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9. POST-TECTONIC SUBSIDENCE OF THE COTE D'IVOIRE-GHANA MARGINAL RIDGE:
INSIGHTS FROM FMS DATA *

Christophe Basile,? Jean Michel Ginet,? and Philippe Pezard®

ABSTRACT

During Ocean Drilling Program (ODP) Leg 159, Sites 959 and 960 were drilled on the northern slope and near the top of
the Cbte d’lvoire-Ghana Marginal Ridge, at the intersection of the divergent Ivorian Basin and a transform margin. On seismic
lines, this ridge appears as an acoustic basement tilted northward. It comprises Albian siliciclastic synrift sediments, uncon-
formably overlain by Turonian to Santonian carbonate debris flows (postrift but syntransform sediments). These sediments are
overlapped along the northern ridge slope by Upper Cretaceous—Paleocene claystones and Paleocene—Eocene porcellanite.

The Formation MicroScanner (FMS) logging tool has recorded images of the borehole wall between 546 meters below sea-
floor (mbsf) (porcellanite) and 924 mbsf (claystones) in Hole 959D, and between 331 and 351 mbsf (grainstones) in Hole
960C. From these images, strata and fault attitudes have been systematically measured (1771 beds and 694 faults measured in
Hole 959D, and 257 beds and 13 faults in Hole 960C) to study the progressive tilting of the ridge and coeval deformation.

In Hole 959D, the average dip of the bedding increases with depth, from 7° at 550 mbsf to 16° at 920 mbsf. The mean azi-
muth remains constant, around 320°N. These changes indicate a progressive northwestward tilt of the marginal ridge from the
Upper Cretaceous to the Eocene. However, both dip and azimuth measurements exhibit important variations that cannot be
ascribed to measurement resolution. In Hole 960C, the attitudes of bedding exhibit the same variations, with an average azi-
muth around 20°.

Changes in dip and azimuth values can be correlated at a decimeter-to-meter scale and indicate progressive rotations about
horizontal axes. At both Sites 959 and 960, direct observations on cores and strong correlation between rotation axis and fault
strikes indicate that many rotations are related to tilting along low-dipping and gravity-driven normal faults. Sedimeotary str
tures such as cross lamination or progradation can also explain rotations of successive beddings, especially at Site 960 where
grainflows were observed. Averaging the dip and azimuth over a large interval (20 m) emphasizes the occurrence of several
wavelengths in the depth domain for the progressive tilts.

Finally, the northern slope of the Marginal Ridge results from a combination of tilting around several horizontal rotation
axes. The rotations are mainly controlled by the contemporaneous thermal subsidence of the transform and divergent margins.
Moreover, some faults and rotation axis directions can be associated with paleo-stresses, especially in the syntransform lime-
stones of Hole 960C.

INTRODUCTION the ridge is strictly related to differential tectonic subsidence (i.e.,
faster crustal thinning in the Ivorian Basin than at its southern bor-
Located on the northern edge of the Gulf of Guinea, the Cotder): - , ,
d'lvoire-Ghana Transform Margin is a narrow and elongated conti- 2- At the end of the rifting, a second stage is correlated with the
nental margin lined up with the Romanche Fracture Zone (Fig. 1§Ae;\‘/ellopmelnt of an intracontinental fault at the emplacement of the
This transform margin is characterized by a sharp contact betweéfarginal Ridge. At that time, tectonic transpression is the more like-
continental and oceanic lithospheres. Between the shelf and the ab})sMechanism that can uplift the Ridge (Mascle and Blarez, 1987).
sal plain, the continental slope is only 20 to 30 km wide (Basile et all;jowever, differential thermal subsidence (faster cooling of the Ivor-
1996), and at depth, the transition between the continental Moho (38" Basin than the Ridge) could be a second mechanism. ,
km deep) and the oceanic one (11 km deep) is less than 10 km wide 3- Final continental parting between African and South American
(Sage et al., 1997). plates brings the continental transform margin into contact with the
In the western termination of the transform margin, the mosPceanic lithosphere in the Gulf of Guinea. At that stage, the transform
prominent feature is a marginal ridge located between a thinned coftagin is tectonically active and experiences a progressive heating
tinental crust northward (the Deep Ivorian Basin), and the oceanty the adjacent oceanic lithosphere. The heating and subsequent ther-
crust southward. In the present-day bathymetry, the Marginal Ridae
is a kind of plateau at 2000 m depth. Seismic sections (e.g., Fig. g |
show that this ridge has the shape of a northward-tilted crustal bloc | ~
The northern slope of this ridge is entirely covered by a sedimente
sequence partly contemporaneous with the tilting. Basile et al. (19¢
have proposed four geodynamic stages where the Marginal Ridge 0°
progressively built:
1. The first stage (early rifting of the Deep Ivorian Basin) leads t
shearing in the ridge area. At that stage, a hypothetical slight uplift
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Figure 2. MCS Line MT02 across the Deep Ivorian Basin and the Marginal Ridge of the Cote d’'lvoire-Ghana. The sectios ilesitmmetry of the ridge
and the progressive tilting of the sedimentary layers pinching out against the northern slope of the Marginal Ridge.Attseisghic stratigraphic units (see
text for details).

