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Abstract

The free-air gravity ‘edge effect’” anomaly at passive continental margins provides constraints on the thermal and
mechanical properties of the lithosphere in extensional regions. Like many margins, the edge effect ‘high’ offshore Gabon,
West Africa is located at the shelf break in the region of maximum sediment thickness. Gabon differs, however, from other
margins in that the edge effect ‘low’ is displaced from over the continental rise to the slope. The origin of the low has been
investigated by backstripping the sediments at the margin. We have used the backstrip to calculate the amount of crustal
thinning, assuming Airy isostasy. Such a model implies zero strength during rifting. Alternatively, this amount of crustal
thinning can be explained by a strong margin and a depth of necking that exactly balances the upward and downward
forces that act on the crust during rifting. We have developed a method, which takes into account variations in the strength
during rifting and the depth of necking, to compute the thinning directly from the sediment backstrip. The backstrip and
the crustal thinning have been used to calculate the rifting gravity anomaly. Differences between the backstrip and the
present-day water depth give the geometry of the sediment load and hence, the contribution to the gravity anomaly of
sedimentation. By comparing the combined rifting and sedimentation anomaly to the observed free-air gravity anomaly,
we have been able to constrain the flexural rigidity (and equivalent elastic thickness, T.) of the lithosphere during and
after rifting. The best fitting model is one in which the ‘low’ is caused by a 125 km wide zone of relatively thin (i.e. ~15
km) continental crust which was weak (i.e. 0 < T, < 10 km) during rifting and has remained so since then. We speculate
that the weak zone extends for 350-400 km along-strike of the Gabon margin and that passive margins may be highly
segmented as regards their long-term strength. © 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

Passive continental margins form in response to
continental rifting and the creation of new ocean
basins. Some margins are characterised by relatively
thin sediments and either an absence (e.g. Goban
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Spur [1]) or abundance (e.g. Vgring {2]) of magmatic
material. Evidence for magmatism occurs either in
the form of seaward dipping reflector sequences or
high P-wave velocity (i.e. >7.3 km s~') underplated
lower crustal bodies or some combination of these
features. Others (e.g. East Coast, USA) correlate
with large thicknesses of sediments (> 10 km) which
make it difficult to evaluate the role of magma-
tism. While differences in the amounts of sediments
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and magmatism explain the diversity of present-day
margins, they obscure the geometry, styles and me-
chanics of initial rifting.

One approach to the problem is to develop better
seismic techniques to image the deep crustal struc-
ture of passive margins. Unfortunaiely, it has proved
difficult to use seismic reflection and refraction data

to resolve issues such as the presence or absence
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of detachment surfaces and the style of rifting at
margins, despite major advances in data acquisition
techniques. Multiples generated from within the sed-
imentary column and penetration beneath basaltic
sill complexes are two of the problems that need to
be overcome in the future in order to better under-
stand the deep structure of these features.

Another approach is by backstripping [3]. Thisis a
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of sediment loading and underplating to be evaluated
and the crustal structure produced by rifting to be iso-
lated. Such calculations are dependent, however, on
a number of parameters. These include the long-term
(i.e. > 10 a) flexural strength of extended continental
lithosphere. Some constraints can be placed, however,
on the strength by comparing the observed gravity
anomaly to calculations of the combined gravity ef-
fect of the crustal structure due to rifting and other
processes such as sedimentation and underplating.
Combined backstripping and gravity modelling
studies offshore the East Coast, USA [4] suggest
that sediments there have loaded stretched continen-
tal crust which has a low flexural rigidity. A similar
result was deduced by Fowler and McKenzie [5] at
the Rockall and Exmouth Platean margins. However,
other margins offshore New Zealand [6], the Gulf of
Lion [IJ and iyrrueman Sea [OJ are associated with
high flexural rigidity. Around Africa, Watts and Marr
[9] argued that there were cases where weak seg-
ments of margins abutted strong ones. Thus, whether
extended crust is weak or strong is controversial.
Braun and Beaumont [10] pointed out that the re-
sponse of the lithosphere to extension is a rheological
problem. They suggest, based on yield strength en-
velope considerations {1 l] that thinning of the litho-
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This level, which they define as the ‘depth of neck-
ing’, determines the initial configuration of the ex-

tended crust. Depending on the depth of necking there
will be either a net downward or upward acting force
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which attempts to restore the initial configuration to
a state of isostatic equilibrium. If the crust has no
strength then there will be no resistance and the ad-
justment of the initial basin and mantle uplift that
results from extension will be the same as that pre-
dicted by an Airy model. However, if there is strength
during extension then the restoring forces will be dis-

tributed ﬂpvnrqllv the ndinctmpnt will be limited and,
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significant departures may exist from an Airy model.

