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ABSTRACT
This study investigated the concentration, distribution, and modes of occurrences of rare earth

elements in coal from the Middle Benue Trough, northcentral Nigeria. This basin comprise one
coal bearing Formation ie. Awgu Formation. Using inductively coupled plasma mass
spectrometry (ICP-MS), we analysed 28 coal samples from the Awgu Formation. Results
indicated that the total REE concentrations (REE) were similar to REE-enriched shales, running
as high as 110.01 ppm. The distribution patterns show LREE enrichment (LREE/HREE = 2.78—
9.41) with positive Eu anomalies and suboxic Ce/Ce* signatures, suggesting terrigenous input
and redox shifts during deposition. Low LREE/HREE ratios and negative Ce anomalies imply a
robust organic connection of REEs and little oxidative breakdown. These results identify the
REFE signature as B-type, suggesting stable provenance with no diagenetic change. The findings
also highlight intricate depositional patterns in the Turonian—Santonian phase of the Benue
Trough, hence stressing the impact of volcanic ash and hinterland weathering. Through the
combination of trace element geochemistry and stratigraphic context, this study offers significant
new information on the modes of occurrence and extraction potential of REEs in Nigerian coals.
In addition to supporting the environmental viability of coal-based REE extraction in sub-
Saharan Africa, the implications extend beyond energy transition plans, positioning Nigeria as a

stakeholder in the geopolitics of essential minerals.
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1.0 INTRODUCTION

A key energy source and industrial feedstock, coal is the result of intricate biogeochemical
processes taking place in ancient peat-forming settings. Despite its widely acknowledged
commercial value, coal also preserves a unique geochemical record of the paleoenvironmental,
paleoclimatic, and geodynamic conditions that shaped its creation. This duality - economic
relevance combined with stratigraphic memory - positions coal as a topic of significant
geological and technological interest. Rising in importance in coal research is the presence of
rare earth elements (REEs), a collection of 17 chemically related metals that includes the
lanthanides, scandium, and yttrium. Due to their remarkable magnetic, catalytic, and luminescent
qualities, these elements support many modern technologies, including digital devices, defence
systems, aerospace parts, high-performance magnets, and renewable energy sources (Hower et
al., 2015; Dai et al., 2016). REEs are usually classified into light (LREEs: La—Sm + Eu) and
heavy (HREEs: Gd-Lu + Y) based on their geochemical behavior governed mostly by ionic
radius, redox state, and volatility - with yttrium often grouped with the latter owing to its close
ionic resemblance to holmium (Bau, 1996; Seredin & Dai, 2012). China now controls world
REE output, producing almost 90% of the total (Department of Energy, 2017). This exclusivity
has motivated world searches for substitute supplies. Among the most promising of these are
coal seams and coal combustion byproducts (Seredin & Dai, 2012; Hower et al., 2015).
Particularly, some coals have shown unusually high levels of REEs, which has led to research on
their possible economic recovery and strategic use (Dai et al., 2016; Lin et al., 2017; Arbuzov et
al., 2019; Mishra et al. 2019). Since then, other studies - mostly in China, Russia, and the United
States have investigated the content, mineralogical relationships, and depositional sources of
REEs in coal (Wenhui et al., 2000; Dai et al., 2006; Wen et al. 2024). Results imply that REEs
exist in several forms, including inorganic carriers (such as phosphates, clays, and carbonates)
and organic materials (Finkelman et al., 2018). Finkelman and colleagues, for example,
discovered that in bituminous coals, more than 70% of LREEs are bound in phosphates, whereas
low-rank coals tend to host most of the REEs in clay material. Both the leachability of REEs and
the creation of economically feasible extraction procedures are greatly influenced by the host
mineral's character. Although worldwide study on this topic has advanced significantly, the
African continent especially Nigeria remains under-represented. Particularly in the Middle
Benue Trough, a sedimentary basin of tremendous geological complexity and commercial

