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ABSTRACT

Reefal and peri-platform carbonates of late Albian to Turonian—-Cenomanian age were recovered from Leg 159 Ocean Drill-
ing Program (ODP) Sites 959, 960, and 962 which were drilled on the Céte D’lvoire-Ghana Transform Margin. These deposits
thicken and coarsen from the Deep Ivorian Basin southward toward the marginal ridge and are intercalated with pelagic
micrites containing abundant planktonic foraminifers. The stratigraphic relations along with the nature of the skeletal grains
and intraclasts in the carbonates suggest a depositional setting of a shallow carbonate platform that rimmed an emergent meta-
morphic and sedimentary terrane that served as a coeval source of clastic and carbonate components.

Carbonate-rich horizons are characterized by dissolution of aragonitic bioclasts, recrystallization of micrite to microspar,
and infilling of primary and secondary porosity by equant to prismatic low-Mg calcite cements. Preservation of grain morphol-
ogies as uncompacted micrite rinds suggests early dissolution and concomitant cementation at the sediment-surface or during
shallow burial. Late-stage fracturing of these units during syn- and post-transform deformation is marked by extensive mineral-
ization by quartz, barite, clay, and calcite vein fills.

Based on paragenetic relations and isotopic composition, multiple stages of fracturing and mineralization are identified. All
cements and fracture vein calcites h&{A€ values significantly more negative than primary marine compositions, suggesting a
dominant role of organic matter decomposition in controlling the isotopic composition of diagenetic fluids. The oxygen isoto-
pic composition of cements and vein fills range fretBo to—10%0 5%0. Of these, the first stage is interpreted as forming dur-
ing progressive subsidence under increasing temperature conditions. A late fracturing event is recorded by calcite whose
composition ranges from8%. to —10%.. Assuming a reasonable range of interstitial water compositidfs,to +2%. stan-
dard mean ocean water (SMOW), a maximum emplacement temperature of less than 90°C is estimated for late fracture vein
calcites. This stage of fracturing and calcite mineralization, which reflects the highest temperature event of calcite, formatio
occurs in units as young as early Eocene in age and requires precipitational temperatures in excess of those expected from typi
cal burial diagenesis. In light of the high temperature of emplacement, this last stage of deformation is interpretedyas formin
during the passing of the spreading ridge along the C6te D’lvoire-Ghana Transform Margin during early Eocene time, a time
much later than predicted based upon previous studies.

INTRODUCTION Therefore, a principal objective of this research was to decipher this
history by evaluating the emplacement temperatures and settings of

The general progression of structural deformation and uplift has secondary minerals present within intergranular porosity of reefal
been reconstructed from the evolution of sedimentary environments limestones and tectonic fracture veins, and by placing these within
interpreted from cores recovered along the Cote D’'Ivoire-Ghanihe context of the evolution of depositional and diagenetic environ-
Marginal Ridge (Fig. 1) as part of Leg 159 shipboard observation§€nts. N _
(Mascle et al., 1996). A primary objective of this research was to test WO Principal features that can provide insight into the uplift and
the tectonic and environmental evolution model of Basile et aldeformation history are present within the succession of late Albian
(1992, 1993) and Mascle et al. (1995), which was based on obsen/8-Recent sediments recovered as part of Leg 159. These include min-
tions from seismic and submersible surveys. Overall, they proposéﬂahzed tectonic fracture veins that are distributed throughout the Al-
a sequence of tectonic stages for this transform margin representifiin-2ged strata and extend locally upward into late Paleocene and
the progression from (1) Continent-Continent, Syn-transform Stag%a”y Eocene strata. In addition, abundant bioclastic limestones de-
(strike-slip, extensional, and compressional deformation): (2) Contiveloped in Late AI_blan- to _Conlaman-aged strata reflect (_:olonlzanqn
nent-Ocean Transform or Marginal Ridge Emergence Stage (r&f an emergent ridge adjacent to the transform margin, the Cote
flected by structural relaxation and/or thermal uplift of the margin);2'Ivoire-Ghana Marginal Ridge. Because of the abundance of sec-
and (3) Passive Margin Stage (indicated by deepening of the margir%[l‘dary ml_n_eral ph_ases w!thln this stratigraphic succession, it is pos-
ridge and regional subsidence). It is important to note that the timin ble to utilize their chemistries and petrogeneses to reconstruct the
and nature of deformation and uplift, which may have occurred as tfgmporal evolution of fluid composition and temperatures that
spreading ridge passed by the Céte D’lvoire-Ghana Transform Makhanged in concert with the tectonic transitions outlined above.
gin, remains poorly constrained (Mascle et al., 1993, 1994, 1995; Within the constructional framework of carbonate vein and pore-
Basile, 1990; Basile et al., 1992, 1993). Two alternative, viable scdllling cements, a sequential record of diagenetic conditions can be
narios prevail (Shipboard Scientific Party, 1996a): (1) passage of tH&trieved by sampling different paragenetic stages of these carbon-
spreading ridge during the latest Albian through Coniacian times, gi€s- In calcite, these growth stages can frequently be identified pet-

