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ABSTRACT

The geomorphology and seismic stratig-
raphy of deep-water clastic systems from 
slope valleys through channel-levee systems 
to basin-fl oor fans have been observed and 
described in modern and ancient sub surface 
examples around the world. However, the 
distribution of sedimentary facies, grain 
size, and small-scale architectural elements 
remains poorly constrained. Extensive expo-
sures (>2500 km2) of four stacked deep-water 
composite sequences have been mapped from 
heterolithic channel-levee systems on the 
slope to sand-rich basin-fl oor deposits. The 
data set from Units C–F of the Fort Brown 
Formation in the Permian Laingsburg depo-
center of South Africa permits a unique 
opportunity to document and compare their 
depositional architecture at a high resolution 
for tens of kilometers downdip.

Isopach thickness maps indicate that com-
pensational stacking across multiple strati-
graphic scales occurs on the basin fl oor, 
whereas preferred axial pathways were pres-
ent on the slope, leading to subvertical stack-
ing patterns. Units C and D are sand-attached 
systems; slope valley systems are mapped to 
pass transitionally downslope through levee-
confi ned channels to lobe complexes over 
distances of >30 km. The slope valley fi lls of 
Units E and F, however, are separated from 
their downdip sand-rich lobe complexes by 
a thin, sand-poor tract several kilometers in 
length and are termed sand detached. Locally, 
this sand-poor tract is characterized by a dis-
tinctive facies association of thin-bedded tur-
bidites with numerous scours mantled with 

rip-up clasts, and a top surface that includes 
megafl utes and remobilized sediments. This 
assemblage is interpreted to indicate a wide-
spread area of sand bypass.

This unique data set provides an explo-
ration-scale insight and understanding of 
how different segments of a prograding 
slope evolved over time in terms of gradient, 
physiography, and hence the degree to which 
sand was stored or bypassed to the basin 
fl oor, and the evolution from sand-attached 
to sand-detached systems. The development 
of sand-detached systems suggests that a 
steeper gradient formed, possibly related to 
developing underlying structure, that led to 
the development of a stepped slope profi le. 
The study highlights that updip stratigraphic 
trapping at reservoir scale can occur with 
minor bathymetric changes.

INTRODUCTION

The seminal first-generation depositional 
models for deep-water systems were developed 
from low-resolution seismic and seabed data sets 
and fragmented outcrop belts (e.g., Normark, 
1970, 1978; Mutti and Ricci Lucchi, 1972; 1975; 
Walker, 1978; Mutti and Normark, 1987, 1991). 
The advent of three-dimensional (3D) refl ection 
seismic data sets (e.g., Posamentier and Kolla, 
2003; Saller et al., 2004; Deptuck et al., 2007; 
Catterall et al., 2010; Armitage et al., 2012; 
Saller and Dharmasamadhi, 2012) and high-
resolution seabed imagery (e.g., Twichell et al., 
1992; Savoye et al., 2000; Fildani and Normark, 
2004; Jegou et al., 2008; Maier et al., 2011; 
MacDonald et al., 2011) has revolutionized our 
appreciation of the inherent variability and com-
plexity in the physiography and anatomy of sub-
marine systems dominated by sediment gravity 
fl ows. The roles of dynamic seabed substrates 
(e.g., Prather et al., 1998; Mayall et al., 2006; 

Clark and Cartwright, 2009), depositional relief 
(e.g., Posamentier and Walker, 2006), inher-
ited bathymetric perturbations (e.g., Adeogba 
et al., 2005; Olafi ranye et al., 2013), differential 
compaction (e.g., Koša, 2007), compensational 
stacking (e.g., Prélat et al., 2009), and chan-
nel avulsion (Armitage et al., 2012) have been 
shown to be primary controls on the physiology 
and seismic stratigraphy of submarine slope and 
basin-fl oor systems.

Conceptually, basin-fl oor fans have been 
classifi ed as either (channel) attached (Type I 
of Mutti, 1985; Fugelli and Olsen, 2005a, 
2005b) or coupled (Gardner et al., 2003), or 
as (channel) detached (Type II of Mutti, 1985; 
Fugelli and Olsen, 2005a, 2005b) or decoupled 
(Gardner  and Borer, 2000). This distinction is 
based on the nature of the channel-lobe tran-
sition zone (CLTZ), which has been widely 
identifi ed from modern systems (e.g., Mutti 
and Normark, 1987, 1991; Wynn et al., 2002; 
MacDonald et al., 2011). In an attached system, 
there is a physical continuity and lithological 
connectivity between the channels and lobes, 
whereas in a detached system there is a wide-
spread area dominated by erosional processes 
and sediment bypass between the channels and 
lobes. Detached lobes have been identifi ed asso-
ciated with early-stage avulsion in modern sys-
tems offshore California (Fildani and Normark 
2004). Sand-detached systems can be inferred 
using amplitude responses in 3D seismic data 
(e.g., Jackson et al., 2008), but their recogni-
tion and description at outcrop have not been 
achieved.

Despite technological advances in subsurface 
imaging, the detailed analysis of exhumed deep-
water systems at outcrop is still essential (Mutti 
and Normark, 1987) to provide information 
on sedimentary processes (e.g., Chapin et al., 
1994; Pickering and Corregidor, 2005; Jobe 
et al., 2012), the stacking patterns and geometry 
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of subseismic elements (e.g., Beauboeuf et al., 
2000; Abreu et al., 2003; Schwarz and Arnott, 
2007; Kane et al., 2007; Prélat et al., 2009), and 
the intrinsic controls on the anatomy of deep-
water systems (e.g., Mutti 1985; Hodgson and 
Haughton, 2004; Moody et al., 2012; Burgreen 
and Graham, 2014). However, outcrops used 
as analogs are commonly isolated two-dimen-
sional exposures, or have limited across-strike 
or downdip correlation potential, meaning 
that their paleogeographic context within the 
regional depositional architecture of a deep-
water system is uncertain. The long-distance 
analysis of facies distributions and thicknesses 
to constrain the depositional architecture of 
deep-water systems at outcrop is rare but has 
been achieved for individual beds (e.g., Hesse, 
1974; Remacha and Fernández, 2003; Amy and 
Talling, 2006; Sumner et al., 2012). Notable 
exceptions where deep-water systems have 
been mapped and correlated for tens of kilome-
ters downslope are illustrated in Figure 1 and 
include the Brushy Canyon Formation of Texas 

(e.g., Beauboeuf et al., 2000; Gardner et al., 
2003), the Magallanes Basin, Chile (e.g., Hub-
bard et al., 2010; Bernhardt et al., 2011), and the 
Karoo Basin, South Africa (e.g., Johnson et al., 
2001; Grecula et al., 2003; Sixsmith et al., 2004; 
Figueiredo et al., 2010; Brunt et al., 2013a).

In the Karoo Basin, the extensive exposures of 
middle and/or upper slope to basin-fl oor deposits 
in the Laingsburg depocenter have permitted the 
mapping and correlation of four stacked deep-
water composite sequences over a >2500 km2 
area. A major advantage of the Karoo Basin 
outcrop belt is that the post-depositional fold-
ing and orientation of paleofl ow allow stacked 
stratigraphic units to be mapped across strike 
and downdip from the submarine slope channel-
levee system to their genetically related basin-
fl oor deposits (Fig. 1). The unique compiled 
data set permits for the fi rst time (1) documenta-
tion of the detailed depositional architecture of 
successive large-scale deep-water systems from 
slope channel-levee systems to distal basin-fl oor 
fans, (2) assessment of the role of depositional 
relief on sediment dispersal patterns at a range 
of scales, (3) identifi cation and documenta-
tion of an exhumed stepped slope profi le, and 
(4) differentiation between sand- or sandstone-
attached and detached channel-lobe transition 
zones, and consideration of the subsurface 
implications for these system types.

