Ghana J. Sci48(2008), 25-36

CRETACEOUS RIFTING OF THE GHANA TRANSFORM MARGIN —
EVIDENCE FROM ONSHORE APATITE FISSION TRACK DATA AND
OPTIMUM THERMAL HISTORY MODELS

E. K. HayrForDp, F. LISKERAND L. APAALSE
(E.H.K.: Depatment of GeologyP. O. Box LG58, University of Ghana, Legori;.FFacbberich
Geowissenschaften, Uni Bremen, 28334 Bremen, Germany; L.A.: Ghana National Petroleum
CompanyPrivate Post Bag,éima, Ghanp

Abstract Résumé
The rock samples of the granitoid at theHavrorp, E. K., Lisker, F & AmaLsE, L. :La
marginal ridge of the Ghanaian shelf within Lascission de crétacé de la marge de
Céte d’ Ivoire continental transform margin, transformation ghanéenne — une preuve du
have been studied using fission tracks in apatitéentier de fission d'apatité cotier et les modéles
The ages of the apatite fission track (AFT)historiques thermiques optimum Les
which are mainly metamorphosed igneougreleyements de roche’granlto'l'(je a la créte
rocks, range from 130 to 415 MApatite marginale du b_anc gha_meen au selnAde la marge
fission track measurements demonstrate th?transformatlon continentale de Céte d’ Ivoire

the rocks were cooled from temperatures >11( ehf?sns?o%nzi?;e ::ilig'esl_gg gt”:aiaghlisér?t?gruﬁ?
°C to temperatures below 8C€ during the P ' 9

early Cretaceous. Quantitative therma[lssmndapatlte (SK) qui sont principalement

7 . es roches ignées métamorphosés varient de 130
histories, derived from rock data from southerr!];1 415 Ma. Les dimensions de sentier de la

Ghana, indicate two stages of cooling and tWsgjon g'apatité démontrent que les roches
stages of denudation during Devonian-Permiagyient refroidies de températures > @0
times, and in the Cretaceous. The denudatiogyy températures au-dessous dedspendant
was the result of faults and landslides producegs histoires thermiques de crétacés précocés
by increases in bathymetric step between thgérivées de données du sud du Ghana indiquent
continental margin and the oceanic crust. Thgue deux phases de refroidissement et deux
latter cooling stage commencing at 130 M@ghases de dénudation pendant les temps
represents the 2.5-5.5 km of basemernDevonian-Permian, et dans le crétacé. La
denudation which is related to intra-continentatlénudation était & cause de la faille et le
transform faulting betweeWestAfrica and glissement de terrain produit par les
Brazil. The AFT data of La Cote divoire- augmentations en étape bathymétrique entre la
Ghana marginal ridge reveal similar times ofnarge continentale et la crodte océanique. La
cooling, thus, ruling out provenance-related®hase de refroidissement de la derniére
AFT ages of the meta igneous rocks. Insteagommencant a 130 Ma repreésente 2.5-5.5 km
cooling of ODP samples from the offshored€ 1a dénudation du sous-sol qui est i€ a la
marginal ridge is the consequence of coev4fillé dé 1a transformation intra-continentale
hydrothermal circulation within intra- entre I'Afrique de I Ouest et le Bresil. Les

continental fault acting betweekfrican and d’onn_ees de $rde la créte maginale Cote
- d’lvoire - Ghana montrent les temps semblables
Brazilian basements.

de refroidissement, écartant ainsi les ages de
SFA liés a la provenance de roches méta-ignées.
Au lieu de cela le refroidissement du prélévement
du Projet de Développement Cotier (PDC) de
la créte marginale est la conséquence de la
circulation hydrothermique contemporaine,
dans la faille intra-continentale actant entre
I'Afrique et le sous-sol Brésilien.
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Introduction of sediment source area or cooling after
The conventional method of establishing a longnydrothermal circulation within intra-continental
term evolution of continental transform margin isfault ( Cliftet al., 1997, 1998; Bouilliret al., 1997,
mainly based on geophysical measurements, 4998; Basileet al. 1998;Wagner & Pletsch, 2001).
well as geological investigation of drill hole Itis important to note that predictions of rift
samples from i) the marginal ridge, and ii)related denudation across continental transform
offshore.The acquired geological data, howevermargins vary between 350 and 3500 m, depending
have limited application, due to uncertaintieon the model used. Simple heat conduction
concerning the geological history of the sedimennodels suggest transient uplift of more than 2000
source area and the absence of reliable history ofacross a transform nggm (Todd & Keen, 1989),
the present marginal ridge during the initial riftingand an accumulated denudation of up to 3500 m
stages (Masclest al., 1998). Particularly (Lorenzo &Vera, 1992). Using a 2D numerical
controversial are discussions on apatite fissiothermal model, Gadd & Scrutton (1997) calculated
track (AFT) data obtained from Offshorethermal uplift and subsidence profiles across a
Development Project (ODP) samples, whicttransform margin similar to that of Laét@
indicate an Early Cretaceous cooling stagd’lvoire—Ghana. The result of the calculated
(Tablel). Interpretations suggest either erosiothermal perturbation of the continental crust

