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	Abstract: The KERANG II volcano on the Jos Plateau, Plateau State, Nigeria, is part of a series of significant volcanic activity and provides a unique window into understanding regional magmatic and geodynamic processes. Volcanic rocks in this area are often associated with geochemical and petrological anomalies, making it an important subject for in-depth scientific investigation. To understand the evolution and composition of the Earth's interior, detailed characterization of igneous rocks is fundamental. This study aims to estimate and classify the petrology of LICK2 samples from KERANG II Volcano, Jos Plateau, Plateau State, Nigeria, by applying Bowen and Goldschmidt's concepts through Geothermometric and Empirical approaches. The analysis shows that, based on a mathematical framework combining Bowen and Goldschmidt's rules, LICK2 samples are classified as members of the gabbro clan. Minerals estimated using the empirical approach include Augite (Basic Clinopyroxene), Hyalosiderite (Basic Olivine), Labradorite (Basic Plagioclase), and Ulvospinel (Iron Ore). The gabbro clan includes basalt, dolerite, norite, scoria, and gabbro. Empirically, LICK2 samples from KERANG II Volcano show characteristics of gabbro clan rocks with alkaline basaltic magma types. This study successfully establishes a "mathematical relationship" between Bowen and Goldschmidt's concepts, providing a concise explanation of the mineral formation of KERANG II Volcano rocks, from the beginning to the end of crystallization.
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Introduction 

The Kerang II volcano is the most distinctive and picturesque volcano of the Panyam volcanic line located south of the Kerang I volcano. It has a peak height of 1510 m above sea level. The Kerang II volcano is the second largest volcano on the Jos Plateau compared to the Jiblik volcano which has a flank peak height of 1670 m above level. The Kerang II volcano has three steep sided craters indicative of successive eruptions (Figure 1 below). The smallest crater has a diameter of 305 m wide; the medium has diameter width of 600 m while the largest crater has a diameter width of 1 km without water. The volcanic pile of the Kerang II volcano is composed of ash at the top; scoria, breccias interbedded with ash and fragmented boulders of basaltic rocks at the middle and the bottom of the hill is composed of fragmented basalts and lava flow, boulders, pumice, welded scoria and pyroclastic materials (granitic, basalts and lava flow) of various sizes. Geometrically, several minerals set in matrices and aggregate themselves in coordinate to form rocks and chemical elements of several properties bonded together to form minerals (Guo et al. 2024), which by definition is inorganically in composition with distinct chemical composition. Goldschmidt classified these elements according to their class of materials such as siderophile, lithophile and chalcophile elements as well as atmophile elements. But (Kumari and Mohan 2021) arranged these elements in periodic table according to size and atomic mass. According to modern periodic law, atomic number increases from left to right and from top to bottom of periodic table (Cao et al. 2021). 
Therefore, the size and electronegativity of elements increase across the period and the size increases with decreasing electronegativity down the group (Le, Chang, and Yun 2024). This pattern of modern periodic law would be used to explain how ions would enter into the lattice of a growing crystal during crystallization of silicate magma as a function of size and electronegativity (Frenzel 2023); . During crystallization of magma, temperature falls, with increasing content of silicon in the magma (Rapp and Draper 2018); (Xiao et al. 2023). This forms two series of reactions (Bowen’s), one by interaction with magma, with the first mineral formed, to form minerals of different chemical composition, but with the same crystallographic structure (X.-H. Liu et al. 2022); (Zhang et al. 2018). This is the case of solid solution in the magma. While the other, the first crystal to form, initially interact with the magma to form a solid with different crystallographic structure, and distinct chemical composition. This is the case of fractional crystallization in the magma (Gao et al. 2021); (Zong et al. 2020). The term solid solution and fractional crystallization are used simultaneously in this research to define the two series of reactions as stipulated by Bowen’s reaction series (Dharmapriya et al. 2025); (Marxer, Ulmer, and Müntener 2022). 
Mathematically, the formation of rock forming minerals from magma 𝕽, depends on the numerical values of each of the minerals under thermodynamic change (Huber, Stępniewska, and Huber 2025); (Frenzel 2023). Any stable materials depend on the numerical values for those materials to exist at that certain ambient temperature, especially at room temperature of 250C (298k), at 1atm pressure (Mangler et al. 2024); (Zellmer, Iizuka, and Straub 2024).  The problem involving the distribution of chemical elements and elemental substitutions in rock during crystallization of magma 𝔐 (McCarthy et al. 2023), from the beginning of crystallization to the end of crystallization would be postulated to some an extent using combined Goldschmidt and Bowen’s concept with respect to electronegativity and radius ratio, which states that, for ions of various electronegativities and sizes to compete for the space in a lattice of a growing crystal; The one with more electronegative would preferentially enter into the lattice of the growing crystal of silicate radical because the nucleus of silicate radical is electronegative provided modern periodic law is obeyed and That ions of closest radius (𝛅) to the nucleus of formed crystal substitute themselves before the ion of other radius ratio according to (Chiosi et al. 2015); (Da Silva et al. 2024); (Kruger and Latypov 2021). 
Based on the background above, research was conducted with the aim of to estimate and classify the petrology of LICK2 samples from KERANG II Volcano, Jos Plateau, Plateau State, Nigeria, by applying Bowen and Goldschmidt's concepts through Geothermometric and Empirical approaches.