STRATIGRAPHIC SETTING

The Karoo Basin is interpreted as a thermal 
sag basin (Permian) that evolved into a retro-
arc foreland basin during the Triassic (Tankard 
et al., 2009). In the Laingsburg depocenter the 
1.3-km-thick Permian Ecca Group comprises 
a basal mudrock succession (Vischkuil For-
mation; Van der Merwe et al., 2009) (Fig. 2), 
overlain by a sand-prone basin-fl oor to slope 
succession (Laingsburg and Fort Brown For-
mations, respectively; Grecula et al., 2003; 
Sixsmith et al., 2004; Flint et al., 2011; Brunt 
et al., 2013b). Mapping and correlating the 
deep-water stratigraphy in the Laingsburg area 
is aided by the regional exposure and extent 
of mudstone units (15–50 m thick) that thin 
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Figure 1. Simplified outcrop patterns of 
large-scale (>2500 km2) exhumed deep-
water systems that have been mapped and 
correlated from updip to downdip. All maps 
are at the same scale. (A) The Laingsburg 
depocenter (Karoo Basin, South Africa), 
including the Laingsburg and Fort Brown 
Formations. (B) The Pab Sandstone (Paki-
stan; adapted from Eschard et al., 2003). 
(C) The Tres Pasos Formation (Chile; 
adapted from Shultz et al., 2008). (D) The 
Brushy Canyon Formation (Texas, USA; 
adapted from Gardner et al., 2003). Note 
the orientation of the outcrop belt relative to 
mean paleocurrent direction. The postdepo-
sitional folding in the Karoo Basin provides 
good strike and dip outcrop control.

A

B

C
D

E

F

G

External levee

Debrite/slide

Lobe fringe

Inter-unit muds

Intra-unit mudsChannel-fill

Silt-filled channel

Lobe off axis

Lobe axis

Interbedded

Deformation

Shoreface

0

250

500

750

1000

1250

1500

Litho-
strat

Vi
sc

hk
ui

l
La

in
gs

bu
rg

Fo
rt 

B
ro

w
n

W
at

er
fo

rd

Environment
of deposition

ba
si

n-
flo

or
su

bm
ar

in
e 

sl
op

e
sh

el
f-e

dg
e

up
pe

r
m

id
dl

e
lo

w
er

di
st

al
 (m

ud
-r

ic
h)

pr
ox

im
al

 (s
an

d-
ric

h)

254
252

258

262

265

Age
Ma

Schematic section
(scale in m)

Figure 2. Schematic stratigraphic (litho-
strat is lithostratigraphy) section of the Ecca 
Group in the Laingsburg area (Karoo Basin, 
South Africa). The overall shallowing-
upward trend records the long-term pro-
gradation of the Karoo Basin margin to the 
northeast. Units C–F in the Fort Brown For-
mation are the focus of this study. Ages are 
from Fildani et al. (2009).
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gradually and evenly basinward (~1 m/km). 
The regional extent of the mapped mudstones, 
and their gradual basinward taper, leads to an 
interpretation that they contain the deep-water 
equivalent of maximum fl ooding surfaces (Van 
der Merwe et al., 2010; Flint et al., 2011). The 
mudstones separate sandstone-prone units 
(Units A–F) that can vary abruptly in thickness 
and sedimentary facies both laterally and down-
dip (Fig. 2). Units A–F have been interpreted to 
represent four composite sequence sets, each 
composed of three composite sequences (Flint 
et al., 2011). This paper focuses on the upper 
two composite sequence sets, Units C–D and 
Units E–F (Fig. 2). Each sand-prone unit rep-
resents a lowstand sequence set, the overlying 
hemipelagic mudstone package forming the 
combined transgressive and highstand sequence 
set. As demonstrated for Unit C (Di Celma et al., 
2011; Hodgson et al., 2011), Unit D (Brunt 
et al., 2013a), and Units E and F (Figueiredo 
et al., 2010), each lowstand sequence set is 
composed of three depositional sequences, each 
including a sandstone-dominated lowstand sys-
tems tract (referred to as a subunit, such as C1, 
C2, C3) and a genetically related and regionally 
extensive 1–5-m-thick muddy transgressive and 
highstand systems tract. Depositional dip con-
trol for Units C–F extends from middle and/or 
upper slope to distal basin-fl oor fan, a distance 
of 80–100 km (Fig. 3).

ARCHITECTURAL ELEMENTS AND 
SEDIMENTARY FACIES

Numerous previous studies have described 
and interpreted the sedimentary facies and 
architectural elements of the basin fl oor (Six-
smith et al., 2004; Van der Merwe et al., 2009, 
2010, 2011; Prélat and Hodgson, 2013), sub-
marine channel-levee systems (Grecula et al., 
2003; Figueiredo et al., 2010, 2013; Hodgson 
et al., 2011; Brunt et al., 2013a), and the transi-
tions (Di Celma et al., 2011; Brunt et al., 2013b) 
in the Laingsburg and Fort Brown Formations. 
In basin-fl oor settings, four main environments 
of deposition are used to characterize the inter-
nal sedimentary facies distribution within lobes, 
based on fi eld work in the neighboring Tanqua 
depocenter (Prélat et al., 2009; Groenenberg 
et al., 2010). Lobe axes are represented by 
amalgamated fi ne-grained sandstones, lobe 
off-axis settings are represented by stratifi ed 
with planar to wavy laminated fi ne-grained 
sandstones, and lobe fringes are represented 
by thin-bedded current ripple–laminated sand-
stones and siltstones, commonly rich in a range 
of hybrid bed types (Hodgson, 2009). Distal lobe 
fringe deposits comprise thinly bedded graded 
silt stones (Fig. 4). Where channels cut through 
basin-fl oor lobes the architecture of their fi ll 
tends to be sand rich and simple (e.g., Sixsmith 
et al., 2004; Brunt et al., 2013b). On the sub-

marine slope, channelized portions are rep-
resented by a complicated stratigraphy with 
closely spaced, crosscutting erosion surfaces. In 
axial positions the erosion surfaces are overlain 
by mudstone clast conglomerates, amalga mated 
fi ne-grained sandstones, and mass fl ow deposits  
(chaotic and folded strata; Fig. 4). Toward the 
margins of channel fi lls thin-bedded ripple 
laminated sandstone beds fi ne and thin onto ero-
sional surfaces (Pringle et al., 2010; Hodgson  
et al., 2011; Fig. 4). Internal levees, which are 
formed by deposits of fl ows that spill out of 
channel confi nement, but are confi ned by the 
margins of the larger valley, comprise climbing 
ripple cross-laminated sandstones with multiple 
fl ow directions and centimeters-thick siltstones 
(Kane and Hodgson, 2011; Fig. 4). Siltstone-
rich external levees form wedges that fi ne and 
thin away from parent channel systems, which 
commonly comprise basal climbing ripple 
lami nated very fi ne grained and fi ne-grained 
sandstones overlain by planar laminated silt-
stones and mudstones to form fi ning- and thin-
ning-upward packages (Kane and Hodgson, 
2011; Morris et al., 2014a; Fig. 4).

