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Abstract: Radiogenic heat production estimated from the concentrations of the radioactive elements obtained
from log data from a well drilled in the Chad Basin, NE Nigeria range between 0.17 and 1.90, have an average
of 0.90+0.01 and a standard deviation of 0.34 uW m ™. The data also indicated that the sediments are low in the
concentration of the radioactive element potassium, normal in thorium and higher-than normal in uranium, with
potassium contributing only about 7.5% to the production. The Chad, Kerri Kerri, Gombe, Fika, Gongila and
Bima Formations are estimated to have average heat productions of 1.02+0.03, 0.62+0.01, 1.21£0.02, 0.9320.01,
0.9440.01 and 0.7640.01 uW m™, respectively, values observed to be smaller than those of neighbouring basins.
Heat production estimated from gamma ray intensity moderately correlated with those estimated from the
concentrations of radiocactive elements, while only low correlation was observed with heat production estimated
from fractional proportion of quartz in matrix. Radiogenic heat is estimated to contribute between 14 and 27%
of the surface heat flow, while map view of well site heat production revealed trend that decrease with
mncreasing sediment thickness. Further analysis also suggests that up to 366 m of the bima formation may have

been derived from the same source.
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INTRODUCTION

Radiogenic heat production, RHP, in crustal rocks is
dominated by contributions from three radioactive
elements, namely uramum, thorium and potassium. These
have long half-lives comparable to the age of the earth,
sufficient abundance in rocks and have significant
proportion of their emissions fully converted to heat
within the rocks. Pollack and Chapman (1977) have
showed that RHP contributes about 45% of the surface
heat flow observed over the continents, while
Lachenbruch (1970), Swanberg (1972) and Lowrie (1997)
have showed that its magnitude exponential decreases
with depth. This decay indicates that RHP comes from a
superficial layer of the crust, 4 to 16 km thick, but which
averages 10 km. Measurements of RHP show that the
acidic have the highest rate of preduction
followed by the basic and ultrabasic ones in that order
(Rybach, 1986; Cermal et al., 1990; Brown and Musset,
1993). The amount of heat generated by the decay of the
radioactive elements of interest depends on the quantities
present, their rates of decay as well as the energies of the
emissions. Adams and weaver (1958) and Emsley (1998)
have  established the relative abundance of these
elements in rocks. This allows the estimation of the RHP,

rocks

A (W m™), by the modified Birch {1954) relationship
using 1 below (Beardsmore and Cull, 2001):

A, =107 % p(96.7% Cy +26.3% Cpy +35.0%C, ) (1

where, Cy is the concentration of uranium in parts per
million, Cry 1s the concentration of thorium also in parts
per million, Cy 15 the concentration of potassium in
percentage and p is the density in g cm”.

Chapman and Polack (1974) reported values of RHP
in the range of 0.96 to 1.8 uW m ™ for Precambrian sites on
the exposed West African Craton, slightly lower than
1.0 to 3.6 uW m ™ for Precambrian sites in Eastern Africa
(Chapman and Polack, 1975). Verheijen and Ajakaiye
{1979) reported an average RHP of 2.6384+0.8376 nW kg™
(6.322.0x107" cal g™’ sec™) from the younger granite
province also on the Precambrian West African Craton.
Measurements of RHP in sediments indicates wider
variations compared to measurements on Cratons, but
with a general decreasing trend from shales through
mudstones, sandstones, coals, carbonates  and
evaporites (Epp et ol, 1970; Keen and Lewis, 1982;
Rybach, 1986, Zhang, 1993; McKenna and Sharp, 1998;
Srivastava and Singh, 1998). Ehinola et al. (2005) have
measured and grouped RHP 1in the sediments of the
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Yola arm of the Benue trough, NE Nigeria into low
(less than 0.75 nW kg™"), medium (between 0.75 and
1.5nW kg ") and high (greater than 1.5 nW kg ™).

