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ABSTRACT

Elemental distributions in nine (9) sub-bituminous coal and four coaly shale samples from the Anambra Basin, south-
eastern Nigeria were determined using FUS-ICP and TD-ICP spectrometry. Of the major oxides in these samples,
SiO, and Al,O3 indicate the prevalence of quartz and clay minerals. The strong statistical correlation between SiO,
and Al,O; indicates a common source, likely detrital. The strong correlation between the other major oxides with both
SiO, and Al,O3 indicates that all of these elements have a common detrital source. However, epigenetic carbonates
and syngenetic or epigenetic sulphides may also be present. The concentrations of most trace elements in these
coals are unremarkably, falling well within the range for U.S. and World coals. These data do not indicate any potential

for economic by-product, potential technological problems or environmental or health concerns.
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INTRODUCTION

Coal is a complex organic rock comprised
mainly of decayed plants conditioned by syngenetic,
diagenetic, epigenetic and detrital inorganic elements
(Orem and Finkelman, 2003). Coal has been globally
recognised as an important source of energy.
Geological epoch favouring the formation of coal include
the Carboneferous, Permian, and Jurassic to Tertiary.
In southern Nigeria, the coal resources are found within
the Mamu and Nsukka Formations of Campanian-
Maastrichtian age (Reyment, 1965; Wright et al., 1985).
These formations outcrop at intervals along the Enugu
Escarpment over a distance of about 144 Kilometers
from Enugu to Ogboyoga in Kogi State (Fig. 1). Coal
occurs also in other sedimentary formation in Nigeria,
such as in Lafia-Obi, Lamja, Gombe, Bauchi, Pindiga
among others.

Most trace elements in coal are associated with
mineral matter (Pollock et al., 2000). According to Orem
and Finkelman, (2003), most of the inorganic elements
in coal are associated with detrital minerals but in some
coals epigenetic mineralization is important. Trace
elements in coal have been studied by a number of
authors in different countries (Finkelman, 1982; Karayigit
et al., 2000; Pollock et al., 2000; Ren et al., 1999; Song

et al., 2007). Previous studies on trace elements in
Nigerian coal revealed their occurrence (Olajire et al.,
2007), composition (Ndiokwere et al, 1983),
characteristics (Sonibare et al., 2005), and association
(Ewa, 2004; Ewa and Adetuniji, 1996).

The main objective of this study is to determine
the concentrations, distribution and mode of occurrence
of the major oxides and trace elements in coal and coaly
shale samples from the Enugu escarpment, and to
establish the relationship existing among the elements
and their role in ash formation. This information may be
useful in interpreting the geologic history of the coal
deposits. Furthermore, information on the
concentrations and modes of occurrence of the trace
elements may be useful in anticipating economic by-
product potential, technological behaviour, and
environmental and human health impacts.

GEOLOGIC SETTING

The Anambra Basin is located in the south-
western end of the Benue Trough of Nigeria (Fig 1).
The basin is bounded on the west by the Precambrian
basement complex rocks of western Nigeria and on the
east by the Abakaliki Anticlinorium. It extends northward
to the lower Benue River and also forms a boundary
with the Tertiary Niger Delta to the south.
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Fig 1: Geologic maps of Nigeria (insert area) and south-eastern Nigeria showing the locations of the coal and
coaly shale deposits

The evolution of the Sothern sedimentary basin
began in the Early Cretaceous with the formation of the
Benue — Abakaliki Trough as a failed arm of the rift triple
junction associated with the separation of the African
and South American continents and subsequent
opening of the South Atlantic (Burke, 1996; Murat,
1972). The platform areas bordering the Benue Trough
to the west (Anambra Platform) and to the east (Afikpo
Platform) became downwarped due to the Santonian
tectonism to form the Anambra Basin and Afikpo
Syncline respectively (Benkhelil, 1989; Murat, 1972;
Petters, 1978). The Anambra Basin contains about 6km
thick Cretaceous/Tertiary sediments and is the structural
link between the Cretaceous Benue Trough and the
Tertiary Niger Delta (Mohammed, 2005).

