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ABSTRACT 
 

The measuring and estimation of thermal conductivity is very important for the study of thermal evolution 
of sedimentary basins “the maturation of organic matter”. Due to the high coast and difficulty of obtaining core 
samples and since cores were not available for direct measurement of thermal conductivity. The approach 
proposed here is the reconstruction of mineralogical model for the studied rock units by aid of interpreting the 
well logs data. Then, the determination of the response equations of the minerals present in each mineralogical 
model for determining the frequency of existing minerals and total porosity of some Upper Jurassic rock units, 
as Alif, Seen, Yah and Lam  Members at the north Eastern part of Sabatayn Basin, Yemen. To estimate the 
thermal conductivity, the geometric average of the individual conductivities weighted by the volumetric 
proportion of each mineral component. Radiogenic heat production and heat flow are defined. This study is used 
to establish the geothermal heat flow regime of the study area in order to provide a basis for thermal history and 
hydrocarbon maturation The mineralogic model of Alif and Seen Members indicated that, quartz and clay 
minerals as smectite, illite and kaolinite are the main minerals present with variable quantities in the studied 
wells, in combination with some calcite and dolomite. The same mineral constituents are present in Yah 
Member, but with higher content of clay minerals. In Lam Member clay minerals content is more than the 
overlaying three rocks associated with quarts and little volumes of calcite, dolomite and k-feldspars. The 
calculated porosity is variegated between low and high values, and filled with variable quantities of water and 
hydrocarbons. The average thermal conductivities of the different lithologic intervals of Alif Member; which is 
considered as a reservoir rock; are ranges between 2.06W/m/K in and 3.23W/m/K in shally and sandstone 
intervals respectively, and is reduced gradually in the underlaying rock units and reached to lowest values in 
Lam Member which is considered as source rock has the lowest (ThC) it ranges from 1.24W/m/K to 
2.36W/m/K. The radiogenic heat production (Rhp) increase in the opposite direction of thermal conductivity i.e. 
the minimum values are recorded in Alif Member it varies between 0.4 and 0.91µw/m3. Whereas in Lam 
Member, which mainly composed of clay minerals it ranges from 0.96 to 1.9µw/m3). The apparent heat flow 
(HF) of Alif Member is ranged between 55.6 (shale) and 103.2mW/m2. Seen Member has (HF) ranged between 
54.16 and 89.6, whereas it is variegated between 54.7mW/m2 and 82.3mW/m2 in some intervals. Eventually, 
Lam Member, has the lowest heat flow from 39.7 to 76.2mW/m2. 
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Introduction 
 

For understanding the thermal structure of sedimentary basin, it is important to determine thermal 
properties of the sediments that constitute the basin. Thermal conductivity is perhaps the most important factor, 
that control the configuration of the isotherms and the flow of heat within the basin. (Brigaud et al, 1990). 
Radiogenic heat production in the sediments is known to vary over several orders of magnitude, with the lowest 
values in evaporates and carbonates and the highest values in black shales. (Strivastava, et al, 1998 and Maky & 
Ramadan, 2010). The geothermal gradient in the low-conductivity shale section is elevated (which is the source 
rock)   relative to the geothermal gradient in the high conductivity sections (Carter, et al, 1998). In this theme, 
we describe a procedure for calculating the thermal conductivity, heat flow and radiogenic heat production of 
some Upper Jurassic rock units, as Alif, Seen, Yah and Lam Members in Alif field for 15 wells at Sabatayn 
basin, which is the main petroliferous resource in Yemen.    
 
Geologic Setting: 
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Yemen, situate at the southwestern part of the Arabian sub-content, it is geographically and geologically 

transitional in nature between Arabia and Africa plats. It occurs close to the Tertiary triple junction between the 
Red Sea, Gulf of Aden and East African rift systems (Fig. 1). Rifting started in Yemen from Late Jurassic to 
Cretaceous. It is a part of the Arabian Plate and its tectonic and geological architecture is directly related to the 
tectonic evolution of the Arabian plate. The Arabian plate and its early geologic history was fanned as part of 
the northern passive margin of the supercontinent Gondwana (Redfern and Jonest.1995). Tectonic stresses 
associated with Gondwana break up and separated of Indian/Madagascar from Afro-Arabia, and the rejuvenated 
movement along the old NW-SE Najd fracture system of Arabia during Late Jurassic time. These stresses 
initiated a series of rift basins across Yemen and caused the breaking up of the pre-rift Jurassic carbonate 
platform into alternating basins and intervening uplifts. Sabatayn basin rifting is propagated southeastwards 
from Marib to Shabwa and then to the Hajar sector. It is the only one of the Mesozoic rift basins at Yemen 
known to contain extensive evaporites throughout its sectors (Beydoun et. al., 1996). The unstable margin of 
Sabatayn basin was the site of rapid facies changes, local disconformities and periods of emergence and 
dolomitization along the WNW and NNW striking boundary fault systems (Al-Thour, 2000). The development 
of the Sabatayn basin can be subdivided into: (a) pre- rifting phase (Permian - Oxfordian / Kimmerdgian), (b) 
syn-rifting phase (Kimmerdgian - Tithonian) and (c) post-rifting stage (Early Cretaceouse) (SPT, 1994).  

 

 
 
Fig. 1: Regional tectonic trend of the Arabian craton showing the prominent NW-SE Najd trend. (after Redfern  
             and Jones, 1995)                            

 
The general geological structures of this basin of include semi-vertical faults from NW to SE trend parallel 

approximately to Red sea and vertical Gulf of Aden. Faults systems analysis in the Sabatayn basin show that the 
direction of the failed arm, which led to the creation of the Sabatayn basin have been formed around 160M years 
ago, was dictated by large-scale NW- SE and NE-SW shear faults that began a billion years earlier, during the 
Precambrian. The NE-SW lines of weakness in the earth’s crust are termed the Najd fault zones and can be seen 
crossing Arabian and African plates. When Gondwana split apart, the crust in Yemen responded by stretching, 
fracturing and block-faulting along one of these ancient fault zones. At this time, Yemen and Somalia were 
connected and, for this reason, there is no evidence of rifting in the present- day Gulf of Aden. The exploration 
drilling has revealed that each of the sub-basins defined by geophysical data (gravity, magnetic and seismic) was 
filled by various types and sequences of sediments, resulting in different reservoir types. The Marib sub-basin is 
a complex mixture of interfingering sandstones, evaporates and shales with the sandstone reservoirs being 
dominant. In contrast, the Ayad sub-basin is dominated by carbonate reservoir zones.  