mal uplift of the Marginal Ridge increases with time as the oceani¢323-351 meters below seafloor [mbsf]) from Hole 960C, located at
crust is younger and closer to the spreading axis. the top of the Marginal Ridge, could be used in this study. Hole 959D

4. Finally, when the spreading axis passes south of the Margina located only three miles north of Hole 960C, on the northern slope
Ridge, the continental margin becomes tectonically inactive andf the Marginal Ridge and is the main hole studied in this paper. In
starts to thermally subside, probably at a slower rate than that of titéole 959D, FMS data were recorded in the interval 546.9 to 936.8
adjacent rifted Ivorian Basin. mbsf (with a repeat pass between 655.1 and 932 mbsf).

One of the principal objectives of Ocean Drilling Program (ODP)
Leg 159 was to investigate the mechanisms of formation of the Mar-
gingal Ridge, and partich]JIarIy the uplift and subsidence history. SitesEDIMENTARY SEQUENCES AT SITES 959 AND 960:

959 through 962, drilled during this leg, define two sections of the SEISMIC AND LITHOLOGIC DATA

transform margin, one perpendicular to the Marginal Ridge (Sites

959 and 960; Fig. 2), another along the strike of the Marginal Ridge A first step in the investigation of uplift-subsidence history is the
(Sites 960 through 962). comparison between the sedimentary sequences, depths, thicknesses,

Different tools can be used to estimate the vertical motions thand sedimentary environments at Sites 959 and 960. From seismic re-
occurred in the margin. Variations of subsidence and uplift througfiection data (Basile et al., 1996), the sedimentary sequence seems to
time can be evaluated by reconstruction of the sedimentary enviroibe similar at depth (seismic Units A and B) at Sites 959 and 960 (Fig.
ments at each site, and variations through space can be evaluated)yThe thickness of Unit B changes slightly, and the whole unit is
comparing both sites. As differential subsidence or uplift betweenilted toward the north-northwest. A similar pattern is deduced from
sites induces tilting, spacial variations of subsidence can also be ev#he cores recovered at Sites 959 and 960 (Mascle, Lohmann, Clift, et
uated by the changes in dip and strike of the sedimentary beds. Thasle 1996). During Early Cretaceous (Albian?) times (Stage 2), a si-
structural measurements can be done in situ using the Formation Mieiclastic sedimentary sequence (seismic Unit A) was deposited in
croScanner (FMS) logging tool, which produces high-resolutiorsimilar lacustrine environments at Sites 959 and 960, probably inside
micro-resistivity images of the borehole wall. a basin bounded by two intracontinental transform faults. An erosion-

In this paper, we study the FMS data recorded in Holes 959D aral and angular unconformity overlies those sediments and is covered
960C. Unfortunately, Site 961 was not logged because of hole instay middle (Site 959) to lower (Site 960) Turonian carbonates. This
bility, and FMS data cannot be interpreted at all at Site 962 (Holenconformity is the base of seismic Unit B (Stage 3, continent-ocean
962D) because of poor borehole conditions (bridges and numerotiansform) and marks the beginning of the deepening of the ridge
washouts). Again because of poor borehole conditions, only 30 mlope by reference to the ridge crest. At that time, periplatform depos-
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its, debris, and grain flows came from a shallow shelf setting near Site
960 into an adjacent basin (Site 959 and northward). Siliciclastic
grains coming from the south uplifted regions of this ridge or other
continental fragments also indicate eroded reliefs and vertica
motions.

After thelate Santonian, the end of the carbonate sedimentationis
associated with a regional deepening of the basin and ridge, and a
marked difference between sedimentary environments at Sites 959
and 960 appears. This change of sedimentation fits with seismic
Units C and D, which overlap the northern ridge slope and become
considerably thinner toward the top of the Margina Ridge (Fig. 2).
Their north-northwest tilt progressively decreases upward. Hard-
grounds and condensed Coniacian to Santonian sedimentary se-
quences are overlain by 209 m of Upper Cretaceous to Paleocene
black claystones at Site 959, while no sediment was deposited at Site
960 in the sametimeinterval. Upper Paleocene chalk is again located
only at Site 959. Beginning in the early Eocene, biosiliceous sedi-
mentation (porcellanite, chert, and diatomite) influenced sediment
deposition at al sites, but with very important differences in thick-
nesses between Sites 959 (604 m) and 960 (75 m). Neogene sedi-
ments (seismic Units E and F) are pelagic and hemipelagic oozes and
chalk. They are similar at both Sites 959 and 960, but again become
thicker at Site 959.

