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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 reportedfrom well1911/15-1, while well 1911110-1 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 

following 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 softvvare, while 1 D burial hi tory 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. JD burial models were created for three 

locations, namely well1911110-1, wel/1911115-1 andfor a pseudo well herein labelled as 

"New well". Subsequent thermal and maturity models were created with calibration data 

from the two 1911 wells. 
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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 

from 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 II) 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 vvas 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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ID 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 faults 

as migration pathways to charge those carbonates. 

The Cenomanian-Turonian source rock has been identified as immature to early mature. 

With I 0. 6 % TOC it is a potentially excellent source rock, but burial depth within the Dolphin 

Graben was essentially insLifjicient for hydrocarbon generation. Therefore, fitture 

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 no1ih to 

south respectively (Fig. 2). 

Figure 1. Map of South Atlantic conjugate margin basins (Koopmann et. a!., 2014). 

The conjugate South Atlantic pass1ve continental margms have long been a focus to 

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

1992/93). 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 (Connorant-1) and Chariot (Prospect-S (231217-1)), 

see Figure 3. for their location. 

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

the southernmost well 23 13/5-1 off: hore 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 (wc111911/15-

1) (K.ukulus, 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 K.udu 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 

passive margin started earlier in the 1960s. The field was later appraised with Kudu 9A-2 and 

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

After years of inactivity drilling commenced in 1996 with Shell's Kudu-4 and fmiher 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 ga reserves are around 1.3 Trillion Cubic Feet 

(TCF). The reserves are hosted within the Barremian andstones interbedded with volcanic . 

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

1 911115-1, Welwitchia-1, 2012/13-1, 2213/6-1 and the two recent wells Cormorant-} and 

231217-1 (ProspectS) (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 well1911110-l is labelled as dry. None ofthe two wells 

penetrated the Albian-Aptian source rock (Figs. 4 and 5). 
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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 

under tanding 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 cuiTent 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. 
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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 1 D 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. 
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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 establislunent to the breakup of Gondwana 

(Maystrenko et. al., 2013; Nurnberg & Muller, 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; 

Stewari et al., 2000; Bauer et al., 2000; Clemson et al., 1999; Bray, 1999; Maslanyj et. al. 

1991, and Mello et al., 2011). 

Afiica and South America were connected as part of Gondwana supercontinent during the 

Triassic time (Gladczenko ct al., 1998). Rifting and breakup of western Gondwana resulted in 

the separation of South America fi·om Africa (Hirsch et. al, 201 0; 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 

early as from Penna-Triassic times (Masla.nyj 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, 2012). 

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) (Kukulu , 2004; 

Gladczenko 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 Ma lanyj et. al. (1991)'s study discussed the initial break-up of Gondwana as the 

accomplislunent by simple shear associated with crustal pas ive stretching. In contradiction 

to the latter, other sections of Maslanyj et. al. (1991) also consider that the streLching 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). 
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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 

diaclu·onous rift history and further added its complexity being characterized by several rift, 

uplift and volcanicity phases. Maslanyj et. al. (199 1) also indicated the asymmetri~.: 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 Gladczenko 

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 suppmis that the ba ins 

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; Sera1me & 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 author such as Kirkpatiick 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 d{fferent 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 ofMaslanyj 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. 
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2.1.3 Margin structure 

A general n01ih-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), Numberg & Muller (1991), Clemson et. al. (1997), K.ukulus (2004), 

Mello et. al. (20 11 ), and Granot & Dyment (20 15) confinned the northward propagation of 

rifting with time, starting from the southermnost prui 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), 

Gladczenko et. al. (1999), de Vera et. al. (2010), K.uhlmmm et al. (2011), Rabinowitz & La 

Brecque, (1979), as well as Nurnberg & Muller (1991) emphasized that South Atlantic 

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

Falklands rifting 
(-175-150 Ma) 

Argentina-Namibia breakup 
(-142-130 Ma) 

Brazil-Angola breaku 
(-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. 

a1.,1992, and Clemson et. Al., 1999). Minor variations in the tenninology was used by few 

authors. Bray et al. (1998) and PGS (2014) use a tem1inology 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 desclibe the recognized tectonic-stratigraphic units of the Namibian 

passive margin (Fig. 10). 

Major unconformities divide the megesequences/units. Base lift unconfom1ity separates early 

Cretaceous syn-rift from the pre-rift Karoo. The pre-rift is assumable Penna-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 Hautetivian/Banemian boundary as 

marked at the Kudu field by Bray et. al. (1998), separates syt1-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., 1 999). This was proved at the Kudu field, where the syn-rift 

unit was intersected, there it provides a reservoir interval consisting of aeolian and near hore 

sandstones intercalated with basalts. Characterized by tilted blocks with several north- outh 

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 eta!., 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 

a!., 2000). 

The Turonian to Recent late drift section makes up the main part of the basin fill. This 

megesequences encompasses the Base Te1iiary unconfonnity (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 Afi:ica.n 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 Llideritz 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. Wd1 time, the rifting migrated n01ihwards fi·om 

the southenunost 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-1ift 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) characte1izing extensional event that were followed by the 

opening 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 

I 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 tenninating 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 II in the Walvis Basin is confinned 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 I1 

(Clemson et al., 1997). The top of rift phase III is correlated to the rift-drift unconformity 

and the onset of nonnal oceanic crust production. Seismic conelation in the Walvi 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 northem part 

of Walvis Basin within the 1911 license block (see Fig. 2). It extends into the Namibe Basin 

to the no1ih 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 follow 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 Te1iiary 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 undoubted! y 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 OOOk.n} 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, 231217-1 and 2313/5-1 (Fig. 3). 

A working oil- prone petroleum system bas been proven by regional drilling offshore 

Namibian passive margin. Different source rocks and reservoirs interval have al o been 

recognized/identified by seismic data interpretations and drilling results. Potential of oil field 

existence in Walvis Ba in is supported by IIRT's Wingat-1 drilled in 2013. The well 

recovered 38° to 42° API oi l to surface. Wingat-1 has in addition confirmed two oil-prone 
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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 1911110-1 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 1ise 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 ource rock. The third 

source rock interval is speculated to have been a result of lacustrine environments developed 

during early rifting, which could preserve organic lich, 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. 

Poro ity 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 ystem has been proven by the recently 

drilled Tullow Connorant-1 well. The well demonstrated wet gas signatures which are an 

indication of oil presence. 
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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 lD burial and then11al 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 RJV Western Anchorage. The 

shot point interval was 26.66m, record length was 7 seconds and the sampling interval wa 

2 seconds. Norsk Hydro reprocessed the data. 

24 



TGS J 
NAMIBIA NH92 

I 
I -r I --, 

--t~--

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 acquisi tion. 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 fonnat with the navigation using the WGS 1984 UTM 

Zone33S Coordinate Reference System (CRS). 

TGS J 
HAMJBIA N2R93 

Figure 15. N2R93 survey lines, Northern WaLvis Basin, offshore Namibia (TGS, 201 1). 
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3.1.2 Well data 

Apart from the seismic data, well data (reports and logs) for 1911/10-1 and 1911/15-1 wells in 

the Dolphin Graben were used. The well reports utilized comprise well completion, 

geochemical, biostratigraphy as well as petrophysical repotis. 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. I Seismic interpretation 

Seismic interpretation serves the understanding of the subsurface geology (Bacon et.al., 

2003) where other means of geological information arc 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 U1is 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 

(Nand a, 2016, Fig.s. 16 andl7) with the assistance of reflection tennination mapping. For this 

research, the horizons were mapped by picking the strong sei mic reflectors that can serve as 

marker hmizons and ideally can be assigned to stratigraphic ages based on well tics. 