TaBLE 1

Apatite fission track results from the PDL- Project 159 ( l6teQi'lvoire and Ghana transform margin;
summarized from Mascét al,1998) and that of the present work

Hayfordet al. Clift etal. (1997, Bouillonet al.(1994,1997,
(Present work) 1998, 1999) 1998)
Sample sites Southern Ghana ODP 959, 960 ODP 961,960; Equanaute
AFT - ages 130- 415 Ma 113 - 88 Ma 118 — 65 Ma
MTL 11.60+0.59-13.50+0.23 12.42+0.16— 13.67+0.11 um 14.2+1.1 — 15.2+13 um
X2 test 77-100% 0-63% 21-100%
Cooling Early cretaceous - Late Jurassic — Late Cretaceous
episodes Early Cretaceous
Recently
Max. Paleo- >110 — 6€C 60 — 80°C -
temperature
Interpretation Hydrothermalism Rapid erosion of the Cooling following heating by
sediment area —hydrothermalism

—rapidlysubsiding basin
—increase in geothermal
gradient.
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showed a thermal uplift between 335-470 m. Similaedimentary rocks and accreted magmatic rocks
attempts by CIiff & Lorenzo (1999), using twoin eastern Ghana afdgo between 640 and 580
dimensional flexural seismic reflection predictedMa (Attohet al.,1997). Howevemo signatures
an uplift of 1200 -1540 m along L&te d’'lvoire— of Pan-African tectonics are reported from
Ghana transform margin. southwest Ghana, indicating that the southern
Currently the most powerful tool to constrainAshanti belt was widely unaffected by Pan-
thermal histories between 110 and°’6Qand so African amalgamation. During the Palaeozoic—
to unfold the amount and timing of denudation ofurassic pre-rift platform phase between 550-130
the uppermost crust, &FT thermochronology Ma, the area of Ghana was a stable, mostly
The AFT has been successfully used in mangmergent platform with no significant tectonic or
research centres including the University of Kielmagmatic activities (Genik, 1993). In such setting,
Germany where the neutron activator has thehe deposition of continentally derived sediments
required parameters for thermochronologygontinued in the/olta basin and some smaller
analyses. Unlike the geophysical measuremertiasins in southern Ghana until late Ordovician to
and geological investigation8FT provides an earlyCretaceous (Baat d.,1980).
additional reliable history of initial rifting stage of A major change in the long-term landscape
the marginal redge. development of southern Ghana commenced after
In the studyAFT data on granitic and volcanicthe final break up of western Gondwanaland in
rocks of the southern part of tAshanti belt in the early Cretaceous. During this event Wesst
Ghana is presented for the first time, and it&frican and the Brazilian cratons split apart and

significance discussed. the equatoriahtlantic formed as a series of ¢gr
pull-apart basins, bounded by rifted and
Experimental transform segments (Ribinowitz & Labrecque,
Geology 1979) According to Mascle & Blarez (1987), La

The Birimian rocks form the major part of the MarCéte d’ Ivoire—Ghana transform margin evolution
shield, which occupies the southernmost part @fn be divided into three distinct phases: (i) intra-
the West African craton.The Man shield continental transform faulting stage, ii)
comprises a western domain, consistingontinental-ocean active transform margin stage
essentially ofArchean rocks of Liberian age (3.0-and (iii) continent-ocean passive transform
2.5 Ga ) and an eastern domain made up ofamgin stage.Apart from this development, the
predominantly Birimian rocks of early Proterozoicsheared margin of south-western Ghana was
age. These have been folded, metamorphosed aftéracterized by the deposition of 2-5 km of early
intruded by granitoids during the Eburnean ever@retaceous to Eocene sandstone dominated
(2.15 Ga). The eastern portion of this terrain isediments within th&ano basin (Fig. 1)These
covered by Ghana and Burkina Faso, whossandstone dominated sediments extend towards
basement comprises supracrustal and intrusit@ Cote d’lvoire border ( Deklasz, 1978; Kesse,
rocks of the BirimianWithin the Birimian is the 1985). During this process the post-Eocene to
Tarkwaian becken as subordinate with pockets oécent deposits were restricted to the shoreline
Palaeozoic or Cretaceous sediments spread alaryd river banks.
the coastal belt (Eisenlohr & Hirdes, 1992). During
the Pan-African orogenyorthern and eastern AFT methodology
Ghana were deformed (Castagt@l,1993). Six meta granitic samples from a 100%area
Orogenic contraction produced nappef coastal plains betweefxim and Sekondi—
complexes comprising passive margimakoradi (Fig. 2) were analysedheAFT data
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Fig. 1. Simplified geological map of southern Ghana after Kesse (1985), showifantheasin, the Sekondi

basin and th¥olta basin.
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Fig. 2. Simplified geological map of the southernmost part ofAteanti belt after Loh & Hirdes (2000)
showing sample locations, apatite fission track ages, and mean track lA@GBrdenoteg\xim Greenstone
Belt, and CCB denotes Cape Coast Batholith.
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TABLE 2
Apatite fission track data of the southern Ashanti belt (Ghana)

