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Abstract

The petrographic composition of Cretaceous-age coals hosted in the Benue Trough, Nigeria is presented and discussed in
terms of the paleodepositional settings that influenced the coal-bearing formations. The Benue Trough is a failed arm of the
triple junction of an inland sedimentary basin that extends in a NE-SW direction from the Gulf of Guinea in the south, to the
Chad Basin in the north. A total of twenty-nine (29) coal samples were obtained from nineteen coal localities in the Upper
(UBT), Middle (MBT), and Lower Benue Trough (LBT). The high average volatile matter yield, low average ash yield, high
calorific value (24.82 MJ/kg, on average), and low sulphur values indicate good quality coal deposits. The organic matter is
dominated by vitrinite, reported at an average of 59.3% by volume (mineral-matter free). Variation was noted in the inertinite
content across three sub-regions. Liptinite macerals were not commonly observed in the studied samples and were absent in
the MBT samples. Coal facies studies decipher the paleoenvironmental conditions under which the vegetation accumulated.
Indices commonly used are the gelification index (GI), tissue preservation index (TPI), ground water index (GWI and vari-
ations), vegetation index (VI), and wood index (WI). Comparing the array of coal facies models applied, the MBT samples
differ from the UBT and LBT samples, concurring with the coal quality data. The UBT and LBT coals formed in an upper
deltaic to drier piedmont plane depositional environment, while the MBT coal formed in a lower deltaic marsh to wet forest
swamp depositional environment. All samples indicate an ombrotrophic paleomire. In view of the modified equations and
the plots used, interpreting depositional environments from just a single model is not reliable.
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1 Introduction

Coal deposits, a result of the accumulation of vegetation in
mires, peat swamps and bogs, can be used to decipher coal
forming depositional environments. In order to reconstruct
the paleoenvironment of a coal deposit, the primary genetic
characteristics of the coal should be studied (Misz-Kennan
and Fabianska 2011; O’Keefe et al. 2013; Dai et al. 2020;
Liu et al. 2020). Some of the features required to assess the
paleoenvironments of precursor peats include the primary
constituents of the coals, such as macerals and minerals and
their associations (microlithotypes) (Cornelissen et al. 2004;

B< N.J. Wagner
nwagner @uj.ac.za

! DSI-NRF CIMERA, Department of Geology, University
of Johannesburg, Johannesburg, South Africa

Department of Geology, University of Jos, Jos, Nigeria

Published online: 18 May 2022

Silva and Kalkreuth 2005; Misz-Kennan and Fabianska
2011). Hence, the petrographic assessment of coal macerals
can be used to gain an understanding of the conditions that
prevailed during peat formation and subsequent coalifica-
tion. Coal facies studies can decipher the paleoenvironmen-
tal conditions under which the vegetation accumulated, as
presented by many scholars including Diessel (1982, 1986,
1992), Styan and Bustin (1983), Calder et al. (1991), Taylor
et al. (1998), Sahay (2011), Ogala et al. (2012) and Zeiger
and Littke (2019). The indices commonly used are the geli-
fication index (GI), tissue preservation index (TPI), ground
water index (GWI), vegetation index (VI), and wood index
(WI). Dai et al. (2020) raise some concerns as to the use of
GI and TPI indices to deduce the mire condition depending
on which formulae is applied and to which samples the mod-
els are applied. Nonetheless, the various models do provide
some insight into palacoenvironments. Building on the origi-
nal TPI and GI equations used by Diessel (1982, 1986) and
Sahay (2011) included liptinite macerals in the equations.
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Calder et al. (1991), to calculate the GWI, included min-
eral matter, and Stock et al. (2016) modified the equation by
replacing the mineral matter determined through petrogra-
phy with the ash yield from proximate analysis.

The current study unpacks the petrographic composition
and makes use of complementary geochemical data to inter-
pret the paleodepositional setting prevailing during peatifica-
tion in the Benue Trough, Nigeria, making use of various
coal facies models. The petrographic composition of coal
samples reveals the complexity of coal in terms of its dis-
crete microscopic organic (maceral) and inorganic (mineral)
components, and their relationships. Chemical data (ash and
volatile matter) and gross calorific value (GCV) constitute
the basis of many coal purchasing and performance predic-
tion indices; certain parameters are a result of the deposi-
tional environment, others due to the coalification process.

2 Geological background

The Benue Trough is an inland sedimentary basin that
stretches NNE-SSW, and extends 800 km in length and
150 km in width (Kogbe 1976; Offodile 1976; Ajayi and
Ajakaiye 1981; Peters and Ekweozor 1982; Ojoh 1992;

Akande et al. 2012) (Fig. 1). The sediments in the Benue
Trough are Cretaceous-Cenozoic in age and form part of
the Central West Africa Rift System, including Niger, Chad,
Cameroon, and Sudan (Burke and Whiteman 1973; Schull
1988; Genik 1993). Many episodes of tectonic events are
noted in the basement fragmentation, block faulting, subsid-
ence and rifting systems resulted from the opening of the
South Atlantic Ocean. The series of rift basins in the Benue
Trough accumulate thick sediments ranging between 4000
and 6000 m (Ajayi and Ajakaiye 1981). Geographically sub-
divided into the Upper Benue Trough (UBT), Middle Benue
Trough (MBT), and Lower Benue Trough (LBT), the geol-
ogy of the Benue Trough has been extensively investigated
by many scholars including Carter et al. (1963); Cratchley
(1965); Grant (1971); Kogbe (1976); Offodile (1976); Rey-
ment and Morner (1977); Petters (1978); Ofoegbu (1988);
Schull (1988); Ajibade and Wright (1989); Obaje et al.
(1998); and Ogala et al. (2012). The stratigraphic sequence
of the Benue Trough is described in Table 1.

The UBT is divided at its northeastern end into the
Gongola and Yola sub=basins. In both basins, the Albian
Bima Sandstone lies uncomformably on the basement and is
overlaid by the Cenomanian transitional/coastal Yolde For-
mation, representing the beginning of a marine incursion

4E 8E
[ |
CHAD BASIN ﬁ
12N
12N—]
LEGEND
© Reference Town
L] Coal Occurence
Cenozoic
8N = Cretaceous — 8N
] Volcanics
[ ] Basement Complex
NIGER DELTA
| | I T _Tl
(6] 00 km
GULF OF GUINEA
| |
4E

8E

Fig. 1 Geological map indicating the major coal occurrences in the Benue Trough of Nigeria (modified after Obaje et al. 1999, extracted from

Akinyemi et al. 2020).
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Table 1 The stratigraphic sequence of the Benue Trough of Nigeria; the red boxes indicate the coal bearing formations (modified after Ehinola

1995)
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into the UBT (Kogbe 1976; Offodile 1976; Obaje et al.
1998). The Gombe Formation hosts the coal seams in the
Gongola Basin, lying conformably on the Yolde Formation.
The Gombe Sandstone (Maastrichtian) hosts sediments con-
taining the coal bearing seams (Obaje et al. 1998; Jauro et al.
2007).

