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Abstract:  Geothermal gradients and present day heat flow values were evaluated for about seventy one wells in parts of
the eastern Niger delta, using reservoir and corrected bottom – hole temperatures data and other data collected from the
wells. The results showed that the geothermal gradients in the shallow/continental sections in the Niger delta vary
between 10 - 18o C/km onshore, increasing to about 24o C/km seawards, southwards and eastwards. In the deeper
(marine/paralic) section, geothermal gradients vary between 18 - 45o C/km. Heat flow values computed using Petromod
1–D modeling software and calibrated against corrected BHT and reservoir temperatures suggests that heat flow variations
in this part of the Niger delta range from 29 – 55 mW/m2 (0.69 – 1.31 HFU) with an average value of 42.5 mW/m2 (1.00
HFU). Heat flow variations in the eastern Niger delta correspond closely to variations in geothermal gradients. Geothermal
gradients increase eastwards, northwards and seawards from the coastal swamp. Vertically, thermal gradients in the
Niger delta show a continuous and non-linear relationship with depth, increasing with diminishing sand percentages. As
sand percentages decrease eastwards and seawards, thermal gradient increases. Lower heat flow values (< 40 mW/m2)
occur in the western and north central parts of the study area. Higher heat flow values (40 - 55 mW/m2) occur in the
eastern and northwestern parts of the study area. A significant regional trend of eastward increase in heat flow is observed
in the area.  Other regional heat flow trends includes; an eastwards and westwards increase in heat flow from the central
parts of the central swamp and an increase in heat flow from the western parts of the coastal swamp to the shallow
offshore. Vertical and lateral variations in thermal gradients and heat flow values in parts of the eastern Niger delta are
influenced by certain mechanisms and geological factors which include lithological variations, variations in basement
heat flow, temporal changes in thermal gradients and heat flow, related to thicker sedmentary sequence, prior to erosion
and evidenced by unconformities, fluid redistribution by migration of fluids and different scales of fluid migration in the
sub-surface and overpressures.
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INTRODUCTION

Several appraisal, exploratory and development wells
have been drilled in the Niger delta since 1956, when oil
was first discovered. Most of the previously drilled wells
for hydrocarbons in the Niger delta are of shallow depths,
usually less than 3,500 m. However, hydrocarbon
occurrences in the delta are also known to exist at some
great depths. But drilling to these great depths requires an
accurate assessment of the temperature regimes in the area.
Knowledge of the thermal gradients can be used in predicting
the thermal regime associated with these deeper reservoirs,
and may also be used in designing high temperature drilling
bits, as well as in planning well-mud cementing procedures.
A good knowledge of the temperature and heat flow regime
in an area is invaluable in understanding the thermal
maturation pattern of sediments as well as in unraveling the

past thermal regimes in the area. Heat flow studies also give
an insight into the thermal history, geodynamic origin of a
sedimentary basin and the basin’s hydrodynamics (Jessop
and Majorowicz, 1994)

Previous studies that deals with thermal gradients and
heat flow variations in the Niger delta are abundant. Earlier
studies include the thermal gradients maps of Nwachukwu
(1976) and Avbovbo (1978) as well as the temperature maps
of Evamy et al (1978) from which the regional temperature
information for the delta can be derived. More recent studies
that discuss thermal gradient variations in the Niger delta
include the works of Akpabio et al (2003), Akpabio et al
(2013), Adedakpo et al (2013), Anomohanam (2013) and
Odumodu and Mode (2014). Heat flow studies undertaken
in the Niger delta  include the works of Chukwueke et al
(1992), Etim et al (1996), Ogagarue (2007) and Brooks et
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al (1999). Odumodu and Mode (2014) discussed the results
and limitations of most of these previous studies. Amongst
the limitations are the sparse distribution of data points and
lack of structural features on the maps to demonstrate their
influence on geothermal gradient variations. Odumodu and
Mode (2014) tried to solve these problems by using several
data points and utilizing Schulumberger’s interactive
mapping software known as Petrel and ArcGIS, which can
be used to import a structural map on to the temperature
and thermal gradient maps. A major limitation of Odumodu
and Mode (2014) studies is the use of the average gradient
method, which predicts temperatures accurately mainly at
shallow depths, but when great depths are involved, it can
lead to an underestimation or overestimation of the
temperature regime. In this study, the shortcomings
associated with using the average geothermal gradient
method is overcome by using the variable geothermal
gradient method, which portrays the characteristic

temperature profile of the depobelts in the onshore part of
the Niger delta. This study, therefore, evaluates the thermal
gradients and heat flow variations in parts of the eastern
Niger delta, and its three depobelts; the central swamp, the
coastal swamp and the shallow offshore. The study area is
located between longitudes 6o30'E – 8o00'E and latitudes
4o00'N – 5o00'N (Fig.1).

