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Summary

The southern Tanzanian continental margin is a regionally significant geological and
geomorphological feature, which originated in the breakup of Gondwana in the Permian and
is presently undergoing active extension a part of the South Eastern Branch of the East
African Rift. Despite this long and varied history of activation and reactivation, there has
been no academic, publicly available study of the margin. This study is the first complete
structural, sedimentological and stratigraphic study of the evolution of this complex margin

since the Cretaceous.

Based on the acquisition, processing and interpretation of over 2,000km of multichannel
reflection seismic data, a robust seismic stratigraphic scheme was erected for the margin,
extending from the shoreline to the Davie Ridge. Several structural ‘zones’ were identified in
the margin and individual stratigraphic schemes erected based on seismic markers, facies and
sedimentological interpretations. As there were no exploration wells available to calibrate the
ages of key seismic markers, previous work, newly acquired box cores and sequence
stratigraphic principles were incorporated to establish four key seismic markers traceable
through the entire margin; (1) Top Cretaceous, (2) Eocene - Oligocene (3) intra Mid-

Miocene and (4) Base Pliocene.

The regionally significant Oligocene to Recent “Tipuli Unit’ is recognisable as a
chronostratigraphic unit separate from the underlying Upper Cretacecous to Lower Oligocene
‘Kilwa Group’. Unconformities within this unit extend to the transition zone and correlate

with the sequence stratigraphic scheme erected there.



The margin may be considered a partitioned transpressional strike slip zone as tectonic
features identified in this study include relatively straight fault traces, positive flower
structures, regionally extensive en-echelon folds and faults, abrupt changes in seismic facies
across faults and varying normal to reverse separations along single faults. The southern
Tanzanian margin is undergoing active extension and compressional phases in response to the

clockwise rotation of the Rovuma microplate, which is part of the East African Rift System.

The Tanzanian margin forms a part of the youngest and only offshore arm of the East African
Rift. As a result of the uplift of the hinterland, there has been a marked increase in sediment
flux to the margin. A broad network of V-shaped canyons incising the shelf has developed
since the late Miocene, exploiting the SW-NE structural trend, providing a sediment pathway

for material from the African continent to the Somali Abyssal Plain.
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1. Introduction



Tanzania is located in East Africa (Figs. 1.1 and Fig 1.2), bordered by Kenya,
Uganda, Malawi and Mozambique. The Tanzanian coastal belt is located between the
coast on the east and the basement outcrop on the west. The coastline and islands are
fringed with coral reef development and the offshore shelf (200m isobath) is very
narrow (several km) in the south. Offshore the southern coastal region exhibits

present day fault scarps on the seafloor and a highly incised near shore slope.

The southern coastal area of Tanzania is of significance for regional geological
studies for several reasons; it is a relatively unstudied margin with outstanding
questions with regard to its stratigraphy, sedimentology, structure and potential

hydrocarbon prospectivity.

This thesis aims to give a broad synthesis of a range of new and legacy datasets to
give an overview of the sedimentological, structural and stratigraphic evolution of the
southern Tanzanian margin. A number of enclosures (A0) are included at the rear of
the thesis for your ease of navigation and it is recommended that the reader uses them
in conjunction with reading the text. They comprise a geological map, uninterpreted

and interpreted seismic lines and the final synthesis series of diagrams.

To begin with, the reader is advised to consult Fig. 1.2 for a wide overview of the
datasets used in this thesis in relation to the study area. Furthermore, Fig. 1.1 should
be a key guide to placenames, locations and survey line numbers to accompany
reading. An introduction to the geological context and the research questions is given
in Chapter 2, and the methods utilised to answer these outstanding questions are
described in Chapter 3. Interpretation of a new offshore 2D seismic survey (GLOW)
begins in Chapters 4 to 6. Beginning from first principles, seismic markers, units and
facies are identified. Given that major faults transect the area and the depth of
resolution of the seismic data is not enough to confidently correlate across the faults, a
range of seismic stratigraphic schemes are created for key areas. In Chapter 7, nearby
wells, published data that intersects with the GLOW seismic data and new

biostratigraphic ages from targeted box cores are incorporated. As a result of this



analysis, a robust chronostratigraphic scheme is erected and applied, ranging from the

Eocene-Oligocene to Recent.

Furthermore, in Chapter 7, the onshore geology is defined for the Oligocene and
younger on the coastal belt of Tanzania; the ‘Tipuli Unit’ is introduced for the first
time here. Key unconformities onshore are correlated to the shallow water/nearshore

(transition zone) seismic data via sequence stratigraphic principles in Chapter 8.

The structural geology of the area is discussed in Chapter 10, and by analysing the
faults in seismic data, outcrop and multibeam bathymetric data, it is proposed that the
study area is a strike slip partitioned system. The oceanography, seabed morphology
and sediment response on the margin are described and discussed in relation
particularly to timing of fault movement. A concluding synthesis is included in
Chapter 11, which compiles the results acquired in previous chapters and discusses

the evolution of the margin in a series of key time slices.
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Figure 1.1: Reference basemap of the study area. The acquisition and processing of the GLOW seismic survey (2009) is described in Chapter 3. Interpretation of
the Davie Ridge Area, Kerimbas Basin and SeaGap Fracture Zone seismic facies are provided in Chapters 4 and 5. Chapter 6 incorporates results from published
data (published seismic surveys and wells shown) to assign ages to the defined seismic architecture and correlate between zones of interest. In Chapter 7, the
onshore Cretaceous and younger geology is established in the area adjacent to the GLOW seismic survey. The survey tracks, samples and key regions are shown.
The results of Chapter 7 are extrapolated to assign ages to the shelf seismic stratigraphy and transition zone via sequence stratigraphic principles. Chapter 9
examines the structural regime of the area and the post-Cretaceous reactivation history of the margin. Chapter 10 describes the oceanographic regime and
sedimentary response of the margin evolution. Finally Chapter 11 summarises the geological evolution of the margin in a series of time slices.



B

1 0Ly 1t i i
v




500.000 1000000 1500000
1 1

Legend
«e= Border
GLOW Box Cores
% DSDP Site
— Coastline
—— GLOW Seismic Lines
~— AGIP Philips TZ- 1976 Seismic Lines
—— MD40-MACAMO Cruise -1984 (Mougenot et al., 1986)
—— V3618 Cruise -1983 (Coffin and Rabinowitz, 1987; Shipley et al., 2005)
Onshore Field Samples
4 TDPboreholes

[] studyArea 1:5,000,000

/ Indian Ocean

(Somali Abyssal Plain)

100

0 200 Kilometers

Chorowize {2005)

MOZAMBIQUE

MADAGASCAR

Mozambique Channel

Figure 1.2: Location of the study area with principal datasets used. The location of the study area (Fig. 1.1) within the East African Rift system is shown.






2. Regional Geological Context and Research

Aims



2.1.Geography of southern coastal Tanzania

Tanzania is located in East Africa (Figs. 1.2 and 1.2), bordered by Kenya, Uganda,
Malawi and Mozambique. The Tanzanian coastal belt is located between the coast on
the east and the basement outcrop on the west. The two major rivers are the Ruvuma
and the Rufiji with associated deltas. Lesser but still important are the Mbwemburu,
Ruvu, and smaller rivers all draining into the Indian Ocean in an approximate ESE-
WNW orientation, perpendicular to the strike of the geological outcrop. The coastline
and islands are fringed with coral reef development which degrades the quality of
onshore to offshore seismic ties because of logistics and the poor energy coupling of
geophones on a porous carbonate outcrop. The offshore shelf (200m isobath) is very
narrow (several km) in the south, swings out to include Mafia and Zanzibar islands
and then shifts landward off Pemba Island. Offshore the southern coastal region

exhibits present day fault scarps on the seafloor and a highly incised near shore slope.

2.2.Regional tectonic setting

The present day Tanzanian margin began to evolve during the Permian, when
Madagascar began drifting away from Africa as a result of Gondwana breakup
(Reeves & de Wit 2000) and the East African coastal basins (Mandawa, Ruvuma and
Selous of Tanzania and the Morondava Basin of Madagascar) were developed (Fig.
2.1). There has been a substantial amount of research conducted to support this
hypothesis (Schandelmeier & Bremer 2004; Salman & Abdula 1995; Montenat et al.
1996; Geiger 2004). After the breakup of Gondwana, ocean seafloor spreading began
in the West Somali Basin during the Late Jurassic (Eagles et al. 2008) and led to the
dextral strike slip motion of Madagascar along a prominent fault zone; the Davie
Fracture Zone (DFZ). After > 600km of displacement along the DFZ, the structural

fabric of the Tanzanian margin was well established. A period of margin stability and



thermal sag took place during the Cretaceous and Paleogene before ‘reactivation’ or
‘neo-rifting’ took place (Salman & Abdula 1995). This is hypothesised as being
related to the impact of a superplume beneath the African craton and the subsequent
evolution of the East African Rift in the Oligocene. Recent geodetic data onshore
indicates that the Tanzanian margin is the locus for a compressive regime as the
African continent essentially unzips and east African moves away from west Africa
(Calais et al. 2006; Stamps et al. 2008). Both the ‘neo-rifting” and ‘reactivation’

hypotheses are poorly understood in relation to Tanzanian geology.
2.2.1. Gondwana Breakup

The African continent was largely established in the Early Palaeozoic. A stable
African plate was bound by weak structural zones along which adjacent plates moved
away from the main plate. In the Late Palaeozoic, the breakup of Gondwana began.
From the Late Carboniferous/Early Permian to Late Triassic a series of pull apart
basins formed along zones of weakness within the Gondwanan landmass
(Schandelmeier & Bremer 2004; Salman & Abdula 1995; Montenat et al. 1996;
Geiger 2004).

Rifting in the Late Triassic/Early Jurassic led to the disintegration of Gondwana into
separate blocks. Rifting towards the southwest in the Selous area of Tanzania from the
Permian to earliest Jurassic (Nilsen et al. 1999) eventually failed and jumped
eastwards to the present day coastal zone. Approximate W-E extensional faulting
during the latter stage of Gondwana breakup (303— 150Ma; Late Carboniferous to
Mid Jurassic), led to the development of horsts and grabens which the basement
structure reflects. “Horsts’ during this phase include the Masasi spur (Salman &
Abdula 1995) and grabens Mandawa, Ruvuma in Tanzania and Morondava Basins in
Madagascar (Morondava). The deposits of these intercontinental rifts are thick
Permo-Triassic ‘Karoo’ deposits. The dominant structural fabric from that time is
dominated by approximately N-S oriented normal faults extending in a West-East

direction.