Sabatayn basin includes sediments from Middle Jurassic to Cretaceous sequences above the basement (Fig. 
2). The Upper Jurassic section at Sabatayn basin reflects post Pangea breakup and the creation of basins formed 
by rifting (Beydoun et. al., 1996 and Redfern and Jones, 1995) (Fig. 1). Jurassic deposits from the earliest stage 
of fill reflect sedimentation in relatively deep marine setting. The clastic rocks of Sabatyn Formation (Tithonian) 
are regarded as petroleum reservoir of Sabatayn basin. The clastic members of Sabatayn Formation in Alif oil 
field consist of sandstone and shale sequences.  
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Stratigraphy of Sabatayn Basin: 

 
The basement consists mostly of highly metamorphosed rocks ranged in age from Archean to Early 

Proterozoic and slightly metamorphosed Upper Proterozoic to Lower Cambrian complexes. The sedimentary 
sequence of Sabatayn basin composed of different rocks ranged in age from Middle Jurassic to Cretaceous (Fig. 
2):  

The sedimentary sequence of this basin which overlying the basement rock include the following rock units 
from base to top after (SPT,1994):  

Kuhlan Formation (Bathonian to Kimmeridgian): it represent the basal Jurassic rock unit it is composed of 
sandstone with minor amounts of conglomerate, shale and limestone.  

Shuqra Formation (Oxfordian to Kimmeridgian): this Formation had been deposited in a broad shallow 
shelf environment. It is predominantly a platform carbonate with local reefal build-up and divided into two 
members Saba and Arwa Members. The basal part of Saba Member is often sandy due to reworking of the 
Kuhlan Formation. It is overlain by limestone composed of wackestone and packstone containing interbeds of 
mudstone. Arwa Member conformably overlies Saba Member. It is composed of argillaceous limestone and 
deep water lime mudstone, the limestone composed of locally minor packstone, wackestone and grainstone in 
combination with black shale. 

Madbi Formation (Kimmeridgian to Tithonian): it is divided also into the Meem and Lam Members. 
Meem Member consists of various facies including shallow to relatively deep marine carbonate, shallow 
marine sandstone, turbidite and organically rich mudstone. It is conformably overlain Arwa Member. Lam 
Member is similar in the lithology to the Meem Member, however, it is dominate in sandstone, which 
interpreted to be turbidite and generally occur as thin beds interclating the mudstone. 

Sabatayn Formation (Tithonian): it is divided into four members Yah, Seen, Alif and Safer Members from 
base to top. Yah Member (Early Tithonian): fluvio-deltaic sandstone, mudstone and evaporate are the main 
component. Seen Member (Early-Middle Tithonian) is the second evaporite-clastic sequence. Alif Member 
(Middle-Late Tithonian): it is composed of sandstone with minor shale and evaporite. Deposited in 
environments ranged from braided stream, delta front to deeper water turbidite. It is occurred in Marib-AlJawf-
Shabwa rift system and forms the most productive reservoir unit. Safer Member (Late Tithonian) represents 
evaporitic condition in the Marib-Al Jawf-Shabwa rift system and consists mainly of halite including minor 
amount of anhydrite, dolomite and clastics. 

Naifa Formation (Tithonian-Berriasian): it consists of argillaceous limestone and calcareous mudstone 
with minor sandstone deposited in shallow marine environment. It conformably overlies Safer Member and 
unconformably the Madbi Formation in where the Sabatayn Formation is absent.  

 

 
Fig. 2: Lithostratigraphy of the Sabatayn basin (Al-Areeq, 2011). 
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Tawilah Group: 
 

 (Barremian-Campanian): it consists of the following formations from base to top: Saar, Qishn, Harshiat, 
Fartaq, Mukalla and Sharwayn Formations. Saar Formation: consists mainly of limestone and mudstone with 
minor sandstone deposited in open marine environments. Qishn Formation is divided into four members, 
Clastic and Carbonate members. Harshiat Formation: consists mainly of sandstone deposited in different 
environments from alluvial to fluvio-deltaic to shallow marine. These clastics interdigitate with carbonate 
sequence described as the Fartaq Formation. Mukalla Formation: consists mainly of alluvial fan, fluvio-
deltaic and shallow marine sandstone and mudstone with shallow marine carbonate named the Lusb Member. 
Sharwayn Formation: it represents the marine transgression in the Cretaceous. This consists mainly of shallow 
marine carbonate with minor deeper carbonate. 
 
Materials and Methods 
 
Mineralogic identification models: 

 
This study aims to determine the mineralogic models of the studied rock units; such as Alif, Seen, Yah and 

Lam Members in Alif field from the following 15 wells as, A-1, A-2, A-3, A-4, A-5, A-8, A-11, A-13, A-22, A-
24, A-25, A-33, A-41, A-42 and A-58, distributed in the Alif field of  Sabatayn basin, Eastern Yemen (Fig. 3).  

