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Abstract-Transmission electron microscopy (TEM) and analytical electron microscopy (AEM) methods 
were used to study the crystal chemistry of phyllosilicates occurring in green grains of Miocene sediments 
from the Congo continental shelf. Using diagrams based on wt. % K and the (Fe + Mg)/AI ratio, minerals 
were distinguished from mixed-layer phases. The most abundant detrital mineral is Fe-kaolinite. The 
morphology and composition identify this mineral as a component of ferralitic soils. This Fe-rich kaolinite 
has undergone a complex process of partial dissolution and recrystallization and further enrichment in Fe 
and, to a lesser extent, in Mg in the marine environment. The detrital mica observed with TEM retains 
the original morphology and chemistry of muscovite. Alteration processes resulted in the crystallization 
of I: I trioctahedral Fe2 + and Mg-rich minerals and interstratified phases with I: I and 2: I layers in varying 
proportions observed with the aid of hish-resolution transmission electron microscopy (HRTEM) imaging. 
Included among the newly formed 7-A phases are those apparently containing excess Si. The smectites 
are apparently neoform, and chemical analyses showed that these marine K-smectites belong to the 
beidellite-nontronite series and have tetrahedral substitutions similar to muscovite. Their compositions are 
closer to beidellite than to nontronite, although the latter was observed in association with goethite. The 
TEM observations and crystallochemical data show that mineral alteration ceased after forming mixed
layer minerals, and alteration did not reach the glauconitization stage. Apparently, the Miocene assem
blages experienced rapidly changing environmental conditions and high sedimentation rates that continue 
today. 

Key Words-Alteration Markers, Congo Basin, Detrital Phyllosilicates, Green Grains, Neoformed Phyl
losilicates. 

INTRODUCTION 

Fecal pellets from the continental shelves of tropical 
latitudes are characterized by restricted interactions 
with their local seawater environments. Exchanges be
tween seawater and pellets involve primarily Fe in the 
sediments (Giresse, 1985). In these pellets, various 
evolutionary processes (alteration and neoformation) 
occur and the products add to various inherited detrital 
phases (kaolinite, quartz, amorphous iron hydroxides, 
goethite, and occasionally large muscovite flakes), 
Analysis of grain populations from the Gulf of Guinea 
by X-ray diffraction (XRD) revealed the presence of 
a dominant 7-A. Fe-rich phase which was identified 
variously as chamosite (Von Gaertner and Schellman, 
1965; Porrenga, 1967), as poorly crystallized berthier
ine (Giresse and Odin, 1973), and finally as odinite 
(phyllite V) from the verdine facies (Bailey, 1988; 
Odin et al., 1988), 

High-resolution transmission electron microscopy 
(HRTEM) was previously used to study the structure 
and growth mechanism of Paleocene glauconite of the 
Cote d'Ivoire (Amouric and Parron, 1985), Formation 
of this glauconite appears to have involved crystalli-

zation, dissolution, mass transfer, and neocrystalliza
tion within a gel rather than direct solid-state trans
formation from a pre-existing mineral. In another 
study (Odin et al., 1988), various green grains belong
ing to the verdine facies were collected from Recent 
sediments of the shelves of New Caledonia, Guinea, 
and Senegal. HRTEM analysis identified two types of 
verdine in these grains, the first mostly composed of 
7-A. thick layers is known to be Recent in age, and the 
second contains mixtures of 7-, 10-, and 14-A. micro
crystals and comprises the more ancient verdines, 

Samples from Recent sediments off the mouth of 
the Congo River were studied by the separation of the 
green peloids into different density fractions, These 
fractions contained either mostly phyllosilicates or 
goethite, thereby enabling the study of the crystal 
chemistry of the individual phases with some precision 
(Giresse et al., 1988). The 10-A. minerals in grains 
deposited in the sediment of the outer shelf have a 
homogeneous composition and occur in association 
with goethite and quartz, The green Fe-bearing peloids 
containing 7-A. Fe-rich phases were deposited in an 
area with a high sedimentation rate off the Congo Riv
er. The chemical composition suggested the transfor-
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mation of kaolinite into a 7-A Fe-rich phase via sub
stitution of Fe2+ and Mg for Al in the octahedral sheet, 
with minor changes in the tetrahedral sheet. 

