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Abstract: With many types of salt structures developed in the Lower Cretaceous Aptian Formation, the passive continental

marginal basins in the middle segment of the south Atlantic are hot areas of deep-water petroleum exploration. Based on

analysis of differential deformations of salt structures, the influences of the inclination of subsalt slope, subsalt topographic re-

liefs and basement uplifting on the formation of salt structures were analyzed by physical modeling in this work. The experi-

mental results show that the subsalt slopes in the middle West Africa basins are steeper, so the salt rock is likely to rapidly flow

towards the ocean to form larger and fewer salt diapirs. In the Santos and Campos basins, the basement uplifts outside the ba-

sins are far from the provenances, which is conducive to the intrusion and accumulation of salt rock on the top of the basement

uplifts. In contrast, in the middle West Africa, the basement uplifts are close to the basin margin, the residual salt layers above

them are thin, and small triangular salt structures develop on both sides of the uplifts. Moreover, the uplifting of the African
plate is also conducive to the full development of salt diapirs in the middle West Africa and results in large-scale thrust faults

and folds in the front compressional zone.
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Introduction

Salt structure is a common structural style in petrolif-
erous basins, and is closely related to hydrocarbon ac-
cumulation, as it has significant impact on trap forma-
tion, reservoir properties, source rock evolution, and hy-
drocarbon migration" . With special mechanical proper-
ties such as low density and weak compressional strength,
salt rock has some unique deformation characteristics,
and can form complex and variable structural styles, such
as salt roller, salt pillow, salt diapir, salt tongue, salt sheet,
salt wall, salt raft, salt weld, and salt-withdrawal mini-
basin™®>#1°181 The passive continental marginal basin in
the middle segment of the south Atlantic is a typical area
with well-developed salt structures™ !, and also a hot
area of deep-water petroleum exploration in the
world"™22, The previous studies on the passive conti-
nental marginal basins in the middle segment of the
south Atlantic were mainly focused on deformation styles,
formation processes, and dynamic mechanisms of salt
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structures™'%2328 These studies paid more attention to
deformation features of the salt layer and overlying for-
mations. Recently, several papers reported the effects of
base-salt relief on salt flow and suprasalt deformation
patterns®2%, In addition, these studies mostly focused on
a single basin or some key locations, and few compared
and analyzed the basins on the both sides of the south
Atlantic as a whole, hindering the deep understanding on
development and dynamic mechanisms of salt structures
in passive continental marginal basins. In this work, de-
formation of salt structures in the passive continental
marginal basins on the both sides of the middle segment
of the south Atlantic are compared and analyzed. The
influences of subsalt slope, subsalt topographic relief and
basement uplifting on the formation and evolution of salt
structures are investigated by physical modeling.

1. Regional geological background

The middle segment of the south Atlantic refers to the
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Fig. 1.

vast region located between the NEE-trending Flori-
anopolis fault and Romanche fault™, Salt-bearing basins
in this area include the Kwanza basin, the Lower Congo
basin and the Gabon basin in West Africa continental
margin, and the Santos basin, the Campos basin, and the
Espirito Santo basin in eastern Brazil (Fig. 1). The passive
continental marginal basins on the both sides of the
south Atlantic were formed due to sea-floor spreading
under the influence of regional extension when the
Laurasia and Gondwana continents broke up after the
Late Triassic. The basins have mainly experienced pre-
rifting, rifting, transition and drifting stages>3°-32! (Fig. 2).
Corresponding to the four evolution stages, the basins
have four mega-sedimentary sequences, namely the
pre-rifting sequence, rifting continental sequence, transi-
tion salt-bearing sequence and drifting sequence (Fig. 2).
The transition stage during the late Aptian of Early
Cretaceous is the initial formation stage of the passive
continental margins of the south Atlantic. During this
period, the basins were dominated by thermal subsidence,
and the intensive tectonic movement basically ceased,
and only some local and isolated fault blocks had ad-
justment. Due to the obstruction of the Walvis ridge, the
basins in the middle segment of the south Atlantic were
in semi-closed shallow water sedimentary environment.
In the geological background of relatively stable tectonic
subsidence, warm and dry climate and strong evapora-
tion, a set of regionally distributed salt rock with a
maximum thickness of 1 km deposited above the terres-
trial and marine-terrestrial transitional strata'®®. During