A number of plate reconstructions are available, drawing on coastal outlines,
bathymetry, gravity, magnetic and palacomagnetic data (Du Toit 1937; Smith &
Hallam 1970; Heirtzler et al. 1980; Rabinowitz 1971; Rabinowitz et al. 1983;
Scrutton 1978; Bunce et al. 1977; Mougenot et al. 1986; Reeves et al. 2002; Geiger et
al. 2004; Eagles et al. 2008). The understanding of the tectonics of the Gondwana
breakup in the literature for the purposes of studying the Tanzanian margin are quite
clear. There are questions raised in the literature however, about the influence of
older, inherited structures located along zones of weakness as sites of reactivation

along the East African margin. The identification of these potential zones is critical in

understanding this role.
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Figure 2.1: An adaptation of a reconstruction of Gondwana fragments at 200Ma by Reeves et al.
(2002) based on ocean floor topography and fracture zone orientations. Sedimentary basins in
Tanzania and Madagascar are indicated. Areas in white indicate continental crust while areas in

grey are zones of weakness and continental rifting. Present day outline of Madagascar is shown

in blue dashed outline (Geiger et al. 2004)
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2.2.2. West Somali Basin Seafloor Creation — Dextral Strike

Slip Movement

Seafloor spreading was initiated in the West Somali Basin (WSB) at magnetic chron
M22 (150.21Ma — Upper Jurassic) and ceased at M10n during the Lower Cretaceous
at approximately 188Ma (Segoufin & Patriat 1980). The spreading axis, located at
45E, 8S is placed approximately 300km directly east of Mafia Island by Eagles et al.
2008, following a review of the published plate reconstructions (Fig. 2.2). The initial
azimuth of movement was in an approximate NNW-SSE direction, with linear gravity
spurs off the Davie Ridge interpreted as fracture zones formed at transform faults. The
azimuth later shifted to a N-S direction and by MI10n (138.85Ma mid Lower

Cretaceous) seafloor spreading had ceased.

Thus, from the Upper Jurassic to Lower Cretaceous, the Davie Fracture Zone (DFZ)
was composed of a series of en-echelon ridge segments with medium offset
transforms traversing in a NW-SE orientation. Coffin & Rabinowitz 1983 proposed a
spreading rate of 24-26km/Myr which did not decrease prior to cessation and
exhibited no prominent axial gravity anomaly. Thus the DFZ experienced >600km of
dextral offset as an Upper Jurassic — Lower Cretaceous strike slip transform margin,
with stretched continental crust to the west and newly formed oceanic crust to the
east. Thus it is often termed a ‘fossil-’ or ‘relic- transform zone’ (Bruce & Molnar
1977; Rabinowitz 1971; Scrutton 1978; Scrutton et al. 1981; Coffin & Rabinowitz
1987; and Mascle & Blarez 1987).

The change in extensional direction from approximate W-E during the breakup of
Gondwana to N-S during seafloor spreading led to an almost 90 degree rotation in the
direction of extension in the margin (Salman & Abdula 1995). Thus, the principal
structures on the margin at this time on the Tanzanian margin are the older N-S
oriented normal faults reactivated as strike slip faults with W-E normal faults enabling
the stretching of the continental lithosphere. The reactivation of these faults has not
been studied in detail. The tectonic chronology and kinematics of faulting may be

mapped using the identification of major faults and fault intersections. The location of
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the continent-ocean boundary is traditionally placed along the Davie Fracture Zone,
however, the kinematics of the geodynamic and structural relationship along this

margin are poorly understood.
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Figure 2.2: (a) Free air gravity anomaly map of the West Somali Basin (WSB) located north of
Madagascar and east of Tanzania and b) interpreted map. The newly created oceanic crust is
highlighted in blue and the continent-ocean boundary is highlighted in red; (c) and (d) are
reconstructions of the strike slip motion along the DFZ at 150.2 and 133.5 Ma. (Adapted from
Eagles ef al. 2008)
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2.2.3, Stabilisation/ Passive Margin

Following the cessation of seafloor spreading in the WSB in the Lower Cretaceous,
strike slip movement on the DFZ was terminated. A period of stabilisation occurred
across the East African Margin from 118Ma-35Ma during which the entire East
African margin experienced remarkable margin stability and steady, uniform
subsidence across the shelf (Salman & Abdula 1995; Nicholas et al. 2006). This phase
of development is often referred to as a “passive margin’ which persisted until the Mid
Oligocene (Salman & Abdula 1995) (Fig. 2.3). There is no evidence of any fault

activity offshore Tanzania at this time.
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Figure 2.3: Palaeogeographic reconstruction of the East African margin at the End Cretaceous
(left) and End Eocene (right) with the location of the Davie Fracture Zone shown in red. There is
no evidence of fault activity offshore southern coastal Tanzania during this time period and

widespread stability takes place.
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2.2.4. Neo-rifting/Reactivation due to the East African Rift

Development

A phase of neo-rifting or reactivation was initiated 35 million years ago on the East
African margin that was related to the inception and development of the East African
Rift System (EARS) (Salman & Abdula 1995). The African craton rose in the
Oligocene due to the impact of a plume, dubbed ‘the African superswell’ (Ritsema et
al. 1999; Nyblade & Robinson 1994; Nyblade 2011). Tomographic studies (Fig. 2.4)
have shown there is a broad (>300km) and deep (>400km) low-velocity zone beneath
East Africa at the 410km discontinuity indicating higher than normal temperatures
leading to doming, Cenozoic rifting and volcanism (Huerta et al. 2009; Nyblade
2011). During the late Miocene, active rifting of the continental margin led to the
development of the various topographic highs and lows of the East African coast. The
topographic highs of Zanzibar, Pemba, Mafia Islands and the horsts of the Davie
Ridge (Schluter 1997; Mougenot ef al. 1986) were progressively developed by
relative uplift, mostly interrupted by slower subsidence associated with closely spaced
faulting in the Neogene. Similarly, the Kerimbas and Coastal Basins were initiated as
grabens at this time. East African Rift fracturing and subsidence nucleated at different
locations during the Late Miocene and is presently still propagating southern offshore
Tanzania along the Davie Ridge area, as shown by the distribution of seismic activity
(Grimison & Chen 1988). Unroofing of the inland basement Masasi Spur to the west
seems to have been constant for ~55Ma and seismic reflection evidence indicates the
presence of large palaeo-fluvial systems where the present day Ruvuma and Rufiji are

situated (Nicholas et al. 2006).
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The Tanzanian margin was first hypothesised as the youngest and only offshore
segment of the Eastern Branch of the EARS by Mougenot ef al. (1986) who imaged
Miocene extension offshore Mozambique and Tanzania. It has since been referred to
as the southeastern branch of the EAR by Chorowicz (2005) in his review of the
EARS (Fig. 2.5). Less developed than others, it is suggested by these researchers that
this may be due to hotter, thinner lithosphere. The Pemba, Mafia, Kerimbas and
Lacerda Basins are >20km wide half graben zones of normal faulting mostly parallel
to the main trend of the margin. The fault motion may have been favoured by the
tendency of margin sediments to sag due to gravity forces. Chorowicz (2005)
proposed the Kerimbas and Lacerda basins are probably due to the extensional

reactivation of ancient strike slip faults of the Davie Ridge.

The nature of this reactivation is unclear however and our understanding of the
margin in terms of classification is quite poor. The Davie Ridge area in Tanzania has
been relatively poorly studied in relation to the main tectonic features, evidence of
volcanism, fault kinematics, transfer and accommodation zones and the temporal and

spatial evolution of the SE branch of the EARS.
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Figure 2.5: The southeastern branch of the EARS located in a N-S direction parallel to the
Tanzanian margin. It has been suggested that the Davie Ridge faults have been reactivated in

extension leading to the formation of the newest rift arm (Chorowicz 2005).
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2.2.5. Seismicity and Geodetics of the Rovuma-Somalia

Microplate boundary

Earthquake slip vectors, located on the Tanzanian and Mozambican margins follow a
well defined belt of seismicity contiguous with active structures of the Davie Ridge
(Mougenot ef al. 1986; Grimison & Chen 1988; Stamps er al. 2008). Pointing
predominantly towards the southeast quadrant, they indicate the direction of

maximum displacement at this location.

The African continent is split into several blocks, on the basis of seismological and
structural grounds. The EARS is essentially splitting the continent into western and
eastern tectonic blocks (Nubia and Somalia respectively) around a triple junction
between the Red Sea and the Gulf of Aden. More complex structure in East Africa has
led to further identification of three microplates (Victoria, Rovuma and Lwandle)
between Nubia and Somalia (Fig. 2.6). The large relatively aseismic lithospheric
blocks are bordered by narrower belts of neotectonic rifting, volcanism and
concentrated earthquake activity. The Rovuma microplate encompasses the Tanzanian
craton and its eastern boundary with the Somalia plate is located along the Tanzanian
continental margin and ostensibly the Davie Ridge and the southeastern extension of
the EARS. The placing of the Rovuma-Somalia boundary at this location is based on
limited GPS data and earthquake magnitudes measured by the thirty year global NEIC
catalogue. Along the Davie Ridge, the earthquake slip vector directions are primarily
pointing southeast (Calais et al. 2008), thus describing the motion of the hanging wall

with respect to the footwall.
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Figure 2.6: Relative motions at plate boundaries in East Africa, particularly around the Rovuma
microplate (adapted from Stamps ef al. 2008 and Calais ef al. 2006 ). The East African plate
comprises three microplates; Rovuma, Victoria and Lwandle. The Rovuma Plate in the north is
moving eastwards away from Nubia at 3.2-3.8mm/yr whereas at the eastern boundary of the
Rovuma it is moving east at 0.2-0.3mm/yr. It is inferred from this data that the Davie Fracture
Zone area is accommodating a large portion of this compression and taking up the strain with a
vertical component of uplift. The calculation of the clockwise Rovuma microplate motion with
respect to Nubia (Calais ef al. 2006) is primarily based on the seismicity data (NEIC) on the Davie
Ridge (red arrows). Circles represent locations of seismic events at the Rovuma boundaries and
arrows indicate earthquake slip vectors. In Tanzania, they are heavily concentrated in one area

close to the Tanzanian-Mozambican border, to the south of the study area.
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The Nubian-Somalian plate boundary consists of two distinct portions; one
accommodating convergence and one accommodating divergence. The Tanzanian
portion of the plate is identified as accommodating convergence as the Rovuma plate
is rotating clockwise with respect to the Somalia plate (Fig. 2.6). Stamps et al. (2008)
synthesised the existing data for plate motions along plate or block boundaries and
show that in southern Tanzania the Rovuma plate is moving eastwards away from
Nubia at 3.7-3.8 mm/year (Fig. 2.6, 2.7). However, on the eastern side of the Rovuma
plate the relative motion is only 0.2-0.3mm/year (Fig. 2.7). Thus between the Malawi
Rift and the Davie Fracture Zone, approximately 3.4-3.6mm/yr of convergence (or
90% of microplate motion) is accommodated at the Davie Fracture Zone, probably
with a vertical component of motion or uplift. Thus, the Tanzanian margin is one of
the most southerly expressions of deformation or seismicity of the EARS due to the

relative motion of these two distinct plates.

