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Abstract

In this study, the Cenozoic sedimentation and infill history of the Great South Basin (GSB), New Zealand, is
analysed from a seismic geomorphologic perspective. A suite of sediment types, including mass-transport deposits
(MTDs), deltaic clinoforms, contourite-drifts and turbidites, are documented based on high-quality 3-D seismic
reflection data and multiple regional 2-D seismic profiles. The MTDs include older, highly compacted and deeper
Paleocene deposits that are markers of late Neogene tectonic reactivation, while the younger MTDs were translated
over slopes eroded by drifts. Possible trigger mechanisms for mass wasting may include oversteepened margins,
prolonged fluid dissipation and weak geological layers. Sedimentation from the Eocene to Recent was
contemporaneous with regional plate reorganisation and syn-orogenic activity. As a result, three distinct Eocene
deltaic systems with variably oriented channels and depositional elements provide evidence for changing plate
kinematics during the Eocene. The Eocene deltaic systems are river dominated and were deposited during relative
rise in sea level under variable flow regimes. The passage of the Antarctic Circumpolar Current in the GSB from
the Late Eocene to Oligocene led to the deposition of three elongate, detached contourite drifts. In a final phase
of basin infill, hemipelagic sedimentation and deposition by turbidity currents dominated late Neogene
sedimentation in the GSB. The analyses presented here demonstrate the importance of geomorphology in
understanding the sediment infill history, their interactions and temporal organisation, which have wider

implications for numerous geoscience disciplines.
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1. Introduction

Seismic geomorphology in the last few decades have revolutionised our understanding of sedimentary
processes and has enhanced several related disciplines, such as seismic stratigraphy, paleoenvironment,
paleoclimatology and hydrocarbon exploration, in many basins (Zeng et al., 1998; Davies et al., 2004;
Posamentier, 2005; Posamentier et al., 2007; Alves et al., 2014). Perhaps the most significant contribution
of seismic geomorphology to date is the illumination of the interconnection between sedimentary
processes and elements operative in continental to transitional and deep-water environments (Alfaro and
Holz, 2014; Bourget et al., 2014). The co-existence of several sedimentary depositional elements during
the geodynamic evolution of many basins has been studied in detail using a seismic geomorphologic
approach (e.g., Scarselli et al., 2016; Liu et al., 2016).

Seismic geomorphology, in simple terms, is the application of analytical techniques to the study of
landforms and ancient geomorphological features imaged by 3-D seismic data (Posamentier et al., 2007).
At the heart of such an application lies high-quality three-dimensional (3-D) seismic reflection data,
which have led to not only a compendium of sediment types to be identified but also their morphological
divisions to be bookmarked. Mass-transport deposits (Ward et al., 2018; Dalla Valle et al., 2013;),
contourites (Gong et al., 2017), turbidites and carbonates (Dong et al., 2015; Rankey, 2017), channels
and canyons (Harishidayat et al., 2015, Li et al., 2013), gullies (Harishidayat et al., 2018; Lonergan et
al., 2013) and other non-sedimentary features (Hillman et al., 2015; Infante and Marfurt, 2017) have been
documented using methods of seismic geomorphology. Despite these studies and advances in knowledge,
the deepwater remains terra incognita, while the study of sedimentary processes remains an interesting

topic of research for several geoscience disciplines.

As a result, this study aims at investigating the tectonic control on depositional systems in the study area
using a seismic geomorphologic approach. The case study area represents a natural laboratory where
several depositional systems are preserved. The Great South Basin (GSB) is a complex intra-continental
rift basin located offshore, SE of New Zealand's South Island (Fig. 1a). The GSB formed during the
Cretaceous and has several distinct sub-basins containing up to 8 km of sedimentary fill (Anderton, 1982;
Cook et al., 1999; Eagles et al., 2004; Grobys et al., 2009; Killops et al., 1997; Lamb, 2011; Uruski,
2010). A secondary objective of this study is to reappraise the hydrocarbon potential of the Great South
Basin. This is important considering that the basin has undergone petroleum exploration activity for the
last seven decades. Commercial discovery of hydrocarbon remains challenging due to lack of quality
data and understanding of the petroleum system, which can be partly attributed to the complex tectonic
history of the basin (Cook et al., 1999; Johnston et al., 1996; Uruski, 2010). Hence, this study provides
new information on hydrocarbon prospectivity in the GSB. Importantly, the results and techniques
presented in this paper have wider industrial and academic implications for understanding sediment

interaction with tectonics during the geodynamic evolution of any basin.



2. Regional setting of the Great South Basin
2.1. Geodynamic evolution

The extent of the Great South Basin (GSB) is defined by the 2 km isopach at water depths greater than
300-600 m (Fig. 1a). The geodynamic evolution of the GSB is in three main phases, syn-rift, post-rift
and syn-orogenic (Fig. 2; Bache et al., 2014), which are contemporaneous with changes in the regional
stress field and relative motion between the Australia, Pacific and Antarctic plates (Fig. 2; Cook et al.,
1999; Cox and Sutherland, 2007). The syn-rift phase (112 Ma to 82 Ma) was notably dominated by a
horizontal extension (Figs. 2a to 2b). During the Late Cretaceous, rifting involved separation of the
Australia, Pacific and Antarctica plates along a complex system of ridges and dispersal of the New
Zealand micro-continent within the Pacific plate (Figs. 2a-2b; Bradshaw, 1989; Weaver et al., 1994;
Sutherland et al., 2010; Luyendyk, 1995).

The post-rift stage (82 Ma to 19 Ma) phase of basin evolution was dominated by differential subsidence,
compaction, tilting and gravitational instabilities (Figs. 2b to 2e). Additionally, the inherited framework
of the Late Cretaceous rifting greatly influenced the configuration of the GSB, especially the basement
faults, which were active during rifting and are regional crustal structures with a protracted history of
activity (Beggs et al., 1990). The basement faults especially influenced selective compressional
reactivation during Eocene and Neogene shortening (Figs. 2c to 2e; Bache et al., 2014; Ghisetti, 2010).
Furthermore, post-rift sagging was accompanied by strong subsidence in the central part of the basin,
localised uplift at previous rift shoulders, and tilting (Bache et al., 2012). Vertical instability during the
post-rift stage along the basin’s margins likely triggered gravitational soft-sediment deformation and
detachments (Bache et al., 2012). This was in addition to horizontal shortening and vertical uplift that
were concomitant with the Kermadec subduction (Sutherland et al., 2010; Hackney et al., 2012) and the

syn-orogenic stage.

In a final stage of basin development, syn-orogenic tectonics (19 Ma to 0 Ma) involved selective
compressional inversion of inherited syn-rift normal faults. This is most evident on the western part of
the Great South Basin (Figs. 2d and 2e; Bache et al., 2014; Ghisetti, 2010). Structures developed during
this stage have trends compatible with the late Miocene-present stress field and are superposed onto the

structures that originated at an earlier stage by tilting and gravitational detachment (Ghisetti, 2010).

