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Abstract-Millimetric to centimetric green grains widespread in pelagic calcareous sediments recovered 
at a water depth of3000 m near the Costa Rica margin were studied by X-ray diffraction, scanning electron 
microscopy (SEM), transmission electron microscopy (TEM) and Fourier transform infrared spectroscopy. 
Sampies were collected, during the Ticoflux II expedition, from the upper bioturbated part of four 
sedimentary cores (0.13-3.75 m below seafloor). The sediments are calcareous and siliceous nanofossil 
oozes (coccoliths, diatoms, radiolarians, etc.). 

Green grains show generally a concentric zoning with a green rim in which smectite largely 
predominates over pyrite and a black core in which pyrite is prevalent. Observations by SEM indicate that 
this zoning results from a progressive inward alteration and replacement of the accumulations of pyrites by 
smectites. The high-resolution TEM observations of the smectite-pyrite interfaces suggest that the 
replacement of pyrites by smectite occurs through a dissolution-precipitation process with the formation of 
a gel. Thepyrite matrix is composed ofahuge number ofvery small (0.5-2 11m) pyrite octahedra, a typical 
texture resulting from the pyritization of organic material in early diagenetic environments. 

The accurate mineralogical and crystal chemical characterization of the smectites indicate that they are 
Fe3+-montrnorillonites (Fe3+-rich smectite with a dominant octahedral charge, rarely recorded in the 
literature ). The formation of such Fe3+ -montrnorillonites forming green grains could be explained by two 
successive diagenetic redox stages: (1) reducing stage: early pyritization of the organic matter by 
microbial reduction within reducing micro-environments; (2) oxidizing stage: Fe3+ -montmorillonite 
crystallized in space liberated after dissolution of pyrite connected with the rebalancing of the redox 
conditions of the micro-environments with the oxidizing surrounding sediments. 
Key Words-Calcareous Sediments, Costa Rica Margin, Montmorillonite, Pyrite, Smectite. 

INTRODUCTION 

The formation of c1ayey green grains in modem 
superficial marine sediments is a common process which 
is reported as "verdissement" in the literature (Odin and 
Morton, 1988). Thus, "verdine" and "glaucony" are the 
two main types of facies in which such a process is 
observed. For both facies, green grains form through 
early diagenetic processes at the sea water-sediment 
contact. Many types of substrates serve as templates for 
their growth, but carbonate tests, c1ayey fecal pellets, 
infillings of foraminiferal tests and various mineral 
grains and rock fragments are the most common (Odin 
and Matter, 1981). Green grains from the two facies 
present quite a similar aspect and are often optically 
indistinguishable. However, they differ by their miner
alogical and chemie al nature and their marine environ
ments of formation. 

* E-mail address of corresponding author: 
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The verdine facies comprises green grains composed 
of a mixture of di-trioctahedral Fe3+-rich, 1:1 c1ay 
minerals (7 Ä) which are sometimes associated with a 
14 Ä phase (Odin and Morton, 1988). It typically forms 
in warm tropical sea water (>20°C, most often >25°C) 
near river mouths at water depths between 10 and 60 m. 

Glaucony refers to a petrographie facies in which 
green grains of glauconite (Fe3+ -, K+ -rich phyllosilicate 
family with "glauconite smectite" and "glauconite 
mica" as end-members; Odin and Matter, 1981) are 
abundant. Glauconitization processes occur over a wide 
latitudinal range 65"N to 55°S, and typically form at the 
outer part of the continental shelf, in water depths 
between 60 and 500 m (Odin and Morton, 1988) at 
temperatures near 15°C (Odin and Fullagar, 1988). For 
this reason, they are commonly used for paleoenviron
mental and paleoceanographic reconstruction. However, 
more rarely, the formation of glaucony has been locally 
reported in deep-water (up to 2500 m) sediments (Odin 
and Morton, 1988). Indeed, Wiewiora et al. (2001) and 
Giresse and Wiewiora (2001) described a glauconitiza
tion process at 2100 m water depth and at 3°C in 
superficial sediments on the Ivory Coast-Ghana Ridge. 
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To date, very few accurate studies have been carried 
out on green grains formed in deep-water superficial 
marine sediments. Therefore, the present study focused 
on petrography, mineralogy and crystal chemical char
acterization of the authigenic clays forming green grains 
in marine pelagic carbonated sediments at 3000 m water 
depth, in the first meters below the sea floor. The results 
of this study will be used to support a discussion on both 
the origin and the mechanism of formation of the clay 
minerals which at present constitute the green grains in 
deep-sea conditions. 

GEOLOGICAL SETTING 

The sampies studied co me from sediment cores 
recovered at a water depth of 3000 m during the 
Ticoflux 11 expedition (2002) in the Costa Rica margin 
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offshore of the Nocoya Peninsula (Figure I). The Cocos 
plate has a complex tectonic history in this area, 
comprising seafloor genera ted at the EPR (East Pacific 
Rise) at a fast spreading rate and the CNS (Cocos-Nasca 
Spreading Center) at an intermediate spreading rate. In 
the investigated area, the crnst has common seamounts 
that playamajor role in sea water circulation in this off
axis system (Fisher et al., 2003). The results from ODP 
Holel039 drilling hole in the same area documented that 
the sedimentary cover is -450 m thick. The upper 150 m 
are composed of hemipelagic mudstone (Pliocene and 
Pleistocene) and pelagic nanofossil oozes (Miocene) in 
the lower section. The sedimentation rate is -46 m/m.y. 
for the Pleistocene and 6 m /m.y. for the late Miocene 
and Pliocene interval. The sediment types vary spatially 
in the Ticoflux 11 area in response to seafloor relief 
(topography), continental proximity and bottom currents. 

Figure 1. Location ofthe studied sampies and schematic presentation ofthe studied cores. General map modified from Fisher et al. 
(2003). 
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lern 
Figure 2. SEM images (a) ofthe carbonated biogenic ooze (sampIe 31-13) and (b) burrow fill by green and black product. 

