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ABSTRACT

This research is on the structural evolution and burial history of the the Dolphin Graben. The
Dolphin Graben is a prominent graben structure situated on the continental slope in the
northern Walvis Basin, immediately south of the Walvis Ridge and the Phoenix Volcanic
Field. The Dolphin Graben is under-explored with only two wells located in it. Minor oil
shows are reported from well 1911/15-1, while well 1911/10-1 is labelled as dry. At least
two regional source rock intervals are predicted to be present in the graben, one in the
Aptian-Albian, the other in the Cenomanian-Turonian. None of the two exploration wells
penetrated the Albian-Aptian source rock. The intersected Cenomanian-Turonian source
rocks at the two well sites in the graben are recognized to be immature. Thus, the questions
on the presence of a mature source rocks, reservoir charge access and hydrocarbon
preservation within the graben remained pending. The project aims at providing the
Jollowing three studies for the Dolphin Graben: a (1) detailed structural evolution analysis,
(2) reconstruction of the burial history in 1D at three locations, and a (3) re-assessment of
the hydrocarbon potential of the Dolphin Graben taking into account the structural evolution

and burial history models.

Seismic interpretation was carried out in Petrel software, while 1D burial history models
were created with PetroMod software. Seismic interpretation formed the foundation of the
Structural evolution study; it entailed marker horizon mapping, fault mapping and
subsequently fault displacements measurements. 1D burial models were created for three
locations, namely well 1911/10-1, well 1911/15-1 and for a pseudo well herein labelled as
“New well”. Subsequent thermal and maturity models were created with calibration data

Jfrom the two 1911 wells.




A regional and local structural model were created from seismic data. The regional model

gives a concept of the wider deeper crustal structure of the northern Walvis Basin, while the
local model is rather a reconstruction of phases of fault activity specific for the structures

defining the Dolphin Graben.

A main outcome of the study is that the Dolphin Graben is a rift system that is independent
Jfrom the general Namibian margin syn-rift extension. The graben formed after deposition of
the syn-rift sequence and Seawards Dipping Reflectors (SDRs). In fact, most of the graben
subsidence occurred during the early passive margin drift phase. The graben development
commenced during the Barremian or early Aptian and two main extensional phases
(Extension phases I and 1I) are recognized. The mechanism for this local rift is not fully
understood but could relate to local thermal mantle anomalies associated with the volcanism

at the adjacent Phoenix Volcanic Field and Walvis Ridge.

Predicted lacustrine source rocks deposited during early extension and they are likely
confined to ponds in smaller half grabens. During progressive extension, the smaller
grabens became inactive, while extension was accommodated by a few main faults that
outline the Dolphin Graben. A continuous marker horizon in the Dolphin Graben has similar
seismic characteristics and is located at a similar stratigraphic level as the known Aptian-
Albian source rock in the southern Walvis Basin. Hence, this seismic marker is understood
as an indication that the Aptian-Albian source rock is well-developed in the Dolphin Graben.
There, it is essentially laterally extensive, but condensed or absent on central structural highs
and on the graben flanks. Another distinct seismic horizon ties well to the Cenomanian-

Turonian source rock in the 1911 wells and it extends over the entire Dolphin Graben. The
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LD burial history and thermal models revealed maturity of older presumed lacustrine as well

as for the Aptian-Albian source rocks.

A minor oil show is reported in drilled Lower Cretaceous carbonates occurring on a
structural high in the central graben. It is possible that hydrocarbons used extensional Jaults

as migration pathways to charge those carbonates.

The Cenomanian-Turonian source rock has been identified as immature to early mature.
With 10.6 % TOC it is a potentially excellent source rock, but burial depth within the Dolphin
Graben was essentially insufficient for hydrocarbon generation. Therefore, future
exploration should focus on petroleum plays that concentrate on the Aptian-Albian source

rocks.
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CHAPTER 1 - INTRODUCTION

1.1 Background

During Gondwanaland break-up and the opening of the South Atlantic a conjugate pair
(South America and Africa) of passive continental margins, as illustrated in Fig. 1., evolved
(Kukulus, 2004; Gladczenko et al., 1999). These late Jurassic/ Mesozoic geologic events led
to the formation of a linear series of four main basins parallel to the Namibian offshore on the
African continental passive margin. These depocenters identified within the zone of
maximum subsidence are the Namibe, Walvis, Liideritz and Orange basins from north to

south respectively (Fig. 2).
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Figure 1. Map of South Atlantic conjugate margin basins (Koopmann et. al., 2014).

The conjugate South Atlantic passive continental margins have long been a focus to

hydrocarbon exploration. An extensive hydrocarbon potential has been proven by the




Angolan Mocamedes- and Kwanza Basins, and the Brazilian Santos- and Campos Basins

(Fig. 1), respectively (Mello & Katz, 2000).
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Figure 2. Location map for the Dolphin Graben consisting regional structural elements and
sedimentary basins overlain by (NAMCOR, 2019).

The Kudu gas field in the Namibian Orange Basin offshore Oranjemund gives evidence of an
existing petroleum system in the Namibian passive margin (Davies & Van Der Spuy,
1.992/93). In respect to the Walvis Basin, seven wells have been drilled: Norsk Hydro
(1911/10-1, 1911/15-1), Sasol (2012/13-1), Ranger (2213/6-1), Shell (Shark well-2313/5-1),
HRT (Wingat-1, Murombe-1) Tullow (Cormorant-1) and Chariot (Prospect-S (2312/7-1)),

see Figure 3. for their location.

These wells penetrate the post-rift succession from approximately 130Ma to recent and only

the southernmost well 2313/5-1 offshore Walvis Bay penetrates older clastic syn-rift

sediments.
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Even though untested to date, all elements of a working petroleum system are apparently
present in the Walvis Basin. At least, two potential oil prone source rock intervals are
recognized in the post-rift succession. Residual oil in Apto-Albian carbonates (well 1911/15-
1) (Kukulus, 2004) and Apto-Albian intra source sand stringers (Wingat-1) show that oil has

been generated.

The Dolphin Graben is a prominent graben structure located in the northern Walvis Basin.
Within this graben, Maastrichtian deep marine fan sands and base Tertiary reef-like features
represent possible reservoirs. Seismic gas chimneys and other hydrocarbon escape features
including faults are observed on seismic, which reveal possible migration pathways.
Explorers consider the Dolphin Graben as prospective as its structural elements may increase

the chance of success for hydrocarbon migration and trapping.

1.2 Exploration history of the offshore Namibia

The first discovery, namely the Kudu gas field, was made only in 1974 by Chevron’s first
wildcat Kudu 9A-1 well, even though the exploration of hydrocarbon on the Namibian
paésive margin started earlier in the 1960s. The field was later appraised with Kudu 9A-2 and

Kudu 9A-3 wells drilled by SWAKOR (now NAMCOR)’s in 1987 and 1988, respectively.

After years of inactivity drilling commenced in 1996 with Shell’s Kudu-4 and further wells
drilled with Moosehead-1 in 2013 being the latest one in the Orange Basin. According to
NAMCOR (2020), to date, the field’s proven gas reserves are around 1.3 Trillion Cubic Feet
(TCF). The reserves are hosted within the Barremian sandstones interbedded with volcanics.

After independence, Namibia introduced the bidding round system with the first round




executed in 1992 and 1993. During this round, Norsk Hydro, Ranger Oil, Sasol, Chevron and

Shell were awarded exploration licenses.

The second licensing round yielded in two licenses being successfully awarded to Shell in the
year 1995. The third licensing round did not receive an application, and the fourth round
resulted in award of two licenses only. Therefore, Namibia introduced an open licensing
system in 1999. Subsequently, exploration activities were steadily increasing and escalated

from the year 2008. Seismic data was acquired besides a number of wells drilled.

Overall, a total of 34 wells have been drilled offshore Namibia. These comprise 17

exploration wells, 7 appraisal wells and 10 ODP/DSPD wells. Majority of these wells are

located in the Walvis Basin. Exploration wells are the Wingat-1, Murombe-1, 1911/10-1,

1911/15-1, Welwitchia-1, 2012/13-1, 2213/6-1 and the two recent wells Cormorant-1 and

2312/7-1 (Prospect S) (Fig. 3).

1.3 Problem statement

The Dolphin Graben is under-explored with only two wells located in it. Minor oil shows are
reported from well 1911/15-1, while well 1911/10-1 is labelled as dry. None of the two wells

penetrated the Albian-Aptian source rock (Figs. 4 and 5).
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Figure 5. Actual lithological column of the well 1911/15-1 post-drilling results.

The intersected Cenomanian-Turonian source rocks at the two well sites in the graben are
recognized to be immature. Therefore, the question of mature source rock presence and
effectiveness, charge access and timing, and preservations presents itself. A detailed
understanding of the structural evolution and burial history are crucial to evaluate critical
petroleum system elements, especially source rock presence and (reservoir) charge access and
effectiveness, which are among the main risk factors in the Dolphin Graben. Better
constraints for those aspects will assist in de-risking current and new prospects. A
subsequent re-assessment of the graben’s hydrocarbon potential may awaken further
exploration interest and could encourage explorers to undertake new data acquisition and

mature and drill prospects in the graben.




1.4 Objectives

The project aims at providing the following in the Dolphin Graben:
(a) a detailed structural evolution analysis and,
(b) reconstruction of the burial history in 1D at two well locations, and

(c) determine the timing of hydrocarbon migration in relation to the timing of trap formation,
culminating in

(d) the re-assessment of the hydrocarbon potential of the Dolphin Graben.




CHAPTER 2 - LITERATURE REVIEW

2.1 Overview of South Atlantic passive margin evolution

2.1.1 Origin of the South Atlantic margin

The South Atlantic passive margin owes its establishment to the breakup of Gondwana
(Maystrenko et. al., 2013; Nurnberg & Miller, 1991). Numerous studies have addressed
aspects of the rifting and continental break-up of the South Atlantic passive margin (e.g.
Light et.al., 1991; Maystrenko et. al., 2013; Gladczenko et al., 1998; Seranne & Anka, 2005:
Stewart et al., 2000; Bauer et al., 2000; Clemson et al., 1999; Bray, 1999; Maslanyj et. al.

1991, and Mello et al., 2011).

Africa and South America were connected as part of Gondwana supercontinent during the
Triassic time (Gladczenko et al., 1998). Rifting and breakup of western Gondwana resulted in
the separation of South America from Africa (Hirsch et. al, 2010; Fig. 6) and the opening of
the South Atlantic in the Late Jurassic to Early Cretaceous (Seranne & Anka, 2005: Granot &
Dyment, 2015). However, primary subsidence related to crustal stretching began at least as

carly as from Permo-Triassic times (Maslanyj et. al., 1991; Clemson et al., 1999).
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Figure 6. Map showing the plates dividing the Earth’s lithosphere as well as the relative
motion (indicated by arrows) of plates (Bryant, 201 o

The extensional stresses caused by the opening of the South Atlantic resulted in a conjugate
(South America and Africa) pair of passive continental margins (Fig. .6) (Kukulus, 2004;

Gladezenko et. al., 1998).
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Figure 7. Tectonic map of the South Atlantic Ocean at the end of magnetic polarity chron 34
(MC34, 84) (Bryant et al., 2012).

Part of Maslanyj et. al. (1991)’s study discussed the initial break-up of Gondwana as the
accomplishment by simple shear associated with crustal passive stretching. In contradiction
to the latter, other sections of Maslanyj et. al. (1991) also consider that the stretching could
alternatively be related to changes in the plate boundary stresses, due to a changing
relationship between rifting in the South Atlantic and subduction processes active on the

Pacific margin of West Gondwanaland (Fig. 7).




The comparison work of Mello et. al. (2011) between Brazil (on South America side) and
Namibia passive Margin (on Africa’s side) suggested that rifting and continental breakup
were diachronous and asymmetric. Light et. al. (1992) also confirmed the asymmetric and
diachronous rift history and further added its complexity being characterized by several rift,
uplift and volcanicity phases. Maslanyj et. al. (1991) also indicated the asymmetric and

different rift phases characters of the rifting during the break-up of Gondwanaland.

2.1.2 Namibia volcanic margin

There are two types of passive margins: volcanic and non-volcanic. According to Gladezenko
et. al. (1998), both types are present along the Namibian margin. They describe the central
and the southern parts of the Namibian margin as volcanic because of thickened initial
oceanic crust, seaward dipping reflectors (SDRs) as well as high velocity/density lower crust
beneath the rift zone characterizing those areas. Bray (1999) also supports that the basins
located south of the Walvis Ridge have evolved under the effect of volcanic margin

development.

On the other hand, the northern section of the Namibian margin located north of Walvis ridge
(Walvis Fault Zone) is considered non-volcanic (Gladczenko et. al., 1998; Seranne & Anka,
2005). This is in line with Bagguley & Prosser’s (1999) observation that the Namibe Basin
(Fig. 8), located to the north of the Walvis Ridge, has a markedly different basin architecture
and history. The Walvis Ridge is formed from the persistent magmatism associated with the
Tristan plume (Maslanyj et. al., 1991; Bauer et. al., 2000; Gladzenko et. al., 1998) and
divides the two margin types (Figure 6). In contrary, other authors such as Kirkpatrick et. al.
(2019), Koopmann et.al, (2013), Clemson (1997), Maystrenko et. al. (2013) and Bray (1999)

regard the Namibian passive margin as purely volcanic.
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Figure 8. Map showing the location of the different offshore depocenters/basins located
along the Namibian passive continental margin (Bagguley & Prosser, 1999).

The Namibian margin has been affected by two major phases of tectonism associated to
Gondwanaland break-up (Maslanyj et. al., 1991; Light et. al., 1993). Work of Maslanyj et. al.
(1991) backed up this statement by adding that the Namibian margin is an ultimate
model/example of a rifted continental margin which have undergone considerable,
transient/short-lived magmatic activity during final continental breakup and preliminary sea

floor spreading.




