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Abstract 

Numerical modelling indicates that the erosion of uplifted rift flanks at passive margins has a profound effect on offshore 
stratigraphic patterns. Flexural uplift, due to isostatic rebound in response to erosion, extends far into the basin and causes 
uplift of the shelf. As a result, the contemporaneously deposited sedimentary wedge displays a characteristic offlap pattern. 
When the rift shoulder is largely eroded, onlap-promoting mechanisms related to cooling of the lithosphere enable sediments 
to onlap onto the basin margin. The initial offlapping and subsequent onlapping strata form one complete second-order 
depositional sequence comprising a shelf-margin-, transgressive-and highstand-systems tract. The modelling inferences are 
in broad agreement with strata1 patterns and basin geometries observed on the U.S. east coast, the southeastern Brazilian and 
southeastern Australian passive margins and the Transantarctic Mountains-Ross Sea Shelf system. The initial offlaps caused 
by erosion of rift shoulders have important implications for the deriviation of eustatic signals from coastal onlap patterns. 

1. Introduction 

Uplifted flanks are a common feature of young 
rifts. The rift flank morphology is typically asym- 
metric and consists of a steep slope facing the rifted 
basin and a gentle slope extending in a landward 
direction away from the 2-3 km high flank summit. 
Modem examples include the Gulf of Suez, the 
northern Red Sea, the Transantarctic Mountains and 
the East African Rift systems [l-3]. Apatite fission 
track studies have revealed that large amounts (3-4 
km) of basement rocks have been eroded from the 
present-day coastal plains of the South African [4-61, 
South American [7], U.S. east coast [8,9] and south- 
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eastern Australian [ 10,111 passive margins, providing 
evidence for uplift and erosion of rift flanks at these 
margins [3]. At present, the passive margins of South 
America, South Africa and southeastern Australia are 
associated with an erosional escarpment located about 
100 km landward of the shoreline. 

Continuous coastal onlap is commonly regarded 
to be a general feature of rifted basins and passive 
margins and is intrinsically caused by tectonic subsi- 
dence. Punctuations in the long-term onlap pattern 
are explained by eustatic sea-level changes and tec- 
tonically induced on-and offlap events [12-141. 
Based on evidence from the Gippsland Basin and the 
U.S. east coast passive margin, Watts et al. [15] 
showed that long-term, large-scale stratigraphic on- 
lap onto basin margins is consistent with the results 
of an elastic flexure model in response to sedimen- 
tary and lithospheric loads. They concluded that an 
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Fig. 1. Long-term continuous onlap in an elastic model of basin 

evolution (after [15]). Increasing thermal and sedimentary loads, 

as well as the thermally controlled increase in flexural rigidity, 

cause a widening of the basin with time and, therefore, strati- 

graphic onlap. 

increase in flexural rigidity induced by cooling and 
the increase in loads with time, due to the weight of 
the sediments and contraction of the lithosphere, can 
explain the widening of a passive margin basin and 
associated continuous coastal onlap patterns (see Fig. 
1). White and McKenzie [16] invoked differential 
stretching of crust and mantle to explain post-rift 
stratigraphic onlap at basin margins. In this model, 
the mantle part of the lithosphere is extended by the 
same total amount as the crustal part, but spread over 
a wider area. This results in post-rift thermal subsi- 
dence occurring at the flanks of the basin and, as a 
consequence, stratigraphic onlap. However, large- 
scale stratal patterns of various passive margins do 
not exhibit continuous coastal onlap, as demonstrated 

by, for example, Beaumont et al. [17], Galloway [14] 
and Watts [18]. 

The results of Watts et al. [15] were largely 
influenced by simplified assumptions regarding the 
distribution of basin fill-in their model the basin is 
always filled up to sea level. The observed prograda- 
tional nature of many basin fills modifies the flexural 
deformation of the basin. Prograding sedimentary 
wedges have the highest sedimentation rates on the 
slope. Flexure due to the concentrated sediment load- 
ing at the slope results in enhanced subsidence at the 
slope and uplift in a landward direction. The uplift is 
located at the margin or the shelf, depending on the 
width of the prograding wedge and the flexural 
rigidity of the underlying lithosphere. If uplift takes 
place at the landward edge of the sedimentary wedge, 
a coastal offlap pattern will be formed [14,18] (Fig. 
2). In their analyses, Watts et al. El51 also excluded 
the effect of rift shoulder uplifts. The steep onlap 
surface induced by an uplifted rift shoulder inhibits 
long-term large-scale stratigraphic onlap. Further- 
more, erosion of a rift shoulder induces flexural 
uplift potentially extending far into the offshore basin, 
causing uplift of the shelf area and leading to strati- 
graphic offlap. As will be shown, numerical mod- 
elling of the effect of erosion of rift shoulders on 
offshore stratigraphy demonstrates that up to 20 km 
of offlap can be produced by this mechanism. When 
the rift shoulder is largely eroded, onlap-promoting 
mechanisms (related to cooling of the lithosphere 

landward 
+ 

seaward 

Fig. 2. A prograding sedimentary wedge causes a continuous basinward shift of the instantaneous sedimentary load. The flexural response to 
the load causes uplift in a landward position, leading to erosional truncation. tie to the basinward shift of the load, the bulge and shoreline 

also migrate basinward. Aw = flexural uplift ( +) and subsidence ( - ) pattern due to progradation. 
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and loading by sediments) enable sediments to onlap 
onto the basin margin. Together, the initial offlap- 
ping and subsequent onlapping strata form one com- 
plete second-order depositional sequence. 

The effect of rift shoulder uplift and erosion on 
offshore stratigraphy has not been investigated thor- 
oughly yet. Only increases in offshore sedimentation 
rates have been attributed to an acceleration of flank 
erosion [4,5,19] or the breakthrough of the marginal 
upwarp by major interior river systems (e.g., the 
Orange and Zambezi Rivers in southern Africa) 
[4,20]. Our approach integrates a model for basin 
evolution with modelling of rift shoulder erosion and 
offshore sedimentation in the nearby extensional 
basin, thus treating the rift shoulder and extensional 
basin as one coupled system. 