Grimison & Chen (1988) modelled a series of seismic events that occurred along the
Davie Ridge in 1985. Events 850514a and 850514b were modelled using body-
waveform inversion. Both events had epicentres very close together on the Davie
Ridge, between Mozambique and Madagascar, and yielded identical source
parameters, showing pure normal faulting with nodal planes striking north-northwest
and no significant component of strike slip motion. The centroid depth for both events
was difficult to constrain; Grimison & Chen (1988) proposed double ruptures at 40
km and 20 km. Honda & Yomogida (1991) proposed that the 850514a event consisted
of a normal-faulting subevent followed by an isotropic source, and they fixed the
depths of both subevents to be 7.5 km. Grimison & Chen (1988) noted that the
scattered nature of seismicity indicated that extensional deformation was taking place
along different parts of the ridge along much of its length. However, the limited extent
of the source region of the 1985 sequence meant that continuous or large scale normal
faulting has not occurred along the length of the ridge. Delvaux & Barth (2010) show
a similar ENE-WSW (NO063/067°E) extension in the Davie Ridge with normal
faulting (Fig. 2.9). These authors correlated this clearly extensional regime offshore

with evidence of a transpressional regime onshore as evidence of unstable interactions
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between the Rovuma and Somalia plates since the Pliocene with episodic

compression and extension periods.

-

00 NF 10 SS 20 TF 3.0
stress regime

Focal mechanisms Focal mechanisms

Stress inversion results

with tectonic regime

Figure 2.7: Focal mechanisms, superimposed with tectonic regime and stress inversion results for
the Mozambique Channel area (Delvaux & Barth 2010). They indicate a dominant NNW-SSE
trending normal fault plane along the length of the Davie Ridge. However, this faulting is
concentrated in two pockets primarily, the north and south of the bathymetric expression of the
Davie Ridge. Some strike slip motion is observed in northern Mozambique that probably

indicates a WSW-ENE transfer fault.
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2.2.6. Onshore evidence of compression and transpression

Post-Miocene tectonism has been identified onshore southern Tanzania by a number
of authors. Nicholas et al. (2007) and Reuter et al. (2009) observed post-Miocene
inversion, strike slip motion and periodic uplift of marine terraces. Nicholas et al.
(2007) suggest that gravity data indicates the Davie Ridge is thickened continental
crust, bound by Jurassic-Cretaceous strike-slip faults. Onshore evidence linking field
exposures and seismic reflection data indicates that southern coastal Tanzania is
experiencing inversion and reactivation of older faults. A regional scale mechanism
proposed by Nicholas et al. (2007) is that clockwise rotation of the Rovuma
microplate (Fig. 2.8) is leading to transpressional strike slip motion along the Davie
Ridge, thus reactivating the Jurassic-Cretaceous faults and leading to uplift. Reuter ef
al. (2009) proposed an uplift rate of 2.5mm/year of the coastal belt as a result of
transpressional inversion. The SeaGap Fracture Zone/SeaGap Ridge (Fig. 2.10) has
been termed an ‘inverted strike slip structure’ in Nicholas ef al. (2007) and Kidson et
al. (1997) and various unpublished industry reports. However, the structural and
tectonic history and evolution of this enigmatic bathymetric feature have not been

studied.
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o 5o Sy 0 Theme 1 Research Questions; Tectonics

1) Can the tectonic chronology and fault kinematics of the Tanzanian margin
from Gondwana breakup to present be mapped?

2) What is the nature of the transform continent-ocean boundary located along
the Tanzanian margin?

3) Is there any geological evidence either onshore or offshore of the (a)
tectonically stable period hypothesised from Lower Cretaceous to Oligocene,
(b) the Miocene extensional event and (c) the present day
compressional/transpressional hypothesis based on the geodetic, seismic and
onshore field data?

4) Can the southeastern branch of the EAR be described in terms of main
tectonic features, evidence of volcanism, fault kinematics, transfer and
accommodation zones and the temporal and spatial evolution?

5) Can the geological evolution of the ‘SeaGap Fracture Zone’ be described?

2.3.Stratigraphic framework of onshore and offshore

Tanzania

The stratigraphic framework of the Tanzanian margin does not appear to be fully
understood in the literature. In Chapter 7, a synthesis of the previous studies and
stratigraphic nomenclature is given. What is clear arising from the pre-existing body
of work is that the post Oligocene stratigraphy onshore has not been well defined. It is
of critical importance when resolving tectonic and sedimentological evolution that the
stratigraphy is established. As can be seen from the previous sections, the post-
Oligocene geological evolution refers to a period of reactivation of the Tanzanian
margin. Offshore, there is one published seismostratigraphic scheme (Cope 2000).
However, this is a general scheme that applies to the offshore area from Mafia south
to Ruvuma and offshore towards the Davie Ridge. As there are clear structural
features offsetting the offshore stratigraphy, ensuring good stratigraphic control was

very important.
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2.3.1. Theme 2 Research questions; Stratigraphy Onshore
and Offshore

6) Can the stratigraphy of offshore southern coastal Tanzania be defined and
correlated on the basis of seismic data?

7) Is there a geological lithological/sedimentological or chronostratigraphic unit
identifiable onshore southern Tanzania that can be distinguished from the

well-defined pre-Oligocene geology?

2.4.0Offshore Age control

Due to a recent burst in hydrocarbon exploration activity in East Africa there are
currently a number of exploration wells drilled offshore Tanzania (2010-2012).
However, for the purposes of this study, no access to existing industry offshore wells
was obtained. As well ties and control are the primary and most important methods of
assigning ages to marine seismic stratigraphy it has rendered the chronostratigraphic
control of the marine portion of the margin very poor. Previous surveys have
correlated marine seismic surveys to DSDP Wells 241 and 242 located offshore
Kenya and Mozambique respectively, to coastal wells Songo-Songo- 1 and Mnazi

Bay-1 and to onshore wells via seismic data.
2.4.1. Theme 3 Research questions; Age control

8) By synthesising previous published and unpublished surveys, can accurate age
constraints be placed on the seismic stratigraphy erected for the offshore
realm?

9) Can identification of unconformities and bounding surfaces in the onshore
stratigraphy be extended into the shallow marine seismic stratigraphy?

10) Can a regional chronostratigraphic framework for both onshore and offshore

Tanzania be erected?
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2.5.Sedimentary transport on the margin

The nature of the oceanographic regime, sedimentary processes on and morphology of
the Tanzania margin is poorly understood. Although the oceanographic regime and
the interaction between currents and seafloor topography is well established for the
Mozambique Channel (Ridderinkhof & Ruijter 2003) the area offshore Tanzania has
been poorly studied, except for Swallow (1991) who gave an appraisal of the surface
currents along the East African coast. The interaction of bottom currents and
bathymetric features and their influence over sedimentation on the Tanzanian margin
however, has not been studied. A sedimentary seismic facies termed ‘contourites’
were observed offshore Tanzania and named locally as the ‘Davie Drift’ by Virlogeux
et al. (1988) and published in Faugeres er al. (1999). Further investigation of the
origin of these climbing sediment waves and the timing of slope (and possibly fault

movement) initiation was identified as a potential for further study.

There has been no comprehensive survey of the seabed topography, architecture and
sediment pathways on the Tanzanian margin. Although significant erosion and
sediment redistribution has been proposed due to the thermal doming of the African
craton, there has been no study of the offshore sedimentary response. Bourget et al.,
2008 described the presence of a 10km wide, 70m deep giant submarine channel at
4,000m water depth over 800km from the coast into the Somali Abyssal plain; ‘the
Tanzania Channel’. Sediment core data proved the presence of remains of reworked
and transported terrestrial fauna on the canyon floor. Based on the GEBCO
bathymetric maps of the Tanzanian margin, Bourget es al. 2008 proposed a
distributary network of canyons across the Tanzanian shelf transporting terrigenous
sediment from the thermally up-domed hinterland to the Somali Abyssal Plain. The
authors proposed that some structural control of the sediment pathway probably
exists. However, also present on the bathymetric maps are the structurally complex
SeaGap Fracture Zone and the Davie Ridge. Thus seafloor bathymetric profiling and

analysis of the hypothesised ‘distributary network” was proposed.
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2.5.1. Theme 4 Research questions; Oceanography and

sedimentary response

11) Can the morphology and sedimentation of the Tanzanian continental margin
be classified?

12)Is there any evidence on the margin of the downslope tributary channels
converging into the Tanzania Channel as proposed by Bourget et al. (2008)?

13) Can the contouritic facies identified by Virlogeux et al. (1988) be identified on
the Tanzanian margin and can its development be linked with timing of fault
activity in the area?

14) Are present day processes relevant to past sedimentary processes?

2.6.Aims and Objectives for the present study

Previous research on the Tanzanian margin has been briefly described above and a
number of research question arising from this body of work identified. Many of these
research questions form the framework in which this study was carried out to
contribute to the existing body of knowledge. The overall aim of the present study is
to construct a regional overview of the sedimentological, structural and stratigraphical
evolution of the Tanzanian margin. This aim will be using the methods described in

Chapter 3.
2.6.1. Primary objectives

1) To collate the existing but disparate published and unpublished data (reflection
seismic, wells, maps) relevant to the study.

2) To identify key regional, yet poorly understood bathymetric and structurally
controlled features offshore Tanzania.

3) To plan, acquire and process a 30day high frequency seismic survey offshore
Tanzania as part of the GLOW multidisciplinary team.

4) To acquire box-core data targeting outcropping reflectors imaged in the

seismic survey to assign biostratigraphic control to those reflectors.
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5) To construct a seismic stratigraphic framework for offshore southern
Tanzania.

6) To integrate previously existing data to assign ages to the offshore seismic
stratigraphy, thus creating a chronostratigraphic framework.

7) To identify and define the ‘Oligocene/Miocene and younger’ geology onshore.

8) To extend the unconformities and sequence boundaries identified by detailed
field mapping into the transition zone and shallow water seismic data.

9) Using the newly constructed age constrained seismic stratigraphy; assess the
structural regime on the Tanzanian margin.

10) To identify the Post-Oligocene tectonics of the East African Rift in its
proposed southeastern branch.

To construct detailed palaeogeographic models of the Tanzanian margin at key
geological times and to construct 3D diagrams of the geological evolution of

the Tanzanian margin.
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3. Methods
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3.1.The Multidisciplinary Approach

The thesis objectives (Chapters 1 and 2) were sought using a highly multi-disciplinary
approach, combining a desk study of unpublished industry and publicly available
data, newly acquired primary offshore data and onshore geological mapping. In this
chapter these methods are introduced.