2.1.3 Margin structure

A general north-south (N-S) margin-parallel structural grain, with some east-west-orientated
fractures were produced by the regional extension and rifting initiated during the Mesozoic.
Light et. al. (1992), Nirnberg & Miiller (1991), Clemson et. al. (1997), Kukulus (2004),
Mello et. al. (2011), and Granot & Dyment (2015) confirmed the northward propagation of
rifting with time, starting from the southernmost part of the South Atlantic Ocean. The latter
is affirmed by seismic data evaluation (Light et. al. 1992). Evaluation shows that faulting in
the syn-rift sequences becomes progressively younger further north (Stewart et. al., 2000).
Authors such as Cartwright & Booth (1997), Jungslager (1999), Clemson et. al. (1997),
Gladezenko et. al. (1999), de Vera et. al. (2010), Kuhlmann et al. (2011), Rabinowitz & La
Brecque, (1979), as well as Niirnberg & Miiller (1991) emphasized that South Atlantic

opening has happened in an unzipping manner (Fig. 9).

Falklands rifting Argentina-Namibia breakup Brazil-Angola breakup|
(~175-150 Ma) (~142-130 Ma) (~135-112 Ma)

Figure 9. Tectonic evolution of Gondwana during the Mesozoic rifting period. Copied from
Conti (2014).
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2.2 Tectono-stratigraphy of the Namibian passive margin

The tectono-stratigraphic megasequences identified on the Namibian passive margin are pre-
rift, syn-rift, transitional and thermal sag megasequences (Bray et. al., 1998, Light et.
al.,1992, and Clemson et. Al., 1999). Minor variations in the terminology was used by few
authors. Bray et al. (1998) and PGS (2014) use a terminology of pre-rift, syn-rift, early drift
and late drift (post-rift) for the Namibian megasequences. This research uses the terminology
of Bray et al. (1998) to describe the recognized tectonic-stratigraphic units of the Namibian

passive margin (Fig. 10).

Major unconformities divide the megesequences/units. Base rift unconformity separates early
Cretaceous syn-rift from the pre-rift Karoo. The pre-rift is assumable Permo-Carboniferous to
Triassic in age (Bray et. al., 1998). According to Aizawa et al. (2000) and Clemson et al.
(1999) these Karoo Supergroup rocks are preserved in the half grabens and are truncated by
an angular unconformity. The authors also propose that this unconformity likely represents a

significantly prolonged period of erosion of Karoo Supergroup material.

The base drift unconformity also referred to as the Hauterivian/Barremian boundary as
marked at the Kudu field by Bray et. al. (1998), separates syn-rift from the early drift section.
The same unconformity also marks the non-marine to marine sedimentation transition (Bray

et. al., 1998).

The syn-rift section is made up of mainly siliciclastic and volcanics of late Jurassic to early
Cretaceous age (Clemson et al., 1999). This was proved at the Kudu field, where the syn-rift
unit was intersected, there it provides a reservoir interval consisting of aeolian and nearshore
sandstones intercalated with basalts. Characterized by tilted blocks with several north-south

trending half-grabens, the rift runs the entire length of the margin (Spectrum, 2012).
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Similarly, the syn-rift section passes westwards into a thick wedge of seaward dipping

reflectors (SRDs), which are considered to have a volcanic origin (Gladczenko et al., 1999).

The early drift section is mostly dominated by marine claystone and is believed to be Late

Barremian to Cenomanian, and this section encompasses vital source rock intervals (Mello et

al., 2000).

The Turonian to Recent late drift section makes up the main part of the basin fill. This
megesequences encompasses the Base Tertiary unconformity (Figure 9). Otherwise, the drift

sequence in general regarded as progradational with several transgressive-regressive cycles.
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Figure 10. Generalised Stratigraphy, source rocks and unconformities of the offshore
Namibia (Bray et al., 1998).
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2.3 Geology of the Walvis Basin

The Walvis Basin is an elongate offshore embayment lying parallel to the Namibian
coastline. It is one of the many depo-centers lying along the African and South American
continental margins which was formed during initial break-up of Gondwana supercontinent
(Maslanyj et.al.,1992). The basin continues northwards up to the volcanic Walvis Ridge of
northern Namibia and extends southwards until the Liideritz Arch, an area of relatively thin

shelfal sediment cover (Fig. 8).

According to Maslanyj et.al. (1992), it is speculated that the initial subsidence associated with
crustal stretching initiated around Permo-Triassic age. The persistent stretching of the crust
has given rise to multiple stages of rifting. With time, the rifting migrated northwards from
the southernmost South Atlantic (Light et. al.,1993, Maslanyj et. al., 1992). The main rift
faults in the basins (including the Walvis Basin) located south of Walvis Ridge are
characterized by landward dip. The opposite (seaward dipping faults) is observed north of the

ridge as demonstrated by the geophysical imaging offshore Namibia.

Maslanyj et. al. (1992) discussed only two phases (Syn-rift I and II) of the late Mesozoic rift.
However, later publications, such as Clemson et.al. (1997) pin-pointed out three rift
sequences (Rift Phase I, II and III) characterizing extensional event that were followed by the
(;pening of the South Atlantic. The rift phases were interpreted on the basis of seismic

reflection patterns and the unconformities between them.

The early rift phase (syn-rift phase I of Light et al. (1993) which corresponds with the syn-rift
[ of Clemson et al. (1997)) caused extensive faulting during the late Jurassic to Valanginian.
It is recognized essentially in the southern margin up to Cape Cross Segment Boundary
(Maslanyj et al., 1992; Clemson et. al., 1997) and therefore essentially absent in the Walvis

Basin.
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In contrast, the rift phase II is well-recognized in the Walvis Basin. Clemson et. al. (1997)
characterizes the rift phase II (Synrift II) as high-amplitude, continuous to discontinuous and
often abruptly terminating seismic reflections. They further observed that syn-rift faulting in
the Walvis Basin caused a less pronounced divergence of seismic reflection compared to the
basins farther south. The Presence of syn-rift 1I in the Walvis Basin is confirmed by Maslanyj

et. al. (1992), they also recognized its prompt thickening northwards towards the Walvis

Ridge.

Clemson et al. (1997) defined an additional rift phase III which corresponds with the upper
section of syn-rift II of Maslanyj et al. (1992). The seismic reflections’ amplitude of this rift
phase III in all Namibian offshore basins is lower in comparison to that of rift phase II
(Clemson et al., 1997). The top of rift phase III is correlated to the rift-drift unconformity
and the onset of normal oceanic crust production. Seismic correlation in the Walvis Basin

suggests that, the break-up transpired clearly during the early Aptian (Clemson et al., 1997).

2.4 The Dolphin Graben
The study area, Dolphin Graben, is a prominent graben structure located in the northern part
of Walvis Basin within the 1911 license block (see Fig. 2). It extends into the Namibe Basin

to the north making it to be a common feature for the Namibe and Walvis Basin.

The Walvis Ridge with four structural highs is found to the west of the graben. The Gamma,
Alpha, Beta and Delta are the structural highs identified by previous explorers from South to
North respectively, located on the Walvis Ridge as shown in (Fig. 11). These structural highs
have also been identified by the work of Clemson et. al. (1997). The East of the graben is
bounded by the Elephant Platform and the Phoenix volcanic complex. These features are

identifiable in the seismic and aeromagnetic data.
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Figure 11. A 3D drawing depicting the Dolphin Graben and the features around it (Tower,

2010).
The graben follows the Namibian offshore basins’ N-S direction (N-S) parallel to the

Namibian coast line. On average, the graben is approximately 40.50km (Fig. 12) wide as

identified in seismic.
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Figure 12. Seismic line NH-92-231 illustrating the estimated measured width of the Dolphin
Graben (Own interpretation,).

The proposed petroleum plays for the Dolphin Graben includes Maastrichtian (late
Cretaceous) deep marine fan sands, Albian carbonates and Base Tertiary reef-like features as
possible reservoirs, identified in the central Walvis basin by Kukulus (2004) and described in
well reports. Seismic gas chimneys interpreted as hydrocarbon escape features as well as
faults observed on seismic reveal possible migration pathways (Kukulus, 2004). Explorers
consider the Dolphin Graben as prospective as its structural elements increase the chance of
for hydrocarbon migration and trapping. Most uncertainty is on source rock presence,

richness and maturity in the graben.
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Figure 13. Geological cross-section through the Walvis Basin (Tower, 2020).

2.5 Hydrocarbon potential of the Walvis Basin

The extraordinary oil and gas potential of the offshore Namibia margin has undoubtedly been
underestimated. In comparison with other margins in the world, exploration of the Namibian
offshore margin is still in its embryonic stage. The Walvis Basin including the Dolphin
Graben is under-explored. This is because it covers an area greater than 90 000km’ but only
10 wells (Fig. 13) have been drilled in comparison to other basins. If compared to other
basins in the world, the wells drilled are a few for a basin of such an extent. The wells in the
Walvis Basin are: Welwitschia-1A, 1911/15-1, 1911/10-1 (in the Dolphin Graben), 2012/13-

1, 2213/6-1, Cormorant-1, Wingat -1, Murombe-1, 2312/7-1 and 2313/5-1 (Fig. 3).

A working oil- prone petroleum system has been proven by regional drilling offshore
Namibian passive margin. Different source rocks and reservoirs intervals have also been
recognized/identified by seismic data interpretations and drilling results. Potential of oil field
existence in Walvis Basin is supported by HRT’s Wingat-1 drilled in 2013. The well

recovered 38 to 42" API oil to surface. Wingat-1 has in addition confirmed two oil-prone




source rocks according to the well report. The two source rocks are the 58m thick Aptian
(Kudu shale) and a shallower Cenomanian-Turonian source rock. The two source rocks are

also well developed in the nearby well Murombe-1 well.

The mid- 90s wells 1911/10-1 and 1911/15-1 (see well columns in Fig.s. 4 and 5) drilled by
Hydro Norsk in the Walvis Basin within the Dolphin Graben revealed a marine oil prone
source rock of Cenomanian -Turonian age. The question whether Aptian-Albian source rock
exist in the Dolphin Graben, was not resolved. The hydrocarbon shows in well 1911/15-1 in
the Albian carbonates give rise to the question of whether there was a downward migration of

the hydrocarbon or there exists an older, mature source rock in the Dolphin Graben.

Spectrum (2012) and Bray et. al. (1998) speculate that, besides the Aptian-Albian and
Cenomanian-Turonian source rocks, there might be a third much older source rock. The third
source rock interval is speculated to have been a result of lacustrine environments developed
during early rifting, which could preserve organic rich, oil-prone claystones. Such a lithology
is intersected onshore Namibia in the Toscanini well. However, at Toscanini it is believed to
be gas prone (Bray et al., 1998). Therefore, the pre-rift section should be considered to

contain source rock interval on a regional level.

According to the well reports, the reservoirs in the Walvis Basin are the Upper Cretaceous
sands (Santonian and Maastrichtian), Albian Carbonates and Albian siliciclastic turbidites.
Porosity of reservoirs in the basin ranges from 18-25% for sands and 15-25% for the
carbonates. Net thickness of the reservoir’s ranges from 35-90m in the Upper Cretaceous and

35m for Albian sands and carbonates respectively.

In addition to the Wingat-1 well, a working oil-prone system has been proven by the recently
drilled Tullow Cormorant-1 well. The well demonstrated wet gas signatures which are an

indication of oil presence.




CHAPTER 3 - MATERIALS AND METHODS
The research concentrates on the interpretation of 2D seismic data complemented with well
data from Northern Walvis Basin, license block 1911. The interpretation was carried out in
two software platforms housed in workstations. The seismic interpretation was done in the
Schlumberger Petrel E&P software package, while PetroMod software platform was used to
interpret well data for the 1D burial and thermal history models generation. Both, datasets

and methodologies are elaborated below. All data were made accessible by Pioneer Oil and

Gas Consulting for this study.

3.1 Data sets

3.1.1 Seismic data

Two 2D seismic surveys datasets were the central input for the seismic subsurface
interpretation utilized for this research. The 2D seismic data contain 253 seismic lines
including in-lines (lines parallel to the direction of survey acquisition) and crosslines (lines

perpendicular to acquisition of survey).

The first seismic dataset is the 7111 km multi-client 2D NH-92 seismic survey (Fig. 14). The
survey was shot by TGS in the year 1992. It was acquired by R/V Western Anchorage. The
shot point interval was 26.66m, record length was 7 seconds and the sampling interval was

2 seconds. Norsk Hydro reprocessed the data.
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Figure 14.NH92 survey lines, Northern Walvis Basin, offshore Namibia (TGS, 2011).

The second seismic dataset N2R93 (Fig. 15) was also acquired in 1992. This 10 167km
survey was acquired by CGG. The SN358 recorder was used during the acquisition. Shot

point interval were 25m with 2 millisecond sampling intervals and reached a recording length
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of 7-8 seconds. This data was processes by the CGG and processing was completed by July
1993. The data was available in SEGY format with the navigation using the WGS 1984 UTM

Zone338S Coordinate Reference System (CRS).
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Figure 15. N2R93 survey lines, Northern Walvis Basin, offshore Namibia (TGS, 2011).
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3.1.2 Well data

Apart from the seismic data, well data (reports and logs) for 1911/10-1 and1911/15-1 wells in
the Dolphin Graben were used. The well reports utilized comprise well completion,
geochemical, biostratigraphy as well as petrophysical reports. Well data (Las files) was
employed in calibration of seismic and allocated the main stratigraphic horizons. Published

reports, company brochures and presentations were also consulted.