 

 
 
Fig. 3: Location map of the study area (modified after Brannan et al., 1999) 

 
The study of mineralogic models and determination of their volumetric distribution were done by many 

authors, as: Abu El-Ata and Ismail, 1984, Abu El-Ata and Basal, 1989 a, b & c, Abu El-Ata and Basal, 1990 a & 
b, Abu El-Ata and Basal, 1991, Maky, 2000 and Ramadan and Shazly, 2005. The reconstruction of the 
mineralogic models and fluid contents of these rock units have been done from well log data, as RHOB, DT and 
NPHI is the main target of this study. Crossplots assist in the selection of the interpretation parameters and the 
identification of the trends and problems of mineralogic models. These crossplots are sometimes two-
dimensional and in other times are three-dimensional. The formerly mentioned crossplots are based on knowing 
and plotting the matrix coefficient of any mineral, which helps in driving the mineral constituents of the studied 
rock intervals. The minerals present in these rock units are identified through the following crossplots: 

 
A- RHOB, vs NPHI with GR  Z-plot: 

 
This type of plots has three lines, sandstone, limestone and dolomite lines, with points of clay minerals such 

as illite, smectite and kaolinite, with gamma ray values in API units to differentiate between the shaley parts, 
which have higher API units more than 40 and characterized by the presence of clay minerals as illite, smectite 
and kaolinite; from carbonates as limestone (calcite) and dolomite of lower API units.  

Crossplots study and analysis of Alif Member (Fig. 4) revealed that, this member is composed mainly of 
sandstone (quartz), limestone and dolomite and little quantity of clay minerals as smectite, kaolinite and illite. 
The presence of higher sandstones reflects continental conditions during the deposition of Alif Member. 
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Whereas in the area around A-1 and A-42 wells, the dolomite content increases, in association with clay 
minerals, such as smectite, kaolinite and illite on the account of quartz and calcite, so the limy shale, sandy shale 
and calcareous shale are prevalent. Generally, it is appeared that, clay minerals as smectite and kaolinite are the 
main clays, in association with some calcite and sandstone of lower API values. In case of Seen Member, the 
prevailing minerals (Fig. 5), are calcite and quartz, in association with clays (kaolinite and illite), specially in A-
1 well. There is a valuable quantity of clay minerals, such as illite, smectite and kaolinite in A-1 and A-13 wells, 
as indicated from the higher API values associated with sands and cemented by calcite, and with some 
secondary dolomite. The mineralogic constituent of Yah Member, which represents Shally sand rock unit, it is 
composed mainly of quartz and clay mineral represented by kaolinite and illite, as shown in Fig. (6) and 
sometimes calcite and dolomite. While in Lam Member, the quantities of clay minerals increase in the form of 
illite with some smectite and kaolinite of high API values, in combination with quartz and calcite.  

 

 
Fig. 4: Density versus phi neutron with GR Z plot for Alif Member in the studied wells. 

 

 
Fig. 5: Density versus phi neutron with GR Z plot for Seen Member in the studied wells. 
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B- M lith - n lith (m-n) plot: 

 
This type of plots depends essentially on the fluid and log parameters, which are incorporated together in 

three porosity logs (ρb, ΔT and ΦN). From these values, two functions (M and N) are calculated, which are 
independent of the primary porosity (Burke et al, 1969). By using the M-N plot for matrix identification, the 
lithologic  content  for  each  zone  can  be  defined,  with  respect  to the  standard  M and N  values of the 
common minerals and rocks, as shown by Abu El-Ata and Ismail (1984). In this study, we concentrated the 
logging analysis on the mineralogical identification present in the studied rock units, which helps in the 
volumetric detection of each mineral present in each interval. Alif Member is characterized by the presence of 
smectite and illite as the main clay minerals with kaolinite in all of the studied wells, in combination with quartz 
which is the main and k-feldspars, while calcite is the main carbonate mineral with few dolomite as shown in 
Fig (7).  

 

 
Fig. 6: Density versus phi neutron with GR Z plot for Yah Member in the studied wells. 

 

 
Fig. 7: M Lith. N Lith. crossplot for Alif Member in the studied wells. 
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The clay minerals (smectite) trend is the main trend in Seen Member with increasing the calcite and 

dolomite content and sometimes feldspars, as shown in Fig (8). Yah Member has carbonate trend, where the 
present clay mineral is directed toward smectite than other clays, as shown in Fig (9), which reflects that, this 
formation is mainly composed of calcareous sandy shale, Whereas, in Lam Member is characterized by increase 
of calcareous shale content, with the appearance of dolomite and kaolinite and reduction of quartz and calcite 
than the overlaying rock units, as shown in Fig (10). 

 

 
 

Fig. 8: M Lith N Lith crossplot for Seen Member in the studied wells. 
 

 
 
Fig. 9: M Lith N Lith crossplot for Yah Member in the studied wells. 
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C- ρ(ma)a vs ΔT(ma)a MID plot:  

 
Such plot is considered as complementary way for identifying the lithology, gas and secondary porosity. It 

depends on the apparent matrix parameters as ρ (ma)a and ΔT(ma)a for clean and shaley zones. They are used in the 
MID plot to define the association of essential and accessory minerals that form the background of matrix in the 
considered zones, as shown by Abu El-Ata & Ismail (1984). In Alif Member, MID plot reflected that, this 
member is characterized by the presence of clastic rocks composed of quartz associated calcite and dolomite in 
all of the studied wells, except in case of A-3, A-11and A-13 wells, where the quartz and calcite are the main 
components Fig. (11). The same mineral constituents are detected in Seen Member with the increase of calcite 
and clay content on the expense of the clastic minerals (quartz and K feldspars) in all studied wells Fig. (12). 
MID plot of Yah Member indicates the occurrence of high percentage of carbonates and clays as smectite and 
kaolinite in the sediments of this rock unit Fig (13). Eventually, Lam Member MID plot reflected that, the main 
mineralogic contents of this member are characterized by the increase of calcite and dolomite and clay minerals 
as smectite in all of the studied wells as shown in Fig. (14). 

 
Fig. 10: M Lith N Lith crossplot for Lam Member in the studied wells.  

 
Fig. 11: MID plot for Alif Member in the studied  wells. 
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Fig. 12: MID plot for Seen Member in the studied  wells. 
 

 
Fig. 13: MID plot for Yah Member in the studied  wells. 

 
Results and Discussion 

 
The mathematical formulation of the mixed lithology models: 

 
After establishing the mineralogic models for the studied Upper Jurassic rock units (Alif, Seen, Yah and 

Lam Members) in the studied wells, the response equations of the minerals present in these models are 
reconstructed. A statistical analysis is performed on each mineral, in a probabilistic test, for establishing the 
mineralogic composition frequently occurred in each of the studied rock units (Delfiner et. al, 1984). 