In the Yola Basin, the Dukul, Jessu, and Sekuliye Forma-
tions, along with the Numanha Shale and the coal bearing
Lamja Sandstone, are the upper Cenomanian—Turonian-San-
tonian equivalents of the Gongola and Pindiga Formations
(Kogbe 1976; Offodile 1976). The upper Cenomanian—Turo-
nian-Santonian deposits in the Yola Basin are lithologically
and paleo-environmentally similar to those in the Gongola
Basin, except the Lamja Sandstone, which has a dominant
marine sandstone lithology (Obaje et al. 1998; Jauro et al.
2007). The mid-Santonian was a period of folding and defor-
mation throughout the Benue Trough (Obaje et al. 1998;
Jauro et al. 2007).

The MBT basin is not sub-divided as in the case of the
UBT and the LBT. The Precambrian Basement is overlain by
the Asu River Group, which consists of the Arufu, Uomba,
and Awe Formations (Ofoegbu 1985). The Asu River Group

is overlain by the Ezeaku, Keana/Awe, and Awgu Forma-
tions. The Awgu Formation consists of shale/sandstones
which host the coal deposits and is overlain by the Lafia
Formation belonging to the Turonian-Santonian depositional
cycle (Kogbe 1976; Offodile 1976; Obaje et al. 1998). The
MBT is noted for its dynamic geologic history and fracture
systems that are associated with igneous intrusions (Mos-
hood 2004).

The LBT is divided into the Anambra Basin and Abaka-
liki Syncline which were formed in the late Cretaceous
Period. They are associated with the separation of the Afri-
can and South American continents and the subsequent
opening of the South Atlantic Ocean (Murat 1972; Obaje
et al. 1998; Ogala et al. 2012). During the filling of the
Benue-Abakaliki sector of the Trough in Albian-Santonian
times, the proto-Anambra Basin was a platform (Murat
1972; Benkhelil 1989; Obaje et al. 1998; Ogala et al. 2012).
The Anambra Basin contains 6 km of sedimentary sequences
of Cretaceous age and is the structural link between the
Cretaceous Benue Trough and the Cenozoic Niger Delta
(Mohammed 2005). Slow subsidence followed by a regres-
sion in Maastrichtian times, during which deltaic forests
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and floodplain developed, resulted in the coal measures of
the Mamu, Ajali and Nsukka Formations; Awgu Formation
and the Agbani sandstone; and the Odukpani Formation and
Agala sandstone (Obaje et al. 1998; Ogala et al. 2012).

3 Materials and methods
3.1 Sampling

Twenty-nine (29) grab coal samples (Table 2), sampled at
depths ranging from 1 to 3 m, were obtained from nineteen
coal localities (Fig. 2) (seven samples from UBT, nine from
the MBT, and thirteen from the LBT). Each sample had a
mass between 2 and 5 kg. Samples originated from surface
excavations where various seams outcropped; the excava-
tions included active mines, borehole cuttings, river cut-
tings (weathered surfaces were removed prior to sampling),

and an old mine shaft. Access to sample localities was a
challenge, in view of persistent attacks by Boko Haram ter-
rorists and Fulani herdsmen, and sampling may not have
been optimised. However, the samples do provide adequate
opportunity to gain an understanding of coal from the Benue
Trough.

3.2 Sample preparation

The coal samples were milled to — 1 mm at the School of
Chemical and Metallurgy Engineering Coal Laboratory,
University of the Witwatersrand (Wits). Each sample was
split for petrography (approximately 50 g) and the remain-
der milled to 212 pm for chemical analyses, elemental, and
mineral composition. The data pertaining to the mineralogy
and geochemistry of the coal samples will be reported in
subsequent publications. For coal petrography, the particles
were mixed with epoxy resin and hardener, and moulded

Table 2 Sample localities and identification (S/ID = Sample Identification; NA =Not ascertained due to lack of information)

Sub basin S/ID Locality name Sample type Seam Stratigraphic formation Local gov’t State
area (LGA)
UBT 11 Lamja Excavated surface NA Lamja SST Guyuk Adamawa
12 Chikila Excavated surface NA Lamja SST Guyuk Adamawa
13 Maiganga Open surface mine Al Gombe SST Akko Gombe
14 Maiganga Open surface mine A2 Gombe SST Akko Gombe
15 Maiganga Open surface mine A3 Gombe SST Akko Gombe
16 Maiganga Open surface mine B Gombe SST Akko Gombe
17 Doho Borehole cuttings NA Gombe SST Kwami Gombe
MBT 01 Shankodi (River Dep) River cutting A Awgu FM Awe Nasarawa
02 Shankodi (River Dep) River cutting B Awgu FM Awe Nasarawa
03 Shankodi (River Dep) River cutting C Awgu FM Awe Nasarawa
04 Shankodi (River Dep) River cutting D Awgu FM Awe Nasarawa
05 Shankodi (River Dep) River cutting E Awgu FM Awe Nasarawa
06 Shankodi (River Dep) River cutting F Awgu FM Awe Nasarawa
07 Shankodi (River Dep) River cutting G Awgu FM Awe Nasarawa
08 Kwagshir (Obi coal) Old Mine Shaft NA Awgu FM Obi Nasarawa
09 Akunza Migili Excavated surface NA Awgu FM Obi Nasarawa
LBT 10 Owukpa Old mine NA Mamu FM Ogbadibo Benue
18 Awha-Ndiago Old mine NA Mamu FM Enugu Enugu
19 Inyi Old mine NA Mamu FM Oji River Enugu
20 Ezimo Old mine NA Nsukka FM Udenu Enugu
21 Ngwo Old mine NA Nsukka FM Udi Enugu
22 Onyeama mine Old mine NA Nsukka FM Udi Enugu
23 Onyeama mine Old mine NA Nsukka FM Udi Enugu
24 Omelewu Excavated surface NA Mamu FM Olamaboro Kogi
25 Okobo Open mine NA Mamu FM Ankpa Kogi
26 Awo Akpali Open mine NA Mamu FM Ankpa Kogi
27 Ofagu-Ikah Open mine NA Odukpani FM Ankpa Kogi
28 Odokpuno Underground mine NA Odukpani FM Ankpa Kogi
29 Ejinya Efofe Open surface NA Odukpani FM Ankpa Kogi
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as 30-mm-diameter block mounts. Each block surface was
ground and polished for petrographic analysis in line with
ISO 7404-2:2015, using a Struers Tegra-Force polisher with
a final polish of 0.04-pm colloidal silica.

3.3 Complementary analyses

Proximate analysis was performed at the University of the
Witwatersrand (Wits) using a Perkin Elmer Thermogravi-
metric Analyzer following the procedure of ASTM D3172-
13 (2013). Ultimate analysis was undertaken at Bureau
Veritas, Centurion, South Africa, following SANS 17247
(2006) and ISO 17247 (2005). Gross calorific value was

determined using a dry-cal bomb calorimeter at Wits (SANS
1928, 2009).

