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ABSTRACT 

This study investigates the evolution of the oceanic lithosphere along 

the Western Coast of Africa by evaluating two prominent theoretical 

models: the half-space cooling model and the plate model. Through a 

detailed analysis of geothermal behavior, the research explores the 

variations in predicted temperature structures and their implications 

for lithospheric dynamics. The findings reveal distinct thermal 

patterns, with elevated temperatures observed beneath the ocean 

ridges, consistent with active magmatic processes. As the lithosphere 

moves away from the ridge axis, a clear cooling trend is identified, 

aligning with the theoretical predictions of both models. However, 

discrepancies arise in the rate and extent of cooling, particularly at 

greater distances from the ridge, suggesting limitations in the 

assumptions of the half-space cooling model. The plate model, 

incorporating a fixed basal temperature, provides a more robust 

framework for explaining the observed thermal gradients. These 

insights enhance our understanding of lithospheric evolution and have 

significant implications for plate tectonics, mantle dynamics, and 

geothermal resource potential in the region. The study underscores the 

importance of integrating observational data with theoretical models to 

refine our knowledge of Earth's thermal and mechanical processes. 
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1. Introduction 

The primary aim of this study is to 

investigate the shallow thermal 

structure of the oceanic lithosphere for 

the West African margin, with focus on 

areas that have basins and oil and gas 

prospectivity. The lithosphere is often 

defined thermally (Goutorbe, 2010; 

Mckenzie, 1967; Sleep, 2005; Turcotte 

and Oxburgh, 1967) because of the 

strong dependence of rock strength on 

temperature. The lower boundary of the 

lithosphere is described to be an 

isotherm in which materials lying above it 

are cool and rigid, and those below it is 

hot to deform easily.  

 

The thermal structure and evolution of 

the oceanic lithosphere is an important 

component of the Earth’s interior, since 

temperature controls the physical 

properties of the lithosphere. There are 

two fundamental models for calculating 

the temperature structure of the 

oceanic lithosphere; the half space 

cooling model (derived by Turcotte and 

Oxburgh, 1967) and the plate model 

(derived by Mckenzie, 1967). Both 

models assume that the two lithospheric 

plates moves apart and that heat 

transport is predominantly by conduction 

(besides near the ridge crest). Although, 

the two models have the same prediction 

for young plates, but they vary 

significantly above 50 Ma for heat flow 

predictions and 80 Ma for depth of the 

ocean floor predictions. 

 

 

Measurement of surface heat flow is 

very expensive and difficult to 

undertake since it requires the drilling 

of a borehole and also involves measuring 

a gradient at or near the contact 

between two different substances; 

water and sediments for oceans and 

rocks and air for continents. As a result, 

attention has been directed towards 

developing theoretical models for 

predicting the evolution of oceanic 

lithosphere.  

 

Heat flow data are very sparse near the 

ocean ridges with high and low values 

(fig. 1). A plot of heat flow versus age for 

the western coast of Africa shows a 

continuous decrease in heat flow from 

the younger to the older crust (fig. 2). A 

linear regression and 4th order 

polynomial were used to fit the data 

because of the scatter in the data. For 

better fit, the data for younger (<50Ma) 

crust shows a corresponding decrease in 

heat flow away from the ridge. Older age 

(>51 -180Ma) crust heat flow values are 

linear and almost close to equilibrium.  

 

The continuous decrease in heat flow 

away from the ridge crest and its 

constant linear pattern for older age 

crust is in line with the model in which 

hot materials are intruded near the 

ridge crest and as the new crust move 

away from the ridge heat is lost by 

conduction. In addition, the flattening of 

the heat flow data for older age shows 

that the plate model might provide the 

best fit to the data. 
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Figure 1: Heat flow map for the western coast of Africa. Blue lines indicate ocean age, 

red lines indicate the ocean ridge and small coloured circles indicate heat flow data point. 

Heat flow data was deduced from the global heat flow database of the International 

Heat flow Commission (2006) and seafloor age was deduced from Muller et al., (2008). 