507 
J. Appl. Sci. Res., 9(1): 498-518, 2013 

 

 
Fig. 14: MID plot for Lam Member in the studied  wells. 

 
Alif Member: 

 
Based on the mineralogic models of Alif Member in the studied wells, the mineralogic constituents include  

quartz, illite, kaolinite, smectite, calcite and dolomite. So the response equations for this model are  
Ρb= 2.65 VQ + 2.52 VI + 2.41 VK + 2.12 VSem + 2.71 VCa + 2.88 VDol  + 1.1 Ǿ              
ΦN = -0.02 VQ + 0.3 VI + 0.37 VK + 0.44 VSem - 0.01 VCa + 0.01 VDol + 185 Ǿ                        
ΔT = 55.5 VQ + 110.0 VI + 95 VK + 120VSem + 48 VCa + 43.2 VDol  + 100 Ǿ                            
1= VQ + VI + VK + VSem + VCa + VDol + VǾ       

 
Seen Member:  
 

The reconstructed mathematical response equations for Seen Member based on the identified minerals from 
the mineralogic models includes quartz, illite, kaolinite, smectite, calcite and dolomite.  

Ρb= 2.65 VQ + 2.52 VI + 2.41 VK + 2.12 VSem + 2.71 VCa + 2.88 VDol  + 1.1 Ǿ              
ΦN = -0.02 VQ + 0.3 VI + 0.37 VK + 0.44 VSem - 0.01 VCa + 0.01 VDol + 185 Ǿ                        
ΔT = 55.5 VQ + 110.0 VI + 95 VK + 120VSem + 48 VCa + 43.2 VDol  + 100 Ǿ                           
1= VQ + VI + VK + VSem + VCa + VDol + VǾ 

 
Yah Member: 

 
Based on the mineralogic models of Yah Member in the six wells, the mathematical response equations are 

reconstructed. They include quartz, illite, kaolinite, smectite, calcite and dolomite as follow:  
Ρb= 2.65 VQ + 2.52 VI + 2.41 VK + 2.12 VSem + 2.71 VCa + 2.88 VDol  + 1.1 Ǿ              
ΦN = -0.02 VQ + 0.3 VI + 0.37 VK + 0.44 VSem + 0.01 VCa + 0.01 VDol + 185 Ǿ                        
ΔT = 55.5 VQ + 110.0 VI + 95 VK + 120VSem + 48 VCa + 43.2 VDol  + 100 Ǿ  
1= VQ + VI + VK + VSem + VCa + VDol + VǾ 

 
Lam Member: 

 
The mineralogic models of Lam Member in the five wells, the constructed mathematical response equations 

include calcite, dolomite, illite, kaolinite, smectite and chlorite minerals as follow:   
Ρb= 2.71 VCa + 2.88 VDol  + 2.52 VI + 2.41 VK + 2.12 VSem + 2.5 3Vchlo+1.1 Ǿ                 
ΦN = 0.3 VI + 0.37 VK + 0.44 VSem - 0.01 VCa + 0.01 VDol + 0.3Vchlo + 185 Ǿ                         
ΔT = 48 VCa + 43.2 VDol  + 110.0 VI + 95 VK + 120VSem +111Vchlo + 100 Ǿ                    
1= VCa + VDol + VI + VK + VSem + Vchlo + VǾ        where. 
VQ = volume of quartz fraction.  VI = volume of illite fraction.   VK = volume of kaolinite fraction.              
VSem = volume of smectite fraction. VCa = volume of calcite fraction. VDol = volume of dolomite 

fraction.    VChlo = volume of chlorite fraction.  VǾ = total porosity.  
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The resulted frequency distribution of the volumes of rocks forming minerals and the volumes of fluids 

present in the pores of these rock units are used for calculating the thermal conductivities of these rock intervals 
and also the heat flow.  
 
Thermal conductivity:  

 
Thermal conductivity is depending on the composition and geometry of the rock matrix, on porosity, and on 

pore medium water or hydrocarbons. Additional influences in the situation of a deeply buried rock are pressure 
and temperature (Schon, 1996). Replacement of pore water by gaseous hydrocarbons results in reduction of heat 
conductivity and increase of sediments temperature (Frolov et. al, 1979 and Duchkov et. al, 1987). The 
geothermal gradient in the low conductivity shale sections is elevated relative to the geothermal gradient in the 
high conductivity “washing granite” (Larry et. al, 1998). The formation of significant amount of free gas, gas 
condensate and condensate from organic matter lead to a substantial increase in temperature up to 5-15ºC. This 
results from the reduction of thermal conductivity of the rock as a result of the lower thermal conductivity of 
these hydrocarbon products and the change in heat conductivity of rocks with dispersed organic matter can 
increase the temperature of sedimentary rocks by 3-5ºC and the rock maturity by not more than 0.02% Ro 
(Galushkin et. al,1999). The variability in thermal conductivity of the sedimentary rocks has to be attributed to 
the change in mineral composition (grains and cement) of the rocks, in which clay cements prevail show 
distinctively lower values than rock with silica cement (Norden and Főrster, 2006). Some studies focused on 
determining the thermal conductivity from well logs. Brigaud et al, 1990, based on the detailed lithologic 
description together with sonic and neutron logs, were digitized and used for estimating the thermal 
conductivity. 

In this study we make extensive use of the previously published thermal conductivity measurements of 
rocks from (Bodell, 1981; Carrier and Chapman, 1981; Keho, 1987; Deming, 1988; Deming and Chapman, 
1988; Moran, 1991; and Powell, 1997). For formations, where there are no measured or published conductivity 
data, values were used from the measurements of lithologically similar formations. These are referred to as 
assumed thermal conductivity values. Matrix thermal conductivities in Table (1) are converted to in-situ 
conductivities by accounting for porosity and temperature effects.  