The geologic strata of the Anambra Basin were
deposited in a syncline initiated by the major folding

episode in the Benue trough during Late Cretaceous
times. During the Maastrichtian, the Anambra Basin
became silted up and extensive thickly vegetated
swamps developed near sea level, on top of a broad
delta fan built up by rivers bringing sediments from the
hinterland (Wright et al., 1985). Sedimentation in the
Anambra Basin commenced with the Campano -
Maastrichtian marine and paralic shales of the Enugu
and Nkporo Formations. These basal units are overlain
successively by the coal measures of the Mamu
Formation (Lower Coal Measures), the Ajali Sandstone
(Middle Coal Measures), and the Nsukka Formation
(Upper Coal Measures). The marine shales of the Imo
and Nsukka Formations were deposited in the
Paleocene, overlain by the tidal Nanka Sandstones
(lateral equivalents the Ameki Formation) of Eocene age
which constitute the Tertiary succession (Fig. 2).
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Sampling and analytical techniques

Nine coal and four coaly shale samples were
collected from eleven different borehole logs from four
localities in the study area (Figs. 3 and 4). Ten oxides
(SiOQ, A|203, Fego:;(T), MnO, MgO, CaO, Nazo, Kgo,
TiO,, P,Os) were analysed using the fusion technique
(FUS) followed by inductively coupled plasma optical
emission spectrometry (ICP-OES) analysis using a
Thermo Jarrel Ash Enviro Il simultaneous/sequential

ICP. Loss on ignition (LOI) was determined by weighing
a 2 g sample and igniting at 1050° C for 2 hours. The
sample is weighed again and the weight loss is
computed as LOI.

The trace elements Ba, Sr, Y, Sc, Zr, Be and V
were determined using FUS-ICP-OES, while the Ag, As,
B, Bi, Cd, Co, Cr, Cu, Ga, Hg, Mo, Ni, Pb, Sb, Te, Ti, U,
W including S and Zn were determined with the aid of
Total Digestion-ICP (TD-ICP-OES).
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Fig. 3. Location map of study area showing sample locations
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Data processing

The original data sets were subjected to
statistical analysis using the SPSS (Statistical Package
for Social Sciences) version 16.0. Elements Ag, As, Bi,
Cd, Hg, Mo, Sb, Te, Tl, U and W were excluded from
further data processing as they either recorded zero
variance or had more than 50 percent qualified values.
Factor analysis was applied on the remaining variables
(i.e. B, Ba, Be, Cr, Cu, Ga, Ni, Pb, S ,Sc,Sr, V,Y, Zn,
and Zr) to study the association of the trace elements
and extract the principal factors that govern the
distribution of these trace elements (Lu et al., 1995).
Components having Eigenvalue >1 were selected to
explain the association among the measured variables.

Cluster analysis (CA) was performed to
establish the site segregation and desegregation.
Cluster analysis is an unsupervised pattern recognition
technique that uncovers intrinsic structure or underlying
behaviour of a data set without previous knowledge
concerning the data. This is to enable classification be
made based on nearness or similarity of measured
objects. It helps to establish the relationships among
the sites and this is presented as dendrograms.
Hierarchical agglomerative CA was achieved by
normalizing the data set by means of the Ward's

method. This method uses the euclidean distances as a
measure of similarity. Cluster analysis was applied to
the data set with a view to grouping the similar sampling
sites (spatial variation) spread over the region.
According to Horner and Krissek (1992), CA is a
powerful tool that helps in the identification of groups
with similar samples, while principal component analysis
aids in the identification of elements (variables) that are
responsible for the similarities or differences between
groups of samples.

RESULTS AND DISCUSSION

The results of the analyses on coal/coaly shale
and ash basis for major elements are presented in
Tables 1a and b respectively. The sum of the major
oxides is between 67.1 and 100.6 percent, averaging
88.7 percent. The difference between the sum of the
oxides and 100 percent is likely due to the presence of
SO; in the ash combining with Fe, Ca, Mg, Na, etc.
For example, if these elements in Sample 12 were
present as sulphates the oxide sum would be greater
than 92 percent.
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Table 1a
Major oxides concentration in the coal and coaly shale samples of the study area. (Values in weight percent
(Wt%) coal basis).