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 (1911115-1 and 1911/10-1) in the Dolphin Graben were also 

reviewed before the mapping of stratigraphic horizons. 

Figure 16. Gamma ray log for J9ll /10-l used to identifY sequence boundaries on NH-92-230 

seismic line. 
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Figure 17. Zoom-in a,[ Gamma ray log for 1911110-1 used to identifY sequence boundaries on 
NII-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 Ame1ican 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 Te1iiary, Can1panian, Santonian, Cenomanian, Albian, Aptian/ Albian UC 

(Base Drift) and Barremian/ Aptian. Well reports reveal that all the chosen stratal surfaces are 

erosional surfaces/unconfom1ities or their conelative conformities. 

The upper surfaces (Seabed, Pliocene, Eocene, Paleocene, Base Tertiary,) were interpreted 

using the seeded 2D auto-h·acking and partial manual interpretation as they arc 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 1ift trata 
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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 cmvature (K.olyukhin & 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 (201 8) the same 

technique was successfully used. The study area for this project is an extensional 

environment, and hence steep nonnal faults were most common. Herein the definition of 

no1mal 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 

strata, and deduce phases of fault activity (structural kinematics). Displacement 

measurements were executed by measuring the throws of representative randomly selected 

faults at different stratigraphic level 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 1911115-l. 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. Stmctural 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 ource 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 (1911115-1 and 1911/10-1) within the graben, 

followed by a pseudo well (refened 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 m the burial and thermal 

modelling. 

Figure 18. Sesmic line NH-92-214 showing the "New Well" location 

Input and calibration data 

Information on lithologies with their depths and age were extracted from the final well 

reports for both 1911 wells. Paleo- water depth and depositional breaks linked to pha es of 

non-deposition 1 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 hi tory model 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 hi tory by u ing vitrinite 
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reflectance and Horner 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 conesponding depths. 

Geochemical source rock parameters (TOC, HI, kinetic model) for the Cenomanian-Turonian 

source rock were taken from the respective well repmis 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 thc1mal windows of 

hydrocarbon generation. 
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CHAPTER 4 - RESULTS AND ANALYSIS 

According to Nand a (20 16), 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 map , depth/structure maps, relief maps as well as 

i ochron 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 conelative confom1ities. 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 horizon used for the 

subsequent structural evolution study. 
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Figure 19. Seismic composite line through the 1911110-1 and 1911115-1 wells depicting 
mapped marker horizons in the study area. 

4.1.1 Barremian to top SDR.s 

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 

and 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 SDR.s 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 

reprc ented by medium to high amplitude reflecti ns. 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 vetiical 

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 nonnal faults. 

Figure 20. Seismic line NH-92-230 zoomed in to show growth strata character. 

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 tenned the Intra-Aptian-Albian unconfonnity. 

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 to 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 of3000ms 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 overlay 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 bodie (Fig. 22). Faulting become significant compared 

to the younger interval . 
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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 Tetiiary is a regional marker horizvn 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 of2500- 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 Te1iiary) is signified by subparallel, continuous to discontinuous high 

amplitude reflections. In some seismic lines, several faults tenninate at the Base Tertiary, 

especially the major faults bounding the Dolphin Graben (Fig. 22). Within this interval (top 

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

reactivation just prior to deposition on the Base Tertiary unconfom1ity 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 i mostly continuous with some di mption 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 poriion of the interval. High 

amplitude facies are seen at ba e of this horizon at the boundary with the retaceous; 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 1911/1 0-1. These 

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

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

Eocene's negative peak was picked at time depth of 2000ms landward (ea t) 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). 

Figure 22. Seismic fine NII-92-214 through Well 19ll/15-J depicting d(fferent petroleum 
system elements. The red arrow highlights how the Pliocene's mass flow complex affects the 

Eocene horizon. 
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Figure 23. Zoom in line NH-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 

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

bodies observed in the uppennost part of the Eocene interval represent reservoir sands ' 

verified in well1911115-l. 

4.1.9 Top Eocene to top Pliocene 

The top Pliocene is represented by a well-defined continuou 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 acros the sei mic section (Fig. 24). At some places on the slope, vol umcs of 

contorted to chaotic reflections occur, interpreted a ma s flows (Fig. 24). The Pliocene 

horizon is denoted by a peak reflection with a po itive amplitude. 
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Figure 24. Seismic line NH-92-223 depicting mass flow transport within the Pliocene 

interval. 

4.1. 10 Top Pliocene to Seabed 

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

map. The surface is signposted by a zero-phase peak reflection with a bright amplitude, 

·indicating nonnal SEG polarity. Due its continuity thi surface was interpreted using 2D 

auto-tracking. 

The seabed surface was picked at time depths of around 700-1 OOOms at some places, 

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

The interval from the eabed to the top of the Pliocene i built by westward dipping sub­

parallel chirofonn reflections of high continuity, displaying an overall aggradational pattern. 

42 

., 



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 is sufficiently good with a good SIN ratio. 

Therefore, most surfaces (Seabed-Cenomanian) did not undergo the surface smoothing 

proce s, except the lower two surfaces (SDRs and Intra Aptian-Albian Unconfom1ity). The 

latter two are extensively faulted w1conformity surfaces explaining their structural 

complexity. 

4.2.1 Top SDRs sw:face 

The top SDRs surface defines best the morphology and fault pattem of the Dolphin Graben 

and neighboring structures, as fault density and fault throws are largest at thi level (Fig. 25) . 

.... ,~··~ l'WTt-1 -

,----~Previously identified leads 
" ... _ ....... 
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Figure 25. Top SDRs marker horizon surface in time domain. 

4. 2. 2 Intra Aptian-Albian Unconformity 

Even though the time surface map (Fig. 27) still illu~trates the closures and structural highs to 

the west, as well as the Phoenix Volcanic Centre, the Intra Aptian-Albian Unconfonnity is 

extensively faulted by nom1al faults. Two minor grabens (one parallel and one perpendicular 

to the Dolphin Graben) are well recognized west of the Dolphin Graben (Fig. 26). 

• New identified leads 
•:."·-··::: Previously identified leads 

Figure 26. Intra Aptian- Albian Unconformity time domain structure map. 

4.2.3 Cenomanian 

The Cenomanian marker horizon's time surface di close the same clo ures (Alpha, Beta, 

Gamma, Delta), Phoenix Volcanic Centre 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 

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. TJ1erefore 

the top Cenomanian coincides with a peak in tectonic activity. 

.,.,. .. -· .,.. .. 
,/'- -- , New identified leads 
' , , _ _,; 

,---,;.Previously identified leads 

Figure 27. Cenomanian time domain structure map. 

4.2.4 Campanian and Santonian 
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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 

Volcanic 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. 

( " ',, New identified leads 
' .. ___ _;, 

,----~, Previously identified leads 
... __ .-

Figure 28. Campanian time domain structure map. 
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(---,,,New identified leads 
' ' 

... ___ .., (~) Previously identified leads 

Figure 29. Santonian time domain structure map. 

4.2.5 Base Tertiary 

The Base Terbary is a well-known regional unconformity on the Namibian pa sive margin. 

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

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

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

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

parallel the main faults. 
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.. (---,,,New identified leads 
' ... _ ---·-·'' 

,-----, p,ev;ously ;dent;f;ed leads t 
Figure 30. Base Tertiary marker horizon time domain structure map. 