3.4 Petrographic analyses

The maceral, microlithotype, and vitrinite reflectance analy-
ses were performed according to standard procedures: SANS/
ISO 7404-3 2016; SANS/ISO 7404-4 2018; SANS/ISO 7404-5
2016, respectively. The study followed the terminology recom-
mended by the International Committee for Coal and Organic
Petrology (ICCP) (ICCP 1998, 2001; Pickel et al. 2017). The
point count method for maceral and microlithotype determina-
tion was conducted on the polished grain mount blocks under

Table 3 Proximate, GCV, and

; Proximate data (wt%) GCV (MJ/kg) Ultimate data (%) (daf)
ultimate data

Sub/basin  S/ID VM FC Ash  Moist S C H N O?

UBT 11 240 394 310 5.6 20.28 079 7640 598 2.05 14.78
12 29.8 58.8 68 4.6 28.70 0.81 7513 542 194 16.69
13 277 478 21.8 5.6 24.55 0.51 7850 6.40 1.58 13.00
14 25.1 515 183 5.1 24.64 048 76.67 556 1.62 15.66
15 31.1 521 6.8 10.0 26.19 0.32 7347 582 148 18091
16 28.7 40.6 21.1 9.6 20.27 734 65.64 6.07 124 19.70
17 140 38 790 32 1.90 2.19 3975 7.68 1.63 48.76
Ave. 2777 484 17.6 6.8 24.11 0.85 7430 588 1.72 1646

MBT 01 16,0 9.5 69.2 5.2 4.07 074 5476 739 199 35.11
02 234 574 157 34 28.49 0.78 8325 533 218 8.46
03 24.6 557 123 7.5 24.16 097 7375 485 194 1849
04 223 43.0 25.1 9.6 18.21 1.03 70.62 490 199 2146
05 234 483 179 104 20.61 092 7072 481 197 21.58
06 199 333 372 9.7 12.68 0.88 63.07 521 183 29.01
07 246 39.0 243 121 15.02 064 60.72 524 182 31.57
08 20.5 60.0 18.3 1.2 27.85 1.27 81.12 512 2.09 1041
09 40.8 45.6 37 100 28.73 2.08 7098 696 157 1840
Ave. 249 478 193 8.0 21.97 090 71.78 530 192 19.92

LBT 10 429 440 32 98 30.02 0.61 7386 7.02 194 1657
18 337 518 11.0 35 29.36 402 80.00 584 1.71 8.43
19 31.7 520 126 3.6 28.39 0.84 7820 636 213 1247
20 370 477 115 3.7 28.93 203 7833 632 176 11.55
21 306 50.8 128 5.8 26.11 0.66 7226 597 193 19.17
22 334 483 105 7.9 28.63 071 78.64 627 197 1240
23 300 505 152 43 28.52 0.86 80.09 6.80 2.17 10.08
24 394 395 166 44 26.11 077 7219 7.80 152 17.71
25 328 489 134 79 26.85 0.79 7433 6.86 1.83 16.19
26 36.6 489 5.8 8.7 28.58 0.61 7379 6.19 1.64 17.78
27 365 440 65 13.0 29.42 0.70 7423 746 1.66 1595
28 353 468 7.3 10.6 27.79 074 7159 649 1.64 1954
29 309 474 59 158 30.33 073 7497 847 195 13.88
Ave. 347 477 102 7.6 28.39 1.08 7558 6.76 1.83 14.75

Total Ave. 29.1 48.0 15.7 745 24.82 094 7389 598 1.82

Note: O by calculation; wt%: weight percent; VM: Volatile matter; FC=GCV: gross calorific value; daf:
dry ash free. Average values exclude samples 01 and 17

@ Springer



Petrographic composition of coal within the Benue Trough, Nigeria and a consideration of the... Page7of24 35

Table4 Vitrinite r.eﬂectance Sub basin  S/ID RoV,, (%) St.dev Min. (%) Max. (%) Coal Rank Rank Coal classification
data (RoV %) (min. refers to
minimum reading obtain; max. UBT 11 0.64 003 0.6 0.71 Med. c Bituminous
refers to maximum reading Rank
obtained) 12 0.71 002 0.66 0.79 Med. C  Bituminous
Rank
13 0.56 0.04 0.37 0.87 Med. D Bituminous
Rank
14 0.52 0.02 0.48 0.79 Med. C Bituminous
Rank
15 0.35 0.02 0.34 0.45 Low Rank B Lignite
16 0.38 0.02 0.33 0.47 Low Rank B Lignite
17 0.44 0.02 0.39 0.52 Low Rank A Subbituminous
Ave. 0.51 0.03
MBT 01 0.81 0.04 0.72 0.89 Med. C Bituminous
Rank
02 0.91 0.03 0.81 0.97 Med. C Bituminous
Rank
03 0.85 0.03 0.73 0.95 Med. C Bituminous
Rank
04 0.93 0.03 0.86 0.99 Med. C Bituminous
Rank
05 0.91 0.02 0.88 0.97 Med. C Bituminous
Rank
06 0.62 0.03 0.57 0.69 Med. C Bituminous
Rank
07 0.77 0.03 0.70 0.87 Med. C Bituminous
Rank
08 1.00 0.03 0.92 1.08 Med. B Bituminous
Rank
09 0.35 0.03 0.30 0.44 Low Rank B Lignite
Ave. 0.79 0.03
LBT 10 0.45 0.02 0.41 0.49 Low Rank A Subbituminous
18 0.43 0.02 0.40 0.47 Low Rank A Subbituminous
19 0.46 0.04 0.37 0.57 Low Rank A Subbituminous
20 0.42 0.02 0.33 0.46 Low Rank A Subbituminous
21 0.52 0.06 0.42 0.70 Med. D Bituminous
Rank
22 0.45 0.02 0.40 0.54 Low Rank A Subbituminous
23 0.52 0.04 042 0.63 Med. D Bituminous
Rank
24 0.49 0.03 0.41 0.57 Low Rank A Subbituminous
25 0.43 0.04 0.31 0.54 Low Rank A Subbituminous
26 0.42 0.02 0.37 0.48 Low Rank A Subbituminous
27 0.45 0.03 0.39 0.55 Low Rank A Subbituminous
28 0.39 0.03 0.33 0.47 Low Rank B Lignite
29 0.38 0.03 0.26 0.50 Low Rank B Lignite
B
Ave. 0.45 0.02
Total 0.57 0.03 Med Rank D Bituminous
Ave.
oil-immersion with ax 50 oil-immersion objective (total mag-  retrofitted with Hilgers Fossil Diskus components and software,

nification of X 500) using a semi- automated point-counting  housed at the University of Johannesburg (UJ). A minimum of
stage on a Zeiss Axio Imager M2m reflected light microscope 500 readings were recorded for the maceral and microlithotype
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Table 6 MBT petrographic results: Maceral and mineral composition (% by volume) (Inc =mineral matter inclusive; mmf=mineral matter free)