Although the assumption of Airy isostasy during
rifting may be justified by higher lithospheric tem-
peratures and widespread normal faulting, it seems
unlikely that a/l/ margins will show such fundamental
weakness at the time of rifting. Bertotti et al. [12], for
exampie, have argued from fieid-derived data on fauit
timing and displacement in the southern Alps that

tha lithaenhara nracarvag cuthetantial ctranoth nrior to
Ll lll.ll\lol_lll\llb tll\«D\./l YLUI JUuUJLALiLIQL Dll\lllslll Pl PAVI AN

continental break-up and becomes stronger thereafter.
Many present-day margins, despite different rifting
ages, are flanked by rim uplifts which appear to re-
quire a high flexural rigidity [13]. Moreover, Kooi et
al. [7], and more recently Keen and Dehler [14], have
argued that inclusion of lithospheric strength during
rifting is required to explain free-air gravity anomaly
data at some North Atlantic margins

The purpose of this paper is to mves‘ugate the
effects of variations in strength and depth of neck-
ing during rifting at the continental margin offshore
Gabon, West Africa. We chose Gabon because itisa
relatively poorly explored margin and previous stud-
1es [15] indicate that it is associated with an unusual
pattern of free-air gravity anomalies. We show how a
single seismic reflection and gravity anomaly profile
can be used to constrain the spatial distribution and
luug term mechanical piupculc:b of extended conti-
nental lithosphere at the margin. The main conclu-
sion that we draw is that despite their morphological
linearity, the lithosphere that underlies some passive
margin basins is highly segmented as regards its long-
term strength.

2. The Gabon margin

The continental margin offshore Gabon (Fig. 1)
formed by the rifting apart of South America and

Africa during the Late Jurassic and Early Cretaceous.
Plate kinematic studies suggest an early opening pole
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Fig. 1. Location map of the West Africa continental margin offshore Gabon, Congo and Angola. Heavy line shows the location of profile
A-B. Fine lines show the location of the PROBE seismic reflection profiles lines 23-36 [19]. (a) Topography (contour interval —0.5 km).
Thick grey line offshore that crosses the southwest end of PROBE lines 23 and 25 indicates the ocean—continent boundary according to
Meyers et al. [19]. Thick grey line onshore indicates the boundary between the Mesozoic—Tertiary rift-related sediments and Precambrian
basement rocks. (b) Free-air gravity anomaly map. Thick white line offshore corresponds to the thick grey line offshore in (a). The
map is based on 2.5 x 2.5 minute smoothed values of all available government, academic and commercial data and was compiled by
University of Leeds based company GETECH as part of its African Gravity Project {34]. Light regions show negative anomalies. dark
regions positive anomalies. The significance of Segments 1, 2 and 3 is discussed in the text.

that was located near the Salvador, Brazil-Gabon
coastlines [16]. The motion of Africa with respect
to South America about this pole was anticlockwise
and in the Gabon region, the opening direction is

annroximately NE_SW. The nlate motion caused a
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progressive, south-to-north, opening of the South
Atlantic rift system and rifting was coeval with the
development of sinistral strike-slip faults in Central
Africa and South America.

Geological studies of syn-rift basins onshore
Gabon [17] and Brazil [18] suggest that rifting began
in the Neocomian (i.e. ~133 Ma) and lasted some
20 Ma. Following rifting, locally, fault-controlled,
subsidence was rpnlar‘Pd h\/ a more basin-wide
thermal subsidence. This led to the deposition of
transgressive siliciclastic units which unconformably

overlie the syn-rift sediments. Extensive evaporites
were also deposited along both margins prior to the
formation of oceanic crusi. As oceanic crusi was
formed and the basin widened, clastic sediments and

shallow-water carbonates were denosited ahove the
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evaporites. Deposition continued from the Albian
to Recent. Erosion due to corrosive bottom counter
currents, however, has removed much of the Late
Eocene to Oligocene deposits. By the Miocene, the
rate of tectonic subsidence had slowed sufficiently
on the Gabon margin for deltas to begin to prograde
across the slope and rise, probabiy due to the lack of
accommodation space on the shelf.

The nnlv prp\nnncl\l nublished constraints on the

spatial dlsmbutlon of rifted crust offshore Gabon
are based on seismic reflection profile and magnetic
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anomaly data. Meyers et al. [19], for example, iden-
tified a series of triangular block-like structures on
the PROBE seismic reflection profiles which they
interpret as a series of synthetic fault blocks com-
posed of thinned continental basement rocks. They
interpret a series of flat-topped reflectors on the SW
end of PROBE profiles 23 and 26 (Fig. 1a) as the top
of oceanic crust. The actual transition between rifted
continental crust and oceanic crust was difficult to
determine, however, from the seismic data. Meyers
et al. [19] point out that the transition inferred on
the profiles is located about 15 km landward of a
large-amplitude magnetic anomaly which Cande and
Rabinowitz [20] interpret as the boundary between
highly magnetised oceanic crust and weakly magne-
tised continental crust.

