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Abstract

The present study provides evaluation and estimation of petrophysical para-
meters and assessment of lithology and their thicknesses in order to charac-
terize present reservoir rocks at Mpera well located in Exploration Block 7,
deep offshore Tanzania. To achieve the objectives the wire-line logs, Techlog
program was used for assessment, analysis, computation and interpretations
of petrophysical parameters and results were integrated through interpreta-
tion of well logs. The results from wire-line logs reveal three (3) non hydro-
carbon-bearing reservoir rocks ie, Mpera splay (sandstone), Mpera deep
sand 1 (sandstone and limestone) and Mpera deep sand 2 (sandstone and li-
mestone) with gross thickness of 94.335 m, 28.905 m and 12.967 m respec-
tively. The average permeability values of the reservoir rocks were 9.47 mD,
6.45 mD and 4.67 mD, while average porosity values were 14.57%, 17.4% and
16.75%, with average volume of shale 25.7%, 23.5% and 9.7% at Mpera splay,
Mpera deep sand 1 and Mpera deep sand 2 respectively. These results signify
poor permeability; good porosity and good quality reservoir in terms of vo-
lume of shale. Fluid type defined in the reservoirs was basically water. High
water saturation (90.6% - 97.7%) in the reservoir zones of the Mpera well in-
dicates that the proportion of void spaces occupied by water is high, thus, in-
dicating less than 10% hydrocarbon saturation. The findings indicate that
Mpera well reservoir rocks are of low quality with non-hydrocarbon bearing
such that it is not potential for hydrocarbon production.
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1. Introduction

Tanzania offshore basins were formed during the breakup of Gondwana, which
also resulted in the formation of most known coastal basins in the World in-
cluding Australia coastal basins [1], the Norian-age (228.4 - 209.5 Ma) sediments
of the upper Flagstone, Bench Formation of the Antarctica [2], Madagascar
coastal basins [3] and the East African coastal basins [4] [5] [6]. Tanzania off-
shore basins which are part of East African coastal basins together with other
coastal sedimentary basins (Figure 1) were formed between 205 and 157 Ma as
the consequence of drifting of Madagascar from East Africa along the Davie
Fracture zone [7] [8]. Extensional and compressional periods controlled by
strike-slip movement of the Davie Fracture Zone [9], created many sedimentary
basins and multiple petroleum systems. The exploration Block 7, which is the
study area where Mpera well is located, lies within deep offshore basins that are
known to be petroliferous for hydrocarbon exploration [4] [10]. This hydrocar-
bon potentiality is evidenced by the presence of hydrocarbon shows depicting
both at the surface and subsurface in different parts around the area. Variation
of geochemical properties of these hydrocarbon shows indicates that multiple
petroleum systems are active in Tanzania [11], although hydrocarbon shows

have been observed in various parts around Block 7.
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Figure 1. A topographic map of Tanzania (ETopol; [14]) showing the Tanzania coastal
basin (onshore and offshore basins) and the major structure of the basins (modified after
[9]). The figure also shows the location of Block 7 where Mpera well is located.
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The Tanzania offshore basins are mainly composed of thick Mesozoic and
Tertiary successions with the thickness of approximately 4000 m, which overlap
the continent-ocean [12] and occur parallel to the coast and are joined with
large, down-to-the-basin faults, which demarcate the present coastline (Figure
1). Despite the presence of hydrocarbon discoveries in various parts along the
Tanzania offshore basins, reservoir units and their thicknesses intersected by
Mpera well, in exploration Block 7 are not well known. Moreover, the petro-
physical characteristics of the reservoir rocks at Mpera well are not well esti-
mated. Furthermore reservoir rock units intersected by the borehole and their
petrophysical characteristics are not well established.

Petrophysical logs provide most of the subsurface data available to an explora-
tion geologist. The interpretation of Petrophysical logs is one of the most useful
and important tools available to a petroleum geologist. Logs help to define phys-
ical rock characteristics such as lithology, porosity, pore geometry, and permea-
bility. Furthermore Logging data are also used to identify productive zones, to
determine depth and thickness of zones, to distinguish between oil, gas, or water
in a reservoir, and to estimate hydrocarbon reserves [13]. These characteristics
are important in providing information about the reservoir qualities, which can
be integrated with other data to provide a guide and enhanced exploration and
development of the reservoir. This study therefore have used well logs to cha-
racterize reservoir rocks through analysis of petrophysical parameters, of reser-
voirs encountered at Mpera well in exploration Block 7, offshore Tanzania so as

to assess the quality of the reservoirs in the area.

