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6. PALEOFLUIDS FROM THE MARGINAL RIDGE OF THE CÔTE D’IVOIRE -GHANA
TRANSFORM MARGIN (HOLE 960A) AS THERMAL INDICATORS1
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ABSTRACT

Fluid inclusions linked to two quartz veins from the bottom of Hole 960A were studied using microthermometry and
Raman microprobe analysis. Results suggest that circulation of hot fluid (160°–170°C) under low pressure (10–20 M
occurred within the marginal ridge of the Ivory Coast-Ghana Transform Margin. The fluid composition varies with time, and
either seawater or a mixture of H2O-CH4-CO2 fluids. Possible sources of heat for these fluids include circulation in friction
zones linked to transform-fault dynamics, either at depth in a thinned continental crust or in the hot oceanic crust south ohe
sampled area. The passage of the Mid-Atlantic Ridge axis to the south of the sampled zone occurred later than the vein 
tion and therefore cannot be considered a heat source.
n
m
t
e

i-
dary
ity
ein
tes
P2
f the

 that

on
zing
ting-

th
n
n

INTRODUCTION

The inclusions of fluids in minerals are witnesses of fluid circula-
tion trapped during (primary inclusions) or after (secondary fluid in-
clusions) the crystallization of the host minerals. Their analysis al-
lows reconstruction of the characteristics and the history of these
presently inactive thermal systems. In the case of a marginal ridge ad-
jacent to a margin transform fault, different heat sources are possible
and have been proposed. These include sedimentary and/or tectonic
burials and thermal flow induced by the friction along the fault. In the
case of the Ivory Coast-Ghana Transform Margin, other sources
might have existed, especially in relation to the presence and dis-
placement of an oceanic lithosphere with a mid-oceanic ridge in con-
tact with the sampled zone (Mascle and Blarez, 1987; Basile et al.,
1993). The characteristics of the organic matter recovered during
Ocean Drilling Program (ODP) Leg 159, the thermal maturation of
the clay minerals in these sediments (Shipboard Scientific Party,
1996), and the alteration of the microfauna caused by the temperature
increase at the bottom of Hole 960A (Masure et al., Chap. 24, this
volume) also suggest the existence of such a thermal anomaly.

Fluid inclusion studies (microthermometric and Raman analyses)
were therefore undertaken to determine the pressure-volume-temper-
ature-composition (PVTX) characteristics of the fluids present in the
marginal ridge and to retrace a part of the thermal history of the con-
stituent sediments.

SAMPLES

Only two small quartz veins, sampled at the bottom of Hole 960A
could be studied. The first vein, ODP1, is located 442.1 meters below
seafloor (mbsf; Sample 159-960A-60R-1, 17–21 cm) and the seco
ODP2, is located 446.6 mbsf (Sample 159-960A-61R-1, 41–44 c
in a silty sandstone attributed to the Albian (Fig. 1). Their orien
tions are unknown. Calcite veins from Holes 962B and 962D w
not studied because the fluid inclusions were too small (<5 µm).

1Mascle, J., Lohmann, G.P., and Moullade, M. (Eds.), 1998. Proc. ODP, Sci.
Results, 159: College Station, TX (Ocean Drilling Program).
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The ODP1 vein, which is a subvertical milky quartz vein with m
croscopic crystals, was brecciated and cemented by secon
quartz. This corresponds to a rapid filling and brittle tectonic activ
(syn- or post-filling). The vein borders are rectilinear. The ODP2 v
contains large crystals of an extremely limpid quartz, which indica
a slower crystallization rate. Borders are also rectilinear. The OD
sample is not syn- or post-deformed and brecciated. Because o
proximity of these two samples (4.5 m apart), one can conclude
the ODP1 vein was filled before the ODP2 vein.

ANALYTICAL METHODS

Microthermometric studies of fluid inclusions were performed 
wafers (<300 µm in thickness) using a Chaixmeca heating-free
stage (Poty et al., 1976). The stage was calibrated using mel
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Figure 1. Simplified stratigraphic column of Hole 960A and locations of the
samples ODP1 and ODP2.
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point standards at T > 25°C and natural and synthetic fluid inclus
at T < 0°C. The rate of heating was monitored to get an accurac
±0.2°C during freezing, ±1°C when heating over the 25°–400°
range, and ±4°C over the 400°–600°C range. Salinity, expressed
wt% NaCl equivalents and fluid density of H2O-salt inclusions were
calculated from microthermometric data using equations from B
nar (1993). In volatile-bearing fluid inclusions, CO2 was identified by
melting a solid at 56.6°C (pure CO2) or below 56.6°C when mixed
with other carbonaceous compounds. The volumetric fraction of
different phases observed in the inclusions at 20°C (aqueous liq
aqueous vapors, or volatile-rich phase) were estimated by refer
to the volumetric chart of Roedder (1984).

