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TpaauUUOHHBIM MOAXOM K U3MEPEHUIO TEIUIOBOIO ITOTOKA BKJIIOYAET JIBA [apaMeTpa: re0OTePMUUYECKUI I'pagueHT
Y TEIUIOTIPOBOIHOCTH TOPHBIX MOPOJ, CIAraloINX pacCMaTpUBaeMblii MHTepBa IyOuHBI. [eoTepMUUeCcKuil rpaJieHT
OTPEEIISIOT U3 TEPMOTPaMMBbl, 3aPETUCTPUPOBAHHON B CKBa)KMHE, a TEIUIONPOBOIHOCTh — MYTEM JIAOOPATOPHBIX U3-
MEpeHHH 0TOOpaHHBIX 00Pa3IIOB TOPHBIX MOPOJ. M3BeCTHBI BapHallK 3TOTO TOIX0/1a OTHOCUTEIBHO re0TEPMUYECKOTO
rpajJueHTa U 3Ha4eHUd TemmonpoBogHOCTH. OJTHAKO HA MHOTHMX IUIOIIAJSX OTCYTCTBYIOT CKBAXKHHBI JJISl pErHCTpaluu
TEpPMOTpaMM WM TI0 KpaiHeH Mepe /I IONyYeHHs] HECKOJIBKIX 3aMEpOB TEMIIEPaTyphl Ha MPOMEKYTOYHBIX 3a005X,
B pe3yJIbTaTe Yero TPaauIMOHHBIN METOJ HeNb3s npuMeHnTh. B Hurepun, B paiionax, rae HeT NTyOOKHUX CKBa)KUH, OBIT
IIMPOKO MCTIONB30BaH HOBBIA METOJI OTIpe/IeJIEHHs TEIIOBOTO MOTOKA, Oa3upyIONIHiics Ha OlleHKe ITyOUHBI KPOBJIX U TIO-
JIOLIBBI MArHUTOAKTUBHOTO TEJa MPH aHAIN3€ KapT MarHUTHOTO 1oJist. [TogomiBa MarHUTOAKTUBHOTO Te€Ia COOTBETCTBYET
TemIeparype noBepxHoctd Kropu, Hike KOTOpoil rOpHbIE MOPOABI TEPSIOT MarHUTHBIE CBOWCTBA. M3BecTHO, 4TO 3TO
MPOUCXOIUT NpH Temneparype okosno 580 °C, koTopas HECKOIBKO BAPbUPYETCS] B 3aBUCUMOCTH OT COZIEP>KAHUS MarHe-
TUTa B MArHUTOAKTUBHOM TeJje. TernaoBOi MOTOK BBIYMCISIOT IIyTEM YMHOMKEHHUSI T€OTEPMHUUYECKOIO TPAJUEHTA B 3TOM
MHTEpBaJie TIIyOMHBI Ha TEIUIOPOBOIHOCTH TOPHBIX TOPOA. MIMeeTcs psi pa3pO3HEHHBIX 3HAUYCHUH TETJIOBOTO MOTOKA
B Hurepumu, paccunranHoro ooonmu Metogamu. CocraBiieHa peaBapuTebHas KapTa TeIUIOBOTO II0TOKa, OCHOBaHHAs Ha
JIOCTYTIHBIX JaHHbIX. CpaBHEHHE BEIMYHH TEIUIOBOTO ITOTOKA, ONIPECNICHHBIX ABYMS METOJaMH, ISl HECKOIBKHUX PEruo-
HOB CTPaHbI O3BOJIMUJIO BBISIBUTH UX COOTBETCTBHE.

