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ABSTRACT
The terrigeneous sediment budget of passive margin basins records variations in continental relief
triggered by either deformation or climate. Consequently, it becomes a major challenge to determine
sediment accumulation histories in a large number of basins found in various geodynamic contexts.
In this study, we developed a GIS-based method to determine the sediment budget at the scale of a
whole basin (from the upstream continental onlap to the most distal deepest marine deposits) and the
associated uncertainties.The volume of sediments preserved in the basin for each time interval was
estimated by interpolation between cross-sections and then corrected from in situ production and
porosity to obtain terrigeneous solidvolumes.This approachwas validated by applying it toNamibia^
South African passive margin basins for which independent data are available.We determined by a
statistical approach the variances associatedwith each parameter of the method: the geometrical
extrapolation of the section (8^43%), the uncertainties on seismic velocities for the depth conversion
(2^10%), on the absolute ages of stratigraphic horizons (0.2^12%), on the carbonate content (0.2^
46%) and on remaining porosities estimation (3^5%). Our estimates of the accumulated volumes
were validated by comparisonwith previous estimates at a lower temporal resolution in the same area.
We discussed variations in accumulation rates observed in terms of relief variations triggered by
climate and/or deformation.The high accumulation rates determined for the Lower Cretaceous,
progressively decreasing to a minimum in theMid-Cretaceous, are consistent with the progressive
relaxation of a rift-related relief.The following increase to an Upper Cretaceous maximum is
consistentwith a major relief reorganization driven either by an uplift and/or a change to more humid
climate conditions.The lower accumulation rate in the Cenozoic suggests a relief reorganization of
lesser amplitude over that period.

INTRODUCTION
Products of continental erosion are commonly preserved
in intra-continental and margin basins.The terrigeneous
sediment budget preserved within these basins records
variations in continental relief triggered by forcing factors
such as deformation (e.g. an acceleration in rock uplift cre-
ates relief to be eroded, e.g. Selby, 1985; Du¡,1993;Moore,

1999) or climate (e.g. climatic changes alter the erosivity
within the drainage area, and in doing so, a¡ect the sedi-
ment supply reaching the basin; e.g. Bonnet & Crave,
2003). As a result, over geological time scales, the interpre-
tation of sediment supply in terms of relief variations in
the drainage area is far from straightforward. In this con-
text, it is a major challenge to determine sediment accu-
mulation histories in a large number of basins in various
geodynamic contexts (both climatic and tectonic).

In order to determine these histories, the evolution of
the whole sedimentary system should be integrated from
the upstream onlap to the most distal deposits on the
oceanic crust, in the case of passive margin basins, in order
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to incorporate the distribution of sediments across the ba-
sin (Fig. 1). Indeed, evaluations based on data sets located
only within the proximal part of the basin (usually the shelf
domain) will be biased by the transit of terrigeneous sup-
ply across the shelf down to the distal basin and might
therefore signi¢cantly underestimate the accumulated
amounts. Also, accumulation histories should be evalu-
ated in areas large enough to incorporate sediment trans-
port parallel to the margin, i.e. long-shore sediment
transport.Within this perspective, the three-dimensional
(3D) sediment budget at the scale of awhole basin has been
successfully determined using di¡erent approaches com-
bining isopach maps and well constraints (e.g. Poag & Se-
von, 1989; Rust & Summer¢eld, 1990; Me¤ tivier et al., 1999;
Galloway, 2001; Clift et al., 2002a, b; Jones et al., 2002; Le-
turmy et al., 2003;Walford et al., 2005;Tinker et al., 2008b;
Rouby et al., 2009). However, very few 3D data sets are
available at the scale of a whole basin, not to mention a
whole continent, as they usually only cover a few hundred
square kilometres and are restricted to areas of economic
interest.

Our objective was thus to develop a simple approach,
that is easy to implement, in order to assess sediment ac-
cumulation histories at the basin scale using two-dimen-
sional (2D) regional sections that have already been
published for most of the basins worldwide.The major ef-
fort in this was to integrate heterogeneous data (e.g. seis-
mic section, wells, maps, etc.) showing diverse qualities,
spatial distributions and temporal resolutions. To carry
this out, we used a GIS-based technique that compiled
several 2D regional cross-sections in each studied basin.
The volume of sediments accumulated in the basin for
each time interval was estimated from the interpolation
between the cross-sections. The novel aspect of our ap-
proach is thatwe integrated thewhole domain in sedimen-
tation (i.e. from the upstream onlap to the most distal
deposits on the oceanic crust).We determined by a statis-
tical approach the variances associated with each para-
meter of the method.

Our ultimate aim was to apply this method at the scale
of a whole continent, namely Africa, for the entire Meso-
Cenozoic period.With that future perspective in mind, the
objective of this paper was to validate our approach in an
area of the African continent for which independent data
are available: i.e. the South Atlantic margin basins in Na-
mibia and South Africa, which cover an area large enough
to incorporate the redistribution of sediments both across
and along the margin.This area is also of particular inter-
est in terms of existing constraints on o¡shore accumula-
tion and onshore denudation: (i) previous works have
already quanti¢ed sedimentation rates at a very low tem-
poral resolution (i.e. a scale of tens ofMyr) using published
isopach maps (e.g. Rust & Summer¢eld, 1990; Rouby et al.,
2009) and (ii) signi¢cant work has been carried out to de-
termine the denudation history of the margin since rifting
(from ¢ssion track analysis: Gallagher & Brown, 1999a, b;
Brown et al., 2002; Raab et al., 2002, 2005; Kohn et al.,
2005;Tinker et al., 2008a).These previous works have pro-
vided us with a very detailed framework within which we
validated our multi-2D approach. Also among our pri-
mary objectives was the assessment of the associated un-
certainties, which are as important as the accumulation
values themselves.

METHODS FOR QUANTIFYING
SEDIMENT BUDGET
Methods to determine volumes of sediment accumulation
in 3D at the scale of a whole basin using subsurface data
(combining isopach maps andwell data) have already been
successfully developed. Among the pioneer works, Poag &
Sevon (1989) used a very complete subsurface data set col-
lected along theUnited States middle Atlantic continental
margin to establish isopach maps and, from this, a 3D se-
dimentary budget for time increments of a few Myr over
the Meso-Cenozoic. Liu & Galloway (1993) and Galloway
(2001) made higher resolution measurements along the
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Fig.1. Sketch of amargin sedimentary system de¢ned from the drainage divide down to the distal most deposits onto the oceanic crust,
i.e. including the areas both in erosion and sedimentation. Parameters in£uencing the transfer of sediments from one domain to another
are shown: climate and tectonics, acting on deformation, eustasy and sediment supply.
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Gulf of Mexico of the USA, that where however restricted
to the most proximal parts of the margin (platform and
delta front). A similar approach has been used for the Hi-
malaya systems (Me¤ tivier et al., 1998, 1999) and associated
basins (Me¤ tivier & Gaudemer, 1997, 1999; Clift et al.,
2002a, b; Clift, 2006), also at time increments of a few
Myr over the Cenozoic.The major limitation of this type
of approach is the scarcity of isopach data available at the
scale of the whole basin.When data are available, they are
often restricted to the proximal parts of the margin (from
the shelf to the toe of the slope).

ForAfrica, estimates ofvolumes of sediment accumula-
tion in 3Dhave been carried out along thewholeNamibia^
South Africa margin at low resolution (four time incre-
ments in the Meso-Cenozoic; Dingle & Hendey, 1984;
Rust & Summer¢eld, 1990; Rouby et al., 2009). Using pet-
roleum exploration subsurface data, Leturmy et al. (2003)
determined the 3D sediment budget of the Lower Congo
Basin at a more detailed resolution (at time increments of
a fewMyr over theMeso-Cenozoic).Yet, most of the other
estimates are restricted to the proximal part of the margin.
For example,Walford et al. (2005) and Tinker et al. (2008b)
established the 3D sediment budget of the Zambezi Delta
and southern Cape o¡shore basins respectively, at a tem-
poral resolution of a few million years. Finally, several
authors estimated sediment accumulation from 2D sec-
tions usually restricted to the shelf domain and its toe at
time increments of a few Myr over the Meso-Cenozoic

(e.g. Lavier et al., 2001). As a consequence, estimates that
detail sediment accumulation at high temporal resolution
are usually limited to small sections of basins, whereas es-
timates for entire basins usuallyhave very low temporal re-
solutions.

Accordingly, our objective was to develop and test a
method thatwould allow us to evaluate sediment accumu-
lation histories at the basin scale and integrate the whole
domain in sedimentation (from the upstream onlap down
to the most distal deposits). The method must be easy to
implement in every type of basin (passive margin, intra-
continental, etc.). We developed an approach method
based on 2D regional sections available in most basins
worldwide as well as a statistical approach to estimate as-
sociated uncertainties.

PRINCIPLE OF THE METHOD
The procedure remained the same regardless of the tem-
poral resolution, which will depend on the data available
for each basin.We ¢rst measured the total volume of accu-
mulated sediments for each time interval by interpolation
between cross-sections (Fig. 2). These were established
from the extrapolation of published cross-sections that
were usually limited to the most proximal part of the mar-
gin. The cross-sections were compiled to represent the
variability of the stratigraphic architecture of the basin,

oceanic crust onlap

section 1

section 2

section 3

projected section

projected section !t

!t

!t

V

initial sections 

Fig. 2. Principle of themethod.During the time intervalDt, the volume of sedimentsVDt in the basin for each time interval is estimated
by an interpolation between the cross-sections.The cross-sections are compiled to represent the variability of the stratigraphic
architecture of the basin, and therefore are not necessarily regularly spaced (e.g. sampling of the main deltas and basement highs).They
cover the whole sedimentary wedge from the onshore onlap down to the most distal deposits over the oceanic crust.

r 2011The Authors
Basin Researchr 2011Blackwell Publishing Ltd, European Association of Geoscientists & Engineers and International Association of Sedimentologists 3

Quantification and causes of the terrigeneous sediment budget at the scale of a continentalmargin



and thus were not necessarily regularly spaced (e.g., sam-
pling of the main deltas and basement highs). The cross-
sections were integrated into a GIS database to allow for
the harmonization of the geographical projections and
quanti¢cation of the geometric dimensions. For each time
interval for each section, the mean deposited thickness
and rate of depositionwere estimated.Then the area of de-
position was determined by an interpolation between the
cross-sections.The product of the mean deposited thick-
ness and area of deposition gave the volume accumulated
in the basin for each time interval.

