
Clays and Clay Minerals, Vol. 49, No. 6, 540-558, 2001. 

A DEEP-WATER GLAUCONITIZATION PROCESS ON THE IVORY 
COAST-GHANA MARGINAL RIDGE (ODP SITE 959): DETERMINATION 

OF Fe3+ -RICH MONTMORILLONITE IN GREEN GRAINS 

A Wmwr6RA1, P. GrREssE2 , S. PETIT3 AND A. WrLAMOWSKI1 

1 Institute of Geological Sciences, Polish Academy of Sciences, uL Twarda 51/55, 00-818 Warszawa, Poland 
2 Laboratoire de Sedimentologie Marine, Universite de Perpignan, Avenue de Villeneuve, 66860, Perpignan Cedex, France 

3 UMR 6532 CNRS HydrASA, Universite de Poitiers, 40, Avenue du Recteur Pineau, 86022 Poitiers Cedex, France 

Abstract-The mineral and chemical composition of green glauconitic grains from ODP Site 959 (2100 m 
water depth) located on the northern flank of the Ivory Coast-Ghana Marginal Ridge was studied. Re
current winnowing of a 20 m thick Pleistocene succession resulted in a low accumulation rate and 
stratigraphic hiatuses. The green clay material typically occurs as fillings in the chambers of pelagic 
foraminifers. The amount of green clay present in sediments older than 1 Ma is small, and greater in 
younger materiaL Mud composed of smectite, kaolinite, traces of mica, calcite and quartz was the pre
cursor material that filled the chambers of the foraminifers. Processes at the water-sediment interface 
slowly modified this composition. Kaolinite was dissolved; smectite lost AI but gained Fe, K and layer 
charge. In that matrix, the nanocrystals of neoformed smectite are observed. The infrared (IR) spectra 
showed OR-stretching and bending vibrations due to groups incorporating Fe3 +. The spectra are in agree
ment with the crystallochemical formulae of Fe3+-rich montmorillonite as determined by point-by-point 
analyses on the neoformed crystallites and on the surrounding matrix. The layer charge in this Fe3+ -rich 
montmorillonite is almost wholly octahedral as shown in crystallochemical formulae and documented 
independently by a new IR method. The tetrahedral charge appeared when the Fe content increased by 
> 1.2 Fe per formula unit. With the maturation process, the increased role of the closed layers is observed, 
with the color of grains becoming greener. We have documented for the first time glauconitization pro
ceeding at a depth of 2100 m at a temperature near 3°C. The most important factors of the process are: 
accumulation of terrigenous clayey material in the foraminiferal chambers, Fe supply from a nearby 
continent, and a lengthy residence at the water-sediment interface in the zone of the winnowing and low 
sediment accumulation rate. 

Key Words-Eastern Atlantic, Fe3+ -rich Montmorillonite, Foraminifer Fillings, Glauconitization, Green 
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INTRODUCTION 

Continuing previous work on diagenetic processes 
in sediments of Leg 159, Site 959 of the Atlantic 
Ocean Drilling Project (ODP) (Giresse and Wiewi6ra, 
1999), this paper presents an investigation of Pleisto
cene green grains collected from the same sediment. 
The site is located on the northern flank of the Ivory 
Coast-Ghana Marginal Ridge, an inactive continent
ocean transform fault at a water depth of 2100 m. The 
green clay material fills the chambers of pelagic for
aminifers. The term 'green' is used sensu lato. In re
ality, the fillings may be white, pale green, medium 
green, or dark green. They have accumulated mostly 
in the sandy fractions of the sediment, especially those 
related to strong winnowing actions of the water cur
rents. 

Mineralogical studies of formation of sedimentary 
glauconite indicated that green grains are formed ini
tially from this same multi-mineralic material as the 
matrix in which they are found (Velde, 1985). Many 
types of substrate serve as templates for glaucony 
growth, but fecal pellets, carbonate tests, foraminifera 
and other microfossil fillings are the most common 
(Hillier, 1995). The initial substrates described here are 

distinct from the clay fecal pellets studied previously 
on various continental shelves of the Gulf of Guinea 
(Wiewi6ra et al., 1996, 1999). The grains of site 959 
are linked to an initial clay assemblage of the mud 
matrix with <50% kaolinite, whereas the glauconiti
zed fecal pellets were originally 80-90% kaolinite in 
the shelves. 

Temperatures reported for glauconitization from 
low-latitude sea bottoms of the continental shelf are 
generally about or slightly below l5°C (Odin and Ful
lagar, 1988). Except for active margins where rapid 
subsidence could explain occurrences of green grains 
at depths in excess of 1000 m (Odin and Stephan, 
1981), glauconitization occurs mostly between the 
outer shelf (below 60 m) and the upper slope (above 
500 m), the optimum depth being ~200 m. The most 
novel feature of this occurrence of green grains at site 
959 seems to be related to the low water temperature 
(3°C) and the water depth (2100 m) at the bottom of 
the site. 

It is generally agreed that the degree to which the 
green grains have become mineralogical glauconite (a 
10 A mineral) on the continental shelves is an indi
cator of the length of the depositional hiatus that pro-
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Figure 1. Site location on Ivory Coast-Ghana Marginal Ridge. 

moted its formation (Odin and Matter, 1981). Where 
water is deeper, energy would be lower and burial pro
cess more continuous and effective, thus inhibiting 
glauconitization. But deep current activity can cause 
winnowing of fine particles, and such reworking al
lows exposure of green grains at the sea-floor for pe
riods sufficient to cause ionic exchange at the sedi
ment-water interface. 

The aim of this study is to follow the general evo
lution or maturity indicated by the color of the grains. 
A specific methodological approach was used that per
mitted us to study the mineralogy and chemistry of the 
fine-scale mineral phases and to avoid the global as
pect of the analytical methods generally used in the 
previous studies. With a quantity of grains sufficient 
for analysis, the composition was determined succes
sively by transmission light microscopy (TLM), X-ray 
diffraction (XRD) and by infrared (IR) spectroscopy 
(multigrain or single-grain scales), and by energy dis
persive spectrometry (EDS) associated with a scan
ning electron microscope (SEM) (nano-structure 
scale). The IR determination of the octahedral sheet 
charge in the smectites helped to establish the signif
icance of the high Fe content of the grains. 