potential, Nigeria holds large but underexplored coal reserves. Though interesting geological
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analogies with more thoroughly researched coal basins elsewhere, the Shankodi—Jangwa
coalfields inside this trough have not yet been methodically assessed for their REE potential.
Globally, volcanic ash inputs, sedimentary origin, depositional redox conditions, and post-
depositional modification have all been connected to REEs in coal (Seredin et al., 2013; Liu et
al., 2019). Researchers have often noticed that when there are clear signs of low europium levels
showing that the source rocks are felsic there is a strong link between the amount of REEs and
the ash produced in places like Russia's Zyryanka Basin. Similar revelations have come from
Bulgaria (Eskenazy, 1987, 2009), Nova Scotia (Birk & White, 1991), and Kentucky (Hower et
al., 2015). Though India is the second-largest coal producer in the world, research on the REE
concentration of its enormous Gondwana coals has only lately picked up speed (IEA, 2018).
REEs help scientists learn about where coal comes from and its potential as a valuable mineral.
Their similar chemical behaviour in various geological situations allows researchers to piece
together how and where the coal was formed, helping to understand the development of the area.
Their fairly consistent chemical behaviour under different geological contexts lets one
reconstruct depositional environments and thereby understand basin evolution. Furthermore, one
cannot ignore the environmental effects of REEs in coal. These factors can create environmental
problems during mining, burning, and waste disposal, as Baba and Kaya (2004) and Hower et al.
(2020) point out, hence highlighting the importance of combined environmental and resource
evaluations.

Amidst mounting anxiety about worldwide REE supply chains, Nigeria's underused coal reserves
could be a major untapped resource. This study aims to close the information gap by reporting
fresh data on the concentration, distribution, and mineralogical modes of REEs in coals from
Jangwa/Shankodi, Middle Benue Trough, North-central Nigeria. This study aims to find out
which minerals contain REEs and understand how they are affected by geological factors using
inductively coupled plasma mass spectrometry (ICP-MS). Apart from its role in worldwide REE
resource growth, this study also seeks to improve knowledge of sedimentary processes in the
Benue Trough and to guide green economy policies by means of sustainable use of vital minerals

in African coals.
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2.0 GEOLOGY AND STRATIGRAPHY OF THE MIDDLE BENUE TROUGH

Obaje (2009) claims the Middle Benue Trough runs northeastward to a line linking Bashar and
Mutum Biyu. This border shows the southern edge of the Gombe and Keri-Keri Formation,
where the older layers of the Upper Benue Trough change sideways (Offodile 1976; Fig. 1).
Though there are no detailed geological maps of the northeastern area of the Middle Benue
Trough , the region just south of Bashar was included in a photogeological map (Obaje 2009;
Obaje 2019; Patrick et al. 2013; Adamu et al. 2020, 2022a, 2022b, 2023, 2024a, 2024b). Usually,
people undervalue the Middle Benue Trough. Offodile (1976), Offodile and Reyment (1977),
and Nwajide (1985) provided maps of the Lafia-Keana-Awe area in the Makurdi neighbourhood.
Among many others, Reyment (1965), Kogbe (1976), Offodile (1976), Petters (1982), Petters
and Ekweozor (1982), and Obaje et al. (2020); Udo et al. (2020, 2023a, 2023b), Adamu et al.
(2023, 2024a, 2024b) produced thorough stratigraphic descriptions of sediments in the Middle
Benue Trough. The geologic sequence in the Middle Benue Trough is shown in Fig. 2. The
Albian Asu River Group of Offodile (1976) and Nwajide (1990) hold the Middle Benue Trough's
oldest marine deposits (Obaje et al. 2004; Abubakar et al. 2006; Adamu et al. 2023, 2024a,
2024b). Allix et al. (1997) and Brunet et al. (1989) refer to it as the Albian deposits, comprising
the fossiliferous Arufu, Uomba, and Gboko Formations. Reyment and Dingle (1987) claim that
this time period might show minor regression, possibly caused by a compressional event. The
regressive Cenomanian-Turonian Awe and Keana Formations (Murat 1972) cover these areas.
From the late Cenomanian to the early Turonian, the Benue Trough saw notable transgression
that eventually suggested a link between the Tethys Sea to the north and the Gulf of Guinea to
the south (Zaborski, 2000). Beneath the Awe and Keana Formations lie the marine facies of the
Eze-Aku Group and the Awgu Formation, deposited until the Santonian period (Petters, 1982).
Worldwide plate reorganisation caused all pre-Santonian strata to fold and rise during the mid-
Santonian period (Guiraud & Bosworth 1997). Before a lot of volcanic activity began in the
Tertiary period, the Lafia Formation, which is the only side layer matching the post-Santonian
strata (Campanian-Maastrichtian) in the Benue Trough, finished being deposited in the Middle

