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12. SEDIMENTARY FACIESAND SEDIMENT COMPOSITION CHANGESIN RESPONSE TO
TECTONICS OF THE COTE D'IVOIRE-GHANA TRANSFORM MARGIN !

Kari Strand?

ABSTRACT

During Ocean Drilling Program Leg 159 four sites were drilled along the Céte d’lvoire-Ghana Transform Margin (Sites
959-962), all located on a marginal ridge that defines the continental margin along a transform boundary. The Cretaceous rift to
transform margin deposits document the early evolution of an active transform margin and its transition to a passive margin,
thus defining a second-order, tectono-eustatic cycle €5A0n.y. duration. Emphasis in this paper is on sedimentary facies,
sediment composition changes, and tectono-eustatic cycles in a rift/transform margin transition In the late Albian, restricted
intracontinental sedimentation was characterized by laminated lacustrine and mixed-source deltaic deposits. This was followed
by a progressive marine transgression with the deposition of horizontally laminated to cross-laminated, storm-influenced, shal-
low-shelf sandstones and claystones that terminate in a Turonian unconformity, thus defining one total thireidrdéa)1
tectono-eustatic cycle. The overlying periplatformal carbonate deposits of Turonian to Coniacian age were derived from shal-
low reefs by gravity-induced processes and from suspension, and indicate the beginning of a marginal ridge uplift. A significan
siliciclastic component with lithic fragments, accompanied by carbonate sedimentation, indicates mixed, reworked sediment
sources due to supposed further uplift of the marginal ridge. This uplift reduced sediment accommodation space and caused ter-
mination of this next third-order cycle during the late Coniacian—Santonian. Origin of the uplift is thought to be reteted to t
thermal effect of the passage of a spreading ridge south of the margin. The next cycle, overlying the sandy limestones, is
recorded by a condensed section of claystones, containing phosphatic debris and hardgrounds deposited over a time period of
more than 10 m.y. In a deeper setting, this condensed interval is overlain by a sequence of organic-rich black claystones, whos
deposition was promoted by diminished accommodation space and partial damming of the basin by the marginal ridge during
late Coniacian to early Eocene. The dominant tectonic setting shifted closer to a passive margin at each of the faur drill site
after the late Paleocene.

INTRODUCTION part of the marginal ridge, and also the most complete sedimentary
record (Figs. 1, 2Bite 959 lies on the continental slope off the south-
Drilling during Leg 159 represented the first application of deep- ~ West coast of Ghana at a water depth of 2090.7 m. Site 960 lies south
sea drilling to the tectonic study of transform-margin development of Site 959 at a water depth of 2061 m on the summit of the marginal
(Mascle, Lohmann, Clift, et a., 1996). Sites 959 through 962 were  fidge. By contrast, Site 961 lies on a tilted fault block on an area of
drilled on the Céte d’lvoire-Ghana Marginal Ridge, a prominent marthin continental crust west-southwest of Site 960 (Fig. 1). Site 962 is
ginal ridge that defines the continental margin along a fossil trando¢ated on a minor ridge close to the ocean/continent transition (Fig.
form boundary. In this work, sedimentary facies, processes, and corb: Whose acoustic basement was unknown, but had been compared
position changes are studied in response to development of a trakRblocks of continental crust found over 300 km farther west along
form continental margin with an emphasis on the rift/transform

transition. oW 4 3 5 1 0
Facies analysis is integrated with provenance analysis to achie ] ) . )
a better understanding of source-rock composition, weathering in 1 %a Ghana

source area, transport to the site of deposition, and the depositic
environments. This integrated picture forms the basis on which t/ 5°N-
sedimentary indicators of the tectonic evolution of the continent
margin along a transform boundary are determined. The sediment
record found at each of the four drill sites provides a good framewo Marginal
for reconstructing the continental breakup history of a margin creat 49 Deep Ivorian = Site 959 Ridge

by transform tectonics. This paper also contains the first discussic Basin Site%iéiijfo,
of the tectono-eustatic controls of relative change of sea level in Site 962-¢
margin created by transform tectonics. _/,e\ e Abyssal
3 4)@10“ Plain
=
REGIONAL AND GEOLOGIC SETTING 4@‘@/
QO

The drill sites were selected to sample the sedimentary column: 2 T .
pecially from the rift to transform margin sediments of the Crete
ceous. Sites 959 and 960 provide a record of development of the m d

Ghanaian Shelf

Mascle, J, Lohmann, G.P, and Moullade, M. (Eds), 1998. Proc. ODP, &ci.
Results, 159: College Station, TX (Ocean Drilling Program). X i X i " X

2Department of Geology, Institute of Geosciences, University of Oulu, FIN-90570 Figure 1. Location of Leg 159 sites on a simplified bathymetric map of the
Oulu, Finland. kari.strand@oulu.fi Cote d’'lvoire-Ghana Marginal Ridge and surroundings.
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Figure 2. Schematic stratigraphic columnsfor Leg 159 sites showing sampleintervals. Lithologic units of each site are those determined by Shipboard Scientific
Party (1996).