In this study, the in-situ thermal conductivity is based on the volumetric distribution of the mineral 
constituents, total porosity and fluid content of the studied rock units obtained from well log data and, then 
geometric mean method for estimating thermal conductivity of different zones. The conductivity of the pore 
water was calculated using the polynomial, relating temperature to conductivity, given by Deming and 
Chapman, (1988), based on the data of Touloukian et. al, (1970). No adjustments were made for the salinity of 
the pore water. The thermal conductivities of some rocks forming minerals are shown in Table (1). 
 
Geometric mean method for estimating thermal conductivity: 
 

The wide variety of thermal conductivity values for the rock-forming minerals is shown in Table 1 and the 
results obtained in this study revealed that: the knowledge of the complete mineralogy of the rock is necessary 
for the accurate assessment of the rock’s thermal conductivity. Based on the mineralogic composition, the 
values of corrected thermal conductivity λ in (W/m/k) for the different zones in the studied  rock units can be 
computed from the generalized geometric mean method, as expressed by eq. (1), a method that was successfully 
used by Woodside and Messmer a&b, (1961) and Sass et al, (1971): 

    n  
λ m = Π λiVi                                                                                            (1) 

    i=1 

where: Π represents the product of the thermal conductivities of the minerals λ raised to the power of their 
volumetric proportion v, in which the sum of the volumetric proportions of the minerals is equal to 1. The 
subscript i refers to the i mineral, there being z minerals altogether. Equation (1) gives the best results when the 
thermal conductivity of each mineral does not contrast by more than one order of magnitude.  

Thermal conductivity (λ) of a porous medium can be expressed as: 
 
λ= λs (1-ø)λwø,                                                                                                                         (2) 

 
where: λ is the in-situ thermal conductivities, φ is the total porosity, λs is the conductivity of the solid 

matrix, and λw is the conductivity of the pore-filling fluid, in this case water.  
The resulted thermal conductivity for each horizon obtained from the geometric mean method is corrected 

to the formation temperature, since the measured thermal conductivity is determined at 20ºC. Adjustment of the 
matrix conductivity (λm20) values for temperature was accomplished by using the relation given by Chapman 
and Furlong (1992) 
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λ = λm20 [1/ (1 + 0.0005 (T-20))]                                                      (3) 

 
where: λ m20 is the matrix conductivity at 20°C and T is the formation temperature in degrees Celsius and 

the coefficient 0.0005 corresponds to a silty mudstone lithology (Funnell et al, 1996). 
 

Table 1: Thermal conductivities of some sedimentary rock forming minerals and some fluids. 
Type  Minerals  Thermal conductivity W/m/K 
Non clay 
Minerals 
 
 
 
 
 
 
 
 
 
          Clay  
Minerals  
 
 
 
Fluid   

Quartz 
Calcite  
Dolomite  
Anhydrite  
Sedrite  
Orthoclase  
k-feldspares 
Albite  
Mica 
Halite 
Gypsum 
Kaolinite  
Chlorite  
Illite   
Mixed layer illite/smectite  
Air  
Water (20ºC) 
Oil  
Gas  

7.80* 
3.40* 
5.10* 
6.40* 
3.00* 
2.30* 
2.30* 
2.30* 
2.30* 
6.50* 
3.10* 
2.80* 
5.10* 
1.80* 
1.90* 
0.03** 
0.60** 
0.21*** 
0.079*** 

After Horia, 1971*, Jensen & Dorè***1993 and Schőn, 1996**  
   

Vertical distribution of Thermal conductivity: 
 
In this discussion of the thermal conductivity, it has been assumed that, the conductivity is isotropic. The 

thermal properties of the studied rock units, such as Alif, Seen, Yah and Lam Members are in Fig. (15):  
 
Alif Member: 

 
The corrected thermal conductivity (ThC) of this member is shown in Fig. (15) as example and Table (2).  

It is clear that, most of the thermal conductivity in A-1 well, is ranged between 1.55 and 2.56 W/m/K, except at 
the upper part, where the (ThC) is reduced to 1.22W/m/K in the silt and shale horizons. In A-25 well, the (ThC) 
shows higher values of 3.01 to 3.67W/m/K. At the lower part of this member it decreases dramatically to 2.43 
W/m/K, then increases at the middle part again where quartz content increases, the upper part of this member 
shows reduction in the (ThC) again to a value of 2.03 W/m/K.  
 
Seen Member: 

 
Seen Member in A-1 well as shown in Fig. (15), which is mainly composed of calcareous sand and shale,  

thermal conductivities ranged between 1.03 and 2.19 W/m/K in most of the calcareous shale horizons, and  
reached to 2.85 W/m/K in the horizons of higher calcareous sand content, as detected in Table(2).  
 
Yah  Member: 

 
This rock unit in A-1 well is composed of alternations of shale, limestone and sandy shale Fig. (15), so it 

has varied thermal conductivities depending on the difference in percentage of the present minerals, total 
porosities and fluid contents. So, the (ThC) is ranged between 1.29 and 1.85 W/m/K in the shale horizons and 
from 1.47 to 2.89W/m/K in the calcareous sand beds, with an average corrected thermal conductivity of 
2.16W/m/K Table (2).  
 
Lam Member: 

 
The thermal conductivity of Lam Member, which is composed of shale and shally limestone, is ranged 

between 1.66W/m/K and 3.2W/m/K in A-25 well, as shown in Table (2). These high values of (ThC) in A-25 
well are mainly related to the presence of higher content of calcite and dolomite minerals, which have higher 
thermal conductivities on the expense of the lower thermal conductivity of clay minerals. 
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Fig. 15: Minerals distribution, radiogenic heat production and thermal conductivity of Alif, Seen, yah and Lam  
              Members at A-1 well in the study area. 
 
Areal distribution of Thermal conductivity (ThC): 

 
The thermal conductivity of the studied area can be discussed spatially by using horizontal or spatial 

distribution contour maps for Alif, Seen, Yah and Lam Members. These maps are based on the average thermal 
conductivity in each well for the analyzed rock units.  
 