Below, we discuss examples of large-scale strata1 
patterns and former rift shoulder uplifts on the U.S. 
east coast, the southeastern Brazilian and southeast- 
em Australian margins, and the Transantarctic 
Mountains-Ross Sea Shelf system. We subsequently 
demonstrate that part of the large-scale strata1 pattern 
can be explained by flexural rebound in response to 
rift shoulder erosion. 

2. Examples of passive margins 

2.1. U.S. east coast margin 

The passive margin of the U.S. east coast origi- 
nates from Middle Triassic to Middle Jurassic rifting. 
As shown in Fig. 3a, the margin displays a character- 
istic morphology with, passing landward, a deep (13 
km) elongate basin and a shallow (500 m), wide (200 
km) coastal plain bordered by a 200 m Piedmont and 
the Appalachian mountain range [9,22,23]. Half- 
grabens filled with Triassic and Early Jurassic sedi- 
ments are also located onshore, in the coastal plain 
area (Fig. 3a). The offshore basin fill consists of 
Triassic elastics, Jurassic evaporite, shale, chalk and 
platform margin carbonates and a mainly deltaic 
elastic succession ranging from Cretaceous to Recent 
in age [23]. The Jurassic sequences are largely aggra- 
dational and show offlap. The landward lap-out posi- 
tion extends about 20 km from the hinge zone (Fig. 
3a). Cretaceous sediments demonstrate considerable 
coastal onlap and cover the coastal plain area. Paleo- 

gene chalks are deposited over a large part of the 
shelf. The Miocene to Recent elastic sediments are 
grouped in a number of depositional sequences, dis- 
playing an overall offlap pattern [24]. This pattern 
was interpreted by Watts [18] to be the result of 
coastal flexural uplift due to basinward sedimentary 
loading. This is consistent with a petrographic corre- 
lation of river terraces and coastal plain and basinal 
deposits, showing that the coastal plain area has 
continuously tilted basinward since the Early 
Miocene [22]. 

Apatite and zircon fission track data from the 
Newark Basin (an Early Mesozoic halfgraben lo- 
cated close the coastal plain) show evidence for a 
hydrological system perturbing the temperature field, 
which requires a paleorelief of l-l.5 km located 
about 250 km landward of the hinge zone [9]. Fur- 
thermore, the apatite fission track ages demonstrate 
that flank erosion ended in the Late Jurassic (N 140 
Ma), which is supported by the onlap of Lower 
Cretaceous (124-118 Ma) sediments onto the pre- 
sent-day coastal plain. The estimated total amount of 
basement erosion is about 3 km in this area. The 
smooth warped surface of the syn-post rift boundary 
below the coastal plain and the absence of shallow- 
water syn-rift sediments in the halfgrabens is indica- 
tive of substantial (2-3 km) subaerial erosion (i.e., 
erosion of tilted fault blocks and part of the sedimen- 
tary fill in the grabens) [21]. These findings accord 
with evidence from a regional apatite fission track 
study in New York State [8], which points to comple- 
tion of basement erosion in Early Cretaceous times, 
with 2-3 km of erosion in the western part of the 
state and 3-4 km of erosion in the northern part. To 
conclude, sufficient evidence exists for a former rift 
shoulder uplift on the U.S. east coast that was lo- 
cated at the position of the present-day coastal plain 
(Fig. 3a). This uplifted rift flank was mainly eroded 
during the Jurassic. Possible remnants of this shoul- 
der can be found about 200 km landward of the 
shoreline (Blue Ridge and Catskill Hills). During 
erosion of the rift shoulder, a relative sea level fall 
occurred in the offshore basin, as is evident from the 
Jurassic stratigraphic offlap pattern. The position of 
landward lap-out occurs about 20 km basinward of 
the hinge zone. Present-day onshore uplift and off- 
shore subsidence can be explained by erosional un- 
loading (minor compared to rift shoulder erosion) at 
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a 200 m high escarpment and onshore loading due to 
deltaic progradation [l&22]. 

2.2. South Brazilian margin 

The passive margin of southern Brazil originates 
from Early Cretaceous rifting ( N 140 Ma). At pre- 
sent, its physiography consists of a series of offshore 
coast-parallel basins, an 80 km wide coastal plain, 
and an inland elevated region (Fig. 3b). The basin 
fill consists of syn-rift volcanics and elastics (140- 
120 Ma) overlain by a series of evaporites and 
carbonates (mainly with Middle to Upper Cretaceous 
ages) and Middle to Late Tertiary elastics [7,19,25]. 
The Cretaceous post-rift sediments exhibit an initial 
stratigraphic offlap pattern succeeded by a toplap 
phase (Fig. 3b). The Eocene-Lower Miocene (52-16 
Ma) elastics show considerable onlap onto the base- 
ment of the margin, covering the coastal plain area 
for the first time. The Middle to Late Tertiary (< 16 
Ma) elastics demonstrate, again, offlap patterns 
[19,25]. Apatite fission track ages of onshore sedi- 
mentary and basement rocks indicate that about 3 km 
of overburden has been eroded in the coastal plain 
area, decreasing to 1 km more landward [7]; this 
points to a former rift flank uplift (Fig. 3b). 

The large-scale Eocene-Lower Miocene strati- 
graphic onlap (80 km landward migration of the 
shoreline) demonstrates that the initial rift shoulder 
must have been almost completely eroded before the 
Eocene. The off-and toplap stratigraphic patterns of 
the Cretaceous post-rift sediments show that during 
the rift shoulder erosion a relative sea level fall 
occurred. The offlapping Miocene-Recent elastic se- 
quences could be the result of flexural response to a 
combination of erosional escarpment retreat (now 

located 200 km landward from the position of the 
former rift flank uplift) and basinward deltaic 
progradation. 