the Romanche Fracture Zone; the blocks are believed to have been provided by cores from Sites 961 and 962, the completeness of these
displaced there by shear tectonics (Honnorez et al., 1994). All four sections, and thus the direct contribution for interpreting paleoenvi-
sitesdrilled during Leg 159 were located on continental crust along a ronmental settings, is comparatively limited (Shipboard Scientific
ridge that runs close to the continent/ocean transition. Party, 1996). Trends in changes of lithology, sedimentary structures,
Basile et al. (1992, 1993), following Mascle and Blarez (1987), and grain size were used to identify lithofacies (Table 1), to trace the
have proposed a four-stage schematic evolution of the Cote d’lvoirerertical character of sediment sequences, and to determine deposi-
Ghana Transform Margin: (1) early rifting of the Deep Ivorian Basintional environments. A total of 272 sediment samples were taken
and shearing of its southern border during early Cretaceous time bigem all the cores recovered, and 56 thin sections were made from the
fore complete breakup. Data from deep dives (Mascle et al., 1993pndy sediments. Unconsolidated samples were dried and epoxied
demonstrate that the sedimentation was subaerial, deltaic, and lacbgfore making thin sections. Thirty thin sections for provenance
trine during that time; (2) end of rifting and intracontinental trans-study were stained for both calcium and potassium feldspar using a
form faulting sometime during the Albian when initiation of seafloor method outlined in Friedman (1971). A total of 500 points were
spreading increased transform-type displacement between the twounted on each thin section using the Gazzi-Dickinson method,
continental borderlands; (3) continent/ocean transform faulting irwhich minimizes the effects of grain-size variation on composition
Santonian time, finally causing continental separation between Weand is uniform also for poorly sorted sandy sediments (Dickinson,
Africa and northeast Brazil, which brought into contact the newlyl970; Ingersoll et al., 1984). Primarily, with this method, monomin-
created Gulf of Guinea oceanic crust with an active continental trangralic crystals and other grains of sand size that occur within larger
form margin and manifested a complex uplift and subsidence histompck fragments are classified in the category of the crystal or other
of the marginal ridge; and (4) subsequent passive margin evolutiagrain, rather than in the category of the larger rock fragment. Thus,
started during the late Paleocene, when active tectonism along tp&itonic lithic fragments are counted as their constituent crystals.
transform margin progressively ceased. Counted grains were placed into 12 compositional categories (Table
2). The biogenic category (Bio) includes molluscan fragments, echi-
noderm debris, foraminifers, and other bioclasts, as well as the car-
MATERIALSAND METHODS bonate minerals category (C), which includes only individual carbon-
ate grains larger than 0.063 mm. Also, some very quartz-sand—rich
The sedimentation on the Cote d’'lvoire-Ghana Transform Margircarbonate sediments (PI. 1, Figs31Table 1, Samples 159-959D-
is best represented in the spatial and stratigraphic variation of sed9R-1, 5255 cm, 159-960A-25R-2, ¥24 cm, 159-960A-29R-3,
ments cored at Sites 959 and 960. Although important information 89-102 cm, 159-960A-31R-1, 387 cm, 159-960A-34R-1, 489
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SEDIMENTARY FACIES AND SEDIMENT COMPOSITION CHANGES

Table 1. Summary of sedimentary faciestypes used for L eg 159 sediments.

Facies

Characteristics

Interpretation

Siliciclastics:
Facies 1: Cross-laminated sandstone

Facies 2: Hummocky cross-bedded sandstone

Trough to planar cross-lamination (sometimes calcite

cemented); set thicknesses 5-10 cm
Curved, low-angle (<10°-15°) cross-lamination, sometimes Wave-generated oscillatory and combined

Dune and sandwich bedform, reworking of
sands by traction currents?

swaley cross-lamination; laminae thicknesses 1-5 mm flow®

Facies 3: Laminated sandstone/siltstone

Facies 4: Gravel/conglomerate
intraclastic
Facies 5: Graded to massive sand
cemented)
Facies 6: Graded sand-silt couplet

Sometimes convoluted or showing small-scale ripples

Matrix-supported to clast-supported, usually mudstone

Planar beds (lower flow régiozdg, smal
ripples formed by wave or current action
Debris flow?

Thin beds of poorly sorted sand or sandstone (sometimeBliciaitensity turbidity current or grain fléw

Couplet composed of a basal sandy unit and massive to Low-density turbidity curreft®

laminated fine-grained sediment; bed thickness 1-5 cm, some
load casts (sometimes with micrite)

Facies 7: Laminated to massive silty claytone tBine-grained sediment showing layering and thin silt-rich
horizontal laminae, some 1-2 mm thick, irregular lamination winnowed lamination from reworking by
or structures (sometimes calcite cemented)

Fine-grained sediments usually with various proportions ¢femipelagic sedimentatidn

clayey siltstone

Facies 8: Silty claystone to claystone

Fine-grained or mud turbidity currérftd or

bottom-currerit

siliceous and calcareous microfossils; locally bioturbated

Carbonates:
Facies 9: Skeletal packstone to wackestone
Facies 10: Graded skeletal grainstone
intraclastic

Facies 11: Graded to massive limestone with Thin beds of poorly sorted carbonate debris and sand

quartz sand
Facies 12: Graded limestone-silt couplet

Massive, crudely bedded, skeletal debris
Massive or thick horizontal bedding, sometimes mudstorttigh-density turbidity current or grain fléw

Debris flows

High-density turbidity Turrent

Couplet composed of a basal limestone unit (containing samwedensity turbidity currents

quartz sand) and massive to laminated fine-grained sediment,
sometimes showing isolated ripple, bed thickness 1-2 cm

Facies 13: Laminated clayey limestone

Associated biogenic facies:
Facies 14: Nannofossil/foraminifer ooze/chalk
Facies 15: Diatomaceous ooze/diatomite /
porcellanite

Fine-grained sediment showing fine laminae

Massive, mottled, sometimes clayey
Massive, mottled, sometimes clayey

Fine-grained turbidity current or traction
transport by bottom-curreht

Pelagic to hemipelagic sedifentation
Pelagic to hemipelagic sedimehtation

Note: 2= Pickering et al., 1986, 1989; © = Nottredt and Kreisa, 1987; ¢ = Stow and Shanmugam, 1980; ¢ = Piper and Stow, 1991; ¢ = Scholle et al., 1983; f = Tucker and Wright, 1990.

cm, and 159-960C-25X-2, 41-44 cm) were counted. Although the
carbonate minerals category accounts for a substantial fraction in
these samples and the samples may not be suitable for use in ternary
diagrams, important knowledge about the composition of the frame-
work grains such as quartz, feldspars, and rock fragments could be
obtained. Recal cul ated parameters are defined and presented in Table
3, and a so plotted on ternary diagrams showing provenance domains
after Dickinson et al. (1983). In provenance discrimination, using ter-
nary diagrams, special care is required when the number of frame-
work grains counted is small. Thus, in this work, the source-rock
evaluations are predominantly based on the careful thin-section ob-
servations, and emphasisislaid in sediment composition changes.

