


Determination of Geothermal Gradient in Parts of Samaru, Zaria, Northwestern Nigeria: Implications for Groundwater Development and Subsurface Engineering
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ABSTRACT

	BRIEF INTRODUCTION: Geothermal gradient is a basic parameter used for subsurface thermal assessment, geothermal resource estimation, and geotechnical and hydrogeological applications. The study sought to establish the geothermal gradient in the Samaru area of Zaria, Northwestern Nigeria, and its implications for groundwater resource development and subsurface engineering. A cross-sectional study design was used in this research, involving systematic measurements from hand-dug wells in the study area. The study was carried out in Samaru, Zaria, Kaduna State, Nigeria, between January and March 2024. Temperature data were collected from 45 randomly sampled wells using a UTi80 thermal imaging camera with a constant emissivity value of 0.95. Water table depth measurements were done using a meter rule, while geographic coordinates and elevations were determined using a handheld Global Positioning System (GPS) device. The relationship between temperature and depth was explored using linear regression analysis, and the geothermal gradient was calculated from the gradient of the best-fit line. Maps of temperature and water table depth distribution were created using contouring. Findings indicate that the range of the measured water surface temperature varied from 22.4°C to 28.4°C, while the depth to the water table ranged from 1.30 m to 7.79 m. The regression analysis of the data showed a linear relationship between temperature and depth, given by the equation T = 0.4708D + 22.779, which represents a gradient of 0.4708°C/m, much higher than the global average of 0.025°C/m. Contour maps showed clear spatial variations in the data set, such as higher depths to the water table in the western and eastern parts of the map, which would be suitable for boreholes, while the shallower water tables in the northwestern part of the map indicate areas of higher groundwater vulnerability. This higher geothermal gradient is not representative of local crustal heat flow but is related to local shallow subsurface conditions, providing useful background data for the assessment of the geothermal resource.
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1.0 INTRODUCTION
Significant changes in the global energy map can be observed in recent times, with the dual challenges of growing demand and environmental degradation being the driving forces behind the shift in global focus to renewable sources of energy. Among the many alternatives that the world is turning to, geothermal energy stands out as the most reliable source of renewable energy, with the Earth's internal heat being tapped as the source of power generation (Atre, 2025). Unlike solar and wind energy, the source of geothermal energy can provide baseload power as it can operate at any time of the year, irrespective of the weather (Anomoharan, 2011). The exploration of this source of energy is based on the geothermal gradient, the rate at which the temperature increases with the depth of the Earth's crust, a parameter that is not only essential in the assessment of the source of energy but also plays a vital role in hydrogeology and geotechnical engineering (Benavides, et al., 2025; Zubair, et al., 2025).
In Nigeria, for instance, despite the abundance of renewable energy resources, geothermal studies are remarkably less developed. The energy sources of the country are dominated by fossil fuels and hydroelectric energy, while geothermal resources are yet to be explored. Previous studies have shown that there is a considerable variability of geothermal gradients in Nigeria, which is dependent on the varied geological settings, tectonic evolution, and lithological variations. Such variability indicates the need for localized studies to provide a sound basis for the development of reliable baseline information, which is often obscured by regional trends with significant thermal implications (Wenas, et al., 2020; Hayatudeen, et al., 2025).
The region of Samaru, within Zaria in Northwestern Nigeria's Kaduna State, presents an interesting case for a geothermal exploration site. This region is an academic and residential hub with a high population density, facing issues of water resource management and infrastructure development. The crystalline basement complex geology of this region has led to the formation of shallow aquifers, which are major sources of water for this region's population. The hand-dug wells are common in this region and provide an unconventional means of exploring the subsurface thermal environment. The water table in these wells acts as a reservoir of heat flow from the geological medium (Mohammed, 2014; Emujakporue & Ekine, 2014)
The relationship between groundwater temperature and depth may be used as a practical approach to estimate local geothermal gradients. Groundwater tends to equilibrate with the rocks it traverses during its passage through the subsurface (Alao, 2023; 2024; & 2025). By measuring the temperatures of groundwater at various depths within multiple wells, it is possible to construct a profile of temperatures (Aboh, et al., 2016; Dogara, et al., 2017; Kure, et al., 2017; Joseph, et al., 2024; Omeiza & Dary, 2018; Joseph, et al., 2024). This method may be considered less accurate than borehole measurements, but it may be of particular interest for shallow subsurface engineering applications.
