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Decoding Sediment Provenance and Tectonic Setting through Integrated Heavy Mineral and XRD analyses: Insights from the Imiegba Sedimentary Deposit, Southern Nigeria
ABSTRACT
Understanding sediment provenance is key to reconstructing basin evolution, tectonic and climatic conditions in continental margins. While the Anambra Basin and the basins surrounding it have been extensively investigated, the Imiegba deposits on the Benin flank remain poorly understood. This study adopts X-ray diffraction (XRD) and heavy mineral analyses to deduce the provenance, mineralogical maturity and tectonic setting of the Imiegba sediments in southern Nigeria. Ten representative samples were analysed for heavy mineral composition through bromoform separation and petrographic analysis, while seven pulverised samples were examined using XRD (Cu-kα radiation, 5° - 70° 2θ range). The heavy mineral composition includes zircon, tourmaline, rutile, garnet, kyanite, sillimanite, epidote, hornblende, biotite, and andesine with a ZTR index ranging from 3.3% to 20.45%, suggesting moderate mineralogical maturity and polycyclic derivation. XRD analysis reflected dominant phases of quartz, feldspars (orthoclase, sanidine), muscovite, and kaolinite, accompanied by accessory minerals such as glauconite, moganite, berlinite, omphacite and wurtzite. The unified mineralogical evidence suggests a mixed provenance, derived primarily from felsic igneous and high-grade metamorphic sources, with secondary contributions from volcanism. Kaolinite abundance indicates intense tropical weathering. Glauconite suggests marine influence and low-energy depositional conditions. The occurrence of high-pressure minerals such as omphacite and wurtzite indicates tectonically active source terrains. Collectively, the data indicate Imiegba sediments were deposited in an active continental margin, influenced by both cratonic and uplifted metamorphic sources. This study demonstrates the strength of integrating XRD and heavy mineral analysis in provenance deduction and contributes to a broader understanding of polycyclic sedimentary systems and basin evolution.                                                                                   
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1. Introduction 

The provenance of a sedimentary deposit is crucial for understanding the nature of the sediment’s origin and source area, as well as its weathering conditions, tectonic settings, and sedimentary basin evolution (Al-Harbi & Khan 2008). Examination of provenance forms the basis for reconstructing palaeoenvironmental histories and unmasking correlations between tectonics, sedimentation, and climatic influences over geological time scales. All sedimentary deposits contain records of information about the weathering of the source areas, transportation dynamics, and sedimentary processes influencing the sediment before deposition (Nichols, Gary 2009). Investigating these deposits helps reconstruct past geological events and determine their provenance. 
The study area is the sedimentary deposit exposed in Imiegba, southern Nigeria (Fig. 1) within 7° 10' - 7° 13' Ν and 6° 25' - 6° 30' Ε. The sedimentary deposit is classified as the western arm (Benin Flank) of the Anambra Basin. The Anambra basin is one of the sedimentary basins in Nigeria. It was first discovered in the southeast part of Nigeria, where the largest exposure of the basin is also situated (Nwajide & Reijers 1996). The basin is made up of siliciclastic sediments of approximately 6000 m and an area of 40,000 sq. km. The sedimentary sequence is typical of continental fluvial-deltaic and shallow marine sedimentation (Akaegbobi et al. 2017; Overare et al. 2020). The sedimentary deposit of the Anambra Basin is dated from Campanian to Palaeocene (Dim et al. 2019; Nkiru Chukwuma-Orji et al. 2017). The origin of the basin could be traced to the breaking up of the West African plate from the Gondwana supercontinent during the early Aptian and the opening up of the Southern Atlantic and Indian oceans (Akaegbobi et al. 2017; Kelechi 2017). The Anambra Basin is made up of the Nkporo group, Enugu formation, Mamu formation, Ajalli sandstone, Nsukka formation, Imo Shale and Ameki/Nanka formation (Dim et al. 2019; Nwajide & Reijers 1996; Odunze & Obi 2013). However, this study focuses on the Mamu formation section of the sedimentary sequence in the study area. This is due to the significance of its mineral composition, such as coal, kaolinite, and geological structures. Mamu formation is a late Campanian to Mid Maastrichtian siliciclastic sediment with rock types including sandstone, shale, mudstones, siltstone, coal and kaolin (Adebayo, OlaBuraimo & Madukwe 2015;  Jayeola et al. 2016). Several works on Provenance have been carried out by different researchers on the sedimentary sequence in the neighbouring basins and the southeast arm of the Anambra basins using petrographic, major oxide composition and granulometry studies. Edegbai, Schwark & Oboh-Ikuenobe (2019) investigated the provenance of selected sedimentary deposits in southwest Anambra Basin. They indicated sediment from a recyclic deposit and continental inputs. Similarly, Overare et al. (2020) worked on the southeastern deposit for provenance using oxide composition and rare earth elements. They noted a dominant felsic source. However, little or no study has specifically focused on the Imiegba sedimentary deposit to analyse its provenance. This study, therefore, investigates the provenance of the sedimentary sequence in the study area by integrating X-ray diffraction (XRD) data and heavy mineral analysis. Heavy mineral assemblages and x-ray diffraction analyses are two complementary techniques which effectively analyse the provenance of a sedimentary deposit. Heavy minerals provide direct evidence of source rock lithology, transportation processes, and chemical stability. At the same time, XRD aids in the interpretation of both detrital and diagenetic minerals, thereby describing depositional environments and post-depositional modifications. 
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Figure 1. The geological map, sample location and accessibility map of the study area (after Nigerian Geological Survey Agency (NGSA) 2006; Salufu, Jamil & Sulaiman 2024).
2. Materials and Methods