Benue Trough.



http://www/

African Journal of Engineering and Environment Research Vol.7(2) 2025 pp 182-200
©2025 CEFPACS Consulting Limited. www.cefpacsconsultingltd.org.ng 187
ISSN: 2714-2264

10 ISQ ?Q 1l00 1?0 14“
7 T = T
- o0 g i Born b\‘_'
) o™ o U (Chaq) -
Ler B
1204 ol n 1 e

- -+

10 T\ 2 en, ' 100

0l

6% &
<%
& Atlang
$  Ocean
R
0 200km
| I |
= § g ¢

Fig. 1: Map of Nigeria showing regions covered by sedimentary and basement rocks and
sampling locations (adapted from Benkhelil, 1989; Edegbai et al., 2019)
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Fig. 2: The stratigraphic sequence of the Benue Trough of Nigeria; the red boxes indicate the
coal bearing formations (modified after Ehinola, 1995; Obaje, 2009)
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3.0 MATERIALS AND METHODS

3.1 Coalfield Site, Sampling and Sample Preparation

Twenty-eight coal outcrop samples from the Awgu Formation coal exposed along the bank of
River Dep in Jangwa/Shankodi near Obi were gathered in the Middle Benue Trough following
the methods described in Adamu and Ayuba (2019). Proportional stratified random sampling
provided the coal samples investigated in this work. The modest amounts of the samples used in
this study result from the lack of road networks and insecurity caused by bandit activity in
several areas of the Middle Benue region. To get fresh and representative samples, the sampling
technique called for gathering coal sample fractions from each seam depending on band
(lithotype) thickness. The whole seam's thickness ranged from 20 cm to 150 cm. At every
sampling site, we scraped off the coal bed surfaces before lithological description and sample
collection. Next, we packaged approximately 200 g of each coal into zip-locked polythene bags
and transferred it to the laboratory for analysis. The coals were processed using the ASTM D-
2013 standard (ASTM D2013/D2013M-12, 2012) guidelines. Before splitting with a sample
riffler, a hammer mill crushed the samples to lower the particle size below 2.36 mm (mesh size -
8). The ground and separated crushed samples were then split from the same sections of the
complete sample into the <20-mesh and <60-mesh fractions. Every sample is represented by the
top sizes of the <20-mesh and <60-mesh samples. We ground the 60-mesh fraction before the

geochemical study.

3.2 ICPMS Analysis

Using Inductively Coupled Plasma Mass Spectrometry (ICPMS) at the ALS Geochemical
Laboratory in Vancouver, Canada, we analysed the chemical makeup of 28 coal samples from
the Awgu Formations, looking at rare earth elements. Each sample, weighing between 50 and
100 grams, was ground in a clean agate ring mill into small chips of 2-4 mm to avoid
contamination before the analysis. Fifty to one hundred grams of each chosen sample were
ground in a correctly cleaned agate ring mill and reduced to chips between 2 and 4 mm in size
before being subjected to whole rock geochemical analysis, thereby preventing contamination.
Heated to 980°C for 30 minutes, a graphite crucible holding 0.2 g of major element analysis
samples was filled with the combination of 1.50 g of LiBO./Li.B4O- flux. The remaining
material was then dissolved in 5% HNO; (distilled water diluted with ACS grade nitric acid).