(2) passage as late as the late Paleocene through early Eocene tirfg@/aphically through the use of cathodoluminescence microscopy,
or, in the case of tectonic veins, through an analysis of crosscutting

relationships. Given a framework of relative timing, it is possible to

Mascle, J, Lohmann, G.P, and Moullade, M. (Eds), 1998. Proc. ODP, . then reconstruct the compositional evolution of these secondary min-
Results, 159: College Station, TX (Ocean Drilling Program). eral phases and infer primary changes in the temperatures of diagen-
2Department of Geological Sciences, The University of Michigan, Ann Arbor, Ml esis.
48109-1063, U.S.A. Correspondence author: kacey @umich.edu f f R N
2Department of Geology and Geophysics, Grant Institute, West Mains Road, (_Zarbr?n and Oxy%enASOtoplc .analySlS has bee?] un(:]ertaken to COQ
Edinburgh EH9 3], United Kingdom. strain the temporal changes in composition that have occurre
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throughout the sequence. Oxygen isotopic analysis provides an inde-
pendent estimate of relative temperature (given some assumption of
the fluid compositions), whereas evaluation of combined variation in
carbon and oxygen isotopic composition is useful for discerning tem-
porally distinct events of carbonate precipitation. For example, al-
though oxygen isotopic composition is controlled by the composition
and temperature of the fluid, the carbon isotope composition reflects
varying contributions of carbonate from organic vs. rock sources. As
such, it istypical to observe a high degree of variation in carbon iso-
tope values while oxygen isotopic composition remainsrelatively in-
variant for any given stage of cementation. If the hypothesis of ele-
vated thermal effects being a result of the passage of the spreading
ridgeis correct, this event may be discernible by more negative 3'¥0
values associ ated with convection of warmer fluids through the over-
lying sedimentary succession.

Although amajor emphasis of this research has been to document
late stage diagenetic effects, additional research has concentrated on
early stages of cementation in peri-platform limestones that formed

on the Céte D’lvoire-Ghana Marginal Ridge. At Sites 959 and 96
these limestones were deposited directly above deformed lacustri
to transitional marine sediments of the late Albian age, and therefo
must reflect deposition by the periodic transport from shallow-water

OQ'ameter drilling burr. This method yielded approximately 200 to 400

3° 2° 1°
METHODS

Samples utilized in this study include both thin sections and pol-
ished slabs of lithified sediments that possess either mineralized
veins or abundant carbonate allochems. These samples are primarily
from Unit IV from Sites 959 and 960; however, additional samples
were examined from younger stratigraphic units where mineralized
veins were present. All samples were examined with standard re-
flected and transmitted light microscopy techniques to determine the
nature of grain constituents, diagenetic cements, and vein mineraliza-
tion phases. Thin sections were additionally examined under cathod-
oluminescence microscopy to aid in the identification and discrimi-
nation of successive phases of carbonate cements. This method, how-
ever, proved relatively fruitless given the low degree of luminescence
possessed by cements present in these samples.

Based on the petrographic framework developed through micro-
scopic study, microsamples of vein carbonate and intergranular ce-
ments were taken from polished slab surfaces utilizing a 300-um-

of carbonate powder and allowed individual carbonate compo-
ents to be sampled for isotopic analysis. Because of the thicker oc-
currence of vein carbonates, when compared to inter-granular ce-

environments developed along the axis of the marginal ridge. This | . . i
evidenced in part by the intercalation of pelagic, planktonic foraminl%ents’ veins provided a better record of end-member phases whereas

ifer-rich sediments and strata of reefal debris, which, in turn, contaiEgsrg?\lzss?;gcgsm;né:r?ei{;teigﬁd some degree of mixing among suc-
abundant coarse-grained siliciclastic quartz and siltstone cobbles: Prior to analysis, all carbonate powdered samples were roasted in

Texturally, these limestones are grainstones to packstones that haye o . .
undergone extensive secondary dissolution. Dissolution of met?-,{jlcuo at 380°C for 1 hr to remove volatile contaminants and then re-

> . ed at 73°C with anhydrous phosphoric acid in individual reaction
stable phases, aragonitic allochems, and bioclasts, and preservat\ﬁogfssels attached to an automated extraction and analysis system (a

of original grain boundaries by well-preserved uncompacted micritick. . - )

: : - : : - : L iel device coupled to a Finnigan-MAT 251). Oxygen isotope en-
rinds suggest active dissolution prior to extensive burial. It is IMpOrE. 1 hents were gorrected 50 c%ntributions a21d ar)e/?’eported |Fr)1 per
tant to note that this porosity has begn |nf|||.ed by sparry caImtg. .Th' il (%0) relative to the Peedee belemnite (PDB) standard. Precision
argues for an early mode of formation of intergranular pore-filling .