 

 
Figure 2: Seafloor age-heat flow relations for the western margin of Africa (heat flow 

data adopted from the International Heat flow Commission, 2006). 
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2    Review of cooling models 

2.1 Thermal models of the lithosphere 

Conduction is the dominant mode of heat 

transfer in the lithosphere except in 

regions affected by magmatic and 

hydrothermal processes. The 

temperature distribution in the 

lithosphere can be estimated by solving 

the general equation of heat conduction. 

Similarly, the thermal condition of the 

continental lithosphere is different from 

that of oceanic lithosphere. In the 

continental lithosphere there is often no 

variation of temperature with age, at 

least in shields and cratons, and the 

radiogenic heat production is high. 

However, radiogenic heat is negligible in 

the oceanic lithosphere and there is 

dependence on the variation of 

temperature with time. 

 

Time after time different theoretical 

models have been developed to predict 

the thermal structure of ocean 

lithosphere. The two classes of 

lithospheric cooling models that give the 

best fit to heat flow data and ocean 

floor depth are discussed here. 

 

2.1.1 Half – space cooling model 

Temperature in the ocean lithosphere 

can be described by a half – space cooling 

model, in which hot material at the ridge 

cools as the oceanic plate drifts away 

from the ridge axis (Stein et al., 2003). 

This gives rise to changes in heat flow 

and seafloor bathymetry owing to 

thickening of the oceanic lithosphere 

from the ridge axis. The variation of 

temperature with age and depth can be 

derived from Turcotte and Oxburgh, 

(1967). The temperature (T (z, t)) as a 

function of depth and time of the 

conductive layer is expressed thus; 

T (z, t) = Ts + (Tm – Ts) erf ( 
𝑧

2√𝑘𝑡
 )…                                                             

(2.1) 

Where z, is depth in kilometer, and t, is 

the apparent thermal age, and Tm, is the 

initial mantle temperature = 13000C, Ts, 

is the surface temperature = 00C and 

erf, is the error function. Figure 3 shows 

the variation of the erf between erf (0) 

= 0 and erf (3) ≈ 1. The thermal 

diffusivity (k) is measured in m2s-2. Since 

the oceanic lithosphere is fast spreading 

from the ridge than heat is conducted 

horizontally, only vertical heat 

conduction is considered (Stein et al., 

2003). Thus, the temperature is 

inversely proportional to the square root 

of lithospheric age.  

 

Analysis of the half space cooling model 

enable the prediction of cooling of the 

oceanic lithosphere as it moves away 

from the oceanic ridges. Isotherms 

calculated from this model are shown in 

Figure 4, which shows the variation of 

temperature with age and depth. The 

plot show continues cooling of oceanic 

isotherms (for ages 0 – 180 Ma) as it 

moves away from the ridge axis. The 

depth to these isotherms increases with 

lithospheric age. However, the half 

space model proposed by Turcotte and 

Oxburgh (1967) assume there is no 

external heat source at the base of the 

plate, and so only the heat produced at 

the spreading ridge is taken into 

consideration.    
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Figure 3: Plot of error function, which controls the cooling solution. 

 

 
Figure 4: Calculated oceanic isotherms for half-space cooling model for age (0-180) Ma 

old lithosphere. The isotherms were computed from equation (2.1) using Tm = 13500C, Ts 

= 00C and k = 1 x 10-6 m2s-2. 
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The half space cooling model (Turcotte 

and Oxburgh, 1967) only considers the 

non-adiabatic mantle. However, Faul and 

Jackson (2005) included an adiabatic 

component of the mantle to the model. 

The inclusion of the adiabatic component 

marks the boundary between the 

conductive lithosphere and the 

convective asthenosphere. Therefore, 

including the convective mantle to the 

conductive part the actual temperature 

increases due to the adiabatic gradient. 

The mathematical formula for the 

isotherm is thus; 

T (t, z) = Ts + (Tad – Ts) erf (1 + 
𝑧

2√𝑘𝑡
 )…                                                     

(2.2) 

Where Tad is the adiabatic temperature 

gradient = Tm (1+αT [gz / Cp]), where αT 

is the coefficient of thermal expansion, 

Cp is the specific heat at constant 

pressure, g is the acceleration due to 

gravity, and Ts is the temperature at sea 

floor and can be set to 0oC (Faul and 

Jackson, 2005). 