GEOLOGIC  SETTING

The Niger delta is located in the Gulf of Guinea, central
West Africa, at the culmination of the Benue Trough (Fig.
2). The Anambra basin and the Abakaliki trough to the
north, the Cameroun volcanic line to the east, the Dahomey
embayment to the west and the Gulf of Guinea to the south
define the boundaries of the Niger delta. The Tertiary Niger
delta covers an area of approximately 75,000 sq km and
consists of a regressive clastic sequence, which attains a

Fig.1. Map of the study area showing the three depobelts. Insets above are a map showing the various depobelts in the Niger delta and
a schematic dip section of the Niger delta.
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maximum thickness of 12,000 m (Orife and Avbovbo, 1982).
Burke et al (1972) suggested that the progradation of the
Niger delta across pre-existing continental slope into the
deep sea began during the late Eocene and is still active
today. The lithostratigraphic succession of the Niger delta
(Fig. 3) consists of three major formations; Akata, Agbada
and Benin formations. Their depositional environments
range from marine, to transitional and continental
respectively. These three formations are diachronous; with
ages ranging from Eocene to Recent (Short and Stauble,
1967). These formations were deposited on stretched
continental and oceanic crusts (Heinio and Davies, 2006).
Sand / shale ratio form the major basis for distinguishing
this progradational facies. The Akata Formation is the basal
sedimentary unit in the Niger delta and is characterized by
over-pressured uniform dark grey shale with occasional
turbidites and channel fill sandy facies. The Agbada
Formation which overlies the Akata Formation consists of
an alternation of sandstones and shale. The Benin Formation
consists mainly of massive unconsolidated fine to coarse
grained sands and gravel, with some clay.

THE  DATABASE

Basic  Data  Correction  and  Conversions

The production reservoir temperature data supplemented
with bottom hole temperatures (BHT) data form the basis
for this study. The production reservoir temperature data
were obtained from the Annual Review of Petroleum
Resources (ARPR) data file and from well file reports in
the Shell library. The reservoir temperatures data are drill
stem tests usually acquired during production operations to
access the productivity of the formation. The bottom-hole

temperatures were extracted from well log headers. These
data were collected for seventy one wells from the central
swamp, the coastal swamp and the shallow offshore
depobelts.

Reservoir temperatures provide direct measurements of
temperatures at depth that are fairly reliable (Husson et al.
2008). Bottom-hole temperatures data are usually acquired
before thermal equilibrium is reached. Empirical (Bullard,
1947; Horner, 1951) and statistical (Deming and Chapman,
1988) correction techniques exists, but they require some
information that is not available, such as circulation time
and shut in time. In this study, the routine technique generally
used for hydrocarbon exploration purposes were adopted
due to the lack of the required data. The equilibrium or static
formation temperature were simply calculated by increasing
the BHT by 10% ΔT;

where ΔT = Tb - Ts (1)

Tb= the temperature at depth b. Ts = the surface
temperature

The surface temperature, Ts is assumed as 27 o C for the
central swamp and the coastal swamp, and 22 o C for the

Fig.2. Map of Nigeria showing the Niger Delta and other
sedimentary basins in Nigeria
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Fig.3. Regional stratigraphy of the Niger Delta (Corredor et al,
2005)
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shallow offshore. This technique was used by Husson et al.
(2008), and Odumodu and Mode (2014) for correcting BHT
data in the north-western part of the Gulf of Mexico and
the eastern part of the Niger delta respectively.

Geothermal  Gradients  Calculation

The temperature data used in this study were originally
recorded in Fahrenheit scale, but were converted to the
Celsius scale following the method of Odumodu
and Mode (2014). Bradley’s (1975) equation for the
determination of geothermal gradients as used by Odumodu
and Mode (2014) were used and is as follows:

Where temperatures are in degrees celsius and depth is
given in meters and the thermal gradient is in degrees celsius
per kilometre (o C/km).