The sediments of the studied eores are domina ted by 
ealeareous oozes (chalk) eomposed of an assemblage of 
eoeeoliths with silieeous sponges spieules, diatoms and 
radiolarian fossil remains (Figure 2a). Mn-Fe oxide 
eoneretions or nodules are eommon on top of se dimen
tary eores. Sampling has been foeused on millimetrie to 
eentimetrie grains sometimes showing a burrow form 
and whieh are widespread in the ealeareous sedimentary 
eolumn (Figure 2b). These grains, referred to hereafter 
as the green grains, for brevity, have an average size 
whieh ranges from 1 mm to 1 em and generally show a 
eoneentrie zoning with a green rim and a blaek eore. 

MA TERIALS AND METHODS 

Eight sampies were eolleeted from the upper part of 
four eores, at depths varying from 0.13 to 3.75 m below 
the sea floor (Table 1). The shallower sampie (31-13) 
eomprises homogeneous pelagie ealeareous oozes 
whereas the other, deeper sampies systematieally eon-

tain some disseminated green grains. The green grains 
were extraeted meehanieally from the pelagie earbo
nated sediments under a binoeular lens. As mueh as 
possible, the green materials from the rim of the grain 
(27-52R) were separated from the inner blaek materials 
(27-52C) in order to develop a eomparative mineralogi
eal and textural study. 

The <2 /-lm elay fraetions were extraeted from the 
bulk sampies by eentrifugation (Jouan© GR 422), 
sedimentation proeedures and a mild deearbonation 
treatment using an aeetie acid solution buffered to pH 
5 with sodium acetate. 

Scanning and transmission electron microscopy 

Detailed petrographie observations of gold-eoated rock 
fragments were performed using a seanning eleetron miero
seope (SEM Jeol 5800) equipped with an EDX system. 

Fragments of green grains with blaek eores were 
impregnated following the proeedure established by 
Tessier (1984) and Elsass et al. (1998) whieh eonsists 

Table 1. XRD mineralogy and loeation of the studied sampies (bulk sampies). Smt: smeetite; Gyp: 
gypsum; Calc: calcite; Pyr: pyrite; HaI: halloysite; Br: barite; Opl: opal; (+): in trace amount. 

Core Depth below SampIe Smt Gyp Calc Pyr HaI Br Opl 
sea floor (ern) 

Pelagic sediment 
31GC 13 31-13 + + + 

Green grains with blaek eores from pelagie ealcareous oozes 
22GC 40-73 22-40 + (+) + + 
27GC 52-56 27-52R + (+) + + 
27GC 52-56 27-52C + (+) + 
28GC 340 28-340 + + + 
28GC 341-375 28-375 + + + 
31GC 76 31-76 + + 
31GC 240 31-240 + + + + 
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of progressive exchanges of the interstitial water with 
alcohol, solvent and then Spurr resin. Ultrathin sections 
were obtained by ultramicrotomy using a diamond knife 
and their high-resolution TEM (HRTEM) observations 
were made on aTEM Jeol® 2000FX, at CRMC2, 
Marseille. Chemical analyses of clay particles se dimen
ted on collodion-carbon-coated copper grids were 
performed using the EDX system of the same TEM. 

X-ray diffraction (XRD) 

For XRD analyses, a Philips® PW 1729 diffractometer 
equipped with a Cu tube (operated at 40 kV, 40 mA) and 
a graphite monochromator was used. The XRD patterns 
were obtained on powders and on air-dried, ethylene 
glycol-saturated (EG), heated (390°C for 4 h) and oriented 
Ca2+-saturated clay fractions. The swelling properties of 
the clays were studied using ethylene glycol saturation 
after the Hofmann and KIemen (1950) (HK) procedure 
which consists of: (1) total exchange of the exchangeable 
cations by Li cations; and (2) heating at 250°C for 12 h. 
This procedure involves the neutralization of the electric 
charge resulting from the non-equivalent isomorphous 
substitutions into the octahedral sheets by Li cations 
coming from the interlayer position. After HK treatment, 
the layers having a tetrahedral charge of <0.18 per half 
unit-cell cannot swell (i.e. d001 = 9.5 A) whereas the 
layers with a tetrahedral charge exceeding 0.18 per half 
unit-cell are still expandable (Petit et al., 2002). The 
terminology 'HK swelling' and 'HK nonswelling' layers 
will be used hereafter to refer to both types of smectite 
layers distinguished above. The XRD diagrams were 
recorded using a counting time of 3 s per step of 0.02°28. 
For the study of the 06,33 reflections, powder XRD 
patterns were recorded using 15 s per step of 0.01°28, 
from 70 to 80°28 with LiF as an interna1 reference. To 
improve the measurement of the positions of the 
diffraction peaks, XRD patterns were decomposed into 
elementary Gaussian curves using the DECOMPXR 
program (Lanson, 1993). 

Fourier trans/orm infrared spectroscopy 

A Nico1et 510 FTIR spectrometer was used to record 
FTIR spectra at 4 cm-1 resolution in the 
4000-400 cm-1 (MIR) region. The spectrometer was 
continuous1y purged with dry air during scanning of the 
transmission spectra. The KBr pellets were prepared by 
mixing 1 mg of sampie with 150 mg of KBr and heated 
overnight at 110°C in order to evacuate the hygroscopic 
water. The distribution of the smectite layer charge was 
measured by infrared (IR) spectroscopy on NH4 -

saturated sampies using the method ofPetit et al. (1998). 

RESULTS 

Petrography and bulk mineralogy 

According to SEM observations, the pelagic sedi
ments 1arge1y comprise calcareous coccoliths 

(Figure 2a). Other biogenic particles include diatoms, 
radiolarians, sponge spicules and, locally, foraminifers 
and discoasters. The XRD study (Figure 3a, Table 1) of 
the sediment indicates that its mineralogy is broadly 
dominated by calcite. Moreover, analysis of the 
decarbonated sediment revea1ed significant amounts of 
opal, probably related to the siliceous biogenic elements 
mentioned previously (diatoms, radiolarians and sponge 
spicules), and minor barite. 

