


Ashaka Quarry- A Prolific Zone for Petroleum Geochemical Exploration and Palaeoenvironmental Interpretation: A Case Study of Kanawa Member of Pindiga Formation, Gongola Basin, NE Nigeria

Abstract
Detailed geological mapping and sample collection at Ashaka Quarry has been carried out with the aim of conducting geochemical investigation on shale so as to determine their source generative potential and depositional environment.  Forty (40) shale samples of the Kanawa Member from the Gongola Basin were used for petroleum geochemical analysis using AAS and MP- AES to determine source rock maturation level of samples collected for their trace element concentrations that have been incorporated into the petroleum charge system. The overall results showed that Fe and V elements have the highest concentration value which corresponds to global practice, while other elements such as Zn, Ni, Cr, Co, Mn, Pb, and Cu have appreciable concentrations that have indicated maturity. The higher elemental values might be indications that oil/gas supposedly generated most have been expelled into the reservoir system. V/Cr ratio was used to determine the environment of deposition of the shales, and as such, majority of the samples were deposited under euxinic/suboxic environment, while only 1 sample was deposited under anoxic condition. Therefore, this study showed that the shales of the Ashaka Quarry have indicated maturity levels for the generation of oil/gas.
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Introduction
In petroleum exploration, organic geochemistry has been found to be an indispensable tool both at the initial and advanced stage in identifying source rocks and classifying crude oils into families (Ekweozor et al., 1979; Doust and Omatsola, 1990). Classification of crude oils into families helps to locate hydrocarbons in explored areas at different stratigraphic units of the basin. It is now known that organic geochemistry is also very useful in petroleum production (Karlsen et al., 1995; Larter and Aplin, 1995). 
Trace elements data of crude oils have been reported to be equally effective in classifying and correlating crude oils and are relative to organic geochemical methods (Hitchon and Filby, 1984; Lewan, 1984; Curiale, 1987; Barwise, 1990; Udo et al., 1992; Oluwole et al., 1993). The nature of occurrence of metals, their distribution patterns and concentrations in crude oils can give information on the origin, migration, environment of deposition and maturation of petroleum (Elirich et al., 1985; Barwise, 1990; Oluwole et al., 1993). 
Trace metals are incorporated into oils in form of porphyrin complexes (species) in petroleum source rocks and may include direct incorporation from the biomass and formation during sedimentation. It may also involve diagenesis from organic molecules as well as metals derived from different biogenic (biomass) and abiogenic (weathering of minerals) sources. Lewan (1984) has shown that source rock, type of organic matter and depositional environment have profound effects on the concentration of trace elements in source rocks. 
There may be difficulty in correlating oils and/or source rocks using trace element contents. However, metals of proven association with organic matter may be used as reliable correlation tools. Nickel, Vanadium and Cobalt (usually referred to as biophile elements) are such examples.  Concentration of metals in crude oils can be used to classify oils into families. Low V/Ni ratios (<0.5) are expected for petroleum derived from marine organic matter, with high to moderate sulphur content, while V/Ni ratios (1–10) are expected for petroleum derived from lacustrine and terrestrial organic matter (Barwise, 1990). 
Oils from marine organic matter have high concentrations of metals (particularly Ni and V), this is expected since for marine source rocks, there is an abundant input of porphyrin-precursor chlorophylls to the organic matter derived from algae and bacteria (Barwise, 1990). Moderate quantities of metals are found in oils derived from lacustrine source rocks while little nickel and vanadium is found in land-plant derived oils. Enriched V and Ni concentrations greater than 100 ppm are observed in bitumens that are associated with Type II and Type I kerogens. Bitumens associated with Type III kerogens contained V and Ni concentrations less than 100ppm (Lewan, 1984). Lewan and Maynard (1982), Lewan (1984) reported that source rock type and depositional environment have a profound effect on the predicted levels of nickel and vanadium in the source rocks. 
Barwise (1990) also showed that there is a systematic variation in the nickel and vanadium content of crude oils which can be related to depositional environment and source rock types. This implies that the source rock depositional environment determines the proportion of vanadium to nickel in crude oil. It has been proved that high V/Ni ratio is associated with anoxic paleoenvironment of deposition (Lewan,1984) whilst both high V/Ni and Co/Ni ratios have been shown to be anoxic/oxic related parameters (Udo et al.,1992). 
An inverse proportional relationship exists between API gravity and the total transition metal contents. The API gravity is also inversely correlated with each of Cu, Ni, V, Se, Mn and Cr (Oluwole et al., 1993). These infer that total transition metal content decreases with increase oil maturity. Many workers have used the V/Ni ratio as indicator of oil maturity (Barwise, 1990; Udo et al., 1992). Udo et al. (1992) reported that V/Ni ratio decrease as Pr/nC17 ratio decreases, and as depth and API gravity of oils increase, thus suggesting that V/Ni ratio decrease with increasing maturation. Barwise (1990) also reported that high concentrations of metals are only associated with oils of low to moderate API gravity. He further stressed that the highest concentrations of metal are found in low maturity crude oils.
Trace elements geochemistry of the Gongola Basin have been fairly reported, however, there is the need to re- evaluate the shales of the Ashaka Quarry belonging to the Kanawa Member of Pindiga Formation so as to correlate with those occurring elsewhere in the basin on a regional scale to determine its maturity level. Therefore, the present study aimed to correlate the data obtained and evaluate reliability of the information. Geological map of the study area (Ashaka Quarry) is presented in Figure 1 below, while the generalized geological map of Nigeria is presented in (Fig. 2).
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Fig. 1: Geological Map of part of Gongola Basin and the location of Ashaka Quarry (Study Area).