A detailed geological mapping of the outcrop in the study area was carried out. Each bed in the sedimentary sequence was studied from the bottom to the top. The grain size of the sandstone units was studied with the aid of a magnifying lens. Planar structures and fossils embedded in the deposit were also investigated, and all this information was used to calibrate the lithofacies of the study area. (after Salufu, Jamil & Sulaiman 2024; Fig. 2.)
2.1 Heavy Mineral Analysis

Ten representative rock samples carefully selected upward from the bottom of the sedimentary sequence (Fig. 2), were sieved at 212 µm, treated with dilute HCl, washed, and separated with the use of bromoform (specific gravity 2.85). The recovered heavy minerals were mounted on glass slides using Canada balsam and studied under a petrographic microscope using both transmitted and reflected light. To investigate mineral maturity, the zircon-tourmaline-rutile (ZTR) index was calculated (IkhaneP. 2014). Interpretation was guided by the stability charts model (Folk 1974) and the provenance classification system (Feo-Codecido 1955; Omodeo Salé et al. 2012).
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Figure 2. Lithofacies of the sedimentary sequence in the study area (Salufu, Jamil & Sulaiman 2024)
2.2 X-Ray Diffraction (XRD)

Seven (7) representative samples were pulverised and analysed using a Cu-kα radiation source in a diffractometer. Data were collected between 5º and 70° 2θ, processed with DIFFRAC-EVA and TOPAZ software. The mineral phases were identified using standard reference patterns. The resulting mineralogical compositions were juxtaposed to interpret depositional and post-depositional conditions. 
3. Results 
3.1 Heavy Mineral Analysis Result
The heavy mineral suites identified in the sedimentary samples selected from the study area are presented in Table 1. The heavy mineral suites include ultrastable minerals (Zircon, Rutile, Tourmaline), which consistently present but in modest proportions. The ZTR index ranges from 3.3% to 20.45%. Stable to moderately stable minerals such as garnet, kyanite, sillimanite, epidote, and muscovite often occurred, suggesting metamorphic contributions. Unstable minerals such as biotite, hornblende and andesine also appeared, pointing to proximal sources and rapid burial.
Table 1. Heavy mineral counts in selected sedimentary samples from the study area
	Sample No
	Z
	T
	R
	E
	C
	K
	M
	Si
	G
	Opaque
	Non-Opaque
	ZTR
	ZTR index (%)