The use of Eq. 1 to estimate RHP 1s dependent on the
availability of spectral gamma ray, SGR, readings from
rock samples or exposures. More often than not, these
data are unavailable. The unavailability of the required
data has led to the use of empirical relationships, usually
calibrated with A, Tssler and Beaumont (1986) estimated
RHP, Ay (UW m™), in sediments from the fractional
proportion of quartz in matrix, FQ, using Eq. 2:

Ap=129-0.96xFQ (2)

Although, RHP in sediments is unconstrained
(Beardsmore and Cull, 2001) Eq. 2 yields a heat production
of 0.33 uW m™ for pure quartz lithologies and a
production of 1.29 uW m™ for quartz-free rocks.
Furthermore, Brady et al. (2005) have recorded variable
RHP from a batholith terrain that has near constant silica
content.

Rybach (1986) however, developed a relationship
between RIP, A, (W m ) and gammaray, GR, intensity
readings of rocks. This was revised (Bucker and Rybach,
1996) due to the availability of additional data for
calibration to Eq. 3:

Ape = 0.0158x(GR - 0.8) (3)

Estimates of A; by Eq. 1 from Western Australia
(Beardsmore and Cull, 2001) and from the Gulf Coast
region of Texas (McKenna and Sharp, 1998) have been
observed to be significantly less than those obtained
using Eq. 3 which, was calibrated using data from one
locality. This lack of agreement emphasizes the need for
local data in estimating the RHP rather than relying on
global averages.

The fact that the GR log 15 a record of the total
emissions from the principal radioactive sources suggest
proportionality between GR log on one hand and the SGR
logs on the other. The knowledge of the relative activities
of the sources (Adams and Weaver, 1958; Emsley, 1998)
allowed Beardsmore and Cull (2001) to arrive at the
relation:

GR o= POTA +(0.13x THOR ) + (0.36 URAN) (4)
where, POTA, THOR and URAN are the SGR readings of
the potassium, thorium and wranium logs and all other
symbols are as defined earlier.
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The proportionality in Eg. 4 is not constant but
depends the distance into the rocks that the tool is able to
detect the gamma emissions, that is, the radius of
influence. The radius of influence however varies with the
density of the formation as well as that of the drilling
mud filling the hole, with the diameter of the drilled hole,
the energy of the emissions and with the tool type
(Serra, 1984), but averages 30 cm (Rider, 1991). If,
therefore, the radius of influence 1s the only factor
affecting the proportionality, then a plot of GR versus the
LHS of Eq. 4 should be approximately linear with a
gradient, X, obtained from:

GR = Xx[POTA + (013 THOR) + (036 xURAN)]  (5)
where, the symbols are as defined earlier.
Dividing Eq. 1 by 5 and re-arranging yields:
Y (6)

Az (WWm™)=3.5x107 ><RHOB><GR><§

where,

POTA + (0,751 THOR) + (2.76x URAN)
POTA + (0.13x THOR) + (036 x URAN)

| )

and the other symbols are as defined earlier. Y, called the
radiogenic factor, will have values that lie between 1, for
the situation when THOR = URAN = 0 and POTA is
greater than zero and about 7.67, for the situation when
POTA = THOR = 0 and URAN is greater than zero.
Beardsmore and Cull (2001) have suggested that the plot
of Y should remain mvariant with depth for sediments
derived from a common source through time.

The availability of gamma ray, spectral gamma ray,
SGR, as well as density logs from drilled o1l and gas wells
has made the estimation of radiogenic heat from well log
data an attractive possibility. The purpose of tlis article
1s to estimate the radiogenic heat production in the drilled
sedimentary formations in the Nigerian Chad Basin using
three methods, namely, the method of Birch (1954), the
method of Bucker and Rybach (1996) and that of Issler
and Beaumont (1986) using well log data. The availability
of the estimates of the radiogenic heat production in the
sediments will allow for more accurate modelling of the
heat flow and basm evolution. It will also allow for more
accurate modelling of petroleum maturation and migration
within the basin. Furthermore, we will examine the plots of
Y versus depth with the aim of determining whether or not
the sediments, both at the levels of the drilled column and

the formation, are derived from the same environment.
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GEOLOGIC SETTING