The Base Tetiiary surface (Fig. 30) exhibits the approximately same morphology a the 

Tower (2020) Top Maastrichtian depth structure map (Fig. 31). 
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Depth Structure: 
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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 ampli tude 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) companie , 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, 201 1) . 

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

(new) closures (large and 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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<'-- '; Previously identified leads .. __ ... t 
Figure 33. Eocene marker horizon surface map in time 

~,--- ... 
I ) New identified leads 

/ 

(-- ~; Previously identified leads t 
Figure 34. Palaeocene marker horizon swface in time. 
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4.2. 7 Seabed 

The seabed surface map g1ves 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. 

Fiaure 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 nonnal faults. Planar non-rotational, planar rotational as 

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

The Dolphin Graben is characterized by planar-rotational faults as depicted by the westward 

rotations of the top SDRs surface. Younger growth sh·ata bilevels much of the rotation giving 

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

faults require a curvature of the faults at dC'pth, usually in the form of a common listric 

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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Figure 36. Mapped 341 normal fault planes displayed in Petrel 3D viewer . 

. Genetically, faults can be divided into synthetic and antithetic. Synthetic faults are the faults 

with displacements in accordance with the overall movement of the compartment in which 

they are inserted (Jian,20 14). On the other hand, antithetic faults do not behave harmonically 

with the overall deformation. 

In the Dolphin Graben, distinguishing between synthetic and antithetic fau lt is delicate a the 

common detaclunent is not imaged. The graben is bounded by two main conjugate faults 

dipping in opposite directions . The wcstem main fault dip eastward together with al l other 
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faults in the graben. The eastern boundary fault dips to the west. The westwards tilted blocks 

within the graben are synthetic to the western boundary fault. 

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

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

with the eastern one. A central structural high divide the graben into a westem and eastern 

domain, each is compartmentalized by smaller half grabens (Fig. 37). 

Figure 3l. Seismic line NH-92-214 showing faults delineating the graben as well as the 

structural morphology of the Dolphin Graben. 

All extensional faults dissect the older marker horizons -top SDRs (Barremian-Aptian), Intra 

Aptian-Albian unconformity and top Cenomanian. The main faults terminate at shallower 

levels, mostly within the Santonian, 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. 

Figure 38. Seismic fine NH-92-230 showing ~ertiary and older faults, sandstone bodies 
(yellow) and carbonate reservoir (blue) located ll1 the central structural high. The carbonates 
contain minor oil shows, which could have been charged by the normal faults jlankino- the 
high. This concept has been already considered by Tower Resources /Arcadia (201 0) . 

. 4.3.2 Fault throws and fault activity phases 

Faults throw measurements were canied out by mea uring how much the hanging walls were 

tltrown down from the footwalls at each marker horizon (Fig. 39). The fault tlu·ows were 

measured on every third seismic dip-line; on each line the main graben boundary faults as 

well a representative selection of intra graben faults was selected for measurements. 
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Figure 39. Seismic line NH-92-214 showing footwalL a~d hanging wall and fetters indicating 
how displacement were measured. Letters represent dzsplacements for a-Aptian-Barremian 
b-Aptian-Albian (unconformity), c-Cenomanian, d-Santonian, e-Campanian and f-Bas~ 
Tertiary throws. 

Fault throws were measured on 12 seismic lines (NH-92-205, NH-92-208, NH-92-21 1 NH-

92-214, NH-92- 215, H-92-220, NH-92-223, NH-92-227, NH-92-230 NH-92-234, NH-92_ 

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

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

horizons (top SDRs, Intra-Aptian-Albian Unconformity), while some of the more prominent 

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

The tlu·ow measurements reveal maximum displacement at the top SDR level, while 

displacements decrease successively towards higher (younger) stratigraphic levels. 
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This implies that peak extension was after SDRs deposition. The top SDRs surface does not 

show significant erosion; therefore, extension must have occurred while the developing 

graben was below base level and the acco1m110dation space was timely filled. Growth strata is 

best developed in the top SDRs- Intra Aptian-Albian Unconformity interval, and diminishes 

from the late Cenomanian and becomes unrecognizable in the early Santonian. 

Figures 20 (page 36) and 40 shows Barremian to Intra Aptian-Albian Unconformity growth 

strata thickening towards the west against each eastward dipping normal fault. 

Complementary onlaps against the rotating footwalls occur in easterly direction. This interval 

shows the strongest growth and is therefore te1med Extension Interval I with the top SDRs 

surface as its base. 

F
. 

40 
L !'. t"c analysis on the line Nl!-92-230./or the Dolphin Grabc>n The line 

tgure oca ,anema 1 · · · . 11 d Post extensional strata. 
shows Extension I, ExtensiOn an 
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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 191111 0-l 

structural high located at the graben centre towards the graben boundary faults either s·d 1 e. 

This phase is tem1ed Extension Interval II 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 conh·olled by the main graben boundary faults. Thus ' 

the geometry of the Extension Interval II 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 pha e. 

After Extension Interval II (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. 

The graben fill from the top Cenomanian to Santonian interval is markedly thicker than 

equivalent sh·ata outside the graben, implying that thi interval is a largely post-kinematic 

graben infill. The following top Santonian to top Campanian interval i substantially thinner 

we t of the western graben boundary, showing that the graben, being a bathymetric 

depression, acted as a sediment trap. Absence of growth strata geomeh·ies confinn a tectonic 

rather inactive phase and herewith rather a passive sediment infill. 

With the end of the Campanian the graben moqJhology has been completely levelled. 

Reactivation of the main boundary faults occurred in the early Maastrichtian causing a minor 

re-creation of the graben morphology dUJing the end of the rctaceous. Growth trata are not 

obvious in the Maastrichtian interval indicating that the phase of tectonic activity was hort, 
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and most of the Maastrichtian was rather post-kinematically draping the rejuvenated ubtle 

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 I D models 

For the purpose of understanding the burial and them1al history and associated hydrocarbon 

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

the two wells (1911/15-1 and 1911110-1) drilled in the graben. 

Additionally, a third model pseudo well location (named "New Well") has been elected west 

of the structural high of well 1911115-1 (Fig. 18, page 32). There, the seismic sections 

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 1 D model was created to estimate Aptian-Albian ource rock maturity in the 

graben, as the source rock facies were not developed on the structural high of the 19ll/1
5

_
1 

and 191l/1 
0

_
1 

well locations. However, reported hydrocarbon shows on well 1911/! 5_1 

indicate nearby presence of a matured source rock. As a hypothesis, the show could have 

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

deeper pmi of the graben. 
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Burial hist01y 

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

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

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

biostratigraphy report for well 1911/10-1. 

Docking Burial Plot. 1911-10-1d model 
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... 

Fz'u , 41 B · l LJ' toryfior the 1911110-1 well location. . c.~.re . urza 1 , zs 
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Figure 42. Burial History for the J9Jl/]5-l well location. 
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Figure 43. Burial Jlistoryfor the Nevv Well location. 
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The paleo water-depths are as a result of tectonic sub idence, 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 is still pronounced, but sediment input was insufficient to maintain 

shallow water depth. 