Sample Lithologic Lat. N  Alt. s R, r, CcC P FTA MTL  S.D.
unit  Long. W [m] [10%cm?[10%cm?] [10%cm?] (U) (.a)? [Ma] [pm]  [um]
(N (N)  (N) [p-p-m] [%]

TJ 03 Granite 459.1 10 1.011 0.538 0.366 0.46 100 282+63 12.15+.352.31
CcCB

TJ 04 Granite 4°57.0 20 1.204 1279 2281 046 77 130+9 13.50+.231.25
KP

TJ 10 Granite 4475 10 1.207 0.528 0.489 0.63 84 248+35 11.67+.321.97

TJ12 Amph. 4452 10 1.025 0.714 0.494 0.43 100 281+46 11.67+.321.97

DP
TJ16 Granite 4°46.5 60  1.0181 0.725 1.024 0.75 100 138+20
CTPGB
TJ19 Metab. 4°47.7 10  1.225 0.862 0478 0.60 100 415+40 11.60+0.592.04
PTP

Note: Sample localities are indicated in Fig. 3. Standards used for the analyses of apatite were taken from rocks
from Durango, Fish Canyon and Mount Dromedatybreviations are as follows: Lat : Latitude; Long:
LongitudeAlt: Altitude above sea level, r,, r,: are the number of spontaneous and induced track densities

that were counted; NN, N,: are the number of counted dosimeter, spontaneous and induced tracks; CC:

Correlation codfcient; P(C): Chi square probability; F: Fission track age ( all samples pad4est at >

5%); MTL: Mean track lengtts.n.: Standard deviation; CTPG: Cape Three Points Greenstone; PTP: Prince

Town Pluton;Amph.:Amphibole; DP: Dixcove Pluton; KTKetan Pluton; CCB: Cape Coast Batholith.

obtained from the samples are listedrable 2. for each sample. Confined fission tracks were
Apatite mineral concentrates from the samplesieasured following the recommendations of
were separated, mounted and etched followingaslettet al. (1982).