Table 3.1 depicts the range of primary and secondary data sources used and the range
of methods employed. A description of the methods used will be discussed in the

following sections of this chapter.

3.2.Desk Study

In this study, newly acquired primary data (Table 3.1) have been combined with
older, unpublished or partially published industry data (Figs. 1.1 and 1.2). Primary
data were obtained during the course of this PhD study and includes multichannel
seismic data, offshore sediment samples, multibeam bathymetric data and onshore
field data. Secondary data refers to data that pre-dated this study and has been made
available for incorporation into the study, primarily from the archives of the Tanzania

Petroleum Development Corporation (T.P.D.C.).
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Data Type

Seismic

Multibeam

Sediment Samples
Geophysical

Remote Sensing

Wells

Geological Mapping

Data Nature Location Name

Primary

Secondary

Primary

Primary
Secondary

Secondary

Secondary

Primary

Secondary

Offshore

Offshore

Onshore
Oftshore

Offshore
Onshore

Offshore

Onshore
Onshore

Onshore

GLOW Lines 1-31 MCS

V3618 Cruise (1983)
MD40-MACAMO Cruise (1984)
MD40-MACAMO Cruise (1984)
Phillips - AGIP Survey (1976)
DSDP 241 MCS (1974)

DSDP 242 SCS

Prefix MDW/TNZ/LND

GLOW Lines 1-31

Box and Piston Cores - GLOW

ARK Gravity East Africa

Combined Aero and Marine Total Intensity Magnetics
Combined mag data set

7.5-32.5km Band Pass Filter Bouguer Gravity
75-150km Band Pass Filter Bouguer Gravity

Free air gravity anomlaies of the West Somali Basin
Surface elevation data tiles (SRTM).

Seismic hazard map.

Seismic hazard map.

Seismic hazard map.

DSDP 241

DSDP 242

Suite

TDP Maps

TDP Wells

Geology of Southern Coastal Tanzania
Geology of the Kilwa Peninsula
Ruvuma Basin Field Study

Mandawa Thesis
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3.3.Primary Offshore Data

The primary, new data examined in this thesis are a suite of high resolution
multichannel seismic (MCS) reflection profiles, swath bathymetry and bottom-
sediment samples from offshore Tanzania collected by the scientific team and crew of
the R.V. Pelagia in February and March 2009 under the direction of the Universities
of Edinburgh, Cardiff, Kiel, Dublin and Vrijie Universitat Amsterdam. This
international collaboration, known as the acronym ‘GLOW’ (GLObal Warming
Events) aimed to record data that may shed light on tropical global warming events at
low latitudes, particularly during the Cenozoic. The relevant data are located in

Appendices [-1V.
3.3:1. Survey Planning

Two key areas were considered in survey layout design; a) defining the scientific aims

and b) project planning.

The desk study prior to establishing the survey layout involved assessing the available
data, which included 2D seismic reflection data, wells, maps, geophysical and well
log information. The scientific aims of the cruise were confirmed amongst the
scientists of the GLOW team in a pre-cruise meeting and subsequently the ideal
acquisition parameters established. The principal scientific aims of the GLOW Survey
were to a) complete a regional scale seismic survey, b) sail as close as possible to
areas with good age constraint, i.e. wells and coastal areas with good field control ¢)
to record seismic data of potential future IODP sites for Cenozoic recovery (referred
to as 'Tanzania to Offshore Paleogene Survey' or TOPS) and d) take sediment cores
and seismic reflection data along the continental shelf for Plio-Pleistocene and

Holocene studies.

Once the scientific aims were established, practical matters such as time constraints,
ship paths and jurisdiction were considered. A pre-cruise meeting held at NIOZ
(Royal Dutch Oceanographic Institute) in November 2008 involved all scientists’
input and further consultation took place via email. A working consensus of scientific
aims incorporating those of all participants was agreed upon. An order of priority was

set and subsequently, a preliminary cruise path was established (Fig. 3.1). Previous
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industry surveys completed in the area were consulted to avoid duplication.

relevant government authorities (COSTECH - Commission for Science

Technology) awarded research permits to the Chief Scientist.
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Figure 3.1: GLOW cruise survey layout design including line nos., co-ordinates, wells, potential

cross points for IODP (TOPS) survey, planned sites for box cores and the order of shooting.



3.3.2. 'GLOW!' Survey 2009; Acquisition.

This section describes the seismic data acquisition specific to the GLOW seismic

survey, carried out in February-March 2009 offshore southern Tanzania.

The GLOW survey was shot during February-March 2009 and covers a square area of
approximately 400km”. The vessel R.V. Pelagia, operated by the Dutch Royal
Institute for Oceanographic Research (NIOZ) conducted the 2-D seismic survey and
associated sampling on behalf of the GLOW/ESF consortium. A total of
approximately 2,000km of seismic reflection profiles were collected in various
directions. The most extended lines are 250km long while the shortest are 15km long.
As described in the introduction, the seismic data collected in this survey was to be
utilised primarily as a regional survey and as a site survey for an IODP proposal. For
the latter, two crossing points at right angles were required. The potential sites were
chosen during the cruise. This explains why the survey is not a typical seismic grid

layout.

Seismic operations began with a Sercel 210 in® GI gun (Fig. 3.2). A pneumatic source,
it contains two independent airguns within the same casing. The first air gun is called
the 'generator', as it generates the primary pulse. The second air gun is called the
'Injector’ as it injects air inside the bubble produced by the 'generator'. It is used to

control and to reduce the oscillation of the bubble created by the generator.

Total weight : 163 Ibs ( 74 Kg )
Construction : stainless steel

INJECTOR GENERATOR
e “g"

o =t R U e e
N %
g Bo
' I.'J Q Q
‘-'_ e &
11 * (280 mm) 31" (790 mm) =
I 1
6.1 G8R°
N s

Figure 3.2: GI gun interior schematics. (www.sercel.com)
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The generator and injector chamber were reduced to 45 in’ each, because the
compressors used were unable to supply sufficient air at the required pressure.
However, after the returning signal of the GI gun on Line 1 and 2 was considered to
be too weak, an array of 4 sleeve guns was deployed instead. After Lines 3 and 4 were
adequately recorded, the Line 1 was re-recorded (and labelled Line 5), albeit with a
small lateral offset so an additional strip if multibeam echosounder data could be

recorded.

From Line 3 onwards four sleeve guns with a volume of 10, 20 and 2x40 in® were
used. While traditional air guns use multiple ports and the resulting discharge
becomes rapidly disorganised, the sleeve guns use a single 360 degree port resulting
in a predictable, spherical bubble with a reliable and repeatable interaction with
adjacent guns. However, the sleeve gun does not produce an exact impulse but is
tuned to produce a broadband spectrum in the typical seismic frequencies. The peak
frequency of the combined signal of the guns was within the range of 50-150 Hz with
lower amplitude frequencies up to 400 Hz. The guns were towed in a frame at a depth
of 1.7m while 42 metres behind the stern of the ship and fired every 10 seconds at a

pressure of 115 bars (Fig. 3.3).

The average sailing speed was 4.2 knots which resulted in an average distance
between the shots of 21m, twice the receiver group interval of the 24 channel
streamer. The streamer consisted of four 63m long active sections with 6 channels
each. Each channel consists of 10 Teledyne T2 hydrophones with a hydrophone
interval of 1m. The streamer is ended by a 0.5 m tail-end, which contains the last
terminating end connector. The receiver was attached to the ship by a tow leader of 60
m and a stretch member of 25m. The streamer was towed at a depth of 1 metre below
the surface. Three (front, mid, end) 5010 DigiBIRDS were used to keep the streamer
at depth. During the recording of line 2 one bird failed. From line 3 onwards only 2
birds (front, end) were used with no noticeable effect on the streamer position. The

acquisition layout is depicted in Fig. (3.4).
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Figure 3.3: Submerged sleeve guns immediately after shooting and streamer cables from stern of

the Pelagia., GLOW Survey 2009.
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Figure 3.4: GLOW Survey acquisition layout.

Data recording was performed using the Geo-Resources Geo-Trace 24 hard- and
software (lines 1 and 2 software version 9.0, after a software crash lines 3 and
onwards version 8.4). The system has a 24 channel digital pre-amplification system
and 24 channel band pass filter already integrated. The record length was 7500 ms,

the sampling rate was 2 kHz for 1-4 and 1 kHz for lines 5 onwards. The data was
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recorded with a 10 Hz high pass filter. In order to keep the file size within workable

limits, the data was stored in separate files with a length of 2 hours.

For quality control and onboard use an online raw image (channel 1, 30 Hz high pass
filter only) of the data was plotted on a CodaOctopus high resolution thermal printer.
The time sweep on the paper was 2 seconds, the paper speed 0.05 mm/s. This resulted

in good quality images suitable to help in planning cross lines and coring stations.

During the recording of all lines channel 1 was slightly noisy while channel 2 was
very noisy. The signal of channel 23 was amplified more than all other channels due
to the presence of a different type of amplifier for this channel (old type no longer
available). Channels 7, 14 and 24 were not working at all, although channel 7

sometimes did give data.

The recording and acquisition details for each line within the GLOW survey were
described in the observer logs (Fig. 3.5). These paper reports are the only records
made in the field which may record deviations from the acquisition specifications,
such as missed shots, bad traces, noise files, levels of interference, operator error, data

recording.
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Seismics GLOW, Pelagia Line no.:

Start of line Date Latitude End of line Date Latitude
Time (GMT) Longitude Time (GMT) Longitude
GeoTrace (24 Channels): Sampling rate (ms):
Record length (ms):
Total no. of shotpoints: Shot interval (ms):
Recording delay (ms):

Every half hour:

Date Latitude Remarks
Time (GMT) Longitude

Shotpoint 6 ch: Speed (knts)

Shotpoint 24 ch: Gun pressure (bar):

Date Latitude Remarks
Time (GMT) Longitude

Shotpoint 6 ch: Speed (knts)

Shotpoint 24 ch: Gun pressure (bar):

Date Latitude Remarks
Time (GMT) Longitude

Shotpoint 6 ch: Speed (knts)

Shotpoint 24 ch: Gun pressure (bar):

Figure 3.5: Typical observer log as used in seismic acquisition, GLOW survey.