Apart from the energy aspect, the significance of the geothermal gradient has far-reaching implications for groundwater resource development and geotechnical engineering. Regions of high thermal gradients could affect the chemical composition of groundwater, microbial processes, and recharge mechanisms of aquifers (Bello, et al., 2025). In borehole location, information on the thermal conditions of the subsurface can be used for the selection of the most appropriate drilling depth and type of casing materials. In geotechnical engineering, temperature fluctuations influence soil mechanics, foundation settlement, and the performance of underground structures (Alao, 2024; Joseph, 2025b). With the increasing urbanization of Samaru, such information is critical for sustainable development.
This study is designed to find the geothermal gradient in some parts of Samaru through temperature and depth observations using hand-dug wells, while also assessing the spatial distribution of some hydrologic parameters. By establishing this basic information, this research hopes to make a contribution to the emerging geothermal profile in Nigeria while providing useful information for groundwater resources management, borehole construction, and engineering in crystalline basement rocks. This research has potential applicability not just for local interests but also for other regions with similar geology in sub-Saharan Africa, where shallow groundwater systems act as vital water resources.
2.0 Materials and methods
2.1 Site Description
The study was conducted in the Samaru area, Zaria, located in Kaduna State, Northwestern Nigeria. The area lies between latitude 11°16′N and longitude 7°39′E (Fig. 1), with an elevation ranging from approximately 550 to 700 m above sea level. Samaru is a densely populated urban area characterized by increasing residential development and water demand. The geological and hydrological conditions of the area make it suitable for investigating subsurface thermal characteristics through shallow groundwater systems.
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Fig. 1: Location of the Study Area (Map)
2.2 Data Collection
Field measurements were carried out at 45 randomly selected hand-dug wells across the study area. Water surface temperatures were measured using a UTi80 thermal imager, while depths to the water table were determined using a meter rule. The geographic coordinates and elevations of each well were recorded using a handheld Global Positioning System (GPS). A uniform emissivity value of 0.95 was applied during thermal measurements to ensure consistency and accuracy.
2.3 Determination of Geothermal Gradient
The geothermal gradient was determined by analyzing the relationship between measured water surface temperatures and corresponding depths. Temperature values were plotted against depth, and a linear regression analysis was performed. The geothermal gradient was obtained from the slope of the best-fit line, assuming a linear increase in temperature with depth within the shallow subsurface interval considered.
3. results 
The measured water surface temperatures ranged from approximately 22.4 °C to 28.4 °C, while depths to the water table varied between 1.30 m and 7.79 m across the study area. A plot of temperature versus depth produced a linear relationship described by the equation (1).
					(1)
where T is temperature (°C) and D is depth (m). The graph of temperature (0C) and depth (m) was plotted as shown in Fig. 2.

Fig. 2: Graph of Temperature (0C) against Depth (m)
The slope of the regression line indicates an average geothermal gradient of 0.4708 °C/m for the study area. This value is significantly higher than the global average geothermal gradient of approximately 0.025 °C/m. The elevated gradient may be attributed to the shallow depth range considered, localized geological conditions and groundwater circulation effects within the area. Similar variations in geothermal gradients have been reported in other localized geothermal studies, where near-surface measurements tend to exhibit higher apparent gradients.
Contour plots of the depth to the water table and temperature were plotted as shown in Fig. 3 and Fig. 4, respectively.