So the northward thickening of the sedimentary sequence appears
in the late Santonian, when the sedimentation loses the clastic input
and becomes only pelagic and hemipelagic. The disappearance of
clastic sediments excludes a sedimentary origin (such as prograda
tion) for the change of thickness of the sedimentary layers; this
change is clearly related to a change in sedimentation depths. The
progressive deepening of the Ivorian Basin with respect to the Mar-
ginal Ridge induced a contemporaneous tilting of the sedimentary
layers.

Thistilting can be estimated by comparing the depths of some sed-
imentary interfacesin Holes 959D and 960C (Table 1). The dips giv-
enin Table 1 are apparent because the sedimentary bedding isnot dip-
ping north like the strike between Holes 959D and 960C), but north-
northwest. The true dips are dightly steeper than those shown in Ta-

POST-TECTONIC SUBSIDENCE

anolites, and the bedding often appears in cores as flattened burrows
(Mascle, Lohmann, Clift, et al., 1996).

At Site 960, FMS data have been interpreted only in the interval
323-351 mbsf. This interval is inside seismic Unit B, which consists
of Turonian to Coniacian limestones.

FMSTOOL

The Formation MicroScanner (FMS) logging tool has been devel-
oped by Schlumberger for ODP purposes. This tool consists of four
orthogonal pads pressed against the borehole wall. Each pad produc-
es high-resolution micro-resistivity images of the wall (Fig. 3)
(Mascle, Lohmann, Clift, et al., 1996; Serra, 1989). Processing con-
verts the resistivity measurements into spatially oriented images us-
ing data recorded by an inclination tool (GPIT) deployed together
with the FMS. Any plane not perpendicular to the borehole axis that
intersects the borehole wall is represented as a sine wave when the
borehole wall is unrolled (Serra, 1989). The apparent azimuth (with
respect to the borehole orientation) of this plane is the azimuth of the
deepest point of the sine wave, whereas the apparent dip is computed
from the amplitude of the sine wave and the hole diameter. All mea-
surements presented in this paper are corrected for the deviation of
the hole (measured by the GPIT) and are true dips and azimuths, rel-
ative to horizontal and north.

On FMS images, the bedding is defined by a sharp contrast be-
tween layers characterized by different resistivities (Fig. 3). Conduc-
tive layers appear dark; resistive layers appear clear. For example, at
Site 959, the upper part of the logged interval consists of biosiliceous,
pyrite-rich, and conductive sediments interbedded with calcareous
sediments, which are more resistive. When the FMS image is dis-
played, it is possible to modify the relationship between resistivity
and color. This adjustment increases the measurement resolution and
the number of beds that can be observed on FMS images. Faults are
defined as conductive planes (black lines on FMS images) crossing
the bedding. Highly deformed fault zones, however, are quite hard to
analyze because image coverage is restricted to about 22% of the

ble 1. The apparent dips decrease from the deeper units (10°-11barehole wall.

the Albian—Turonian unconformity, top Unit V) to the shallower
ones—38° at the base of Eocene biosiliceous sediments, 4° at the base
of Neogene sediments, and only 2° in the Miocene. This progressive
tilting observed at a kilometer scale has also been studied at a centi-
meter scale using FMS logging in the same holes. In Hole 959D, structural measurements were performed by two of
At Site 959, the interval (930-540 mbsf) logged by the FMS toothe authors, C. Basile in all of Hole 960C and in the intervals 546—
and studied in this paper is limited to the seismic Units C and D. Th&21.27 mbsf and 749.36—924 mbsf of Hole 959D on pass 1 and J.M.
lower part of this interval is in the Upper Cretaceous to Paleocer@inet in Hole 959D between 709.99 and 776.88 mbsf on pass 2. We
black claystones (930—825 mbsf), and the upper part covers the uppesed Fracview software developed by Schlumberger to identify and
Paleocene chalk (limited to the 825-810 mbsf interval) and theneasure the attitudes (dip and dip direction = azimuth) of beds and
Eocene porcellanite (810-540 mbsf). In the porcellanite, biosilifaults. Measurements were always taken using the same method for
ceous, and pyrite-rich sediments are interbedded with pelagic calcasedimentary beddings by plotting at least three points on the mea-
eous sediments; the contacts between beds are generally gradatioswked plane and computing the sine that provides the best fit for those
because of moderate bioturbationZmpphycos, Chondrites, andPl- three points. For fault measurements, C. Basile used the same method