2.3. The Transantarctic Mountains and Ross Sea 
Shelf Antarctica 

The Transantarctic Mountains (TAM), a mountain 
range stretching from the Pacific side of Antarctica 
to the Atlantic Ocean, can be explained as a rift 
margin uplift resulting from extension in the west 
Antarctic rift system [26]. On the Pacific side of 
Antarctia, the TAM is bordered by the Ross Sea 
Shelf (RSS), a large basin system comprising three 
main sub-basins. The RSS system orginated from 
two extension phases, a widespread Mesozoic and a 
localized Early Cenozoic-Recent phase. The latter 
caused the present high elevation of the TAM [27]. 
The RSS contains several basins striking parallel to 
the TAM. The Victoria Land Basin (VLB), border- 
ing the TAM, is the deepest. This contains 14 km of 
sediments, comprising about 10 km of Late Creta- 
ceous-Eocene and about 4 km of Oligocene-Recent 
deposits [26,28,29]; the former are separated from 
the latter by an angular unconformity resulting from 
tectonic movements during the youngest extension 
phase (Fig. 3~). As a result of ongoing tectonism, the 
sediments close to the TAM in the VLB have been 
strongly deformed and uplifted and display an almost 
continuous coastal offlap pattern [27-291. Offlapping 
strata1 patterns eastward of the VLB are probably 
caused by erosional truncation due to glacial activity 
since the Oligocene [29], although tectonic influ- 
ences cannot be excluded. Apatite fission track data 
and the present-day elevation of marker surfaces 
demonstrate that the TAM were uplifted 6 km since 

Fig. 3. (a) Large-scale cross section through the U.S. east coast passive margin off New Jersey (after [21-231). The grey line indicates the 

amount of eroded bedrock (based on [8,9,21]). The offshore stratigraphy displays offlapping Jurassic sequences, which can be explained by 

the flexural response to erosion of the marginal uplift. Tr. = Triassic; J. = Jurassic; C. = Cretaceous; T. = Ternary. (b) Cross section through 

the south Brazilian margin (after [7,19,25]). The off-and toplapping stratigraphy of the Cretaceous sediments can be explained in terms of 

erosion of the marginal uplift. L.C. = Lower Cretaceous; U.C. = Upper Cretaceous; E.E. = Early Eocene; M.M. = Middle Miocene. (c) 

Cross section through the Transantarctic Mountains (TAM&-ROSS Sea Shelf (Z&S) system (after [26-291). The Victoria Land Basin (I!LB) 

displays a continuous offlapping steeply inclined stratigraphy, probably caused by ongoing tectonic uplift of the Transantarctic Mountain 

system. The tectonic uplift could be greatly enhanced by the flexural response to erosional unloading at the rift shoulder. J. = Jurassic; 

C. = Cretaceous; Eoc. = Eocene; Neog. = Neogene. (d) Generalized cross section through the southeastern Australian passive margin (after 

[10,11,30]). The offshore stratigraphy demonstrates continuous offlap which can be explained by regional eastward tilting due to erosional 
rebound at the rift shoulder. 
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the Early Eocene (55 Ma), 4.5-5 km of which have 
been eroded [26]. Modelling of rift shoulder uplift 
and erosion by Van der Beek et al. [3] demonstrated 
than an asymmetric extension model (subcrustal ex- 
tension below the TAM) combined with flexural 
uplift best fits the observed data. Lateral heatflow 
from the nearby extended RSS may also contribute 
to thermal uplift [6]. 

Abundant normal faults cutting the entire strati- 
graphic section and active magmatism indicate that 
this margin is still extending. Therefore, the offlap- 
ping stratigraphy is interpreted as the result of exten- 
sional tectonics [27,28], although Vail et al. argue for 
eustasy-driven mechanisms [29]. Ongoing exten- 
sional tectonism would probably result in continuing 
subsidence in the VLB, whereas uplift is observed on 
its western rim. Therefore, we propose that flexural 
uplift as a response to erosion of the uplifted flank 
provides a more viable mechanism for explaining the 
observed offlap patterns in the VLB. The strongly 
deformed sediments and the observed offlaps in the 

10-50 km escarpment retreat: continuous offlap 

> 50 km escarpment retreat: offlap succeeded by onlap 

0.2 km 1 10km 

Fig. 4. Two different cross sections through the sedimentary 

wedge of southeastern Australia. (a) The generally occurring 

continuous offlap strata1 pattern, related to a lo-50 km retreat of 

the marginal uplift. (b) The strata1 patterns offshore Sydney. Only 

in this area is a major unconformity separating offlapping from 

overlying onlapping strata found. This location coincides with an 

area where the escarpment has retreated - 50 km more in a 
landward direction than elsewhere (after seismic data from [30]). 

See text for further discussion. 

stratigraphy serve as an additional indication of con- 
tinuous Tertiary uplift and erosion of the TAM. 

2.4. The southeastern Australian passive margin 

The passive margin of southeastern Australia bor- 
ders the Tasman Sea and originated from Late Creta- 
ceous or Early Tertiary breakup (80-60 Ma). The 
rifting caused opening of the central Tasman Sea and 
uplift of the margin [10,11,30,31]. The passive mar- 
gin fill consists of a very thin ( u 500 m> and narrow 
(N 30 km) sedimentary wedge containing Tertiary to 
Recent elastic sediments [30]. The sediments demon- 
strate an almost continuous offlap pattern (Fig. 3d). 
Offshore Sydney, however, seismic data show a 
major unconformity of unknown age that separates 
underlying offlapping from overlying onlapping strata 
(Fig. 4). Along this part of the margin the escarp- 
ment has retreated _ 50 km more than in neighbour- 
ing areas, indicating a close relationship between the 
amount of retreat of the escarpment and offshore 
strata1 patterns. 

Syn-rift uplift of the margin and subsequent ero- 
sion is evident from fission track [ lo,1 l] and geolog- 
ical and morphological data [31]. The long life span 
of the rift shoulder indicates a permanent uplift 
mechanism. Forward modelling of uplift and erosion 
by Van der Beek et al. [32] shows that a flexural 
mechanism cannot explain all the observed uplift. 
Van der Beek et al. observed that the amount of 
erosion could only be fitted by a model assuming a 
relatively young (20 Ma) thermal uplift event. How- 
ever, there is no evidence for such an event in the 
offshore stratigraphy. 