Instrumentation and Recording Parameters, GLOW 2009

Survey

Parameter

Total distance shot
Source

Airguns

Array

Volume

Pressure

Operating Depth
Array Separation
Average near group
offset

Recording system

Tape/Cartridge decks
Tape format

Tape polarity
Number of channels
Recording length
Sample rate
Recording filters
Shotpoint interval
Group interval
Hydrophones per group
Hydrophone interval
Hydrophone type
Streamer length
Navigation system

Value

Dual tuned airgun array

Sercel 210 cubic inches Gl gun (Lines1-3)
Sleeve gun array (Lines 5-31)

4 parallel sub array per source

10, 20 and 2x40 cubic inches.

Total 110 cubic inches.

115 bars

1.7m

42m

Geo-Resources Geo-Trace
Version 9.0 for lines1-3
Version 8.4 for lines 4-31

SEG, 8 byte

A positive pressure at the hydrophone
produces a negative number on tape and a
downward deflection on the field tape monitor.
24

7500 ms

2 kHz for Lines 1-4 and 1 kHz for lines 5-31.
10 Hz high pass filter

21m

10.5m

60

m

Teledyne T2

241.5m

Differential GPS

Figure 3.6: Summary of instrumentation and recording parameters, GLOW Survey 2009.
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3.4.Multichannel Reflection Seismic Processing

The aim of seismic processing is to manipulate the acquired data into the best possible
image from which to infer sub-surface structure. If the seismic acquisition system

were perfect, only minimal processing would be required.

Seismic reflection data can be thought of as containing two types of information about
the earth structure: traveltime and amplitude. A two-way traveltime is the total time
for the seismic energy to travel from the source to the reflector and finally to the
receiver. It can be used to deduce the location of reflectors. Secondly, amplitude
information yields knowledge about the relative impedance changes across reflector

boundaries, and can be used to infer material properties of the earth structure.

Seismic processing is the alteration of seismic data to suppress noise, enhance signal
and migrate seismic events to the appropriate location in space. However, it is
important to note that there is no single 'correct' processing sequence for a given
volume of data. At several stages judgements and interpretations are required.
Processing flows, steps or routines often fall into one of the following categories:
enhancing signal to noise ratio, providing velocity information, collapsing
diffractions, increasing resolution. As this study is mainly concerned with the
enhancing signal and extracting velocity information, they will be discussed here in

more detail.

The following section will follow each step pursued in the processing flow applied to
the GLOW 2009 Survey (Fig. 3.9), with a brief description of the theory behind major
processing steps such as velocity analysis, deconvolution, normal moveout, stacking
and migration. Seismic processing leads to better interpretation because the signal to
noise ration is increased and subsurface structures and reflection geometries are more

apparent.
3.4.1. Theory

There are many steps the processor can take in order to enhance the seismic data.

However, only the steps taken in this project shall be described as shown in the
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GLOW 2009 seismic survey processing flow in Fig.3.14. Pre-stack processing,
stacking and migration are the principal steps described here. The stack process
typically reduces the data volume by 30-60 times so that post-stack processes are
often much quicker to apply. Amplitude correction, bandpass filtering and predictive

deconvolution were applied before velocity analysis, stacking and finally, migration.

Prestack Process

nt S S
o

- 2 %
,’Amplitude ("' Velocity / Bandpass / Predictive \
Filter  \Deconvolution/

‘COI‘I‘CCUOD \_ Analysis

e /‘\ o /\\

Do {’
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Post Sta'ck Processmg
7 Noise ¥
: \(Attenuatlo}v

(

Spectral
Whlten1n§ f

\/

\ conversion/
\‘\7~—~,—'// G0 g

Filter Scale - Display

Figure 3.7: Typical 2D marine processing flow

Scaling or correction is often applied during prestack processing to compensate for
spherical spreading. It is critical that both the processor and interpreter understand the
scaling corrections that have been applied to the data, particularly if stratigraphic
interpretation or other amplitude related work is to be conducted on the data. Scaling
corrections are often specified in terms of decibels per second. The decibel is a unit of

scale defined in acoustics as 20log (A/B) where A and B are the amplitudes in
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question. If A is twice the amplitude of B this translates to 6dB, a factor of 10 to 20dB
and a factor of 100 to 40dB.

Processing of the raw seg-y (seismic reflection data format) acquired on the GLOW
seismic survey took place by this researcher at NIOZ in April — July 2009. The
following section outlines the steps taken in processing the raw seg-y data to give the
final migrated output. Most parameters within these routines are tested for best
results. Initial establishment of these parameters was decided by using lines which
best represented the geology in certain areas. Broadly, the applications performed can
be subdivided into (a) Data Input, (b) Prestack Processing (c) Stack (d) Poststack

Processing.

The RadexPro (Deco Geophysical Moscow) software operates like a tree with each
step separate from the previous. However it is not linked, thus if the output of one step
forms the input of the next step the processor must manually repeat all subsequent
steps. The project ‘GLOW _Tanzania’ was defined and each subsequent line assigned
a different data flow. These flows are the most important part of the processing
procedure; intended to perform a certain operation on the data before outputting a new
file that can then be incorporated into the next file. At each stage a menu of operations

was available (Fig. 3.8).
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¥ GLOW/GLOW_SW TANZANIA/LINE 5/010_

SEG-Y Input <- GLOWOSb.sgy
Trace Header Math

Trace Output -> LINE SB_RAW
Screen Display

Help Options Database Tools Run Flowmode... Ext

Time/Depth Convertion
Trace Header NMO/NMI
Semblance Compute

1 - Drag module; Ctri+M81 - Copy module; MB1 DbiClick - Module Parameters; MB2 - Toggle module; Ctri+MB2 DbiCiick - Delete

Data 'O A
Trace Input Data Input
Trace Output Data Output
SEG-D Input Super Gather
Lamb: Solid Layer - Solid modeling SCS-3 Input
SEG-B Input SEG-Y Input
SEG-Y Output Text Output
Signal Processing
Amplitude Correction Bandpass Filtering
DC Removal Hilbert Transform
Resample Trace Math Transforms
Trace Math Transforms (1) Wave field subtraction
Stacking/Ensembl
Ensemble Stack Asymptotic CCP Binning
Dec
Deconvolution Predictive Deconvolution
Surface-Ce D, Liutic Custorn Impulse Trace Transforms
2 » P de
Trace Editing
Trace Math X Interpolation
Trace Length Trace Editing
Data Enhancement
2D Spatial Filtering F-K Filtering
Radon Transforms Radial Trace Transform
2D Spatial Filtering (1)
T-K Migration STOLT3D
Stolt F-K Migration
Interactive Tools
Screen Display Velocity Editor
QC Analysis Interactive Velocity Analysis
3D Gazer Stream Plotting
Geometry/Headers
Trace Header Math Header Averager
Shift Header
Other
SSAA CCP-CMP X Interpolation
| Add White Noise Compute Line Length
First Breaks Picking Bandlimited SNR Compute
Hodograph Replace Trace
Velocity

DB Velocity Interpolation
HVA Semblance
NMO/NMI

Figure 3.8: The RadexPro base screen with commands to the left and the choice of operations

displayed on the right.

GLOW_SW TANZANIA

PREPROC AMP CORRECTION

100_VELOCITY ANALYSIS|
200 STACK

300_DECON1

301 DECON2
MICRATION

500 WATER COLUMN MUTING|

Figure 3.9: GLOW 2009 Survey Processing flow and schematic of the flow.
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3.5.Multichannel Seismic Interpretation

In order to establish the stratigraphic, tectonic and sedimentological framework of the
Cenozoic sediments of southern Tanzania, seismic facies, interpretation and sequence
stratigraphic principles described by Vail et al. (1977) and Catuneau (2002) were
employed. Seismic interpretation of digital SEGY data has been performed using the
Seismic Micro-Technologies Kingdom Software 2d/3d PAK. Paper-copy only seismic
profiles have been interpreted by hand on paper and interpretations digitised to be
combined with digital data in a Fledermaus 3D visualisation environment. 3D horizon
surfaces and sediment isopachs have been interpolated from 2D seismic data through
a combination of gridding algorithms and hand contouring. Sediment surfaces and

multibeam bathymetry have been visualised using ArcGIS and Fledermaus.

3.5.1. The seismic stratigraphic methodology

Seismic stratigraphy is the study of stratigraphic units that are defined on the basis of
their seismic characteristics. In this section, some of the techniques and guidelines for
conducting a seismic stratigraphic investigation are discussed. There is no definitive
methodical approach to seismic stratigraphic analysis and these steps come as a
working approach which must always by adjusted to fit the data for a given area It is
important to note it is not the same as sequence stratigraphy though it can be used for
sequence stratigraphic analyses. Seismic stratigraphic interpretation is based on an
analysis of amplitude data and its representative geology. A number of assumptions
are made in seismic stratigraphic analysis. Primarily, it is assumed that the seismic
reflection layering represents the surfaces of sedimentary layers of a stratigraphic
section. Whereas layers in a stratigraphic succession may be differentiated using a
number of characteristics, including lithology, grain size, colour, structure seismic
reflection layering is based upon the acoustic impedance contrast between layers with

different acoustic properties (Paynton 1977).

Resolution is a key concern in interpreting the type of contrast seen. Seismic
reflection observations are subject to the limitations of the vertical and horizontal

resolution. Generally, the thinnest resolvable rock layer/reflector in the vertical scale
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on seismic reflection data is one quarter of the dominant wavelength (}), which is
equal to the velocity of the p wave within the rock divided by the frequency of the
seismic pulse (Henry 1997). Using an average frequency of 150Hz and an average
velocity of 1740m/s, the vertical resolution is approximately 3m. Since the process of
wave-equation migration reduces the Fresnel zone, the interval between common
midpoints is the absolute limit of the lateral resolution of the migrated seismic data
(Berkhout & van Wufften Palthe 1979; Safar 1985). In this study, this interval is

10.5m, thus the vertical and horizontal resolution is 8m and 10.5m respectively.

The processing seismic stratigraphic methodology is shown as a flow in Fig. 3.10.
After the seismic processing flow, vertical and horizon scales are understood and
reflector terminations are identified. A sequence boundary can be drawn defined by
the reflector terminations. Between the sequence boundaries are seismic packages of
stratified packages of sediment. The internal characteristics of these seismic packages
can be described in terms of geometry, continuity, amplitude, frequency and internal
velocity. Megasequences bound smaller scale sequences. Sequences can be
interpreted in terms of where sediment was being deposited at a certain time, the type
of depositional process and the control on development. Megasequences represent the
sedimentary response to a major phase of basin evolution, generally bound by
regional unconformities. Interpretation of megasequence development can be shown
in chronostratigraphic diagrams, depositional sequences and cyclicity and correlation
to the global sea level charts. Due to varying factors such as velocity and density of
certain lithologies and accumulation rates in both space and time, seismic packages

have a heterogeneous thickness.

