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Abstract

The Barremian-Cenozoic depositional sequences in the northern Orange Basin, SW, South Africa, were investigated using
the principles of seismic stratigraphy to understand the interplay of tectonics and sedimentary processes in the distribution of
potential hydrocarbon reservoirs. A seismic stratigraphic workflow (seismic sequence, seismic facies and lithofacies analy-
sis) was completed by utilising three seismic lines (L1, L2 and L3) tied to Wireline data (gamma, checkshots and sonic) in
two exploration wells (A1l and A2). Seven depositional sequences were mapped followed by the creation of lithofacies log
interpreted from the gamma-ray log (GR) by setting maximum GR value at 60 API for Sandstone, 60—-100 API for Siltstone
and above 100 API for Shale. Six seismic facies units are recognised based on internal geometry and configurations of the
seismic reflectors; Tangential-Oblique (SF1), Hummocky (SF2), Wavy-Parallel (SF3), Chaotic (SF4), Sub-parallel/parallel
(SF5) and Divergent (SF6). SF4 is dominant within the Barremian-Aptian sequence and expressed in an incised valley fill,
suggesting mass transport deposition accompanied by strong hydrodynamic conditions. Evidence of sedimentary basins
progradation is seen within the Late-Albian-Turonian sequences, because of the occurrences of SF2, SF6 and SF 4 facies.
SF5 facies is prominent in the Maastrichtian/Campanian sequence, indicating that the deposition of sediments may have
been accompanied by uniform margin subsidence after the Late-Cretaceous uplift of the Africa margin. The occurrence of
SF1 and SF4 facies within the Cenozoic sequence indicates terrigenous pro-deltaic deposits and mass transport deposits,
respectively. Further results from seismic-lithofacies modelling reveal that sand deposits of Barremian-Aptian (SF4 facies
unit) and Albian sequences (SF2 and SF6 facies units) are potential stratigraphic reservoirs in this part of the basin.
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Introduction

As passive margin terrains are structurally less complex than
active tectonic regimes, they preserve sedimentary records
which can easily be investigated. The application of seismic
stratigraphic concepts in the investigation of the sedimen-
tary successions in passive margin settings is critical to the
understanding of the palaeo-environments and the geody-
namic evolution of sedimentary basins, viz the structural
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styles and depositional systems. Consequently, potential
hydrocarbon reservoirs can be explored for drilling cam-
paigns and sampling of cores for reservoir quality analysis
and prediction.

The modern passive margins generally have a mean age
of 104 Ma and are a host to 35% of global giant oil discov-
eries (Bradley 2008; Mann et al. 2003) and often exhibit
similarity in structural styles and sedimentary patterns par-
ticularly in conjugate basins. Two of the recent hydrocarbon
discoveries in conjugate passive margin settings were from
the Albian-age sandstone reservoirs of the southern Orange
Basin, South Africa (Petroleum Agency SA report 2010),
and in Brazil, from the Barremian-Aptian syn-rift non-
marine microbial carbonates of the Santos Basin (Scotchman
et al. 2010). In both cases, the reservoir quality is controlled
by a multi-phase diagenesis (Levell et al. 2009; Fadipe et al.
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2011), thereby posing a challenge for predicting reservoir
quality distribution.

Whilst exploration continues within the syn-rift pre-salt
sequences of the Santos Basin (Scotchman et al. 2010), fur-
ther exploration is essential in northern Orange Basin for the
delineation of potential reservoirs for a drilling programme.

The Orange Basin situated on the passive western margin
of South Africa (Fig. 1), preserves a remarkably complete
sedimentary record because the depositional system was
seldom affected by tectonic forces, apart from gravity flow
(Rebesco et al. 2017; de Vera et al. 2010). Previous studies
of the southern Orange Basin (Samakinde et al. 2016; Fadipe
et al. 2011) found that potential clastic reservoirs are poorly
developed due to the severe precipitation of diagenetic
cements that reduced the porosity and permeability. This is
evident with the Ibhubesi tight gas discovery in the southern
part of the basin (Petroleum Agency SA Report 2006).

Here we investigate the distribution of potential strati-
graphic reservoirs in the northern part of the Basin (Fig. 1)
by applying the principles of seismic stratigraphy (Mitchum
et al. 1977; Vail 1987; Cross and Lessenger 1988; Catune-
anu 2006). The objectives of this study are: (1) the analysis
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and interpretation of seismic sequences and facies within a
chronological framework to infer sedimentary environments
of the deposits. (2) The integration of seismic and lithofacies
analysis to investigate tectono-sedimentary evolution and
the implication for the distribution of potential hydrocarbon
reservoirs within the study area. We use two 2D seismic
lines (L1, L2) to tie exploration well Al; geophysical logs
from two exploration wells Al and A2 (see Table 1); and an
inline (L3) extracted from a 3D reflection survey patch to
tie well A2 (Fig. 1).