This volume included the particulate supply resulting
from mechanical erosion regardless of its transport mode
(wind/£ood) as well as the in situ production (e.g. carbo-
nates, volcano-clastics, volcanics). This also included the
porosity remaining after the sediments underwent partial
compaction since their deposition (older accumulationvo-
lumes and rate are less biased by porosity than the younger
ones). In order to use these volumes in terms of a ‘source to
sink’ analysis, i.e. to discuss the variations of continental
relief producing the sediments reaching the basin, both
the in situ production and remaining porosity must be esti-
mated and the total volumes corrected in order to obtain
terrigeneous solid volumes. The latter may then be com-

pared to rock volumes eroded on the continent (e.g. esti-
mated by thermochronology). However, these volumes do
not include the dissolved part of the erosion, which also
contributes to the continental denudation (chemical
weathering).

GEOLOGICAL SETTINGS
The studied area included the basins of the Namibian/
South African passive margin located between the Walvis
Ridge and Falkland^Aghulas fracture zone, i.e. theWalvis,
Luderitz and Orange Basins (Fig. 3). For the sake of sim-
plicity, we will refer to both the Luderitz and Orange Ba-
sins as ‘Orange Basin’ for the remainder of this work.The
basins of this margin are ¢lled by a thick sedimentary
wedge showing two main depocentres (i.e. the Walvis and
Orange basins), locally reaching 8 km in thickness and
thinning out seaward over 800^1000 km (Figs 3 and 4a).

Syn-rift evolution

The onset of the rift that led to the formation of this mar-
gin, as well as the exact geometry and extent of the syn-rift
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Fig. 3. Location of the studied area and data used to constrain the geometry of the sedimentary wedge.The topography and
bathymetry are shown in the shaded grey scale (source Etopo2).The contour lines of the o¡shore total sedimentary thickness (after
Exxon, 1985) are shown in white.The location of the cross- sections built for this example, the initial cross- sections and some of the
sections available in the literature are shown as dashed red lines, a thickblack line and a dashedwhite line, respectively (after Emery etal.,
1975;Maslanyj et al., 1992; Brown etal., 1995; Deschamps et al., in press).The location of theODP/DSDPwells (Bolli et al., 1978;Moore et
al.,1984;Wefer etal.,1998) is shown aswhite dots and explorationwells as black dots (McMillan,1990, 2003;Wickens&McLachlan,1990;
Brown etal., 1995; Bray etal., 1998;Holtar &Forsberg, 2000).The coverage of thermochronology data is shown in the yellow-shaded area
(after Gallagher & Brown, 1999a, b).
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sequences, are not yet fully constrained. It is generally ac-
knowledged, by analogy with the Gamtoos and Algoa Ba-
sins where it is well dated (McMillan, 1990; Paton et al.,
2008), that the rifting occurred during the late Upper Jur-

assic (i.e. about 155Myr) and then propagated northward
from the Falkland^Aghulas fracture zone to the Walvis
Ridge (see the review in Jackson et al., 2000 for example).
However, along the Namibian margin, Light et al. (1993)
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proposed that the rifting actually occurred in two epi-
sodes: one ending in the Valanginian (136Myr) and an-
other ending in the Hauterivian (140Myr). Alternatively,
rift structures predating the Late Jurassic^Early Cretac-
eous Atlantic rift have been described in the same area
(most likely of Karoo age i.e. Permo-Triassic; Clemson et
al., 1997, 1999; Aizawa et al., 2000; Corner et al., 2002).

The rift basins (Fig. 4a) are ¢lled by siliciclastic, £uvial
and deltaic series (e.g. Gerrard & Smith, 1982; Light et al.,
1993; Van der Spuy, 2003; Hirsch et al., 2010). In addition,
the margin is characterized by signi¢cant volcanic activity
during the rifting (e.g. Gladczenko et al., 1997, 1998; Bauer
et al., 2000; Corner et al., 2002; Fernandez et al., 2010). Evi-
dence of seaward dipping re£ectors (SDR: sub-aerial vol-
canic £ow emplaced during rifting; Fig. 4a) and well data
indicate that the syn-rift geometries along both theNami-
bian and South African margins also include signi¢cant,
but unknown, amounts ofvolcanic andvolcano-clastic de-
posits (e.g. Gerrard&Smith,1982; Light etal., 1993;Gladc-
zenko et al., 1998; Bauer et al., 2000; Jackson et al., 2000;
Mohriak et al., 2002; Van Der Spuy, 2003; Hirsch et al.,
2010).

Post-rift evolution

In contrast, the drift onset is fairly well constrained.The
age of the break-up is generally acknowledged to have oc-
curred at the end of the Hauterivian in the Orange Basin
(about 130Myr; e.g. Brown et al., 1995, based on biostrati-
graphic data from McMillan, 2003) and assumed to be of
the same age in the Walvis Basin (Gerrard & Smith, 1982;
Maslanyj et al., 1992; Light et al., 1993).The post-rift sedi-
mentary sequence (Fig. 4a) is a thick wedge, mostly silici-
clastic, of open marine environment (e.g.Dingle etal.,1983;
Brown etal., 1995). It has aggraded (and slightly prograded)
over most of the Cretaceous (130^65Myr) and shifted sea-
ward during a period of time from the latest Cretaceous to
the early Cenozoic (65Myr^present; e.g. Dingle etal., 1983;
Light etal.,1993; Brown etal.,1995; Stevenson&McMillan,
2004; Paton et al., 2008).

Evolution of the Namibia^South Africa
margin relief

The domain in erosion currently feeding the Namibia^
South Africa passive margin is the western rim of the
southern African plateau.The present day drainage shows
three domains (Fig. 3): (i) a low relief and a high average
elevation plateau (41000m) bounded by (ii) high relief
zones (i.e. steep escarpment faces) separating it from the
coastline and (iii) a low relief and low elevation coastal
plains. It is generally acknowledged that the large catch-
ment of the Orange River, covering most of South Africa,
has been acquired during the Upper Cretaceous (Proto-
Orange; e.g. De Wit et al., 2000; Goudie, 2005) or even in
the late Early Cretaceous (mid-Albian; Stevenson &
McMillan, 2004).

On the other hand, the origin and age of the southern
African plateau are highly debated. The very long wave-

length of the anomaly (! 1000 km) suggests a deep origin
(Nyblade&Robinson,1994), potentially related to amantle
anomaly that has been characterized by seismic tomogra-
phy below the current position of southern Africa (e.g. Ni
etal., 1999; Ritsema etal., 1999; Gurnis etal., 2000;Nyblade
et al., 2000; Ritsema & Van Heijst, 2000; Ni et al., 2002). A
wide range of hypotheses have been proposed for the age
of the uplift: for example, over the Mesozoic (Pysklywec
& Mitrovica, 1999; van der Beek et al., 2002; Nyblade &
Sleep, 2003); in the Jurassic at the time of the emplace-
ment of theKaroo volcanics (Cox,1989); in the lateCretac-
eous (Gallagher & Brown, 1999a, b; deWit, 2007;Tinker et
al., 2008a, b); or in the late Cenozoic ( "30Myr, Burke,
1996; Burke &Gunnell, 2008; "3Myr, Partridge &Maud,
1987). Palaeotopographic reconstructions based on cool-
ing histories (Gallagher & Brown, 1999b) suggest that
the Namibia^South Africa margin has displayed a fairly
important relief (reaching at least 2 km) since at least
100Myr.

DATASETAND INITIALCROSS-SECTIONS
Principle

The ¢rst step of the methodwas to compile the data avail-
able for the studied basin in the literature (e.g. cross-sec-
tions, DSDP/ODP/IODP reports, published wells, etc.)
in order to establish coherence among them in terms of
the (i) horizontal andvertical scale, (ii) chronostratigraphic
subdivisions and (iii) lithology.

(i) As already pointed out, published cross-sections are
usually limited to the shallowest part of the basin (shelf
and proximal slope). Initial cross-sections were chosen
among them to represent the variability of the geome-
try of the basin.Depending on the data available, we at-
tempted to sample the main depocentres and basement
highs; sections are typically a few hundred kilometres
apart and not necessarily evenly spaced. When pub-
lished cross-sections were available only in two-way
travel time rather than in depth, we performed a depth
conversion using seismic velocities provided either by
the authors or, most commonly, in publications for the
same basin or area.We usually assumed a homogeneous
velocity between the seismicmarkers andwe tested sev-
eral velocity models in order to estimate the associated
uncertainties. Initial cross-sections were then brought
into a GIS database in order to harmonize the geome-
trical dimensions.

(ii) The stratigraphic resolution of the initial cross-sec-
tions also de¢nes the stratigraphic resolution of the
extrapolated sections and, in doing so, the temporal
resolution of the sediment accumulation measure-
ments. In a ¢rst step, we re-evaluated the stratigraphic
age of every stratigraphic surface and sediment wedge
using data thatwas published afterwards.We then cali-
brated these re-evaluated stratigraphic ages in abso-
lute ages using the ICS (2004) stratigraphic chart.We
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took into account uncertainties associated with these
absolute ages and quanti¢ed the variance of our results
associatedwith it.