REGIONAL DEPOSITIONAL PATTERNS

Regional sedimentary facies patterns and 
architectural descriptions were recorded in 
seven regional scale (60–90 km) depositional 
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dip–parallel correlation panels located on the 
fold limbs (from south to north, Floriskraal 
South, Floriskraal North, Baviaans South, 
N1 Dome South, Baviaans North, Fabersk-
raal South, Faberskraal North). The database 
includes more than 1000 measured sections 
(Fig. 3) that were correlated by walking out 
key surfaces and units (typically the mudstones 
between each sand-prone unit). The correlation 
panels follow the west-east–trending limbs of 
the main postdepositional folds, and careful 
tracing of markers around the closures of these 
folds provides high confi dence correlation 
between fold limbs (Figs. 3 and 5).

Mapped thickness distributions (isopachs) 
were created by fi tting a surface to thickness val-
ues extracted from the logged sections. The sur-
facing operation was conducted in ArcGIS using 
the simple kriging tool within the Geostatistical 
Wizard (http:// resources .arcgis .com /en /home/). 

Generally, a 15% trend removal was used to 
force the software to honor the spot thicknesses. 
Output maps are extended to the north, east, 
south, and west extremities of the input data by 
the surfacing algorithm, which creates rectan-
gular maps that may extend beyond the edge of 
the input data. Unrealistic contour values have 
been removed from these edge areas. Paleogeo-
graphic maps are based on the distribution of 
sedimentary facies and architectural elements, 
and illustrate the gross depositional environ-
ment for the stratigraphic interval presented 
(Figs. 4 and 5). One constraint due to the post-
depositional folding is that the noses of the folds 
determine the absolute present-day limits of the 
stratigraphy. The isopach and paleogeographic 
maps presented have not been palinspastically 
restored. The amount of north-directed tectonic 
shortening across the study areas is estimated as 
10%–20%, and decreases to the north. This is 

consistent with published amounts of shortening 
(Newton 1992), and indicates that the present-
day 2500 km2 study area was <3000 km2. The 
gross depositional environment maps therefore 
provide a reasonable representation of the sys-
tems at the time of deposition, although the rate 
of north-south thinning in isopach thickness 
maps is exaggerated.

Unit C: Regional Depositional Pattern

The most proximal preserved part of the 
lowstand sequence set of the Unit C composite 
sequence is located at the CD Ridge, Baviaans 
syncline (Di Celma et al., 2011; Fig. 3); it has 
been mapped to the north for 20 km and to the 
east for 90 km. Unit C has a defi ned southern 
margin; deposits are thin to absent south of the 
northern limb of the Baviaans syncline. Map-
ping shows physical continuity and connectivity 
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Figure 4. Examples of the main facies associations and their color coding on the correlation panel (Fig. 5) and maps (Figs. 6, 7, 8, and 10). 
(A) The mapped regional mudstone drapes over the sand-prone units are interpreted as combined transgressive and highstand sequence 
sets. (B) Channel fi lls vary from sandstone fi lled (base of slope) to mixed lithologies in slope settings. Channel-margin deposits are com-
monly thin bedded. (C) Lobe complexes dominate the downdip areas of lowstand sequence sets and axis, off-axis, and fringe settings are 
recognized. (D) Thin-bedded silt-rich external levees are volumetrically the most common component on the submarine slope.
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of sand-rich strata between updip channel-levee 
systems and downdip lobes for each lowstand 
systems tract (Fig. 5).

C1 Lowstand Systems Tract: Updip Section
On the northern limb of the Baviaans syncline 

C1 is a thin (as much as 5 m thick) package of 
thinly bedded heterolithic deposits, which pro-
gressively thin eastward toward the Laingsburg 
rubbish dump (Di Celma et al., 2011).

C1 Lowstand Systems Tract: Downdip Section
Downdip (northeast) C1 dramatically thick-

ens and coarsens toward Zoutkloof, where a 
maximum recorded thickness (64 m) is inter-
preted as the centroid to a lobe complex (Fig. 
6A). C1 thins and fi nes to the west, east, and 
north, away from Zoutkloof (Di Celma et al., 
2011) and downlaps out east of the Laingsburg 
town area (Fig. 6A).

C2 Lowstand Systems Tract: Updip Section
Subunit C2 is dominated by a >2-km-wide 

erosive based and levee-bounded slope chan-
nel complex set (Hodgson et al., 2011). The 
overall stacking pattern of channel fi lls and 
channel complex fi lls within the set is early 
lateral and late aggradational (Hodgson et al., 
2011). The distribution of paleocurrents shows 
a trend between east and north-northeast for 
individual channels within the complex set. 
Immediately downdip of the CD Ridge, the 
Unit C2 axis divides into a series of smaller 
channel complexes separated laterally by exter-
nal levee deposits along the northern limb of the 
Baviaans  syncline (Fig. 6B). Mapping of C2 to 
the north indicates that the channel complexes 
turn eastward (Di Celma et al., 2011), possibly 
due to bathymetric relief on the underlying C1 
lobe complex located to the north at Zoutkloof 
locality  (Fig. 6B).

C2 Lowstand Systems Tract: Downdip Section
A transition to lobe deposits occurs ~20 km 

downdip of the CD Ridge, where amalgamated 
sandstones at the base of C2 are interpreted as 
frontal lobe deposits. External levee deposits 
overlie stacked lobes for a further 20 km down-
dip, forming the thickest C2 accumulations (~60 
m) (Fig. 6B). At Geelbek and Wolwefontein, 
C2 consists of tabular bedded sandstones com-
monly associated with linked debrites, which 
are interpreted to have been deposited in a lobe 
fringe environment. C2 is absent in the Florisk-
raal syncline farther to the southeast (Fig. 6B).

C3 Lowstand Systems Tract: Updip Section
Subunit C3 has the smallest geographic 

extent. At the CD Ridge, C3 crops out as thin 
interbedded very fi ne grained sandstones and 
siltstones ~14 m thick, interpreted as a frontal 
lobe complex (Morris et al., 2014b). The frontal  

U
ni

t C

U
ni

t D

U
ni

t E

U
ni

t F

To
p 

U
ni

t B
La

in
gs

bu
rg

 T
ow

n
B

lo
ck

ho
us

e
B

ec
ks

vl
ak

te

C
1

C
2

C
3

E3 E2

F2
F1

F2

U
ni

t G

N
o 

ex
po

su
re

:
st

ra
ta

 b
ur

ie
d 

at
cl

os
ur

e 
of

 th
e 

N
1 

D
om

e

B
AV

IA
A

N
S 

N
O

R
TH

 P
A

N
EL

N
1 

D
O

M
E 

SO
U

TH
 P

A
N

EL

Po
or

 / 
di

sc
on

tin
uo

us
 e

xp
os

ur
e:

co
m

pl
ex

 te
ct

on
ic

st
ru

ct
ur

e

D
1

D
2

D
3

D
3

D
3

D
3

D
1

D
1

D
1

D
1

C
2

C
2

C
2

C
2

C
2

C
2

E
W

20
 k

m

C
ha

nn
el

 a
xi

s
C

ha
nn

el
 m

ar
gi

n
E

xt
er

na
l l

ev
ee

Lo
be

 a
xi

s
Lo

be
 o

ff-
ax

is
Lo

be
 fr

in
ge

C
on

to
rte

d 
st

ra
ta

C
la

st
ic

 in
je

ct
io

ns

P
al

eo
en

vi
ro

nm
en

ts

100 m

To
p 

U
ni

t B

U
ni

t D

U
ni

t E

U
ni

t F

U
ni

t C

10
0x

 v
er

tic
al

 e
xa

gg
er

at
io

n

SSSAAA
NNN

DDD
---PPP

OOO
OOO

RRR
ZZZOOO

NNN
EEE

SSSAAA
NNN

DDD
---PPP

OOO
OOO

RRR
ZZZO

N
O

N
O

N
EEE

F
ig

ur
e 

5.
 R

eg
io

na
l 

(8
0 

km
 l

on
g)

 d
ep

os
it

io
na

l 
di

p 
se

ct
io

n 
co

rr
el

at
io

n 
pa

ne
l 

sh
ow

in
g 

th
e 

ge
om

et
ry

 a
nd

 f
ac

ie
s 

as
so

ci
at

io
ns

 i
n 

U
ni

ts
 C

, D
, E

 
an

d 
F,

 e
ac

h 
of

 w
hi

ch
 is

 in
te

rp
re

te
d 

as
 a

 lo
w

st
an

d 
se

qu
en

ce
 s

et
. T

he
 c

or
re

sp
on

di
ng

 tr
an

sg
re

ss
iv

e 
an

d 
hi

gh
st

an
d 

se
qu

en
ce

 s
et

s 
ar

e 
co

m
bi

ne
d 

in
 th

e 
m

ud
st

on
e 

dr
ap

e 
th

at
 o

ve
rl

ie
s 

ea
ch

 u
ni

t;
 to

ge
th

er
, e

ac
h 

un
it

 a
nd

 o
ve

rl
yi

ng
 d

ra
pe

 a
re

 in
te

rp
re

te
d 

as
 a

 c
om

po
si

te
 s

eq
ue

nc
e 

(F
lin

t e
t a

l.,
 

20
11

).
 N

ot
e 

th
e 

ge
ne

ra
l 

do
w

nd
ip

 (
ba

si
nw

ar
d)

 t
re

nd
 f

ro
m

 c
ha

nn
el

-l
ev

ee
 c

om
pl

ex
es

 (
or

an
ge

) 
to

 d
is

tr
ib

ut
iv

e 
lo

be
 c

om
pl

ex
es

 (
pa

le
 y

el
lo

w
).

 
V

er
ti

ca
l b

la
ck

 li
ne

s 
m

ar
k 

th
e 

po
si

ti
on

 o
f 

lo
gg

ed
 s

ec
ti

on
s.



Van der Merwe et al.

6 Geosphere, December 2014

0

10

20
30

40

10
C

D
 R

id
ge

LA
IN

G
SB

U
R

G

Zo
ut

kl
oo

f

G
ee

lb
ek

W
ol

ve
fo

nt
ei

n

H
E

U
N

IN
G

B
E

R
G

A
N

TI
C

LI
N

E

FA
BE

R
SK

R
AA

L

AN
TI

C
LI

N
E

BA
VI

AA
N

S
SY

N
C

LI
N

E
FL

O
R

IS
KR

AA
L

SY
N

C
LI

N
E

N
1 

D
O

M
E

?
?

?
?

10

20
30

50

60

60
50

0

40
40

10

30

70

C
D

 R
id

ge

Zo
ut

kl
oo

f

W
ol

ve
fo

nt
ei

n

?
?

?
?

10
505050

20

10

20202020

0

10 30303030

C
D

 R
id

ge

LA
IN

G
SB

U
R

G

Zo
ut

kl
oo

f

W
ol

ve
fo

nt
ei

n

G
ee

lb
ek

N

0
5

10
15

20
km

?
?

?
?

A 
 C

1

B
  C

2

C
  C

3

R
ub

bi
sh

 D
um

p

Pa
le

oe
nv

iro
nm

en
ts

C
ha

nn
el

-fi
ll 

E
xt

er
na

l l
ev

ee
 

Lo
be

 a
xi

s 
Lo

be
 o

ff-
ax

is
Lo

be
 fr

in
ge

?
E

st
im

at
ed

F
ig

ur
e 

6.
 T

hi
ck

ne
ss

 is
op

ac
h 

an
d 

gr
os

s 
de

po
si

ti
on

al
 e

nv
ir

on
m

en
t 

m
ap

s 
fo

r 
th

e 
in

di
vi

du
al

 c
on

st
it

ue
nt

 lo
w

st
an

d 
sy

st
em

s 
tr

ac
ts

 (
C

1,
 C

2,
 a

nd
 

C
3)

 o
f t

he
 U

ni
t C

 lo
w

st
an

d 
se

qu
en

ce
 s

et
. P

os
it

io
ns

 o
f c

ha
nn

el
s 

ar
e 

ti
ed

 to
 o

ut
cr

op
 lo

ca
ti

on
, b

ut
 lo

be
 b

ou
nd

ar
ie

s 
ar

e 
no

t p
re

ci
se

 p
os

it
io

ns
. T

he
 

gr
ay

ed
 a

re
as

 s
ho

w
 th

e 
ou

tc
ro

p 
co

nt
ro

l a
lo

ng
 th

e 
lim

bs
 o

f p
os

td
ep

os
it

io
na

l f
ol

ds
 o

ve
r 

a 
st

ud
y 

ar
ea

 o
f 2

50
0 

km
2 . 

N
ot

e 
th

e 
cl

ea
r 

pr
og

ra
da

ti
on

al
 

to
 r

et
ro

gr
ad

at
io

na
l s

ta
ck

in
g 

pa
tt

er
n 

w
it

h 
m

ax
im

um
 s

an
d 

de
liv

er
y 

to
 t

he
 b

as
in

 fl 
oo

r 
du

ri
ng

 t
he

 C
2 

lo
w

st
an

d 
sy

st
em

s 
tr

ac
t.



Sand-attached and sand-detached slope to basin-fl oor systems on a stepped slope profi le

 Geosphere, December 2014 7

lobe complex thickens considerably directly 
north of the CD Ridge, at the north side of the 
Baviaans syncline, and thins abruptly to the east 
and west (Morris et al., 2014b; Fig. 6C). Bathy-
metric confi nement, possibly by the C1 lobe 
complex to the north in the Zoutkloof area (Di 
Celma et al., 2011) and earlier channel fi lls and 
associated levees to the C2 axis, are thought to 
have infl uenced the local thickness.

C3 Lowstand Systems Tract: Downdip Section
C3 continues for 28 km downdip of the 

CD Ridge, with a general thinning and fi ning-
eastward pattern, becoming thicker and sandier 
locally (Fig. 6C); it displays characteristics of 
a terminal lobe complex (Morris et al., 2014b). 
A second, east-trending system in C3 is present 
across strike to the north (Fig. 6C), supplying 
clastic material to the Heuningberg anticline 
area (Di Celma et al., 2011).