	R29
	2
	1
	-
	16
	29
	15
	-
	-
	-
	122
	75
	3
	4.00

	R33
	-
	2
	2
	7
	29
	5
	-
	-
	-
	94
	61
	4
	6.60

	R34
	-
	2
	3
	7
	18
	4
	3
	2
	-
	94
	64
	5
	7.80

	R24
	5
	-
	1
	13
	22
	11
	-
	-
	-
	78
	52
	6
	11.54

	R31
	-
	2
	1
	9
	22
	12
	-
	-
	5
	80
	91
	3
	3.30

	R32
	-
	4
	5
	10
	26
	3
	-
	-
	2
	78
	44
	9
	20.45

	R11
	-
	1
	1
	-
	11
	-
	-
	-
	-
	19
	23
	2
	8.70

	R15
	-
	2
	4
	7
	21
	4
	-
	-
	-
	59
	55
	6
	10.90

	R9
	-
	-
	7
	4
	19
	5
	2
	-
	-
	96
	70
	7
	10.00

	R8
	-
	3
	6
	2
	20
	4
	-
	-
	-
	92
	82
	9
	10.90


NB. Z=zircon, T=Tourmaline, R=rutile, E=epidote, C=chlorite, K=kyanite, M=muscovite
Si=sillimanite, G=garnet, and ZTR=zircon-tourmaline-rutile index.
3.2  Result of X-Ray Diffraction
The result of the XRD analysis (Table 2) indicated quartz, feldspar (orthoclase, sanidine), mica (muscovite), clay minerals (kaolinite), and other phases, including glauconite, moganite, birnessite, berlinite, omphacite, wurtzite, and steklite. Quartz and feldspars dominated several samples, pointing to contributions from granitic and gneissic terranes. Kaolinite was abundant in arkosic samples and arenites. Uncommon phases such as Wurtzite, Omphacite, and berlinite indicate high-pressure metamorphic or volcanic sources.
Table 2. The mineral phase identification from the XRD pattern of the selected samples     from the study area 

	Sample ID
	Mineral
	Crystal System

	R33
	Birnessite

Berlinite
	Monoclinic

Hexagonal



	R31
Arkose
	Muscovite

Kaolinite
	Monoclinic

Monoclinic



	R29 
	Glauconite

Sanidine
	Monoclinic

Monoclinic



	R24 

Quartz wacke
	Akaganeite

Moganite

Quartz

Glauconite
	Tetragonal

Monoclinic

Hexagonal

Monoclinic



	R15 Quartz Arenite
	Kaolinite
	Triclinic

	R11; Arkose
	Steklite

Wurtzite

Omphacite

Orthoclase
	Hexagonal

Hexagonal

Monoclinic

Triclinal



	R8 Quartz Arenite
	Birnessite

Quartz

Moganite
	Monoclinic

Hexagonal

Monoclinic


4. Discussion
4.1 Provenance of the Sedimentary Deposit using Heavy Mineral Results

The heavy mineral assemblages (Table 3) indicate a mixed provenance: Felsic igneous input is inferred from zircon, tourmaline, and rutile. Medium-to-high-grade metamorphic provenance is confirmed by the garnet, sillimanite, kyanite, and epidote assemblage. A proximal/volcanic source area is indicated by hornblende, biotite and andesine. In summary, indications from the heavy mineral analysis confirmed that the sediments were sourced from uplifted basement complexes and metamorphic belts, which is consistent with an active continental margin setting.
        Table 3. The heavy mineral suites in the representative selected rock samples 

         and their indicated provenance.

	Sample ID
	Mineral Association
	Provenance

	R29
	Tourmaline, zircon, epidote, titanite, chloritoid, biotite, rutile
	Acid igneous rock and Dynamo-thermal metamorphic rock

	R33
	Tourmaline, epidote, titanite, chloritoid. Tremolite actinolite, zircon, muscovite
	Acid igneous rock and Dynamo-thermal metamorphic rock

	S34
	Tourmaline, rutile, epidote, chloritoid, hornblende, muscovite, zircon
	Acid igneous rock and Dynamo-thermal metamorphic rock

	R24
	Zircon, epidote, chloritoid, hornblende
	Dynamo-thermal metamorphic rock

	R31
	Zircon, rutile, epidote, chloritoid, hornblende, biotite
	Acid igneous rock and Dynamo thermal metamorphic rock

	R32
	tourmaline, tremolite, epidote, chloritoid, garnet, zircon, hornblende, muscovite, biotite
	Acid igneous rock and Dynamo-thermal metamorphic rock

	R11
	Tourmaline, rutile, chloritoid, garnet, epidote, zircon
	Acid igneous rock



	R15
	Tourmaline, rutile, epidote, garnet chloritoid
	Acid igneous rock and Dynamo-thermal metamorphic rock