carbonate cements, perhaps related to an episode of active upli]‘t"‘o’i’iS _Talrg[alljneg a.llt bettelr th_an (f)tlr;% N 1;\c|)r tmﬁﬁi aéndélso, afngtwaj d
shallow-water carbonate platforms after formation of the ridge, bumogéore dy dal)'z aga3(1j5|s ot the Nafional bureau ot standards
prior to the onset of passive subsidence. Without further study, it i ) powdered standards.
not possible to determine whether this uplift occurred in response to
structural relaxation of the margin coincident with the end of conti-
nent-continent transform tectonics or may record a later thermally in-
duced uplift related to the passage of the spreading ridge. Thus, it is
critical to evaluate the uplift and exposure history of these carbonate The evolution of the depositional environments of the Cote
sequences to determine whether (1) the limestones formed during tbdvoire-Ghana Transform Margin provides constraints on the se-
initial submergence of the marginal ridge as it began to passively suguence and style of tectonic events that accompanied the breakup and
side, or (2) they reflect peri-platform debris aprons formed as a corsubsequent rifting of the South American and African continents. In-
sequence of multiple episodes of uplift and erosion of reefs colonizerpretation of the depositional history is based largely on shipboard

ing the axis of the marginal ridge. observations. This history is summarized below.

EVOLUTION OF THE DEPOSITIONAL SETTING
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Deposition in the region of the Céte D’lvoire-Ghana Transformentific Party, 1996a) with deposition of biosiliceous, pelagic, and
Margin is first recorded in lacustrine to marginal marine sediments dfiemipelagic sediments throughout the region. Though differences
Unit V at Sites 959, 960, and 961. This succession reflects the formaxist among sites with respect to carbonate preservation and sediment
tion of transpressional and transtensional basins during the contineiecumulation, the general pattern of deeper water deposition on a
continent syn-transform stage (Mascle et al., 1993). Finely laminategradually subsiding continental margin best describes the environ-
siltstones and sandstones rich in siderite concretions and cememtgntal setting from the middle Eocene through the Holocene.
grade upward into pyritic, fine sandstone and siltstone lithologies.

The evolution of the depositional environments of this sequence pro-
vides insight into the initial stages of rifting of the South American ISOTOPIC COMPOSITION OF FRACTURE VEIN

and African continents during the Early Cretaceous. Continental dep- AND INTERGRANULAR CALCITE CEMENTS:

ositional environments evolved into marine settings as continued rift- RESULTSAND INTERPRETATIONS
ing permitted progressive encroachment of marine waters into trans-
form-related tectonic basins. Carbon and oxygen isotope data were collected for calcite occur-

Uplift and deformation of syn-transform sediments are marked bying in tectonic fracture veins and as cements in the intergranular po-
the development of an erosional and angular unconformity at Sitessity of limestone lithologies. Fractures mineralized by calcite,
959 and 960, with a change in the depositional setting from lacustririays, and quartz occur over a broad stratigraphic range, from the old-
and marginal marine to normal marine conditions. The extent of thest Albian-aged units recovered to the early Eocene sequence. These
hiatus is unknown between uplift and the resumption of marine depreins are typically multiphase, reflecting the sequential precipitation
osition. However, initiation of reefal carbonates on the marginabf chalcedony, clays (nacrite; M. Holmes, pers. comm., 1996), and
ridge during the late Albian is indicated by peri-platform deposits otalcite. Multiple events of veining are locally present and are re-
reefal debris that were transported into deeper parts of the basin atmkded by cross-cutting relationships. Intergranular cements com-
intercalated with pelagic sediments composed of abundant plankrise equant to bladed calcites that infill primary and secondary (dis-
tonic foraminifers (Sites 959 and 960). solution) porosity within the limestone-dominated lithologies. In

Limestones at both Sites 959 and 960 (Unit IV) comprise an intergeneral, sampling of intergranular cements was more difficult than
mixture of carbonate allochems (skeletal grains, pellets, ooids, arghmpling of vein-filling calcites because of their small physical size;
intraclasts) and resedimented clastic debris. This terrigenous debtlws, the cement data likely reflect intermixtures among numerous
includes clasts of lightly lithified silt and sandstones, rounded to anstages of calcite emplacement. By contrast, because fracture veins are
gular clasts of metamorphic and igneous quartz and quartzite, and dgpically much wider and the calcite fill was more easily sampled,
gular plagioclase feldspars. While the majority of siliciclastic intrac-analyses of fracture vein calcites more clearly define separate events
lasts may reflect the reactivation of previously deposited sedimentsf diagenesis and calcite cementation.
the abundance of angular quartz and feldspar requires a sedimentWhen all3*®0 andd**C values and carbonate phases are examined
source that derives from primary igneous and metamorphic terrane@ig. 2), they differ dramatically from the expected range of primary
In addition, the abundance and grain size of the clastic sediments inempositions for marine components. Two distinct populations,
crease progressively from Site 959 southward toward Site 960. Thiowever, are distinguishable: (1) a broad population characterized by
argues for a southerly source, likely reflecting exposure of continerhighly variabled'*C values £22%o. to—1%o.) and a range &0 from
tal crust along the axis of the marginal ridge during the late Albia®%. to-5%., and (2) a comparatively invariant population vattC
through Coniacian times (Shipboard Scientific Party, 1996c). values 0f~5%o t0—7%o. andd*®0 values 0f-8%. to-10%o.. Typically,