SEDIMENTARY FACIESAND
DEPOSITIONAL ENVIRONMENTS

Sedimentary facies are described and depositional environments
are interpreted within the framework of three principal evolutionary
stages, mostly based on the sequences reconstructed for Sites 959 and
960 (Fig. 2): (1) Albian rift to early post-rift stage; (2) continent/
ocean transform stage during the Cenomanian to Coniacian; and (3)
transform to passive margin transition during the late Coniacian to
early Eocene. Fifteen sedimentary facies have been distinguished
among the Leg 159 clastic deposits based on grain size, texture, and
dominant sedimentary structures. The principal faciestypesand their
interpretation are outlined in Table 1. The selected core-face photo-
graphs and microphotographs of all major coarse-grained facies are
available on CD-ROM (back pocket, this volume).

Albian Rift to Early Postrift Stage
Lithofacies

The oldest record of sedimentation recovered during Leg 159 in-
cludes the Albian successions of finely laminated, siliciclastic rhyth-

mites ranging from silty sandstones to silty claystone. The following
facies or facies successions were identified: (1) laminated to convo-
luted sandstone (Facies 3; Fig. 3A); (2) laminated siltstone (Facies 3;
Fig. 3B); and (3) laminated silty claystone (Facies 7; Fig. 3C). The
fine sandstone laminae in Facies 3 are up to 5 mm in thickness. Par-
dlel lamination in Facies 7 appears to represent graded rhythms of
very fine sand and silt some 1-2 mm thick turning to clay, occasion-
ally interbedded with 1-2 cm thick, graded silty sandstone-siltstone
couplets (Sample 159-960A-58R-1, 47-60 cm, on CD-ROM, back
pocket, this volume). The coarsest siliciclastic sediments in these
successions are dominated by fresh detrital feldspar and angular to
subangular monocrystalline quartz (Pl. 1, Figs. 4, 5, Sample 159-
960A-46R-2, 48-51 cm, on CD-ROM). Going upsection at Site 959,
finely laminated sediments are overlain by dominantly sandy sedi-
ments, consisting of hummocky cross-bedded sandstones (Facies 2;
Figs. 3D, 4A, Sample 159-962D-6R-1, 8-24 cm, on CD-ROM) and
horizontally laminated (Facies 3) to cross-laminated (Facies 1) sand-
stone beds (Fig. 3E, Sample 159-959D-73R-1, 112-126 cm, on CD-
ROM) in laminated silty claystone (Facies 7 and 8). At Site 962, a
thick upper Albian sequence consists of graded limestone with vary-
ing amount of quartz sand as framework grains (Facies 11), lime-
stone-siltstone couplets (Facies 12), and some sandstone beds and
claystonesinterbedded with nannofossil and micritic carbonate. Fin-
ing-upward successions show scoured bases, internal grading, and
lamination. Typically, the beds consist of isolated ripples (Fig. 4B).
Coarse-grained intervals are quartz-sand rich and consist of benthic
and planktonic foraminifers and bivalve fragments (Pl.1, Fig. 6).

Interpretation

The oldest record recovered from Leg 159 isinterpreted to repre-
sent intracontinental sedimentation, with the laminated rhythmites
corresponding to lacustrine sedimentation and the laminated to con-
voluted sandy successions suggesting mixed-source deltaic deposi-
tion. The sediments were deposited by gravity-driven processes such
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Table 2. Counted parameters.

Core, section, Depth
interval (cm) (mbsf) Age Qp Qm P K Lss Lsc Lv Lm C M D Bio  Tota
159-959D-
69R-1, 52-55 1063.22 6 135 1 2 3 2 0 10 193 0 3 145 500
71R-1, 98-101 1081.88 late Albian 25 188 10 0 0 0 1 20 237 14 5 0 500
72R-3,108-111  1095.28 20 327 9 2 2 0 1 61 67 10 1 0 500
74R-2, 62-65 1112.62 14 302 12 8 0 0 0 12 104 39 7 2 500
76R-2, 0-3 1131.30 39 328 19 3 9 0 5 39 34 23 1 0 500
77R-2, 70-72 1141.70 36 337 16 0 4 0 1 36 45 23 1 1 500
159-960A-
21R-1, 121-124 18531  San-Tur 10 42 5 2 0 0 0 3 427 2 0 9 500
25R-2, 12-14 22382  San-Tur 9 47 5 1 4 0 0 2 215 0 0 217 500
29R-3, 99-102 25956  San-Tur 12 67 1 1 4 2 0 2 185 0 0 226 500
31R-1, 35-37 27145  San-Tur 2 14 1 3 2 0 0 2 194 1 0 251 500
34R-1, 45-49 300.05 San-Tur 1 9 0 0 5 0 0 0 190 0 0 295 500
37R-2, 49-52 329.82 17 295 25 3 0 0 0 12 142 3 3 0 500
46R-2, 48-51 373.78 34 304 28 5 1 0 0 11 109 6 2 0 500
57R-1, 18-22 427.58 3 154 18 4 1 0 0 5 291 22 2 0 500
61R-1, 94-98 447.14 3 345 35 7 0 0 1 19 61 26 3 0 500
159-960C-
25X-2, 41-44 335.11 San-Tur 1 18 2 1 0 12 0 0 92 0 0 374 500
159-961A-
23R-1, 50-51 206.60 1 438 10 0 0 0 0 1 21 26 3 0 500
26R-2, 44-45 237.54 0 469 11 5 0 0 0 0 7 7 1 0 500
29R-1, 19-21 265.09 0 466 6 0 0 0 0 0 16 12 0 0 500
31R-1, 51-54 284.71 0 398 9 0 0 0 0 0 71 16 6 0 500
33R-1, 17-22 299.67 1 472 11 4 0 0 0 0 3 9 0 0 500
159-961B-
2R-1, 27-29 226.27 0 333 27 1 0 0 0 2 2 124 11 0 500
5R-3, 5-8 270.55 0 435 33 10 0 0 0 0 2 16 4 0 500
13R-2, 37-39 333.97 0 364 9 3 0 0 0 1 3 113 7 0 500
18R-2, 81-85 364.83 0 414 26 3 0 0 0 0 28 27 2 0 500
159-962D-
6R-1, 23-25 123.63 late Albian 2 409 16 7 0 0 0 28 36 1 1 0 500
18R-4, 104-107 24464 late Albian 1 351 14 9 1 1 0 5 95 1 1 21 500
19R-1, 117-121 249.97 late Albian 0 323 8 6 6 0 0 4 137 9 3 4 500
28R-1, 139-141 317.69 late Albian 1 268 8 6 0 0 0 0 159 16 2 40 500
36R-1, 4-7 38394 late Albian 0 96 5 1 0 0 0 2 356 0 1 39 500