3.2 Methodology

3.2.1 Seismic interpretation

Seismic interpretation serves the understanding of the subsurface geology (Bacon et.al.,
2003) where other means of geological information are scarce or absent. Schlumberger Petrel
Exploration and Production (E&P) software package was the key tool used for the seismic
interpretation. Seismic interpretation entailed the tracing of key geologic features i.e.
stratigraphic horizons and faults, beside lateral changes in amplitude response serving as
possible direct hydrocarbon indicators DHIs. For this study two steps of seismic

interpretation were fulfilled; (a) horizon mapping and (b)fault mapping.

a) Marker horizons mapping

In general, horizon picking during seismic interpretation is done by picking the common
stratal interface such as flooding surfaces, maximum flooding surfaces and erosion surfaces
(Nanda, 2016, Fig.s. 16 and17) with the assistance of reflection termination mapping. For this
research, the horizons were mapped by picking the strong seismic reflectors that can serve as
marker horizons and ideally can be assigned to stratigraphic ages based on well ties.
Complementary, horizon mapping was also grounded on the more generally accepted

understanding of the geologic events of the South Atlantic passive margin, specifically the
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Namibian margin (see sections 2.1, 2.2 and 2.3 of the literature review). In addition, the well

reports for the two wells (1911/15-1 and 1911/10-1) in the Dolphin Graben were also

reviewed before the mapping of stratigraphic horizons.

identify sequence boundaries on NH-92-230

Figure 16. Gamma ray log for 1 911/10-1 used to
seismic line.
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Figure 17. Zoom-in of Gamma ray log for 1911/10-1 used to identify sequence boundaries on
NH-92-230 seismic line. Identified marker horizons/sequence boundaries shown in this
section are top Paleocene (green) and Base Tertiary (red).

Horizons mapping followed the methodology as per American Standard of Interpretation
(Bacon et al., 2003; Brown, 2011), which has been also used by Mhalalela (2018) for the
Orange Basin. Horizon picking also followed the interpretation methodology recommended
by Bacon et. al. (2003). The stratal surfaces picked are Seabed, and Pliocene, Eocene,
Paleocene, Base Tertiary, Campanian, Santonian, Cenomanian, Albian, Aptian/Albian UC
(Base Drift) and Barremian/Aptian. Well reports reveal that all the chosen stratal surfaces are

erosional surfaces/unconformities or their correlative conformities.

The upper surfaces (Seabed, Pliocene, Eocene, Paleocene, Base Tertiary,) were interpreted
using the seeded 2D auto-tracking and partial manual interpretation as they are characterized
by high amplitude and continuity. All deeper stratigraphic surfaces were tracked manually
due to limited continuity and/or strong amplitude variations. Continuity is limited in rift strata
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due to faulting. Also, a low signal to noise ratio required manual tracking of some horizons.

After horizon tracking, surface maps were created.

b) Fault mapping

Faults are shear fractures alongside which shear offset is detectable. Faults are vital in
different geological aspects (Davis et al. 2011). In petroleum geology, faults can be a
hydrocarbon conduit or a sealing faults (Bacon et.al., 2003). Faults’ attributes include

displacement and length, orientation (dip/azimuth) and curvature (Kolyukhin & Torabi,

2012).

Faults mapped in this project were recognized in seismic lines at places where seismic
reflectors terminate. They were also identified by analyzing displacements of the seismic
reflector across the fault plane (Bacon et al., 2003). In the study by Mhlalela (2018) the same
technique was successfully used. The study area for this project is an extensional
environment, and hence steep normal faults were most common. Herein the definition of

normal faults follows that of Davis at al. (2011) who strictly define them as faults with

hanging wall thrown downwards.

3.2.2 Structural evolution

For this research, reconstructing the structural evolution entailed the usage of the tracked
seismic horizons and faults to determine the fault throws (displacements); identify growth
and deduce phases of fault activity (structural kinematics). Displacement

strata,

measurements were executed by measuring the throws of representative randomly selected

faults at different stratigraphic levels in 11 seismic cross lines.
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The resulting measurement are listed in tables 3 to 13 in the appendices section. A structural
kinematic study was carried out on line (NH-92-230 and on a composite line through well
1911/10-1 and 1911/15-1. On the NH-92-230 seismic line, the kinematic of stratal intervals
(growth strata, pre-kinematic and post-kinematic strata) in relation to the fault activity was
identified. Structural evolution of the Dolphin Graben is discussed in the context of the

regional tectonic events at the Namibian margin and more local events.

3.2.3 Burial history and maturity

The burial history of a basin controls the thermal history of sediments contained in it.
Hydrocarbon generation and migration directly depend on the temperature history in oil-

prone carbonaceous sediments where peak temperature and their duration play a critical role
(Miall, 1984).

Even though there are two proven source rock intervals (Aptian-Albian and Cenomanian-
Turonian) in all four basins offshore the Namibian margin none of the two wells in the
Dolphin Graben penetrated the Aptian-Albian source rocks. These two wells are located on
local structural highs on which the Aptian-Albian was either not deposited, or is strongly

condensed and was thus not recognized. The Cenomanian Turonian source rock was

penetrated, but proved to be immature according to the well reports.

Therefore, the questions of the presence of the deeper Aptian-Albian source rocks in the
graben, as well its effectiveness, and possibly timing of HC generation and accumulation
arise. To address these questions, three 1D burial and thermal history models have been
created. Two models for the actual well sites (1911/15-1 and 1911/10-1) within the graben,
followed by a pseudo well (referred as “New Well”) located adjacent to the structural high of

well 1911/15-1. At this pseudo well location (Fig. 18) the seismic section indicates clearly the
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presence of the Aptian-Albian interval; hence it was included in the burial and thermal

modelling.
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Figure 18. Sesmic line NH-92-214 showing the “New Well” location

Input and calibration data

Information on lithologies with their depths and ages were extracted from the final well
reports for both 1911 wells. Paleo- water depth and depositional breaks linked to phases of
non-deposition / sediment bypass were extracted from the biostratigraphic well report for

well 1911/10-1 (see Appendix 2); the seismic interpretation did not indicate any substantial

phases of erosion.

The above stratigraphic information was used as input to create burial history models in
PetroMod. The resulting burial history curves enabled the recognition of phases of burial and

uplift. The burial history was thereafter converted into a thermal history by using vitrinite
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reflectance and Homer corrected bottom hole temperatures for each well for calibration. For
wells 1911/15-1 and 1911-10-1 those values were available from the respective well reports.

For the pseudo well “New Well", the thermal calibration of the nearby well 1911/15-1 was

used for the corresponding depths.

Geochemical source rock parameters (TOC, HI, kinetic model) for the Cenomanian-Turonian
source rock were taken from the respective well reports and industry presentations. For the
presumed Aptian-Albian source rock in the pseudo well the parameters of the Wingat-1 well

located in the southern Walvis basin, were used as the wells in the Dolphin graben did not
reveal this source rocks.

For all models the PetroMod integrated McKenzie passive margin heat flow evolution model
and the Wrygala (1989) model for paleo water -sediment interface temperatures were used.
The thermal history allowed conclusion of the timing and degree of source rock maturity, i.e.
the timing when the source rock intervals reach or pass through thermal windows of

hydrocarbon generation.
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CHAPTER 4 - RESULTS AND ANALYSIS
According to Nanda (2016), a pre-requisite for 2D seismic data structural analysis requires
first an analysis of seismic horizons involving the following steps: a) identification and
correlation of (marker) horizons, b) contouring horizons with faults (fault mapping); and c)
creation of different maps types to be able to describe geologic details. The latter are
structural maps like time structure maps, depth/structure maps, relief maps as well as

isochron and isopach maps. The herein presented results follow the above order of workflow.

4.1 Marker horizons

The mapped horizons are identified as unconformities and their correlative conformities. The

horizon served as reference surfaces to execute a structural evolution study for the Dolphin

Graben. The Figure 19 displays a composite section with all marker horizons used for the

subsequent structural evolution study.
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Figure 19. Seismic composite line through the 1911/10-1 and 1911/15-1 wells depicting
mapped marker horizons in the study area.

4.1.1 Barremian to top SDRs

The lower boundary of this interval is poorly defined, while the top forms a reflective marker,
mostly but not always, as a trough/negative amplitude. This interval is believed to be of (?)
Barremian-Aptian in age, and occurs between of 1500ms TWT on the horsts/ rift shoulders
gnd over 3000ms in the graben. Internal reflections are of high amplitude and largely parallel

and believed to be part of the Seaward Dipping Reflectors (SDRs) sequence.

4.1.2 Top SDRs to Intra Aptian-Albian Unconformity

The Intra Aptian-Albian Unconformity is depicted by a positive reflection between 3300-
3900ms TWT. The lower boundary of the interval is the top of the SDR sequence mostly
represented by medium to high amplitude reflections. The boundary is unconformable, but
erosional truncation of the SDRs was not observed.
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The interval is extensively faulted, forming small-scale half grabens with significant vertical

offsets and block rotations. Divergent reflections accompanied by a clear decrease in tectonic

dip from older to younger reflections prove presence of growth (Fig. 20). The growth leads to

almost doubling of strata thickness towards the footwalls of the normal faults.

9.230 zoomed in to show growth strata character.

Figure 20. Seismic line NH-9

The growth strata in the half-grabens are believed to contain an older source rock deposited

in anoxic lacustrine pods.
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4.1.3 Intra Aptian-Albian Unconformity to top Cenomanian

The top Cenomanian horizon was picked between 3300ms and 3600ms TWT, a positive high
amplitude peak. The lower boundary is an unconformity surface that is tentatively placed
around the Aptian/Albian boundary therefore termed the Intra-Aptian-Albian unconformity.
Subparallel, low amplitude seismic reflections characterize this interval. Conspicuous are two
bright parallel high amplitude horizons that are interpreted as the Aptian/Albian source rocks.
The source rocks are absent on the drilled structural highs, instead carbonate built ups have
been encountered there.

Most faults that originate from the deeper extensional levels propagate through the
Cenomanian. Horizons show strong amounts of flexure (dragging) across faults. Evidence for

growth occurs towards the graben margins, most obvious at the eastern margin (Fig. 20).

4.1.4 Top Cenomanian o top Santonian

The top Santonian marker horizon follows the geometry of the structural highs and graben.
On the structural highs and footwall flanks (horsts) it is mapped at TWT of 3000ms and while

in the graben TWT increases to 3300ms. The interval is characterized by subparallel,
discontinuous low amplitude seismic reflectors.

In the lower portion of this interval occurs a bright amplitude horizon that overlays the top
Cenomanian horizon. This bright amplitude horizon is interpreted as Cenomanian-Turonian

source rock. This agrees with a positive gamma ray peak identified in the 1911/15-1 and

1911/10-1 wells that ties well to this high amplitude horizon. Above this horizon occur high

amplitude bodies interpreted as sand bodies (Fig. 22). Faulting becomes significant compared

to the younger intervals.
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4.1.5 Top Santonian to top Campanian

The top Campanian marker horizon forms a positive amplitude reflection, which was picked
at TWT of 2800ms at shallower areas and reached 3200ms in deeper parts of the basin. The
top Santonian to top Campanian interval includes bright amplitude bodies which are

interpreted as sands. Only major faults and very few minor faults have intersected or passed

the Campanian interval.

4.1.6 Top Campanian to Base Tertiary

The base Tertiary is a regional marker horizon that coincides with the end of Cretaceous
Sequence. It is a well-known regional unconformity on the Namibia passive margin. The
Base Tertiary was picked between TWT of 2500- 2800ms (Fig.s 19 and 21), it gently incises
in the underlying strata on the structural highs, where erosive truncation of the uppermost
Cretaceous strata can be observed. The interval from the Campanian to the end of the
Cretaceous (Base Tertiary) is signified by subparallel, continuous to discontinuous high
amplitude reflections. In some seismic lines, several faults terminate at the Base Tertiary,
ly the major faults bounding the Dolphin Graben (Fig. 22). Within this interval (top

especial

Campanian to Base Tertiary), no obvious growth strata have been recognized. Hence, fault

reactivation just prior to deposition on the Base Tertiary unconformity is implied.
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Figure 21. A composite of seismic line showing Base Tertiary horizon.

4.1.7 Base Tertiary to top Paleocene

The top Paleocene marker horizon reveals a slightly sigmoidal character at some places. It is

signified by a peak reflection with a positive amplitude, picked in the time depth range of

2600-2800ms. The Paleocene peak 1is mostly continuous with some disruptions due to

slumping (Fig.s. 20 and 22), especially above the graben area. The Paleocene interval

includes continuous and non-continuous slightly sigmoid shallow clinoform reflections.

Contortions and mounded reflections occur in the lower portion of the interval. High

amplitude facies are seen at base of this horizon at the boundary with the Cretaceous; these

are interpreted to be upper Cretaceous/Paleocene sands. According to the well reports, these

bright amplitude bodies were one of the targets for the wells 1911/15-1 and 1911/10-1. These

sand body are believed to have porosity up to 24% according to well reports. The lower

Paleocene interval is dissected by few normal faults.
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4.1.8 Top Paleocene to top Eocene

Eocene’s negative peak was picked at time depth of 2000ms landward (east) of study area

and at 2400ms basinward (west). Distinctive features of the Eocene interval are the sub-

parallel, continuous high amplitude, slightly sigmoidal prograding clinoform reflections (Fig.

22).
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Figure 23. Zoom in line NEH-92-214 to highlight the top Eocene deformation by the Pliocene

mass flow complex.

The westwards progradation coincides with a westward thinning of the top Paleocene to top

Eocene interval. The top Eocene reflection (trough) is still affected by the previously

described Pliocene mass transport complex as highlighted in Fig.s 22 and 23. High amplitude

bodies observed in the uppermost part of the Eocene interval represent reservoir sands,

verified in well 1911/15-1.