The workflow begins with mis-tie analysis of the seis-
mic lines to match their vintages followed by a tie of the
seismic lines with the wells utilising sonic log, checkshots
and formation tops to generate a synthetic seismogram. The
formation top markers were used to delineate the chronol-
ogy of depositional sequences from Barremian-Aptian to
Cenozoic age. This is followed by seismic sequence analy-
ses which involves the mapping of reflection terminations
against major discordant surfaces (onlap, downlap, toplap
and truncation). Next, the seismic facies between bound-
ing unconformities are characterised based on the ampli-
tude, continuity and character of reflections of the various
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Fig.1 a—c (a) Location map of the study area showing the South the Orange Basin showing the wells, seismic data and geological fea-
American and African plates as part of West Gondwana, and the tures. The study area is in the black circle. Figure modified from (c)
position of the Orange Basin (shaded yellow circle) in the late Juras- A map showing wells Al and A2, the 2D seismic lines (L1, L2) and a
sic (Figure modified from Lutgens and Tarbuck, 2014). (b) Map of 3D inline (L3) used for this study Hartwig (2014).
Table 1 Position, water depth Wells Longitude Latitude Kelly bushing Water depth ~ Total depth (m)
and total depth of wells used for
. (m) (m)
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A2 16° 11' 58.4"E 29°11'27.7"S 25 166 4003
Al 16°09' 56.37"E 28° 56’ 54.59"S 25 180 4605
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depositional sequences (e.g. Sangree and Widmier 1979;
Badley 1985). Finally, these analyses are aided by the inter-
pretation of gamma-ray log signatures, in addition to lithol-
ogy cross section, to understand the sedimentary distribution
and palaeo-environments of the deposits encountered in the
study area.

Structural evolution and geology
of the Orange Basin

The South American and African plates were part of West
Gondwana until the late Jurassic (Fig. 1), when a narrow
western margin of South Africa was formed when regional
rifting, accompanied by volcanism caused the drifting apart
of the African and South American plates (Gladczenko et al.
1997, 1998 and Bauer et al. 2000). The Etendeka Basallt,
found in the northern part of the Orange Basin, is evidence
of this volcanism (de Vera et al. 2010). The Orange Basin,
characterised by graben structures that trend sub-parallel to
the coastline (Jikelo 1999), is the major repository for a mix
of continental and volcanic sediments (Fatti et al. 1994) sup-
plied by the Orange, Olifants and Berg rivers (Brown et al.
1996).

Sedimentation in the proto-Orange Basin probably began
shortly after the onset of rifting in the Kimmeridgian stage
of the Late Jurassic epoch (154-152 Ma) and comprises
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Fig.2 a-b (a) The localised chronostratigraphy of the Orange Basin
(within study area) detailing the major sequences mapped (SQ7-SQ1)
for this study and the events that characterised the evolution of the
Western Margin. The Santonian and Coniacian Sequences are not
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alluvial and deltaic sediments (Broad et al. 2007). The main
drift phase began in the Mid-Cretaceous epoch (around
112 Ma) and is marked by a major unconformity marked
SQ5 in this study (Fig. 2). The Olifants river supplied sedi-
ments to the southern Orange Basin from 117.5 to 103 Ma,
while regional drowning was initiated around 110 Ma
(Fig. 2). The Orange River supplied sand-rich sediments
to the northern part of the Orange Basin around 103 Ma
as a result of the reworking of the delta front and marine
storm channel bars, as well as wave action effects (Brown
et al. 1996). The sands are generally well-sorted, ranging
in grain size from very fine to medium-grained. At least 30
third-order post-drift sequences were deposited during the
Cretaceous, with a total thickness of some 8 km in the depo-
centre (Brown et al. 1996). The sediments deposited in the
Cenozoic epoch are mostly calcareous oozes and chemical
sediments such as banded iron formation in a thick wedge
characteristically deformed due to sediment loading and
slope instability (Petroleum Agency SA, 2006).

Methodology and interpretative methods

Datasets and seismic-well-tie

Two 2D seismic lines (L1, LL2) and an inline (LL3) shot in the
NE-SW, NW-SE and ESE-WSW directions, respectively,

Facies3 [U]
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NE

mapped as they are not deposited within the study area. (b) A geo-
logical cross section covering the study area showing distribution of
lithologies of different ages marked from SQ7 (Barremian-Aptian) to
Cenozoic (SQ1) and wells Al and A2 used for the study

Pigllase ¢l ay .
e @) Springer



48

Journal of Petroleum Exploration and Production Technology (2021) 11:45-61

were used in this study (Fig. 1). In addition, a suite of wire-
line logs (gamma ray, sonic and density) was interpreted
on the Petrel 2015 workstation. These logs were spliced
to obtain a continuous run in the two wells (Al and A2),
and seismic horizons were mapped from the well positions
after an initial seismic well-tie had been performed (Fig. 3).
This was done by calibrating sonic, density, check shots and
formation tops data to establish a time depth relationship
between wells and seismic data and to generate a veloc-
ity log. This was followed by the generation of a synthetic
seismogram using the density, velocity log, Ricker zero-
phase wavelet and the Society of Exploration Geophysicist
(SEG) normal polarity with a frequency range between 100
and 125 Hz (Fig. 3). Finally, bulk shifting was done for an

amplitude match between the seismic signatures and the syn-
thetic seismogram.

The seismic—well tie shows the depth function Z (m)
(Fig. 3). These depths (Z) represent seismic horizons and
the formation tops (unconformities) mapped within the
Orange Basin chronological framework which are marked
from SQ7-SQ1 for the current study (Fig. 2).