STRUCTURAL MEASUREMENTS

Table 1. Depths and apparent dips of some sedimentary interfacesin and between Holes 959D and 960C.*

Depth (mbsf) Depth (m) below surface Apparent slope
©

Interface  Hole959D Hole960A  Hole959D Hole960A  between Holes 960C and 959D
TIHA 207.6 101.0 2298.3 2149.3 18

TIB 427.3 136.2 2518.0 2184.5 4.1

T 810.0 164.8 2900.7 22131 83

TIVA 1043.3 176.0 3134.0 2224.3 1

TV 1081.7 330.0 31724 2378.3 9.6

Notes: * = Mascle, Lohmann, Clift, et a. (1996). Interface = lithostratigraphic units, T = top. The top of lithostratigraphic Univ V (Lower Cretaceous) fits with the top of seismic Unit
A. Thetop of lithostratigraphic Unit IVA is upper Santonian in age, and fits with the top of seismic Unit B. The tops of Unit 111 and Subunits [I1B and I1A are early Eocene, Neo-
gene, and early Miocene in age, respectively (Mascle, Lohmann, Clift, et al., 1996).
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Figure 3. FMS azimutha image from Hole 959D, 755.52-757.98 mbsf. The

same image is interpreted in Figure 8.

as for beds;, JM. Ginet used a tool that automatically searches the
conductive anomalies (assumed to be fractures) located in the vicin-
ity of the plotted points, and computes the sine which provides the
best fit for those anomalies. Only fossil faults have been measured;
breakout induced by drilling or in situ present stresses were not mea-
sured in this study.

Theresultsare very similar in bedding attitudesin the two studies,
athough more varied in fault attitudes. The small discrepancies that
can be observed (Fig. 4) are mainly caused by a different sampling
and a small shift in depth between the two FM S passes. Both studies
are combined in the following descriptions, and data are shown to-
gether (in Hole 959D, C. Basile's findings from 546 to 720.9, J.M.
Ginet's from 720.9 to 749.3, and C. Basile’s again from 749.3 to 924
mbsf).

Hole 959D

Figure 5 gives the azimuths and dips of the 694 faults reported on
FMS images in Hole 959D. There is no significant variation of fault
attitude in the logged interval. All azimuths are observed at all
depths, and dips vary between 15° and 75°. However, detailed exam-
ination of dip repartition shows two main dips: 45°-50° and 60°-65°.
On a strike rose diagram, all directions are observed, but preferential
strikes appear. The more obviaiske is 65°N, which is at a regional
scale the strike of the Marginal Ridge. Another important strike oc-
curs at 35°N; other significant strikes occur at 165°, 115°, and 95°N.
On the dip direction rose diagram, the faults trending 35° and 65°N
are the only ones that are dipping mainly in one direction (northwest).
On average, those sets of faults are steeper (dipping 60°-70°) than the
others (dipping 45°). All the other sets (95°, 115°, and 165°N) consist
of conjugated faults with opposite dips.

To the extent possible, each sedimentary bedding has been mea-
sured. However, those measurements were not possible when the
sediments did not display resistivity contrasts (i.e., no contrasts on
FMS images) in fault zones that prevent any correlation of beds at
borehole scale, as well as when the shape and size of the hole de-
creased the quality of FMS records. In the 378-m-long logged inter-
val of Hole 959D, 1771 beddings have been reported (Fig. 6). The av-
erage distance between two measurements is 21 cm, but for half of
the measurements this distance is less than 6 cm. The dips measured
from FMS images are similar to the dips measured shipboard on
cores (Mascle, Lohmann, Clift, et al., 1996) once the shipboard dips
are corrected from the hole deviation.

As expected from the seismic data, the whole sedimentary se-
quence logged by FMS is tilted northwestward. The dips vary from
7° at 550 mbsf to 16° at 950 mbsf, while the average azimuth stays
almost constant near 320°N. The northwestward tilt then occurs
around a horizontal axis striking at 50°N. As the Marginal Ridge and
its northern slope strike at 65°N on average, the average tilt recorded
by the sedimentary layers between the Upper Cretaceous (924 mbsf)
and middle—upper Eocene (546 mbsf) is not parallel to the ridge axis.
Moreover, both dips and azimuths exhibit very important variations
around their average values (+ 50° for azimuths, + 8° for dips), and
those variations often appear as organized oscillations (see, for exam-
ple, variations of azimuths in Figure 4) rather than as random signals.
Sudden changes in bed attitude also exist; for example, the average
dip increases from 10° to 25° between 720 and 800 mbsf, and then
suddenly falls to 15° between 800 and 810 mbsf (Fig. 6).