4.1.9 Top Eocene to top Pliocene

The top Pliocene is represented by a well-defined continuous reflection and could therefore

be largely auto-tracked. The Pliocene interval is characterized by subparallel, continuous to

discontinuous reflections. The reflections within the interval form a prograding sigmoidal

clinoform across the seismic section (Fig. 24). At some places on the slope, volumes of

contorted to chaotic reflections occur, interpreted as mass flows (Fig. 24). The Pliocene

horizon is denoted by a peak reflection with a positive amplitude.
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Figure 24. Seismic line NH-92-223 depicting mass flow transport within the Pliocene {J
o e < ¢

interval.

4.1.10 Top Pliocene 1o Seabed

In comparison to other mapped marker horizons (Fig. 20), seabed surface was the easiest to

s E ak reflection with a bright amplitude
map. The surface is signposted by o piesE R R

indicating normal SEG polarity. Due its continuity this surface was interpreted using 2D
mnaicartin

auto-tracking.
Th bed surface was picked at time depths of around 700-1000ms at some places,
e seabe

reaching maximum time depths of around 1300ms at deeper parts, (basinward/westward).
aching

The interval from the seabed to the top of the Pliocene is built by westward dipping sub-
he interv

parallel chiroform reflections of high continuity, displaying an overall aggradational pattern.
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4.2 Time surface maps

The prime output of structural interpretation are horizons contoured in time to produce

structure maps. These outline the trends and geometries of the subsurface horizons. The time

surface maps were created using the mapped marker horizons as inputs in Petrel 2015

software. The seismic resolution for the study area 18 sufficiently good with a good S/N ratio.
Therefore, most surfaces (Scz‘lbcd-Ccnomaman) did not undergo the surface smoothing

process, except the lower two surfaces (SDRs and Intra Aptian-Albian Unconformity). The

latter two are extensively faulted unconformity surfaces explaining their structural

complexity.

4.2.1 Top SDRs surface

The top SDRs surface defines best the morphology and fault pattern of the Dolphin Graben
and neighboring structures, as fault density and fault throws are largest at this level (Fig. 25).

Phoenix Volcanic
Y Centre

( ‘//Faults

pron R "7 previously identified
{0 D New identified leads £ b y leads
el 2

g

43




Figure 25. Top SDRs marker horti

4.2.2 Intra Aptian-Albian Unconformity
Even though the time surface map (Fig.
the west, as well as tl

extensively faulted by normal faults. Two

to the Dolphin Graben) are well recognizec

zon surface in time domain.

27) still illustrates the closures and structural highs to

he Phoenix Volcanic Centre, the Intra Aptian-Albian Unconformity is

minor grabens (one parallel and one perpendicular

{ west of the Dolphin Graben (Fig. 26).
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Figure 26. Intra Aptian- Albian Unconforr

4.2.3 Cenomanian

The Cenomanian marker horizon’s time

Gamma, Delta), Phoenix Volcanic Centr

nity time domain structure map.

surface discloses the same closures (Alpha, Beta
9y )

- as the Santonian. West of the Dolphin Graben
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western rift shoulder closures (Alpha, Beta, Gamma, Delta) a parallel minor graben can be

recognized. On the rifts shoulder of this western graben an additional closure becomes

6 A 1 : 29 3 i o 41 110 o) ‘ ala 10t
apparent named herein as the “Western High” (Fig. 27). The time structure map also depicts

that the Dolphin Graben deepens to the north towards the Namibe basin. The Cenomanian

interval is penetrated by a much higher number of faults than the younger intervals. Most

fault terminate within the upper Cenomanian, and the majority of them propagate beyond the
top Cenomanian surface. Only the major faults propagate into younger intervals. Therefore,

the top Cenomanian coincides with a peak in tectonic activity.

P Phoenix Volcanic

:\’”:‘. Previously identified leads

Figure 27. Cenomanian time domain structure map.

4.2.4 Campanian and Santonian




Both, the Campanian (Fig. 28) and Santonian (Fig. 29) surfaces show similar morphologies
and reveal similar structural highs as at the Base Tertiary surface (four structural high leads
and Phoenix Volcanic Centre). The morphology of the Dolphin Graben and the Phoenix
Voleanic Centre is more pronounced and their boundaries better delineated by the contours.
This trend increases from the Campanian to the Santonian. Both horizons are moderately

faulted with the Santonian being more dissected compared to the Campanian.
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Figure 28. Campanian time domain structure map.
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Figure 29. Santonian time domain structure map.

4.2.5 Base Tertiary

The Base Tertiary is a well-known regional unconformity on the Namibian passive margin.

The structural four highs are still well depicted (Alpha, Gamma, Beta and Delta) on the time

structure map (Fig. 30). An additional closure visible in the north-eastern domain, derives

from the underlying Cenomanian/Turonian Phoenix volcanic Centre. Several faults dissecting

deeper layers terminate at the base Tertiary marker horizon. Locally, some time contours

parallel the main faults.
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The Base Tertiary surface (Fig. 30) exhibits the approximately same morphology as the

Tower (2020) Top Maastrichtian depth structure map (Fig. 31).
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Figure 31. Base Tertiary Depth structure map (Tower, 2020)

4.2.6 Eocene and Paleocene

The Eocene and Paleocene horizons Were delineated by high amplitude markers (troughs) on

seismic lines. Four closures (Alpha, Beta, Gamma and Delta) occur along strike on the

western footwall to the Dolphin Graben. Those closures were identified by Arcadia (2011)

and Tower Resources (2020) companies, which regard them as exploration prospects

(Fig.32).
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Figure 32. Identified structural elements within and in the vicinity of the Dolphin Graben

(Arcadia, 2011).

These companies also identified other small closure in the graben as lead. Two additional

o) ok d minor closures) identified in this research are visible far west on the

Dolphin Graben. The later can be new leads (Fig.s 33 and 34).
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4.2.7 Seabed

The seabed surface map gives a good presentation of the study area’s bathymetry and

morphology, both regionally and locally. The seabed surface reveals the seaward (westward)

dipping of sediments (Fig. 35), which is also visible in the seismic (Fig. 37). The seabed

bathymetry does not show the presence of the underlying Dolphin Graben.
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Figure 35. Seabed in time.
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4.3 Structural evolution analysis

4.3.1 Fault mapping

A total of 341 fault planes were mapped for this project (Fig. 36). The faults structural style

compliments an extensional environment. As a rule of thumb, an extensional environment is

characterized by a dominance of normal faults. Planar non-rotational, planar rotational as

well as listric faults are the main types of normal faults (Jian, 2014).

The Dolphin Graben 18 characterized by planar—rotational faults as depicted by the westward

rotations of the top SDRs surface. Younger growth strata bilevels much of the rotation giving

the impression of minor block rotations at shallower surfaces. Geometry of planar rotational

Its at depth, usually in the form of a common listric

faults require a curvature of the fau

detachment at the brittle ductile transition or a rheological weak lithology, such as shale or

salt (Jian, 2014). Seismic resolution deteriorates rapidly beneath the top SDRs surface, and

hence the continuation of the faults was not traced to depth.
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faults in the graben. The eastern boundary fault dips to the west. The westwards tilted block
ocks

within the graben are synthetic to the western boundary fault.

The small rotational block immediately west of the eastern boundary fault is dipping to tl
o the

east and has therefore rotated antithetical with the western boundary fault, but synthetical
5 5 etica

with the eastern one. A central structural high divide the graben into a western and east
astern

domain, each is compartmentalized by smaller half grabens (Fig. 37).
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NH-92-214 showing faults delineating the graben as well as the

Figure 37. Seismic line
Dolphin Graben.

structural morphology of the

All extensional faults dissect the older marker horizons - top SDRs (Barremian-Aptian), Intra
anian. The main faults terminate at shallower

Aptian-Albian unconformity and top Cenom

levels, mostly within the gantonian, with few reaching the Paleocene (Fig. 39).
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Younger faults in the post Eocene are not deeply rooted (Fig. 38), they are therefore

interpreted to have formed by minor gravitational and compactional movements.

3 S2A_thgams Bea [Beeert 32432 Viges a3 Seegr—
o Shyed s WADAC) Mgud Sed WK1 ANeR S - proee R s R
. e WANSATT Migaae Gtem  WeICATH tgutes Sas Comocniefine?
0;:4“4“”1“*' Mot S22 Tt tigens z;‘qs 1 1& 'gm e = T i |
TRACE ou 2830 e S - N i 2 - v S 470 95
~2000-1
1500
~20001
25001
~3000-1
~3500+
4000~
C= = .

Figure 38, Seismic line NH-92-230 showing Z’ertiary and older faults, sandstone bodies
(vellow) and carbonate reservoir (blue) located in the central structural higﬁ. The carbonates
e which could have been charged by the normal f{zults flanking the
high. This concept has been already considered By Lower Reseurces drcansa LLGL0)

" 4.3.2 Fault throws and fault activity phases

Faults throw measurements were carried out by measuring how much the hanging walls were

g at each marker horizon (Fig. 39). The fault throws were

thrown down from the footwall

ic dip-line; on each line the main graben boundary faults as

measured on every third seism

of intra graben faults was selected for measurements.

well a representative selection
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and hanging wall and letters indicating

red. Letters represent displacements for a-Aptian-Barremian
Cenomanian, d-Santonian, e-Campanian and [-Base

Figure 39. Seismic line NH-92-214 showing footwall

how displacement were measu
b-Aptian-Albian (unconformity), c-
Tertiary throws.

asured on 12 seismic lines (NH-92-205, NH-92-208, NH-92-211 NH-

92-223, NH-92-227, NH-92-230 NH-92-234, NH-92-

Fault throws were me

92.214, NH-92- 215, NH-92-220, NH-

238 and NH-92-242). All fault throw measurements are given in tables 1-12, Appendix 1.

The measurements indicate that most faults displace at least the lower Cretaceous marker

Aptian—Albian Unconformity), while some of the more prominent

horizons (top SDRs, Intra-

and lateral extensive faults may reach up into the Tertiary (Paleocene) (Fig. 40).

The throw measurements reveal maximum displacement at the top SDRs level, while
displacements decrease successively towards higher (younger) stratigraphic levels.
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Figures 20 .
(page 36) and 40 shows Barremian to Intra Aptian-Albian Unconf
onformity growth

strata thickent g
hickening towards the west against each eastward dippi
ping normal f
ault.

Compl s agal |
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S
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The Intra Aptian-Albian Unconformity marks the beginning of another extension phase with

less growth against individual intra-graben faults, but an overall growth from the 1911/10-1

structural high located at the graben centre towards the graben boundary faults either side.

This phase is termed Extension Interval Il and tentatively lasted until the top of the

Cenomanian. Herewith, the Intra Aptian—Albian Unconformity is the base of Extension

Interval II that marks the transition from rapid extension accommodated by small rotational

fault block to extension that is chiefly controlled by the main graben boundary faults. Thus,

the geometry of the Extension Interval I graben fill resulted from a combination of syn-

kinematic sedimentation, mostly controlled by the main bounding faults, and draping of the

pre-existing smaller wavelength graben morphology created during the first extension phase.

After Extension Interval 11 (Intra—Aptian Unconformity to top Cenomanian) the intra-graben

faults became essentially inactive. This coincides with the observation that most faults

terminate below or within the lower Santonian interval.

he top (Cenomanian to Santonian interval is markedly thicker than

The graben fill from t

equivalent strata outside the graben, implying that this interval is a largely post-kinematic
top gantonian to top Campanian interval is substantially thinner

graben infill. The following
west of the western graben poundary, showing that the graben, being a bathymetric
depression, acted as a sediment trap. Absence of growth strata geometries confirm a tectonic

rather inactive phase and herewith rather a passive sediment infill.

With the end of the Campanian the graben morphology has been completely levelled.
Reactivation of the main boundary faults occurred in the early Maastrichtian causing a minor
re-creation of the graben morphology during the end of the Cretaceous. Growth strata are not
| indicating that the phase of tectonic activity was short,

obvious in the Maastrichtian interva




and most of the Maastrichtian was rather post-kinematically draping the rejuvenated subtle

graben morphology-

Small displacements across the boundary faults are recognizable up into the lower Paleocene,

indicating a smaller phase of renewed fault activity. The residual graben morphology faded

during Paleocene/ Eocene deposition.

4.4 Burial and thermal history

4.4.1 1D models

For the purpose of understanding the burial and thermal history and associated hydrocarbon

generation and its timing within the Dolphin Graben, two 1D models have been created for

the two wells (1911/15-1 and 1911/10-1) drilled in the graben.

Additionally, a third model pseudo well Jocation (named “New Well”) has been selected west

oll 1911/15-1 (Fig. 18, page 32). There, the seismic sections

of the structural high of W
indicate presence of the Aptian—Albian source rock. In addition, the proximity of the model
well to the actual well gives high confidence for the input parameters.

The New Well 1D model was created to estimate Aptian-Albian source rock maturity in the
graben, as the source rock facies were not developed on the structural high of the 1911/15-1
reported hydrocarbon shows on well 1911/15-1

and 1911/10-1 well Jocations. HowevVer,

of a matured source rock. As a hypothesis, the shows could have

indicate nearby presence
been sourced from an Aptian-Albian source rock that has been seismically mapped in the

deeper part of the graben.

60



Burial history

Figures 41, 42 and 43 below show the burial history reconstruction for the Dolphin Graben,
res 41,

carried out at the modelled three wells: 1911/10-1, 1911/15-1 and New Well. The burial

Bist below display also the paleo water-depths, with estimates deduced from the
history curves

biostratigraphy report for well 191 1/10-1.

ing Burial Plot, 1911-10-1d model

1 5 L
g
i

AL

ElPetrorod

tion.
_ Figure 41. Burial History for the 1911/10-1 well location
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Docking Burial Plot, 19111510

Figure 42. Burial History for the 1 911/15-1 well location.