The bulk mineralogy ofthe green grains is essentially 
composed of smectite, pyrite and residual calcite. The 
mineralogical compositions of both the green and black 
zones of the green grains differ mostly by the relative 
amounts of pyrite and smectite (Figure 3b). Pyrite 
predominates over smectite in the b1ack core (27-52C), 
whereas smectite is largely dominant in the green rims 
(27-52R). Minor amounts of gypsum were also detected 
in the green rims. 

The XRD patterns of the smectite are very similar in 
both the black and green zones. They present an intense 
001 reflection at -12 A (Figure 3b) characteristic of 
smectite layers having one water layer in the interlayer 
position (Suquet et al., 1981a, 1981b). 

Observations by SEM of cross-sections through the 
green grains corroborate the minera10gical results 
obtained from XRD analyses and indicate that the present 
zoning results from the progressive inward alteration and 
replacement of the accumulations of pyrite crystals by 
smectites associated with minor amounts of gypsum and 
of unidentified Fe oxides or hydroxides (Figure 4). Three 
successive zones were distinguished, each one corre
sponding to a different grade of the overall smectite 
precipitation and pyrite dissolution process. 

Inner zone. The pyrite matrix is composed of a huge 
number of very small (0.5-2 Ilm) pyrite octahedra 
(Figure 4a). This texture has already been described 
for diagenetic pyrite from marine rocks and is usually 
considered to be the result of the complete pyritization 
of organic material (McKay and Longstaffe, 2003). 
Moreover, framboidal pyrites are observed locally (not 
shown in Figure 4). Detailed observations of pyrite 
octahedra at greater magnification revea1 dissolution pits 
and rounded edges in the pyrite and incipient deve10p
ment of clay coatings which part1y fill the pores 
(Figure 4b). The clay partic1es display the typica1 fo1ded 
thin film morphology of smectites. 

Intermediate zone. The pyrite matrix is more strongly 
dissolved and the smectite material is much more 
abundant than previously reported in the inner zone of 
the grains. All the pyrite octahedra are more or less 
dissolved (Figure 4c) and the newly formed smectite 
coatings are extensive1y deve10ped in the residual pore 
space (Figure 4d). Locally, globular partic1es of un
determined Fe oxide or hydroxide are associated with 
the smectite films (Figure 4d). 

https://doi.org/10.1346/CCMN.2005.0530503 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.2005.0530503


456 Gaudin et al. Clays and Clay Minerals 

(b) GreeniBlack grain p 

~ 
'Vi 
c 
~ ... 

.E 

3 

S 
12.40 A 

(a) Sediment 

13 

S 

e 

23 

127-52CI 
p 

je e je 
! 
i e 
! . 
! ! e 

e , : , 
> 1 

~ e~ 

33 43 53 63 
°29 (CuKa) 

Figure 3. Powder XRD patterns of (a) the carbonated biogenic ooze (sampIe 31-13) before decarbonation (thin line) and after 
decarbonation (thick line) and (b) of sampIe 27-52R (green rim material ofthe grains) and of sampIe 27-52C (black core material). 
b : barite, C: calcite, S: smectite, G: gypsum, P: pyrite. 

Outer zone. The earlier pyrite matrix has been almost 
totally replaced by smectite spherules (Figure 4e). Both 
the size and morphology of the smectite spherules seem 
to be inherited from those of the previous pyrite crystals. 
At higher magnification, it can be seen that smectites 
display a typical honeycomb structure (Figure 4f). 
Marked dissolution features, pseudomorphs of biogenie 
elements and invasion of the total porosity by the 
smectite matrix characterize the textural transformation 
of the host calcareous sediments elose to the green 
grains (Figure 4g). 

Using TEM, cross-sections of the inner zone of the 
grains allow the observation of the smectite-pyrite 
contact. The alteration front around the pyrite is marked 
by a thin layer of poorly crystallized or amorphous 
matter unstable under the electron be am (Figure 5a). 
This suggests that pyrite dissolution and the smectite 
precipitation which follows occur via a gel precusor. 

Crystal structure and crystal chemistry 0/ smectite 

HRTEM study. Close to the pyrite relics (Figure 5a), the 
smectite partieles display very diffuse boundaries and 

blurred 001 fringes with numerous discontinuities. Most 
of the crystallites oriented perpendicularly to c* display 
fewer than five stacked layers. 

The individual crystallites of the smectite tactoids 
observed farther from the pyrite relicts comprise packets 
of four to 15 stacked layers (Figure 5b). The pseudo
annular to slightly punctuated microdiffraction patterns 
obtained on these crystallites are characteristic of highly 
disordered, turbostratic stacking of smectite 001 layers 
with random rotations about c*. 

XRD study. The XRD patterns of randomly oriented 
powders of smectite exhibit asymmetrie al (hk) reflec
tions ne ar 4.5 and 2.5 Ä, indicative of a turbostratic 
stacking layer. Moreover, the unusual 06,33 reflection at 
1.513 Ä is characteristic of Fe3+, Mg-rich dioctahedral 
smectites (Petit et al., 2002; Gaudin et al., 2004a). 