Location L1
Maceral group Sample No. 01 02 03 04 05
Maceral Inc. (mm) mmf Inc.(mm) mmf Inc.(mm) mmf Inc.(mm) mmf Inc.(mm) mmf
Vitrinite Telinite 0.0 00 02 0.3 0.2 02 0.0 0.0 0.0 0.0
Collotelinite 1.8 32 341 449 27.6 340 18.6 22.1 16.2 20.2
Vitrodetrinite 7.3 13.2 2.0 2.6 1.8 22 36 4.2 1.4 1.7
Collodetrinite 7.3 132 283 374 433 533 56..0 66.4 50.2 62.7
Corpogelinite 0.0 0.0 04 0.5 0.0 00 02 02 02 0.2
Gelinite 0.0 0.0 0.0 00 00 0.0 0.0 0.0 0.0 0.0
Pseudovitrinite 0.0 00 00 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Inertinite Fusinite 20.0 359 2.6 34 5.1 6.3 1.4 1.6 35 44
Semifusinite 04 07 04 0.5 14 1.7 038 0.9 14 1.7
Micrinite 4.6 82 55 7.2 1.2 14 14 1.6 3.7 4.6
Macrinite 0.0 0.0 14 1.8 0.0 0.0 04 0.5 0.6 0.7
Secretinite 0.0 0.0 0.0 0.0 0.0 00 00 0.0 0.0 0.0
Funginite 0.0 0.0 0.0 00 00 0.0 0.0 0.0 0.0 0.0
Inertodetrinite ~ 14.3 256 0.2 0.3 0.6 07 04 0.5 1.6 2.0
Liptinite Sporinite 0.0 00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Cutinite 0.0 0.0 02 0.3 0.0 0.0 0.0 0.0 0.0 0.0
Resinite 0.0 0.0 0.6 0.8 02 02 0.0 0.0 0.0 0.0
Alginite 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Liptodetrinite 0.0 0.0 0.0 0.0 0.0 0.0 0.0 00 00 0.0
Suberinite 0.0 0.0 0.0 0.0 0.0 00 02 02 0.0 0.0
Exsudatinite 0.0 0.0 0.0 00 00 0.0 0.0 0.0 0.0 0.0
Mineral matter Silicates clay 21.4 8.1 04 1.8 23
Silicates quartz ~ 15.0 14.2 14.5 13.7 14.3
Sulfide 6.9 0.4 2.5 0.8 2.7
Carbonate 0.0 0.0 0.6 0.0 0.0
Other 1.0 1.0 0.6 0.6 0.6
Summary table
Maceral group Vitrinite 16.4 29.5 65.0 85.7 729 89.7 773 93.0 68.0 86.4
Inertinite 39.2 70.5 10.0 13.2 8.2 10.1 43 52 10.7 13.6
Liptinite 0.0 00 038 1.1 0.2 02 02 02 0.0 0.0
Total Min Matter 444 23.6 18.6 16.8 19.9
Tot. Inertinite 39.2 70.5 10.0 13.2 8.2 10.1 4.3 52 107 13.6
Total reactive macerals 16.4 29.5 65.8 86.8 73.1 89.9 775 93.2 68.0 86.4
Location L1 L2 L3
Maceral group Sample No. 06 07 08 09 Average
Maceral Inc. (mm) mmf Inc.(mm) mmf Inc.(mm) mmf Inc.(mm) mmf Inc.(mm) mmf
Vitrinite Telinite 0.0 00 0.0 0.0 0.0 0.0 04 0.5 0.1 0.1
Collotelinite 1.0 14 155 19.8 26.6 39.9 6.2 7.5 182 23.7
Vitrodetrinite 11.7 17.3 5.7 7.3 4.1 6.1 3.0 35 4.1 5.6
Collodetrinite 37.3 55.0 435 55.6 247 37.0 264 31.7 38.6 499
Corpogelinite 0.0 0.0 02 0.3 0.0 00 40 4.8 0.6 0.8
Gelinite 0.0 0.0 0.0 00 00 0.0 0.0 0.0 0.0 0.0
Pseudovitrinite 0.0 00 00 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Inertinite Fusinite 11.9 17.6 8.8 11.3 5.6 8.5 0.0 109 49 8.0
Semifusinite 0.0 00 04 0.5 1.2 1.8 0.8 1.0 0.8 1.0
Micrinite 2.7 4.0 1.8 2.3 1.6 23 110 132 3.6 4.6
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Table 6 (continued)

Location L1 L2 L3
Maceral group Sample No. 06 07 08 09 Average
Maceral Inc. (mm) mmf Inc.(mm) mmf Inc.(mm) mmf Inc.(mm) mmf Inc.(mm) mmf
Macrinite 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 03 0.4
Secretinite 0.0 0.0 04 0.5 0.0 0.0 0.0 0.0 0.0 0.1
Funginite 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Inertodetrinite 1.8 26 04 0.5 1.0 1.5 0.0 0.0 0.7 1.0
Liptinite Sporinite 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Cutinite 0.0 0.0 0.0 0.0 0.2 0.3 17.6 21.2 2.2 2.7
Resinite 0.0 0.0 0.2 0.3 0.4 0.6 0.4 0.5 0.2 0.3
Alginite 0.0 0.0 0.0 0.0 0.0 0.0 1.8 22 02 0.3
Liptodetrinite 0.0 0.0 0.0 0.0 0.0 0.0 0.0 22 0.0 0.3
Suberinite 0.0 0.0 0.0 0.0 0.0 0.0 7.0 8.4 0.9 1.1
Exsudatinite 0.0 0.0 0.0 0.0 0.0 0.0 0.8 1.0 0.1 0.1
Mineral matter Silicates clay 22.5 5.7 1.6 1.0 54
Silicates quartz 1.4 11.4 24.9 7.0 12.7
Sulfide 5.1 33 54 0.2 2.6
Carbonate 0.0 0.0 0.0 8.6 1.1
Other 33 1.4 1.6 0.0 0,0
Summary table
Maceral group Vitrinite 50.0 75.8 649 849 553 85.1 40.0 48.1 61.7 80.6
Inertinite 16.4 242 11.8 14.8 9.4 140 11.8 16.6 10.3 14.6
Liptinite 0.0 0.0 0.2 0.3 0.6 09 294 353 39 4.8
Total Min Matter 322 21.8 33.4 16.8 229
Tot. Inertinite 16.4 242 11.8 14.8 9.4 140 11.8 16.6 10.3 14.6
Total reactive macerals 50.0 75.8  65.1 852 559 86.0 694 834 65.6 854

Sample 01 is excluded from the average calculation as it is not coal based on the ash value

analyses. Mean random vitrinite reflectance (% RoV ) meas-
urements were carried out on the polished blocks following
calibration using two glass reflectance standards with known
reflectance values: a five-block standard with reflectance values
0.31, 0.50, 0.92, 0.99, and 1.63, and an Yttrium—Aluminium
Gallium YAG (% Ro=0.90 and zero reflectance). The calibra-
tion was checked between each sample, and a minimum of 100
readings were taken on collotelinite, avoiding poorly polished
or pitted vitrinite. Coal rank is not related to the palaeoenvi-
ronment at the time of peatification but is included herein for
completeness in terms of the petrographic analyses.