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Fig. 2: Geological map of Nigeria (Obaje et al., 2006)
Regional Geology of Upper Benue Trough
The study area is a limestone quarry of the cement plant in Ashaka, Gongola Basin in Gombe State and belongs to the Kanawa Member of Pindiga Formation, located within the “Dumbulwa Bage High” of Zaborski et al., (1997). Regionally, the geology of the study area falls within the Benue Trough which is linear stretch of sedimentary basin trending NE-SE direction. It stretches from Niger-Delta around Onitsha through Makurdi following the course River Benue up to Gombe and Yola areas (Kogbe, 1976). 
The trough is flank to the west The Upper Benue Trough which is the North eastern “Y” shaped part of the basin, is subdivided into three groups, the Yola Garau branch trending WNW-ESE, the Gongola branch and Muri Lamurde domain trending N550E, the Middle Benue Trough is located within Lafia and adjacent areas.  SW. The Benue Trough is occupied by the Upper Cretaceous sediments of 600m thick; the sediments range from Albian to Maastrichtian. The sediments are folded predominantly NE-SW axis and faults also exist. The origin and tectonic history of the trough is associated with breakup of Africa and America plates and the formations of south Atlantic (Benkhelil, 1989; Freeth, 1990).
 The Upper Benue Trough comprises the area extending from Bashar- Mutum Biyu line in the south to as far as the “Dumbulwa Bage High” of Zaborski et al. (1997) in the north. The “Dumbulwa Bage High” is an anticlinal structure that separates the Gongola Basin from the Bornu Basin. An early study of the Upper Benue Trough and the southern Chad Basin was carried out by numerous researchers such as (Falconer, 1911; Jones, 1932; Raeburn and Jones, 1934; and Barber et al., 1954). Carter et al. (1963) undertook a regional study covered by Geological Survey of Nigeria 1:250,000 Series Map Sheets 25 (Potiskum), 36 (Gombe) and 47 (Lau), and provided the basis for all later works. The Upper Benue Trough has become known and has been re-mapped by several researchers (e.g. Aliix, 1983; Benkhelil, 1985, 1986, 1988; Popoff, 1988; Guiraud, 1989, 1991, 1993 and Zaborski et al., 1997) and documented its structural framework. 
The Cretaceous succession in the Upper Benue Trough comprises of Early Cretaceous succession. Late Cretaceous thermo- tectonic sag condition prevailed, while sedimentation processes was strongly influenced by transgressive- regression phase. The Upper Cretaceous may be divisible into discrete pre- Santonian and Campano- Maastrichtian parts; the Latter was deposited during a renewed phase of rifting (Zaborski et al., 1997). The Upper Benue Trough includes an E-W trending Yola arm and an N- S trending Gongola Basin. The continental Bima Group comprises of the oldest sediments in the Upper Benue Trough which directly overlie the crystalline basement rocks. Principally, the reference section is to the south in Lamurde Anticline, where Carter et al. (1963) and Allix (1983) gave the description of the sequences exposed and recognized a three subdivision. Further description of the Bima Group was also presented by Popoff et al. (1986), but comprehensive description of the Bima Group was done by Guiraud (1990a; and 1990b) into three as: 
---- the “Upper Bima Sandstone” (“B3”), fairly arenaceous relatively mature, fine to coarse- grained sandstone with planar, convolute, and overturned cross- beds. 
---- the “Middle Bima Sandstone” (“B2”), widely distributed, trough and tabular cross- bedding characterizes the sandstones, while clays and palaeosols also occur in the loos of individual cycles with overall thickness in some beds from 100m to 500m (Zaborski, 1998).
 ---- the “Lower Bima Sandstone” (“B1”), highly variable with an overall thickness of 0 to over 1500m, lacustrine deposits with interbedded clays, fine- grained sandstones and calcareous sandstones. 
The name “Yolde Formation” was first proposed by Carter et al. (1963) for “transition beds” recognized earlier by Falconer (1911) between the Bima Group and Pindiga Formation. A type section was recognized in the Yolde Stream, western part of Yola arm. Zaborski et al. (1998) reported that the Yolde Formation gives rise to a subdued topography often with a sparse vegetation cover. The formation has feldspathic sandstones mostly coarse- grained and cross- bedded and grey mudstones. Bioturbations (Planolites) is common towards the top while groove marks are present on some beds (Zaborski et al., 1997). 
The Pindiga Formation makes up the greater part of the Upper Cretaceous deposits in the Upper Benue Trough. Carter et al. (1963) referred age- equivalent beds in Gongola Basin to the “Gongila Formation” which is made up of a lower limestone- shale member and an upper sandstone- shale member, and to the “Fika Shales” for the overlying argillaceous beds. Zaborski et al. (1997) have characteristically described the Pindiga Formation to be best understood as consisting five members;
 ----- above, Fika Member, being the equivalent of the “Fika Shales” of Carter et al. (1963) and upper, shaly part of the Pindiga Formation.
 ----- the Dumbulwa Member, being probable equivalent of the upper, sandstone- shale member of the “Gongila Formation” of Carter et al. (1963).
 ----- the Deba Fulani Member, a previously unrecognized unit. 
----- the Gulani Member, being the “Gulani Sandstone” of Carter et al. (1963). 
----- below, the Kanawa Member, being the “Kanawa Formation” of Thompson (1958) and the lower, shale- limestone members of the “Pindiga Formation” and “Gongila Formation” of Carter et al. (1963). 
The Gombe Sandstone is restricted to the western part of the Gongola Basin. It weathers to produce a ferruginous capping. There is a marked angular unconformity between the Gombe and the Kerri- Kerri Formation. Passing upward, the sandstone beds become more persistent and make up the greater part of what is here termed the “bedded facies”. 
Post- Cretaceous rocks of the Gongola Basin are concealed to the west by the Kerri- Kerri Formation and to the extreme east by the Biu Plateau Basalts (Zaborski et al., 1997). It consists of coarse grained arkosic sands and grits with interbeds of sandy gravel, minor clays, silts and fine- grained members also occur (Thompson, 1958). 
The Upper Benue Trough includes an E-W trending Yola arm and N-S trending Gongola arm. A series of N-S to NNE-SSW trending faults controls the trends of the Gongola Basin (Zaborski et al., 1997).
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Figure 3: Lithostratigraphic subdivision of the Gongola Basin (After Zaborski et al., 1997)


