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9. PRINCIPAL RESULTS1

Shipboard Scientific Party2

INTRODUCTION

The primary objective for drilling the Cote d'Ivoire-Ghana Trans-
form Margin during ODP Leg 159 was to assess the sedimentary and
deformational processes that were operative along this continental
borderland as a result of the different stages of continental breakup
and related transform tectonism. Comparisons with other passive
continental margins (volcanic and nonvolcanic), which also result
from continental breakup, indicate that the active transform margin
tectonics and subsequent passive development are characterized by
(1) a diachronous tectonic history, initially dominated by extensional
rifting, followed by transform motion between two plates, and likely
recorded by high rates of subaerial to shallow-water sedimentation;
(2) a complex history of thermally triggered vertical displacement
(uplift and subsidence) due to the proximity (and sharp transition) of
a passing, hot, oceanic spreading center; (3) a final stage of sedimen-
tation strongly influenced by the inherited transform structural
framework (i.e., the Cöte d'Ivoire-Ghana Marginal Ridge and asso-
ciated features).

Basile et al. (1992, 1993), following Mascle and Blarez (1987),
have proposed a four-stage schematic evolution of the Cote d'Ivoire-
Ghana Transform Margin. Leg 159 was designed to test this model
by evaluation of the timing, the succession of tectonic and thermal re-
gimes, the rates and types of sedimentation, and the degree of sedi-
ment diagenesis. These different stages also may be found at other
transform-generated margins.

Stage 1. Early Rifting of the Deep Ivorian Basin and Shearing of
Its Southern Border (see Fig. 11A of "Introduction" chapter, this
volume.)

During Early Cretaceous time, before continental breakup, the
African and South American landmasses were in contact along their
equatorial boundaries. The future Deep Ivorian Basin and the Ghana-
ian shelf were facing their Brazilian Margin conjugates, respectively
the Barreirinhas Basin and the Piaui-Ceara area.

Between Neocomian and Aptian time, the Deep Ivorian Basin
started to rift as a result of an almost east-west oriented extension,
generating north-south trending half-grabens and associated rotated
blocks. The sedimentary infill (synrift seismic Unit A) probably
reached its maximum thickness in half-grabens and along the future
transform margin where tectonic features were also generated.

Data from deep dives (Mascle et al., 1993) demonstrate that the
sedimentation was chiefly detrital and in subaerial, deltaic, and lacus-
trine environments. In the future transform area, detrital sedimenta-
tion may have been directly influenced by the proximity of the Bra-
zilian Shelf, and potentially controlled by rapid subsidence in pull-
apart basins.

'Mascle, J., Lohmann, G.P., Clift, P.D., et al., 1996. Proc. ODP, Init. Repts., 159:
College Station, TX (Ocean Drilling Program).

1 Shipboard Scientific Party is given in the list preceding the Table of Contents.

Coeval with the extensional basin deepening (due to crustal thin-
ning), shear motion between the continental plates affected the south-
ern border of the African Plate, which evolved as a structural accom-
modation zone, undergoing concurrently: (a) vertical motion be-
tween the extending Deep Ivorian Basin and the adjacent Brazilian
platform; and (b) an increase in horizontal (transcurrent) motion from
west to east. This resulted in the creation of early en echelon strike-
slip fault zones and associated basins generated at the contact be-
tween the two domains and in the tilting of the northern slope of the
future Marginal Ridge. Near the end of this stage, transform motion
shifted toward the south, to the top of the present continental slope
where seismic surveys and deep dives show evidence for dextral mo-
tion on major faults trending N60°E.

Stage 2. End of Rifting and Intracontinental Transform Faulting
(see Fig. HB of "Introduction" chapter, this volume)

Rifting ceased in the extensional Deep Ivorian Basin when ocean-
ic crust started to be emplaced along its western edge sometime in the
Albian. Continental breakup was sealed by a post-rift unconformity
and the deposition of seismic Unit B. Along the future Marginal
Ridge, initiation of seafloor spreading increased transform-type dis-
placement between the two continental borderlands.

Stage 3. Continent/Ocean Transform Faulting (see Fig. HC of
"Introduction" chapter, this volume)

In Santonian time, final continental separation between West Af-
rica and northeast Brazil brought into contact the newly created Gulf
of Guinea oceanic crust and the continental transform, which then be-
came an active continental transform margin. Tectonic activity is
thought to have shifted from a broad continental wrench zone to a
narrower fracture zone within the thin and weaker oceanic crust. Dif-
ferences in depth between the continental border and the oceanic ba-
sin would have led to gravitational sliding, progressive creation of the
steep southern slope of the Marginal Ridge, and exhumation of early
synrift units.

The contact between hot oceanic lithosphere and colder continen-
tal crust is expected to have induced strong thermal gradients and re-
sulted in subsequent Marginal Ridge uplift during the Late Creta-
ceous. Within the adjacent Deep Ivorian Basin, coeval sedimentation
is believed to have recorded such an uplift, while the preexisting sed-
imentary units were tilted northward. This uplift probably increased
until the passage of the oceanic spreading ridge; it also may have
been recorded by mineral transformations and a strong phase of ero-
sion, especially along the ridge crest.

Stage 4. Passive Margin Evolution (see Fig. 11D of "Introduction"
chapter, this volume)

Active tectonism along the transform margin ceased when the
spreading center passed southwest of the Cöte d'Ivoire-Ghana Mar-
gin. The transform margin and the adjacent oceanic basin then started
to subside as a result of lithospheric cooling. Subsequently, the strong
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damming effect of the Marginal Ridge restricted most of the detrital
sediment input to the Deep Ivorian Basin.

The interpretation of the local structural and paleogeographic
evolution may be considered in the broader context of the rifting of
the Central and South Atlantic basins. Figure 1 shows a series of plate
tectonic maps taken from the program Terra Mobilis (1988). This re-
construction draws on seafloor spreading anomalies and paleomag-
netic data from the South American and African cratons to constrain
the timing of breakup. Although the rate of spreading is poorly
known in this part of the equatorial Atlantic due to the low latitudes
and the middle Cretaceous magnetic quiet zone, the spreading history
is better constrained farther north and south. This reconstruction im-
plies that during Albian times, seafloor spreading had started in the
southern South Atlantic, but that in the Cote dTvoire-Ghana region
the continents were still in contact, although rifting and strike-slip de-
formation were in progress. Reconstruction for the Turonian suggests
that during this time the spreading ridge, south of the Romanche
Fracture Zone, was migrating along the present Cote dTvoire-Ghana
Marginal Ridge. Finally, a reconstruction for the late Paleocene
shows that, at this time, the equatorial Atlantic was a fully open sea-
way and the Cote d'Ivoire-Ghana Margin had become passive. This
may be significant in the interpretation of the major unconformities
of this age that were observed at Sites 960-962. Deformation during
this time span might therefore be expected to reflect passive margin
subsidence following rifting and thermal relaxation after passage of
the oceanic spreading center.

SEDIMENTARY FACIES, STRUCTURAL
DEFORMATION, AND PALEOGEOGRAPHIC

EVOLUTION

The interplay of tectonic deformation and sedimentation on the
Cote d'Ivoire-Ghana Transform Margin is best represented in the

A 120 Ma: Aptian

C 90 Ma: Turonian

B 100 Ma: late
Albian

D 60 Ma: late Paleocene
Anomaly 34

\nomaly 24

Figure 1. A-D. Simplified spreading model for the Central and South Atlan-
tic basins derived from paleomagnetic data from South America and Africa,
as well as available seafloor spreading anomalies (anomalies 24 and 34 are
delineated). Reconstruction is from Terra Mobilis (1988). Note that seafloor
spreading began during the Aptian in the southern Atlantic but that the Cöte
dTvoire-Ghana region was clearly an area of continent-continent transform
tectonics until the Albian. A Turonian age is most probable for the passage of
the ridge crest along the Cöte d'Ivoire-Ghana Marginal Ridge.

spatial and stratigraphic variation of sediments cored at Sites 959 and
960. Although important information is provided by cores from Sites
961 and 962, the completeness of these sections, and thus the direct
contribution for interpreting paleoenvironmental settings, is compar-
atively limited. The most striking feature common to all localities is
the prevalence of hiatuses throughout the section. Using the sedimen-
tary facies data, only short periods of time can be reconstructed on a
regional scale. This is due to a variety of reasons including difficul-
ties in recovery, the possible removal by erosion or slumping of thick
intervals of sediment, and periods of nondeposition. As a result, we
have focused on the comparatively complete records provided by
Sites 960 and 959 to reconstruct paleoenvironmental conditions that
prevailed from late Albian through Holocene times on the Cöte
dTvoire-Ghana Marginal Ridge and adjacent Deep Ivorian Basin.

On the basis of sections reconstructed for Sites 959 and 960 (Figs.
2, 3), three principal stages have been identified that mark changes in
the paleoenvironmental setting: I. Intra-continental to Syntransform
Basin Stage; II. Marginal Ridge Emergence Stage; and III. Passive
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Figure 2. Lithostratigraphic columns for all four sites showing the variation
in thickness of the different units between sites. See "Explanatory Notes"
chapter (this volume) for key to lithologies.
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Figure 3. Chronostratigraphic diagram showing the variation in sedimentary
facies between sites at different times since the inception of continental
breakup. Note common period of hiatus and/or condensed sedimentation
during the Paleocene and Late Cretaceous, and during the Oligocene and late
Eocene at Sites 960-962.

Margin Stage, which is subdivided into intervals of Basin and Ridge
Differentiation, Biosiliceous Sedimentation, and Carbonate Pelagic
and Hemipelagic Sedimentation. These stages reflect lithologically
distinct intervals in the sedimentation history and relate to changes in
the tectonic setting and Oceanographic conditions. Even though all of
these stages are not present in sediments of Sites 961 and 962, some
intervals can be recognized at all sites, and the significance of their
spatial relations is discussed below.

I. Syntransform Basin Stage
Depositional Environment: Temporal and Spatial Changes

The earliest record of sedimentation recovered during Leg 159 is
of Albian siliciclastic sequences, which are believed to have formed
in deep, tectonically generated basins (probably pull-apart; cf. Crow-
ell, 1974) associated with the transform motion between South
America and Africa (Figs. 4, 5). This region is characterized by a pro-
gression, both spatially and temporally, from intra-continental basins
comprising lacustrine sediments, to marine basins comprising both
mixed siliciclastic and pelagic sediments. The transition between
these two end-member settings is reflected in sequences that contain
abundant medium-grain-sized siliciclastics, which lack marine
planktonic and benthic fossils but contain abundant disseminated py-
rite, an indication of marine water at the depositional site. This phase
of sedimentation is terminated by uplift and associated deformation.
Structural inversion is indicated by the transformation of the deposi-
tional basin into the uplifted block that presently defines the Marginal
Ridge and southern border of the Deep Ivorian Basin.