Regional geological map of the passive continental marginal basins in the middle segment of the south Atlantic.

the stage of passive continental margin, the salt rock in
the Lower Cretaceous Aptian flowed towards the ocean
plastically, and thinned or thickened in some local areas,
forming many types of salt structures in the basins. These
salt structures influenced oil and gas accumulation from
the aspects of trap development, reservoir properties, and
hydrocarbon migration®7 2031,

2. Deformation of salt structures

Controlled by the salt rock in the Lower Cretaceous
Aptian, the structural deformation of the passive conti-
nental marginal basins in the middle segment of the
south Atlantic exhibits obvious structural zonation from
the continent to the ocean™? ! The salt-bearing basins
in the middle West Africa can be divided into back ex-
tensional zone, central transition zone, and front com-
pressional zone (Fig. 3). The deep-water basins in Brazil
can be divided into nearshore low concave zone, middle
low uplift zone, offshore low concave zone, and outer
basement plateau zone from the land to the ocean (Fig. 4).
Influenced by base-salt relief, overburden progradation
rate and regional geological background etc, salt defor-
mations in the passive continental marginal basins in the
middle segment of the south Atlantic have some different
characteristics.

2.1. Salt structures in the middle West Africa basins

The subsalt basement of the passive continental mar-
ginal basins in the middle West Africa is a westward in-
clined slope with many west-dipping normal faults. Near
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Fig. 2. Comprehensive stratigraphic column of the passive
continental marginal basins in the middle segment of the
south Atlantic (modified from Reference [22]).

the land side, are thick Lower Cretaceous and a basement
uplift (or the Atlantic hinge zone). The stratum on the
basement uplift top has been seriously eroded (Fig. 3). In
the back extensional zone, the salt layer is generally thin,
and is absent in some local areas. There are mainly nor-
mal faults, salt rollers, salt welds, and raft structures in
this zone (Fig. 3). The normal faults are mostly inclined
toward the ocean, detach on the top salt layer, and have
some small triangle salt rollers in the footwall. According
to formation ages, the raft structures can be further di-
vided into the Cretaceous and Neogene raft structures.
The Cretaceous raft structures mainly turned up near the
land side, where a series of listric faults were formed
during the salt detachement movement. The listric faults
detached in the salt layer and ended upward in the Cre-
taceous (Fig. 3b). There are listric normal faults seaward

in the Neogene. The strata on two sides of the listric
faults have obvious differential sliding, and the synsedi-
mentary strata on the hangingwall have rolling anticlines,
resulting in the formation of raft structures in the Neo-
gene (Fig. 3b).

The central transitional zone is located in the foot of
the continental slope, where there are salt diapirs with
eminent piercing feature and salt-withdrawal sags be-
tween salt diapirs (Fig. 3). On the whole, in this zone,
faults are fewer, salt diapirs near the land are larger than
salt rollers and have two wings quite symmetrical, and in
conformable contact with the overlying formation in local
areas. Towards the ocean, the salt diapirs are higher. For
example, the salt diapirs in the Kwanza basin and Gabon
basin have maximum uplifting height of about 4 km, and
some are close to the seabed (Fig. 3a, ¢). The salt rock in
some areas was squeezed into the Neogene seaward, thus
forming salt tongues (Fig. 3¢). If the intrusion is serious
enough, isolated salt tongues would be formed (Fig. 3a).
The front compressional zone is located near the deep
ocean side of the basins, where the salt rock from the
continent accumulates and thickens, reaching up 3 km
thick (Fig. 3c). Influenced by compressional stress, thrust
faults are common in this zone, and the salt rock
squeezes and thrusts along the faults sometimes, leading
to folds of the overlying stratum (Fig. 3b).