Materials and Methods

Field Study and Geological Mapping
Rock outcrops in the research area were studied sedimentologically and stratigraphycally from exposed sections at the quarry site. Samples were collected at different locations with separating distances using sample hand bags. The following materials were employed during the study for effective acquisition of viable information in this exercise;

Sampling
During the sampling exercise, sedimentary rocks particularly shales were sampled at different locations from the exposed sections of the quarry such that fresh samples were collected. The samples were then kept in polyethene, their coordinates were recorded as well as other physical parameters such as (e.g. grain-size, structures, and textures) in a field notebook. Hand lens was also used in identifying some of these physical properties. Some of the rock samples were selected for trace element petroleum geochemistry.
Geochemical Analysis
Sample Preparation
Forty (40) shale samples were selected for geochemical studies. The shale samples were used for the analysis to determine the concentrations of V with MP-AES. Detail methodology of MP-AES agilent 4200 application is discussed below as described by (Laura et al., 2017). Rock samples used for the analysis were pulverized into fine powder of about 100-mesh size using pestle and mortar. They were grind, washed and dried to avoid contamination. Atomic Absorption Spectrometer AAS is one of the commonest instrument for analyzing metal and metalloids for determination of petroleum geochemistry. This method was described in more detail by (Price, 1972). 

Results and Discussions

Trace Element Geochemistry
Trace element analysis of rocks obtained in the study area (Ashaka Quarry) is shown in Table 1. The results showed that among the biophile elements (V, Ni), V concentration ranges from 13.99- 844.02 ppm, Ni concentration ranges from 8.34- 24.91 ppm, Siderophile elements (Mn, Co, Cr, and Fe) have concentration values as follows, Mn ranges from 42.99- 101.32ppm, Co 0.24-0.1.84  ppm, Cr ranges from 2.57- 15.12 ppm, Fe ranges from 4665.19- 10444.56 ppm. Chalcophile elements (Pb, Zn, and Cu), Pb ranges from 1.82- 9.45 ppm with an average of 3.86 ppm, Zn ranges from 7.70- 28.55 ppm, and Cu ranges from 5.49- 13.67 ppm.