 

2.1.2 Plate cooling model 

The plate model has been defined as the 

most reliable model for calculating the 

temperature structure of ocean 

lithosphere (Mckenzie, 1967). Following 

the realization that ocean depth flatten 

at about 80 Ma (Parsons and Sclater, 

1977; Davies and Lister, 1974; Renkin 

and Sclater, 1988), a plate model 

proposed by Mckenzie (1967) was 

adopted. In contrast to half space 

cooling model, the plate model is 

mathematically more cumbersome 

(Carlson et. al, 1994). However, the plate 

model is similar to half space cooling 

model for younger ages, but for older 

ages the effects of basal heating caused 

the depth and heat flow curves to 

flatten (fig. 5, top). 

 

A simplified mathematical solution for 

temperature and heat flow was adopted 

from Stein and Stein (1992). The 

equation for the geotherm is written as: 

T(x,z) = Tm[z/a + Σ Cn sin (nπz/a) exp (-

βn x/a )]…                                                          

(2.3)                                                                                                                 

Where x, is the distance from the ridge 

crest, z, is the depth below the plate 

surface, a, is the thermal plate 

thickness, Tm is the basal temperature, 

and; 

Cn = 2/(nπ),   βn = (R2 + n2π2)1/2- R, and R = 

va/(2k) 

Where R is the Peclet number, which 

depends on the plate thickness a and 

velocity v. 
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Figure 5: Plate model for thermal evolution of oceanic crust. (top) calculated heat flow 

Vs age plot, (middle) oceanic isotherms for age (0 – 180 Ma) old lithosphere and (bottom) 

relationship between depth of the ocean floor and distance from the mid-ocean ridge. 
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R>>nπ and βnx/a ̴ (n2kπ2/a2)t, and t is the 

age of the plate. Equation (2.3) can be 

approximated to obtain: 

T(z,t) = Tm[z/a + Σ Cn sin (nπz/a) exp (-

n2ct)]…                                                               

(2.4)        

The heat flow as a function of age is 

given by: 

 q(t) = qm [1 + 2 Σ exp (-n2ct)]…                                                                                       

(2.5)              

qm  = K Tm / a and is the asymptotic heat 

flow for old seafloor. 

 

Figure 5 (middle) shows oceanic 

isotherms for plate model with a higher 

basal temperature in comparison to half 

space cooling model. Asymptotic 

thickness of 95 Km and basal 

temperature of 1350oC with a spreading 

rate of 20mm/yr were used for the plot. 

The asymptotic thickness correlates 

with the depth above which temperature 

changes results in seafloor variations 

and below which extra heat is supplied. 

 

Thus, old lithosphere maintains a 

constant thickness since the basal 

temperature is controlled by convection 

and younger lithosphere continue to cool. 

Several researchers have suggested a 

variety of reasons for the increased 

basal heating such as small-scale 

convection (Parsons and Mckenzie, 

1978), radiogenic heat (Crough, 1977), 

shear heating (Schubert et al., 1976), 

and mantle plumes (Davies, 1988). Figure 

5 (bottom) shows the variation of 

temperature with distance from the 

mid-ocean ridge. As observed from the 

profile the ocean depth increases away 

from the mid-oceanic ridge. Near the 

ridge axis the plates are hotter, thinner 

and hence slower seismic velocities. The 

farther away from the ocean ridges, the 

cooler the oceanic crust and the faster 

the seismic velocity. As a result of 

cooling, the oceanic crust becomes 

denser and subsides as it moves farther 

from the ridge crest.  

 

3. Methodology 

3.1 Data Collection 

To ensure authenticity and reliability, 

data for this study were gathered from 

multiple sources and cross-referenced 

to remove inconsistencies. Heat flow 

measurements across various marine 

lithosphere regions were obtained from 

the International Heat Flow Commission 

database (2006). Seafloor age data, 

detailing the historical spread of oceanic 

lithosphere formation, were acquired 

from Müller et al. (2008). Geothermal 

gradient data were collected from 

previously published literature to 

calibrate theoretical models against 

observed thermal fluctuations. Seismic 

tomographic models were also used to 

validate theoretical predictions by 

comparing computed temperature 

distributions with velocity anomalies in 

seismic studies. 