Seismic stratigraphy

The interpretative methods of Vail 1987, Sangree and Wid-
mier 1979 and Badley (1985) (Table 2) were applied in this
study. After seismic sequences were classified as geneti-
cally related stratigraphic units, erosional surfaces within

Max

Fig.3 The synthetic log generated from well A2 tied to the seismic
line L3 with depth function Z (m) to align formation tops with their
actual positions for mapping each sequence (SQ1-SQ7). Inset is the
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Table 2 Summary of different seismic facies (Badley 1985)

these depositional sequences were first mapped followed
by seismic facies characterization. This involved analysing
the geometry and configurations of the seismic reflectors,
including their continuity and amplitude coupled with the
identification of reflection patterns, as described by Bad-
ley (1985). The interpretation made on each depositional
sequence was calibrated at the well positions (Al and A2)
with interpretations made from the gamma-ray log signa-
tures (Figs. 5, 6, 7, 8, 9, 10, 11). This was done in order to
compare interpretations of depositional environments made
from both the seismic-and well data. The seismic facies dis-
crimination criteria used were based on the reflection con-
figuration, internal geometry and amplitude of the reflectors
as documented by Badley (1985). Finally, six seismic facies
units are recognised based on clinoform reflection configu-
rations and geometry, viz. Tangential-Oblique (SF1), Hum-
mocky (SF2), Wavy-Parallel (SF3), Chaotic (SF4), Sub-
parallel/parallel (SF5) and Divergent (SF6).

Lithofacies analysis

In this study, due to a lack of available cores, a lithology log
interpreted from the gamma-ray (GR) log was integrated
with seismic facies analyses to infer the palaco-environments
within the study area. The lithology log was created using
a value discriminant where GR values less than 60 API are
classified as sandstone, GR values between 60 and 100 API

Seismic facies Reflection Reflection Reflection ampli- Bounding Depositional environment Example
configuration continuity tude and frequency relationship interpretation (Vertical scale bars repceseat 100 ms)
1 High am,
plitude and | Continuous and draping |
hh::,::mhm, Parallel Continuous low frequency underlying to phy Pelagic or hemipelagic
2 Debris flows or
() Continuous to High amplitude and | Restricted to the top of hype trated density I
5 S semicontinuous high frequency the regional anticline Nows or turbidites f- ; ‘.
high amplitudes o —— A —
3 Debris flows or (hyper) N -
Low amplitude and Onlap, downlap, WS Or CYPSE) | e o S e I
_ Mounded Cont:r(:d lo‘ Discontinuous high frequency toplap, and truncation concentrated density flows —n—‘.’. S —
Tow amplitudes 4 : ... i —
4 Separated by linear Lower slope and slumps Eg
High amplitude and T e——
":‘u‘.’.... Oblique Semicontinuous NIk treaaasy vm:r«'::;uque or large wg collapse . _—— |
bigh amplitudes
Oﬂiﬁ Oblique Semicontinuous High amplitudes RN SRt oA Upper slope
semicontinuous 2 the platform PP P
bigh amplitudes
» |
6 S SR S Grading vertically to. ot
Chaotic Chaotic Discontinuous | Low amplitude | facies 7 and laterally Platform interior \
Fite e e hocs

are classified as siltstone, while GR values greater 100 API
are classified as shale. A lithology cross section was con-
structed from an upscaled lithology by adopting a sequential
indicator simulator process to simulate a discrete property
(facies). The simulation uses a kriging indicator, which is
determined by taking an average frequency and variation of
the discrete spatial continuity. The simulator gives consid-
eration to parameters such as anisotropy and heterogeneity
and consequently reduces the uncertainty associated with
using sparse data during the simulation process.

Results
Seismic sequence analyses

The seismic lines used for the analysis of the depositional
sequences are L1 (North), L2 (Central) and an inline L3
(South) (Fig. 4). These depositional sequences are divided
into packages within a chronological framework (Fig. 2)
separated by regional unconformities and are coded from
SQ1-SQ7, where SQ 7 (Barremian) is the oldest sequence
and SQ1 (Cenozoic) the youngest sequence mapped (Fig. 4).
There are onlapping clinoforms observed within the Bar-
remian-Aptian sequence (SQ7) which are consistently pre-
sent across the study area, and this represents the on-lapping
of the SQ7 sequence against the surface of a down-dipping
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Fig.4 a—c The three seismic profiles; L1(A84-007), L2 (SA92-106)
and L3(2370) in TWT (s) and the respective gamma-ray logs of the
control wells (Al and A2) in the Northern and Southern section. The
Central part has no well tied to the Seismic line L2. The blue arrows

basement (Fig. 4). This sequence appears to have been
deposited as an incised-valley fill in the study area. There is
evidence of a major erosional channel on seismic lines L1
and L2 within the SQ1 sequence (Fig. 4). A channel is also
mapped within the SQ2 sequence close to well A2 (Fig. 4).
There is no exploration well drilled in the central part of the
seismic profile (L2); hence, there is no available well log to
compare and validate the analysis of the seismic sequence.