Table 1: Concentration of some trace elements associated with shales of Kanawa Member Pindiga Formation (Ashaka Quarry), Gongola Basin.
	Sample ID
	Zn (ppm)
	V (ppm)
	Fe
 (ppm)
	Cu (ppm)
	Ni (ppm)
	Co (ppm)
	Pb (ppm)
	Mn (ppm) 
	Cr (ppm)

	L1
	28.55
	144.78
	8439.68
	11.13
	19.85
	1.84
	3.84
	49.43
	6.33

	L2
	9.93
	158.77
	7788.98
	10.34
	18.96
	0.56
	3.84
	89.38
	10.46

	L3
	13.13
	844.02
	8562.22
	13.67
	18.73
	1.56
	4.35
	52.08
	9.97

	L4
	8.71
	140.33
	6701.31
	8.39
	15.54
	 0.24
	3.21
	53.85
	8.27

	L5
	15.33
	129.57
	6518.62
	8.25
	15.14
	 0.73
	2.65
	56.00
	8.91

	L6
	14.42
	587.88
	10444.56
	10.57
	24.91
	1.33
	4.24
	93.37
	15.12

	L7
	8.65
	159.58
	7510.42
	11.16
	18.35
	0.36
	3.67
	90.08
	9.46

	L8
	11.13
	138.85
	8368.29
	9.72
	18.95
	0.56
	3.67
	66.27
	7.99

	L9
	23.51
	164.52
	9044.11
	8.31
	21.16
	1.60
	3.85
	67.71
	11.26

	L10
	20.13
	148.85
	7578.66
	9.49
	18.36
	0.45
	3.42
	78.81
	8.27

	L11
	17.51
	97.41
	4065.19
	5.49
	8.34
	0.86
	1.82
	42.99
	2.57

	L12A
	11.93
	153.97
	7474.27
	7.09
	16.34
	1.15
	4.21
	43.16
	13.44

	L12B
	13.42
	161.13
	7639.81
	9.14
	18.19
	0.92
	4.79
	57.51
	11.69

	L13
	13.20
	142.77
	7498.13
	9.27
	17.54
	0.50
	3.25
	86.92
	8.99

	L14
	12.04
	155.94
	9078.40
	10.20
	20.63
	1.03
	6.04
	66.67
	12.39

	L15
	12.74
	131.35
	7731.99
	10.00
	17.60
	0.77
	3.76
	63.41
	6.72

	L16
	7.7
	123.44
	6558.04
	8.09
	16.16
	0.45
	3.10
	71.12
	8.21

	L17
	7.98
	131.50
	6874.35
	10.13
	15.43
	0.68
	3.21
	58.87
	7.00

	L18
	9.92
	121.37
	6689.01
	8.95
	16.35
	0.48
	3.14
	79.05
	5.46

	L19
	11.63
	145.87
	7941.65
	9.18
	19.23
	0.76
	4.08
	73.33
	9.69

	L20
	15.99
	155.72
	8619.54
	10.80
	20.78
	0.71
	4.23
	78.61
	11.61

	L21
	8.62
	165.63
	7974.80
	8.54
	19.09
	0.75
	5.22
	62.37
	10.73

	L22
	10.30
	139.90
	7003.08
	9.67
	15.88
	0.87
	3.24
	78.99
	7.24

	L23
	18.25
	155.27
	8699.47
	9.32
	22.80
	0.59
	3.68
	80.45
	12.53

	L24
	13.09
	141.17
	8057.65
	9.05
	17.56
	0.99
	3.19
	67.63
	8.38

	L25
	13.85
	109.81
	5324.65
	7.60
	11.54
	0.74
	2.47
	60.15
	4.77

	L26
	24.78
	158.45
	8043.40
	8.29
	19.30
	1.09
	3.80
	61.85
	9.70

	L27
	13.46
	141.46
	7177.92
	9.74
	17.96
	0.29
	3.91
	82.03
	7.43

	L28
	16.35
	156.79
	7762.22
	9.48
	21.66
	0.52
	3.68
	80.45
	12.53

	L29
	14.48
	153.28
	6834.68
	8.78
	15.83
	0.73
	2.40
	71.37
	10.28

	L30
	12.05
	119.62
	7610.10
	10.16
	18.78
	0.11
	3.06
	92.69
	7.83

	L31
	11.34
	146.37
	8603.99
	9.95
	21.18
	0.59
	4.30
	71.09
	10.57

	L32
	20.34
	169.76
	9020.71
	9.59
	22.23
	1.25
	9.45
	79.54
	11.26

	L33
	17.38
	153.28
	7217.43
	9.35
	18.18
	0.38
	3.86
	77.31
	8.99

	L34
	10.56
	141.26
	7476.18
	9.62
	19.11
	0.50
	3.17
	80.99
	9.14

	L35
	23.12
	833.96
	9312.79
	8.74
	22.02
	1.63
	4.56
	72.47
	12.05

	L36
	10.49
	13.99
	7402.83
	9.51
	17.83
	0.62
	5.57
	82.54
	6.56

	L38
	19.68
	135.72
	8317.86
	11.73
	20.30
	0.27
	4.59
	101.32
	7.12

	L39
	9.55
	138.29
	8054.24
	9.39
	19.23
	0.77
	2.97
	81.20
	7.62

	L40
	16.36
	149.02
	8208.41
	9.13
	19.12
	1.02
	2.85
	62.49
	8.73

	Total
	571.4
	7460.65
	285354.85
	378.01
	736.14
	31.25
	154.48
	2865.55
	367.27

	Average
	14.28
	186.51
	7133.88
	9.45
	18.40
	0.78
	3.86
	71.64
	18.36




The argillaceous samples of the Kanawa Member of the Pindiga Formation exposed at the Ashaka Quarry were used for the geochemical analysis as potential source rocks. 
Transition metals have been found to be very useful in raw shales/crude oil maturation, migration and characterization. In this study, special attention is given to the following metals: V, Ni, Mn, Co, Cr, Pb, Zn, Cu, and Fe.
The concentration of trace metals in raw shales, extracts and oils can be used to determine their maturity. Table 1 showed the concentration of some of the trace metals associated with potential source rocks in the study area, Figures 4 is plotted 3D pattern concentration versus trace metals showing different peaks of the analyzed samples.
The shales of the Kanawa Member of the Pindiga Formation exposed at the Ashaka Quarry were used for the geochemical analysis as potential source rocks. 