Mean Annual  Surface Temperature

To determine the geothermal gradient as given in
equation 2, the mean surface temperature is subtracted from
the measured temperature and then divided by the formation
depth. Mean annual surface temperature is used as boundary
condition, and is equivalent to the temperature at the air-
sediment boundary. The air temperatures in offshore areas
do not reflect temperature at the top of the sediment column
and thus gives spurious results in geothermal gradient
calculations. In the deep offshore, the mean air temperatures
at the water surface are considerably higher than the seabed
or mudline temperature. For this study, we assumed a seabed
temperature of 22 o C for the shallow offshore, since the
depths to the seabed surface of these wells are shallow (17
to 50m) and there is no appreciable change in temperature
with water depth. Figure 4 is a combined plot that illustrates
how temperature decreases with increasing water depth. The
solid line on the figure shows a simple temperature ocean
water profile from low to middle latitudes, while the line
with circles is the bottom water temperature as a function of
water depth obtained by Brooks et al (1999) at heat flow
sites off Nigeria’s continental margins. For the offshore
regions, geothermal gradients are normally calculated
assuming mud-line temperatures as the surface temperature.
The temperature–depth ocean water profile is used to
determine the mudline temperature.

METHODOLOGY

Determination  of  Geothermal  Gradients

Two methods were used in determining the geothermal

gradient patterns in parts of the eastern Niger delta. These
methods include the constant geothermal gradient method
and the variable geothermal gradient method. The first
method involves the use of a single linear regression in the
temperature versus depth plot while in the second method,
the temperature-depth data sets are well fit by two constant
gradients at depth and involves the determination of an
upper or shallow thermal gradient and lower or deeper
thermal gradient. This therefore results in a sharp break in
thermal gradient at depth. This method gave a considerable
better fit than that given by a single linear regression to all
data from the central swamp and the coastal swamp. The
single regression line also gave a better fit to data from the
Shallow Offshore.

To calculate geothermal gradients, reservoir temperature
(RT) and bottom-hole temperature (BHT) data from each
well was loaded on to an Excel spreadsheet. The BHT depth
data was then converted to a true vertical depth (TVD –SS)
using directional survey data from log headers. The
reservoir temperature data from ARPR file had already
been converted to a sub-sea true vertical depth. An
Excel macro was used to plot data from each well on a
temperature-depth graph (Fig.5). Each plot was examined
and a gradient line or series of gradient lines was visually
established and drawn through the points. The mean
annual surface temperature at the air-sediment interface and
the temperature at the seabed-water interface (i.e. the mud-
line) were used as the shallowest point. For each of the well

Geothermal =
Tdepth  –  Tsurface * 1000 (2)

Gradient Formation depth

Fig.4. (a) A simple temperature- depth ocean water profile (from
http://www.Windows.ucar.edu.tour/link=/earth/Water/
temp.htm&edu=high. (b) Bottom water temperature as a
function of depth, at heat flow sites on Nigeria’s offshore
continental margin (Brooks et al, 1999)
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data, after establishing the gradient lines, values were
extracted from each plot to calculate a gradient. The
calculated thermal gradients were then contoured with the
Petrel software using convergent interpolation method and
robust gridding intervals.

Sand   Percentage   Mapping

Sand and shale percentages are usually determined from
gamma ray logs, resistivity and spontaneous potential logs.
For this study, the sand and shale percentages for all the
wells were retrieved from the Shell database known as
Petrotrek. The sand percentage data were averaged for
certain depth intervals such as: 0 – 4000ft (0 – 1312m) and
4000 – 9200 ft (1312 – 3000 m) for each of the wells. The
average sand percentages for the entire area were then
contoured using Petrel 2007 software.

Heat  Flow  Modelling

Heat flow passing through an area is usually determined
using the following relationship;

Q = – k grad T (3)

Where Q is the heat flow in milliwatts per m2 (mW/m2),
k is the thermal conductivity, which is a function of the
lithological composition, porosity, fluid content and
temperatures, whereas grad T is dT/dz, which is known as
the geothermal gradient.

Temperature and stratigraphic data were compiled for a
total of seventy-one wells. The heat equation was solved
using PetroMod 1D software, for each of the wells, taking
into consideration the variable lithologies (blends of
sandstones and shales) and compaction. The rifting
subsidence heat flow history model was applied in predicting
the present day heat flow. This was calibrated with the
measured temperature data for each well. Following
published concepts on heat flow variations, basins affected
by crustal thinning and rifting processes (McKenzie, 1978;
Allen and Allen, 1990), usually experience elevated heat
flows during the basins initiation. For all simulations, the
scenario adopted is thus; a steadily increasing heat flow
history from an assumed value of 60 mW/m2 at 125 Ma. A
maximum heat flow value of 90 mW/m2 was assigned for
the heat flow experienced at 85 Ma, the break up phase of
the basins initiation (Fig. 6). This assumption is supported
by the generalized stratigraphy and tectonic history of the
Niger delta and the Benue trough as shown in Table 1.
Assuming a gradual cooling as proposed by theoretical
stretching models, the heat flow then declines to its lower
present day values. The calibration procedure starts with
choosing a lower present day heat flow value for each well