Three end-member facies are recognized within the syntransform
sequence, namely lacustrine, transitional marine, and open marine fa-
cies. Most record relatively deep-water settings where sedimentation
is characterized by gravity-driven depositional processes, typically
below the effective wave base. Thus, changes in the environment
from nonmarine to marine have been recognized principally by the
presence or absence of marine faunas and of pyrite. For example, the
absence of authigenic pyrite and the presence of siderite in organic-
and reducible iron-rich sediments is used as a prime indicator for a
nonmarine environment. Conversely, the presence of disseminated
pyrite and of pelagic faunas, nannofossils and foraminifers is taken as
evidence for normal marine salinities and depositional conditions.

Lacustrine sediments recovered from Site 960, lithologic Subunit
VB, comprise a thick succession of finely laminated, siliciclastic
rhythmites ranging from silty sandstones to silty claystone. These
contain abundant plant debris concentrated within the finer sediment
fractions (i.e., silty claystones). Siderite is present, occurring as nod-
ules or as finely disseminated cement. Pyrite is absent except in min-
eralized tectonic fractures. Independent of the inferred salinities of
the depositional waters, the sediment character suggests deposition
by gravity-driven processes such as density flows into the deeper por-
tions of the basin (Fig. 4). Deep, relatively sediment-starved pull-
apart basins are well known in transform settings (e.g., Gulf of Aqa-
ba; Ben-Avraham et al., 1979), even when the basin concerned is rel-
atively narrow (Pitman and Andrews, 1985). In the upper part of this
sequence, these grade into coarser grained sandstones that contain
pyrite but lack marine faunas or floras. We interpret this sequence as
representing the transition from deep lacustrine environments to shal-
lower and more proximal brackish water environments. This transi-
tion may record the progressive encroachment of marine conditions
during late Albian time.

A similar trend toward more marine conditions is observed in a
westward traverse from Site 960 to 962. The basal sequence recov-
ered at Site 961 (lithologic Unit III) comprises a thick interval of silty
sandstones to silty claystones that contains abundant disseminated
pyrite. This siliciclastic sequence is dominated by quartz and detrital
feldspar. Metamorphic quartz is indicated by both strained and com-
posite grains; a coeval igneous source terrane is suggested by the oc-
currence of minor rutilated quartz, tourmaline, and zircon. Chlorite,
though present throughout this section, is interpreted to be of diage-
netic origin, in response to burial, tectonic deformation, and thermal
maturation (see below). The co-occurrence of angular quartz and
feldspar with well-rounded quartz grains suggests multiple sources
for detrital sediment. The source of texturally and compositionally
mature grains may include coeval shoreface environments, or recy-
cled sediments that had been locally uplifted during transform defor-
mation. However, if this were the case, then these must have been in-
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Tilted normal
fault blocks

Deep Ivorian Basin Pull-apart basin

Africa

Figure 4. Paleogeographic cartoon depicting the early evolution of the Deep Ivorian Basin and Marginal Ridge (Late Cretaceous to early Eocene). I. Syntrans-
form, intracontinental basin stage (unknown to late Albian). The early history of this region is dominated by intracontinental pull-apart basins formed in
response to transcurrent shear between the Brazilian and western African cratonic blocks. Sedimentation during the late Albian was dominated by continental
and lacustrine environments (Site 959, lithologic Unit V) and transitional marine environments (Site 960, lithologic Unit V; and Sites 961 and 962, lithologic
Unit III). IL Marginal Ridge emergence, (late Albian to Coniacian). The intercalation of limestone debris and grain flow deposits containing coarse siliciclastic
detrital grains with pelagic limestones marks the emergence of the Marginal Ridge and initiation of subsidence in the Deep Ivorian Basin. The emergent ridge
provided the source of coarse igneous and metamorphic siliciclastic grains. During this time, the margins of the emergent ridge were colonized by shallow
marine reefal complexes, and dominant sediment transport was northward toward the Deep Ivorian Basin (lithologic Subunits IVA, B, Site 959; lithologic Sub-
unit IVB, Site 960). III. Submergence of the Marginal Ridge and development of the Deep Ivorian Basin (late Coniacian to early Eocene). A. Initiation of dys-
aerobic Deep Ivorian Basin and hardground formation on the Marginal Ridge (late Coniacian to late Paleocene). Formation of hardgrounds at Sites 959 and 960
(lithologic Subunit IVA) and 961 (lithologic Subunit HB) marks the cessation of reef development and submergence of the Marginal Ridge. Deposition of a
thick sequence of black claystones reflects the initiation of dysaerobic bottom water conditions within the deepening axis of the Ivorian Basin (Santonian to late
Paleocene; lithologic Unit III, Site 959). B. Differentiation of the Marginal Ridge and Deep Ivorian Basin (late Paleocene to early Eocene). The Deep Ivorian
Basin shifted to aerobic bottom water conditions with the deposition of calcareous and biosiliceous pelagic sediments (Site 959, lithologic Subunit HC). In con-
trast, the Marginal Ridge is characterized by the formation of palygorskite claystones (Site 960, lithologic Unit III; Site 961 and 962, lithologic Subunit HB).
The genetic significance of palygorskite clay formation is problematic and may reflect either renewed shallowing of the Marginal Ridge and the development of
elevated salinity conditions, a period of eolian transport from coastal settings, or formation under deep bottom water conditions. Circled x's and circled dots rep-
resent inward and outward relative motion, respectively.

termixed during or prior to transport, as the sedimentary structures do
not suggest a shallow-water shoreface setting. At Site 961 sandstones
and siltstones with lenticular bedding and isolated ripples are draped
by finer claystones and laminated siltstones to claystones. Locally,
these structures have been disrupted by burrows, suggesting an active
benthic fauna. Replacement of many of these burrows by siderite and
the development of nodules is common in a brackish to marine water
environment. These observations, and the lack of features associated
with turbidity currents, are compatible with a deep, transitional ma-
rine setting where the sediment was periodically winnowed by storm-
generated waves or bottom currents.

The sedimentary succession at Site 962, farther to the west,
records a deep marine depositional setting. Here, a thick sequence of

upper Albian sandstones, siltstones, and claystones is interbedded
with varying amounts of nannofossil and micritic carbonate. These
lithologies occur in well-developed fining-upward sequences, some
of which possess scoured bases, size grading, and upper beds show-
ing parallel and rippled laminations, all indicative of sedimentation
from turbidity currents. These, in turn, are locally overlain by lami-
nated sediment enriched in nannofossils. Coarse-grained intervals
comprise quartz siltstones and sandstones, or carbonates consisting
of benthic and planktonic foraminifers, and rare peloids and bivalve
fragments. Fine-grained intervals comprise clays with varying
amounts of intermixed nannofossils or quartz silt. Authigenic dolo-
mite and pyrite are abundant within these fine-grained lithologies,
perhaps reflecting the concentration of organic material in these sed-
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Transform basin
K Site Site.

sj 959 960

Divergent
basin Site 962

Oceanic crust

Figure 5. Paleogeographic and tectonic reconstruction of the Cote d'Ivoire-
Ghana Marginal Ridge, viewed from the northwest. A. Albian. The end of
divergent rifting in the Deep Ivorian Basin, with sedimentation and deforma-
tion being recorded at Sites 960 and 961. B. Late Albian. Early post-rift
stage, marked by continued sedimentation and deformation at Sites 959 and
962. Record is missing at Sites 960 and 961, possibly due to later erosion. C.
Cenomanian-Turonian. Continent/ocean transform stage.

iments. Overall, lithologic Unit III at Site 962 reflects a site of high
sedimentation rates, with possibly more than 300 m of sediment ac-
cumulation during late Albian time.

Siliciclastic Sediment Sources

Comparison of syntransform sediments between sites indicates
that a spectrum of environments, from lacustrine to open marine, may
have existed coevally during late Albian time. However, the chrono-
stratigraphy is not well constrained, with the only definitive age de-
rived from Site 962 (see "Biostratigraphy" section, "Site 962" chap-
ter, this volume). In other cases, age control comes from units that
overlie an erosional contact. As such, the contemporaneity of conti-

nental and marine depositional environments cannot be unequivocal-
ly demonstrated. This has some bearing on the inferred source of the
thick succession of siliciclastic sediments. Three possibilities exist:
highlands associated with the South American and African conti-
nents (or associated tectonic slivers of continental crust along the
transform fault complex); recycling of the Marginal Ridge itself; or a
combination of both sources.

Clearly, the primary sediment that filled the syntransform basins
was derived from uplifted crystalline igneous and metamorphic ter-
ranes of continental origin. Recycling of previously deposited, syn-
transform sediments could occur through structural inversion, a phe-
nomenon envisioned for the region of the present Marginal Ridge. At
Site 960, an erosional and angular unconformity is developed be-
tween tectonically deformed, pre-Cenomanian siliciclastic sediments
and overlying undeformed, Cenomanian to Coniacian carbonates.
This implies that erosion of this surface must have been matched by
deposition of recycled siliciclastics in adjacent basins. However, with
regard to the sediment recovered along the Marginal Ridge, the tex-
tural and mineralogical immaturity argues against recycled sediment
as a significant contributor to sedimentation.

Timing of Structural Deformation and Uplift of the Marginal
Ridge

Deformation of the Albian siliciclastic sequence and uplift of the
Marginal Ridge occurred during the latest Albian to early Turonian.
Pelagic and periplatform carbonate debris and grain flows uncon-
formably overlie syntransform siliciclastic sediments at Sites 959 and
960, with the transgressing sediment dated as middle Turonian and
early Turonian, respectively. This contact represents an angular and
erosional contact at both sites. Biostratigraphic control on the uplift
is less well constrained at the other sites (Site 961, pre-late Paleocene;
Site 962, late Albian to early Miocene). Tectonic deformation below
the unconformity is indicated by an abundance of both compressional
and extensional structures (slickensides, reverse faults, normal faults,
fractures). Fractures associated with such deformation are commonly
mineralized with calcite, barite, pyrite, or kaolinite.

The tectonic deformation and structural inversion observed in the
syntransform basins could correspond to the decoupling of the South
American and African continents (Mascle and Blarez, 1987). A re-
laxation of tectonic stresses along the continent-continent transform
could be manifested in the uplift of segments of the transform margin.
At present, the southern boundary of this structural block represents
the abrupt transition from continental to oceanic crust.

Tectonic Records

The cores from all sites have a range of deformation styles, sum-
marized in Figure 6. Although sediments from many different strati-
graphic levels may show deformation, it is noteworthy that the most
intense concentration of faults, veins, and microfolds is found toward
the base of each site. An abrupt downhole increase in deformation is
noted at each site, coinciding with an unconformity between Lower
Cretaceous clastic sediments (seismic Unit A) and overlying late Al-
bian-Turonian carbonates at Sites 959 and 960. At Site 961 the age of
the overlying sediments is poorly constrained as Cretaceous, whereas
at Site 962 the break in deformational intensity appears to be within
the upper Albian, at the start of Porcellanite sedimentation. These
lower intervals of strong deformation are attributed to deformation
during the syntransform phase.