XRD analyses of mixtures of different grains from 
the Congolese basin were supplemented by diffraction 
analyses of the individual grains. XRD using a posi
tion-sensitive detector (PSD) was used simultaneously 
with energy-dispersive spectrometry (EDS), for struc
tural and chemical characterization. In addition, scan
ning electron microscopy (SEM) was used to charac
terize the chemical components of fecal pellets from 
the Miocene period to Recent on the shelf close to the 
mouth of the Congo River (Wiewi6ra et al., 1996). 
XRD studies of single grains, using a PSD, demon
strated the polymineralic character of the grains. The 
primary phyllosilicates include nontronite, kaolinite, 
Fe-containing 7-A phases having larger b unit-cell pa
rameters than kaolinite, and interstratified phases with 
7- and lO-A layers. The chemical composition changes 
from grain to grain. The precise structural formulae of 
the Fe-containing 7-A phases could not be determined 
due to contamination by interstratified lO-A phases. 

Kaolinite is abundant in the Recent peloids, whereas 
the dioctahedral Fe3 + -bearing 1: 1 phases (Fe-kaolinite) 
are more abundant within the more mature Miocene 
peloids (Wiewi6ra et al., 1996). The latter are also 
characterized by abundant K-bearing nontronite 
formed via neoformation rather than alteration of pre
existing phases. However, these processes do not sug
gest a burial influence. The Holocene section suggests 
that these processes are related to accumulation rate; 
on this time scale the duration of mineral-sea water 
interaction (early diagenesis) is more important than 
burial (late diagenesis). 

A study of a 7-A Fe-rich phase and its transforma
tion in Recent fecal pellets of the Congolese shelf was 
conducted using HRTEM combined with microchem
ical EDS analyses (Amouric et al., 1995). This study 
emphasized the polymineralic nature (mainly 1: 1 and 
2: 1 phyllosilicate phases) of the pellets. From an orig
inal Fe-rich kaolinite, successive dissolution-recrystal
lization reactions took place to form a new 7-A Fe
rich phase, the composition of which varies from an 
intermediate dioctahedral-trioctahedral mineral to a 
trioctahedral (Mg + Fe) mineral. The crystallization 
of dioctahedral K-rich mica-like layer silicates may 
occur at the expense of this 7-A Fe-rich phase and/or 
via dissolution-recrystallization. This reaction series 
progresses through interstratified structures with 1: 1 
and 2:1 layers. According to Amouric et al. (1995), 
these trends may represent the beginning of the glau
conitization process. 

In the present work, considering the polymineralic 
nature of the grains, TEM was used to supplement 
previous results (Wiewi6ra et al., 1996). Earlier results 
suffered from the use of analytical methods that in
volved microscopic studies, coupled with the very 

small size of all phases present, especially those re
crystallized or neoformed. A complete mineralogical 
and geochemicar description of these green grains 
must consider the entire evolutionary process. We se
lected Miocene grains of the Congo continental shelf 
from petroleum drill cores at a depth of 230 m. These 
grains show evolutionary changes similar to those oc
curring with Recent grains, although most of these 
grains have greater quantities of reaction products than 
Recent material. The application of TEM permitted us 
to study the morphology and chemistry of the coarse
and the fine-scale mineral phases and to identify the 
interstratified phases. These data established crystal
lochemical markers, which provided information on 
the recrystallization processes. 

SEDIMENTOLOGlCAL SETTING 

A humid tropical climate has prevailed since the 
beginning of the Miocene in the Congo Basin (Maley, 
1996; Siesser, 1978). The proportion of coarse-grained 
deposits increased during the Neogene, especially ad
jacent to major rivers, e.g., the Congo River where 
increased amounts of kaolinite (>50%) are observed 
in the clay assemblage. This area also contains higher 
concentrations of Fe3+ in the marine muds (> 10%) and 
more green grains, mostly fecal pellets (Oualembo
Mophawe, 1992). Such green grains contain 1: 1 and 
2: 1 layer silicates and, in some cases, constitute nearly 
15% of the sand fraction. Based on the palynological 
study of Neogene sediments of the area (Poumot, 
1989), there is evidence for nearly constant conditions 
favorable for glauconitization until Recent time. The 
beginning of this favorable environment coincides 
with the development of a general progradational de
positional succession, succeeded from previous aggra
dational formations (Seranne et al., 1992). 