The surfaces (reflections) that bound a sedimentary sequence (marked as a seismic
package) transgress time and the sub-sequences of a sedimentary sequence (internal
reflections of the seismic package) also transgress time while being continually
reworked though a series of geological events (Payton 1977; Sarg 1988; Galloway
1989; Embry 2002). In other words, the surfaces that bound sequences and sub-
sequences are diachronous. In this study the seismic interpretations simplify this
situation and the surfaces (reflections) that bound sedimentary sequences (a seismic
package) are taken to represent instances locally in time (synchronous) between

which sediments continuously accumulated.

45



Offshore Seismostratigraphic Architecture
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Figure 3.10: Flow chart of the seismic stratigraphic methods employed in this study.
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Data Preparation

Preparing data for analysis usually requires the following six steps:

a)

b)

d)

Plot regional base map showing shot points and wells with bathymetry.
Base maps serve several functions, including places to mark seismic
facies notations, areas of interest and anomalies to further investigate and
checking line ties.

From the base map select key lines emphasizing regional features with
good coverage. Choose lines of good data, as close as possible to
important well-ties. Select lines to allow loop ties in a progressively
widening grid, avoiding severe tectonic deformation zones, if possible.
Identify possible key lines which show clear stratigraphic trends and tie
key wells.

Plot paper copies of selected regional seismic lines at a reduced scale.
Use wiggle trace paper sections at this stage which best display complex
stratal relationships and terminations over long distances. On the seismic
workstation, such stratal observations are often obscured or masked by a
high degree of vertical exaggeration. Long regional lines often require
panning back and forth on a workstation, whereas paper sections allow
uninterrupted visual scanning for key terminations.

Avoid areas of bad data or coverage.

Prepare well-ties.

Construct a well tie template for illustrating the relationship between
seismically defined surfaces, time based well log, biostratigraphic

calibration and global chronostratigraphy.

Seismic Stratigraphy Interpretation

After the data has been prepared for seismic stratigraphic interpretation, areas of

major structural deformation and data artefacts (sideswipe and diffraction) on the

seismic sections are identified. In structurally complex terrains, it can be useful to do

an initial correlation of a few surfaces across faults to see key tectonic relationships.

An initial review of key lines to become familiar with seismic sequences (1st, 2nd,

3rd order) and pre-, syn and post-orogenic sequences is useful. The next major step is
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to identify major angular truncations (Fig. 3.11) and connect the onlap and angular
truncation terminations as a candidate sequence boundary. Downlaps may be
connected as a candidate maximum flooding surface (MFS) while toplaps remain
unconnected temporarily. Care is needed when interpreting onlaps and downlaps in
strike sections or in tectonically rotated and growth fault sections. Sequence boundary
(SB) correlations are continued through a complete loop in a progressively widening

set of line ties.

angular truncation

——

Stratal terminations
-angular truncation obvious erosional termination of dipping reflections up against a reflection of lesser dip)

-onlap (stratal termination up against a reflection of greater dip)
-downlap (stratal termination down against a reflection of lesser dip)

toplap (termination of successively younger reflections against a reflection,passing downdip to prograding
clinoforms (in some cases))

Figure 3.11: Stratal terminations (adapted from Bally 1982)

Seismic Facies Analysis

Seismic facies mapping involves qualitative to quantitative analysis of seismic
character to infer areal trends in lithology, palacoenvironment or both. Generally,
seismic characteristics analyzed from two standpoints: external form (geometry) and
internal character. Internal form includes the continuity, frequency and amplitude of
seismic reflections. Many of these parameters relate to lithology or the processes

responsible for deposition. Others relate to the acoustic impedance contrast, tuning,
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etc., and thus seismic resolution plays a role in their discernible patterns of
occurrence. Bed or stratal continuity is assumed to exceed the Fresnel zone width for

a given seismic frequency.

Seismic facies mapping was definitively explained by Ramsayer (1979), called the 'A-
B-C' mapping approach. Observations are made upon the upper boundary (A), the
lower boundary (B) and internal reflection character (C); illustrated in Figure 3.12.

The morphology of the boundaries of stratigraphic cycles can be used to interpret
depositional environments. Facies (lithology) predictions require a wider geological
and geophysical understanding. However, the lithology encountered in onlapping and
progradational seismic intervals varies according to (i) the water-depth, (ii) the
balance between rate of sedimentary supply, (iii) the rate of relative change of sea
level, which, in turn, is controlled by the subsidence and the global eustatic variations

and (iv) uplift due to tectonic or isostatic vertical motions.
Sequence Stratigraphy

The aim of applying the seismic stratigraphic method to the seismic data was to divide
the data into seismic sequences, each of which are interpreted as depositional systems.
Sequence Stratigraphy is the study of rock relationships within a chronostratigraphic
framework of repetitive and genetically related strata bounded by surfaces of erosion
or their correlative conformities.

The sequence stratigraphic method is described in detail by Catuneau (2002) and is
outlined briefly in the following steps:

1) Recognition of wunconformities using onlap and truncation reflection
terminations.

2) Identification of stratigraphic cycles. For sequence-cycles, identify type I and
IT unconformities.

3) Location of shelf breaks for each sequence cycle using sedimentary dip
changes.

4) Construction of coastal onlap and Relative Sea Level (R.S.L.) Curves.

5) Recognition of Systems Tracts inside each sequence cycle.

6) Facies (lithology) prediction for each depositional system composing the

different systems tracts.
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7) Calibration of sequence cycles and systems tracts using exploration wells.

8) Calibration of sequence cycles and systems tracts with sea level curves.
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Figure 3.12: Descriptive terms and illustrations of the boundaries and internal configurations of

seismic packages, modeifed from Tremblay, (2005). .
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3.6.Multibeam Bathymetry Acquisition and Interpretation

Bathymetric surveys were performed simultaneously with recording of the GLOW
seismic lines using the Kongsberg EM302 multibeam echosounder permanently
installed on board the R.V. Pelagia. The EM302 is a deep water (>7000 m)
echosounder with a maximum swath opening angle of 150 degrees. The transmit and
receive transducer arrays are installed in a Mills cross configuration in a gondola
located on the port side of the vessel at a distance of about one third of the vessel
length from the bow of the ship. The transmitter array has a beam opening angle of 2
degrees while the receiver array has a beam opening angle of 1 degree. These arrays
are connected to a transceiver unit (TRU) which receives the ships attitude (heave,
roll, pitch and heading) from a Kongsberg MRUS motion sensor. A Seapath200
serves as positioning system and also sends its data to the TRU. The sound velocity in
the water column is determined from a salinity/temperature CTD deployment and
calculated using the Chen-Millero formula. Data regarding water depth and
backscatter intensity are sent from the TRU to a recording PC running the SIS
(Kongsberg, Seafloor Information System) software. The recording PC can be
operated from the bridge through an ethernet connection to the measuring lab. On
board processing of selected sampling areas was performed using the Neptune
software (Kongsberg). Imaging and printing of processed data was done by means of

the CFloor software package, supplied CFloor AS.

3.7.Box and Piston Coring

Seabed samples were taken using a NIOZ designed box corer. The box core has a
barrel with a diameter of 30 cm and a height of 55 cm (Fig. 3.13). The corer is
supplied with a lid that closes the box from the top as soon as it has penetrated the
sediment. In this way sloshing of the water above the sediment surface is avoided
when the core is retrieved and hoisted on deck, resulting in an undisturbed sample of

the seabed sediments.
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Figure 3.13: Box corers used in GLOW Box coring and sediment retrieved via plastic liners with

way-up indicators (arrows) marked on the tubes (GLOW Survey Team).

On deck the bottom water was siphoned off and the surface sediments were described
photographed. Four plastic liners with diameters of 90 and 63 mm (2 of each
diameter) were inserted and retrieved from the core. These sub-samples were stored

upright at a temperature of 4° Celsius.

Long cores were retrieved by means of the NIOZ designed piston corer system. The
system consists of a weight (bomb) with a mass of 1.5 metric tons attached to a core
barrel of variable length. The core barrel is build up of 6 m long sections. During this
cruise the total length of the barrel was 12 m during every deployment. The piston
contains a valve that allows water to flow into the core barrel if the pressure
difference with the ambient water becomes too high and could result in implosion of
the liner. The pressure difference at which the valves opens can be adjusted by the
operator. After retrieval the cores were cut into 1.10 m long sections and stored at

4°Celsius.
Core data were compiled for each box core including navigation data, bathymetric

and seismic data, penetration, colour, surface description, sediment and layer

descriptions, key forams and biostratigraphic age (Fig. 3.14).
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Station GLOW 3 SR
North of Tanzania channel :

Date 20/02/2009
Latitude -8.845 : :
Longitude 41.483 '

Bathymetry s50g
depth (m)

Box core Time (GMT) Box latitude Box longitude Pmn (c Colour (MunsalD
09:13 -8.84498 41.482907 44cm Hue 2.5Y, 53

Surface description  1Ubes and burrows; burrows ranging from 2
-3mm in diameter; small calcareous tubes;
angular shell fragments; some surface cover of

algae; a phyliodocid worm.

Sedimenttype Coarse foram sand with some clay

Layers Al 20-26cm deep, very coarse sediment layer,
with burrows, and a darker colour of hue 7.5Y,
3/3. This layer turned out to be rich in
menardiiform forams.

(A, s.cc%. nem -5, -1.5, 43, -1

Notes None
Biozone PT1D/MN22
Age 0-0.65Ma
Koy foram species present Key foram apecies abzem
T. truncatulinoides, Pulleniatina T. tosaensis

predominantly or all dextral; P. finalis

Figure 3.14: Example of the compilation of box core data. (This is for GLOW Box core
3).(GLOW Survey Team)

3.8.0nshore Geological Mapping

Onshore, a thorough investigation of the Cenozoic tectonics, stratigraphy and
sedimentology of the southern coastal region, from Kilwa in the north through to

Mtwara in the south, has been conducted (Chapter 7).

A series of published maps, unpublished industry report and satellite imagery were

used in mapping onshore. Topographic maps on a scale of 1:50,000 were purchased
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directly from the Ministry Of Lands And Human Settlements (Ardhi House, Kivukoni
Front, P.O. Box 9132, Dar es Salaam). These base maps were further complemented
by a collection of 1:10,000 Google Earth images and false coloured Landsat images.
A 10km Universal Trans-Mercator (UTM) Grid using the WGS 84 datum was
overlain. Major settlements and villages were recorded as many of these have
changed location/ name since the base topographic maps were published (1966).
Altitudes were obtained using a combination of GPS and Sunnto digital altimeter,
calibrated to barometric pressure variations and accurate to within one metre. The
altimeter was reset before each survey at the mean high water mark by Kilwa Masoko

Jetty/Lindi Shoreline/Mikindani Shoreline.

