AN ESTIMATE OF OIL WINDOW IN NIGERIA NIGER DELTA BASIN FROM RECENT STUDIES.
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ABSTRACT.
Niger Delta sedimentary Basin is a large arcuate delta of the destructive dominated wave type that has been explored for oil and gas and exploited since 1958. During the following decades the temperature measurements in boreholes were an important element of the hydrocarbon prospecting. In this paper, subsurface temperatures measured from continuous temperature logs in five hundred and twenty six wells drilled to date were used for the study of natural subsurface temperature of rock formations after applying the appropriate temperature correction factors. Geothermal gradients are then calculated and best presented on maps, to show the flow direction of the subsurface heat. Then, the depths to temperature range of the oil and gas generation (windows) in the Delta were assessed and presented on the maps for temperatures of 65 OC, 100 OC and 150 OC. Minimum geothermal gradient value of 1.2OC/100m is found at the central part of the basin while maximum value is 7.62 OC/100m obtained at the northeastern part of the basin, very close to Abakaliki anticlinorium, Oban massif and Afikpo syncline showing regions of high heat. The mean background geothermal gradient value over the area is 3.29OC/100m; median is 2.53OC. The interpretation of the minimum depths (2-4km) to temperatures (65OC to 120 OC) contour maps constructed shows that about 80% of the total area of Niger Delta favour the generation of hydrocarbons generation. These results also show that higher temperatures (120-150 OC) necessary for hydrocarbon gas generation are obtainable therein at shallower level in the north to northeastern and eastern parts of the basin. This study confirm the fact that temperature depth data can be used to further prospect for hydrocarbon in other parts of the sedimentary basin.  
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Introduction

Oil and gas window is a subsurface depth interval where oil and gas are generated. Hydrocarbon generation process is controlled by temperature and depth. Oil windows are often found in the 60-1200C range at 2-4 km depth while gas window is found at the 120-1500C interval at approximately 3-6km depth. The basic requirements for hydrocarbon generation are source rock, a porous and permeable reservoir rock, non-permeable cap rock and organic rich rock (usually shale) subjected to high temperature and pressure. At a geothermal gradient of about 600C/km, oil begins to form by thermogenic breakdown /cracking of the organic matter.  The oil being formed is thereafter expelled from the source rock and migrates upwards through porous and permeable rocks or fractures to be stopped by an impermeable layer of rock called the cap rock. Hence the hydrocarbon gets trapped in a subsurface reservoir rock to be produced through an oil well. If not trapped, the hydrocarbon may migrate and therefore escape to the surface as petroleum seems.  Shale makes excellent source or seal rocks within a petroleum pool. It makes good seal/cap rock when compacted to negligible porosity and permeability and it is these same qualities that make shale a poor reservoir rock.
However, when organic rich sediments is uplifted , they will stop generating hydrocarbons because of the low temperature but when reburied to a depth of 750 to 4500m, will definitely experience increased temperature. If this temperature at depth is in the range of 65 to 1500C, the sediments will start to generate hydrocarbons. This depth interval where hydrocarbon is being generated and preserved is called the oil and gas window.  
Shale is also a viable gas reservoir rock because of its low porosity and permeability. The organic matter in shale is sourced from the deposition of marine organism buried in the absence of oxygen. These organisms are heated and become hydrocarbons. Kerogen is a complex fossilized organic matter/material found in oil shale and other sediments. (Organic rich shale with at least 2% organic carbon). Shale gases are found in overmature oil prone source rock and when kerogen is heated beyond the oil window temperature it turns to gas.  Gas is either stored as a free gas, absorbed or adsorbed gas. Free gas is stored in pore spaces between mineral grains; adsorbed gas is primarily bound to kerogen while absorbed gas is dissolved in other fluids such as oil and water. 
All over the world, the origin of hydrocarbon is controversial. While earlier views stated that the source is from inorganic sources, modern theories subscribe to primary organic source but if based on the available data, the theory of organic origin is feasible for the hydrocarbon accumulation in the Niger Delta.
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Figure 1: Geological setting and location of the major structural units in Nigeria after Kurowska and Schoeneich.(2010)

Hydrocarbon most commonly occur in sedimentary rocks deposited under reducing matter e.g marine algae or land plants that were deposited under reducing conditions and rapidly buried because of relatively and comparatively high sediments input. Biochemical decomposition combined with increasing pressure and temperature of burial over a considerable period of time converts the organic matter into petroleum and natural gas.