(iii) For each time interval, we estimated a mean lithology
(percentages of sand, shale and carbonate). Again, the
lithological description of the initial cross-sections
will de¢ne the resolution of the lithological informa-
tion for the extrapolated section. Most commonly,
only local well data and synthetic lithostratigraphic
charts for the whole basin are available.These estima-
tions were later used to correct from the carbonate
content and from the remaining porosity to ¢nally
obtain a terrigeneous solid accumulated volume.

Application to the Namibia^South
Africamargin

Five initial cross-sections were chosen for the Namibia^
South Africa margin: two in the Walvis Basin, and three
inOrange Basin (Figs 3 and 4;Table1).We depth converted
three of the sections available only in two-way travel time
(Tables 1 and 2; details in ‘Uncertainties in seismic veloci-
ties’). Available well data were mostly located on the shelf,
at its toe, and on the shallowWalvisRidge,whereas the dis-
tal plain was only sampled at the southern tip of the Or-
ange Basin (Table 1).

The extensive exploration of the Orange^Walvis Basin
has allowed for a very good stratigraphic description of
the Cretaceous formations (e.g. seismic stratigraphy:
Brown etal.,1995 based on the biostratigraphy of foramini-
fera provided byMcMillan, 2003). For theWalvis Basin, no
biostratigraphic data have been published.Thus, we used
the stratigraphic ages provided byAizawa etal. (2000), with
the exception of the seismic lines published byEmery etal.
(1975), for which we re-evaluated the age of the strati-
graphic surfaces [see details in ‘Extrapolation of section 2
(Walvis Basin)’]. Every time line was then recalibrated to
the ICS (2004) stratigraphic chart.

The resulting stratigraphic resolutions of the initial
cross-sections are therefore variable (Fig. 4): it is poorly
calibrated for the syn-rift (see ‘Syn-rift evolution’), yetwell
determined for the Cretaceous (the resolution falls within
the range of the stratigraphic stage i.e. a few Myrs).
Furthermore, the Cenozoic is represented by a single
time-interval because of the lack of intra-Cenozoic dating
available in the literature. Also, the boundaries of the time
intervals vary from one section to another.

EXTRAPOLATED CROSS-SECTIONS
ANDASSOCIATED UNCERTAINTIES
Principle

As currently published cross-sections are usually re-
stricted to the most proximal part of the margin (i.e. the
shelf and its toe), the second step of our methodwas to ex-
trapolate the initial sections over the entire sedimentary

wedge (from the upstream onlap down to the most distal
deposits over the oceanic crust; Fig. 5) using available geo-
logical data: (i) low resolution isopach maps, (ii) academic
seismic surveys, (iii) DSDP/ODP/IODP and exploration
wells and (iv) the age of the oceanic crust, in order to con-
strain the distal geometry of the sedimentary wedge at
each time interval.This extrapolation step was also based
on basic stratigraphic concepts of the architecture of sedi-
mentary systems: the shelf and slope behaviour (prograd-
ing, aggrading or retrograding trend)was used to constrain
the geometry of the deep-sea wedge (volumetric parti-
tioning implies condensation in the distal parts during
retrogradation and deep-sea fans during forced regres-
sion).This allowed us to restrict the extrapolation to only
stratigraphically consistent hypotheses.

We then attributed a con¢dence value (probability in
percent) to each extrapolation hypothesis based on the
knowledge of the margin geology (e.g. structure, defor-
mation history, main eustatic events).The preferred sce-
nario is merely the most probable scenario in terms of
sequence stratigraphic concepts, which should not be
used without associated uncertainties. Figure 5 illus-
trates this procedure using a theoretical example. In ex-
trapolation 1 (Fig. 5c), the sedimentary wedge deposited
during time interval Dt1 onlaps the oceanic crust (maxi-
mum extent of the sedimentarywedge scenario). In extra-
polation 2, it downlaps older deposits at the toe of the
slope (minimum extent scenario). Extrapolation 3 illus-
trates a case involving the erosion of the wedge after it
was deposited during the time interval Dt3. In this case,
the initial geometry of the wedge is reconstructed to esti-
mate the actual deposited geometry (Fig. 5d). Other
sources of uncertainties are discussed below (‘Resolution
and source of uncertainties’).

Extrapolation of section 2 (Walvis Basin)

The extrapolation procedure for section 2 is detailed in
Figs 6 and 7. The initial cross-section 2 (Fig. 4c; Table 1)
has been modi¢ed using available data (i.e. Maslanyj et al.,
1992; Light et al., 1993; Clemson et al., 1999; Holtar & Fors-
berg, 2000) andwell data (ODP leg175 sites1082^1084 that
do not reach sediments older than the lateMiocene;Table
1; Wefer et al., 1998). In the Walvis Basin, the main uncer-
tainty is the geometry and age of the syn-rift deposits
(especially at the base), as well as the ability to discriminate
them from theKaroo (Triassic) rift sediments.We thus as-
sumed a lateUpper Jurassic age for the syn-rift deposits by
analogy with the Orange Basin. Based on well data (e.g.
Holtar & Forsberg, 2000), we assumed an Albian age for
the thin wedge at the base of the Albian-Turonian, which
is only preserved on the shelf (Fig. 6e). Five main strati-
graphic units have been de¢ned accordingly on the initial
section (see details in Fig. 6b).

To extrapolate shelf and slope geometries toward the
abyssal plain, we used the framework of the total thickness
ofMeso-Cenozoic sediments mapped by Emery &Uchu-
pi (1984; Fig. 6d) as well as the seismic line from Emery
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etal. (1975) imaging the whole sedimentary wedge (Fig. 6c).
We, however, re-evaluated the ages proposed by these
authors for discontinuities AII and D (base Cenozoic and
base Neogene, respectively) using data from wells that are
now available (Gerrard & Smith, 1982; Light et al., 1993;

Brown et al., 1995; Aizawa et al., 2000; Paton et al., 2007,
2008).On this section,more recent data (Gerrard&Smith,
1982; Light etal.,1993; Brown etal.,1995; Aizawa etal., 2000;
Paton et al., 2007, 2008) suggest that the D discontinuity
corresponds to theCenozoic base (65Myr) andAII discon-

Table1. Data set compiled for the Orange^Walvis Basin

Data type Label on Fig. 3 Location Maximum age Source

Sections
Initial dip sections Initial Section1 Shelf Lower Cretaceous Aizawa et al. (2000)

Initial Section 2 TWTseismic section
Initial Section 3 (depth conversion using Emery et al., 1975)
Initial Section 4 Shelf Lower Cretaceous Brown et al. (1995), Paton et al., (2007)
Initial Section 5 Brown et al. (1995)

Other dip sections Section E1 Shelf Lower Cretaceous Emery &Uchupi (1984)
Section E2
Section E3
Section E4
Section E5

Other strike sections Section S1 Shelf Lower Cretaceous Maslanyj et al. (1992)
Section S2 Brown et al. (1995)

Wells
Exploration well B1 Shelf Lower Cretaceous Brown et al. (1995)

B13
B15
B16
B21
Kudu McMillan (1990)
2010/13-12 Bray et al. (1998)
1911/15-1 Holtar & Forsberg (2000)

ODP Leg175 1081 Deep sea plain UpperMiocene^Pliocene Wefer et al. (1998)
1082
1083
1084
1085
1086
1087

DSDP Leg 40 360 Distal plain Cenozoic Bolli et al. (1978)
361 Lower Cretaceous
362 Shallow ridge Cenozoic Bolli et al. (1978)
363 Lower Cretaceous

DSDP Leg 74 524 Shallow ridge Uppermost Cretaceous Moore et al. (1984)
532 Shelf UpperMiocene^Pliocene Moore et al. (1984)

Table 2. Seismic velocities (after Emery et al., 1975) used for the depth conversion of the initial sections1^3 (see Fig. 4)

Seismic velocity (m s#1)

Interval Section1 Section 2 Section 3 Uncertainties (%)

Proximal Distal Proximal Distal

Water 1500 1500 1500 1500 1500 ^
Cenozoic 1600 2000 1600 2200 1700 7
Cretaceous 2100 2600 1900 3000 2400 10
Syn-rift1SDRs 3600 3500 3500 3700 3600 13
Basement 5400 5400 5400 5400 5400 ^

SDR, seaward dipping re£ectors.
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tinuity to a major discontinuity, either of late Upper Cre-
taceous age (base Coniacian ^ 89Myr) or Lower Cretac-
eous age (base Barremian ^ 130Myr). Four seismic units
have been accordingly de¢ned (see details in Fig. 6c).

We tested four extrapolation hypotheses for section 2 to
evaluate uncertainties related to both (i) the geometry of
the sedimentary wedge in the distal part of the basin and
(ii) the age attributed to unconstrained stratigraphic mar-
kers (Fig. 7). The total sediment thickness (Emery &
Uchupi,1984; Fig. 6d) shows a signi¢cant thickening below
the present-day slope which is in good agreementwith the
thickening of the syn-rift on the initial cross-section pub-
lished byAizawa etal. (2000), although located slightly sea-
ward.Therefore, in our extrapolations of section 2 (Fig.7e),
syn-rift deposits are signi¢cantly thicker than initially
suggested byAizawa et al. (2000; Fig. 4c).This is more con-
sistent with the thick syn-rift wedge shown by sections 1
and 3 (Fig. 4b and d). Also, crustal scale seismic data avail-
able along the Namibian Margin show seaward-dipping
re£ectors more than 500 km o¡ the present day coastline
(e.g. Gladczenko et al., 1997, 1998; Bauer et al., 2000; Corner
et al., 2002; Fernandez et al., 2010;Fig. 4a). Consequently, in
hypotheses 2a and 2b (Fig. 7), we assumed the occurrence
of syn-rift sediments 300 km o¡ the present-day coastline.
However, we de¢ned the geometry of these potential distal
syn-rift deposits based the total thickness isopach (i.e.
pinching seaward; Fig. 6d), which is thinner than the one
shown in the crustal scale sections (i.e. thickening seaward;
Fig. 4a; e.g. Gladczenko etal., 1997,1998). Also, discontinuity
AII is assumed to be Barremian in age (early drift ^
130Myr) in hypotheses 2a and 2b and early Upper Cretac-

eous (base Coniacian ^ 89Myr) in hypotheses 2c and 2d.
Finally, seismic data provided by Corner et al. (2002) sug-
gest clinoform geometries on the shelf during the Turo-
nian. Consequently, in hypotheses 2a and 2c, the distal
part of the progradational unit is draping seaward,whereas
in hypotheses 2b and 2d, it downlaps at the toe of the shelf.
We attributed a probability to each extrapolation hypoth-
esis (2a: 45%; 2b: 35%; 2c: 5%; 2d: 15%; Fig. 7).