procedures in Gleadow (1984), and were irradiated Improved estimates of the magnitude and
at the well-thermalised DR3 graphite reflectotiming of cooling can be obtained by quantitative
facilities in RISO, Roskilde (Denmark). Fissionmodelling. Optimum thermal history models were
track ages were determined by external detectdetermined for each sample using the program
method (Gleadow1981), applying the zeta Monte Tax (Gallagher1995).This modelling
calibration technique, z = 388.1+7.4, for dosimetgsrocedure uses a genetic algorithm (Gallagher &
glass CN5 as described by Hurford & Greeisambridge, 1994) to optimise the stochastic
(1983). Errors are quoted as + IS (conventionaroduction of successive generations of thermal
method) (Green, 1981). For dating, the®age history models which are tested against the
program of Dumitru (1993) has been uskgatite observed data. For this stydyhe Durango
fission-tracks were counted and measured withfession track annealing model of Laslett al
ZeissAxiotron microscope at a magnification of (1987) was adopted. This model makes it possible
1600 ¥ and 2000 ¥, respectivelynder dry for the microprobe to detect an apatite
objectives. If possible, at least 20 grains wereomposition with F and Cl contents of 0.7 and 0.1
counted, and 100 confined tracks were measureer cent, respectively
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Results commencing durig early PalaeozoiBubsequent]y
The AFT ages (@ble 2) of the samples rangethe samples were reheated to temperatures
from 130 +9 to 415+40 Ma. This age range ironicallpetween 85 and 9. Final cooling of the rocks
is considerably younger than the inferreaf the second group occurred simultaneously
Palaeoproterozoic ages of the host rocks, and tiveith the rocks of the first group, beginning during
of the last potential metamorphic overprint duringhe early Cretaceous.
the Pan-African orogengll samples have high
C? probabilities between 77 and 100 per cent, Discussion
indicating similarity in age. The mean track lengthin discussing the evolution of thehanti belt, it
(MTL) vary from 11.3 to 13.5im. In general, the is important to note the absence of igneous
fission track characteristics allow the distinctiorintrusions during the Phanerozoic age and the
of two groups of samples with different coolingabsence of significant thermal instability during
behaviour; a first group of samples with averagthis period. Invariablythese are conditions under
AFT ages of 134+15 Ma (TJ04, TJ16), and ahich denudation is likely to have played a role
second group of samples with averaeT ages inthe evolution. Besides, théestAfrican craton
of 306 £ 40 Ma (TJO03, TJ10,TJ12, TJ19). The firdbetween 550 —130 Ma is described as a stable
group is characterised BY T ages of 130 Ma, T pre-rift platform phase (Genik, 1993). This
probabilities of 100 per cent, and the longest MTpresupposes a long-lasting stability of thick
(13.50pum) with the smallest standard deviatiorcratonic crust, and so implies a low geothermal
(1.25um) of all samples. The group samples spegiradient of 15-25C kn1! ( Racet al.,1982).
only a short time in the apatite partial annealing Therefore, the geothermal gradient prevailing
zone (RZ: 110 £10- 60C), and cooled rapidly during theWestAfrican craton times should be
from temperatures of 110 — 60 in the early commensurate with the recent one for which
Cretaceous. values between & knt* (Gunnell, 2003) and 23
Irrespective of the wide range in ages (250-40C kn1* (Roussel & Lesquel991) are reported.
Ma), all samples of the second group have simil&uch cooling pattern ( of P& and 23C knr*)
fission track signatures. Their single grain agesuggests (i) mid-Palaeozoic episode of slow and
vary, and they have shortened M¥L2.2umwith  homogeneous denudation along the south-
large standard deviations of #m. Such AFT  eastern margin of the Leo shield, and (ii) variable
pattern indicates that the samples of the secoddnudation of the newly created Lét€d’ Ivoire—
group cooled very slowly through the higheiGhana transform margin since the early
temperatures of theAZ in Palaeozoic times. Cretaceous break up of western Gondwanaland.
Because of the slow cooling, minor temperature Modelling results as well as the occurrence of
difference in the order of some® led to varying late Ordovician to early Cretaceous sedimentary
crustal level or geothermal gradient. rocks unconformably overlaying the Birimian
Later, the samples must have been exposdrthsement, clearly speaks for basement
again to temperatures not much lower than°C10 denudation. Minimum cooling during the mid-
before they finally cooled to surface temperatureBalaeozoic period was approximately’G0This
( Gleadowet al.,1986; Greeret al.,1989). The minimum estimate is based on the timing of
style of the thermal histories obtained using thisedimentation in the nearby Sekondi basin, on
strategy are very similar for all samplascording the style of cooling implied by the=T data (Rble
to these models, the samples from the southe2), and on the temperature difference between
Ashanti belt cooled through théP during the the upper and lower limits oAZ.
mid-Palaeozoic. Only sample TJ19 shows cooling
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If a geothermal gradient betweerr B#hd 23 and 5 km can be envisaged for early Cretaceous
km?is applied to these estimates of cooling, therifting.
Devonian to Permian denudation would be All present models of transform margin
between 1.3 and 6.7 km, indicating a long-termavolution emphasize the importance of flexural
denudation rate of 9-45 m miyThe trend of uplift along the transform border ( Cliét al.,
decreasingAFT ages towards the preservedl997). When transform faults connect divergent
remnant of the Sekondi basin ( Fig. 2) from E anplate boundaries, a narrow and elongated valley
W, suggests increasing denudation from the distdévelops that is bounded on at least one side by
basement towards the basin. This patteran uplifted shouldeiSuch deep trough evolved
indicates that basement denudation and relatatbng La @te d’lvoire-Ghana margin because of
deposition of the erosional products were locallthe Gondwanaland break up between Brazil and
restricted, and that the Sekondi basin probabWestAfrica. La Géte d’'lvoire (Tano) basin is
did not exceed its recent extent during Devoniadivided lengthwise by a fault (with a throw) of
to Permian times. some kilometres (Deklasz, 1978). North of the fault,

Although the immediate cause of basemerunly 300 m of Pliocene and Quaternary sediments
denudation is not constrained and the nature afe deposited, whereas south of it more than 5 km
Sekondi basin is still unclear (Kesse, 1985; Loh &f post-Jurassic sediments are preserdsdn
Hides, 2000), there seems to be a general relatiessentially alWestAfrican coastal basins, the
to the late PalaeozoM/-E compressional regime basal beds (Aptian) are continental, with a
built up by the collision of Gondwanalandthickness increasing eastward from 470 m in
( Dallmeryer & Lecorche, 1990). The Sekondi basieastern La Ge d’lvoire to more than 2 kmin the
could have been formed as one of the basins vitinity of Axim (Deklasz, 1978).
the foreland and parallel to the NNSEE trending The late Jurassic/early Cretaceous begin of
Rokelides orogen in Sierra Leone. Such origibasin subsidence suggested by Deklasz (1978),
would be supported by the trend of the distinctivas well as the thickness of the Cretaceous-Recent
gravitative low immediately below the Sekondisedimentary sequence, are in very close
basin (Barrit & Kuma, 1998). agreement with the timing and the amount of

