO

0.28

0.05

3.1

3.1

1.29

3.51

Na20

0.06

1.3

1.3

1.19

46



1.13

K20

2.44

1.39

3.2

3.1

3.68

3.97

P205

1.68

0.08

0.2

0.16

0.16

0.15

47



A1203/TiO2 &

&

12.82

9.70

25.67

19.48

18.96

21.31

K20/A1203

0.29

0.08

0.21

0.21

0.2

0.23

V/(V+Cr)
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0.5

& & & & &
CuO/Zn
&
0.22
&
0.12
& & & &
7.3 — [
Mafic .
Intermediate
source
source
6.8 =
— @ o L [ ) L ]
X
S
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58 =
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2
53 =
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4.1 485 56 6.35 71 7.85 86
Zr(ppm)

Figure 3. TiO, against Zr binary diagram reflecting the intermediate source
provenance for the studied shales (Plotted are the normalized values) (modified
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after Hayashi et al., 1997 and Sindhuja et al., 2019).
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