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Abstract
Basin evolution models are dependent on high-quality subsurface data, normally obtained during hydrocarbon exploration 
activities. The limited exploration, to-date, has impeded the understanding of the geological evolution of the offshore Algoa 
and Gamtoos half-graben basins in the southern Cape region of South Africa. To reconstruct the main geological events of 
the area since the Early Jurassic, vintage borehole and seismic data as well as key outcrop observations were integrated. Using 
this combined dataset,  we generated contemporary gross depositional environment models,  as well as tested the applicability 
of different sequence stratigraphic models for these late Gondwana basins. The studied stratigraphic interval contains syn- and 
post-rift systems that were impacted by marine processes, especially in the distal hanging walls of these compartmentalized 
half-graben basins. Sedimentation within these depocenters primarily occurred above the hanging walls, while the footwalls 
formed regions of basement highs. The geological characteristics of the studied succession prevent the application of the 
depositional sequence  or tectonic system tracts models in the syn-rift succession. Because subaerial unconformities (SUs) 
in the distal syn-rift sequence are not detectable, a diachronous, northward advancement of the shoreline (relative sea level 
rise) until the late Valanginian can be postulated. The observations in the syn-rift sequence, which is bound by a basal SU, 
followed by third- and fourth-order transgressive and regressive cycles and a second-order maximum flooding surface at the 
top, can be explained with a modified genetic sequence model. In the transitional to drift phase interval, from Hauterivian to 
Holocene, the successions are bound by SUs and their correlative conformities. In the successions without evidence for suba-
erial exposure, flooding surfaces could be used as sequence-bounding stratigraphic contacts. This study reaffirms the notion 
that while the sequence stratigraphic concept is model-independent, sequence models are sensitive to depositional scale.

Keywords Sequence stratigraphic models · Syn-rift · Gross depositional environment models · Sequence boundaries · 
Gondwana break-up

Introduction

The application of sequence stratigraphy in identifying 
hydrocarbon traps in frontier basins has been successful 
globally (e.g., ExxonMobil Liza discovery offshore Guyana; 
Platon 2017; Feder 2019) and to some extent in southern 
Africa too (e.g., the Brulpadda and Luiperd discoveries in 

the Outeniqua Basin; Africa Energy Corp. 2020). However, 
from an economic geology view-point, a solid knowledge 
of the geological history is important not only for exploit-
ing hydrocarbons while transitioning to alternative energy 
resources but also for siting deep geological mediums to 
mitigate the negative impact of anthropogenic climate 
change (e.g.,  CO2 storage, deep burial of hazardous waste; 
Hong et al. 2015). Moreover, despite serious collaborative 
scientific efforts in the past decade to stabilize the sequence 
stratigraphic method (e.g., Catuneanu et al. 2011, Catuneanu 
2019a, b, 2020, Catuneanu and Zecchin 2020), terminology 
is still inconsistently used by different schools of thought 
not only to define stratigraphic surfaces but also to interpret 
the geological history of stratigraphic successions. This has 
resulted in multiple sequence stratigraphic models that inter-
pret the same data differently.

This article is part of the Topical Collection on Coastal and 
marine geology in Southern Africa: alluvial to abyssal and 
everything in between
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Although a working petroleum system was proven in the 
Algoa and Gamtoos basins of South Africa, data acquired to-
date yielded limited exploration success unlike in the neigh-
boring Bredasdorp Basin (e.g., Malan 1993; McMillan et al. 
1997). Consequently, no robust sequence stratigraphic work 
exists for the Algoa and Gamtoos basins (Ayodele et al. 2020; 
Caku et al. 2020), and this limits, especially in the offshore 
regions, the understanding of the (a) sedimentary facies dis-
tribution, (b) basin development history, and (c) nature of the 
petroleum systems (Muir et al. 2020). Herein, a mid-Mesozoic 
to Holocene sequence stratigraphic framework is built in the 
Algoa and Gamtoos basins. By integrating a subset of available 
vintage data (seismic and wireline) and some outcrop studies, 
the usefulness of a few, selected sequence stratigraphic models 

is tested for the study area. Moreover, by combining the avail-
able data, conceptual models of the gross depositional environ-
ments (GDE) are generated and shown as maps. These GDE 
maps were derived from studying facies change, the vertical 
stacking pattern of facies in available wireline data, seismic 
geometries, and also by incorporating recent results from field 
studies conducted onshore in the Algoa and Gamtoos basins.

Geological background

Stratigraphic framework

The Algoa and Gamtoos basins, together with the Pletmos and 
Bredasdorp basins form part of the larger Outeniqua Basin, 

Fig. 1  a Regional southern 
Africa map, showing the loca-
tion of the greater Outeniqua 
Basin. b Simplified onshore 
and offshore structural elements 
map (not taken at seafloor) of 
the Algoa and Gamtoos basins. 
c Structural cross-section of 
the Algoa and Gamtoos basins 
(modified from McMillan et al. 
1997; Broad et al. 2012; Muir 
et al. 2020). Base map data 
©2020 Google, Maxar Tech-
nologies, AfriGIS (Pty) Ltd
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located along the southern coast of South Africa (Fig. 1; 
Malan 1993; Brown et al. 1995; McMillan et al. 1997; Singh 
et al. 2005; Thompson et al. 2019; Muir et al. 2020). The 
Outeniqua Basin is a remnant of extensional basins formed 
in southern Africa during Gondwana breakup in the Early 
Jurassic (McLachlan and McMillan 1976; Dingle et al. 1983; 
McMillan et al. 1997; Thompson et al. 2019; Muir et al. 
2020). While the Algoa and Gamtoos basins are adjacent to 
each other, sedimentation was primarily influenced by their 
local structural anisotropy (Broad 1990; McMillan et  al. 
1997; Muir 2019). The Algoa Basin is compartmentalized 
into sub-basins or troughs by three major bounding faults, 
the St Croix, Port Elizabeth, and Uitenhage faults (Fig. 1;  
McLachlan and McMillan 1976; Dingle et al. 1983; Broad 
1990; Bate and Malan 1992; Broad et al. 2012; McMillan 
et al. 1997). The Gamtoos Basin contains only one major 
listric-type fault (i.e., Gamtoos Fault), which has a throw of 
3 km onshore and 12 km offshore, and was active from Middle 
to Late Jurassic (Fig. 1; e.g., McLachlan and McMillan 1976; 
Dingle et al. 1983; Malan et al. 1990; Bate and Malan 1992;  
McMillan et  al. 1997; Paton and Underhill 2004). The 
basin fill (Fig. 2) can be separated into (1) pre-Oxfordian to  
Valanginian rift/syn-rift phase (reflector D to 1At1); (2) Val-
anginian to Hauterivian early drift phase (transition phase; 1At1 
to 6At1/13At1); (3) Aptian to Albian “Canyon fill” (13At1 to 
14At1) and; (4) drifting (thermal subsidence) phase (13At1 to 
Holocene; e.g., McLachlan and McMillan 1976; Dingle et al. 
1983; Broad  1990; Bate and Malan 1992; Malan 1993; Brown 
et al. 1995; McMillan et al. 1997; Broad et al. 2012).

The oldest rocks are conglomerates and subordinate 
sandstones that belong to the Enon Formation, which was 
deposited on alluvial fans developed from high-energy riv-
ers during the early Middle Jurassic (or earlier) to the Early 
Cretaceous (Fig. 2; McLachlan and McMillan 1976; Dingle 
et al. 1983; Malan 1993; McMillan et al. 1997; Singh et al. 
2005; Muir et al. 2017a, 2020). This basal conglomeritic 
unit, with thickest accumulations in the deepest portions of 
the sub-basins adjacent to the bounding faults (Fig. 2; Muir 
et al. 2017a) is coeval with, but occasionally overlain by 
the variegated mudstones and sandstones of the Kirkwood 
Formation (Fig. 2; McLachlan and McMillan 1976; Dingle 
et al. 1983; McMillan et al. 1997; Singh et al. 2005; Muir 
et al. 2015, 2017b, 2020). The Kirkwood Formation was 
deposited in the meandering rivers and floodplains along 
the dipping landscape of the hanging walls of the rift nor-
mal faults (Fig. 2; McLachlan and McMillan 1976; Dingle 
et al. 1983; McMillan et al. 1997; Muir et al. 2015, 2017b, 
2020). Onshore, the continental deposits of the Enon and 
Kirkwood formations are overlain by the Sundays River For-
mation. In outcrops, this marine, regionally extensive unit is 
well known for its age-diagnostic Valanginian foraminifera 
(McMillan et al. 1997, 2003; Broad et al. 2012; Muir et al. 
2017a, b, 2020). Unlike the Enon and Kirkwood formations, 

the age of the Sundays River Formation has not been deter-
mined with radioisotopic dating methods (see Muir et al. 
2020 for discussion). Based on biostratigraphic proxies, its 
lower part can be considered coeval with the upper Kirkwood  
and Enon formations. Despite lacking robust age constraints, 
the Sundays River Formation is widely considered to mark 
the end of syn-rift deposition in the study region, chiefly 
because it is overlain by the Hauterivian to Albian transitional  
phase succession (McLachlan and McMillan 1976; Dingle 
et al. 1983; McMillan et al. 1997). These sediments are well 
preserved in the offshore Gamtoos Basin but not in the Algoa 
Basin, where they have been eroded during the late Aptian 
uplift. Aero-magnetic studies show that the Uitenhage Group 
in the Algoa Basin can reach a thickness of up to 6 km, 
especially in the SW part of the basin (Caku et al. 2020). 
The Hauterivian to Aptian uplift resulted in the Algoa and  
Gamtoos canyons (McLachlan and McMillan 1976; Dingle 
et al. 1983; Malan et al. 1990; Bate and Malan 1992; McMillan  
et al. 1997; Paton and Underhill 2004), which were subse-
quently filled with transitional phase late Aptian (13At1) to 
early Albian (possible early Cenomanian) inner to middle 
shelf marine claystones with sandstone interbeds (McMillan 
et al. 1997). The transitional phase succession is truncated 
by the regionally extensive Top Cenomanian (15At1) uncon-
formity (Fig. 2), which is onlapped by marine-dominated 
Upper Cretaceous drift phase sediments (McMillan et al. 
1997; Broad et al. 2012). Unconformably overlying the  
Mesozoic successions onshore are various Cenozoic  
formations comprising of the Bathurst, Alexandria, Nanaga, 
Salnova, Nahoon, and Schelm Hoek formations, which 
mostly belong to the Eocene to Holocene-age Algoa Group 
(e.g., McMillan and McMillan 1976; Du Toit 1979; Le 
Roux 1987, 1989, 1990; McMillan 1990; Illenberger 1992; 
McMillan et al. 1997; Hattingh 2001; Broad et al. 2012).