2. Geology and Tectonic Setting
2.1. General Geological Setting

The exploration Block 7 is located offshore northeastern Tanzania and connects
the southern portion of the Pemba-Zanzibar Sub-basin and the northern section
of the Mafia Deep Sub-basin, which is part of the Tanzania Coastal Basin
(Figure 1). The formation of sedimentary basins offshore Tanzania is related to
the breakup of Gondwana and strike slip fault, which caused drift of Africa and
Madagascar continental block [8]. The area is strongly affected by two-stage
break-up of Gondwana, which began at about 300 Ma [6] [7] [15] [16] [17].

The first phase of rift occurred from 300 to 205 Ma creating extended rift sys-
tems across the continent that are filled with thick siliciclastic and carbonate se-
diments of the Karoo Group. The second phase started from about 205 to 157
Ma marked the actual fragmentation of the Gondwana and was accompanied by
the extrusion of extensive flood basalts [7]. From about 157 Ma, active sea-floor
spreading in the Western Somalia and Mozambique Channel Basins separated
Gondwana into West (Africa and South America) and East (Antarctica, India
and Sri Lanka, Madagascar, Seychelles and Australia) blocks [18] [19]. The
drifting, which commenced in the Middle Jurassic along the Davie Fracture zone

continued throughout the Late Jurassic and ceased in the Santonian at ~85 Ma
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[20].

Regional structural trend of Tanzania coastal and offshore follows the Tanga
and Lindi Permo-Triassic faults, which strike in the NNE-SSW and NNW-SSE
respectively, with some young onshore faults oriented along the same trends (see
Figure 1). The Utete-Tangalala and the Aswa lineaments are also present in the
coastal basin. The offshore structural features are post Karoo faults and the trend
has been rejuvenated from older ones. The orientation structural features run

parallel to the present coastline [20].

2.2, Stratigraphic Information of the Basin

The stratigraphic sequence and architecture of the Tanzania offshore basin,
which spans from Jurassic to Neogene, was established from well data and 3D
seismic data [21] (Figure 2). Within the stratigraphic sequence of offshore Tan-
zania, Mpera well in exploration Block 7 lies within the Paleogene sequence
(Figure 2), and can be correlated with the sequence stratigraphy from the

southern Tanzania offshore wells.
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Figure 2. Sequence stratigraphy and depositional architecture of offshore Tanzania
(modified from [22]).
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The exploration Block 7 encompasses three prominent tectonic elements [9].
The first tectonic element is the Davie Fracture Zone (DFZ) that represents the
right-lateral wrenching along which Madagascar move. West of this zone, synrift
sediments of the Triassic to Early Jurassic age are overlain by post Middle Juras-
sic to recent post rift sequence [21]. The second one is the Aswa shear zone,
which is a reactivated Precambrian NW-SE oriented feature extending onshore.
The last tectonic element in Block 7 is the Sea Gap Fault, which is visible in the
Cretaceous sequence but does not extend into the Paleogene.

3. Material and Methods

The objectives of this study have been accomplished using wire-line logs from
Mpera well provided by Tanzania Petroleum Development Company (TPDC).
Wire-line logs, which were available for analysis, are gamma-ray log, caliper log,
corrected bulk density, density log, neutron log, resistivity logs. The wire-line
logs collected from Mpera well were used to analyze the petrophysical parame-
ters of the reservoir rock using Techlog software version 2013.4.0.1 established
by Schlumberger. The quantitative values of porosity, saturation, reservoir gross
thickness, net to gross ratio, bulk volume of water, volume of shale and permea-
bility were estimated using empirical formulas. The Gamma ray log has been
used to calculate volume of shale where porosity was calculated from density log.
The fluid saturation was estimated using resistivity logs and permeability was es-

timated using Timur equation.