I

T

I
i
i

!

F

Well location.

Figure 43. Burial History Jor the New
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The paleo water-depths are as a result of tectonic subsidence, compaction, sediment input and

eustasy. In the lower Cretaceous subsidence is largely compensated by sediment fill, as

indicated by growth strata (Fig. 40, page 58), to maintain shallow water depths. In the Upper

Cretaceous subsidence 18 still pronounced, but sediment input was insufficient to maintain

shallow water depth.

The Tertiary deposition increased while the subsidence curve flattens, resulting in a reduction

d subsidence in the small internal half graben

of water depth. The New Well shows rapi

during the Extension Interval 1 in the early Lower Cretaceous, while the two wells situated on
911/10-1 and 1911/15-1) did not undergo this initial phase of rapid

the structural high (1

subsidence (Fig. 41- section 4.3.2). Another significant phase of subsidence is recognizable in

all three well locations during the middle of upper Cretaceous between 95-85ma, which

coincides with Extension Interval I1. A late Paleocene phase of subsidence can be depicted in

Figures 42 and 43. This suggests a third extension phase. The seismic section in Figures 19,

22, 24, 37 and 39 show 2 thickening of the Paleocene strata across the western graben
boundary into the graben, however fault control is not obvious. Therefore, probably a more
passive graben fill together with more subtle fault movements account for the thickening of

the strata across the western graben flank. Subsequent mInor inversion is conceivable along

the upwards extrapolation of the western graben fault up to Eocene level.

The general flattening of the subsidence in the Tertiary reflects the mature stages of passive

he McKenzie model (McKenzie et al., 2005). A detailed

margin development according to t
backstripping would serve to obtain more details on the ratio of tectonic subsidence
components, but this Was peyond the scope of this study.
rays the deepest burial as it involves the additional

The New Well (model well) port

ted during initial formation of the small half grabens

accommodation space that was crea
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while the other two wells are located on the adjacent host which defines the structural h
ural high in

the central Dolphin Graben.

Thermal histor

Figures 44, 45 and 46 below show the thermal history reconstruction of the Dolphin Grab
1n Graben

based on the modelled three wells: 1911/10-1, 1911/15-1 and New Well.

Temperature, 1911-10-1d model

n for well 1 911/10-1. Temperatures of over 100°C
ower Cretaceous layers (Barremian to Albian). 4
qched during the Upper Cretaceous (at de b of
increased slightly until the Miocene, from where with ey
up to recent times becomes apparent. o

erature evolutio
th in the L

oC was already re

Figure 44. Modelled temp
were reached at the deeper dep

temperature of over 90
2800m) while temperature
burial a more rapid increase
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Temperature, 1911-15-1D

e

/ perottod
olution for well 1 911/15-1. Temperatures of over 100 °C

Figure 45. Modelled temperature €

were reached at the deeper depth in the Lower Cretaceous layers (Barremian to Albian). The

temperature evolution is very similar 10 well 1911/11-1 with the maximum lemperature

reaching again over 100 °C. Again, @ temperature maximum was already reached during the

Upper Cretaceous (at depth of 2000-2500m) \while temperature increased steadily from the
(at depth of 3000-4000m).

middle-upper Paleogene to the Neogene
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the New well location. Temperatures of over
ower Cretaceous (Barremian to Albian) Th’
. €

re evolution fo©

depths in the L
Jar to the previous wells.

Figure

; 3%”5 2 46. Modelled temperati

1N were reached at deeper
perature evolution is again simi

As a rule of thumb, the maximum temperatures are attained by layers which are buried deeper
following the geothermal gradient at a given time. petroMod included the basal heat flow
evolution trend during the gyn-rift and post-n'ﬁ phase for passive margins. The syn-rift (130
120 Ma) is characterized with a stecp heat-flow increase reaching its peak at continental
 break-up. Thereafter the heal flow significantly cubsides during the early post rift with the
he current heat flow in the late post-rift, some 20Ma ago.

de .
crease asymptotic flattening t0 t

Thi : :

his evolution of basal heat flow explains that temperatures of the lower strata are relati
elative

C ; >

onstant from some 110 t0 50Ma 10 all three well locations, during this period the de
crease

s balanced with increase of burial.

fro
m basal heat flow was more or les
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4.4.2 Maturity and hydrocarbon generation

Thermal history was calibrated with vitrinite reflectance (R,) data from the 1911/15-1 well
report containing four (4) data points. Vitrinite reflectance data for well 1911/10-1 was
unavailable during the execution of the research. Hence, thermal history and maturity at

1911/10-1 well is dependable on modelled vitrinite reflectance inferred from present-day

borehole temperature data. The New Well was calibrated with vitrinite reflectance values

from well location 1911/15-1, as it 15 situated in its vicinity. The modelled and measured
vitrinite reflectance and thermal history curves for 1911/15-1, 1911/10-1 and New Well are

shown in the sections below.

1911/15-1

5-1 (Figs. 47 and 48) well is slightly not in agreement with

The modelled Ro for 19111

measured Vitrinite Reflectance values.
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Sweeney&Burnham(1 990)_EASY%Ro, 1911-15-1D
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Figure 47. Model vitrinite reflectanc

well location.
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Default Burial Plot, 1911 151D
1 Paleogen 1 Neogene 1
Seabed
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£
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3000
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i 50
100 S——— o
ElPetromod

n curve for the well 1911/15-1

Figure 48.C alibrated thermal evolutio

The measured R, values for (‘cnomzmi-(m—’I‘umnizm source rock interval are within the range
of 0.4-0.49 R, %. Hence, the measured RO values suggest that Cenomanian-Turonian source
rock is thermally immature. On the other hand, modelled Ro values range between 0.50-0.59
4 still immature to marginal oil mature source rock (Fig. 48). For

) AN . ) -
R, % indicative of
} 4 R 7 A Q e T 1 v iy o T i
Geochemical evaluation parameters for the source Tock maturity see Fig. 53.

1911/10-1
For well 1911/10-1 (Figs: 49 and 50) modelled R, for Cenomanian-Turonian is in the range
of 0.5-0.6, implying immaturity to top of oil window, similar as for well 1911/15-1. Measure

values were not available for this study-
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911-10-1d model
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Figure 51. Model vitrinite reflectance curve for the «New Well” well location. The crosses
the adjacent 1 1911/15-1 well.
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Figure 52.Calibrated thermal evolution curve for ‘New Well’ Location.
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4.4.3 Transformation Ratio

Burial histories for the three 1D models were overlain with calculated kerogen to

hydrocarbon Transformation Ratios (TR). However, the model only indicated transformation

of kerogen into hydrocarbons for the “New Well” location (Fig. 54), while 0 % TR has been

calculated for the other two well locations. As the Aptian-Albian source rock has not been

sampled in the Dolphin Graben, a typical TOC of 3% and the Burnham (1989) Type-II

kinetic was used. T

different.

he TR may vary significantly if source rock parameters are significantly

TR (all), New- well

4000 -

e
50

TR (al) [%]

100
Time [Ma]

Upper Santonian
Middie-Lower Turonian
Upper Cenomanian
Lower Cenomanian
Top Apt-Alb SR

Base Apt-Alb SR

[l Petromod

Figure 54. Transformation Ratio for the
reaches maturity from the late Oligocene.
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4.4.4 PSE Chart

A mature Lower Cretaceous (Aptian-Albian) source rock has been predicted only for the

New Well. Hence, a Petroleum Systems Elements (PSE) chart was generated with PetroMod

(Fig. 55) to test the possibility of a working petroleum system.

Plot, New- well

NN | sesiRock2

Siliciclastic Reservoir

Seal Rock 1

Carbonate Reservoir updip
Source Rock

Trap Formation
GenMigiAccum Apt-Alb SR

150 100 50 0
Time [Ma]

[ Petromod

Figure 55.The PSE chart for the New Well location. In this scenario the Aptian-Albian source
rock started generating hydrocarbons from the late Oligocene. Hence, the critical moment is
much younger than the formation of source, seal, and traps, proposing the existence of a

working petroleum system.

The Petroleum Systems Elements (PSE) chart of Fig. 55 portrays the time intervals at which
petroleum system elements and processes have occurred. For the New Well the same
reservoirs and seal stratigraphic intervals including the associated structural and stratigraphic
traps as proposed for the 1911/15-1 and 1911/10-1 well locations were chosen (Tower, 2020).
These include Lower Cretaceous (Albian) carbonate build-ups and Upper Cretaceous

(Campanian) to Paleocene turbidite sand bodies (channels) as potential reservoir of fair to
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good reservoir quality intersected in the 1911 wells. Sealing shales are ubiquitous outside the

above reservoirs lithologies throughout the Cretaceous and Paleogene. Trapping
configurations are essentially stratigraphic including channel-pinch outs for the turbidites and

a drape anticline over the graben central structural high for the Lower Cretaceous carbonates
(Fig.13, section 2.4, page 21).

The structural high evolved during the Early Cretaceous but has been modified at its flanks

by the graben central faults active up into the Santonian (Fig. 37, section 4.3.1, page 55).

Fault activity has probably little effect on most Campanian and younger turbidite channel

traps conFig.urations. So far, no 3D seismic exists for the area, and therefore no closures are

fully confirmed.

Due to the maturity of the source rock, only the predicted Aptian-Albian source rock has been

considered, but the presence of the immature Cenomanian-Turonian source rock has been

included in the PSE chart display as it could be an important element in deeper buried areas.

According to the thermal and TR history models (Figs 52 and 54) for the New (pseudo) Well

location, the Aptian-Albian source rock started generating hydrocarbons from the late

Oligocene. The TR model of Figure 54 indicates a TR ratio of 40%, depending on the source

rock texture and composition, can be enough for effective hydrocarbon expulsion and

migration. Hence, the critical moment for hydrocarbon generation and migration is much

younger than the formation of source, seal, and traps, proposing the existence of a working

petroleum system.
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CHAPTER 5 - DISCUSSION

5.1 Dolphin Graben structural evolution

The Dolphin Graben is located close to the Walvis Ridge on the lower continental slope. The

slope is shallower and more gently deepening seawards here, compared to the margin south

of the Dolphin Graben where the continental slope has a steeper gradient. Furthermore, the
Walvis Ridge defines a major structural boundary: to its South syn-rift faults dip landwards,

while most of them dip seawards north of the ridge (Light et. al.,1993; Maslanyj et al., 1992).

To account for this special geological position of the Dolphin Graben, two crustal models

have been created. The first model describes the larger and deeper crustal structure of the area

immediately south of the Walvis Ridge, while the second model illustrates the structural

evolution of the Dolphin Graben from incipient faulting to its current state.

5.1.1 Deeper crustal structure south of the Walvis Ridge

The regional and deeper crustal architecture is best imaged on a composite line that spans

from the outer shelf to the western SDRs, close to the continental/oceanic crust transition.

The composite line shows planke’s et al. (2000) architecture of a volcanic margin with inner

and outer SDRs separated by an outer structural high (Fig. 56). The inner SDRs form the top

sequence of an inner central half graben which is located beneath the present-day outer shelf

and reaches underneath the Dolphin Graben. The seismic characteristics of the lower half-

graben fill correspond best with the syn-rift II fill of Maslanyj et al. (1992) and Light et al.

(1993). According to these authors syn-rift I occurs only south of the Cape Cross Segment

boundary, which is in-line with their general model that rifting propagated from South to

North. Clemson et al. (1997) recognized three syn-rift sequences (rift phase I, II and III), of
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which phase III is interpreted as largely volcanic in the west, with increasing continental

input to the east.

At least the upper portion of Clemson’s et al. (1997) rift phase III correlates well with the
SDRs farther west. Therefore, the rift phase III should be rather seen as an east-wards
continuation of the SDRs, likely receiving more continental detritus towards the hinge line of
the central half-graben. Reflections converge to the east proving the syn-kinematic deposition
of this rift-phase. The outer basement high subdivides the SDRs packages into a western
domain, herein termed outer SDRs, and an eastern domain, termed inner SDRs. Thus, the
inner SDRs essentially correspond with the rift-phase III of Clemson et al. (1997). The outer
SDRs are of similar seismic character as the inner SDRs/ rift phase 111, however their seaward
dips are more pronounced, and reflections are less divergent. The outer SDRs do partially

overlay the inner SDRs indicating a westwards migration of SDRs deposition.

According to Clemson et al. (1997), the top of the inner SDRs/ rift phase III marks the

transition from advanced rifting to continental break-up with the production of oceanic crust

tentatively dated around the Barremian/Aptian boundary. This definition of the break-up

unconformity is arbitrary, as it is not clear at which exact stage a spreading centre became

active. Planke et. al. (2000) discuss the possibility that SDRs, especially the outer SDRs may

have been deposited after initiation of a spreading centre, which would place the break-up

unconformity beneath the (outer) SDRs package.
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Figure 56. Regional structural (kinematic) analysis model on the composite line 1
incorporating passive margin and the Dolphin Graben structural evolution.

In the model in Figure 56 the break-up unconformity is defined by the top SDR surface. The
SDR surface is followed by post-rift sedimentation. The post-rift sediments form a clastic
¢ margin and also form the fill of the Dolphin Graben. The break-up

wedge across th

unconformity is a high amplitude reflection that marks the base of the graben infill (Fig. 57).
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5.1.2 Evolution of the Dolphin Graben from incipient faulting to its current state

According to the crustal model in Figure 55 the Dolphin Graben formed after SDRs
deposition with the top SDRs surface forming the graben floor. In other words, the graben is
an integral part of the regional post-rift / drift sediments but is a local rift structure on its own.
Within the graben, Aptian to Cenomanian strata are syn-kinematic deposited during fault-
controlled graben subsidence. Thus, graben subsidence commenced almost immediately after
inner SDRs deposition on top of the break-up unconformity. Herewith, the Dolphin Graben
extension is younger than the syn-rift extension along the Namibian margin but coincides

with the early post rift phase generally associated with thermal subsidence.