GEOLOGICAL SETTING 

Hole 959 was drilled on a small plateau that extends 
to the north of the Ivory Coast-Ghana Marginal Ridge 

z· 

Ghana 

Ghanaian shelf 

Gulf of Guinea 

Abyssal Plain 

0 100 km 

(Figure 1). This margin segment is a passive transform 
margin, not experiencing any volcanic activity. Based 
on this topographic location, one would expect that the 
mass gravitational flow from the Ghanaian slope did 
not reach Site 959, but was transported into the Deep 
Ivorian Basin. The deposits consist of interbedded 
varicolored sediments (verdant green, olive brown to 
olive, greyish green), which generally lack sedimen
tary structure except for some scour contacts and bio
turbation. Stratigraphic control was obtained from the 
oxygen isotope records, which were established on 
tests of the epibenthic taxon Cibicides wuellerstorfi 
(Giresse et al., 1998; Wagner, 1998). This record spans 
the last 25 oxygen isotope stages and indicates a low 
accumulation rate of 1-2 cmlka, which is three to four 
times lower than that recorded at nearly the same 
depth on the Gabonese slope (Bonifay and Giresse, 
1992). Two stratigraphic intervals are missing (Figure 
2): one at ~80 ka near 1.5 m below sea floor (mbsf) 
and another major one (520 ka) at~ 11.9 mbsf. In each 
case, these gaps were preceded by a decreasing accu
mulation rate: 0.13 cmlka at 1.5 mbsf and 0.61 cmlka 
at 11.9 mbsf. These slow rates and stratigraphic hia
tuses are the results of a low rate of sediment supply 
or pronounced bottom-current activity or a combina
tion of the two. At 2100 m water depth, interference 
circulations between south-flowing North Atlantic 
Deep Water and north-flowing South Atlantic Inter-
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Figure 2. Down-hole profiles of green-grain contents among sand-fraction and oxygen isotope stages. 

mediate Water is probably enhanced. With regard to 
the very steep topography along the Ridge, bottom
water velocities are especially strengthened. Accord
ing to changes in the intensity of winnowing in re
sponse to variations in bottom-current velocities, a 
greater sand content, corresponding to larger amounts 
of green grains, indicates stronger bottom-water tur
bulence (Giressc et al., 1998) as was described in Ho
locene upper slope sediments from Peru (Suits and Ar
thur, 2000). 

The lithology comprises nanofossil oozes and for
aminifer oozes as end-member types of sediment, with 
various admixtures of the two forming interbeds. In
creased abundance of foraminifers gives the sediment 

a lighter color whereas darker layers merely have few
er foraminifers and are coccolith-enriched. Boundaries 
between lighter and darker intervals are gradational, 
usually due to bioturbation. The 11.9 mbsf scoured 
contact is characterized by an increased concentration 
of foraminifers above it. 

PROCESS OF ACCUMULATION OF THE 
GREEN GRAINS 

Some disseminated foraminifer tests are stained 
slightly green and dark green grains are rare. Green 
matter commonly fills the chambers of the pelagic for
aminifers (mostly globigerine and orbuline-Figure 3) 
and rarely the radiole of echinids or holothurians. 
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Figure 3. Morphological forms of the foraminifer fillings representing different maturation stages. a, b, c--early stages. 
(a) white Orbulina chamber filling; (b) light green Globorotalia chambers filling; (c) light green Globigerinoides filling 
showing white clay filling spines within the pores of the wall substrate. d, e-advanced stages. (d) dark green cracked 
grains ; (e) darker and more cracked grain. 

https://doi.org/10.1346/CCMN.2001.0490606 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.2001.0490606


544 Wiewi6ra, Giresse, Petit and Wilamowski Clays and Clay Minerals 

There is no evidence of any littoral activity in this 
material and it cannot be intetpreted as having been 
transported from the top to the bottom of the slope or 
as being perigenic (Lewis, 1964). Ellipsoidal green fe
cal pellets are rare. A few pyroclastic ejecta and their 
diagenetic products are disseminated in some layers 
and their Cameroon Volcanic Ridge source was proven 
in a previous study (Giresse and Wiewi6ra, 1999). 

After removal of carbonate, the residual sand frac
tion consists largely of the green fillings with a small 
proportion of pyritic framboids. Microfacies exami
nation indicates that foraminifer fillings were partly 
coated by pyritic framboids (seen using TLM) as a 
result of late diagenetic overgrowths in reducing mi
cro-environments. When the calcitic shells are de
stroyed, the framboids are released, and the green ma
rine clays are then formed in a comparatively more 
oxidizing environment. This residual fraction was 
weighted and related to the bulk sand fraction (Fig
ure 2). Its abundance does not appear constant with 
time and averages > 10 wt.% especially in the lower 
section above 11 mbsf. The highest concentrations 
(20-45 wt.%) are observed around the 11-12 mbsf 
hiatus. The successive maxima of green-grain concen
trations are not clearly linked to glacial-interglacial cy
cles. These concentrations and especially this 11-12 
mbsf accumulation correspond to periods of slowing 
down of the erosional process after a long period of 
maximum bottom-water activity (Giresse et al., 1998). 
Where the content of greenish grains is low, the fill
ings are generally white to pale green, whereas higher 
contents tend to be medium green to dark green and 
more or less split by fissures. The presence of different 
maturation stages in the same sample horizon provides 
evidence that the duration of evolution of the grains 
are less or more important before burial. As long as 
cationic exchange with the seawater reservoir is ac
tive, the proportion of highly evolved grains increases. 
It was concluded that a low supply of sediment and 
winnowing prevented rapid burial and allowed glau
conitization at the sediment-water interface. 

MATERIALS AND METHODS 

Samples ~ 10 cm3 in size were taken every 5 em 
(2.5-5 em and 7.5-10 em intervals) throughout the 
upper 20 m of Hole 959. After wet sieving through a 
50 1-1m mesh, green fillings of foraminifers were read
ily distinguishable in the sand size-fraction with the 
binocular microscope. Part of this sand fraction was 
treated with 0.1 N HCl to remove the carbonate and 
to determine the percentage of the insoluble sand frac
tion, which consisted largely of green clay fillings (Gi
resse et al., 1998). Further analyses were performed 
on another aliquot of the sand fraction using 1 N acetic 
acid so as to preserve the original chemical composi
tion of the green pigment. After reaction, the acid so-

lution was rapidly removed and the grains were 
washed with distilled water before drying. 

The amount of green grains in the sandy fraction 
varies considerably, therefore the mineralogical and 
crystallochemical parts of the study were concentrated 
on levels of the core depths where green grains are 
most abundant (Figure 2). Starting from the water-sed
iment interface, the studied samples were taken at 
depths of 0.44, 9.44, 9.54, 10.24, 10.64-10.84, 11.74 
and 14.14-14.34 mbsf. The first three samples were 
separated into four fractions according to color. Dark 
green:white grain ratios were determined for grains 
from the other four samples. These are 0.75 for 10.24 
mbsf, 1.75 for 10.64-10.84 mbsf, 3.5 for 11.74 mbsf 
and <0.5 for 14.14-14.34 mbsf. 

SEMIEDS 

About 80 hand-picked grains were analyzed using 
an energy dispersive spectrometer coupled with an Hi
tachi scanning electron microscope. Bulk chemical 
data were obtained over areas of 50 X 50 1-1m. These 
analyses give a statistical approximation of the chem
ical composition of the variously colored grain popu
lations. The compositions of the individual phases 
were obtained by spot analyses of the central parts of 
micro-aggregates of 2-6 1-1m diameter using a beam 
diameter of 1 j.Lm. Analytical data were calculated on 
a H20-free basis. 