The beginning of sudden cooling in the earlylenudation detected by oFT data Although
Cretaceous is indicated BT ages of the two the AFT data do not allow the determination of
youngest samples, TJ 04 and TJ 16, and detectt@ mode of denudation in detail, they show
in the modelled cooling paths of all samples. Giveavidence of significant denudational unloading
arecent annual surface temperature 6sf2®on and flexural response of the southéshanti
Gnielinski, 1986), the amount of post-Jurassibelt during the Cretaceous period. The eroded
cooling varies between 68nd 88. Using a stable material was first deposited in the troughs as the
geothermal gradient of $23 knt! (Gunnell, 2003; transform faulting continued. It was not until the
Roussel & Lesquerl991), the accumulated onset of continental separation and the opening
denudation of La @e d’lvoire-Ghana margin since of the centrahtlantic atAptian times (Klitgord &
the beginning of the continental rifting stage isSchouten, 1986) that the offshore marginal ridge
estimated to have been between 2.5 and 5.5 k(Fig. 3) developed as the most prominent feature
Considering a Cenozoic long-term denudation ratef the current sheared margin.
of 11-16 m Ma, as postulated for the An early Cretaceous episode of rapid cooling
topographically and climatically comparablehas also been suggestediiRT studies on rock
kimberlite diatreme system in Sierra Leoneamples from the ODP sites 959, 960 and 961 (
(Thomas, 1995), denudation range between 1Fg. 3) on the marginal ridge, and frétquanuatte
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Fig. 3. Schematic transversal section of the onshore La Cote d’lvaime)basin (after De Spengler & Delteil
1966) and the offshore marginal ridge of La Céte d’lvoire — Ghana transform margin (simplified after Basile
etal, 1998).

samples offshore La &e d’'lvoire-Ghana time (i.e. 5 Ma), then, source material of much
transform margin (Clifet al., 1997, 1998; Bouillin  older cooling age would have been found at the
et al.,1998; Hayforcet al, 2006).There AFT ages base of the Cretaceous strata from the ODP sites.
of tectonized early Cretaceous sedimentary rock3esides, theAFT age from late Cretaceous
are very similar to the stratigraphic ages of theamples from Bouilliret al. (1997, 1998) vary
samples. They are interpreted to reflect eithdvetween 65 and 118 Ma.
erosion of the sediment source area (Elifal., Considering the short time intervals between
1997, 1998Wagner & Pletsch, 2001) or cooling AFT and stratigraphic ages, and the rather
following hydrothermal overprint (Bouillietal, continuous sedimentation in a regional scale, a
1998; Basileet al, 1998). cooling/denudation rate similar to tAptian one
However the theory of tectonically driven could be applied. By this application, the
uplift, sub aerial erosion, and isostatic upliftgeothermal gradient used above alone would
because of unloading is not sustainable anymoreflect up to some tens of kilometres of continental
since even the youngest of the onshore basemetgnudation of the late Cretaceous deposits of La
samples representing the source area of tt@&te d’lvoire-Ghana margin. Even if this is a
Ghana transform mgin (Wozazek & Krawinkel, maximum constraints, such an amount of
2002) shows oldekFT age than any of the ODP/ denudation duringhe late Cretaceous is a
Equanuate samplesgble 1). If such an amount magnitude higher than the estimate of 2.5-5.5 km.
of crust has been striped away in a very shoBesides, the pile of continental sediments
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deposited in the narrow onshore basins is mugiroposed by Bouillirt al. (1998) that the apatite
thicker than the one in the deep Ivorian basirgrystals were heateith situ by hydrothermal
therefore, a rapid transport of eroded material frorairculation within an intracontinental fault acting
the continental sediment source towards thkeetweenAfrican and Brazilian basementbhis
marginal ridge and its rapid deposition there dodaterpretation is also consistent with clay
not seem very likelyDiscussing furtherthe transformation and fluid inclusion data, indicating
Gurapore and Sao Francisco cratons on thmalaeotemperatures between 120 and@&@low
conjugate Brazilian mgim have oldeAFT ages a pre-latéAlbian erosional unconformity in the
(80-300 Ma) (Harmasat al.,1998) than the ODP sedimentary sequence of the marginal ridge
samples, which further indicate that the preserfHolmes, 1998; Lespinasseal., 1998), and with
coast of northern Brazil could not possibly havether geological observations summarized by
been the potential source area of the erodeéRhsileet al (1998).
material for La Cote d’lvoire-Ghana transform
margin as indicated by Cliét al.(1998). Acknowledgement

Neither La Gte d'lvoire-Ghana nor the Brazilian The authors would like to thank the Ghana
margins display any relevant morphologicaNational Petroleum Company (GNPC) for the
feature which could be related to very rapid coastalnshore samples, Prof. Martin Olesch for
uplift in the early Cretaceous, nor is there anyproviding the research facilities at the University
plausible mechanism that can explain such rapiof Bremen, and Reiner Klemd for financial and
short-term uplift without isostatic crustal logistic support.
response.