This for the Namibian margin uncommon rifting during the post rift phase could be explained
with the proximity of the Walvis Ridge, which is essentially a centre of enhanced volcanic
activity. The nearby Phoenix Volcanic Field, located immediately to the northeast of the
Dolphin Graben, had been active from the Late Albian to the late Cenomanian (Holtar &
Forsberg, 2000). Rifting in the Dolphin Graben was most pronounced during this interval as
indicated by growth strata geometries, suggesting that a local thermal mantle anomaly and
upwelling has been causing the tensional stresses to form the Dolphin Graben. The thickened
SDRs package towards the Walvis Ridge (Cartwright et al., 2008) underneath the graben may

have also contributed to post rift extensional stresses as they cause a thickened crust of

relatively higher gravitational potenti al.

For the syn-kinematic graben fill the term Extension phase I and II sequence are used (Fig,

56) to have a clear distinction from the older, general Namibian margin syn-rift sequences.

Rifting commenced with a set of small en-échelon half grabens (0.8-7.5km wide)

accommodating Extension Sequence I (early Aptian to Albian). Faults are dipping landwards,

and block rotations are seawards, herewith synthetically with the structures of the deeper
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Central Graben (Fig. 56). This relation suggests that older Central Graben faults had some

control on the architecture of the superimposed developing Dolphin Graben.

During deposition of Extension Sequence II (Cenomanian) most faults became inactive and

graben subsidence was almost solely caused by the main graben boundary faults.

A minor reactivation of the boundary faults is recognized towards the end of the Cretaceous.

Herewith two main extensional phases are recognized, the first (Extension phase I) spans

from the early Aptian to the Intra-Aptian-Albian unconformity during which extension was

accommodated by a number or narrow half-grabens and associated block rotations.

Therefore, the Aptian-Albian interval is intensely faulted and the strong block rotations cause

pronounced divergent reflections identified as growth strata. Extension phase II spans from

the Intra-Aptian-Albian unconformity to the end of the Cenomanian. During Extension phase

II only the main boundary faults of the wider rift - now defining the Dolphin Graben -

accommodate the extension. Reflections are more continuous as they are less intersected by

faults, but overall, the basin fill still shows diverging growth strata geometry indicating

continued syn-kinematic deposition. Such an evolution it typical for rift basins: during

progressive rifting successively fewer, but Jonger and more prominent faults accommodate

the extension (Gawthorpe and Leeder, 2000).

In accordance with previous companies’ models (Tower and Arcadia) the Extension phase I

is believed to comprise an older source rock formed in lacustrine pods confined in the half

grabens.

g the well-developed growth strata deposited during Extension phase I

The interval overlyin

atic geometries, hence it is termed Extension phase II. The interval

still displays syn-kinem
deposited during Fxtension phase II 18 moderately faulted and thinning towards the central
he 1911 well locations. The Aptian-Albian source

highs within the Dolphin Graben, je. att
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rock was mapped close to the base of this interval but it is absent or condensed beyond

seismic resolution recognition at the 1911/10-1 and 1911/15-1 well sites. This source rock is
a good candidate to have charged the synchronous to slightly younger carbonates at the

1911/15-1 location where oil shows have been reported.

Regionally, the two extensional phases (Extension phase I and II) are contained in the

Clemson et al (1997)’s Early Drift section which is Barremian to Cenomanian in age.

The post-extensional strata identified for the Dolphin Graben is believed to be Turonian to
recent in age (Fig. 57). Stratigraphically, this interval is coinciding with Clemson et. al.
(1997)’s Late Drift section. For this research project, the Cenomanian-Turonian source rock

is mapped immediately beneath the base of post-extensional interval.
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Figure 57. Seismic line NH-92-230 depicting a local structural model created for the Dolphin

Graben.
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5.2 Implication on source rock presence and maturation

Three source rock intervals have been postulated for the Dolphin Graben by current and
previous explorers (Arcadia Petroleum, Tower Recourses). A (1) lacustrine source rock
located in the deeper graben fills, here termed Extension Sequence I, the (2) Aptian-Albian
Source Rock (Kudu Shale) near the base of the Extension Sequence II, and (3)
Cenomanian/Turonian Source Rock deposited during an eustatic highstand (Haq & Shutter,
2008) on top of Extension Sequence II (Fig. 58). The latter has been intersected in both 1911

wells, it has an excellent hydrocarbon generation potential, but is immature.
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Figure 58. Source rock intervals

5.2.1 Lacustrine source rock

This source rock is predicted to have deposited in anoxic lakes occupying the developing half

grabens during Extension Sequence 1. Lakes may have only developed in the deeper sections

(? early Aptian) and be fringed by alluvial and fluvial deposits. The central structural high
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was probably emergent from the early Extension Sequence I, hence no source rock has been

deposited there.

Pods of lacustrine sediments may have also deposited deeper, within the Inner SDRs (Rift

Phase I1I of (Clemson et al. 1997) during phases of volcanic quietness.

The presence of lacustrine source rocks is indicated by biomarkers identified in likely

migrated oil shows occurring in the Albian carbonates sampled in well 1911/15-1.

5.2.2 Aptian/Albian source rock

The Aptian/Albian source rock (“Kudu Shale”) has been intersected in the Wingat-1 well in
the Southern Walvis Basin. Light oil of 41° API grade was recovered from intra source rock
sand stringers proving at least early maturity. At Wingat-1 the source rock ties well to a
continuous seismic marker. In the Dolphin Graben no source rock facies was identified in the
1911 wells, but away from the central structural high a seismic maker has been mapped as the

source rock, following Loseth’s et al. (2011) (Fig. 59) criteria for seismic identification of

source rocks.

Aécording to Loseth et al. (2011), Fig. 59, seismic studies demonstrate that a mature source
rock often causes a high amplitude reflection if surrounding by non-source rock.
Additionally, mature source rocks are characterized by top negative amplitude and positive
amplitude reflection at the base. The presumed Aptian-Albian source rock in the Dolphin
Graben exhibits these seismic reflection characteristics suggested by the LosetH et al. (2011)
(Fig. 59) strongly suggesting the presence of an (early) mature Aptian-Albian source rock in
the Dolphin Graben. The burial and thermal history 1D models (Fig.s. 43, 46;52 section
4.4.1) also predicted early maturity at the New Well location, in line with the negative

Reflection Coefficient (trough reflection) at the presumed top of the source rock interval.
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Figure 59.Comparison of the amplitude response of the Kudu Shale in the Dolphin Graben
with the source rock studied by Loseth et al. (2011). A negative RC is observed at the top,
while a positive RC at the bottom of a mature source rock interval, if bracketed in non-source
rock shale lithologies. Insert copied from Loseth et al. (2011).

Regionally, the Aptian-Albian source rock is known as a transgressive marine shale deposited
during the first flooding of the South Atlantic. This shale was deposited when the circulation
in the slowly widening South Atlantic was still restricted facilitating anoxic bottom waters
(McDonald et al., 2013). Circulation in the approximately 35 km wide depression of the
Dolphin Graben may have been even more restricted than in the more open areas further
south, and hence conditions may have been particularly favorable for bottom water anoxia
and associated source rock deposition. At shallower water, i.e. on the central structural high,
conditions were more favorable for the contemporaneous deposition of the carbonates that
had been intersected in both 1911 wells. The source of the oil shows in those carbonates is
unclear but is likely from migrated and not indigenous oil. The biomarker signature suggests

possible lacustrine origin, but the data shows substantial ambiguity according to

a

85



geochemical reports. Hence, the possibility that the oil derived from a marine Aptian-Albian

source remains.

5.2.3 Cenomanian - Turonian source rock

Cenomanian-Turonian marine anoxic black shales are ubiquitous in the South Atlantic.
Deposition of this interval may have been related to the Early Turonian sea level highstand
and the associated global anoxic event (Bray et. al. 1998). The 2012/13-1, 1911/15-1,
1911/10-1, and DSDP 530 wells in the central and northern Walvis Basin have documented
this source rock. In the Dolphin Graben the latest Cenomanian claystones of well 1911/15-1
have HI values of 600mguc/groc and TOC of up to 10.6% (Norsk Hydro Namibia, 1993),
indicating a particularly good type II kerogen oil prone source rock (Holtar &Forsberg,

2000). South of the Dolphin Graben e.g.in well 2012/13-1 TOC reaches 5.45%.

This source rock has been found immature in samples of the 1911 wells, coinciding with the

modelled burial and thermal histories described in section 4.4.
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5.3 Hydrocarbon potential of the Dolphin Graben

A working petroleum system has been proven with the Wingat-1 oil discovery in the southern
Walvis Basin from where light oil samples had been retrieved (Hodgson & Intawong, 2013).
In the northern Walvis Basin, i.e. the Dolphin Graben, small amounts of migrated
hydrocarbons had been detected in well 1911/15-1, but the source itself has not been
intersected. Another hint for a working petroleum system in the Dolphin Graben gives fluid

escape structures identified above the western boundary faults of the graben (Fig. 60).

Those fluid escape features have been identified as “gas chimneys” by Kukulus (2004).
Above the vertical “gas chimneys” shallow (<300ms TWT beneath seabed) bright amplitudes
occur, which are interpreted as shallow gas accumulations. Their position above the gas

chimneys suggest that these are rather accumulations of thermogenic than biogenic gas.
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0. Fluid escape structures interpreted as gas chimneys above the western Dolphin
Graben boundary fault. Shallow bright amplitudes are interpreted as gas accumulations.

Figure 6
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Candidates for mature source rocks are the seismically identified marine Aptian-Albian
(Kudu Shale) and possible deeper (Neocomian-Barremian) likely lacustrine shales.
As outlined in section 4.4.4 reservoirs rocks of high to moderate reservoir quality are the

Aptian Albian carbonates on the central structural high, and shallower turbidite sandstones.

5.3.1 Source rock distribution

The Aptian-Albian source rock is laterally extensive in the Dolphin Graben and is only
condensed or absent on the central structural highs and graben flanks. Deeper lacustrine
source rocks are expected to be restricted to local pods associated with volcanic and clastic
material deposited in smaller half grabens of the early Extension Sequence I.

The two distinct extension phases of the Dolphin Graben controlled the above source rock
distribution: Extension Phase I compartmentalized the developing continental margin into
small half grabens as local syn-tectonic depocentres allowing only laterally confined
lacustrine source rock deposition. With the onset of Extension Phase II subsidence
concentrated at the main boundary faults of the evolving Dolphin Graben, forming a more
uniform depository during the first marine incursion and subsequent deposition of the Aptian-
Albian source rock. Reflections of the lowermost Extension Sequence II thin out towards the
graben flanks and the central structural highs, suggesting either condensed or non-deposition
during initial transgression. Thus, the Aptian-Albian source rock did not develop on the
structural highs, probably because bottom waters were oxic at shallow watér depth, and

instead of carbonaceous shales, shallow water carbonates deposited.

The deeper speculative lacustrine source rocks have likely reached maturity in most parts of
the Dolphin Graben, whereas the shallower, but more extensive Aptian-Albian source rocks

achieve maturity only in its deeper parts, away from the flanks and structural highs. The

88



Dolphin Graben provides an important local depocentre for relatively deep burial of
Cretaceous sediments on the otherwise relative shallow slope of the northern Walvis Basin.
Hence, source rocks deposited adjacent, but outside of the Dolphin Graben are unlikely to

have reached maturity.

5.3.2 Charge access

All faults are associated with early Cretaceous growth strata, suggesting a uniform timing of
fault initiation. This is much before the deposition of the thick Cainozoic sequence which
caused the burial of Lower Cretaceous strata to thermal maturity depths (Figs. 44-46). Hence,
all faults that could serve as quasi vertical migration pathways to younger reservoir rocks had
been present prior petroleum generation. Most faults terminate in the Santonian interval,
while those at the Dolphin Graben boundary reach into the Paleogene. Hence, fault
augmented charge access to Tertiary strata is best at the margins of the Dolphin Graben,

while the intra-graben faults could have rather augmented charge access to early upper

Cretaceous reservoirs.

Migration along bed boundaries or intra source permeable sand stringers should be
considered as an alternative or additional possibility for source to reservoir migration. In the
Wingat-1 well light oil was recovered from intra source rock sand stringers, suggesting that
oil can migrate laterally within the wider Aptian-Albian source rock interval. In the same

sense, the Aptian-Albian carbonates situated on the structural highs can be directly charged

from the downdip correlative source rock facies.

Aptian-Albian shallow water carbonates on the structural high show that the sea level rose
quickly above the structural high contemporaneously with source rock deposition in the

deeper graben. Hence, the Aptian-Albian carbonates are located directly up-dip of the
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contemporaneous source rocks which enhances the change of charge access by lateral

migration along bed boundaries, or intra source sand stringers analogue to the Wingat-1 well.
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CHAPTER 6 - CONCLUSIONS AND RECOMMENDATIONS
This study has refined the geological understanding (structural evolution and burial history)
of the Dolphin Graben. The detailed structural evolution is described into two parts: in terms
of (1) its regional geological setting in the northern Walvis Basin, (2) of graben evolution and
associated extension phases. The reconstruction of the burial history was achieved and
consequently, led to assessment of the source rock presence and maturity ad well as the
determination of timing and hydrocarbon migration. All these, culminated in the

hydrocarbon re-assessment of the Dolphin Graben.