2.2. Sedimentary evolution

Cretaceous to Cenozoic sedimentation in the GSB commenced with early basin-fill deposition in small
and rifted basins formed during the syn-rift phase at the eastern Gondwana margin (Killops et al., 1997;
Cook et al., 1999). Rocks deposited during this period include conglomerate, sandstone, mudstone, and
in some places, coal measures of the Hoiho Group (Figs. 2b to 2e). By the Late Cretaceous, widespread
fluvial systems that were generally flowing to the northeast had developed along the axes of the major
grabens (Killops et al., 1997). With prolonged transgression and continued subsidence in the Late

Cretaceous to Paleogene period, the region was gradually drowned in an earlier terrestrial and near-shore



environment (Killops et al., 1997; Uruski, 2010). This transgression climaxed with widespread
deposition of organic-rich shales of the Waipawa Formation during the Paleocene-Eocene Thermal
Maximum (Nicolo et al., 2007; Killops et al., 2000; Morley et al., 2017).

Rocks deposited during the post-rift phase (Fig. 2) contain terrestrial to shallow marine conglomerate,
sandstone and mudstone and minor coal measures (Killops et al., 1997). Fluvio-deltaic systems, including
coaly swamps, persisted at the western margin of the GSB while Paleogene turbidites were deposited
across the basin floor in front of the delta (Killops et al., 1997). Further transgression during a passive
drift phase laid down a thick transgressive marine succession. This succession is approximately 4400 m
thick and consists of quartzose sandstone, greensand, and mudstone (Killops et al., 1997). In contrast,
deposition in offshore regions was dominated by fine open-water carbonates (Cook et al., 1999). The late
Paleogene sediments predominantly were carbonate rocks, as clastic supply to the basin were reduced

significantly during this period (Cook et al., 1999).

Rapid uplift and erosion of the Southern Alps and hinterland to the west during the Neogene led to
deposition of thin Neogene succession in the Great South Basin (Uruski et al., 2007). This succession
consists of mudstone, conglomerate and sandstone (Cook et al., 1999; Killops et al., 1997). On the
westernmost part of the GSB, foreset deposition occurred after the Miocene while thin, fine-grained
pelagic sediments accumulated in ever deepening waters in the eastern part (Killops et al., 1997). Hence,
the modern Great South Basin continental shelf is underlain by a mix of clastic and cold-water carbonate

sediments that have prograded across older strata (Cook et al., 1999; Killops et al., 1997).

3. Dataset and research approach
3.1. Dataset

The main seismic data used here are from a Kirchhoff, pre-stack, time-migrated, high-resolution, 3-D
seismic reflection dataset (Figs. 1a and 1b) that covers an area of approximately 1345 km?2. The 3-D
seismic survey was acquired with eight 6,000 m streamers towed at 10 m to 12 m depths and bin spacing
of 12.5 x 12.5 m such that the inlines and crosslines are oriented in the N-S and E-W directions,
respectively. In addition to the 3-D data, a 2-D seismic survey called BO-GSB2D composed of 25 seismic
lines (Fig. 1b) was used to understand the regional geology context of this research and the extent of
some of the deposits interpreted here (Fig. 1b). These 2-D lines image down to 8000 ms for two-way
travel time (TWTT).

All the seismic data are zero-phase processed and displayed with Society of Exploration Geophysicists
(SEG) normal polarity, whereby a downward increase in acoustic impedance is a positive reflection
(peak/red reflection) and a downward decrease in acoustic impedance is a negative reflection
(trough/blue reflection) on the displayed seismic sections. Well data from the Pakaha-1 wellbore (Figs.
1a, 1b and 3) were used to constrain the lithology and ages of the different horizons and deposits

interpreted, as well as average velocities for the Pakaha (2760 m/s), Rakiura (2120 m/s), and overlying



Penrod groups (1400 m/s). Hence, with a dominant frequency of ~50 Hz for the data, the limits of vertical
resolution, i.e., A/4 (Sheriff and Geldart, 1995; Yilmaz, 2001), are approximately 7-11 m and 11-14 m
from the Penrod to Rakiura and Pakaha groups, respectively. The horizontal resolution is equal to the bin
spacing. For depth conversion of structural maps and units, a time-depth relationship is produced from
Pakaha-1 (Fig. 3c).

3.2. Research approach

The approach used here consists of the seismic interpretation of twenty horizons (Figs. 3a and 4), which
include the tops of three contourite drifts/deposits (CDs), six horizons marking the limits (i.e., tops and
bases) of three deltaic systems and the tops of three mass-transport deposits (MTDs). In addition to
seismic interpretation, the variance seismic attribute was used to delineate (a) channels, lobes and fans
associated with the deltaic clinoforms, (b) the morphological features within the youngest MTD and (c)
polygonal faults and canyons affecting the studied sediments. The variance attribute is a direct
measurement of the dissimilarity between seismic traces; it converts a volume of continuity into a volume
of discontinuity, highlighting structural and stratigraphic boundaries such as mud volcanoes, salt
intrusions, MTDs and polygonal faults (Brown, 2011; Omosanya, 2018). On the variance maps, slightly
deformed layers and remnant blocks within the MTD and the polygonal faults are characterised by
chaotic reflections with low variance coefficients in contrast to their background values, which have
moderate to high variance coefficient reflections. Features identified in the variance time slices were also
used as ground truth data for the seismic sections. For example, the channels and canyons on seismic
sections are erosional features characterised by onlapping on their margins and by contrasting amplitudes
between their fill and adjacent overbank deposits (Gamboa et al., 2012; Harishidayat et al., 2018;

Posamentier and Kolla, 2003).

3.3 Interpretation criteria for mass transport deposits, deltaic clinoforms and contourite drifts

Mass-transport deposits in the study area are identified based on seismic description of MTDs as
proposed by several previous authors (e.g., Posamentier and Kolla, 2003; Richardson et al., 2011). These
include the presence of a top that is usually ridged, rugose or have irregular topographies (Richardson et
al., 2011), while the bases are delimited by well-defined basal shear zones or continuous reflections that
separate the disrupted strata within the MTD from the much more continuous deposits underneath (Frey-
Martinez et al., 2005). Internally, MTDs can include seismically transparent to chaotic seismic reflections
depending on the interior architecture derived from their source materials. Hence, most MTDs can
comprise slides, slumps and debris flow deposits (Masson et al., 2006), which are geometrically
translated as entirely homogeneous, chaotic, and disaggregated material with no original stratigraphy

preserved.