Unit D: Regional Depositional Pattern

The lowstand sequence set of the Unit D com-
posite sequence is represented in the western, 
updip area by a 120-m-thick slope valley fi ll that 
cuts into earlier Unit D external levee deposits 
and completely truncates the C–D mudstone 
and Unit C along the CD Ridge (Hodgson et al., 
2011). The valley fi ll is bounded by wedge-
shaped external levees that extend as much as 
10 km laterally away from the valley. The D val-
ley extends east-northeast down the Baviaans 
syncline, emerging on the north limb just east of 
Laingsburg. At this point the system is a levee-
confi ned channel complex set, but with suffi -
cient basal incision to truncate the C–D mud-
stone and subunit C3 (Brunt et al., 2013a). This 
downdip trend of decreasing incision has been 
interpreted as a response to reducing gradient 
downslope. Regional mapping has extended the 
knowledge of Unit D for an additional 90 km 
to the east (obliquely downdip), and the deposi-
tional architecture is apparent (Fig. 5). Although 
there are no regional internal mudstones within 
the lowstand sequence set, abrupt vertical 
changes in facies association and architectural 
elements, and therefore relative geographic 
position in the system, are used to subdivide 
Unit D into three sequences. The absence of 
regional internal mudstones limits confi dence 
in identifi cation of relative ages within the D 
composite sequence. Mapping shows continu-
ity of sand-rich strata between updip sand-prone 
channel fi lls and downdip sand-prone lobes at 
composite sequence scale.

D1 Lowstand Systems Tract: Updip Section
In the western study area, D1 is marked by 

external levee deposits as much as 8 m thick and 

remnants of early frontal lobes (Hodgson et al., 
2011). The interpreted genetically related chan-
nel system to the D1 levees has been removed 
by the later slope valley development in the CD 
Ridge area (Hodgson et al., 2011).

D1 Lowstand Systems Tract: Downdip Section
D1 is represented by lobe deposits in the 

downdip half of its outcrop belt. The main 
development of lobe deposits is east of the 
Blockhouse (Fig. 7A; Brunt et al., 2013a). 
These successions show a range of facies asso-
ciations, stratigraphic organization indicative 
of alternating lobe axis and/or off axis and lobe 
fringe, and thicknesses (1–8 m) similar to lobes 
described by Prélat and Hodgson (2013) in the 
underlying Unit A.

D2 Lowstand Systems Tract: Updip Section
In the updip CD Ridge area D2 is interpreted 

as the development of the main slope valley 
erosional surface and the early, low accommo-
dation-fi ll component (Hodgson et al., 2011). 
Regional correlation and mapping show that D2 
deposits are confi ned to updip bypass surfaces, 
passing downdip into very extensive levee sys-
tems (Fig. 7B). There are major channel com-
plexes associated with the levees, particularly 
in the Faberskraal and Slagtersfontein areas 
(Fig. 7B).

D2 Lowstand Systems Tract: Downdip Section
Signifi cant thicknesses of exposed lobe depos-

its are in the far downdip Floriskraal syncline 
and N1 Dome East area (Fig. 7B), which are 
partially correlated to the major channel com-
plexes in the Faberskraal and Slagtersfontein 
areas. The absence of internal mudstones there 
indicates uncertainty in the identifi cation of the 
contact between D1 and D2 deposits in the lobe-
dominated successions, such that the map-view 
reconstructions are a preferred interpretation.

D3 Lowstand Systems Tract: Updip Section
D3 deposits are interpreted to represent the 

upper, more aggradational part of the fi ll of the 
slope valley and the upper part of the external 
levee complex in the CD Ridge (Hodgson et al., 
2011), although the valley remained underfi lled 
after this time (Fig. 7C).

D3 Lowstand Systems Tract: Downdip Section
Approximately 30 km downdip, D3 is inter-

preted as the 70-m-thick incised late-stage chan-
nel complex at Geelbek (Brunt et al., 2013a). 
Similar D3 sandy channel complexes are pres-
ent on the N1 east section and in the Oskops-
vlakte area (Fig. 7C). D3 is marked by a chan-
nel and levee complex around Leeuwgat and 
Bronkhorst South.

Unit E: Regional Depositional Pattern

Unit E has been interpreted as a lowstand 
sequence set and is overlain by the E–F mud-
stone that represents the linked transgressive 
and highstand sequence set of the Unit E com-
posite sequence (Figueiredo et al., 2010; Flint 
et al., 2011; Fig. 2). In the western, updip area, 
the maximum thickness of Unit E is 100 m, 
and it comprises three sequences, the lowstand 
systems tracts of which are named E1, E2, 
and E3 (Figueiredo et al., 2010; Figs. 8A–8C). 
Mapping shows that there is no defi nitive sand 
connection, although there is physical stratig-
raphy continuity, between the updip and down-
dip areas.

E1 Lowstand Systems Tract: Updip Section
The sandstone-dominated deposits of E1 

form a frontal lobe cut by E1 aged high-aspect-
ratio channels (Figueiredo et al., 2010). As the 
channels cut 3 m deeper than the regional base 
of E1 they are thought to be bypass channels, 
with E1 being a perched (or intraslope) lobe 
(e.g., Fonnesu, 2003; Adeogba et al., 2005; 
Bohn et al., 2012).

E1 Lowstand Systems Tract: Downdip Section
Unit E1 is found only in the northwestern 

part of the study area and does not extend east 
of Laingsburg (Fig. 8A).

E2 Lowstand Systems Tract: Updip Section
Two subparallel east-west–trending 7–8-m- 

thick channel fi lls are fl anked by extensive levee 
wedges (Figueiredo et al., 2010; Fig. 8B). The 
deeper incision of E2 channels compared to E1 
suggests a more proximal channel-levee envi-
ronment, and therefore a progradational stack-
ing pattern.

E2 Lowstand Systems Tract: Downdip Section
Tabular lobe deposits at the base of Unit E 

are present to the south of Laingsburg town and 
continue to thicken toward the east. These lobes 
are interpreted to have been supplied by an east-
ward-trending channel in an area now uplifted.

E3 Lowstand Systems Tract: Updip Section
Thick-bedded sandstones overlying erosional 

surfaces in the northern and central areas are 
interpreted as eastward-trending slope chan-
nel fi lls. Adjacent medium- and/or thin-bedded 
heterolithic deposits, which are the predominant 
facies association in E3, are interpreted as exter-
nal levee deposits (Figueiredo et al., 2010; Fig. 
8C). The thickness and the depth of incision in 
E3 channels in the southern Heuningberg area 
suggest more proximal and energetic conditions 
than in E2 (Fig. 8B).
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E3 Lowstand Systems Tract: Downdip Section
Regional mapping and correlation for E3 show 

an area of thinning that extends south (across 
strike) from the N1 Dome through Slagtersfon-
tein to Leeuwgat (Figs. 8B and 9A), with local-
ized scouring and minor deformational features 
at Slagtersfontein (Figs. 9B, 9C). Lobe deposits 
are found just updip of the north-south–trending 
tract of thinning at Leeuwgat (Fig. 8C). Farther 
east and southeast there is an increase in tabular 
lobe deposits, interpreted to have been sourced 
by the slope valley in the northwest (Fig. 8C).

Unit F: Regional Depositional Pattern

Unit F is divided into three sand-prone sub-
units (F1, F2, and F3 lowstand systems tracts; 
Figs. 10A–10C) that are separated by two 
fi ne-grained units comprising claystone and 
siltstone interpreted as combined transgressive 
and highstand systems tracts. (Figueiredo et al., 
2010, 2013). Unit F is interpreted as a lowstand 
sequence set of a composite sequence (Flint 
et al., 2011). The updip northern area comprises 
highly erosional slope valley fi lls >100 m thick, 
bounded by wedge-shaped external levees that 
extend for more than 20 km laterally away 
from the valleys (Figueiredo et al., 2010, 2013). 
Although there is physical continuity at this 
stratigraphic level, regional mapping does not 
indicate a defi nitive sand connection between 
updip channelized and downdip lobe-domi-
nated tracts.