and simulating the data. This procedure is repeated with the
heat flow values increased or decreased until the calculated
present day temperature profile fits the temperature data
observed in the well. The calibration results produced a very
good match between the observed temperature data and the
calculated temperature profile except in very few wells in
the central swamp depobelt. Vitrinite reflectance data was
not used because it was not available. The model uses the
Easy% Ro algorithm of Sweney and Burnham (1990) to
calculate vitrinite reflectance. This is the most widely used
method of vitrinite reflectance calculation and is based on a
chemical kinetic model that uses Arrhenius rate constants
to calculate vitrinite elemental composition as a function of
temperature.

DATA  INTERPRETATION:  RESULTS

Geothermal  Gradients

The results show that the central and coastal depobelts
were characterized by two-leg dog-leg geothermal gradients
pattern (Fig. 5a & 5b), whereas the shallow offshore has

Fig.5a. Temperature-Depth plot for A-1 well in the central swamp.

Fig.5b. Temperature-Depth plot for B-1 well in the coastal swamp.

Fig.5c. Temperature-Depth plot for C-1 well in the shallow
offshore.
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single- leg geothermal gradients pattern (Fig. 5c). In the
two-leg dogleg geothermal pattern, a shallow interval of
low geothermal gradient and a deeper interval of higher
geothermal gradient are usually observed. The shallow
interval of lower geothermal gradient is usually characterized
by higher thermal conductivity, whereas, the deeper interval
of higher geothermal gradients exhibits lower thermal
conductivities. A sharp break occurs in the two gradient
legs of the temperature – depth profile. The shallow
gradient belongs to the continental and/or continental
transition (CT) sequence, whereas the deeper gradient
belongs to the paralic/marine sequence. The thickness of
the lower geothermal gradient interval varies from 700m to
2000 m. The shape of the dogleg depends on the contrast in
thermal gradient between the continental and the deeper
paralic/marine sequence. If the contrast is low, the dog-leg
pattern appears close to a single-leg model and a gentle

curve replaces the kink. The single-leg pattern occurs in
the Shallow Offshore areas where high sand percentage
interval (70 – 80%) occurs at depths of 2900 – 3600 m. In
the shallow offshore, temperature profile or the geo-thermal
gradient pattern show a uniform linear increase with depth.

The geothermal gradient pattern in the eastern part of
the Niger delta is thus a reflection of the lithological
variations in the area. The transition from one leg of the
dogleg to another coincides with the change from the
continental sandstones to the paralic / marine section.
The temperature depth profiles used in determining the
thermal gradients are thus shown in Fig. 5. Geothermal
gradient maps of the study area are shown in Fig. 7 and 8.

Geothermal  Gradients  in  the  Shallow  (Continental) Section

In the central swamp depobelt, the geothermal gradient
in the continental sandstone is slightly above 10oC/km at

Table 1. Generalized Stratigraphy and Tectonic History of the Tertiary Niger Delta (Compiled from Reyment, 1965 and SPDC’s Niger Delta Cenozoic
Geological Data Table  (1990)
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DISCUSSION

Factors  Influencing  Geothermal  Gradients  and  Heat
Flow Variations  in  the  Study Area

The mechanisms and geological factors governing lateral
and vertical variations in thermal gradients and heat flow in
parts of the eastern Niger delta include; (i) Lithological
variations (ii) basement heat flow (iii) temporal changes in
thermal gradients and heat flow, related to thicker
sedimentary sequence, prior to erosion and evidenced by
unconformities (iv) fluid redistribution by migration of
fluids (v) different scales of fluid migration in the subsurface
and (vi) role of overpressure