Flement 507 AROs FepOyl) Mn0O Mg0 (a0 N0 K20 TOz P05 pol
Deipction Limit 001 001 001 0ol 00l 001 001 0401 0001 001 00l
Location Borlole D Samyple Mo,

Uighoyoga (D) 1267 12 5 118 201 ool on2  o07 008 003 0093 =001 842
1437 13 47 108 0l o00d 003 0l 005 =001 014 =00l 20
Chaba(CE) 13% q 1335 786 108 000@ 013 023 008 023 0416 003 TYhle
1353 7 3d8 18l 4% 00@ 003 00F  00f 003 0087 =00l FiE
Ezinn (EZ) 1213 14 183 118 02 00 =000 002 005 003 O0Z =001 R5G
1219 g 1450 414 026 003 002 002 003 008 03x 001 3%
1210 10 4965 2049 136 0008 0l6 002 01 045 181% 010 245
135 & 102 0gd 004 «0m1 =00 =000 008 =001 0011 =anl 223
Ermszn (EN) 1001 3 2 13a 124 0007 025 008 013 136 2142 009 227
1001 7 2.5 18l 08 oo 014 003 00 0% 13% 005 3LI0
1001 10 2% 205 0os =001 =000 00l 00% =000 000 =001 %363
1008 3 33 140 0oy =0m1 =00 =000 00% 007 o047 =00 937
1002 3 4237 185 115 0007 0l% 003 008 081 1404 014 3547

Table 1b
Major oxides concentration in the coal and coaly shale samples of the study area. (Values in weight percent
(Wt%) ash basis).

Hlement 500 ALO: Fe0xT) MnO MpO (a0 Nag0 K30 TiO2 Pi05 Total AshYVield
Deiection Lmit 001 001 041 0o01 001 001 001 001 0001 001 0401
Location Borhoke I Sample Ho.

Dghayoga (0F) 17 14 4357 1851 173% 00% 017 080 052 043 080 004 8851 1158

i 13 5187 1987 nm 02 033 121 055 005 15% 005 835 210

Cleaha(CK) 135 9 5119 2R 402 003 05 08% 030 02 135 011 4% 2684

135 1 5331 262 799 015 04% 147 147 049 142 008 9353 al3

Ezimn (E7) 1415 14 a584 2744 180 0Mm 021 003 013 080 254 013 38 7541

1212 g e 244 14z ooz oOl% olx 222 01% 041 01F &7 210

120 10 4287 2543 431 011 011 043 108 0ss 047 011 755 454

155 g 3% 3080 183 002 015 013 022 045 243 007 8017 1544

Exmugn (EN) 11 3 AR 25F sl 0M 032 0l 017 1% 277 012 105 1z

11 7 05 234 123 0M 0zZ0 004 010 0Bl 200 007 984 8.0

1001 10 4815 3218 0 0p o0og ole 1100 0D 031 0D 8055 637

100 3 M 2Z 07 0o ooe opg 111 111 075 008 TR 630

1002 5 ALBE 285 179 001 030 005 012 085 218 032 1003 A433
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The trace elements on a coal basis for the values below the detectable limit, half of the value of the
samples are presented in Table 2. All results for trace respective limit of detection was substituted for further

elements are reported in ppm by weight unless statistical analysis

otherwise stated. For elements that had recorded



Table 2

Trace elements and S concentration in the coal and coaly shale samples. (Values are in parts-per-million

(ppm) of the coal except for S which is in percent).