The Te
1
iiary deposition increased while the subsidence curve flattens, resulting in a reduction 

of water depth. The New Well shows rapid subsidence in the small internal half graben 

during the Extension Interval I in the early Lower Cretaceous, while the two well situated on 

the structural high (1911110-1 and 1911115-1) did not undergo this initial phase of rapid 

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 II. A late Paleocene phase of subsidence can be depicted in 

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

22, 24, 37 and 39 shoW a thickening of the Paleocene trata 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 sub idence in the Tertiary reflects the mature tages of pas ive 

margin development according to the McKenzie model (McKenzie et al., 2005). A detailed 

ba k t 
. . ld serve to obtain more details on the ratio of tectonic subsidence 

c s nppmg wou 

. b d tl1e scope of this study. 
components, but th1s was eyon 

The New Well (model well) polirays the deepest burial as it involve the additional 

. tl t was created during initial formation of the small hal r g1·abc11 ', 

accommodatwn space 1a 

63 



while the other two wells are located on the adjacent host which defines the structural high in 

the central Dolphin Graben. 

Thennal history 

Figures 44, 45 and 46 below show the the1mal history reconstruction of the Dolphin Graben 

based on the modelled tlu·ee wells : 1911110-1, 1911115-1 and New Well. 

Temperature, 1911-10-1d model 

1000 

3000 

tOO 

Figure 44. Modelled temperature evolution for well 1911110-1. Temperatures of over JOOoc 
were reached at the deeper depth in the Lower Cretaceous layers (Barremian to Albian). A 
temperature of over 90oC was already reached d~wing th~ Upper Cretaceous (at depth of 
2800m) while temperature increased slzg~tzy untd the Mzocene, from -where -with .fi1

rther 

burial a more rapid increase up to recent tzmes becomes apparent. 
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Ternperature,1911-15-1D 

""" 

.. 
c-

Figure 45. Modelled temperature evolution/or weli19Jlll5-l. Temperatures of over 100 oc 
were reached at the deeper depth .in.the Lower Cretaceous lay~rs (Barremian to Albian). The 
temperature evolution is ve

1
y szmzlar to well 1911111-1 wzth the maximum temperature 

reaching again over 100 °C. Again, a temperature maxzmum was already reached durinO' tf 
Upper Cretaceous (at depth of 2000-2500m) while temperature increased steadily fro;, ,;: 

middle-upper Paleogene to the Neogene (at depth of 3000-4000m). 
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...... 

~igu~e 46. Modelled temperature evolution for the New Well location. Temperature of over 
30 C were reached at deeper depths m the Lower Cretoceou (Barremian to Albian). The 

temperature evolution is again similar to the prevzous wells. 

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 syn-rift and post-rift phase for passive margins. The syn-rift (J 
30

_ 

120 Ma) is characterized with a steep heat-flow increase reaching its peak at continental 

break-up. Thereafter the heat flow significantly subsides during the early post rift with the 

decrease asymptotic flattening to the current heal flow in the late post-rift, some 20Ma ago. 

This evolution of basal heat flow explains that temperatures of the lower strata are relative 

constant from some II 0 to 50Ma in all three well locations; during this period the decrease 

from basal heat flow was more or Jess balanced with increase of burial. 
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4.4.2 Maturity and hydrocarbon generation 

Them1al history was calibrated with vitrinite reflectance (Ro) data from the 1911/15-1 well 

report containing four ( 4) data points. Vitrinite reflectance data for well 191111 0-1 was 

unavailable during the execution of the research. Hence, thennal 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 value 

from well location 1911115-1 , as it is 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 

The modelled Ro for 1911/15-1 (Figs. 4 7 and 48) well is slightly not in agreement with 

measured Vitrinite Reflectance values. 
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Figure 47. Model vitrinite reflectance curve and measured values (crosses) .for 191 111
5
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well location. 

68 



---liDO 

"" 
IJ-

Figure 48.Calibrated thermal evolution curvefor the well J9Jl/15-l 

The measured Ro values for Cenomanian-Turonian ource rock interval are within the range 

of 0.4-0.49 Ro %. 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.S
9 

R
0 

% indicative of a still immature to marginal oil mature source rock (Fig. 48). For 

Geochemical evaluation parameters for the source rock maturity see Fig. 53. 

1911/10-1 

For well 
1911110

_
1 

(Figs. 49 and 50) modelled Ro for Cenomanian-Turonian is in the range 

of 0.5-0.
6

, implying immaturity to top of oil window, similar as for well 191 l/15-1. Measure 

values were not available for this study. 
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Sweeney&Burnham(1990)_EASyo.kRo, 1911-10-1d model 
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Figure 50. Calibrated thermal evolution curve for Well 1911110-1. 

New Well 

IJPelroMod 

The New Well location curves (51 and 52) gjves similar results for Cenomanian -Turonian 

source rock as with well 1911115-1 (Figs 47 and 48). The New Well penetrates a presumed 

Apban-Albian source rock. The Ro values predicted by PetroMod for this somce rock is 

between 0.
58

_
0

_
63

, which would imply early maturity. At the level of the presumed Aptian­

Albian source rock occurs a conspicuous seismic marker withing the deeper Dolphin Graben ' 

therefore this result is important for further prospects in the graben. 
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Figure 51. Model vitrinite reflectance curve for the "New Well" well location. The crosses 

are the measured Ro values for the adjacent 1911115-1 well. 
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Figure 52. Calibrated thermal evolution curve for 'New Well' Location. 
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Figure 53. Table showing geochemical evaluation pammeters for source rock maturity. 

Copied/rom Collins (1991). 
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4.4. 3 Transformation Ratio 

Burial histories for the tlu·ee lD 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) T.ype-II 

kinetic was used. The TR may vary significantly if source rock parameters are significantly . 

different. 

1000 

2000 

:§: 
.<; 
'!i. 
2: 

3000 

4000 

· ~ ,.......--,'I' 
0 50 

TR (al) ("to] 

100 

TR (a!Q, New- well 

50 0 

T"""(Ma) 

Seabed 

Pliocene 
hlid<lehlloc:ene 

Lower hlloc:ene 
Lower Oligocene 
Upper Eocene 

Lower Eocene 

Lower Paleocene 
Upper campanian 

Lower campanian 

UpperSaliorian 
h4od<le-Lower T11orian 
Upper Cenomenian 

Lower Cenomenian 

Base AfX.Ab SR 

(JPetroMod 

Figure 54. Transformation Ratio for the New Well location. The Aptian-Albian source rock 

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. 

200 150 

Plot, New- well 

100 
Tone (Mal 

so 0 

Seal Rock 2 
Siicidasoc Reservor 
Seal Rock1 
Carbonate Reservoir updip 
Source Rock 
Trap Formation 
Gen!Mg/Accun Apt-Alb SR 
Preservation 

&::) Petro Mod 

Figure 55. The PSE chart for the New Well location. In this scenario the Aptian-Albian source 
rock started generating hydrocarbons jrom 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 (Albiru1) carbonate build-ups and Upper Cretaceous 

(Campaniru1) to Paleocene turbidite sru1d bodies (chrumels) 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 chmmel-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 confinned. 

Due to the maturity ofthe source rock, only the predicted Aptian-Albim1 source rock has been 

considered, but the presence of the i1mnature Cenomanian-Turonian source rock has been 

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

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 ource 

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 thatl 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 fault 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 cru t 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 fonn 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 eismic characte1istics 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 SY11-rift I occurs only south of the Cape Cro s 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 (1ift 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 westem 

domain, herein termed outer SDRs, and an eastern domain, tenned im1er SDRs. Thus, the 

inner SDRs essentially conespond with the rift-phase III of Clemson et al. (1997). The outer 

SDRs are of similar seismic character as the inner SDRs/ rift phase III, 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 

a~tive. 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 (ldnematic) analysis model on the composite line J 
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 

wedge across the margin and also form the fill of the Dolphin G-raben. The break-up 

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 fanning the graben floor. In other words, the graben is 

an integral part of the regional post-rift I 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 

i1mer 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 thennal 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 nmiheast 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 thennal mantle anomaly and 

upwelling has been causing the tensional stresses to fonn the Dolphin Graben. The thickened 

SDRs package towards the Walvis Ridge (Cruiwright et al., 2008) underneath the graben may 

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

relatively higher gravitational potential. 