6.1 Detailed Structural Evolution

6.1.1 Regional setting of the Dolphin Graben

The Dolphin Graben is a local rift situated immediately south of the Walvis Ridge and the
Phoenix Volcanic Field on the continental slope. In the area of the graben the slope is
shallower compared to the southern Walvis Basin, probably due to thickened crust. Seawards
Dipping Reflectors (SDRs) of both, the inner SDRs and to a lesser extent, the outer SDRs
package forms the basement to the graben. The initial syn-rift sequence is accommodated in
the central half graben, which is older and located immediately east of the Dolphin Graben.
Therefore, the Dolphin Graben is a rift system that 1s independent from the general Namibian
margin syn-rift sequence. In fact, most of the graben subsidence occurred during the early
passive margin drift phase. The mechanism for this local rift is not understood but could

relate to local mantle anomalies associated with the volcanism at the adjacent Phoenix

Volcanic Field and Walvis Ridge.
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6.1.2 Dolphin Graben evolution

Extension of initially smaller en-échelon half grabens commenced soon after SDRs
deposition and created accommodation space for Extension Sequence I that occupied the area
of the evolving Dolphin Graben. Graben fills are syn-tectonic growth strata of likely
continental deposition. From the Intra-Aptian-Albian unconformity onwards, extension
concentrated to the western and eastern boundary faults while the intra-graben faults became
largely inactive. This led to a more connected depository within the graben that was now
deep enough to allow marine deposition of Extension Sequence II. Central structural highs
formed within the graben as a result of differential faults throws and block rotations. The
graben master faults became inactive within the lower Paleogene, while the intra-graben
faults already terminated in the Santonian. The graben morphology was successively filled

and finally draped in the mid-upper Paleogene. Figure 61 below depicts summary of stages of

the Dolphin Graben structural evolution.

w E
4) Cenomanian-Santonian
Sea level
3) Aptian- Albian
|
2) Barremian- Early Aptian +— +— Water level
1) Barremian-Older Not to Scale

Figure 61.Cartoon summarizing the Dolphin Graben structural evolution.
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6.2 Burial History

6.2.1 Source rock presence and maturity; determination of timing and hydrocarbon

migration

Three source rock intervals are postulated to occur within the Dolphin Graben. Local
lacustrine source rocks may have been deposited in local rift lakes during Extension
Sequence 1. The second source rock interval formed during the Aptian-Albian marine
transgression, and it has been identified as a seismic marker is, laterally extensive, but absent
on the structural highs. The third source rock interval was deposited during the global
Cenomanian-Turonian highstand. This source rock has been identified in two exploration

wells located in the central Dolphin Graben, and it ties well with a continuous seismic marker

horizon.

Burial and thermal modelling revealed early to middle stages of oil window maturity for the

lacustrine and Aptian-Albian source rocks, but at best only early maturity of the Cenomanian-

Turonian source rock within the graben.

The New Well PSE chart (Fig. 55) depicts that, the generation and migration of hydrocarbon

from Aptian-Albian started in the late Cretaceous. The latter is a favourable scenario, and the

poésibility of charging both carbonates and siliciclastic reservoirs in the graben is certain.

6.3 Hydrocarbon re-assessment of the Dolphin Graben

The study has demonstrated that the Dolphin Graben has great hydrocarbon potential, linked
to the Aptian-Albian and source rock. In addition, presence of a deeper lacustrine source rock

is speculated to be a potential source rock within the graben. The Cenomanian-Turonian

source rock is immature. Hence, future exploration should focus on petroleum plays that

involve the Aptian-Albian source rocks. This source rock is laterally extensive with good

chances for maturity and hydrocarbon expulsion in the deeper areas of the Dolphin Graben.
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Therefore, structural highs adjacent to deeper buried Lower Cretaceous strata, as they occur
in the western portion of the Dolphin Graben, should be considered as prime exploration

leads.

In summary, the project has added value to explorers with a vested interest in the Dolphin
Graben. The new burial history models and seismic mapping that established large lateral
extent of Lower Cretaceous source rock are encouraging. The refined understanding on the

graben’s structural evolutions aids in timing the PSE elements.
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Appendix 1: Tables with fault displacement measurements carried out in Petrel

software

APPENDICES

Table 16. Fault displacements measurements on seismic line NH-92-205

Fanlt displacements measurements for the seismic line NH-92-205

Fault# Fnls:lickl i uane Fault displacements/throws in (negative) time (ms)
BaseExtI  BaseExtIl : '
(?Barr-Apt)  (PApt-Alb) Cenomanian  Santonian  Campanian Base Tertiary  Paleocene Remarks
1 Blue 262.42 4346 oz’ not ioa zat on not R 7
Beyond seismic  Beyond seismic  Beyond seismic  Beyond seismic  Eeyond seismic
6% Red 119 3043 luticn 5ot j jon’ not IR Sca Bk
Beyond seismic  Beyond seismic  Beyond seismic  Beyond seismic
1n Purple Son’ mot ST St Bt IR
106.18 39.12 1291 =
Bkl ik Dot sehnic Biyed mbmic Bevond st
5 Light Pink 97.93 4363 2053 kation zot ion 20¢ ioa not ion’ not
2 Red lution’ not jon’ not tation’ zot lution’ not
44.58 35.61 255
Bevond seiumic  Beyond seismic
23 Dazk Pixk 16164 8535 58.42 30.96 17.69 resolution not  resolution’ ot
IW MO‘I{M
2 Bluish Green 2441 resolution’ not resolution’ not
401.12 9631 s 43.49 pRCOREi recognised
Table 17. Fault displacements measurements on seismic line NH-92-208
‘ Fault displacements measurements for the seismic line NH-92-208
S i ek o Fault displacements/throws in (negative) time (ms)
BaseExt]  BaseExtII (?Apt-Cenomamia ¢ 0 0w Campanian Base T
(?Barr-Apt) Alb) n L ertiary  Paleocene Remarks
1 Blue 420.72 13211 7178 14.45 1189 resolutionmot  resolution’not
B e Pl abil B wae 15 S
64 Red 63.80 36.15 1412 : bt
Beyond seismic Beyond seiamic Beyond seismic Beyond seismic
n Purple 58.08 21 14.66 o2 on n
Beyond seismic Beyond seismic  Beyond seismic Beyond seismic
5 Light Pink 28196 65.17 4216 . n
2 Red 5644 4093 2645 o2 tution = :
23 Dark Pink 21603 75.10 57.10 : = S S
Beyond seismic Beyond seismic
2 Bluish Green 629.06 203.40 9340 9018 2510 resolutionhmot  resolutionmot
Tecogrised recognised
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Table 18. Fault displacements measurements on seismic line NH-92-211

Fault displacements measurements for the seismic line NH-92-211

Fa;h Fault stick/plane Fault displ Mhrows It fre) timie (a3)
Base Extl Base ExtIl > 5 o
(“Barr-Ap) (?Apt-Alb) Cenomanian Santonian Campanian Base Tertiary Paleocene Remarks
1 Blue 356.50 32245 167.19 108.24 4814 3837  resoluonmot
recogzised
64 Red 3878 2549 . BOL oz mot 10m BOt 15 ‘m et
1 Purple 306.02 130.05 1630 hation. zot ot oz not not
5 Lighe Pink 149.92 4045 27.61 3 i o2 208 zot
n Red L] 0 o 0 0 0 o Absent Not visible on this line
23 Dazk Pink ° 0 [ (] 0 (] ° Absext Not visible on this line
Beyond ssismic
2 Bluisk Green 21033 68314 30847 17925 39.0¢ 238 resoltion ot
recogzised
Table 19. Fault displacements measurements on seismic line NH-92-214
Fault displacements measurements for the seismic line NH-92-214
Fath EwsatiFhme Fault displacements/throws in (aegatve) time (ms)
Base ExtII
Base Ext1 (3 i C: jan Base Tertiary Paleocen
= (Apt-Ab G p ) e Remarks
(?Barr-Ap0) S
Bevond seismic
1 Blue 61530 54085 109.1 98.53 51.61 25.60 resalution not
recogzised
6 . Red [} 0 0 o 0 0 L} Absent Not visible on this line
1 Purple 155.90 15236 2536 . — ) B
5 Light Pink 0 0 0 0 0 ° Abserz Not visible on this lize
n Red 0 0 0 o 0 0 AbsentNot visible on this line
23 Dark Pizikc 0 0 0 o 0 o Absent’Not visible on this line
‘Beyoad seismic
2 Bluish Green 087.87 69556 27218 196.15 Hnae 17.06 resolution not
recognized

104




Table 20. Fault displacements measurements on seismic line NH-92-215

"

Fault stick/plane
Fanlt # 1

Light Pk

Dark Pinic

Fault displacements measarements for the seismic line NH-92-215
Fault displacements/throws in (negative) time (ms)
Base Ext1 Base ExtIl E £
Cenomanian Santonian Campanian Base Tertiary Pal R !
(?Barr-Apt) (?Apt-Alb 2 G
Beyond seismic
62224 45458 16178 11194 5934 3226 Tesolution not
recognised
[} [} [ 0 [ ] AbsextNot visible on this lme
13094 5429 2605 X . =ot ““V ot 20n BOt 10z Absent Not visible on this line
21457 2488 17.04 o Bot iution ot Son Bt
6354 3650 257 N : ion ot not Semmot
o ] [} o 0 0 Absent'Not visible on this line
Beyond seismic
92736 83816 46321 235.60 5578 4770 resolution not
recoguised

Table 21. Fault displacements measurements on seismic line NH-92-220

Fault Fault stick/plane
# colonr

3 Yellowish green
recognised Tecognited
28284 186.60 17014 44 2626
6l Greenish blue o not
9336 3453 2168
Neo-greez. resolction’mot  resolution'mot
& 3 o
recognised recognised
235.60 14647 6765 2754 171
6 Lavender (light S e 3
parplish blne) = e
48827 230.66 4911
Beyond seiwmic Beyond seiumic Beyond seismic  Beyoed seismic
2 Bright greea i =
79.59 5180 3816
23 Dark Pk ) 0 [} 0 0 ) 0 AbsenzNot visible on this line
Beyond seismic
2 Bluish Green resolation not
recognised
37535 329080 7033 4626 2928 1497

Fault displacements measurements for the seismic line NH-92-220

Fault displacements/throws in (negative) time (ms)
SELEs Base ExtIl o apian  Santomian Campamian Base Tertiary Paleocene Remarks

CBar-Ap)  (2Apt-Alb
Beyond seismic Beyond seismic
m"u reschution not
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Table 22. Fault displacements measurements on seismic line NH-92-223

Fault displ for the seismic line NH-92-223
Fault Fault stick/plane : - U i
# R Fault displacements/throws in (negative) time (ms)
Base Ext1 Base Ext II s - 8
Cenomanian Santonian C: Base Tertiary
(?Barr-Apt) (2Apt-Alb ampanian ¥ Paleocene Remarks
Beyond seismic
3 Yellowish greez resobetion sot
recogmised
20855 8297 5033 37.89 2567 1843
Beyond seismic  Beyond seiumic  Beyond sefamic
61 Greezish bive Som mot Sontane 5
24784 127.82 27.09 1421
Beyvnd seismic  Beyond seismic  Bevond seismic
44 Neo-green som 2ot Sominct
15595 6351 5151 2989
Bevond seismic Beyond seiymic  Eevond seismic
6 Lavender "0 = g
637.00 39232 3598 2858
34 Rad oot ey S =
64.61 411 3781
23 DakPimk - ° 0 0 o 0 Absezt Not visible on this line
Tiayod st Beyo ek Bevond sei
13 Ny blue iom mot 1om mOt Som mot
18559 124.11 11217 4036

Table 23. Fault displacements measurements on seismic line NH-92-227

Fault displ ts for the seismic line NH-92-227
Fauie 4 Foslt Scliplane Fault displacements/throws in (negative) time (ms)
Base Ext1 Base ExtI ; g s
Cenomanian  Santonian Base Tertiary  Paleocene
(?Barr-Apt)  (?Apt-Alb Campanian 3 Remarks
Beyond seismic  Bevond seismic
3 Neon resolutionmot  resolution’not
16127 5591 40.06 3249 28 S isopeg
Beyond seismic Beyoed seiumic  Bevond seismic
61 Greexisk blue = ot ot y
168.85 54.43 3138 2301 e
B‘.‘dm. ic Beyond seismic BI;MM' Beyond sei
30 Light bive ; ; ey
267.07 6233 2755
e o e (e et Prevee s
e Blue i et ._‘,,, S
711 5893 2461
4 Omze dozot  resolus dsrion'aot
483.08 26043 11616 2058
e o pa 7
6 Lavender = ot
1166 5897 3041
333 Red ° 0 0 [ [ [ 0 AbsentNot visible on this line
23 DakPik ¢ 0 0 o 0 0 0 Absent Not visible on this line
13 Navy blue i jom met
35696 22849 16634 TR
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Table 24. Fault displacements measurements on seismic line NH-92-230

Fault displ for the seismic line NH-92-230
7 e el Fault displacements/throws in (negative) time (ms)
Base ExtI (?Barr- Base ExtIl ; = 2 ; g
Ap) Capta) © Campanian Base Tertiary Paleocene Remarks
Bevosd seivmic
£ Light biue resolution rot
26036 155.00 6461 3328 2165 1216 o
Beyond seismic Beyond seismic Beyvond seismic  Beyoad seismic
33 Lighe Yellow on xot o 3 sox ot
§735 065 2328
e et Wik, e i )
30 Ligkt blue ; T e o
17244 4753 1855
£ Ny bive 2ot 20t =
168,15 107.06 6114 134
o s’ et A Todrudh . 3 2
R4 Blue ot lution mot 5 5
864 2052 1278
P : :
'l Onange syt e i
187.59 57 6414 3015
m Lavender AbsentNot visible oa this line
0 ° 0 o o 0
45 Navy bive AbsentNot visible on this line
) 0 0 0 o 0
Table 25. Fault displacements measurements on seismic line NH-92-234
Fault displacements measurements for the seismic line NH-92-234
I"a.lk Fault stick/plane Fanlt disph - in (negative) time (ms)
Base ExtI (?Barr- Base ExtIl : faa' Base Tortiary
Apt) A Al | Comomexiem | Smsmah.” [ Compaton fis Tescey eatenst B
31 Light bioe 3t ;
11733 7121 3575 26.80 g
33 Ligh: Yellow ion ot 1 : 3 ‘mot
66.07 43.04 2024 - =)
66 Navy blee J * m jon mot i ‘mot
15454 2777 14.69 i
6 Piak ; e ; —
15229 13413 2593 = - i
29 Ligwpiax a i
12510 75.56 3541 2437
Beyord seiomic Beyond seismic
4 Orange resohwioninot  yesshutioa not
650,65 s67.62 36398 5363 5031 e :
7! Absext'Not visible is I
27 Lavender i : - 5 o o ° Not on this line
45 Navy bize Absext Not visible on this line
0 ] 0 0 0 0 0