Tectonic setting and basin evolution

In the long-lived rift-basin system of the southern Cape, two 
main rifting episodes were recorded: (1) the opening of west 
Gondwana during the Early Jurassic and (2) the Early Cre-
taceous strike-slip movement along the Agulhas-Falkland 
Fracture Zone (AFFZ; Fig. 1; Muir et al. 2020). Based on 
recent U–Pb radioisotopic dating of pyroclastics and resedi-
mented volcaniclastics, Muir et al. (2020) showed that the 
Uitenhage Group was deposited over a 40 myr-long-period, 
from the Early Jurassic to the Early Cretaceous. This recent 
age assessment suggests that the initial rifting in the region 
occurred pre-Aalenian, during the Early Jurassic as part of 
the rift system that was generated during the separation of 
East and West Gondwana, in the initial Gondwana breakup 
interval (Jungslager 1996; Muir et al. 2020). The second rift-
ing phase occurred in the Early Cretaceous due to transform 
rifting, which is linked to the initiation of the AFFZ and the 
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opening of the South Atlantic (McLachlan and McMillan 
1976; Martin et al. 1981; Dingle et al. 1983; Broad 1990; 
Bate and Malan 1992; Ben-Avraham et al. 1993; Paton and 
Underhill 2004; Muir et al. 2020). This second rift phase 
(late Valanginian transitional phase) was shown to corre-
spond to the M21–M10 magnetic signatures with a radio-
isotopic age of ~ 145 − 122 Ma (Martin and Hartnady 1986). 

During the post-rifting phase, the basin underwent several 
uplift events, the first of which occurred during the Bar-
remian − Aptian (6At1 to 13At1; Fig. 2; McLachlan and 
McMillan 1976; Dingle et al. 1983; Malan 1993; Brown 
et al. 1995; Thomson 1999; Paton and Underhill 2004). 
After the syn-rift phase, the second major erosional event 
was caused by uplift in the distal/offshore part of the basin 

Fig. 2  Stratigraphic succession of the Algoa and basins showing major geological events from the Late Jurassic to Miocene (modified from 
Brown et al. 1995; McMillan et al. 1997; Baby et al. 2018; Muir et al. 2020)
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in the Late Cretaceous (15At1 to 22At1; Fig. 2; Malan 1993; 
Baby et al. 2018) and resulted in the “Drift Sequence” (sensu 
Broad et al. 2012; thermal subsidence driven). The last nota-
ble uplift event occurred during the Oligocene, when the 
basin tilted to the N, deeply eroding the drift sediments on 
the shelf (Hattingh 2001; Baby et al. 2018).

Material and methods

Vintage datasets (Fig. 3), consisting of seismic and bore-
hole data, were purchased from the Petroleum Agency SA 
(PASA). Generally, the wireline data are of moderate to good 
quality, the two dimensional (2D) seismic data is poor to 
moderate quality and three-dimensional (3D) seismic data 
varies from moderate to good quality. This dataset would 
require reprocessing to further enhance the seismic imaging, 
eliminate multiples, increase the vertical resolution, and min-
imize seismic misties between different vintages; however, 
these processes are beyond the scope and budget of this study.

Interpreted two-way time (TWT) maps were depth con-
verted using multiple methods (i.e., V0k, layered cake and 
average velocities), following which isopach maps were gen-
erated to delineate the stratigraphic thickness variations in the 
basin. In the Algoa Basin, the complex subsurface successions 
required a complex velocity model such as the V0k method 
to depth convert the TWT maps (Fig. 4a). In the Gamtoos 
Basin, due to its less complicated basin structure, the average 
velocity model derived from wireline checkshot data yielded 
favorable maps (Fig. 4b). The limitation of reflection seismic 
resolution, a challenge in this study, is discussed in Catuneanu 
(2019a, b) and Catuneanu and Zecchin (2020), and addressed 
in the “Discussion.”

Understanding of the shoreline trajectories, vertical stacking 
patterns of the facies, geometry of stratal terminations, and spa-
tial facies changes are building blocks of any robust sequence 
stratigraphic framework (Neal et al. 2016). A reliable evaluation 
of the rock record is best achieved with those sequence strati-
graphic depositional models that integrate different types of 
datasets (core, outcrop, wireline, seismic surveys; e.g., Neal and 
Abreu 2009; Catuneanu et al. 2011). There are currently several 
conventional stratigraphic models grouped into depositional, 
genetic, and T-R sequence models as shown in Fig. 5. Deposi-
tional sequence models use SUs as sequence boundaries, while 
the genetic and T-R sequence models use shoreline trajectories 
(MFS and MRS) to define a sequence boundary (e.g., Embry 
et al. 2007; Catuneanu et al. 2011).

Gross depositional environment modeling in this study 
followed the workflow presented in Fig. 6. This workflow 
serves as a set of guidelines, rather than strict rules that can 
be used from data loading into the data analysis software 
(Petrel E&P Software Platform), to interpretations, to the 
final step of gross depositional model building. Concerted 
effort was made to integrate outcrop, core, wireline, and 
seismic data in order to achieve comprehensive interpreta-
tion of the depositional history.

Results

Syn‑rift I observations

Aalenian to upper Kimmeridgian

The Enon Formation is described from onshore outcrops as 
a predominantly immature, poorly sorted, pebble to cobble 

Fig. 3  Inventory of the dataset from the Algoa and Gamtoos basins obtained from the archives of the Petroleum Agency of South Africa). Base 
map data ©2020 Google, Maxar Technologies, AfriGIS (Pty) Ltd
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conglomerate with subordinate sandstones (Fig. 7a; Muir 
et al. 2017b). In the Algoa Basin, this succession shows 
lateral facies variability shown by alternating low to high 
gamma-ray (GR) values. In the S borehole HB-C1, the low 
GR values, ranging from 44 to 151 American Petroleum 
Institute (API), are detected over a ~ 85-m-thick unit, with 
two overall coarsening upwards packages, whereas in the 
N, high GR values dominate (Fig. 7c). The more proximal 
HB-P1 is dominated by > 400 m of serrated GR signa-
tures (44 to 151 API) consisting of alternating coarsening-
upward and fining-upward trends. Overall, the borehole 
contains more sandy facies relative to the HB-C1 borehole. 
The lower part of borehole HA-J1 shows fining-upward 
trend in shale and clay succession followed by coarsen-
ing-upward trend in silty/shaley successions that give way 

to fining-upward trend in sandstones. Overall, borehole 
HA-J1 intersected a ~ 130-m-thick basement to upper Kim-
meridgian succession (GR: 64–180 API). In the center 
of the Gamtoos Basin, borehole HA-H1 is dominated 
by > 700-m-thick fining-upward units (GR: 30–112 API). 
However, the lower part shows a high net sand-to-shale 
ratio, while the upper succession shows silty and clay-
stones facies. Near the Gamtoos Fault, borehole HA-B2 
intersected a > 265-m-thick succession of shales and clays 
that contain some isolated coarsening-upward sandy facies 
(GR: 42–145 API). Borehole HA-K1, which is closer to 
the Recife Basement High contains a > 1720-m-thick suc-
cession of predominantly coarsening-upward units (GR: 
36–120 API; Fig. 7c).

Fig. 4  a Interval Velocity vs Mid-Point Depth. Sedimentary rocks 
in the Algoa Basin show an increase of velocity with depth, without 
any velocity inversion. V0: 1830 m/s, k: 0.3014. Data points are from 
Hb-I1, Hb-K1, and Hb-A1 wells. b Gridded TWT Basement map 

multiplied by average velocity from check shot data to produce the 
depth maps in the Gamtoos Basin. This process was repeated for all 
surfaces
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This Aalenian to Kimmeridgian succession onlaps (in 
some places downlaps) onto the Basement D reflector, 
generally showing higher energy seismic reflectors than 
the overlying and the underlying succession (Fig. 7b). 
The internal reflector geometries are commonly discon-
tinuous and chaotic. This succession has been subject to 
intense erosion in the Uitenhage Trough, while being less 
eroded in the Port Elizabeth Trough where it terminates 
against the Basement D Reflector. Although this erosion 
is extensive in the Algoa Basin, this succession is pre-
served in some isolated areas, such as borehole HB-P1 
location. The absence of this succession in most parts of 
the Algoa Basin makes it challenging to confidently cor-
relate it across the basin (Fig. 7b). In the Gamtoos Basin, 
the syn-rift succession is better preserved, and shows 
thickening and folding (due to a later tectonic inversion; 
Thomson 1999) towards the Gamtoos Fault, in addition 
to westward pinching near the borehole HA-J1 (Figs. 7 
and 8b). A thickness map from seismic mapping (Fig. 8a) 
shows a prominent depocenter near the N/S trending limb 
of the Gamtoos Fault. There is also evidence of clino-
forms prograding from the W towards the Gamtoos Fault 
(Fig. 7b). This progradational succession is overlain by 
dimming chaotic reflectors, which are subsequently over-
lain by subparallel and continuous reflectors of the upper 
Kimmeridgian succession (Fig. 7b).

Post‑Kimmeridgian to Early Valanginian

The most dominant rock unit of this interval is the Kirk-
wood Formation, which consists of mostly variegated mud-
stones and sandstones with subordinate conglomerates that 
formed in meandering rivers with wide floodplains and lakes 
(Fig. 9a; Muir et al. 2017b). The formation contains a rich 
and diverse fossil biota (e.g., theropod dinosaurs, freshwa-
ter fish, reptile, plants) that further supports the continen-
tal nature of the depositional setting (Muir et al. 2017b). 
The Lower Valanginian thickens towards the S and attains 
a thickness of ~ 620 m in borehole HB-C1 (Fig. 9c). Bore-
hole HB-B1 consists of ~ 320-m-thick, alternating fining-
upward and coarsening units with high sand-to-shale/clays 
ratio (GR: 35–82 API). The borehole HB-C1 intersected pre-
dominantly shales and clays and a 330-m-thick, coarsening-
upward sandy unit (GR: 40–140 API) in the lower half of the 
succession (Fig. 9c). The upper part of borehole HB-C1 is 
dominated by a ~ 310-m-thick, shaley succession with very 
limited sand content (GR: 70–140 API). In the Gamtoos 
Basin, the general vertical grains size trend is stacked, com-
prising mostly coarsening-upward and rare fining-upward 
units (Fig. 9c).