The Chad basin 1s one of several basins within the
West and Central African rift system and 1s genetically
related to the Benue trough (Burke, 1976). Tt consists of
several sub-basing spread around the republics of Niger,
Chad, Cameroon and Nigeria {Gemk, 1992). Cratchley
(1960) has delineated the Nigerian section mto three
sub-basing prosperous for hydrocarbons exploration.
These are centred around Gubio to the SW, Maiduguri to
the South and Lake Chad to the North (Fig. 1). The Bima
Formation 1s the basal unit in a six-unit sequence found in
the basin (Fig. 2). The deposition of this sequence of
sandstones, mudstones and occasional shales of variable
lithology, texture, colour and structure (Carter ef al., 1963)
began 1 the Aptian to Albian (Genik, 1992)
uncomformably on the basement complex. Up to 5 km of
this formation have been encountered in drilled holes
while interpreted seismic sections suggest 7 to 8 km depth
extent (Avbovbo et al, 1986). Mudstone and shale
horizons within the shallower parts have Total Organic
Content (TOC) of between 0.09 and 082 wt%
(GeoEngineering International, 1994). Sandstones
horizons with average of 13.74% (Samaila, 2007) are
suggested to form possible reservoirs, while the shale
horizons form possible cap and seal rocks.
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Fig. 1: Location map of the study area
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Overlying the basal Bima is the transitional gongila
formation. The deposited of this sequence of fine-to very
fine-grained sandstone beds with fair porosity and shale
beds, with the beds becoming sandier towards the base,
began between the late albian to the early cenomanian in
a bi-directional marine transgression across the Tethys
from the North and from South Atlantic through the
Benue trough to the south (Reyment, 1980; Allix et af.,
1981; Benkhelil and Robineauw, 1983; Genik, 1992).
Fossil-rich limestone horizons yielding lower Turonian
age also occur towards the base. The formation has
abundance of the mterbedding of the source, reservoir,
seal and cap rocks to from the necessary structures for
the entrapment of hydrocarbons. A wholly marine
sequence, the Fika Formation, consisting of a sequence
of blue-black shales contaming one or two thin non-
persistent limestone horizons, conformably overlies the
Gongila. This was deposited at the height of the marine
transgression of the area and may be up to 1000 m thick.
Although lacking in reservoir-type rocks, horizons rich in
source-type rocks have yielded TOC in the range 0.37 to
1.40 wt% (Robertson Group, 1989, 1991). The end of the
transgression was accompanied by the deposition of
up 1000 m of a sequence of sandstone, shale, ronstone
and coal beds called the Gombe formation over the
Fika. This deposition was in an estuarine to deltaic
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Geochronology Deposition Formation Description
Series/ Age £ Environment m
2 Stage (May | .2 ¢
£ : —5 &
i =
& = £
Holocene/ 1] Continental Chad 200 - 600 Clays with sandsinterbeds
Pleistocene
.? vV
£
5
g
- 52 - ; -
Miocene/ Continental Kerr 250-1100 Iron-rich sandstones and clays
Pliocene Kerri covered by plinth of laterite
s
E
=
T
[
66.5 T
Maastrichtian Estuarine to deltaic Gombe 0-1000 Sandstones, siltstones, shales
74 and clays with limestone beds
Campanian Marine Fika 300 - 1200 Shale, dark gray to black,
gypsiferous with limestone and
84 sandstone beds
Santonian
Coniacian
- 88 o . -
Senonian 92 Transitional Gongila 200 -1500 |JAlternatingsandstones and
Turonian 96 shales with limestone beds
- Continental Bima (Upper) 2000 - 8600 |Sandstones, gravelly to medium
H grained, poorly sorted and
g Albian highly feldspatic
%
1]
&)
108 Bima (Middle)
Aptian 113
Bima (Lower)
Pan-African Precambrian Basement

Fig. 2: Generalised stratigraphic column for the Nigerian sector of the Chad Basin

enviromment, in a minor unconformity. The occurrence of
the formation is restricted to the western part of the basin.

A sequence of flat-lying grits, sandstones and clays,
deposited by about the late Maastrichtian to the end of
Paleocene, that appear to have been derived from a terrain
of Cretaceous sedimentary rocks, the Kerri Kerri formation
overlie by the Gombe at an angular unconformity. The
Chad Formation, a sequence consisting of mostly massive
and gritty clays, loosely to uncemented sands and silts
overlies the Kerri Kerri Formation at a minor unconformity
suggested by seismic data (Avbovbo et al, 1986). Its
deposition started between middle Neogene to
Quaternary times (Carter ef af., 1963) and lasted till recent
times. Intrusive bodies that may be either doleritic or
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gabbroic, ranging m thickness between five and two
hundred and twenty five meters have been found all over
the Chad Basin. These have gamma ray mtensities of
between 20 and 50 API, resistivities of more than 20 ochm
m, sonic interval transit times of 230 usec m™' and less
and bulk densities ranging from 2700 to 2900 kg m™.
Similar intrusives have been reported m wells drilled
around the Lake Chad in the neighbouring Chad Republic
{Geruk, 1993).