The concentration of V ranged from 13.99 to 844.02 ppm with an average of 186.51 ppm. The values are higher than those obtained in the Niger Delta crude oils by (e.g. Akinlua et al., 2007; Udo et al., 1982; Nwachukwu et al., 1995; Oluwole et al., 1993; Ndiokere, 1983; Onojiake et al., 2011) as well as those reported by Mohammed et al., (2022) from NNPC exploratory wells of the Chad Basin and Mohammed (2025) at fringes of the Chad Basin, this might be due to different depositional environments and that a direct comparison of trace metal contents in rock extracts and crude oils is not possible, but it has been confirm that element concentrations in extracts are higher due to differences in chemical composition (Frakenberger, 1994) and is a good indication of possible prospect for maturation, since V and Ni are one of the most important tools for exploration geochemistry. The concentration of Ni ranged from 8.34 to 24.91ppm with an average of 24.91 ppm. The values are lower than some samples of crude oil from the Niger Delta and higher than those reported by Onojiake et al. (2011) whose results showed variation in some samples. This is evident that Ni being a biophile element might have entered the onset of “gas generative window” since majority of the geochemical analysis from both the Chad -Gongola Basins showed “gas shows”, this is also possible because organic matter that concentrates Ni porphyrin complexes could have been developed substantially. The values of V and Ni in this study are high and signify the samples being potential source rocks.
The concentration of Co ranged from 0.24 to 1.84 ppm with an average of 0.78 ppm. This values are lower than those of Nwachukwu et al. (1995), Udo et al. (1992), Akinlua et al., (2007) and higher than the values reported by Oluwole et al. (1995), Onajiake et al. (2011) who reported an average of 0.52ppm, the values correlate with crude oil data from the Niger Delta. This can be said to be appreciable concentration since it surpasses some matured hydrocarbon generated values and is prospective for petroleum generation because source rock extracts have higher values under appropriate conditions than crude oils (Frankenberger, 1994). 
The concentration of Fe ranged from 4065.19 to 10444.56 ppm with an average of 7133.88 ppm. The values are generally higher than all crude oils reported in the Niger Delta by many researchers as well as those reported from New Zealand by (Frakenberger, 1994), it is clearly understood that in most of the trace metals reported, Fe tends to have the highest elemental concentration in most raw shales/crude oils, this high value have confirm that Fe might have been mature than other metals since it has the highest concentration in all the analyzed source rock samples.
The concentration of Mn ranged from 42.99 to 101.32 ppm with an average of 71.64 ppm, this is in conformity with results from previous researchers that reveal extracts have higher concentration values than crude oils. This values are higher than those reported by (Onojiake et al., 2011) who also used Mn in their research.
The concentration of Cr ranged from 2.57 to 15.12 ppm with an average of 18.36 ppm, the values are higher than those reported from the Niger Delta crude oils, the values supported the idea reported by Barwise (1990) that Cr is not readily detectable, where it is detected, it can be used for oil-oil correlation. In this study, only extracts were used, so therefore it can be considered as positive for maturation.
The concentration of Cu ranged from 5.49 to 13.67 ppm with an average of 9.45 ppm. The values obtained are lower than those reported by Nwachukwu et al., (1995) but higher than the values reported by Udo et al., (1992), Oluwole et al., (1993) as well as those reported by Onajiake et al., (2011) from the Niger Delta oils. The values can be considered matured for oil/gas generation. The high values can be attributed to source and possibly burial depth. Organic matter from lacustrine and terrestrial environments tends to have higher input values than marine. 
Concentration of Zn in the analyzed samples ranged from 7.70 to 28.55 ppm with an average of 14.28 ppm. The values are higher than the values reported from the Nigerian sector of the Chad Basin within NNPC exploratory by Mohammed et al., (2022), Mohammed (2025) from the fringes of the Chad Basin, but lower than those obtained by Onajiake in the Niger Delta. These values can be considered prospective because some peaks of promising maturation were observed in the Chad Basin within some wells which are reported by other researchers as “gas window”.
Pb concentration ranged from 1.82 to 9.45 ppm with an average of 3.86 ppm. The values are lower than those obtained from Niger Delta crude oils by Onojiake et al. (2011) who reported an average of 7.94ppm. The low values might be due to temperature increase by activity of some intra- sedimentary intrusives, it aided maturation, since incorporation of elements is done during maturation and migration. Though (Hodgson and Wisher, 1959) have disputed that input of trace metals does not take place during migration.