4 Results
4.1 Complementary analyses

The proximate and ultimate data are presented in Table 3
and Fig. 3. The relatively low ash yields observed in the

@ Springer

LBT samples agree with data presented by Ogala et al.
(2012). The GCV values for the UBT and LBT samples are
higher than those for the MBT samples, representing higher
grade coals. The moisture content was higher in some of the
coal samples, possibly indicative of variable coal rank, or
a degree of weathering due to the sample origin (grab sur-
face samples). Samples 01 and 17 had very high ash yields,
69.2% and 79.0%, respectively. These samples were omitted
from the average calculations in Table 3, as they were not
considered to be coal (ISO11760 2005). The sulphur content
was generally less than 1%, except for a few samples (16,
17, 04, 08 18 and 20) where values above 1% were deter-
mined (Table 3). The sulphur data agrees with the findings
by Ogala et al. (2012), but some variation is noted with data
provided by Ayinla et al. (2017). Sample 16 was taken from
the B Seam in the Maiganga coal mine and has a very high
sulphur value, differing from the far lower sulphur values
reported by Ayinla et al (2017). It may be that the grab sam-
ple in this study intersected a pyrite vein or large nodule.
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Table 8 Petrographic results:

L > . Maceral Group Maceral UBT MBT LBT
huminite classification (% by _
volume) 15 16 09 28 29
Huminite Textinite 0.0 0.0 0.4 0.4 0.8
Ulminite 9.0 13.0 6.2 14 7.3
Attrinite 7.0 4.0 3.0 24 3.8
Densinite 8.0 14.0 26.4 31.0 53.8
Phobaphinite 1.0 2.0 4.0 4.3 24
Pseudophlobaphinite 0.0 0.0 0.0 0.0 0.0
Levigelinite 0.0 0.0 0.0 0.0 0.0
Porigelinite 0.0 0.0 0.0 0.0 0.0
Total 25.0 33.0 40.0 39.5 68.1
Liptinite Sporinite 0.0 0.0 0.0 0.4 32
Curtinite 1.0 1.0 17.0 0.0 13.3
Resinite 3.0 3.0 0.4 2.8 0.6
Alginite 0.0 0.0 1.8 0.0 0.0
Liptodetrinite 0.0 0.0 1.8 0.0 0.0
Suberinite 1.0 0.0 7.0 0.0 0.0
Exudatinite 0.0 0.0 0.8 0.0 0.0
fluorinite 0.0 0.0 0.0 0.0 0.0
Bituminite 0.0 0.0 0.0 0.0 0.0
Total 5.0 4.0 28.8 32 17.1
Inertinite Fusinite 50.0 36.0 17.0 46.7 0.6
Semifusinite 4.0 2.0 0.0 0.8 1.0
Secretinite 0.0 0.0 2.0 0.2 2.2
Macrinite 1.0 1.0 2.0 0.2 0.0
Macrinite 3.0 1.0 7.0 1.8 3.8
Funginite 0.0 0.0 1.0 0.8 0.0
Inertodetrinite 3.0 2.0 1.0 3.0 0.0
Total 61.0 42.0 30.0 53.5 7.6
Mineral matter Clays 5.0 5.0 7.0 2.4 4.8
Quartz 0.0 1.0 0.0 0.0 0.0
Pyrite 3.0 15.0 9.0 14 1.6
Carbonates 0.0 0.0 0.0 0.0 0.0
Other 1.0 0.0 1.0 0.0 0.8
Total 9.0 21.0 17.0 3.8 7.2
Summary table
Maceral group. Total Total huminite 25.0 33.0 40.0 39.5 68.1
(vol%)
Total liptinite 5.0 4.0 28.8 32 17.1
Total inertinite 61.0 42.0 30.0 53.5 7.6
Total mineral matter 9.0 21.0 17.0 3.8 7.2

Despite being grab samples, proximate and ultimate data
indicated that the samples generally represented coals of
high quality (ISO 11760 2019).

4.2 Vitrinite reflectance

Variation was observed in the coal rank from the three sub-
regions of the Benue Trough (Table 4). The reflectance

values, on average, placed the UBT samples in the medium
rank D bituminous coal category (ISO 11760 2019). The
LBT samples fell in the low rank A subbituminous category,
and the MBT samples as medium rank C bituminous coals
(Table 4), except for sample 09 which was classified as lig-
nite. Samples 01 — 07 are from the same locality but differ-
ent coal seams, sampled along a river channel (River Dep),
represented as horizons A-G (Table 2); no weathering effect
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RES: Resinite; CUT: Cutinite; FUG: Funginite; CD; Collodetrinite;

Fig.4 Selection of macerals observed (x 500, scale-bar is 100 um; oil
PY: Pyrite (framboidal structure); COR: Corpogelinite)

immersion, reflected light) (UBT: A-D; MBT: E-H and LBT: I-L).
Note: (QTZ: Quartz; FUS: Fusinite; TEL:Telinite; GEL: Gelinite;

@ Springer
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Fig.5 Ternary plot for microlithotype monomaceral composition
(samples 01 and 17 are excluded) (MBT samples may be masked by
the LBT samples in bottom right corner)

was determined. Three locations in the UBT contain coals
in the medium rank C category, but all samples in the LBT
region were low rank, implying differing coalification pro-
cesses between the three sub-basins. Owing to the variations
in coal rank reported, the study included the maceral termi-
nology recommended by the ICCP for huminite ICCP 2001;
Sykorova et al. 2005; ICCP 1998, 2001; Pickel et al. 2017).

4.3 Maceral and mineral composition

The maceral composition varies through the sub-regions
of the Benue Trough, as shown in Fig. 3 and Tables 5, 6,
7. The samples showed dominance in vitrinite, with vary-
ing proportions of the inertinite and liptinite. Liptinite was
poorly distributed in the UBT and LBT samples, and gener-
ally missing in the MBT except for sample 09 that shows a
higher liptinite content. Samples from both the UBT and
LBT contained funginite, which was absent in the MBT
samples. These findings imply different peatification condi-
tions prevailed in the MBT compared to the LBT and UBT,
indicative of variable geological controls during the Creta-
ceous to early Cenozoic. Resinite is the dominant liptinite
maceral, collodetrinite the dominant vitrinite maceral, and
fusinite the dominant inertinite maceral.

Five of the coal samples (15, 16, 09, 28, 29) were clas-
sified as lignite (Table 4). These were described using the
huminite classification system (Sykorové et al. 2005; ISO
7404-5 2009) for adherence to petrographic norms and were
also described using the classification for bituminous coal
for ease of comparison with the other samples of the study
(Table 8). The LBT samples were dominated by densinite,
equivalent to collodetrinite in higher rank coals. Note that

collodetrinite is also the dominant maceral in the higher rank
coal samples (Tables 5, 6, 7).

The observable mineral matter showed a similar trend to
the ash yield, with the MBT samples containing the high-
est mineral matter compared to the UBT and LBT samples.
The dominant minerals observed were clays and quartz, with
limited pyrite in the LBT samples. Detrital zircons were
observed in the MBT samples studied, but further study is
required for confirmation. As with the maceral composi-
tion, the observable mineral composition indicates different
geological controls and even sediment source in the MBT
compared to the two other sub-regions (Fig. 4).