XRD 

A focusing transrrusswn diffractometer equipped 
with a Co tube was used to study white, pale green, 
medium green, and dark green grains. Very small sam
ples ( ~ 1 mm3) were studied using the Debye-Scherrer 
type of arrangement of the sample and a curved po
sition sensitive detector PSD 120°20. The samples 
were analyzed in a capillary tube 0.3 mm in diameter. 
Changes in the d-value of smectite were observed be
fore and after ethylene-glycol treatment. The Philips 
standard reflection diffractometer was used with a ver
tical goniometer equipped with a Cu tube and the scin
tillation counter for larger samples, such as assem
blages of grains with a known dark to white ratio. The 
focusing reflection diffractometer with Co tube and 
scintillation counter was used for recording diffraction 
patterns of oriented aggregates of the clay fractions 
from the sediment muddy matrix. Diffractinel and Dif
frac software were used for collection and evaluation 
of the diffraction patterns. 

IR 

A Nicolet 510 FTIR spectrometer was used to re
cord FTIR spectra at 4 cm- 1 resolution in the 4000-
400 cm- 1 range. The spectrometer was purged contin
uously with dry air during scanning of the transmis
sion spectra of KBr pellets. The pellets of 13 mm di
ameter were prepared by mixing 2 mg samples with 
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150 mg KBr, to obtain well defined spectra, but with 
an absorbance <2. The pellets were heated at l10°C 
overnight to remove the adsorbed water. Integrated in
tensity measurements of the absorption bands were 
performed using the OMNIC software from Nicolet 
Instruments. The octahedral sheet charge of the smec
tites was determined by the method described by Petit 
et al. (1998). This method assumes that the total 
charge of smectites, as measured by CEC, is composed 
of the layer charge plus a variable charge due to in
clusion of the crystal edge sites in the total charge. 
The layer charge has two components, the octahedral 
charge and the tetrahedral charge, both caused by het
erovalent substitutions. The method is based on the 
integrated intensity measurement of the v4 NH4 band 
of NH4 +-exchanged smectites. The octahedral charge 
expressed in percent of the total charge, is determined 
by measuring the integrated intensity of the v4NH4 

band before and after Li fixation (Petit et al., 1998). 
The spectra were normalized using the Si-0 band near 
1030 cm- 1 as an internal reference band. Four samples 
characterized by different ratios of the dark green to 
white grains were ion exchanged by replacing the ex
changeable cations with NH4 +. Li + was then intro
duced into interlayer positions of smectite and subse
quently to the vacant octahedral sites by heating over
night at 300°C (Hofmann and Klemen, 1950). There
maining layer charge was balanced by introducting 
NH4 + into interlayer space by the same procedure as 
previously. 

RESULTS 

TLM and SEM external morphology observations of 
the green grains 

All available evidence indicates that the green fill
ings in the pelagic foraminifers are of deep-water or
igin. Some layers, < 1 mm thick, contain several for
aminifers filled with light green matter. Some other 
layers contain foraminifers filled with darker green 
matter. Various fillings were partly coated by a crown 
of pyrite framboids of late diagenetic origin. The TLM 
observation reveals that the green clay filled the cham
bers before the pyrite crystals formed. Green clay fills 
the well preserved pores of echinid radiole of echinids 
and of walls of Globigerinoides. Green clay also re
places the calcite walls of some foraminifers. 

The SEM photomicrographs illustrate the relation
ship between the pelagic foraminifers and the shape 
of their clayey fillings. The lighter green grains (Figure 
3a-c) preserve their morphology as casts of the fora
minifer interiors, whereas the darker grains (Figure 
3d, e) do not. The latter grains are very difficult to 
crush and exhibit deep cracks at their surfaces similar 
to those of highly evolved glauconitic grains (Odin 
and Matter, 1981; Giresse, 1985; Giresse et al., 1988). 

Mineral composition of the grains determined by 
XRD 

A sufficient quantity of green grains for analysis by 
XRD was obtained from sediments most enriched in 
green grains. The XRD patterns (Figures 4-6) show a 
smectite phase that predominates over other phases. 
Smectite, calcite, quartz and the traces of kaolinite 
(Figure 4) were found in white and pale green grains 
from sediments at 0.44 mbsf. Little or no calcite but 
similar contents of quartz and kaolinite were found in 
white and pale green grains belonging to the deeply 
buried sediments. No calcite or kaolinite and only trac
es of quartz were observed in medium green and dark 
green grains (Figure 5). 

As the primary material inside shells of foraminifers 
was derived from the surrounding mud, this sediment 
was separated into coarse (10-50 j..lm) and fine frac
tions. The coarse fraction consists of calcite (shells of 
foraminifers), quartz and a significant amount of pyrite 
(Figure 6). The clay fraction contains mainly smectite 
and kaolinite and minor amounts of calcite, illite and 
quartz (Figure 7). 

The quantitative separation of variously colored 
clays from foraminifers was too labor-intensive to be 
performed for every sample. Therefore, we have used 
grain assemblages with a known ratio of the dark 
green to white grains for the experiments with the 
large quantities of material. In addition to smectites, 
the sample which consists mainly of white grains (ra
tio dark green/white = 0.75), contains calcite, quartz 
and kaolinite (Figure Sa), whereas the sample richer 
in dark green grains (ratio dark green/white = 3.5) 
contains very little quartz, only traces of kaolinite, and 
no calcite (Figure 8b). 

The d(OOl)-value of non-glycolated smectite de
creases with increase of the green color. It shows an 
interlayer spacing, d(OOl), characteristic of smectite, 
of 15.2 A in the white grains (Figure 5d). The greener 
the color, the lower the d(OOl)-value (Figure 5a, b). 
Ca2+ saturation of the medium green and dark green 
samples from 9.54 mbsf did not change the interlayer 
spacings of the smectite layers in the dark green 
grains, and modified them only slightly in the medium 
green grains (13.6-13.3 A). All grains swell upon gly
colation, with a d(OOl)-value of 17.1 A (Figure 9), but 
the other OOl orders do not correspond to the integral 
orders of this spacing (Figure 9 a-c). The series is 
irregular and is characteristic of a mixed-layer smec
tite-glauconite ratio of 80/20 with R = 1, as shown by 
NEWMOD simulation (Figure 9d). The observed 
d(060)-value of the smectite phase equals 1.512 A in 
all the diffraction patterns. It indicates 1.2 atoms of 
FeH in the formula unit of smectite as determined 
from the figure in Wiewi6ra et al. (1996). The value 
of 1.512 A is characteristic of glauconite (Wiewi6ra et 
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Figure 4. XRD patterns of white (a) and light green (b) grains from sediments 0.44 mbsf. The patterns were recorded using 
a focusing transmission diffractometer equipped with Co tube and position sensitive detector (PSD 120°28). K-kaolinite, 
Q--quartz, C-calcite, unlabeled peaks-smectite. 
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Figure 5. XRD patterns of the dark green (a), medium green (b), light green (c), and white (d) grains from sediment 
9.54 mbsf. K-kaolinite, Q-quartz, unlabeled peaks-smectite. Recording conditions as in Fig. 4. 
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Figure 6. XRD pattern of the coarse fraction (10-50 1-1m) of the sediment from 9.54 m below the water-sediment interface. 
Recording conditions as in Fig. 4. Q-quartz, C-calcite, P-pyrite. 
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Figure 7. XRD patterns of the raw (a) and glycolated oriented aggregates (b) of the clay fraction from 9.54 mbsf. The 
diffractometer CGR (Compagnie Generate de Radiologie) and scintillation counter on standard, goniometer C were used. S
smectite, Il-illite, K-kaolinite, Q---quartz, C--calcite. 
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Figure 8. XRD patterns of samples with the different ratio of dark green to white grains: (a) sample from 10.24 mbsf, ratio 
equals 0.75; (b) sample from 11.74 mbsf, ratio equals 3.5. Diffraction patterns were recorded using CoKa filtered radiation 
on a standard reflection Philips diffractometer. 
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Figure 9. XRD patterns of the glycol-saturated, white (a), medium green (b), and dark green (c) grains from 9.54 mbsf. The 
patterns were recorded using CoKa radiation and PSD 120°26 and compared with the calculated basal diffractions (d) using 
NEWMOD for interstratified 80-20 smectite-glauconite. 
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Figure 10. Scanning electron micrographs of the nano-struc
tures and surrounding matrix inside the fillings of the fora
minifers. Early stages: (a) neoformed boxwork-like nano
structures; (b) flame-like nanostructure overlapping previous 
nanostructures. Advanced stage: (c) high density of flame-like 
nanostructures. 