In the Port Elizabeth Trough, where this interval is pre-
served, seismic reflectors are chaotic and discontinuous 
in the N-S direction (Fig. 9b). Contrary to the underlying 

Fig. 5  Sequence models, and their bounding surfaces. LST, lowstand systems tract; TST, transgressive systems tract; HST, highstand systems 
tract; FSST, falling stage systems tract; RST, regressive systems tract; T–R, transgressive–regressive (modified from Catuneanu 2002)
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successions, which form a westward pinching wedge in 
the Port Elizabeth sub-basin, the wedge geometry in this 
stratal unit is less defined (Fig. 9b). On the seismic lines, 
most faults appear to propagate from the Top Tithonian, 
through to the Top Valanginian reflector, with very few 
faults observed in the older successions (Fig. 9b). Further-
more, thickness maps show a change in the depocenter strike 
direction from N-S in the Late Jurassic to NW–SE in the 
Early Cretaceous (Fig. 8). Overall, in the Algoa Basin, this 
unit shows dimming seismic reflectors in contrast to the sur-
rounding reflectors. In the Gamtoos Basin, the Lower Val-
anginian unit, which onlap on the Top Berriasian reflector, 
contains bright reflectors that are subparallel and continuous 
(Fig. 9b). Towards the W, in the hanging walls, this unit is 

truncated at the top by the Top Valanginian (1At1) uncon-
formity (Fig. 9b).

Syn‑rift I interpretations

Aalenian to upper Kimmeridgian

In the Algoa Basin, borehole HB-P1 intersected a succes-
sion with high net sand-to-shale ratio, while the more distal 
HB-C1 shows limited sand input (Fig. 7c). The presence 
of isolated coarsening-upward sandstones within the sha-
ley interval in the distal borehole HB-C1 could represent 
prograding delta mouth bars, or sediments eroded from the 
basement subcrops. The combination of coarsening-upward 

Fig. 6  Proposed workflow for 
sequence stratigraphic interpre-
tations and building deposi-
tional models (adopted from 
Neal et al. 1993; Catuneanu 
2006 p. 6; Miall and Strasser 
2018; Neal et al. 2016; Burgess 
et al. 2016)
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and fining units and clay interbeds suggest that the depo-
sitional setting was probably alternating between coastal 
floodplains and shallow marine environments during a 
period characterized by fluctuating slow rise of RSL and 
sediment supply (Fig. 10a). This fluctuation is attributed to 
short lived tectonic pulses in syn-rift settings, resulting in 
increasing accommodation space (transgression), followed 
by longer period of tectonic quiescence which allows pro-
gradation of sediments (Martins-Neto and Catuneanu 2010). 
According to McMillan et al. (1997), borehole HB-A1 in the 
Port Elizabeth Trough is dominated by a microfauna that 
suggest a shallow marine-transitional setting, while borehole 
HB-K1 contains continental red beds, pebbly sandstone, and 
lignite-bearing claystones. Although these boreholes are 
close to each other, their different facies suggest contrast-
ing marine vs. continental settings, with the red beds and 
lignite-bearing units possibly having formed on emergent 
basement highs (Fig. 10a).

There is significant lateral lithological heterogeneity in 
the Gamtoos Basin wireline data, with logs showing vary-
ing inferred grain-size and facies trends across the basin, a 
feature common in highly compartmentalized syn-rift suc-
cessions (e.g., Chorowicz 2005; Holz et al. 2017). The lower 
part of borehole HA-J1 is dominated by shaley facies, over-
lain by well-defined, channelized, fining-upward sandstones 
(Fig. 7c). In contrast, the lower part of borehole HA-H1 
is dominated by proximal high-energy, coarsening-, and 
fining-upward sandstones, which are overlain by a flooding 
surface and fine-grained sediments that are characteristic of 
low energy settings. Although the upper half of the borehole 
shows an overall coarsening-upward trend, the very low net 
sand-to-shale ratio suggests either decreased sedimenta-
tion rates, or a shoreline advancing landwards at faster rate 
than sediment input, which is typical during transgression 
(Fig. 2; Catuneanu 2006). In borehole HA-B2, the interval 
is mostly claystones, inferred to represent a predominantly 
low energy, distal depositional environment, with isolated 
sandstones representing rare events of higher energy sedi-
mentation, possibly as basin floor fans in a deeper water 
setting (Fig. 10a). The proximity of borehole HA-K1 to the 
Recife Arch (Fig. 1) suggests that the coarsening-upward 
sandstones were probably eroded from the basement high 
and deposited as alluvial fans.

Most of the basal early rift sediments are not intersected 
by boreholes and the seismic resolution is very poor in the 
study area, consequently the interpretation of this succes-
sion is reliant on the onshore geological studies (e.g., Muir 
et al. 2015, 2017b; Muir 2019). These studies show that in 
the Algoa and Gamtoos basins, the Basement to Top Kim-
meridgian, conglomerate-dominated succession of the Enon 
Formation was deposited primarily in high-energy, alluvial 
fan and braided river setting proximal to basin margin exten-
sional faults, whereas its more distal facies equivalent, the 

mudstone and sandstone-bearing Kirkwood Formation, was 
a product of meandering rivers with vast floodplains that 
supported large, freshwater lakes. Due to the limited data 
resolution and data coverage, stratal geometry of this suc-
cession in the Algoa Basin remains largely unknown. In the 
Gamtoos Basin, the pre-Aalenian to upper Kimmeridgian 
succession thickens towards S of the Gamtoos Fault, indi-
cating active faulting during deposition of this succession 
(Fig. 8a). The N-S striking, southern part of the fault was 
probably more active, creating larger accommodation space 
in S than in the N. Seismic data (Fig. 7c) shows eastward 
prograding reflectors (clinoforms) above the Basement D 
reflector overlain by chaotic seismic reflectors. Since progra-
dation in a nearshore depositional context is typically a tran-
sitional to marine process, prograding clinoforms (Fig. 7c) 
are taken as evidence for a pre-Kimmeridgian marine incur-
sion in the Gamtoos Basin. However, due to the unavailabil-
ity of borehole data intersecting these progrades, the possi-
bility of these progrades representing a deltaic environment 
cannot be ruled out. In which case, these progrades would 
suggest a transitional setting.

Post‑Kimmeridgian to Early Valanginian

Dataset from this succession supports the widespread flu-
vial floodplain setting of the Kirkwood Formation estab-
lished from outcrops studies (Muir et al. 2015, 2017b and 
references therein). The main depocenters appear to be 
localized near the NW–SE striking hanging walls, from 
the late Tithonian to early Valanginian (Fig. 8a, b). Unlike 
in the earlier depositional phase, when sedimentation was 
mainly along the N-S trending sector of the Gamtoos Basin, 
isopach maps shows active faulting along NW–SE strike 
from the Tithonian to Valanginian (Fig. 8a, b). This created 
accommodation space for marine conditions as the shore-
line advanced landwards. This increase in accommodation 
could have resulted from the fault strain following pre-
existing crustal scale structures of the underlying Paleozoic 
Cape Supergroup (Martin et al. 1981; de Wit 1992; Paton 
and Underhill 2004; Muir et al. 2020). Seismic mapping 
suggests that the sediments were supplied from the NW to 
S-SE, which is consistent with Kirkwood Formation prov-
enance studies (Shone 1976). Although Muir et al. (2015) 
reported a localized SW to NE paleocurrent direction, this 
discrepancy is likely due to the meandering nature of the 
rivers in the Kirkwood Formation. According to McMil-
lan et al. (1997) and Muir et al. (2017b, 2020), microfos-
sils in the Kirkwood Formation also show evidence for low 
energy, lacustrine environments (Colchester Member) that 
were, among others, inhabited by freshwater algae, and thus 
these organic matter–rich lake deposits are also potential 
source rocks in the study area. However, data suggest that 
the lacustrine environment by this time was probably due to 
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oxbow lakes on the floodplain and drowning estuaries during 
transgression (Fig. 10b). In addition to the lacustrine setting, 
the Bethelsdorp Member in the lower Kirkwood Formation 
indicate the presence of low energy conditions, albeit in a 
marine setting, due to sea incursion during the Late Juras-
sic (McLachlan and McMillan 1976; McMillan et al. 1997; 
McMillan 2010; Muir et al. 2017b). This marine flood-
ing appears to have coincided with the change to NW–SE 
trending depocenters during the Late Valanginian to Early 
Berriasian (Fig. 8a, b). The newly created accommodation 
space could have aided the marine flooding in the proximal 
onshore setting as the shoreline advanced towards N. The 
Bethelsdorp Member, which is a bioturbated, gray shaley 
succession, outcropping onshore in the Uitenhage Trough 
(e.g., near Jachtvlakte) attains a thickness of 400 m (Muir 
et al. 2017b). It also contains tabular sandstone beds that 
lack terrestrial fossils or red paleosols, contrary to the rest 
of the units in the Kirkwood Formation (Almond 2012; 
Muir et al. 2017b). This Late Jurassic marine influence in 
the early rift during does not de facto suggests the pres-
ence of an ocean floor in the area (McLachlan and McMillan 
1976; Jungslager 1996; Koopmann et al. 2014; Muir et al. 
2017b, 2020). However, evidence for a failed, pre-Tithonian 
(~ 178 Ma old), mid-oceanic ridge (MOR) was shown in the 
Falklands (Malvinas) Plateau Basin (Schimschal and Jokat 
2019), which is a region placed near the study area in most 
paleogeographic reconstructions (e.g., Lovecchio et al. 2020; 
Muir et al. 2020).

Syn‑rift II observations

The Valanginian–Hauterivian Sundays River Formation 
is a mostly shallow marine succession, characterized by 
fossiliferous, green-gray–laminated mudstones (Fig. 11a; 
McLachlan and McMillan 1976; Shone 1978; McMillan 
2003; Muir 2019). Syn-rift sequences generally shows lat-
eral facies variability, with the logs dominated by alternating 
fining-upward and coarsening trends within the same succes-
sion. Wireline data from the upper Valanginian succession 
in the Uitenhage Trough shows a 190-m-thick unit of alter-
nating low and high GR signatures (GR: 51–129 API), with 
coarsening-upward and fining trends in borehole HB-B1 
(Fig. 11c). Borehole HB-I1, contains a > 800-m-thick logged 
succession dominated by low to high GR readings (GR: 
52–145 API; Fig. 11c), with alternating coarsening-and fin-
ing-upward trends. In the distal borehole HB-C1, the same 
interval shows a coarsening-upward trend in a ~ 50-m-thick 

succession with relatively low GR signature (GR: 50–104 
API). In the Gamtoos Basin, the upper Valanginian succes-
sion has a very low net sand-to-shale ratio, which increases 
towards the SW (Fig. 11b). Borehole HA-J1 is dominated 
by ~ 330-m-thick clay- and shale-rich unit that is sand-free 
(GR: 107–142 API), while borehole HA-D1 is dominated by 
a ~ 500-m-thick, aggrading sandy and silty unit (GR: 30–95 
API; Fig. 11b). However, the uppermost 50 m in borehole 
HA-D1 intersected two cycles of coarsening-upward clean 
sands (GR: 20–45 API) separated by a flooding surface. 
Borehole HA-B2 is dominated by a ~ 375-m-thick unit of 
clean shales/clays (GR: 45–120 API) without any sand. 
Alternating, fining-upward and coarsening silty sands dom-
inate in boreholes HA-G1 and HA-I1 over a thickness of 
240 and 657 m with GR values of 69–104 and 50–125 API, 
respectively (Fig. 11b).