2.2. Salt structures in the Brazil deepwater area

The salt base in the Santos basin has an obvious shape
of slope near the land, toward the ocean, the slope gra-
dually flattens, and a rift system turns up (Fig. 4a). Dif-
ferent from the salt basins in the middle West Africa, the
Santos basin has an outer basement plateau (the Sao
Paulo plateau) on the deep ocean side, where thick Aptian
salt rock deposit (Fig. 4a). In the Campos basin, the bottom
of the salt layer has a shape of slope inclining toward the
ocean on the whole. The subsalt basement has Badejo uplift,
central uplift, and outer highland, showing the frame of 3
uplifts alternate with two sags, but the outer highland is
significantly narrower than that of the Santos basin (Fig. 4b).

In the Santos basin and Campos basin, there develop
normal faults dipping toward the land, salt rollers, and
salt welds in the nearshore parts (Fig. 4); normal faults
dipping toward the ocean and salt rollers in the footwalls
of the normal faults in the part near the ocean. The cen-
tral regions of the two basins (mainly the central low
uplift zone) have the characteristics of bilateral extension,
with faults inclining toward the land and the ocean. In
the outer basement plateau zone and the nearshore low
concave zone of the Santos basin and Campos basin, the
salt layers are in thick layer (in general more than 1 km),
with salt diapirs in some local parts (Fig. 4). Compared
with the salt-bearing basins in the middle West Africa,
the Santos and Campos basins have thicker salt layers
above the outer basement plateau, but not so prominent
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piercing salt diapirs (Figs. 3 and 4).
3. Physical modeling
3.1. Experimental materials

According to the similarity principle and modeling
materials used commonly in previous studies®*?%357381 we
used ductile silicone to simulate salt rock with Newto-
nian fluid characteristics, and dry and loose pure quartz
sand to simulate the overlying sedimentary rock. The
subsalt slope and uplift were simulated by steel plate and

hard rubber block.

Under ambient temperature, the silicone had a density
of 987 kg/m?, with near-Newtonian characteristics. The
silicone had a dynamic viscosity of 5x10* Pa-s at the strain
rate less than 3x10°2 s!, which is close to the rheological
features of salt rock. The quartz sand had a grain size of
100—400 um, a bulk density of 1500 kg:m™®, and a cohe-
sive force of 200 Pa. In the natural gravity field, the de-
formation of the quartz sand satisfies the Mohr-Coulomb
failure criterion, which is close to the brittle deformation
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Table 1. Experiment parameters of the physical model of salt structures in the middle segment of the south Atlantic.

Model Gravity acceleration/(m-s2) Length/m Density/(kg-m ™) Viscosity/(Pa-s) Time/h

Geological model 9.8 2x10° 2700 (Overlying stratum) 2 200 (Salt) 1x10" (Salt) 9.5x10"

Physical model 9.8 0.8 1500 (Quartz sand) 987 (Silicone) 5x10*(Silicone) 12-120
Scaled coefficient 1.0 4x10°° 0.55 0.45 5x107%8 (0.12-1.20)x107°
(a) Subsalt slope model witha 5° dip the slope, and then the model was set aside for about 10 h
/ : i to wait for the top silicone layer to turn horizontal and
5cm.3h 60cm. 3 h /IM— —~50cm.3h |2cm expel gas bubbles. Subsequently, a quartz sand layer 20
__2(:111_4_ cm long was added in the left side of the model every 3 h,

(b) Subsalt slope model with a 3° dip
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Fig. 5. Schematic diagrams showing the physical model setup.

behavior of sedimentary rock in the shallow crust®®. In
this study, in order to clearly observe the processes and
characteristics of deformation, some quartz sand layers
were colored as the marker layers. Table 1 shows the para-
meters and their scaled coefficients of the actual geological
model and physical model, which basically meet the sim-
ilarity principle of scaled physical modeling.