Method 

This section describes the procedures used in the study, from data collection to analysis of the results. The procedures involved laboratory studies and mathematical computations.

Research Methods and Analysis
Laboratory Studies
Thirty (30) rock samples from the field were comprehensively analyzed: Petrography (Polarizing Microscopy): Thirty (30) samples were thinly sectioned to identify their mineral composition, texture, and mineral relationships using a petrographic microscope under polarized light; Electron Microscopy (EPMA): Six (6) selected samples of basalt were analyzed to determine the chemical composition of their constituent minerals (olivine, pyroxene, plagioclase) using a CAMECA SX 50 instrument at the University of Minnesota, USA.; Geochemical Studies (XRF & ICPMS): All thirty (30) samples were ground to a powder (0.063 μm) and sent to Acme Laboratory, Canada; X-Ray Fluorescence (XRF): Used to analyze major oxides (SiO2, Al2O3, MnO, MgO, CaO, Na2O, K2O, TiO2, P2O5).; Inductively Coupled Plasma Mass Spectrometry (ICPMS): Used to analyze trace elements and rare earth elements (REE), leveraging its multi-element advantage.

Mathematical Methods
This study uses a mathematical model developed by Achuenu et al. (2025) to compute numerical values ​​for minerals based on thermodynamics and to link the concepts of Bowen's crystallization and Goldschmidt geochemistry through Binomial Expansion.: The Basic Silicate Equation: Used to calculate numerical values ​​for minerals using Z0​1​n+p​=η, where η is the magma strength and Z0​ is the silicate identity.

Mathematical Expressions for Mineral Series:
Mafic Olivine Series (β2−pαp): Calculates the composition of olivine minerals (Mg2−p​Fep​SiO4​), where p ranges from 0 (Forsterite, Mg2−SiO4​) to 2 (Fayalite, Fe2−SiO4​).; Mafic Pyroxene Series (β2−pαp): Calculates the composition of pyroxene minerals (Mg2−p​Fep​Si2​O6​), where p ranges from 0 (Enstatite, Mg2−Si2​O6​) to 2 (Ferrosilite, Fe2−Si2​O6​).; Plagioclase Series: Uses the equation 1+p1+1+y1=CaAl2Si2O8+NaAlSi3O8 to address pairwise substitution in rocks.; Metric Matrix: Applied to rock-forming minerals (Olivine, Pyroxene, and Feldspar) for further analysis. This combined method (chemical/petrographic analysis and mathematical computation) aims to provide a comprehensive understanding of the sample's petrogenesis. Photograph of the Kerang II volcano showing the three craters and direction of Lava flow (Source: Google Earth). 
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Figure 1. Photograph of the Kerang II volcano showing the three craters and direction of Lava flow (Source: Google Earth)

Result and Discussion

Summary of Petrologic Classification of Shell Basalt II
Based on chemical analysis and thin sections, the Shell Basalt II rocks are classified as alkaline basaltic magmas. This classification is supported by the following findings:

Chemical Evidence and Total Alkali Silica (TAS) Classification
Total Alkali: The total alkali content (Na2O+K2O) of Shell Basalt II reaches 6.40 wt%, which exceeds 3% (the general criterion for alkali basalt according to Yoder and Tilley, 1962); SiO2 Content: Sample LICK2 has a SiO2 content of 46.65 wt%. Overall, the SiO2 content of Shell Basalt II ranges from 43.97 wt% to 46.65 wt%; TAS Classification: In the TAS diagram (Cox et al., 1979; LeBas et al., 1986), most of the Shell Basalt II rocks are within the basaltic plane. Several samples lacking silica (<45 wt%) and containing very high alkali (>5.77 wt%) are plotted in the Basanite to Tephrite range. Two samples with high alkali and higher silica fall into the Trachy-basalt range.; Normative: Alkaline basalts are characterized by the presence of normative olivine and normative nepheline (3% <Ne <5%). Rocks with Ne >5% are classified as Basanites.

Petrographic Evidence (Absence of Reaction)
Olivine-Pyroxene Relationship: Alkaline basalts are characterized by the absence of a reaction relationship between olivine and pyroxene. Olivine is always present in the groundmass of the rock. In contrast, tholeiitic basalts exhibit a reaction relationship, where Mg-rich olivine reacts and is surrounded by reaction rims of low-Ca pyroxene (orthopyroxene/pigeonite) in the groundmass.



Major Oxide Composition
The major oxide content of the Shell Basalt II samples is: Al2O3 (12.91–13.60 wt%), Fe2O3 (11.29–12.58 wt%), CaO (9.13–9.92 wt%), and MgO (9.69–11.40 wt%). Mg# (an indicator of the degree of fractionation) ranges from 43.51 to 48.77, slightly lower than Shell I.

Major Minerals
Petrographic and empirical analyses confirm that the major minerals in Shell Basalt II are Ca-Mg-rich minerals, namely basic plagioclase, basic olivine, and basic pyroxene.

Table 1. Major Oxide Compositions (wt%) of Kerang II Basaltic Rocks
	Analyte
	
	SiO2
	Al2O3
	Fe2O3
	MgO
	CaO
	Na2O
	K2O
	TiO2
	MnO
	P2O5
	Total

	Unit
	
	%
	%
	%
	%
	%
	%
	%
	%
	%
	%
	

	MDL
	
	0.01
	0.01
	0.01
	0.01
	0.01
	0.01
	0.01
	0.01
	0.01
	0.01
	

	Sample ID
	Coordinates
	
	
	
	
	
	
	
	
	
	
	

	LICK2
	 N09o20ʹ305ʹʹ/E009o11ʹ310ʹʹ
	46.17
	 13.16
	11.59
	10.84
	 9.28
	 3.89
	1.77
	 2.42
	 0.17
	0.68
	99.97

	LICK4
	 N09o20ʹ401ʹʹ/E009o11ʹ210ʹʹ
	46.04
	13.13
	11.65
	11
	9.13
	3.73
	1.65
	2.42
	0.17
	0.67
	99.59

	LICK5
	 N09o20ʹ640ʹʹ/E009o11ʹ360ʹʹ
	46.34
	13.20
	11.65
	10.89
	9.35
	3.9
	1.78
	2.41
	0.17
	0.68
	100.37

	LICK6
	 N09o20ʹ451ʹʹ/E009o11ʹ300ʹʹ
	 44.65
	 13.21
	12.13
	11.13
	 9.64
	 3.91
	1.74
	 2.59
	 0.18
	0.80
	99.98

	LICK8
	 N09o20ʹ430ʹʹ/E009o12ʹ420ʹʹ
	45.69
	13.01
	11.34
	10.61
	9.52
	3.51
	1.84
	2.30
	0.17
	0.67
	98.66

	LICK9
	 N09o20ʹ805ʹʹ/E009o12ʹ910ʹʹ
	45.79
	13.58
	11.2
	8.13
	9.57
	3.49
	1.65
	2.23
	0.80
	0.63
	97.07