To evaluate the influence of measurement errors on dip and azi-
muth variations, we have plotted a set of 11 beds several times in the
interval 759.8-761 mbsf, and compared the different measurements
(Fig. 7). There are no significant variations of depth measurements
(standard deviation = between 0 and 1 cm). On most of the planes,
standard deviations are less than 2° (maximum 4°) for azimuth mea-
surements, and less than 0.6° (maximum 1.65°) for dip measure-
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ments. Those standard deviations are very small compared to the mbsf, Fig. 8), but more commonly, they show a change in the rotation
variations of azimuth (up to 30°) and dip (up to 7°) in this set of sucaxis strike to as much as 90° (e.g., 756.91-757.04 mbsf, Fig. 8). In
cessive beds. This test confirms the measurement accuracy, and irfigure 8, the preferential trends of the rotation axes are 65° and 90°N,
cates that the variability of orientation of the sedimentary layers is natith a slight dip northwestward; strikes 145° and 45°N also appear.

the result of data processing. On the logged interval scale, rotation axes display the same fea-

As both azimuth and dip of successive beds vary, one can try tare as on a meter scale. They are striking in all directions (Fig. 9) and
spatially correlate those variations. Azimuth and dip often vary toare slightly dipping northwestward. As the bedding is tilted in the
gether, and it appears that those variations can be related to progreame way, the rotation axes are horizontal by reference to the bed-
sive rotations of the bedding, characterized by the orientation of theing. The dispersion of rotation axis strikes possibly represents a nat-
rotation axis and the way and amplitude of the rotation. One problemral phenomenon like the dispersion of fault strikes or the variations
is to determine if the rotation has any geological reality, like in tiltedof bed attitudes, but can also be the result of the imprecision of rota-
blocks or progradation fans, or if it has only statistical means. In factjon axis computation. Four directions appear to be more significant
one can always determine a rotation axis between two planes, bui(iig. 9): 45°, 65°, 95°, and 145°N.
is not always possible among three or more planes. So we decided to At the logged interval scale (almost 400 m), it is striking that the
retain only the rotations determined by at least three successiveain directions of rotation axes (45°, 65°, and 95°N) are also the
planes progressively tilted in the same way (e.g., Fig. 8). Even witmain orientations of the faults observed in the same interval (cf. Figs.
those restrictive constraints, almost all measured beds can be relag®). This is also true at other scales: the same preferential orienta-
to progressive rotations. tions of rotation axes are observed at the 10-m scale as at the 400-m

When the FMS images allow detailed analysis of the beddingcale, (cf. Figs. 9-10B or 8). Moreover, at the 10-m scale, the same
without interruptions because of fault zones or poor quality of thelirections are reported for both faults (Fig. 10A) and rotation axes
borehole, only 2%—-5% of the beds cannot be related to progressi{€ig. 10B). This systematic correlation probably indicates that faults
rotations (0% in Fig. 8). This amount reaches 17% in beds that cannand tilting are cogenetic.
be measured. To determine if this quantity can be reached randomly, As noted before, the variations of dip and azimuth can be ob-
a Monte Carlo test has been run on a set of 99 successive beds teved on different scales: on a centimeter scale, that is between suc-
are correlated at 96% to progressive rotations. Those data have beessive measurements (e.g., Figs. 7, 8), on a 5-m scale (e.g., on azi-
randomly mixed, and the new sequence of beds has been processmeth measurements in Fig. 4), or on a larger scale (Fig. 11). Figure
with the same rules (rotation determined by at least three successilé represents values of dip and azimuth averaged on a 20-m interval
planes progressively tilted in the same way) to find the rotation axiga low pass filtering has been applied to the data, and emphasizes the
Five tests have been performed, in which the 99 successive beds wémg-term variations). However, smoothing depends on the density of
correlated 66%—75% to progressive rotations. The difference witmeasurements and does not produce the same quality where there are
the 96% observed in the hole shows that the rotations are geologicafgiv measurements (600—700 mbsf) as where the measurements are
significant and are not only the result of random distribution. numerous (700-800 mbsf).