As noted above, similar glauconitization processes 
were observed in marine green grains belonging to the 
Miocene and the Recent of the Congo Basin. However, 
the Miocene deposits are inferred to represent a vari
able sedimentation rate because of their thickness, to 
700 m in the studied bore-hole. We have selected gray
green peloids without fissures and with the same mor
phology as those previously described as representa
tive of a mid-evolutionary state process (Wiewi6ra et 
al., 1996). 

METHODS 

Samples for TEM observation were dehydrated us
ing successive baths of methanol and propylene oxide 
(Elsass et al., 1998) and then embedded in Spurr resin. 
After polymerization of the resin at 60°C, 50-nm thick 
sections were cut by ultrarnicrotomy using a Reichert 
Ultracut E microtome. A Philips 420 STEM electron 
microscope at 120 kV accelerating voltage with a 40 
/Lm objective aperture was used. The conditions were 
similar to those used by Srodon et al. (1990). TEM 
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Figure 1. TEM micrograph of a muscovite flake along a 
fissure (microtome artifact). The spots refer to points where 
chemical analyses were taken (Table 1). 

images were recorded only from areas of the speci
mens showing good contrast and morphological detail. 
Each image was complemented by EDS analyses. 
Measurements from images were made from the neg
ative by using a stereo-microscope equipped with a 
micrometer scale. Values of interlayer spacings were 
obtained by dividing the thickness of the stack of lay
ers of identical spacings by the number of interlayers. 
Thickness was measured between the centers of the 
two external layers, at the maximum intensity of the 
lattice fringe. EDS analyses were made with a Link 
system (AN 10,000) with a beam size of 40-200 nm, 
depending on the size of an analyzed object. The data 
were interpreted with caution because of possible af
fects of radiation damage during exposure. The rela
tive error in X-ray analysis by analytical electron mi
croscopy (AEM) is often >5% (Warren and Ransom, 
1992). 

RESULTS 

Forty-one chemical analyses were made on the stud
ied material portrayed on 19 photographs. Enlarge-

ments were made of selected regions of the crystals 
that were both imaged and chemically analyzed for 
visualization of layer sequences and mixed layering. 
TEM images with their associated AEM analyses al
lowed us to distinguish distinct phyllosilicates differ
ing in shape, size, and chemical composition. Mica, 
Fe-rich kaolinite, neoformed smectite, kaolinite, and 
mixed-layer phases comprising various proportions of 
7- and 1O-A. phyllosilicates were recognized based on 
TEM and AEM observations. Multiple observations 
minimized ambiguity in classifying grains. 

EDS analyses can not provide a determination of 
iron oxidation state. Therefore, the composition ex
pressed by the crystallochemical formula was present
ed in two versions, either with total iron as Fe3+ or as 
Fe2+. This approach was used for presentation of the 
crystal chemistry of muscovite, smectite, and Fe-ka
olinite. For other phases, we made no assumptions on 
the iron oxidation state or type of layer (2: 1, 1: 1, or 
mixture of the two). In such cases, chemical data are 
presented diagrammatically using the raw elemental 
compositions expressed in weight percent. 

Figure 1 shows a thin (0.2 Jl.m) and very elongated 
(4 Jl.m) flake composed of packets ~O.l Jl.m in length. 
The flake stretches at the margin of the clay matrix 
along the fissure (microtome artifact) and is well dis
tinguished from the surrounding finer flakes in the ma
trix. The most distinct feature of this flake is its ho
mogeneity and sharp boundaries between domains. 
The habit and composition determined at three points 
on the flake (points 1, 2, 3 in Table 1), and the high 
K content (close to 1 per half formula unit, OIO(OH)2' 
insert in Figure 2), indicate that it is a mica. The oc
tahedral occupancy is between 2-2.12, with Al as the 
predominant octahedral cation (Figure 2), indicating a 
dioctahedral sheet (Table 2). Figure 3 presents the pro
ject field for K-micas (Wiewi6ra, 1990a) and shows 
that tetrahedral substitution is near AISi3, typical of 
muscovite. Thus, Figure 1 shows detrital muscovite 
that survived intact in the marine environment. 