Alif Member: 
 

The thermal conductivity map of Alif Member in the studied fifteen wells (fig.16A), it shows gradual 
increasing from northwest trend toward south and east directions of the studied area recording the maximum 
value of 3.23 W/m/K, at the area around A-58 well. While the minimum ThC is recorded at the area around A-
33, A-42, A-1, A-8 and A-3 wells from the center toward the NW direction of about 2.06 and 2.07 W/m/K 
recorded at A-1 and A-3 well. 
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Table 2: Corrected and average geothermal gradients (G.G), Thermal conductivity, Radiogenic heat production and heat flow of the studied  
              rock units in the study area. 

Well 
name Member Thick (m) Lithology G.G ºC 

/100m 
Av. Thermal 
Conductivity Heat flow Av. Radiogenic 

Heat Production 

A-1 
Alif 71.1 S.S + Sh 

2.96 
2.06 60.976 0.7 

Seen 118 Sh + S.S 1.83 54.168 0.9 
Yah 20 Sh + Carb 1.85 54.76 0.83 

A-2 
Alif 153 S.S + Sh 

2.91 
2.72 71.8 0.65 

Seen 66 Sh + S.S 2.2 59.4 1.16 
Lam 165 Carb + Sh 2.1 57.2 0.96 

A-3 
Alif 104 Sh + Carb 

2.66 
2.07 55.06 0.4 

Seen 118 S.S. + Sh 1.61 42.82 1.2 
Yah 31 Carb + Sh 2.63 70 0.36 

A-4 Alif 180 S.S. + Sh 2.88 2.62 75.4 0.45 
Seen 63 Carb + Sh 2.1 60.48 1.1 

A-5 

Alif 140 S.S + Sh  

2.99 

2.58 77.14 0.78 
Seen 89 Sh + S.S 2.8 83.7 1.19 
Yah 26 Carb + Sh + S.S 2.7 80.73 0.82 
Lam 67 Carb + Sh 1.82 54.4 1.32 

A-8 

Alif 122 S.S+ Sh + Carb 

2.8 

2.15 60.2 0.83 
Seen 89 Sh + S.S 2.4 67.2 1.4 
Yah 81 Carb + Sh +S.S 2.8 78.4 0.97 
Lam 53 carb. Sh  2.1 58.8 1.4 

A-11 Alif 171 S.S+ sh+ carb 3 2.8 84 0.6 
Seen 88 Sh + S.S 2.7 81 1.29 

A-13 

Alif 122 S.S. + Sh 

2.97 

2.7 80.1 0.54 
Seen 55 Carb + S.S 2.7 80.1 1.07 
Yah 25 Carb + Sh + S.S 2.69 80 1.02 
Lam 97 Carb + Sh  1.24 39.7 1.9 

A-22 Alif 168 S.S. + sh 2.74 3.2 87.6 0.54 
Seen 43 Sh + S.S 3.09 84.6 1.04 

A-24 Alif 165 S.S + Sh 3.42 3.02 103.2 0.46 
Seen 83 Carb + S.S 2.5 85.5 1.05 

A-25 

Alif 175 S.S + Sh. 
3.2 
 

3.14 101.4 0.52 
Seen 65 Carb + Sh +S.S 2.63 85 1.15 
Yah 51 Carb + Sh +S.S 2.55 82.3 0.45 
Lam 61 Carb+Sh 2.36 76.2 1.12 

A-33 Alif 140 S.S + Sh 2.96 2.18 64.5 0.91 
Seen 83 Carb + Sh+S.S 1.93 57.12 1.18 

A-41 Alif 165 S.S + Sh 2.94 2.86 84.08 0.64 
Seen 92 Sh + S.S. 3.05 89.67 1.06 

A-42 Alif 157 Carb +  S.S + Sh 2.92 2.38 69.5 0.47 
Seen 15 carb. sh+S.S 2.62 76.5 0.5 

A-58 Alif 183 S.S. + sh. 3.13 3.23 101 0.5 
Seen 46 sh.S.S. 2.68 83.8 1.17 

 
 Seen Member: 

 
The thermal conductivity map of this rock unite in 15 wells (Fig. 16 B) reveals general reduction in the 

thermal conductivity than the overlaying rock unit specially at area around A-1, A-3 and A33 wells, recording 
the minimum average value of 1.61 W/m/K at A-3 well. The thermal conductivity increases southward, 
eastward and westward, recording the maximum value of 3.09 W/m/K at area around A-22 well. Generally, the 
reduction in thermal conductivity is mainly related to the increase of shale content and so total porosity and fluid 
content. 
 
Yah Member: 
 

The thermal conductivity map of the Yah Member occurred in six wells (Fig. 16C) shows a little and 
considerable increase of thermal conductivity in all directions than the overlaying Seen member and lower than 
Alef Member, with the exception of the area around A-1 well, in which a minimum values of 1.85 W/m/K 
occurs. A maximum value of 2.8 W/m/K is attained at the area around A-8 well where quartz is the main 
component. 
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Fig. 16: Distribution of thermal conductivity (W/m/K) in Alif, Seen, Yah and Lam Members. 
 
Lam Member: 
 

The presented thermal conductivity contour map of the Lam Member (Fig. 16D) reveals a regular 
distribution pattern with decreasing direction southeastward, recording the minimum average value of 1.24 
W/m/K at A-13 well. The thermal conductivity increases in all direction away from A-13, recording the 
maximum value of 2.36 W/m/K at area of A-25. in this member thermal conductivity is lower than all the 
overlaying rock units this is mainly related to the increase of shale content well lower.  

Generally, it clear that the thermal conductivity show gradual increase from the lower rock unit (Lam 
Member) which is considered as a shaley source rock of high clay content, fluids, gases and organic matter (low 
ThC) and so help in preservation of heat for maturation and cocking of organic matter and lead to production of 
hydrocarbons. But thermal conductivity increase and reached to its maximum values at Alif Member (reservoir 
unit) to preserve oil and gases from more cracking by seepage of heat from it through the higher conductive 
minerals as quartz.     
 