At present, the margin is accompanied by an 
erosional escarpment located several tens to 100 km 
inland and attaining heights of up to 1 km [33]. The 
amount of erosion and uplift in the coastal area 
indicated by the fission track data is between 1.5 and 
4 km. The offlapping strata indicate a continuous 
regional eastward tilting of the shelf area. The same 
eastward tilting was inferred onshore by Ollier [33] 
on the basis of paleoflow directions of rivers, sea- 
ward of the present-day escarpment. 

2.5. Summary 

The examples discussed above demonstrate that 

large amounts of erosion have occurred at the pre- 
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sent-day coastal plains of passive margins and the 
TAM-RSS system, indicating the occurrence of for- 
mer uplifted rift shoulders. Offshore off-and toplap- 
ping strata1 patterns point to a regional relative sea 
level fall occurring in the offshore basins during 
erosion of the rift shoulder. These strata1 patterns are 
traditionally interpreted in terms of eustatic sea level 
changes or are ascribed to tectonic causes [12-141. 
However, the synchroneity of offshore stratigraphic 
offlap with rift shoulder erosion and, in the case of 
the southeastern Australian passive margin, the rela- 
tionship between the amount of escarpment retreat 
and offshore strata1 patterns suggests that the off- 
shore stratigraphic offlap is caused by onshore rift 
shoulder erosion. This can be explained by flexural 
rebound as a response to erosional unloading in the 
rift shoulder area. The rebound extends far into the 
basin and causes uplift of the shelf area and, as a 
consequence, a relative sea level fall. In the remain- 

lithospheric necking during rifting: 

der of this paper we investigate, by using a numeri- 
cal forward model, the effects on the resulting strata1 
patterns of a number of parameters influencing rift 
shoulder uplift, flexural isostasy, and erosion and 
redistribution of surficial sediments. 

3. Lithospheric evolution model 

A variety of models explaining uplift of rift flanks 
have been proposed. These models can be classified 
into transient and permanent uplift mechanisms. 
Transient models invoke a thermal mechanism to 
explain uplift (e.g., lateral heat transfer, small-scale 
asthenospheric convection, depth-dependent stretch- 
ing). Permanent uplift, on the other hand, is ex- 
plained by magmatic underplating, flow of lower 
crust, and the flexural response to lithospheric un- 
loading and plastic necking [34-371. Thermal mod- 

surface expression after isostatic rebound depending on the level of necking: 

shallow level of necking deep level of necking 

hinterland 

rifted 
basin 

Fig. 5. The concept of lithospheric necking. The lithosphere is kinematically thinned around a level of necking. Depending on the amount of 

thinning and the level of necking, the basin may become overdeepened during the extension process. As a result, the basin and its margins 

are uplifted, leading to flexurally supported rift shoulders (after [39]). 
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els are not compatible with the inferred long lifespan 
of marginal uplifts [3,36,37] and the amount of ob- 
served or inferred uplift [7]. Magmatic under-plating 
may be important in some cases (e.g., volcanic mar- 
gins and flood basalt provinces), but does not gener- 
ally occur along rifted margins. Because there are 
several lines of evidence indicating that the continen- 
tal lithosphere may behave as a relatively strong 
elastic plate [15,38], permanent uplift can be ex- 
plained by retention of flexural strength of the litho- 
sphere during rifting, causing uplift in response to 
tectonic unloading or plastic necking [35-371. This 
seems to be the mechanism which best explains the 
general occurrence of uplifted rift flanks [3,39]. 

We model the effect of rift shoulder erosion on 
offshore stratigraphic patterns by means of a two-di- 
mensional model for lithospheric evolution. Our ap- 
proach employs the pure-shear extension model of 
McKenzie [40], which uses extension factors defin- 
ing kinematicaly the amount of lithospheric and 
crustal thinning at the passive margin. In the pure- 
shear model model, lithospheric cooling after thin- 
ning causes differential vertical motions to take place 
at the passive margin. We have extended the pure- 
shear model in order to take into account flexural 
compensation of lithospheric and sedimentary loads, 
two-dimensional heat flow, finite duration of rifting, 
and necking of the lithosphere during rifting around 
its strongest part(s) [39,41]. When a basin is 
overdeepened due to the necking process, the flexu- 
ral isostatic response to necking causes uplift of the 
rift shoulder (Fig. 5). 

Dynamic models of rifted basin formation show 
that, during extension, the lithosphere necks around 
its strongest layer(s), usually a mid-crustal level 
[42-441. Estimates of lithospheric necking depths by 
forward modelling of rift shoulder uplift and erosion 
by Van der Beek et al. [3] have resulted in necking 
depths of 10 and 30 km for the Saudi Arabian and 
Transantarctic flank uplifts respectively. Tectonos- 
tratigraphic forward modelling of Neogene Mediter- 
ranean extensional basins yields necking depths 
ranging from 8 to 25 km [39,45-471. 

The flexural isostatic response of the lithosphere 
to lithospheric and sedimentary loads is calculated 
from a two-dimensional thin elastic plate equation 
[48]. The flexure equation is solved by means of a 
finite-difference scheme. The effective elastic thick- 

ness, T,, is taken to be equal to the depth of the 
450°C isotherm, except for two models investigating 
the influence of T, on offshore strata1 patterns. The 
450°C isotherm seems to be the optimal isotherm for 
defining oceanic as well as continental T, [15,17,38]. 
Burov and Diament [38] show that a distinction can 
be made between mechanically uncoupled and cou- 
pled continental lithosphere, which is related to ther- 
mal age and rheological stratification. In the latter 
case, the mechanically strong layers of continental 
lithosphere, generally occurring in the upper crust 
and upper part of the subcrust, effectively act as one 
elastic plate. Mechanically coupled continental litho- 
sphere is associated with thermal ages in excess of 
800 m.y. and haves Te’s that are approximately 
coincident with the depth to the 600°C isotherm. 
Thermally young, mechanically uncoupled continen- 
tal lithosphere is characterized by Te’s equal to the 
depth to isotherms that are in the range 300-450°C. 
Therefore, the 450°C isotherm best represents aver- 
age conditions. The influence of T, on the modelling 
results is investigated in separate models adopting 
the 300 and 600°C isotherms. 