F1 Lowstand Systems Tract: Updip Section
The sedimentary facies associations, architec-

ture of the sandstone/siltstone bodies, absence 
of erosional features and paleocurrent directions 
in F1 are consistent with the distal fringe of 
an upper slope distributive system (Figueiredo 
et al., 2010; Fig. 10A).

1 m

1 m

N
N

N

E2 E3

m
udstone

Top Unit E

Base UnitE

A

B

C

Figure 9. Representative photographs of the 
characteristics of the interpreted sediment 
bypass–dominated tract in Unit E (the top 
surface of E3) in the Floriskraal syncline. 
(A) The extensive but thin E2 and E3 suc-
cession between updip slope channel levees 
and downdip lobe complexes, characterized 
by thin-bedded ripple-laminated deposits 
with multiple scour surfaces. (B, C) The top 
surfaces of the E3 lowstand systems tract 
in the sediment bypass–dominated area, 
including megafl utes (edge marked by yel-
low dotted line, arrow marks paleofl ow 
direction), mudstone rip-up clast horizons, 
and remobilized sediments. Circled object 
in B is 50-cm-high ruc-sac.
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F1 Lowstand Systems Tract: Downdip Section
Unit F1 is not developed in the distal parts 

of the basin, and downlaps out in the central 
Laingsburg area.

F2 Lowstand Systems Tract: Updip Section
Stratigraphic mapping led to the identifi cation 

of an ~150-m-deep fl at-based F2-aged erosion 
surface, which cuts out F1, the E–F mudstone, 
and all of Unit E on the southern fl ank of the 
Heuningberg anticline (Fig. 5; Figueiredo et al., 
2010, 2013). This is interpreted as an entrenched 
slope valley that is steep sided and largely fi lled 
with thin-bedded siltstones, but with basal rem-
nants of sand-prone channel fi lls and mud-prone 
debrites (Fig. 10B). This valley was a major con-
duit that transported sediment downdip to the east.

F2 Lowstand Systems Tract: Downdip Section
Downdip the valley is interpreted to extend 

in subcrop through the Zoutkloof syncline or 
beyond the Heuningberg anticline nose toward the 
Faberskraal area (Fig. 10B). The external levee 
deposits adjacent to the entrenched system are 
interpreted to be genetically related to a precursor 
channel-levee system prior to the formation of 
the major valley system. Regional mapping and 
correlation of F2 shows that it forms a thick levee 
wedge in the updip section and forms the most 
regional exposed lowstand systems tract of Unit 
F to the south and southeast of the depo center. 
F2 shows an area of thinning down to 1 m thick-
ness, associated with scouring and deformational 
features, west of the N1 Dome (Fig. 10B). A few 
kilometers further downdip, in the N1 Dome 
area, F2 thickens to more than 100 m of inter-
calated sand-rich channel-fi ll and lobe deposits. 
A series of sand-prone channel fi lls erode into 
the E–F mudstone and completely remove Unit E 
toward the northeast of the N1 Dome.

F3 Lowstand Systems Tract: Updip Section
F3 comprises a slope channel system fi lled 

by laterally migrating channels and/or chan-
nel complexes and fl anked by external levees 
(Figueiredo et al., 2013; Fig. 10C).

F3 Lowstand Systems Tract: Downdip Section
F3 is interpreted to backstep relative to F2. 

Frontal lobe deposits in the Buffels River area 
continue toward the east where they share char-
acteristics with terminal lobes (sensu Prélat 
et al., 2009) (Fig. 10C).

Map-View Stacking Patterns of Lowstand 
Systems Tracts

The stacking patterns of individual lowstand 
systems tracts within lowstand sequence sets can 
be constrained. Unit C advanced farthest into 

the basin during the C2 lowstand systems tract, 
with considerable evidence for sediment bypass 
at this time at the CD Ridge. A common levee 
over lobe motif supports a progradational pattern 
toward the east within C2. C3 shows a backstep 
of the Unit C system (Morris et al., 2014b). In 
the Unit D composite sequence, most of the 
sandstone is in the downdip lobes to the east 
(Figs. 4 and 5). There are deep incisions in the 
western updip area, and signifi cant volumes of 
sand were bypassed, with small amounts present 
at the base of external levees. Unit D shows a 
downdip change in proportion of levee to lobe. 
In the updip quarter of the study area the levee 
percentage is 80%–100% while downdip it 
drops to 30%–50% in the N1 Dome and laterally 
equivalent areas. Approximately 50 km farther 
downdip and across strike in the Floriskraal area, 
the lobe percentage reaches 100% (Figs. 7B, 
7C). This trend, and the presence of late-stage 
erosion, suggests a strongly progradational pat-
tern throughout D2, but D3 marks the overall 
backstep of the systems with vertical channel 
aggradation and development of internal levees 
(Hodgson et al., 2011). Internally, Unit E shows 
a progradational trend and also steps farther into 
the basin across thick lobe complexes in Units C 
and D. The updip area of Unit E shows multiple 
channel deposits across the CD Ridge, N1 Dome, 
and Zoutkloof and Floriskraal syncline areas 
(Fig. 8B). Unit E is thin (<20 m thick) between 
the Floriskraal and Faberskraal synclines and 
consists of thin-bedded siltstone facies. For Unit 
F, the overall stratigraphic organization of the 
lowstand sequence set indicates two stages of 
basinward stepping of the depositional system 
followed by a third retreating stage (Fig. 10A–
10C). An area of thin and thin-bedded stratigra-
phy similar to Unit E separates the channel-levee 
systems and the sand-prone lobes. In summary, 
lowstand sequence sets show an organized stack-
ing pattern of their component sequences in map 
view, based on mapping of throughgoing mud-
stones. Units C, D, and F all indicate a basinward 
then landward stacking pattern, which implies a 
progradational-aggradational-retrogradational 
trend in a stratigraphic sucession, a pattern rec-
ognized by Flint et al. (2011). A retrogradational 
phase in Unit E has not been recognized.

DISCUSSION

Stacking Patterns of Lowstand 
Sequence Sets

Compensational stacking as an autogenic 
response to relief generated by older deposits is 
well documented at the scale of individual lobes 
and their constituent lobe elements, at outcrop 
(Mutti and Sonnino, 1981; Prélat et al., 2009; 

Prélat and Hodgson, 2013), in the subsurface 
(Deptuck et al., 2007; Jegou et al., 2008), and 
through numerical modeling studies (Pyrcz 
et al., 2005; Straub et al., 2009; Groenenberg 
et al., 2010). This style of stacking has also been 
documented at the scale of lowstand systems 
tract (lobe complex sets) in Unit C (Di Celma 
et al., 2011) and in other deep-water systems 
(e.g., Jennette et al., 2000; Dmitrieva et al., 
2012). Here we investigate whether compen-
sational stacking is present in the linked slope–
basin-fl oor systems of Units C–F.

