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Abstract
The Eocene Sokor1 Formation is proven oil reservoir rocks in the Termit
sub-basin. These sandstone intervals are deeply buried, highly heterogeneous
in character and characterized by Low Contrast Low Resistivity (LCLR) log
responses. Petrophysical and quantitative well-based rock physics interpretations were integrated for property estimations, fluid and lithology typing in
reservoir characterization. Six (6) reservoir sandstone intervals were identified, delineated and correlated across five (5) wells. The estimated petrophysical properties showed that the Eocene Sokor1 sandstones have averagely
good reservoir properties with sand_5 interval exhibiting exceptional reservoir properties. Vp/Vs vs. AI and μρ vs. λρ elastic cross-plots color coded with
reservoir properties (Vsh and ϕ), show distinct and well separated data clusters signifying hydrocarbon bearing sandstones, brine sandstones and
shales/mudstones in the 3D crossplot planes with varying seismic elastic
property values in each well thereby, enhancing reservoir characterization
and providing information’s about the burial history, reservoir quality and
property distribution in the sub-basin. The analysis suggests that, although
the reservoir interval has averagely good petrophysical properties in all wells,
the seismic elastic crossplots show that these properties are much better distributed in wells 2 and 3 than in wells 4, 5 and 9. Therefore, sand_5 reservoir
interval in wells 2 and 3 is likely to be more hydrocarbon bearing and productive than wells 4, 5 and 9 in the sub-basin.
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1. Introduction
Hydrocarbon reservoir rocks are distinguished based on their quality and exceptional petrophysical (reservoir) properties. The quality of the reservoir is dependent on the rock type, environment of deposition and burial history, which determines their specific character and properties. Reservoir properties such as lithology, porosity, clay volume, grain size, fluid saturation, permeability among
many others, are essential for the characterization of hydrocarbon reservoirs.
Although, these properties are easily derived from core analysis, they can also be
estimated through petrophysical evaluation from well log measurements.
However, the ability to adequately characterize hydrocarbon reservoirs with
complex sedimentary properties and heterogeneities from well logs remains a
great challenge. These types of reservoirs exhibit Low Contrast Low Resistivity
(LCLR) log responses. Discriminating reservoir sands from shales and hydrocarbon sands from brine sands as well as accurately evaluating the distribution
of relevant reservoir properties are complicated and tasking in LCLR reservoirs
from petrophysics alone.
Seismic elastic properties are very useful in identifying lithology and pore fluids, predicting reservoir properties and for mineral identification [1] [2]. The
crossplot of appropriate pairs of elastic properties color-coded with relevant reservoir properties in 3D crossplot domain can effectively discriminate lithologies
and characterizes pore fluids by their distinct and separate clusters, allowing for
straightforward interpretations and characterizations [3] [4]. Therefore, integrating petrophysics with quantitative well-based elastic crossplots will ensure
that LCLR reservoirs are adequately characterized.
Termit sub-basin is situated within the Chad Basin in Niger (Figure 1).
The basin is hydrocarbon bearing with the major finds located in the upper

Figure 1. Location of the study area [5] [6].
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cretaceous to Paleocene-Eocene sandstones. Tectonic activities controlled sedimentary processes, making the reservoirs in most cases complex and heterogeneous typical of LCLR reservoirs.
Several authors [7] [8] [9] [10] [11], have adopted different approaches to estimate petrophysical properties and their distribution from well log data in
LCLR reservoirs in Termit sub-basin. Similarly, [12] [13] [14] [15] [16], have
proposed different techniques for fluid and lithology discrimination in reservoir
characterizations.
The goal of the present study in the midst of all these challenges is to improve
petrophysical reservoir properties prediction as well as discriminate lithologies
and characterize pore fluids through the integration of petrophysics with quantitative well-based seismic elastic property crossplots in 3D crossplot space to
adequately and efficiently characterize LCLR Sokor1 reservoir formation.