3.2. Model design

Based on the geological background and deformation
characteristics of salt structures in the passive continen-
tal marginal basins in the middle segment of the south
Atlantic (Figs. 3 and 4), we designed four physical models
to find out the effects of subsalt slope, subsalt topog-
raphic relief and plate uplifting on the formation of salt
structures (Fig. 5).

In order to analyze the influence of subsalt slope on the
development of salt structure, two models were designed
in this study. The two models were both 80x20 cm in size,
with two fixed lateral plates. A PVC plate 80 cm long was
used to simulate the basement slope. According to the
previous study results®**°! the dips of the subsalt slope
were set at 5° and 3°, respectively, to simulate the passive
continental marginal slopes with different tilting degrees
in the middle segment of the south Atlantic (Fig. 5a, 5b).
Firstly, a silicone layer about 2 cm thick was laid above

simulating the sediment aggradation in the continental
margin.

Although the subsalt basements of the middle West
Africa and the deepwater Brazilian show obvious uplift
and depression structure, they have big differences in
uplift and depression shapes and uplift locations. The
basement uplifts of the salt-bearing basins in the middle
West Africa (e.g. the Libncvillo uplift and the Atlantic
hinge belt) are close to the land (Fig. 3), while the base-
ment uplifts of the deepwater basins in Brazil (e.g. the
Sao Paulo plateau) are close to the ocean (Fig. 4). Previous
physical modeling has confirmed that the salt above the
basement uplift near the provenance is relatively thin,
and some small triangular salt diapirs are formed on both
sides of the basement uplift®®®. To compare the influences
of subsalt basement uplifts at different locations on the
development of salt structures, we designed a model
shown in Fig. 5c. The model was 80x20 cm, with two
fixed lateral sides. The basement included a slope zone, a
horizontal zone, and an uplift zone to simulate the con-
tinental slope, subsalt depression zone and subsalt uplift
zone, respectively. The uplift belt was closer to the right
side of the model far from the provenance (Fig. 5¢). A
silicone layer about 2 cm thick was laid above the base-
ment, and the model was set aside quietly for about 10 h,
to wait for the top silicone layer becoming horizontal and
expelling gas bubbles. Then, a quartz sand layer 10 cm
long was laid in the right side of the model every 3 h.

Regional studies indicated that the African plate had
been uplifted during the Cenozoic, which might have
some impact on salt structural deformation in the
salt-bearing basins of the West Africa® ™, For this, we
designed a model shown in Fig. 5d. The model had a
piece of smooth glass 80 cm long as base, a 70 cm-long
silicone layer above the glass, and 5cm-long quartz sand
layers on the left and right sides of the silicone layer to
simulate the blocking of the overlying sediments to the
salt layer (Fig. 3). The base of the model was initially
horizontal, and the right side of the model would be
gradually tilted to a maximum slope of 8° during the
modeling process (to make the experimental results more
obvious, the tilting angle was larger than the actual de-
gree). At the beginning of the modeling, a quartz sand
layer was laid above the silicone layer. With the flow of
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the early quartz sand layer during the experiment process,
quartz sand was added to fill every 12 hours to level up
the model. The total duration of the modeling was 120 h.

As there was cohesion between the silicone and the
lateral glass plate, which would influence the modeling
results, the models were fixed by filling sand and water-
ing on the surface after the experiments were finished.
Then the models were cut along the long axis direction to
better observe the internal deformation characteristics of
the silicone and quartz sand layer.

4. Results and discussion
4.1. Subsalt slope models

In the model with a subsalt slope dip of 5° the silicone
began to flow down the slope after about 3.5 h. At this
time, the overall characteristics of silicone flow were not

very significant, and the overlying sand layer on the left
side of the model had only two normal faults (Fig. 6a). As
the sand layer gradually progradated toward to the slope
toe, under the influence of gravity sliding and differential
loading of the overburden, the silicone flowed more ob-
viously down slope, and several large faults turned up in
the overlying sand layer (Fig. 6b). In the model with a
subsalt slope dip of 3° the flow characteristics of the silicone
were roughly similar to the above model, but the overly-
ing sand layer had more faults. At last, the models were
cut. In the internal section of the subsalt slope model
with a dip of 5° there were six large scale listric normal
faults and several small normal faults in the overlying
sand layer, and the layers cut by the faults gradually be-
came new towards the slope toe (Fig. 6¢, 6d). In addition,
in the right section of the model, three salt rollers were