The effects of the deformation can be seen in the variation in
downhole index properties (Fig. 7). For example, at Sites 960-962 a
major break in the porosity values is seen between the tectonized
Lower Cretaceous sediments of seismic Unit A, a trend also reflected
in the />-wave velocity. At each of these sites, the presence of a major
unconformity between Cretaceous and Cenozoic is marked by an off-
set in the porosity data. At Sites 961-962 the change is noted between
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Figure 6. Diagram summarizing the distribution of structures and deformation styles at all four sites. Lithology symbols are given in the "Explanatory Notes'
chapter.

tectonized sediments of seismic Unit A and the hemipelagic cover
above. At Site 960 the most prominent break is between Eocene clay-
stones (lithologic Subunit IIB and Unit III) and the carbonate-ce-
mented sandstones and limestones dated as Turonian-Santonian in
age (lithologic Unit IV). These are considered to be seismic Unit B,
and may postdate the active transform tectonism, at least in part. The
low porosities measured here are attributed to the pervasive cemen-
tation and diagenesis affecting these sediments. At Site 959 there is a
broad pattern of decreasing porosity downsection. Again, the lowest
porosities are found in Albian strata (lithologic Unit V), and an in-
crease to higher porosities is seen across the transition into the over-
lying redeposited carbonates (lithologic Unit IV), which are also no-
tably less tectonized.

At Sites 960, 961, and 962 the effects of slumping and tilting due
to faulting result in a section showing no systematic variation in
structural style from top to bottom. Strong coring-related disturbance
may also have observed any pattern in the deformation style. High
bedding dips (almost vertical in some cases) were recorded within the
Lower Cretaceous sections, especially in lithologic Unit V in Holes
959D and 960A and in lithologic Unit III in Holes 961A and 962D
(seismic Unit A). Small-scale asymmetric folds in Hole 962D sug-
gest that the steep dips in that section are related to large-scale fold-
ing. All of these features are interpreted to be the product of deforma-
tion within a major transform zone.

Structures Related to Soft Sediment Deformation: Syn- or Early
Post-depositional Phases

Normal faults of a clear synsedimentary origin are relatively rare.
However, in the Cretaceous sections (lithologic Unit III) of Hole
96 IB, variations in thickness were noted in beds on either side of nor-
mal faults. Water-escape structures were found in the Lower Creta-
ceous of Holes 960A and 961 A. Convolute lamination is largely re-

stricted to the deepest parts of Holes 959D, 960A, and 962D, where
it is closely associated with slumping. Slumping is significant in Mi-
ocene sediments at Site 959 (Fig. 6), where it is accompanied by nu-
merous normal faults, larger examples of which are also seen in the
multichannel seismic lines.

All of the early deformational structures are probably related to
basin instability during deposition of Albian and older lithologic
Units III (Sites 961 and 962) and V (Sites 959 and 960). This defor-
mation, related either to slope instability or to seismic shocks, is a di-
rect consequence of active tectonism in a pull-apart setting during the
syntransform phase.

Post-depositional (Synlithification to Post-lithification) Structures

Evidence for compressional and extensional stresses is noted at all
four sites. Direct evidence for strike-slip deformation is sparse but is
seen at Sites 960 and 962.

Normal faulting is ubiquitous in sediments at all stratigraphic lev-
els, occurring at all four sites (Figs. 8A, 9). However, a differentiation
can be made according to the nature of the fault planes and their ge-
ometry (shape and attitude). Several types were observed. Hole 959D
displays two main types: (1) anastomosing fault planes enclosing
lenses of sheared material, which are post-dated by (2) planar, normal
faults, which clearly reflect more lithified conditions (Fig. 9). Normal
faults, which reflect extension, may have occurred as a result of trans-
tensional stresses within the overall transform zone.

Reverse faulting is less common and is locally associated with re-
gions of intense normal faulting (e.g., in the black claystones of litho-
logic Subunit VB, Hole 960A) and is found closely associated with
microfolding (Figs. 8B, 9). It occurs in Cretaceous sediments of Al-
bian or older age (Holes 960A, below 330 mbsf, 96IB below 330
mbsf, 962D below 123 mbsf), and may be found in sediments as
young as the Coniacian in Hole 960C. Shear faulting was rarely ob-
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Figure 7. Diagram showing the variation in porosity
measurements at all four sites, and especially the
strong difference between Cretaceous and Cenozoic
rocks. Also note the break at 750 mbsf at Site 959,
which also correlates with a break in strong faulting
seen below, compared to undeformed above.

served and is found in both shallow- and steep-dipping intervals (e.g.,
Fig. 8C) of variable width. Shear zones in the Cretaceous at Site 961
show the highest intensity of deformation, with the development of
an incipient crenulation cleavage. In Hole 96IB, a 20-m-thick zone
between 330 and 350 mbsf may be interpreted as one of the major
shear zones, running along the Cote d'Ivoire-Ghana Marginal Ridge.

Small-scale folding was observed at Sites 960, 961, and 962 and
is relatively common in Hole 962D, where the folds occur exclusive-
ly in lithologic Unit III and range from brittle kink folds to soft sedi-
ment folds. This suggests that deformation was a continuous process
that affected the sediments both during and after lithification. The
folds are mainly asymmetric with rounded to angular hinges and are
commonly cut by reverse faults along the short limb. Incipient kink
folds, with associated reverse faults nucleating along fold axes, are
observed. Pop-up structures develop in cases where the faulting has
progressed to a more advanced stage. Compressional effects also are
recorded by localized development of cleavage. For example, bed-
ding-parallel cleavage is well expressed in the fissile claystones of
lithologic Subunit VA in Hole 960A. Microfolding with incipient
crenulation cleavage is locally well preserved in lithologic Unit III in
Hole 96IB.

Evidence for strike-slip motion is rare and was only observed in
Holes 960A and 962D. In lithologic Unit V in Hole 960A, kaolinite-
filled fractures and veins display mineral lineations that give a clear
strike-slip sense of motion. A minor fault structure, displaying both
normal and reverse senses of motion, was observed in lithologic Unit
III in Hole 962D. This may reflect larger scale flower structures re-
lated to strike-slip motion. Oblique slickensides observed deeper in
Hole 962D indicate a significant component of strike-slip motion.

Veining occurs at all four sites and is particularly abundant in
Holes 960A and 962D. Several different vein minerals were ob-
served, including kaolinite (Hole 960A), calcite (Holes 960A and
962D), pyrite (Hole 959D), quartz (in Core 159-960A-6IR), andbar-
ite (Holes 959B, 960A). Vein minerals commonly infill fractures and

fault zones (Figs. 8D, 9), open tension gashes, cements in breccia
zones, and occur as scattered, irregular patches within the sediments.
Calcite veins are the most abundant variety and commonly display
more than one generation of vein fill. In Hole 962D they form well-
developed conjugate sets that postdate folding and faulting, but ap-
pear to predate tilting of bedding.

Thermal Alteration/Diagenesis of Clays and Organic Material

Thermal maturation of the clays in sediment recovered during Leg
159 is indicated by the progressive disappearance of the more labile
smectite group clays and the appearance of both chlorite and progres-
sively nonexpandable illite-smectite, mixed-layer clay minerals (Fig.
10). Chlorite is pervasive in seismic Unit A sediments from Sites 960
(lithologic Unit V) and 961 (lithologic Unit III), which, in the ab-
sence of mixed-layer clays, indicates this sediment has been affected
by high temperatures, unlike the overlying sequences. Moreover,
mixed-layer clays are more ordered in the sediments of lithologic
Unit III at Site 961 (R = 3 vs. R = 0; Moore and Reynolds, 1989), in-
dicating either that this sediment reached a higher temperature during
burial than that at Site 960, or that it was subjected to a high temper-
ature for a longer period of time. In contrast, chlorite is present in
only a trace amount in a few samples from lithologic Unit III at Site
962. The co-occurrence of expandable mixed-layers suggests a detri-
tal origin for the chlorite from the top of lithologic Unit III (seismic
Unit A) at Site 962. This chlorite may have been derived from more
thermally mature sediments eroded elsewhere in the area. No sam-
ples from lithologic Units IV and V at Site 959 were examined by
XRD, but of the five black claystone samples analyzed at this site
(lithologic Unit III), only a trace amount of chlorite was identified in
one sample. In this unit, the dominant clay is of the smectite group
and appears to be highly expandable, further supporting evidence that
upper Santonian-upper Paleocene sediment from this unit has not
been subjected to high-temperature diagenetic conditions.
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Figure 8. Photographs of the most common structures seen in the core, showing the association of both normal and reverse faulting within the transform zone.
A. Normal fault (159-959D-73R-1, 102-110 cm). B. Microfolding associated with reverse faults resulting in a pop-up structure that is common in Hole 962D
(159-962D-27R-CC, 6-8 cm) C. Vertical shear faults with tight associated microfolding in laminated siltstones (159-961B-13R-1, 131-140 cm). D. Fault with
breccia and calcite mineralization (159-960A-46R-1, 86-100 cm).
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Figure 9. Detailed sketches of microstructures seen in the cores, representative of the variety of deformation styles throughout tectonized seismic Unit A. 1.
Slump showing evidence of shear. The short limbs of asymmetric microdrag folds are sheared and pass into small reverse faults (interval 159-960A-59R-2, 60-
62 cm). 2. Set of conjugate normal faults with associated reverse faults concentrated in footwall of a larger fault zone (interval 159-96IB-18R-2, 75-86 cm). 3.
Normal faults in porcellanites and micrite cutting across burrows (interval 159-959D-43R-3, 81-88 cm). 4. Set of conjugated normal faults formed prior to tilt-
ing. Calcite occurs as infilling of the faults (Section 159-962D-6R-CC). 5. Asymmetric microfold with incipient reverse fault along axis, cut by calcite vein
(interval 159-962D-26R-1, 64-71 cm).

The record of thermal alteration of seismic Unit A (i.e., the pre-
Turonian) is also supported by Rock-Eval data. At Sites 959-962,
Tmax values indicate that organic material from these sediments is
over-mature. Given the present depths of burial and the geothermal
gradient, this degree of organic matter maturation is not likely with-
out additional thermal perturbations related to deeper burial and/or
heating, probably during a deformational event.