2. Geology of the Study Area
Termit sub-basin is an extensional asymmetric Cretaceous-Tertiary rift system,
575 km long and 150 - 300 km wide. It is filled with Lower Cretaceous to Neogene sedimentary rocks, deposited in fluvial, lacustrine, and marine environments and ranging in thickness from about 3000 m to more than 12,000 m [5]
[6] [17] [18] [19] [20].
The sub-basin consists of Donga, Yogou, and Madama Formations in the
Upper Cretaceous, Sokor1 in the Paleocene-Eocene and Sokor2 in the Oligocene (Figure 2). The Paleocene-Eocene Sokor1 Formation, which is the major
oil producing reservoirs in the area, has sandstones interbedded with mudstone/shale deposits. The sandstones are divided into six (6) sand groups: E0,
E1, E2, E3, E4 and E5. The Sokor2 formation is mainly composed of lacustrine mudstone interbedded by thin sandstone layers [21]. Sokor1 - Sokor2 is
identified as a petroleum system with the Sokor1 sandstones as the reservoirs
and Sokor2 mudstones/shales acting as the regional seal. These formations
are penetrated and dissected by northwest-southeast (NW-SE) synthetic and
north-northwest south-southeast (NNW-SSE) antithetic normal faults, respectively, and northeast-southwest (NE-SW) transpressional anticlines forming the
necessary and required structural traps for hydrocarbon accumulation in the
sub-basin [18] [21].

3. Method of Study
Five wells (5) namely wells 2, 3, 4, 5 and 9 comprising of suit of well logs such as
Gamma ray (GR), resistivity (RT), neutron (NPHI), density (RHOB) and sonic
logs were used in the present study. After quality control and editing, gamma ray
and resistivity logs as well as neutron-density crossovers were used to discriminate lithologies, map reservoir intervals and characterize pore fluids. The reservoirs were further correlated for purposes of continuity and lateral extension
across wells in the field.
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Figure 2. Composite stratigraphic column of the Termit Basin [17].

Petrophysical evaluation was carried out to estimate petrophysical reservoir
properties such as porosity (ϕ), volume of shale (Vsh), water saturation (Sw), hydrocarbon saturation (Shc) and reservoir thickness (t) using well established petrophysical model equations [22].
Shear wave velocity (Vs) was estimated from the measured compressional velocity (Vp) using Greenberg and Castagna (1992) relation [23]. Subsequently,
seismic elastic logs such as compressional to shear wave velocity ration (Vp/Vs),
compressional acoustic impedance (P-Imp/AI), shear acoustic impedance (S-Imp),
volume of shale (Vsh), water saturation (Sw), porosity (Por), lambda-rho (λρ) and
mu-rho(μρ) were computed for the wells through petrophysical rock physics
transforms using Hampson-Russell (HR) software suit (Figure 3). Due to the
effects of reservoir heterogeneity resulting in LCLR reservoirs, quantitative
well-based elastic property crossplots (Vp/Vs vs. AI and μρ vs. λρ) color coded
with relevant reservoir properties such as Vsh and ϕ, were performed in 3D domain to further discriminate lithologies and characterize pore fluids for the reservoir intervals in each well.
DOI: 10.4236/ijg.2021.122010

162

International Journal of Geosciences

H. Amadou et al.

Figure 3. Typical well and seismic elastic logs for well 2 (sand_5 reservoir interval).