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 equences. 

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

accommodating Extension Sequence I (early Aptian to Albian). Faults are dipping lru1dwards, 

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 sh·ata. Extension phase II spans from 

the Intra-Aptian-Albian unconfonnity to the end ofthe 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 longer and more prominent faults accommodate 

the extension (Gawthorpe and Leeder, 2000). 

In accordance with previous companies' models (Tower and Arcadia) the Extension phase 1 

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

grabens. 
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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 m the 

Clemson et al (1997)' s Early Drift section which is Banemian 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 inunediately beneath the base of post-extensional interval. 

Figure 57. Seismic fine NII-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. 

Figure 58. Source rock intervals identified in the Dolphin Graben 

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 I. 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 I1mer SDRs (Rift 

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

The presence of lacustrine source rocks is indicated by biomarkers identified m 1ikely 

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. 

According to Loseth et al. (201 1 ), 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. (20 11) 

(Fig. 59) strongly suggesting the presence of an (early) mature Aptian-Albian source rock in 

the Dolphin Graben. The burial and thennal 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. (201 1). 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. (201 1). 

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 faci litating anoxic bottom waters 

(McDonald et al., 2013) . Orculation 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 contemporaneou deposition of the carbonate that 

had been intersected in both 191] wells. The ource of the oil shows in those carbonates is 

unclear but is likely from migrated and not indigenous oil. The biomarker signature suggests 

a possible lacustrine origin, but the data shows substantial ambiguity according to 
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geochemical repmis. Hence, the possibility that the oil derived from a marine Aptian-Albian 

source remams. 

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, 1911115-1, 

1911110-1, and DSDP 530 wells in the central and northern Walvis Basin have documented 

this source rock. In the Dolphin Graben the lat ,st Cenomanian claystones of well 1911115-1 

have HI values of 600mgHcigToc 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 well2012/13-1 TOC reaches 5.45%. 

This source rock has been found i1mnature 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 

chi1m1eys suggest that these are rather accumulations ofthennogenic than biogenic gas. 

Figure 60. Fluid escape structures interpreted as gas chimneys above the western Dolphin 
Graben boundary fault. Shaflo·w bright amplitudes are interpreted as gas accwnulations. 
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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 lacust1ine 

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 

unifonn depository during the first marine incursion and subsequent deposition of the Aptian­

Albian source rock. Reflections of the lowennost Ex ten ion 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 water 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 pmis, away from the flanks and structural high . The 
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Dolphin Graben provides an important local depocentre for relatively deep burial of 

Cretaceous sediments on the otherwise relative shallow slope of the northem 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 unifonn timing of 

fault initiation. This is much before the deposition of the thick Cainozoic sequence which 

caused the burial of Lower Cretaceous strata to them1al matmity depths (Figs. 44-46). Hence, 

a11 faults that could serve as quasi vertical migration pathways to younger reservoir rocks had 

been present prior petroleum generation. Most faults tem1inate 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 penneable sand stringers should be 

considered as an altemative 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 conelative 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 

detennination 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 im1er 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 is 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. 

91 



6.1.2 Dolphin Graben evolution 

Extension of initially smaller en-echelon 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 unconfonnity 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 tern1inated 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 

Dolphin 

3) Aptian- Albian 

2) Barremian- Early Aptian ~ 
. ... -... . . • : . . ;.·~· .. '- _·_.... • ·-·-Water level . . . . . -··.. -·. . 

• • SORs acu ne e~its 

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 I. The second source rock interval fom1ed 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 eismic 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 stmied in the late Cretaceous. The latter is a favourable scenario, and the 

possibility 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 area of the Dolphin Graben. 
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Therefore, structural highs adjacent to deeper buried Lower Cretaceous strata, as they occur 

in the westem 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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APPENDICES 

Appendix 1: Tables with fault displacement measurements carried out in Petrel 

software 

Table 16. Fault displacements measurements on seismic line NH-92-205 
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39.12 1191 
rt<opoUtd rocop:mcl r~td ncop:mcl 

106.18 

Bt!-...1 ooismK Beycx:d. Hm11ic Bt')"'O!Sd~ Bl)·=lstbmic 

L~Pcl: 9-.93 43.63 10.53 resobtioc. eot . .- .... reoJ:rtio:I.J:;()( rtsoh:noc. DOt 

rteophtd rt<Op:mcl .... ~ roc:opwod 

8'!-....IMim:lc Be,-o::d w.smic BeyODd Misz:clc Bt')"'Dd Sti.SmiC 

22 lttd rHOhnion J:Ot . ....- ... rHOblicm. J:OC ttSOhmon not 

rKo;oistd r«op:mcl rt<opoUtd rtcophtd 
«.SS 35.61 2l.5S 

Bc)"""ooismK Bt)-...!Hlsmic 

23 Dm:Pcl: 16L64 SS.lS 58.41 30.96 17.69 resolmio:l mol moluboa. · aot 

JtCop.isfllt recopwod 

81)-- B~·o::d ttu:D.k 

Btilih cr..., 2H l resolutioa. :r.ot ruolutioc. :10t 

963 1 61.5 4H9 
rec~ rocop:uod 

401.12 

Table 17. Fault displacements measurements on seismic line NH-92-208 

Fa all displatemtDIS mt:ISUJ"tmtDIS for tht seismk lillt ':'111-92-208 

F a111t F a111t sti<kfplallt F aalt displattmatslthrows ill (ntgalin) timt (ms) 
II <Oiov 

B~Extl Base Ext D (?Apt-Coomuia SmtolliaD Campmim BastTtrtW}· Paltoctllt 
(?Barr-Apt) Alb) D 

81)-aad Hlsmic Bc)-...1 ..um..: 
Bloo 420.;"2 Ill. II :7.;s IHS 11.19 moll:ti=llol f801u:tica"'DIX 

roc<>pisod roc:opmtd 

~ wsmic 81)-..d >tamk 11'!-...!Hlsmic Bc)-..:dH!smic 

61.10 ;us 14.12 mo""""'11ot rHOlutioa.hot ruolmion':wt reoltJ:tioe..Doc 

nco~P'l'od recopiled. rt<Opi>ed rocopmt<l 

~ soumic 81)-..d HUmic 11'!-aadH!smic Bc)-..:dH!smic 

II Pmplo SS.OI 21.11 1~.66 ttiOltmon'llot rttal'trticmMt rHOh:t:io:.Mt THOhttilm bot 

ro<Opisod rtCOJDUt<l rKOpUod HC~ 

81)-..:dH!smic 11'!-..d.......c 11'!-aadH!smic Bc)-...IH!smic 

Lqii<Pil!k 2SI.96 65.1; ~2.16 ..... -- ,__Dol reo~)!ot rtteh:ltic:DD« 
rocopisod ncopist<l JKop.i.Hd HC~ 