II. Marginal Ridge Emergence Stage: Coeval Carbonate
Reef and Siliciclastic Deposition

Termination of Syntransform Stage—Depositional Character

The end of the syntransform stage is marked by a maximum in the
uplift of the Marginal Ridge and subsequent cessation of active trans-
form tectonism. These two effects result from the presumed passage
of an oceanic spreading center south of the margin at that time (Basile
et al., 1993; Fig. 5). This change is recorded in the stratigraphy at
each site as an unconformity. An erosional unconformity at Site 960
is dated as Turonian. At Site 959, an angular unconformity has devel-
oped that is dated as Late Albian to Turonian. Timing of the uncon-
formities above the tectonized sediments of seismic Unit A (at Sites
961 and 962) is not well constrained.

The sediments overlying the unconformity at Site 960 and their
lateral equivalents at Site 959 are periplatform deposits, debris and
grain flows from a shallow shelf setting (rimming reef) into an adja-
cent basin. Importantly, the thickness of the limestones increases

from 40 m at Site 959 to 140 m at Site 960. This, in addition to a
northward transport direction inferred from FMS logging, suggests
that these reefs colonized shallow regions associated with the crest of
the uplifted Marginal Ridge (Fig. 4). Moreover, examination of the
clastic component indicates an overall coarsening of siliciclastic
grains southward toward the ridge crest. This may imply that clastic
grains had their source from uplifted regions of this ridge, or from
continental fragments associated with the South American Margin.
Carbonates at Sites 959 and 960 are dated from Turonian through Co-
niacian and represent the shallowest water sediments seen on the
ridge crest. Their deposition is thus inferred to represent the time of
maximum uplift, possibly coincident with the passage of the oceanic
spreading center south of the margin at that time. We can imagine the
reworked carbonate debris being derived from a reef complex close
to the crest of the Marginal Ridge: the ridge (and reef?) migrated
westward with the point of maximum uplift that shadows the inter-
section of the oceanic spreading center with the transform margin. If
that were the case, then this has implications for the source of the
clastic material. A source on the South American Margin is suggested
by the presence of abundant feldspar and angular quartz (both igne-
ous and metamorphic origins), which appears less mature than would
be anticipated if all the sediments were recycled from uplifted sedi-
ments of the underlying Albian sandstones. However, it is difficult to
see how the clastic component could have been derived from the
South American Margin, if the uplift reflects passage of the spreading
center, as this would have ceased to lie adjacent to the Marginal

305



SHIPBOARD SCIENTIFIC PARTY

100-

200-

Site 962
T"max (

400

• 6R-1

Chlorite
I/S, R=O

Calcite veins

Site 961

Chlorite
I/S, R=3

Site 960

400

Site 959
cCC)

500
' I V A " 20R-CC

VA

• V B •

-IVB3 69R-1

ilVA,1
67R-1

IVA, VA: VB:
Chlorite Chlorite
I/S, R=O I/S, R=1

Kaolinite veins

No clay data

Figure 10. Diagram showing the variation in the degree of thermal matura-
tion of the sediment column at all four sites, through use of the Rock-Eval
analysis of organic carbon to determine Tmax values. Note higher degree of
thermal maturation of the Lower Cretaceous and the distinct jump in thermal
maturity in the Santonian-Coniacian of Site 959. Datum = top of syntrans-
form tectonized sediments. * = sample location for XRD analysis.

Ridge at the end of the continent/continent transform phase. It is note-
worthy that although a record of ridge uplift and tilting is preserved
at Sites 959 and 960, almost none of this record is present at Sites 961
and 962, due to the large unconformities generated there.

Termination of Carbonate Deposition

Termination of the carbonate sedimentation implies a dramatic
change in the depositional environment. The very high upward accre-
tion rates of reefal complexes typically exceed rates of tectonic sub-
sidence. Thus, upward growth is maintained unless reef growth is in-
hibited by detrital influx or a rapid change in relative sea level. Im-
portantly, there is no evidence for termination of reef growth by the
influx of clastic detritus. Instead, this region appears either to have
undergone a phase of rapid subsidence, or a change in Oceanographic
conditions, such as current activity or salinity changes, which would
make high rates of carbonate production unfavorable. Given the co-
incidence of termination of reef growth with the cessation of silici-
clastic input from the ridge, a regional deepening of the basin and
ridge is a more likely cause for this transition.

III. Passive Margin Stage

Following the demise of shallow-water carbonate sedimentation
after the late Santonian, the dominant tectonic setting for sedimenta-
tion can be characterized as a passive margin. Overall, the sharp tec-
tonically controlled contrasts in sedimentation, between uplifted or
down-faulted basins, gave way to deepening of the basin and progres-
sive submergence of the margin on a regional scale. In general, con-
trol of the depositional setting progressively shifted from local tec-
tonic factors to global-scale Oceanographic factors (Figs. 4, 5). This
is reflected by three subdivisions during the passive margin stage: (A)
Oceanographic differentiation of the Deep Ivorian Basin; (B) an in-

crease in biosiliceous sedimentation; and (C) pelagic and hemipelag-
ic sedimentation. These phases are recognized on a regional scale, al-
though the principal causes of these transitions are not fully resolved.

Differentiation of Deep Ivorian Basin and Marginal Ridge

Following the demise of shallow-water carbonate sedimentation
after the late Santonian, the most significant change to affect the sed-
imentation in the area was the cessation of coarse-grained clastic in-
put into the Deep Ivorian Basin (Site 959) and to Sites 960-962,
which occupy the crest of the Marginal Ridge. In addition, while
there was some evidence for the development of a depositional basin
to the north of the Marginal Ridge during shallow-water carbonate
deposition, Oceanographic conditions were similar at both the ridge
and basin settings. Redeposited limestone sequences at both Sites
959 and 960 are overlain by pelagic deposits of Late Cretaceous age.
This situation changed after the late Santonian, when the conditions
at Site 959 showed a marked difference from those at Site 960 (Figs.
4,5).

At Site 959, lower Coniacian sandy limestones are disconform-
ably overlain by a condensed sequence of dark gray clayey nannofos-
sil claystones spanning the upper Coniacian through upper Santo-
nian. Interbedded within this condensed interval are at least two
phosphatic, nodular hardgrounds composed of phosphatized pellets,
glauconite grains, fish debris, and phosphatized pelagic carbonate. In
addition, this interval contains a graded conglomerate with clasts ap-
parently derived from the erosion of a preexisting phosphatic hard-
ground.

This condensed pelagic carbonate interval is overlain by a 209-m
sequence of organic-rich black claystones devoid of biogenic carbon-
ate or silica. Pyrite, barite, and glauconite occur throughout, and com-
monly preferentially fill the Chondrites and Zoophycos burrows that
disrupt the primary bedding laminations. The age of the sequence is
uncertain, although it is bracketed by upper Santonian sediments be-
low and middle upper Paleocene strata above. In addition, prelimi-
nary palynological data suggest that at least the lower 155 m is Late
Cretaceous in age. Assuming that this interval spans the entire late
Santonian through middle late Paleocene yields a minimum sediment
accumulation rate of 7.5 m/m.y. for the noncalcareous claystone se-
quence. Diverse agglutinated benthic foraminiferal assemblages indi-
cate that the sediment-water interface was upper bathyal to abyssal in
depth and poorly oxygenated. This assemblage is cosmopolitan with-
in flysch-type settings from the Atlantic during the early Paleogene
through the Late Cretaceous (Gradstein and Berggren, 1981).

Organic carbon in these black claystones consists of a mixture of
terrestrial and marine organic matter of low to intermediate thermal
maturity. Organic carbon contents are elevated, reaching peak values
of 5.5 wt%. However, there are significant fluctuations in the wt% or-
ganic carbon and the hydrogen indices throughout this sequence.
These fluctuations, and the episodic nature of bioturbation through
the sequence, indicate that the sediment was subject to dysaerobic
conditions of varying intensity during deposition. These variations
are consistent with fluctuations in productivity and/or variations in
the depth and strength of an oxygen minimum zone impinging on the
outer continental slope. This variable, dysaerobic regime may have
been enhanced by partial silling of the basin by the Marginal Ridge,
although this was not necessary to achieve the observed effect, given
the generally stagnant nature of the Late Cretaceous oceans.

Near the crest of the Marginal Ridge, the entire upper Santonian
to upper Paleocene section is represented by a highly condensed, 23-
cm-thick section of upper Coniacian to Santonian micritic nannofos-
sil claystone capped by a 1-cm-thick phosphatic hardground. The
phosphatic hardground itself contains nannofossils of Santonian age
as well as rare specimens of Maastrichtian planktonic foraminifers,
indicating a prolonged history of exposure at the seafloor. The depo-
sition of such an extremely condensed sequence indicates a deposi-
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tional environment that was swept by currents, with only rare respites
that allowed sediment accumulation. Appreciable phosphatic miner-
alization most often occurs only during episodes of advection of nu-
trient-rich, oxygen-depleted, intermediate waters (Watkins et al., in
press).

The lithologic contact between the Albian(?) elastics and the Pa-
leocene pelagic sediments at Site 961 was highly disturbed by drill-
ing, making it difficult to assess the nature of the contact. It is clear,
however, that little or no sediment is preserved that records the Late
Cretaceous and early Paleocene history at this site. The presence of
abundant glauconite in the overlying upper Paleocene Porcellanite
suggests that the transition may be marked by a glauconitic hard-
ground, as occurs at Site 962.

The upper Albian elastics at Site 962 are overlain by a sequence
of black, organic-rich Porcellanite with clay containing ammonites
and silicified planktonic foraminifers and radiolarians indicating a
late Albian to Turonian age. This unit is similar to those reported
from the northwest African Margin (DSDP Sites 137, 138, and 415;
Wolfart, 1982) and appears to record the earliest fully oceanic deposit
recovered during Leg 159. Much of the chert and Porcellanite in this
unit has been fractured and annealed with clear chert, indicating that
the Porcellanite brittlely fractured subsequent to its transformation
from opal-A to opal-CT. The timing of this event is uncertain, al-
though it is known that the transformation can occur within a geolog-
ically short period of time. Interpretation of the stratigraphic place-
ment is obfuscated by the poor core recovery (with an incomplete
APC stroke and flow-in), although it appears to be overlain by a com-
plex hardground or hardgrounds characterized by both manganese
oxyhydroxide crusts and glauconitic hardgrounds and lag deposits.

These relatively thin stratigraphic records at the Leg 159 sites in-
dicate that much of the area was undergoing sediment starvation
through the Late Cretaceous. The basin, represented by Site 959, was
receiving minimal fine-grained clastic influx from the African mar-
gin. This sediment, deposited in upper bathyal depths, ponded behind
the Marginal Ridge and was subject to episodic dysaerobic condi-
tions. Similarly, the phosphatic hardgrounds that accreted on the up-
per bathyal crest of the Marginal Ridge indicate deposition under low
oxygen conditions. The presence of manganese oxyhydroxide and
glauconite in the hardgrounds at Sites 961 and 962 (deposited in low-
er bathyal and abyssal depths) indicates deposition in relatively oxy-
genated bottom water conditions. Low-oxygen, upper bathyal waters
overlying relatively well oxygenated, lower bathyal and abyssal wa-
ters suggest that the dysaerobia in the Deep Ivorian Basin was the re-
sult of an expanded oxygen minimum zone.