4. Results Presentation
Reservoir rocks (shale/mudstone and sand) and pore fluids were discriminated
and characterized by poor property contrast in the log responses. Lithology is
mainly alternating beds of sandstone and shale/mudstone along the well bore,
characteristics of the Eocene Sokor1 Formation in Termit sub-basin. Six (6) hydrocarbon sandstone reservoirs were delineated by moderate GR and low resistivity log responses with fairly large density-neutron crossover typical of LCLR
reservoirs. Shales (mudstones) beds were delineated by moderate to high GR log
response. The well-to-well correlation identified and mapped the sand intervals
across wells (Figure 4). The correlated sandstone intervals were continuous and
vary in thicknesses and depths from well to well, which could be associated with
the tectonics of the area.
Petrophysical analyses of the six (6) reservoirs intervals suggest fairly good
petrophysical reservoir properties. Result suggests that sand_5 reservoir interval
has the best petrophysical reservoir properties (Table 1), with estimated thickness, porosity, volume of shale, water saturation, and hydrocarbon saturation
values of 61.0 m, 24.4%, 16.4%, 16.6% and 83.4%, respectively. In view of these
petrophysical results, sand_5 reservoir interval was adopted for further quantitative analysis and interpretation in this study.
Well-based seismic elastic property crossplots of Vp/Vs vs. AI and μρ vs. λρ
color coded with Vsh and ϕ respectively, are shown in Figures 5-7 alongside
gamma ray and resistivity log sections of the analyzed interval. Results show distinct and well separated data clusters signifying hydrocarbon bearing sandstones,
brine sandstones and shales/mudstones in the 3D crossplot planes.
Vp/Vs vs. AI crossplot color coded with Vsh and ϕ, respectively (Figure 5 and
DOI: 10.4236/ijg.2021.122010
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Figure 4. Correlation panel across wells for the reservoir intervals.
Table 1. Summary of the petrophysical properties of delineated sands.
RESERVOIRS

THICKNESS (m)

POROSITY %

SHALE VOL. %

Sw %

Shc %

1

25.0

29.7

17.8

22.6

77.4

2

49.0

24.8

31.4

24

76.0

3

12.0

24.8

29.6

22

78.0

4

39.0

22.6

31.2

23.8

76.2

5

61.0

24.4

16.4

16.6

83.4

6

52.0

22.8

15.6

15

85.0

Figure 5. Cross-plots of Vp/Vs vs. AI color code with Vsh: (a) Well-2; (b) Well-3; (c)
Well-4; (d) Well-5 and (e) Well-9.
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Figure 6. Cross-plots of Vp/Vs vs. AI color code with ϕ: (a) Well-2; (b) Well-3; (c) Well-4;
(d) Well-5 and (e) Well-9.

Figure 6), show that hydrocarbon saturated sands (red ellipse) depict low Vp/Vs
and high AI in wells 2 and 3 and low Vp/Vs and moderate AI in wells 4, 5 and 9
respectively, corresponding to low Vsh and high ϕ. The brine sandstones plot as
high Vp/Vs but moderate AI (green ellipse) while shales/mudstones plot as high
Vp/Vs and high AI (blue ellipse) in all the wells, corresponding to high Vsh and
low ϕ values [12] [24] [25].
In the μρ vs. λρ crossplot color coded with Vsh only (Figure 7), hydrocarbon
saturated sands (red ellipse) depict high μρ and low λρ in wells 2 and 3, and low
μρ and λρ in wells 4, 5 and 9, respectively, with to low Vsh. Brine sands (green ellipse) plot as moderate μρ and λρ in all the wells, while shales/mudstones (blue
ellipse) plot as low μρ and high λρ in wells 2 and 3, but high μρ and λρ in wells 4,
5 and 9, respectively, with high Vsh [12] [24] [25].
The present study has shown that μρ vs. λρ crossplots clearly separates the
data clusters into their distinct litho-fluid parts than the Vp/Vs vs. AI crossplot
pairs and petrophysics for typical LCLR reservoirs. Result show that wells 2 and
3 have high seismic elastic property values within the hydrocarbon bearing intervals than wells 4, 5 and 9 in each of the crossplot property pairs. These could
be attributed to varying degrees of consolidation and cementation in each well
due to differences in burial depths.