Lacation Oghoyoga (OG) Olaba (0K} Ezima (EZ) Enugu (EN)

Borehole ID 1367 1139 136 1353 1213 1219 1X0 1135 1001 1001 1001 1008 1002
Sample No. 12 13 92 7T 14 8 10 [ 3 T 10 3 ]
Upper depth {m) 100 162 £0 55 132 80 41 159 157 172 184 203 lés
¥l i Deiection Linit

Ba 2 18l 227 255 147 20 [} =2 45 Jom o 218 12 12 73
St 2 15 19 46 15 4 15 %32 13 B3 54 3 2 13
¥ 1 4 2 7 3 =1 4 =1 30 54 28 =1 =1 48
Sc 1 1 1 5 2 =1 2 =1 14 17 11 =1 =1 15
Ir 2 22 21 56 22 2 28 2 33 TH 488 5 & 319
Be 1 1 2 2 =1 2 3 =1 2 4 3 =1 =1 5
v 5 14 10 49 17 =5 27 =5 a3 13 29 25 25 95
Ag K] =03 =03 03 =03 =03 =03 =03 11 K] 11 =03 =03 04
Az 3 =3 =3 =3 5 =3 =3 =3 =3 4 4 3 4 3
B 1 =1 =1 =1 =1 1 2 3 1 1 1 2 2 3
Bi 2 =2 =2 =2 =2 =2 =2 =2 =2 =2 =2 =2 =2 =2
Cd 03 =03 =03 =03 =03 =03 =03 03 I3 05 04 =03 =03 05
Co 1 15 =1 & 2 3 3 3 21 22 20 2 3 13
Cr 1 46 i 58 29 5 37 4 6 107 21 i 10 e
Cu 1 12 1 21 14 2 22 4 27 36 25 & 5 30
Ga 1 11 1 14 3 1 10 2 17 18 18 4 3 21
Hg 1 3 =1 =1 =1 =1 =1 =1 =1 1 2 =1 =1 3
Mo 1 1 =21 21 =21 21 1 21 2 2 1 =21 =21 1
Ni 1 a7 1 18 5 5 2 E 30 39 40 4 4 29
P 3 10 =3 23 9 =3 12 4 32 31 22 3 7 31
Sh 5 7 =5 & =5 5 25 25 25 25 25 =5 =5 25
8 (%) on1 229 ong 059  0e2 0l4 045 01% 0l 087 0la 042 01% 015
Te 2 =2 =2 =2 =2 =2 =2 =2 2 4 3 =2 =2 =2
T1 5 =5 =5 =5 =5 =5 =5 =5 =5 =5 =5 =5 =5 =5
u 10 =10 =10 =10 =10 =10 =10 =10 10 =10 =10 =10 =10 =10
W 5 =5 =5 25 =5 25 25 25 25 25 25 =5 =5 =5
Zn 1 20 5 17 & El 14 17 58 B9 &7 & 8 115

Geochemical characteristics of coal

The coal and coaly shale of the Anambra basin
have SiO,, Al,O; and Fe,O3(T) ranging from 1.02% to
52.77%, 0.66% to 19.60% and 0.04% to 2.10%
respectively. The major oxides in these samples are

Table 3

SiO, and Al,O3 with the ratio of Al,O3; to SiO, ranging
from 1.43 to 3.03. This indicates the prevalence of
quartz and clay minerals.

The strong correlation between SiO, and Al,O3
indicates a common source, likely detrital (Table 3).

Correlation coefficient matrix for major elements and ash yield

5§i0; ALO; Fe;0,T Mn0O MzO (a0 NapO0 K0 TiO; P;0:  Ash Yield
5i0; 1.00
ALO; 099 1.00
Fe;0;T 052  0.53 1.00
MnO 009 0.08 0.57 100
Mz O 092 093 0.57 017 1.00
Ca0 001 00l 0.42 034 031 1.00
Nay O 066 0.66 038 000 075 020 100
K0 082 0.85 0.44 002 091 008 077 100
TiO; 0.9 0.98 0.51 009 092 002 071 050 1.00
P;0s 0.89 0.4 042 005 038 -004 060 077 0.8 100
AshYield 100  0.99 0.54 010 095 001 066 087 099 090 100

The strong correlation between MgO, NaO,
K50, TiO,, and P05 with SiO, and Al,O; and ash yield
also indicates that all of these elements have a common
detrital source. The weak correlation among these
elements with Na,O is most likely due to leaching of the
coal by water or to the organic components of the coal.
One of the sources accounted for by epigenetic
carbonates demonstrate a poor correlation of CaO with
the other elements and ash yield. This carbonate likely
contains some of the manganese and iron, resulting also

1 NMAL A NN NN IDADNAD D D CIMNKEL AMMAAN ANNMN D

in their poor correlation with the ash yield. Some of the

MAJOR OXIDES AND TRACE ELEMENT DISTRIBUTIONS IN COAL

with SiO; and ash yield.