The Eocene deltaic systems are characterised based on their internal reflection terminations and
configurations such as toplap, downlap, and mounded reflections. Moreover, their evolutionary histories

were described using a shoreline trajectory analysis that was applied to shelf-margin clinoforms by Steel



and Olsen (2002). The shoreline trajectory describes the cross-sectional path of the shoreline as it
migrates (Helland-Hansen and Gjelberg, 1994; Patruno et al., 2015; Posamentier and Vail, 1988), as a
function of bathymetry, sediment supply, eustatic sea-level changes, loading subsidence and compaction
(Helland-Hansen and Martinsen, 1996). Clinoform shoreline trajectory may include very low angle-
ascending trajectory, a high angle-ascending trajectory, a flat trajectory and a descending trajectory
(Johannessen and Steel, 2005). Ascending shoreline trajectories will result in a sigmoidal seismic pattern
and long-term rise in the relative base level. Flat and descending trajectories will produce an oblique
progradational seismic pattern. A flat trajectory suggests a stable, relative base level through time, usually
formed by an optimal sediment supply. A descending trajectory may signify a large sediment supply
influenced by relative sea-level fall and strong fluvial input (Helland-Hansen and Martinsen, 1996;

Johannessen and Steel, 2005; Helland-Hansen and Hampson, 2009).

Contourite drifts (deposits) are characterised here based on the seismic facies scheme proposed by
Rebesco et al. (2014); Rebesco and Stow, (2001); and Stow et al. (2002). These include the observation
of parallel or along-slope deposits, mounded elongate geometry, overlying post-drift sediments,
underlying pre-drift sediments and an adjacent concave moat. Large-scale cross-stratification and
widespread regional discontinuities, especially at the base of the drift are often associated with contourite
drifts (e.g., Knutz, 2008; Stow et al., 2013). In addition, a contourite depositional system (CDS) is defined
as the association of various drifts and related erosional features (see Hernandez-Molina et al., 2003;
Rebesco and Stow, 2001; Rebesco and Camerlenghi, 2008).

4. Results and interpretation
4.1 Seismic stratigraphy of the study area

The main sedimentary units intersected by the Pakaha-1 wellbore (Figs. 1 and 3) include the Hoiho (syn-
rift), Pakaha (post-rift), Rakiura (post-rift to syn-orogenic), and Penrod (syn-orogenic) groups. Shale of
the Wickliffe, Waipama and Laing Formations (Figs. 3a and 3b) dominates the Pakaha Group, while the
overlying Rakiura Group include the shale-dominated Laing Formation and the marl-dominated Tucker
Cove Formation (Fig. 3). These groups of organic-rich shales were succeeded by deltaic progradation
associated with a major Early Eocene lowstand and by contourite deposits in the Middle-Late Eocene
(Nicolo et al., 2007; Morley et al., 2017). The regional Marshall Paraconformity marks the Eocene-
Oligocene boundary and is bounded at the top and base by contourite deposits and drift sheets (Fulthorpe
et al., 1996; Lever, 2007; Uruski and Ilg, 2006). The Penrod Group consists mainly of carbonate
sediments from the mid-Oligocene that are younger in age and is characterised by a complex internal
structure caused by shelf effects, currents and changing tectonics (Carter and Norris, 1976; Cook et al.,
1999; Viskovic, 2011).

Accordingly, horizons H1-H14 are used to describe the stratigraphic framework of the study area (Fig.
3). Horizons H1 to H5 are part of the Palaeocene to Cretaceous interval and are interpreted to understand

the structural background of the area prior to the Cenozoic. These horizons belong to the Palaeocene



Wickcliffe Formation and the Cretaceous Hoiho Group (Fig. 3). On seismic sections, from top to base,
horizons H1 to H3 specifically delimit chaotic, faulted, low frequency, low to moderate amplitude
reflections that were deposited during Cretaceous rifting (Figs. 4-6). In the eastern part of the study area,
these sediments and those of the H4-H5 strata generally onlap onto the acoustic basement, which is
observed to be granitic in composition from the Pakaha-1 wellbore (Fig. 3a). The Mesozoic history of
the Great South Basin are preserved in the basement unit. Above H1-H5, the H5 to H7 strata are
characterised by hemipelagic sediments that are continuous, high frequency and moderate to high

amplitude reflections on seismic sections (Figs. 3-5).

Furthermore, horizons U1-U6 are interpreted to mark the boundaries of three main Early Eocene deltaic
systems (Clinoforms 1-3) between H7 and H8 (Figs. 3-5). These deltaic systems are marked by
archetypical sigmoidal to oblique clinoforms on seismic sections (Figs. 3 & 4) and are here interpreted
as deltaic clinoforms because they are less than 100 m in vertical relief and greater than 50 km in length
(see Patruno et al., 2015). Stratigraphically above Clinoforms 1-3 are hemipelagic and polygonally
faulted packages composed of high amplitude, high frequency, and continuous reflections (Figs. 3-6).
Polygonal faults are closely spaced normal faults that occur in tiers across the Laing to Tucker Cove
Formations (Figs. 3-5). In planform, the polygonal faults have a polygonal outline and include two types,
i.e., the northern and southern polygonal fault systems (Fig. 7). Polygonal faults are usually formed by
contraction-driven shear failure during the early stages of sediment compaction and dewatering in
subsiding sedimentary basins (Goulty, 2001).

Consequently, the upper tips of the polygonal faults reached and are truncated by horizon H11. The
sediments underlying H11 are dominantly contouritic sediments and include high frequency, continuous
and high amplitude reflections (Figs. 3a-5). Importantly, H11 represents the Eocene-Oligocene boundary
or the much-debated regional Marshall Paraconformity in the study area (Uruski and Ilg, 2006; Morley
et al., 2017). Here, wide canyons (up to 3.5 to 5 km in width) and turbidite channels forming lateral
accretion packages (LAPS) often incise the sediments. In the seismic sections, the reflections making up
the Penrod Formation are generally high frequency, continuous, unfaulted and high amplitude except
within the canyon or channel fills, which may contain chaotic mixtures of moderate and high amplitude

reflections (Figs. 3-5 and 7).

4.2 Interpreted mass-transport deposits (MTD 1-3)

The three main MTDs that are interpreted in the study area are extended beyond the 3-D seismic data;
they include Palaeocene MTD 1 and 2, and Oligocene-Recent MTD 3 (Figs. 1b, 3-6). MTD 1 is oriented
in a NW-SE direction and covers an area of approximately 6,058 km? with an estimated average run out
distance of approximately 109 km (Fig. 1b and Table 1). MTD 1 contains variable packages that include
chaotic reflections (debris flow deposits) at the base to slightly deformed layers (slumps) at the top (Figs.
3-6). In the northern part of the study area, chaotic to strongly deformed reflections (slumps) dominantly
underlie MTD 1 (Fig. 6b). Additionally, several seismic high amplitude anomalies that are indicative of

fluid in the subsurface are observed to be associated with MTD 1 (Figs. 4, 6a and 6b). These anomalies



are characterised by reverse polarities in comparison to the seafloor reflection or signal (See Alves et al.,
2014). In addition to the fluid anomalies, the base of MTD 1 is regularly intersected by faults, some of
which are related to the extension of the underlying Hoiho Group (Figs. 3 and 4), while others indicate

regional reactivation of faults during the Cenozoic in the study area (e.g., Figs. 5 and 6).