~HJ=ic:Bt!-..dMISm>C 81)-.adH!smic Bc)-...1.-.c 

2l 56.4-4 40.!>3 26.4S .... """"' .... ....,lmi=l:loc rtSOh:Daa.~ .... lmicD'aot 
roc:opnod tKOphtd ncop:mcl rocopisod 

ii<)-=!Hlsmic Be)-...!........., 11'!-.adH!smic ~ltismac 

23 Daxi:Pil!k 216.o; 7S.IO S7.10 -- ttsO!utiai1'DOt l'ltoO~bct .... -'Dot 
rte:opnod RCoczWt<l recop.iled roc:opi>ed 

81)-aadH!smic 81)-..d ..um..: 
IIJrmhGam 629.06 203.40 93.40 90.18 2~.10 ruolutia!:.Mt rttoJtttiCDlwc 

recopUod rt<~ 
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Table 18. Fault displacements measurements on seismic line NH-92-2 11 

Fa all dispbcalltDIS me...,...., fillS for tht stismic: liD• l'iH-92-211 

Faah Faah sticklpbDt 
I color 

F aalt dispbttmtutsltllroln iD (Dtgatit"•) time (ms) 

8 '" Ext I BIR Ext ll Ctaomama Sutoain 
(?Barr-.-\pt) (?.-\pt-Alb) 

Rtmarks 

BcyCD!~ 

356~ 322.45 16~. 19 101. 24 4LI< .SS.J7 --r1CA>¢>ad 

~"f!Cd ~ ~ w.s:mc ~"'d M1IZ:lC ~KU.:mc B<!=d.......: 
SS.il 25 .. 9 ZtSO~'l)IX ~~ :.sob:='DOt rtscl::tio::.~ --recop:ised. ..c.opaod !lCOr;:::sed rocopised n<Op:utd 

~-a= MJ.CDc :SC,-ccd M11:ClC ~'CG!Hhmic ~"'ODd.Mm:UC 

II Papa 3ll6.02 B0.05 16..)0 rtsol!:bor.._ raolD:oa."DD:K rts.et.:Doc.!Mn --naop:!Rd ~ tKopised. :oc:opmod 

~ s.en:nic Bcro:d w.::=x Jko)--ccdHhmic ~"GOd s.eacK 

UP=P:ok 149.92 40.45 21.61 ~- -=-- rHChtia:.'Dol rHOlc:s.oc'Mt 

~ roc.opoaad recophe.d. ""'""'*' 
:1 R.td 0 0 Absent ~Ol \"Wl>lt Clll t!tiJ let 

!; Dld<Piol: 0 0 .A~~otruiWioathitb:.t 

~'tmd seismic 

Bb:abc:n.... 3JOJ3 613.1-4 3os ... - 1;9.25 39M 22.U '"'"""""'""' r«<p:!Rd 

Table 19. Fault displacements measurements on seismic line NH-92-214 

Faalt dispbctmtDIS m....,.....fllts for tilt stismic: liar :"<"H-92-214 

Faalt Faalt stic:k/pbut F aalt dispbcaaats/throt11 iD (argatit"t) tim< (ms) 
/1 color 

S...Extl 
B ... Extn 

(?Barr-.-\pt) 
(?.-\pt-.-\lb CenomaniaD Sutoain CampuiaD S...T...na..,· Palooctat Remarks 

) 

~-codHmnic 

615.30 540.15 109.1 98-ll 51.61 25.60 rtSO~~ 

~ 

.64 
Abst::t~Ol \"'is.l1)lf: C1D t1s,u lu:l: 

~"CD!seil::Dk ~~tismx l!cy=l-=lc B<!=d.m..l< 
II Paplc 155.90 152.16 25.36 ...-- ...-- :aol!maa.~ ~-

~ -~ rocopised ~ 

LJ&IxP:ok J,JnettXot tisiblt. oo 1b. bu 

22 R.td Absa:t~Ol dJiblt OD t:!W. b:t: 

n DmPi:ol: 0 AJn.cL~oc risibtt ca. en hrA 

Beyccdltimric: 

BlcuiiGftm 91i.l': 695.54 172.11 1!>6.15 .U,.C:!. 11.06 .....-... 
~ 
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Table 20. Fault displacements measurements on seismic line NH-92-215 

Faull displa<fllltats mtullftiDtDIS for the S<ismic line =""B-t'-215 

Faull# Faalrstic:klplant 
color 

Faull dispbtta~tatsllhro'ln iD (Drptil'e) lim• (ms) 

Basohtl Bas< EnD CaOI!Wiian Sutollian Campallian llutTutiny PaleoctJat 
(?Barr-.-\pt) ("!Apt-Alb 

~"tedHismic 

B ... 622.2 .. 4S<.5S 161.71 111.94 ~934 jU6 """""""""' _..., 
64 Rod 0 0 Abie:t"!\ot ns..s1M = t!:u l:u 

~'IZI!sas:mt S.,"CCdHb:::X ~'-=!~ ~~s.eim:ic. 
II Pcp1e 110.94 S<.l!l 26.03 rHO!o:t><:""' ................ -- - ... Abse:t'SCl liJ.ib!f: em d:.u a 

:aaop:uod ~ ncopisod nco:IJ'Md 

~sm:cic ~- llt)-...1- ~-.:o4R.im:.K 

Ll;b:Pc:k 214.7" 1-UJ 17.G4 tnolctic=.bol: ftSOl:lia::.=ct rttO..':J::xml:ICI'. .tao~ bot 

~ ~ ncopl>od ..._.;,..d 

~'CCI:!~ Btorcad wbic llt)'Oedsa!s:x ~'O:Id~ 

206 G:.c 61.54 16.90 zu· rts.o~~ ...-... :ISOb::::GDISCit ~b:ticc.=c 

:o<o:IJ'Md ,.._- '""'""' .. --
n Dm:Pck .Abu=.t'S« dlib!e Cl:l dns llu 

B<!=d><=X 
BhlnhGnc ~-.)6 131~6 463.21 241.60 ll.'J .-.70 .~ ... 

ncop:nod 

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

F aalt displattmtats mtasamDtDts for tht S<ismic line :'I'H-92-llO 

Faull Faull stkklplue F aak displattmatslthro'ln iD (lleptil'e) lime (ms) 

' coJov 
But En I Base EnD Ctnollll.lliu Sutoaia Campuiu Bas<Ttrtiary Pal-• 

(?Barr-.\pt) (?Apt-Alb 

~'0!2dsth::c.ic Bcyoodwumoc 

Y.U...i>h""" 
...-.... _..,.,.,_ 
~ IKopilm 

2Sl.J.f 116.60 li0.14 4).44 UU6 

~"'OCCdMim:JC ~Uiid MiJ:cic Bt! ... •hd=ic B.tyocd Mis:cic 

61 GJ...W.-
~~!KIC rtsoela::icmlXlt ...-.... moJmic:e.'c« 

ftCopd<d reco¢se:i ~ nc<>plud 

93.36 14.53 lHS 

~MU:Dic. llt)w.dse=k .. ~~ """""""'""' ruclroor:I.DX 

~ ncopl>od 

:UHO 146.4i 67..65 r'.74 14.71 

~~ llt)'ol>d.......: Bt!=4- ~w.scic 
I...-(bpt -- __ ... _ .... ---porp'~bbe) tee- ftCOI""ed ~ rteo,pise4 

<IU.l' 1J0.64 49.11 

kyaDd sdm:Jc ~Mh=K ~Hh:mc s.e,.-=~ 

20 Sri;!>: poe ItSOJ:s:ioa.WIC ·-- ....-.... --ncopued ncopiMd _..., tt<Oplud 

79.59 suo 31.16 

2l Dm:Piz:k 0 0 0 '"'"""-m.blo .. ""'ti:o 

2«)-CQ!stis:m.¥: 

Blab!lCi<te 
.............. 

ncopl>od 

J7l.Jl 119..60 iO.lS 46.26 29.21 l .. .9'i 
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Table 22. Fault displacements measurements on seismic line NH-92-223 