Radiogenic Heat Production: 

 
Rocks exhibit a natural radioactivity caused by the decay of natural radionuclides (Schőn, 1996). 

Approximately 98% of geothermal radiogenic heat arises from the decay of single isotopes of uranium (238U), 
thorium (232Th) and potassium (40K) (Beardsmore and Cull, 2001and Slagstad, 2008 ). Which are much more 
abundant in the shally rocks, especially that contain smectite, kaolinite and illite clay mineral.  

The radioactive heat generation (A) in μW/m3, as a result of isotope decay, is expressed after Rybach 
(1976) as follows: 
 
A = ρ (9,52 U + 2,56 Th + 3,48 K) 10-5              (4) 
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Where: ρ is the density of rock (in kg/m3), U and Th are the contents of uranium and thorium (in ppm) and 

K is the content of potassium (in wt.%). The whole rock abundances of U, Th and K, in principle, can be 
determined by chemical analysis, by gamma-spectroscopic measurements and from gamma-ray (GR) borehole 
logs.  

In this study, the radiogenic heat production is based on the latter approach developed by Bücker and 
Rybach (1996), that uses a linear relationship between the natural total gamma-ray logs from industrial 
exploration (in API units; see Anonymous, 1974) and the laboratory-measured heat production (A, µW/m3), as 
shown: 
 
A = 0.0158 (GR [API] – 0.8)            (5) 

 
The equation is validated for API values less than 350 API and is estimated to give an error of less than 

10%. 
Total-count gamma-ray (GR) logs were available for this study. These logs, routinely obtained during 

hydrocarbon exploration, were measured with Geiger–Müller counters calibrated using Co-60 emitters. The logs 
were corrected for the borehole conditions (borehole diameter and density of the drilling mud) and for the size 
and position of the recording unit used. Logs of a generally abnormal character were discarded. Abnormal logs 
could be either a result of abnormal drill-mud composition (bentonite or KCl mud) or because of gas entry into 
the well. Radiogenic heat production is higher in the fine-grained sediments, such as shale, has high radioactive 
heat production than sandstone or limestone. So high heat production group corresponds to the shale horizons at 
different ages and may have produced enough heat for hydrocarbon generation (Ehinola, et al, 2005). The GR 
logs covering the range of 0–150º API comprise Alif, Seen, Yah and Lam Members of Upper Jurassic age were 
used. Furthermore, care was taken that only logs were related to wells with similar drill-mud composition. 
Based on equations (5), the radiogenic heat production (RHP) generated in the studied rock units are shown in 
Table (2)  
 
Alif Member: 
 

The generated radiogenic heat (RHP) present in this member shows a greater variation from one well to 
another and is mainly based on the shale content, the generated radiogenic heat is varied from 0.4 to 0.91 
µW/m3, Table (2). The generated radiogenic heat map of the Alif Member (Fig. 17A) ) shows irregular pattern 
of distribution with increasing trend toward W, NW and central directions of the study area recording the 
maximum value of 0.91 µW/m3,  at A-33 well area. The generated radiogenic heat decreases at NE, and SE 
parts of this unit and the minimum generated radiogenic heat value is 0.4 µW/m3 recorded at A-3 well. This 
greater variation in (Rh) is due to the higher percentage of clay minerals especially illite and Kaolinite at area 
around A-8, A-5 and A-33 wells, which are characterized by higher percentage of K40 and Thorium. It is clear 
also that, the oil producing zones (reservoir rocks sandstone and carbonates) are characterized by lower 
radiogenic heat production, that may also related to the low presence of clay minerals and increase of the 
carbonate on the expense of quartz, this is supported by the low thermal conductivity .  

 
Seen Member: 
 

The calculated radiogenic heat production in Seen Member has higher values than these produced from Alif 
Member. Figure 17B shows a considerable increase in radiogenic heat production in all directions, with the 
exception of the area around A-42 and A-1wells, in which a minimum values is 0.5 and 0.9 µW/m3 occurs in 
these two wells respectively, whereas the radiogenic heat production is greater than one in all of the studied and 
reached to its maximum value 1.4µW/m3 at A-8 well. These high values are mainly backed by increase of shale 
content which is indicated also from low thermal conductivity. 
 
Yah Member: 
 

The radiogenic heat production of this rock unit is lower than the overlaying Seen Member this is clear in 
southeast ward by recording the maximum value of 1.02 µW/m3, at A-13 well area and the minimum values are 
recorded at area around A-25 and A-3 (0.45 and 0.36 µW/m3) respectively. These lower values are mainly 
related to the reduction of amounts of clay minerals as illite, kaolinite and smectite, and also due to the presence 
of excess quartz and carbonates.  
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Fig. 17: Distribution of Radiogenic heat production (μW/m/K) in Alif, Seen, Yah and Lam Members. 

 
Lam Member: 
 

In this rock unit which is composed mainly of calcite (limestone) the generated radiogenic heat has higher 
values than that produced from Yah Member, whish reach  maximum value 1.9 µW/m3 at the area around A-13 
well and decrease the values toward A-1 well as shown in figure (17D) which is still higher than Yah Member. 
This is mainly related to the higher content of clay mineral in the studied wells, which contains, higher K40 and 
also increase content of sedimentary organic matter since the rock unit is considered as source rock.   
 
Heat-flow Data: 
 
Temperature Data: 
 

Geothermal heat flow is typically obtained as the product of the geothermal gradient and the thermal 
conductivity of the geologic formations of interest (Michael, 2003). The geothermal gradient can be obtained 
from bottom-hole temperatures (BHTs) taken at different depths in oil and gas wells after they have been 
corrected for the thermal effect of drilling. A transient bottom hole temperature (BHT) is recorded by a 
maximum temperature thermometer through an oil or gas well logging tool. Temperatures are least perturbed by 
drilling at the bottom of the well. As these temperatures are recorded, the length of the shut- in time (ts) is also 
recorded as either clock time or the length of time elapsed, since the circulation of drilling mud ceased. If 
multiple transient BHTs are recorded at the same depth in a well, then the thermal relaxation of the well and, in 
particular, the steady-state BHT can be calculated (Bullard, 1947; and Lachenbruch& Brewer, 1959). However, 
in this study, we used the chart made by Shell (1982). 
 