Estimated area coverage and average run out distance of MTD 2 are approximately 4,074 km? and 88
km, respectively (Figs. 1b and Table 1). MTD 2 trend in the N-S direction with its headwall domain
inferred to the northern part of the study area, where elevated topographies underlying horst fault blocks
are observed (Fig. 1b). On seismic sections, MTD 2 also contains chaotic reflections (debris flow
deposits) at the base and slightly deformed layers (slumps) towards the top (Figs. 3-6). Neither faults nor
fluid anomalies are associated internally with MTD 2, which contrasts with MTD 1, which is severely
faulted. Although not significantly faulted, MTD 2 is mildly deformed by late tectonic activities with
some fault-related folds or monoclines observed internally in the MTD towards to the eastern part of the

study area (e.g., Figs. 5 and 6b).

MTD 3 is Oligocene-Recent in age and is oriented in a W-E direction with an approximate area coverage
of 855 km? and run out distance of 51 km (Figs. 1b and Table 1). Unlike the two older MTDs, MTD 3
shows some morphologic features commonly found within MTDs. This includes the presence of a
discernible headwall domain located in the western part of the 3-D survey where contourite mounds
predominate (Figs. 1b and 7). In addition, remnant blocks that are positioned at the upper tips of
polygonal faults are also interpreted within MTD 3 (Figs. 7 and 8). Remnant blocks are in situ elements
of mass-transport deposits that were not removed by erosion, and they usually show vertical stratigraphic
continuity with underlying non-MTD strata, lacking a gliding surface (Alves, 2015; Ward et al., 2018).
On the variance time slice, the remnant blocks are marked by areas of a very low variance coefficient
relative to areas of chaotic-moderate variance coefficients associated with the rest of MTD 3. Heights of

remnant blocks with MTD 3 can reach up to 140 m (e.g., Figs. 8a and 8b).

The ridged topographies of the top MTD 3 unit is often associated with some erosional features that are
here interpreted as channels (Fig. 8a). Specifically, in the western part of MTD 3, a large canyon system
that is approximately 6 km wide incised the top MTD horizon (Figs. 7 and 8b). These channels and
canyons show lateral migration, internal fill that varies from high amplitude at the base to chaotic
reflection at their tops, cut and fill character, and vertical stacking (Fig. 3 and 8). These characteristics
are typical of channels and canyons that are dominated by a turbidity current (See Reading and Richards,
1994; Mayall et al., 2006; 2010). Additionally, MTD 3 is delimited in its northern and southern parts by
two different polygonal fault systems (Fig. 7), which are rooted in the underlying Laing Formation (Figs.
3and 7).

4.3 Eocene deltaic clinoforms

Three main kinds of clinoforms were recognized in the study area (Figs. 9 to 11). These include

prograding sigmoid clinoforms in Clinoform 1 (Figs. 4, 9a and 9b), prograding and complex sigmoid to



oblique clinoforms in Clinoform 2 (Figs. 4, 5, 10a and 10b) and prograding parallel to sigmoid clinoforms
in Clinoform 3 (Figs. 4, 11a and 11b). Prograding sigmoid clinoforms consists of nearly S-shaped
reflections with thin, gently dipping upper and lower segments, and thicker, more steeply dipping middle
segments (Figs. 4, 5, 9 to 11). The upper segments form the topset, which is concordant with the overlying
reflections, while the thicker middle segments (i.e., the foresets) are inclined and connect the topset to
the bottomset. The bottomset (lower segments) is almost parallel to the underlying reflections. Hence,
the general configuration of prograding sigmoid clinoforms shows laterally displaced strata in a
depositional downdip direction (outbuilding or progradational patterns). In oblique clinoforms, the
foreset strata downlap on an underlying surface meanwhile the topset is absent and the foresets terminate

upward against a toplap surface or truncation (Figs. 4, 11a and 11b).

Subsequently, the direction of transport for the deltaic sediments was determined from the combined
thickness of the clinothems (Fig. 12). Each deltaic system demonstrates unique depositional trends and
several interpreted clinothems i.e., the sedimentary packages bounded by these clinoforms. The number
of clinothems are 12, 6, and 4 from Clinoforms 1 to 3 (Figs. 9-11), with the sediments of Clinoform 1
generally thickening towards the northeastern and southern part of the study area, whilst Clinoforms 2
and 3 thicken towards the SE part (Figs. 12a-12c). Thus, the isopach maps indicate a general NW-SE
direction of transport for Clinoforms 1 to 3 (Fig. 12d). In addition to the depositional trends, the
morphologic positioning of topset, foreset and bottomset for the clinoforms are manifested on the isopach
maps (Fig. 12).

In support the inferred direction of transport and interpreted clinoform configurations, the shoreline
trajectory analyses show that Clinoforms 1 and 2 clinoforms are dominated by descending - ascending
to regressive clinoforms, while Clinoform 3 has an ascending-descending trajectory (Figs. 9¢, 10c, and
11c), an indication that the development of Clinoforms 1 and 2 was accompanied by the extension of its
distributary channels and mouth-bars towards the southeastern part of the study area, while the channels
and mouth-bar system of Clinoform 3 are in the NE direction (Figs. 13 and 14). This interpretation is
supported further by several NW-SE oriented channels that are interpreted at the base of Clinoforms 1
and 2 (Figs. 13a, 13b and 14).

On the variance time slices, wide lobes or fans that are more than 8 to 15 km in width are interpreted to
be associated with these channels. These lobes/fans are reflected as areas of moderate variance
coefficients adjoining areas of very low variance coefficients and linear features, i.e., the channels (Fig.
13). Five lobes that are oriented in the NE, E and SE directions are associated with Clinoform 1 (Fig.
13a), while one fan is associated with Clinoform 2 (Fig. 13b). The channels interpreted at the base of
Clinoform 3 show more N to NE orientations relative to an inferred lobe, which is oriented to the east
(Fig. 13c). Based on this seismic evidence and interpretation, the Eocene deltaic systems in the study
area are categorised as river-dominated deltas (sensu Bhattacharya, 2006; Galloway, 1975; Walker,

1992). River-dominated deltas are characteristically elongate to lobate in geometry and are associated



with straight to sinuous distributary channels mouth bars such as those interpreted in Figs. 13 and 14 (see
also Galloway, 1975).