Most of this succession remains unresolved in the seis-
mic data, because where preserved, the succession can be 
featureless and very thick (e.g., up to 3000 m in the Algoa 
Basin; Fig. 8c). Closer to the Port Elizabeth Fault, the reflec-
tors in this succession show chaotic character. In the Uiten-
hage Trough, the succession appears to be folded (due to 
a later inversion; Thomson 1999) at the top, closer to the 
Uitenhage Fault (Fig. 11b). In both basins, the Top Val-
anginian reflector truncates the underlying syn-rift reflec-
tors at the acute angle, especially towards the W (in the tilted 
hanging walls) and S (Fig. 11b). This succession also shows 
thinning towards the W and onlapping stratal terminations 
in W-E cross-sections (Fig. 11b). In the S, within the N-S 
trending sector of the Gamtoos Fault, the upper Valanginian 
succession is truncated by the 13At1 unconformity near the 
Gamtoos Anticline (Bate and Malan 1992; McMillan et al. 
1997; Thomson 1999).

Syn‑rift II interpretations

Based on sedimentological and paleontological character-
istics (e.g., ammonites, belemnites, bivalves, gastropods, 
echinoids, crustaceans, polychaetes, corals), the depositional 
environment of the Valanginian-Hauterivian Sundays River 
Formation was reconstructed to span a range of marine set-
tings from shallow marine, tidally influenced, estuarine to 
deltaic environments to deeper water shelf, and continental 
slope settings (Shone 2006; Muir 2019 p. 14–15).

Wireline data is dominated by fine-grained units, with 
a prominent shallow marine transgressive trend evident 
in borehole HB-I1 (Figs. 2 and 11c). In most places, this 
interval has been eroded (mostly on the tilted hanging 
walls), where only the lower part of the succession is pre-
served in some boreholes. For example, the sandy facies in 
the lower parts of boreholes HB-B1 and HB-C1 (Fig. 11c) 
might represent a period in the Valanginian before the 
onset of the marine transgression, when deposition was 

Fig. 7  a Enon Formation outcrop images (taken from Muir et  al. 
2017b with permission from the author). b Seismic lines examples 
over the Algoa and Gamtoos basins. c Wireline logs intersecting the 
Kimmeridgian succession in the Algoa and Gamtoos basins. Base 
map data ©2020 Google, Maxar Technologies, AfriGIS (Pty) Ltd
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still predominantly occurring on fluvial or coastal flood-
plains (Fig. 2). In the Gamtoos Basin, borehole data is 
dominated by fine-grained successions, and is assumed 
to represent the dominant marine phase of deposition 
associated with the Sundays River Formation (Fig. 10c). 
The coarsening-upward sandy facies in the upper part of 
borehole HA-D1 could represent a deltaic or river mouth 
bar setting. Overall borehole data reflect the marine to 
nearshore character of deposition that was previously sug-
gested for the Sundays River Formation (e.g., Shone 2006; 
Muir 2019).

Though this interval is severely eroded in the Algoa 
Basin, isopach maps in both the Algoa and Gamtoos basins 
show NW–SE (Fig. 8c) directed depocenters, suggesting 
that the syn-rift faults were still active during the later 
parts of the Valanginian. In the Port Elizabeth and Uiten-
hage troughs, this succession is folded, probably due to 
reactivation of the St. Crox and Uitenhage faults, respec-
tively during later tectonic inversion (Thomson 1999). 
Because this succession, which can be up to 2500-m-thick, 
has been intersected by few boreholes (Fig. 11c), its lateral 
and vertical facies are poorly understood. In both basins, 
this succession marks a major transgressive event (bound 
at the top by the 1At1 sequence boundary), which erodes 
large tracts of syn-rift deposits represented by the Enon 
and Kirkwood formations (Figs. 2 and 11b). The 1At1 
boundary marks a period when the Algoa and Gamtoos 
basins were hydraulically connected for the first time. It 
is thus a major flooding surface (i.e., a maximum flooding 
surface—MFS) that separates the older continental from 
the younger marine deposits (i.e., the Enon-Kirkwood for-
mations from the Sundays River Formation), as attested 
by outcrops rich in marine fossils across the southern half 
of the Algoa Basin (Fig. 10c). It is noteworthy that while 
the Bethelsdorp Member in the lower Kirkwood Formation 
and the Sundays River Formation are lithologically alike 
and are both underlain by marine flooding surfaces due to 
their similar marine origin (e.g., Almond 2012; Muir et al. 
2017b; Muir 2019), the older Bethelsdorp Member has 
a more localized occurrence, whereas the Sundays River 
Formation is regionally extensive (and coeval with the 
upper Kirkwood Formation).

Transitional phase observations

Post‑Valanginian to upper Hauterivian

Most of this succession has been severely eroded during the 
late Aptian uplift event (Dingle et al. 1983; Broad 1990; 
Bate and Malan 1992; McMillan et al. 1997; Broad et al. 
2012); as a result, there is very limited data available for 
this interval. The sequence is preserved in a total thickness 
of 120 m in borehole HB-B1, and shows a change from pre-
dominantly coarsening-upward at the base (~ 75-m-thick, 
GR: 45–110 API; Fig. 12b) to fining-upward at the top 
(~ 45-m-thick, GR: 54–125 API; Fig. 12b). In the Gamtoos 
Basin, boreholes HA-J1 (~ 208 m-thick, GR: 92–143 API) 
and HA-D1 (~ 600 m-thick, GR: 35–105 API) intersected a 
predominantly fine-grained succession that seems to show 
a coarsening-upward trend (Fig. 12).

In places, where the Hauterivian succession is preserved, 
the generally dim reflectors are parallel, semi-continuous, 
and show evidence for a few prograding strata dripping to 
the SW (Fig. 12a). Moreover, some brighter basal reflectors 
appear to onlap on the Top Valanginian reflector (Fig. 12a). 
In contrast to the younger successions, which are folded and 
form the so-called Gamtoos Anticline (that is more evident 
in the N-S trending part of the Gamtoos Fault; Thomson 
1999), this Hauterivian succession onlaps onto the Gamtoos 
Anticline. Most of this succession is truncated by the Top 
Hauterivian (13At1) reflector, which in some places also 
truncates and forms a composite unconformity with the 1At1 
reflector (Fig. 12a).

Post‑Hauterivian to “Canyon fill” (early Albian)

This interval is more prominent in the Algoa Basin, along 
the Algoa Canyon (Fig. 13a). In the Gamtoos Basin, this 
succession is laterally constrained to the Gamtoos Canyon, 
which is significantly smaller than the Algoa Canyon. Bore-
hole HB-H1 in the Port Elizabeth Trough is dominated by 
a ~ 65 m-thick sandy unit (GR: 28–62 API), with an overall 
cylindrical GR shape (Fig. 13b). Although the Uitenhage 
Trough is dominated by fine-grained sediments (i.e., 200-m- 
and 1420-m-thick in boreholes HB-B1 and HB-I1, respec-
tively), there are some isolated, thin, coarsening-upward 
sandstones in this interval. The more distal borehole HB-C1 
is intersected a ~ 470-m-thick, fine-grained unit (GR: 83–116 
API) that lacks sandy interbeds (Fig. 13b). Although bore-
hole HB-H1intersected “Canyon fill” sediments, mapping 
this canyon succession in the Port Elizabeth Trough is chal-
lenging, because it is absent in most parts of this trough, 
and seems to be localized around the borehole itself. This is 
exacerbated by the overall poor data quality, and therefore 
this succession is omitted from Fig. 13a in the Port Elizabeth 
Trough. Along the Algoa Canyon, seismic reflectors are very 

Fig. 8  Thickness maps from syn-rift to Holocene, highlighting the 
main depocenters during basin infill. a Pre-Aalenian to Kimmeridg-
ian thickness map, showing a dominant N-S striking depocenter in 
the Gamtoos Basin and a NW–SE striking depocenter in the Uiten-
hage Trough. b–c NW–SE striking depocenter in the Gamtoos and 
Algoa basins from the Tithonian to upper Valanginian. d In the 
Gamtoos Basin, the depocenter is controlled by the geometry of the 
Gamtoos Anticline, in the Algoa Basin, the depocenter is a remnant 
of sediments not eroded during the Hauterivian to Aptian erosional 
event. e The orientation of the main depocenter was influenced by 
the geometry of the Algoa Canyon. f, g, h Drift phase depocenters 
located mainly towards the shelf edge
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chaotic and discontinuous in the N-S direction, downlapping 
on the Top Hauterivian reflector, while a SW-NW cross-
section shows onlapping stratal geometries onto the Top 
Hauterivian reflector (Fig. 13a). The lower part of this suc-
cession contains horizontal reflectors, while the top appears 
to be prograding from the NW to SE; incised features are 
also observed in this section (Fig. 13a).

Transitional phase interpretations

Post‑Valanginian to upper Hauterivian

In borehole HB-B1, the basal coarsening-upward trend  
suggests a regressive shoreline, overlain by what appears 
to be stacked fining-upwards successions (Fig. 12b). These 
fining-upward deposits that are likely fluvial in origin,  
indicating increased depositional energy, probably during  
the initiation of the uplift during the late Hauterivian 
(Fig. 12b; McLachlan and McMillan 1976; Dingle et al. 
1983; Malan 1993; Brown et al. 1995; Thompson 1999; 
Paton and Underhill 2004). In the Gamtoos Basin, this  
succession shows low energy facies that lacks sandy  
interbeds in both boreholes HA-J1 and HA-D1, and thus was 
probably deposited when the basin was still experiencing 
marine conditions during the early Hauterivian before the 
late Hauterivian/Aptian uplift and erosion (Figs. 2 and 12b). 
Seismic data show that the late Hauterivian unconformity 
was widespread across the basin, and when it formed, large 
tracts of the underlying syn-rift succession were eroded in 
both basins (but especially in the Algoa Basin; Figs. 12b 
and 10d). In the Port Elizabeth Trough, where the erosion 
was less severe, the onlapping lower Hauterivian seismic 
reflectors indicate an increasing accommodation space  
during the early Hauterivian (Fig. 12a). A common feature 
within this succession is a lateral change in seismic facies, 
where the brighter (higher energy) reflectors might indicate 
the presence of sands and dimmer facies indicating shales/
clays (Fig. 12b).

