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COTE D’IVOIRE-GHANA TRANSFORM MARGIN !
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ABSTRACT

Ocean Drilling Program Leg 159 drilled the Cote d’lvoire-Ghana Marginal Ridge in the Atlantic Ocean. Among four drilled
sites (959-962), Site 960 yielded sediments ranging in age from the Holocene to the Cretaceous. Fifteen detrital chromian
spinel grains were found during petrographic examination of 30 thin sections of sandstone recovered from probably the middle
Cretaceous (late Albian) Unit V at Site 960, which comprises Subunits VA and VB. High and relatively constant Cr/(Cr+Al)
atomic ratios of 0.7 to 0.8 and variable Ji€@ntent characterize these spinels. The spinels can be classified into low- and high-

Ti groups. Low-Ti chromian spinels are more abundant in Subunit VB. The high-Ti group is very similar in chemistry to chro-
mian spinels from intraplate and flood basalts (e.g., the Hawaiian tholeiites). It is inferred that the magma for thecksurce ro

of these high-Ti chromian spinels was of an intraplate- or plume-type. The magma for the source rocks of the low-Ti group may
have originated from the relatively Ti-depleted lithospheric mantle below the rifting continental crust. The igneoushettivity t
produced the chromian spinels found in Leg 159 sediments may have been related to the continental breakup, having formed

the Atlantic Ocean during the Barremian to Aptian stages.

INTRODUCTION

Chromian spinel is an important petrogenetic indicator in ultra-
mafic to mafic rocks because it contains several cations as major and
minor constituents. Cation ratios can change subtly according to
physico-chemical conditions (Irvine, 1965, 1967). Chromian-spinel
chemistry plays an important role in classifying mantle-derived peri-
dotitesin terms of origin and tectonic setting (Dick and Bullen, 1984;
Arai, 1994). Chromian spinel sometimes preserves a record of equi-
librium temperatures in olivine-bearing rocks (Irvine, 1967), the
cooling rate of olivine-bearing magmas (Ozawa, 1985), and post-
crystallization stress (Ozawa, 1989). Chromian spinel in mantle-
derived peridotites can also serve as an oxygen barometer of the up-
per mantle (Mattioli and Wood, 1986).

The chemistry of fine-grained sediments (e.g., shale) proves use-
ful in examining the chemical characteristics of provenance rocks.
Within the sandy sediments, however, heavy minerals or lithic frag-
ments can be directly compared with possible source rocks. Chromi-
an spinel can contain the cations Mg?*, Fe?*, Fe?*, Cr3+, A%, and Ti“.
Its composition is sensitive to the chemical history of the surrounding
magma (Rimsaite, 1971; Arai, 1992). Even in altered or metamor-
phosed volcanic rocks, primary magma composition may be esti-
mated from the composition of relict chromian spinel (Arai, 1992).
Likewise, the provenance and parentage of detrital chromian spinel
grains can be read from their chemistries (e.g., Middle Paleozoic to
Mesozoic examples in Japan; Hisada and Arai, 1993; Hisada et al .,
1995a).

principal paleoenvironmental settings were identified: (1) the Intra-
continental to Syntransform Basin Stage; (2) the Marginal Ridge
Emergence Stage; and (3) the Passive Margin Stage (Mascle, Loh-
mann, Clift, et al., 1996).

We have identified several detrital chromian spinel grains from
Unit V at Site 960, which corresponds to the Intracontinental to Syn-
transform Basin Stage (Hisada et al., 1995b). In this paper, we de-
scribe the occurrence and chemistry of these detrital chromian spinels
and discuss their tectonic significance.

PALEOENVIRONMENT OF UNIT V AT SITE 960

Unit V is the lowermost unit at Site 960. It is divided into two
lithologic subunits (VA and VB; Fig. 2). Subunit VA comprises fine-
to medium-grained, cross-bedded to parallel-laminated, micritic
sandstone, and massive black claystone associated with siderite, mar-
casite, and pyrite (Mascle, Lohmann, Clift, et al., 1996). The subunit
grades downward into lithologic Subunit VB, which consists of
finely laminated black to gray siltstone and silty sandstone with some
intercalated siltstone beds.