4.4 Microlithotype composition

The microlithotype composition is plotted in Fig. 5 and
shown in Table 9. Vitrite was dominant in most of the sam-
ples. The MBT samples were primarily vitrite-rich, whereas
the UBT and the LBT samples showed varied composition.
Duroclarite was abundant in UBT and LBT samples and
was apparently absent in the MBT samples. Clarodurite and
vitrinertoliptite were poorly distributed in the UBT and LBT
samples. Carbominerite in the samples was dominated by
carbargillite/clays and carbosilicate/quartz (Table 9). Sample
16 (UBT, B seam, Gombe Formation) has a high carbopy-
rite content, indicating an area of high sulphur. The total
sulphur for this sample is 7.34%, far higher than the other
28 samples.

5 Discussion

Qualitative and quantitative petrographic data are used to
unpack the paleodepositional history of the coal deposits
in the Benue Trough. The data is useful in understanding
the coal facies and depositional controls of the peat swamp.
The maceral data plotted on the coal facies diagram (Fig. 6)
shows that 70% of the samples cluster in the lacustrine envi-
ronment with 25% in the fluvial environment. All the MBT
samples plot in the lacustrine environment, in contrast to
UBT and LBT samples (Fig. 6). Four of the UBT samples
(13, 14, 15, and 16) represent a stratigraphic sedimentary
sequence where sample 13 is the topmost sample followed
by samples 14 to 16. Samples 13 and 14 cluster in the lower
deltaic facies field, while samples 15 and 16 plot in the flu-
vial setting field. Samples 15 and 16 were noted for high pro-
portion of fusinite fragments that were possibly generated
by forest fire and blown into the peat swamp. This affects
the reliability of the plots as the fusinite may not have been
derived in situ.
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Table 9 Microlithotype data (vol%)

Group Sub-basin UBT MBT
Locality sample Ll L2 L3 L4 L1 L2 L3
Sample number 1 12 13 14 15 16 17 1 2 3 4 5 6 7 8 9
Microlithotype
Monomaceral Vitrite 58.0 663 42 0.7 183 247 105 34 834 68.8 87.6 91.0 38.1 902 86.0 74.3
Semifusite 37 24 10 17 04 05 00 05 06 09 07 02 05 02 00 0.0
Fusite/secretinite 42 26 29 44 32 45 00 07 12 02 00 00 20 05 05 16
Inertodetrite 00 00 51 41 30 17 00 00 00 00 00 00 00 00 00 0.0
Liptite 00 00 02 00 02 10 05 00 00 00 00 00 00 00 00 00
Total 659 713 134 109 251 324 11.0 4.6 852 699 883 912 40.6 909 86.5 75.2
Bimaceral Vitrinertite (Sf/F) 68 76 49 32 30 32 00 05 42 36 14 22 64 21 27 8.1
Vitrinertite (intdet) 00 0.2 338 287 588 197 00 00 10 05 00 00 00 00 0.0 0.0
Inertite (Sf/F +intdet) 00 00 10 02 22 00 00 00 00 00 00 00 00 00 0.0 0.0
Clarite 70 129 44 12 00 02 00 00 04 00 00 00 00 07 02 89
Durite 00 10 12 05 04 02 00 00 00 00 00 00 00 00 0.0 0.0
Total 13.8 21.7 453 338 644 233 00 05 56 41 14 22 64 28 29 170
Trimaceral Duroclarite (V>1, L) 1.2 1.8 247 406 60 154 00 00 02 00 00 00 00 00 00 24
Clarodurite (I>V, L) 00 02 07 02 15 00 00 00 00 00 00 00 00 00 00 0.0
Vitrinertoliptite (L>I1,V) 00 00 05 10 04 00 00 00 00 00 00 00 00 00 0.0 0.0
Total 12 20 259 418 79 154 00 00 02 00 00 00 00 00 00 24
Carbominerite Carbargillite/clays 59 12 44 63 09 20 21 29 14 00 09 00 74 21 14 12
Carbosilicate/quartz 73 12 96 51 1.1 15 02 02 36 136 81 34 15 21 39 19
Carbopyrite 05 02 00 00 02 52 00 00 04 00 02 07 00 07 25 12
Carbankerite 05 00 00 00 00 00 00 00 00 00 00 00 00 00 00 02
Carbopolyminerite 14 04 07 02 02 00 00 00 04 02 02 00 00 00 05 00
Total 156 3.0 147 11,6 24 87 23 31 58 138 94 41 89 49 83 45
Rock Rock 35 20 07 19 02 202 8.7 916 32 122 09 24 441 14 27 02
Group Sub-basin LBT
Locality sample L1 L2 L3 L4 L5 L6 L7 L8 L9 L10 L1l LI2
Sample No. 10 18 19 20 21 22 23 24 25 26 27 28 29
Microlithotype
Monomaceral Vitrite 75.0 9.5 70.8 18.8 32.0 355 70.2 457 37.0 162 36.3 26.6 58.8
Semifusite 00 32 04 18 17 05 10 05 15 44 13 25 12
Fusite / secretinite 00 7.1 14 38 32 119 30 02 36 42 00 62 02
Inertodetrite 00 07 00 04 05 00 00 00 05 32 00 42 00
Liptite 02 05 02 18 02 00 00 35 07 10 00 07 07
Total 752 21.0 728 26.6 37.6 479 742 499 433 29.0 37.6 40.2 609
Bimaceral Vitrinertite (Sf/F) 32 95 34 50 59 151 62 07 92 51 13 45 1.0
Vitrinertite (intdet) 0.0 23.1 54 257 350 144 35 00 217 64 20 223 172
Inertite (Sf/F + intdet) 00 00 00 00 00 00 00 00 00 05 07 12 00
Clarite 175 1.2 106 139 64 60 87 269 43 123 6.7 75 262
Durite 00 02 00 12 00 00 00 00 05 51 00 20 0.0
Total 20.7 34.0 194 45.8 473 355 184 27.6 357 294 10.7 375 344
Trimaceral Duroclarite (V>1, L) 1.7 37.8 32 158 112 127 27 1.7 116 324 8.1 119 15
Clarodurite (I>V, L) 00 07 02 18 00 00 00 02 05 22 07 30 05
Vitrinertoliptite (L>1, V) 0.0 00 00 22 02 00 00 00 07 12 20 07 00
Total 1.7 385 34 198 114 127 27 19 128 358 10.8 156 20
Carbominerite Carbargillite/clays 07 19 20 26 17 15 27 132 65 27 13 30 1.0
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Table 9 (continued)