The relationships between selected major
oxides with each other and with ash yield are illustrated
in Figs. 5 and 6, while those that exist between trace
elements and ash yield are represented in Fig. 7. The
bimodal distribution of CaO displayed in Fig. 6 is a
further indication of multiple sources for this element.

R AWWACDNDI
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Mode of occurrence of trace element and concentrations

The concentrations of most trace elements in
these coals are unremarkable, falling well within the
range of U.S. (Orem and Finkelman, 2003) and World
coals (Swaine, 1990). As expected, the concentrations
of the most elements in the coaly shales are
considerably higher that that of the coal (Table 2). The
data do not indicate any potential for economic by-
product recovery, technological problems or
environmental or health concerns as mercury, lead,

MAJOR OXIDES AND TRACE ELEMENT DISTRIBUTIONS IN COAL AND COALY SHALE SEAMS
O ToTrTe T T OO OO T g T

concentrations are low and arsenic and boron
concentrations are exceptionally low.

Trace elements are present in coal in either
organic or inorganic forms, and probably most of them
occur in both forms (Gurdal, 2008). Two methods may
be used to determine the mode of occurrence of
elements in coal; sequential leaching (Dai et al., 2003)
and statistical methods (Song et al., 2007). Factor and
cluster analyses were applied to establish the
association of trace elements in coal and among
sampled locations.
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Many elements in most coals are derived from
the detrital input to the precursor swamp and many
chalcophile elements are associated with sulphide
minerals that may have formed syngenetically or
epigenetically (Finkelman, 1995). These relationships
appear to hold for these Nigerian coal samples. In these

samples Sr, Y, Sc, Zr, Be, V, Cr, Ga, Ni, Te, and Zn
have moderate to strong correlation coefficients (0.86,
0.93, 0.98, 0.73, 0.98, 0.91, 0.95, 0.88, 0.89, 0.77 and
0.88 respectively) with ash yield and with each other
(Table 4).
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Table 4

Correlation coefficient matrix for trace elements and S from Nigerian coal and coaly shale samples

Ba S Y % ZIr B ¥V A & B

Cd C € Cu Ga Hr Mo Ni P S § Te

100
038
024
085
052
07
0w
052
0os
0os
05
052
081
074
021
053
038
083
034
012
008
033
0g8
AshVield 079

100
0%
nsz
075
035
038
0gn
nls
014
k]
0ot
0g7
IES
Ikt
053
0sl
074
09
017
N
047
083
034

100
nes
0%
na2
0%
niz
031
011
a8
031
040
n&7
083
045
[INE
033
038
02
00
073
043
043

100
ne2
07
049
083
028
004
ne2
05
043
n%0
0&7
037
02l
05
044
-0
010
074
041
043

100
1]
083
084
0s8
06
052
086
087
082
07z
031
B0
088
0s0
Rik1]
0oo
083
NG
0&2

100
0
047
003
014
0g0
053
1N
073
073
045
053
0a2
01
018
014
n4g
0a2
0.3

100
034
026
005
027
038
045
093
087
033
034
038
044
05
00
020
03a
043

100
021
017
083
0g?
081
071
07
018
o
052
o
0%
018
080
086
081

100
00l
013
015
nzn
024
o7
00s
004
01z
01z
045
008
040
nzz
023

100
nz2
017
012
001
003
010
011
011
001
046
038
0
029
030

PR SRR PR T RN RS

100
03l
ng2
073
074
030
021
017
033
Rik
021
055
038
041

100
0&0
078
082
052
08
0&7
052
0o3
0z
078
035
]