DATA ACQUISITION

The well log data used in this study were recorded as
part of the Chad Basin petroleum exploration-drilling
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program of the Nigerian National Petroleum Corporation,
NNPC. Five log types were required for the estimation of
the radiogenic heat production. These are the gamma ray,
GR, bulk density, RHOB, thorium, potassium and uranium
spectral gamma ray, THOR, POTA and URAN. The
required data were obtained from the Faltu-1 well, drilled
to atotal depth of 3160m. The GR log is available from the
depth of 50 m to total depth. RHOB log 1s available from
the depth of 550 m to total depth, while the POTA, URAN
and THOR logs were available only from the depth of
1360 m to total depth. The scales of the logs allowed the
manual picking of the curves at intervals no smaller than
2 m. Further information on the thicknesses of formations
at the Faltu-1 well site as well as other drilled well sites
was obtained from the report of GeoEngineering
International (1994), itself a review of previous studies
(Robertson Group, 1989, 1991). The absence of the Gombe
Formation in the Faltu-1 well necessitated the search for
the relevant data from other wells. The gamma ray logs
against the formation from five wells, were obtained.
Additional data on shaliness and porosity of the same
horizons invelved mn this study was sought from Al and
Orazulike (2009).

CALCULATIONS, RESULTS AND
INTERPRETATIONS

Three sets of RHP estumates were calculated for the
drilled horizons in the Faltu-1 well. The first estimates
were calculated using the method of Bucker and
Rybach (1996). This method requires only the GR log.
Estimates of RHP by the method, Ay; were obtained from
the depth of 50 m down to total depth. Values of Agg
obtained vary between 010 and 2.75 pW m™ but
averaged 0.91+0.01 uW m” and have a standard deviation
of 0.34 uW m ™. Figure 3 is the plot of Ay, versus depth.
The red curve and colour-matched equation describe the
best fitting polynomial trend of the variation of Ag; with
depth. The high order and low fit of the equation
suggests complex heat generation variation with depth for
the drilled horizons. The black curves indicate similar lines
for the formations, while Table 1 shows the average Agg
for the formations.

The second set of RHP estimates, A, was estimated
using the method Tssler and Beaumont (1986). To estimate
the RHP, the method requires the estunate of the fractional
proportion of quartz m matrix, FQ. Al and Orazulike (2009)
have estimated both the shaliness and porosity for the
depth interval of 50 m to total depth in the Faltu-1 well, the
same drilled horizons involved in this study. We made
used of the same data to estimate FQ, assuming that the
proportion of material remaining after the pores and shales
constitute the cuartz. The values of Ay obtained vary
between 0.36 and 1.16 pW m ™ but have an average of
0.66£0.01 uW m~ and a standard deviation of
0.15 uW m ™. Figure 4 is the plot of A, versus depth. The
red curve and colour-matched equation describe the best
fitting polynomial trend of the variation of A, with depth.
Similarly also, high order and low fit of the equation
suggests complex heat generation variation with depth for
the drilled horizons. The black curves indicate similar lines
for the formations. Table 1 also shows the average A for
the formations.

The last set of RHP estimates, A, was obtained
using the method of Birch (1954). The method requires the
SGR logs as well as the bulk density log, RHOB.
Although, RHOB log data were available from the depth
of 550 m down to total depth, data from the SGR logs were
available only from the depth of 1360 m to total depth.
Estimates of A, vary from 0.168 to 1.901 uW m ™" and have
an average of 0.90+0.01 pW m ™ and a standard deviation
of 0.34 uW m™ over the depth interval. Figure 5 is a plot
of both A versus depth. The red curve and colour-
matched equation similarly describe the best polynomial
trend of the variation of A; with depth. Here, also high
order and low fit of the equation is interpreted to indicate
similar scenario. The black curves describe similar lines for
the formations while Table 1 also shows the average Aj
for the formations. High order polynomial trend with low
goodness-of-fit best describe the variations of the three
RHP estimates with depth (Fig. 3-5). The order of trends
appears to be limited only by the computing power
available, m this case the sixth. This is interpreted to
indicate diverse RHP from the drilled horizons and hence
diverse sedimentation conditions.