Seismic and lithofacies analyses
SQ7 (Barremian-Aptian)

The SQ7 (Barremian-Aptian) sequence shows low-ampli-
tude, chaotic facies (SF4) in a v-shaped Incised-Valley
Fill (IVF) in the northern part, moderate-amplitude and
hummocky reflection configurations (SF2) in the central
part, while the southern part equally exhibits a chaotic
Incised—Valley Fill (SF4) (Fig. 5a—c). The TWT ranges
between 2.2 and 2.8 s for the entire sequence within the
study area. The SF4 suggests dominance of a high-energy
environment accompanied by mass transport of sediments,
while the SF2 represents strata forming as small lobes in a
pro-deltaic environments. The calibrated gamma-ray log for
the sequence in well A1 (northern part) shows a switch from
progradation to retrogradation at around 4000 m depth in
the north, and at 3300 m depth, the log signature indicates
an incised channel fill deposit coupled with the serration of
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on the seismic lines indicate the termination of SQ7 clinoforms
against a down-dipping surface (onlap). SQl—Cenozoic; SQ2—
Maastrichtian/Campanian; ~ SQ3—Turonian;  SQ4—Cenomanian;
SQ5—Upper Albian; SQ6—Albian; SQ7—Barremian-Aptian

the prograding pattern of the log (Fig. 5a). In addition, the
calibrated gamma-ray log in well A2 (southern part) shows
an initial fining upward sequence between 3840 and 3900 m
followed by an intercalation of silt and sandstone deposits
(Fig. 5¢).

SQ6 (Albian)

The SQ6 Albian sequence exhibits low amplitude, sub-par-
allel clinoforms (SF5) in the northern part (Fig. 6a). In the
central section, the facies is dominantly of high amplitude
and exhibits divergent continuous reflectors (SF6), underlain
by hummocky (SF2) reflection configurations around 2.4 s
TWT (Fig. 6b). The southern part displays low-amplitude,
chaotic clinoforms (SF4) (Fig. 6¢). The SF5 facies is inter-
preted as a deposition on a uniformly subsiding shelf margin,
SF6 facies is suggested to have been deposited due to vari-
ation in the rate of sediment supply, SF2 as strata forming
as small lobes in a pro-deltaic environments, and SF4 facies
is suggested to have been deposited in a high-energy depo-
sitional environment which led to the chaotic facies (SF4).
In the northern section, the gamma-ray log signature
shows a serrated fining-upward sequence with shale/silt
intercalations dominant around 2700 and 2800 m, and this
unit fines upward into a massive shale deposit between 2100
and 2500 m in the northern part (Fig. 6a). The gamma-ray
log within this unit shows serration, and an initial fining-
upward sequence which switched into an aggradational pat-
tern with shale and silt intercalation around 2800 m in the
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Fig.5 a—c Barremian-Aptian seismic facies configurations and cali-
brated gamma-ray logs with the lithology interpretations at well posi-
tions along the N-S profile. A (North), B (Central) and C (South). On
the left are the conceptual representations of the seismic facies. The

southern part (Fig. 6¢). Serration of the GR log as observed
in the northern and southern part may be attributed to storms
and waves dominance which accompanied the deposition of
the sediments on the shelf. The TWT for the entire sequence
ranges between 1.6 and 2.5 s (N-S). In summary, the seis-
mic facies encountered within this sequence are sub-parallel
(SF5), divergent (SF6), hummocky (SF2) and chaotic (SF4)
clinoforms.

SQ5 (Upper-Albian)

The seismic facies of the late-Albian sequence is charac-
terized by low-amplitude, hummocky reflection configura-
tions (SF2) in the northern part (Fig. 7a) which changes
into high amplitude and divergent clinoforms (SF6) in
the central part (Fig. 7b). The southern part exhibits low-
to moderate-amplitude chaotic patterns (SF4) (Fig. 7c).

horizontal length of each seismic section is 4Km. Note seismic facies
mapped within this sequence are Chaotic (SF4) and Hummocky
(SF2)

Based on these reflection configurations, the depositional
environment of SF2 is suggested to be pro-deltaic with
sediments forming in small lobes. The SF6 reflection con-
figurations are seen climbing down, a likely indication of
variation in the rate of sediment deposition, while SF4
may have occurred in a highly variable energy environ-
ment causing the chaotic configurations observed here
(SF4). In summary, the seismic facies units dominant in
this sequence are hummocky (SF2), divergent (SF6) and
chaotic (SF4) reflection configurations.

The GR log displays a blocky aggradational pattern in
the northern part typical of massive shale and silt deposits
evident between 1600 and 2000 m (Fig. 7a) and an aggra-
dational intercalated sand and silt sequence in the South
(Fig. 7c). The TWT for the entire sequence ranges between
1.3 and 1.8 s (Fig. 7a—c).
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parallel
facies

Fig.6 a—c Albian Seismic facies configurations and calibrated
gamma-ray log with the lithology interpretations at well positions
along the N-S profile. A (North), B (Central) and C (South). On the
left are the conceptual representations of the seismic facies. The hori-

SQ4 (Cenomanian)