al., 1979; Moore and Reynolds, 1989), as well as of 
a mixed-layer smectite-glauconite. 

Morphology and chemistry of the microcrystals and 
of the matrix within grains 

The grains from levels 9.54 mbsf and 11.74 mbsf 
were studied by SEM!EDS. Taking into account a high 
porosity, and probably a low packing density, it was 
easier to find neoformed nano-structures in the white 
grains than in the green grains. The nano-structures in 
small cavities seem to characterize white grains. Ob
servations made on the grains from 9.54 mbsf are de
scribed below. 

Light green grains. A first generation of neoformed 
nano-structures was found in the shape of more or less 
boxwork-like aggregates of flakes. The flakes (Fig
ure lOa) are relatively uncommon and are-11-1m long 
and 0.1-0.2 J.Lm thick. The surface area of the aggre
gates is up to -10 1-1m2, larger ones (up to 50 J.Lm2

) 

being rare. A later generation of flame-like nano-struc
tures may overlap the previous ones in some samples 
(Figure lOb). Micrographs show flakes that are longer 
( -2 J.Lm) and much wider ( -2 1-1m) than the first ones. 
These second generation aggregates were found main
ly in the white or pale green grains with characteristic 
large surface areas ( -250 1-1m2). 

Medium green, dark green grains. The medium green 
grains show the same flame-like nano-structures with 
pronounced larger surfaces (15 X 45 J.Lm), but they 
lack crystal-lined cavities. In the dark green grains, the 
same nano-structures were recognized. They form 
rather dense aggregates of well developed flakes (Fig
ure 1 Oc ), and the aggregates have rather large surface 
areas (80 X 100 J.Lm). Initially, analyses were obtained 
of large areas of white, pale green, medium green and 
dark green fillings of shells of foraminifers, including 
the clayey matrix (Table 1). The most important chem
ical elements shown by EDS analysis are Si, Fe, Mg, 
K and AI with some minor admixtures of Ti, Ca and 
Na. The white and pale green grains are rather poor 
inK (mean values are 2.05 wt.% and 2.67 wt.% K20, 
respectively), show irregular Fe contents and relatively 
high contents of AI (7.67-7.32 wt.% Al20 3). Higher K 
and Fe contents are related to medium green fillings. 
In the dark green fillings the K and Fe contents are 
highest (3.84 wt.% K20 and 32.34 wt.% Fe20 3) and 
the Al content is low (6.32 wt.% Al20 3). 

Although an effort was made to perform EDS anal
yses on the morphological forms characteristic of the 
smectite minerals, the large areas analyzed do not 
guarantee a monomineralic composition of the studied 
objects. Contamination by kaolinite, the second-most 
important mineral of the fillings, is likely. Therefore 
these compositions cannot be taken as the formulae of 
the smectite neoformed within the grain. Point-by
point EDS analyses were used to obtain better crys
tallochemical formulae for the microcrystals of neo
formed smectite. By this method, the likelihood of 
contamination of these microcrystals is greatly re
duced. The analyses are given in Table 2, and their 
crystallochemical formulae in Table 3. The data in Ta
ble 2 are arranged in samples from levels 9.54 and 
11.74 mbsf. Also compared are the crystallochemical 
formulae of smectite in the nano-structures and in the 
matrix in the immediate vicinity of the nano-structures 
(Table 3). Formulae calculated for sample 9.54 mbsf 
from point-by-point analyses show little or no tetra
hedral substitution in the neoformed smectite in the 
white, pale green or medium green grains and only a 
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Table 1. Chemical data from large-area EDS analyses of white, light green, medium green and dark green grains. 

No. SiO, TiO? Al,O, Fe70, MgO CaO K,O 

White 1 51.44 0.70 7.75 34.74 1.06 2.37 1.94 
2 51.72 1.04 8.17 33.27 1.02 2.57 2.21 
3 47.65 0.30 5.26 40.19 1.04 2.66 2.89 
4 50.15 1.07 8.58 34.84 0.74 2.64 1.98 
5 48.13 0.49 6.23 39.06 0.92 2.47 2.69 
6 49.98 0.47 6.36 36.88 1.53 2.42 2.36 
7 43.32 0.70 6.64 43.26 0.88 2.97 2.23 
8 46.67 0.97 9.68 37.91 1.52 1.94 1.31 
9 44.82 0.00 4.23 44.64 0.95 2.60 2.76 

10 42.13 0.28 3.83 48.07 0.51 2.18 3.00 
11 45.49 0.86 3.39 44.12 0.94 2.03 3.17 
12 58.58 0.18 7.65 28.15 2.26 1.44 1.75 
13 62.76 0.00 7.72 22.36 3.49 1.10 2.57 
14 62.28 0.10 8.66 23.06 3.22 1.46 1.23 
15 64.19 0.22 8.42 20.10 3.97 1.04 2.06 
16 62.33 0.38 9.58 21.30 3.53 1.43 1.44 
17 63.88 0.13 6.89 22.57 3.42 1.34 1.76 
18 60.06 0.43 8.50 25.68 2.75 1.55 1.04 
19 37.09 0.55 6.26 50.11 2.79 1.28 1.92 
20 62.56 0.53 17.92 14.64 1.97 1.03 1.35 
21 50.54 0.49 7.63 36.03 2.64 1.02 1.65 

mean 52.98 0.47 7.67 32.98 1.99 1.87 2.05 
Light green 22 39.22 0.42 5.90 47.59 0.95 2.55 3.37 