 

3.2 Analytical Method 

The study employed both the half-space 

cooling model and the plate cooling model 

to predict temperature-depth 

relationships. Regression analysis was 

conducted to evaluate heat flow trends 

concerning crustal age. Theoretical 

thermal models were compared against 

observed seismic velocity anomalies to 
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determine model accuracy. A MATLAB-

based numerical modeling approach was 

used to compute temperature 

distributions and visualize geotherm 

variations, ensuring a precise assessment 

of lithospheric thermal structure. 

 

3.3 MATLAB Implementation 

A MATLAB script was developed to 

implement the governing equations for 

both the half-space and plate cooling 

models. The script initialized parameters 

such as thermal diffusivity, mantle 

potential temperature, and lithospheric 

thickness. The compiled datasets were 

preprocessed into MATLAB-compatible 

structures for seamless integration into 

the computational framework. Using 

finite difference methods, the script 

solved the heat conduction equation to 

compute temperature profiles at varying 

depths and lithospheric ages. 

Temperature-depth profiles were 

generated to visualize cooling trends and 

compare them with observed seismic 

data. Heat flow values were calculated 

and compared against empirical data to 

assess the accuracy of each cooling 

model. Statistical analyses were 

performed on numerical outputs to 

quantify model reliability and ensure 

consistency with observed thermal 

structures. 

 

4. Results and Discussion 

4.1. Predicted temperatures (1-D)     

Analysis of different plots (for both 

older and younger age lithosphere) of 

geotherms for the half space cooling 

model can be used to estimate the 

temperatures within sediments as well as 

the estimation of lithospheric thickness. 

Similarly, older age geotherms have 

lower mantle temperatures, but have 

deeper roots, whereas, younger age 

geotherms have higher mantle 

temperatures at shallow levels. For 

example, 40Ma geotherm have a 

maximum thickness of about 79 Km, 

whereas, 120Ma geotherm have a 

maximum depth of about 119 km (fig. 6). 

 
Figure 6: Conductive geotherms for oceanic lithosphere for 40, 60, 90 and 120 Ma. 
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4.2

.     Difference in temperature versus 

depth plots 

Plotting the difference in temperature 

between varying age lithosphere shows a 

number of features that can be 

expected for the half space cooling 

model: 

Large differences in temperature for 

older ages were observed. For instance, 

when comparing 40 and 60Ma (fig. 7) 

oceanic lithosphere the maximum 

temperature difference is at 54km 

depth. In contrast, comparing 40 and 

120Ma oceanic lithosphere gives a 

maximum temperature difference at 

61km depth. If we assume a linear 

relationship between temperature and 

velocity, one would expect a greater 

velocity difference for older 80Ma 

lithosphere (120-40Ma) compared to the 

younger 20Ma lithosphere (60-40Ma). 

 

 
Figure 7: Temperature difference with depth plots for ages; 60-40, 90-40 and 120-40 Ma. 

 

Similarly, temperature difference 

versus depth plots for 80Ma difference 

between younger and older geotherms 

(fig. 8) shows a higher maximum 

temperature difference for younger 

geotherms (90-10Ma), intermediate 

maximum temperature difference for 

120-40Ma geotherms and a lower 

maximum temperature difference for 

the older geotherm (200-120Ma). The 

younger (90-10Ma) geotherm will have a 

greater difference in velocity compared 

to 120-40Ma geotherm. The older 

geotherm will have the least velocity 

difference. Point of intersection 

between 90-10 and 120-40Ma geotherms 

gives a temperature difference of -

300.2oC at 86Km depth. Geotherms (90-

10 and 200-120Ma) converge at a 

temperature difference of about -

154.9oC and 113Km depth. Also, 120-40 

and 200-120Ma geotherms intersects at 

a temperature difference of -139.5oC 

and 133Km depth. 
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Figure 8: Temperature difference with depth plots for 90-10, 120-40 and 200-120 Ma. 

 

4.3. Variation due to changing mantle 

potential temperature (Tm)  

Oceanic geotherms (fig. 9) with varying 

mantle potential temperatures between 

1200 – 1400oC shows an increasing mantle 

temperature difference with depth. 

Comparatively geotherms between 1200 

and 1400oC gives temperature 

difference of about 25oC at 20 km 

depth. Looking deeper levels, at 40, 80, 

100, 140 and 200km depths gives 

corresponding temperature differences 

of 98oC, 144oC, 154oC, 191oC and 198oC. 