All the XRD patterns of oriented preparations of 
Ca2+-saturated smectite fractions collected within the 
green grains are very similar to those presented in 
Figure 6a. The XRD patterns of air-dried preparations 
show an intense 001 reflection near 14.6 Ä which is 
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Figure 4. SEM images of grains extracted from the pelagic carbonated sediments, from the cores to the rims of the grains. 

eharaeteristie of smeetite layers having two water layers 
in the interlayer position (Suquet et al., 1981a, 1981b). 
After heating at 390°C, the 001 retleetion eollapsed to 
9.70 A. After EG saturation, the 001 retleetion shifts to 
16.9 A and two asymmetrie al eomplex peaks near the 
positions of the harmonie 002 and 003 retleetions 
(Figure 6b). The first diffraetion profile has been fitted 
using two Gaussian peak shapes eorresponding to 8.59 A 
and at 9.13 A d values. The first one is almost harmonie 
with doot and has been attributed to the 002 retleetion of 
a fully expandable smeetite. The seeond one is a 002/001 
retleetion of a random mixed-Iayer phase eomposed of 
non-expandable phyllosilieate layers (doot = 10 A) with 
smeetite layers, the interlayer eation of whieh is 

hydrated with two sheets of ethylene glyeol (doo 
17 A). In the same way, the seeond diffraetion profile 
has been fitted using two Gaussian peak shapes 
eorresponding to 5.6 A and 5.3 A d spaeings eorre
sponding to the 003 diffraetion peak of the fully 
expandable smeetite and to the 003/002 retleetion of 
the random mixed-Iayer phase already mentioned above, 
respeetively. We should note that the nature of non
swelling layers involved in the mixed-Iayer phase is not 
elearly identified. It eould eorrespond either to illite, 
glaueonite or to smeetite layers eollapsed at 10 A, and it 
will be diseussed in the following seetion. The propor
tions of non-swelling layers were estimated at -50% in 
the random mixed-Iayer phase from the eomparison of 
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Figure 5. (a) TEM image ofthe smectite-pyrite interface and (b) low-magnification and high-resolution TEM images ofsmectites in 
sampIe 27-52. Sm: smectite, Py: pyrite, X: poorly crystallized phase. 
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Figure 6. XRD patterns of (a) oriented Ca2+ -saturated smectite preparations «211m fraction) from the 27-52GR smectite sampIe: 
air-dried, glycolated and heated. (b) Fitting ofthe 8- 12°28 and 13 - 19°28 reflection bands ofthe glycolated preparation using the 
DECOMPXR program. (c) XRD pattern ofthe glycolated HK-treated sampIe 27-52GR and fitting ofthe 8- 12°28 reflection band. 
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the experimental position of the 002/001 reflection with 
NEWMOD pattern simulations (Reynolds, 1985) of 
dioctahedral Fe-rich smectite-illite-like mixed layers. 

After HK treatment and ethylene-glycol saturation 
(Figure 6c), the XRD patterns of smectite display an 
intense peak at 17.2 A indicating that most of the 
smectite layers remain expandable. An asymmetrie 
diffraction peak profile, weil fitted with two Gaussian 
peak shapes at 8.84 A and 9.29 A, is still observed in the 
8-12°28 angular range. Both these d values are non
harmonie of d001 and greater than those reported for the 
glycolated clay fractions before the HK treatment (i.e. 
8.59 A, 9.13 A). This suggests the presence of HK non
swelling layers in the clay particles. Thus, the first 
component at 8.84 A is attributed to smectite crystallites 
in which two types of smectite layers are mixed layered: 
(I) HK non-swelling layers with low tetrahedral charges 
«0.18); and (2) HK swelling layers with high tetrahe
dral charges (>0.18). The second component at 9.29 Ais 
attributed to crystallites in which three types of smectite 
layers are mixed layered: (1) HK swelling smectite 
layers; (2) HK non-swelling smectite layers; and 
(3) non-swelling layers (detected before HK treatment). 

AEM analyses 0/ individual particles. Analytical elec
tron microscopy (AEM) analyses were performed on 
particles of smectite after Ca2+ saturation or in the 
natural state of saturation. Both the individual and the 
average structural formulae presented in Table 2 were 
calculated for 010 (OH)2, assuming that all Fe is in the 
ferric state (as expected from the XRD d06,33 values and 
the IR data) and Mg in the octahedral sheets of the 
smectite layers (as expected from Ca2+ saturation). 

All the Ca2+ -saturated smectite particles have a 
similar structural formula, characteristic of a dioctahe
dral smectite with octahedral occupancy ranging from 
2.0 to 2.1 atoms per formula unit (a.p.f.u.) in which the 

1.0S 

1.00 AI-rn nl",orill nilc 

.... 

.2 0.95 

5 .. 
~ 0.90 

ßcidellilc 

0.5 

Fc·monlrnorillonilc 

~ . • "P: 
e .. . -. 

1.0 1.5 

"oclahcdrol FcJ ' c.1i n 

· 28-375 
• 22-40 
• 27-52R 
eOlberg 

."~,,~ 
2.0 

Figure 7. TEM-EDX analyses of Ca2+-saturated smectite 
partic\es reported in the 4Si - Lv1Fe diagram (modified from 
Meunier, 2003). Gray circle: Fe-montmorillonite from Ölberg 
(Köster et al., 1999). 

tetrahedral sheet is almost exclusively occupied by Si4+ 
(3.94 to 3.96 a.p.f.u., average). They are very poor in AI, 
<0.10 a.p.f.u essentially substituted for Si in tetrahedral 
sheets, and Fe3+ (from 1.27 to 1.52 a.p.f.u.) largely 
predominates over Mg (-0.6 a.p.f.u.) in the octahedral 
sheet. The total negative charge of the 2: 1 layer 
(0.43-0.53, average) is essentially due to Mg2+ for 
Fe3+ substitutions in the octahedral sheets. Plotted in the 
4Si-~VIFe diagram (Figure 7) modified from Meunier 
et al. (2003), the chemical compositions of the smectite 
are grouped in the Fe-montmorillonite domain (Fe-rich 
smectite with a dominant octahedral charge). 

Comparison of the AEM analyses of smectite 
particles from 27-52R in its natural state with those 
obtained after Ca2+ saturation (Table 2) indicates that 
some of the K+ and Na+ cations which compensated the 
layer charge of the natural smectite still pers ist after 
Ca2+ saturation. The presence of non-exchangeable K+, 
Na+ interlayer cations is consistent with the non
swelling collapsed layers previously detected by XRD. 