Lithological   Variations

A spatial variation in lithology corresponds to variations
in the thermal properties of the sedimentary layer. Lithology
has a direct influence on conductive heat transfer and
controls the flow of heat from the basement to the
atmosphere. Sands and shales of variable composition
constitute the main lithotypes in the Niger delta basin, with
thermal conductivities ranging from 1.56 W/ mK to 2.30
W/ mK. Lateral and vertical variations in the thermal
conductivity of these sediments are influenced by such
factors as; structural configuration, geometry of the basin,
various degrees of cementation and compaction,
permeability and fluid contents. In the Niger delta, thermal
conductivities generally decrease with depth. The sand
percentage maps (Fig. 11a and 11b) shows that sand
percentages generally decrease eastwards from the
western part of the coastal swamp, and also to the central
swamp and to the shallow offshore. The sand percentage
map also clearly shows that sand percentage decreases as
shale percentage increases. The sand percentage variation
reflects the thermal conductivity variation in the sediments.
A comparison of the heat flow and thermal gradient maps
with the sand percentage maps shows that areas with lower
heat flow and lower thermal gradients correspond with areas
of high sand percentage or high thermal conductivity.
Similarly areas with higher heat flows and steeper thermal
gradients coincide with areas that have high shale percentage
(i.e. lower sand percentage) or lower thermal conductivity.
This, therefore, suggests that lithological variations or
thermal conductivity variations have a very significant
influence on the variations in the thermal field of the study
area.

Basement  Heat  Flow

The Niger delta occupies the axis of the Benue trough
and the delta has been built where the rift basins meet the

Fig.6. Heat flow history model of the Niger Delta used in the
present study

the central part around Tabangh, Yomene and Mobazi fields.
The geothermal gradients increase eastwards and westwards
to slightly above 18oC/km. In the coastal swamp depobelt,
the geothermal gradient in the shallow / continental section
varies between 10oC/km - 18oC/km in the western and central
parts and increases eastwards to 26oC/km (Fig. 7). In the
shallow offshore, the geothermal gradient in the continental
sandstones increases from about 14oC/km at the coastline
to about 24oC/km in the J field. The geothermal gradient in
the K field averages about 20oC/km and increases eastwards
to about 26oC/km.

Geothermal  Gradients  in  the  Deeper (Marine / Paralic)
Section

In the deeper (marine / paralic) section, the geothermal
gradient varies from between 18oC/km to 30oC/km in the
west and central part of the coastal swamp and increases to
45oC/km at the eastern parts (Fig. 8). Northwards in the
central parts of the central swamp, the geothermal gradients
are slightly less than 20oC/km, but increases up to 45oC/km
eastwards and westwards. The geothermal gradient in
the marine/paralic section of the shallow offshore varies
between 18 - 25oC/km in the eastern and central parts and
increases eastwards towards the Qua-Ibo field.

Heat  Flow  Results

Heat flow values were calculated for seventy-one (71)
wells in the central swamp, coastal swamp and the shallow
offshore depobelts by calibrating temperatures predicted
using the rifting model with the observed temperatures. This
calculation is done using Petromod 1-D modelling software.
The calculated heat flow ranges from 29 mW/m2 - 55 mW/
m2, and a mean of 42.5 mW/m2 (Fig. 9). This equals to a
heat flow unit (HFU) of 0.69 – 1.31 with a mean of about
1.00 HFU. Higher heat flow values (45 – 55 mW/m2) were
obtained for the western parts of the central swamp as well
as in the eastern parts of central swamp, the coastal
swamp and the shallow offshore. Lower heat flow values
(<35 mW/m2) were obtained for the central parts of the
central swamp, western part of the coastal swamp and the
shallow offshore depobelts.
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continental margin (Evamy et al., 1978; Haack et al., 2000).
It also extends into the eastern Gulf of Guinea forming a
mega delta complex which prograded over depressed
oceanic crust from the early Palaeogene to Recent. The
continental crust is known to produce several tens of time
more radiogenic heat than the oceanic crust. Higher thermal
gradients and heat flow are observed in the central swamp
than in the coastal swamp and the shallow offshore. This
may be as a result of the contribution of higher heat budget
introduced into the sedimentary layer from the underlying
continental crust present beneath the central swamp whereas
lower heat budget are contributed from the oceanic crust

beneath the coastal swamp and the shallow offshore
depobelts because of its lower radiogenic heat content.

Temporal  Changes  in  Thermal  Gradients  and  Heat  Flow,
Related  to  Thicker  Sedimentary  Sequence  Prior  to
Erosion  Evidenced  by  Unconformities

This is a major factor responsible for vertical variations
in geothermal gradients and heat flow in the Niger delta.
The Niger delta consists of a thick sequence of three layers
of clastic sediments from top to bottom; Benin, Agbada and
Akata formations. Several unconformity surfaces have been
observed in the sequence. The unconformity surfaces are

Fig.7. Geothermal Gradients map of the Shallow (Continental ) section.

Fig.8. Geothermal Gradients map of the deeper (Marine / Paralic) section
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often sealed with shale and clay which separates the sands
into various layers. This restricts the circulation of fluids
within the various layers, and thus creating different
temperature regimes within them. These variations in
temperature regime from one layer to another gives rise to
the dogleg geothermal patterns which are often observed in
the onshore depobelts in the Niger delta, whereby the kinks
in the doglegs correspond to the unconformities associated
with the various stratigraphic units.