Geological setting and hydrocarbons occurrence 

The Niger Delta is situated in the Gulf of Guinea in a rift triple junction related to the opening of the southern Atlantic started in the Late Jurassic to the Cretaceous. The delta proper began developing in the Eocene, accumulating sediments that now are over 10 kilometers thick. It is located in West Africa between latitude 30 and 60 N and longitude 50 and 80E (Figure 1  ). It is one of the world’s most prolific petroleum producing Tertiary deltas that accounts for about 5% of the world’s oil and gas reserves and for about 2.5% of the present day basin areas on Earth.[1]. To date, 34.5 billion barrels of recoverable oil and 93.8 trillion cubic feet of recoverable gas have been discovered. The Niger Delta Province contains only one identified petroleum system. [2] referred to it as the Tertiary Niger Delta (Akata –Agbada) Petroleum System.  The primary source rock is the Upper Akata Formation, the marine-shale facies of the delta, with possibly contribution from interbedded marine shale of the lowermost Agbada Formation. Oil is produced from sandstone facies within the Agbada Formation, however, turbidite sand in the Upper Akata Formation is a potential target in deep water offshore and possibly beneath currently producing intervals onshore. 

The Tertiary section of the Niger Delta is divided into three formations, representing prograding depositional facies that are distinguished mostly on the basis of sand-shale ratios. They are:
1) The Akata Formation situated at the base of the delta is of marine origin and composed of thick shale sequences (potential source rock), turbidite sand (potential reservoirs in deep water), and minor amounts of clay and silt. The process started in the Paleocene and through the Recent, the Akata Formation formed during lowstands when terrestrial organic matter and clays were transported to deep water areas characterized by low energy conditions and oxygen deficiency. The formation underlies the entire delta, and is typically overpressured. Turbidity currents likely deposited deep sea fan sands within the Upper Akata Formation during development of the delta. 

2) The deposition of the overlying Agbada Formation, the major petroleum-bearing unit, began in the Eocene and continues into the Paleocene. The formation consists of paralic silica-clastics over 3700 meters thick and represents the actual deltaic portion of the sequence. The clastics accumulated in delta-front, delta-topset, and fluvio-deltaic environments. In the Lower Agbada Formation, shale and sandstone beds were deposited in equal proportions. However, the upper portion is mostly sand with only minor shale interbeds. 

3) Overlying the Agbada formation is the Benin Formation, a continental Late Eocene to Recent deposit of alluvial and upper coastal plain sands that are up to 2000 m thick [1], Figure 2.
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Figure 1 Index map of Nigeria and Cameroon. Map of the Niger Delta showing Province outline (maximum petroleun system);
bounding structuralfeatures; minimum petroleun system as defined by oil and gas feld center points (data from Petroconsultants
1996a); 200, 2000, 3000, and 4000 m bathymetric contours: and 2 and 4 km sediment thickness.





Figure 2: Geological map of Niger Delta 
Petroleum in the Niger Delta is produced from sandstone and unconsolidated sands predominantly in the Agbada Formation. Characteristics of the reservoirs in the Agbada Formation are controlled by depositional environment and by depth of burial. 
Most known traps in Niger Delta fields are structural although stratigraphic traps are not uncommon. The structural traps developed during synsedimentary deformation of the Agbada paralic sequence. A variety of structural trapping elements exists, including those associated with simple rollover structures; clay filled channels, structures with multiple growth faults, structures with antithetic faults, and collapsed crest structures. 

The primary seal rock in the Niger Delta is the interbedded shale within the Agbada Formation. The shale provides three types of seals—clay smears along faults, interbedded sealing units against which reservoir sands are juxtaposed due to faulting, and vertical seals. 

There are two main migration histories proposed for the Niger Delta. For those who favours Agbada formation the hydrocarbon must have migrated from a short distance up dip to the adjacent sandstone while for the other which favour Akata formation as the source rock, it is expected that the hydrocarbon migration will be vertical from Akata formation in to Agbada formation (reservoir rock) . In addition we have two types of migration i.e. vertical and lateral. Fault migration through conductive fault zones have been recognized probably as the most effective way by which hydrocarbon and oil field waters may have migrated into the rollover anticlines. Other mechanism such as flank of a rollover may have contributed to hydrocarbon accumulation [3].  
It is observed that the dominant trapping mechanism for hydrocarbon pool in the Niger Delta is the crescent shaped growth fault and associated rollover anticlines, the best reservoirs are located in the upthrown side of the growth fault where shale smearing  assist in the formation of effective seals by   juxtaposition of reservoir against shale. [3]
Previous works on geothermal conditions of Niger Delta