The isopach thickness maps and paleoenvi-
ronmental reconstructions have been combined 
into maps to help identify stacking patterns at 
composite sequence and composite sequence 
set scales within the >2500 km2 study area (Figs. 
11A–11D). On the slope segment, the axes of 
lowstand sequence sets (C and D, E and F) are 
marked by the deepest points of erosion, which 
are referred to as fairways (e.g., Hurst et al., 
1999). Lowstand sequence set D is subvertically 
stacked above lowstand sequence set C, and the 
same aggradational stacking pattern is observed 
for E and F (Fig. 12). Control on the subvertical 
stacking at the scale of the sequence set is likely 
to be a combination of deep updip entrench-
ment and external levee confi nement that were 
able to fi x the entry point and slope pathway of 
submarine conduits over extended time periods  
(Fig. 13). Structural or inherited controls that 
fi xed the entry point cannot be discounted. Dif-
ferential compaction above the Unit C and D 
composite sequence set was interpreted to have 
infl uenced the position of the Unit E and F com-
posite sequence set on the slope (Figueiredo 
et al., 2010).

In contrast, on the basin fl oor, each lowstand 
sequence set is stacked in a compensational pat-
tern, with the thickest part of successive units 
laterally offset by >10 km (Fig. 12). This indi-
cates that there was a bathymetric expression 
of the older sequence set on the seabed, prob-
ably generated by differential compaction dur-
ing deposition of the preceding mud-dominated 
highstand sequence set (Fig. 13). The compen-
sational patterns on the basin fl oor indicate that 
inherited or dynamic topography was not a sig-
nifi cant control on basin-fl oor sediment disper-
sal patterns or stacking patterns. The southward 
pinchout of C and E indicates the presence of a 
north-facing lateral slope (Figs. 6 and 8). The 
absence of Unit F in the Baviaans South and 
Floriskraal syncline areas may also refl ect the 
effect of underlying relief on Unit E toward 
the south and southeast (Fig. 10B). This study 
extends the range of scales across which com-
pensational stacking is demonstrated at outcrop, 
to lowstand systems tracts, sequence sets, and 
composite sequences.
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Identifying the Stratigraphic CLTZ

The CLTZ represents the region that sepa-
rates well-defi ned channels or channel-fi ll 
deposits from well-defi ned lobes or lobe facies 
(Mutti and Normark, 1987), commonly coin-
cident with the base of slope (Wynn et al., 
2002). Modern examples provide time slices 
of erosional and depositional bedforms in the 
CLTZ. The architectural expression of ancient 

stratigraphic successions containing deposits 
and surfaces interpreted as containing the CLTZ 
commonly have a lack of paleogeographic con-
text. The extensive database presented here pro-
vides information on the evolution and migra-
tion of the CLTZ. The stacking of external levee 
deposits over lobe deposits, indicative of sys-
tem progradation where channels and channel 
related facies build outward over their own fron-
tal lobe deposits (Brunt et al., 2013a), features 

strongly in Units C and D (Fig. 5). The extent of 
progradation, from the most updip basin-fl oor 
lobe deposits to the most distal overlying levee 
deposits, ranges from 60 to 70 km in Units C 
and D. This architecture cannot represent move-
ment of the geomorphic slope by an equivalent 
amount; however, it may refl ect the increasing 
effi ciency and momentum of fl ows reaching the 
basin fl oor, which promotes basinward move-
ment of the CLTZ. In contrast, levee deposits are 
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largely absent downdip of the interpreted posi-
tion of the base of slope for Units E and F. The 
possible controls on the transition from early 
strongly progradational sand- and/or sandstone-
attached fans to late-stage aggradational sand- 
and/or sandstone-detached fans are discussed in 
the following section.

Sand- and/or Sandstone-Attached 
and Detached Systems

Units C and D have been mapped from 
entrenched slope valleys, interpreted to be on the 
middle to lower slope, downdip through levee-
confi ned channel systems to attached sand-rich 
lobe complexes over distances of 50–100 km 
(Figs. 6 and 7). A general increase in the propor-
tion of sandstone in the fi lls of channel systems 
downdip suggests that there is sandstone con-
nectivity between channel fi lls and lobe depos-
its, although with a complicated stratigraphic 
architecture characterized by erosion surfaces, 
channel-margin thin beds, and channel base lag 
deposits. Units E and F have been mapped from 
upper slope entrenched valleys to sand-rich lobe 

complexes over similar length scales to Units C 
and D (80 km or more). However, the downdip 
facies transitions are more complicated. Exten-
sive tracts of sand-poor stratigraphy separate the 
updip intraslope lobes and levee-confi ned and 
entrenched channel systems from thick sand-
prone lobe complexes (Figs. 8 and 10). The 
stratigraphy in these areas is much thinner than 
updip and downdip, and is characterized by thin 
beds. In Unit E, this sand-poor tract is 5–30 km 
in dip length and widens to the north, and is 
>20 km in along-slope width. In Unit F, the spa-
tially coincident sand-poor tract is 15 km in dip 
length and >20 km in width (Figs. 5 and 12). 
Therefore, Units E and F are classed as sand- 
and/or sandstone-detached systems where, at 
the scale of the study area, there is unlikely to 
be physical sandstone continuity between updip 
channel fi lls and downdip lobes.

There are two explanations for the presence 
of these tracts of thin, sand-poor stratigraphy: 
(1) the sand-prone lobe deposits downdip are 
supplied by major conduits outside the study 
area, or (2) this area represents a zone of long-
term sand bypass. The facies associations pre-

served in these sand-poor areas comprise thin-
bedded and ripple laminated deposits, typical 
of distal levee fringes. However, multiple scour 
surfaces are present, and the top surfaces of 
lowstand systems tracts include assemblages 
of megafl utes, mudstone rip-up clast horizons, 
soft-sediment deformed units that preserve evi-
dence of downslope shear, and thin-bedded trac-
tion-dominated sandstones (Fig. 9). The paleo-
currents from the sand-poor tracts are aligned 
with those recorded in updip channel levees and 
downdip lobes. We interpret the facies asso-
ciation and paleocurrent directions recorded in 
the sand-poor tract to represent a high-energy 
erosional sand-bypass environment. Similar 
thin but high-energy surfaces have been identi-
fi ed in clinothems from the Tres Pasos Forma-
tion of the Magallanes Basin, Chile (Hubbard 
et al., 2010); however, in that system the bypass 
surface is on the slope of a basin-margin–scale 
clinoform and does not separate sand-rich parts 
of the system.

Possible reasons for the development of 
the sand-detached systems are (1) a change in 
incoming fl ow characteristics that results in sand 
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bypass across discrete surfaces, (2) a change 
in fl ow confi nement so that fl ows are able to 
increase in momentum and deposit farther into 
the basin, or (3) a local increase in gradient on a 
stepped profi le where the sand bypass zone is a 
high-gradient ramp between steps (Fig. 14).

One explanation for the development of 
sand- and/or sandstone-detached systems is 
that the characteristics of the incoming fl ows, 
such as their magnitude and grain size, changed 
such that the Unit E and F systems were not in 
equilibrium for a period (Kneller 2003), and 
changed from depositional to erosional. How-
ever, this explanation would require discrete 
periods during the Unit E and F sediment supply 
when incoming fl ows changed, but not in Units 
C and D. This explanation does not account for 
the presence of an intraslope lobe updip, or the 
fact that terminal lobe deposits in Units E and 
F share close affi nities in thickness, grain size, 
and stacking patterns with Units C and D. Fur-
thermore, the position of the base-of-slope area, 
as defi ned by a change in the dominant architec-
tural elements from channel levee–dominated to 
lobe-dominated deposits, does not move much 
through time (Fig. 12). The locations of the 

sand-poor tracts in Units E and F are spatially 
similar (Fig. 12), and in an area where underly-
ing Unit D is also thin (Figs. 7 and 12), suggest-
ing an intrinsic control in the development of the 
sand- and/or sandstone-detached systems.