100
0%
0%4
048
04
052
0s7
008
014
011
04
083

100
nez
037
[INE
033
043
015
010
[1):53
[N
038

100
058
0
0ag
044
04
014
051
03a
038

100
n21
0al
037
030
049
011
0a3
037

100
078
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This indicates a common detrital source for the
bulk of these elements. Ag, As, Cd, Co, Cu, Hg, Mo,
Pb, Sb, and S have weak to very weak correlations with
ash yield. These elements are likely associated with
sulphide phases. The poor correlation of many of these
chalcophile elements with sulphur is an indication that
the sulphur is present not only in the sulphide form but
also as organic and sulphate sulphur. Boron and some
antimony are likely associated with the organic

components (Finkelman, 1995; Swaine, 1990). Barium

is likely present in carbonates, phosphates, or
sulphates.

Factor analysis aids in the identification of
factors that can be meaningful. The Principal

Component Analysis extraction method was applied
yielding two components, which together explained 86%
of the total variance (Table 5).

Table 5
Output of Factor Analysis for trace elements
Component

Flements 1 2

Ea 863 121
Sr 238 220
A GG 10%
S o851 D75
Zr s95 - 021
Ee= 8514 2T7E
LT =277 -.0z9
EBE oz20 781
e B7T1 -. =247
i 2 T7e -.171
ha 233 - 0O7E
Sa 23S - D&
ITi 203 - 297
Ph asT -0z
= psjctt -. 808
=1 227 262
Total 11 .98 1.76
% of Variance T4.920 11.03
Canmulative %% T4 20 85 93

Majority of the trace elements (with the
exception of B and S) correlated positively with
Component 1. Component 1 is responsible for 74% of
the total variance and is ascribed to the detrital input that
includes quartz, clays, and accessory minerals such as
zircon and rutile that commonly dominate the inorganic
constituents in coal (Finkelman, 1995). Component 2
accounts for 11% of the total variance and consists of

strong component loading of S and B. As indicated
above, these two elements commonly have a strong
organic association (Finkelman, 1995).

Cluster Analysis was applied to establish the
association of eleven coal samples using trace element
content. The two Components derived from Factor
Analysis correspond to the two cluster classes of the
sampled locations (Fig. 8).

In  Ash Yield



MAJOR OXIDES AND TRACE ELEMENT DISTRIBUTIONS IN COAL AND COALY SHALE SEAMS 185

CLUSTER C43E 0

Rescaled Distance Cluster Combine

Label Num +---—----—- ommmmmom- oo pommmm - oo +

EN_1001_10 11
EN_1006_3 1z

EZ_1235 & B
06_1239_13

[ EZ 1213 14
OE_1353_7
OE_1356_9
EZ_1219 &

0G_1267 12
EZ_1220_10
I EN_1001_7

—

EN_1001_3
EN_1002Z_5

LR LY m i RS I s L TN ]

—

Fig. 8. Dendogram for the classification of coal and coaly shale samples by location (sample code*)
*Sample code (e.g. EN_1001_10 = Location_Borehole ID_Sample_no)

Cluster | comprises of coal from nine boreholes
with pronounced detrital source with majority of the trace
elements which could be indicative of the quality of coal
in these localities. Cluster Il is made up of coal from
three boreholes, containing trace elements with a high
positive loading of B and negative loading of S,
highlighting strong organic associations.

CONCLUSION

The chemical analysis of coal and coaly shale
samples from the Enugu escarpment of south-eastern
Nigeria indicates that the major oxides in these samples
are SiO, and Al,Oj; indicating the prevalence of quartz
and clay minerals likely derived from a detrital, source.
However, epigenetic carbonates and syngenetic and/or
epigenetic sulphides may also be present in these
samples. The concentrations of most trace elements in
these coals are unremarkable, falling well within the
range of U.S. and World coals. The data do not indicate
any potential for economic by-product, potential
technological problems or environmental or health
concerns.
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