5. Discussion of Results
Petrophysical analysis delineated six (6) sandstone reservoir intervals by moderate GR and low resistivity log responses with fairly large neutron-density crossovers. Shales/mudstones were identified and mapped by high GR log
DOI: 10.4236/ijg.2021.122010
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Figure 7. Cross-plots of μρ vs. λρ color coded with Vsh: (a) Well-2; (b) Well-3; (c) Well-4;
(d) Well-5 and (e) Well-9.

response. The LCLR characteristic of the hydrocarbon reservoirs is attributed to
clay minerals containing high concentration of radioactive materials within the
reservoir intervals [10]. The correlated wells mapped reservoir sandstones continuously with varying thicknesses and depths across wells. This suggests faulting and uplift associated with tectonics that has considerably impacted sedimentary processes, hydrocarbon generation and maturation in the sub-basin.
Petrophysical analyses of the six (6) reservoir intervals also indicate that each
reservoir has good potential for hydrocarbons with fairly good petrophysical reservoir properties. However, sand_5 reservoir interval has the best petrophysical
reservoir properties with estimated thickness, porosity, volume of shale, water
saturation, and hydrocarbon saturation values of 61.0 m, 24.4%, 16.4%, 16.6%
and 83.4%, respectively. Subsequently, this was adopted for further quantitative
analysis and interpretation in this study.
The cross-plots of Vp/Vs vs. AI and μρ vs. λρ color coded with Vsh and ϕ, respectively, delineated hydrocarbon saturated sandstones by low Vp/Vs and λρ
and high AI and μρ in wells 2 and 3 and by low Vp/Vs, λρ and μρ and moderately
high AI in wells 4, 5 and 9 corresponding to low Vsh and high ϕ values. The brine
sandstones plot as high Vp/Vs but with moderate AI, μρ and λρ in all the wells.
The shales/mudstones plot as high Vp/Vs, AI and λρ and low μρ in wells 2 and 3
but with moderate Vp/Vs and high μρ, λρ and AI in wells 4, 5 and 9, respectively.
The reservoir properties vary greatly in the hydrocarbon intervals, with wells 2
and 3 for instance, having lower reservoir porosities than wells 4, 5 and 9. This is
probably due to increasing clay content, cementation and consolidation of the
reservoir interval with depth [2] [26] [27].
DOI: 10.4236/ijg.2021.122010
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Result of the present analysis show that wells 2 and 3 are characterized by high
seismic elastic property values (AI and μρ) within the hydrocarbon bearing
sandstone intervals than wells 4, 5 and 9 in each case of the crossplot property
pairs. The low Vp/Vs and λρ and high AI and μρ values in wells 2 and 3 suggests
a cemented and consolidated hydrocarbon reservoir sandstones, while the low
Vp/Vs, λρ and abnormally low μρ and moderately high AI values in wells 4, 5 and
9 suggests an unconsolidated but cemented hydrocarbon reservoirs sandstone
[12] [16] [28] [29].
In view of the above, sand_5 reservoir interval in wells 2 and 3 are more likely
to be hydrocarbon bearing and productive than wells 4, 5 and 9 in the sub-basin.
The low μρ in wells 2 and 3 suggests that the shales/mudstones are unconsolidated and soft than the consolidated and hard shales/mudstones in wells 4, 5 and
9 with high μρ values. These variations in texture will affect the sealing capacity
of the shales/mudstones in the reservoir interval for each the well.

6. Conclusion
Petrophysical evaluation of LCLR sand_5 reservoir interval in Eocene Sokor1
Formation suffers from the limitations of accurately discriminating reservoir
sands from shales and hydrocarbon sands from brine sands posed by reservoir
heterogeneity. This has affected reservoir characterization and estimation of the
distribution of relevant reservoir properties in the well bore. However, quantitative well-based crossplots of seismic elastic properties have effectively discriminated the reservoir interval into lithology and pore fluid components by their
distinct and separate clusters in 3D space thereby, enhancing reservoir characterization and providing information’s about the burial history, reservoir quality
and property distribution in the sub-basin. The analysis suggests that, although
the reservoir interval has averagely good petrophysical properties in all wells, the
properties are much better in wells 2 and 3 than in wells 4, 5 and 9. Results suggest that sand_5 reservoir sandstones in wells 2 and 3 are cemented and consolidated, whereas there are cemented but unconsolidated in wells 4, 5 and 9 based
on the variations in elastic property values in the wells. Therefore, sand_5 reservoir interval in wells 2 and 3 is more likely to be hydrocarbon bearing and productive than wells 4, 5 and 9 in the sub-basin.
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