3.1. Petrophysical Methods
3.1.1. Lithological Identification from Gama Ray Log

Gamma ray logs were used for the identification of sandstone and claystone/shale
lithology as it normally reflects the shale content of the formation due to its ra-
dioactive materials [22] [23] [24]. In the identification of the lithology the gam-
ma ray reading using different API values was used. The gamma ray readings

and their corresponding lithology used in this study are given in Table 1.

3.1.2. Lithological Identification from Neutron-Density Logs

Lithology identification using neutron-density logs has been explained in details
by Rider [26]. The idealized neutron-density logs combination is based on res-
ponses of values of density and neutron logs in a corresponding depth showing
different separation characteristic. In shale/claystone lithology, neutron-density
gives a signature of positive separation of neutron and density logs while in

sandstone lithology it gives a signature of negative separation of neutron and

Table 1. Relative gamma ray values for common sedimentary rocks, used in the interpre-
tation of lithology in gamma ray readings [25].

Lithology Sandstone  Shale = Dolomite Limestone Coal
Gamma ray value in API unit 15-30 60 - 150 15 - 40 15 - 40 15-150
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density logs. In this study these signatures were used in identification of litholo-
gy where positive separation means high value of neutron and density logs and

negative separation means low value of neutron and density logs.

3.1.3. Lithological Identification from Caliper Log

In general caliper log was used in connection with the data collected by other
petrophysical logs for the precise determination of the lithology intersected by
the borehole. In this study the lithology was identified as shale when the bore-
hole diameter was larger than the bit size, and sandstone when the borehole di-

ameter was smaller than the bit size.

3.1.4. Lithological Identification from Resistivity Logs

The three subcategories of resistivity (ie., Shallow resistivity, Deep resistivity,
and Medium resistivity logs) were used in lithology identification such that
when the formation is impermeable (shale) there is no separation between the
deep and shallow resistivity logs. Shale formations indicate lower resistivity than
the sandstone formations due to the presence of bound water in clays. In con-
trast the separation between two resistivity logs demonstrates the permeable
zone (sandstone). The high resistivity in tight sandstone/carbonate rocks is re-
lated to cementation or compaction whereas porous sandstones, which are filled

with water, show low resistivity.

3.2. Estimation of Petrophysical Parameters

3.2.1. Volume of Shale Estimation from Gama Ray Log

The volume of shale was estimated using non-linear equation sigmoidal func-
tion, which reduces the uncertainty in Vshale calculation, therefore having posi-
tive impact in the original oil or gas in place and reserves [27]. The best method
that reduces the uncertainty in Vshale calculation is from Clavier [28] and was

used in this study for estimation of volume of shale.

v, =17- (3.38—(IGR +0.7)2) (1)
But:
I — GRlog - GRmin (2)
o GRmax - GRmin

where [ is the Gamma ray index, V, is the shale volume fraction calculated
using the GR,, response, GR,, is the gamma ray reading from the log, GR,,, is
the minimum gamma ray from the log and GR,,, represents maximum gamma

ray from the log.

3.2.2. Porosity Estimation

The estimation of porosity in this study was done using density log, which was
calculated from empirical formula. The first step was to obtain value of the ma-
trix density and shale density that where obtained from max and min values of

density log respectively by assuming the density of fluid to be 1.1 g/cm’. Princi-
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pally, density logs measure the bulk density of the formation. It is a direct tool
that is used to derive the porosity of the formation because the bulk density of a
rock depends on porosity and density of the fluids filling pores. Porosity para-
meter was determined by switching the bulk density readings obtained from the
formation density log within each reservoir and then put into Equation (3) for

calculating the porosity.

pma _Iob (3)
P = Py

w:

where ¢ is the porosity calculated though the density log, p,,, is the matrix
density, p, is the bulk density as obtained from the log and p, of 1.1 g/cm’
is the fluid density.