In the Gamtoos Basin, accretional stratal geometries are 
observed towards the upper Hauterivian succession, which 
could be due to migrating bypass channels, with sediments 
making their way to the basin. The Top Hauterivian reflector 
(13At1) is highly erosive, and in some places, this reflector 
forms a composite unconformity with the 1At1/6At1 reflec-
tors. In places, the Top Hauterivian reflector also erosively 
cuts into the syn-rift/transitional phase sediments (Fig. 12a). 

Towards the S, in the N-S trending part of the Gamtoos 
Fault, this succession onlaps on the Gamtoos Anticline 
(McMillan et al. 1997; Thomson 1999) and appears to be 
syn-tectonic in the lower part of the succession (6At1?). 
Although the stress field responsible for the formation of the 
Gamtoos Anticline is poorly understood (Thomson 1999), 
this structural feature shows a period of inversion, which 
probably formed during the Hauterivian to Aptian uplift 
episode (see Thomson 1999, his Fig. 9). The presence of 
canyons and truncational features on the shelf collectively 
suggest that the shoreline was pushed to the shelf edge dur-
ing a RSL fall in the late Hauterivian (Fig. 10d). The shelf 
edge shoreline means that most sediments were being depos-
ited as high-density basin floor fans in the distal parts of the 
Algoa and Gamtoos basins (Fig. 10d). This depositional unit 
is estimated to be similar in age to the recently discovered 
Brulpadda and Luiperd prospects in the Outeniqua Basin 
(Africa Energy Corp 2020). In the shelf regions of Algoa 
and Gamtoos basins, bypass channels with limited coarse-
grained sediments are expected. The intensity of scouring 
and canyon features in the Algoa Basin could suggest that 
the Algoa Basin was more uplifted than the Gamtoos Basin.

Post‑Hauterivian to “Canyon fill” (early Albian)

In the Algoa Basin, this interval is intersected in boreholes 
HB-H1, HB-B1, HB-I1, and HB-C1 (Fig. 13b). Borehole 
HB-H1 in the Port Elizabeth Trough is dominated by very 
fine-grained, coarsening-upward sands, and does not show 
any marine influence (Fig. 13b). Boreholes HB-B1, HB-H1, 
and HB-C1 on the other hand are dominated by low energy 
sediments (possibly marine), with very limited sand input 
(Fig. 13b). However, unlike boreholes HB-B1 and HB-I1, in 
which isolated thin, very fine coarsening-upward sands are 
present, borehole HB-C1 is sand-free, and thus can poten-
tially indicate a marine setting in the Uitenhage Trough, 
at a time when the Port Elizabeth Trough was dominated 
by fluvial processes. In the Gamtoos Basin, this interval 
is intersected by borehole HA-A1, which shows an overall 
non-graded profile, consisting of coarsening-upward and 
fining units (Fig. 13b). The “Canyon fill” isopach map in 
the Algoa Basin depicts a NW–SE trending depocenter, 
within which sediments thicken towards the SE (Fig. 8e). 
The base of this succession onlaps onto the Top Hauteriv-
ian reflector, indicating a period of increasing accommoda-
tion space, whereas the upper succession is dominated by 
channel accretion geometries in the canyon (Fig. 13a). Basal 
onlapping stratal geometries on the Top Hauterivian reflec-
tor indicate a landwards moving shoreline due to possible 
increased accommodation space linked to a presumed rise 
in RSL (Fig. 10e). The upper “Canyon fill” is dominated by 
channel incisions and contain clinoforms prograding to SE, 
which were probably deposited during normal regression. 

Fig. 9  a Outcrop A—Bethelsdorp member near Jachtvlakte. Outcrop 
B—Kirkwood Formation outcrop in the Algoa Basin (taken from 
Muir 2019; Muir et  al. 2017b with permission from the authors). b 
Seismic lines examples over the Algoa and Gamtoos basins. c Wire-
line logs intersecting the early Valanginian succession in the Algoa 
and Gamtoos basins. Base map data ©2020 Google, Maxar Technolo-
gies, AfriGIS (Pty) Ltd
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In the Gamtoos Basin, “Canyon fill” sediments are confined 
and laterally limited, and appear to prograde predominantly 
from the W, which may have been a possible sediment entry 
point (Figs. 13a and 8e). These eastwards prograding clino-
forms appear to be eroded by a younger channel indicating 
an increase in environmental energy and concomitant shift 
from marine to fluvial conditions (Fig. 13a).

Drift phase observations

Post‑Hauterivian/”Canyon fill” to upper Cenomanian

The Cenomanian is ~ 440-m-thick and contains two main 
coarsening-upward successions in borehole HB-C1, with the 
lower one being dominated by high GR readings between 
63 and 85 API, while the upper one being dominated by 
relatively low GR signatures of 56–72 API (Fig. 14b). How-
ever, unlike the underlying succession, this interval is less 
sandy (dominated by fining-upward and coarsening silty 
sands). Borehole HA-A1 in the Gamtoos Basin contains 
a 62-m-thick Cenomanian succession with relatively high 
GR readings of 60–90 API and alternating fining-upward 
and coarsening units (Fig. 14b). Seismic reflectors within 
this succession are brighter, continuous, and onlap onto the 
Top Albian reflector (Fig. 14a). Seismic data also show lat-
eral accretional stratal geometries from the N-NW towards 
the S-SE in the more proximal setting (Fig. 14b). The Top 
Cenomanian reflector truncates the Top Albian reflector and 
cuts into top of the syn-rift sequence. This truncation is more 
evident at the shelf break (which appears to have developed 
in the Albian), where the erosion caused highly irregular 
topography (Fig. 14a).

Post‑Cenomanian to Lower Cenozoic

Contrary to the underlying and overlying successions, the 
Upper Cretaceous, which is an 80-m-thick unit in HB-C1 
in the Algoa Basin, shows relatively high GR readings of 
58–97 API and consists of fining-upward and coarsening 
trends (Fig. 15b). Although the GR readings show fining-
upward and coarsening units, there is less sand in the Algoa 
shelf compared to the one in the Gamtoos Basin, where 
borehole HA-A1 is dominated by a 85-m-thick unit with 
low GR readings of 40–65 API (Fig. 15b). On the shelf, 

the Upper Cretaceous seismic reflectors onlap on the Top 
Campanian reflector. In the Port Elizabeth Trough, the base 
of this succession shows chaotic reflectors, closer to the shelf 
edge. In the slope setting, this succession onlaps onto the 
Top Campanian reflector and shows evidence of clinoforms 
that prograde towards SE (Fig. 15a).

Lower to Middle Cenozoic

In the Algoa Basin, borehole HB-C1 contains 
one ~ 356-m-thick, overall coarsening-upward unit with 
GR readings of 38–93 API (Fig. 16b). Although borehole 
HA-C1 has an overall coarsening-upward trend, it is made 
up of smaller alternating fining-upward and coarsening units 
and its lower portion is dominated by shaley facies. In the 
Gamtoos Basin, borehole HA-A1 contains one 130-m-thick, 
aggrading sandy unit that has low GR reading of 30–40 API 
without any obvious clay or silt content (Fig. 16b).

The Base to Mid-Cenozoic reflectors are semi-continuous 
and show a dimming character in contrast to the underlying 
post-rift succession (Fig. 16a). Along a NW–SE section, 
these reflectors downlap onto the Base Cenozoic reflector 
along the shelf, while prograding on the slope/shelf edge 
from the N towards S. The Mid-Cenozoic reflector truncates 
the underlying, Cretaceous succession at an acute angle 
(Fig. 16a). This truncation is also notable towards the shelf 
edge/slope (Fig. 16a).

Drift phase interpretations

Post‑Hauterivian/ “Canyon fill” to upper Cenomanian

In the Gamtoos Basin, this interval was most likely deposited 
in a shelfal setting, as suggested by the persistence of glau-
conitic claystones (McMillan et al. 1997). The lower por-
tions of boreholes HB-C1 and HA-A1 are dominated by sha-
ley facies, which were probably deposited during a flooding 
event after the Albian shoreline regression (Fig. 2). In con-
trast, this interval appears to be sandier in the Algoa Basin, 
evident by the low GR readings in the distal borehole HB-C1 
(and borehole HB-I1; McMillan et al. 1997). The base of this 
succession onlaps on the Top Albian reflector (more so in 
the distal setting) and is overlain by southward prograding 
clinoforms that downlap on the Top Albian reflector (more 
evident in the proximal setting). The onlapping stratal ter-
minations and the flooding event overlying the Top Albian 
boundary indicate a shoreline transgression during the early 
Cenomanian, which could be associated with an increas-
ing RSL (Fig. 2). The southward prograding clinoforms and 
sandy facies overlying the transgressive sediments indicate 
increased sedimentation rates causing shoreline regression 
in the late Cenomanian. These prograding clinoforms are 
truncated by the highly erosive Top Cenomanian (15At1) 

Fig. 10  Aalenian to upper Cenomanian gross depositional models, 
showing the basin evolution from syn-rift to transitional and then to 
drift phase. a–b syn-rift phase deposition compartmentalized into 
sub-basins bound by the Gamtoos, Port Elizabeth, St. Croix Fault. 
c Late Valanginian increase in RSL over the Algoa and Gamtoos 
basins. d Hauterivian to Aptian uplift and erosion, resulting in the 
Algoa and Gamtoos canyons. e Early Albian “Canyon fill” phase. f 
Late Cretaceous uplift and erosion, resulting in the shelf/shelf edge 
scouring. (See Figs. 7, 9 and 11 for outcrop images noted above)

◂

Page 17 of 32    52Geo-Marine Letters (2021) 41: 52



1 3

52   Page 18 of 32 Geo-Marine Letters (2021) 41: 52



1 3

unconformity, which forms an irregular topography in seis-
mic data indicative of strong incision (Figs. 2, 10f, and 14). 
Towards the shelf edge, the Top Cenomanian unconformity 
is observed to erode into the syn-rift sequence. The uplift 
associated with this unconformity was accompanied by more 
than a 100-m drop in the relative sea level in the Outeniqua 
Basin (Baby et al. 2018). While this Upper Cretaceous ero-
sional event did not result in as deeply incised canyons as 
the 13At1 erosional event, it left much of the shelf scoured. 
This means the shoreline was probably pushed towards the 
shelf edge sometime during the Late Cretaceous (Turonian 
to early Campanian?), resulting in shelf sediment bypass 
with a possibility of depositing the sands as fans in the basin 
(Figs. 2, 10f, and 14). Although the source of this uplift is 
still uncertain (Baby et al. 2018), the 15At1 unconformity 
is thought to have been a result of thermal subsidence in the 
distal offshore, which caused uplift in the proximal setting 
(Malan 1993).