3. Backstripping and gravity modelling

Watts [4] developed a method based on backstrip-
ping and gravity modelling to use seismic reflection
profile data to determine the crustal-type beneath
rifted margins. The method is based on evidence
from flexure studies that continental and oceanic
lithosphere respond to long-term loads in fundamen-
tally different ways. For example, it is known from
mid-oceanic ridge, oceanic island and seamount and,
deep-sea trench—outer rise studies that the elastic
thickness of the oceanic lithosphere, T;, increases
with age of the lithosphere at the time of loading.
Although Karner et al. [21] suggested that continen-
tal lithosphere shows a similar dependence with age,
it is difficult to explain continental 7, values by a
single set of thermal parameters as is the case for
the oceans. A majority of continental values, espe-
cially those from extended regions, are relatively low
and in the range 0 < T, < 20 km [5,22,23]. Only
in the cool cratonic interiors does the continental
lithosphere appear capable of showing any degree of
long-term strength.

We have used high-quality seismic reflection pro-
file data acquired by GECO during 1988 to de-
termine the type of crust that underlies the West
Africa margin, offshore Gabon. Unfortunately, it is
not possible to show the original seismic data since
these data still have a commercial value. However,
the GECO profile crosses PROBE profiles 23 and

Table 1
Summary of parameters used in the backstripping and gravity
modelling

pe = density of crust = 2800 kg m~3
om = density of mantle = 3330 kg m™>
p. = average density of sediments (for gravity calculation)

=2350kg m™?
punitt = density of Unit 1 (base Miocene—Recent)
= 2100 kg m~?
Puniz = density of Unit 2 (top Albian—base Miocene)
= 2200 kg m™?

Punis = density of Unit 3 (top salt—top Albian) = 2280 kg m~*
Punits = density of Unit 4 (top rift—top salt) = 2420 kg m™*
Punits = density of Unit 5 (top early rift—top rift)
=2500 kg m™*
Ounite = density of Unit 6 (basement—top early rift)
= 2600 kg m~}
E = Young’s modulus = 100 GPa
p = Poisson’s ratio = 0.25
g = average gravity = 9.8f m s>

24 (Fig. 1) which have been published in original
form [19]. We have used in this study a stratigraphic
interpretation of the GECO profile that was carried
out by A.D. Edwards of Fairway Geophysical. He
used seismic sequence stratigraphic techniques [24]
to sub-divide the profile into six ‘megasequences’.
The age of the four youngest units were assigned on
the basis of ties with the CMB-1 well [19]. The age
of the two older units were assigned on the basis of
the known rifting history of the region. Finally, thick-
nesses were obtained from depth-converted seismic
reflection profiles.

Each unit identified on the seismic reflection pro-
file was flexurally backstripped using a density that
was inferred from the seismically derived stack-
ing and interval velocities (Table 1). The individual
backstrips from each unit were then summed to
obtain the depth (or elevation) that the crystalline
basement that underlies the sediments would have
been in the absence of sediment loads. This depth
was added to the present-day water depth (i.e. the
unfilled portion of the margin) to yield Y, the total
tectonic subsidence and uplift at the margin. Finally,
the amount of crustal thinning, 8, required to explain
Y was computed assuming Airy isostasy from:

t(Pm — pc)
= 1
B = i om—p0) — Y (om—pu) M

where ¢, is the initial crustal thickness and ppn,, o. and
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py are the densities of the mantle, crust, and water,
respectively (Table 1).

The first step in the modelling is to use 8 from
Eq. 1 to calculate the gravity anomaly associated
with rifting. The next step is to use the difference be-
tween Y and the present-day water depth to estimate
the sediment load that has been added to the margin
since rifting. The difference between Y and the pre-
sent-day basement gives the amount of flexure due
to the sediment load. The gravity anomaly associated
with sedimentation is then computed from the sum
of the positive contribution due to the sediment load
and a negative contribution from the flexure of the
basement and the underlying Moho. The final step is
to combine the rifting and sedimentation anomaly to
give the sum anomaly which can be compared to the
observed free-air gravity anomaly.

Fig. 2 shows the rifting, sedimentation and sum
gravity anomalies that were calculated after flexu-
rally backstripping sediments at the Gabon margin
with unmiform 7, values of 5, 20 and 35 km. The
calculated gravity anomalies show a ‘high’ over the
sediment load which is flanked by ‘lows’. The highs
reflect the magnitude of the sediment load while
the lows are indicative of the degree to which the
load is compensated. The 7T, = 5 km case, which
corresponds to a mechanically weak crust, yields
gravity anomalies that are of relatively low-ampli-
tude and short-wavelength compared to the observed
whereas the stronger T, = 35 km case yields anoma-
lies that are of large-amplitude and long-wavelength.
As would be expected, all three cases in Fig. 2 re-
veal a broad high with a seaward gradient that is
located over the mid-point of the continental slope.
This contrasts with the observed profile which shows
a narrow high with a seaward gradient which is dis-
placed landward over the upper part of the slope.
Hence, none of the calculated gravity anomaly pro-
files in Fig. 2 adequately describe the observed data.