Knwuesnte cnoea: reorepmus; TEIIOBOM NOTOK; MAarHUTHOE 1oJ1e; n3otepma Kropu; Hurepus.
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A traditional approach for heat flow determination requires two parameters. They are a geothermal gradient and heat
conductivity of rocks comprising the considered depth interval. The geothermal gradient is determined from a thermo-
gram recorded in a wellbore and the heat conductivity is obtained from the laboratory measurements of selected rock
samples. There are some variations of this approach to both get the gradient and heat conductivity values. However, there
are many areas without boreholes to register their thermograms, or at least to have several temperature readings at inter-
mediate positions of bottom holes and traditional methods of heat flow determinations cannot be used. Recently another
method was proposed to estimate heat flow. It was derived from spectral analysis of magnetic field. During last years it
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was widely used in Nigeria for areas where deep boreholes are absent. It uses estimates of depths to the base and bottom
of the causative body derived from analysis of the magnetic field maps. The base of the causative body corresponds to
the depth of the Curie surface at which rocks lose their magnetic properties. It is known that it happens at the temperature
around 580 °C that slightly varies depending on the content of magnetite within the causative body. The temperature at the
top of this body is estimated. The heat flow density can be calculated knowing the geothermal gradient within this depth
interval and heat conductivity of rocks. A preliminary heat flow density map was compiled based on all accessible heat
flow data. A comparison of heat flow data from several regions of the country, determined using both methods provides
rather good agreement.

Keywords: geothermics; heat flow; magnetic field; Curie isotherm; Nigeria.

Introduction

Nigeria has a poor production of electricity and its distribution. Electricity generation is on a thermal plant
(up 66.7 %) and hydro power plant — 33 % of the total power production. Of 170 million of population, about
45 % have access to electricity, which is easier within urban areas. During last decades, using of renewables,
including geothermal energy, was spreading worldwide, and the awareness of energy sector, as well as federal
and local authorities, on such energy raised in Nigeria. Investigations of terrestrial temperature were carried
out in hundreds of exploration wells drilled for oil and gas.

The geothermal gradient and heat flow are frequently used parameters in geology as important indicators of
the thermal state of the crust and its sedimentary cover. They are useful for estimating geothermal resources,
prospecting for oil and gas fields, considering the regional tectonics, geodynamics, etc. The temperature is one
of factors controlling the hydrocarbon generation. Temperature-depth curves are recorded by logging in open
wellbores in a few hours or days after the interruption of drilling.

They reflect transient phenomena caused by the drilling mud circulation. The steady state diagrams are
seldom for oil wells of Nigeria. In most of publications, researchers analyzed these curves when the thermal
regime was not restored, or sometimes they use several temperature readings at intermediate bottom hole po-
sitions during drilling of the well (BHT), which permit to determine the geothermal gradient.

Exploratory and development wells have been drilled in the Niger Delta since 1956, when first oil was first
discovered in the country [1]. Since that time, a number of temperature-depth logs were recorded in these, or
measurements of individual temperature values, fulfilled at a number of intermediate positions of bottom holes
in a course of oil wells drilling. Later these temperature data were used to determine heat flow density.

However, until now the territory of the country was geothermally studied mainly within deep sedimen-
tary basins. Such measurements were fulfilled as a rule within crustal blocks promising for oil exploration.
No direct temperature measurements are available in other parts of the region. Nigerian researchers have done
a number of heat flow estimates derived from the magnetic field analysis. Such data comprise for today around
50 % of available heat flow determinations. The article summarizes the existing heat flow information for the
whole territory of the country.

Traditional methods for heat flow determination

Traditional approach to calculate heat flow density assumes a separate determination of geothermal gradient
and a heat conductivity of rocks from the considered depth interval. In result multiplying the gradient by heat
conductivity of rocks from the same depth interval, results in its heat flow
value [2]. The geothermal gradient is a well-known result of the division
the temperature at the base of the considered depth interval 7, minus the

T, temperature at its top 7 by the interval length z, —z, = L (fig. 1).

T - gradT=AT/Ah=(T2—Tl)/(zz—zl).
~

Two temperature values 7, and 7, could be used as readings from

a thermogram at two depths z, and z, or two temperatures at two interme-
T, diate positions of a bottom hole in the same well could be used. The heat

? conductivity of selected rock samples from a drill core, taken from the con-
Y q: sidered depth interval, is determined by laboratory measurements. When
Fig. I. Temperature profile the thermogram was not recorded, thes.e two temperature Valugzs. coulq be

and heat flow g, within rocks taken as temperatures recorded at two different bottom hole positions with-

with uniform heat conductivity in drilled deep wells.
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It is assumed that the considered depth interval is represented by uniform type of rocks, otherwise it could
be accepted as, for instance, the arithmetic mean from results obtained after measurements of several samples
from the same interval. There are several modifications of this method. This simple method is used also when
porous or cracked rocks comprise the considered depth interval. However, besides pure heat conduction, a con-
vective component of heat transfer takes place here and heat flow calculations require corrections to be ap-
plied [2]. In other situations observed heat flow values are subjected to corrections, e. g. for topography, ground
water circulations or climatic perturbations. The most reliable data are included into heat flow catalogues.