Post‑Cenomanian to Lower Cenozoic

Overlying the Top Cenomanian reflector, clinoforms of the 
slope setting were prograding towards SE and indicate the 
position of the shoreline after the RSL fall (Fig. 2). Relative 
sea level began to increase during the Late Cretaceous and 
in some places, the shoreline appears to have migrated to 
a position geographically inland, a short distance N of the 
modern shoreline (Baby et al. 2018). This major transgres-
sive period was caused by subsidence during the Campanian 
(McLachlan and McMillan 1976; McMillan et al. 1997). 
The contact between the Upper Cretaceous and the Lower 
Cenozoic is gradational, and thus it is challenging to identify 
it on lithological grounds; however, changes in microfauna 
from the Cretaceous and the Cenozoic are significant enough 
to diagnose this contact on biostratigraphic grounds.

In the Algoa Basin, the retrogradational stacking pattern 
in borehole HB-C1 points to a transgressive shoreline dur-
ing the Late Cretaceous in contrast to the older prograda-
tional successions (i.e., regression from the Albian to the 
upper Campanian; Fig. 2). According to Hattingh (2001), 
the Lower Cenozoic succession in the Algoa Basin was 
deposited during high sea level, which is consistent with 
the observations herein. The lack of fluvial deposits in the 
Algoa Basin from the Late Cretaceous to Early Cenozoic 
(Hattingh 2001) could explain why this interval is rela-
tively sand-free. In the proximal setting, this high sea level 
caused a reduction in the fluvial gradient and the eventual 

termination (drowning) of the fluvial system in the Algoa 
Basin (Hattingh 2001). Although this interval is relatively 
thin, it is dominated by aggradational stacking of clinoforms, 
while the base of the succession onlaps on the Top Cam-
panian reflector in the slope setting, representing a period 
of increased accommodation space (Fig. 2). In contrast, in 
the borehole HA-A1 of the Gamtoos Basin, this interval 
shows evidence for a regressive shoreline, probably due to 
an active, nearby sediment source in this basin. Moreover, 
this succession mostly progrades and downlaps on the Top 
Campanian reflector without any obvious onlapping stratal 
terminations. Therefore, although RSL was increasing, sedi-
mentation rates were high in the Gamtoos Basin, causing the 
shoreline to regress, while the Algoa Basin was undergoing 
transgression (Figs. 2 and 17a).

Lower to Middle Cenozoic

This succession is associated with an uplift during the 
Oligocene (?), which resulted in a major erosional event 
observed regionally on seismic data. This erosion was due 
to the second uplift of the Southern African Plateau and 
probably lasted from the Eocene to early Oligocene (Hat-
tingh 2001; Baby et al. 2018). This period of shelf scour-
ing reactivated the fluvial system (notably the Baakens and 
Shark River valleys) in the Algoa Basin, which became more 
prominent after the Eocene uplift (Hattingh 2001). Accord-
ing to McMillan et al. (1997), this interval is thicker rela-
tive to the underlying Lower Cenozoic succession and is 
dominated by silty clays; however, borehole data (HB-C1) 
shows an overall coarsening-upward sandy unit, probably 
sourced from the reactivated fluvial system. Similarly, bore-
hole HA-A1 in the Gamtoos Basin is also dominated by 
clean sandy facies throughout (Fig. 16b). The sand at the 
top of borehole HB-C1 could indicate a reactivated sandy 
sediment source in the Algoa Basin. Post the Mid-Cenozoic 
unconformity (i.e., Miocene to Holocene), GR logs show 
low reading, homogenous, and non-graded profiles. This 
succession, presently being deposited on the shelf can be 
correlated with the Algoa Group actively being deposited 
onshore during over the last 20 Ma (Illenberger 1992; Hat-
tingh 2001).

In both basins, shelfal seismic reflectors appear to pro-
grade from N to S, and downlap on the Base Cenozoic 
reflector (Fig. 16a). Borehole and seismic data suggest a 
period of high sedimentation resulting in shoreline regres-
sion. This surface truncates the drift phase succession in a 
similar manner as the 1At1 unconformity truncates the syn-
rift succession. However, this unconformity was caused by 
basin wide tilting (uplift) during the late Paleogene (Figs. 2 
and 17b; Hattingh 2001; Baby et al. 2018). This unconform-
ity is also observed in Zululand Basin in the E and along the 
Atlantic margin in the W (Stevenson and McMillan 2004; 

Fig. 11  a Seismic line examples from the Algoa and Gamtoos basins. 
b Sundays River Formation outcrop images (taken from Muir 2019 
with permission from the author). c Wireline logs intersecting the 
Kimmeridgian succession in the Algoa and Gamtoos basins. Base 
map data ©2020 Google, Maxar Technologies, AfriGIS (Pty) Ltd
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Baby et al. 2018). In the study region, tilting of the older 
rocks appear to be dominant along the N-S strike, with the 
northern side of the basin being eroded (Fig. 17b). Post the 
Eocene to Oligocene uplift, Hattingh (2001) onshore studies 
also suggest that the RSL increased to 300 m higher than the 
current level from the Late Miocene to Holocene, indicat-
ing the landwards most position of the shoreline before it 
regressed to its modern position (Fig. 17c). This regression 
(forced?) was probably due to the eastwards tilt of the Algoa 
Basin during the Late Miocene to Holocene and was respon-
sible for creating present day terraces onshore the Algoa 
Basin (Hattingh 2001). However, unfortunately much of the 
post-Oligocene succession is below seismic resolution for us 
to confidently correlate with onshore studies.

Discussion

Syn‑rift sequence models

Lateral variability of syn-rift successions is mostly result-
ant from the differential movements along syn-depositional 
faults. These high facies and structural variability make it 
challenging to use the passive margin-based system tracts 
to predict lateral facies changes in a largely continental rift-
basin setting (e.g., Prosser 1993; Chorowicz 2005; Holz 
et al. 2017). Current dataset, previous studies (e.g., Shone 
2006; Muir et al. 2020) as well as studies from the Falkland 
Plateau Basin (Schimschal and Jokat 2019) collectively sug-
gest that by the Late Jurassic a marine system was estab-
lished in this region and relative sea-level changes started 
influencing the shoreline trajectories and nearshore sedimen-
tary processes. In the Algoa and Gamtoos basins, the syn-rift 
sequence is dominated by the alluvial to fluvio-lacustrine 
Enon and Kirkwood formations, which spans a depositional 
period from ~ 170 to about ~ 135 Ma (Muir et al. 2020). Con-
sidering the total average thickness of these units being a few 
thousand meters (Muir et al. 2017a, b), it is very likely that 
their combined succession contains several SUs. However, 
the detection of these unconformities remains elusive both 
in outcrops and in the sparse, low resolution subsurface data.

Given the foregoing, it is possible to assume a diachro-
nous advancement of shoreline during the syn-rift until the 
Top Valanginian breakup unconformity (1At1), which can 
be classified as a second-order MFS (high magnitude, low 
frequency event; e.g., Vail et al. 1977; Vail  1991; Embry 
2009, p. 59; Catuneanu 2006, p. 327; Catuneanu 2019a, b; 
Catuneanu and Zecchin 2020). Rift basins are associated 

with short tectonic pulses, which can create sudden and 
large accommodation space increases (i.e., transgression), 
followed by a period of tectonic quiescence, which allows 
sediments to prograde (highstand) along the dipping hang-
ing blocks (Martins-Neto and Catuneanu 2010; Holz et al. 
2017). Generally, in the syn-rift successions, formation tops 
are picked on flooding surfaces (wave-ravinement surfaces; 
Martins-Neto and Catuneanu 2010; Catuneanu and Zecchin 
2020; Fig. 18). Although it could be argued that these third-
order flooding surfaces in the Algoa and Gamtoos basins 
may be MFSs (separating third-order HST and TST), the 
1At1 unconformity marks the most landward position of 
the shoreline in the syn-rift succession, and thus it is the 
main higher rank (i.e., second-order) MFS (e.g., Catune-
anu and Zecchin 2020). In some instances, rift systems can 
be associated with progradation due to high sedimentation 
rates; however, increasing accommodation space, due to 
syn-depositional faulting, will eventually result in a basin 
wide transgressive shoreline (Martins-Neto and Catuneanu 
2010; Holz et al. 2017). Therefore, the low-order/higher rank 
(low frequency, high magnitude) RSL increase is accompa-
nied by high-order/lower rank transgressive and regressive 
(e.g., Milankovitch) cycles. Consequently, the syn-rift inter-
val in this study does not contain the “traditional” system 
tracts as observed in passive margin depositional sequence 
models. This is also because depositional sequence models 
were derived from passive margin setting (Martins-Neto and 
Catuneanu 2010; Holz et al. 2017).