References
Conclusion AtToH, K., DaLLMEYER, R. D. & ArraTon, P (1997)

The application oAFT analysis to samples from  Chronology of nappe assembly in the Pan-African
the southermshanti belt indicates that the Dahomeyide orogeniVestAfrica: evidence from
present land surface comprises exposed rocks that. ~/*’Ar mineral ages. Precambr Res.82, 153-
cooled below 110C between Devonian and 171,

T BarrIT, S. D. & Kuma, J. S(1998) Constrained gravity
Permian times, and from temperatures of 110 models and structural evolution of thehanti Belt,

to temperatures below 6 during the early  goythwest Ghand. Afr. Earth Sci.26, 539 — 550.
Cretaceous. Cretaceous cooling of the upper crustsie, C., Masci, J., BnkreiL, J. & Bouiluin, J. P

because of denudation in the order of 2-5.5 km is (1998). Geodynamic evolution of L@@ d’Ivoire-
the result of intracontinental rifting associated Ghana transform margin; an overview of Leg 159
with the evolution of La &te d’lvoire-Ghana results. In Proceedings of the Ocean Drilling
transform margin. The timing and magnitude of Program, Scientific Results9. (J., Mascle, &,
this denudational episode correlates closely with -ohmann, PD., Akamaluk,T. Allerton, ' S.Ask,
the sedimentation pattern of the narrow coastal M.V. S., Barrera, E. C., Barton, E. Basile, C. Bellier

. . . J. P, Benhelil, J., Brantuoh, E. K., Edwards AR.
basins (&no and Sekondi basins). Ewwert, E. L., Concalves, @., Hisada, K. I.,

The spatial and temporal patterns of long-term poimes, MA., JanikA. G. Lomann, K. C., Morita,
erosion reported in this paper are incompatible s Mortera, GC. A. Norris, R. D., Oboh, FE.,
with the view of source-relatesFT ages of 88- Swanson, S. E. &.Fl.Garman, ed.), pp. 101%0.
113 Ma fromAptian to Cenomanian ODgamples TexasA & M University, Ocean Drilling Program,
put forward by Clif et al. (1998). Consequently ~ College Station, TX, United States.

the authors strongly support the hypothesigASILE, C. &ALLEvAND, P (2002). Erosion and flexural
uplift along tansform faults. &physics. J. Int.,



A GHANA JOURNAL OF SCIENCE VOL.48

151, 646-653. and uplift along the Cote d’lvoire-Ghana transform
BouiLLin, J. P, Poupeay, G, LaBriN, E., BasiLg, C., maugin, equatorialtlantic.J. geophys. ReB.104,

SaBiL, N., MascLg, J., MascLg, G, GLioT, F & 25, 257-25, 274.

Riou, L. (1997) Fission track study: heating andDaLLmeYER, R. D. & LEcorcHE J. P(1990). “°Ar/3%Ar

denudation of marginal ridge of the Ivory Cost — polyorogenic mineral age record in the northern

Ghana transform mgin. Geo-Mar Lett.17, 55-61 Mauritanide orogenVestAfrica. Tectonophysics,
BouiLLin, J. P, PouPeay, G, BasiLE, C., LArRBRIN, E. & 177, 81-107.

MascLg, J. (1998). Thermal constraints on COteDekLasz, |. (1978) The WestAfrican sedimentary

d’lvoire-Ghana transform margin; evidence from basins. IriThe Phanerozoic geology of the world.

apatite fission tracks. IRroceedings ofthe Ocean  Vol. I, The Mesozoic, (A. M. Moullade a4, E.

Drilling Program, Scientific Result 15@Q1. Mascle, M. Nair, ed.), pp. 371-339). Elsevjedew York.

G P, Lohmann, PD. Clift, T. Akamaluk, S. Duwmrru, T. A. (1993). A new computeautomated

Allerton, M.V. S.Ask, E. C. Barrera, E. Barton,  microscope stage system for fission-track analysis.

C. Basile, J.RBellier, J. Benkhelil, E. K., Brantouh, Nucl. Trucks Radiat. Mea1, 575-580.

R.A. Edwards, Ec. L. Ewwert, @. Goncalves, EisenLoHr, B. N. & Hiroes, W. (1992) The structural

K. I. Hisada, M.A. Homes, A.G. Janik, K. C. development of the early Proterozoic Birimian and

Lohmann, S. Morita, .GC.A. Mortera, R. D. Tarkwain rocks of southwest GhawsestAfrica.

Norris, £ E. Oboh, EA. Pickett, T. Pletsch, G J. Afr. Earth Sci.14, 3213-325.

Ravizza, S. Shafik, I. C. Shin, K. Qr&hd,T.  Gapp, S.A. & ScrutTon, R.A. (1997) An integrated

Wagner D. K.Watkins, S. E. Swanson & M. thermo-mechanical model for transform continental
Garman, ed.), pp. 43-48exasA & M University, magin evolution. Geo-Mar Lett.17,21-30.

Ocean Drilling Program, College Station, TX, UnitedGaLLacHER, K. (1995)Evolving temperature histories
States. from apatite fission-track dateEarth Planet. Sci.