Note: Qp = polycrystalline quartz, Qm = monocrystalline quartz, P = plagioclase feldspar, K = potassium feldspar, Lss = siliciclastic sedimentary lithic fragment, Lsc = carbonate sed-
imentary lithic fragment, Lv = volcanic/metavol canic lithic fragment, Lm = metamorphic lithic fragment, C = carbonate minerals, M = micaflakes, D = dense minerals, Bio = bio-

genic grains. San = Santonian, Tur = Turonian.

as low-density turbidity currents partially reworked by traction cur-
rents (cf. Pickering et al., 1986). The lacustrine sediments are over-
lain by a shallow marine shelf sequence, as indicated by hummocky
cross-bedded sandstones (e.g., Nottredt and Kreisa, 1987; Myrow
and Southard, 1991) and by the occurrence of cross-bedded intervals,
in general, as well as by the lack of features typical of turbidity cur-
rents. All these features indicate deposition in a storm-influenced
shelf at relatively low sea level. However, the Site 962 sediments
record a deep and fully pelagic, marine depositional setting at the
same time. Overall, the earliest sediments recovered during Leg 159
are believed to have formed in deep, tectonically generated basins as-
sociated with the transform tectonism between South America and
Africa. Site 962 could represent a deep, relatively sediment-starved,
pull-apart basin, such as are well known in transform settings (Ben-
Avraham et al., 1979; Pitman et al., 1985).

Continent/Ocean Transform Stage
During the Cenomanian to Coniacian

Lithofacies

Thetransition from the Albian early post-rift stage to the succeed-
ing continent/ocean transform stage is marked by a Turonian uncon-
formity (see interval 159-960A-37R-1, 36-57 cm, on CD-ROM,
back pocket, this volume), at Site 960, between laminated sandstone
(Facies 3) and graded, skeletal grainstone (Facies 10). The syntrans-
form, siliciclastic sediments below the unconformity at Sites 959 and
960 are dated as middle Turonian (Shipboard Scientific Party, 1996).
At Site 960, the siliciclastic sediments include massive sandstone
(Facies 5), which is characterized by sediment-filled veins (interval
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159-960A-37R-2, 48-65 cm, on CD-ROM) and concentrations of
mud clastsin afew centimeter-thick layers (Facies 4). However, sed-
imentation during this tectonic stage mostly coincides with the Turo-
nian to Coniacian carbonates at Sites 959 and 960. Thetotal thickness
of the limestone succession at Site 959 is~40 m, and at Site 960 isup
to 140 m. Distinguished facies are (1) massive to graded skeletal
grainstone, locally containing mudstone intraclasts (Facies 10; Figs.
5A, 6A); (2) massiveto crudely bedded skeletal packstone (Facies 9;
Figs. 5B, 6B); and (3) laminated quartz-sand grainstone and float-
stone with as much as 10%—-20% quartz sand (Facies 11; Fig. 5C).
The skeletal grainstone contains molluscan fragments and echino-
derm debris and a few quartz grains (Pl. 1, Fig. 3). Pore spaces are
generaly filled with a calcite cement (see Sample 159-959D-69R-1,
52-55 cm, on CD-ROM). Siliciclastic components include rounded
quartz grains and metamorphic, siliciclastic sedimentary and re-
worked carbonate sedimentary lithic fragments.

I nterpretation

The sediments overlying the unconformity at Site 960 and their
lateral equivalents at Site 959 are interpreted as periplatform depos-
its, such as debris and grain flows from ashallow shelf setting into an
adjacent basin (cf. Scholle et al., 1983; Tucker and Wright, 1990). At
Site 960, shalower water limestones are found. Carbonate reefs
probably colonized shallow regions associated with the crest of the
uplifted marginal ridge, produced by tectonic stress release along the
continent/continent transform. Thus, coeval carbonate and siliciclas-
tic sedimentation could indicate a maximum uplift of the marginal
ridge. This is further evidenced by the occurrence of reworked car-
bonate sedimentary lithic fragmentsin the limestone succession.
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Table 3. Recalculated parameters.