Molar fractions of CO2, CH4, H2S, and N2 were determined in in-
dividual fluid inclusions by micro-Raman analysis, performed on
DILOR X-Y multichannel modular Raman spectrometer at CREG
Nancy, France. Bulk composition and molar volume were then c
puted from PVTX properties of individual inclusions in the C-O-H
system (Dubessy et al., 1989; Thiery et al., 1994; Bakker et al., 19
The P-T properties of aquo-carbonic inclusions are modeled for
system H2O-CO2-CH4 using the V-X data and the equation of Kerric
and Jacobs (1981) and Jacobs and Kerrick (1981), and for the 2O-
NaCl system data from Zhang and Frantz (1987).

RESULTS

ODP1 Quartz Vein
(Sample 159-960A-60R-1, 17–21 cm; 442.1 mbsf)

Fifteen fluid inclusions have been studied in the largest quartz
crystals. They are all two-phase (liquid and vapor) primary inclusions
and are, therefore, contemporaneous with the vein filling. There is no
evidence of decrepitation resulting from an internal increase in over-
pressure in relation to an increase in temperature after their forma-
tion. The fluid studied in this sample is purely aqueous. No traces of
carbonaceous compounds such as CO2 or hydrocarbons have been
observed. The fluid salinity is similar to the seawater salinity (3.4 ±
0.2 wt% or 0.6 ± 0.06 M NaCl eq), as indicated by the melting tem-
perature of the ice (Tm = –2° ± 0.2°C). The homogeneity of the volu
mic ratios, (V /Vinclusion , (90%–95%) observed in the inclu
sions at 20°C and a total homogenization to the liquid phase ind
that the fluid was a single phase liquid during its trapping. The 
mogenization temperatures of the two fluid phases (Th = +160° ±
15°C) are therefore minimal temperatures for trapping this fluid.

ODP2 Quartz Vein
(Sample 159-960A-61R-1, 41–44 cm; 446.6 mbsf)

The second studied fluid inclusions (22) are primarily two-phase
inclusions, such as those of the ODP1 quartz sample, but their con-
tents are completely different. They all belong to the H2O-CH4-CO2

system, with a dark phase (the carbonaceous phase) surrounded by a
light one (liquid water) at room temperature. Two groups can be dis-
tinguished according to their microthermometric characteristics at
low temperature (Table 1; Fig. 2): the density of the carbonaceous
phase as indicated by its homogenization temperature either in the va-
por (Group a) or in the liquid (Group b) fields, and its composition as
indicated by the melting temperatures of the solid CO2 and of the
clathrate. It is not possible to know whether these two groups were
synchronous.

Only CO2 and CH4, with a low molar ratio CO2/CH4 (0.13–0.25)
were detected and analyzed by micro-Raman analyses on six sel
fluid inclusions. No hydrocarbons other than CH4 were observed. N2
is only present in the group a inclusions. The bulk composition
these inclusions was calculated using both the microthermom

liquid H2O
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and the Raman data (Table 1). The salinity of the aqueous phas
M–2.1 M NaCl) is one to three times higher than the seawater s
ity.

For the two groups, the homogenization of the inclusions oc
in the temperature range between 345° and 378°C and in the fie
the carbonaceous mixture. However, the homogeneous fluid is 
por for group A and a liquid for group B. Because of the presenc
both vapor (group A) and liquid (group B) during trapping, and 
completely constant volumic ratios (V /Vinclusion = 10%–20%
for group A and 10% – 40% for group B), trapping of two-phase 
ids (boiling) is possible. If correct, the lowest measured homogen
tion temperature (345°C) is the trapping temperature of both flu

DISCUSSION

Origin of the Fluids

The fluids contemporaneous with the filling of the ODP2 vein 
a mixture of variable proportions of water saltier than seawater
carbonaceous compounds, CH4 and CO2. If these two carbonaceou
products come from organic matter present in the sediments o
ridge, they are indicators of a mature fluid.

In the ODP1 quartz vein, the fluid is purely aqueous and sim
to seawater. The lack of carbonaceous compounds involves the 
lack of organic matter in the surrounding sediments and a com
impermeability of the rocks between ODP1 and ODP2. In the dyn
ic context of a transform fault, the absence of fracture and of fluid
culation between two levels, separated by only 4.5 m, is difficu
imagine.

Meanwhile, maturation and fluid trapping could occur at disti
places and times and/or under different temperatures. It is thus e
given our current state of knowledge, to imagine maturation of org
matter at depth and the upwards circulation of the carbonaceous
pounds in relation to the formation of a dense fracture network.
difference in the composition of the fluids related to ODP1 and O
quartz crystallization suggests that the filling of these two veins is
synchronous, which was previously deduced from the quartz tex
and corresponds to two fluid circulation stages.