A detailed examina ti on of the layer charge calculated 
from the structural formulae (Figure 8) indicates a wide 
range of variations ranging from low-charge to high
charge smectites (0.2-0.7 per half unit-cell) in which 
most of the negative charge is always octahedral. Such a 
range of variation has aiready been reported for 
dioctahedral Fe3+-rich smectite sampies from the weath
ering of ultrabasic rocks in Australia (Gaudin et al., 
2004a). No compositional trend towards the high
charged glauconite mica domain is observed in 
Figure 8. This suggests that the non-swelling layers of 
the mixed-Iayer particles probably correspond to col
lapsed K+, Na+-rich smectite layers and not to glauconite 
layers. Moreover, the absence of a correlation between 
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smectite partic\es (TEM-EDX analyses). G: mica glauconite 
domain from the ternary charge distribution diagram established 
by Köster (1982) (Figure 10). Tetra: tetrahedral charge, octa: 
octahedral charge. 
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Tab1e 2. Structural formu1ae of the smectites ca1culated from TEM-EDX data (average for each sampie ana1yzed and 
individual smectite partic1es). 

Sampie 
Interf. cations 

K+ Ca2+ Na+ 
Layer Octa. 
charge eh. % "J:. VI R 

Average Ca2+ -saturated <211m fractions 
22-40 3.94 0.06 1.46 0.56 0.02 0.07 0.15 0.17 -0.53 88 2.04 
27-52R 3.96 0.02 0.02 1.46 0.61 0.01 0.08 0.15 0.06 -0.43 90 2.08 
28-375 3.94 0.06 1.41 0.02 0.65 0.01 0.17 0.09 0.10 -0.46 87 2.08 

Average smectite from bulk sampies (not saturated with Ca2+) 
27-52R 3.94 0.04 0.02 1.42 0.68 0.02 0.11 0.11 0.07 -0.40 88 2.12 

TEM-EDX analyses of individual Ca2+-saturated smectite partic1es 
22-40 

27-52R 

28-375 

3.90 
4.00 
3.90 
3.95 
3.88 
3.96 
3.96 

3.91 
3.91 
3.97 
3.99 
4.00 
3.88 
3.97 
3.94 
4.00 
4.00 
3.97 
3.91 
3.95 
3.98 
3.96 

3.98 
3.90 
4.00 
3.92 
3.86 
3.97 
3.94 
3.95 
3.97 
3.94 
3.86 

0.08 

0.08 
0.05 
0.04 
0.04 
0.04 

0.02 
0.03 
0.02 
0.01 
0.00 
0.06 
0.02 
0.01 

0.03 

0.02 

0.02 
0.09 

0.08 
0.10 
0.03 
0.06 
0.05 
0.03 
0.06 
0.07 

0.02 

0.01 

0.07 

0.07 
0.05 
0.01 

0.06 
0.01 
0.05 

0.09 
0.04 
0.02 
0.04 

0.01 

0.04 

0.07 

1.47 
1.36 
1.43 
1.45 
1.46 
1.52 
1.42 

1.30 
1.50 
1.49 
1.33 
1.50 
1.47 
1.45 
1.57 
1.33 
1.45 
1.43 
1.46 
1.46 
1.58 
1.48 

1.38 
1.38 
1.38 
1.47 
1.40 
1.39 
1.45 
1.43 
1.27 
1.36 
1.52 

0.08 

0.01 

0.03 

0.04 
0.01 

0.03 

0.08 
0.02 

0.04 
0.02 

0.07 
0.06 

0.61 
0.58 
0.58 
0.57 
0.53 
0.56 
0.53 

0.77 
0.60 
0.57 
0.76 
0.55 
0.58 
0.67 
0.47 
0.72 
0.62 
0.66 
0.61 
0.60 
0.43 
0.58 

0.75 
0.73 
0.67 
0.59 
0.69 
0.63 
0.67 
0.61 
0.66 
0.59 
0.53 

the K+ content and the total layer charges supports the 
collapsed smectite layer hypothesis (Table 2). 

FTIR spectroscopy. The IR spectra of the smectite 
sampies eolleeted from deep-sea drilling in the Costa 
Riea margin (Figure 9a) are very similar to that of the 
Ö1berg Fe-montmorillonite originating from the weath
ering of peridotite nodu1es (Köster et al., 1999; Petit et 
al., 2002). In the OH-bending region, the major band at 
820 em- I is c1assieally attributed to öFe3+pe3+O-OH 
vibration (e.g. Farmer, 1974). The well reso1ved band at 
761 em- I is attributed to öFe3+Mg'-OH vibration in Fe
montmorillonites (Petit et al., 2002; Gaudin et al., 
2004b). Only one absorption band at 687 em-I, assigned 

0.01 
0.02 
0.02 
0.02 
0.01 
0.01 
0.01 

0.02 

0.02 
0.02 
0.01 
0.01 

0.01 

0.01 
0.00 
0.02 
0.00 
0.01 
0.01 
0.01 
0.01 
0.00 
0.01 
0.00 

0.06 
0.05 
0.11 
0.07 
0.05 
0.05 
0.08 

0.10 
0.06 
0.04 
0.04 
0.09 
0.12 
0.04 
0.06 
0.09 
0.06 
0.04 
0.28 
0.03 
0.02 
0.04 

0.10 
0.26 
0.09 
0.18 
0.28 
0.16 
0.17 
0.18 
0.06 
0.20 
0.20 

0.08 
0.11 
0.15 
0.16 
0.23 
0.12 
0.22 

0.11 
0.11 
0.10 
0.09 
0.12 
0.17 
0.15 
0.18 
0.15 
0.15 
0.18 
0.10 
0.21 
0.20 
0.19 