	R9
	Rutile, epidote, tourmaline,  staurolite,    hornblende, zircon, kyanite, biotite, muscovite
	Dynamo-thermal metamorphic rock

	R8
	Tourmaline, rutile, epidote, titanite, chloritoid, zircon
	Acid igneous rock and Dynamothermal metamorphic rock


4.2 Provenance of the Sedimentary Deposit using XRD Results
The XRD analysis of the chosen sedimentary samples, presented in Table 2, displayed a variety of primary and diagenetic minerals, including quartz, feldspar (sanidine and orthoclase), mica group minerals (muscovite), clay minerals (kaolinite), and other phases such as glauconite, mongonite, birnisite and berlite. 

Kaolinite, identified in samples R15 and R31, in most cases forms in hot, humid tropical environments through the intense leaching of feldspathic materials (Mackenzie & Adams 2003; Nichols, Gary 2009). Its occurrence in more than one sample strongly suggests episodes of persistent humid climatic conditions during deposition. Muscovite found in samples R31 is strongly resistant to chemical weathering. Its presence may indicate minimal alteration during transport or direct input from metamorphic source rock. Glauconite detected in samples R29 and R24, is commonly associated with marine settings characterized by slow sedimentation rates. Its presence implies either marine transgressions or deposition within a mixed continental-marine environment. Sanidine and orthoclase, present in samples R29 and R11, are K-feldspars typically unstable under prolonged weathering. Their preservation suggests rapid burial or deposition under arid climatic conditions that limit chemical alterations. Birnessite and Berlinite, identified in samples R33 and R8 respectively, provide additional environmental perception. Birnessite forms in an oxidizing conditions and is often linked to weathering in subaerial environments. Berlnite, a relatively rare aluminium phosphate, may point to localised geochemical anomalies, possibly related to volcanic ash alteration or diagenetic processes.  (Edegbai, Schwark & Oboh-Ikuenobe 2020).                                                        
In summary, Indications from XRD complement the evidence from the heavy mineral analysis by highlighting quartz and feldspar dominance, confirming derivation from felsic plutonic and metamorphic rocks which aligns with the observation indicated by Edegbai, A. J., Schwark & Oboh-Ikuenobe (2019). The kaolinite points to the chemical weathering in tropical climates. Glauconite reveals marine influences and low-energy sedimentation rates. Exotic minerals such as wurtzite, omphacite, stekelite, and berlinite reflect input from tectonically active, high-pressure metamorphic or volcanic sources.
5. General Discussion
5.1 Research Findings

The unified results reveal that the Imiegba sedimentary sequence is polycyclic, derived from a heterogeneous provenance. The combination of felsic igneous, metamorphic and volcanic sources points to sediment supply from an active continental margin with both stable cratonic and tectonically uplifted areas.
5.2 Significance of the study
This study illustrates the value of combining heavy mineral analysis with the X-ray diffraction method. Heavy minerals provide exact provenance indicators, whereas XRD indicates broader mineralogical trends, including diagenetic phases. Their unification reduces interpretive bias and produces a more comprehensive provenance model, which is relevant to academic research, exploration and petroleum reservoir characterisation.
5.3 Conclusion 
The Imiegba sedimentary sequence indicates a mixed provenance, joining together felsic igneous, medium-to-high-grade metamorphic, and volcanic sources. The moderate ZTR index values, combined with exotic minerals detected by XRD, emphasise the polycyclic and tectonically dynamic history of the basin. The integrated method strengthens provenance delineation and underscores the interplay of source terrain geology, climate and tectonics in shaping sediment composition.
The limitation of the methods adopted in this study is that overlapping diffraction peaks, the presence of mixed-layer clays and low crystallinity minerals in XRD analysis of sediment often complicate minerals identification. Similarly, heavy mineral separation may be hindered by mineral intergrowths, small grain sizes and diagenetic overprinting, which stain extraction purity and taxonomical clarity. Hence, we recommend the adoption of advanced methods such as laser ablation-inductively coupled plasma mass spectrometry (LA-ICP-MS) for high-resolution zircon U-Pb dating and trace element patterns in future studies. We also advise a further integrative multidisciplinary approach, such as petrography, major oxide and trace element composition analysis.
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