Core. section Depth QFL QmFLtot LmLvLs
interval (cm) (mbsf) Age %Q %F %L %0m  %F  %Ltot %Lm %Lv  %Ls
159-959D-
69R-1, 52-55 1063.22 88.7 19 9.4 84.9 19 13.2 66.7 0.0 333
71R-1, 98-101 1081.88 late Albian 87.3 4.1 8.6 77.0 4.1 18.9 95.2 4.8 0.0
72R-3,108-111  1095.28 82.2 2.6 15.2 775 2.6 199 95.3 1.6 31
74R-2, 62-65 1112.62 90.8 5.8 34 86.7 5.8 75  100.0 0.0 0.0
76R-2, 0-3 1131.30 83.0 49 120 74.2 49 209 73.6 94 170
77R-2, 70-72 1141.70 86.8 3.7 9.5 784 3.7 17.9 87.8 24 9.8
159-960A-
21R-1,121-124 185.31 San-Tur 839 11.3 4.8 67.7 11.3 21.0 100.0 0.0 0.0
25R-2, 12-14 22382  San-Tur 82.4 8.8 8.8 69.1 8.8 22.1 333 0.0 66.7
29R-3, 99-102 25956  San-Tur 88.8 2.2 9.0 75.3 2.2 225 25.0 0.0 75.0
31R-1, 35-37 27145 San-Tur 85.2 74 74 815 74 11.1 50.0 0.0 50.0
34R-.1, 45-49 300.05 San-Tur 66.7 00 333 60.0 00 400 00 00 1000
37R-2, 49-52 329.82 88.6 8.0 34 83.8 8.0 82 1000 00 0.0
46R-2, 48-51 373.78 88.3 8.6 31 79.4 86 120 91.7 0.0 8.3
57R-1, 18-22 427.58 84.9 11.9 3.2 83.2 11.9 49 83.3 0.0 16.7
61R-1, 94-98 447.14 84.9 10.2 49 84.1 10.2 5.7 95.0 5.0 0.0
159-960C-
25X-2, 41-44 33511  San-Tur 55.9 88 353 52.9 88 383 00 00 1000
159-961A-
23R-1, 50-51 206.60 97.6 22 0.2 97.3 2.2 05 1000 00 0.0
26R-2, 44-45 237.54 96.7 33 0.0 96.7 33 0.0 00 00 0.0
29R-1, 19-21 265.09 98.7 13 0.0 98.7 13 0.0 00 00 0.0
31R-1, 51-54 284.71 97.7 2.3 0.0 97.7 23 0.0 00 00 0.0
33R-1, 17-22 299.67 96.9 31 0.0 96.7 31 0.2 00 00 0.0
159-961B-
2R-1, 27-29 226.27 91.7 77 0.6 91.7 7.7 06 1000 00 0.0
5R-3,5-8 270.55 91.0 9.0 0.0 91.0 9.0 0.0 0.0 0.0 0.0
13R-2, 37-39 333.97 96.5 3.2 0.3 96.5 3.2 03 1000 00 0.0
18R-2, 81-85 364.83 93.4 6.6 0.0 934 6.6 0.0 00 00 0.0
159-962D-
6R-1, 23-25 123.63 late Albian 88.9 5.0 88.5 5.0 65 1000 0.0 0.0

6.1
18R-4, 104-107 24464  late Albian 92.1 6.0 19 919 6.0 21 714 00 28.6
19R-1, 117-121 24997  late Albian 93.1 4.0 29 93.1 4.0 29 400 00 60.0
28R-1, 139-141 317.69 late Albian 95.1 4.9 0.0 94.7 4.9 0.4 00 00 0.0
36R-1, 4-7 38394 late Albian 92.3 5.8 19 92.3 5.8 19 1000 00 0.0

Note: Q=Qm+Qp, F=P+K,L=Lss+Lsc+Lv+Lm,Ls=Lss+Lsc, Ltot=L +Qp, QFL%Q =100 x Q/(Q+ F+ L), QFL%F =100 x F/(Q+F+L), QFL%L =100 x L(Q+F
+ L), QmFLtot%Qm = 100 X Qm/(Qm + F + Ltot), QmFLtot%F = 100 X F/(Qm + F + Ltot), QmFLtot%F = 100 x LtotP/(Qm + F + Ltot), LmLvLs%Lm =100 x Lm/elm + Lv
+Lss+Lsc), LmLvLs%Ly =100 x Lv/(Lm+ Lv + Lss+ Lsc), LmLvLs%Ls=100 X Ls/(Lm+ Lv + Lss+ Lsc). Abbreviations are defined in Table 2.

A B C D E
Facies 3 Facies 3 Facies 7 Facies 2 Facies 7, 8, and 3

A A I T e at "

Section 960A-38R-2  Section 960 A-46R-2 Section 960 A-57R-1 Section 959D-74R-2  Section 959D-75R-1

2cm
|:| Sandstone g Siltstone g Silty claystone = Sandstone beds in silty claystone

Figure 3. Dominant lithofacies types or successions occurring in Albian rift to early postrift stage. A. Laminated (convoluted) sandstone (Facies 3). B. Lami-

nated siltstone (Facies 3). See also core-face photograph of interval 159-960A-46R-2, 34-49 cm, on CD-ROM (back podkete}his Laminated silty
claystone (Facies 7). See also core-face photograph of interval 159-960A-57R-1, 75-89 cm, on ADR-R@kmocky cross-bedded sandstone (Facies 2).
See also core-face photographs of interval 159-959D-74R-2, 41-58 cm, on CDERBMtizontally laminated (Facies 3) to cross-laminated (Facies 1) sand-
stone beds intercalated with laminated silty claystone (Facies 7, 8). See Table 1 for an interpretation of these spgecific facie