A different morphology from that common for mus
covite is illustrated in Figure 4. Figure 4a shows a 
platy particle viewed along c*, displaying hexagonal 
outlines. The particle appears compact with thick, ho
mogenous packets ~0.08 Jl.m in width. A similar pack
et thickness is observed in Figure 4b where a large 
flake that is cut quasi-perpendicular to the (001) plane 
is shown. Fragmentation of a large grain to smaller 
packets is observed in Figure 4a. Chemical data are 
designated by numbers in the figures. All show kao
linite composition. Only in point 8 (Figure 4a) was a 
measurable amount of K present (0.2 cation per half 
formula unit), which may indicate the initiation of for
mation of K-containing 2: 1 layers or, alternately, the 
presence of residual K-mica. 

Morphological forms typical of neoformed phases 
is shown in Figure 5. Very small grains (~0.1 Jl.m) 
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Table 1. Point chemical compositions (in wt. %) adjusted to 
100%. 

Point Si02 

1 47.90 
2 46.68 
3 46.83 
4 48.07 
5 50.24 
6 50.37 
7 54.34 
8 47.28 
9 47.97 

10 50.13 
11 46.98 
12 49.49 
13 52.56 
14 54.08 
15 66.38 
16 48.86 
17 49.33 
18 47.91 
19 48.72 
20 46.03 
21 48.26 
22 48.26 
23 46.98 
24 46.23 
25 47.92 
26 50.19 
27 47.65 
28 41.29 
29 47.51 
30 51.03 
31 48.84 
32 49.67 
33 47.62 
34 48.94 
35 48.42 
36 51.53 
37 47.60 
38 47.84 
39 50.16 
40 47.54 
41 49.75 

0.04 
0.15 
0.17 
0.67 
0.04 
0.09 
0.09 
0.00 
0.52 
0.00 
0.00 
0.05 
0.11 
4.45 
0.00 
0.84 
0.97 
0.50 
0.33 
2.71 
0.11 
0.11 
0.02 
0.02 
0.19 
0.19 
0.56 
1.20 
0.39 
0.00 
0.00 
0.00 
0.00 
0.21 
0.02 
0.48 
0.00 
0.00 
0.02 
0.00 
0.07 

38.38 
38.41 
39.77 
30.07 
32.42 
32.51 
29.39 
25.83 
38.39 
37.50 
30.12 
33.11 
25.01 
24.97 
20.64 
16.01 
18.73 
22.32 
10.17 
9.72 

15.59 
15.59 
17.07 
16.36 
20.66 
16.19 
13.19 
15.25 
31.14 
16.59 
17.06 
18.93 
14.95 
17.76 
17.77 
24.24 
22.27 
17.35 
13.35 
15.56 
14.02 

1.44 
2.00 
1.53 
8.72 
6 .91 
6.65 
6.12 

16.87 
10.49 
10.62 
14.48 
12.24 
15.63 
13.26 
12.89 
23.41 
23.32 
18.99 
26.55 
30.85 
19.81 
19.81 
26.44 
25.02 
21.71 
24.75 
31.66 
31.86 

7.74 
21.04 
22.66 
21.55 
23.80 
20.48 
21.98 
16.40 
17.07 
24.35 
25.00 
24.60 
25.87 

MgO 

0.00 
1.41 
0.45 
4.56 
3.49 
4.27 
4.95 
5.91 
2.48 
1.46 
6.10 
4.59 
0.00 
3.24 
0.00 
8.87 
6.25 
5.61 
9.93 
9.05 
8.55 
8.55 
6.70 
9.43 
6.83 
6.96 
6.44 
9.12 
3.50 
8.03 
9.89 
8.49 
9.92 
8.82 
9.85 
4.93 
8.73 
9.63 
9.69 