The principal difference between Subunits VA and VB is the pres-
ence of millimeter-scale parallel laminations in Subunit VB (Mascle,
Lohmann, Clift, et al., 1996). Parallel laminations are much more
prominent in the silty claystone than in other lithologies, in particular
from Cores 159-960A-54R through 58R, where alternating lighter
and darker laminae are 0.5-2 mm thick and continuous across the

The objectives for drilling the Cote d’lvoire-Ghana Transform core. The darker laminae are richer in plant fragments and carbon-

continental margin in the eastern equatorial Atlantic Ocean (Fig. 1A3c€ous material, whereas the lighter laminae are more quartz rich.
were both tectonic and paleoceanographic (Mascle et al., 1996). TH&IS laminated lithology is referred to as rhythmite or varves

main tectonic objective was to better understand the evolution dfascle, Lohmann, Clift, et al., 1996), and is ascribed to depositon in
transform continental margins. Four sites were drilled during Le% freshwater lake (Reineck and Singh, 1980; cf. Deep Sea Drilling
159 (Sites 959-962) into the continental crust adjacent to the confi-0ject Site 380 in the Black Sea, Shipboard Scientific Party, 1978).

nent/ocean transition along the transform margin (Fig. 1B). Three 1he lower part of Subunit VB consists mainly of alternating silty
sandstone, sandy siltstone, and subordinate clayey siltstone and silty

claystone. Here, normally graded beds with scoured basal contacts
suggest that density currents periodically deposited these sediments
within the lake. In Subunit VA, claystones are slightly to heavily bio-
turbated and contain a few marine fossils. If interpretation of Subunit
VB as a deep lacustrine environment is correct, then Subunit VA

Mascle, J,, Lohmann, G.P, and Moullade, M. (Eds.), 1998, Proc. ODP, <ci.
Results, 159: College Station, TX (Ocean Drilling Program).
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could reflect the onset of brackish conditionsasaresult of inundation
by marine water (Mascle, Lohmann, Clift, et al., 1996).

Unit V contains no calcareous or siliceous microfossils. The over-
lying Unit 1V is dated as Santonian/Coniacian to Turonian based on
calcareous nannofossils. Thus, Unit V islikely pre-Turonian. More-
over, judging from correlationsto other Leg 159 sites, Unit V is prob-
ably Cenomanian to Albian (Mascle, Lohmann, Clift, et al., 1996).

OCCURRENCE OF CHROMIAN SPINELS

Fifteen chromian spinel grains were identified in 30 thin sections
of sandstone specimens spanning Unit VV at Site 960. The samples
were taken at intervals of a few meters to a few tens of meters
throughout Unit V. The sandstone specimens do not exceed medium
grain size, are light to medium gray, and are laminated. Neither vol-
canic rock fragment nor pyroxene grains were found when examined
under the microscope, whereas tourmaline is occasionally observed.

Samples containing chromian spinel grain(s) arelisted in Table 1
and plotted stratigraphically in Figure 2. Photomicrographs of all de-
trital chromian spinelsare shownin Plate 1.

The amount of detrital chromian spinel isvery low, onegrain typ-
ically being found per thin section. One sample (159-960A-59R-1,

The chromian spinels are usually opaque or, rarely, translucent,
with colors of reddish and yellowish brown (Table 1). The long di-
ameter ranges from 20 to 70 pm (Table 1). Some spinel grains are eu-
hedral, whereas others have an angular shape, suggesting fragmenta-
tion (PI. 1).

CHEMISTRY OF CHROMIAN SPINELS

Chromian spinels were analyzed with a JEOL 8621 microprobe at
the Chemical Analysis Center, University of Tsukuba. All analyses
are listed in Table 2. Cationic ratios were calculated assuming spinel
stoichiometry, and all Ti was assigned to ulvospinel molecule
FeTiO,.