Geothermal gradient is the rate of increase in temperature with depth commonly expressed in 0C/100m or 0C/km. There were few academic/research publications on the geothermal gradient of Niger Delta and very few authors on the oil and gas windows in Niger Delta. [4] reported that geothermal map can be utilized as an exploration tool to predict the oil and gas window in a sedimentary basin. [5] reported that hydrocarbon generation takes place within the temperature interval of 65 to 1500C. Subsurface borehole temperature data obtained from oil wells were used to determine the geothermal gradient of this sedimentary basin either wholly or partly by some authors. Notably among them are [4] [6a] and [6b].  A geothermal gradient range of 0.82 to 4.60C has been reported for Niger delta by [7] while [8] reported a geothermal gradient range of 1.5 to 3.40C/100m for southeast of Niger Delta. 
Geothermal energy reserve exploitable for space heating, agriculture and animal husbandry and electric power generation is yet to develop in the Niger Delta. Geothermal energy is environmentally friendly, clean and reversible.
This study is poised at revealing more target areas for hydrocarbon exploration in this sedimentary basin to aid meaningful decisions in hydrocarbon exploration with more emphasis on gas. This is done with the aid of observed relationship between geothermal gradient of the sedimentary basin and subsurface temperature distribution in the oil-gas window concept.
MATERIALS AND METHODS.
Temperature log of six hundred wells were the primary data obtained from the Department of Petroleum Resources, Lagos an arm of Nigerian National Petroleum Corporation (NNPC) and used for this work. Secondary informations were obtained from review of temperature distributions in the area. The temperature data were subjected to corrections, analysis and interpretation.

The procedure adopted in the measurement of temperature involves the use of the Schlumberger Auxiliary Measuring Sounde (AMS) with high sensitive sensor in the logging tool. The logging tool was lowered into the borehole and the temperature at various depth intervals determined in a process of continuous temperature logging. The instrument was lowered in a slow and continuous process so that the temperatures are not altered due to agitation of the fluid when the cable and the probe pass through it (continuous temperature logging). Thus the instrument measured the temperature of the formation at various depth intervals. This was carried out for all the wells in the area including the six hundred wells used for this research work. 

The temperature was measured 8 hours after drilling when circulation of drilling fluid has stopped to allow for temperature stabilization. It was measured in this way since subsurface temperature from open hole log is always lower than the true formation temperature. During the drilling of wells a substantial amount of drilling mud is circulated in the borehole to facilitate the drilling, evacuate the cuttings and stabilize the hole. Thus, the interaction of the mud, circulation and other drilling activities affects the thermal properties of the drilling fluid. Heat exchange between the hole and the mud, duration of drilling and non-equilibrium temperature at the time of measurements were reasons why collected bottom hole temperature data were subjected to corrections before they were used for any meaningful research work. The short, 8 hours thermal recovery time is insufficient for full thermal recovery of the borehole making measured temperature to be lower than the true temperature of the rock formation. For full thermal recovery 72 hours of standing by time is needed (Source: Department of Petroleum Resources, Lagos). 

The temperatures correction for the boreholes data in this research work were carried out by using three correction methods. They are: 1) American Association of Petroleum Geologist (AAPG) correction factor, GoM Waples et al. (2004) correction factor, Zeta utilities borehole correction factor .

Heat is accumulated at depth and transferred through rock complexes to the Earth’s surface, and so, by assuming a linear relationship of temperature and depth, the geothermal gradient was calculated.
Because of inaccuracy inherent in the estimation of sediment age, and the large number of data involved in this work covering the large area of study, we take the simple approach in estimating the depth to oil and gas window with a quick subsurface map presentation. This enhances more future exploration in the basin. Thus, assuming the linearity concept of geothermal gradient (ϻ) with depth (H);

ϻ = (Tr – Ts)/Hb 0C/m

  where Tr, Ts and Hb are the true subsurface formation temperature, mean annual surface temperature, and bottom hole depth respectively. Thus the true subsurface formation temperature at any depth H can be obtained thus

Tr = ϻH +Ts
In this work, depths (H) to oil and gas windows for temperatures of 65, 100, and 1500C for each of the six hundred boreholes under study were calculated assuming the mean annual surface temperature of 270C for the basin area.
RESULTS 

 Temperature data from about six hundred wells drilled by Shell, Chevron, Agip, ExonMobil, Elf, Texaco overseas, Addax offshore and onshore of Niger Delta kindly availed by Department of Petroleum Resources, Victoria Island, Lagos were used for estimating the values and plotting the map of geothermal gradient shown in figure 3. The maps of depth to temperature of 650C, 1000C and 1500C also shown in Figures 4, 5, and 6 were plotted.
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Figure 3: Geothermal gradient of Niger Delta
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Figure 4: Depth contours for 650C temperature in Niger Delta
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Figure 5: Depth contours for 1000C temperature in Niger Delta.
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Figure 6: Depth contours for 1500C temperature in Niger Delta.