The Cenomanian (SQ4) sequence displays low—medium-
amplitude and sub-parallel clinoforms (SF5) in the north-
ern, central and southern part of the study area (Fig. 8a—c),
suggestive of a uniformly subsiding shelf, coupled with
uniform rates of deposition. The calibrated gamma-ray log
displays a ‘saw teeth’-like serration, which indicates the
influence of waves and storms, a phenomenon common
on the shelf (Fig. 8a). The southern part shows an initial
fining upward sequence around 1500 m and culminates
into a likely delta front distributary channel sands at about
1350 m (Fig. 8c), the evidence of which is observed within
the SQ2 sequence on the seismic section (see Fig. 4). The
TWT for the entire sequence ranges between 1.1 and 1.6 s
(N-S).
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zontal length of each seismic section is 2.5Km. Note seismic facies
mapped in this sequence are Hummocky (SF2), Sub-parallel/Parallel
(SF5) and Chaotic (SF4)

SQ3 (Turonian)

The seismic facies unit of the northern section of Turonian
sequence comprises of high-amplitude parallel/sub-parallel
(SFS) reflection configurations (Fig. 9a). Low-amplitude
hummocky (SF2) configurations are observed in the cen-
tral part (Fig. 9b), while the facies unit in the southern
part indicates moderate—high-amplitude chaotic reflection
(SF4) configurations (Fig. 9¢). SF5 is often associated with
uniformity in sediment deposition on a stable shelf, which
could grade into a delta plain basinward, while SF2 indi-
cates the building of deltaic lobes into relatively shallow
water in a pro-deltaic environment. The chaotic reflection
(SF4) configuration often represents a depositional system
of mud-rich coarse-grained turbidite channels accompanied
by variability in the energy of the depositional environment.
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Fig.7 a—c Late-Albian seismic facies configurations and calibrated
gamma-ray log with the lithology interpretations at well positions
along the N-S profile. A (North), B (Central) and C (South). On the
left are the conceptual representations of the seismic facies. Horizon-

The gamma-ray log interpretation suggests that sand depos-
its seen at 850 m may be of deltaic origin (Fig. 9a). A simi-
lar interpretation was made from the gamma-ray log in the
southern part which suggests that the sand deposit may be of
turbiditic origin, evidenced by the fining upward sequence of
sand into silt around a depth of 900 m (Fig. 9c). The TWT
for the entire sequence ranges between 0.9 and 1.4 s (N-S).
In summary, there are three seismic facies units within this
sequence (Sub-parallel/parallel SF5, Hummocky SF2 and
Chaotic SF4).

$Q2 (Maastrichtian/Campanian)

The seismic facies of the Maastrichtian/Campanian sequence
unit exhibits sub-parallel (SF5) low—medium-high-ampli-
tude clinoform configurations in the northern, central and
southern parts, respectively (Fig. 10a—c). This suggests shel-
fal deposition and an indication of sediments deposited on
a uniformly subsiding shelf. The gamma-ray log at the well
position shows two prograding coarsening upward sandstone
depositional sequences intercalated with silt between 480
and 600 m. This is followed by an aggrading pattern sig-
nature and serration of the log, most obvious around the

tal length of each seismic section is 3 km each. Note seismic facies
mapped in this sequence are Hummocky (SF2), Divergent (SF6) and
Chaotic (SF4)

massive siltstone deposit at depth of 400 m (Fig. 10a). A
fining-upward sequence as seen on the gamma-ray log in the
South indicates back-stepping of sediment deposition around
600 m (Fig. 10c). The TWT for the entire sequence ranges
between 0.6 and 1.1 s (N-S).

SQ1 (Cenozoic)

The SQ1 Cenozoic clinoforms in the northern part of the
study area show moderately high amplitude and tangen-
tial-oblique prograding reflection configurations (SF1)
(Fig. 11a), while the central part of the sequence exhibits
seismic reflections which are generally low-amplitude,
hummocky reflection configurations (SF2) (Fig. 11b). The
southern part of the study area shows low-amplitude chaotic
(SF4) configurations in the lower part, and high-amplitude,
mounded strong wavy-parallel (SF3) configurations in the
upper part (Fig. 11c). The SF1 is interpreted as shelf mar-
gin shoreface (sand rich) deltaic deposits in the North. The
SF2 configurations in the Central part could represent strata
forming as small clinoform lobes in a pro-deltaic environ-
ment, while the SF3 represents shelfal deposits accompanied
by strong wave action. The calibration of these observations
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Fig.8 a—c The Cenomanian seismic facies configurations and cali-
brated gamma-ray log with the lithology interpretations at well posi-
tions along the N-S profile. A (North), B (Central) and C (South).

with the gamma-ray log signatures indicates a coarsening-
upward prograding sand deposit suggestive of pro-delta
shoreface sands in the North (Fig. 11a). An aggrading
gamma-ray log signature is interpreted in the South, likely
due to the stacking up of sand deposits. This is coupled with
the serration of the log as observed around 400 m, indicating
a storm and wave-dominated shelf environment (Fig. 11c¢).
The TWT for the entire sequence ranges between 0.2 and
0.7 s (N-S).