3.2.3. Water Saturation Estimation from Indonesian Equation

Indonesian equation is the one of the suitable model that is used to calculate the
water saturation in shaly sand reservoirs introduced by Poupon and Leuveaux
[29]. This was a modification of Simandoux equation to strike to a better evalua-
tion of water saturation in fresh water formation in Indonesia. However, it is
now subsequently found to be useful in other areas. The Indonesian formula is

given as;

R 4)

where S, = Water saturation, 7,

sh

= Volume of shale, R, = Resistivity of

shale, ¢ = Effective porosity, R, = Water resistivity of formation, m =

w

Cmentation coefficient, n = Saturation capacity and R, = Real resistance.

3.2.4. Determination of Hydrocarbon Saturation
After obtaining water saturation, the hydrocarbon saturation was computed by
subtracting the value of water saturation from 100%, using the following formu-

la.

S, =(100-S,)% (5)

3.2.5. Permeability Estimation

Permeability is a measure of the ability of a porous media to transmit fluid.
Permeability can be calculated from various established empirical models (e.g.,
[30] [31] [32] [33] [34]) based on grain size, pore dimensions, mineralogy and
surface area, or water saturation [24] [35]. Permeability estimation in this study

was estimated by using Timur [32] model gives as

44
K=01362— (6)

wir

where K = Permeability in mD, ¢ = Porosity and S, = Irreducible water

wir

saturation Irreducible water saturation was estimated from Crain’s method [36]
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using the equation below:

Swirr = ¢x SW (7)

¢ejf

where ¢xS, represents the bulk volume of water (BVW).

3.2.6. Net/Gross Estimation

The gross reservoir thickness A, of the Mpera well was determined by looking at
tops and bases of the reservoir sands across the well. The net reservoir thickness,
which is the thickness of the reservoir, was determined by defining basis for
non-reservoir and reservoir sands using the gamma ray log. This was carried out
by drawing a shale and sand baseline on the gamma ray log and using a combi-
nation of neutron and density logs in lithology computation. The thicknesses of
the shale, Ashale, within the reservoir sands were obtained and thereafter sub-
tracted from the gross reservoir thickness. The Net reservoir thickness equation
is given as

h=H — hshale (8)

Net/Gross = A] )

4. Results and Interpretations
4.1. Qualitative Interpretation

4.1.1. Zones Created and Lithology Interpretation

The first step in well logs interpretation involved selection of zones by making a
keen observation of zones of interest, which was composed of mainly sandstone,
and shale rocks. From keen observations of logs three zones were encountered
and named as Zone 1, Zone 2 and Zone 3 with depths range from 2842.832 m
to 2945.375 m, 3009.341 m to 3042.195 m and 3084.258 m to 3097.947 m re-

spectively (Figures 3(b)-5(b)). These zones are composed of reservoir and
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Figure 3. Lithological type identified from (a) Wire line log curves (b) Neutron-Density plot.
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Figure 5. Lithological type identified from (a) Wire line log curves (b) Neutron-Density plot.

non-reservoir units. Based on observed characteristics of caliper, sonic logs, re-
sistivity logs and bit size together with the neutron-density cross plot, three li-
thological units were identified at Mpera well, which are sandstone, Clays-
tone/shale, and limestone (see Figures 3-5).

Within three zones identified, three reservoir rocks were also identified with
their tops and bases ranging from 2842.832 m to 2945.375 m, 2945.375 m to
3009.341 m and 3000 m to 3159.423 m and are named as Mpera splay, Mpera
deep sand 1 and Mpera deep sand 2 respectively (Figures 3-5). In all reservoir
zones gamma ray readings were observed to be high in shale rocks and low
gamma ray value in sandstone rocks in which low gamma ray indicates permea-
ble zone and high gamma ray indicates impermeable zone. Moreover, the resis-
tivity logs show high picks similar to neutron density logs, which indicate per-
meable zone. Furthermore, caliper log reads high in when gamma ray reads low
and the neutron-density logs show negative separation indicating permeable re-

servoir rock.
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4.1.2. Volume of Shale, Porosity, Saturation and Permeability

The volume of shale from three reservoir rocks was determined using gamma
ray log method. In this method non-linear Clavier model [28] was used in cal-
culation of the volume of shale. Results show that Mpera splay, Mpera deep sand
1 and Mpera deep sand 2 have generally low volume of shale except in shale
patches within sandstone formation, which shows high volume of shale (Figure
6). It is important to estimate the shale volume since shale is an impermeable
rock, which greatly influences the quality of the reservoir, as well as vertical and
horizontal fluid flow during production.