The inferred large amounts of erosion at continen- 
tal margins can partly be explained by flexural re- 
bound in response to erosional unloading at rift 
shoulders [2,20,49-511. The isostatic uplift is ampli- 
fied when the flexural bulge from offshore sediment 
loading comes into phase with erosionally driven 
isostatic uplift [52]. 

4. Numerical erosion-sedimentation model 

Our surface process model employs the advec- 
tive-diffusive model developed by Beaumont et al. 
[53] for onshore erosion and sedimentation and a 
modification of the diffusion model of Kaufman et 
al. [54] for offshore (submarine) sedimentation. The 
onshore advection-diffusion model incorporates 
short-range diffusive hillslope processes and long- 
range advective fluvial transport. A similar model 
was employed by Van der Beek et al. [32] for 
modelling the morphological evolution or rift shoul- 
ders and was found to reproduce adequately topo- 
graphic and erosional patterns. A local equilibrium 
sediment carrying capacity of the long-range trans- 
port system is defined which is proportional to the 
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local power of the river or stream, taken as the 
product of discharge and slope of the stream: 

dh 

where q, = equilibrium carrying capacity, K = 
proportionality constant, qdis = discharge flux, h = 
height and t = length (see Table 1). 

The discharge of the stream is related to upstream 
precipitation by conservation of water volume. Sedi- 
ment is deposited when the amount of sediment 
being carried by the system is greater than the 
equilibrium carrying capacity, erosion takes place 
when the amount of sediment being carried is less 
than this capacity. If the sediment transport is in 
steady state during a simulation timestep (non-vary- 
ing fluxes), the amount of deposition or erosion will 
depend on a reaction rate constant, E,, and the differ- 
ence between equilibrium carrying capacity and the 
actual sediment flux [551: 

ah 
%q,-9J x=-1, 

where q, = sediment flux. When the sediment advec- 
tion velocity is constant, 1, is a material property, the 
erosion-deposition length scale required for the dise- 
quilibrium to be reduced by a factor of l/e when qe 
is constant [55]. In our model, two types of trans- 
ported material, basement rock and sediment, are 
distinguished. Furthermore, the amount of precipita- 
tion is constant across the modelling transect, which 
leads to a simple relationship between the discharge 
flux and the precipitation rate: 

%is = qrain 1 x - ‘d 1 

Table 1 

Notation 

where grain = precipitation rate and Ix - xdl = 
distance to drainage divide. 

The hillslope and offshore (submarine) sedimenta- 
tion and erosion processes in our numerical model 
are based on a diffusion algorithm [56,57]. In this 
approach, sediment fluxes are proportional to the 
local slope: 

dh 
q,= -K- 

dl 

The local rate of deposition or erosion depends on 
the local divergence of sediment fluxes: 

dh 

at=- v9s 

The hillslope diffusivity depends on climate be- 
cause the soil creation rate depends on humidity and 
the erodibility of soil is controlled by vegetation. A 
high diffusivity of basement rocks or sediments 
therefore represents either a highly erodable substra- 
tum or a weathering process which produces a cohe- 
sionless regolith [55] sufficiently rapidly. 

Following Kaufman et al. 1541, our offshore sedi- 
mentation model employs an exponentially decreas- 
ing diffusivity of sediments with increasing water 
depth. This is in accordance with the observation that 
the wave energy available to mobilize sediment on a 
marine shelf decays exponentially with water depth 
1541. 

4.1. Numerical implementation 

The resulting equations are solved for every 
timestep using an explicit finite difference scheme. 

P max 

Li, kbas 

Kdiff-basr Kdiff-scd, arcalr Kdiff-scd, marine 

KG, 
H elev 
2 neck 

T, 
T ilex 
wd 

maximum extension 

depositional length scales 

areal transportation diffusivities; water-depth-defined marine trans. diff. 

rain fall times proportionality constant 

pre-rift continental elevation 

depth of lithospheric necking 

effective elastic thickness 

isotherm defining the effective elastic thickness 

water depth 
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The first step consists of locating the drainage di- 
vides in the cross section. Then, starting from a 
divide, downslope sediment fluxes are tracked. When 
a grid node is located above sea level advection of 
sediment is calculated: precipitation is integrated up- 
stream and used to caIculate the local deposition or 
erosion. For the same timestep, sediment transport 
due to hillslope diffusion is calculated. When a grid 
node is below sea level only diffusion is applied, 
with a diffusivity defined by the water depth. 

A general outline of the two-dimensional model is 
shown in Fig. 6. With the exception of models used 
to investigate the influence of this assumption, the 
models conserve the mass of bedrock and sediments 
in two dimensions (i.e., all the erosion products of 
the rift shoulder are ultimately deposited as sedi- 
ments in the basin). Erosion products on the land- 
ward side of the rift shoulder are first deposited in 
the flexural hinterland basin. Eventually, due to 
overfilling of this basin or its uplift and erosion due 
to the landward migrating rift shoulder escarpment, 
these sediments leave the model at the boundary 
(fixed height numerical boundary condition) and are 
reintroduced at the shoreline position. This simulates 
the redistribution of hinterland basin sediments by 
major river systems breaching the marginal upwarp 
and draining the hinterland basin (e.g., the southern 
African Orange River). These river systems transport 

large amounts of elastics from the hinterland basin to 
the upper shelf area, where they are redistributed by 
longshore currents. Thus, essentially mass is con- 
served in a section perpendicular to the rift shoulder. 
Erosional products from the basinward side of the 
rift shoulder are directly transported into the offshore 
part of the extensional basin. 

The erosion-sedimentation model is linked to the 
subsidence model in two different ways. Firstly, the 
erosion and redistribution of surficial mass changes 
the loads acting on the elastic plate used to calculate 
flexural isostasy. Removal of sediment or bedrock 
results in isostatic uplift, sediment deposition causes 
subsidence. Secondly, through coupling ,with the 
temperature model the erosion of bedrock causes a 
loss of heat energy and, as a result, an increase in the 
thermal gradient occurring in the surficial part of the 
crust. As a consequence, the depth to the isotherm 
used to define T, reduces due to the erosion. 