Fault displacem<Dts mOJ.S1U'Olii<DU for dot Kismic lint l'I'H-92-223 

Fault Fault md:/p'llllt Fault displactmtDtsldmnn iD (D.tgath-t) timt (ms) 
# coloar 

BaR En I BJREnD Ceom...W. SutoniaD Campuiu B.IR Tertiary Piliocat 
(?Barr-~ (?Apt~-\lb 

Bcr=dMh:dc 
l'tlknrulll'ft: mc!=io=.:ooc 

'""'""'"" 201.55 12.9' S033 31'.S9 2.!.~ l$..43 

~ ........ BeyacdM:tSC:JC. ~"COd.~ 
dl ~blot ...-- """=m- rtsoh:tic::.':Ol 

~ 
.._,_ n<oP"JJd 

~-4'794 U 7.S2 'r.JJ9 H.ll 

~- ~~M:m::JC ~~sti=x. .. .x~pH:I 
..-,.,.,... --- ~-~ nco;:ohed rocop:u<d 

155.95 -d-51 51.51 29.!9 

llo!-=dsds:ol< ll<)-...!><=lc ~'*:seis:mc 
~-t::dor rtiOb:Do:loOC resab:Da::t CO'!: ru.oh::tia:.~ 

ncop:u<d Jocopisad ncoJWOd 
61";'.00 392.3~ 35.91 28.11 

~ood.M!CUC S.,'O:IdoohoDc ~"O'l:dlt!:.s=tC ~-=dsei=x 

::;.~ l!..s ~- "'"""""""' -- .ltiOJ:tia:.:ct 
lKOp1!Y!d ~ J<Cop;s..l ncoJWOd 

64.61 4.3.11 :;·.st 

23 Dllkl>tok 0 0 Abs.u1 ~ tin"bll oc 1!:u h:::t 

.B.tyo:id Mis::mc ~- S..,-ood~ 

IS ~r.yb«.t JI5Ch:ae- nsoi:J:ioa- moii::D=""' 

""""""" '""""'* tecopi:ed 

115.59 U4. 11 112..1": 40J6 

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

Fault displactmtDIS mtaslll'tmtDts for dot S<ism.ic lint :"<'H-92-227 

Fault# Fault sticklpl.mt 
colonr 

Fault displactmtatsltlmnrs iD (ntgath-t) time (ms) 

BJR:Enl BJREnD Ceuoma.a.ian SutoaiD Campuiu B.IR Tertiary Pal<ocat 
(?Barr~\pt) (?Apt-All> 

Bt)-m:.d Mm::k Beyllad wis=ic 

);tcll1 mo!atioa.'DIX moltno::.':oc 

32-49 n_s; ~ n<op:u<d 
161.r 55.91 40.06 

1koycmd Miszmc ll<)-...1- Boycad ,.;,x 

61 G:e:b!:. biDe ...-- -- resolaio:. ~ 

13.01 
~ ~ ro<:OP"JJd 

ldS.Jl s-4.<43 31.31 --- lkycot! Mis::Dx Boyr=dsca:ic ~"CGG!s:eim:Jc 

" 30 u,!olblue 
..;-,.,.,.. mclt:boe- -- """""""'""' rocoJWOd ~ ~ R!COP"JJd 

26i'.o- 6'-33 27.55 

ll<)'O:Idsas:nlc ~Hit:mc: ~- Be,"CCdHi!:Dc 

49 Bbo --- ...-- ~1* ruob:Do::.~ 

~ n<op:u<d •to>;Oist6 ncos:Uo4 
:FI.l 51.93 24.61 

BoycadMimlk ~..,.., IHycad Mis:IUc 

O=p -- --- ~-29.11 
~ ~ ~ 

483.91 260.43 116.16 

Bt'\udsul:llic lkyoocl His:mc &,-...! M!DJilc ~Mi!r:!:ek 

~-
~!mice~ -- rtsO~'DIX raob:tia:r.~ 

ncopbod ncopbod JtCopised n<op:u<d 

116.6 51.9' 30.41 

n• l!..s 0 0 0 0 Abso:t ~ .. ..-.., lhls ..... 

23 DllkPi:ol: 0 Absut~« l'Wblta>lhll 1xc.t 

Bo)'O:Id- Bl!o=dMis::zuc Be,-oed MlSZI1ic ~'mdMis=Jc 

II !ir.'1·blct ...-- -- ....-- --~ Jot~ JOCOPbod ncos:Uo4 
156.96 22'-49 166.14 
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Table 24. Fault displacements measurements on seismic line NH-92-230 

Fault dispbc<mtDI> mu.sal'tlDtDIS for lht seismic lint :0011-92-230 

Faaltl F aalt stict/phut Faalt dispbe<m.ut.s/tllnnn iD (Degatin) timt (ms) 
colour 

Bast &t I (?Barr- Bast &til 
C.nom.anim Sautonian Campu.iaa BastT<rtiary Paltocoat 

-~PI) (?Apt-Alb) R.marb 

~HU:::1ic 
31 ut=b!Dt nsoh:<oc:.t« 

160..36 IU.OO .W.61 33.21 21 .65 12..16 ~ 

Eo!--~~ Bty1Zid samx B<!=i-
33 U;l:'l'tll= mololuml:o! ................ :escl:::ia:t.l:ICII ---ncopwld na>pn>ld ~ ~ 

rJ5 60.e9 2l.lJ 

B.t)"':Ddttls:DK 8~-cadstiS:Dic Bo!"""..:m:x Berc=4 uu.::Dc 
30 up:- molaoon'I:.OC mc!t:ncc.~ tnol:Oa:l~ nsoh:Dcl:.'t;,;,t 

11.55 
r«opmld roc;o&=N """"""" :ocop:3ld 

1'2.-" 47.53 

~-a scu::mc B<!"""W=>< ~sm:mc 
;6 :Sn·yb!ot rts.o~'tDI: tt:SOI::da:l Oat .-.::-.... 

:ocop:3ld na>pu<d n<Op:n<d 
161.ll 107.0C! 6.l.l4 4L~ 

S.,'ord sm:nk B~-c:zod ses::nic. Bt)~w:m:x Btyo:ldt.tU::mc 

•9 Bbt :uoh:ioa.'r.Ot .... =o.. .... rtsot.::Xa li01l ~ .... 
ncop.s.td rtC4Jimld A<Op;..d :ocop:3ld 

Jt • .W ZO..t2 12.~1 

s.,'C:SdMU:Dk Beroad ttim:Jc ~stismx 

O=J• .... =o.. .... ......-- ~-
rtC4Jimld r«o;:ilild :ocop:3ld 

tr.t9 r» 64.14 30.1S 

2'1 ~ Absec.t~ntMtocatb.lh::a 

<6 ~at}- b!Dt AbuJ:I.Not rin"blto:s. t1:u 1:2:e 

Table 25. Fault displacements measurements on seismic line NH-92-234 

Faalt dispbttmtut> mtasllftJDtDis for tilt stimW: tin :O.'H-92-134 

Faalt Fault stic:tlphut Fault displactm.utsltbrom iD (aegatin) timt (ms) 

' colour 
Bast Ext I (?Barr- BaS< &til C.UomalliaD S..to..W. C.mpalliaD BIS<Tutiuy Paltocut Rrmarb 

Apt) (?Apt-Alb) 