. . =, | _'
B T e ‘m

A O~
AT 1] DS

Salt  Salt gy Salt

o — Csalt  Salt :
Salt weld wglg weld weld weld roller weld  Fault

Fig. 6. Modeling processes and results of the subsalt slope models with different dips. (a) and (b) are the photos 3.5 hand 7h
into modeling of the subsalt slope model with a dip of 5°; (¢) and (d) are the photos and interpretations of the subsalt slope
model with a dip of 5°; (e¢) and (f) are the photos and interpretations of the subsalt slope model with a dip of 3°.
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formed in the footwalls of normal faults, and raft struc-
tures were also formed in the sand layer in the hanging
walls of the normal faults. Moreover, the sand layers of
raft structures gradually became new towards the slope
toe due to fault activity. This is similar to the Cretaceous
raft structure on the land side and the Neogene raft
structure on the seaside of the salt-bearing basins in the
middle West Africa (Fig. 3b). In the middle section of the
slope, there were two large-scale salt diapirs, and the
sand layers at the top of the diapirs collapsed, forming
normal faults and small grabens. Influenced by salt
withdrawal activity, turtle structures developed between
the two salt diapirs, and the salt welding areas were also
relatively large (Fig. 6d). In the subsalt slope model with
a dip of 3° the overall deformation characteristics were
similar to those of the model with the subsalt slope of 5°
but this model had more and larger normal faults in the
overlying sand layers, and the grabens at the top of salt
diapirs were also larger. In addition, this model had salt
rollers, diapirs and salt welds larger in number but much
smaller in scale than the former model (Fig. 6e, 61).

The modeling results of the two comparative models
show that the steeper subsalt slope facilitates rapid flow
of salt toward the ocean due to gravity sliding and dif-
ferential loading. As a result, salt structures develop
rapidly, and are larger in scale and smaller in number.
The salt welding areas between salt structures are also
larger (Fig. 6e). The above modeling results are similar to
the salt-bearing basins in the continental margin of the
West Africa (Fig. 3). On the contrary, the gentler subsalt
slope is conducive to slow flow of salt, salt structures can

develop fully, but are smaller in scale; and a large number
of normal faults can also develop in the overlying stratum
(Fig. 6f), these are similar to the structural features of the
salt basins in the deepwater Brazil (Fig. 4).

4.2. Subsalt topographic relief models

In the model with a subsalt uplift far from the prove-
nance, 2.5 h into the modeling, the silicone above the
upper slope began to flow, and a normal fault was also
formed in the overlying sand layer at the slope top (Fig.
7a). As the sand layer gradually prograded toward to the
right side of the model, the silicone flow and faulting in
the overlying sand layer were more obvious. At the end of
the experiment, several salt structures of different shapes
were formed in the basement slope zone, the horizontal
zone and the uplift zone (Fig. 7b). In the internal section
of the model, it can be seen that several large-scale salt
rollers and salt diapirs developed in the subsalt slope and
horizontal zones. There were several normal faults on the
top of the salt rollers and salt diapirs, which formed some
small grabens. In the right section of the model, thicker
silicone gathered, with the characteristics of extrusion
and thrust in local parts (Fig. 7c). Besides, salt thickening
occurred at the top of the basement uplift in the middle
part of the model (Fig. 7c), suggesting that the top of the
subsalt uplift far from the provenances is a weak area
favorable for salt intrusion and accumulation™® ™, The
modeling results are significantly different from the salt
thickness and deformation characteristics of the model
with a basement uplift close to the provenance (Fig. 7c, d).
It should be noted that the top surface of the thick
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Fig. 7. Modeling processes and results of the subsalt topographic relief models. (a) The photo 2.5 h into modeling of the model
with a subsalt uplift far from the provenance; (b) and (c) are the result photos and interpretations of the model with a subsalt
uplift far from the provenance; and (d) the interpretation of the model with a subsalt uplift close to the provenance, which is
modified from the Reference [38].
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salt layer above the basement uplift in the model was not
a plane, but had local sags and faults (Fig. 7c), which is
similar to the deformation characteristics of the salt
above the Sao Paulo plateau in the Santos Basin (Fig. 4b).
The thicker salt layers above the basement uplifts have
strong impact on hydrocarbon accumulation in the sub-
salt carbonate reservoirs. For example, the main reservoir
of the Tupi giant oilfield in BM-S-11 block of the Santos
basin discovered in 2006 is the carbonate rock below the
Aptian salt rock. The salt rock more than 2000 m thick
can not only seal oil and gas in the subsalt carbonate
reservoirs, but also facilitate the transfer of subsalt heat
to the shallow layer, so the subsalt carbonate reservoirs
can still keep a high proportion of initial porosity even
under large burial depth'™.