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Fig. 3: Contour Plot of the Depth to the Water Table. 
Contour maps of temperature distribution and depth to the water table revealed spatial variations across the study area. The western and eastern portions generally exhibited greater depths to the water table, indicating suitability for borehole siting, while shallower water tables were observed in the northwestern region. These findings highlight the usefulness of geothermal gradient studies in groundwater assessment and civil engineering applications. Although the study does not directly confirm commercial geothermal energy potential, the results provide valuable baseline data that can support further geothermal investigations, renewable energy assessments, and subsurface engineering designs in the region.
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fig. 4: Contour plot of temperature
4.0 DiscussION
The geothermal gradient determined for Samaru, Zaria (0.4708 °C/m) is significantly higher than the global average of ~0.025 °C/m. This elevated gradient reflects localized geological and hydrogeological conditions rather than deep crustal heat flow. Near-surface measurements often exaggerate gradients due to shallow depth ranges, groundwater circulation, and lithological variations, as observed in similar studies across Nigeria and other regions (Emujakporue & Ekine, 2014; Mohammed, 2014).
The methodology—temperature profiling in hand-dug wells—provides valuable baseline data but introduces limitations. Shallow wells are influenced by seasonal temperature fluctuations, groundwater recharge, and anthropogenic activities. These factors can distort the true geothermal gradient compared to borehole-derived bottom-hole temperatures, which are less affected by surface conditions (Telford, et al., 1990; Lowrie, 2007) (Bullard, 1965; Hochstein, 1990). Nonetheless, the linear regression approach applied here is consistent with established geothermal gradient determination methods and offers a practical solution in data-scarce environments.
Spatial variations revealed by contour maps highlight the engineering relevance of geothermal studies. Areas with deeper water tables in the western and eastern portions of Samaru suggest better borehole siting potential, while shallow water tables in the northwest may pose challenges for groundwater sustainability. Such findings align with the broader utility of geothermal gradient data in hydrogeology, civil engineering, and renewable energy planning.
From an energy perspective, while the study does not confirm commercial geothermal potential, the relatively high gradient suggests localized heat anomalies that merit further investigation. Nigeria’s geothermal research remains limited, and localized studies like this contribute to building a national geothermal database. Comparative studies in the Niger Delta and Delta State have similarly reported elevated gradients, reinforcing the need for systematic exploration (Anomoharan, 2011).
However, the study is constrained by its reliance on shallow hand-dug wells, which are susceptible to seasonal temperature variations, atmospheric influences, and groundwater recharge effects. The measurements represent water table temperatures rather than true formation temperatures, potentially overestimating the actual geothermal gradient. Additionally, the absence of lithological logs and heat flow measurements limits interpretation of underlying thermal mechanisms.
Future research should integrate deeper borehole temperature logging, thermal conductivity measurements, and lithostratigraphic analysis to validate these findings. Heat flow modeling and seasonal monitoring would refine understanding of the area's geothermal regime and its renewable energy potential.
5.0 ConclusION
This study establishes an average geothermal gradient of 0.4708 °C/m in Samaru, Zaria, a value considerably higher than the global mean. While influenced by shallow subsurface conditions, the findings underscore the area’s notable geothermal characteristics and their implications for groundwater development, borehole siting, and civil engineering design. More importantly, the study contributes essential baseline data to Nigeria’s underdeveloped geothermal research landscape. By integrating deeper borehole measurements and advanced heat flow modeling, future investigations could unlock the renewable energy potential of Northwestern Nigeria, positioning geothermal energy as a viable complement to the nation’s energy mix. In summary, the Samaru study demonstrates the importance of integrating shallow geothermal measurements with hydrogeological mapping. Though constrained by depth and methodology, the results provide a foundation for renewable energy assessment, borehole planning, and subsurface engineering in Northwestern Nigeria. Future work should incorporate deeper borehole data, heat flow modeling, and lithological analysis to refine geothermal potential estimates
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