The distribution of available onshore heat flow data within different crustal blocks are rather uneven.
There are many boreholes drilled within deposits of mineral resources, for instance within oil and gas fields
and they are rather sparse within territories without such mineral deposits. Some exclusion represent wells
for water supply for settlements or industrial enterprises. However, they are rather shallow and geothermal
regime within their vicinity is subjected noticeably to groundwater circulation, which influences observed
heat flow values within studied intervals. Moreover, the thermal logging within new finished deep wells are
frequently fulfilled only after a few days and the time elapsed after their drilling was finished and recording of
thermograms was undertaking is not enough for their field disturbed by the drilling to return to the steady state
condition. Usually such thermograms reflect transient features and are not acceptable for accurate heat flow
determinations without considerable corrections.

Method to heat flow estimate
from the magnetic field analysis

There are many crustal blocks where heat flow determination could not be fulfilled using the described and
traditional approach. One of indirect approaches to estimate heat flow density frequently used during last de-
cades is the method to derive heat flow from processing and analysis of maps of the magnetic field. The method
is aimed to determine the depths to the top and base of the magnetic causative body within the earth’s crust.
It is well known that magnetic properties of rocks disappear when they reach the Curie temperature, which
many authors consider to be around 550-580 °C.

When temperature of rocks exceeds the Curie point, magnetic materials lose their magnetisation. At the
same time, it is considered that for temperature exceeding 580 °C, those materials begin encountering the duc-
tile deformation [3]. The Curie point determination was considered in a number of publications [4—10]. It was
shown that spectral analytical method could be regarded to estimate of the Curie point depth (CPD).

The spectral method of analysis was developed by [11; 12]. Later it has been used in the analysis of mag-
netic anomalies in particular for the determination of average depth to the top of magnetic basement and for
the computation of crustal thickness, the Curie point isotherm, etc. [6; 13; 14].

The Fourier transformation of the aeromagnetic data to estimate the energy (or amplitude) spectrum by
transforming the spatial data into frequency domain is used in most cases and the spectrum analysis techniques
is applied for CPD determination. The method of Spector and Grant [12] allows estimating the average depth
to the top of the magnetized layer from a slope of the log power spectrum. The method of Bhattacharyya and
Leu [15] gives a possibility to estimate the depth to the centroid of the causative body by means of a single
anomaly interpretation. Later Okubo and his colleagues [16] combined both methods, developed an algorithm
for regional geomagnetic interpretation, and applied it to the geothermal exploration.

There are several applications of described approach to calculate the depths to the top of the causative body
and base of the Curie point. If the magnetization of a set of two-dimensional bodies is completely random and

uncorrelated, the radial average of the power density spectra of the total field anomaly, P(k), could be simpli-
fied as follows [17; 18]:

P(k)= 4, exp(—2|k|z, (1 — oxp[—[K|(Z,- 2,)] ))

where 4, is a constant; Z, and Z, represent the depths to the top and bottom of the magnetic body; respectively
k denotes the wave number of the magnetic field.

Two steps are necessary to evaluate CPD, the first step to estimate the depth to centroid 4,, of a magnetic
source from the slope of the longest wavelength part of the spectrum, using equation [6; 16; 19]. The centroid
depth of magnetic sources can be calculated from the low-wavenumber portion of the wavenumber-scaled

power spectrum as [20]
Pk
ln[#jl =In 4 — 2m|k|h,,

where A4 1s a constant.
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The second step permits estimating the depth to the top boundary %, from the slope of the second longest
wavelength part of the spectrum [6; 16; 19].

In\/P(k) = In B - 2m|k| h,
where B is the sum of constant independent of |k|
The basal depth £, is calculated from the equation [6; 16; 21].
hy=2hy—h,,

where /4, denotes centroid depth; /4, represents to the top boundary. An example is shown in fig. 2.
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Fig. 2. An example of radially average power for estimation of CPD using the two-dimensional
magnetic anomaly data for the block 5 of the model considered for the Ikogosi warm spring:
a — an example to estimate the Z, depth and b — an example to estimate the Z, depth.
Source: [22], modified

Depths of 7.60 and 0.78 are obtained as the centroid and top bound using the gradient of spectra defined as
In/P(k)|s| and In</P, where |k is the wavenumber and P(k) is the radially average power spectrum.