As almost all bedding measurements can be involved in progres- Azimuth variations of smoothed data show a 40-m-long wave-
sive rotations, the thickness of the sets of successive bedding that dength, and possibly a 300-m-long one (Fig. 11). Periodicity is less ob-
fine rotation axes ranges on a centimeter to decimeter scale (betwegaus for dip variations, but a 40-m wavelength is also probable. How-

3 and 16 cm in Figure 8). Both increasing and decreasing downhoéver, the most striking feature is the increase of dip downhole between
dips were observed. Some increasing and decreasing dips are cons&20 and 800 mbsf, associated between 754 and 800 mbsf to a progres-
utive, and are related to the same rotation axis (e.g., 756.88—757.8/e rotation around an axis striking 76°N. This increase speeds up
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Figure 5. Azimuth and dip of faultsin Hole 959D. 65
Top: each measured fault is plotted in a depth vs.
azimuth and dip diagram. Bottom: (from left to 45-50
right) rose diagrams give the strike of fault planes 95 165 60-65
(694 values, maximum 55 vaues), the dip direction 115
(maximum 38 values) and dip value (maximum 79 115 90°
values). For each histogram, the preferential strikes 95
or dips are indicated; on the dip direction histo- 165
gram, strike values (perpendicular to dip directions) . oot
areindicated. strike dip direction dip
downhole and is suddenly stopped by afall of the dips between 800 Hole 960C

and 810 mbsf (corresponding rotation axis striking 56°N) and then an
almost constant dip downhole (810-840 mbsf). This feature may be a
tilted block, with a normal fault zone in the 800-810 mbsf interval Because of the bad shape of the hole, only 13 faults have been re-
where the beds are tilted by shearing, and a progressively tilted segiorted in the small interval (323-351 mbsf) studied with the FMS
mentary infilling in the 750-800 mbsf interval. This structure is alsdool in Hole 960C. Those faults are preferably striking 130° and 70°N
correlated with important changes occurring between 750 and 8@Big. 13).
mbsf for index properties (velocity, density, and porosity), measured In Hole 960C, 257 sedimentary beds have been measured, mainly
either on cores or in the hole (Mascle, Lohmann, Clift, et al., 1996).in the 323—-351 mbsf interval (227 beds; Fig. 13). At the logged inter-
Rotation axes retrieved from the smoothed data (Fig. 12) are prefal scale, the average dip is 15°, and there is no evident increase of
erably oriented following directions 90°-105°N, 30°-45°N, anddip downhole. On a smaller scale, such as in the 330-350 mbsf inter-
150°-165°N. The preferential directions are very similar to thoseal, the average dip increases downhole from 10° to 20°. The average
found on the sedimentary bed scale (few centimeter to decimetezimuth is approximately 20°N, indicating an average north-north-
scales), with the exception of the strike at 65°N (strike of the Margineast tilting. As in Hole 959D, the variations of dip and azimuth
al Ridge), which disappears on smoothed data. around their mean values are important.
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Figure 6. Azimuth and dip of sedimentary bedsin
Hole 959D. Each measured bed is plotted in a depth
vs. azimuth and dip diagram. Thethick linesarelin-
ear interpolation of azimuths and dips, respectively.
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Figure 7. Average and standard deviation of dip and azimuth measurements

in a set of 11 bedding planes, Hole 959D, 759.8-761 mbsf.

AsinHole 959D, almost all bedding measurements can be related
to progressive rotations. Those rotations have many similar features
in the two holes, including the same thickness (centimeter to decime-
ter scale) for the setsthat define rotation axes, both increasing and de-
creasing downhole dips observed, and the same sudden changes in

rotation axes orientation. However, in Hole 960C, the change in ori-
entation of the rotation axes can often be followed between severa
successive sets. Thevertical scalefor these types of changesin orien-

tation seems to be 2-5 m, but the strong difference between the two
holes is the strike of the rotation axes (Fig. 14). In Hole 960C, only
two directions appear, 85° and 125°N, close to the strike of faults but
clearly different from the main strikes of rotation axes in Hole 959D.

DISCUSSION
Origin of the Progressive Tilts

Two main mechanisms can be involved in the tilting of sedimen-
tary beds at a centimeter to decimeter scale: tectonically induced ro-
tation and wedge shaped sedimentation. An example of tilting in-
duced by a normal fault can be seen in Sample 159-960C-26X-2,
117-124 cm (Mascle, Lohmann, Clift, et al., 1996). The apparent ro-
tation (measured on core section) of these siltstones is 4°, with an in-
crease of dip downhole. Either a progressive tilting or a rollover
against an active normal fault can also be induced at another scale
from the increase of average dip from 754 to 800 mbsf in Hole 959D
(see above and Fig. 11). On cores, many normal faults and tension
veins were observed in the logged intervals; on FMS data, the strikes
of faults and rotation axis appear to be strictly correlated. Many rota-
tions are probably induced by progressive tilting against the normal
faults.

However, this mechanism does not explain alternative rotation
ways (decreasing and increasing downhole), especially at a centime-
ter scale. This alternative small-scale tilting can be explained by the
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Figure 9. Rose histogram of rotation axes deduced from bedding measure-
mentsin Hole 959D (597 values, maximum 49 values).