Fig. 4: Plot of concentration of trace elements from the Kanawa Member of Pindiga Formation.
Figure 4 shows the concentration of trace elements with relevant peaks, Fe which has the highest values in all the analyzed samples has the highest peaks with a maximum to about 10444.56 ppm. All other elements are seen below 1000 ppm. Shales often form in quiet, stagnant sedimentary basins (like deep ocean floors or lake beds) where the bottom water and pore water are anoxic (lacking free oxygen). In the presence of oxygen, iron (Fe) typically precipitates as insoluble ferric (Fe 3+) oxides near the surface, but in an anoxic environment, it remains soluble as ferrous iron (Fe2+). This allows the iron to be transported and accumulate in deeper, oxygen- poor sediments as in the case of this study area. Stable iron minerals become a permanent, concentrated part of the rock matrix as the shale is compacted and buried over geological time.

Thermal Maturity
Burial, and thus temperature increase are obviously of primary importance for hydrocarbon generation. However, the exact roles of temperature, time and pressure have to be distinguished although they are to some extent interdependent.
The high values of the analyzed trace elements may be connected with time- temperature index of maturity (TTI). The time- temperature index of maturity with regards to this study can be interpreted that the depth of burial is relatively promising because as the depth increase the temperature increases as well and so the maturity. The samples were collected at considerable depth and so the temperature needed for maturity based on Lopatins experiment they most have entered the onset of gas generative phase. This has been reported by several researchers on both the Gongila Formation in the Chad Basin and the Kanawa Member of the Pindiga Formation in Gongola Basin respectively. 
The distribution pattern of some trace metals from the potential source rocks analyzed for biophile, siderophile and chalcophile elements. The trend shows decreasing concentration of trace metals from Fe>V>Mn>Ni>Cr>Zn>Cu>Pb>Co.
Fe has the highest concentration values followed by V and Mn, while Co has the least value in terms of concentration amongst the elements. The presence of V, Ni and Fe in oils is very significant in providing information about its geological history. The high concentration of Fe can be attributed to substitution reaction which might have replaced other metals from the original biological matter or could have been incorporated from the solid or aqueous phases. Some plants are able to concentrate certain trace metals under the right condition (Brooks and Wisher, 1977) and can tolerate otherwise toxic elements. The high value of Fe is supported in the sense that most source rocks (extracts) have higher concentration values than crude oils. Mn is also related to source rock extracts having higher concentration value. V and Ni are expected to have high concentration than all other trace metals in source rocks and crude oils. This is so because they are the most abundant and important trace metals needed for any petroleum geochemistry. Because plants and animals require trace elements in certain amounts, elements are present in varying concentration which depends on the type of organism and environment. It is known that some marine organisms, such as tunicates, are able to concentrate V as haemovaradin and that could be considered to be one of the elements in petroleum derived organic matter. Lewan and Maynard (1982) said that the enrichment of V and Ni is endemic to organic matter and the difference of the elements from interstitial connate water in the sediments.
The overall results showed that the biophile elements have appreciable values, but lower than the concentrations of Fe and Mn which might be as a result of terrestrial input and this having aided the metals to have reached the onset of oil generation and probably “gas generative window” and can be considered as prolific source rocks.
Frankenberger (1994) reported that Australian, some China, Nigerian and New Zealand oils have shown low V and Ni contents and are normal in oils derived from land plant matter. So this might be connected to the fact that the organic matter within the Kanawa Member derived is from marine environment and has aided its maturation due to burial depth, time and temperature index of maturation (TTI). 
Mn concentration can also be compared with New Zealand oil as it has the third most abundant trace metal after Fe amongst the analyzed samples, it is said to have higher values than crude oils derived from marine origin. Cu and Pb are reported with high concentrations by Frankenberger (1994), they are said to be sourced from marine environment. This can be attributed that, marine input and burial depth may be responsible for such high value of these trace metals and that the organic matter might have reach maturity stage due partial oxygenation