Correlating the syn-rift sequences across the Algoa and 
Gamtoos basins is very challenging, because these succes-
sions are laterally constrained by paleo-basement heights 
due to compartmentalization common in rift basins (e.g., 
Chorowicz 2005). The dominant fluvial system in rift 
basins is controlled by the dipping landscape towards the 
main faults or paleo-basement heights (Martins-Neto and 
Catuneanu 2010). However, as RSL continues to increase, 
sedimentation becomes more dominant towards the proxi-
mal setting, leaving the distal footwalls in the deep marine 
sediment starved (Martins-Neto and Catuneanu 2010). 
Also, the alluvial, fluvial, and lacustrine deposits, due to 
their inherent laterally and vertically heterogenous nature 
make the correlation of rock units from one borehole to the 
other nearly impossible (e.g., Nádor and Sztanó 2011). The 
absence of easily detectable SUs within the subsurface syn-
rift succession limits the use depositional sequence models 
II, III, and IV and T-R sequence model, which depend on 
the recognition of SUs as sequence boundaries (Catuneanu 
2006; Embry et al. 2007; Catuneanu et al. 2011; Catune-
anu 2019a, b). Holz et al. (2017) proposed the concept of 
tectonic system tracts; however, their model assumes the 
development of shallow to deep rift lakes during early syn-
rift phase. Although there is evidence of lacustrine envi-
ronments during the deposition of the Kirkwood Formation 

Fig. 12  a Seismic lines examples over the Algoa and Gamtoos basins. 
b Wireline logs intersecting the Hauterivian succession in the Algoa 
and Gamtoos basins. Base map data ©2020 Google, Maxar Technolo-
gies, AfriGIS (Pty) Ltd
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(Muir et al. 2017b), there is no evidence to suggests that 
this lacustrine setting occupied the whole half-graben (rift 
basin; such as those in the East African Rifts System—e.g., 
Chorowicz 2005). Since the above models are limited for 
explaining the syn-rift evolution in the Algoa and Gamtoos 
basins, the question remains: which other model best fits the 
data in this area? Galloway’s (1989) genetic sequence model, 
in which sequence boundaries are defined by the transgres-
sive MFS unconformity (also known as the breakup uncon-
formity in syn-rift successions—e.g., Holz et al. 2017) is 
the only model that closely matches the observations in the 
study area. However, contrary to Galloway’s (1989) model, 
in which both the basal and top sequence boundaries are 
MFSs, the base of syn-rift is typically a SU atop of the base-
ment rocks (i.e., “rift onset unconformity” in Falvey 1974 or 
“syn-rift unconformity” in Bosence 1998). In the Galloway 
model, where MFS are used as sequence boundaries, the SU 
is included within the succession and is thus not a sequence 
boundary. It has been repeatedly shown that stratigraphic 
boundaries should not only be limited to SUs, but to sur-
faces that mark a full cycle of genetically related sequences 
(e.g., Catuneanu 2019a, b; Catuneanu and Zecchin 2020). 
In this way, the genetically related facies of the syn-rift suc-
cession is bound by the key stratigraphic surfaces (e.g., SU 
at the base, transgressive ravinement surfaces, MFS; Figs. 2 
and 18) that satisfy the upper half of Galloway’s model, 
without being limited to SUs as stratigraphic boundaries. 
The Galloway model does not include system tracts of the 
conventional depositional sequence models and omitting 
system tracts limits lateral facies prediction in sequence 
stratigraphy.

Transitional phase sequence models

Post‑Valanginian to upper Hauterivian

This interval represents sediments that were deposited dur-
ing reduced (negative) accommodation space in the Algoa 
and Gamtoos basins, when, due to regional uplift, the RSL 
dropped and the shoreline regressed (McLachlan and McMil-
lan 1976; Malan 1993; Brown et al. 1995; Thomson 1999; 
Paton and Underhill 2004). The strata of this infrequently 
preserved succession, which overlie the low-order 1At1 
MFS, are dominated by clinoforms that prograde towards 
SW, and show coarsening-upward and non-graded trends in 
boreholes HB-B1, BA-J1, and HA-A1. These observations 
suggest a high-stand system tract (HST) between the low-
order 1At1 MFS at the base and the low-order 13At1 SU at 

the top (Fig. 2). The regional uplift event, which resulted 
in the 13At1 sequence boundary, was triggered by dextral 
motion along the AFFZ (Malan 1993; Brown et al. 1995; 
Thomson 1999; Paton and Underhill 2004). This period of 
uplift, which lasted from the late Hauterivian to early Aptian 
(6At1 to 13At1), resulted in the Algoa and Gamtoos can-
yons and other erosional features across the shelf area in the 
region (Bate and Malan 1992; McMillan et al. 1997; Broad 
et al. 2012). In contrast to the older syn-rift sequence, the 
thickness maps (Fig. 8) show depocenters that do not follow 
the geometry of the underlying structure. This suggests that 
the basin infilling during this period was primarily driven 
by RSL changes, as a function of eustatic sea-level change 
and the motion of AFFZ (Dingle et al. 1983; Ben-Avraham 
et al. 1993; Malan et al. 1990; Brown et al. 1995; McMil-
lan et al. 1997; Broad et al. 2012; Baby et al. 2018), and 
less dependent on the Cape Supergroup anisotropy. Moreo-
ver, during this period of uplift and erosion, the shoreline 
retracted towards the distal setting, while the inner to middle 
shelf was a place of bypass. Because this basinward shore-
line shift was primarily driven by the regional uplift, inde-
pendent of sediment supply, a case for forced regression can 
be made (Fig. 10d; Hodgson et al. 2018 Fig. 10b), and the 
processes associated with falling stage system tract (FSST) 
are expected to have occurred. Therefore, it is expected that 
in the continental portion (i.e., northern half) of the basin 
low-order SUs were generated, whereas in the marine por-
tion (i.e., southern half) of the basin, sediments bypassed on 
the shelf and became deposited as high-density, basin floor 
fans (e.g., Hunt and Tucker 1992; 1995; Helland-Hansen and 
Gjelberg 1994; Plint and Nummedal 2000; Catuneanu 2006, 
p. 178). Consequently, high potential for the development 
of reservoirs is expected outboard of the study area. It is 
noteworthy that this uplift and associated basinal deposition 
are similar in overall mechanism and age to processes that 
led to the formation of the hydrocarbon-bearing rocks in the 
Outeniqua Basin (i.e., Brulpadda and Luiperd discovery in 
Block 11B/12B; Africa Energy Corp. 2020).

Post‑Hauterivian to “Canyon fill” (early Albian)

The Aptian to early Albian “Canyon fill” sediments in the 
shelf overlie the FSST and are characterized by fluvial inci-
sions and prograding stratal geometries (Fig. 13). These 
“Canyon fill” sediments are bound by a subaerial uniform-
ity at the base and a transgressive surface at the top (Fig. 2). 
These observations are consistent with the definition of the 
lowstand system tract (LST) on the shelf (Figs. 2 and 10e; 
Catuneanu 2006, his Fig. 5.6) in depositional models II, III, 
and IV. Although there are some low-density basin floor 
fans that might form during the normal regression, most of 
the sediments are trapped in the incised valleys during the 
LST, such as those in the Algoa and Gamtoos basins. This 

Fig. 13  a Seismic lines examples from the Algoa and Gamtoos 
basins. b Wireline logs intersecting the “Canyon fill” succession in 
the Algoa Basin. Base map data ©2020 Google, Maxar Technologies, 
AfriGIS (Pty) Ltd
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Fig. 14  a Seismic lines examples over the Algoa and Gamtoos basins. b Wireline logs intersecting the Cenomanian succession in the Algoa and 
Gamtoos Basin. Base map data ©2020 Google, Maxar Technologies, AfriGIS (Pty) Ltd
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is because sediments, before making their way to the distal 
part of the basin, first tend to fill in the proximal topographic 
irregularities (i.e., nearshore incised valleys) that were 
carved out during the forced regression (Catuneanu 2002, 
2006). Boreholes HB-B1, HB-I1, and HB-C1 in the Algoa 
Canyon are characterized by very fine-grained, silty to sha-
ley sediments that formed during this phase of deposition. 
The sediments deposited in the incised canyons appear to be 
dominated by fine grain sizes and small channels with a low 
net sand-to-shale ratio, and thus are unsuitable as hydrocar-
bon reservoirs. The more proximal borehole HB-H1 is domi-
nated by clean sandy facies near the canyon head; however, 
these sandy facies do not appear to extend toward the distal 
part of the Algoa Canyon. The Top Canyon reflector marks a 
maximum regressive surface (MRS), overlying “Canyon fill” 
sediments that were generated during normal regression. 
The MRS is overlain by thin (below seismic resolution), 
lower Albian transgressive system tract (TST; observable at 
the base of boreholes HB-B1 and HA-A1 as high GR, fining-
upward shaly facies), which are then overlain by prograding, 
normal regressive sediments (i.e., HST), which mark the Top 
Albian. It has been repeatedly shown that system tracts can 
form independent of scale and that seismic data might not 
always resolve high-frequency sequence boundaries (e.g., 
Catuneanu 2019a, b; Catuneanu and Zecchin 2020). Unlike 
the “ideal” products of a full relative sea-level cycle com-
prising of fully developed LST-TST-HST-FSST (Hunt and 
Tucker 1992; 1995; Plint and Nummedal 2000; Catuneanu 
2002, 2006; Catuneanu et al. 2011; Catuneanu 2019a, b), in 
the current dataset no SUs (that form during forced regres-
sion) are resolved in the upper (Late) Albian, which might 
suggest a drop in RSL or slow RSL rise when lowstand 
deposits formed. As a result, the Albian highstand is bound 
at the top by a regressive surface (maximum?), and not a SU 
(which could be there, but below seismic resolution).

Drift phase sequence models

Lower to upper Cenomanian

The Cenomanian succession overlies the Top Albian regres-
sive surface and shows evidence for increasing accommoda-
tion space in the early Cenomanian. The basal Cenomanian 
succession in boreholes HB-C1 and HA-A1 is dominated 
by shales and clays facies, which could represent an early 
Cenomanian flooding event. This is supported by onlapping 
stratal geometries in the Algoa Basin shelf. However, the 
flooding surface associated with this transgression is unre-
solvable on the seismic lines in the Gamtoos Basin due to the 
resolution of the data. Consequently, the lower transgressive 
Cenomanian deposits are separated from the upper Albian 
highstand deposits by a high-order MRS (Fig. 2; e.g., Catu-
neanu 2006, p. 327; Catuneanu 2019a his Fig. 3, 2019b). 

A TST-HST-TST succession like this typically forms dur-
ing positive accommodation and high sedimentation rates 
(Galloway 1989; Catuneanu 2019a his Fig. 3, 2019b; Catu-
neanu and Zecchin 2020 their Fig. 13). The early Cenoma-
nian transgressive deposits are overlain by two coarsening-
upward successions separated by a high-order flooding 
surface in borehole HB-C1, and these represent a period 
when sedimentation outpaced the RSL rise (Fig. 2). In both 
basins, the coarsening-upward units in the boreholes are 
associated, in the seismic lines, with prograding clinoforms, 
which downlap on the Top Albian MRS. Taken together, 
the prograding clinoforms and the coarsening-upward units 
indicate a normal regressive (likely HST) shoreline during 
the Cenomanian.