Group Sub-basin LBT
Locality sample L1 L2 L3 L4 L5 L6 L7 L8 L9 L10 L11 LI2
Sample No. 10 18 19 20 21 22 23 24 25 26 27 28 29
Microlithotype
Carbosilicate/quartz 15 00 14 04 10 07 05 27 07 12 00 37 07
Carbopyrite 00 17 00 16 00 00 00 00 00 07 94 00 0.0
Carbankerite 00 00 00 00 00 00 00 00 00 00 00 00 00
Carbopolyminerite 02 00 00 02 00 00 00 12 00 02 00 00 00
Total 24 36 34 48 27 22 32 171 72 48 107 67 1.7
Rock Rock 00 29 10 30 10 17 15 35 10 10 302 00 1.0

Note: St/F (Semifusite/Fusite); Intdet (inertodetrite); V (vitrite); I (inertite); L (liptite)

INEg{TL\'lTE
100

Legend
A Lacustrine
B Fluvial
C Brackish water
D Upper delta
E Lower deltaic
@® uBT
& MBT
B LBT

90

100 /.-
LIPTINITE” 9 .
0 10 20 30 40 5 6 70 80 90 100YITRINITE

Fig.6 Coal facies diagram proposed for the coal studied (samples 01
and 17 are excluded), modified after Teichmiiller (1989)

Most models used in coal facies analysis are the TPI, GI,
GWI, and VI (Diessel 1986), which are based on quantitative
amounts of coal constituents including macerals to deter-
mine paleoenvironments. Diessel (1986) developed these

TPI

_ Vitrinite A + Semifusinite + Fusinite + Sporinite + Cutinite + Resinite + Chlorophyllite + Suberinite

Silva and Kalkreuth (2005), Sahay (2011), and Stock et al.
(2016). The TPI and GI values were calculated using the
formulae expressed by Diessel (1986) in Egs. (1) and (2) and
were further modified by Silva and Kalkreuth (2005). Sahay
(2011) modified the indices to include liptinite as expressed
in Egs. (3) and (4).

Calder et al. (1991) considered the groundwater, vegeta-
tion, and wood indexes as expressed in Egs. (5), (6), and (7);
while Stock et al. (2016) included the ash yield divided by
2 as expressed in Egs. (8) and (9) used by Zieger and Littke
(2019). Stock et al. (2016) modified the GWI equation of
Calder et al. (1991) by considering the ash yield divided by
2 as seen in Eq. (8).

_telinite + collinite + semifusinite + fusinite

TPI = — — - —
detrovitrinite + macrinite + inertodetrinite

6]

vitrinite + macrinite
semifusinite + fusinite + inertodetrinite

GI @

TPI and GI according to Sahay (2011) modified equation.

3

Vitrinite B + Macrinite + Inertodetrinite 4+ Liptodetrinite

models for Permian coals of the Hunter Valley, NSW, Aus-
tralia; the models may not be applicable to all coals glob-
ally. TPI and GI have been more widely used to infer peat
depositional environment than the GWI and VI; all indices
have some shortcomings as discussed by Dai et al. (2020).
In order to interpret the depositional environments for these
coal samples, GI and TPI equations were considered for
the facies studies as proposed by other scholars, namely:
Diessel (1986), Calder et al. (1991), Miiller et al. (1992),

__ Vitrinite + Macrinite + Cutinite + Sporinite + Chlorophyllite

Gl = Semifusinite + Fusinite + Inertodetrinite + Secretinite.
4)
GWI = Gelinite + Corpogelinite + Minerals + Vitrodetrinite
Telinite + Collotelinite + Collodetrinite
(5)
Telinite + Collinite ©)

" Collodetrinite + Vitrodetrinite
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Fig.7 Coal facies diagram for the coals within the Benue Trough using Egs. (1) and (2)

Telinite + Collotelinite + Resinite + Suberinite + Fusinite + Semifusinite

@)

Vitrodetrinite + Collodetrinite + Inertodetrinite + Cutinite + Sporinite + Alginite + Liptodetrinite

o Ash yield
Gelovitrinite + %

GWI (®)

% ™ Vitrinite + Gelovitrinite

Telovitrinite + (Semi—)Fusinite + Resinite

a few samples are noted with high TPI values indicative of
the non-destruction of the wood (well preserved plant mate-
rial). Samples 15 and 26 plot out of Fig. 7, indicating this
model does not fit all samples; these samples have very high

®

Detrovitrinite + Inertodetrinite + Liptodetrinite + Alginite + Sporinite + Cutinite

The coal facies model based on Diessel (1986), modified
after Silva and Kalkreuth (2005), and Sayay (2011) formu-
lae are plotted in Figs. 7 and 8. Variation was noted in the
TPI and GI values based on the Diessel (1986) and Sahay
(2011) formulae, due to limited liptinite macerals especially
in the MBT region. TPI values are low for the coal sam-
ples suggesting a predominance of herbaceous plant in the
mire or large-scale destruction of wood because of extensive
humification and mineralization (Diessel 1992). However,

@ Springer

fusinite contents. Samples 15 and 26 plot into Fig. 8 and the
clustering of the samples appears better using the modified
equations proposed by Sayah (2011).

The MBT samples are noted for high GI values, suggest-
ing a high moisture content in the mire with higher rate of
subsidence and a decrease in oxidation (Table 10). However,
few of the UBT and LBT samples showed similarity in high
GI values (Table 10). Based on the tree density coal facies
diagram and using Sahay (2011) formula, the plots showed
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Fig.8 Coal facies diagram for the coals within the Benue Trough, Nigeria using Egs. (3) and (4)

a positive tree density (Fig. 8), while Diessel (1986) formula
showed greater variation in distribution (Fig. 7; Table 10).

The UBT and LBT samples reveal a transitional paleoen-
vironment ranging from transgressive and regressive, upper-
deltaic to drier piedmont plane, related to their vitrinite-
rich content with variability in inertinite content (Fig. 8).
A gradual change in vegetation type and subsidence rates
of the palaeomire affect maceral accumulation. The MBT
samples cluster in the marsh to wet forest facies.

The paleomire conditions varied from (borderline)
ombrotrophic (atmospheric/rain moisture) limnic environ-
ment to mesotrophic (most samples) to (borderline) rheo-
trophic hydrological conditions (surface water) as shown in
Fig. 9. The clustering of all the Benue Trough samples is
improved in Fig. 10, with all samples plotting to mesotrophic
to borderline ombrotrophic peat mires. Mesotrophic mires
are characteristic of a moderate amount of dissolved nutri-
ents in the body of water. Samples 15, 26, and 16 (all very
high in fusinite) indicate very high vegetation index values;
all other samples plot under 2.

Teichmiiller (1989) observed that wet conditions of peat
formation are normally distinguished by high GI and high
TPI indices for wet conditions, while low GI and low TPI
indices are distinguished by dry conditions. TPI values for
the studied coal samples are generally low suggesting either
a predominance of herbaceous plant in the mire or large-
scale destruction of wood due extensive humification and
mineralization (Diessel 1992). However, some samples
are noted for high TPI values due to non-destruction of the
wood (well preserved plant material). Despite the distinct
geographical regions and different coal seams most samples
show similar depositional settings based on the TPI and GI
values (Figs. 8 and 10; Table 10).