4.4 Interpreted contourite depositional system (CDS)

In the study area, a contourite depositional system is interpreted within the uppermost Laing Formation.
The CDS contains three elongate contourite drifts with tops that correspond to horizons H8-H10 (Fig.
15). All the drifts are elongate in the N-S direction and located in the proximal north western part of the
study area outside the 3-D seismic survey (Fig. 15). In fact, the mounds were interpreted on the regional
2-D lines, while bends that are associated with two of the drifts were observed from the 3-D survey.
These bends or areas of marked change in slope gradients (Figs. 15 and 16) are interpreted as deviations
in the paths of the contour currents that produced the drifts (see Faugeres et al., 1999). Chronologically,
the horizons from H8 to H10 correspond to the upper parts of the Laing Formation and the top of the
Tucker Cove Formation. Hence, the oldest mound is dated from the Mid Eocene to Late Eocene, while

the last two mounds are possibly Late Eocene to Oligocene in age (Figs. 3, 15 and 16).

In terms of morphometry, the oldest drift (H8) covers an area of approximately 1540 km? with a length
of approximately 172 km (Figs. 15b and 15c, Table 1). The height of the drift is approximately 1.19 km
(Table 1) and has an associated bend that is approximately 52.4 km long and 21 km wide (Figs. 15¢ and
16). Characteristically on seismic sections, the oldest mound caps several SW to NE gently dipping cross
stratifications (Figs. 15a and 15b). Furthermore, the second drift (H9) is interpreted above very
continuous and high amplitude reflections where no cross stratification is observed (Figs. 15a and 16).
The area coverage, length and height of this drift on H9 are 1540 km?, 172 km and 1.16 km, respectively
(Table 1). In contrast, the youngest drift (H10) covers an area of approximately 2177 km? and 202.4 km
long with an estimated height of 1.17 km (Table 1). This drift is also associated with bi-directional cross
stratifications on seismic sections (Figs. 15 and 16) and a bend that is approximately 78 km long and 55
km wide. In addition to all these features, younger MTDs apart from the one discussed in section 3.1,

and channels are observed above this drift (Figs 15a and 15b).

In addition to their geometries, it is important to describe the drifts in terms of their flow direction and
currents. Bottom current flow direction and drift migration are inferred from the internal reflection
progradation as contourite drifts can often migrate along the slope and down current (e.g., Faugéres et
al., 1999). The recognition of along slope prograding internal reflections within contourite drifts is an
important marker of the depositional current flow direction (e.g., Knutz and Cartwright, 2004). Figs. 15
and 16 shows that the drifts are oriented essentially in the N-S direction, which is suggestive of the action
of N-S oriented bottom currents in the Great South Basin during this interval. Additionally, the structural
maps at the mounds’ top show an eastward migration of the drifts from the Mid Eocene to Oligocene
period. The presence of erosional features or bends on one side of these mounds show that they are likely
separated, elongated, mounded drifts. Such drifts are usually found on a steeper, lower slope (Rebesco
and Stow, 2001; Stow et al. 2002). The associated bends in turn are mostly erosional and non-

depositional, representing an area where the flow was focused and diverted.



5. Discussion
5.1 Cenozoic sedimentation and evolution of the Great South Basin

The Cenozoic infill history of the basin is revealed by temporal and spatial stratigraphic organisation of
distinctive sediment types, which reflects the complex interaction of many depositional processes and
conditions. The Wickliffe Formation marks the Cretaceous-Palaeocene boundary and was deposited on
topographies or basin architectures developed during the transition from the Gondwana subduction to
extension. Although the formation is predominantly transgressive in nature (Cook et al., 1999; Killops
etal., 1997), two Palaeocene MTDs are observed here that are possibly triggered by a combination of a
steepened basin margin and protracted fluid dissipation. Both MTDs are part of the post rift sediments
and are underlain by several magmatic sills on the regional 2-D lines (Fig. 1b). These sills are likely
related to break-up magmatism in the Cretaceous period. Hence, we considered magmatic fluids and
weakened geologic layers because of prolonged fluid dissipation as possible trigger mechanisms that
reduced the shear strength of the paleo seafloor sediments and resistance to slope failure. More so, the
headwall region of MTD 1 and 2 are inferred in elevated margins to the west. These elevated margins
correspond to the location of horsts and other fault-related basement highs produced during rifting in the
western part of the GSB. Although MTD 1 and 2 are severely faulted in the western and northern part of
the study area, these latter faults are imprints of younger tectonic reactivation and syn-orogenic activities

later in the Neogene.

Late Palaeocene to Early Eocene sedimentation was dominated by hemipelagic deposition (Figs. 3-6),
with most detritus sourced from subaerial erosion of the Eastern Gondwana (Bache et al., 2014). Marine
transgression in the Palaeocene was followed by shallowing to coastal environments as indicated by the
Eocene clinoforms. Eocene deltaic systems are essentially fluvial-dominated and deposited during long-
term relative sea level still stands (Figs. 9-13). Importantly, Eocene and subsequent sedimentation was
associated with tectonic reorganisation and development of the modern Australia—Pacific plate boundary,
including the Tonga—Kermadec subduction system (Bache et al., 2012, 2014). After the deposition of the
prograding Eocene deltaic sediments, the study area returned to a marine setting with deposition of
younger hemipelagic sediments. Notably, the Antarctic Circumpolar Current (Kennett et al., 1975;
Fulthorpe et al., 1996) actively eroded the upper slope and shelf area, leading to the formation of elongate
contourite drifts (Figs. 15 and 16).

As contourites can also indicate variability in paleo-current and paleo-climatic regimes (Rebesco et al.,
2014; Knutz, 2008; Hernandez-Molina et al., 2014). The regional Marshall Paraconformity (H11) in the
study area and its associated drifts provide indications of paleo-climatic conditions of the Great South
Basin from the Middle Eocene to Oligocene. The Marshall unconformity is related to the onset of the
Antarctic Circumpolar Current (ACC), which is a key feature of the Southern Ocean (Kennett et al.,
1975; Fulthorpe et al., 1996). The ACC helped cool Antarctica and initiate Southern Hemisphere

glaciation. Hence, it was associated with global change from an ocean with warm saline deep water



formed at low latitudes and dominated by halothermal circulation to a thermohaline system with cold
deep water that was formed at high latitudes (Kennett and Stott, 1990; Fulthorpe et al., 1996; Lyle et al.,
2007). Although the present orientation of the drifts and their inferred current directions might not
necessarily correspond to the East-West orientation of the ACC, it is important to stress that the trend
observed here for the drifts might represent localised fluctuation in the ACC flow. This is especially valid

considering that the GSB was tectonically active during the Middle Eocene to Oligocene interval.