10.60 
8.29 

K,O 

12.24 
11.36 
11.25 
7.90 
6.90 
6.12 
5.11 
4.11 
0.15 
0.29 
2.31 
0.53 
6.68 
0.00 
0.09 
2.01 
1.41 
4.66 
4.30 
1.64 
7.68 
7.68 
2.79 
2.94 
2.68 
1.72 
0.51 
1.28 
9.72 
3.31 
1.54 
1.36 
3.70 
3.79 
1.96 
2.42 
4.33 
0.82 
1.78 
1.70 
2.00 

are distributed near the void. These flakes are identi
fied as the "caterpillar-like" edges on the rims of the 
larger flakes of smectite observed by SEM (Wiewi6ra 
et aI., 1996). The compositions determined on seven 

.. 
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SmeClile~ 
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Octahedral catioo number 

10 12 

Figure 2. Relationship between K-content and (Fe + MgI 
AI) for al l studied compositions: squares micas, circles: smec
tites, triangles: Fe-kaolinites, stars: mixed phases, diamond: 
high K mixed phase. The relationship between K and octa
hedral-cation content in 2: I phases is presented in the inset 
in which the oxidation state of iron is differentiated. Empty 
pictogram: analyses with Fe3+, filled: analyses with Fe2+ . 

different flakes (points 4, 5, 6; Figure 5) are similar 
(Tables 1 and 2). 

Potassium-free nanostructures are observed in Fig
ure 4a near the Fe-rich kaolinite grain. The image 
shows well-shaped hexagonal crystallites and grains 
with frayed or destroyed edges. The latter probably 
crystallized by dissolution of kaolinite and subsequent 
crystallization. Chemical analysis (e.g., point 14) of 
these flakes recalculated on the basis of O IO(OH)g 
shows excess Si and/or a large deficiency in octahedral 
cations. This composition does not plot on the projec
tion plane of Figure 3, but plots above the plane, close 
to Si = 5 (inset in Figure 3). Because the upper limit 
is 4 for phyllosilicates, this analysis clearly represents 
contamination by colloidal silica or a high defect 
structure characterized by an increase in Si owing to 
a deficiency in octahedral cations. Similar chemistry 
is characteristic of point 15 and on other photographs 
(not shown). 

K-containing phases are illustrated in Figure 6. The 
morphology is typical of phyllosilicates but they ap
pear to be heterogeneous, based on 30 point analyses. 

Table 2. Structural formulae of phases calculated per OIO(OH)2 for mica and smectite and per OIO(OH)g for Fe-rich kaolinite. 

Point 

Si 
IV Al 
VIAl 
Fe3+ 

Mg 
~oct. 
K 

3.04 
0.96 
1.92 
0.07 
0.00 
1.99 
0.99 

Muscovite 

2 

2.97 
1.03 
1.85 
0.10 
0.13 
2.08 
0.92 

2.97 
1.03 
1.94 
0.07 
0.04 
2.05 
0.91 

4' 

3.09 
0.91 
1.37 
0.42 
0.44 
2.23 
0 .65 

Smectite 

3.15 
0.85 
1.55 
0.33 
0.33 
2.21 
0.55 

6 

3.15 
0.85 
1.54 
0.31 
0.40 
2.25 
0.49 

3.35 
0.65 
1.49 
0.28 
0.46 
2.23 
0.40 

I Five smectite individuals (Figure 5) showing the same composition. 

3.94 
0.06 
2.48 
1.06 
0.73 
4.27 

9 

3.75 
0.25 
3.28 
0.62 
0.29 
4.18 

Fe-rich kaolinite 

10 

3.88 
0.12 
3.30 
0.62 
0.17 
4.10 

11 

3.81 
0.19 
2.69 
0 .88 
0 .74 
4.31 

12 

3.89 
0.11 
2.96 
0.72 
0.54 
4.22 
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Figure 3. Relationship between Si (cations per four tetra
hedral sites) and lR2+ (octahedral site) for the formula unit, 
O'Q(OH), (assuming 2: I phyllosilicates) = lower scale, and 
for OIQ(OH), (assuming I: I phyllosilicates) = upper scale. 
Modified from Wiewi6ra (l990a. I 990b). Insert represents 
nonstoichiometric compositions. Note that the compositions, 
based on OIO(OH), (l: I phyllosilicates), fall outside of the 
projection field. 