Geometry of the sedimentary wedge of the
Namibia^South Africamargin

The compilation of the extrapolated sections provides a
new description of the stratigraphic architecture of the
whole Meso-Cenozoic sedimentary wedge at the scale of
the Namibia - South Africa margin. Although Fig. 8 illus-
trates only the favoured extrapolation hypotheses of the
¢ve extrapolated sections, the following description is
nonetheless relevant for all extrapolation hypotheses.
Also, as the geometry of syn-rift deposits is not well con-
strained, it is not detailed here.

The whole wedge shows a ¢rst-order stratigraphic evo-
lution consistent along-strike the margin, with however
signi¢cant spatial variability in terms of preserved thick-
nesses.The Aptian toTuronian sedimentary wedge is thin
and progressively restricted to the shelfwith an overall ret-
rograding trend. It is signi¢cantly dilated in the centre of
the Orange Basin (south of the present day Orange River
mouth; section 4 on Fig. 8).The Upper Cretaceous wedge
forms the ¢rst major progradational unit of the margin
with a main depocentre located at the toe of the shelf and

hypothesis 2

hypothesis 2hypothesis 1 hypothesis 3

hypothesis 1 hypothesis 3

probability P2probability P1 probability P3

EXTRAPOLATION FRAMEWORK  
data used:
- bathymetry
- isopach maps
- age of oceanic crust
- DSDP/ODP/IODP
- subsurface data

ODP

?

INITIAL CROSS SECTION(a)

(c)

(d)

(b)

Fig. 5. Extrapolation method for the initial cross- sections andmeasurement of the mean deposited thickness for each time interval. (a)
The initial cross-section is (b) extrapolated across the whole sedimentary wedge using all available data (e.g. bathymetry, ODPwells,
total isopach maps, subsurface data, etc.; see text for details). (c) For each initial section, several hypotheses are establishedwithin this
extrapolation framework; three, in this case. See text for details. (d) For each hypothesis and time intervalDti, the mean deposition
length li and deposited section areaAi are measured.The mean deposited thickness hi is then deduced as hi5Ai/li.
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south of the present day Orange River mouth (section 4 on
Fig. 8).The Cenozoic wedge, which also forms a prograd-
ing unit, follows it. It is however thinner than the
Upper Cretaceous one and is di¡erent in that it shows
depocentres in the northern and southern parts of the
basin (sections1, 2 and 5 on Fig. 8).

MEAN DEPOSITED THICKNESS FOR
EACH TIME INTERVAL
The following step was used to determine the mean
deposited thickness for each time interval Dt along
each extrapolated cross-section (and for each hypothesis).
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To do this, we measured the length of each sedimentary
wedge (li in Fig. 5d). For the sake of simplicity, this curvi-
linear length along the depositional pro¢le was approxi-
mated by its horizontal component, assuming that
the slope of the sedimentary systems at that scale is negli-
gible (e.g. a depositional pro¢le reaches a maximum of a
thousand metres high for a length of several hundreds of
kilometres). We then measured the section area of the
deposited wedge (Ai in Fig. 5d) and deduced the mean
deposited thickness hi (hi5Ai/li). The di¡erence bet-
ween the various extrapolation hypotheses gave the
uncertainty on the mean deposited thickness related to
extrapolation and the age of unconstrained stratigraphic
markers.

We onlydetail the results for section 2 (Table 3). For each
extrapolation hypothesis, we show accumulation rates
(mean deposited thickness hi vs. time; Fig. 7c). Irrespective
of the hypothesis, the accumulation rates decreased
during the Lower Cretaceous (until the Albian, about
100Myr), increased signi¢cantly in the lower Upper
Cretaceous (with a peak in the Turonian, about 90Myr)
and decreased again in the late Upper Cretaceous and
Cenozoic. The variability among the hypotheses lies
mostly in the intensity of the Upper Cretaceous peak
(ranging between 40 and115mMyr#1).

Figure 9 shows the 2D accumulation rates determined
for the ¢ve extrapolated sections. As pointed out earlier,
the time increments vary from one section to another at
this stage of the procedure: two to four increments for the
Lower Cretaceous, one to three for the Upper Cretaceous
and one step for the Cenozoic. Accumulation rates along
the margin show a similar trend (Fig. 9; Table 4): they de-
creased during the Lower Cretaceous, increased signi¢ -
cantly in the lower Upper Cretaceous and decreased
again in the late Upper Cretaceous and Cenozoic. The
variability between the hypotheses lies in the initial
syn-rift sedimentation rate (ranging between 40 and
115mMyr#1) and in the intensity of theUpperCretaceous
peak (ranging from about 20 to 115mMyr#1). Neverthe-
less, the northern domain (sections1^3) shows much lower
accumulation rates during the post-rift Cretaceous than
the southern domain (sections 4 and 5).This is associated
with both the thick Lower Cretaceous and Cenomanian
wedges preserved on the platform and the following
Upper Cretaceous thick prograding wedges (sections 4
and 5; Fig. 8).

DEPOSITION AREA FOR EACH TIME
INTERVAL
In order to convert these 2D accumulation rates into vo-
lumes, we ¢rst needed to map the horizontal area upon
which deposition occurred (deposition area DDt ; Fig. 10)
for each time intervalDt for all sections.Themaximum ex-
tent of the deposited wedge for each cross-section was
therefore mapped by its projection onto a horizontal
plane. It was then interpolated linearly between the sec-
tions (and projected from the edge sections onto the limits
of the studied area; Fig. 10).This de¢ned a polygon of de-
position whose area can be measured (light grey area in
Fig. 10).The di¡erence in area between the various extra-
polation hypotheses gives the uncertainty on the deposi-
tion area (dark grey area in Fig.10).

Figure11andTable 5 show the temporal evolution of the
mean deposition area (and associated uncertainties). The
areas vary from about 0.2! 1012m2 in the Albo-Cenoma-
nian (106.8^93.5Myr) to over 1.8! 1012m2 for the Ceno-
zoic basin extension (65.5^0Myr): the size of the
deposition basin actually increased signi¢cantly in the
Campanian (about 80Myr ago; Fig.11b and c).

ACCUMULATED VOLUME FOR EACH
TIME INTERVAL
At this stage, we estimated the volume of sediment accu-
mulated during each time interval Dt, assuming a linear
interpolation of the deposited thicknesses between the
cross-sections (Fig. 12). To do this, the deposition area
was subdivided into elementary polygons bounded by the
cross-sections. The volume of sediments deposited in
each polygon (Vi) was determined from its area (Di) and
the interpolated deposited thickness between the bound-
ing cross-sections. The total volume of sediment depos-
ited for the time interval VDt is the sum of these
elementary volumes.

These raw volumes were then corrected from in situ
production (carbonates and volcanics) and from
remaining porosity to reach solid terrigeneous volumes.
We also evaluated the correction related to post-deposi-
tional sediment redistribution and to the long-shore
transport.

Fig. 6. Extrapolation framework for section 2. (a) Location of the initial (thick black line) and extrapolated (dashed lines) sections and age
of the oceanic £oor (afterUNESCO etal., 1990). (b) Initial section modi¢ed after Aizawa etal. (2000). Above theKaroo rift deposits (Early
toMiddleTriassic age;Clemson etal.,1999), there are ¢ve main stratigraphic units: (1) a syn-rift in¢ll ending at the end of theHauterivian
(130Myr), (2) a thin draping Barremian-Aptian unit (130^112Myr), (3) a retrograding-progradingAlbian-Turonian unit (112^89Myr), (4)
a progradingConiacian-Maastrichtian unit (89^65Ma) and (5) a stratigraphically undi¡erentiated progradingCenozoic unit (65^0Myr).
(c) Line drawing of the seismic re£exion section E1 [modi¢ed after Emery et al., 1975, see location in (a)]. It shows four units: (1) a lower
unit, bounded on top by an angular unconformity of unknown age, (2) a thickening seawardunit, bounded on top by theAII discontinuity,
(3) a continuous unit, showing evidence of mound-like structures, possibly corresponding to turbidity lobes and/or large slumps,
bounded on top by theDdiscontinuity and (4) a progradational unitwith dowlaps in the early phase of growing.The relationship between
units 2 and 4 and the shelf is not shown on the section. (d) Total sedimentary wedge thickness after Emery &Uchupi (1984) showing a
signi¢cant thickening below the present-day slope. (e) Extrapolation hypothesis b for section 2 (see Fig. 7).

r 2011The Authors
Basin Researchr 2011Blackwell Publishing Ltd, European Association of Geoscientists & Engineers and International Association of Sedimentologists 11

Quantification and causes of the terrigeneous sediment budget at the scale of a continentalmargin