The Cenomanian succession is truncated by a low-order 
erosional boundary (15At1), which in some places erodes 
into the syn-rift sequence (Fig. 14a). Overall, this suggests 
that the Cenomanian succession was deposited during nor-
mal regression and thus represents a HST that formed when 
the shelf was dominated by sand deposition and the more 
distal parts of the basin were dominated by suspension set-
tling (i.e., shales and clays; Fig. 2). Although the origin of 
the Late Cretaceous event is still unclear, it has been linked 
with thermal subsidence in the distal part of the basin, uplift 
in the shelf and forced regression of the shoreline (e.g., 
Malan 1993; Baby et al. 2018). At this time, the shelf area 
was severely scoured, and at least in the Gamtoos Basin, 
bypass channels were generated (Fig. 14a). There are clear 
downlaps on a surface that might be interpreted as a basal 
surface of forced regression towards the shelf edge/slope 
(Fig. 14a; sensu Hunt and Tucker 1992, 1995; Posamentier 
and Allen 1999). The Top Cenomanian SU is joined with a 
correlative conformity (sensu Hunt and Tucker 1992, 1995) 
towards the shelf edge (Fig. 14). This correlative conformity 
is visible on the 2D seismic lines on the slope and is associ-
ated with RSL fall. The nature of the 15At1 unconformity 
is similar to the Hauterivian 131At surface, and thus, again, 
basin floor fans were likely deposited during this phase of 
forced regression from the Turonian to Santonian (Fig. 10f; 
Hodgson et al. 2018 their Fig. 10b).

Post‑Cenomanian to Lower Cenozoic

In contrast to the transitional phase, where scoured out can-
yons are filled by deposits of the LST evidence for normal 
regressive deposits on the shelf, above Top Cenomanian 
unconformity, is lacking. This could either be due to the 
sediments being too thin and thus below seismic resolution 
or having been eroded during the subsequent transgres-
sion. However, evidence of prograding strata downlapping 
on the Top Cenomanian reflector in the slope suggests that 
the LST was preserved basinwards. On the shelf, the Upper 
Cretaceous succession shows evidence for progradation and 
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downlap on the Top Campanian MRS, while evidence of 
onlapping is observed in the slope and shelf edge regions 
(Fig. 15a). While the Base Cenozoic reflector does not 
appear to be erosional in the Algoa Basin, the seismic data 
(Fig. 15a) in the Gamtoos Basin shows some evidence for 
minor erosion, especially in the proximal areas. Alterna-
tively, this supposed erosional feature could be toplaps, 
indicating the depositional limits of clinoforms in the updip 
area. Borehole data in the Gamtoos Basin show coarsening-
upward clean sands, while the Algoa Basin is dominated by 
retrogradational strata. These observations may suggest that 
the Base Cenozoic reflector marks a MFS that is underlain 
by transgressive deposits in the Algoa Basin, and a MRS 
that is underlain by a HST in the Gamtoos Basin (Figs. 2 and 
17a). This sequence cyclicity is similar to the Albian period, 
when the basin experienced increased accommodation space 
and high sedimentation (i.e., TST-HST-TST; e.g., Galloway 
1989; Catuneanu 2019a his Fig. 3, 2019b). Moreover, the 
increasing accommodation space is a likely low-order event, 
which occurred on a regional scale.

Lower to Middle Cenozoic

Wireline data from borehole HB-C1 record silty clays at the 
base of the succession, which probably formed during the 
Late Cretaceous/Lower Cenozoic transgression in the Algoa 
Basin. The flooding surface associated with this transgres-
sion is overlain by prograding sands in borehole HB-C1. 
These sandy facies are also observed in the borehole HA-A1 
in the Gamtoos Basin. This indicates increased sediment 
supply into the basins and a regressive shoreline. In both 
basins, seismic reflectors are predominantly prograding and 
downlapping onto the Lower Cenozoic MRS in the Gamtoos 
Basin and MFS in the Algoa Basin. These observations sug-
gest that this interval was deposited as a HST in the Gamtoos 
Basin and TST in the Algoa Basin, until the basin was tilted 
(Fig. 2; Hattingh 2001; Baby et al. 2018) during the late 
Paleogene. The basin tilting event, which uplifted the shelf, 
resulted in a forced regression, which pushed the shoreline 
to the shelf edge, resulting in deposition in the distal basin 
and bypass on the shelf. Towards the shelf edge in the Algoa 
Basin, a correlative conformity in the distal setting joining 
with the low-order SU is tentatively expected, where the 
underlying rock units prograde and downlap onto the basal 
surface of forced regression. These observations are con-
sistent with the predictions of the depositional sequence IV 
model. This means, at this period, the eroded shelfal sedi-
ments were deposited basinwards, probably as basin floor 

fans (Figs. 12d and 17b). Although there is great potential 
for reservoir development in the distal setting, the depth to 
burial of these reservoirs is very shallow limiting hydrocar-
bon prospectivity. Similar to the 15At1 sequence boundary 
in the late Cenomanian (Figs. 2, and 10f), the Mid-Cenozoic 
unconformity is overlain by prograding Miocene clinoforms 
in the slope region, indicating the distal limits of the shore-
line during the normal regression that ensued after the uplift 
and erosion in the Eocene and Oligocene. Although onshore 
Algoa Basin outcrop studies (e.g., Le Roux 1987, 1989, 
1990; Illenberger 1992; Hattingh 2001) show evidence for 
several high-order transgressive and regressive cycles from 
the late Miocene to Holocene, corresponding to an overall 
RSL change of over 300 m (see Hattingh 2001 his Fig. 5.1), 
the limited resolution of the current dataset does not allow 
the identification of these cycles (i.e., their stacking patterns, 
associated key stratigraphic surfaces; e.g., Catuneanu 2019a; 
Catuneanu and Zecchin 2020). Nonetheless, the offshore 
equivalent of these outcrops is shown as prograding clino-
forms, which correspond to the clean coarsening-upward 
sands (e.g., boreholes HB-C1 and HA-A1) that were prob-
ably deposited during a low-order regression (likely HST) 
phase in the post-Miocene.

Conclusion

Depositional models in this study, which encompasses the 
Algoa and Gamtoos basins of South Africa, are based on a 
vintage dataset that is in dire need for further reprocessing in 
order to improve imaging, especially for the syn-rift section. 
Although the data quality varies from poor to moderate, the 
integration of different datasets into the stratigraphic frame-
work provided reasonable insights for the generation of GDE 
maps and interpretation of the overall geological history of 
the shoreline’s movement in this region. The dataset in the 
Gamtoos Basin suggest a marine incursion following the 
onset of rifting as early as the early Middle Jurassic. This 
inference is supported by recent radioisotopic dating in the 
region (Muir et al. 2020) as well as the postulation of a pre-
Tithonian mid-ocean ridge succession near the Falkland Pla-
teau Basin (Schimschal and Jokat 2019), which was nearby 
prior and during the early phases of Gondwana breakup. 
This marine incursion also suggests that the sedimentation in 
the southern Cape was influenced by marine processes and 
relative sea-level changes since early syn-rift phase.

Three main depositional sequences are identified in the 
study area encompassing the Algoa and Gamtoos basins 
of South Africa. The first regional succession is a syn-rift 
sequence, which is bound by an Early Jurassic subaerial 
unconformity at the base and the second-order Valangin-
ian maximum flooding surface at the top. The sequence 
is made up of third and fourth-order transgressive and 

Fig. 15  a Seismic lines examples over the Algoa and Gamtoos basins. 
b Wireline logs intersecting the Upper Cretaceous/Lower Cenozoic 
succession in the Algoa and Gamtoos Basin. Base map data ©2020 
Google, Maxar Technologies, AfriGIS (Pty) Ltd

◂
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Fig. 16  a Seismic lines examples over the Algoa and Gamtoos basins. b Wireline logs intersecting the Lower to Upper Cenozoic succession in 
the Algoa and Gamtoos Basin. Base map data ©2020 Google, Maxar Technologies, AfriGIS (Pty) Ltd
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regressive cycles in the marine sector and formed during 
the diachronous advancement (transgression) of relative 
sea level until the late Valanginian second-order maxi-
mum flooding surface. Well-established stratigraphic mod-
els are difficult to apply for the continental sector of the 
syn-rift sequence, and thus far, the best-fitting model for 
the current stratigraphic framework is a modified ver-
sion of the genetic sequence model. The second regional 
succession is the post-rift low-order sequence 1, which 
is bound at the base by a major third-order Hauterivian 
unconformity (surface 13At1; in some places the basal 
boundary is the 1At1 Top Valanginian boundary) at the 
base and the late third-order Cenomanian unconformity 
(surface 15At1) at the top. Unconformably overlying the 
post-rift sequence 1, the third and final regional succes-
sion is the post-rift order-order sequence 2 that is bound 
by the third-order Mid-Cenozoic (Eocene) unconformity 
at the top. All major forced regressive periods appear to 
be tectonically triggered. The post-rift sequence contains 
several high-order systems tracts that can be identified as 
FSST-LST-TST-HST (Hunt and Tucker 1992; 1995; Plint 
and Nummedal 2000; Catuneanu 2002, 2019a, b) con-
tained within the low-order boundaries. Although these 
sequences are bound by subaerial unconformities, some 
intervals within them are bound by flooding and regressive 
surfaces (i.e., the Campanian to Lower Cenozoic succes-
sion; Galloway 1989; Catuneanu 2019a, b). In these flood-
ing surface-bound third- or even fourth-order successions, 
the T-R sequence model (sensu Embry and Johannessen 
1992; Embry 1993) is valid.

This shows, yet again, that these sequence models are 
more sensitive to depositional scale (also see the Sedimen-
tation Rate Scale concept in Miall 2015; Catuneanu 2019a, 
b). Thus, this level of the stratigraphic framework can be 
explained with the concept of scale in sequence stratigra-
phy (Catuneanu 2019a), where (1) system tracts form at 
any scale (i.e., are independent of scale); (2) stratigraphic 
bounding surfaces should not be limited to just low-order 
subaerial unconformities (sensu depositional model II, III, 
IV), but to surfaces that bound genetically related suc-
cessions (Catuneanu 2019a, 2020). This is because low-
order flooding surfaces (MFS and MRS—sensu genetic 
and T-R sequence models) can be contained within suba-
erial unconformity bound depositional sequence models. 
Therefore, when applying sequence models, it is important 
to consider the resolution of the successions within the 
regional stratigraphic framework, because certain models 
are more scale dependent than others.

Fig. 17  a, b, c Upper Cenozoic gross depositional models, showing 
the basin evolution from syn-rift to transitional to drift phase (see 
Fig. 10 for legend)
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