Bey=d. Hh:mc llo)'01:d,.;,;c ~Misz:~Uc 

H l.l;mbb>o t60l'l:tn='1::0t mohr.:ic:a~ raol:r:tic=.Aot 

26.10 
rKopmld ncoplsod """""* 11-.33 71.21 35.iS 

B~"Ceds~ B<!-oods.t.U:olc: ~-ar.d~ Btyaod. se:it:mc 

33 '-'JtlYollow ...-.... --- ... -- ttiOt:tia:.~ 

recopwtd """""* rKoplsod ~ 
66.0" 43.04 20.24 

Bc)=d- Bc)-OOI!soh:aic Boyood.......: Bt,'fOC!Mi5.:aic 

66 ~....,-bh:.t 
...-.... ·-'=- ....-.... ---rKopmod rocoF""' ·~ ~ 154.54 27.77 IH9 

B<!-0011- B<)-OOI!soh:aic ~tot:muc Bc)-0011-

65 PW: ...-.... -- --- --~ r<eopmld ~ .-p:nod 

!SU!O 134.13 25.93 
B<yoodHis::r>x ~'OIId~ B<!-oodstb=c 

29 Lqbtpi:ll: --- ....-- --H.Ji 
r:teopmld rocoplsod r:teopmld 

125.10 15.56 35.41 
l!o}-OOII.....,;c ~"ODd..sGI:nic 

0.- --- nsob:tic=.hot 

U .6l SO.Jl ·~ ~ 459.66 ~7.62 363.99 

2i1 L......sa-
Abse:t)lot l'isiblt e11 thlS bz:t 

0 

44 ~·ybb:rt 
Abse:t X01 Tisiblo oo W, b::o 

0 
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Table 26. Fault displacements measurements on seismic line NH-92-238 

Fault displ.at~mtnts measurtmtDU for tht seismic: liut NH-92..:!38 

Fault Fault stid/pl.anr Fault cl.ispl.aWDrutslthrol\'S iD (urpm·r) lim• (uu) 

~:Ext I (?Bur- Base :Ext ll l:eDom....W. Sautollian 

II colour 

Apt) (?Apt-Alb) Camp....w. But Ttrtiary Pal<octn• 

Beyocd. semmc Bfr=d seim:.k 
31 Li;b! bll:< -~=- TtSO!':uz. ~ 

IO:!.li 1'.6'" 1!6.99 S7.56 2-1 .... 
roco;:iliod recop:uod 

~'0:4 w.=.ic B~""CDD!stismic ~'Oed )tim1K B<)....t,.;,.; 

33 l.ql:rYtll= rt>Oh:l>oc.- ruolt:bc::.~ -~=- reo!::tic::.~ 

:te.op:.std recop:uod r«<pist<l ._.p:uoo~ 

11".1. r.<~~ n.-

~-=H:ii:Dic Bt)'Cladwh:mc Be:-'OCIS MUm.lC Bt)'OOd,.;,.; 
1!6 !U\1·blc.f: ruo!cooc. 'r.OC: me~~ rl50b:icm. 'DOt ....-... 

14.74 
rec.opmtd rocoput<l fK~ '""""""' 6!.1-1 20.95 

B~'ODd WJ:mc B~u:.d.w.m:K ~'0:)({ stii:mc 
6S Pi:li: -- rHOl:z:icm.DOt moh:lio::.'r.ct 

36.5S 27.11 
rKopl>fd IK-Opised ncop:ilod 

!90.S.. 11.02 

llt)....Sto!m:K ~-=st:imtic Beyood Hh:mc Btycmd Mlm:K ~'C:2dMiszcx 

l9 l.qluFbl; resot:mocDot ruolntioc.'rl« ruohmo=. bOl liSObtiaa..llot .....m...-
roco;::ut<l rtc.ophtd. roco¢Jtd rtCO~ ~ 

-~.01 •3.11 

81)-cad. stismic s.,.-o.edM11li:JC ~"ODdseit:nic 

26 Bluhhpte -- ruot:mo:a.act moh:ric:o'!:ot 
rKOp:uod rKopis.td rKOp:uod 

.!':].of -~us .,.-Js IUS 

271 ~-..dcr ..use::~.,;oc ~ oc eo hu 
0 

46 ~l\1" 'bha .o\b!e::t);ot \isiblt OD tl!.u b:e 
0 

Table 2 7. Fault displacements measurements on seismic line NH-92-242 

Fault cl.ispl.ac<JDrDts mUS~~nmtuts for tilt stismk liDt :'iH-92-Ul 

Fault Fault sticklpl.ant Fault displ.aC<JDtlltsfthro,.. ill (arplin) lim• (DU) 

' c:oloDr 
Base :Ext I (?Barr- Bast En ll C•aom....w. Sautonim Camp....w. ButT<rtiuy Pal<octnr Remub 

.w> (?Apt-Alb) 

llt)....t,.;,.Jc BI}'Oad Hll:nk !!<rood stUrrUC ~'CIOdMismlc 

.... -- rno~':ot ruohtaoa.'cct ~-recophtd recop:HH rocopbt<l ncop:uod 

Ill Bll:uli.ptC 1U . 9S ZS.>6 lO.i3 

Bt>'ood swmic B<)....Ssol=lc 

LlJI:tpc rtt01'3:io:1lSCC nsot::tio:.bot 

recopilied rKOput<l 

2.:6.32 lSI.!~ 151.12 lli.4S 39.53 

Bey=dsdmdc llt)'OOdHh:ok B<)'ood Mm:lk B<)'cod>tb=c 

339 .-.. .... """"'- ..-.... mol:mcm- ....-.... 
...:opbt<l ncop:i>ld tKO;:iliod rKOp:ut<l 

-3. 12 40.19 17.50 

lloycodse=lr: 11<)u::4sow:u< B~"'adstismic B<)'ood SCI=>: ~"'Sdseis:nic 

HI Bllwlo- --- .... -- ....-... rnoha:icm.'::« ~-
rKopi:sed ncopmtd recop:istd nco;:iliod rKOput<l 

S6.91 31.·fl 

B<)....Sul5mx &c,-=4 seimUc Beycod. His::Dic Bt>'ood swmlc B<)'OOdsdornk 

27 l<oo molor>aa'r:ot .... -- molwaa.""' :'8(1~- .-...-
tKopiJt<l :teop:Wad rocoput<l n<op:i>ld <KOput<l 

316.15 60..9 

29 l.J&b<pW: 0 
Abse:tXCIIlnslbt. GD t!Ul 1.1::1 

26 Blmshpc Abs&t Xot lisiblt 01t t!Us b:a 

0 
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Appendix 2: Tables with input data for the three locations (well1911/10-1, well1911/15-

1 and New (Pseudo) well) modelled in Petro Mod 

Table 28.1nput table.for 1911110-1 

.._QIUI:ilr ltU·ll).ld-te!i 

~&,qut: . ~ ~ s...-..~ - ...sdb.PCb- GIT4D~ .. llll'i..a-JW- ... 
'5<Y7am --·d .,, 

,......,_ ·-WI>,__ ... 
lli.JO~~ .... 
D.JO lAI!Itfioclnt ,.,. ...,. ...... _ 

>172 

-41M e.tfl!oo:r:llt .... 
....,,__ .,.. 
61AIIIf"Mtr~ UD 

.....,....,.,_ -JIUIDIIIQI~II;o~ """ 
7l.IDlat~ .,... 
,...,....,.,_ 

""' .....,..._ :rm 
...,eo.-, ..., 
..... ._ ..,., 
ntDc..- -JO!l.S)tMaolltJoln ,.. 

"""'-- ... 
DUJO..a..to~ -
127.00-- .,. 
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