Packets are very thin «0.01 /-Lm) and folded. They 
are randomly distributed in the matrix. The K-content 
is below the detection limits in regions, whereas it 
ranges between 0-0.4 K per 01O(OH)2 elsewhere, less 
than observed for smectites. Calculation on the basis 
of 14 oxygens (inset in Figure 3) also gave an anom
alous result, giving a Si content > 4. The observed 
composition thus suggests a mixed-layer phase. 

HRTEM showed that most of these particles are 
composed mostly of 7-A layers, although some outer 
layers are 10-A layers. Enlargement of the flakes in 
Figure 6 revealed an interstratifted structure where 7-
A layers dominate over lO-A layers (Figure 7). These 
direct observations of 7-A layers and mixed-layer 
grains of 7-10 A confirm the earlier X-ray identifica
tion of a discrete trioctahedral 7-A phase and of a ran
domly interstratified phase composed of trioctahedral 
1:1 and dioctahedral2:1layers in an 85:15 proportion, 
as shown by simulation (Wiewi6ra et al., 1996). In 
rare cases, spacings of 12 and 13 A were identified. 
They apparently represent an uncommon 2: 1 phyllos
ilicate with an expanded interlayer resembling smec
titic layers. 

CRYSTALLOCHEMICAL MARKERS OF 
ALTERATION AND NEOFORMATION 

PROCESSES 

The trends in interlayer and octahedral cations (Fig
ures 2 and 3), as shown by the chemical data com-

bined with particle morphology, allowed the identifi
cation of the phyllosilicate phases as detrital musco
vite, Fe-rich kaolinite, and neoformed smectite. Using 
the diagram based on wt. % K and the (Fe + Mg)/ Al 
ratio, minerals were distinguished from mixed-layer 
phases. The discrimination line is drawn at an (Fe + 
Mg)/Al value of 1.1 (Figure 2), and the K content 
(inset) distinguishes the phases also. Figure 3 shows 
the crystal-chemical classification for micas and kao
linite-serpentines. 

The observed muscovite (Figure 3) composition is 
near the end-member in the projection field (0.9 < K 
< 1; 2 < VIR < 3; Figure 2). Assumptions regarding 
the oxidation state of Fe in muscovite do not shift the 
points significantly. Such a highly aluminous, Fe-free, 
Mg-poor composition is characteristic of detrital mus
covite and cannot be confused with illite and/or glau
conite. 

The compositions of the K-smectites (Figure 5) are 
plotted onto the projection field (Figure 8), which dif
fers from that of the micas (Wiewi6ra, 1990a) by 
translation of the origin of the oblique axes from or
thogonal x, y point coordinates 3, 3 to 3, 3.5. This shift 
is related to the lower layer charge in smectites (here 
at 0.5) than in micas (at 1 per formula unit). General 
formulae of the more important trioctahedral and dioc
tahedral smectite end-members are given. The ob
served compositions project near the pole 
IR23+I~.252+oo.7s Si3AI,. Compositions of K-rich non
tronite, determined in the Miocene grains by EDS and 
SEM and by XRD techniques (Wiewi6ra et al., 1966), 
also project near the same pole. Nontronites described 
by Stucki (1988) project between the two possible 
poles for nontronites-beidellites, most close to 
IR23+DISi3.sAlo.5' On Figure 5 several flakes are ob
served that are similar in appearance, but distinct in 
morphology and chemistry (points 24, 25, 26). They 
would be erroneously classified as smectites if only 
morphology is considered, but the chemistry is unique. 
Projected points for these analyses do not fall in the 
field of smectite, but they fall in the middle of the 
region formed by the ill-defined phases (Figure 3). 