0.09 
0.08 
0.01 
0.09 
0.10 
0.10 
0.02 
0.15 
0.20 
0.09 
0.10 

0.21 
0.22 
0.21 
0.16 
0.16 
0.03 
0.18 

0.28 
0.10 
0.13 
0.17 
0.06 
0.09 
0.01 
0.00 
0.01 
0.00 
0.01 
0.01 
0.02 
0.00 
0.01 

0.02 
0.09 
0.09 
0.07 
0.08 
0.08 
0.10 
0.05 
0.23 
0.21 
0.12 

-0.43 78 2.10 
-0.48 101 2.04 
-0.62 85 2.03 
-0.54 90 2.03 
-0.66 82 2.00 
-0.32 87 2.10 
-0.69 94 1.96 

-0.61 86 2.09 
-0.37 76 2.11 
-0.37 92 2.08 
-0.40 97 2.13 
-0.39 99 2.06 
-0.55 78 2.05 
-0.34 90 2.12 
-0.42 87 2.04 
-0.40 100 2.10 
-0.35 100 2.07 
-0.41 92 2.09 
-0.50 83 2.06 
-0.47 89 2.06 
-0.42 96 2.01 
-0.43 91 2.06 

-0.30 95 2.16 
-0.51 81 2.11 
-0.21 100 2.15 
-0.43 81 2.08 
-0.56 75 2.09 
-0.45 93 2.08 
-0.30 80 2.14 
-0.53 90 2.04 
-0.69 96 2.00 
-0.58 91 2.03 
-0.51 73 2.05 

to Fe3+ -0 out-of-plane vibration (Bishop et al., 2004a, 
2004b), is noted in the 600-750 em- I region. The broad 
asymmetrie band at 3554 em- I observed in the 
OH-streehing region is due to the superimposition of 
severa1 individual bands, in partieu1ar vFe3+Fe3+ -OH 
and vFe 3+Mg-OH, loeated at -3550 em-I and 
3575 em- I (Farmer, 1974; Goodman et al., 1976; Petit 
et al., 2002). A weak shou1der is noted near 3640 em- I . 

Sueh a band was attributed to vibrations of water in the 
Ö1berg Fe-montmorillonite (Petit et al., 2002), but the 
existenee of vMg2Fe3+ -OH and vMgFe~+ -OH vibra
tions in the 3660-3630 em- I region was also suggested 
by the authors. The presenee of sueh bands is eonsistent 
with oetahedra1 oeeupaneies slightly >2 estimated from 
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Figure 9. FTIR spectra ofsample 27-52R (OH-bending and OH-stretching region) : (a) before HK treatment, (b) after HK treatment. 

the structural formulae and could be due to the presence 
of small amounts of trioctahedral clusters in the 
dioctahedral sheets of the Fe-montmorillonite. 

The occurrence of oFe3+MgD -OH bands indicates 
that Fe and Mg cations occur in adjacent octahedra 
within the same sheet of the smectite layers. In 
agreement with AEM analyses, this confirms that the 
Fe3+, Mg2+-rich compositions of the smectites do not 
result from a mixing of Fe3+-rich and Mg2+-rich 
individual particles or layers. 

HK-treated sampies. During neutralization of octahedral 
charges by HK treatment, Li+ cations migrate from the 
interlayer exchangeable positions into the formerly 
vacant octahedra. According to the structure of diocta
hedral smectites, migration of one Li+ cation into a 
vacant octahedral site should affect two OH groups 
directed initially towards the vacant site (Calvet and 
Prost, 1971). Consequently, some OH groups with 
dioctahedral environment are affected and OH groups 
with trioctahedral co ordination such as R3+ R3+Li+ -OH, 
R3+ R2+Li+ -OH or R2+ R2+Li+ -OH may be created. In 
this study, the structural changes of the HK-treated 
sampies are characterized by the appearance of only one 
intense band at 3645 cm- I in the OH-stretching region 
(Figure 9b). For the HK-treated Ölberg Fe-mont
morillonite (Petit et al., 2002), the appearance of three 
bands at 3609 cm- I, 3645 cm- I and 3672 cm- I were 
observed by Petit et al. (2002) and were attributed to 
vLiR2-OH vibrations (R being AI3+, Fe3+, Mg2+). 
However, as the octahedral chemistry of the smectite 
studied is simpler here, the appearance of only one band 
at 3645 cm- I after HK treatment is attributed to 
vFe3+Fe3+Li-OH vibration. In the OH-bending region, 
a decrease in the relative intensities of oFe3+Fe3+ -OH, 
oFe3+Mg- OH bands and the appearance of a new band 
at 850 cm- I are observed after HK treatment. This last 
new band was also noted for the HK-treated Ölberg 

Fe-montmorillonite (Petit et al., 2002) but no accurate 
assignment was proposed by the authors. 

The proportion of the octahedral charge of the 
smectites was measured by FTIR spectroscopy using 
the method established by Petit et al. (1998). This 
method is based on the quantitative measurement of the 
amounts of NH~ in NH4-saturated smectites before and 
after the neutralization of the octahedral charge by Li 
fixation. For most of the sampies, the results indicate 
octahedral charge proportions varying between 41 and 
60% of the total layer charge. These values are 
significantly lower than those calculated from structural 
formulae which are ~ 87% (Table 2). According to the 
previous AEM results which have shown that non
exchanged interlayer K+ and Na+ cations persist in the 
Fe-montmorillonite after Ca2+ saturation, it seems 
reasonable to expect the same behavior after Li+ 
saturation. Thus, the octahedral charges of such smectite 
layers were probably not fully compensated by Li+ 
fixation after HK treatment. This could explain the 
apparent underestimation of the octahedral charge 
proportion of smectites using the spectroscopic method. 
Moreover, this could also explain the large amounts of 
swelling smectite layers detected by XRD after HK 
treatment, although the amount of the smectite tetra
hedral charges calculated from AEM analyses is very 
smal!. 