23 43.05 0.00 4.19 45.71 0.93 2.68 3.43 
24 46.12 0.19 3.82 42.37 1.41 2.67 3.42 
25 45.66 0.22 4.09 43.38 1.03 2.98 2.66 
26 44.99 0.40 4.38 42.49 0.88 2.07 4.79 
27 47.99 0.00 5.25 38.54 1.33 2.51 4.38 
28 44.76 0.40 4.45 42.79 0.79 1.90 4.92 
29 43.32 0.70 6.64 43.26 0.88 2.97 2.23 
30 42.41 0.34 4.03 44.93 1.45 1.92 4.92 
31 41.87 0.00 4.81 45.83 0.68 1.86 4.96 
32 44.75 0.00 3.67 43.76 1.27 2.09 4.46 
33 42.96 0.33 3.50 45.12 0.86 1.86 5.37 
34 31.67 0.25 2.93 58.53 0.66 1.51 4.45 
35 46.35 0.79 6.04 40.24 1.25 2.52 2.81 
36 45.62 0.35 5.08 42.87 0.59 2.19 3.30 
37 42.06 0.00 4.51 47.27 0.47 3.04 2.66 
38 46.87 0.00 6.69 40.16 1.22 2.85 2.22 
39 63.82 0.71 8.35 20.06 4.22 1.13 1.71 
40 63.88 0.13 6.89 22.57 3.42 1.34 1.76 
41 60.06 0.43 8.50 25.68 2.75 1.55 1.04 
42 56.91 0.00 6.91 29.71 3.39 1.74 1.34 
43 62.94 0.12 7.55 22.54 3.79 1.70 1.36 
44 63.00 0.47 9.72 20.86 3.15 1.68 1.11 
45 62.37 1.18 23.46 8.93 1.56 1.50 1.01 
46 59.62 0.00 5.53 27.22 2.92 1.11 3.61 
47 63.41 0.00 8.98 22.75 2.75 0.38 1.73 
48 62.06 0.00 7.27 26.36 1.99 0.15 2.16 
49 63.18 0.00 8.05 23.67 2.53 0.00 2.56 
50 49.69 0.34 6.14 38.15 1.05 2.71 1.93 
51 63.06 0.35 12.48 18.09 3.74 1.03 1.25 
52 63.28 0.17 8.28 21.43 3.61 1.44 1.78 
53 70.58 0.21 12.30 12.79 2.42 0.70 0.99 
54 77.17 0.76 16.17 3.41 0.00 0.54 1.95 
55 28.81 0.00 5.82 60.17 3.54 0.79 0.87 

mean 52.82 0.28 7.32 33.29 1.90 1.72 2.67 
Medium green 56 49.89 0.35 5.03 37.71 1.29 2.30 3.44 

57 43.00 0.14 4.00 46.05 1.03 2.81 2.97 
58 46.75 0.36 5.30 41.46 1.20 2.40 2.53 
59 40.06 0.80 3.01 47.47 0.60 3.34 4.71 
60 43.78 0.38 4.43 44.31 1.36 2.28 3.47 
61 38.74 0.59 4.36 50.34 0.50 2.49 2.99 
62 44.76 0.40 4.45 42.79 0.79 1.90 4.92 
63 48.95 0.00 3.46 40.15 1.02 1.79 4.63 
64 44.77 0.15 3.59 43.80 0.85 1.77 5.06 
65 42.75 0.48 3.58 47.20 0.82 2.83 2.33 
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Table 1. Continued. 

No. Si07 Ti02 Al,O, Fe20, MgO CaO K,O 

66 48.49 0.00 5.42 38.90 2.78 2.69 1.71 
67 57.38 0.10 5.70 28.69 3.13 0.97 4.02 
68 62.42 0.20 7.89 23.05 3.54 1.34 1.57 
69 60.69 0.19 6.58 26.10 2.82 1.50 2.12 
70 60.57 0.00 7.92 24.01 3.13 0.68 3.69 
71 61.23 0.00 7.49 23.43 3.44 0.92 3.48 
72 57.91 0.00 7.45 25.98 3.35 1.09 4.22 
73 62.68 0.00 8.49 20.89 4.06 1.40 2.49 
74 62.42 0.20 7.89 23.05 3.54 1.34 1.57 
75 60.69 0.19 6.58 26.10 2.82 1.50 2.12 
76 59.44 0.10 7.22 25.17 3.55 2.28 2.24 
77 58.61 0.00 7.43 25.92 3.47 1.14 3.43 
78 63.71 0.42 7.97 20.56 3.94 1.10 2.29 
79 64.32 0.41 10.31 17.89 3.77 1.02 2.28 
80 39.82 0.00 8.08 47.81 2.61 0.71 0.97 

mean 53.33 0.21 6.22 33.10 2.43 1.72 2.99 
Dark green 81 49.54 0.55 6.57 36.02 1.68 2.49 3.15 

82 39.12 0.38 4.20 50.17 0.66 2.13 3.34 
83 43.26 0.00 2.98 45.32 0.91 1.43 6.10 
84 46.51 0.61 4.46 40.80 0.86 3.04 3.72 
85 39.83 0.00 3.40 47.80 1.01 2.74 5.22 
86 48.57 0.47 4.64 39.17 0.89 2.75 3.52 
87 45.23 0.00 4.04 43.06 0.91 2.31 4.44 
88 36.32 0.43 3.45 51.63 1.20 2.45 4.53 
89 46.48 0.58 4.62 38.92 1.73 2.06 5.61 
90 38.22 0.00 2.96 49.01 0.55 1.34 7.93 
91 39.09 0.00 3.76 47.95 0.64 2.09 6.46 
92 44.81 0.53 3.63 41.96 1.48 1.88 5.71 
93 64.30 0.21 9.64 19.31 3.39 1.10 2.05 
94 60.00 0.00 5.02 25.69 4.00 0.70 4.59 
95 58.51 0.00 7.80 26.42 3.37 1.41 2.49 
96 59.31 0.12 6.80 26.69 3.40 1.28 2.40 
97 62.24 0.00 6.51 23.03 3.83 1.00 3.39 
98 63.67 0.18 8.59 20.16 3.97 1.02 2.42 
99 65.67 0.00 10.01 16.18 5.40 0.80 1.95 

100 57.86 1.20 7.36 25.14 3.46 1.01 3.98 
101 62.61 0.27 8.10 21.26 4.25 0.91 2.59 
102 62.39 0.21 7.62 21.37 4.28 0.95 3.18 
103 61.33 0.29 9.19 22.11 3.70 1.10 2.29 
104 48.49 0.00 5.42 38.90 2.78 2.69 1.71 
105 57.38 0.10 5.70 28.69 3.13 0.97 4.02 
106 58.41 0.25 7.62 28.06 2.25 1.67 1.75 
107 48.01 0.22 6.03 38.83 1.74 1.73 3.43 
108 53.15 0.00 7.61 30.81 2.85 1.24 4.35 
109 57.28 0.00 8.70 25.77 2.72 1.06 4.48 
110 50.84 0.00 7.25 33.97 2.82 1.19 3.93 
111 59.46 0.00 7.65 24.13 3.11 0.73 4.91 
112 60.06 0.00 7.96 23.18 3.20 0.87 4.74 
mean 53.19 0.20 6.33 32.34 2.57 1.54 3.84 

Clayey matrix 113 65.47 1.04 20.15 10.12 0.89 0.84 1.50 
114 54.56 0.48 20.67 21.83 1.44 0.28 0.74 
115 62.44 0.77 11.17 21.06 2.47 1.12 0.96 
116 63.24 0.83 24.90 8.30 1.36 0.38 0.98 
117 60.26 1.30 17.61 16.45 1.74 1.32 1.31 
118 66.89 0.00 20.14 10.64 1.08 0.16 1.09 
119 51.67 1.16 19.26 10.61 2.13 12.23 1.62 
120 40.36 0.56 8.85 40.46 2.58 2.09 2.45 
121 46.69 0.00 17.73 10.12 1.81 21.08 1.63 
122 43.76 1.15 15.39 10.60 1.78 22.82 1.84 
123 43.30 0.60 16.49 8.47 2.34 24.90 1.37 
mean 54.92 0.72 17.64 15.12 1.76 7.58 1.39 
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Table 2. Chemical data from point analyses of smectite in white, medium and dark green grains. 