The neoformed smectite shows 0.4-0.65 K per for
mula unit and the compositions of the octahedra and 
tetrahedra are defined by narrow limits. However, since 
the Fe content in the smectite is higher than in the mica 
(Table 2), the separation between points representing 
formulae with FeH and with Fe2+ (inset in Figure 2) is 
greater than for the micas. Assuming all iron is ferric, 
the average structural formula for the smectite is: 
Ko 563[(Al14~e3+ o.3sIM~.387)(Si3.132Alo.868)]OIO(OH)2·nH20. 
The composition of the smectite occurring in the more 
evolved grain in the same population of Miocene grains 
determined by Wiewi6ra et al. (1996) is: (K, Na, Ca! 
2)0.49[(Fe3+ 1.85Mgo.s)(Si2.9IAlo.98Feol ,»)OJQ(OH)2·nH20 , 
showing an iron content typical of nontronite. The 
composition of the smectite studied in this work cor-
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Figure 4. TEM micrographs of Fe-rich kaolinites: (a) isometric Fe-rich kaolinite plate displaying hexagonal subhedral edges. 
The plate is surrounded by minute neoformed wavy nanostructures; (b) Fe-rich kaolinite in the matrix of transformed material; 
(c) Fe-rich kaolinite with signs of alteration. Samples 8, 14, 15, 9, 10, 11, 12, 40 correspond with compositions shown in 
Table I. 

responds with Fe-rich beidellite rather than nontronite. 
K-rich beidellites and nontronites of mruine origin (the 
present case) have higher substitutions in tetrahedral 
sites than the continental nontronites of Stucki (1988). 

The Fe-rich kaolinites are K-free and are represent
ed by the three compositions located near the origin 
of the orthogonal coordinate axis in Figure 2. The (Fe 
+ Mg)/Al ratio is low (similar to smectites). If iron is 
ferric, then the projected points of all Fe-rich kaolin
ites are near the end-member composition of kaolinite 
(Figure 3). Most Fe-rich kaolinite flakes are Mg-free 
and differ from kaolinite only in Fe content. A rela
tively high iron content (0.6 to 1.0 cation per formula 
unit) may suggest that Fe-kaolinite originates from 
continental ferrallitic soils (Herbillon et al., 1976; 
Mestdagh et al., 1980; Nahon, 1981; Jepson, 1988; 
Stucki, 1988; Muller and Calas, 1993; Malengreau et 
aI., 1994). 

Two point analyses showing some K content imply 
that the kao1inite grain, which exhibited a habit typical 

of detrital Fe-rich kaolinite, has undergone an initial 
stage of transformation to 2: 1 layers. This process 
starts with an uptake of K (Figure 9a) which is evident 
by an increase of Fe and Mg content at the expense 
of Al (Figure 9b). Note that the two analyses of K
containing Fe-rich kaolinites may be incorporated 
equally well in the mixed-layer material in Figure 9b. 
However, those kaolinites have a habit more similar to 
the detrital Fe-rich kaolinite (Figure 4). The compo
sition recalculated into structural formulae is projected 
to the field for the kaolinite-serpentine group. This is 
in contrast to mixed-layer material (Figure 7) where 
the chemical formulae based on 01O(OH)g fall outside 
the projected field (inset in Figure 2), thereby sug
gesting that they are not pure 7-A minerals. HRTEM 
analyses clearly show the existence of randomly in
terstratified layers with different layer thickness typi
cal for I: 1, 2: 1, and possibly defect intermediate va
rieties. Thus, the structural formulae should not be de
termined on the basis of 01O(OH)g or 01O(OH)2 as done 
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Figure 5. TEM micrograph of neoformed smectite nanos
tructures displayed around the void. Chemical compositions 
are in Table 1, under sample 4, 5, 6, 29. The surrounding 
material represents altered, mostly mixed-layer material, 
whose composition at the indicated points 24, 25, 26 is pre
sented in Table 1. 

by Amouric et al. (1995). The interstratified material 
cannot be distinguished easily from Fe-rich kaolinite 
using the diagram of Figure 9a, because both materials 
have low K-contents. Thus they project in the same 
field, but the position is distinct from that of the K
rich smectites and very K-rich muscovites. Differen-

Figure 6. TEM micrographs of neoform phases; folded layer 
material forming V-shaped arrangement with visible packets. 
Sample composition 41 is in Table 1. 