Coal is heterogeneous in composition and, likewise, the
coal samples from the Benue Trough are characterized by
different qualities because of the depositional environments.
Akinyemi et al. (2020) found comparable results. The UBT
samples showed varied depositional setting (back barrier to
wet forest swamp to terrestrial environment) which influ-
enced the maceral distribution. The MBT coal deposits
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Table 10 Coal Seam,

Formation. Tissue Preservation Sub basin  S/ID Coal seam Formation Diessel Calder et al. Sahay Stock et al.
’ . . (1986) (1991) (2011) (2016)

Index (TPI), Gelification

Index (GI), Water Index (WI), TPI GI GWI WI VI TPI GI GWac VI

Groundwater Index (GWI), and

Vegetation Index (VI) data UBT 11 NA Lamja SST 04 30 05 01 04 13 32 028 05
12 NA Lamja SST 12 68 03 09 10 13 6.0 012 1.0
13 A Gombe SST 1.0 1.3 01 01 1.0 1.7 1.3 022 1.0
14 A, Gombe SST 1.0 .1 01 01 1.0 1.8 1.1 020 1.1
15 Ay Gombe SST 3.7 04 09 03 36 33 04 027 41
16 B Gombe SST 24 07 1.1 04 24 25 07 038 26
17 NA Gombe SST 04 25 10 01 05 13 25 058 05

MBT 01 A Awgu FM 08 05 35 01 08 12 05 1.17 1.5
02 B Awgu FM 1.2 21.1 03 1.1 1.2 1.0 211 010 1.2
03 C Awgu FM 08 103 02 06 08 1.1 103 0.07 0.8
04 D Awgu FM 03 306 02 03 03 1.0 306 014 03
05 E Awgu FM 04 106 03 03 04 1.0 106 0.11 04
06 F Awgu FM 03 37 09 00 03 12 37 025 03
07 G Awgu FM 05 68 04 03 05 1.1 65 0.15 05
08 NA Awgu FM 1.1 71 05 09 1.1 1.1 7.1 0.11 1.2
09 NA Awgu FM 03 60 05 01 03 12 60 013 03
LBT 10 NA Mamu FM 03 48 04 01 06 15 52 011 05

18 NA Mamu FM 1.8 06 02 02 16 25 07 017 1.7
19 NA Mamu FM 1.0 20 08 03 08 16 23 029 09
20 NA Nsukka FM 1.1 09 1.1 00 1.1 2.1 09 022 13
21 NA Nsukka FM 14 06 06 01 12 20 0.7 027 1.6
22 NA Nsukka FM 1.6 09 02 02 14 22 1.1 019 14
23 NA Mamu FM 07 21 06 03 07 13 21 026 08
24 NA Mamu FM 03 53 09 02 07 14 54 020 08
25 NA Mamu FM 1.3 14 02 03 13 1.8 1.3 0.17 1.3
26 NA Mamu FM 33 05 03 04 32 31 05 0.17 35
27 NA OdukpaniFM 0.7 20 03 01 07 15 20 0.17 038
28 NA Odukpani FM 1.1 12 02 01 12 19 12 014 12
29 NA Odukpani FM 0.2 239 02 02 02 13 235 0.10 02

SST= Sandstone; NA= Not Applicable; FM= Formation; S/ID = Sample Identification

(marsh to lower delta plain) developed in a wet condition
as indicted by the high vitrinite and higher mineral matter
content (compared to the UBT and LBT samples); these
MBT samples contained very little fusinite. LBT and UBT
samples ranged from limnic—back barrier—wet/dry forest
swamp—terrestrial environment in a wet to dry environment.

Samples 15, 16 (UBT), 18, and 26 (LBT) (refer to Fig. 2
for location) were noted for high TPI and VI, with low GI.
These samples contain higher amounts of inertinite, an indi-
cation of dry palaeomire conditions. Samples 15, 16, and
26 have very high fusinite contents, which is likely to have
affected the reliability of the facies model equations. This
fusinite is unlikely to have formed in situ (refer to the low
fusite values in Table 9) and more likely blown into the pala-
eomire, as indicated by the fragmented nature of the fusinite
particles. The fact that the MBT samples have very little
fusinite is again of interest. The high TPI values indicated a
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balanced ratio of plant growth and peat accumulation with
arise in the water level due to basin subsidence.

6 Conclusions

The study presented the detailed petrographic composition
of twenty-nine grab samples taken from the three sub-basins
of the Benue Trough, Nigeria. The depositional conditions
that influenced the coal-bearing formations hosted within
the Benue Trough were discussed using a variety of facies
models. The entire sedimentary package within the Benue
Trough occurs in a failed arm of the triple junction, an inland
sedimentary basin that influenced the vegetation accumu-
lation, and subsequent coalification and coal quality. It is
evident from the maceral data that the geological structure of
the trough impacted on the depositional environment, with
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Fig.9 Coal facies interpretation of the coals within the Benue Trough, Nigeria, based on GWI against VI indices using Egs. (5), (6), and (7)

the MBT samples forming in a different paleoenvironment
to the UBT and LBT samples.

The chemical results show high GCV (24.82 MJ/kg aver-
age), low ash yield, and low sulphur content (0.94% on aver-
age). The MBT samples are generally noted for their lower
GCV (21.97 MJ/kg average) compared to the UBT and LBT
samples, where average GCVs of 24.11 and 28.39 MJ/kg,
respectively, were recorded.

The petrographic data show a degree of variation in mac-
eral composition between the three sub-regions of the Benue
Trough. The coal samples are generally medium vitrinite
(average composition of 59.3% by volume (mmf)), with
variability in inertinite and liptinite distribution. Liptinite
macerals occur in the UBT and LBT samples but are con-
spicuously absent in the MBT sub-region. The MBT samples
have higher vitrinite reflectance values—a consequence of
coalification not the depositional environment. The variation
in petrographic properties is indicative of differing syn-and

post-depositional influences in the MBT compared to those
imposed on the UBT and LBT. Akinyeme et al. (2020) also
report high vitrinite with variable inertinite contents.

The coal facies model plots indicate that UBT and LBT
coals formed in an upper deltaic to drier piedmont plane
depositional environment, while the MBT coal formed in
a lower deltaic marsh to wet forest swamp depositional
environment. Ayinla et al (2017) also concluded that the
UBT Gombe Formation Maigonya coals formed in an upper
deltaic plane. Using GWIac and VI (Egs. (8) and (9), all
the samples fall in a mesotrophic hydrological environment
following the equations of Stock et al. (2016). Coal samples
in the MBT region are generally characterized by high GI,
indicative of a wet environment. Most of the coal samples
plot within the lower delta plain to dry forest swamp/wet for-
est swamp to terrestrial in the telmatic (tree density positive)
depositional environment.
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Fig. 10 Peat mire diagram of GWI, against VI using Egs. (8) and (9)

In view of the modified equations and the plots used,
interpreting depositional environment accurately from just
a single model is quite challenging. Therefore, a combina-
tion of published models based on the petrographic indices
is highly recommended. Not all facies models are applicable
to all coals globally.
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