Different researchers point out that the Curie temperature depends on magnetic mineralogy. The Curie
temperature of magnetite (Fe,O,), the most common magnetic material in igneous rocks, is around 580 °C,
however, an increase in titanium (Ti) content of titanomagnetite (Fe, ,Ti,O,) causes a reduction in Curie
temperature. It is believed that in most cases it is (550 + 30) °C [6]. The Curie point temperature is strongly
influenced by the amount of titanium. The estimated value of 580 °C [23] is considered as the case in this study.
Using this Curie point temperature of 580 °C and the derived CPD, it is possible to calculate the geothermal
gradient within the considered area. The thermal conductivity is usually accepted to be 2.5 Wm '°C ' [24; 25].
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Geology of the region

Nigeria lies between latitudes 4° and 14° N, and longitudes 2° and 15° E. Rocks, comprising the crust within the
country, have different age and origin. The Precambrian basement spread over almost 48 % of this region (fig. 3).
Deep basins exist within the remaining 52 % of the country, where sediments have Cretaceous to the younger
age [22]. Over 80 volcanoes exist within both the Biu and Jos plateaus with basaltic lava flows [26]. The Niger
River with its Benue tributary is the principal river of West Africa and runs its waters to the Atlantic Ocean.

4°E 12°E
! !

IULLEMMEDEN BASIN
CHAD BASIN

Borno Basin
12° N+
Central Nigerian

Jos

‘:’ Sedimentary

basins
Crystalline

4° N basement rocks Gulf of

AKiri  Major thermal springs Guinea 0
°

Fig. 3. Geological subdivision and the main crustal blocks in Nigeria.
Four circles indicate positions of warm springs: Akiri (53.5 °C), Wikki (32 °C)
and Ruwan Zafi (54 °C), as well as Ikogosi (37 °C).

Source: [27]

Sedimentary basins originated when the Gondwana started to split, opening Atlantic Ocean, in the early
Cretaceous time and formed the Pan African Rift system in the West African terrain. These basins are filled with
sediments of different thickness, subjected later to tectonic deformations through Cretaceous to Neogene time.
Their deepest parts are more than 9—12 km [28] and the widest spread corresponds to the Niger Delta [29].

The Benue Trough is subdivided into the Upper, Middle and Lower Benue troughs. The latter one includes
the Anambra Basin, Abakaliki Uplift with the maximal thickness of sediments up to 6 km. Sedimentary cover
thickness is around 4 and 1 km in the Borno and Sokoto basins, respectively.

An important rifting event within the West Africa happened during the Cretaceous time in result the equato-
rial Atlantic opening led to the generation of intraplate rifts, including the Benue Rift and a series of Cretaceous
elongate basins in West Africa.

The Central Nigerian Shield with the Jos Plateau in the centre of the country and the West African Shield
occupy the central and northwestern parts of the area. The latter one extends through the border into the Benin
territory. The Nupe (Middle Niger) and Sokoto basins in their northern part and the Borno Basin within eastern
Nigeria, as a part of the Chad Basin, separate both shields. The Chad Lake is in the extreme north-east of the
country, which Nigeria shares with Niger, Chad and Cameroon. The Sokoto Basin is a part of the vast Iul-
lemmeden Basin, which extends through the border into the Niger territory. The Iullemmeden, Chad, Taoudeni
and Sinegal-Mauritanian basins belong to the main sedimentary basins of the West Africa. The latter two are
outside frames of the fig. 3 to the north.

The Adamava Highlands (monocline) is extended along the southeastern border of the country and conti-
nues into Cameroon area. The Niger Delta region, which is, home of the large oil industry, where Nigeria has
a total around 160 oil fields, is sitting directly on the Gulf of Guinea on the Atlantic Ocean. The Biu Plateau in
the eastern part of the country is located in between the Borno Basin and the Benue Trough.

Available heat flow data

The available heat flow data could be subdivided into three categories. The first category of heat flow va-
lues is based on thermograms of wells, or temperature readings done at intermediate positions of bottom holes
during drilling deep wells. The second category represents estimated heat flow values derived from processing
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of the aeromagnetic data (indirect approach) for a number of localities. Finally, new heat flow dencity (HFD)
estimates based on published positions of CPD are included into the third group.