The porosity results indicate that Mpera splay; Mpera deep sand 1 and Mpera
deep sand 2 have generally good porosity. The porosity of Mpera splay reservoir
ranges from 3.5% to 30%, Mpera deep sand 1 ranges from 1.5% to 25% and that
of Mpera deep sand 2 ranges from 6% to 34% (Figure 6). Spatial variation in
permeability of a rock is very crucial in characterization of reservoir rock, simu-
lation and in calculating the net pay. The permeability results of Mpera well in
identified reservoir rocks are generally low as presented in the log curves (Figure
6). The values range from 0.02 mD to 34 mD, 0.01 mD to 10 mD and 0.01 mD to
50 mD for Mpera splay, Mpera deep sand 1 and Mpera deep sand 2 respectively.
Observations made in the permeability log show that Mpera splay has high per-
meability compared to Mpera deep sand 1 and Mpera deep sand 2.
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Figure 6. Well log curves showing computed petrophysical parameters for Mpera splay, Mpera
deep sand 1 and Mpera deep sand 2 reservoir rocks.
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Water saturation was calculated by using Indonesian method and results in-
dicate that Mpera splay has higher value compared to Mpera deep sand 1 and
Mpera deep sand 2 and decreases with increasing depth. This observation shows
that Mpera splay reservoir could lack hydrocarbons due to high water saturation.
The resistivity of formation water (Rw) was obtained using Temperature log as
an input in all reservoir zones where Rw for Mpera splay was marked as 0.18
ohms where that of Mpera deep sand 1 and Mpera deep sand 2 was marked as
0.27 ohms.

4.2. Quantitative Results

The petrophysical parameters computed from three identified reservoir zones
varies from one reservoir zone to another. The summary of results computed for
the volume of shale, porosity, water saturation and permeability are given in Fig-
ure 7. The average volume of shale for each reservoir zone calculated from Gam-
ma ray log is 0.257 v/v, 0.235 v/v and 0.097 v/v for Mpera splay, Mpera deep sand
1 and Mpera deep sand 2 respectively. The average total and effective porosity
computed from density log for all reservoirs range from 0% - 30.2%, 2% - 20% and
5% - 30% for Mpera splay, Mpera deep sand 1 and Mpera deep sand 2 respec-
tively. The water saturation results obtained from Indonesian model was ob-
served to be 97.6%, 92.4% and 90.6% for Mpera splay, Mpera deep sand 1 and
Mpera deep sand 2 respectively. The average permeability computed from Wyl-
lie and Rose [31] model show fair result ranging from 4.67 mD to 9.47 mD.

5. Discussion
5.1. Lithology and Reservoir Zones

The qualitative interpretation of well logs for Mpera well started with the
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Figure 7. Relationship between average total and effective porosity, water saturation,
permeability and volume of shale of Mpera splay, Mpera deep sand 1 and Mpera deep
sand 2 reservoir zones.
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lithology interpretation in order to differentiate between free shale lithology and
shale formation. Lithology encountered for Mpera well are shale (probably
claystone) and free shale lithology. The shale formation is characterized strongly
by three important factors; high gamma ray [13] [22], positive separation on
neutron-density logs and separation between deep and shallow resistivity logs.
In limestone lithology, neutron-density logs overlay each other [26] [37] and
when the formation is impermeable (shale) the deep and shallow resistivity logs
show superimposition [27].

In order to know the types of rocks in a reservoir rock, neutron-density cross
plots were plotted. From the cross plots two free shale lithologies were encoun-
tered which are limestone and sandstone with some dolomite cements. The do-
lomite occurred as cement while sandstone and limestone are the dominant li-
thology. The interpreted lithology in this study indicated by clear sand bodies,
interbedded with shales resembles the on-lapping structural closures as observed
in the stratigraphic sequence of the offshore basins from Samson [21]. Three re-
servoir rocks were identified in this study, which include Mpera splay, composed
of only sandstone interbedded with shale; Mpera deep sand 1, composed of
sandstone with limestone and Mpera deep sand 2 that consists of sandstone and
limestone. The reservoir rocks identified in the study resembles the regional de-
scribed reservoir rocks that consist of Cretaceous sandstone and Tertiary deltaic

sandstone with limestone [10] [12].