5. Modelliig of the effects of rift shoulder erosion 
on stratigraphy 

In this section we explore the influence of a 
number of key parameters controlling the style and 
amount of uplift and erosion of rift shoulders and 
resulting basin fill by analyzing different models of 

rift shoulder ( drainage divide ) 
/ 

m,odel boundary 

,R,,,,,,,,,,,,,,,, 
,,,,,,,,,,,,,I,,#, 
,,,,,,,,,,,,,,t,,, 

pre-rift 
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e advectionldiffusion 

W diffusion 

Fig. 6. Cartoon of the rift shoulder erosion model. The isostatic response to necking of the lithosphere during extension causes a flexuraly 

supported rift shoulder. In a landward direction the rift shoulder is flanked by a flexural downwarp, the hinterland basin. The erosion 

products of the rift shoulder are transported to the offshore rifted basin and the hinterland basin. When the hinterland basin is completely 
filled, the sediments are taken out at the location indicated by ‘mode1 boundary’. These sediments are reintroduced into the mode1 at the 

shoreline position in the offshore basin, establishing conservation of mass in the model. 
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Table 2 

Parameters for ail models 

P ElIax 
1 i-sed 

I f-bas 

Kdiff-bas 
Kdirr-sed, area! 

Kdirr-sed, marine 

3.0 
50 km 

5km 
1 m*/yr 

5 m*/yr 

.5.103.exp(- wd)m’/yr 

basin evolution and by varying the depth of litho- 
spheric necking, the erosion rate of the rift shoulder, 
the pre-rift continental elevation and other, less im- 
portant, parameters. We define a reference model for 
the evolution of a margin subjected to erosion of a 
flexurally supported rift shoulder. The influences of 
the parameters mentioned above are illustrated by 
comparing differences with the reference model. We 
will begin with an outline of the modelling parame- 
ters and results for the reference model. 

Values for parameters controlling the on-and off- 
shore erosion and deposition have been taken from 
Kooi and Beaumont [55] and Kaufman et al. [54] 
respectively. The applied values for the parameters 
concerning the flexural reference model (FRM) are 
given in Tables 2 and 3 (for notation, see Table 1). 
In the flexural models the extension factors increase 
linearly from the hinge zone to a value of &,, (3.0) 
at a distance of 50 km in the basinward direction, 
reflecting the gradual basinward increase in the 
amount of extension commonly observed at passive 
margins. The rifting duration is taken to be instanta- 
neous, unless otherwise stated. 

The modelling results depicted in the upper panel 
of Fig. 7 show the evolution of the rift shoulder, 
hinterland basin and offshore stratigraphy for the 
first 150 m.y. after rifting. The ages of the different 
rift shoulder profiles and stratigraphic layers are 

Table 3 

Other parameter values and model differences 

indicated in the figure. Generally, the result shows a 
steadily retreating rift shoulder and hinterland basin 
system. The tectonically uplifted rift shoulder is 
completely eroded within 50 m.y. The remnant es- 
carpment results from isostatic rebound and retreats 
landward with a velocity of 1 m/m.y. The total 
amount of predicted erosion at the former rift shoul- 
der after 150 m.y. is about 3.5 km. The exhumation 
histories for three different locations are depicted in 
Fig. 8. These results are largely in agreement with 
forward modelling of rift shoulder erosion by Van 
der Beek et al. [32]. The offshore stratigraphy dis- 
plays a prograding sedimentary wedge. It is notewor- 
thy that the large-scale stratigraphy does not show 
major onlap onto the basin margin: only about 16 km 
of stratigraphic onlap is observed after an initial 
offlap of _ 15 km during the first 15 m.y. of basin 
evolution. This is mainly due to the relief created by 
the rift shoulder and the long time span required to 
erode it. The latter variable is important because the 
onlap-promoting mechanisms are to a great extent 
thermally controlled (increase in flexural rigidity and 
increase in lithospheric contraction loads). The ther- 
mal time constant has a value of about 50 m.y., 
indicating that the onlap-promoting mechanisms have 
largely decayed by the time the rift shoulder is 
eroded. Therefore, only a small amount of onlap is 
produced in this model. The lower panel of Fig. 7 
shows a close-up of the strata1 patterns after 50 m.y. 
This figure clearly demonstrates that during the first 
15 m.y. of post-rift basin evolution the sedimentary 
wedge is strongly offlapping; the position of land- 
ward lapout migrates about 15 km basinward. The 
mechanism responsible for this offlapping pattern is 
isostatic rebound due to erosion of the rift shoulder, 
causing flexural uplift extending far into the basin. A 
cartoon of this mechanism is depicted in Fig. 9. The 
total predicted amount of flexural uplift in the shelf 

Z “CCk 

Qrain 
H elev 
T flex 

Ref. 

model 

15 km 

0.01 m/yr 

500m 
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erosion 
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area after 15 m.y. is about 500 m, indicating an 
average uplift rate of 33 m/m.y. 

In order to understand the influence of the differ- 
ent parameters on the resulting stratigraphic patterns 
and erosion rates, we have performed a sensitivity 
analysis. For each case presented we change the 
value of only one parameter and compare the results 
to the reference model. 