Cessation of limestone deposition is marked by the developmeigotopic compositions of carbonate allochems and cements that have
of regionally extensive hardgrounds comprising phosphatic and mafermed under shallow-water conditions fall within the range of +4%o
ganese nodules and glauconitic sands (lower Unit Ill at Site 959; Unib 0%. °C and-1%o. to —3%. &'%0 (James and Choquette, 1990).
IVA at Site 960) and records a deepening of the marginal ridge. Thimilarly, diagenetic alteration under deeper (and colder) water con-
termination of clastic input, which led to hardground developmentgitions would manifest in more positi@®O values ranging from
may reflect the detachment of continental sources with the westwaf%. to +4%. (James and Choquette, 1990; Freeman-Lynde et al.,
drift of South American crustal blocks and slivers and/or substantial986). Evidence of such low-temperature seafloor diagenesis is not
deepening across the crest of the ridge. At Site 960, sediments refletiserved in the composition of components measured from these
oxidizing conditions and, based on benthic foraminifer ecologicakites. Rather, cementation and alteration of allochems must have oc-
constraints, depositional depths are estimated to be >200 m (R.Burred under conditions whed®0O andd**C values are controlled by
Norris, pers. comm., 1995). Significantly, to the north at Site 959 durelevated temperatures and organic reactions occurring during burial.
ing this time period, >200 m of black, organic-rich claystones were Interpretation of the isotope values of diagenetic calcites requires
deposited within the intra-shelf Deep Ivorian Basin (Unit Ill, Site an understanding of the factors that determine the absolute values and
959) under dysaerobic conditions. Such regional relations argue faontrol the variation present in boBfC and 5'%0. The oxygen iso-
the existence of a topographically elevated marginal ridge during thi®pe composition of calcite is dependent upon the temperature of em-
time which isolated the Deep Ivorian Basin from open circulation oplacement and the isotopic composition of the precipitating fluid. By
oxygenated marine waters and minimized sediment accumulation @ontrast, thé**C composition of calcite reflects the ambiéHC of
the ridge axis. dissolved bicarbonate, whose composition can vary significantly as a

The nature of the marginal ridge changed dramatically during theesult of local reactions involving the decomposition of organic mat-
late Paleocene and early Eocene. While black claystones grade upr. Wherea'*C may exhibit extreme variatio®:O is typically
ward into nannofossil chalks and biosiliceous sediments at Sitiess variable during each stage of calcite formation. In effect, it is rel-
959D, palygorskite-rich claystones replete with barite concretionatively easy to alter th&3C of bicarbonate of a diagenetic fluid be-
were being formed on the marginal ridge at Sites 960 and 961 (am@use of the low total concentration of carbon dissolved in a fluid.
possibly 962). Although the precise mechanism for development d¢Fhis contrasts witld*O composition of a fluid because of the high
the palygorskite claystones and for precipitation of authigenic baritenole fraction of oxygen present within water relative to exchange-
is not yet resolved, their occurrence at these sites further emphasizdse mineral phases (Lawrence et al., 1976; Lohmann, 1988; Banner
the structural and depositional differences which existed between tled Hanson, 1990). Thus, if vein formation and mineralization are
Deep Ivorian Basin at Site 959 and the marginal ridge at Sites 96t a continuous process (i.e., occurring as temporally discrete events
and 961. under differing temperature/fluid compositions), then each stage of

Throughout the region, sedimentation from the middle Eocenealcite will be marked by a characterishi€O value and delineated
time is best characterized as the Passive Margin stage (Shipboard Swj-highly variabled'*C.
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i Figure 3. Carbon and oxygen isotope variation in fracture vein calcites of
i selected samples from Holes 960A and 960C. Within these samples, the high
o degree of &'3C variation allows identification of 580 calcite values, which
b reflect distinct cementation events. I n this case, five episodes of emplacement
| of calcite are observed. Although petrographic relations do not directly
define the relative timing of each event, in these samples, Stage D postdates

-25 Stage C (based on crosscutting vein relationships), and Stage E postdates all

Figure 2. Carbon and oxygen isotope variation among fracture vein and inter- other fractures. Circles= Hole 960A; squares = Hole 960C.