Heat Flow determination:  

 
Heat- flow q was determined using the interval method. It is given by the Fourier`s law of heat conduction, 

as follows: 
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q0 = λ dt/dz                                                                                     (6)  

 
where: q0 is the surface heat flow, λ is the average of the corrected thermal conductivity of the interval and 

dt/dz is the geothermal gradient.  
In this study, equation (6) was used for the primary heat flow calculations. Steady-state BHT data are 

combined with ground surface temperatures and thermal conductivity data as input to equation (6). This is 
accomplished using a spreadsheet, which creates a temperature-depth profile for each heat flow site using 
equation (6), based on the heat production, porosity, temperature effects, steady-state BHT and thermal 
conductivity data. In the equation, once the layer thicknesses, heat production and thermal conductivity profile 
have been determined, a temperature at any given depth can be calculated by assuming a surface heat flow. In 
this calculation, the only value that is not predetermined is the heat flow, so by iterating through various surface 
heat flow magnitudes, alteration of the calculated geothermal gradient is possible. An optimum surface heat 
flow value is found, that minimizes the differences between a calculated temperature for the approximate depth 
and the corrected BHT. The resulted geothermal gradients of the studied wells and their averages are shown in 
Table (2) 
 
Alif Member: 
 

heat flow from rocks of Alif Member which is considered as a reservoir rock is variegated between 55.1 at 
area around A-3 well at the center of northern part of the study area and 103.2 around A-24 well at the upper 
half as reflected from Table (2) and Figure (18A). Generally, the higher heat flow values are concentrated in 
places of high sand (quartz) content and that of the higher geothermal gradient as indicated in area around A-24 
well which have a high geothermal gradient (3.42 ºC/100m).     

 

 
Fig. 18: Heat flow in Alif, Seen, Yah and Lam Members in the study area. 

 
Heat flow in Seen Member is indicated in Table (2) and Figure (18B), it is ranged between 42.82 μw/m/K 

at area of A-3 well and the maximum value is occurred at A-41 well (89.87 μw/m/K). from the study and 
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comparison of the distribution of the heat flow in the Alif and Seen Members. It is clear that Seen Member has 
lower heat flow than that of Alif Member.  

In case of Yah Member which underlain Sean Member, the heat flow is represented in six wells as 
reflected from table (2) and Fig. (18C), they show lower values in heat flow than the overlaying two formations 
and is ranged from 54.76 μw/m/K at A-1 well to 82.3 μw/m/K around A-25 well.  

Eventually, Lam Member is characterized by much lower heat flow than the overlaying three members 
table (2) and Fig. (18D), it is variegated between 39.7 μw/m/K at area of A-13 well at the southeastern part of 
the study area and reached to 67.2 at area of A-25 well. From the mineralogical composition of this rock unit 
(source rock) the lower heat flow is mainly related the increase of shale content and so porosity i.e. the increase 
of the fluid content which have a low thermal conductivity and also the presence of organic matter.     
 
Summary and Conclusion: 

 
The mineralogic composition and their volumetric distribution of the analyzed four rock units studied in the 

area around fifteen wells in Sabatayn basin is determined through recorded well log data by the aid of various 
types of cross-plots and mathematical equations. These models clear that, most of the rock units are mainly 
composed of variable quantities of quartz, calcite dolomite and clay minerals such as illite, smectite and 
kaolinite in association to K-feldspare occurred in the Alif Member which is reflected from high gamma. The 
frequency distribution of the rock forming–minerals clear that, there are sea level fluctuations starting with the 
deposition of Lam Member during calm marine environment as indicated from the occurrence of clay minerals 
and carbonates graded upwardly to regressive stage at Alif Member reflected from increase of sandstone and 
reduction of shale content (clay minerals).  

These units are characterized by gradual increase of thermal conductivities from the lower rock unit (Lam 
Member) which is characterized by higher shale content and so higher porosity (total porosity) i.e., increase of 
fluid contents, so the lower thermal conductivity help in heat preservation and consequently maturation of 
organic matter. But the upper rock units Alif and Seen Members which are reservoir rocks have higher thermal 
conductivities reached up to 3.05 and 3.2 W/m/k in the two rock units respectively, this leads to transfer of the 
heat produced so it will help in preservation of hydrocarbons form cracking. The radiogenic heat production 
increases in the same direction of the rising of shale content from top (Alif Member) to base (Lam Member), 
i.e., the transgression of the sea which is characterized by the increase clay minerals which have high content of 
radioactive material.  

The heat flow of Lam Member, “which represents transgressive stage of the sea”. The shale content 
increase on the expense of quartz and also total porosity which mean increase of fluid content, so it is reduced in 
the shally intervals due to their lower thermal conductivity.  

Generally, the radiogenic heat production, thermal conductivity and heat flow in the sedimentary rock units 
are highly affected by lithologic composition, which is mainly based on the depositional environment. This 
means that, at the transgressive stage which is characterized by the increase of shale content and reduction of 
sand (quartz) content, lead to decrease of thermal conductivity and heat flow, and high radiogenic heat 
production, so the loss in heat production is low, leading to the preservation of heat energy. This causes the 
measured bottom hole temperature to be lower than in the case of high stand system tract or regressive stage, 
which is characterized by the increase of sands of higher thermal conductivity and higher heat flow, so the heat 
is transferred easily to the drilling mud than in case of shale of low heat transfer. But clean sands which are 
characterized by high quartz content of high THC and may have good permeability which help in heat transfer 
and low quantity or absence of clay minerals or K-feldspars, so the measured bottom hole temperature will be 
higher than that measured in the shally beds. The source shally rocks are also suitable place for cooking the 
organic matter to generate hydrocarbons because they have great ability to preserve radiogenic heat production 
due to their lower thermal conductivity. 
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