T-P Characteristics of the Fluids

If we suppose that the filling depth of the ODP1 quartz vein w
similar to the sampling depth in the drill hole (seawater: 2000 m 
water thickness and sediments: 440 mbsf, with an average dens
1.7), the fluid temperature can be calculated according to the pre
regime (Fig. 3). This results in calculated temperatures of 175°C
der a lithostatic pressure regime (Pfluid = PSolid = 27.4 MPa) and 172°C
under a hydrostatic one (Pfluid = PWater = 24.4 MPa). However, sedi
mentological and structural reconstructions (Basile et al., 1993; S
board Scientific Party, 1996; Benkhelil et al., Chap. 10, this volu
strongly suggest a rather early filling of these veins, and a thi
cover of sediments under a shorter water column. The previously
culated temperatures are therefore maximal temperatures. W
thus infer a probable temperature of the fluid to be between 160° and
175°C at the time and place of the ODP1 quartz crystallization. 
crystallization also occurred under low pressure, between 10 (no
id boiling) and 24.4 MPa.

Whatever the fluid pressure regime, a minimal temperatur
160°C at 442 mbsf (ODP1) corresponds to a minimal thermal g
ent of 350°C/km. This gradient will be higher with the probable lo
er water and sediment thickness. Such a gradient cannot be exp
by a single burial. If we consider a thermal equilibrium between
fluids and the percolated rocks, such a gradient involves a the
anomaly during the formation of this quartz vein. If there is no e
librium, the trapped fluids correspond to hydrothermal hot fluid 

liquid H2O
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Table 1. ODP2 quartz. Microthermometric characteristics and composition (molal fraction) of the only six fluid inclusions (FI) analyzed using micro-
Raman spectrometry. 

Notes: All temperatures in degrees Celsius. TmCO2 = melting temperature of solid CO2; ThC = homogenization temperature of the carbonaceous phases in the vapor (V) or in the liq-
uid (L) fields; TmCl = melting temperature of the clathrate; Th = homogenization temperature of the inclusion in the carbonaceous mixture (c); — = not determined. The erro
range is ±0.01M for the Z values and ±0.1M for the X values.

Number

Microthermometry data Raman data Bulk composition

TmCO2 ThC TmCl Th ZCO2 ZCH4 ZN2 XH2O XCO2 XCH4 XN2 XNaCl

2 –68.4 –50.9 V 15.4 365 c 18.0 79.4 2.6 58.8 7.7 31.7  1.0 0.8
3 –68.6 –50.3 V 15.4 370 c 15.0 84.1 0.8 57.7 6.5 34.5  0.4 1.0

14 –71.7 –68.0 L 17.0 378 c 9.8 90.2 0.0 78.4 2.2 17.3  0.0 2.1
16 –71.6 –66.0 L 18.2 350 c 14.0 86.0 0.0 28.5 10.0 60.7  0.0 0.8
23 –71.3 –62.9 L 17.9 — 19.3 80.7 0.0 58.5 8.0 31.8  0.0 1.7
13 –71.9 –69.1 L 17.1 375c 11.8 88.2 0.0 49.7 6.2 44.2 0.0 1.4
ThC (°C)
-71

-69

-67

-65

-63

-61

-59

-57

-55

-53

-51

-49

-74 -73 -72 -71 -70 -69 -68

Tm CO2 (°C)
14 14,5 15 15,5 16 16,5 17 17,5 18

Tm Cl (°C)

A BGroup a Group a

Group b Group b
Figure 2. ODP2 microthermometric data in a 
homogenization temperature of the carbonaceous 
phases (Th C) vs. (A) melting temperature of the 
solid CO2 and vs. (B) the melting temperature of the 
clathrate (Tm Cl).
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culations in a colder fractured area, which is the proposed mecha-
nism.

We cannot determine the trapping temperatures of the fluids ob-
served in sample ODP2, 345°C (boiling) or >345°C (no boiling). T
calculated isochores (Fig. 3) indicate fluids under low pressure, pr
ably less than 10 MPa for group A inclusions. Three P-T conditio
can explain such a low pressure for the ODP2 quartz crystallizati

1. Between the ODP1 and ODP2 quartz crystallization, the se
ments were partly eroded and/or the seawater height 
creased. A probable emersion occurred during terminal Alb
and early Cenomanian times (Mascle, Lohmann, Clift, et a
1996).

2. The seawater and sediment thickness are similar for both OD
and ODP2 quartz crystallization. Thus, the ODP2 fluid w
much hotter than the ODP1 fluid, over 300°C.