	LICK10
	 N09o20ʹ950ʹʹ/E009o13ʹ810ʹʹ
	44.68
	15.16
	16.01
	6.16
	10.26
	1.35
	1.41
	2.30
	0.43
	0.41
	98.17

	LICK12
	 N09o21ʹ205ʹʹ/E009o13ʹ980ʹʹ
	48.39
	13.57
	11.33
	8.23
	9.20
	3.54
	1.43
	2.14
	0.50
	0.61
	98.94

	LICK14
	 N09o21550ʹʹ/E009o13ʹ510ʹʹ
	44.13
	13.42
	12.35
	9.82
	9.83
	4.18
	1.46
	2.69
	0.18
	0.84
	98.90

	LICK17
	 N09o21ʹ350ʹʹ/E009o10ʹ303ʹʹ
	45.80
	12.91
	11.29
	10.75
	9.76
	3.24
	1.64
	2.27
	0.17
	0.64
	98.47

	LICK19
	 N09o20ʹ610ʹʹ/E009o11ʹ651ʹʹ
	46.80
	17.01
	10.87
	3.67
	8.89
	4.08
	2.32
	2.74
	2.93
	0.81
	100.12

	LICK27
	 N09o19ʹ065ʹʹ/E009o11ʹ451ʹʹ
	43.97
	13.01
	12.53
	10.92
	9.88
	4.04
	1.81
	2.56
	0.2
	0.91
	99.83

	LICK28
	 N09o19ʹ015ʹʹ/E009o10ʹ351ʹʹ
	44.58
	13.60
	12.58
	9.69
	9.92
	4.24
	1.6
	2.67
	0.20
	0.87
	99.95

	LICK30
	 N09o20ʹ650ʹʹ/E009o14ʹ413ʹʹ
	44.58
	13.14
	12.33
	11.4
	9.63
	3.68
	1.63
	2.54
	0.18
	0.79
	99.90

	LICK32
	 N09o20ʹ059ʹʹ/E009o09ʹ040ʹʹ
	45.55
	14.08
	12.06
	7.33
	8.98
	4.08
	1.75
	2.33
	0.21
	0.66
	97.03

	LICK36
	 N09o20ʹ650ʹʹ/E009o10ʹ670ʹʹ
	47.51
	13.41
	11.46
	8.57
	9.07
	3.65
	1.50
	2.19
	1.51
	0.64
	99.51



MDL = Minimum Detection Limit 
Analysis by XRF

Table 2. Chemical and mineralogical composition of LICD2 Sample in Kerang II Basaltic Rocks (N09o20ʹ305ʹʹ/E009o11ʹ310ʹʹ)
	Chemical Composition (in weight percent) a
	Chemical Composition (in weight percent) a

	SiO2
	46.17

	Al2O3
	13.16

	Fe2O3
	11.59

	FeO
	

	MgO
	10.84

	CaO
	9.28

	Na2O
	3.89

	K2O
	1.77

	TiO2
	2.42

	P2O3
	0.17

	MnO
	0.68

	
	99.07



Application of Empirical analysis to Geology of LICK 2 of Kerang II basaltic Rock 
Petrographic study of LICK 2 of Kerang II basaltic Rock. Basalt of Kerang II volcano (Sample LICK 2: N09⁰ 20ʹ305ʹʹ and E009o 1ʹ310ʹʹ Top of the hill).



Megascopic Description
This rock in hand specimen is fine-grained with visible crystals of pyroxene minerals embedded in a fine-grained matrix. It is mafic due to the presence of ferromagnesian minerals that are contained in it.
 
