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Introduction

Sudan is the largest country in Africa with an area of 2.5 million km? and common
borders to eight countries (Figure 1). Oil exploration began in the late fifties but was
focused in the offshore areas of the Red Sea. In 1974 Chevron commenced exploration in
the interior rift basins, including the Muglad Basin. To date significant hydrocarbon
reserves have been discovered, and the country currently produces about 280,000 BOPD.

Muglad Basin (Figure 2) is a northwest-southeast trending rift basin in Sudan. It is more
than 100,000 km? in areal extent and probably contains as much as 13,000 m of
sediments.

Blocks 1, 2, and 4 lie in the central part of this basin. Greater Nile Petroleum

Operating Company operates these blocks for a consortium of China National Petroleum
Company (CNPC) (40%), Petronas Carigali Overseas Bhd (PCOSB) (30%), ONGC
Videsh Limited (OVL) (25%), and Sudanese Petroleum Corporation (SUDAPET) (5%).

Petroleum Geology

Muglad Basin contains a thick sequence of nonmarine sediments, which range in age
from Cretaceous to Tertiary. The basin is A generalized stratigraphic column is shown in
Figure 3, illustrating the rift and sag episodes in relation to basin filling and
sedimentation.

Exploration results have proved hydrocarbon system in both Tertiary and Cretaceous
sections. The main hydrocarbon play is the Cretaceous petroleum system. This petroleum
system has a perfect assemblage of source, reservoir, and top seal. The source is the
Lower Cretaceous lacustrine shale of “Abu Gabra” Formation.



Figure 1.Sudan in the heart of Africa
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Figure 2. Generalized map of Central Africa showing Central Africa rift system, associated rift
basins, Muglad basin, Sudan, with location of Unity field (from Giedt, 1990).

The reservoir is the braided-stream sandstones of “Bentiu” Formation, and the top seal is
the fluvial shale of Aradeiba Formation. More than 70% of traps are tilted fault blocks
with high dependency on the lateral seal across the bounding fault. Therefore, the above
perfect marriage of source, reservoir, and top seal is counter-acted by a higher risk in the
lateral seal. Bentiu Formation contains a massive thick sand (over 1500 m in some parts)
of good quality reservoir with localized shale interbeds 20-60 m thick.

Lateral Seal

Lateral seal depends on the thickness and the lithology of the Aradeiba shale and the
amount of fault throw. Figure 4 is schematic illustration of this relationship. The
Aradeiba Formation is highly variable in thickness and in sand/shale ratio. Thickest
Aradeiba Formation penetration to date is in excess of 1000 m in the central part of the
basin , decreasing to less than 20 m along the basin edges. Most of the perfect lateral
seals are due to direct juxtaposintion of Bentiu sandstone reservoirs against Aradeiba
shale. Examples of this situation are illustrated in Figures. 5, 6, 7 and 8.

In some cases clay smear and shale gouge ratio play an important role in lateral seal
integrity. The shale gouge ratio seems to depend on shale thickness and amount of
displacement along the fault plane. Shale gouge will, of course, also depend on clay
mineralogy, but this aspect has not been fully investigated.
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Figure 3. General stratigraphic column - Muglad Basin, Sudan, showing three geological cycles—
Neocomian to Barremian, Aptian to Maestrichtian, and Paleocene to Pliocene-Miocene, or
Quaternary.
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Note: A h: fault throw; Tsh: thickness of Aradeiba shale
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(a) footwall fault block

Leak and high risk in Bentiu FM.

(b) hanging wall fault block

Figure 4. Schematic illustration of lateral seal dependence on the Aradeiba thickness, lithology, and
the amount of fault throw. (a) Footwall block; fault throw is less than the thickness of Aradeiba
Shale, massive Aradeiba Shale provides the top and lateral seal for Bentiu reservoir. Oil column
increases with increasing fault throw. Where fault throw is larger than the thickness of Aradeiba
Shale, Bentiu objective is juxtaposed against Zarqa sand, resulting in lateral seal failure. (b) Hanging
wall fault block; Aradeiba intraformational shale and fault smear provide the top and lateral seal for
Aradeiba reservoirs; for Bentiu Sand, the objective is juxtaposed against the Bentiu massive sand
across fault causing lateral seal failure. However, fault smear can provide weak lateral seal to form a

limited oil column.

(a) Top Bentiu depth structure map
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Figure 5. An excellent fault-sealing example. (a) The top Bentiu depth map shows a field charged to
structural spill point with 140-m oil column. (b) 3D seismic section illustrates that the thick massive
Aradeiba Shale (480 m) provided good top and lateral seal for Bentiu reservoir. The fault throw (430

m) is less than the thickness of Aradeiba Shale.
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(b) 3D Seismic Inline 461
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(a) Top Bentiu depth structure map
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Figure 6. Another excellent fault-seal example. (a) Oil column is controlled by the fault throw in the
northern part. (b) The thick (approximately 400 m) massive Aradeiba Shale provided good top and

lateral seal for Bentiu reservoir. (¢) 3D random section illustrates that the oil column is nearly equal

to minimum fault throw (80 m) at which point sand is juxtaposed sand.




(a) Top Bentiu TWT Map
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(c) 2D Seismic Section

Figure 7. (a) Top Bentiu TWT map shows a tilted footwall fault block with US-1, water-bearing well,
in Bentiu, and USS-1 an oil discovery well. The throw of the bounding fault varies from 400 m in the

north (across US-1) to 300 m in the south (across USS-1). (b) The section illustrates that the fault
throw across US-1 well is larger than the thickness of Aradeiba shale (360m), juxtaposing Bentiu
reservoir against Zarqa sands, resulting in lateral leakage; hence, Bentiu sand is water-bearing. (c)
The section illustrates that the fault throw is smaller than thickness of Aradeiba shale and thereby
provides good lateral seal, resulting in USS-1 discovery (drilled after US-1).
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Figure 8. (a) Cross-section showing water-bearing zones in upper part of Bentiu reservoir, due to

lateral seal failure, and pay zone in lower part (Bentiu III sand). Bentiu III sand is juxtaposed against

Aradeiba Shale resulting in good lateral seal. Top seal is provided by intra-Bentiu shale. (b) Cross-

section with dry hole, where there is lack of lateral seal for Bentiu reservoir. These two cross-sections
illustrate lateral-seal risk associated with footwall closures. Optimum fault throw in comparison with

Aradeiba Shale section is critical for trap integrity.
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Figure 9. Example of oil discovery in a hanging-wall fault block. AA, AB, and AC sands are
production zones with more than 50-m oil columns. AB and AC sands juxtaposed against Aradeiba

intraformational shale across the fault to provide good lateral seal; AA and Bentiu sand juxtaposed

against AB sand and Bentiu massive sand, respectively, but shale fault smear provided good lateral

seal, resulting in a small oil column in Bentiu reservoir.
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Figure 10. 3D Seismic Section, showing a dry hole in the hanging-wall fault block. This illustrates
why the hanging-wall closure bounded by fault has high lateral seal risk. Bentiu reservoir objective is
juxtaposed against Bentiu massive sand in the upthrown block across the fault.

Reference

Giedt, Norman, R., 1990, Unity field—Sudan Muglad rift basin, Upper Nile province, in
AAPG Treatise in Petroleum Geology, Structural traps III: Tectonic fold and fault traps,
p. 177-197.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