No. Si4 + Ti4 + AP+ FeH Mg2+ Cah K" 

I (level 9.54 m) 
White n 56.09 0.25 8.33 26.28 4.47 1.39 3.19 

2 54.24 0.00 7.55 28.91 3.89 1.46 3.95 
3 55.44 0.15 6.77 29.31 3.83 1.78 2.72 
4 53.32 0.00 7.07 33.90 2.21 0.20 3.30 

m 5 54.32 0.17 8.55 29.50 3.62 1.94 1.90 
6 49.74 0.19 7.35 35.75 2.47 1.87 2.64 
7 55.79 0.80 8.26 26.23 4.76 1.51 2.65 
8 54.12 0.13 7.35 29.87 4.21 2.24 2.08 
9 55.05 0.53 9.62 27.27 3.55 2.25 1.73 

Medium green n 10 53.83 0.23 7.45 27.60 4.76 1.26 4.87 
11 54.34 0.00 8.33 27.10 4.54 1.86 3.83 
12 49.62 0.00 7.12 32.83 3.79 1.48 5.15 
13 55.45 0.47 7.86 26.78 4.43 1.47 3.54 

m 14 53.01 0.32 8.99 28.59 4.13 1.45 3.51 
15 51.67 0.00 7.65 30.76 3.45 0.89 5.58 
16 52.42 0.00 7.26 30.02 3.80 1.21 5.29 

Dark green n 17 48.79 0.00 7.11 32.75 3.64 1.40 6.31 
18 47.96 0.11 5.40 35.93 3.38 1.24 5.97 
19 49.29 0.44 7.10 32.04 3.80 1.31 6.02 
20 50.32 0.00 7.39 30.56 3.40 0.94 7.38 

m 21 53.39 0.00 6.32 29.57 4.24 1.31 5.17 
22 50.39 0.13 6.54 33.93 3.73 1.66 3.62 

II (level (11.74m) 
White n 23 50.60 0.00 

24 51.59 0.00 
m 25 51.35 0.00 

26 50.01 0.00 
27 52.98 0.00 

Medium green n 28 43.84 0.00 
29 50.05 0.00 

m 30 50.46 0.00 
31 51.55 0.00 

Dark green n 32 48.91 0.00 
33 48.93 0.00 

m 34 49.38 0.00 
35 47.26 0.00 

n-nanocrysta1s, m-matrix. 

little more tetrahedral substitution in the smectite from 
the more mature dark green grains. Other features that 
illustrate the maturation process from white to dark 
green grains are: the systematic increase in the Fe and 
K contents and the increase in the smectite layer 
charge. The same pattern exists at level 11.74 mbsf 
although the Fe content is greater. It should be stressed 
that the formulae characteristic of the three maturation 
stages are all FeH -rich montmorillonite. Fe3+ is the 
major ion in the octahedral sheet. Most layer charge 
comes from this sheet, the tetrahedral charge being 
small or equal to zero. A tetrahedral charge, indicating 
initial glauconitization of Fe3+ -rich montmorillonite 
appears in the last stage of maturation. 

IR determination of the octahedral sheet charge in 
smectites 

X-ray diffraction analysis showed that the major 
component of the green grains (filling in foraminifer) 
is smectite. Chemical point EDS analyses proved a 

4.81 37.83 1.95 1.71 3.10 
5.56 35.39 2.55 1.50 3.40 
5.62 35.06 3.47 1.34 3.16 
5.46 37.91 2.20 1.60 2.82 
5.89 34.61 2.23 1.53 2.76 
4.55 42.87 1.87 1.74 5.13 
5.52 35.38 2.35 1.54 5.16 
7.48 33.25 3.06 1.60 4.15 
5.51 34.72 2.80 1.39 4.03 
4.39 36.80 3.17 1.09 5.63 
4.36 36.84 3.40 1.04 5.43 
3.98 36.86 3.08 1.14 5.56 
4.20 39.29 2.58 1.34 5.33 

high Fe content in the octahedral sheet and little or no 
charge in the tetrahedral sheet, in spite of the structural 
admixture of the closed 10 A layers (having fixed K) 
in the smectite structure. In the calculated structural 
formulae, all Fe is in the octahedral sheet, and the 
layer charge comes essentially from this sheet. Sub
sequently, FeH cations and charge were determined in 
the octahedral sheet using FTIR spectroscopy. 

In the OH-stretching region (Figure lla), samples 
1, 2 and 4 are very similar, with kaolinite features, as 
shown by the four bands at 3697, 3673, 3649 and 
3620 cm- 1, and a broad band due to smectite centered 
near 3563 cm- 1. Sample 3 shows less intense kaolinite 
features and the broad band due to smectite is shifted 
to 3555 cm-1. The position of the broad band clearly 
indicates that the Fe3+FeHOH groups are dominant in 
the octahedral sites of the smectite, and thus that the 
smectite is very rich in Fe (Farmer, 1974). A compo
nent caused by Fe3+MgOH groups, the frequency of 
which is reported to be close to 3560 cm- 1 (Madejova 
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Table 3. Crystallochemical formulae of FeH -montmorillonites in grains of various colors from averaged point analyses presented 
in Table 2. 