Microscopic Description
Photomicrograph of rock is presented in Figure 2a (PPL) and Figure 2b (XPL) below. It is composed of crystals of clinopyroxenes, needle shaped-like labradorites, granular grains of olivines and opaque minerals (magnetite and ilmenite) (Panayotova, Dimitrov, and Sofronieva 2025); (McLeod and White 2018a); (Sakr et al. 2020). The clinopyroxenes crystals in this view occur as clot of different sizes with few of them broken. They are euhedral to subhedral in shape with secondary mineral (smectite) infilling the cracked spaces which could be as a result of alteration in the mineral. There are two groups of clinopyroxenes in this sample – large euhedral phenocrysts and clotted crystals and subhedral individual micro-Phenocrysts enclosed in fine grained matrix giving the rock a porphyritic texture. The olivines are greyish to olive-green in colour and are subhedral to anhedral in shape (not shown in this portion of the slide). They are depicted by irregular cracks with the minute crystals occuring as small grains in groundmass of labradorite laths. Labradorites (An63) are the predominant mineral phase in this sample. They are needle-like (whitish specks in background) in shape and show simple albite twinning. Their crystals are randomly distributed and form the groundmass. Opaque minerals include magnetite and ilemnite. Smectite occurs as a secondary mineral. Of course, the following is an additional discussion of the Microscopic (Petrographic) Description of the Shell II basalt sample, based on the context of its primary minerals.

Microscopic (Petrographic) Description
Examination of thin sections of the Shell II basalt rock (including sample LICK2) under a polarizing microscope provides important details regarding its texture, structure, and mineralogical composition, confirming its alkali basalt classification.

Major Mineral Composition
This rock is dominated by Ca- and Mg-rich basic minerals, consistent with the gabbro/alkali basalt clan: Basic Plagioclase (Labradorite): This is the primary framework mineral. It occurs as subhedral to euhedral crystals. It is characterized by clear polysynthetic twinning (albite twinning) under cross-polarized light. The basic composition indicates early crystallization at high temperatures; Basic Olivine (Hyalosiderite): It occurs as euhedral to subhedral phenocrysts (large crystals). Characterized by high relief, bright (colorless) color under plane-polarized light (PPL), and distinctive fractures. In alkali basalt, olivine is generally stable in the groundmass and does not exhibit pyroxene corrosion rims, a characteristic that distinguishes it from tholeiitic basalt; Basic Pyroxene (Augite): Present as subhedral crystals, often light brown to pale greenish in color below the PPL. Characterized by moderate relief and simple twinning. Augite is a Ca-Mg-Fe clinopyroxene, an important mineral in the gabbro family; Iron Ore (Ulvospinel): Present as an opaque accessory mineral, usually anhedral in shape and scattered throughout the groundmass.

Texture and Structure
The rock texture is generally aphanitic (very fine crystals) to porphyritic (large crystals in a fine groundmass), which is typical of volcanic rocks.; Phenocrysts (Cousin et al. 2017): Composed of olivine and plagioclase embedded in the groundmass. Their size and abundance suggest a two-stage crystallization history (McLeod and White 2018b); (Nanev 2025): slow crystallization at depth (forming phenocrysts) followed by rapid cooling at the surface (forming the groundmass); Groundmass (Wu et al. 2025); (Liu et al. 2016); (C. Liu et al. 2022): Consists of plagioclase microlites, fine-grained pyroxene, hematite, and volcanic glass (if present) (Zhang et al. 2020); (Seitz, Gualda, and Harmon 2024); (Ashcroft and Wood 2015). The groundmass texture can be intergranular or intersertal. Overall, these microscopic descriptions support the chemical results (Maddin et al. 2025); (He et al. 2025); (He et al. 2025), confirming that sample LICK2 from Kerang II Volcano has typical alkaline basalt characteristics with a Ca-Mg-rich mineralogy.
In thin-section the rock exhibit intergrowth of Phenocrysts of Augite type of clinopyroxene and Hyalosiderite type of olivine (Figure 2 above), lenticular labradorite type of plagioclase laths dominating the groundmass over other mineral phases and what seems to be an enclosure of xenocyrst minerals. Ulvospinel type of Magnetite (opaque) which is dark in colour is the accessory mineral here. The Geological thermometers are the Labradorite and Tridymite (Svetova and Svetov 2022); (Biele et al. 2022). The expected minerals observed under microscope can be described as follow using Figures 2 above.
[image: ]
Figure 2.  LICK 2a: Photomicrograph of LICK 2 (PPL) of Kerang II basaltic rock with large broken and clotted Phenocrysts of clinopyroxenes enclosed in needle like labradorite laths (X40).