In Fig. 10 we deIjict the position of landward 
lapout as a function of time (i.e., coastal onlap 
curves) for the different models investigated. Firstly, 
we compare the results of the flexural reference 
model (FRM) to thermal models for marginal uplift. 
Using a model in which lateral heatflow causes a 
slight marginal uplift, Watts et al. [151 analyzed the 
pattern of coastal onlap at passive margins. How- 
ever, their model did not consider erosion of the 

(small) uplift. The thermal model we have con- 
structed produces a marginal uplift by extending the 
subcrustal lithosphere over a larger area than the 
crust [16], causing a thermally induced 1.3 km high 
uplift at the basin edge. The resulting uplift is eroded 
by the same mechanisms as in the FRM. A compari- 
son between the prediction of coastal onlap by the 
thermal model of Watts et al. [15], the FRM and the 
thermal model we have developed is shown in Fig. 
10a. The two thermal models show the same general 
pattern consisting of fast, continuous stratigraphic 
onlap. The initial offlapping observed in the FRM is 
not observed in the thermal models, indicating that 
the onlap-promoting mechanisms (related to litho- 
spheric cooling) were more important, despite the 
erosionally induced flexural rebound in our thermal 
model. The difference in the total amount of coastal 

150 rvly former hinterland basins eroded rift shoulder coastal plain 

b) 
distance ( km ) 

Fig. 7. (a) Overview of the flexural reference model (FRM) after 150 m.y. The left-hand part of the figure shows the evolution of the 

hinterland basin and the retreat of the rift shoulder. The right-hand part displays the resulting stratigraphy in the offshore extensional basin 

(passive margin). The numbers indicate ages (m.y.) of morphological and depositional surfaces. (b) Close-up of the stratigraphy in the 

extensional basin after 50 m.y. of margin evolution. The stratigraphy clearly demonstrates the offlapping nature of the first post-rift 
sediments. At 15 m.y. a total offlap of 15 km is observed in the modelling result. The offlap is caused by 500 m of flexural uplift in 

response to rift shoulder erosion. 



R.T. uan Balen et al. /Earth and Planetary Science Letters 134 (I 995) 527-544 539 

0 25 50 75 100125 

~WY) 
- x=3ookm 
- - -. x=35Okm 
--______ x=4t)c#km 

Fig. 8. Exhumation histories for three locations at distances of 

300, 350 and 400 km along the cross section of Fig. 7. The 

relatively slow exhumation at the location at a distance of 300 km 

along the cross section is entirely controlled by the low gradients 

occurring at the landward site of the rift shoulder uplift. The initial 

fast exhumation at the location at a distance of 400 km is caused 

by the locallly high topographic gradients at the escarpment. The 

acceleration of exhumation starting at 80 m.y. for the location at a 

distance of 350 km reflects the passage of the escarpment during 

its retreat. 

onlap between the FRM and the thermal models is 
very large (about 50 km after 50 m.y.1. 

By varying the amount of precipitation in the 
model (i.e., Kqrai,) we compare cases with different 

erosion efficiencies (Table 3). The effect of erosion 
rate on the evolution of offshore stratigraphic pat- 
terns is shown in Fig. lob. Faster erosion (Kqrain 
increased by a factor of 2) causes about the same 
offlap (15 km), but due to the more rapid scarp 
retreat the duration of offlapping is shorter (7.5 m.y. 
instead of 15). Slower erosion produces much less 
offlap (5 km in total) and also a shorter duration of 
offlapping; the onlap-promoting mechanisms over- 
come the erosional rebound rate after less time. The 
overall stratigraphy for the ‘slower’ model displays a 
less evolved coastal onlap pattern compared to the 
FRM, lagging continuously behind the FRM. 

The next set of models (Fig. 10~) was designed to 
shed light on the influence of pre-rift continental 
elevation. Pre-rift continental elevation also exerts a 
primary control on the onshore morphology of the 
margin (see Van der Beek et al. [32]). The greater 
the difference between sea level and continental 
elevation, the greater the amount of bedrock to be 
eroded. This results in more erosional rebound and 
more offshore sedimentary loading. However, be- 
cause more rock mass must be eroded, the retreat of 
the escarpment will also be slower. The modelling 
results indicate that a higher pre-rift elevation causes 
more offlap (17.5 km), but, mainly due to slower 
escarpment retreat, the coastal onlap does not pro- 
ceed as far as in the FRM. The model with a lower 

+ flexural rebound 
= 

- A w relative sealevel 
change 

1 of topsets 
basinward migrating 

Fig. 9. Cartoon illustrating the mechanism of initial post-rift coastal offlap at passive margins. Flexural rebound in response to erosional 

unloading at the rift shoulder causes uplift extending far into the offshore basin. The uplift causes erosional truncation of the topsets of the 

sedimentary wedge. Coastal onlap will occur when the rate of erosion-induced uplift is less than the subsidence caused by sedimentary 

loading, thermal contraction and the flexural response to the increase in rigidity. Aw = instantaneous flexural uplift (+ ) and subsidence (-) 

pattern caused by rift shoulder erosion. 
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initial continental elevation produces much less of-- 
flap and a more rapidly progressing coastal onlap, as 
a result of less erosional rebound. 

We have also investigated the effect of two pa- 
rameters influencing flexural isostasy, the isotherm 
which defines the effective elastic thickness of the 
lithosphere and the depth of necking of the litho- 
sphere during rifting (Table 3). The results are shown 
in Fig. 1Od. The effect of using a lower isotherm 
defining the effective elastic thickness (300°C) on 
the stratigraphic patterns is very small. The same 
amount and duration of offlapping are produced, 

only the total amount of onlap is slightly less than in 
the FRM. The results of a model adopting a higher 
isotherm (600°C) show less initial offlap and, even- 
tually, also less onlap. This is caused by the decreas- 
ing amplitude and increasing wavelength of the flex- 
ural isostasy with increasing 7”. The influence of the 
depth of necking is more dramatic. A deeper level of 
necking not only produces more flexural uplift but 
also considerably alters the flexural state of the 
lithosphere underlying the remainder of the basin 
[39]. The resulting stratigraphy in this model displays 
more offlap (20 km), which also lasts longer than in 

- fbxulalmf.mow 
_..-..._ &,p.rmbd 

Fig. 10. (a) The resulting coastal onlap patterns for two thermal uplift models and the flexural reference model. The main differences 

between the flexural reference model and the thermal models are the lesser extent of coastal onlap and the occurrence of an initial offlap 

pattern in the first post-rift stratigraphy. (b-f) The results of the other flexural models, constructed to examine the effects of variations in T,, 
necking depth, erosion rates and timing of erosion, confirm the pattern predicted by the FRM. See text for further discussion. 
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the FRM (25 m.y.1. Because it takes longer to erode during this time period the hinterland basin does not 
the (higher) rift shoulder in this model, the thermally yet contain sufficient sediment to become overfilled. 
controlled onlap-promoting mechanisms are less suc- However, during the later stage of basin evolution 
cessful in generating flank subsidence. The resulting the model with additional hinterland basin sediment 
large-scale stratigraphic onlap does not proceed as input produces more onlap than the FRM, which can 
far as in the FRM. This model produces a maximum be explained by enhanced flexural downbending of 
amount of erosion of about 6 km at the location of the basin flank as a response to a larger sediment 
the summit of the initial rift shoulder. The total load. The model adopting zero hinterland sediment 
amount of flexural uplift at the shelf is 780 m, input produces less onlap as a result of less sediment 
indicating an average uplift rate of about 30 m/m.y. loading. 