Transform to Passive Margin Transition claystones containing phosphatic debris and hardgrounds (Facies 8;
During L ate Coniacian to Early Eocene Fig. 7A). This condensed hemipelagic interval is overlain by a thick
sequence of organic-rich black claystones with pyrite concentrations
Lithofacies andZoophycos burrows (Facies 8; Fig. 7B). The sequence is bracket-

ed by the upper Santonian sediments below and the middle upper Pa-
At Site 960, the most prominent transition is between the leocene strata above (Shipboard Scientific Party, 1996). At Site 961,
Turonian—Santonian carbonate-cemented sandstones and limestotigwlogic preservation during Late Cretaceous to early Eocene was
and the Eocene claystones. Also at Site 959, lower Coniacian santglatively poor; however, a transition from laminated sandy to clayey
limestones are unconformably overlain by a condensed sequencesiitstone (Facies 7) to silty claystone (Facies 8) with pyrite and glau-
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A B

cm cm

10 — 2 —
12 — 4 —
14 — 6 —
16 — 8 —
18 — 10 —
20 — 12 —

Figure 4. Typical sandy bedforms of Leg 159 sediments. A. A typical hummocky cross-bedded sandstone (Facies 2), interval 159-959D-77R-1, 8-20 cm. See
also core-face photograph of interval 159-959D-77R-1, 5-23 cm, on CD-ROM (back pocket, this vBlulngpical turbiditic bed with isolated ripples in
quartz-sand limestone (Facies 12), interval 159-962D-23R-CC, 2—12 cm. See also core-face photograph of interval 159-962D1Z3&+-6n CD-ROM.

A B C conite concentrations is recorded (see intervals 159-961A-21R-2,
Facies 10 Facies 9 Facies 11 30-44 cm; 23R-1, 40-53 cm; on CD-ROM, back pocket, this vol-
ume). The discontinuous, irregular siltstone laminae are dominated
by angular to subangular monocrystalline quartz, some fresh feld-
spar, and some mica flakes (Sample 159-961A-23R-1, 50-51 cm, on
CD-ROM). Beginning in the late Paleocene, calcareous pelagic sed-
imentation was renewed in the Leg 159 area. Also Paleocene porcel-
lanites (Facies 15; Fig. 7C) arefound at Sites 959 and 961. Beginning
in the lower Eocene, claystones enriched in, or even dominated by,
palygorskite were recovered at Sites 960 (see interval 159-960A-
Section 960A-35R-1  Section 960A-31R-1 Section 960A-22R-2 19R-1, 27-41 cm, on CD-ROM), 961, and 962.

= E Grainstone/ E Quartz sand grainstone i
packstone 9 I nterpretation
Figure 5. Dominant lithofacies types or successions occurring in Cenoma Termination of the carbonate sedimentation implies a change in

nian—Coniacian continent/ocean transform stagé&keletal grainstone with  the depositional environment, and the crest of the marginal ridge ap-
mudstone intraclasts (Facies 10). See also core-face photograph of interyagiars to have undergone a phase of very rapid subsidence. At Site
159-960C-25X-1, 112—-123 cm, on CD-ROM (back pocket, this voluke). 961, this subsidence is marked by atransition from irregularly lami-
Graded to crudely bedded skeletal packstone (Facies 9). See also core-fagked sandy to clayey siltstone to deeper shelf claystone containing

photograph of interval 159-960A-22R-1, 26—-40 cm, on CD-RGM.ami- glauconite concentrations. The discontinued, irregular lamination in
nated quartz-sand grainstone and floatstone (Facies 11). See Table 1 forsiistone infers rapid deposition from fine-grained turbidity currents
interpretation of these specific facies. or reworking by winnowing bottom currents on the shelf (e.g., Pick-

ering et a., 1986). The condensed section and a partially dysaerobic
regime were probably aresult of damming by the marginal ridge that
restricted the depositional basins. Claystones dominate the sedimen-
tation at Site 959 into the upper Paleocene, and at Site 960 until the
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SEDIMENTARY FACIES AND SEDIMENT COMPOSITION CHANGES
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32—

34 —|
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Figure 6. Typical structures and textural patterns in carbonate sediments of Leg 159. A. Skeletal grainstone with quartz sand (Facies 10), interval 159-960A-
25R-1, 58-68 cm. See also core-face photograph of interval 159-960A-25R-1, 56—70 cm, on CD-ROM (back pocket, thiB v@hamhed. to crudely bedded
quartz-sand packstone (Facies 9), interval 159-960A-22R-1, 30—40 cm. See also core-face photograph of interval 159-986A4D2f%n1. on CD-ROM.

A B C

Facies 8 Facies 8 Facies 15

Section 959D-43R-1 Section 959D-9R-1

Porcellanite

Black claystone
with pyrite

Section 960A-21R-1

Claystone with
phoshatic debris

Grainstone/
packstone

2¢cm s

Figure 7. Dominant lithofacies type or successions occurring in late Conia-
cian—early Eocene transform to passive margin transifonClaystone

Eocene. Sedimentation shifted to pelagic and hemipelagic, with in-
tervals of siliceous material accumulating at Sites 959 and 961. Over-
al, these relatively thin stratigraphic records indicate that much of
the area underwent sediment starvation through the L ate Cretaceous.

SEDIMENT COMPOSITION

Cretaceous sandy layers cored during Leg 159 were petrographi-
cally analyzed to characterize their composition and provenance. Fa-
cies analysisis integrated with provenance analysis to better achieve
possible source-rock composition, transport to the site of deposition,
and the depositional environments. Furthermore, a transform margin
can be taken as a specific tectonic environment characterized by mod-
a sandstone composition (cf. Valoni and Maynard, 1981; Valloni,
1985). The most common framework grains include monocrystalline
quartz, plagioclase, and potassium feldspar. Petrographic analyses
show that the sandstones and sand-rich limestones are quartzose, with
some spread of values toward the lithic-rich and quartz-rich ends of

(Facies 8) with phosphatic debris. See also core-face photograph of intentiie diagrams (Fig. 8). Polycrystalline quartz was distinguished in the

159-960A-19R-1, 27-41 cm, on CD-ROM (back pocket, this voluBe).