Outcrop locations were noted, described and placed directly onto field sheets.
Structural measurements, lithofacies and biofacies information was recorded. The
field data were used to review the geological structures, boundaries and stratigraphy.
Samples were collected and shipped from Dar es Salaam to Dublin. Unfortunately it
was not possible to erect a regional stratigraphy according to the ‘ICS’ guidelines.
However a chronostratigraphic ‘time-equivalent’ unit was established. Digital
Elevation Models (DEMs) were generated and interpreted to identify possible
lineaments and fault traces, and to resolve fault orientation. A key element of this
work was the identification of benthic and planktonic foraminiferal species by a team
of palaeontologists from Cardiff University; Paul Pearson and Laura Cotton (who

accompanied this survey in August 2009).

3.9.Velocity model and depth conversion

The multichannel seismic reflection profiles recorded by the GLOW cruise in 2009
can be broadly divided into three areas with respect to their prevailing sedimentation
regime. These areas are governed by inner continental shelf, turbiditic channel and
distal, deepwater pelagic regimes. For this study we considered data of existing DSDP
Sites 241 and 242, existing drill sites depending on the availability of data, shelf
geometry, location on the shelf and seismic characteristics. Incorporating various data

resources the best possible depth control of the proximal shelf to distal offshore
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sequences is attained to enable regional stratigraphic correlations across the site
survey area.

Of all recorded velocity values in the Davie Ridge area the average over the depth
interval 1-700 mbsf is 1.74km/s TWTT. There is good agreement between the seismic
profiles available across Site 242 and the area in the northern Davie. Principal seismic
markers were identified and traced northwards with confidence. Even though the
degree of compaction may differ between the sediments, there is remarkable
agreement between the seismic facies of Site 242. In addition to geological reasons
the decision to take Site 242 velocity values is based on the availability of logged
data. The seismic profiles in this area were processed therefore based upon the
seismic velocity data produced in the shipboard report of DSDP 242. In calculating
the depths, we have used the average velocity of 1.74km/s, as per the most recent

published data.

The Tanzanian continental shelf, consists of shelf deposits and well stratified,
horizontally bedded, laterally continuous sediments (Kitunda Block). The sedimentary
facies on the shelf north and south of the Kitunda Block are much more chaotic, sandy
and less well stratified. The lithology of the Kitunda Block is inferred to be proximal
shelf clays with minor turbiditic sands and carbonate. Box and piston cores (GLOW
19-22) indicate a clay rich facies with abundant marine microfossils, very consistent
with onshore sediments drilled by the Tanzania Drilling Project. The average velocity

for this area is interpreted as 1.7km/s to 1.65km/s TWTT.

The velocities inferred here were applied in the processing of the MCS data and also

in the depth and sediment thickness calculations performed throughout the thesis.

3.10. Age Correlations

As described in Chapter 2, one of the key research aims of this study was to assign
age control to the stratigraphic schemes erected. As there are no wells in the area by
which direct well-ties could be made, a range of pre-existing and new data was

incorporated as no single line of evidence was deemed robust enough. The methods
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employed involved a) studying the major sequence boundaries of nearby coastal and
offshore wells, b) inferring correlations from these wells to the GLOW seismic data,
c) interpreting pre-existing surveys that have good well ties and subsequently
intercept with the GLOW survey and d) extending the onshore field control to the

transition zone and offshore area via sequence stratigraphic principles.
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4. Seismic Stratigraphy of the Davie Ridge (DR)
and Davie Ridge Inner Extensional Zone

(DRIEZ); The GLOW Seismic Survey 2009.
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4.1.Introduction

The aim of this chapter is to define the general stratigraphy of part of the offshore study
area (Fig.4.1) by studying the available seismic data (Appendix II, IV) using the methods
described in Chapter 3. The entire offshore seismic survey area lies on the continental
rise of the southern Tanzanian coastline containing approximately 2,000km of original

2D seismic data (Fig. 4.2).

The study area is quite structurally complex and the depth of imaged seismic data is often
not deep enough to correlate confidently across significant faults, therefore the
stratigraphy of individual ‘structural zones’ or areas are described in separate chapters

(Fig. 4.3) relating to seven zones:

1) Davie Ridge (DR), [Chapter 4]

2) Davie Ridge Inner Extensional Zone (DRIEZ), [Chapter 4]
3) Kerimbas Basin (KB), [Chapter 5]

4) SeaGap Zone (SG), [Chapter 5]

5) Coastal Basin (CB), [Chapter 8]

6) Shelf and Slope (SS), [Chapter 8]

7) Kitunda Block (KTB), [Chapter 8]

This chapter shall establish the seismic stratigraphy for the Davie Ridge and the Davie
Ridge Inner Extensional Zone (DRIEZ). By establishing the correct stratigraphy and
estimating the age of horizons, tectonic and sedimentological information is extracted in

subsequent chapters.

Seismic reflection configuration, seismic features and distinct surfaces were used to
divide the stratigraphy of each zone into distinct seismic units. Sedimentary processes,
sedimentological evolution and palaecogeographic maps for each seismic unit are

described and produced. In Chapter 6, an array of data is incorporated to assign ages to
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the stratigraphy produced in this chapter and hence to create a chronostratigraphic

evolution of the Davie Ridge and DRIEZ areas.
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Figure 4.1: A bathymetric and topographic map of the East African coastline. Principal features and

the overall study area are highlighted.
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Figure 4.2: The GLOW Seismic Survey location offshore Tanzania. Bathymetry and topography is
GEBCO data with contour lines at 100m intervals. The location of the figure is highlighted in Fig.
4.1.
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4.2.Davie Ridge (DR)

A major fault-controlled bathymetric feature, known as the Davie Ridge was first
identified offshore Tanzania and extending southwards on the floor of the Mozambique
Channel by Heirtzler & Burroughs (1971) (Fig. 4.1). The present day morphology of the
Davie Ridge area is an elevated ridge located at the base of the continental slope on the
abyssal plain. In the study area, the bathymetric expression is of an asymmetric ridge,
more steeply dipping on the western flank and gently sloping to the northeast. A number
of significant channels crosscut the Ridge. These major sediment pathways are significant
features in the study area and can be used to assess the recent geological evolution of the

ridge. They will be discussed in more detail in Chapter 10.

While the Davie Ridge (Fig. 4.4) was not surveyed to its easternmost extent it is a
minimum of 60km wide in an east-west direction. It is bound to the west by the Main
Davie Ridge Fault (MDRF). Both the basement-sediment contact and the overlying
sediment wedge dip east at ~15° (Coffin & Rabinowitz 1987). The Davie Ridge Inner
Extensional Zone (DRIEZ) is located to the west of the MDRF and exhibits a slightly
different stratigraphy to the Davie Ridge.. Within the GLOW seismic survey, the Davie
Ridge Area encloses approximately 3,000km?.

While seismic data was recovered for depths of up to 2.5s TWTT, basement was not
imaged. The principal GLOW lines that cross the Davie Ridge are Lines: 4, 5, 6, 7, 9, 10,
11,12, 13, 14, 15, 16, 17, 18, and 19 (Fig. 4). However, Line 6 has poor quality data and
Lines 4, 5, 7 and 9 only transect the ridge in part. Good coverage was thus obtained for
this region to enable the erection of a seismic stratigraphic scheme. In the following

sections a description of each unit and seismic marker will be given.
Firstly the seismic characteristics are described and interpreted, then the seismic marker

charecteristics are described and interpreted and finally a seismic stratotype (Fig. 4.5) is

proposed to summarise the framework of each locality.
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Three seismic sequences are identified in this zone. Labelled DR Units I, I and III, they
are separated by seismic markers DR SM 01 and DR SM 02. Largely composed of
parallel to subparallel, wavy reflectors with high amplitudes decreasing with depth there

are minor internal variations as described below that can differentiate between them.

Davie Ridge Area
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< / [ Seee—
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§ : ] g
© ©

800000 850000

Figure 4.4: The Davie Ridge Area and GLOW Lines that traverse it.
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Figure 4.5
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4.2.1. DR Unit I

DR Unit I occurs over an interval of 0.4 to 0.5s TWTT and consists of two seismic sub-
units. The seismic sub unit I/1 is locally developed with variable interval depth while

seismic sub-unit /2 is a well stratified unit present throughout the Davie Ridge Area.

The seismic sub-unit I/1 is a rubbly, chaotic, high amplitude, non-continuous layer.
Localised to the south of the Davie Ridge Area, it varies in thickness from 0 to 0.6s.
Bound by the seabed above, it has an erosional base which truncates the parallel

reflectors below, as indicated by the pink reflector in Fig. 4.6.

The seismic sub-unit /2 is well stratified with high frequency, parallel, continuous
reflection horizons (Fig. 4.6). The interval over which it occurs increases overall to the
south and southeast, reaching a maximum interval of 0.18s TWTT at its southeasternmost
extent on Line 4. The base is conformable with the underlying Unit II (green reflector in
Fig. 4.6) and is laterally concordant in a N-S direction as shown in the GLOW lines; 10-
16 and 5 (Appendix 2).

4.2,2. DR SM 01

The horizon DR SM 01 is picked on a black continuous reflection (peak, positive
reflection coefficient) and is represented by the continuous green reflector in Fig. 4.6.
The time map of surface DR SM 01 is shown in Fig. 4.7 and occurs between times 3.2

and 4.2s TWTT. Located between Unit | and II, it is laterally continuous and traceable.

The seismic marker DR SM 01 is interpreted to represent a marked sea level rise and the

establishment of a classic deep water, hemipelagic depositional environment.
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4.2.3. DR Unit II

DR Unit II occurs over an interval of approximately 0.4sTWTT and consists of two
seismic sub-units; seismic sub unit II/1 and seismic sub-unit I1I/2. DR Unit II
encompasses a series of well stratified reflectors, subparallel transparent facies, and

channel and sediment wave facies. There is a marked unconformity between II/1 and I11/2.

Subsequence II/1 has very similar facies to DR Unit I; high frequency, parallel,
continuous reflection horizons and occurs over an interval of approximately 0.25s (Fig.
4.8). The top of the unit is concordant with the overlying Unit 1 and the principal
difference with the overlying Unit I is a marked increase in amplitude of the even,
subparallel, wavy reflectors. Within DR II/1 there is some lateral variation in amplitude,
usually apparent on the crests of the waves. This is probably due to either differential
compaction or variation in lateral sediment composition. The base of subsequence 1I/1 is
marked by the first downward occurrence of numerous minor scale channel-lenses in the
lee of migrating sediment waves (blue dashed line in Fig. 4.8). The internal channel
reflections are broadly parallel with those of the surrounding reflections; however
occasional downlap onto the basal reflector and chaotic fill occurs. While the minor
channel lenses are visible on Lines 4 and 5, they are not seen on Line 7. This may
indicate a SW-NE channel direction, orthogonal to both Line 4 and Line 5 while parallel
to Line 7. These channel lenses create the mounded topography that is replicated in

younger units.
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Figure 4.8: A compilation of the seismic characteristics of Davie Ridge Seismic Unit II/1. The location of figures shown is highlighted on the map.
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Subsequence I1/2 occurs over an interval of approximately 0.25sTWTT. It is defined at
its top by a high amplitude reflector (dashed blue) at the base of the minor channel lenses
(continuous blue reflector) of subsequence II/1 (Fig. 4.9). Several cycles appear evident,
although they cannot be traced continually in a lateral direction. Broadly speaking, 11/2
comprises semi-transparent, low amplitude, semi parallel wavy reflector packages which
are separated by well defined lens shaped deposits with higher amplitude, semi-
continuous, internally divergent reflector packages. Chaotic, near transparent facies are

interspersed also to create discontinuous ‘layer cake’ geometry.