Post-Oligocene, overloading of the hemipelagic sediments presumably led to the formation of two
different tiers of polygonal faults in the lower slope areas, (Fig. 7). The accurate timing of these polygonal
fault tiers remains ambiguous (Morley et al., 2017). Recent sedimentation includes the deposition of
several discrete MTDs atop the contourite drifts, additional hemipelagic sedimentation and erosion of
the substrate by large-scale turbidite channels (Figs. 3, 8 and 15). Among the younger MTDs is MTD 3,
which is composed of large remnant blocks, an indication that MTD 3 is proximal to the source area.
Possible trigger mechanisms for MTD 3 include subsurface fluid dissipation from the polygonal faults
(Fig. 8), erosion of the substrate by bottom currents and the presence of weak geological layers, i.e., the
hemipelagic sediments (Figs. 15 and 16). The development of polygonal faults is intimately tied to
compaction-related dewatering, which represents a ubiquitous process for fluid release in many basins
(Dewnhurst et al., 1999). Hence, fluids expelled from the polygonal systems are capable of aiding slope

failure and translation of MTD 3 and younger MTDs on top of the drifts.

5.2 Dynamic evolution of the Eocene deltaic systems

Toplap terminations of both Clinoforms 1 and 2 signify non-deposition (sedimentary bypass) and only
minor erosion at their depositional boundaries (Mitchum Jr et al., 1977). In addition, the sigmoid and
mounded internal configuration of Clinoform 1 particularly reflects relatively low sediment supply, rapid
basin subsidence, and/or rapid relative sea level rise to allow deposition and preservation of the topset
units (Mitchum Jr et al., 1977; Sangree and Widmier, 1977), an indication of a relatively low-energy
regime. Most of these depositional conditions are also true for clinoforms within Clinoform 2. However,
the complex sigmoid-oblique configuration of Clinoform 2 indicates a history of alternating upbuilding
and depositional bypass in the topset segment within a high-energy depositional regime (Mitchum Jr et
al., 1977). Furthermore, the parallel — sigmoid configuration (early stage and last stage development of
Clinoform 3, respectively) of Clinoform 3 indicates some combination of relatively high to low sediment

supply, slow to rapid basin subsidence, and a stillstand to rapid rise in sea level (Mitchum Jr et al., 1977).

The shoreline trajectories for both Clinoforms 1 and 2 indicate a combination of descending - ascending
regressive shorelines trajectories. Hence, sands have higher potential to accumulate on the topset and
foreset rather than on the bottomset of the deltaic clinoform system (Helland-Hansen and Hampson,
2009). Additionally, ascending trajectories could also result in a sigmoidal seismic pattern and a long-
term rise in relative sea-level (see Helland-Hansen and Martinsen, 1996). Thus, long-term rising of
relative sea-level generated accommodation behind the shorelines, providing space for net aggradation

of non-marine and/or transition deposits (Figs. 14a and 14b), which allowed the associated distributary



channels and mouth-bar system to move distally in a SE direction (Figs. 13a and 13b; Helland-Hansen
and Gjelberg, 1994; Helland-Hansen and Martinsen, 1996). Although Clinoform 1 shows potential for
more accommodation space seaward than Clinoform 2 (Fig. 12), this is most apparent from the isopach
maps where the area covered by the foreset and bottomset beds of Clinoform 1 are larger than in
Clinoform 2 (Fig. 12). Nonetheless, both clinoforms show characteristics of distributary channels that
may cause the mouth bar and channel to form elongate bar-finger sands (cf. Bhattacharya, 2006; Fisk,
1961).

Relative to Clinoform 1 and 2, Clinoform 3 (Fig. 12) is located landward and characterised by complex
parallel-sigmoid clinoforms within Clinoform 3, which signal uniform rates of deposition on a uniformly
subsiding shelf or stable basin plain setting, which allowed the deposition and preservation of the topset
(Mitchum Jr et al., 1977; Sangree and Widmier, 1977). In addition, the descending regressive -
accretionary trajectory of Clinoform 3 (Figs. 11c and 14c) may signify a large sediment supply that was
influenced by a strong fluvial input during a relative short period of sea-level fall (Helland-Hansen and
Hampson, 2009; Helland-Hansen and Martinsen, 1996). These conditions may account for the spatial
development of a deltaic system that shifted in the northeast direction and development of a foreset area
that is wider towards the northeastern part of the study area (Fig. 12c and 13c). As a corollary, sediments
(clinothems) within Clinoform 3 are likely deposited under a different flow regime when sediment
bypasses the older deltaic system below to deposit a new (but smaller) deltaic system further east (Fig.
13c; see Bates, 1953; Bhattacharya, 2006; Mulder et al., 2003; Mulder and Alexander, 2001; Mulder and
Chapron, 2011; Zavala et al., 2011).

In addition to the depositional conditions that were prevalent during the Eocene, it is possible that the
variation in the orientation of the different distributary channels and mouth bars may reflect the influence
of nearshore currents such as waves, tides or sediment dynamics during the Eocene geodynamic
evolution of the Great South Basin. Waves and tides can generate the larger stretches of the shoreline
recorded, especially during the deposition of Clinoform 3 (Fig. 14c). Tide- and wave-influenced
shorelines can typically have wider shelves and large embayment such as the northern Australia coast
(Vakarelov et al., 2012). However, the role of regional plate kinematics on the orientation of the
interpreted distributary channels and mouth bars is significant since the Late Eocene marks a transition
from seafloor spreading between New Zealand and Gondwana to the emergence of the Tonga—Kermadec
subduction from approximately 50 Ma (Fig. 2). More so, Eocene to Recent sedimentation in the GSB
was associated with regional plate re-organisation (Bache et al., 2012, 2014). Hence, the change in
orientation of the channels and mouth bars were from dominant NW-SE orientations in Clinoforms 1 and
2 to E-W and NE-SW orientations for Clinoform 3 (Figs. 13 and 14d). Therefore, the clinoforms and

their associated depositional elements are considered as markers of plate dynamics in the GSB.



5.3 Implications for hydrocarbon prospectivity in the GSB

5.3.1 Mass-transport deposits

Apart from MTD 3 and the younger MTDs on the flanking positions of the drifts, the deeper MTD 1 and
2 are in the class of older and deeper MTDs described from many basins, which usually have their initial
stratigraphy and geomorphologic features unpreserved due to compaction and deep burial. Hence, MTD
1 and 2 are comparable in their internal structure to their confining strata (see Ogiesoba and Hammes,
2012). Importantly, the chaotic reflections (Figs. 3 and 4) and slightly deformed layers (Fig. 6) within
both MTDs imply that they are mud prone and comprise relatively poor reservoir units (Posamentier and
Kolla, 2003; Jennette et al., 2000). On the other hand, the undeformed blocks in MTD 3 show high
amplitude strata, theoretically an indication of sand prone reservoir targets (see also Omosanya and
Alves, 2013; Alves, 2015). As seal rocks, the observation of several bright spots or amplitude anomalies
below MTD 1 and 2 shows that they have potentially trapped fluids and are low permeability seal rocks
(Figs. 4 and 6).