First wells, drilled until depths usually less than 3500 m within the Niger Delta in the middle of fifties, dis-
covered oil. Since those time terrestrial temperatures and geothermal gradients were based on thermograms or
bottom hole temperature data in the Niger Delta [30], Anambra, Sokoto [9; 31] and Borno [32] basins. Sokoto
Basin extends into territories of Niger, Chad, Central African Republic and Cameroon. The information on
geothermal field of the Nupe, Borno and Sokoto basins was published also by [24; 32; 33].

Indirect heat flow estimates are based on CPD positions at which the dominant magnetic mineral in the crust
becomes paramagnetic due to the effect of increasing temperature above 580 °C [34; 35]. As it was mentioned, to
estimate heat flow density we need the geothermal gradient and thermal conductivity. The gradient is calculated
from the Curie isothermal depth and then heat flow is estimating using this geothermal gradient and the averaged
heat conductivity of rocks (2.5 Wm 'K™"). In most of publications the surface temperature is accepted to be
0 °C [36], though the annual average temperature at the Niger Delta is around 20 °C [25; 37]. Preliminary
estimates show that when accepting the temperature at the top of causative body to be 0 °C, instead of its real
value, it will result in an error in heat flow calculation, which usually does not exceed 5 mW/m”.

Methods for estimating the CPD are classified into two categories: based on examination of isolated mag-
netic anomalies and those that examine patterns of these anomalies. Both methods provide the relationship
between the spectrum of magnetic anomalies and the depth of a magnetic source by transforming spatial data
into frequency domain [38].

In addition to published data in mentioned above articles, new heat flow estimates were fulfilled based on
printed CPD positions. They are included into the table.

New heat flow density estimates

Longitude Latitude Z, Z, Reference Heat Ii;ll(;vvv/gleznsity,
9.25 9.25 2.04 17.04 34 85.1
9.75 9.25 2.50 24.1 34 60.2
9.25 8.75 2.14 20.66 34 70.2
9.75 8.75 1.98 19.66 34 73.8
9.25 8.25 1.20 17.92 34 80.9
9.75 8.25 1.40 17.32 34 83.7

9.5 9.25 2.0 19.20 34 75.5
9.50 8.75 3.20 27.40 34 52.9
9.50 8.25 1.70 19.18 34 75.6
9.50 9.00 1.50 20.58 34 70.5
9.50 8.00 1.84 24.12 34 60.1
9.25 8.25 2.08 27.32 34 53.1
9.75 8.25 1.86 20.78 34 69.8
9.50 8.25 1.65 23.19 34 62.5
10.35 9.75 2.94 10.00 22 119.59
10.55 9.75 2.97 9.05 22 168.39
10.25 9.70 2.62 11.56 22 134.22
10.75 9.65 1.61 8.21 22 144.76
10.55 9.65 4.47 10.30 22 125.00
10.25 9.50 3.67 9.55 22 147.23
10.50 9.50 3.35 11.06 22 91.92
10.75 9.50 1.15 9.39 22 135.94
10.25 9.30 3.75 15.04 22 144.76
10.70 9.40 2.94 10.17 22 111.94
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Ending table

Longitude Latitude Z, Z, Reference Heat ri?l(i;]v/gleznsity,
10.55 9.60 4.32 9.55 22 139.36
10.45 9.25 3.24 12.35 22 89.71
10.75 9.25 1.21 9.92 22 149.95
10.40 9.60 2.11 15.41 22 94.1
10.34 9.25 3.98 9.22 22 157.3
4.46 7.48 0.852 21.91 40 66.2 (63.10)
5.10 7.48 0.945 13.40 40 108.2
5.70 7.48 0.878 13.46 40 107.7
5.12 7.38 0.727 12.35 40 117.4
5.16 7.43 0.780 14.42 40 100.6
5.17 7.30 0.645 12.37 40 117.2
5.50 7.24 0.646 14.94 40 97.1
5.17 7.16 0.666 11.48 40 126.3
5.90 7.16 0.626 16.68 40 86.9
4.46 7.16 0.713 20.11 40 72.1
4.46 7.24 0.766 13.24 40 109.5
4.77 7.40 - - 40 104.42
4.46 7.36 0.807 20.16 40 71.9
4.58 7.46 0.791 17.83 40 81.3
5.60 7.40 1.025 15.33 40 94.6
4.59 7.20 0.735 18.61 40 77.9
5.50 7.37 0.901 13.52 40 107.24
5.83 7.62 - - 40 102.26
4.60 7.35 0.812 11.77 40 123.2
5.17 7.48 0.827 13.70 40 105.8
5.12 7.48 0.827 13.86 40 104.6
4.58 7.22 0.646 15.01 40 96.6
4.46 7.33 0.922 14.35 40 101.0
5.11 7.48 1.000 13.89 40 104.4