Replicate studies show that errors for significant elements fall between 1 and 2%. To study trace
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and rare elements over 48 hours, 50.0 mg of each sample was mixed in a tightly sealed Teflon jar
on a hot plate at about 150°C with 3.0 ml of concentrated HF, 1.0 ml of concentrated HNOs, and
1.0 ml of concentrated HClOa. After drying, 1% HNOs in 60.0 ml was used to extract the
solution. The findings for the traces and rare earth elements are correct to within five per cent.
Using chemicals and a microwave to leach off elements in both their inorganic and organic states
requires digesting the coal samples. The bombs were cleaned with 10 ml of 55% HNO:s acid and
1 ml of 30% H:0.. Two stages of leaching occurred; the first used the most pure reagent in a
ratio of 5 ml of 65% HNOs + 3 ml of 30% H-O: at a temperature of 120°C. Digestion at 140°C in
the second phase used 2 ml of 65% HNOs and 1 ml of H20.. The solution was examined using

ICP-MS (Perkin Elmer NexION x series) to determine the sample concentration percentage.

4.0 RESULTS AND DISCUSSION

4.1 Rare Earth Elements (REEs) Content and Distribution Patterns in Jangwa/Shankodi
Coal

Often linked with high-tech sectors, Rare Earth Elements (REEs) can be found in coal and offer
insightful analysis of its geological past, environmental consequences, and possible commercial
value. Examining REEs in coal composition can serve to inform resource management, evaluate
environmental concerns, and deepen our knowledge of coal creation and use. Table 1 and Fig. 3
display the characteristics of light rare earth elements (LREE) like Ce, Eu, La, Nd, Pr, and Sm,
heavy rare earth elements (HREE) such as Er, Dy, Gd, Ho, Lu, Tb, Tm, Yb, and Lu, and how the
amounts of LREE compare to HREE. The REE is much lower than the global average (68.5
mg/kg) and Chinese coals (137.9 mg/kg) (Ketris and Yudovich, 2009; Dai et al., 2012a). The
specific types of REE found in coal deposits might be linked to processes like land-based
material contributions, volcanic ash, water movement, and heat from the earth. Jangwa/Shankodi
coals contain more REE than average Chinese coals, far more than US coals and normal coals
around the world, and about the same as North American shales. The concentration of light rare
earth elements is higher than that of heavy ones, consistent with the normal distribution of rare
earth elements in coals (Dai et al. 2006; Dai et al. 2003; Dai et al. 2006). The higher amount of
light rare earth elements in the Earth's crust and their ability to form soluble complexes likely
explain why there are more light rare earth elements compared to heavy ones. The studied coal
samples showed LREE/HREE levels between 0.84 and 0.87, far lower than the 41.16 and 43.24
of the typical coals from China and North China. Generally speaking, low LREE/HREE is a sign
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of the organic connection of HREE in peat and low-rank coals, which is still extant. All the coal
samples tested had lower levels of LREE than the PAAS curve, indicating they were lacking in it,
as shown in Fig. 3. This result suggests a reduced trace element content compared to PAAS.
Cerium anomaly (Ce/Ce*) helps one to identify the palaco-depositional environment. A ratio
called Ce/Ce* helps determine the redox status of cerium (Ce) in a geological sample. It
compares the observed cerium concentration (Ce) to the predicted concentration, depending on
the behaviour of cerium in certain oxidation states. Values above 1 (Piper 1974) suggest
oxidising conditions (Piper 1974; Milodowski and Zalasiewicz 1991; McDaniel et al. 1994).

Roughly under 1, the Ce/Ce* values in the coal samples point to a suboxic depositional setting.