3. The pressure regime is hydrostatic, but the fluid column is 
homogeneous and consists of both liquid (water) and va
(carbonaceous compounds) phases. In such a case, the 
pressure is less than the hydrostatic one.

Combinations of these conditions are, of course, possible.

Heat Source for the Fluid Circulation: Role of the 
Transform Fault and/or of the Mid-Ocean Ridge

If the burial of the sediments cannot be the heat source of the
ids, what is the role of the two other invoked heat sources: frict
along the transform fault and the contribution of the oceanic lith
sphere (oceanic crust and/or the passage of the mid-oceanic ridg

The first heat source is the creation of an oceanic crust, sout
the transform fault. The heat maximum will correspond to the p
sage of the mid-oceanic ridge to the south of the Leg 159 a
(Mascle and Blarez, 1987; Basile et al., 1993). Different parame
will control the efficiency of such a heat source: distance to t
e
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source (around 10–15 km), thermal conductivity of the materia
depth of the sediments, and heat exchange with seawater. Howe
whatever the contribution of the mid-oceanic ridge, it cannot be 
heat source for the fluids, because the ODP1 and ODP2 vein fill
occurs before the ridge passed to the south of the sampled 
(Basile et al., 1993; Shipboard Scientific Party, 1996; Benkhelil et a
Chap. 10, this volume). On the other hand, the early existence of a
oceanic lithosphere to the south of the marginal ridge can contrib
to the thermal anomaly.

The second possible heat source is the friction along the transf
fault. Few detailed studies have focused on this type of source. 
Engel et al. (1986), transform faults have friction too weak to cre
a high thermal flow. Other studies demonstrated relationships 
tween friction and creation of heat along the San Andreas fa
(Lachenbruch and Sass, 1992). However, the in situ measuremen
heat in the Cajon Pass drill hole indicate that the heat flow result
from friction is less than the calculated flow. The heat contributio
seems, therefore, strictly limited to the friction zone. However, ev
if this mechanism cannot create an important thermal anomaly in
surrounding rocks at significant distances, it can be sufficient to h
the fluids that circulate in the active transform fault.

Finally, as for many hydrothermal fluid circulations, we can als
assume the presence of an underlying thermal flow, linked, for exa
ple, to the thinning of the continental crust (Mascle et al., 1995).

Bouillin et al. (in press), thanks to fission track studies on apati
and zircons, demonstrated that sandstones, sampled at the surfa
the southern slope of the ridge during the Equanaute mission in 19
were heated to between 120° and 390°C. Fluid inclusions of 
ODP1 sample present no evidence of decrepitation (internal ov
pressure resulting from an increase of the temperature after their
mation). Because fluid inclusions in quartz cannot support an ov
pressure (Pd) greater than 85 ± 5 MPa (Leroy, 1979), the fluid inclu-
sions here (109.4 MPa [Pd + PF]) from the studied samples were no
heated at a temperature greater than 245° ± 4°C after vein formation
(Fig. 3). Even if the samples are not the same, it is possible to res
51
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the temperature interval of heating given by Bouillin et al. (in press)
to 120°–245°C instead of 120°–390°C. This temperature (>245
also confirms the maturation of organic matter at depth (and not a
sample level) and the upward circulation of the carbonaceous c
pounds in relation to the formation of a dense fracture network.

CONCLUSION

The study of the fluid inclusions present in the quartz veins fr
the bottom of the Hole 960A indicates the following:

1. Hydrothermal circulations were linked to fracture permeabil
in the marginal ridge of the Ivory Coast-Ghana Transform Margin

2. The fluids are aqueous and similar to seawater (ODP1). 
presence of carbonaceous compounds (CH4 and CO2) in the later
ODP2 quartz, probably because of the maturation of organic ma
in depth, implies changes in the geometry and in the compositio
the fluid circulation with time. The two veins cannot be synchrono

3. The temperature of the ODP1 fluids, at the time and place
their trapping, ranged from 160° to 175°C. This does not predict
maximum temperature reached by these fluids at depth.

4. The corresponding pressure was low, and ranged from 10 t
MPa.

5. The sediments from Hole 960A were not heated at a temp
ture over 245°C after the quartz vein filling.

Figure 3. P-T diagram for the ODP1 and ODP2 fluids. PF = fluid pressure;
PW = hydrostatic pressure; PS = lithostatic pressure; PDq = quartz decrepita-
tion pressure; Th = homogenization temperature; a = Group a; b = Group
52
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6. The passage of the mid-oceanic ridge to the south of the
159 area cannot be considered the heat source of these circula
because it postdated the quartz fillings.

7. The friction along the transform fault is a potential heat sou
for the fluids that circulate there. Continental crust thinning and c
ation of a hot oceanic crust towards the south can induce a hi
thermal flow. They can also contribute to the heating of the fluids 
culating at depth.
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