Beginning in the late Paleocene, calcareous pelagic sedimentation
was renewed in the area. This interval of pelagic sedimentation com-
menced in the late Paleocene (approximately 58 Ma) with chalk dep-
osition that persisted into the earliest Eocene. Sediment accumulation
rates for this 4-5 m.y. interval of chalk deposition were quite low (<7
m/m.y.), suggesting sporadic sedimentation and preservation. How-
ever, the change from starved basin conditions to pelagic calcareous
sedimentation signals the integration of the area into the larger Atlan-
tic system. This upper Paleocene chalk is also the youngest strati-
graphic unit that shows evidence of significant, pervasive extensional
stress as indicated by faulting and fracture fill structures (Fig. 6). The
top of this chalk also corresponds with a significant shift in porosity
and acoustic velocity (Fig. 7).

Biosiliceous Sedimentation

Beginning in the early Eocene, and continuing into the early Mi-
ocene, Oceanographic conditions that generated biosiliceous sedi-
ment throughout the world oceans influenced sediment deposition at
all sites. These sediments comprise of thick sequences of porcellan-
ite, chert, and diatomite. Unique to certain areas, however, was the
formation of palygorskite clay during the Paleogene. Claystones en-

riched in, or even dominated by, palygorskite were recovered at Sites
960, 961, and 962. They occur in lower Eocene calcareous nannofos-
sil Zone CP 10 at Sites 960 and 961, and may be the same age at Site
962 based on facies similarities. This zone represents an unusual dep-
ositional setting whose environmental significance is poorly under-
stood. Based on current models of the formation of palygorskite
clays, resolution of the origin of these claystones could constrain the
depositional environment of this region, and, in particular, of the
Marginal Ridge during the early Eocene.

Although it is undisputed that palygorskite forms in arid soils and
lagoonal environments, the origin of palygorskite in oceanic basins
remains strongly debated. This debate, reviewed by Singer (1979),
Kastner (1981), Jones and Galán, (1988), Chamley (1989), and
Weaver (1989), has two general lines of reasoning, which will be
called the "authigenic model" and the "detrital model."

The "authigenic model" assumes that palygorskite principally, or
even exclusively, forms at the ocean floor, either by direct precipita-
tion or by transformation of a precursor mineral. The strength of this
model lies in its ability to explain the occurrence of palygorskite in
areas where detrital input plays a minor role, as at mid-oceanic ridges
and abyssal plains. A major difficulty of the model, however, is the
disagreement concerning whether palygorskite can actually form at
sea-bottom conditions. Palygorskite cannot be precipitated from nor-
mal seawater (Kastner, 1981); however, higher temperatures (above
25°C) would allow palygorskite to precipitate. For example, the al-
teration of submarine basalt has been reported as a source for both the
required magnesium and heat.

The "detrital model" proposes that most or all of the palygorskite
found in deep-sea sediments has been reworked from either shallow-
marine or terrestrial environments where it formed authigenically.
The "detrital model" has been invoked in particular for the middle
Cretaceous and Paleogene palygorskite occurrences in the eastern
Atlantic Ocean (Chamley and Debrabant, 1984). Several coeval pa-
lygorskite deposits could be identified on the adjacent shelves or ter-
restrial areas, which could be the source for deep-sea deposits. Sup-
ply mechanisms would include fluvial erosion, sediment-gravity cur-
rents, and erosion and transport by wind. The major shortcoming of
the "detrital model" is the discontinuous occurrence of palygorskite
on many transects from the proposed source to the final site of depo-
sition. Thiry and Jacquin (1993) pointed out that there is a remarkable
gap in reported palygorskite occurrences in the shelf and slope envi-
ronments and concluded that shallow- and deep-water palygorskite
deposits are genetically unrelated.

Palygorskite claystones from Leg 159 are neither clearly detrital
nor authigenic. The comparatively pure occurrences of this mineral
are suggestive of an authigenic origin. Although minor amounts of
other clay minerals and silts are intermixed, these may reflect eolian
transport and subsequent intermixture at the site of palygorskite for-
mation. In the absence of a volcanic precursor, or other lithologies
that could be altered to palygorskite, an authigenic origin would re-
quire conditions of elevated temperatures with increased salinities
and alkaline conditions. Such an environment could develop if shal-
lowing of the Marginal Ridge by uplift or sea-level fall (Fig. 4) pro-
duced locally restricted and hypersaline conditions. Such a scenario
is problematic, however, when the ecology of associated foraminifers
is considered.

Benthic foraminiferal assemblages at Site 961 indicate lower
bathyal to abyssal depths from at least the Eocene to the present. This
is of particular importance given that the palygorskite zone lies with-
in this lower Eocene to upper Paleocene interval. Specifically, at
Sites 961 and 960, palygorskite claystones are over- and underlain by
sediments containing a benthic foraminiferal assemblage of Bulimi-
na, Cibicidoides, Pyrimida, Nonion, and Nuttallides that suggests
bathyal to abyssal depths of deposition. Lower Eocene palygorskite
clays at Site 961 also contain abundant specimens of Quadratobu-
liminella pyramidalis, Aragonia velascoensis, and Gyroidinoides
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globosa—all species indicative of intermediate to deep water condi-
tions. The presence of radiolarians in these clays at both sites is also
inconsistent with a nearshore site of deposition. Despite the enigmat-
ic origin of this clay mineral, resolution of its diagenetic or deposi-
tional origin could refine our understanding of the environmental
conditions present in this region during the early to middle Paleo-
gene.

Following deposition of palygorskite claystones was a period of
high biosiliceous productivity that persisted in this area from the late
early Eocene to early Miocene. The most complete section of biosil-
iceous sediment was recovered at Site 959, and comprises 604 m of
Porcellanite, chert, and diatomite interbedded with pelagic calcareous
sediment. Clay is a variable and usually minor component. The upper
219 m at Site 959 is least affected by diagenesis, with excellent pres-
ervation of diatoms, silicoflagellates, and less abundant radiolarians.
At Site 960, the principal siliceous component is radiolarian, suggest-
ing increased winnowing at that site. This is consistent with its more
topographically exposed location. Lower Oligocene to upper Pale-
ocene sediment at all sites is mildly to heavily affected by dissolution
of both siliceous and calcareous components. The opal-A of biosili-
ceous tests has been recrystallized to opal-CT (identified by XRD),
generating Porcellanite, and calcitic nannofossils and foraminifers
have been partially altered to micrite. Chert formed below and above
Porcellanite, and ranges in age from early Eocene to early Oligocene.
Despite local diagenetic overprints, primary sedimentary features
such as bedding and component variation are consistent throughout
biosiliceous deposition.

The principal components of sediment in this interval—diatoms,
nannofossils, clay, and minor silicoflagellates, radiolarians, sponge
spicules, and foraminifers—alternate, generating beds 10 to 80 cm
thick. Biosiliceous-rich beds are dark brown, reflecting higher con-
tents of organic matter and pyrite. Increased levels of clay or nanno-
fossils form lighter colored beds. Contacts between interbeds are
generally gradational due to moderate bioturbation. Abundant trace
fossils include Zoophycos, Chondrites (more evident in the darkest
beds), and Planoütes. The only disruption to this pattern is a 25-cm-
thick, crudely graded bed of intraclasts (i.e., granules and pebbles of
diatomite and chalk), interpreted as a debris flow that was recovered
at Site 959. This bed is age-correlative to chaotic, slumped beds at
Site 960.

Age control within this biosiliceous interval, based on both cal-
careous and siliceous microfossils, indicates that sediment accumula-
tion rates averaged approximately 15-22 m/m.y. throughout the
Eocene to early Miocene. However, rates for the late Eocene and
much of the Oligocene have been extrapolated from stratigraphically
adjacent control points. Organic carbon contents of these sediments
are high and are dominated by marine organic matter. No phosphate
was detected during sedimentological analysis. The high levels of
marine organic content, lack of sedimentary phosphate, and relative-
ly moderate sediment accumulation rates indicate that this area expe-
rienced sustained levels of productivity throughout the late Paleo-
gene and earliest Neogene.

Pelagic and Hemipelagic Sedimentation

The Neogene succession in the Cote d'Ivoire Basin comprises a
thick sequence of pelagic and hemipelagic oozes and chalks contain-
ing abundant nannofossils and foraminifers. The thickest and most
complete Neogene section was recovered at Site 959 in Holes A, B,
and C. Similar sediment, but a thinner section, was recovered at Sites
960 and 961. All three sites were well above CCD throughout the
Neogene (see the "Biostratigraphy" sections of site chapters, this vol-
ume). Two end-member sediment types, nannofossil ooze, and fora-
minifer ooze (changing to chalks at depth), occur in varying propor-
tions, forming 10- to 80-cm-thick interbeds of nannofossil foramini-
fer ooze, nannofossil ooze, foraminifer nannofossil ooze, etc.
Increases in nannofossil content may be related to coccolith produc-

tivity; and increases in foraminifer content are probably related to en-
hanced winnowing of bottom sediment.

Clay becomes an important third component in the Miocene part
of the section, and variations in the clay content are best reflected in
the carbonate abundance data. The decrease in clay content upsection
may be a dilution effect caused by deposition or preservation of en-
hanced carbonate. Alternatively, there could have been a decrease in
delivery of terrigenous elastics to this site during the Miocene to Ho-
locene. The clay may be eolian or reworked from more nearshore,
fluvially derived sediment. The principal detrital mineral compo-
nents (from XRD) include a mixed-layer illite/smectite mineral, ka-
olinite, discrete illite, and quartz, the latter two being more abundant
in the silt fraction. Traces of Plagioclase, K-feldspar, and gibbsite
(A1(OH3)) occur locally and are observed in bulk samples and clay
separates.

The input of these prime components (nannofossils, foraminifers,
and clay) has varied through the Neogene. At times deposition of any
of the components has slowed sufficiently for glauconitic hard-
grounds to develop. The youngest hardgrounds occur in lower
Pliocene sediment (nannofossil Zones and Subzones CNlla, Hole
959A; CN9b, Hole 959B; CN11, Hole 959C). Although glauconite
has not been separated from the surrounding sediment, XRD results
of clays extracted from hardgrounds suggest that they are formed of
mixed-layer smectite. Odin and Matter (1981) suggest that such glau-
conitic hardgrounds can take 1,000 to 10,000 yr to form.