Table 1: Average GR, URAN, THOR, POTA log readings and the radiogenic heat productions by the Bucker-Rybach (1996), Apy, Issler-Beaurmnont (1986),
Ap and Birch (1954), Ap, methods in the formations encountered in the Faltu-1 well

Uranium Thorium Apn Ap Ap
Formation GR APL Density (g cn™) (ppm) L R ) e —— (UW %) mmm e e eeen
Chad 69.72+1.70 - 1.09+0.01 0.66+0.01 1.02+0.037
Kerri Kerri 42.55+0.92 2.05+0.01 0.66+0.01 0.64+0.01 0.62+0.017
Gormbe 81.13+0.15" - - - 1.27+0.01* 1.2140.02
Fika 62.07+0.83 2.24+0.01 1.85+0.06 8.16+0.19 0.89+0.02 0.97+0.01 0.71+0.01 0.93+0.01
Gongila 69.09£1.00 2.37+£0.01 1.76+0.06 5.73+£0.15 2.18+0.03 1.08+0.01 0.69+0.01 0.94+0.01
Rima 53.40+1.14 2.49+0.01 1.39+0.06 3.88+0.12 1.90+0.04 0.83+0.01 0.53+0.01 0.76+0.01
colurmmn 58.45+0.54 2.25+0.01 1.7240.04 6.50+0.12 1.51+0.02 0.91+0.01 0.66+0.01 0.90+0.01

Values marked (+) were calculated from gamma ray log from other wells where the Gombe Formation was encountered, while those marked (1) were calculated

from the comrelation relation between GR log and Ag for deeper formations
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Fig. 3: Plot of Depth, z, versus Ay

Correlation of GR intensity with A; (Fig. 6) yielded
moderate goodness-of-fit which 1s mterpreted to suggest
low correspondence between values of the latter from
those of the former. In spite of this however, the
correlation relation was used to calculate values of A, for
those horizons for which there was insufficient or
unavailable data to so directly. Average A values marked
(T) in Table 1 were obtained using this equation.
Furthermore and along with GR logged against the Gombe
Formation at other drilled wells, the correlation relation
was also used to calculate its average Ay The cross
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correlation of Agp against Ay (Fig. 7) also revealed a
moderate fit, similar in value to that between GR and A;
and therefore 1s similarly mterpreted. The similarity in the
two values of fits is seen as indicating duplication in the
two correlations. The cross correlation of A, and Ay, on
one hand against A on the other (Fig. 8) however reveals
low goodness-of-fits for the two situations. This 1s
interpreted to indicate dismal correspondence between
values of A, and Ag; predicted from those of Ay, This
also questions the estimates of fractional proportion of
quartz mn matnix, FQ, assumed to be the matenal that
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Fig. 4: Plot of Depth, z versus A

remains after shale and pores are accounted for and
suggest further mineralogical subdivision is needed to
more accurately account for the quartz. The correlation of
FQ and A; (Fig. 9)revealed low goodness-of-fit sumilar in
value to that between A, and A

The assumption of the average Ag in the formations
remaming constant over its entire lateral extent, coupled
with mnformation on the thicknesses of the formations
allowed for the estimation of the total Aj at well sites.
For drilled wells for which no information on the
thicknesses of formations were available, the average Ag
in the Faltu-1 well was multiplied with the total depth of

R
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= (L1619

the well to obtain its total Ag. The map view of the result
(Fig. 10) reveals total heat production that decreases
northward from the south, the general direction of
increasing basement depth and thickness of sedimentary
profile.