Chromian spinels demonstrate a wide compositional range (Figs.
3-6). The Cr# (Cr/(Cr+Al) atomic ratio) varies from 0.3 to 0.8, but is
mostly around 0.7 to 0.8 (Figs. 3, 4). For convenience, we divide the
spinels into a high-Ti group and a low-Ti group (Fig. 3). The high-Ti
spinels (>1 wt% TiQ) have relatively constant Cr#s, 0.7 to 0.8 (Figs.
3, 4), and high and variable ¥Fe&*+Al+Cr) ratios (Figs. 5, 6).
These compositional features of the high-Ti spinels are very similar
to those of spinels in Hawaiian and other intraplate tholeiites (Basal-
tic Volcanism Study Project, 1981). The Mg# (Mg/(Mg#fFatomic

106-107 cm) has an exceptionally high content of spinel; four grainstio), especially for low-Ti spinels, does not correlate with the Cr#
are present in this thin section. Subunits VA and VB yielded five andFig. 4). The TiQ content is positively correlated with thes3f#e

10 grains, respectively.
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(Fe¥*+Al+Cr) atomic ratio (Fig. 6).
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Figure 2. Columnar section showing occurrences of chromian spinel in Unit
V at Site 960. Open circles = low-Ti chromian spinels; solid circles = high-Ti
chromian spinels.

Table 1. Color and size of chromian spinelsunder the microscope.

Core, section, Long diameter
Grain interval (cm) (um) Color
159-960A-
1 44R-2, 109-112 35 Black
2 46R-CC, 7-10 60 Black
3 48R-CC, 16-019 35 Black
4 48R-CC, 16-019 35 Black
5 48R-CC, 16-19 30 Black
6 54R-1, 111-113 40 Black
7 54R-2, 53-055 70 Black
8 57R-2, 6-9 30 Black
9 57R-2, 6-9 50 Black
10 57R-2, 6-9 20 Yellowish brown
11 59R-1, 106-107 60 Reddish brown
12 59R-1, 106-107 40 Black
13 59R-1, 106-107 35 Black
14 59R-1, 106-107 30 Black
15 60R-1, 74-076 40 Reddish brown

DETRITAL CHROMIAN SPINELS FROM SITE 960

TWO GROUPS OF CHROMIAN SPINEL S

The high-Ti group (PI. 1) is almost opaque and 30-40 pm in long
diameter. The low-Ti group is mainly opaque but is rarely translu-
cent, reddish to yellowish brown, and consists of grains 20—-70 pm in
long diameter. Angular and square shapes are typical of the low-Ti
group.

There is a slight difference between the two groups in terms of
their distribution in Unit V (Fig. 2). Grains of the low-Ti group occur
predominantly in Subunit VB, gradually decreasing in number up-
hole. The high-Ti group occurs equally in the two subunits. Both
high- and low-Ti grains are present in Sample 159-960A-59R-1,
106-107 cm (PI. 1, Fig. 2).

DISCUSSION
Provenance of the Detrital Spinels

The chemical characteristics of the detrital chromian spinels indi-
cate their derivation from intraplate tholeiitic rocks. The Cr#,T&
lationship, that is, both a relatively high Cr# (0.7 to 0.8) and do®-
tent (up to 8 wt%) (Fig. 3), is very similar to those of spinels from in-
traplate tholeiites, including continental flood basalts (Arai, 1992).
The Cr-Al-Fé* relations (Fig. 5) are also similar to those for spinels
in intraplate tholeiites (Ishida et al., 1990). The discrimination dia-
gram of Arai (1992) for spinels with high F&Fe**+Al+Cr) ratios
suggests derivation from intraplate magmas (Fig. 6), although these
detrital spinels have Cr#s outside the range (0.3-0.6) for which the
discrimination diagram was derived. The wide variety of ,Gi@h-
tent of spinel indicates a wide chemical variety of magma, especially
for TiO, content (Arai, 1992).