Figure 3 shows the distribution patterns of rare earth elements in Jangwa/Shankodi coal. Figure 3
clearly displays one type of REE distribution pattern. La-Lu's slope is low and glacis. Though the
vale of Ce is unclear, it suggests a Ce discrepancy; the vale of Eu, on the other hand, is quite
obvious with a small to medium "A" shape and obvious Eu discrepancy. Fig. 1 shows that ZREE
is 110.01 ppm, LREE/HREE = 2.78 to 9.41 (avg. 4.07), positive europium and cerium anomalies
- Eu* = 1.0 - 2.74 (avg. 1.65), Ce* = 0.49 - 1.10 (avg. 0.71). The study shows that the REE
distribution patterns of the Late Turonian to Early Santonian Jangwa/Shankodi coal are B-type
(Dahua et al., 2008). The distribution patterns are similar (Dahua et al. 2008; Wen et al. 2024),
suggesting that the coals probably formed in the same place and have a similar background, and

that the process of diagenesis did not affect the separation of the REE.

Sample LAWG LAWG LAWG LAWG LAWG LAWG LAWG Average

IDN=28 01 03 05 07 09 11 15

Eu 0.11 0.23 0.12 0.30 0.21 0.30 1.51 0.40
Gd 0.33 0.40 0.21 0.41 0.34 0.51 0.60 0.40
Tb 0.07 0.12 0.04 0.20 0.17 0.31 0.46 0.20
Dy 0.32 0.50 0.15 0.54 0.48 0.75 1.02 0.54
Ho 0.08 0.15 0.05 0.20 0.16 0.30 0.57 0.22
Er 0.10 0.23 0.07 0.25 0.20 0.28 0.45 0.23
Tm 0.02 0.02 0.02 0.04 0.03 0.04 0.07 0.03

Yb 0.20 0.30 0.16 0.31 0.25 0.35 0.42 0.28
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Lu 0.12 0.30 0.12 0.20 0.28 0.40 0.49 0.27
La 0.73 1.24 0.51 1.52 1.22 2.13 9.61 242
Ce 1.61 3.13 1.15 3.27 2.48 4.45 22.88  5.57
Pr 1.02 0.52 0.40 0.52 0.45 0.73 1.70 0.67
Nd 0.34 2.30 0.71 1.95 1.33 241 13.70  3.35
Sm 5.45 0.81 0.22 0.70 0.41 0.80 4.72 1.14
YREE 4.10 10.25  3.93 10.41  8.01 13.76 5820  15.72
YLREE 1.35 8.00 2.99 7.96 5.89 10.52  52.61 13.15
YHREE 1.35 2.25 0.94 2.45 2.12 3.24 5.59 2.56
>LREE/ 9.41

3.04 3.56 3.18 3.25 2.78 3.25 4.07
2HREE
YHREE/  0.33 0.28 0.31 0.31 0.36 0.31 0.11 0.29
2LREE
Ce/Ce* 0.58 0.76 0.49 0.72 0.65 0.69 1.10 0.71
Eu/ Eu* 1.00 1.24 1.71 1.71 1.72 1.44 2.74 1.65

Table 1. Rare Earth Elements (ppm) and ratios of some trace and rare earth elements normalized
values of Awgu Formation coal in the Middle Benue Trough

1000

100

10

Sample/ REE chondrite

= I I I I I I I

Fig. 3: Distribution pattern of rare Earth elements in the studied Awgu coal
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4.2 Modes of Occurrence of Rare Earth Elements in Awgu Coal

Usually, three ways rare earth elements in coal exist are thought to be organic, independent
mineral, and isomorphism (Palmer et al. 1990; Dai et al. 2005; Dai et al. 2003; Dai et al. 2002).
According to detailed studies by Dai et al. (2005), Dai et al. (2003), and Dai et al. (2002), rare
earth elements mostly exist in a silicate form, with very little that can dissolve in water or be
exchanged. Different sedimentary settings affected the fractionation of rare earth elements in
coal, while the same sedimentary setting affected the fractionation of rare earth elements in
various lithologies (mostly coal, roof and floor) (Dai et al. 2008; Vivek et al. 2019). The modes
of occurrence of rare earth elements are classified into six states-water-soluble state,
exchangeable state, carbonate state, organic state, silicate state, and sulphide state-based on the
approach developed by Dai et al. (2006) and Dai et al. (2005). Table 2 shows the procedure of
sequential chemical extraction. Results of the stepwise chemical extraction of a coal sample from
the Late Turonian to Early Santonian Awgu Formation were shown in Table 3. Rare earth
elements primarily occur in silicate form, followed by organic matter, with a relatively low
concentration in water-soluble and exchangeable states. The findings are consistent with several
reported data, indicating that detrital material is quite significant in the modes of occurrence of
rare earth elements in coal (Finkelman, 1993; Dai et al., 2006; Dai et al., 2006; Dai et al., 2008;
Dahua et al., 2008; Kopobayeva et al., 2022).