5.2. Petrophysical Parameters

In Mpera well, the net-gross ratio for the three reservoirs Mpera splay, Mpera
deep sand 1 and Mpera deep sand 2 are 91.9%, 87.9% and 94.2% respectively in-
dicative of a producible reservoir thickness. On the other hand, the bulk water
volumes for the three reservoirs are 14.2%, 16.1% and 15.1% respectively indi-
cating that most of the pores are occupied by water only. On using resistivity
logs, zones of possible oil accumulation were indicated by high resistivity values
whereas water zones were indicated by low resistivity values [26]. If the porosity
is filled with fluid the neutron log measures the type of liquid that fills the pores
[26] and the neutron porosity log in this study shows the presence of water only.
The water saturation estimated from this study are 97.6% 92.4% and 90.6% for
Mpera splay, Mpera deep sand 1 and Mpera deep sand 2 respectively, which in-
dicate that all three reservoirs are saturated with water. Average volume of shale
at Mpera splay, Mpera deep sand 1 and Mpera deep sand 2 are 25.7%, 23.5% and
9.7% respectively, which indicate good reservoir quality. The obtained average
porosity values in this study for Mpera splay, Mpera deep sand 1 and Mpera
deep sand 2 are 18.85%, 18.5% and 22.3% respectively, which according to Rider
[26] are termed as good porosity.

The permeability estimated in this study for Mpera splay, Mpera deep sand 1
and Mpera deep sand 2 are 9.47 mD, 6.45 mD and 4.67 mD respectively. This
clearly shows that all values fall on poor to fair permeability [26]. On the other
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hand, the permeability values show slight decrease with depth from Mpera splay
to Mpera deep sand 1 but become high down to Mpera deep sand 2 due to the
presence of limestone in this zone, most likely as a result of diagenesis, compac-
tion and dissolution associated with depth of burial. Moreover, the low permea-
bility could also be attributed to the geology of the area where clays with very
fine grains tend to fill in pore spaces between sand particles. This causes reduc-
tion in porosity and permeability, which are the main parameters for the poten-
tiality of hydrocarbon reservoir rocks. The combination of porosity and permea-
bility results indicate that pores are not interconnected in the reservoir rocks.
Although the porosity of the reservoir encountered was found to be good
(~20%); with good reservoir quality, the high water content and poor to fair
permeability results in all reservoir indicate that they are non-economical hy-

drocarbon reservoirs.

6. Conclusions

The characterization of reservoirs by a detailed petrophysical parameter estima-
tion reveals that the reservoir quality is strongly influenced by the presence of
sand bodies/reservoir rocks as a result of the presence of high values of porosity
and permeability. With this in context the petrophysical evaluation of the Mpera
well reservoir rocks indicates that the porosity is generally good while the per-
meability is poor. Results further indicate a gradual variation in porosity with
the lowest porosity at Mpera deep sand 1, highest porosity value in Mpera deep
sand 2 and medium porosity at Mpera splay. On the other hand the permeability
values show slight decrease with depth from Mpera splay to Mpera deep sand 1
but become high down to Mpera deep sand 2 due to the presence of limestone in
this zone, most likely as a result of diagenesis, compaction and dissolution asso-
ciated with depth of burial of the older sediments as deposition occurred. The
low permeability values could also be attributed to the geology of the area where
clays tend to fill in pore spaces between sand particles causing reduction in po-
rosity and permeability. The parameters are vital for the potentiality of hydro-
carbon reservoir rocks.

The water saturation value generally goes up to 97.6% in average, while the
hydrocarbon saturation of the well is less than 10% in average. The values of the
bulk volume of water combined with water saturation imply that all reservoirs
are saturated with water. The findings generally indicate low quality reservoir
rocks with no hydrocarbon bearing such that it could not be potential for hy-
drocarbon production. According to this study, it can be clearly found that the
area is not potential for hydrocarbon exploration due to the fact that petrophys-
ical parameters are not in accord with the potentiality of the hydrocarbon in the

area.
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