DISCUSSION 

Nature of smectite in green grains 

The zoning of the green grains formed in the upper 
bioturbated zones of the deep-sea calcareous sediments 
ne ar the Costa Rica margin is the product of two 
distinctive processes: (1) early pyritization of the 
organic matter by microbial reduction; and (2) later 
dissolution then replacement of pyrite by smectite 
associated with minor Fe oxides. 
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The XRD, TEM-EDX and FTIR data indicate that the 
smectite present has the crystal-structure and the crystal
chemical characteristics of a montmorillonite with the 
following average structural formula (27-52R sampie, 
Table 2): IV (Si3.94Alo.o4FeÖ:'ö2) v'(Fej:'42MgO.6SMnO.02) 
01O(OHh(Ko.llCaO.llNao.07.nH20). 

The detection of non-swelling layers by XRD is 
related to the collapse ofNa+ or K+ interlayer in smectite 
particles. This behavior induces incomplete exchange 
after Ca2+ and Li+ saturation experiments. 

Plotted in the temary charge-distribution diagram 
established by Köster (1982), most of the analyzed 
smectite sampies fall in or elose to the Fe-montmorillon
ite domain (Figure 10). Fe-montmorillonite is rarely 
reported in the literature, most of the Fe-rich smectites 
usually being described as nontronites (Fe-rich smectite 
with a dominant tetrahedral charge). An Fe-mont
morillonite from Ölberg was described by Köster et al. 
(1999) and Petit et al. (2002) as a elay product of the 
weathering of peridotite nodules and was considered by 
the authors as a rare exception. More recently, Gaudin et 
al. (2004a) reported large lateritic profiles 10-15 m 
thick and kilometres wide, partly composed of Fe
montmorillonite particles and developed also from 
weathering of peridotites. Based on the common context 
of formation of the Murrin Murrin and Ölberg Fe
montmorillonites, Gaudin et al. (2004a) suggested that 
this peculiar type of smectite is a specific clay product of 
the weathering of the ultrabasic rocks. Nevertheless, in 

an oceanic environment, although nontronites are 
frequently observed as the smectite glauconite end
member, Buatier et al. (1993) and Wiewiora et al. (2001) 
identified an Fe-montmorillonite formation as the 
precursor mineral of the glauconite mica in marine 
sediments. Consequently, this study confirms that the 
Fe-montmorillonite does not occur exelusively as a 
weathering product of ultrabasic rocks but also occurs as 
a newly formed mineral in the alteration of deep-water 
marine sediments. Moreover, the rare Fe-montmorillo
nites reported in the literature often display greater AI 
contents (see "Ölberg" in Figure 7) and/or higher 
tetrahedral charges than those of the present study 
(Figure 10). Thus, a major result of this investigation 
was to reveal the occurrence of nearly pure Fe
montmorillonites formed in deep-water sediments. 

Mechanisms of formation of Fe-montmorillonite 

Petrographic observations of the grains scattered 
within the carbonated oozes indicate that their zoning 
results from the progressive inward alteration and 
replacement of the euhedral pyrite aggregates by Fe
montmorillonites. Thus, the formation of such grains 
could be explained by two successive diagenetic redox 
stages (Figure 11): 

1 - Reducing stage (Figure 11 a, b). Pyrite precipitates in 
micro-reducing environments distinct from the surround
ing sediments. For this reason, newly-formed pyrite in 

Celadonite 

Oclahedral 
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0.1 
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Figure 10. Average charge distribution ofthe smectite sampies (average TEM-EDX analyses) reported in the charge-distribution 
diagram established by Köster (1982). G: glauconite mica domain, M: montmorillonite domain, N: nontronite domain (+: nontronite 
from Koster et al. (1999». Fe-montmorillonites from the literature are reported: *: Ölberg Fe-montmorillonite (Köster et al., 
1999); - : Australian smectites issued from weathering profiles developed from peridotites (Gaudin et al., 2004a); 0: Fe
montmorillonite as initial product of glauconite from the Ivory Co ast-Ghana ridge (Wiewiora et al., 2001); D : Fe-montmorillonite 
from the Galapagos Spreading Centre hydrothermal mounds (average TEM-EDX analyses) (Buatier et al. , 1993). 
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Figure 11. Diagram showing an interpretation of the formation of the pyritic and smectitic grains within the pelagic carbonated 
sediments. 

very shallow-buried marine sediments is widely reported 
in the literature. This formation is commonly attributed 
to early diagenetic processes, and more particularly to 
degradation of the organic matter and to bacterial 
reducing processes (Larsen and Chilingar, 1967; 
Fairbridge, 1967; Berner, 1984; Wilkin and Barnes, 
1997; Kelly and Webb, 1999; Shen and Buick, 2004, 
etc.). The organic matter provides nutrients for devel
opment of anaerobic reducing bacteria. Thus, microsites 
rich in organic matter may be sites of high sulfide and 
ferrous Fe production by sulfate and ferric iron-reducing 
bacteria. This leads to local precipitation of aggregates 
of pyrite octahedra, determined as an early component of 
the green grains in this study. Indeed, the huge number 
of very small pyrite octahedra and the small framboidal 
pyrite occurrences observed within the grains are usually 
considered as typical textures resulting from the 
pyritization of organic material in early diagenetic 
environments (Love, 1967; Wilkin and Barnes, 1997; 
McKay and Longstaffe, 2003). Moreover, we notice here 
that barite minerals and SO~- anions from the seawater 
may provide the main sulfur source necessary for pyrite 
formation . 