Maturation stage Nanocyrstals Matrix inside grains 
according to color neoformed around nanocrystals 

I (level 9.54 m) 
Initial (a) Si4.oz Si3.95 Alo.os 
(white grain) Alo.s' Fe'+t.o9 Mgo.31 Aloss Fe'+,l.o Mo.,, Tio.o2 

Ca,o6 K,l, m = 0.30 Cao.I ol<,.12 m = 0.32 

Middle (c) Si3.96 Al004 Si,.,, Alo.o' 
(medium green grain) Al0.55 FeH 1.o7 Mgo.3R Ti0.01 Al055 Fe3+u2 Mg0.33Ti0m 

Caoos ~23 m = 0.39 Caooo Kozo m = 0.38 

Advanced (d) Si383 Al0.17 Si3.93 Al0m 
(dark green grain) Alo,s Fe3+~.,, Mgo.3z Alo.44 Fe'+t.21 Mgo,s 

Ca,o, 1(,36 m = 0.49 Cao.os K,.24 m = 0.40 

II (level 11.74 m) 
White grain Si,.,, Alom 

Alo.3s Fe3+ t.42 Mgo.zo 
Ca,09 K,1s 

Medium green grain Si3.77 Alo.z3 
Alo.l' Fe3+ t.s9 Mgozo 
C<l;wg Ko.3o 

Dark green grain SiH7 Al0.13 
Alo.z4 Fe3+ 147 Mgo.3o 
Ca,I.06 K.u1 

et al., 1994), should also be recognized in this band, 
in addition to the Fe3+Fe3+QH groups. After Li-treat
ment, the increase in intensity of the 3649 cm- 1 band, 
due entirely to kaolinite before Li-treatment, is caused 
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by the appearance of a new band near 3650 cm- 1, 

which is assigned to vFe3+MgLiOH (S. Petit, pers. 
comm., 1999). This new band confirms the presence 
of Li + in the previously vacant octahedral sites of the 
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Figure 11. FTIR spectra in the OR-stretching region (a), and bending vibrations (b), of the samples with dark green:white 
grains ratios of 0.75 (1), 1.75 (2), 3.5 (3), <0.5 (4). (a) Sample NH4 + exchanged; (b) samples LiNH4 + exchanged. 
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Fe3 + -rich montmorillonite, Li + compensating the oc
tahedral charge. 

In the OH-bending region, the 915 cm- 1 band is due 
to kaolinite (Figure llb). For smectite, the more in
tense OH-bending vibration at 817 cm-1 is, in accor
dance with the OH-stretching region, the ~>Fe3+FeHOH 

band. A small band at 872 cm-1, due to oAlFeHOH is 
also observed. Due to silica impurity near 800 cm- 1, 

the oMgFe3+0H cannot be seen. 
The position of the absorption band at 494 cm-1 

confirms the Fe-rich character of the smectite (Stubi
can and Roy, 1961). The main absorption band at 
1030 cm- 1 suggests that the Si-Fe3 + tetrahedral sub
stitutions are be very limited, if indeed there are any 
(Goodman et al., 1976). 

The changes between spectra before and after Li
treatment in the 1200-400 cm- 1 region (Figure 11b) 
are comparable to those observed for "montmorillon
ite" samples (Madejova et al., 2000). 

In Figure lOb, the v4NH4 + band is clearly observed 
at 1400 cm-1 for all NH4 +-exchanged smectites, and 
decreases in intensity for all NH4 +-saturated Li-ex
changed smectites, indicating that the octahedral 
charge is relatively high. The octahedral charge of 
smectites, expressed in percent of the total charge, was 
measured following Petit et al. ( 1998). The differences 
in the octahedral charge are small. They cannot be 
interpreted precisely because the estimated error is 
~5%. The octahedral charge for all samples is ~60% 
and clearly dominates the other components of the to
tal charge. A high and varied charge is expected from 
the edge sites of smectite, glauconite-type layers and 
kaolinite. The tetrahedral charge is consequently very 
small or absent. This is shown in the crystallochemical 
formulae calculated from point EDS analyses. It is in 
accordance with the described changes between spec
tra of untreated and Li-exchanged samples (Figure 
lla, b). 

DISCUSSION 

This study integrates petrographic and crystal
chemical data to document the occurrence of inherited 
and neoformed minerals, and discusses, on the basis 
of the geochemical relationship between the major el
ements, some new implications for the occurrence and 
genesis of deep-water green grains on an inactive 
ridge. 

Deposition and morphology of green grains 

The grains from the Atlantic Ocean sediments at the 
northern flank of the Ivory Coast-Ghana Ridge are 
represented principally by fillings of the chambers of 
pelagic foraminifers and consequently are accumulated 
in the sandy fraction. As a first step, the authors made 
sure that the green grains were not transported from 
the top to the bottom of the slope. All the evidence 
indicates their formation in situ. The ridge forms an 

obstacle to movement of water and induces the win
nowing processes resulting from the deep (south
north) and the shallow northward water current. The 
winnowing action of the current caused accumulation 
of the filling in the foraminifer chambers. It is possible 
that the concentration of foraminifer tests and their 
fillings was favored by the isolation of the ridge from 
the main ferruginous supply. 

Sediments from below the water-sediment interface 
enabled us to observe the mineral composition of 
grains from near the sediment-water interface to the 
more deeply buried ones and to follow the variation 
in the composition of white, pale green, medium green 
and dark green grains. 

Under the petrological microscope, the grains range 
from white to green. The lighter grains are always en
closed by carbonate of foraminifer remnants. Pyrite 
frequently forms an irregular rim around fillings, be
tween green grains and the calcite shells of foramini
fers. The pyrite suggests that these fillings were ma
tured under moderately reducing conditions such as 
those occurring through the action of sulfate-reducing 
bacteria. These sub-oxic, partially reducing conditions 
were also acknowledged in Oligo-Miocene glauconite 
in Australia (Kelly and Webb, 1999). Initial substrates 
here are distinct from dominant clay fecal pellets stud
ied previously on various continental shelves of the 
Gulf of Guinea (Porrenga, 1967; Giresse, 1985; Odin 
and Fullagar, 1988; Wiewi6ra et al., 1996; Wiewi6ra 
et al., 1999). 

The morphology fits the shape of the chambers of 
foraminifers (e.g. Globorotalia). Such grains are ma
terial inherited from the clay matrix (Figure 3) in 
which neoformed microcrystals of clayey material are 
rarely found. Consequently, it is obvious that the green 
authigenic clay replaces an heterogeneous mixture of 
clay-size material, which previously filled the cham
bers. So this part of the process is essentially the same 
as a shallow burial environment: glauconitic fillings of 
the Oligo-Miocene Torquay Group (Australia) consist 
of interstratified glauconite-smectite. Chemical com
ponents derived primarily from argillaceous matrix 
material (Kelly and Webb, 1999). More mature grains 
are usually cracked. Inside them the neoformed micro
crystals of different generations are more abundant 
(Figure 3). 

Mineralogy of green grains 

X-ray diffraction studies of the muddy matrix 
showed that the fraction (10-50 J.Lm) is composed of 
calcite (shell debris), quartz and pyrite (observed un
der the TLM and in XRD tracing) while in the clay 
fraction, smectite and kaolinite predominate over the 
traces of the illite, calcite and quartz. The relative 
abundance of the clay mineral assemblages is in good 
agreement with various previous studies (Biscaye, 
1965; Griffin et al., 1968; Bowles, 1975). We presume 
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Figure 12. Relationship between Fe and octahedral AI using recalculated data from Table 2 per half formula unit (i.e. 
Si40 10(0H)2). 

that this clay fraction of the sediment matrix was the 
precursor material that filled the foraminifers' cham
bers. 