Figure 10A N Figure 10B
fault strike rotation axis strike
45
95 75
95
145
45

Figure 10. A. Rose histogram of fault strike in the interval 855-885 mbsf

Hole 959C (31 values, maximum 5 valueB).Rose histogram of rotation
axes strike in the same interval (37 values, maximum 6 values).

rotation of sedimentary bedding in low-angle shear zones. As most of
the faults observed on cores are growth faults, they appeared during
sedimentation or diagenesis, were active at atime when the sediment
waswater rich, and were able to deform in amore or lessductile way.
In such material, arestricted diding on low-angle normal shear zones
should produce alimited tilt increasing from the borders of the shear
zone toward its center (increasing dip downhole, then decreasing).
Sedimentary structures can also explain sharp changesin dip, es-
pecialy in the limestones logged in Hole 960C. A few angular rela
tionships related to erosional surfaces at the base of grain flows can
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azimuth (°) dip (°)

300 310 320 330 340 350 0 10 10 15 20 25
P TS PN ETWEE FETEE PEETE TS PR S RS i S Sr S S S

550 - 550

[~ 600

600

650 [~ 650

~

[=}

=}
Il

- 700

Depth (mbsf)

- 750

~
4]
=]

Il

800 I~ 800

850 -850

900 - 900

Figure 11. Azimuth and dip of sedimentary bedsin Hole 959D. Each cross or
circle is the average of al azimuth or dip measurements in an interval of 20
m around the point.
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Figure 12. Rotation axes deduced from the dip and azimuth measurements
smoothed on a 20-m interval, Hole 959D (18 val ues, maximum 4 values).

northwest-southeast, indicating a local slope and sediment transport
direction north-northeast. The succession of wedge-shaped bedding
probably results from a combination of several processes. Sedimen-
tary processes related to grain-flow deposition of grainstones and

be seen in cores (e.g., Sample 159-960C-26X-2, 70—82 cm), whepackstones can explain the abrupt changes of the dips. Divergence of
the apparent angle measured on core section reaches 2° (Masgjgmin flows in a submarine fan can also explain the dispersion of the

Lohmann, CIift, et al., 1996). But the most significant angles ardrends of the rotation axes.

found in cross-laminated coarse sediments. In Sample 159-960C- However, these sedimentary processes can hardly be involved in
26X-1, 126-130 cm, the apparent dip of bedding increases downhdlee tilting of in situ deposited pelagic or hemipelagic sediments, as in

by 16°, then decreases by 14° (Mascle, Lohmann, Clift, et al., 1996Hole 959D. For this type of sediment, rotations are most likely related

Many cross-bedding structures can be observed on FMS imagés. faulting, either induced by regional tectonic stress or caused by

They are involved in most of the rotation axes trending east-west @ravitational sliding. However, in Hole 959D, sedimentary structures
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Figure 13. Azimuth and dip of sedimentary bedsin

Hole 960C. Top: each measured bed is plotted in a

depth vs. azimuth and dip diagram. Bottom: arose fault strike
histogram givesthe strike of the 13 faults measured

in the same interval (maximum 4 values).

or rollover against normal faults, can explain the rotations occurring
at larger scales (Fig. 11). Thelarge-scale fault zones are probably lo-
cated on lithologic interfaces. For example, the most striking exam-
ple of tilting between 754 and 800 mbsf is related to the change be-
tween lithostratigraphic Units Il (porcellanite) and 111 (claystones).
More localized changes in lithology (changes in carbonate or clay
contents) or discontinuities can also localize the dip-dlip deformation
and associated tilting.

Faults and Rotation Axes Strike
85

The tectonic setting of the logged interva is different in Holes

959D and 960C. In Hole 959D, the studied interval isclearly post-tec-

tonic. The only tectonic activity expected in this interval is gravity-

driven. In Hole 960D, the studied interval is contemporaneous with

the tectonic activity of the continent-ocean transform fault. However,

125 those sediments are poorly deformed. Therefore, two main interpre-
tations can explain the fault strikes: either the faults are related to
gravitational processes, and the fault strike is perpendicular to the
slope, or the faults are related to regional stresses, and the fault strike
depends on the orientation of the principal stresses.