upper Albian successions at Site 959 (Table 2). Metamorphic rock

Black claystone (Facies 8%. Porcellanite (Facies 15). See Table 1 for an fragments (see Sample 159-959D-76R-2, 0-3 cm on CD-ROM, back

interpretation of these specific facies.

pocket, this volume) are concentrated in Albian successions at all
sites, especialy Sites 959 and 960. These fragments must be derived
from uplifted crystalline igneous and metamorphic terranes of conti-
nental origin. Typically, the nearby West African Craton is dominated
by the Proterozoic, metamorphosed, Birimian and Tarkwaian volcanic
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Craton interior : Craton interior

A B Qm

Quartzose
recycled

Transitional

Transitional X
continental

continental

Basement

uplift \

Transitional
recycled

v

Recycled A

Basement >
orogenic

uplift \

Lithic
recycled

Magmatic arc Magmatic arc

F L F Ltot
Lm
C
O  site 959 (Unit IVB)
(€] @ Site 959 (Unit V)

A site 960 (Unit IVB)

A Site 960 (Unit V)

[0 site 961 (Unit IIl)
Figure 8. Provenance analysis of Leg 159 sediments O site 962 (Unit I1l)
by sites. A. Ternary plot of QFL data. B. Ternary plot
of QmFLtot data. C. Ternary plot of LmLvLs data.
See Tables 1 and 2 for counted and recal culated
parameters, respectively. Provenance domains after A
Dickinson et al. (1983). Lv Ls
and sedimentary rocks and associated granite-gneissterranes (Wright, TECTONO-EUSTATIC CYCLESIN A RIFT/
1985; Boher et al., 1992), which can be prominent source rocks. They TRANSFORM MARGIN TRANSITION
covered what isnow Ghanaand Ivory Coast and much of Upper Volta,
and they may also be represented on the other side of the Atlantic in Schematic block diagrams (Fig. 9) summarize the sediment sources

northeast Brazil and Guyana, within the Sao Francisco Craton (cAnd depositional environments of the Céte d’lvoire-Ghana Transform
Bernasconi, 1983; Delgado et al., 1994). Sedimentary lithic fragMargin within the framework of the main tectonic evolution stages (af-

ments, both siliciclastics and carbonate, are present in Turoniarier Shipboard Scientific Party, 1996). Figure 10 shows a synthesis of
Santonian carbonate-rich sediments (Table 2). These sediments afs@licity in sedimentation and inferred relative changes of the sea-
contain some metamorphic lithic fragments (PI. 1, Figs. 1, 2). Roundevel curve for a margin created by transform tectonics. The Creta-
ed clasts reflect some recycling. Angular quartz and fresh feldspars aeous rift to transform margin deposits document the early evolution
the lowermost portions of Site 960 (PI. 1, Figs. 4, 5) indicate primarypf an active transform margin and its transition to a passive margin,
proximal source. thus showing a second-order, tectono-eustatic cycle-&Qtan.y. du-

Leg 159 sand composition reflects changes in provenance alomgtion (cf. Miall, 1990; Vail et al., 1991). This transition implies pro-
the development of transform margin. Stable cratons of low reliegressive subsidence of the margin related to the continental breakup
generally produce quartzose sands from granite-gneiss basement amdl overall, relative rise in sea level. Within that transition, sedimen-
recycling of earlier strata, further transported to continental margingary characteristics also seem to express shorter duration, third-order
Basement uplifts are areas of high relief along rifts and strike-slig1-10 Ma) cycles of relative sea level, most probably controlled by re-
zones. They produce sands that are dominantly quartzo-feldspathgipnal tectonics. An individual third-order cycle is generally coarsen-
whereas lithic-poor sands are generally deposited in extensional biag upward or at least corresponds to superimposed depositional envi-
sins (Fig. 8; Unit V of Sites 959 and 960). The Leg 159 transformmonments, showing a progressively shallowing depositional interface
margin seems to contain detritus that is dominantly quartzo-lithiggHag, 1991).
with few if any volcanic grains. Quartz and sedimentary lithic clasts The late Albian restricted intracontinental sedimentation (Fig. 9;
dominate. The occurrence of sedimentary lithic grains reflects sontgtage 1) was followed by a progressive marine transgression (Fig. 9;
recycling. Metamorphosed rock fragments indicate also that som8tage Il) and deposition that terminates in an unconformity defining
levels of metamorphic basement were uplifted along the transforrane total third-order cycle (Fig 10). The overlying carbonate deposits
boundary during the Turonian—Santonian (Fig. 8B; Subunit IVB ofof Turonian to Santonian age derived from shallow reefs indicate a
Sites 959 and 960). Calculating the percentage of sedimentary robleginning of marginal ridge uplift (Fig. 9; Stage Ill). A significant si-
fragments (Lss + Lsc) and metamorphic grains (Lm) up through a séeiclastic component accompanied by carbonate sedimentation indi-
guence seems to show trends relating to some source-area uplift or cates mixed, reworked sediment sources, supposed further uplift of
working of preexisting sedimentary units (Fig. 8C). An increase irthe marginal ridge and reduction of sediment accommodation space,
Lss, and especially in Lsc, in Turonian—Santonian calcareous sandnd thus termination of the next third-order cycle (Fig. 10). The co-
stones likely is caused by erosion and uplift of a reefal shelf. Alsogval carbonate and siliciclastic sedimentation could mean a maxi-
some amount of sedimentary recycling of previously deposited sedinum uplift of the marginal ridge, thought to be related to the thermal
ments occurred related to this marginal ridge uplift and erosion.  effect of the passage of a spreading ridge south of the margin. Times
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I. End of rifting during Albian
Transform basin