granular cement calcites from Holes 960A and 960C. Solid triangles = cal-
cite cements from rounded lithoclasts of limestone that were cemented prior occur in sediments as young as ear|y Eocene. This tempmn_
to transport to the basin. These define anarrow field between —3.5%. to—-5%.  ship will be of major importance when considering the timing of the
in 380 and-5%o to —7.5%. in 83C. Solid circles = fractures in Hole 960A; |atest deformation of these sequences.
solid squares = fractures in Hole 960C; open circles = intergranular cements. Separation of fracture mineralization baseddi® values be-
comes more difficult when data from all samples are combined for an
This pattern can be seen when subsets of samples are examined individual site. For example, Figure 4 shows the isotopic composition
fromindividual horizons at asite (Fig. 3). In the case of vein calcites of all fracture calcites measured in Holes 960A and 960C. Although
observed at Site 960, we have identified five stages of fracture and the overall trends among stages remain, overlap in composition sug-
vein mineralization, enumerated Stages A—E, based upon character- gests that formation of Stages-B may record a more continuous
istic oxygen isotope compositions. The mean compositions are as process in an evolving system where variation in both degree of or-
follows: Stage A, —1%o; Stage B-2.5%0; Stage C;+-3.5%0; Stage D, ganic decomposition and temperature must have occurred. Signifi-
—5%0; and Stage E;9%.. Notably, Stages #D exhibit broad varia-  cantly, however, Stage E remains as a distinct phase of fracturing and
tion in 8°C over the>®0 range of-1%. to—-5.5%0. This suggests that vein calcite emplacement.
Stages AD reflect formation over a range of temperatures in dia- Intergranular cements have a range of compositions similar to that
genetic fluids whos&*C composition was controlled by concomi- of the fracture vein calcites (Fig. 2). Although it is possible in indi-
tant decomposition of organic material within the sediment. Similarvidual samples of fracture calcites to discriminate among stages—
patterns of variation have been documented for the organic-rich seten all analyses of intergranular cement are combined—distinct
quences of the Monterey Formation and other formations (Murata events merge into a continuum of variation. However, because the
al., 1969; Irwin et al., 1977; Friedman and Murata, 1979). Stage Eompositional range of cements is similar to that of fracture veins,
however, exhibits littl®*C variation. this suggests that the bulk of intergranular cementation of limestone
Unfortunately, it was not possible to develop unequivocally theunits occurred under diagenetic conditions comparable to fracture
temporal sequence for all of the stages of fracture formation. Weein mineralization and were likely coincident in time. TH® val-
were, however, able to demonstrate that Stage D postdates emplaaes of calcites with values of 0%0t6%. would correspond to a tem-
ment of Stage C, based upon crosscutting relations in Sample 158erature range of 10° to 40°C giverd8O water of 0%o to-1%o
960C-26R, 6365 cm. In this case, a vein of luminescent Stage D calSMOW. Such temperatures are compatible with precipitation of both
cite infills a fracture which bisects a Stage C vein. Moreover, Stageements and fracture mineralization during burial in a region with a
E fractures postdate all other fractures present within these cores agelothermal gradient of 30 (°C/km).
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Figure 4. Carbon and oxygen isotope variation among al fracture vein cal-

Unit v
Aptian-early Albian
to Turonian

cites from Holes 960A and 960C. Although additional variation in the isoto- 400
pic composition of these fracture calcites is present when all samples are
included, the overall trends observed in Figure 3 can still be identified. Most
notable is the distinction of Stage E, which exhibits significantly less varia- e
tionin 313C yet is separated from the bulk of fracture calcites based on avery .
negative 580 composition. Circles = 960A; squares = 960C. 450 L

Only in one example, has petrographic evidence of cementation Figure 5. Distribution of oxygen isotope values with depth below seafloor for
and lithification prior to burial been observed. These are rounded - cements (open circles) and fracture vein cadites (solid circles) from Hole
thoclasts of limestone recovered from Holes 960A and 960C, which 960A. Solid triangles = intergranular cements within lithoclasts. In this
were cemented prior to transport. Intergranular cements were sam- example, Stage E calcites are restricted to fractures occurring in Subunits VA
pled from these clasts for comparison with fracture and burial ce- and VB at Hole 960A. Stages A thl_'ough D oceur predominantly in Subunits
ments recovered from the limestone Unit IVA (Fig. 2, solid trian- IVA and VB but extend downward into Subunits VB (Core 159-960A-46R).