The reconstruction map for Africa—South America before the
opening of the Equatorial Atlantic (Wilson and Guiraud, 1992) per-
mits tholeiitic basalts in modern northern Brazil to have been a source
for the detrital spinels. In northern Brazil, there are widespread occur-
rences of magmatic rocks, mainly with tholeiitic characteristics,
which can be correlated with the various phases of the opening of the
Central and Equatorial Atlantic. Zalan et al. (1985) indicate that the
basalts are interbedded with sandstone and shale, which are assigned
to approximately the Aptian in the Piaui Basin of northern Brazil. The
Piaui Basin has been regarded as the counterpart of the Céte d’lvoire-
Ghana Transform Margin on the opposite end of the Romanche Frac-
ture Zone. Reyre (1984) documents Cretaceous volcano-sedimentary
alternations in an industry borehole on the Ghanaian shelf, 75 km
southwest of Takoradi in Ghana. The remnants of Mesozoic flood ba-
salts and related hypabyssal rocks are widely distributed in the Mara-
nh&o region of northern Brazil. The continental flood basalt related to
the continental breakup has been known to have a wide range,of TiO
content even within a region, depending on the diversity of involved
source mantle, that is, plume or lithospheric mantle (Fodor et al.,
1990; Garland et al., 1996). Fodor et al. (1990) divided tholeiitic ba-
salts into low-Ti (160—-190 Ma) and high-Ti (115-122 Ma) types ac-
cording to chemical analyses and K-Ar ages, and concluded that the
Maranh&o low-Ti magmas were probably related to the opening of
the central North Atlantic and high-Ti magmas to the opening of the
equatorial Atlantic. The Jurassic 160- to 190-Ma flood basalts may
have been related to the activity of a mantle hot spot, the St. Helena
hot spot (Morgan, 1983). The wide Ti@nge of detrital spinel pos-
sibly corresponds to the wide Tj®ange of magma chemistry in
source flood basalts. The 115 to 122-Ma tholeiitic basalts (Barremian
to Aptian) are postulated to be source rocks for the detrital chromian
spinels in Unit V at Site 960. The slight stratigraphic change of a
high-Ti spinel/low-Ti spinel ratio (Fig. 2) possibly indicates a tempo-
ral change of source basalt chemistry, that is, a temporal change of
erupted basalt chemistry; low-Ti basalt erupted at an earlier stage of
the continental breakup than high-Ti basalt.
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Table 2. Chemical analyses of chromian spinels.

Grain number: 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
SO, 181 0.15 0.12 0.05 0.34 0.69 0.07 0.23 0.26 0.75 0.06 0.23 0.38 0.07 0.01
Al,O5 5.05 14.08 7.32 5.12 7.74 11.47 9.97 7.96 21.19 34.68 40.14 14.14 10.15 11.24 12.25
TiO, 3.05 021 0.07 7.69 1.60 0.97 0.31 4.70 0.29 0.12 0.06 147 0.37 0.07 0.04
Cr,0O5 42.68 51.53 55.32 24.41 38.01 45.95 47.82 29.22 42.80 24.38 28.54 42.37 57.17 60.76 55.54
FeO* 39.56 23.81 28.73 51.35 41.31 28.45 26.41 48.65 22.20 27.07 17.44 31.47 12.17 15.25 16.33
NiO 0.09 0.04 0.01 0.16 0.08 0.12 0.07 0.14 0.10 0.25 0.13 0.06 0.17 0.02 0.05
MnO 0.92 0.58 0.47 0.39 0.38 034 3.92 0.43 0.29 0.16 0.21 0.33 0.65 0.53 219
MgoO 2.00 5.45 3.96 4.39 4.86 7.98 4.07 4.47 10.90 8.85 11.93 5.92 16.11 11.82 8.59
Ca0 0.01 0.03 0.23 0.52 0.45 0.02 0.01 0.00 0.01 0.01 0.14 0.11 0.28 0.28 0.14
Na,O 0.16 0.02 0.08 0.01 — 0.01 0.07 0.08 0.04 — 0.02 — — 0.01 —
K,0 0.03 0.02 — — 0.01 0.02 0.01 0.02 0.01 0.02 — — — 0.02 —
Total 95.36 95.92 96.31 94.09 94.78 96.02 92.73 95.90 98.09 96.29 98.67 96.10 97.45  100.07 95.14
Al 0.2269 0.5758 0.3151 0.2411 0.3489 0.4756 0.4410 0.3602 0.8034 1.2763 1.3729 0.5872 0.3915 0.4296  0.4973
Ti 0.0874 0.0055 0.0020 0.2309 0.0459 0.0255 0.0087 0.1356 0.0070 0.0029 0.0013 0.0389 0.0090 0.0017  0.0011
Cr 1.2875 1.4140 1.5971  0.7706 1.1501 1.2780 1.4194  0.8871 1.0885 0.6019  0.6549 1.1807 1.4792 15580 1.5128
Fe 1.2623  0.6911 0.8773 1.7143 1.3224  0.8369  0.8290 15625 0.5972 0.7069 0.4233 0.9276 0.3330 0.4137 0.4705
Mn 0.0296 0.0171 0.0145 0.0132 0.0122 0.0101 0.1246 0.0140 0.0079 0.0043 0.0052 0.0100 0.0179 0.0146  0.0640
Mg 0.1136 0.2821  0.2152 0.2612 0.2775 0.4182 0.2279 0.2559 0.5225 0.4119 0.5159  0.3111 0.7860  0.5712  0.4412
Cr# 0.85 0.71 0.84 0.76 0.77 0.73 0.76 0.71 0.58 0.32 0.32 0.67 0.79 0.78 0.75
Mg# 0.12 0.29 0.21 0.31 0.28 0.42 0.23 0.27 0.52 0.41 0.52 0.32 0.79 0.57 0.44
Fe3# 0.17 0.00 0.05 0.40 0.26 0.11 0.08 0.33 0.06 0.06 0.00 0.10 0.06 0.00 0.00
Al3# 0.12 0.29 0.16 0.14 0.17 0.24 0.22 0.19 0.40 0.64 0.69 0.30 0.20 0.22 0.25
Cr3# 0.70 0.71 0.79 0.46 0.57 0.65 0.70 0.47 0.54 0.30 0.33 0.60 0.74 0.78 0.76