Finally, both at the level of the drilled column (black
line) and at levels of the formations (red lines), the plot of
the radiogenic factor, Y, versus depth (Fig. 11) reveals
only the Bima Formation has depth-invariant linear
regression line. This in interpreted to suggest that the
366 m of the formation penetrated in the Faltu-1well are
derived from a common source.
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Fig. 5: Plot of Depth, z versus A
SUMMARY AND DISCUSSION

Data from five well logs, gamma ray, bulk density and
the spectral gamma rays were sourced from the Faltu-1
well, Chad Basin, NE Nigeria. The data shows that the
average intensity of gamma rays within the drilled Chad,
Kem Kerri, Fika, Gongila and Bima Formations are
69.7241.70, 42.55+0.92, 62.07+0.83, 69.09+1.00 and
53.40£1.14 APT respectively, while the average within the
drilled column is 58.45+0.54 API. The average gamma
radiation intensity 1s the Gombe Formation 1s 81.13+0.15
API. While not having readings data against the Chad
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Formation, the bulk density data shows that the Kerri
Kerri, Fika, Gongila and Bima Formations have average
densities of 2.054+0.01, 2.2440.01, 2.37+0.01 and
2.49+0.01 g em . The average bulk density of the drilled
column is 2.25+£0.01 g cm™. The spectral gamma ray logs
did not have any data against the Chad, Kerri Kerri as well
as Gombe Formations. The average concentrations of
urarium, thorium and potassium within the remaining Fika,
Gongilaand Bima Formation are 1 .85+0.06, 8.1640.19 ppm
and 0.8940.02%;1.760.06, 5.7310.15 ppm and 2.18+0.03%;
and 1.3940.06, 3.88+0.12 ppm and 1.90+0.04%,
respectively. The average concentrations of uranium,
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thorium and potassium within the drilled column are
1.72+0.04, 6.5040.12 ppm and 1.514+0.02%, respectively.

The radiogenic heat production m the same well was
estimated using three different methods adaptable to well
log data, namely, the methods of Bucker and Rybach
(1996), Issler and Beaumont (1986) and Birch (1954).
Estimates of heat production by the Bucker/Rybach
method, Agg, vary between 0.10 and 2.75 pW m ™, have an
average of 0.9120.01 uW m™ and have a standard
deviation of 0.34 yW m™. By the same method, the Chad,
Kerri Kerri and Fika Formations have average heat
productions of 1.0940.01, 0.6620.01 and 0.9720.01 uWm™
respectively, while the Gongila and Bima Formations have
productions of 1.08+0.01 and 0.83+0.01 pW m . Porosity
and shaliness estimates by Ali and Orazulike (2009) were
used to estimate heat production by the Issler/Beaumont
method, A, and the estimates vary between 0.36 and
1.16 uW m~ but averaged 0.66+0.01 uW m and have a
standard deviation of 0.15 uW m™. The 5 named
formations, by the same method, have average
productions of 0.6640.01, 0.64+0.01, 0.71+0.01, 0.69+0.01
and 0.5320.01 pW m ™, respectively. The estimates of heat
production by the method of Birch, Ag, vary between 0.17
and 1.90, have an average of 0.90+£0.01 and a standard
deviation of 0.34 pW m™. While not have estimates for
the Chad, Kerr1 Kerr1 and Gombe Formations, the method
has average heat productions of 0.93+0.01, 0.9440.01 and
0.76£0.01 uW m for the Fika, Gongila and Bima
Formations respectively. High degree polynomial trends
describing the variations of all three RHP estimates with
depth were mterpreted to indicate diverse sedinentation
conditions for the drilled horizons.

Correlation between GR mtensities and A, although
having only a moderate goodness-of-fit of 0.58, allowed
the estimation of A, for the Chad and Kerri Kerri
Formations. Along with GR data from other drilled wells in
the basin, it also allowed the estimation of average A; for
the Gombe Formation. The cross correlation of Ay and
Apr also yielded only a moderate fit, similar in value to
that between GR and A; and interpreted to indicate
correspondence two heat
production estimates. Cross correlation of Ay and Ay on

moderate between the
one hand against Ay on the other yielded only low fits
which were interpreted to indicate dismal correspondence
between the estimates and revealed the need to more
accurately account for the proportion of quartz in matrix
beyond the simple shale-quartz-pores subdivision. Map
view of well site A; revealed South-North decreasing
trend, while plot of the radiogenic factor, Y, revealed that
only the 366 m of Bima Formation were derived from the
salne source.
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Uranium in sedimentary rocks originates from acid
1gneous rocks whose average concentration 1s about
4.65 ppm (Rider, 1991). Its dispersal into larger space or
concentration into smaller space within the basin of
deposition means that concentrations i sediments are
not constramed, even by its concentration in the parent
1gneous rocks. McKenna and Sharp (1998) have reported
average uranium concentrations of 0.9, 3.7 and 4.0 ppm,
respectively for the Stuart City Limestones, Frio
Sandstones and Mudstones. Wang et al. (2000) have
reported values in the range of 0.61 and 3.4 ppm for
in the Sichuan Basin, China, while
Rolandone et al. (2002) have reported averages values of