Fluid  Redistribution  by  the  Migration  of  Fluids

Movement of fluids is initiated by certain processes or

phenomenon such as compaction, buoyancy and gravity. The
sedimentary thermal regimes can be perturbed by the vertical
migration of fluids through pores, fractures and faults. The
Niger delta consists of several regional thrusts and faults
traversing several of its depobelts. These thrusts and faults
in the delta are possible conduits for fluid transmission to
the surface. The redistribution of fluids through the thrusts
and faults by the processes of compaction, buoyancy and
gravity has greatly influenced thermal gradients and heat
flow variations in the Niger delta. In the study area, the
structural features in the central swamp depobelt consist of
fairly regular deeper rollover structures with associated faults
through which fluids can easily be transmitted. The coastal
swamp depobelt consists of collapsed crest structure and
back to back faults. Here, the associated faults are draped
with shales which close the fault planes and do not permit
easy advection of fluids. The shallow offshore is structurally
the most complex having clay diapirism and effect of internal
gravity tectonics on modern continental slopes. The shallow
offshore forms part of the shale diaper zone which is part of
the most overpressured zone in the Niger delta. Episodic
fluid expulsion has been explained as a viable mechanism
for the high heat flow and thermal gradients observed in the
overpressured zones. These fluids move up to the surface
through the faults resulting in high heat flows and high
thermal gradients that is observed in the shallow offshore.
This explains why the lower thermal gradients and heat flow
are observed in the coastal swamp which increases
northwards to the central swamp and southwards to the
shallow offshore. The convergence of the long regional faults
(Fig. 1), which are pathways for the transmission of hot fluids
from deeper sources to the surface, explains the high thermal

Fig.9. Heat Flow Map of parts of the Eastern Niger Delta (Odumodu, 2011: Odumodu and Mode, 2014)

Fig.10. Plots of Temperature and Sand Percentage against depth
for some wells (a) A-1 (Central Swamp), (b) A-2 (Central
Swamp), (c) B-2 (Coastal Swamp, (d) B-3 (Coastal Swamp)
(e) C-2 (Shallow Offshore (f) C-3 (Shallow Offshore).
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gradients and heat flow in the eastern part of the study,
whereas, the divergence of these regional faults in the
western part contributes to the lower thermal gradients and
heat flow values observed in the area.

Different Scales  of  Fluid  Migration

The movement of fluids in the Niger delta influence the
thermal and heat flow pattern of the basin. This includes the
effects of moving fluids such as groundwater in the aquifer,
petroleum, connate and juvenile water moving upward,
meteoric water moving downward through fractures and
pore spaces and endothermic reactions during diagenesis.
In the Niger delta, regional hydrodynamic features control
regional geothermal patterns with some perturbations caused
by some local effects. Ophori (2007) opined that there is
no regional groundwater system in the Niger delta but

rather intermediate and local flow systems, whereby the
groundwater discharge area corresponds to the oil rich belt,
which he believes have some implications on migration of
fluids. Ngah and Nwankwoala (2013) suggested that the
regional groundwater flow in the Niger delta is from north
to the south, with some localized changes in south-east,
northwest and northeast directions, whereby older
rocks in the northern parts act as recharge area whereas the
recent sediments in the south are the discharge area. On this
basis, the western part of the coastal swamp can be regarded
as water recharge area and the shallow offshore as a water
discharge area. Groundwater movements in the Niger delta
has significantly contributed to the lower heat flow and lower
thermal gradients observed in the western part of the coastal
swamp and the higher thermal gradients and heat flow
observed in the shallow offshore.
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Fig.11. Sand Percentage map for (a) shallow (Continental section). (b) deeper (Marine / Paralic)
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The  Role  of  Overpressure

The marine Akata Formation in the Niger delta is
known to have overpressured clays and shales. This is a
very prominent feature in all the depobelts studied.
Overpressured formations are known as a veritable source
of high heat flow in some sedimentary basins. As sediment
experiences compaction, pore water is squeezed out and
migrates upward through younger, less compacted sediment
or faults. If the flow is focused, along narrow conduits (e.g.,
faults), as a result, temperatures near the flow path become
elevated .

CONCLUSIONS

The geothermal gradients in parts of the eastern Niger
delta has been calculated using corrected bottom hole
temperature (BHT) and reservoir temperature data. The
heat flow results have been computed using PetroMod 1D
modeling software. This study has revealed some regional
variation in geothermal gradient and heat flow trends;

In general, heat flow variations correspond closely to
variations in geothermal gradients.