Other variations observed in the sediment were imposed by
changes in bottom current activity and the oxygenation of the bottom
waters. Numerous scours are locally overlain by millimeter-thick
lags of foraminifer tests and/or glauconite pellets. Variation in the ox-
ygenation of the bottom waters is indicated by alternating intervals of
faintly laminated and moderately to heavily bioturbated sediment.

The Neogene sediment has undergone pervasive yet minor di-
agenesis, much of it involving iron. Throughout the Neogene section,
iron minerals fill burrows as siderite or ankerite, glauconite, and/or
pyrite. Glauconitization has occurred relatively early, as indicated by
glauconite-filled foraminifers in Sample 159-959B-1H-3, 145-150
cm. It is not clear whether pyrite or glauconite formed first, as the ma-
terial picked from foraminifers in Sample 159-959B-1H-3 contained
both. The clay mineral composing the green fill is a mixed-layer il-
lite/smectite. This mineral generally replaces a preexisting mineral,
usually kaolinite. Such a process normally takes on the order of 1,000
to 10,000 yr (Odin and Matter, 1981). Glauconite forms color bands,
which we interpret as nascent hardgrounds, millimeter-scale pellet
lags (laminae), and thin, wispy hardgrounds. Nothing is known yet of
how this mineral varies downhole (i.e., with time, climate, sedimen-
tation rates, etc.), but in general, glauconite forms where there is a
balance between detrital input and winnowing by marine currents
(Odin and Matter, 1981). This occurs where depositional rates are
sufficient to preserve organic matter, which provides the sites for iron
reduction and mobilization, while bottom currents keep the pellets in
repeated contact with a source of Al, Mg, K, and Si. Glauconite de-
velopment is generally not dependent on climatic conditions, water
depth, sedimentation rates, or mineral composition of the sediment
(Odin and Matter, 1981).

Carbonate rhombs are also a pervasive, authigenic component of
the Neogene sediment. They occur in burrows or as isolated rhombs
(first observed in smear slides in Cores 159-959A-11H and 159-
960C-8H). Although originally identified in smear slides as dolo-
mite, XRD indicates a mineral composition between siderite and ei-
ther rhodochrosite (MnCO3) or dolomite. This indicates variable sub-
stitution of Ca and Mg by either Fe or Mn. This is supported by inter-
stitial water chemistry that indicates a diagenetic sink for Mg and Mn
(see "Inorganic Chemistry and Diagenetic Reactions" section be-
low).

In addition to a source of Fe for the pyrite, glauconite, and sider-
itic carbonate from detrital minerals, detrital goethite, FeO(OH), is
observed in Cores 159-960C-1 OH, and 962A-4H and 5H. Slower sed-
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imentation rates and depressed organic matter preservation may ac-
count for this rare (at least in the Neogene sediments considered on
Leg 159) detrital iron preservation. Goethitic sediment at Site 962 oc-
curs in a pelagic clay sequence (lithologie Subunit IB), deposited at
slow sedimentation rates (7 m/m.y.); however, this suggests that
glauconitization, including hardground development, may not al-
ways occur at the lowest sedimentation rates. Further study is re-
quired to isolate and quantify the different processes responsible for
these sediments.

Deformational Records

At Site 959, bedding planes dip predominantly toward the north-
west-north-northwest and dips increase with depth. This is interpret-
ed as the result of steady subsidence of the Deep Ivorian Basin be-
tween the Albian and the early Miocene, in response to progressive
cooling of the rifted continental lithosphere (McKenzie, 1978). In ad-
dition to direct core measurements, in situ structural measurements
were obtained using the FMS tool between 550 and 930 mbsf in Hole
959D and between 190 and 350 mbsf in Hole 960C (Fig. 11). The
logged intervals cover the Eocene to lower Oligocene porcellanites
(lithologie Subunit HC) and the upper part of the Upper Cretaceous
to lower Paleocene black claystones (lithologie Unit III) in Hole
959D, and the Turonian-upper Santonian limestone unit (lithologie
Subunit IVB) in Hole 960C. In Hole 959D, the bedding dips north-
west, increasing from 5° to 14° with depth, as expected from the seis-
mic lines (see Basile et al., this volume). In Hole 960C, beds dip to
the northeast and show no increase in dip angle with depth. At both
sites, dips and azimuths of the bedding exhibit important variations
around average values at decimeter to meter scales. These variations
are interpreted as cross-bedded or slumped deposits. Associated rota-
tion axes for the slumps were calculated from successive bedding
measurements, which mainly trend west-northwest to north-northeast
(N300° to N30°) at both sites. The scattering of rotation axes at Site
959 may reflect variations in the strike of the slope with time, or the
interfering influences of uplift of the Marginal Ridge and subsidence
of the Deep Ivorian Basin.

Interestingly, at Site 959 (Fig. 7), porosity abruptly decreases at
about 750 mbsf within porcellanites of lithologie Unit II. Above this
level, the frequency of normal faulting and veining also decreases.
The Eocene age of this zone does not mark a major tectonic event;
however, it does correlate with unconformity surfaces at Sites 960-
962, and may represent the end of rapid thermal subsidence and col-
lapse following passage of the oceanic spreading center along the
margin (Fig. 5).

NEOGENE PALEOCEANOGRAPHY

Although the selection of sites for Leg 159 was based primarily
on tectonic considerations, their geographic and bathymetric loca-
tions offer several possibilities for pursuing significant paleoceano-
graphic objectives. The specific paleoceanographic objectives in-
clude:

1. Documentation of the character and origin of Atlantic interme-
diate waters, and a comparison to changes in the strength of the
Benguela Current. This will be based on the chemistry of late
Neogene benthic foraminifers and the relative abundances of
tropical vs. subtropical planktonic foraminifer assemblages
taken from the shallowest sites (959 and 960 at about 2 km wa-
ter depth).

2. Assessment of the relative influence of deep-water flux and lo-
cal organic productivity on the character of bottom waters in
the eastern Atlantic basins. This will be based on comparisons
of carbonate and organic carbon preservation between the
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Figure 11. True dips (circles) and azimuths (crosses) of the sedimentary bed-
ding logged by FMS in (A) Hole 959D, and (B) Hole 960C. Horizontal and
vertical scales are the same for the two plots. Below each plot a stereographic
net (Schmidt net, lower hemisphere) displays isodensity lines (2, 4, 6, 8, and
10%) for 39 rotation axes calculated from bedding dip measurements. For
Hole 959D the maxima trend at 260°-300°, 345°, and 030°. For Hole 960C
the maxima trend toward 3OO°-310°, 300°, and 040°.

shallower water sites (959-960) and the deepest site (962 at
4.6 km). Even at the shallowest site, far above the present cal-
cite saturation depth, there is significant calcite dissolution,
presumably driven by organic carbon oxidation. At Site 962,
in close proximity to the modern calcite compensation depth,
sediment carbonate content remained generally low, except
during the late Pliocene.

3. Refinement of tropical Atlantic biostratigraphy, which will be
based on the composite Neogene section constructed from
Sites 959 and 960. The overlap of the siliceous and calcareous
intervals during the Miocene will allow precise intercorrela-
tion of calcareous nannoplankton and silicoflagellate biostrati-
graphies. Realizing the full biostratigraphic potential of these
sections will depend on the success of shore-based paleomag-
netic studies.

Because they depend on future shore-based analysis, it is too early
to know the extent to which the original paleoceanographic objec-
tives of Leg 159 will be achieved. Nonetheless, results from ship-
board studies provide some idea of what might be achieved. In par-
ticular, they document the age and character of the sedimentary
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record and the manner and extent to which it has been modified by
diagenetic processes.

Organic Geochemistry

Glacial/interglacial climatic and Oceanographic changes are clear-
ly recorded in Pliocene through Pleistocene organic carbon and car-
bonate carbon profiles at Sites 959-962 (Fig. 12). The highest con-
centrations, showing large-amplitude and short-term fluctuations, oc-
cur at shallower Sites 959 and 960. Farther basinward at Sites 961
and 962, the variability and the relative contents of organic and car-
bonate carbon decrease, except for the high organic carbon contents
in Pleistocene sediments at Site 962.

Carbonate carbon profiles in Leg 159 sediments show intermedi-
ate concentrations (40-60 wt%) compared to pelagic sediments, doc-
umenting persistent terrigenous dilution throughout the Pliocene and
Pleistocene (Fig. 12). An inverse correlation between organic and in-
organic carbon reflects the causal relationship between remineraliza-
tion of reactive organic carbon and the dissolution of calcite.

Shipboard results from Rock-Eval analysis and C/N ratios indi-
cate a strong terrestrial overprint on the marine organic matter signal.
Increased supply of terrestrial inorganic and organic material during
glacial periods has been reported off northwest Africa (Tiedemann et
al., 1989; Sarnthein et al., 1988) and in the eastern equatorial Atlan-
tic, ODP Sites 662, 663, and 664 (Ruddiman and Janecek, 1989;
deMenocal et al., 1993). In all these studies eolian transport is inter-
preted to control the deposition of allochthonous detritus into pelagic
areas of the Atlantic equatorial divergence zone. With the close prox-
imity of the African continent, a similar control on organic carbon
deposition is assumed for all sites. However, fluctuations in pale-
oproductivity controlled by Pleistocene glacial/interglacial cycles are
evidenced in deposits in the equatorial Atlantic (Verardo and McIn-
tyre, 1994) and off northwest Africa (Stein et al., 1989). However,
considering the relatively low time resolution achieved on board Leg
159, variations in organic carbon caused by changes in paleoproduc-
tivity cannot be excluded.
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Figure 12. Diagram showing the variation in organic carbon in the sediments
at each of the Leg 159 sites for the Neogene, and the contributions of terres-
trial (TOM) and marine (MOM) organic matter. Note anomalously high
input at Site 962 given its great water depth, attributable to reworked ther-
mally mature Cretaceous organic matter (OM) eroded from the Cδte d'Ivoire
margin.

The organic matter characteristics of Pleistocene deposits from
Site 962 are distinctly different from those obtained at shallower
Sites 959-961. Rock-Eval data indicate a dominance of thermally
overmature, lipid-rich organic matter as reworked, fossil, organic-
rich material. Source areas of this material are presumably submarine
Cretaceous outcrops along the transform margin and/or organic car-
bon-rich sediments transported along the African shelf that were
channeled through the Trou-Sans-Fond Canyon offshore from Abid-
jan. As anticipated from the great water depth of 4637 m at Site 962,
which is at about the level of the modern calcite compensation depth
(CCD), significant proportions of autochthonous organic matter and
of carbonate carbon were not encountered. Quantitative remineral-
ization of labile organic matter within the water column and at the
sediment/water interface (Emerson and Hedges, 1988), and intense
carbonate dissolution below the CCD, have probably erased most of
the original marine signal. However, a temporary deepening of the
CCD below the water depth of Site 962 is suggested during late
Pliocene times by a sudden rise in carbonate content from about zero
up to 20 wt%.