Variation in mantle potential 

temperatures alters the temperature-

depths profiles. For example, in areas 

affected by a mantle plume or upwelling, 

mantle potential temperature may be 

expected to be higher. 

 

 
Figure 9: Plot of mantle geotherms for oceanic lithosphere varying mantle potential 

temperatures (Tm) between 1200 and1400oC. 
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4.4. Predictions for the West African 

Margin 

The predicted temperature structure for 

the Western margin of Africa has been 

computed using both the half-space and 

plate cooling models (with asymptotic 

thickness of 95km and 130km). In both 

models (above 100km) an adiabatic gradient 

was assumed to account for the convective 

mantle. The subsurface temperature from 

both models is maximum at ocean ridges and 

decreases towards the continent (fig. 10, 11 

and 12). In addition, at 50km depth, the two 

models show colder lithosphere away from 

the ridge. These low temperature regions are 

interpreted as areas of fast seismic 

velocities, thicker, and older. Beneath the 

ridge axis there is a narrow region of high 

temperature which is due to upwelling of hot 

materials from the mantle. These high 

temperature regions beneath the ocean 

ridges are areas of slow seismic velocity 

anomalies, hotter, and younger. 

Similar plot for half-space cooling model at 

100km depth (fig. 13) reveal a broad high 

temperature beneath the ridge axis. These 

high temperature beneath the ridge are 

interpreted as areas of slow seismic 

velocities and younger. The low temperature 

feature observed away from ocean ridges at 

100km depth for half-space cooling model is 

due to the fact that the model assumes a 

continuous cooling for all ages. The 

temperature map for plate model (fig. 14) 

with asymptotic thickness of 95 km at 100 

km depth shows a uniform temperature 

gradient beneath both the ocean ridge and 

away from the ridge. However, the 

homogenous feature is due to the fact that 

the geothermal gradient is no longer 

controlled by conductive cooling, but by 

adiabatic compression. The geothermal 

gradient for adiabatic compression is much 

smaller compared to gradient in the 

conductive lithosphere. On the contrary, the 

plate model (fig. 15) with asymptotic 

thickness of 130km and mantle potential 

temperature of 1330oC, shows a colder 

lithosphere away from the ridge. This is 

because at 100km depth it is still below the 

asymptotic thickness (a = 130km) and it is 

still controlled by conductive cooling.  

 
Figure 5: Temperature map at 50km depth with mantle potential temperature (Tm=1350oC) for 

the western coast of Africa using half-space cooling model. 
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Figure 6: Temperature map at 50km depth for plate model with asymptotic thickness of 95 km 

and mantle potential temperature of 1350oC. 

 

 
Figure 7: Temperature map at 50km depth for plate model with asymptotic thickness of 130 km 

and mantle potential temperature of 1330oC. 
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Figure 8: Temperature map at 100km depth with adiabatic component and mantle 

potential temperature (Tm=1350oC) for the western coast of Africa using half-space 

cooling model. 

 

 

 
Figure 9: Temperature map at 100km depth for plate model with adiabatic gradient of 

0.4oC/Km and an asymptotic thickness of 95 km and mantle potential temperature of 

1350oC. 
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Figure 10: Temperature map at 100km depth for plate model with adiabatic gradient of 

0.4oC/Km and an asymptotic thickness of 130km and mantle potential temperature of 

1330oC. 

 

4. Conclusion 

This study reinforces the applicability of 

thermal models in assessing lithospheric 

evolution. Comparison of the cooling 

models shows that at 50 km depth, both 

models show cooler lithosphere away 

from the ridge, with high temperatures 

at the ridge axis corresponding to slow 

seismic velocities. However, at 100 km 

depth, the half-space model predicts a 

broad high-temperature anomaly, while 

the plate model shows a uniform 

temperature gradient due to adiabatic 

compression. The plate model provides a 

better fit for older oceanic lithosphere, 

while the half-space model is suitable for 

younger regions. Future research should 

integrate refined seismic velocity 

models to enhance understanding of the 

thermal and mechanical evolution of the 

lithosphere along the Western Coast of 

Africa. 
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