4.3. Basement uplifting model

At the beginning of the modeling, the horizontal base
of the model was tilted to the slope angle of 5° After 12 h,
the model had no obvious deformation, except slight ex-
tension and thrust at the positions where the quartz sand
blocked silicone in the upper and lower slope (Fig. 8a).
After 20 h, the base of the model was tilted to a slope
angle of 8° 60 h into the modeling, the model had sig-
nificant extension and compression deformations in the

right and left sides, respectively (Fig. 8b). Subsequently,
the extension and thrust deformations strengthened fur-
ther. At last, several normal faults appeared and the sili-
cone thinned obviously in the right side of the model. In
the left side of the model, several thrust faults and anti-
clines turned up, along which the silicone intruded and
thrusted. In contrast, the silicone and the sand layer in
the middle part of the model had only slight deformation
(Fig. 8c). In the internal section of the cut model, the
silicone and the sand layer gradually thickened from the
extensional zone to the compressional zone, and the
structural deformation features have obvious zonation
(Fig. 8d). The extensional zone on the right side of the
model was characterized by normal faults and small salt
rollers. The central transitional zone had mainly
large-scale salt diapirs of different shapes, and some salt
diapirs had penetrated the overlying quartz sand layer
and reached the model surface. The front compressional
zone in the left side of the model was mainly character-
ized by thrust faults and thick salt bodies; in local parts,
the salt body was obviously squeezed, resulting in the
formation of salt nappes and isolated salt tongues, and
folds in the overlying sand layer. These are very similar to
the deformation characteristics of salt structures in the
front compressional zone of the Lower Congo basin (Figs.
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3b and 8d). The modeling results show that significant
gravity sliding and spreading are likely to form thrust
faults primarily and folds secondarily in the front com-
pressional zone. The thinning of the overlying stratum
from the compressional zone to the extensional zone also
reflects the control of the basement tilting extent on
structural style.

5. Conclusions

Many types of salt structures occur in the passive con-
tinental marginal basins in the middle segment of the
south Atlantic, and show obvious structural zonation
from the land to the sea. In the salt-bearing basins in the
middle West Africa, the subsalt slopes have larger dips,
which can make the salt flow rapidly towards the ocean,
resulting in larger and fewer salt diapirs, and larger salt
welding areas. In contrast, the subsalt slopes of the
deepwater basins in Brazil are gentler, which is conducive
to slow flow of salt. As a result, salt structures in the
deepwater basins in Brazil can fully develop, but are
smaller in scale generally. The uplifting of the African
plate made it possible to form large-scale thrust faults
and folds in the front compressional zone under the ef-
fect of gravity sliding. The outer basement uplifts of the
Santos basin and Campos basin in Brazil are far from the
provenances, and salt is likely to intrude and built up to
large thickness at the top of the uplifts. On the contrary,
the subsalt basement uplifts in the middle West Africa
basins are close to the provenances, the salt above the
basement uplifts is thin (or missing), and small-scale salt
rollers come up on both sides of the basement uplifts.
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