5.3.2 Eocene Deltaic systems

Since the Eocene deltaic system in the study area are interpreted to be the product of a long-term relative
sea-level rise produced by variable flow regimes. The associated deposits are therefore proposed to be
composed essentially of mud (Bhattacharya, 2006; Bhattacharya and Walker, 1992; Shanley and
McCabe, 1994). These mud-rich systems are candidate source rocks in the study area where the
development of stratified water columns and physio-geographic restriction can increase the chances of
anoxic conditions and organic-rich facies during a long-term sea-level rise (sensu Myers, 2009).
Additionally, the high amplitude and isolated seismic reflections (Figs. 9-11) that are associated with
Clinoforms 1 to 3 are interpreted to be sand-rich distributary channel-fill (sensu Deptuck et al., 2003;
Harishidayat et al., 2015; Mayall et al., 2006; Patruno et al., 2015). In Clinoforms 1 and 2, the distribution
and areal extent of these sand-prone deposits/channel fills are much higher and can have widths that vary
from 100-800 m. These fills here are not vertically stacked but laterally distributed as prograding

packages that are bounded by flooding surfaces (Figs. 9-11).

5.3.3 Contourite depositional system (CDS)

One striking importance of contourite drifts observed in the study area is their ability to promote mass
wasting in the deepwater environment (Figs. 7, 15 and 16). Contourite drifts generally favour the
formation of pressurised gliding planes for slope failure because they usually contain gravitationally
unstable and fine-grained deposits with low permeability and high-pore water content (Rebesco et al
2014, Bryn et al., 2005; Solheim et al., 2005; Laberg et al., 2005; Omosanya, 2018). As a proof of this
characteristic, the recent mass-transport deposits here are triggered on inclined margins of the mounds
where unconsolidated hemipelagic sediments predominate (e.g., Figs. 8 and 16). Furthermore, contour
currents can affect the petroleum system in numerous ways by creating sealing rocks and reworking
texturally immature reservoir sands (Shanmugam, 2006; Mutti and Carminatti, 2012). Drifts with bi-

directional stratifications such as in Figs. 16a and 16b may represent sandy contourite end members



provided that the sands are preserved on the foreset of the clinoforms. In parallel, the overlying high

amplitude reflections between H8 and H9 (Fig. 16a) may represent shale or sealing rocks for the sands.

6. Conclusions

This study has investigated the types and dynamics of sediments deposited in the Great South Basin
during the Cenozoic using seismic reflection datasets and a seismic geomorphologic approach. The
interpretation presented here are solely based on the seismic facies and geomorphology of the different
depositional elements. Hence, it has the same downside as most seismic features in that the sediments
described here are not actually drilled and their lithology could not be authenticated. Nonetheless, the
main conclusions from this study are as follows:

e The Cenozoic basin infill history of the Great South Basin is influenced by the interplay of several
depositional elements and processes. Gravity-driven processes, foreset progradation and activities of
bottom currents dominate sedimentation in the area over a rifted and complex topography. These
sedimentation processes are intermixed with variation in plate kinematics during the Early Eocene. As a
result, the Great South Basin records a unique succession of sedimentary deposits deposited by variable
flow regimes under different tectonic conditions.

e The three main MTDs in the study are two Palaeocene deposits that are likely triggered by
oversteepened margins linked to Cretaceous-Paleocene fault blocks on the western part of the basin and
fluids associated with break-up magmatism. The younger MTD 3 shows a propensity towards upward
migrating compaction-driven fluids released from polygonal fault systems and slope instability on the
margins of contourite mounds. In terms of petroleum systems, the older MTDs have the potential to trap
fluids and act as seal rocks as they appear to be highly compacted, while MTD 3 is probably sand-prone
and a good reservoir rock considering that it is composed of remnant and less disaggregated blocks.

e Early Eocene deltaic systems are mainly river-dominated and defined by prograding sigmoid
clinoforms in Clinoform 1, prograding and complex sigmoid to oblique clinoforms in Clinoform 2 and
prograding parallel to sigmoid clinoforms in Clinoform 3. Their associated depositional elements such
as channels, mouth bars and lobes are oriented differently from Clinoforms 1-3 suggesting changes in
sediment transport direction in relations to plate movements during the Tonga—Kermadec subduction.

e Contourite drifts are parallel or along-slope deposits with mounded elongate geometry and were formed
by the Antarctic Circumpolar Current formed in the study area when the global climate changed from

low latitudes to high latitudes during the Eocene-Oligocene. Drifts capping bi-directional cross-



stratification represent possible end-member sand-prone systems, while other drifts may be seal units or
source rocks for hydrocarbon.

e Above the contourites are high amplitude and high frequency hemipelagic deposits, which are incised
by channels and canyons at the uppermost stratigraphic interval. The lateral migration, internal
configuration, cut and fill character and vertical stacking of the channels and canyons show that they

are formed by turbidity currents.
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Figure Captions
Fig. 1: Map showing the location of the Great South Basin (GSB) on the southern continental shelf of

New Zealand. The purple polygon shows the location of the 3-D seismic dataset used for this study. In
addition, the Pakaha-1 well was used for seismic-to-well tie and regional correlation across the 2-D
seismic lines. (b) The outline of the 3-D seismic data and 2-D seismic profiles (Blue polygon) were used
for this study. The spatial extent of the three mass-transport deposits (MTDs) discussed in the text is also

shown. These MTDs have inferred headwall domains in the western part of the study area.

Fig. 2: Geodynamic evolution of the Southwestern Pacific region from the Triassic to Recent period. The
eastern Gondwana margin was characterised by the southwest-dipping subduction of the Pacific—Phoenix
plate from the Triassic to Early Cretaceous (>100 Ma). (a) and (b) The region experienced widespread
intracontinental rifting (breakup) and extension from 100-85 Ma. (b) and (c) The period between 85-50
Ma corresponds to the opening of the Tasmanian Sea and isolation of Zealandia, which was followed by
(d) and (e) the Cenozoic initiation and evolution of Tonga—Kermadec subduction from 50-0 Ma. The

map is redrawn from Bache et al., 2014.

Fig. 3: W-E seismic profile showing the ages and formation of the interpreted horizons. The inset shows
the location of the seismic profile. MTD- Mass-transport deposit, LAP-Lateral Accretion Package. (b)
Age and lithology information were obtained from the Pakaha-1 well. (c) The time-depth (T-D)
relationship is used for the depth conversion of structural maps. Note: Horizons designated as U1, U3

and U4 represent the tops and bases of Eocene deltaic systems.

Fig. 4: W-E seismic section showing the principal sediment types interpreted in the study area. These
include three mass-transport deposits and three packages composed of deltaic clinoforms and contouritic
deposits. The seismic profile shows that the underlying unit in the study area are severely faulted during
Cretaceous rifting. The inset shows the location of the seismic profile. Note: Horizons designated as U1
to U6 represent the tops and bases of three Eocene deltaic systems. The red arrows show the direction of

progradation of the deltaic clinoforms.