In Hole 960C, fault striking shows two sets of faults (striking
Figure 14. Rose histogram of rotation axes deduced from bedding measure- 70°N and 130,0N) separated .by GQO (Fig. :!'3): Assumlng those two
mentsin Hole 960C (66 values, maximum 10 values). sets to be conjugated, the orientation of principal horizontal stresses
Ona @ndo,,, are 100° and 10°N, respectively. This orientation is ex-
actly the expected orientation of stresses in the vicinity of a right-
can locally induce rotation axis. For example, a debris flow has been lateral strike-slip fault striking 55°N, which is parallel to the trans-
reported in the biosiliceous unit, age-correlative to slumped beds at form margin. So we suggest that the Coniacian—Santonian limestones
Site 960 (Mascle, Lohmann, Clift, et al., 1996). Slumpswere a so no- of Hole 960C recorded the stress field induced by the active trans-
ticed around 710 mbsf (Mascle, Lohmann, Clift, et al., 1996). form located southward at that time. However, the occurrences of
Some of the mechanisms invoked above are restricted to small grain flows show that a topographic slope existed also at the time, and
scales. As progressive rotations have been observed at different some faulting (especially trending 130°N) may have been produced
scales, only tectonic mechanisms, and especially progressive tilting by gravitational sliding.
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In Hole 959D, the principal directions of fault or rotation axis are charge of shipboard operations and data acquisition. Thanks to N.
numerous (40°, 65°, 95°, 145°, and 165°N), and a simple interpret&aul and J. Mascle for reviews that improved this paper. Special
tion as conjugated faults is not obvious. The fault and rotation axebanks to A. Pecher, who provided several versions of the software
can also be interpreted as reworking of older directions: Lower CreSTEM dedicated to stereonet and statistical analysis of geological da-
taceous strike-slip faults striking 95°N have been identified along th&a. This work has been funded by INSU (ATP Géosciences marines).
northern border of the Marginal Ridge, and synrift north-south dip-
slip faults are known in the Ivorian Basin as faults striking 45°N REFERENCES
(Basile et al., 1992, 1993). 65° and 165°N are the directions of the | )
Marginal Ridge and of the Ivorian Basin, respectively. Those two difai!e C. Br“”'fJ'P" and 'zj”asé'?’ 3.6’1992, Sgﬁ“““? e forma‘:jo” Ide la
rections can represent the strike of the rotation axes associated with Eﬁég’x?oﬁri?zgﬁ?%ﬁ éligati ;)rt]ean all\é)(girgl-aellég;:'. ggglc_’ réf 123:6‘2057'S;m'que
the thermal subsidence of the Marginal Ridge and Ivorian Basin, re- 4’
spectively. It was noted that the 40° and 95°N directions can definegysile, ., Mascle, J., Popoff, M., Bouillin, J.P., and Mascle, G., 1993. The
conjugated fault set induced by stressgg anda,, striking east- Cote d'lvoire-Ghana transform margin: a marginal ridge structure
northeast to west-southwest (70°N) and north-northwest to south- deduced from seismic dafBectonophysics, 222:1-19.
southeast (160°N), such as the present-day stress field defined frddasile, C., Mascle, J., Sage, F., Lamarche, G., and Pontoise, B., 1996. Pre-
Hole 959D deviation and breakout orientations (Mascle, Lohmann, cruise and site surveys: a synthesis of marine geological and geophysical
Clift, et al., 1996). data on the C_c‘)te d’lvoire-Ghana Trans_form MargimMascle, J., Lohm-

ann, G.P., Clift, P.D., et aProc. ODP, Init. Repts., 159: College Station,
TX (Ocean Drilling Program), 47—60.
CONCLUSIONS Gorini, M., 1977. The tectonic fabric of the Equatorial Atlantic and adjoining
continental margins [Ph.D. thesis]. Columbia Univ.
Mascle, J., and Blarez, E., 1987. Evidence for transform margin evolution

This study shows that the northern slope of the Coéte d'lvoire-  from the Céte d'Ivoire-Ghana continental mardiiature, 326:378-381.
Ghana Marginal Ridge does not result from a simple tilt between th®ascle, J., Lohmann, G.P., Clift, P.D., et al., 199c. ODP, Init. Repts.,
edge of the ridge and Ivorian Basin. The regional slope, which can be 159: College Station, TX (Ocean Drilling Program).
observed at the scale of the seismic lines, results from the interactiéage, F., Pontoise, B., Mascle, J., Basile, C., and Arnould, L., 1997. Crustal

between several gravity-driven slidings, whose directions are con- z”UCture ﬁ”d ocean-c?nt(ijnent transition at marginal ridge: the Cote
; ; ‘Ivoire-Ghana marginal ridg&eo-Mar. Lett., 17:40-48.
trolled by the thermal subsidences of the transform and dlvergegterrav O.. 1989Formation MicroScanner Image Interpretation: Houston

margins, and probably by the orientations of older faults. X

Finally, this study shows that the FMS logging tool can be used to (Sehlumberger Educ. Services), SMP-7028.
determine very precisely the tilting history of a sedimentary se-
quence. This tool makes it possible to describe the subsidence not
only as a depth vs. time curve but as a depth and tilting orientation vs.
time. As 3-D seismic reflection and more generally 3-D data sets de-
velop, FMS data will make the study of a 3-D subsidence possible.
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