gles). Isotopic analyses cluster with amean 680 value of —4.5%.. At
this stage, it is not possible to discriminate these from Stage D fraever, the occurrence of Stage E in units above and below the uncon-
ture cements based on th&fO composition. However, the parage- formity (Hole 959D) separating Unit IVB from deformed sediments
netic sequence of cementation requires that these were cemented pfiUnit V requires that emplacement of Stage E calcites was not re-
or to deposition implying precipitation of these early cements unddated to the Albian uplift of the margin but rather postdates deposition
conditions of a negativl@®0O water shortly after reef formation. One of the Turonian—Coniacian limestones of Unit IVB. This is compati-
possible scenario to explain these isotopic compositions would be die with other evidence that argues for Stage E being of a much
teration of the reefal system in response to exposure to meteoric wgunger age (late Paleocene to early Eocene, see below).
ters. Unfortunately, a meteoric origin can not be unequivocally dem- Fracture vein calcites recovered from Hole 959D (Fig. 6) exhibit
onstrated based solely on petrographic observations (Lohmantrends similar to those observed at Site 960, although only three
1988) given the similarity of dissolution features developed withinstages were observed. The first is characterizédftycompositions
deep marine and shallow meteoric conditions. However, if correcf —2.5%. to—4.5%0; the secone4.5%. to—7%o; and the third-7%o
alteration by meteoric waters would suggest uplift of the marginato -10%.. When compared to Site 960, the first trend overlaps the
ridge and its rimming reefal carbonates during the Turonian—Coniaanges of Stages B through D, and the second trend is offset to more
cian. An alternative explanation for the negad¥© values for these negative values from Stage D. The overall character of the first two
cements would require that early formed cements were subsequentignds suggests a burial origin similar to Stage€ Abserved at Site
recrystallized and their isotopic compositions reset during burial di960. The offset 080 values toward more negative values may re-
agenesis. flect the greater depths of sediment burial at Site 959 (1060 mbsf, rel-
When isotopic data are examined relative to present depths ative to 210 mbsf at Hole 960C and 185 mbsf at Hole 960A).
burial (Fig. 5), depth trends are not observed for fracture Stages A The latest stage of fracture vein calcite is similar in composition
D (30 —-1%. to—5%0). At the greatest depth in each core (Units IVB and range to Stage E observed at Site 960 with an average composi-
and V), only Stage E calcites are pres&td—8%. to—10%0). How-  tion of -9%o (Fig. 6). It is important to note that at Site 959, this frac-
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Figure 6. Carbon and oxygen isotope variation among fracture vein and inter-
granular cement calcitesfrom Hole 959D. Asillustrated for Site 960, fracture
vein and intergranular calcite cements define distinctive &'80 stages based
upon their combined &'3C and 3'0 variation. At this site, which represents a
significantly thicker section, 580 values for early calcites are more negative.
If such cements can be correlated between Sites 959 and 960, this would sug-
gest cementation by Stages C and D, followed by Stage E. Stage D cements
are more negative at this site than at Site 960, perhaps reflecting the overall
thicker succession at Site 959. Solid circles = fractures; open circles = inter-
granular cements.

turevein calcite, Stage E, occurs over abroad stratigraphic thickness.
For example, Stage E calcite (Fig. 7), developed in massive fractures
in Subunit 11C (Sample 159-959D-36R-4, 126—127 cm) hasidentical
compositionsto veinsformedin Units1V and V (Samples 159-959D-
67R-CC, 10-16 cm; 159-959D-72R-3, 35-37 cm; and 159-959D-
78R-1, 138-140 cm). On this basis, this stage of deformation and
fracture vein mineralization must postdate the early to middle Eocene
depositional age of Section 159-959D-36R-4.

Data from fracture vein calcite developed at Hole 962D (Fig. 8)
areincluded for comparison with Sites 959 and 960. At this site, frac-
ture calcites exhibit a similar range in 6*%0 values to those observed
at other sites. The majority of calcite values overlap the range of
Stages B-D identified at Site 960. Calcite with the most negative
580 values overlap therange of Stage E and occur in late Albian sed-
iments of Unit 111. Note that the 5'*C values are uniformly more pos-
itive than values observed at Sites 959 and 960. This likely reflects
the lower sedimentation rate and lower preservation of organic car-
bon within the sedimentary sequence. As such, therole of organic de-
composition reactions within the sediment at Site 962 plays a subor-
dinate role to dissolution-precipitation reactions of carbonate phases.

IMPLICATIONS FOR EVOLUTION OF THE COTE
D’'IVOIRE-GHANA MARGINAL RIDGE

Deformation of the marginal ridge complex isrecorded in the de-
velopment of tectonic fracture veins and breccias and in the evolution
of the depositional environments (Fig. 9). As discussed above, syn-
rift/transform deformation is manifested in the development of
strike-dlip basins in response to movement along the transform mar-
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Figure 7. Distribution of oxygen isotope values with depth below seafloor for
cements (open circles) and fracture vein calcites (solid circles) from Hole
959D. At this site, early stages of cementation are observed in lithologic
Units IV and V. This may reflect, in part, the absence of samples from frac-
tures in shallower units. Importantly, however, Stage E calcites are present in
fractures developed in lithologic Subunit [IC (Sample 159-959D-36R-4,
126-127 cm) of early to middle Eocene in age. In this sample, calcites repre-
sent the final phase of vein fill in fractures lined with chalcedony (fig. 46,
Shipboard Scientific Party, 1996a).