1 Heat flow increases from the western parts of the coastal
swamp to the eastern parts. The geothermal gradient in
the shallow/continental section increases eastwards 10oC/
km - 18oC/km in the western and central parts and
increases eastwards to 26oC/km while the thermal
gradient in the deeper (marine/paralic) section varies
from 18oC/km to 30oC/km in the west and central part
to 45oC/Km eastwards.

2 Heat flow increases from the central part of the central
swamp eastwards and westwards. Geothermal gradients
in the shallow / continental section increase eastwards
and westwards from 10oC/km in the central parts of the
central swamp to slightly above 18oC/km while thermal
gradients in the deeper (marine/paralic) section increase
eastwards and westwards from slightly less than 20oC/
km to 45oC/km. Heat flow increases from the central
swamp to the shallow offshore.

3 In the shallow offshore, the thermal gradient increases
from about 14oC/km at the coastline to about 24oC/km,
further offshore and 26oC/km eastwards. The thermal
gradients in the deeper (marine/paralic) section vary from
18 - 25oC/km in the western and central parts but
increases eastwards.

References

ADEDAPO, J.O., KUROWSKA, E., SCHOENEICH, K. and IKPOKONTE,A.E.
(2013) Geothermal gradient of the Niger Delta from recent
studies. Internat. Jour. Scient. Engg. Res., v.4(11), pp.39-45.

AKPABIO, I.O., EJEDAWE, J.E., EBENIRO, J.O. and Uko, E.D.  (2003)
Geothermal gradients in the Niger Delta basin from continuous
temperature logs. Global Jour. Pure Appld. Sci., v.9(2), pp.265-
272.

AKPABIO, I., EJEDAWE, J. and EBENIRO, J. (2013) Thermal state of
the Niger Delta Basin. Proc. 18th Workshop on Geothermal
Reservoir Engineering, Stanford University, Stanford,
California, February 11-13, 2013.

ALLEN, P.A. and ALLEN, J.R. (1990) Basin Analysis – Principles
and Applications. Blackwell Scientific Publications, London,
449 p.

ANOMOHANRAN, O. (2013) Evaluation of Geothermal gradient and
heat flow distribution in Delta State, Nigeria. Internat. Jour.
Basic Appld. Sci., v.2(1), pp.103 – 108.

AVBOVBO, A.A. (1978) Geothermal gradients in the southern
Nigerian basin. Bull. Canadian Petrol. Geol., v.26(2), pp.268-
274.

BRADLEY, J.S. (1975) Abnormal formation pressure. AAPG Bull.,
v.59, pp.957-973.

BROOKS, J. M., BRYANT, W.R., BERNARD, B.B. and CAMERON, N.R.
(1999) The nature of gas hydrates on the Nigerian continental
slope. Annals of the New York Acad. Sci., v. 912, pp.76-93.

BULLARD, E.C. (1947) The time necessary for a borehole to attain

temperature equilibrium. Monthly Notes of the Royal
Astronomical Society, v.5, pp.127-130.

BURKE, K.G, DESSAUVAGIE, T.F.J. and WHITEMAN, A.J. (1972)
Geological History of the Benue valley and adjacent areas.
In: T.F.J. Dessauvagie and A.J. Whiteman (Ed.), African
Geology, Ibadan, Nigeria, University of Ibadan, pp.187-206

CHUKWUEKE, C., THOMAS, G. and DELFRAUD, J. (1992) Sedimentary
Processes, Eustatism, Subsidence and Heat flow in the distal
parts of the Niger Delta. Bull. Centres Rech. Exploration –
Production. Elf – Acquitaine. v.16(1), pp.137-186.

DEMING, D. and CHAPMAN, D.S. (1988) Inversion of bottom hole
temperature data: The Pine view field, Utah – Wyoming thrust
belt. Geophysics, v.53, pp.707-720.

ETIM, D.U., OFOEGBU, C.O., EBENIRO, J.O. and CHUKWUEKE, C.C.
(1996) Present Day Heat Flow in the Niger Delta, Nigeria.
Nigerian Assoc. Petrol. Explor. Bull., v.4.

EVAMY, B.D., HAREMBOURE, J., KAMERLING, P., KNAAP, W.A.,
MOLLOY, F.A. and ROWLANDS, P.H. (1978) Hydrocarbon habitat
of the Tertiary Niger Delta. AAPG Bull., v.62, pp.1-39.