Heat flow density map

All accessible heat flow data, determined using thermograms of deep boreholes and bottom hole temperature
readings at intermediate positions of wells in drilling, as well as heat flow values determined from the spectral
analysis of available magnetic field maps were used to compile a preliminary heat flow map for the whole
territory of Nigeria (fig. 4). The number of individual heat flow values approaches to 360. Small squares (stu-
died deep wells) and circles (estimates derived from the magnetic field analysis) show positions of individual
localities with available HFD data.

Discussion

Available heat flow data are nonuniformly distributed within the territory of the country, where sedimentary
basins studied much better. Only its single estimates were reported for the Central Nigerian and West-African
(Benin-Nigeria) shields. No data exists from the Oban Massif, Jos and Biu plateaus, with relatively young
volcanism.

Profiles A — A and B — B through best studied crustal blocks are shown in fig. 5 and 6.
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Along the A — A profile, crossing the whole of Nigeria from Atlantic shore to the Chad Lake, there are many
observations. Heat flow varies considerably along the profile from around 25 in the Niger Delta till 150 mW/m’
in the Benue Trough near the Wikki and Ruwan Zafi hot springs in the northeast of the country. The general
tendency of gradual increase of heat flow from southwest to northeast is obvious. Several peaks in this curve
could be interpreted as an influence of the geologic structure of individual crustal blocks. But it is necessary
to keep in mind, that heat flow curve along this profile was based both on traditional approach (thermograms
recorded in oil wells) and on its indirect estimates, obtained by different researchers at different time.
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Fig. 4. Preliminary map of the heat flow density in Nigeria.
White squares show positions of geothermally studied wells;
green circles show available indirect heat flow density estimates derived
from the magnetic field analysis. Areas with absent heat flow data shown by the symbol «?».
The A — A and B — B profiles cross the main geologic structures (shown by red lines)
of the country with a wide range of heat flow variations from 35—40 until 140—150 mW/m’
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Fig. 5. Heat flow density profile A— A
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Fig. 6. Heat flow density profile B— B

The meridional profile B — B shows that the heat flow ranges from 30 until 90 mW/m®. It reflects rapid heat
flow changes in the meridional direction and a general tendency of its increase from south to north. This profile
crosses geologic units of different age.

Heat flow values range within the country approximately from 35 to 140—145 mW/m’. A low heat flow
anomaly of 4050 mW/m’ is traced in the central part of the Niger Delta. It increases in all directions outwards
of this cold zone to 70—80 mW/m’.

A high heat flow anomaly above 100 mW/m” exists within the studied parts of Borno Basin. It joins with
another anomaly around the Wikki warm spring and they both form a vast positive anomaly in the eastern
part of Nigeria. A high heat flow above 80—100 mW/m? revealed around the Ikogosi warm spring. The Sokoto
Basin in the north of the country is shown by increased heat flow to 70—80 mW/m”. Its similar range is typical
for the central part of the Nupe Basin.

Rather differentiated heat flow pattern is in the Anambra Basin. Heat flow values change from 50—60 mW/m’
in its northern part to 80 mW/m” southward. Heat flow density of the Nigerian part of the Adamava highlands and
the central part of the Benue Trough varies in limits of 55-60 mW/m” increasing to 70 mW/m” to the Wikki spring.