Evidence for long-term diagenetic degradation of reactive organic
matter is most obvious in the upper sediment sections at Sites 959 and
960. The general trend, showing a gradual decrease in organic carbon
concentration with depth, is interpreted to represent selective miner-
alization of marine organic carbon (Fig. 12). Compared to the upper-
most sample analyzed at Site 959 (0.8 mbsf; 1.0 wt% Corg), it can be
seen that about 60% of the organic carbon deposited at the seafloor is
removed within the upper 90 mbsf (0.4 wt% Corg) by diagenetic pro-
cesses. By comparison, for a similar depth interval at Site 961, the
relative diagenetic reduction of organic carbon is even higher (75%),
although absolute concentrations in organic carbon are lower and less
variable compared to Site 959 (0.63 wt% Corg at 1 mbsf and 0.15 wt%
Corg at 72 mbsf).

Miocene sections at deeper water Sites 961 and 962 show little
variation in organic carbon content (Fig. 12). Persistent baseline con-
tents below 0.2 wt% correlate with very low concentrations in car-
bonate carbon (0 to 10 wt%). A strong contrast between these carbon
records and the one derived from Site 959 is most conspicuous for the
early Miocene. At Site 959 interbeds of diatomites with nannofossil
chalks are clearly recorded by large amplitude, short-term fluctua-
tions in organic carbon and carbonate carbon (Fig. 12). The pyrolytic
character of organic carbon-rich diatomites suggests a dominant ma-
rine origin for the organic matter, which implies a highly productive
depositional environment above Site 959 throughout the late Eocene
to the early Miocene. With only a few nautical miles between the
sites, it is questionable why the characteristic and extended carbon
pattern observed at Site 959 is not recorded in sediments at adjacent
Sites 960 and 961. The lack of recovery of time-equivalent deposits
may explain the pattern at Site 961. However, at Site 960, lower Mi-
ocene sediments were cored and analyzed but still lack an organic
carbon and carbonate carbon record comparable to Site 959. The to-
pography of the Transform Margin and the position of Site 960 close
to the southern steep slope of the margin may be responsible for the
lower organic matter content in lower Miocene sediments. Intense
winnowing by focused bottom-water currents at the top of the ridge
may have affected the in situ deposition and preservation of organic
and carbonate carbon at Site 960.

Inorganic Chemistry and Diagenetic Reactions

Understanding the chemical evolution of interstitial waters is es-
sential for assessing the integrity of the strictly paleoenvironmental
record. Depth variations in sediment chemistry reflect the combined
influence of depositional changes through time and the integrated ef-
fects of water-rock diagenetic reactions. Interstitial water data col-
lected during Leg 159 contribute to our efforts to discern between
these two distinct influences on sediment chemistry.
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Figure 13. Downhole variation in the concentration of manganese, iron, sul-
fate, calcium, and magnesium in the pore waters from Sites 960 and 962. The
differences are mostly attributable to the relative lack of organic matter deg-
radation in the upper part of the section at Site 962.

One of the goals of further investigations of Leg 159 sediments
will be to extract paleoceanographic records documenting changes in
ocean chemistry and circulation during the Neogene. As sedimentary
diagenesis potentially can compromise the integrity of these records,
careful assessment and interpretation of the influence of sediment di-
agenesis constitute necessary first steps toward meaningful recon-
structions of the eastern equatorial Atlantic during the Neogene. It is
in this context that we review and summarize the results of interstitial
water analyses performed during Leg 159.

In situ diagenetic reactions, fueled by microbially mediated or-
ganic matter degradation, exert the primary controls on the chemical
evolution of interstitial waters from Sites 959 to 962. At all four sites,
a similar sequence of diagenetic reactions is apparent, documenting
the gradual transition from oxic conditions near the sediment/water
interface to strongly reducing conditions at depth. However, the in-
terstitial water gradients at Site 962 are less steep than at the shallow-
er sites, reflecting the paucity of reactive organic matter and the po-
sition of the site below the CCD. Although the complete suite of or-
ganic matter oxidants was not analyzed, results of dissolved
manganese, iron, sulfate, and headspace methane analyses are suffi-
cient to document the depth evolution of redox conditions within the
sediments from each site. A schematic representation of the hierarchy
of redox reactions is shown in Figure 13. The complete consumption
of dissolved oxygen is inferred from high dissolved manganese con-
centrations only a few meters below the surface. Only a short distance
farther downhole, the dissolution of iron oxides produces elevated
dissolved iron concentrations. As discussed below, the depth evolu-
tion of the dissolved Fe and Mn profiles appears to be intimately re-
lated to the formation of authigenic minerals. Linearly decreasing
sulfate concentrations within the pore waters attest to ongoing sulfate
reduction within the sediment, with diffusional resupply of sulfate
from overlying seawater. Finally, the onset of bacterial methanogen-
esis is essentially coincident with the quantitative consumption of
pore-water sulfate.

The specific depths at which different reactions within the sedi-
ment column occur vary slightly from site to site. In general, the vigor
of organic matter degradation, as indicated by the downhole increase
in ammonium concentrations, decreases with increasing water depth,
reflecting the less labile character of organic carbon reaching the sed-
iment/water interface. As a result, the demand for organic matter ox-
idants decreases with increasing water column length, shifting the
depth of the various redox reactions occurring within the sediment
deeper below the seafloor.

Organic matter degradation exerts a strong influence on pore-wa-
ter pH and alkalinity, which, in turn, govern carbonate diagenesis
within the sediment. As stable isotope records generated by analyses
of benthic and planktonic foraminifers are the main tools for recon-
structing paleoceanographic conditions, the nature and quality of car-
bonate preservation bears heavily on any shore-based paleoceano-
graphic studies. The most significant change in the post-depositional
diagenesis of carbonate sediments occurs at the ooze to chalk transi-
tion in the upper 80 mbsf in lower Pliocene sediments at Site 959.
This zone is a site of carbonate dissolution and redeposition, and
these reactions are reflected in the alkalinity and dissolved calcium
concentrations of pore waters. Thus, it is possible that results of iso-
topic paleoceanographic studies based on early Pliocene and older
foraminifers could be compromised by diagenetic alteration. There is
a marked decline in dissolved manganese concentrations to back-
ground levels, coinciding with this diagenetic front, from the maxi-
mum observed a few meters below the seafloor (Fig. 13). A sink for
dissolved manganese may be its incorporation into carbonate ce-
ments, in addition to the formation of rhodochrosite, documented by
XRD. Within the biosiliceous lithologies of the Paleogene, calcium
concentrations remain high due to dissolution of the few calcareous
microfossils in these sediments. Dissolved strontium concentrations
also increase with depth, reflecting calcite dissolution and/or recrys-
tallization. In contrast, the decrease in magnesium concentrations
with depth appears to be primarily controlled by silica diagenesis
within the Miocene diatomites and Paleogene chert and porcellanites.

Diverse authigenic iron minerals were recovered, including py-
rite, glauconite, and siderite. These minerals are important in that
they are often interpreted as indicators of specific sedimentary envi-
ronments. For example, glauconite is commonly considered to repre-
sent a mildly reducing, current-swept depositional environment. The
dissolved iron profiles from Sites 959, 960, and 962 are varied, sug-
gesting subtle differences in iron chemistry between the sites. In all
instances, the pore-water data, in conjunction with smear-slide anal-
yses, suggest ongoing mobilization of iron from detrital sources.
Most likely, authigenic iron minerals representing more reducing
conditions are forming at the expense of iron-containing minerals
such as glauconite. Thus, because authigenic iron mineral formation
continues throughout much of the sediment pile on the Cöte d'Ivoire-
Ghana Transform Margin, inferences regarding depositional condi-
tions based on authigenic iron minerals must be made cautiously.

Neogene Biostratigraphy and Paleoceanography

Surface water temperatures and the structure of the upper water
column in the eastern Atlantic are very sensitive to small changes in
climate and circulation. The eastern basins of the Atlantic are less sta-
bly stratified than the western "warm pool" Atlantic and are conse-
quently very sensitive to changes in wind speeds and the strength of
the cool-water Benguela and Canary currents. Therefore, analysis of
faunal assemblages and isotopic records from Leg 159 sites should
provide a detailed record of eastern equatorial Atlantic paleoceanog-
raphy and climate of Sahelian Africa. However, some of the broader
aspects of Neogene paleoceanography can be addressed, given the
preliminary data available.

The Neogene stratigraphic record from Leg 159 includes three
APC sites located at different depths and topographic settings that
will allow the discrimination of effects caused by surface water pro-
ductivity changes, changes in relative intermediate water current ve-
locities, and variations in the corrosiveness of deeper water masses.
The continuous record of pelagic sedimentation at shallow Site 959
indicates a complex history of variations in surface water productiv-
ity throughout the Neogene. The somewhat discontinuous record at
Site 960 reflects pelagic sediment accumulation at a topographically
exposed location within the intermediate water mass. Site 962
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records pelagic sedimentation at a topographically exposed location
within the deep (>4500 m) part of the water column.

Oligocene to Early Miocene Biosiliceous Event

Relatively high rates of biogenic siliceous and, to a lesser extent,
calcareous planktonic productivity characterized the early Miocene,
as is evident from the elevated sediment accumulation rates for this
part of the section (Fig. 14). This same interval was characterized by
large-scale slumping at topographically exposed Site 960, where the
regionally higher rates of sediment accumulation may have resulted
in local slope instability and failure. Similar slumps of early Miocene
age occur on the western margin of the North Atlantic, where they are
known as the Great Abaco Member (Jansa et al., 1979).

Of special interest are the cyclical variations in siliceous and
mixed calcareous-siliceous oozes that characterize the apparently
complete Oligocene/Miocene boundary interval at Site 959. These
cycles suggest rhythmic fluctuations in local surface water fertility,
perhaps associated with cyclic variations in upwelling intensity.
These interbedded siliceous and mixed biogenic strata also provide
an excellent opportunity to directly correlate silicoflagellate and cal-
careous nannofossil biostratigraphies for the tropical Atlantic. Ship-
board work has indicated that significant problems exist in applying
tropical lower Miocene correlations, largely established in the eastern
equatorial Pacific, to the succession in the eastern tropical Atlantic.