600 400 200

600 400 200

600 400 200
0

8

6

4

2

0

8

6

4

2

de
pt

h 
(k

m
)

de
pt

h 
(k

m
)

de
pt

h 
(k

m
)

0

8

6

4

2

de
pt

h 
(k

m
)

0

8

6

4

2

600 400 200

Al

Ba-Ap

Ba-Ap

Ba-Ap

Syn-rift
+SDR

Syn-rift
+SDR

Syn-rift
+SDR

Co-Ma

Ba-Ap

Co-Ma

Co-Ma

Co-Ma

Syn-rift
+SDR

Ce

Ce

Ce

Ce

Al

Tu

Tu

Tu

Tu

Al

Al

Lower Cretaceous

Upper Jurassic       

area covered by
the initial section

Upper Jurassic - Lower Cretaceous       

Upper Cretaceous

Maastrichian (Ma)

Campanian (Ca)

Santonian (Sa)

Coniacian (Co)

Turonian (Tu)

Cenomanian (Ce)
Albian (Al)

Aptian (Ap)

Barremian (Ba)

Hauterivian (Ha)

Valanginian (Va)

Berriasian (Be)

Cenozoic

2

0°10°E20°E

20°S

30°S

40°S

10°W 20°W

Lower Cretaceous
Upper Cretaceous

Pliocene
Miocene
Oligocene
Eocene
Paleocene

W
al

vi
s 

Ri
dg

e

Falkland/Agulhas Fracture

(c)(b)(a)
rates

extrapolated sectionsLocation and oceanic crust age sedimentation

Section 2a

Section 2b

Section 2d

Section 2c

probability 45% (favored)

probability 35%

probability 15%

probability 5%

? ?

? ?

? ?

? ?

m/Myr

m/Myr

m/Myr

0 100

0 100

0 100
m/Myr

0 100

0 Ma

50

100

150

65.5

89.3
93.5

112

130

C
en

oz
oi

c
C

re
ta

ce
ou

s

Be
VaHa
Ba
Ap

Al
Ce

Tu
CoSa

Ca
Ma

0 Ma

50

100

150

65.5

89.3
93.5

112

130

C
en

oz
oi

c
C

re
ta

ce
ou

s

Be
VaHa
Ba
Ap

Al
Ce

Tu
CoSa

Ca
Ma

0 Ma

50

100

150

65.5

89.3
93.5

112

130

C
en

oz
oi

c
C

re
ta

ce
ou

s

Be
VaHa
Ba
Ap

Al
Ce

Tu
CoSa

Ca
Ma

0 Ma

50

100

150

65.5

89.3
93.5

112

130

C
en

oz
oi

c
C

re
ta

ce
ou

s

Be
VaHa
Ba
Ap

Al
Ce

Tu
CoSa

Ca
Ma

Fig.7. Detailed results for section 2. (a) Location of the initial (thick black line) and extrapolated (dashed lines) sections and age of the
oceanic £oor (after UNESCO et al., 1990). (b) Four extrapolation hypotheses are established for section 2 and probabilities associated.
The area covered by the initial section is shaded on each section. (c) Rates of accumulation for each section and time increment (mean
deposited thickness hi vs. time). SeeTable 3 for values. SDR, seaward dipping re£ectors.

r 2011The Authors
Basin Researchr 2011Blackwell Publishing Ltd, European Association of Geoscientists & Engineers and International Association of Sedimentologists12

F. Guillocheauet al.



Fi
g.
8.

Ex
tr
ap
ol
at
ed

cr
os
s-
se
ct
io
ns

es
ta
bl
is
he
d
fo
rt
he

O
ra
ng
eB

as
in
(d
as
he
d
lin

es
)f
ro
m
th
e
in
iti
al
pu

bl
is
he
d
se
ct
io
ns

(th
ic
k
bl
ac
k
lin

es
)a
nd

th
ei
rl
oc
at
io
n.
T
he

ag
e
of
th
e
oc
ea
ni
c
£o

or
is
af
te
r

U
N
ES

C
O
et
al
.(
19
90
).T

he
ar
ea

co
ve
re
d
by

th
e
in
iti
al
se
ct
io
ns

is
sh
ad
ed

on
ea
ch

se
ct
io
n.
O
nl
y
th
e
fa
vo
ur
ed

hy
po

th
es
is
fo
re
ac
h
se
ct
io
n
is
sh
ow

n.
SD

R
,s
ea
w
ar
d
di
pp

in
g
re
£e
ct
or
s.

r 2011The Authors
Basin Researchr 2011Blackwell Publishing Ltd, European Association of Geoscientists & Engineers and International Association of Sedimentologists 13

Quantification and causes of the terrigeneous sediment budget at the scale of a continentalmargin



Corrections for non-terrigeneous contribution
Correction for volcano-clastics and volcanics

In the Orange andWalvis Basins, only the syn-rift geome-
tries include signi¢cant amounts of volcanics and volca-
noclastics (e.g. Gerrard & Smith, 1982; Light et al., 1993;
Van der Spuy, 2003; Hirsch et al., 2010). As the volume of

this volcanic contribution is unknown, we were not able
to correct them.

Correction for carbonates

The post-rift sedimentary sequence of the Namibia^
South Africa margin is predominantly siliciclastics
from an open marine environment ranging from shelf to
deep-sea plain (e.g. Dingle et al., 1983; Brown et al., 1995).
Nevertheless, evidence of carbonates has been documen-
ted for the Middle Cretaceous and Cenozoic on the
shelf (e.g. Brown et al., 1995; Bray et al., 1998; Holtar &
Forsberg, 2000; Hirsch et al., 2010), along the shallow
Walvis Ridge (ODP leg 40 sites 362 and 363; Bolli et al.,
1978), as well as in the distal deposits located o¡shore
the Cape peninsula (in hemipelagites: Bolli et al., 1978;
Melguen, 1978; DSDP leg 40 sites 360 and 361). We
compiled CaCO3 content for available wells (Fig. 13) and
estimated amean carbonate content for each time interval,
using end-member values (the minimum and maximum
content encountered in the wells for each time interval;
see values in Fig. 13). The estimated CaCO3 content
ranges between 20% and 40% for the Albian wedge and
between 20% and 70% for the whole of the Cenozoic
(Fig.13).

Table 3. 2D accumulation rates (mean deposited thickness hi vs.
time in mMyr#1) for the extrapolation hypotheses (a^d) of sec-
tion 2 (see Fig. 7)

Section 2

Extrapolation hypothesis

Time interval Myr 2a 2b 2c 2d

Cenozoic 0^65.5 6 6 12 6
Coniacian-Maastrichian 65.5^89.3 41 25 28 21
Turonian 89.3^93.5 43 113 45 99
Cenomanian 93.5^99.6 15 14 15 14
Albian 99.6^112 11 13 13 12
Barremian-Aptian 112^130 35 34 34 40
Syn-rift1SDRs 130^150.8 109 109 109 109

SDR, seaward dipping re£ectors.
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Corrections for the remaining porosity

In the case of the Orange^Walvis basin, no porosity data
were available in the literature.The procedure to estimate
the remaining porosity, is based on the standard exponen-
tial porosity^depth law (see Allen & Allen, 1990 for a re-
view of these laws), detailed in Appendix 1. With this
procedure, we estimated the remaining porosities for each
time increment for each section and used them to reach
solid accumulated volumes and rates.

Because, in practice, detailed lithologies are too variable
to be adequately described at the basin scale (when they are
known at all, it is usually not beyond the platform), we

assumed a constant sand/shale ratio within each time in-
terval. We then tested a wide range of sand/shale ratio
values (ranging from pure sand to pure clay) and estimated
the in£uence of this sand/shale ratio in the estimation of
the accumulated volumes.

Correction for post-depositional
sediment redistribution

Post-depositional redistribution of sediments by erosion
or deformation will not alter the total volume of sediment
measured because sediment eroded for a given time
interval will be included in a later time interval. It might

Table4. 2D accumulation rates (mean deposited thickness hi vs. time) and associated variance for sections1^5 (see Fig.9)

Time interval (Myr) Rate (mMyr#1) s (mMyr#1)

Section1
Cenozoic 0^65.5 4 $ 2
Coniacian-Maastrichtian 65.5^89.3 17 $ 14
Albian-Turonian 89.3^112 11 $ 2
Aptian 112^125 13 $ 15
Syn-rift1SDRs-Barremian 125^150.8 38 $ 6

Section 2
Cenozoic 0^65.5 4 $ 2
Coniacian-Maastrichtian 65.5^89.3 32 $ 18
Turonian 89.3^93.5 78 $ 75
Cenomanian 93.5^99.6 15 $ 4
Albian 99.6^112 9 $ 2
Barremian-Aptian 112^130 35 $ 8
Syn-rift1SDRs 130^150.8 110 $ 29

Section 3
Cenozoic 0^65.5 2 $ 1
Coniacian-Maastrichtian 65.5^89.3 18 $ 6
Turonian 89.3^93.5 22 $ 18
Cenomanian 93.5^99.6 17 $ 5
Albian 99.6^112 6 $ 1
Barremian-Aptian 112^130 14 $ 17
Syn-rift1SDRs 130^150.8 48 $ 18

Section 4
Cenozoic 0^65.5 2 $ 1
Upper Campanian-Maastrichtian 65.5^81.7 59 $ 8
Turonian-Lower Campanian 81.7^93.5 100 $ 15
Cenomanian 93.5^99.6 75 $ 16
Middle Upper Albian 99.6^106.8 55 $ 13
Upper Aptian-Lower Albian 106.8^122.4 54 $ 6
Barremian-Lower Aptian 122.4^130 96 $ 63
Syn-rift1SDRs 130^150.8 116 $ 32

Section 5
Cenozoic 0^65.5 3 $ 1
Upper Campanian-Maastrichtian 65.5^81.7 28 $ 5
Santonian-Lower Campanian 81.7^85.8 114 $ 33
Turonian-Coniacian 85.8^93.5 67 $ 14
Cenomanian 93.5^99.6 55 $ 15
Middle Upper Albian 99.6^106.8 30 $ 8
Upper Aptian-Lower Albian 106.8^122.4 23 $ 3
Barremian-Lower Aptian 122.4^130 79 $ 45
Syn-rift1SDRs 130^150.8 74 $ 18

SDR, seaward dipping re£ectors.
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however modify the incremental volumes (volumes eroded
for a given time interval are included in a later one). Our
method potentially allows for a correction from this
post-depositional erosion (for example, see hypothesis
3 in Fig. 5) by reconstructing the geometry of the depos-
ited wedge before its subsequent erosion for each time
interval. On the other hand, the e¡ects of sediment redis-
tribution by deformation such as listric faults are
neglected because they are below the resolution of the
method (kilometric listric fault induce redistribution at
the kilometric scale).