Discussion
Seismic sequences

The post-rift evolution of the Orange Basin has been well
studied with the sedimentary evolution classified into three
main stages in the Lower Cretaceous, Upper Cretaceous
and the Cenozoic eras (Emery et al. 1975; Gerrard and
Smith 1982 and Brown et al. 1996). In this study, seven
depositional sequences are classified as above: the Lower
Cretaceous (SQ7, SQ6, SQS5), Upper Cretaceous (SQ4,
SQ3, SQ2) and SQI in the Cenozoic. The analyses of the
seven seismic sequences reveal the presence of channels
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A. Low-medium amplitude, sub-parallel facies.
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facies.

C.Low amplitude sub-parallel facies. The GR
log shos and initial fining upward sequence at
around 1500m followed by coarsening upward
| sequence into channel-filled sandstone at

| about 1350m.

Min

On the left are the conceptual representations of the seismic facies.
Horizontal length of each seismic section is 2 km. Note seismic facies
mapped in this sequence are Sub-parallel (SF5)

within the Cenozoic (SQ1) and Maastrichtian/ Campa-
nian sequences (SQ2) (Fig. 4). The channels within the
SQ1 are likely to be palaeo-channels of the Orange river
because the discharge outlet is suggested to have switched
northwards to the current study area due to a topographic
barrier to the South during the Cenozoic era (Dingle and
Hendley 1984). A channel-like feature identified within
the SQ2 sequence close to well A2 is validated by the
interpretation of the gamma-ray log which shows a fining
upward sequence around 700 m (Fig. 10c), an indication
of a fluvial channel. The onlap sequences localised to the
Barremian-Aptian sequence in the northern and southern
part of the study area (Fig. 4) may have been a response
to the coupling of high sedimentation rates and high ther-
mal subsidence. The combination of high sedimentation
rates and high thermal subsidence possibly led to mass
movement of sediments leading to the formation of incised
valleys in which the onlapping sequences occurred. This
period is marked by the formation of ‘saucer-shaped depo-
centres’ in which sedimentation occurred (Kuhlmann et al
2010). Saucer-shaped depocentres as referred to by Kuh-
Imann et al. (2010) are suggested to be an incised valley
accompanied by strong hydrodynamic conditions.
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Fig.9 a—c Turonian seismic facies configurations and calibrated
gamma-ray log with the lithology interpretations at well positions
along the N-S profile. A (North), B (Central) and C (South). On the
left are the conceptual representations of the seismic facies. Hori-

Seismic and lithofacies

The basin evolution during the Barremian-Aptian times
was characterised by high run-off from the hinterlands
which resulted in topographic discontinuities in addition
to high thermal subsidence (Kuhlmann 2010). The high
run-off effect could possibly have led to the deposition
of sedimentary facies characterised by the chaotic pat-
tern (SF4) of the V-shaped incised valley reflectors seen
within the Barremian-Aptian sequence ( Fig. 5a—c). Depo-
sition of incised valley fill is often influenced by strong
hydrodynamic conditions, which could transport massive
sedimentary units into the basin (Zhu et al. 2012). The
incised-channel fill is equally observed on the gamma-ray
log signature in the northern section of the sequence at
around 3300 m (Fig. 5a). This indicates a thin sandstone
deposit with a very low GR value suggesting a coarse-
grained sand deposit at a depth of around 3350 m in the
northern part, followed by the deposition of massive shale
deposits at around 3000 m (Fig. 5a). The shale deposits
are linked to the anoxicity that prevailed during the Aptian
marine transgression (Jungslager 1999). The seismic facies
mapped in the SQ7 sequence are SF4 in the North and
South, while SF2 is observed in the Central part of this
sequence.

Hummocky
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H Min

zontal length of each seismic section is 2 km. Note seismic facies
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An evidence of a uniformly subsiding continental shelf
during the Albian period is seen in the northern part of our
study area because the Albian sequences (SQ5 and SQ6)
are deposited as sub-parallel clinoforms (SF5) (Figs. 6 and
7). A further proof of this is seen in the northern part of
our study area because of the serration of gamma-ray log
seen in well A1 (Figs. 6a and 7a). The serration of logs is a
common occurrence in the shelf margin. These sequences
consist of deltaic and fluvio-marine deposits especially in
the distal parts which led to a south-easterly distribution
of sediments (Gerrard and Smith 1982), causing deposi-
tion in an elongated depocentre accompanied by basinward
progradation (Dingle et al. 1983). The GR log signature
alludes to this fact because of the fining upward Albian-age
sequences observed in the northern (A1) and southern sec-
tion (A2) (Figs. 6 and 7), thus suggesting the influence of
fluvial systems on the depositional process. The prograding
hummocky (SF2) and divergent (SF6) are an indication of
lateral outbuilding and thickening of sedimentary sequences
basinward, indicating sediments progradation (Mitchum
et al. 1977) in the central part of our study area (Figs and 7).
The chaotic (SF4) (South) clinoforms equally suggest soft
sediments deformation because of highly variable energy
environment accompanying sediments deposition during
this period (Fig. 6a—c). The Cenomanian era (SQ4), which
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Fig. 10 a—c Campanian/Maastrichtian seismic facies configurations
and calibrated gamma-ray log with the lithology interpretations at
well positions along the N-S profile. A (North), B (Central) and C

marked the start of the Upper Cretaceous, is characterised
by sub-parallel clinoforms (SF5; Fig. 8), indicating shelfal
deposition. The gamma log signature in well Al is serrated
(Fig. 8), suggesting a storm-dominated shelf during this
period. The main lithology is siltstone with minor sandstone
and shale deposit.