5.0 CONCLUSION

The present investigation of the Shankodi—Jangwa coals of the Middle Benue Trough uncovers a
distinctive and underappreciated resource environment under Nigeria's stratified crust. Through
thorough geochemical investigation - especially via ICP-MS - the study has uncovered a REE-
enriched coal profile with amounts comparable to those of widely acknowledged metalliferous
shales. LREE enrichment patterns, unique europium anomalies, and redox-sensitive cerium
signatures expose a complicated interaction over the Turonian-Santonian interval between
terrigenous input, volcanic ash fallouts, and changing depositional chemistries. Geochemical
leftovers of palacoenvironmental memory today preserve this interaction in coal seams. These
results have significant consequences for the green energy transition that go far beyond their
geological relevance. The REE partitioning shows stable provenance with little diagenetic
overprint - qualities that promote extractive feasibility. More importantly, the organic links

between HREEs and suboxic depositional signatures reinforce the deposits' environmentally
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benign character, which makes them attractive from an ecological as well as economic point of
view. Framed in the framework of global REE geopolitics, this paper not only validates Nigeria's
untapped potential as a consistent player in the vital minerals arena but also charts a fresh path
for sustainable resource exploitation in sub-Saharan Africa. By aligning the geological
knowledge of REE occurrence with present strategic mineral demands, this study transcends
academic significance and enters the realm of national politics and international energy
diplomacy. Ultimately, the Shankodi-Jangwa coals represent dormant sources of green economic
potential rather than only fossilised carbon. To release them, though, will require a coordinated
political, technological, and scientific will endeavour. This basis is a crucial initial step in that

way.
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Table 2: The chemical occurrences and extraction methods of REEs Number Modes of

occurrence

Number Mode of occurrence Extraction

| Water soluble state 4g coal sample + 30ml water, 25°C, 24hours

11 Exchangeable state Residue+30ml NH4AC, 25°C, 24hours

I Carbonate state Residue of II+1.47g/cm? CHCl3, sinking+10ml
0.5%HCI, 20min

v Organic state Residue of II+1.47g/cm3 CHCI3, floating
dried at 40°C, 1:1 HNO3 and HCIO4 added,
Shours

A% Silicate state Residue of I11+2.89g/cm3 CHBr3, floating+1:1
HNO3 and HF, 5h

VI Sulfide state Residue of I1I+2.89g/cm3 CHBr3, sinking+1:1

HNO3, Shours

Table 3: Recovery of sequential chemical extraction experiments for a Late Turonian to Early

Santonian Awgu Formation (%)

Modes of La Ce Nd Sm Eu Tb Yb Lu LRE HRE REE

occurrence E E

Water 0.13 0.05 0.06 0.10 1.13 1.17 037 281 0.18 054 0.73
soluble state

Exchangeab 0.09 0.07 0.11 022 1.15 1.17 080 276 0.2 0.59  0.80

le state

Carbonate 297 436 564 729 797 928 309 27.8 353 850 12.0

state 7 0 3

Organic 282 207 30 419 910 139 13.0 139 265 512 7.76

state 6 9 0

Silicate state 75.1 76.1 72.1 70.0 63.6 652 514 473 4462 2049 65.1

6 0 7 8 0 0 1

Sulfide state 19.8 16.2 19.0 18.0 17.1 824 437 566 1129 228 13.5

8 7 1 5 5 7
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