The tracts dominated by sand bypass in Units 
E and F may have developed due to increased 
confi nement of the fl ows. A modern example is 
the Agadir system, offshore Morocco, where a 
very slight change in basin-fl oor gradient and 
confi nement has led to a long-term change in 
fl ow process behavior and intrasystem sediment 
bypass (Stevenson et al., 2012). In addition, we 
cannot discount the existence of mud- and silt-
fi lled channel systems present in the sand-poor 
tracts that may have developed, but these features 
are diffi cult to identify at outcrop due to their 
fi ne-grained fi ll. However, this does not explain 
the presence of intraslope lobe deposits and the 
thinness of Units E and F (Fig. 5). Alternatively, 
local compressional tectonics could have led to 
increased fl ow confi nement, although no struc-
ture has been identifi ed that could be responsible 
for such a discrete tract of sand bypass.

An alternative explanation for successive 
units to be thinner in the same part of the basin 

and for the facies to indicate higher energy 
and more sand bypass is that an area with less 
accommodation and/or steeper slopes devel-
oped. Downslope changes in accommodation 
are supported by the presence of perched, or 
intraslope, lobe deposits, and the thin accumula-
tion of Units E and F (Figs. 5, 8, and 10). The 
large-scale architecture is consistent with the 
development of a stepped slope profi le. Step 
fl ats are areas of net accumulation and have a 
low or a negative gradient, whereas ramps are 
zones of net sediment bypass (Fig. 14). Basin 
margins with a stepped profi le during deposi-
tion have a major infl uence on sediment dis-
persal patterns and alternating sections of ero-
sion and bypass (Meckel et al., 2002; O’Byrne 
et al., 2004; Smith, 2004; Gamberi and Rovere, 
2011; Bohn et al., 2012; Hay, 2012; Prather 
et al., 2012).

Mechanisms invoked to explain changes 
in downslope gradient, and the development 
of a stepped profi le, include dynamic sub-
strates (e.g., Prather et al., 1998; Mayall et al., 
2006; Clark and Cartwright, 2009; Hay, 2012; 
Oluboyo et al., 2014), depositional relief (e.g., 
Posamentier and Walker, 2006), inherited 
bathymetry (e.g., Adeogba et al., 2005; Olafi -
ranye et al., 2013), and differential compaction 
(e.g., Koša, 2007) (Fig. 14). In this instance the 
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ramp would have been northeast facing, consis-
tent with the overall paleocurrent direction of 
the underlying (Sixsmith et al., 2004; Di Celma 
et al., 2011) and overlying (Jones et al., 2013) 
stratigraphy. We emphasize that the changes in 
gradient are likely to have been very slight, and 
are diffi cult to constrain from outcrop data. A 
dynamic substrate above salt or mud diapir-
ism is not supported because there is no salt in 
the basin fi ll, and the mudstones between low-
stand sequence sets thin gradually basinward. 
Depositional relief is not considered a major 
driving mechanism because there are no large 
mass transport deposits. A local increase in 
gradient could be attributed to tectonic tilting 
or blind thrust propagation into the basin. Syn-
sedimentary faulting and folding have a signifi -
cant impact on sediment dispersal patterns in 
deep-water settings (e.g., Hodgson and Haugh-
ton 2004; Kane et al., 2010). If there was an 
active tectonic structure responsible for locally 
steepening the slope to the northeast during 
sedimentation, it was at a high angle to the later 
fold structures, and there is no evidence that it 
propagated to the surface. Differential compac-
tion over the underlying composite sequence 
set may have led to a local increase in gradient 
on the seabed that promoted a local and persis-
tent increase in fl ow energy and sand bypass. 
However, Units C and D are not thicker in the 
area where Units E and F thin. An alternative 
way that differential compaction may have led 
to the development of a northeast-facing ramp 
is that there is a deeper inherited structure. 
The presence of rigid structures that formed 
during synrift tectonics can maintain a seabed 
expression for millions of years through dif-
ferential compaction (e.g., Færseth and Lien, 
2002) (Fig. 14). Further work using gravity and 
magnetic data is needed to investigate the role 
of inherited structures on the physiography of 
the younger basin fi ll. However, northwest-
striking rift basins that developed during the 
early Paleozoic provide one mechanism to gen-
erate a heterogeneous basement confi guration 
(e.g., Tankard et al., 2009).

CONCLUSIONS

The continuity and spatial distribution of the 
Laingsburg Karoo outcrop data set has allowed 
the depositional architecture of four succes-
sive composite sequences to be reconstructed 
from slope channel levees to basin-fl oor fans 
over a 2500 km2 area. The geographic and 
stratigraphic constraints of this unique data set 
confi rm widely employed models that predict 
that the percentage of sand will increase from 
the slope to the proximal basin fl oor, and that 
slope channels are agents of sediment bypass. 

A stacking pattern common to the Units C, D, 
and F lowstand sequence sets is basinward then 
landward stepping. This pattern could be attrib-
uted to allogenic controls, such as relative base 
level, tectonics, and/or climate, infl uencing the 
waxing then waning of sediment supply to the 
deep water. Establishing the role of autogenic 
controls on the depositional architectural of 
deep-water systems is more challenging. We 
note that external levee deposits overlie lobe 
deposits within the sand- and/or sandstone-
attached lowstand systems tracts. The deposi-
tional relief of frontal lobes can help to estab-
lish external levees (Morris et al., 2014b). An 
increase in fl ow confi nement provides a mecha-
nism to help propagate channels farther into the 
basin. Furthermore, compensational stacking 
has been demonstrated to occur at the scale of 
composite sequences. Thus at sequence through 
to composite sequence set scale, sediment dis-
persal patterns and depositional architecture 
are controlled by both the interplay between 
autogenic responses to depositional relief and 
gradient changes and allogenic modulation of 
sediment supply to the deep-water slope and 
basin fl oor.

This unique outcrop data set provides explo-
ration-scale insights and understanding into 
how different segments of a prograding slope 
evolved over time in terms of gradient, morphol-
ogy, and hence the degree to which sand was 
stored or bypassed to the basin fl oor. For the fi rst 
time, sand-detached submarine lobe complexes 
have been identifi ed in a system-scale context 
at outcrop, with CLTZs of markedly different 
stratigraphic architecture to sand-attached sys-
tems. The stratigraphic evolution of composite 
sequences from sand-attached to sand-detached 
systems is interpreted to refl ect the development 
of a stepped slope profi le. The exact mechanism 
that established the stepped profi le is not clear, 
although we suspect the role of differential sub-
sidence over inherited basement structures may 
have developed a stepped profi le and initiated 
sand bypass. Mutti and Ricci Lucchi (1975) 
advocated detachment of lobes from their asso-
ciated feeder channels as a result of sediment 
bypass; they speculated that if sediment bypass 
persisted for a considerable length of time, a 
relatively thick zone of mudrock would develop 
that separated channel mouth deposits from lobe 
deposits. In a subsurface scenario this lithologi-
cal break could act as a permeability barrier 
between sand-rich lobes and updip reservoir 
facies. Detached lobes could therefore repre-
sent updip stratigraphic traps in the subsurface. 
In refl ection seismic data sets a physical con-
nection might be imaged, although the degree 
of reservoir connectivity, and the potential for 
stratigraphic traps, might be less clear.
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