gin between South America and Africa (Shipboard Scientific Party,
19964). Following deposition of lacustrine to marine sediments (Fig.
9A), amajor phase of deformation and structural inversion occurred
in the late Albian. This deformational event led to the regional uplift
of themargin and development of an erosional and angular unconfor-
mity between UnitsV and IV at Sites 959 and 960. This episode has
been interpreted as the time of separation of South Americafrom Af-
rica (Fig. 9B). Following uplift, the first record of sedimentation in
thisregion is of peri-platform reefa carbonates intercalated with pe-
lagic foraminifer-rich sediments (Sites 959 and 960). The age of
these reefal sedimentsislate Albian (cc-86) to Coniacian at Site 959
and early Turonian to Early Coniacian at Site 960. Based on calcula
tions using an average spreading rate for the Mid-Atlantic Ridge, it
has been suggested that development of these shallow reefal plat-
forms coincided with the passage of the spreading ridge along the
transform margin leading to athermally driven uplift of the marginal
ridge (Shipboard Scientific Party, 1996a) The colonization of the
marginal ridge by shallow-water reefal communities during thistime
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Figure 8. Carbon and oxygen isotope variation among fracture vein calcites
from Site 962. Unlike fracture vein calcites from other locations, these
exhibit less variation in 3'3C, which makes identification of stages of cemen-
tation more difficult. Stage A is clearly defined. Stages B, C, and D merge
into a continuous field of variation, yet they define arange comparable to that
observed from Sites 959 and 960 from —3%o to —6%o &'80. Again, Stage E is
clearly defined with an average composition-8%%o. &'0. Solid circles =
fractures.

was invoked as supporting evidence that this represented the time of
maximum uplift following the detachment of South America (Ship-
board Scientific Party, 1996a). Isotopic data presented here and re-
evaluation of the sedimentologic character of the reefal deposits sug-
gest an dternative scenario.

It is clear that a major phase of deformation must have occurred
prior to the initiation of shallow-water reefs, which are recorded in
Subunit 1VB at Sites 959 and 960. Thisis evidenced by the deformed
and fractured nature of Unit V, and the development of an angular un-
conformity at these sites. In contrast to previous interpretations, the
presence of coarse siliciclastics comprising angular feldspar and ig-
neous and metamorphic quartz requires that the source of the sedi-
ment must be crystalline continental crust located to the south. While
the major detachment of South Americamight have occurred prior to
this time, sedimentologic evidence requires that at least a trailing
dliver of continental crust must have been retained as part of the up-
lifted marginal ridge (Fig. 9B) The co-association of coarse and min-
erdogically immature clastics and reefal carbonate could easily be
accommodated by the colonization of shallow water environments
rimming this continental block. Re-activation of older sedimentary
deposits can not be invoked because of theimmature nature of the as-
sociated siliciclastics. With continued motion along the transform
margin and removal of crustal block and dlivers to the south, the
source of clastics would be termina and progressive subsidence of
the margin could occur. This is recorded in the development of re-
gionaly extensive hardgrounds which overlie the peri-platform car-
bonate deposits.

In such a scenario, what would be the timing of the passage of the
spreading ridge, and what effect would this have on the sediments of
the marginal ridge? It is important to note that following deposition
of reefal peri-platform deposits, there is no evidence of significant
shallowing of the marginal ridge present in the sedimentary record.
Overall, al units following hardground development formed in wa-
ters >200 m of depth (based on benthic foraminifer assemblages;
R.D. Norris, Chap. 34, this volume).

If the passing of the spreading ridge did result in a thermal uplift
of the margin, its effect was not as significant as the structural uplift

GEOCHEMISTRY OF PORE-FILLING AND FRACTURE VEIN CALCITES

which occurred during the detachment of South America. Thereisno
evidence of extreme shallowing of the depositional environments
over the ridge in the sedimentary record. If not recorded as a change
in depositional depth, what other evidence of a thermal perturbation
might be preserved? As noted above, development of tectonic frac-
tures with vein mineralization is restricted to units of early Eocene
age and older. On thisbasis, one might argue that the development of
the tectonic veins and deformation in the Eocene might record uplift
because of such a thermal event. Additional evidence supports the
concept of athermal event superimposed on the stratigraphic succes-
sion of the early Eocene and older ages. At 750 mbsf in Hole 959D,
amajor discontinuity in bulk density, porosity (Shipboard Scientific
Party, 1996b), and seismic velocity (Edwards, Chap. 22, thisvolume)
is developed. Above this level, sediment porosity decreases uni-
formly in response to increasing burial depth. Also at 750 mbsf the
degree of therma maturation of organic matter changes (Wagner,
Chap. 41, this volume). Organic matter below 750 mbsf is thermally
mature; above this depth, it is immature. Coincidence of these fea-
tures, in combination with the highest occurrence of fracture vein
mineralization (Stage E), argues for alteration of the sedimentary se-
quence below 750 mbsf in response to a pervasive diagenetic event.