sediments

2.13 and 1.99 ppm, respectively for the Missi sediments
and schists of the Hudson Bay area, North America. The
pattern of average uramum concentration suggests
several inferences. First it suggests decrease in shale
content, with the blue-black Fika Formation being the
shaliest (Adam and Weaver, 1958, Bjorlykke et al., 1975)
and closely followed by the Gongila Formation. Tt also
suggests the decreasing percolation of water with depth
(Serra, 1979), Fika Formations being the least permeable
and the Bima Formation being the most permeable. This is
supported by the reversed pattern of density distribution.
The slightly lower uranium concentration for the Gongila
Formation further suggests the removal of wamum by
percolation of subsurface waters. This in turn suggests
higher percolation of water in the formation in comparison
to the overlying Fika Formation and is mterpreted as
evidence for the presence of porous and permeable
horizons within the formation that may serve as petroleum
reservoirs.

The concentrations of thorium in sediments, like
those of uramum, are not constrained. However,
concentrations ranging between 18 and 26 ppm have been
recorded for kaolinite, between & and 22 ppm for
illite/muscovite, 10 and 24 ppm for smectite and between
2 and 8 ppm for glaucomte (Serra, 1979; Dresser Atlas,
1983). McKenna and Sharp (1998) have reported average
concentrations of 8.7, 10.6 and 2.1 ppm respectively for
the Frio Sandstones and Mudstones as well as the Stuart
City Limestones. Wang et al. (2000) have reported values
in the range of 0.08 and 12.8 ppm, while Rolandone ef af.,
(2002) have reported values of 5.37 and 6.13 ppm
respectively for Missi and Schists.
comparison therefore, Chad Basin sediments appear to be
normal in the radioactive element thorium. The pattern of
the distribution of average thorium concentration appears
to follow a similar pattern to that of uranium, decreasing

sediments In

with depth. Thorium originates mamly from acid and
intermediate igneous rocks and is chemically extremely
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stable (Rider, 1991). Tt will therefore not pass into solution
and finds its way into sediments principally as detrital
grains, where it 1s fixed by adsorption (Serra, 1979). Its
detrital nature gives 1t affimity for terrestrial minerals, such
as bauxite and kaolinite, over marine ones, such as
glauconite (Hassan et al., 1976; Dresser Atlas, 1983). The
decreasing pattern of average thorium concentration with
depth 13 mferred to reflect similar decrease m kaolimte
content.

The concentration of potassium in sediments varies
widely, varying from its highest value in illite through
glauconite, kaolinite, smectite and chlorite in that order,
but averages 2.7% in shales (Serra, 1979; Dresser Atlas,
1983). Wang et al. (2000) have reported potassium
concentrations n the range of 0.16 and 3.29 % for various
sedimentary hithologies in the Sichuan Basin, Cluna, whle
Rolandone et al. (2002) reported average values of 1.83
and 1.06%, respectively for the Missi sediments and
schists of the Trans-Hudson Orogen, Canada. McKenna
and Sharp (1998) have reported average values of 0.3% for
limestones, 2.2% for mudstones and 1.6% for sandstones
from offshore Gulf of Mexico. Tt is thus apparent that the
sediments encountered m this study are starved of the
radioelement potassium.

The range of A estimates encountered in this study
is seen to be consistent with that reported by Chapman
and Polack (1974) for a Precambrian terrain also in West
Africa. The difference between the two may be accounted
for by the redistribution of the radicactive elements
derived from Precambrian terrain in the process of
sedimentation. Using the average density of the drilled
sediments of the Faltu-1 well, the average RHP reported
by Verheijen and Ajakaiye (1979) converts to a rather high
value of 5.936+1.885 pW m . Coming from a mine shaft
sample however, the high value is not surprising. Similarly
also, the RHP classifications of Ehinola et af. (2003)
convert to less than 1.688 uW m™ for low generating
sediments, between 1.688 and 3.375 uW m ™’ for medium
generating sediments and greater than 3.375 uW m™ for
high generating sediments. In comparison, the range of
Ap for the Chad is smaller, suggesting significant
differences in the radiogenic characteristics of the
sediments of the Yola arm of the Benue trough from those
of the Chad Basin.