The abundance of biosiliceous sedimentation in sediments at Site
959 suggests that these nutrient-rich waters were upwelling along the
African margin throughout the Oligocene and early Miocene. How-
ever, this "silica" event is not unique to the eastern tropical Atlantic,
as biosiliceous sediments are characteristic of Oligocene sections
throughout the tropical Atlantic and both the Indian and Southern At-
lantic sectors of the Southern Ocean (e.g., Barker, Kennett, et al.,
1990; Ciesielski, Kristoffersen, et al., 1988; Schlich, Wise, et al.,
1989; Wise, Schlich, et al., 1992; Baldauf and Barron, 1990; Curry,
Shackleton, Richter, et al., 1995). The concentration of siliceous sed-
imentation has been used to infer that the most nutrient-enriched wa-
ters in the world ocean were in the Atlantic and that the modern deep-
water "conveyor," flowing from the North Atlantic into the Pacific,
was reversed relative to today (e.g., Wright et al., 1992). Hence, both
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Figure 14. Diagram showing the variation in sedimentation rates at Sites 959,
960, and 962.

increased preservation within silica-enriched deep water and in-
creased production in nutrient-enriched upwelled waters are probably
responsible for the great abundance of these sediments on the West
African Margin.

Biosiliceous sedimentation continued into the late early Miocene
at Sites 959-962. Particularly noticeable is the preservation of sili-
ceous deposits at Site 962, the deepest site. A similar episode of opal
preservation is present in lower Miocene sections on the Ceara Rise
in the western equatorial Atlantic and suggests widespread penetra-
tion of nutrient-rich deep waters into the tropical Atlantic (e.g., Cur-
ry, Shackleton, Richter, et al., 1995). The peak in late early Miocene
silica sedimentation at Site 962 is more than twice the total sedimen-
tation rate at shallower sites such as Site 960, and greater by one-third
than the sedimentation rate at Site 959. Increased sedimentation rates
at Site 962 relative to shallower sites suggest that differential preser-
vation of opal may be responsible. All sites lie under the same surface
water mass and are within 10 km of each other. Hence, it is reason-
able to assume that production rates in the overlying waters were sim-
ilar. We infer that Site 962 was bathed by nutrient-rich deep waters,
whereas the intermediate waters covering Sites 959 and 960 may
have been more corrosive to silica.

Middle Miocene "Carbonate Crisis"

The middle Miocene was characterized by low sediment accumu-
lation rates (Site 959) or disconformities (Sites 960 and 962; Fig. 14),
reflecting the middle Miocene carbonate crisis known from other
oceans. At Site 959, sedimentation rates were lowest during the late
middle Miocene between 11.5 and 13 Ma. This same time interval is
represented by a hiatus at Sites 960 and 962. The middle Miocene is
commonly represented by a hiatus throughout the world's oceans or
as a period of low carbonate accumulation rates (e.g., Keller and Bar-
ron, 1983; Peterson et al., 1992). Peterson et al. (1992) attribute the
middle Miocene "carbonate crisis" to a rise in the CCD, enhanced
winnowing, and a drop in surface water productivity.

Evidence from Sites 959-962 supports both a change in CCD and
current strength. Dissolution is intense even within the middle Mi-
ocene at Site 959 (water depth 2091 m), and no carbonate sediments
are preserved at Site 962, the deepest site occupied. Apparently, cor-
rosive waters were present up to intermediate depths in the eastern
equatorial Atlantic. Good carbonate preservation is found for this pe-
riod at sites of 2-3 km water depth in the western Atlantic and Car-
ibbean (e.g., DSDP Site 151 and ODP Site 925). Hence, there appears
to be an east-to-west asymmetry in carbonate preservation within in-
termediate waters in the tropical Atlantic. This asymmetry may re-
flect the penetration of relatively nutrient-enriched intermediate wa-
ters into the eastern basins of the Atlantic at the same time that young,
nutrient-depleted, intermediate and deep waters flowed into the west-
ern basins. At the same time, intermediate water currents flowing
along the west African coast may have increased in velocity. High
current strengths are suggested by the absence of middle Miocene
sediments on the topographic high drilled at Site 960, and their pres-
ence at Site 959 in the Deep Ivorian Basin, which is at nearly the same
water depth.

Because of the widespread disconformities associated with the
middle Miocene in all of the major ocean basins, the complete section
at Site 959 has the potential to serve as an important biostratigraphic
reference section for this part of the column in the eastern equatorial
Atlantic.

The middle/late Miocene boundary corresponds approximately
with an increase of carbonate sediment accumulation rates at Site
959, and was accompanied by an episode of carbonate accumulation
at Site 960. Site 962 apparently remained well below the CCD
throughout this time. A more significant change in sedimentation oc-
curred after about 6.5 Ma, when, accumulation rates rose sharply at
Site 959, and to a lesser extent at Sites 960 and 961. The significant
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carbonate accumulation rate of 20 m/m.y. near the Marginal Ridge
summit at Site 960, and the accumulation of significant pelagic clay
on the slope of the Marginal Ridge at Site 962, indicate that interme-
diate and deeper water current velocities had decreased enough to al-
low accumulation at these relatively exposed sites. The timing of this
pulse of increased accumulation rates corresponds to a similar pulse
of carbonate accumulation in the equatorial Pacific and Indian oceans
(Rio et al., 1990) in response to a brief (approximately 2 m.y.) deep-
ening of the CCD. This event in the Atlantic has been related to an
increase in the production of North Atlantic Deep Water (Berger,
1978; Larsen, Saunders, Clift, et al., 1994).

Pliocene

The enhanced rates of calcareous productivity and accumulation
persisted across the Miocene/Pliocene boundary at both Sites 959 and
960. The late Miocene and early Pliocene were times of unusually
high rates of carbonate accumulation throughout the tropical Indian,
Atlantic, and western Pacific oceans. The presence of carbonate sed-
iments of latest Miocene or early Pliocene age at Site 962 attests to
the probable drop in the CCD in the eastern Atlantic at this time. Sim-
ilar evidence for a depressed CCD comes from depth transects drilled
in the Indian and Pacific oceans. These transects suggest that carbon-
ate accumulation rates remained comparable between sites in inter-
mediate water and upper deep water (Peterson et al., 1992).

The expanded sections across this boundary from Leg 159 should
yield valuable data on the evolution of calcareous nannofossils in-
cluding some groups, such as the ceratoliths and gephyrocapsids, that
are important constituents of the coccolithophorid floras of the mod-
ern tropical oceans. Paleomagnetic records from these sites should
provide additional control for calibrating an improved biostratigra-
phy for the eastern equatorial Atlantic throughout this interval.

Most of these regions also record a drop in mass accumulation
rates between 4.5 and 2.0 Ma (e.g., Peterson et al., 1992). Sites 959-
962 also have a condensed interval or hiatus that is centered around
2.0-2.5 Ma. This event may correlate with expansion of the Arctic
ice cap and cooling events in North Atlantic Deep Water as suggested
by Stein et al. (1986). Stein et al. (1986) suggest that high latitude
cooling may have increased flow rates in both intermediate and deep
waters and use this inference to explain the distribution of hiatuses in
the northeastern Atlantic. This episode of reduced sediment accumu-
lation at Sites 959-962 also coincides with a period of sediment drift
migration in the North Atlantic (Kidd and Hill, 1986). The reduction
of sedimentation rates at Site 959 and the formation of a hiatus at Site
962 may reflect a similar increase in winnowing by intermediate and
deep waters off the West African Margin. The Pliocene-Pleistocene
record from the three APC sites (959, 960, and 962) provides a com-
plete composite record of the last 5.4 m.y. Shallower Sites 959 and
960 both contain nearly complete and continuous records of pelagic
carbonate sedimentation through this time interval.

Significant changes in the ratio of the deep-living Florisphaera
profunda vs. shallow-dwelling coccoliths occur throughout the upper
Neogene of all sites drilled during Leg 159. The relative proportions
of these taxa are known to respond to variations in the depth of the
nutricline, with F. profunda being abundant where the nutricline is
deep and the overlying surface water is clear (Molfino and Mclntyre,
1990; Ahagon et al., 1993), whereas shallow-dwelling coccolitho-
phorids are preferred under conditions of a shallow nutricline and/or
turbid surface waters. High-resolution sampling of these sections will
provide a detailed record of nutricline fluctuations during the
Pliocene-Pleistocene.

SUMMARY

Drilling of the Cote d'Ivoire-Ghana Marginal Ridge represents
the first scientific drilling survey of a transform passive margin and a

major advance in our understanding of the evolution of this type of
margin beyond that already discovered through dredging or remote
geophysical surveying techniques. Shipboard analyses document the
evolution of an intracontinental pull-apart basin filled by lacustrine
sediments, which was then transgressed by marine sediments as rift-
ing progressed. Continuous shearing resulted in strong brittle defor-
mation and soft sedimentary folding and slumping. Sometime be-
tween the Albian and the Turonian the pull-apart type basins under-
went structural inversion and the Marginal Ridge was created as a
topographic high on which shallow-water sediments were deposited.

Maximum uplift occurred between Turonian and late Santonian
times when Sites 959 and 960, on the shallowest part of the Marginal
Ridge, show evidence for the nearby presence of a high energy reef
environment. This peak in uplift also correlates with the presumed
time of migration of an oceanic spreading center along the southern
edge of the transform margin. It is believed that the transfer of heat
from this spreading ridge to the continental margin is responsible for
the regional uplift of the Marginal Ridge. The passage of this spread-
ing center marks the end of an active transform stage and the start of
passive margin subsidence. Evidence for compression or strike-slip
motion is not found for the period after this time, and the pre-Santo-
nian sediments are all seen to be thermally more mature than younger
sediments.

In the Late Cretaceous a thick sequence of organic-rich black
shales accumulated in the Deep Ivorian Basin (Site 959), while the
Marginal Ridge itself was eroded or accumulated current-winnowed
hardgrounds. The Marginal Ridge may have acted as a sill to the
Deep Ivorian Basin, and so promoted the poor circulation and depo-
sition of organic-rich shales. A hiatus is seen to have affected much
of the Paleocene at probably all the sites. The early Eocene was char-
acterized by the start of Porcellanite deposition in the Deep Ivorian
Basin. Biosiliceous sedimentation spread to the Marginal Ridge
shortly after this time, although the early Eocene was marked by dep-
osition of a palygorskite-rich claystone. A deep-water depositional
environment of this claystone is inferred from the microfauna, al-
though typically palygorskite requires high salinities for its forma-
tion, most often found in very shallow evaporitic conditions. The pa-
lygorskite here may be redeposited or formed in the presence of deep-
water brines. Biosiliceous sedimentation in the form of diatomite is
seen in the Oligocene of Sites 959-961, although at Site 960 evidence
suggests significant slumping and redeposition of this sediment off
the crest of the Marginal Ridge at this time. Organic carbon contents
of these sediments can be locally high, and a generally high nutrient
level, possibly caused by upwelling, is inferred for the margin at that
time. After the late early Miocene, deposition was dominated by a
clayey nannofossil sediment, except at Site 962, which lies below the
CCD and thus accumulated clays. Site 962 shows evidence for signif-
icant mass wasting and erosion of older (possibly Cretaceous) margin
sediments during the Pliocene-Pleistocene, possibly related to low
sea levels at that time.
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