CasTaING, C., TRiBouLET, C., FEYBESSE J.L. & Lett.136, 421-435.

CHEVREMONT, P. (1993) Tectonometamorphic GaLLacHeRr, K. & Sameripce, M.S. (1994) Genetic
evolution of Ghanalogo and Benin in the light of  algorithmsA powerful tool for lage-scale no linear
the Pan-African/Braziliano orogenyTectono- optimization problems.Computers and Geosgi.
physics218 323-343. 20,1229-1236.

Curt, P D., Lorenzo, J., GRTER,A. & HUuRFORD, A. J.  Genik, G J.(1993) Petroleum geology of Cretaceous-
(1997) Transform tectonics and thermal Tertiary rift basins in NigerChad, and Central
rejuvenation on the Cote d’lvorie-Ghana Margin, African Republic.Am. Ass. Petrol. Gedl7,1405-
WestAfrica. J. geol.Soc. Lond.54,483-489. 1434,

CuFT, P D., GaRTER,A. & HURFORD A. J.(1998)Apatite  GLeapow, A. J.W. (1981) Fission-track dating methods:
fission tracks analysis of sites 959 and 960 on the what are the real alternatived®ucl. Tracks5, 3-
transform continental mgin of GhanayestAfrica. 14.

In Proceedings of the Ocean Drilling Program, GL.eapow, A. J. W., Duppy, |. R., Geen, P. E &
Scientific Result 159(J. Mascle, GR Lohmann, Lovering, J. (1986) Confined fission track lengths

P.D. Clift, T.Akamaluk, SAllerton, M.V. S.Ask, in apatite: a diagnostic tool for thermal history
E. C. Barrera, E. Barton, C. Basile, .B#&llier, J. analysis Contrt mine. Petol. 94, 405-415.
Benkhelil, E. K. Brantouh, R Edwards, E.L. Green, P. F(1981)A new look at statistics in fission-
Ewwert, CA., Goncalves, K. |. Hisada, M., track dating Nucl. Tracks 5, 77-86.

HomesA .G Janik, K. C., Lohmann, S. Morita, Green, |. R., LasLeTT, G M., HeGaRTY, K. A., GLEADOW,

G C.A. Mortera, R. D. Norris, FE. Oboh, EA. A. J.W. & Lovering, J. F(1989) Thermal annealing
Pickett, T. Pletsch, GRavizza, S. Shafik, | .C.  of fission tracks in apatite: 4 — Quantitative
Shin, K. O. &and, T. Wagney D. K Watkins, S. modelling techniques and extension to geological

E. Swanson & PM. Garman, ed.), pp. 35-41.  timescales.Chem. Geol79,155-182.

TexasA & M University, Ocean Drilling Program, GunneLL, Y. (2003) Radiometric ages of late rites and

College Station, TX, United States. constraints on long-term denudation rateg/ist
CuFT, P D. & Lorenza, J.(1999) Flexural unloading  Africa. Geology31, 131-134.



VOL.48

GHANA JOURNAL OF SCIENCE 35

HaArRMAN, R., GALLAGHER, K., BrowN, R., Raza, A. &
Bizzi, L. (1998) Accelerated denudation tectonic/

geomorphic reactivation of the cratons of north-

eastern Brazil during the Late Cretaceouk.
geophys. Re® 103 27, 091- 27, 105.
Havrorp, E. K., Lisker, F, JoHN, T., ObamMTTEN, G T.

Lohmann, S., Shafik, I. C. Shin, K. Qr&d, T.
Wagner D. K. Watkins, S. E. Swanson &NR.
Garman, ed.), pp. 49-5ZexasA & M University,
Ocean Drilling ProgramCollege Station, TX,
United States.

LoH, G & Hirpes, W. (2000) Explanatoy Notes for

(2006) Denudation at the Ghana Transform margin: the Geological Map of Southwest Ghana 1: 00,000

a review of the dehoreApatite FissionTrack
record. JGhana Sci. Ass8 (2), 59-70.

Sekondi (0402A)and Axim (0403B) Sheeks.
SchweizerbargcheVerlagsbuchandlung,t@tgart.

HoLwmes, M. A. (1998) Thermal digenesis of CretaceousLorenzo, J. M. & VErA, E. E.(1992) Thermal uplift
sediment recovered at the Cote d’lvoire-Ghana and erosion across the continent-ocean transform

transform margin. IrProceedings of the Ocean
Drilling Program, Scientific Results 15@. Mascle,
G P Lohmann, FD. Clift, T. Akamaluk, SAllerton,