FORREST, J., MARCUCCI, E. and SCOTT, P. (2007) Geothermal
Gradients and Subsurface Temperatures in the Northern Gulf
of Mexico. Gulf Coast Assoc. Geol. Soc. Trans., v.55, pp.233-
248.

HAACK, R.C., SUNDARARAMAN, P. DIEDJOMAHOR, J.O., XIAO, H.,
GANT, N.J., MAY, E.D. and KELSCH, K. (2000) Niger Delta
Petroleum Systems, Nigeria, AAPG Mem., v.73, pp.390-394.



JOUR.GEOL.SOC.INDIA, VOL.88, JULY 2016

118 CHUKWUEMEKA  FRANK  R.  ODUMODU AND AYONMA WILFRED  MODE

HEINIO, P. and Davies, R.J. (2006) Degradation of compressional
fold belts: Deep-water Niger Delta. AAPG Bull., v.90, pp.753-
770.

HORNER, D. (1951) Pressure build – up in wells. In Proceedings of
the Third world petroleum congress. The Hague, pp.503-519.

HOUBOLT, J.J. and WELLS, P.R.A. (1980) Estimating Heat Flow in
Oil Wells Based on a Relation Between Heat Conductivity
and Sound Velocity. Geologie en Mijnbouw, v.59(3), pp.215-
224.

HUNT, J.M. (1996) Petroleum Geochemistry and Geology, 2nd Ed.,
Freeman, San Francisco.

HUSSON, L., HENRY, P. and Le Pichon, X. (2008) Thermal regime
of the NW shelf of the Gulf of Mexico, Part A: Thermal and
pressure fields. Bull. Soc. Geol. Fr., v.179(2), pp.129-137.

HUVAZ, O., SARIKAYA, H.  and NOHUT, O.M. (2005) Nature of a
regional dogleg pattern in maturity profiles from Thrace basin,
north-eastern Turkey; A newly discovered unconformity or a
thermal anomaly? AAPG Bull., v.89, pp.1373-1396.

JESSOP, A.M. and MAJOROWICZ, J.A. (1994) Fluid Flow and Heat
Transfer in Sedimentary Basins, In: Geofluids: Origin,
Migration and Evolution of Fluids in Sedimentary Basins,
Geol. Soc. Spec. Publ., no.78, pp.43-54.

MCKENZIE, D. (1978) Some remarks on the development of
sedimentary basins formed by extension. Earth  Planet. Sci.
Lett., v.40, pp.25-32.

Nagihara, S. and K.O. Jones, 2005. Geothermal heat flow in the
northeast margin of the Gulf of Mexico.AAPG Bull., v.89(6),

pp.821-831.
NAGIHARA, S. and SMITH, M.A. (2008) Regional overview of deep

sedimentary thermal gradients of the geopressured zone of
the Texas-Louisiana continental shelf. AAPG Bull., v.92(1),
pp.1-14.

NGAH, S.A. and NWANKWOALA, H.O. (2013) Assessment of static
water level in parts of the Eastern Niger Delta. The Internat.
Jour. Engg. Sci., v.2(11), pp.136-141.

NWACHUKWU, S.O. (1976) Approximate geothermal gradients in
the Niger Delta sedimentary basin. AAPG Bull., v. 60, pp.1073-
1077.

ODUMODU, C.F. (2011) Geothermal Gradients and Burial History
Modeling in parts of the eastern Niger Delta. Unpublished
Ph.D Thesis, University of Nigeria, Nsukka, 178p.

ODUMODU, C.F.R. and MODE,A.W. (2014) Present Day Geothermal
Regime in parts of the Eastern Niger Delta. Petrol. Tech.
Develop. Jour., v.1, pp.7-26.

OGAGARUE, D.O. (2007) Heat flow estimates in the Eastern Niger
Delta basin, Nigeria. Pacific Jour. Sci. Tech., v.8(2), pp.261-
266.

OPHORI, D.U. (2007) A simulation of large scale groundwater flow
in the Niger Delta, Nigeria. Environ. Geosciences, v.14(4),
pp.181-195.

ORIFE, J.M. and AVBOVBO,A.A. (1982) Stratigraphic and unconfor-
mity traps in the Niger Delta. AAPG Bull., v.65, pp.251-265.

SHORT, K.C. and STAUBLE, A.J. (1967) Outline of geology of
Niger Delta. AAPG Bull., v.51, pp.761-779.

(Received: 11 September 2014; Revised form accepted: 13 January 2015)



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 214
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00467
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 214
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00467
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