4. The depth of necking and strength during
rifting

One problem with the calculations in Fig. 2 is that
they are based on the assumption of Airy isostasy
during rifting. Several authors have pointed out that
the crustal thinning produced by extension is not
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Fig. 2. Comparison of observed and calculated gravity anomalies
along protile A-B (see Fig. | for location) of the West Africa
margin, offshore Gabon. The vertical dashed lines show the lo-
cation of the ocean—continent boundary according to Meyers et
al. [19] and the present-day coastline. (a) Rifting anomaly based
on a sediment backstrip with 7. = 5 and 35 km (fine lines)
and 7, = 20 km (thick line). (b) Sedimentation anomaly. (c)
Sum anomaly. (d) Gravity anomaly (free-air onshore, Bouguer
onshore profile based on GETECH data. Grey dots show the
location of the 2.5 x 2.5 minute smoothed gravity anomaly val-
ues located within 15 km of the profile. Note that while the
amplitude of the high and the flanking low on the seaward side
are well controlled by the data. the seaward gradient of the high
is not. The gradient has been verified, however, using satellite-
derived gravity anomaly data. (e) Stratigraphic data based on
an interpretation of the GECO-owned GWAS8 seismic reflection
profile by A.D. Edwards of Fairway Geophysical. The numbers
in brackets give the approximate age in Ma of the horizons that
defines each unit. The dashed line indicates the tectonic subsi-
dence and uplift at the margin based on a sediment backstrip
with 7, = 20 km.
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necessarily that predicted by an Airy-type model.
An alternative model, which allows for variations in
strength and depth of necking during rifting has been
proposed by Braun and Beaumont [10].

Using these concepts, Weissel and Karner [13]
showed that the depth of the basin depression, S,
which would result from extension is related to the
depth of necking, Z,.c, by:

1
S = (l - E) chck (2)

The force, g, that attempts to return this de-
pression to a state of isostatic balance is given by
the sum of all the density contrasts within the litho-
sphere (which includes the crust), compared to that
of undeformed lithosphere. These include an upward
force, gqup, due to replacement of crust by water
and a downward force, gaown, dute to replacement of
crust by mantle. Ignoring the thermal effects on the
density of the sub-crustal mantle, we get:

Gnet = Gup + Gdown
Gnet = (SIA/)] + SmApZ)g (3)

where Ap; = (pw — pc)s Ap2 = (Om — Pe)s Sm 1s the
Moho upwarp, and g is average gravity.

The deformation associated with gy will be dis-
tributed according to the strength of the lithosphere
during rifting. If the lithosphere has no strength then
the restoring forces will return the depression to a
state of Airy-type isostatic equilibrium, with a fi-
nal depression of the basin, Y, obtained simply by
rearranging Eq. 1:

Y:tc<1_l)u )
ﬁ Pm — Pw

If, on the other hand, there is strength during
rifting then the shape of a basin will be modified
by flexure. As shown in Fig. 3, the initial depres-
sion, S, depends critically on Z,. For a shallow
Znecx (Fig. 3a) the depth of the basin is small in
comparison to the magnitude of the Moho upwarp
and a downward state of flexure results, predicting
basin margin subsidence, relative to the Airy case.
For deep depths (Fig. 3c) an upward state of flexure
prevails, predicting an upwarp in the basin centre
and uplift on the basin flanks relative to the Airy
case. For one particular Z,. (Fig. 3b) the upward

and downward forces exactly balance, and the final
basin shape is the same as the initial configuration.

The final position of the basin after taking into
account Z,. and flexure is the position that base-
ment would be in the absence of sediment loads.
This is also the depth that would be obtained from
backstripping, Y. We therefore require an expression
that uses the observable Y to determine the amount
of crustal thinning and takes into account Z,ex and
the strength of the lithosphere during rifting.

We have from combining Egs. 2 and 3 that

1
Gner = l:St(Apl —Apy) + (1 — E) tcAPZ:l g

= [(1 - %) ZneckAp3 + (1 - %) tcApZ] 8

ZneckAp3 + [('A:OZ
B 8

= (ZneckAp3 +1Ap —

o3

where Aps = pw — pm and qo = (ZnekAp3 +
1:Ap2)g = qo — qoB~".

For the parameters in Table 1, we see that gper = 0
if Zpeek = 7.2 km. Necking at this specific depth
will therefore give a final basin geometry identical
to that predicted by the Airy model, despite the
possibility that the lithosphere may possess strength
during rifting.

The flexure of the lithosphere, w, that results
from the load gy is obtained from the solution of
the elastic plate equation, i.e.

4

w _
D57 + (Pn — )W 8 = G0 — qoP ! (5)

where D is the flexural rigidity during rifting. The
flexural rigidity is determined from the elastic thick-
ness, 7., during rifting by:

_ET}

T 12(0 —0?)
where £ = Young’s modulus and ¢ is Poisson’s

ratio. The solution to Eq. 5 can be obtained by taking
the Fourier Transform of both sides:

W(R[DE* + (pm — pw)g] = Qo(k) — qoB™" (k)
W(k)® (k) = Qotk) — qoP ™" (k) (6)
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Fig. 3. The refationship between Zpeck. Si. Sm and Y for a theoretical continental margin based on a T during rifting= 25 km. The top
panel shows the gravity anomaly (free-air offshore. Bouguer onshore) associated with the margin structure (solid lines) in the middle
panel. The dashed lines show the gravity anomalies and Moho configuration that would be predicted by an Airy model, except in the
gravity anomaly in (b) where the curves are superimposed. (a) Zpeck = 2 km. In this case, there is an initial net downward force that acts
on the extended crust. The extended crust tries to isostatically adjust to these forces but, because of the finite strength of the lithosphere
the final basin, Moho configuration and gravity anomaly do not correspond to the Airy case (dashed lines). (b) Zyeck = 7.2 km. In this
case, there is a balance in the forces associated with extension such that the final basie, Moho configuration and gravity anomaly is
the same as would be predicted by an Airy-type model. (¢} Zyeck = 25 km. In this case. there is an initial net upward force. Again,
the extended crust tries to adjust locally but, is prevented from doing so by the strength of the lithosphere. This case shows the largest
departures from the Airy case with the depth to Moho being deeper and gravity anomaly ‘low’ more negative over the slope and. the
depth to Moho being shallower and the gravity anomaly *high’ more positive in the region of the shelf break.

where the bold upper case variable represents the
Fourier Transform of the lower case variable and
®(k) = Dk* + (om — Pw)g-

We note that w 1s the response of the lithosphere
to the downward or upward acting loads and so is the
difference between the final basin shape, Y, and the
initial basin depression, S,

w=Y -5

= (Y - Zneck) - (8§ — Zneck)

1
= (Y - Zneck) - [(1 - B) Zneck - Zneckjl

— (Y - Zneck) + Zneck,B_l

=Y+ Zneck,B_] (7N

where Y* = Y — Z, .. Taking the Fourier Transform
of both sides of Eq. 7 and equating with Eq. 6 yields:

(Y (k) + Znea BB (k) = Qo — goB '

. B — Zneck‘b(k) + 90
' Qo (k) — Y*(k)®(k)

(®)

The usefulness of Eq. 8 is that it allows the B
distribution to be determined directly from a back-
stripped profile Y taking into account the possibility
of strength during rifting and Z,.x. Once 8 is de-
termined, then it is a simple matter to compute the
Moho configuration and, hence, the rifting gravity
anomaly.
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5. Results

We show in Fig. 4 the sum gravity anomaly that
would be expected for different 7, during rifting and
Zeck. The vertical columns show the results based
on sediment backstripping with a 7, (sediment) (i.e.
the elastic thickness of the lithosphere that is loaded
by sediment after rifting) of 5 (Fig. 4a), 20 (Fig. 4b)
and 35 km (Fig. 4c¢). In each column, the same back-
strip is used to calculate the crustal structure due to
rifting: the different curves showing the effects of
differences in 7. during rifting and Z,.. Because
the backstrip is the same in each column, the sedi-
mentation anomaly will also be the same. The sum
anomalies therefore directly reflect the contribution
to the gravity anomaly of differences in 7, during
rifting and Zecx.

Fig. 4 shows that increasing 7, during rifting
either decreases or increases the amplitude of the
edge effect high. If Z,.x > 7.2 km a net upward
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force acts on the crust (e.g. Fig. 3c) and, depending
on the T, during rifting, there will be a relative
uplift in the basin centre and flanking regions. If
T. during rifting is low there is little resistance
and the uplift approaches that expected for an Airy
model. The sum anomalies therefore resemble the
Airy case. However, if T, during rifting is large there
1s resistance such that the uplift is broad and of low
amplitude. The water-filled basin is therefore not as
shallow as the low 7. case would predict and there
will be a greater contribution from the water and,
hence, small-amplitude sum anomalies. This is seen
in the top four profiles of Fig. 4a,b which show
the sum anomalies corresponding to Z,ecx = 10 km
and T, during rifting in the range 0-50 km. The
opposite effect occurs for Zy.x < 7.2 km when a
net downward force prevails (e.g. Fig. 3a). With a
high T, during rifting the basin is not as deep as the
low T, case would predict and there will be a smaller
contribution from the water, a larger one from the
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Fig. 4. Comparison of observed gravity anomalies to the predictions of models based on different 7. during and after rifting and Zyeck.
The figure shows the results for a sediment backstrip with different values of T, associated with the sediments that accumulate after
rifting: (a) T (sediment) = 5 km, (b) T (sediment) = 20 km, and (c) 7. (sediment) = 35 km. Within each backstrip case, the top four
profiles show the effect on the sum anomaly of fixing Zneck = 10 km and varying T, (during rifting) from O to 50 km. The bottom four
profiles show the effect of setting 7. during rifting to be the same as 7. (sediment) and varying Zneck from 5 to 25 km. The heavy lined
calculated profiles in each backstrip are identical for the reasons explained in the text. The vertical dashed lines are as in Fig. 2. The
asterisks show those portions of the calculated profiles which are particularly well explained by the observed data.



A.B. Warts, J. Stewart / Earth and Planetary Science Letters 156 (1998) 239-252 247

mantle and, large-amplitude surmn anomalies. This is
most clearly seen in the fifth profile from the top in
Fig. 4c which shows that when Z,.« = 5 km and
T. during rifting = 35 km, the sum anomaly is of
larger amplitude than would be predicted by an Airy
model.