E
N AN S \ Spreading axis
W 1

1. Late Albian early post-rift stage
Transform basin

Site 960
Site 959

Oceanic crust

Ill. Continent/ocean transform stage (Cenomanian-Coniacian)
Transform basin

Site 960
Site 959

Oceanic crust

IV. Transform to passive margin transition (late Coniacian-
early Eocene)

Restricted basin(dysaerobic)
Palygorskite clays-diatomites

Hardgrounds - black claystones ~Site 960
Site 959

Oceanic crust

Figure 9. Schematic block diagrams showing the main tectonic evolutionary
stages (after Shipboard Scientific Party, 1996), thermally triggered uplift and
subsidence (black arrows) and related sediment sources (gray arrows), and

SEDIMENTARY FACIES AND SEDIMENT COMPOSITION CHANGES

Age Lithology Comments Accommodation

high low

middle L -
Eocene

Tectonic-eustatic
cycles

lower A[- : : :Glauconite
Eocene| |-

Phosphatic
hardgrounds A
Reworking of older

Do sediments, containing
metamorphic rock
fragments

Restricted basin 4‘ ““““

Coniacian

Increase in carbonate
sedimentation,
increasing mixing with
siliciclastic material

Turonian -

Second-order cycle
Third-order cycles

4 Unconformity

Turonian. :
- | Dominantly siliciclastic
- | sedimentation, some
- | carbonate debris
transported to deep

| basinal settings

Cenomanian

Relative change of
sealevel

lower Albian

(Aptian)-

Figure 10. Synthesis of tectono-eustatic cycles, accommodation, and relative
change of sea level for the Cote d’lvoire-Ghana Marginal Ridge during the
Cretaceous. See Figure 2 for a key to lithologies.

of marginal ridge uplift also represent times of low relative sealevel.
Models of the passage of a spreading ridge along atransform margin
(e.g., Todd and Keen, 1989) or seismic stratigraphic studiesfrom oth-
er margins (e.g., Exmouth Plateau; Lorenzo and Vera, 1992) suggest
that major amounts of uplift may result from the juxtaposition of hot,
young, oceanic crust and older continental crust. The next cycle over
the sandy limestonesisrecorded by acondensed section of claystones
containing hardgrounds deposited within a time period of more than
10m.y. (Fig. 9; StagelV). In adeeper setting, this condensed interval
isoverlain by a sequence of organic-rich black claystones. This dep-
osition was promoted by slightly diminishing accommodation space
and partial damming of the basin by the margina ridge (Fig. 10) and
deposition of palygorskite clay, which requires high salinities for its
formation (Pletsch, Chap. 15, this volume). Stage IV (Fig. 9) started
the progressive deepening of the basin related to thermal subsidence,
accompanied by a shift to anormal passive margin tectonic setting.

CONCLUSIONS

Drilling of the Céte d'lvoire-Ghana Marginal Ridge represents
the first detailed drilling survey of a transform margin. In this study,
the investigations were intended to achieve an understanding of the
tectonic processes and to provide sedimentary indicators that may be
related to the formation of transform margins.

1. Intracontinental sedimentation with lacustrine and deltaic depos-
its was followed by deposition of storm-influenced shelf sandstones.
These are unconformably overlain by pelagic and periplatformal car-
bonate deposits from shallow reefs, marking an apparent episode of
marginal ridge uplift. These are disconformably overlain by a con-
densed section of claystones with hardgrounds. After the late Pale-
ocene, sedimentation was pelagic and hemipelagic.

2. Metamorphosed rock fragments indicate that basement terranes

depositional basins of the Céte d’lvoire-Ghana Transform Margin viewedvere uplifted during the Santonian—Turonian along the transform

from the northwest.

boundary. Sedimentary rock fragments and metamorphic grains up
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through a sequence seem to show trends relating to source-area uplift
and partial reworking of preexisting sedimentary units. This upliftin
a source area exposes deeper levelsto erosion.

3. Thisstudy identified one second-order cycle (10-50 Ma) of rel-
ative sea-level change, related to the continental breakup of amargin,
and three third-order (1-10 Ma) cycles of tectono-eustatic controlled
relative change of sealevel in amargin created by transform tecton-
ics. These third-order cyclesrelate to acomplex history of thermally
triggered uplift and subsidence resulting from tectonic stress release
aong the continent/continent transform and caused by the proximity
of apassing oceanic spreading center.
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2 mm

2 mm

Plate 1. Photomicrographs of sandstones and quartz sand limestones. All in cross-polarized light. 1. Rounded, monocrystalline (Qm) and metamorphic (Lm),
siliciclastic sedimentary (L ss) and carbonate sedimentary lithic fragments (Lsc) in quartz-sand grainstone, Sample 159-960A-25R-2, 12-14 cm. Pore spaces are
now filled by equant calcite cement. 2. Subangular to angular monocrystalline quartz (Qm), polycrystalline quartz (Qp), metamorphic lithic fragments (Lm),
and skeletal fragments (Bio) in quartz-sand grainstone, Sample 159-960A-29R-3, 99-102 cm. 3. Skeletal grainstone containing molluscan fragments and echi-
noderm debris and afew monocrystalline quartz grains (Qm), Sample 159-960A-34R-1, 45-49 cm. Pore spaces are filled with calcite cement. 4. Subangular to
angular monocrystalline quartz (Qm), fresh plagioclase (P), and metamorphic lithic fragments (Lm) in medium-grained sandstone with micrite, Sample 159-
960A-37R-2, 49-52 cm. 5. Angular to subangular monocrystalline quartz (Qm) and mica flakes (M) in silty sandstone laminae. Carbonate occurs as a cement.
Sample 159-960A-57R-1, 18-22 cm. 6. Limestone with quartz silt grains, plagioclase feldspar (P), and biogenic components (Bio) varying from planktonic for-
aminifers to bivalves, Sample 159-962D-36R-1, 4-7 cm. See aso color photomicrographs of these identical samples on CD-ROM (back pocket, this volume).
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