In Figure 3, the maximum geothermal value, 7.62 OC/100m, obtained occur in northeastern part of the basin close to the uplifted Cretaceous rocks of Abakaliki anticlinorium, outcropping in the north of Niger Delta basin while the minimum geothermal gradient obtained across the basin is 1.2OC/100m found at the central part. The mean geothermal value is 3.29OC/100m; median is 2.53OC/100m. The result obtained from this work is in conformity with [4]. He found that the gradients are lowest at the centre of the delta and increase northward and southward and suggested that the differences and high geothermal range value suggest that the rates at which various wells attain equilibrium may be caused by such factors as differences in borehole diameter and thermal conductivity of rocks.  The geothermal range conforms to the range found in tectonically inactive areas [4].

The geothermal gradient anomaly (Figure 3) describes the pattern of occurrence and geometry of the isograd lines. Prominent in the Figure 3, the major anomalies occur in a linear to curvi-linear NW- trend that depicts a structural edge of the eastern to northeastern parts of the basin. These high geothermal anomalies occur in areas where known boreholes are not exploited for oil and gas but for the remaining areas where oil wells are producing there is no such anomaly. 

Figure 4 shows where a temperature of 650C can be obtained at a minimum depth of 600m in the entire sedimentary Basin. This is obtainable at the south western, southeastern, northern and the central parts of the study area. The near-shore and western parts of the basin pose greater depths in the range of 1300m to 1900m to obtain the same temperature.

Figure 5 shows the areas and depths within the Niger Delta where the temperature of 1000C can be obtained.  The minimum depth of 800 m is found at the southwestern and maximum depth of 4000m at the northeastern and northwestern parts of the delta. A general range of 2600m - 3400m is found widespread across the basin to obtain a temperature of 1000C within which lies the oil window at temperatures between 600C - 1200C.

Figure 6 is the depth to 1500C temperature map. It shows depth areas where the measured temperature will be 1500C. Across the whole delta 1500C will be measured at a minimum depth of 2000 m at the northern part of the basin close to the Basement Complex and a maximum depth of 6800 m at the eastern part of the basin close to Oban massif across the Calabar flank. Within this range, 2,000 m-6,800 m lies the gas window at temperature between 1200C - 1500C.

Conclusion

Minimum geothermal gradient value of 1.2OC/100m is found at the central part of the basin while maximum value is 7.62 OC/100m obtained at the north eastern part of the basin very close to Abakaliki anticlinorium, Oban massif and Afikpo syncline. The mean geothermal value is 3.29OC/100m; median is 2.53OC. 
Figure 3 is the geothermal gradient map of Niger Delta. Figures 4 to 6 shows well locations and depths where the corresponding temperatures can be obtained.
Since oil windows are found in the 60-1200C  at 2 to 4 km depth interval it can therefore be deduced from figures 4 to 6 that the centre part of the sedimentary basin and offshore favours the generation of oil because the temperature range of 65 to 1000C depth contours for the above mentioned areas do not exceed 4km. Of course, this area covers almost 85% of the whole Niger Delta. Also the greater part of the Basin with the exception of the northeastern, northwestern, southeastern and southwestern parts of the research area exhibits closed contours at depths interval of 3 to 6 km for 1500C. This is in conformity with the definition of gas windows. Therefore the Basin has as much oil window as gas window. This is in support of the established fact that the Niger Delta sedimentary Basin is a prolific hydrocarbon area. There are lots of significant producing oil and gas wells in the Basin.
Previous works in the area (4, 12) actually revealed similar results as in this work mainly in the central parts of the basin onshore. The present work remarkably shows more of oil/gas window also but in the northeast and eastern parts of the basin close to the Oban Masif. Results of this work also show that the hydrocarbon generation window areas also extend to the offshore of the basin both to the southwest and southeast.
Thus, the result from this study and its interpretation shows that the oil and gas window concept can be used as an exploration tool in the search for hydrocarbons in similar sedimentary basins elsewhere in the world. 
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