The correlation relation between GR and Ay, although
with only a moderate fit, provides a relation alternative to
that of Bucker and Rybach (1996) for the estimation of
RHP for the Chad Basin. This however would need to be
subjected to more rigorous tests with data from both
drilled wells and from samples. The correlation relation
between fractional proportion of quartz in matrix, FQ and
Ap also offers alternative relation to that of Issler and
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Beaumont (1986) for the estimation of RHP. This relation
would also need to be similarly tested with data that goes
beyond the simple characterization of the lithology mto
shale-pore-quarzt.

The 3160 m sedimentary profile in the drilled the
Faltu-1 well contribute 2682.04 uW m™ to the surface
heat flow, while the undrilled section, assumed
(Avbovbo et al., 1986) to be about 3500 m, would
contribute 2660 uW m™. The total sedimentary profile
thus accounts for 5.342 mW m™ of the surface heat flow.
If on the basis of Chapman and Pollack (1974) an average
surface heat flow of 20 mW m™ is assigned to the
basement complex underlying the Chad Basin, then the
contribution of the whole sedimentary profile lying on the
basement would be about 26.71%. This 1s sunilar to the
26% contribution from the sediments of the Gulf Coast
region of Texas (McKenna and Sharp, 1998). On the
other hand, if on the basis of Verheijen and Ajakaiye
(1979), the basement surface heat flow 1s assumed to be
38.5541 .68 mW m 2(0.92+0.04 HFU), then the contribution
of the sedimentary profile would be 13.86%.

Cross correlation of Ap and Agg on one hand against
Apr on the other yielded only low fits which were
interpreted to indicate dismal correspondence between
the estimates and revealed the need to more accurately
account for the proportion of quartz in matrix beyond the
simple shale-quartz-pores subdivision. Map view of well
site Ap revealed South-North decreasing trend, while plot
of the radiogenic factor, Y, revealed that only the 366 m of
Bima Formation were derived from the same source, in
agreement with the suggestion of Carter ef al. (1963) that
the formation constitute three separate formations.

CONCLUSIONS

An examination of the data from the bulk density,
gamma and spectral gamma ray logs for the Faltu-1 well,
the Chad Basin, NE Nigeria showed that the sediments
encountered are starved of the radioelement potassium,
normal m the radioactive element thorium and higher-than
normal in the concentration of the element uranium.
Deficiency of potassium is thought to be linked to
kaolinite mineralization prevalent in the Chad Basin, while
the pattern of uramum distribution 1s thought to be linked
to subsurface redistribution brought about by the
circulation of water. Heat production estimated from the
concentrations of the radioactive elements, Ag, range
between 0.17 and 1.90, have an average of 0.90+0.01 and
a standard deviation of 0.34 UW m™, with the Chad, Kerri
Kerri, Gombe, Fika, Gongila and Bima Formations having
average heat productions of 1.02+0.03, 0.62+0.01,
1.21£0.02, 0.93+0.01, 0.944+0.01 and 0.76+0.01 pW m™
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respectively, values smaller than those of sediments from
the Yola arm of the Benue trough. While uranium and
thorium combine to contribute about 92.5% of Ag,
potassium contributes only about 7.5%.

Heat production estimated from gamma ray
intensity, Agg, moderately correlated with A, while only
low correlation was observed between A, with heat
production estimated from fractional proportion of
quartz in matrix, A, with correlation equations given as
A, =0286%e' "™ R and Ay = 2.202xe™ . The drilled
section of the sedimentary profile is estimated to
contribute 2.682 mW m ™ to the surface heat flow, while
the undrilled section is estimated to contribute about
2.660 mW m™. The total sedimentary profile is estimated
to contribute between 14 and 27% of the surface heat
flow.

Map view of well site heat productions revealed
trends that decrease with the general trend of sediment
thickness. Analysis of the radiogenic factor, Y, revealed
that at least 366 m of Bima Formation may have been
derived from the same source.
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