The generative potential (GP) provides a qualitative assessment of the potentials for hydrocarbon resources, and from the rock samples analyzed it can be deduced that it is basically gas prone. The assertion is based on the high value obtained which clearly shows that the elemental concentrations have exceeded the “oil generative window” and have entered the “gas generative window”. This has been aided in the basin due to burial depth, time and temperature index of maturation (TTI). This has been reported by some researchers who have worked in the basin.
Obaje et al., (2006) studies some samples from Bima, Yolde, Pindiga and Gongila Formations which yielded poor to good quality source rocks and analysis showed that the samples are mainly Type III organic matter with some Type II attributable to the Lamja coals. But their HI- Tmax indicates some potential between oil and gas with gas dominating. Their oil generative window starts from 4710 – 4770 ft, within the coaly lithologies (Gombe Sandstone). 
Additionally, Chekwube et al., (2024) reported from the Kolmani Field that maturity gradient from their vitrinite reflectance profile of samples they studied shows an oil window that begins at 0.5%Ro, corresponding to a depth of approximately 5125 ft, where samples above this level are considered immature while those below are deemed matured, Indicating an early oil window. Furthermore, their findings suggest a consistent sediment process with minimal erosion of the sedimentary column from the top. 
Timing of Petroleum Generation
The primary timing for petroleum potential in the Gongola Basin spans Late Albian through the Maastrichtian ages (Late Cretaceous), during which petroleum generation, migration, accumulation occurred. Key timeframes related to the basin’s hydrocarbon potentials include: 
Late Albian Age
This marks the beginning of the period where all necessary elements and processes for petroleum formation were in place. Traces of migrated oil have been found in the Bima Sandstone from this age, suggesting a potential early petroleum system similar to others in the West and Central African Rift basins.
Late Cenomanian- Early Turonian Age
During this period, marine shales were deposited in dominantly anoxic (low oxygen) and brackish water conditions, creating a favorable environment for the accumulation and preservation of organic matter which is crucial for source rock potential.
Late Turonian Age
This is when the main processes of the petroleum generation, migration into existing structural traps, and accumulation began. 
Masstrichtian Age
This age represents the critical point for hydrocarbon preservation, as evidenced by the Gombe Sandstone sediments deposited in a deltaic/estuarine setting. The source rocks from this time are considered immature to marginally mature, with a potential to generate gas and minor oil.
Overall, the basin’s potential is linked to its evolution as a rift basin (Early Cretaceous) followed by a post- rift sag phase with marine transgressions (Late Cretaceous), which provided the right conditions for a working petroleum system. Recent exploration efforts at the Kolmani River field have confirmed the presence of significant gas condensate resources, particularly within the Cenomanian- Turonian Yolde Formation.  Figure 5 below is a graphical representation of down the hole profile of samples showing vitrinite reflectance (Ro) data where samples above 5125ft are considered immature, while those below are deemed mature, indicating early oil window. The figure clearly pinpoint that petroleum generation within the Gongola Basin (Kolmani Field) starts from the upper part of Yolde Formation and such maturity coincides with the statement of Lopatins time and temperature index of maturity where he states that maturation of hydrocarbon increases with increase in depth.
  [image: ]
Fig. 5: Burial History model of Kolmani Field showing different maturity levels (After Chekwube et al., 2024)
Palaeoenvironmental Interpretation
Redox of trace element concentrations have been used as an indicator paleo̶  redox conditions in the study of source rocks (Vine and Tourtelot, 1970; Calvert and Pederson, 1993; Esmart and Mohammed, 2015; Nzekwe and Okoro, 2016; Mohammed et al., 2022). High enrichment of trace element in black shales is related to anoxic and euxinic environments (Vine and Tourtelot, 1970; Algeo and Maynard, 2004). The result of the redox̶ sensitive composition of Kanawa Member of Pindiga Formation is shown on Table 2.