Notes: Grain numbers correspond to those listed in Table 1. FeO* = total ion as FeO, Cr# = Cr/(Cr+Al) atomic ratio, Mg# = Mg/(Mg+Fe?*) atomic ratio, Fe3# = Fe**/(Al+Cr+Fe*), Al3# = Al/(Al+Cr+Fe®), Cr3# = Cr/(Al+Cr+Fe®).
Ratios of Fe** and Fe** were cal culated assuming spinel stoichiometry. — = not determined.
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Figure 3. Relationship between Cr/(Cr+Al) and TiO, content in chromian
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Relationship Between Tectonics,
Sedimentation, and Magmatism

Morgan (1983) postulated that hot-spot tracks appear to become
the locus of later rifting because the heat of the hot spot weakens the
lithosphere and thereby facilitatesthe splitting of the continents along
these weakened lines tens of millions of years later. He also gave ex-

DETRITAL CHROMIAN SPINELS FROM SITE 960

Al Fe3+

Figure 5. Cr/Al/Fe>* ratios of detrital chromian spinels. Symbols asin Figure
2.
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Figure 6. Relationship between Fe3*/(Fe3*+Al+Cr) and TiO, content in chro-
mian spinels. Symbols as in Figure 2. Discrimination lines are from Arai
(1992).

amples of the west coast of Greenland/east coast of Labrador (Ma
deira hot spot), the south coast of West Africa/north coast of Brazil
(St. Helena hot spot) and others. Recently, Wilson and Guiraud

(1992) reviewed Mesozoic—Cenozoic magmatic activity in West and
Central Africa and northern Brazil with particular emphasis on the re-
lationship between Mesozoic magmatism, major phases of continen-
tal rifting, and the opening of the Equatorial Atlantic. They suggested
that during the initial stages of rifting, the activity of a mantle plume,
the St. Helena hot spot, may have been important in weakening the

lithosphere across the region.
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High-Ti group

DETRITAL CHROMIAN SPINELS FROM SITE 960

Low-Ti group

100 ym

Plate 1. Photomicrographs of detrital chromian spinels. Figure numbers correspond to grain numbersin Tables 1 and 2.
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