In the case of the Namibia^South Africa margin, two
major unconformities associated with erosion have been
documented on the platform (e.g. Brown et al., 1995;
Clemson et al., 1997; Aizawa et al., 2000; Stevenson &
McMillan, 2004; Paton et al., 2007, 2008): a major one
(associated with a tilting of the margin) at the end of the
Cretaceous and another during the Cenozoic. The
Cenozoic event will not alter our results since erosion and

re-sedimentation occurred within a single time incre-
ment; we will therefore only discuss the late Cretaceous
erosion event. The age of the sediments a¡ected by this
late Cretaceous erosion varies along the margin from
the whole post-rift sequence (e.g. Brown et al., 1995;
Stevenson & McMillan, 2004; section 4 in Fig. 4) to only
the Upper Cretaceous sequence (e.g. Brown et al., 1995;
Clemson et al., 1997; Aizawa et al., 2000; Paton et al.,
2007, 2008; sections 3 and 5 in Fig. 4). The age of the
unconformity is documented on the Kudu well as
uppermost Cretaceous (68^67Myr) to lowermost Palaeo-
cene (57^53Myr; McMillan, 1990). Paton et al. (2007,
2008) and Hirsch et al. (2010) estimated the associated
erosion on the platform in the southern part of the
OrangeBasin at about 300m.As a consequence, preserved
volumes slightly underestimate the Cretaceous denuda-
tion (which has been a¡ected by erosion) and slightly
overestimate the Cenozoic one (which has have been
a¡ected by resedimentation).
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Fig.10. Principle of mapping the deposition area for each time intervalDt (light grey area).The extent of the depositedwedge is mapped
along each section (only section1 is detailed here) and interpolated from one section to another.The variability associatedwith the
extrapolation step (dark grey area) is estimated from the di¡erence between the di¡erent extrapolation hypotheses established for each
section.
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Assuming a maximum con¢guration scenario in which
the late Cretaceous event resulted in a 300m erosion
throughout the platform, which was about 100 km wide at
the time, this corresponds to a section area of about
30 km2. For a basin about 1000 km wide, this corresponds
to a mean eroded thickness of 30m.For an area of the basin
about1.8 ! 1012m2 in theUppermost Cretaceous (Table 5;
Fig. 11), this results in an eroded volume of about
5.4 ! 1013m3, i.e. a maximum of 15% of the Cenozoic
volume and o2% of the post-rift Cretaceous volume.
Because the age of the sediment a¡ected by this erosion

varies a lot spatially and because the total eroded amount
is rather limited and restricted to the platform,we chose to
not reconstruct the geometry of the deposited wedge be-
fore its subsequent erosion for every time interval. Instead,
we included the corrections estimated above into our
uncertainty estimation.

Correction for long-shore transport

Long-shore sediment transport related to oceanic circula-
tion may either increase or reduce the volume of sediment

maximum (current) sedimentation area
sedimentation area

(a) (b) (c) (d)

(f)(f)(f)
(e)

(g) (h)

Fig.11. Deposition area for the10 time increments used to calculate the deposited volumes.The present day extent of the basin is
shown as a grey line and the location of the extrapolated section as black lines. SeeTable 5 for values.

Table5. Deposition areas and associated variance of the10 time increments (see Fig.11)

Time interval (Myr) Deposition area ( ! 1012m2) s

Cenozoic 0^65.5 1.859 $ 0.033
Upper Campanian-Maastrichian 65.5^81.7 1.836 $ 0.006
Coniacian-Lower Campanian 81.7^89.3 1.200 $ 0.023
Turonian 89.3^93.5 0.710 $ 0.268
Cenomanian 93.5^99.6 0.244 $ 0.083
Upper Albian 99.6^106.8 0.230 $ 0.053
Lower Albian 106.8^112 0.215 $ 0.052
Aptian 112^125 0.555 $ 0.072
Barremian 125^130 0.780 $ 0.140
Syn-rift1SDRs 130^150.8 0.533 $ 0.119

SDR, seaward dipping re£ectors.
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accumulated in the study area.To address this, we de¢ned
a study area large enough to include long-shore sediment
transport from the Walvis Ridge to the Aghulas Fracture
Zone (Fig. 3). However, this does not account for north-
ward sediment transport over theWalvis Ridge associated
with the Benguela current (e.g. Siesser, 1980; Tucholke &
Embley, 1984; Berger et al., 2002; Uenzelmann-Neben
et al., 2007) or over the Aghulas fracture zone (Uenzel-
mann-Neben et al., 2007). The volumes of sediments
transported by these currents are unknown; however, they
initiated during the Cenozoic (e.g. Siesser, 1980; Tucholke
& Embley, 1984; Berger et al., 2002; Uenzelmann-Neben

et al., 2007) and will only a¡ect the evaluation for this
period.

Accumulated volumes and rates along the
Namibia^South Africamargin

Since the boundaries of the time intervals vary from one
section to another, we homogenized the temporal resolu-
tion of the measurements by recalculating the deposited
thickness and sedimentation rates for the shortest com-
mon time interval.We obtained a ¢nal temporal resolution
of one time increment for theCenozoic, four for theUpper
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Fig.12. Volume of sediment deposited for time intervalDt.The deposition area is subdivided into elementary polygons bounded by the
cross-sections.The volume of deposited sediments for each polygon (Vi) is determined from its area (Di) and the interpolated deposition
thickness between cross-sections hi%hi%1

2 .The total volume of sediment deposited for the time interval is the sum of these elementary
volumesV5SVi.

Fig.13. CaCO3 content for wells available in the literature (see location in Fig. 3). After DSDP/ODP reports (Wefer et al., 1998; Bolli
et al., 1978;Moore et al., 1984) for legs DSDP 40 (360, 361, 362, 363), DSDP 74 (524, 532) and178 (1081, 1082, 1084, 1085, 1087),Wickens &
McLachlan (1990) andMcMillan (1990, 2003) forKudu9Awell, Bray etal. (1998) for well 2112/13-1andHoltar &Forsberg (2000) for well
1911/15-1. Bold ¢gures indicate the CaCO3 content estimates for the considered time intervals (grey intervals).
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Cretaceous and ¢ve for the Lower Cretaceous (Tables 6
and 7). Figure 14 shows the volume of terrigeneous solid
sediment accumulated in the basin and accumulation
rates.We also estimated the associated variance related to
(i) the extrapolation step, (ii) the spatial variability of seis-
mic velocities for the depth conversion, (iii) the uncer-
tainty on the absolute ages of stratigraphic horizons (see
Table 6), (iv) the uncertainties in the estimation of the car-
bonate content and (v) the sand/shale ratio for the remain-
ing porosity estimation. These uncertainties and their
evaluation procedure are detailed below (‘Resolution and
source of uncertainties’).

The volumes of sediments preserved in the basin de-
creased (from about 10 ! 1014 to 0.2! 1014m3) between
the syn-rift and the lower Albian (between 150.8 and
106.8Ma), then increased to reach a major peak (of about
11.5! 1014m3) in the Campano-Maastrichian (between
81.7 and 65.5Ma) and ¢nally decreased again (to about
3.5 ! 1014m3) in the Cenozoic (65.5^0Myr). In terms of
accumulation rates, the behaviour is similar: they de-
creased from about 4.8 ! 1013m3Myr#1 at 150.8Ma to
0.4 ! 1013m3Myr#1 at 106.8Ma, and then increased to a
maximum rate of about 7.2! 1013m3Myr#1 at 89.3 fol-

lowed by a decrease below 0.5 ! 1013m3Myr#1during the
Cenozoic.

RESOLUTION AND SOURCE OF
UNCERTAINTIES
To assess the uncertainties related to the various steps of
our method, we used a statistical approach.We generated
normal distributions of 100 000 samples combining the
variability of each parameter (seismic velocity, shale to
sand ratio, carbonate content and age of stratigraphic hor-
izons). For the extrapolation step, each hypothesis was gi-
ven a weight (probability), which was used to select one
interpretation per line for each sample of the distribution.
These distributions were in turn used to compute prob-
ability density functions (PDF) of the sedimentary vo-
lumes and sedimentation rates. These PDFs for each
time interval are shown in Fig.15. Although some of them
deviate from a Poisson’s distribution, we used them to
compute a mean and standard deviation for the sedimen-
tary volumes and sedimentation rates.These standard de-
viations were in turn used to compute 95% con¢dence
intervals used to produce the error estimates shown in
Fig.14.

Uncertainties in the extrapolation step

To assess the in£uence of the extrapolation step, we sys-
tematically tested several extrapolation hypotheses (see
‘Principle’) to evaluate uncertainties related to the geome-
try of the sedimentary wedge in the distal part of the basin
(see the example of section 2 in Fig. 7). In the case study,
the associated variance ranges from 8% to 43% of the
accumulated volumes of sediments and rates.