Table 2: Redox of Trace Element Concentration of V/Cr 
	Sample ID
	V/Cr

	L1
	22.87

	L2
	15.17

	L3
	84.67

	L4
	16.97

	L5
	14.54

	L6
	38.88

	L7
	16.86

	L8
	17.37

	L9
	14.61

	L10
	18.00

	L11
	37.90

	L12A
	11.45

	L12B
	13.78

	L13
	15.88

	L14
	12.58

	L15
	19.54

	L16
	15.03

	L17
	18.78

	L18
	22.22

	L19
	15.05

	L20
	13.41

	L21
	15.43

	L22
	19.32

	L23
	12.39

	L24
	16.84

	L25
	23.02

	L26
	16.33

	L27
	19.03

	L28
	12.51

	L29
	14.91

	L30
	15.27

	L31
	13.84

	L32
	15.07

	L33
	17.05

	L34
	15.45

	L35
	69.20

	L36
	2.13

	L38
	19.06

	L39
	18.14

	L40
	17.06



Redox Proxies
Trace element concentration indices of V/Cr have been extensively used to evaluate paleo-redox conditions (Hatch and Levanthal, 1992; Jones and Manning, 1994; Nzekwe and Okoro, 2016; Mohammed et al., 2022). Jones and Manning (1994) reported that V/Cr ratios above 2 indicate anoxic condition, while values above 4 indicate euxinic condition. Values below 2 suggest more oxidizing condition. From the results obtained, it can therefore be interpreted that more than 97% of the shale samples from the study area are deposited in euxinic conditions, while less than 3% were deposited in anoxic condition. Shales naturally accumulate trace metals and metalloids (TMMs) more effectively than many igneous and metamorphic rocks, gray shales which are the dominant rocks analyzed also contain significant TMMs. The presence of organic matter influences the enrichment by creating a reduction barrier metal precipitation.
Trace elements that can be sensitive to redox (reduction- oxidation) conditions tend to be more mobile in oxygenated water but become insoluble and accumulate in oxygen- depleted or anoxic sediments. The transition from black (anoxic) to gray (more oxic/dysoxic or euxinic) shale layers can show different enrichment patterns for those elements. V, Cr, Zn, and Ni: Concentrations of these elements can be higher in gray shales compared to typical crustal abundance. Gray shales studied in the Gongola Basin are relatively higher in concentration compared to black shales earlier reported by (Mohammed et al., 2022).
Enrichment Mechanism: The study area which is dominantly of Gray shales, typically form in suboxic to oxic environments. Unlike black shales, which require strictly anoxic (oxygen-derived) conditions to trap elements like Molybdenum (Mo) and Uranium (U), gray shales often show moderate enrichment of elements like V and Ni that can accumulate in poorly oxygenated transitional zones. Table 2 showed the V/Cr concentrations to define the depositional environment and elemental ratios. Figure 6 showed that majority of the V/Cr ratios are greater than 10, interpreting euxinic depositional environment, while only sample 36 falls below 2, which shows it is deposited in anoxic environment.



Fig. 6: Plot of concentrations of V/Cr ratios. 
Conclusion
Detailed geological mapping and sample collection at Ashaka Quarry has been carried out with the aim of conducting geochemical investigation on shale so as to determine their source generative potential and depositional environment.  Forty (40) shale samples of the Kanawa Member from the Gongola Basin were used for petroleum geochemical analysis using AAS and MP- AES to determine source rock maturation level of samples  for their trace element that have been incorporated into the petroleum charge system. The overall results showed that Fe and V elements have the highest concentration values which correspond to global practice, while other elements such as Zn, Ni, Cr, Co, Mn, Pb, and Cu have concentrations that have shown maturity. The higher values can be said to have generated oil/gas and might have been expelled to the reservoir system. V/Cr ratio was used to determine the environment of deposition of the shales, and as such, majority of the samples were deposited under euxinic/suboxic environment, while 1 sample was deposited under anoxic condition. Therefore, this study showed that the shales of the Ashaka Quarry have matured to the oil/gas generative window.
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