In the same way that increases in 7, during rifting
depend on Z,.x, so does the effect of changing Z .
depend on T.. Except for low T, when Z,. has
little effect on the sum anomalies since the final
basin shape is similar to the Airy case, the effect
of increasing Z,. 1S to decrease the amplitude of
the sum anomalies. This is because Z,,. determines
the initial depth of the water-filled depression. When
Z e 1s small there is both a shallow basin and a
net downward force. If flexure is important then the
basin may be too shallow (compared to the Airy
case) and the sum anomalies will be dominated by
the mantle effect. When Z,..« is large there is both a
deep basin and a net upward force. Again, if flexure
is important then the basin may, in this case, be too
deep and the sum anomalies will be dominated by
the water effect.

Although the calculated profiles in Fig. 4 are
based on backstripping and different values of 7.
during and after rifting and Z,e, few of them re-
semble the shape of the observed free-air gravity
edge effect anomaly. However, a closer inspection
reveals that there are features of the calculated pro-
files which do represent the observed data quite well.
For example, the seaward low suggests that irre-
spective of the 7. during rifting and Z,., 5 < T,
(sediment) <20 km. The lower end of the range
(which predicts a similar anomaly pattern as the
Zeck = 7.2 km case) is preferred because it predicts
the ‘flattest’ low. Certainly, it would be difficult to
explain the low with T, (sediment)> 20 km unless
T, during rifting or Z,. were very high. The edge
effect high, however, suggests a T, (sediment) ~20
km with either a low 7, during rifting, or a high 7.
with Z,..x = 7.2 km. Again, a higher 7, (sediment)
is possible but. only if the 7, during rifting and Z,..x
are very high. Finally, the landward low appears to
require 7, (sediment) of 35 km, or higher, with either
a high 7, during rifting, or a low 7, with Z..x = 7.2
km.

The comparison of observed and calculated sum
anomalies in Fig. 4 suggests a model in which 7.

(sediment) varies spatially across the margin, from
low values over the continental slope to higher ones
over the shelf, and Z,..x = 7.2 km. Since necking at
this depth gives a basin shape that approximates the
Airy model, it is entirely plausible that the T, during
rifting is the same as that following rifting. We
cannot rule out the possibility, however, that 7, > 0
during rifting in the weak zone since Z,.x = 7.2
km.

We have therefore constructed a model that takes
into account spatial changes in 7. across a margin.
The model uses the finite difference method [25] to
backstrip the sediments and obtain Y. § was then
estimated from Y using a modified version of Eg. 8
[26], which takes into account the possibility of
spatial changes in T, during rifting.

The results of the calculations are shown in Fig. 5.
The heavy solid line is the best overall fit to the
observed data and was computed for an average sed-
iment density, p,, of 2350 kg m™*, Z,cs = 7.2 km
and, the T, distribution of Model 1 which includes a
weak zone. The calculated profile explains the main
features of the observed profile. In particular, it ex-
plains the overall shape of the observed low and the
amplitude of the flanking high. The calculated profile
also explains the gradient of the seaward edge of the
high as well as its location over the uppermost part
of the continental slope.

The main discrepancy between observed and cal-
culated profiles is in the region of the landward
gradient of the gravity high. Although the calcu-
lated sum anomaly predicts a gravity anomaly high
which correlates with a region of relatively shallow
basement, the high is of smaller amplitude than is
observed. We believe therefore that the high is unre-
lated to rifting and sediment loading and most likely
results from a relatively dense body in the underlying
basement.

Fig. 5 shows the sensitivity of the calculated
profile to changes in p, Zy.« and 7T.. Changes in
ps (Fig. 5¢) influence the amplitude of the calculated
high. However, p, = 2450 kg m™ appears too high
while p, = 2250 kg m~* appears too low. Changing
Zyeox (Fig. 5b) has no effect on the low on the
seaward side of the high. The main effect of Z,..
is to change the amplitude of the high and the low
that flanks it on the landward side. As would be
expected from Fig. 4, increasing Z,. decreases
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Fig. 5. Comparison of observed gravity anomalies to the calcu-
lations based on a spatially varying T, during and after rifting.
(a) Calculated anomaly based on different models for the 7.
structure and the best fitting values of p, = 2350 kg m~* and
Zneek = 7.2 km. Model 1 (heavy lined profile) incorporates
a weak zone, Mode! 2 is an intermediate case and Model 3
has no weak zone. (b) Calculated anomaly based on Model 1.
pe = 2350 kg m~* and variable Zge.. Heavy lined profile based
on Zyeck = 7.2 km. Fine lined profiles based on Zyeck = 5 and 10
km. (¢) Calculated anomaly based on Model | and Zpeex = 7.2
km and variable p,. Heavy line based on o, = 2350 kg m™>. Fine
lined profiles based on p, = 2250 and 2450 kg m~3. (d) Ob-
served gravity anomaly. (e) 7. during and after rifting for Models
1, 2 and 3. (f) The amount of stretching. 8. according to Model
1 and p, = 2350 kg m~? and variable Zc.. Heavy lined profile
based on Zpe, = 7.2 km. Fine lined profiles based on Zyeek = 5
and 10 km. (g) Crustal model of the transition between oceanic
and continental crust at the Gabon margin based on Model 1 and
p. = 2350 kg m™? and Zpeck = 7.2 km. Dashed lines show the
initial crustal configuration prior to sediment loading. Vertical
dashed lines on (d)—(g) show the inferred mechanical boundaries
at the margin.