It is important to note that Stage E, the youngest of the veining
events, also records the lightest 3'0 values. Given reasonable esti-
mates of the isotopic composition of interstitial water, it is possible
to constrain the maximum temperature represented by these fracture
calcites. For example, assuming an oxygen isotopic composition of
interstitial waters in equilibrium with ambient seawater during the
Eocene of 0%o ta-1% SMOW (Zachos et al., 1993), the temperature
required to precipitate calcite of Stag®O values (Friedman and
O’Neil, 1977) would range from 50° to 70°C (Fig. 10), a temperature
far greater than would be expected based on reasonable thermal gra-
dients for this region (30° to 50°C/km). Further constraints can be
placed on maximum temperatures by considering a range in the com-
position of interstitial waters. The only mechanism for significantly
altering pore-water compositions is through low- or high-temperature
interaction with seafloor basalt (Shanks et al., 1995; Lawrence et al.,
1976). For example, pore water with significantly more negati@
values (e.g.+5%o), could be obtained through low-temperature alter-
ation of basalts to zeolites. Alternatively, more positive valaes,
+2%o0) could occur in response to high temperature alteration and ex-
change with basalt. In all of these examples, the maximum tempera-
ture obtainable for the emplacement of Stage E calcite would be ap-
proximately 85°C (Fig. 10). Clearly, within this succession, Stage E
080 values represent the highest temperature recorded in fracture
vein calcites.

Given the tectonic setting of the C6te D’lvoire-Ghana Marginal
Ridge and the limited options for elevating the geothermal gradient
of this region during the late Paleogene, the most likely mechanism
is the passage of the spreading ridge along the southern edge of the
Céte D’lvoire-Ghana Marginal Ridge during early to middle Eocene
times. Such a thermal event could elevate pore-water temperatures
and lead to convectively driven upward flow of these waters through
the network of tectonic fractures. This, in turn, could account for the
abrupt changes that are observed in thermal maturity of organic ma-
terial and the discontinuity in seismic and sediment physical proper-
ties of early Eocene and older strata. The magnitude of this thermal
event, however, must not have been high enough to initiate the ther-
mally driven uplift of the margin because of the lack of discernible
shallowing of the depositional facies at this time.

CONCLUSIONS

A record of the evolution of pore-water temperatures and compo-
sitions is preserved within vein and pore-filling cements present
within the stratigraphic succession retrieved from the Cote d’lvoire
Transform Margin. Specifically, calcite precipitated in tectonic frac-
ture veins and as intergranular cements provide a chemical record of
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Figure 9. Schematic illustration of the evolution of the transform margin between the African and South American continents from Late Cretaceous through
early Eocene times (modified from Shipboard Scientific Party, 1996a). A. Syntransform, intracontinental basin stage. Sedimentation during the late Albian was
dominated by continental and lacustrine environmentsin pull apart basins developed by transcurrent shear between the South American and African continental
blocks. Continental deposits grade upward into transitional marine sediments with the encroachment of marine conditionsin the region of the marginal ridge as
continental separation proceeds. Circled x = inward relative motion; circled dots = outward relative motion. B. Marginal ridge emergence and initiation of sub-
sidencein the Deep Ivorian Basin (late Albian to Coniacian). Emergence of the marginal ridge is marked by development of an erosional and angular unconfor-
mity above Unit V at Sites 959 and 960. Above this unconformity, intercalation of limestone and coarse siliciclastic peri-platform deposits with foraminifer-rich
pelagic limestones indicates the establishment of shallow-water carbonate reefal environments on an emergent block to the south. The presence of angular meta-
morphic and igneous quartz and abundant plagioclase in these siliciclastic deposits suggests incomplete separation of South America from Africa, or the pres-
ence of adliver of continental crust, during thistime. The oceanic spreading ridge resides to the east of the transform margin at thistime. C. Submergence of the
marginal ridge and formation of the Deep Ivorian Basin (late Coniacian to early Eocene) followed by passage of the oceanic spreading ridge. Thermal alteration
of the sediments comprising the marginal ridge isindicated by a discontinuity in the thermal maturation and physical and seismic properties of early Eocene and
older sediments compared to overlying middle Eocene to Holocene sediments.

the sequential changes which have affected the lithification of car-
bonate-rich sediments during episodes of uplift and burial. This
project has examined these phases within the context of the tectonic
and sedimentologic framework to provide insight into the uplift and
subsidence history of the marginal ridge, and the relationship be-
tween tectonic fracture generation and thermal perturbations associ-
ated with the tectonic separation of the African and South American
continents during Late Cretaceous to Eocene times.
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Figure 10. Range of temperatures and water composi-
tions possible for precipitation of Stage E calcites.
Given the range of observéfO values for fracture

vein calcites observed through the region of the Céte
D’lvoire-Ghana Marginal Ridge, it is possible to con-
strain the maximum temperatures of emplacement of
these calcites given a reasonable range of water com-
positions (dw). In this exampl&!80 water is varied
between +2 and5. Under conditions where diage-
netic waters are derived from hydrothermal alteration
of basalt at high temperatures at low water/rock ratios,
the isotopic composition of this fluid would converge
to a value of +1%o to +2%. SMOW. Given the range of
fracture vein calcité®O values 0f-8%o to—10%o,

-5 85°C represents the highest temperature observed for
20+ the early Eocene and older sequence.
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