Uncertainties in seismic velocities

We depth converted the three sections that were available
only in two-way travel time (sections 1^3; after Aizawa
et al., 2000).We assumed a homogeneous velocity within
three time-intervals (i.e. syn-rift, Cretaceous and Ceno-
zoic, Fig. 4) and for sections 2 and 3, we also used di¡erent

Table6. Age of the stratigraphic horizons and associated uncer-
tainties used for the accumulation rates and volumes calculation
(after ICS, 2004)

Time line5 boundary Age (Myr) Uncertainty (Myr)

Maastrichtian/Cenozoic 65.5 $ 0.3
Lower/Upper Campanian 81.7 $ 0.7
Coniacian/Santonian 85.8 $ 0.7
Turonian-Conacian 89.3 $ 1
Cenomanian-Turonian 93.5 $ 0.8
Albian-Cenomanian 99.6 $ 0.9
Lower/Upper Albian 106.8 $ 1
Aptian/Lower Albian 112 $ 1
Lower/Midle Aptian 124.4 $ 1
Barremian/Aptian 125 $ 1
Hauterivian/Barremian 130 $ 2
Syn-rift1SDRs 150.8 $ 4

SDR, seaward dipping re£ectors.

Table7. Accumulated solid volumes, rates and associated variance (see Fig.14)

Time interval (Myr) Volume (1014m3) s Rate (1013m3Myr#1) s

Cenozoic 0^65.5 3.531 $ 1.657 0.539 $ 0.253
Upper Campanian-Maastrichian 65.5^81.7 11.523 $ 1.570 7.113 $ 0.969
Coniacian-Lower Campanian 81.7^89.3 5.534 $ 0.823 7.281 $ 1.082
Turonian 89.3^93.5 2.206 $ 0.897 5.253 $ 2.137
Cenomanian 93.5^99.6 0.520 $ 0.150 0.853 $ 0.246
Upper Albian 99.6^106.8 0.421 $ 0.094 0.584 $ 0.130
Lower Albian 106.8^112 0.249 $ 0.049 0.479 $ 0.095
Aptian 112^125 3.179 $ 0.902 2.446 $ 0.694
Barremian 125^130 2.361 $ 1.111 4.721 $ 2.222
Syn-rift1SDRs 130^150.8 10.064 $ 2.535 4.839 $ 1.219

SDR, seaward dipping re£ectors; Up., upper, Low., lower.
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values for the shelf and distal domains (Table 2).We then
estimated the spatial variability of the interval seismic ve-
locities: about $ 10% (from $ 7% in the Cenozoic to
$ 13% in the Lower Cretaceous) according to Emery et al.
(1975).The associated variance ranges from 2% to 10% of
the accumulated volumes of sediments and rates.

Uncertainties in the stratigraphic horizon
absolute ages

We used the uncertainties on absolute ages of stratigraphic
horizons given by ICS (2004; seeTable 6). In the case study,
the associated variance ranges from 0.2% to 12% of the
accumulated volumes of sediments and rates.

Uncertainties in the correction for carbonates

We estimated CaCO3 content ranges between 20% and
40% for the Albian wedge and between 20% and 70% for
thewhole of theCenozoic (Fig.13).The associatedvariance
ranges from 0.2% to 12% of the Albian and is 46% of the
Cenozoic.

Uncertainties in the corrections for the
remaining porosity

We assumed a constant sand/shale ratio within each time
interval and tested the distribution of sand/shale ratios
between pure clay and pure sand end members.The asso-
ciated variance ranges from 3% to 5% of the accumulated
volumes of sediments and rates.

DISCUSSION
Validation of themethod: comparisonwith
previous results

Rust & Summer¢eld (1990) and Rouby et al. (2009) pre-
viously estimated the solid volumes of sediments accumu-
lated along the Namibian-South African margin using
isopach maps available in the literature (e.g. Emery et al.,
1975; Dingle et al., 1983).Their approach allows volumes to
be estimatedwithout an extrapolation step, assuming that
these published isopach maps (Emery et al., 1975; Dingle
et al., 1983) are accurate. However, these basin scale maps
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were available for only four intervals over the studied
130Myr period. The resulting determination of volumes
was therefore at a much lower temporal resolution than
our 2Dapproach for theCretaceous interval.Also,we used
independent source of seismic data (i.e. Brown et al., 1995;
Aizawa et al., 2000; Fig. 4) and compiled numerous other
sources either seismic (e.g. Emery et al., 1975), biostrati-
graphic (e.g. McMillan, 1990, 2003; Stevenson & McMil-
lan, 2004) or well-data (e.g. Bolli et al., 1978; Melguen.
1978; Bray et al., 1998; Holtar & Forsberg, 2000). Although,
their procedure for correcting in situ sedimentation and re-
maining porosity are similar to ours, Rust & Summer¢eld
(1990) and Rouby et al. (2009) did not however perform a
detailed uncertainty analysis of their results like ours. Fi-
nally, they did not correct the accumulated volumes from
carbonate content. These previous works provided us
nonetheless with a low temporal resolution reference to
discuss the reliability of our method. To compare our
results, we recalculated them for similar time increments
(i.e. Lower and Upper Cretaceous and Cenozoic time
steps; Fig.16).

Because the data sets are di¡erent in each estimations
[correlation of 2D cross-section in this study; isopach
maps from Dingle et al. (1983) in Fig. 16b; isopach maps
from Emery et al. (1975) in Fig. 16c; a combination of both
in Fig. 16d], we do not expect a perfect ¢t. Furthermore,

the volumes deduced by Rouby et al. (2009) from data pro-
vided byEmery etal. (1975) are associatedwith large uncer-
tainties due to the depth conversion of the initial isopach
maps (Fig. 16c). Despite these limitations, our results at a
degraded resolution fall within the same order of magni-
tude as the ones estimated in these previous works (about
1014m3). Within the associated uncertainties, the values
for the Lower Cretaceous (including the syn-rift deposits)
and Cenozoic are compatible.The major di¡erence lies in
theUpperCretaceous volume,which is much larger in our
results than in the cases ofvolumes deduced byRouby etal.
(2009) from Dingle et al. (1983) or by after and Rust &
Summer¢eld (1990) from Dingle et al. (1983) and Emery
et al. (1975).

Interestingly, our results are also in good agreement
with the volumes of sediments preserved along the south-
ern margin of South Africa determined by Tinker et al.
(2008b). Their approach is based on detailed subsurface
data (isopach maps and wells) in the proximal part of the
southern Cape Basins, with similar corrections for re-
maining porosity and temporal resolution (four time in-
crements for the Cretaceous, one for the Cenozoic).
These two domains are similar in terms of geodynamic
evolution (extensional basins with a domain in erosion lo-
cated on the southern African plateau and its rims). Vo-
lumes determined in the southern Cape basins are within
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the same magnitude range (between 0.3! 1014 and
0.9 ! 1014m3) as the one determined in our study (between
0.2! 1014 and 11.5! 1014m3), although they are slightly
lower.This is to be expected since the southern Cape ba-
sins are slightly smaller than the Walvis-Orange Basin
and the volumes determined there only include proximal
parts of the margin. The trends in volumes of sediment
accumulated and rate determined for both margins are
alsovery consistent: a decrease in the lower Cretaceous,
a peak (about 1014m3) in the Upper Cretaceous and a
decrease in the Cenozoic.

Our estimates of the accumulated volume are thus
in good agreement with previous studies for the same
area either at a lower temporal resolution (Rust &
Summer¢eld,1990; Rouby etal., 2009) or at similar resolu-
tion for an adjacent basin along the southern margin of
Africa (Tinker et al., 2008b). The timing of the erosion

event at the end of the Cretaceous is also consistent
with cooling histories established either in the drainage
areas of the margin (Gallagher & Brown, 1999a, b; see
location on Fig. 3) or along the southern African margin
(Tinker et al., 2008a) that both determined a large denu-
dation event at the end of the Cretaceous to model the
cooling ages.

Some insights into the possible causes of the
evolution of the siliclastic budget of the
Namibian and South Africanmargins

Beyond the validation of our approach on a well-con-
strained case study, our results provide an estimation of
solid terrigeneous sediment accumulation at the basin
scale at a better resolution for the Cretaceous interval than
previously published data sets for the Namibia^South
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Africa margin. They show that sediment accumulation
rates vary signi¢cantly through time, both in terms of
volumes and sedimentation rates (Fig. 14). These can be
described in four periods: two of high siliciclastic accu-
mulation during the (1) Hauterivian-Aptian (136^
112Myr) and (3)Turonian-Maastrichian (93^65Myr) alter-
nating with two lows during the (2) Albian-Cenomanian
(112^93Myr) and (4) Cenozoic (65^0Ma).Variations in se-
diment accumulation rates are related to either relief var-
iations in the drainage area or reorganization of the
drainage system (capture). In this case, the latter has never
been documented, therefore accumulation are more prob-
ably related to relief variations that are triggered either by
deformation (rockuplift variations in the drainage areas) or
climate (long term precipitation change altering erosivity
in the drainage area; e.g. Bonnet & Crave, 2003). Below,
we provide a brief analysis of the possible causes of relief
variation along the Namibia^South Africa margin.

(1) During the syn-rift (150^130Myr), signi¢cant volumes
of sediments were preserved (over 10 ! 1014m3

and 5 ! 1013m3Myr#1). The supply then decreased
during the Aptian (about 4! 1014m3 and
3 ! 1013m3Myr#1). Since the drift onset took place
at the end of theHauterivian, the reliefvariations caus-
ing this important sedimentary supply can safely be
attributed to the erosion of some rift-related relief
(without constraints onwhether or not they have actu-
ally been expressed in the topography). Furthermore,
the decrease in terrigeneous sediment supply toward
the basin during the subsequent 10^20Myr is the ex-
pected behaviour for the relaxation of this rift-related
relief.