the amplitude of the high while decreasing Z,.
increases it. Thus, differences in Z,.4 have little
influence on our conclusion of a weak zone. In
contrast, changing the 7, structure during and after
rifting (Fig. 5a) effects both the high and the seaward
low. The main question is whether a weak zone is
actually required by the data. Fig. 5a shows that
decreasing the significance of the weak zone (i.e.
Models 2 and 3) produces a high that is too wide in
comparison to the observed. In addition, the seaward
gradient of the high is displaced too far in a seaward
direction. We conclude therefore that a weak zone
is required by the stratigraphic and gravity anomaly
data offshore Gabon and that changes in density,
Z.ecx and the T, structure have little effect on the
robustness of this conclusion.

6. Discussion

6.1. Mechanical thickness of extended continental
lithosphere

A number of previous studies have suggested that
the extended continental lithosphere that underlies
rift-type basins in passive continental margins is
relatively weak in comparison to that of normal
oceanic and continental lithosphere. Most of these
studies have been based, however, on the assumption
that there was no flexural strength during rifting. We
have tried to show here that even when the strength
during rifting and depth of necking are taken into
account, the best fit to the gravity anomaly at the
Gabon margin is for a model in which a weak zone
underlies a major part of the margin.

The proposed weak zone offshore Gabon is lo-
cated just landward of a positive—negative magnetic
anomaly ‘couple’ which Cande and Rabinowitz [20]
interpret as the ocean—continent boundary. Further-
more, we know that oceanic lithosphere is not gener-
ally weak, except at the mid-oceanic ridge crest [27].
We conclude therefore that the weak zone offshore
Gabon reflects the long-term thermal and mechanical
behaviour of extended continental lithosphere.

The sediment backstrip and gravity anomaly have
been modelled assuming that at least a portion of
the extended continental lithosphere at the Gabon
margin was weak during the post-rift sedimentation
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phase. The lithosphere may also have been weak
during rifting. At present, we do not understand why
extended continental lithosphere would exhibit such
a behaviour on long time-scales. There is good evi-
dence, for example, that oceanic lithosphere recovers
its strength as it cools and moves away from a mid-
ocean ridge crest. We also know that as oceanic
lithosphere cools, a progressively higher proportion
of the support of long-term loads is achieved by the
sub-crustal mantle. In the case of continental mar-
gins, most 7, estimates correspond to depths within
the crust suggesting that the mantle is not often in-
volved in the support of sediment loads. This may be
the consequence of either a catastrophic reduction in
the strength of the mantle during rifting or a mantle
that is able to recover its strength following rifting
but, is somehow mechanically decoupled from the
strong overlying crust [28].

As a number of workers have pointed out [29-31],
the strength of extended lithosphere has important
implications for the structure of orogenic belts which
develop on the sites of former passive margins and
may ‘inherit’ their thermal and mechanical proper-
ties. Watts [31], for example. has suggested that the
presence of weak zones may explain the extreme
narrowness and great depth of some foreland basins
which develop on the flanks of migrating thrust and
fold loads. Wider basins may reflect the migration of
these loads over the weak zone and onto the more
rigid cratonic interiors. Other features of the weak
zone crust may also be inherited during orogeny.
For example, offshore Gabon, the weak zone is as-
sociated with ~15 km thick crust, which is thicker
than adjacent oceanic crust and extended continental
crust. Such a thick crust would be more difficult
to subduct and we speculate that these regions of
weak, extended continental lithosphere, are capable
of re-appearing as accreted terrains in orogenic belts.

6.2. Segmentation

Gravity anomaly maps (e.g. Fig. 1b) show that
the low that flanks the edge effect high offshore
Gabon extends for some 350-400 km along-strike
of the continental slope. The low is abruptly ter-
minated to the northwest at latitude 2°S by a belt
of positive gravity anomalies. The anomalies extend
from the continental shelf-break, across the slope, to

Sao Tomé; one of a number of small oceanic islands
that comprise the Cameroon volcanic line. The low
extends southeastwards to latitude 5.5°S where it is
again terminated by a belt of positive anomalies.
The positive anomalies correlate with a part of the
margin offshore Angola where the slope appears to
have prograded some tens of km more seaward than
adjacent parts of the margin. The positive anomalies
continue southeastwards to about latitude 8°S where
they are replaced once more by negative anoma-
lies.

These observations suggest that there is a distinct
‘gravity segmentation’ of the West Africa margin.
We recognise (e.g. Fig. 1b) three such segments off-
shore Gabon, Congo and Angola. The long-term me-
chanical properties of the lithosphere beneath Seg-
ment | has been the principal focus of this paper.
The presence of a wide belt of high-amplitude posi-
tive anomalies over Segment 2 suggests (e.g. Fig. 2)
that the sediments there may have loaded lithosphere
which has a relative high 7.. Segment 3 correlates
with a narrow high and wide flanking low which re-
sembles the patterns of Segment 1. This may indicate
the return of a weak zone beneath this segment.