The Turonian sequence (SQ3) was initiated by a marine
transgression, followed by a short-span regression, which
led to the deposition of localised marine shale and a high
accumulation of sediments, respectively (Dingle et al. 1983).
This study shows evidence of prograding configuration pat-
terns of hummocky, parallel and chaotic patterns of sedi-
mentation (SF2, SF5 and SF4, respectively, Fig. 9) in this
sequence which occurred during the short marine regression.
The prograding configurations can be attributed to the short
regression which characterised this period (Dingle et al.,
1983). The lithologies observed within this sequence are
siltstones and sandstone.

The Maastrichtian/Campanian sequence (SQ2) is domi-
nated by sub-parallel and parallel reflectors (SF5, Fig. 10),
indicating a subsiding shelf environment, possibly due to
the Late Cretaceous margin uplift followed by subsidence
during this period, as documented by Guiraud and Bosworth
(1997). Delta distributary channels are not unexpected as
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(South). On the left are the conceptual representations of the seismic
facies. The horizontal length of each seismic section is 2Km. Note
seismic facies mapped in this sequence is Sub-parallel/parallel (SF5)

the period was characterised by delta progradation due to
a regional flooding unconformity (Brown et al., 1996). The
evidence of deltaic distributary channels is seen on the GR
and lithology log in the northern and the southern part of
the study area (Fig. 10a—c). Finally, the Cenozoic unit (SQ1)
is characterised by seismic reflection configurations of tan-
gential oblique, hummocky, wavy-parallel and a chaotic
patterns, which means that four seismic units (SF1, SF2,
SF3 and SF4, respectively) are recognised in this sequence
(Fig. 11). The tangential-oblique reflection configuration
represents a prodelta shallow slope deposit, which typically
contains a terrigenous mix of sand, silt and clay (Badley
1985). The chaotic reflection configuration indicates either
soft-sediment deposition or channel-fill deposits, which sug-
gests a variable high-energy environment (Badley 1985).
This era was dominated by a drop in the sedimentation rates
as the Orange river switched its discharge outlet towards the
north of the basin (Dingle and Hendley 1984) because of the
cessation of differential crustal subsidence which influenced
erosion in the southern part as a result of a topographic bar-
rier (Dingle et al. 1983). The drop in sedimentation rate plus
erosion could account for the sediment thickness of less than
300 m for the entire Cenozoic era, as interpreted from the
facies log of wells A1 and A2 (Fig. 11).
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A potential reservoir is identified around 2.2 s and trace  an earlier interpretation suggests that the SQ7 sequence may
494-285 on L1 within the SQ7 (Barremian-Aptian sequence)  have been deposited in an incised valley. The distribution of
(Fig. 12). The sandstone deposit appears enclosed within a  reservoirs expressed as SF4 facies (Chaotic) in an incised

NE ‘ L1 L2 L3 SwW

1
TWT(S) 600 94 389 25 180 s s 20 21 22 240 25 2008 23 8946 9346 9746 10146 10545 10946 11346
. . h : ; . . n h H : 1 ,

0.5 — B —|

= —————————————

1 = — C

1.5

2.5

] 83 5 @
Potential reservoirs are |:| [ |

identified on L1 and L2 ===

Fig.12 A cross section of the seismic lines (L1, L2 and L3)) and lithofacies integration showing lithology distribution across the study area.
Potential reservoirs are identified on the seismic lines .1 and L2 based on the enclosure of the sandstone within the shale units

il lloJl ol .
e @) Springer



58

Journal of Petroleum Exploration and Production Technology (2021) 11:45-61

valley is complex due to a high propensity to accommodate
sediments of varying grain sizes, in which highly heteroge-
neous reservoirs may be present. A laterally extensive sand-
stone reservoir of Albian age at 2 s TWT and trace 2813 is
observed on L2, the geometry as observed here suggests
a channel sandstone of Albian age that extends from the
Central part towards the South (Fig. 12). The occurrence
of Albian fluvial channels as potential reservoirs has been
reported in the Orange Basin (Hartwig 2014), thus indicat-
ing that the Albian-age reservoirs encountered here may
have been of Fluvio-deltaic origin.

Conclusions

This study provides a framework relating seismic and litho-
facies for the investigation of passive margin deposits and
the delineation of potential hydrocarbon reservoirs in the
northern part of the Orange Basin. It also provides insight
into palaeo-environmental conditions that accompanied
sedimentary evolution in a passive margin setting like the
Orange Basin. The main findings of this work are summa-
rised below.

e Six seismic facies were mapped based on the reflection
configurations listed in Table 3. They are Tangential-
Oblique (SF1), Hummocky (SF2), Wavy-Parallel (SF3),
Chaotic (SF4), Sub-parallel/Parallel (SF5) and Divergent
(SF6).

e The incised chaotic Incised-Valley Fill of the Barremian-
Aptian sequence is evidence of erosion on the coastal
plain or shelf in response to a relative sea-level fall that
characterised this period, leading to mass transport
deposit in the incised valley

e The divergent clinoforms in the Albian sequences point
to lateral variations in the rates of deposition, which
cause thickening of the individual reflection units inward
of the basin (progradation).