Fig. 5: W-E seismic section showing the chaotic nature of the MTD 1 and MTD 2. In addition, the
complex nature of faults underlies the Cenozoic interval. The Marshal Paraconformity overlies the top
of most of the polygonal fault system located in the southern part of the study area. The inset shows the
location of the seismic profile. Note: Horizons U1 and U2 are the top and base of the oldest Eocene
deltaic system interpreted in the study area.

Fig. 6: (a) & (b) Seismic section through MTD 1 and 2 showing their chaotic internal configurations and

association with normal faults in the study area.

Fig. 7: Variance time slice at a depth of -1140 ms TWTT showing the outline of MTD 3 in association
with the contourite mound, the canyon system and the polygonal fault systems. Blue arrows show the

direction of mass transport for the MTD, while the black lines are composite lines for the seismic section



in Fig. 8. The black dashed lines mark the northern and southern limits of MTD 3 PFS-Polygonal Fault
System.

Fig. 8: (a) & (b) Composite seismic sections and line drawings through MTD 3. The MTD show a
strong affinity with the underlying polygonal fault systems and displayed distinctive characteristics
such as a ridged-wavy top, an internal configuration that includes remnant blocks, slumps and chaotic
seismic reflections. Importantly, the upper part of the MTD is characterized by a wide, large canyon
system. See Fig. 7 for the location of the seismic sections.

Fig. 9: () & (b) Uninterpreted and interpreted seismic sections showing clinoforms and clinothems
within Clinoform 1. The clinoforms are sigmoidal in shape. The upper boundary of the series is
marked by horizon U2 while the base is delimited by horizon U1. The inset shows the location of the
seismic profile. Note the changing vertical position between the clinoforms tops. (c) Flattening along
the inferred maximum flooding surface shows that the clinoforms have a general ‘ascending-
descending-ascending’ trajectory. Note: The interpreted clinothems are labelled alphabetically (d)
The red rectangle shows the main shoreline trajectory classes of Helland-Hansen and Hampson

(2009). Note: The red arrows show the direction of progradation of the deltaic clinoforms.

Fig. 10: (a) & (b) Uninterpreted and interpreted seismic sections showing complex sigmoid to oblique
clinoforms and clinothems within Clinoform 2. Horizons U3 and U4 are at the upper and lower
boundaries of the sequence, respectively. The inset shows the location of the seismic profile. Note the
changing vertical position between the clinoforms tops. (c) The flattening of U3 shows that clinoforms
have a descending - ascending trajectory. Note: the interpreted clinothems are labelled alphabetically.
(d) The red rectangle shows the main shoreline trajectory classes of Helland-Hansen and Hampson
(2009). Note: The red arrows show the direction of progradation of the deltaic clinoforms.

Fig. 11: (a) & (b) Uninterpreted and interpreted seismic sections showing parallel-sigmoid clinoforms
and clinothems within Clinoform 3. The inset shows the location of the seismic profile. Note the changing
vertical position between the clinoforms tops. (¢) The clinoforms have an ascending to descending
trajectory. Note: The interpreted clinothems are labelled alphabetically. (d) The red rectangle shows the
main shoreline trajectory classes of Helland-Hansen and Hampson (2009). Note: The red arrows show

the direction of progradation of the deltaic clinoforms.

Fig. 12: Isopach map of (a) Clinoform 1 (depositional sequence Ul to U2). The map shows that the
sequence generally thickens to the NE part of the study area. (b) Clinoform 2 (depositional sequence U3
to U4). The sedimentary package or clinothems within Clinoform 2 cumulatively thicken to the SE part
of the study area. (c) A similar trend is noted for Clinoform 3 (depositional sequence U5 to U6), which
thickens to the SE part of the study area. (d) U1 to U6. This map indicates a general NE direction of
transport for Clinoforms 1 to 3. In addition to the isopach, the interpreted positions of the clinoform’s
geomorphologic divisions such as topset, foreset and bottomset are also indicated. Note: Contour spacing

for the maps is 50 m, while the arrows signify the inferred direction of sediment transport



Fig. 13: Variance time slices showing sediment conduits and depositional components associated with
Clinoform 1 to Clinoform 3. (a) The channels interpreted here are generally oriented in an SE direction.
The associated lobes or fans are interpreted as areas of low variance coefficients surrounding the
channels. Lobes associated with Unit 1 are oriented in the NE, E and SE directions. (b) The channels
interpreted here also show NW to SE orientations relative to an inferred lobe that is oriented to the north.
Either the dashed red lines are interpreted as bottom currents perpendicular to the trend of the channels
or the location of the paleo shorelines (c) The channels and lobe are oriented to the E and NE. Note: The
inferred lobes are shown with dashed purple lines on the schematic diagrams while the question marks
also indicate areas of high uncertainty. The southern part of the study area is complicated with no distinct
features revealed on the maps; hence, it has been omitted here. (d) Tripartite classification of deltas into
river-, wave-, and tide- dominated end members (Modified after: Bhattacharya, 2006; Galloway, 1975;
Walker, 1992).

Fig: 14: Illustration showing the evolution of deltaic clinoforms in Clinoform 1 to Clinoform 3. The
block diagrams show that the deltas were fed by fluvial channels, prograded over the shelf and are
transported to the SE and NE parts from the Early Eocene to Mid Eocene. The dynamics and orientation
of the channels and their lobes may be controlled by regional tectonics during the Eocene or nearshore

currents.

Fig. 15: (a) & (b) Seismic section and corresponding line drawing through the main elongate
contourite drifts interpreted in the study area. At the topmost part of the youngest drift is a chaotic
and distorted package interpreted as a slump, which is in turn overlain by turbidite channels. (c)

Structure maps of mounds and the locations of seismic sections shown in (a) and (b).

Fig. 16: (a) & (b) Seismic section and corresponding line drawing through the main elongate contourite
drifts and their associated moats/channels. The contourite drifts extended outside the 3-D seismic data

and were interpreted on the regional 2-D lines.
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Fig: 14

a) Clinoform 1: Sigmoid Clinoform

c) Clinoform 3: Parallel - Sigmoid Clinoform d) Line drawing through the development of clinoforms

Legend:
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Table 1: Morphometric data for interpreted MTDs and contourite drifts

Deposits Maximum Maximum Area Age Orientation
length (km) Height (km) (km?)

Mass transport deposits

MTD 1 109 0.27 6058 Paleocene NW-SE

MTD 2 88 0.24 4074 Paleocene N-S

MTD 3 51 0.07 855 Oligocene W-S

Contourite drifts

Mound 1 172 1.19 1540 Mid Eocene to Late Eocene N-S

Mound 2 172 1.16 1540 Late Eocene to Oligocene N-S

Mound 3 202.4 1.17 2177 Late Eocene to Oligocene N-S