Geothermal observations in the southern part of Nigeria (Niger Delta and Anambra Basin) were studied
by [31; 39—42]. Studies of geothermal field in this structure were actively conducted recently [43—49]. Results of
heat flow studies in the Niger Delta were also published [50—52]. Heat flow density here varies within the Niger
Delta from 38.9 to 89.6 mW/m’ [46]. In the eastern part of the structure, it ranges from 29 to 55 mW/m” with an
average value of 42.5 mW/m’. Lower heat flow (less 35 mW/m”) was observed for the central parts of the Niger
Delta within the central swamp near Atlantic shore [1]. Within Anambra Basin it varies from 48 to 76 mW/m’ [31].

It was reported that geothermal gradients in deep wells within the Niger Delta, show a continuous and
non-linear relationship with depth, it increases with diminishing sand percentages. As sand percentages de-
crease eastwards and seawards, thermal gradient increases. A number of thermograms here have a concaved
shape to depth axis [48]. It was reported that the movement of fluids in the Niger Delta influence the thermal
field pattern and heat flow distribution within the Basin. This concerns both the effects of upward and down-
ward groundwater movements within aquifers, petroleum, connate and juvenile water [1].

Only one locality for Precambrian crustal blocks geothermally studied in Nigeria, is the Ririwai Ring Comp-
lex (heat flow is 38.5 mW/m®). Measurements were fulfilled there in available boreholes [53]. This value is close
to data for other Precambrian shields of the world.

For the Nigerian part of the Chad Basin the heat flow derived from the magnetic field analysis ranges from 63.8
to 141.9 mW/m” [54]. Its similar values, determined by this method, in the Sokoto Basin [8; 38; 55; 56] range
from 52.4 to 98.6 mW/m’.

For the Anambra Basin, the estimated heat flow density varies from 38 to 99 mW/m?® [57]. For the lower part
of the Benue Trough and the adjoining Anambra Basin, it ranges according to Bello and his colleagues [58]
from 64.4 to 97.3 mW/m’ with an average value of 80.1 mW/m”.

Analysis fulfilled for the Nupe Basin shows that the HFD varies from 30 to 120 mW/m” [36]. In the south-

eastern and southwestern parts of this basin, it is less than 60 mW/m?’, and increases to more than 100 mW/m? in

its northeastern and northwestern parts. For the Jalingo and environs in the northeastern Nigeria the heat flow
is estimated between 53 and 61 mW/m® [14; 37].

Heat flow density estimates by this approach fulfilled also for several warm springs of Nigeria. The Iko-
gosi spring in southwestern part of the country within the Precambrian fractured terrain, where fractured/faulted
quartzite may have acted as a conduit for warm groundwater outflow to the surface [59]. Aeromagnetic maps
processed on this basis give the heat flow density around 91 mW/m”’. Probably such high heat flow does not
concern other parts of the West African Shield, which are at present without HFD determinations within Nigeria.
Within the area adjoining the Atlantic shore to the west of Nigeria in the Leo Rise and Dahomeides, the heat flow
is 31-33 mW/m’, which similar to other observations within Precambrian crustal blocks of the world [60].
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Conclusions

The heat flow is the most important parameter. It gives the information for studies of lithospheric and crus-
tal dynamics, estimates of promising areas for geothermal energy, understanding of the thermal regime from
the point of the hydrocarbons maturity, etc.

A preliminary map of heat flow density for Nigeria was compiled based on accessible determinations in bore-
holes and estimates derived from analysis of acromagnetic maps. It varies in a wide range with a contrast pattern
in the territory of Nigeria. Activated areas due to rifting are indicated by high heat flow within the eastern part
of the Borno Basin, eastern area of the Benue Trough, as well as within the northern part of the Niger Delta,
the Sokoto Basin. A high heat flow derived from the spectral analysis of aeromagnetic maps in the vicinity of
the Ikogosi hot spring, located in the West Nigerian Shield, require further refinement to trace its margins, as
typically rather low heat flow is a specific feature of Precambrian shields.

The high heat flow anomalies (90—100 mW/m* and more) could be considered as the most promising parts
in the country for detailed investigations as potential sources of geothermal energy, which is suitable to create
electric plants mainly based on the binary technology for the production of «geothermaly electricity. Results of
geothermal studies within the Niger Delta show that the temperature of 150 °C can be reached in a number of
local parts of the area at depth less than 5 km [30] that is suitable to create electric plants based on the binary
technology.

It is necessary to stress that high heat flow anomalies could be considered as the most promising parts in the
country for detailed investigations as potential sources of geothermal energy [61].
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