e The parallel/sub-parallel clinoforms likely indicate sedi-
ment deposition at a uniform rate on a uniformly sub-
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siding shelf and are dominant within the Maastrichtian
sequence. This could indicate uniform subsidence of the
African margin after the late Cretaceous uplift.

e The gamma-ray log signatures at the well positions (A1
and A2) indicate a dominant progradational depositional
system from the Late Albian-Turonian. In addition, the
serration observed on gamma-ray logs within the Albian
and Cenomanian sequences is an indication of sediment
deposition on the shelf, which is easily affected by storm
and waves, which caused the ‘saw-teeth’-like effect seen
on the logs.

e Typically, a potential stratigraphic reservoir is expected
to be bounded at the top and bottom by an impermeable
lithology, which often is shale or a calcareous siltstone.
In this study, the reservoir target is the heterogeneous
sandstones unit within the chaotic facies unit (SF4) of
the Barremian-Aptian sequence south of well Al in the
northern section (Fig. 12). The sandstone unit is overlain
by the Albian shale (potential seal), as seen in proximity
to well Al. The deposit is laterally extensive within the
2.2 s TWT and bounded unconformably by shale at the
top and bottom as seen close to well Al.

e The fluvio-deltaic sandstone channels of the Albian age
close to well Al which is laterally extensive from L2
towards well A2 could also be a potential reservoir target.

In conclusion, the integration of seismic and lithofacies
analyses delineated some reservoir prospects (Albian and
Barremian-Aptian), particularly in the northern section of
the current study area. Further exploration work, including
the acquisition of 3D seismic data and drilling of an explora-
tion well, is recommended in the vicinity of the Barremian-
Aptian sandstone deposit, north-east of well Al, to evalu-
ate its thickness, porosity and the net rock volume. These
parameters, together with structural or stratigraphic closures,
are essential in prospect identification. Figure 13 shows
the chronostratigraphic correlation of the two wells used
for the study showing the various sequences (SQ1-SQ7)
investigated.
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Table 3 Summary of seismic facies mapped in the study area

Era Period Age (Mya) Code Reflection Seismic facies Depositional Lithology Location
characters/con- unit system
figuration
Cenozoic x 65-0 SQl Tangential SF1 Prograding Sand/siltstone  North
oblique
X 65-0 SQ1 Hummocky SF2 Prograding Unknown Central
X 65-0 SQ1 Wavy-Parallel ~ SF3 Aggrading Sandstone South
X 65-0 SQ1 Chaotic SF4 Aggrading Sandstone South
Mesozoic Maastrichtian ~ 67-65 SQ2 Sub-parallel SF5 Aggrading Siltstone/and ~ North
Sandstone
Mesozoic Maastrichtian ~ 67-65 SQ2 Sub-parallel SF5 Unknown Central
Mesozoic Maastrichtian ~ 67-65 SQ2 Sub-parallel SF5 Aggrading/ret- Siltstone/and ~ South
rograding Sandstone
Mesozoic Santonian Eroded Eroded Eroded Eroded Eroded Eroded Eroded
Mesozoic Coniacian No-deposition No-deposition No-deposition No-deposition No-deposition No-deposition No-deposition
Mesozoic Turonian 93-85 SQ3 Sub Parallel/ SF5 Prograding Siltstone/sand- North
parallel stone
Turonian 93-85 SQ3 Hummocky SF2 Prograding Unknown Central
Turonian 93-85 SQ3 Chaotic SF4 Prograding/ret- Siltstone/sand- South
rograding stone/Shale
Mesozoic Cenomanian 110-93 SQ4 Chaotic SF5 Aggrading Siltstone/sand- North
stone
Cenomanian 110-93 SQ4 Sub-Parallel SF5 Unknown Unknown Central
Cenomanian 110-93 SQ4 Chaotic SF5 Retrograding  Siltstone/sand-  South
stone
Mesozoic Late Albian 110.5-110 SQ5 Hummocky SF2 Aggrading Siltstone/shale  North
Late Albian 110.5-110 SQ5 Divergent SF6 Prograding Unknown Central
Late Albian 110.5-110 SQ5 Chaotic SF4 Aggrading Siltstone/sand- South
stones
Mesozoic Albian 112-110 SQ6 Sub-parallel SF5 Retrograding  Siltstone/shale North
Albian 112-110 SQ6 Hummocky/ SF2 and SF6  Prograding Unknown Central
divergent
Albian 1121-110 SQ6 Chaotic SF4 Retrograding/  Siltstone/Shale South
Aggrading
Mesozoic Barremian- 120-112 SQ7 Chaotic SF4 Prograding/ Sandstone/ North
Aptian Incised- Retrograding ~ Shale
Valley fill
Mesozoic Barremian- 120-112 SQ7 Hummocky SF2 Unknown Central
Aptian
Mesozoic Barremian- 120-112 SQ7 Chaotic SF4 Prograding/ Siltstone South
Aptian Incised- Retrograding
Valley fill
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Fig. 13 Chronostratigraphic correlation of wells A2 and A1 (30.7 km apart) showing the major sequences (SQ1-SQ7) mapped within the study

area
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