Apart from the initial smectite-rich composition, the 
common steps of the process are nearly the same as 
in near-surface offshore locations. These materials 
were modified progressively over a long time span at 
the water-sediment interface. Kaolinite was dissolved 
slowly, with remnants of d(OOl) and d(060) peaks of 
kaolinite in the white grains. These peaks can hardly 
be seen in the pale green grains but they are absent in 
the medium and dark green grains. Infrared spectra 
show kaolinite and smectite in the white to medium 
green grains but no kaolinite in the dark green grains, 
as in XRD analysis. Smectite was modified along with 
this dissolution of kaolinite. It is best visualized in a 
decrease of the d(001) peak, commonly from 15.2 A 
for the white grains, to 13 A for the dark green ones. 
Although all of the smectites responded well to eth
ylene glycol, the non-integral series of basal diffrac
tions prove that their interstratified structure consists 
of expanding and non-expanding layers: smectite-glau
conite in an 80/20 ratio. The d(060)-value of 1.512 A 
value is typical of glauconite but also indicates ~ 1.2 
Fe in the smectite component. It should be stressed 
that the Fe3+ content in the crystallochemical formulae 

from the EDS point analyses is ~ 1 Fe (white to the 
medium green grains) to 1.3 Fe (dark green grains) for 
the 9.54 mbsf level and larger for the 11.7 4 mbsf level. 
The increment in Fe content from white to green 
grains is associated with decrease of Al from the white 
to green grains (Figure 12). The other characteristic 
chemical features of the smectitic microcrystals of the 
neoformed nano-structures (Table 3) are: (1) no tetra
hedral substitutions in the white grains, whereas the 
tetrahedral charge is ~0.2 in the dark green grain; (2) 
dominant contribution of the octahedral charge to the 
total layer charge, confirmed by an independent FTIR 
experiment; (3) continuous increase in the layer charge 
from 0.30 for white to 0.49 for the dark green grains; 
and ( 4) continuous increase in K content from the 
white to green grains (from 0.17 to 0.36 per formula 
unit). 

The color of the green grains may vary from a pale 
green to a very dark green. There is a general indi
cation of evolution or maturity given by the color, the 
lighter green material being less evolved. Generally, 
the color of glauconite is related to the Fe3+ content, 
with more FeH resulting in deeper shades of green. In 
these FeH -rich montmorillonites, the Fe3+ content gen
erally stays below 1.5 per formula unit. In one case it 
reached 1.79 Fe per formula (Figure 13). This last fig-
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Figure 13. Relationship between K and Fe using recalculated data from Table 2 per half formula unit. 

ure clearly demonstrates that the Fe3+ content may not 
be the decisive coloring factor, as division into white, 
medium green and dark green assemblages correlates 
much better with K content. The dark green grains 
generally have >0.3 K per formula unit and more 
10 A layers, as determined by XRD. Thus the intensity 
of the green color is related to the steps of the glau
conitization process. 

Significance of Fe3+-rich montmorillonite 

Fe3+ -rich montmorillonite is a rare smectitic phase. 
It was not discussed by the different authors who 
worked on the green pelloids of the Gulf of Guinea 
shelves where nontronite is frequently observed. 
Amouric (1990) and Amouric and Parron (1992) re
ferred to this mineralogical evolution from smectite to 
glauconite as the "montmorillonite way", distinct 
from that for beidellite. In the less mature grains stud
ied (white to medium green) the smectite is repre
sented by FeH -rich montmorillonite. The rebuilding of 
the octahedral sheet, in which Fe continuously substi
tutes for Al (Figure 12) and where the K content also 
increases (Figure 13), is observed in the nano-struc
tures and in the surrounding matrix. This shows that 
glauconite formation proceeds via crystallization of 

nanocrystals of several, progressively more mature 
stages. There cannot be any ambiguity concerning the 
oxidation state of Fe. The IR spectra showed in both 
the OH-stretching and bending vibration regions, the 
bands due to FeHFe3 +QH groups. Additional bands 
due to FeHMgOH groups and due to Fe3+MgLiOH 
groups (after Li saturation) were found in the stretch
ing region, and due to AlFe3+QH in the bending re
gion. Thus, the IR spectra are in a full agreement with 
the crystallochemical formulae determined by point
by-point analyses of the neoformed FeH -rich mont
morillonite. This validates the results obtained by both 
techniques (Drits et al., 1997). Initially, the contribu
tion of the closed layers to the chemistry of smectite 
is small. The amount of closed layers increases in the 
maturation processes as demonstrated by the increases 
in K content and layer charge. Some tetrahedral charge 
appears in the most advanced stage observed here, and 
smectite shows more clearly its mixed-layer smectite
glauconite character. A glauconitic type of non-ex
panding component is supported by the d(060)-value 
of 1.512 A in all the samples studied. 

An interesting by-product of this paper is proof that 
the highly ferric smectite may have only octahedral 
sheet charge. Crystallochemical formulae (Table 3) of 
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Figure 14. Projecting field for FeH -rich montmorillonites 
without tetrahedral substitution using octahedral composition 
per Si40 10(0H)2 0-vacancy. 13 projecting points come from 
recalculated data presented in Table 2. 

Fe3+ -rich montmorillonites without tetrahedral substi
tutions are projected in the field composed of four end
members: pyrophyllite, ferripyrophyllite, leucophyllite 
and celadonite (Figure 14). In all these Fe3+ -rich mont
morillonites the Fe content is < 1.3 in structural for
mulae. According to Drits and Kossovskaya (1980), 
the Fe3+ content for nontronite should be > 1.2 per 
formula unit. In our last stage of maturation, not rep
resented in the figure, the Fe3 + content exceeds this 
value. The appearance of tetrahedral substitution in
dicates partly nontronitic and/or glauconitic character 
of the Feh -rich montmorillonites studied in this stage 
of maturation. 

There are apparent differences between the shelf 
and the deep-seawater smectitic evolution, but we 
have focused on only a few samples of the Pleistocene 
deposit. The starting high-smectite content involved 

suggests a possible specific glauconitization process. 
However, the Fe3+-montmorillonite might also suggest 
of a process implying the mechanical dispersion of 
Fe3+ controlled by deep-water winnowing conditions. 

CONCLUSIONS 

The most important factors of this glauconitization 
are accumulation of the primary material containing 
montmorillonite of continental origin in the foramini
fer chambers and Fe supply in a form of fine sus
pended material from the nearby continent. The fill
ings accumulated in the zone of the winnowing and 
low accumulation rate stayed a long time in the water
sediment interface. The conditions were favorable to 
the diagenetic changes of the mineral composition of 
clay fraction and chemical and structural changes of 
the smectitic component of the fillings. Therefore, in 
so far as comparisons with previous works using most
ly global analyses are possible, the proven glauconi
tization steps are not markedly different from those 
observed in near-surface locations. The semi-confined 
microenvironments of the grain and the overall abun
dance of Fe in the sedimentary accumulation occur in 
tropical latitudes whatever the water depth; the conti
nental shelf or upper-slope bathymetry are not prereq
uisites as long as the grains are in contact with sea
water. The particular Fe3+ -rich montmorillonite for
mation might be considered as a specific process of 
the most winnowed deposits of the site. It was never 
proven in the near-shore deposits of the Gulf of Guin
ea. 
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