2 - Oxidizing stage (Figure 11 b,c). Pyrite grains are 
progressively dissolved and replaced by Fe3+-montmor
illonites from the rim to the core of the grains. This 
implies a redox change from reducing conditions to more 
oxidizing conditions. This probably results from the 
cessation of bacterial reducing processes re la ted to the 
total consumption of the organic matter initially present 
in the microenvironments. Then the local redox condi
tions are rebalanced with the oxidizing surrounding 
sediments. The effect of this is the appearance of an 
oxidation front evolving progressively from the rim to 

the inner part of the grains. In response to this redox 
change, pyrite which was stable under reducing condi
tions becomes unstable and is gradually dissolved 
following the reaction: 

2FeS2 + 151202 + H20 -+ 2Fe3+ + 4S0~- + 2H+ 

The local production of W resulting from this 
reaction is buffered by the dissolution of carbonate 
bioclasts surrounding the pyritic microenvironments. 
These buffered pH conditions allow the precipitation 
of smectites. Thus, Fe3+ cations released from the pyrite 
oxidation react with Si from dissolved biogenic opal and 
Mg from seawater or sediments to produce new stable 
authigenic Fe3+, Mg-rich montmorillonites in replace
ment of dissolved pyrites and carbonate bioclasts 
(Figure 4). The TEM observations of the smectite-pyrite 
interfaces suggest that the replacement of pyrites by 
smectite occurs through a dissolution-precipitation 
process with the formation of an X-ray amorphous 
intermediate product (a gel). Moreover, SO~-and Ca2+ 
cations released from the pyrite and carbonate dissolu
tion react to form gypsum detected within some grains 
(Table 1). 

Occurrence 0/ green grains in other marine 
environments 

This study highlights the formation of authigenic 
Fe3+-montmorillonites related to early diagenetic pro
cesses in deep-water (3000 m) sediments. In marine 
sediments, smectite layers usually occur within mixed
layer clays, as smectite-glauconite or smectite-illite 
clays. Therefore, it is most likely that Fe-montmorillon
ite, not interstratified with illite or glauconite layers, is 
thermodynamically unstable during the marine 
diagenesis. 
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The reason why the nature of the clays of the green 
grains is exclusively montmorillonitic is yet to be 
determined. 

A first hypothesis to explain the absence of 
glauconite would be that the formation of Fe-mont
morillonite depends on a specific mechanism of forma
tion (i.e. replacement of diagenetic pyrite in deep-water 
pelagic, carbonated and siliceous sediments in the 
absence of parental Al-silicate). Such a mechanism has 
never been proposed for the formation of glauconite and 
when observed in glauconite-bearing sediments, pyrite 
generally postdates the formation of glauconite (Giresse 
and Wiewiora, 2001; Kelley and Webb, 1999). 

A second hypothesis would be that crystallization of 
Fe-montmorillonite corresponds to the first step of an 
overall glauconitization process including Fe-mont
morillonite-to-glauconite conversion via glauconite
smectite mixed-layer minerals. In that case, Fe-mont
morillonite would be a temporary mineral phase the 
persistence of which is controlled not only by chemical 
(availability of Al and K) and thermal (very low 
temperature) conditions but also by reaction kinetics. 

Several authors have already discussed the influence 
of time on the glauconitization process. Odin and Matter 
(1981) specified that the degree of evolution of the 
glauconite (nascent, little-evolved, evolved and highly
evolved glauconite) increases with the time of residence 
of the green grains at the sea bottom before burial. The 
glauconitization process generally occurs at 60-500 m 
water depth. At greater depths, the energy is lower (low 
temperature ) and the burial process is more continuous 
and effective and the glauconitization is generally 
inhibited (Odin and Morton, 1988; Wiewiora et al., 
2001). However, a few glauconitization processes have 
been reported in deep-water sediments (Odin and 
Morton, 1988). Wiewiora et al. (2001) described a 
glauconitization process in pelagic formaminifer cham
bers from superficial sediments at 2100 m water depth 
and a 3°C water temperature. These authors described 
the formation of a first Fe-montmorillonite which could 
evolve towards the glauconite end-member. They also 
explained the occurrence of glauconite in this deep-sea 
environment (2100 m water depth, 3°C water depth) by 
the presence of a "deep current activity". This would 
"cause winnowing of fine particles, and such reworking 
allows exposure of green grains at the sea floor for 
periods sufficient to cause ionic exchange at the 
sediment-water interface". 

Therefore, we suggest that the occurrence of the Fe
montmorillonite which forms the green grains from the 
Costa Rica margin could belong to an incipient 
glauconitization process in deep-sea conditions. The 
persistence of Fe-montmorillonite in such a geological 
environment could be explained by the young age of the 
sediments, the absence of strong bottom currents during 
their formation and of course by the low temperature 
(-2°C) of the sea water at 3000 m depth. In those 

conditions, the rate of chemical reaction is much slower 
in the shallowest environments (60-500 m, -15°C) and 
the transformation of the Fe-montmorillonite to mixed
layer glauconite-smectite is still not effective. 

This study has allowed us to define pyrite as a source 
mineral for the occurrence of authigenic Fe-montmor
illonites in deep-water carbonated and siliceous sedi
ments. This process of Fe-rich clay formation probably 
exists over a wide extent in the deep-sea floor, e.g. 
Tamburini et al. (2003) reported the occurrence of green 
clay layers in the bioturbated zones of the upper part of 
marine sediments at 2000-3300 m water depth in the 
South China Sea during ODP leg 184. Their XRD study 
indicated smectites with no evidence of glauconite and 
"in many occurrences a clear association with iron 
sulfide minerals and pyrite nodules was found" 
(Tamburini et al., 2003). It is most likely that the nature 
of the smectites from these green clay layers and their 
mechanism of formation are quite similar to those 
described in the present study. 

CONCLUSIONS 

This study reveals the occurrence of authigenic Fe3+_ 
montmorillonite accurately identified by XRD, FTIR and 
TEM-EDX in calcareous pelagic sediments located at 
3000 m below sea level. The formation of such Fe3+_ 
montmorillonite is suggested to be related to successive 
diagenetic redox stages. The Fe3+ and Si4+ are provided 
by the dissolution of pyrite and biogenic opal. The Fe3+_ 
montmorillonite formation in deep-marine sediments, 
rarely described in the literature, could belong to an 
incipient glauconitization process in deep-water condi
tions. 
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