The minerals observed were estimated to have a temperature between 1.0000C- 8000C as shown in Figure 3 above. Therefore; “INDEX NUMBER” against “TEMPERATURE” in Figures, 3 above. At. 1.0000C- 8000C under “1” in Figures 3, above: The expected Olivine = HYALOSIDERITE; The expected Plagioclase = LABRADORITE; The expected silica Polymorph = TRIDYMITE; The expected rock =  ALKALINE BASALT. At, 1. 0000C -8000C under “2” in Figure (3), above.  The expected Clino-pyroxene = AUGITE; The expected Plagioclase = LABRADORITE; The expected Silica Polymorph = TRIDYMITE; The expected rock =  ALKALINE BASALT. The olivine grain which was observed under microscope is subhedral to anhedral in shape with a moderately high relief relative to the labradorite (Taksavasu 2025); (Ponyalou, Petterson, and Espi 2023); (Zaki Khedr et al. 2024), with Bowen’s index number of “1”, which was estimated using “Bowens Index -Temperature Model” and the expected Olivine type at the temperature of about above 8000C is HYALOSIDERITE as shown in Figure 3   above.  The olivine grain which was observed under microscope is subhedral to anhedral in shape with a moderately high relief relative to the labradorite, with Bowen’s index number of “1”, which was estimated using “Bowens Index -Temperature Model” and the expected Olivine type at the temperature of about above 8000C is HYALOSIDERITE as shown in Figure 3   above. 
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Figure 3. LICK 2b Photomicrograph of LICK 2 (XPL) of Kerang II basaltic rock with large broken and clotted Phenocrysts of clinopyroxenes enclosed in needle like labradorite laths (X40).

The clinopyroxene which was observed under microscope with Bowen’s index number of “2”, exhibit prefect cleavages, an inclined extinction angles and moderate to high relief relative to their other surrounding minerals (Marin, Muhammad, and Winarno 2022) . They are euhedral to anhedral in shape which was estimated using Bowens Index -Temperature Model” and the expected Pyroxene type at the temperature of about above 8000C is Magnesio-augite as shown in Figure 3 above. In this sample, the crystals of Magnesio-augite type of clino-pyroxene and Hyalosidrite type of olivine are intimately interlocked in each other; Labradorite (An60) which was observed under microscope show both simple and polysynthetic twinning and the estimated plagioclase using an empirical analysis at the temperature of about above 8000C is Labradorite as shown in Figures 3 above.  They are lenticular in shape and weakly oriented. Therefore, LICK2 sample of ALKALINE BASALT from Kerang II Basaltic Rock as shown in Figure 4 below, showing the estimated temperature (Tridymite) of about above 8000C.

Conclusion 

Using Bowen’s and Goldschmidt concepts according Achuenu and others (2025), the formula  for mafic minerals and (  for felsic and complex minerals were successfully used in this research to calculate the numerical values of minerals in LICK2 in Kerang II Basaltic Rock. The sampled rock collected from LICK2 in Kerang II Basaltic Rock, was examined and estimated, through the following ways; thin section, chemical analysis, Geothermometric and empirical analyses. Findings have shown that, the minerals estimated in LICK2 in Kerang II Basaltic Rock, using Geothermometric and empirical analyses fall within a gabbro clan. The gabbro clan includes basalt, dolerite, norite, scoria and gabbro. The minerals estimated using numerical and empirical approaches in the sampled rock is restricted to Gabbro clan, therefore the minerals and rock are mainly basic by classification, because of its instability in the presence of free silica.  The estimated minerals using Geothermometric and empirical analyses, are Magnesio-augite (Basic Clino-pyroxene), Hyalosiderite (Basic olivine), Labradorite (Basic Plagioclase) and Ulvospinel (Iron ore). Therefore, with total alkali less than 3% (Na2O + k2O <3%), the estimated basic rock classification is Alkaline basalt and its estimated Tridymite temperature of above 8000c. Based on this reason, conclusion was made that, under mathematical context, LICK2 in Kerang II Basaltic Rock is a characteristic of rocks of    Gabbro clan and the Magma type for LICK2 from Kerang II Basaltic Rock is Alkaline basalt magma type as shown in Table 7 above.          
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