In Line 7 (W-E orientation) these higher amplitude packages exhibit various seismic
facies. While usually sub-parallel and discontinuous, there is occasionally sub-parallel
prograding channel fill, with internal reflectors downlapping to the west. However, in
Line 4 and Line 5, the higher amplitude packages feature channels and strongly erosive
bases while still maintaining a reasonably sub-parallel nature. There are several series of
channel formation, downcutting into the underlying parallel reflections. These channels
are in turn also eroded by overlying channels. The transparent packages have chaotic fill
and little or no internal structure. The basal reflectors from various channels at the same
stratigraphic horizon often join and are of very thick, high amplitude nature. The basal
transparent package has a very distinctive appearance. It is bound by very high amplitude
reflectors and a series of channels above and has little or no internal structure within. The
base of the basal transparent package of DR II/2 marks seismic marker DR 02

(continuous blue line in Fig. 4.9). It is particularly noticeable at low amplitude settings.

The internal character of subsequence II/2 can vary quite substantially laterally. The
amount of channelling may be a local feature, localised to certain zones. Near to the
‘GLOW Snake’ meander (See Chapter 10 for more details) there is some evidence of an
old channel levee system and further to the north the basal semi transparent package is
not as dominant. Indeed the base of the sequence is marked by a condensed intensely

channelled sequence. In both Units I and II there appears to be some lateral variation in
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amplitude that may be due to compression or levee deposition. In summary it is a highly

variable sequence.
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4.2.4. DR SM 02

The horizon DR SM 02 is picked on a white continuous reflection (trough, negative
reflection coefficient) and is represented by a continuous blue line in Figs. 4.8 and 4.9.
The time map of surface DR SM 02 is shown in Fig. 4.10, and occurs between times 3.4
and 4.6s TWTT. Located between Unit II and III, it is laterally continuous and traceable.
At the base of DR II is a semi-transparent package with chaotic internal facies fill which

is distinctive, particularly at lower amplitude settings (as seen in Fig. 4.9).
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Figure 4.10: The TWTT map of seismic marker DR SM 02.
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4.2.5. DR Unit II1

Davie Ridge (DR) Seismic Unit III has a minimum interval of 0.9s as the base of this
unit is not seen, exceeding the limit of seismic resolution. It consists of five seismic
sub-units. Generally speaking however, they are predominantly composed of semi-
continuous, sub-parallel, low — mid amplitude reflectors. The principal difference in
facies between DR II and DR III is the marked decrease in amplitude and lack of
major channelling or erosive features. The amplitude decreases substantially with
time over the unit. Although no very distinct seismic surface is seen that can be
laterally traced and recognised in all locations, some attempt is made to subdivide this
extensive unit into subsequences III/1, 2 3 and 4. However, given that they are largely
conformable and of very similar character no description is given of the seismic
surface separating each sub-unit. The top of DR III is defined by DR SM 02 (blue
continuous reflector) and a conformable semi-transparent package exhibiting erosive
channels at its top. A compilation of the seismic features seen in DR Unit III is shown

in Fig. 4.11.

DR III/1 is approx. 0.12s TWTT thick and displays a change in seismic facies when
compared to DR Unit I and II. The overall geometry of reflectors is semi-continuous,
sub parallel and medium frequency. Channelling is evident towards the top while
there are two high amplitude reflectors in the middle of the unit. It appears to thin

slightly towards the SE as evidenced on Line 4.

DR 1I1/2 is approx. 0.1s TWTT thick and is predominantly parallel-subparallel mid
amplitude, laterally continuous reflectors. This unit thickens slightly to the southeast
with some internal divergence of reflectors. The unit is somewhat more chaotic
towards the southeast. Some high amplitude couplets are visible. The base of the
subsequence is almost semi-continuous into the quite similar DR III/3 It is however

unconformable towards the SE.

DR III/3 is approximately 0.15s TWTT thick and is largely similar to the description
given for subsequence DR III/2. However the seismic reflections are semi-continuous
and medium amplitude. Variations in amplitude may be attributed to the development

of sediment waves as seen in E-W lines.
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DR III/4 is approximately 0.65s TWTT thick and consists of semi-parallel, semi-
continuous, low amplitude reflectors. Patches of higher amplitude reflectors can be
seen and are possibly attributable to the development of sediment waves in this unit.

The limit of seismic resolution is reached above the base of this sub-unit.
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4.2.6. Davie Ridge Summary Seismic Stratigraphy

The seismic stratigraphy of the Davie Ridge Area can be summarised in Fig. 4.12.
The seismic markers can be traced with confidence northwards along GLOW Line 5
(Fig. 4. 13) and correlate well within tied loops of seismic data. Although there are
some lateral facies changes and the MDRF crosses GLOW Line 5 towards the north,
there is no significant throw at this location and the seismic markers can be traced

laterally across it.
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4.2.7. Sedimentological Interpretation of the Davie Ridge

Seismic Facies.

The seismic facies described in previous sections are interpreted as representations of
a sedimentary system in a particular environment. Sedimentary environments are
assigned to the Davie Ridge seismic units and markers in this section. A model of

sedimentological evolution is produced in Fig. 4.14.

During the time of deposition of DR Unit III, the Davie Ridge area was relatively flat
and sediment accumulated through suspension settling and pelagic rain out (Fig.
4.14). The sediment accumulation was relatively consistent with no major breaks in
deposition. Sandier material and muddy facies interfinger occasionally, particularly

towards the top of Unit III.

At the time of deposition of horizon DR SM 02, the Davie Ridge Area was located in

shallower water depths than today in a relatively high energy environment (Fig. 4.14).

At the base of DR II/2 the almost-transparent package represents a cohesive debris
flow or mudflow in a sheet-like geometry. Instability on the shelf edge region during
a base-level fall may have led to the manifestation of a mudflow. The contorted
chaotic facies observed may be explained by the fact that mudflows tend to freeze on
deceleration (Posamentier & Kolla 2003), due to the discrete shear strength of the
sediment/water mixture. Thus the mudflows travel shorter distances than turbidity
currents. While they tend to erode on the continental slope the sediment accumulates
towards the toe of the slope and in the proximal basin floor settings. As the
transparent, chaotic facies becomes less distinct towards the north it is possible that

the source of this mudflow was located closer to the south of the Davie Ridge.

Intense erosive bases and channelling features directly overlying the chaotic muddy
facies indicate a large amount of sediment bypass and erosion. In contrast with the
underlying mudflows the turbiditic, sandier facies are characterised by higher
amplitude reflections and well defined layer cake architecture. Channels cut through
the Davie Ridge area in a roughly W-E orientation indicating a sediment source from

the shelf to the west. A large amount of terrigenous sediment was likely being
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delivered to the deep basin via high density turbidity currents. The semi-transparent
packages observed in-between probably represent muddy facies draping over the
channelled sediments below. Although this environment was prevalent for a
substantial amount of time, the Davie Ridge Area was still aggrading sediment. This
sequence was deposited when sea level was relatively low and a large amount of sand

material was passing into the deep basin, probably during an early regression.

With gradual sea level rise and/or less material reaching the Davie Ridge Area the
channels became less intermittent. A significant rise in relative sea level marks a
transgressive surface between DR II 1 and DR II 2. This may be referred to as a
‘correlative conformity’; a correlative surface that is present during the shift from late
regression to early transgression. Less sand is reaching the Davie Ridge Area as
predominantly pelagic sedimentation took place with some coarser shelf-derived
sediments occasionally interspersed leading to high amplitude zones of reflectors. The
parallel continuous reflectors are pushed into sediment waves climbing W/NW. This
may indicate the existence of a slope and associated contours formed as strong bottom
currents pushed sediment into slope perpendicular waves. As the amplitudes decrease
towards the conformable DR SM 01, it is likely that the sediment being accumulated

was finer grained and more homogenous.

At the time of deposition of horizon DR SM 01, the Davie Ridge Area was located in
the deep sea with pelagic sedimentation (Fig. 4.7). It is likely that there was a small
high to the north; a slight divergence of internal reflections to the southeast reflects
this difference in accommodation space. During the deposition of DR 1/2 the Davie
ridge area was located in deep water and deep water hemipelagic sedimentation was
taking place. The bathymetric conditions were stable and the energy regime was low.
The ridge was tilted, possibly during uplift along the adjacent MDRF. The
environment experienced an increase in energy and/or sediment influx as the parallel
reflectors of DR I/2 were eroded. The rubbly chaotic cap of DR I/1 was laid down
parallel to the existing bathymetry. The evolution of the major channels that erode DR
[ was either post or syn-deposition of DR 1. However, the presence of the meandering
GLOW Snake indicates a sinuous submarine high density turbidity current once
flowed through the Davie Ridge Area. This would most likely have been located on

the continental slope. Thus, due to its present elevation, the Davie Ridge Area has
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been uplifted a considerable amount. The timing of this tectonism and related fault

activity will be discussed in more detail in Chapters 9 to 11.
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Figure 4.14: Schematic diagram illustrating the sedimentological and palaoegeographical
evolution of the Davie Ridge Area. The dark purple represents the earliest possible timing of

channel development on the Davie Ridge.
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4.3.Davie Ridge Inner Extensional Zone (DRIEZ)

The Davie Ridge Inner Extensional Zone (DRIEZ) is an active extensional zone
bound to the east by the normal west-dipping Main Davie Ridge Fault (MDRF) and to
the west by the Kerimbas Basin and the West Davie Ridge Extensional Fault (WDEF)
(Fig. 4.15). Normal and strike slip faults that were originally normal and are now
experiencing some reverse activity are all found in the DRIEZ, predominantly
trending NW-SE. Synclines and anticlines are present in fault bound slivers with axes
approximately parallel to the NW-SE fault orientation. This shall be discussed more
in Chapter 10.Within the GLOW Seismic Survey, the DRIEZ encompasses ~
8000km”.
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