(2) The Lower Albian corresponds to the absolute mini-
mum of sediment accumulation since 150Myr (lower
than 0.25! 1014m3 and 0.6 ! 1013m3Myr#1) and
marks the end of the decrease in the sediment accu-
mulation described above.This is consistent with the
development of a carbonate platform in the Walvis
Basin (Fig. 13; e.g. Holtar & Forsberg, 2000). It is also
coeval with signi¢cant retrogradation of the shelf
(Brown et al., 1995; Paton et al., 2008; see the Albian
wedge on the shelf in Fig. 8). This retrogradation is
consistent with a very low sedimentary supply, lower
than the thermal and £exural subsidence of the post-
rift margin 30Myr after the drift onset (break-up
unconformity), resulting in the retrogradation of the
shelf.The horizontal amplitude of this retrogradation
is also consistentwith the absence of important reliefs
near the coastline at the time. Also, no signi¢cant cli-
mate change has been documented in the Lower Al-
bian in southern Africa (e.g. Chumakov et al., 1995).
These observations suggest that the low sedimenta-
tion rates of the Albian can be attributed to the com-
plete erosion of the rift-related relief (or scarp retreat)
starving the basin. The accumulation then slightly
increased twofold during theUpper Albian andCeno-
manian (ca. 0.5 ! 1014m3 and 0.8 ! 1013m3Myr#1).

(3) The accumulation increased further, at ¢rst slowly
during theTuronian, Coniacian and Santonian (93.5^
85.8Myr), and then rapidly to form the major peak of
theCampano-Maastrichian (about11! 1014m3, about
7 ! 1013m3Myr#1).This maximum in both accumu-
lated volumes and rates, well exceeding Lower Cretac-
eous values, implies a signi¢cant relief reorganization
more than 50Myr after the rifting event. It is coeval
with the tilting and uplift event documented on the
platform at the end of the Cretaceous (e.g. Brown
etal., 1995; Clemson etal., 1997; Aizawa etal., 2000; Ste-
venson & McMillan, 2004; Paton et al., 2007, 2008;
Hirsch et al., 2010).This major peak in sedimentation
rate has also been documented along the southern
margin of the South African plateau (Tinker et al.,
2008b). It is coeval with important denudations, docu-
mented by thermochronology, along both the western
and southern margins (Gallagher & Brown, 1999a, b;
Brown et al., 2002; Raab et al., 2002, 2005;Tinker et al.,
2008a). This relief reorganization therefore a¡ected
both margins of the southern African plateau and re-
sulted in an increase of siliciclastic accumulation in
the Uppermost Cretaceous (93.5^65.5Myr) and asso-
ciated denudation along the western and southern
margins.
It could be caused by both a major change in the rock
uplift rate in the drainage basins feeding these basins
(potentially associated with an uplift of the South Afri-
can plateau) or an evolution toward wetter conditions at
that time.These causes are not mutually exclusive. Sev-
eral authors have suggested an uplift of the southern
African plateau in the late Cretaceous (Gallagher &
Brown, 1999a, b; de Wit, 2007; Tinker et al., 2008a, b).
However, this is highly debated (e.g. Partridge &Maud,
1987; Burke, 1996; Burke & Gunnell, 2008). From a cli-
matic point of view, Chumakov et al. (1995) suggested a
change from hot arid conditions in the Cenomanian
(100^93Myr) to warmer and more humid ones in the
Santono-Maastrichitian (85^65.5Myr). This is con-
¢rmed by palynologic analyses of Upper Cretaceous
kimberlite pipeswhich indicate slightlywarmer andwet-
ter conditions (e.g. Scholtz, 1985; Smith, 1986; Rayner
et al., 1991).

(4) For the Cenozoic period, the total deposited volume is
about 5 ! 1014m3 (for a mean deposition rate of
roughly 1013 km3Myr#1), i.e. much lower than the late
Cretaceous andwithin the same order of magnitude as
during the Aptian and Albian (between 125 and
100Myr). This low siliciclastic accumulation rate is
consistent with the development of carbonate sedi-
mentation at the time (Fig. 14; e.g. Dingle et al., 1983;
Holtar & Forsberg, 2000). A similar reduced sedimen-
tation rate has also been recorded along the southern
margin of the plateau at the same time (Tinker et al.,
2008b).
This decrease suggests limited relief reorganization
during the Cenozoic, compared with the reorganiza-
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tion that occurred in the late Cretaceous. It can be re-
lated to a low amount of relief creation (limited rock
uplift) or to aridity in the drainage areas limiting the
erosivity, and in doing so, limiting relief variations.
Again, these two e¡ects are not mutually exclusive.
Evidence of uplift is documented on the platform do-
main margin during the Cenozoic (e.g. Brown et al.,
1995; Clemson et al., 1997; Aizawa et al., 2000; Steven-
son &McMillan, 2004; Paton et al., 2007, 2008; Hirsch
et al., 2010). However, the exact timing is not well con-
strained: Paton etal. (2008) andHirsch etal. (2010) sug-
gested a Burdigalian-Langhian age (16^14Myr),
whereasMcmillan (1990) documented Burdigalian se-
diments above the unconformity in the Kudu well. In
addition, an aridi¢cation has been documented along
the Namibia Margin during the Middle Miocene (de-
velopment of large aeolian deposits; e.g. Pickford etal.,
1996; Se¤ galen et al., 2002, 2004; Senut et al., 2009).
However, our data are not detailed enough to further
discuss the causes of this accumulation decrease.

CONCLUSIONS
We developed and tested a simple approach to quantify
terrigeneous solid volumes accumulated in sedimentary
basins and the associated uncertainties, taking into ac-
count the whole sedimentary basin from the onshore con-
tinental onlap down to the most distal deepest marine
deposits (over the oceanic crust in the case of passive mar-
gins).The volume of sediments was estimated from the in-
terpolation of a series of cross-sections established from
the extrapolation of published cross-sections, usually lim-
ited to the most proximal part of the margin. For each time
interval of each section, the mean deposited thickness and
the area of deposition were measured, and from this, the
accumulated volume was calculated. We ¢rst measured
the total volume of accumulated sediments, then esti-
mated the in situ production (e.g. carbonates, volcano-clas-
tics, volcanics) and remaining porosity in order to correct
the accumulated volumes.

Using this approach, we quanti¢ed the sediment accu-
mulation history volume along the Namibia^South Africa
margin based on ¢ve cross-sections.

(i) We determined by a statistical approach the variances
associatedwith each parameter of the method: the geo-
metrical extrapolation of the section (8^43%), the un-
certainties on seismic velocities for the depth
conversion (2^10%), on the absolute ages of strati-
graphic horizons (0.2^12%), on the carbonate content
(0.2^46%) and on remaining porosities estimation (3^
5%). Our estimates of the accumulated volumes were
validated by comparison with previous estimates at a
lower temporal resolution in the same area.

(ii) From this, we ¢rst obtained a description meso-ceno-
zoic sedimentary wedge at the Orange-Walvis Basin
showing a ¢rst-order evolution that was consistent

along the margin (retrograding Lower Cretaceous,
progradingUpper Cretaceous andCenozoic) with sig-
ni¢cant spatial variability in terms of preserved thick-
nesses.

(iii) We documented a major increase of the area of de-
position during the Upper Cretaceous (10 ! about
80Myr ago) aswell as signi¢cantly larger 2D sedimen-
tation rates in the southern part of the basin (Orange
Basin).

(iv) The solid volumes accumulated along the Namibian^
SouthAfrican marginvary signi¢cantly through time,
both in terms of volumes and sedimentation
rates. They show four periods: two periods of high
siliciclastic accumulation during the Hauterivian-
Aptian (136^112Myr) and Turonian-Maastrichian
(93^65Myr), which could be attributed to relief reor-
ganization triggered by climate and/or deformation.
They alternate with two periods of low accumulation
during the Albian-Cenomanian (112^93Myr) and
Cenozoic (65^0Ma), which could be related to a
period without signi¢cant relief or moderate relief
reorganization.

From a methodological perspective, to further discuss the
balance between denudation on the continent and sedi-
mentation in the adjacent basins, the chemical component
of the denudation evaluation should be integrated. Since
this contribution is not recorded in the siliclastic supply
of basins, the part of the relief dynamics related to chemi-
cal erosion is neglected in our approach. One approach to
resolve this issue would be to examine the mineralogy and
chemistry of terrigeneous minerals in the basin sediments
and possibly in situ alteration products.
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APPENDIX 1: REMAINING POROSITY
CORRECTION
Terrigeneous volumes and rates are corrected for the
remaining porosity. To estimate this, we used the
standard exponential porosity-depth law described by
Sclater & Christie (1980) for sediments in the North
Sea Basin. This assumes porosity (f) is reduced under
hydrostatic conditions (with no cementation, overburial
or erosion), and porosity is an exponential function of
depth, z, i.e.
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f&z' ( f0e
#cz

wheref0 and c are lithology-dependent parameters.
The solid grain volume,Vs, is given as

V s ( &1# !f'VT

where VT is the total observed volume and !f is average
porosity between depths z1 and z2 given as

!f ( &1=&z2 # z1''
Z z2

z1
f&z'dz

For the exponential porosity-depth dependence, we
have

!f ( &f0=c'&e#cz1 # e#cz2'=&z2 # z1'
In the case of the Orange basin, no porosity data are

available in the literature.We used the porosity law of Scla-
ter & Christie (1980; Table 8). Although this law has been
de¢ned for the North Sea area, its speci¢city actually re-
sides in the carbonate component (chalk) that we do not
use here. Pure lithologies in sand and clay of Sclater &
Christie (1980) porosity laws do cover lithologies esti-
mated in the Orange Basin (sand/shale ratio).
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