The results of more exotic models are displayed 
in Fig. 10e. A model delaying the initiation of rift 
shoulder erosion by 50 m.y. displays less initial 
offlap and a smaller total amount of onlap after 150 
m.y., compared to the FRM. This can be explained 
in terms of cooling-induced strengthening of the 
lithosphere, as a result of which less initial erosional 
rebound (offlap) and less general flexural downbend- 
ing (onlap) is produced. Delayed erosion of the rift 
shoulder could be the consequence of climatic condi- 
tions. A model invoking continuous extension for 
150 m.y. does not produce a rift shoulder because 
erosion rates keep up with tectonic uplift. Therefore, 
the stratigraphy of this model displays thermally 
controlled continuous onlap. A model adopting an 
additional external sediment source shows that the 
loading effect of the additional sediments strongly 
diminishes the initial ofRap and promotes large-scale 
onlap. Such a situation could occur in large delta 
systems. 

6. Discussion and conclusions 

Our models demonstrate that erosion of flexurally 
supported rift shoulders produces a different strata1 
onlap pattern compared to models invoking thermal 
mechanisms to explain marginal uplift. A typical 
flexurally induced strata1 pattern is characterized by 
initial offlap. The offlap is succeeded by onlap, 
which extends, however, far less landward than for 
thermal models. Together, the initial offlap and suc- 
ceeding onlapping wedges form one complete sec- 
ond-order sequence (as defined by Vail et al. [12], 
second-order sequences last lo-80 m.y.). The 
amount and duration of initial offlap are enhanced by 
deeper necking depths during rifting and higher con- 
tinental pre-rift elevations. The average flexural up- 
lift rate at the shelf produced by our models is about 
30 m/m.y. 

Finally, Fig. 10f shows the influence of the as- 
sumption concerning the conservation of mass in the 
modelled cross section. In the previous models, sedi- 
ments leaving the model at the landward side of the 
hinterland basin are reintroduced in the cross section 
at the shoreline position, simulating the drainage of 
the hinterland basin by major river systems breach- 
ing the rift flank uplift. In this set of models we have 
modelled two alternative cases. In one model, 5 
times the amount of sediment that leaves the model 
at the border of the hinterland basin is (re-) intro- 
duced at the shoreline position. This could reflect the 
situation at the location where a river system breaches 
a marginal upwarp. In the other model, no sediments 
are reintroduced at the shoreline position, simulating 
the circumstances far from breaching rivers. The 
results show that the mass-conservation assumptions 
do not influence the amount of inital offlap, because 

In our model for passive margin evolution, large- 
scale onlap onto the coastal plain area (initially 
occupied by the rift shoulder), as observed on the 
southeastern Brazilian and U.S. east coast margins, 
can only be explained by a large regional relative sea 
level rise. In fact, because in a late stage of the 
modelled temporal evolution the coastal area is al- 
ways eroded to sea level, any major eustatic sea level 
rise would cause an immediate flooding of the coastal 
plain area. Therefore, the first sediments covering 
the entire coastal plain must be the result of a large 
regional sea level highstand. However, the timing of 
highstands for these margins is completely different 
-Eocene for the southeastern Brazilian margin 
compared to Early Cretaceous for the U.S. east coast 
margin. There seems to be no clear-cut evidence for 
a large Eocene highstand on the U.S. margin and, as 
discussed before, the Early Cretaceous strata of the 
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Brazilian margin display evidence for a regional 
relative sea level fall. An explanation for this dis- 
crepancy could be the differences in physiography, 
subsidence rate and sediment supply, causing differ- 
ent responses to eustatic sea level changes [58-601. 
Alternatively, the inferred large relative sea level 
rises can be caused by regional tectonic processes. 
For example, varying intraplate stress levels can lead 
to the development of short-term on-and offlap pat- 
terns, generating second-and third-order stratigraphic 
sequences [61,62]. 

Coastal onlap is traditionally interpreted as a gen- 
eral feature of passive margin stratigraphy by basin 
evolution models [I51 and sequence stratigraphy 
[12,63]. It is considered to be a continuous feature, 
punctuated by tectonics and eustatic sea level 
changes. However, inspection of the early post-rift 
stratigraphy at passive margins with abundant evi- 
dence for (formerly) uplifted rift flanks (i.e., the U.S. 
east coast, the southeastern Brazilian and southeast- 
em Australian margins and the Transantarctic Moun- 
tains-Ross Sea Shelf system) shows that they com- 
prise largely offlapping stratigraphic signatures. Our 
modelling of rift flank erosion and offshore deposi- 
tion demonstrates that the initial offlap can be ex- 
plained as the result of flexural uplift of the shelf 
area in response to erosional unloading of the up- 
lifted rift flanks. These findings have profound im- 
plications for the interpretation of coastal onlap pat- 
terns in terms of eustatic or tectonic causes. In the 
deriviation of the global eustatic chart, Haq et al. 
[64] assumed that passive margins show a continuous 
smooth and slow relative sea level rise due to ther- 
mal and sediment loading processes. In contrast, our 
modelling results and data from a number of rifted 
passive margins indicate that the first part of the 
post-rift phase will be in general characterized by a 
relative sea level fall and stratigraphic offlap. 
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