Unfortunately, these conclusions concerning the
long-term mechanical properties of the lithosphere
that underlie Segments 2 and 3 are speculative and
need to be verified by backstripping and gravity
modelling studies, once stratigraphic data from these
regions become available. The patterns of anomalies
are suggestive, however, of major changes in litho-
spheric strength at latitude 5.5°S and 8°S. Further-
more, satellite-derived gravity anomalies [32]} show
the conjugate margin of northeast Brazil to be seg-
mented. The intense gravity ‘low’ associated with
the Jacuipe basin, for example, is terminated at lat-
itude 11°S and 13°S by more positive anomalies.
Therefore, major changes in lithospheric strength
may also occur along Gabon’s conjugate margin. If
these inferences are correct, then it suggests that
despite their morphological linearity passive conti-
nental margins may be highly segmented as regards
their long-term strength.

6.3. Modes of extension

The model that best explains the sediment back-
strip and gravity anomaly data (i.e. the heavy solid
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line in Fig. 5f) suggests that § increases from ~1
over the unstretched continental crust to ~4 over
the oceanic crust. The peak value of 8 ~ 5 oc-
curs, however, a few km seaward of the continental
shelf-break. This is some 140 km landward of the
oceanic-continent boundary inferred from seismic
and magnetic anomaly data, suggesting that the lo-
cus of maximum thinning of the crust does not occur
near this boundary but, several tens of km landward
of it. Such an observation is in agreement with the
results of numerical modelling [33] which show that
when strain hardening occurs during the cooling of
initially warmer lithosphere, the main locus of thin-
ning shifts from the ocean—continent boundary and
into the continent.

As Fig. 5f shows, 8 depends on the parameter
Zecx- At the Gabon margin, the dependency is most
clearly seen in the thinned zone where Z.. values
of 5, 7.2 and 10 km yield average § values of 3, 4
and >6 respectively. We have been able to rule out
values of Z.x of 5 and 10 km because they predict
gravity anomalies which are either too low or too
high in amplitude to explain the observed anomalies.
The best overall fit is for Z,..x« = 7.2 km and, hence,
we conclude that the best fit average 8 in the thinned
zone is about 4.

It should be apparent from Fig. 5 that the 8 de-
duced from backstripping and gravity modelling will
not necessarily be the same as deduced by stud-
ies which rely, for example, only on fitting thermal
models to backstripped well data. They will agree
in the special cases that: (a) Zp.x = 7.2 km since
this depth of necking predicts an Airy-type response.
irrespective of the actual 7, during the rifting; and
{b) T. = 0 km during rifting. They will also agree
if the well data are backstripped taking into account
the appropriate Z,ex and T, during rifting. If these
parameters are not known then it is necessary to first
constrain them by gravity modelling. It is not suffi-
cient, we believe, to justify the use of an Airy model
in backstripping simply by noting, as some workers
have done, that the free-air gravity anomalies over
a region are of small-amplitude. The gravity anoma-
lies have actually to be modelled because as Fig. 4
clearly shows, small-amplitude sum anomalies may,
in some cases, be produced by high values of Z.
and T, during rifting.

Finally, our technique has implications for the ex-

ploration of deep-water passive margins, especially
by the hydrocarbons industry. Seismic data provide
important constraints on the physical properties of
the crust. However, in many situations these data
fail to unambiguously constrain the spatial distribu-
tion of extended continental lithosphere. The method
used in this paper is based on observations that ex-
tended continental lithosphere may respond in fun-
damentally different ways to rifting and sediment
loading than oceanic lithosphere. Further backstrip-
ping and gravity modelling studies which use 3-D
‘grids” of sediment thickness and high-resolution
satellite-derived gravity anomaly data, together with
the development of more refined models, have the
most promise, we believe, in better understanding
the distribution, thickness and, rheology of extended
continental lithosphere in the future.

7. Conclusions

The following conclusions can be drawn from this
study:

(1) The amount of crustal thinning, 8, beneath
a rift-type basin can be determined directly from
sediment backstrip data even in cases where there
are believed to be variations in the strength and
depth of necking during rifting.

(2) The model that best explains free-air gravity
anomaly data offshore Gabon is one in which the
continental slope is underlain by a 120 km wide zone
which was mechanically weak after rifting and may
have been weak during rifting.

(3) Magnetic anomaly and seismic reflection pro-
file data suggest that the weak zone is mainly under-
lain by extended continental crust.

(4) Although the weak zone is associated with
thinner than normal continental crust, the region of
thinnest crust (i.e. highest B values) occurs land-
ward of the weak zone, suggesting that the locus of
maximum extension does not occur at the ocean—
continent boundary but, is shifted some 100 km into
the continent.

(5) Gravity anomaly maps suggest that the weak
zone extends for some 350-400 km along-strike
of the margin offshore Gabon. However, the West
Africa margin as a whole appears to be highly seg-
mented as regards its long-term strength.
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