107



Table 26. Fault displacements measurements on seismic line NH-92-238

Fault displacements measurements for the seismic line NH-92-238

F',"' ¥ ""‘wb’“"“""’“' Fault displacements/throws in (negative) time (ms)
BaseExt1(7Bar. Base Extll Cenomanian  Santonian  Campanian Base Tertiary Paleocene Remarks

Apy) (2Apt-Alb)
resclution'mot  resolution mot

31 Light blve
10225 5767 6699 5756 2444 B
Beyond seismic Bevoad seismic Beyond seismic  Beyond seismic
33 Light Yellow hution Tot on mot ot oz mot
11713 2746 1157 P s
66 Navy blue ion not ion not Fation mot Son’Rot
68.84 2095 1474 = s
65 Pink ‘B Son ot Som mot
290.84 81.02 3635 2718
20 Light pink i oz ot not jom ot
74.01 s ey
26 Bluish green ion mot Ition not ot
273.04 7435 4735 1825
27 Lavender AbsentNot visible on this line
L) 0 o 0 9 0 0
45 Navy blus Absext Not visible on this line
0 0 0 0 0 0 0

Table 27. Fault displacements measurements on seismic line NH-92-242

Fault displacements measurements for the seismic line NH-92-242
e Fault displacements/throws in (negative) time (ms)
Base Ext] (?Barr- Base Extll . 3 - : Campanian’ Bese Terti Pal

Apt) (2Apt-Alb)

133 Bluish green 115.98 2856 20.73
3 Light green resolutionmot  resolution mot
22632 15812 158.12 11845 3955
339 Neo Iution 2 3 8
312 4019 1750
338 Bluisk green 3 i i : : wot
5698 3841
27 Neo i i 5
S M
31615 6049 g
» Lightpink ° ° 0 0 0 0 AbsentNot visible on this line
26 Bhishgenm AbsentNot visible on this line
] 0 0 L] 0 o 0




Appendix 2: Tables with input data for the three locations (well 1911/10-1, well 1911/15-

1 and New (Pseudo) well) modelled in PetroMod

Table 28. Input table for 1911/10-1

Mo ot for 191130 Mmodel ; I | ¥
in—n-—:cm Thickness [ = # roremes ~ [ Larerrames ~
w_—, 2 P P S e
e Hame Palecdepontion/ pss
| Age 5 Depth  Thidmess  Eventtype pmeniy Lithology
R top el pock s Py ESIRE. py
0.00 Sesbez (=
;1‘ 835 i Depestion Sesbed Shale (tpca) Overturden Rodk
I 530 Sady Mocene 185 e
! 0] 4 Ceposton Ealy Mocene pan
1! 2203 Late Gigoome 240
i = 4 Deposton Late Oigonene Sule (organc lean, sy)  Cverburden Rock
2230 Early Ofgocene: ]
& i Deposticn Early Cigocene: =)
| 3290 Lane Encane 1709
| 53 4 Deposton vate Escene Shale =)
4120 Mddie Encene w2
ﬁl 2% 4 Depostion Mdde Encene sity)
| I 47.30 Ewty Sncene 255 ke =
| = 4 Depustion Eary Encee =&y)
| I S5.00 Late Paleccene 288 e
| 16 i Deposton LatePsieccene
| 6160 ExdyPaleocene =n
E e i Depostion Early Paieacene Shale {organc lean, sity)  Overburden Rock
' €5.00 Msaschten 22 = -
| 56 4 Depositen Masstichoen
.00 Basai Maasrchean  Camparsan =3
1 114 4 Deposton Sasal Massrcizan © Campanan Shale sy)
| 7.1 Late Campanen w2
| - i Deposton Late Camganan Shale forganclemn, sity)  Cverbuden Rock
| 7S.00 Early Camparsan: ne
‘ < 1 Depestion Early Camparan Sendstone (ypes) Reservor Rack
5340 Sartonan %2
T s 4 Deposton  Sarduesn Shale forgenclean, sity)  Owerburden Rock
3620 Corsacan 340
‘ s 4 Ceposton Coriacan Srate (ypca) Overturden Rock
29.80 Turonan 3477
| H 1 4 Depostion Tironien Shale {orgarsc rich, typaal)  Source Radk
| $2.90 Cenomarsan 64
| I 58 & Deposton Cerceanan Shale forpanc ich, typeal)  Source Rack
300.50 Late Aban 308
i I 190 4 Deposten Late Abon Shale forpanc lean, sity)  Cverburden Rock
110.00 Early Alian %
‘ | 6 + Depomtion Esly Alion Limestone (ood granstons)  Resersor Radk
| n 120.00 Aian 2o Barmessan 8% B 3 o g e
127.00 Bareman ax
‘ ' e Basalt {neathered) _ Underburden Rock
0
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Table 29. Input table for 1911/15-1

| Mneptfouso T P g | 5 Btk N X L ¥
Present day nput: @ Depth ) Thckness [ o 2 -4 > By ames
= - yov i 3 i i x
Mame = Mame Palecdepcsition’
Age topwell pick Depth  Thickness  Eventtype Layesii & Lithelegy PSE Kineti Toc -
' = o] = fm} %] [mgHC/igTOC]
[ 0.08] Seabed =22
L - 4 Depostion Sesbed Sandstone
| 9 Focene — Cypal) Ovesburden Rodk
' e = 4._Deatios 'Phecee IWM Overburden Rock
|
2® 4 Deposion Mckde Mocene Shale
[ 20,44 Lower Mocene e ' (vl Overburden Rock.
0, 4 _Dsposlion Lomes Nacene Shale (typeal) Overburden Rack
I 2303 Upper Oligocene: 97
3 4 Depasiion _Upper Ohgocene Shaie (thypaai) Overburden Rock
} 28.10 Lower Qigocene 158
w 4 Deposton  Lomer Cigoome Shale ftypcal) Overburden Rock,
31.93 Upper Eoore 15
1w 4 Deposiion Upper Socene Shaie (typecal)
ﬂ 4120 Mdde Eocene e Overburden Rock
155 i Degoston Mdde Eoore Lo Seal Rack
I 47.80 Lower Eocene 1945
| E] 4 Deposiion Lower Encene Mad Seal Rok
B I 56.00 Upper Paleacens s I
| 32 4 Depostion Upper Paieccene war Seal Rack
E 57.00 Mdde Paleocene 97
& 4 Depostion Mddie Paieocene Sandstone (subarkose. Resarvor
@ .00 Loner Paiescane 2483 ok Rock
1 i Depostion Lowmer Paiencens: Sandstone {subarkose, typical) | Reservor Rock
66.00 Maastichuan pe2rd
I k] 4 Deposton Masstichsan Shale (typecal) Overburden Rock
7201 Upper Camparan 2807
| ] i Deposton Upper Campanian Shale (ypca) Overburden Rock
. 20.20 Lower Campanian bos74 l
| »e 4 Depostion Lower Campenan Shale (typcal) Overburden Rodc
| 33.60 Ugper Santonien 328
| | % % 4 Depostion  Lpper Santorian S (typica) OverburdenRock
e Santonan 215
; 24.10 Lower Santonan nss‘ , l N0 Bumham(1985) TIl 208 @
| = 1 Deposton Lower Santoran 3%700) m
| 8630 Comacan 1250 Berba 1) ) 515 208
: 52 4 Ceposon Canidcan Shale & 3% 70C)
I 9L10 Micdie Lower Turonan ZR Ju i 3200
I % m” 1 Depostion MddieLamer Turonan tyoaa) o 24 s5200
5 4 Deposton Lomer Turnonan Shalle {organic rich, typcal) Source Rodk
I $2.50 Lowermast Turonan E Burnhan(199) Il EL 3200
a5 i Deposton Llowemost Turanan Shale {typcal) Overburden Radk.
l 92.60 Lppermost Cenomanan 3955
23 4 Depositon Uppermost Cenomanian Shale (rgarscrich, 3% TOCQ)  Source Radk.
l 93.90 Upper Cenomanian 347 Burmham({1529) 1T a5 595.00
51 4 Deposton Upper Cencmanan Sitstone Overturde
I 98.10 Lower Cenomarian 351
20 4 Depostion Lower Cenomanian Shale sity) i
I 100.50 Uoper Abxan 3580
. L] 4 Depostion Upper Aban Srae (typcal) Seal Rock
i 110.10 Mcde Aban 3638 I
- 8 i Degositon Midde Abban Shale (typeal) Sead Rack
ﬁ 112.20 Upper Aptan s
06 4 Depostion Upper Aptan Umestone {ood granstane) Reservor Rock
[i 113.00 Upper Aptian -Barremian £
' 32 i Deposton Uperdgtan-Baremon W Lmestore food ganstone) _ Reservor Rock
I 125.00 Barreman an - i
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Table 30. Input table for New (Pseudo) Well

Manrptirbensd L T o
i
Present day rput: © Depth ) Thidmess ] Show paleo balan 3 Model Srom pi 4 v [ ayerrames  ~
Xlv 3 i
Age Mpi:k Degth  Thick Eventtype Pame Pw pee ” Toc "
[Pa] _— fm} [m] ” ml [  [mgHC/gIOC)
0.00 Sesbed 52
-0 4 Deposiion Sesbed Sandstone (typical) Overburden Radk
45) Plocere 2
| 08 4 Deposton Plocene Sandstone (typcal) Overberden Rock
13.52 Mckdie Miocene: 130 I
| 29 4 Deposton Middie Mocene Shalie (typcal) Overburden Rock
2044 Lomer Mocene 10 l
7 4 Deposton Lomer Moomne Shale (typcal) Overburden Rack
2303 Upper Oligocene: 1477 I
B 4 Deposfion Upper Oigocens Shae (typecal) Overburden Rack
28.10 Lomer Gigocmne 15 l
M0 4 Depostion Lower Qlgocsne Shalie (tyoics]) Overburden Rock
I290 Upper Eacene 1550 I
%0 4 Deposion UpperEocene Shaie {typeal) Overburden Rodk
k]' 4120 Mdde Encene 1790
4 155 4 Deposton Mdde Eocene Mart Seal Rock
! 47.20 Lower Encene 1945
a0 4 Depostion Lower Eocene Mt Seai Rock
I A 3 i Depostion Upper Paieccene Mart Sead Rock
i| | $7.00 Mdde Palsocene 97
] 2 &% 4 Depositon Midde Palsocens Sandstone (abarkote, typca)  Reservor Rock
| S3.00 Lower Paieocens 243
L] 09 4 Depostion Lower Psescene Sandstone {subarkose, typical)  Resarvor Rock
E6.00 Maxstchaan =n
E 35 4 Depostion Maastrchtan Shale (typical) Owerburden Rodk
72.01 Upper Campanian 207
120 4 Deposon Upper Campanian Shaie {typeal) Overburden Rock
80.20 Lomer Canpanan o '
398 4 Depostion Lower Campanan Shaie {typcal) Overburden Rodk
83.62 Upper Santonian 3125
90 4 Deposton Upper Santonan Shale {typeal) Overburden Rock.
83.95 Mkdie Santonian 3215
£ 4 Depositon Mdde Santonan Shale forgancrich, 3% TOC)  SowrceRock Bumbham{2989) T 3.06 250
842 Lower Santonian 3255
.3 4 Depostion Lower Santonian Shalle forganicrich, 3% TOC)  Source Rodk Burrham(1989)_TII 5.15 <20
36.30 Corsacan 3230
52 4 Deposion Conascen I“mmhm Source Rock Burnham(1989) TI R 43200
9110 Mickde {ower Turonan 1[R
l 33 4 Depositon Mdde Lower Turonan Shale {organic rich, typcal) Source Rodk. Bumham{1989)_TII 2.4 43200
S2.00 Lower Turonan 3365
I s 4 Deposition Lower Turonian Shaiee (arganic rich, typial) Source Rock Bumham(1989)_TII 299 5200
I 9250 Lowermost Turoran n™
4 Deposton Lowermost Turoman Shale (typcal) Overburden Rodk
S2.50 Uppermost Cenomanan 3455
I 24 i Deposiion Uppermost Cenomarsan I”mmﬂm Source Rock Bumbhaem{1589)_TIX 8.56 S86.00
l $3.90 Upper Cenomanian 3473 - 2
51 4 Deposton Upper Cenomanan Sistone Rock
58.19 Lower Cenomanian 3530
I 582 4 Deposton Lower Cenomanan Iﬂﬂ(nwxhn,ﬁr) Cverburden Rock
11200 Top AptAb R 092 l
1 121 4 Deposton Top Apt-ABSR Shale {organcrich, 3% TOC)  Source Rock Surnham(1589) T 5.00 780.00
|| 120.00 Base Apt-ADSR a2
I s55 i Depossn BaeiptibSR Moo  teburdenrok
;j 12500 _Barreman %7
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