M. V. S.Ask, E. C. Barrera, E. Barton, C. Basile,

J. P Bellier, J. Benkhelil., E. K. Brantuoh R.
Edwards, E. L. Ewert, CA. Goncalves,
Hisada, MA. Holmes,A. G. Janik, K.C.Lohmann,
S. Shafik, I. C.Shin, K. O.t&and, T. Wagner D.
K. Watkins, S. E Swanson & Rl. Garman, ed.),
pp. 53-70.TexasA & M University, Ocean Drilling
Program, College Station, TX, United States.
HurrForp, A. L. & GReen, P. F (1983)The zeta age
calibration of fission-track datingsotope Geosci.
1, 285-317.
Kessg G O. (1985) The mineral andack resouces
of GhanaA. A. Balkema, Rotterdam, Netherlands.
Kuitcorp, K. D & ScHouTen, H. (1986) Plate
kinematics of the centrdtlantic. In The Wstern
North Atlantic region. The geology of North
America.(P. R.Vogt & B. E.Tucholke, ed.)., pp.
351-378. Geol. So&m., Boulder Colorado.
LasLetT, G M., KEnbALL, W. S., GEabow, A. J.W. &

Duppy, I. R.(1982) Bias in measurement of fission-

tack length distributions\ucl. Tracks6, 79-85
LasLeTT, G M., GreEN, P. F, Duppy, I. R. & GLEADOW,
A.J.W. (1987) Thermal annealing of fission tracks
in apatite 2.A QuantitativeAnalysis. Chem.Geol.
65, 1-13.
LespINASSE M., LErROY, J. L., RronoNn, J. & Boiron,
M. C. (1998) Paleofluids from the marginal ridge

boundary of the southern Exmouth Plategarth
Planet. Sci. Lettl08 79-92.

MasclLE, J. & BLarez, E.(1987) Evidence for transform

margin evolution from the Ivory Coast-Ghana
Continental Margin.Nature326,480-498.

K. J. MascLE, J. Lonmann, G P Curt, P D. AKAMALUK , T.

ALLERTON, S.Ask, M. V. S. BARRERA, E. C. B\rTON,

E. BasiLg, C., BELLIER, J. PBENKHELIL. J. BRANTUOH,

E. K. EbwarDps, R.A. EweRr, E. L. GoncaLves, C.A,
Hisaba, K. J. HFbLmes, M. A. JaNIK, A . G LOHMANN,

K. C. S$4aFKK, S. $iN, |. C., SrAND, K. O., WAGNER,

T. WaTtkins, D. K. Svanson, S. E. & GirvaN, P M.
(1998) Proceedings of the Ocean Drilling program,
scientific results, Cote d’'lvoire-Ghana transform
margin, eastern Equatorial Atlantic; covering Leg
159 of the cruises of the drilling vessel JOIDES
Resolution, DakaiSenegal, to Las Palmas, Capar
Islands, sites 959-962, 3 January — 2 March 1995
TexasA & M University, OcearDrilling Program,
College Station, TX, United States.

RasinowiTz, P D. & LaBrRECQUE, J. L. (1979) The

MesozoicAtlantic Ocean and evolution of its
continental marginsl). Geophys. Res84, 5973-
6002.

Rao, R. U. M., Ro, G V. & Repoy, G K. (1982)Age

dependence of continental heat flow—fantasy and
facts. Earth Planet. Sci. LetB9, 288-302.

Roussel J. & LesQuer A. (1991) Geophysics and the

crustal structure alVestAfrica. In The WstAfrican
orogens and circum-Atlantic correlativéR. D.

of the Cote d’lvoire-Ghana transform margin (Hole Dallmeyer & J. P Lecorche, ed.), pp. 9-28.

960A) as thermal indicators. Rroceedings of the
Ocean Drilling Program, Scientific Results 1%9.
Mascle, GP Lohmann, PD. Clift, T. Akamaluk,
S. Allerton, M.V. S.Ask, E. C. Barrera, E. Barton,
C. Basile, J. Bellier, J. Benkhelil. E. K. Brantuoh,

Springer, Berlin.

THomas, M. F. (1995) Models of landform

development on passive margins. Some
implications for relief development in glaciated
areasGeomorphologyl 2, 3-15.

R.A. Edwards, E. L. Ewert, @. Goncalves, K.J. Toob, B.J.& Keen, C. E.(1989) Temperature éécts

Hisada, M.A. Holmes, A. G. Janik, K. C.

and their geological consequences at transform



36 GHANA JOURNAL OF SCIENCE VOL.48

margins.Can. J. Earth Sc26, 2591-2603. event on the mid-Cretaceous La Cote d’ Ivorie-
VoN GNIELINSKI, S. (1986) Ghana: Tropisches Ghana transform mgin. Terra Nova 12,165-171.
Entwicklugsland an der Oberguineakuste Wozazek, S. & KrawINkEL, H. (2002) Development
Wissenschaftliche Buchgesellschaft, Darmstadt.  of La Cote d’'lvoire Basin: reading provenance,
WAGNER, T. & PLETscH, T. (2001) No major thermal sediment dispersal and geodynamic implications
from heavy mineraldnt. J. Earth Sci91, 906-921

Received 17 Jul 06; revised 5 Jun 07.