Figure 7. Lattice-fringe image observed on a layer stack 
from Figure 6. Computer-magnified interstratified stack com
posed of four 7-A and three lo-A layers is inset for better 
viewing. 

hatlOn is achieved by using a Si, AI, (Fe + Mg) tri
angular diagram (Figure 9b) where the chemical trend 
showing alteration is given. Figure 10, which shows 
more detail regarding the chemistry of the octahedral 
sheet, shows also that the process of transformation of 
Fe-containing primary kaolinite involves further en
richment in Fe at the expense of Al (Figure lOa) and 

R3+= 2 c;,= 1 R3,= 1 R3+= 0 
\ 4 -.--DR;+5R;+P,Si.r----.;...---..c,' 

\ MONTMORILLONITE 

2.5.....L-_...lL __ ..L. ____ -" 

Si i 

0=0 

/ 
R'+ 

3 

Figure 8. Projected field for composition of dioctahedral 
and trioctahedral smectites with a layer charge equal to 0.5 
per formula unit. Structural formulae of Fe-rich beidellite 
(this work), and nontronites after Wiewi6ra et a!. (1996) and 
Stucki (1988) are projected to the field. X: Wiewi6ra et al. 
(1996); .: AEM (this work); +: after Stucki (1988); 0: end
members. 

https://doi.org/10.1346/CCMN.1999.0470505 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.1999.0470505


Vo!. 47, No. 5, 1999 Crystal chemistry of layer silicates in Miocene grains 589 

Fe 

.. 
~* 

liiI:. ,.-
r·" ( .. * 

.. -. (a) 
Si • 

• • 

Mg K 

0: 
~~ 
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Figure 9. Triangular representation of the relationships be
tween the major elements in the studied minerals within the 
Miocene green grains. Squares: micas, circles: smectites, tri
angles: Fe-rich kaolinites, inverted triangles: Fe-rich kaolin
ites with surplus Si, stars: mixed phases. In the diagram: (a) 
triangle K-Mg-Fe, (b) triangle AI-Fe + Mg-Si. G-composition 
field of glauconites from Recent grains, after Giresse et al. 
(1988). 

to a lesser extent Mg (Figure lOb). Also Mg content 
is related generally to an increase in Fe content. 

CONCLUSIONS 

The present study demonstrates that the phyllosili
cate minerals present in the studied fecal pellets have 
a distinctive morphology and chemical composition. 
The mica in the pellets, present below the detection 
limits of powder XRD, has a morphology and com
position typical of detrital muscovite. This detrital 
muscovite should not be confused with illite or glau
conite. 

The other relatively K-rich phase in the pellets is 
smectite. In the grains studied, this mineral has low Fe 
content and is classified as beidellite. Beidellite was 
not found by Wiewi6ra et al. (1996). In contrast to the 
detrital muscovite, smectite formed by direct crystal
lization from solution. The minute smectite flakes re
semble nontronite flakes studied earlier by Wiewi6ra 
et al. (1996). There is not any apparent direct rela-
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Figure 10. Relationship between (a) Fe vs. Al diagram and 
(b) Fe vs. Mg diagram. Symbols as in Figure 9. Notice dis
tinct areas of projection points for all the studied minerals. 

tionship between the smectite and muscovite. The dif
ference in Fe content of the beidellite-type smectite 
(this work) and nontronite identified by Wiewi6ra et 
al. (1996) may result from competition for iron during 
mineral formation and the alteration processes. 

Although solid-state transformation of smectite to 
glauconite is theoretically possible, especially consid
ering their structural resemblance (Sakharov et al., 
1990), our TEM observations do not support such a 
process in the Miocene grains. Glauconite composition 
occurs far from the plotted composition of the studied 
smectites, and closer to the plotted composition of 
mixed-layer phases. We suggest that neoformation of 
glauconite occurs in off-shore quiescent zones during 
periods of low sedimentation rate. 

Fe-rich kaolinites in Miocene grains were not pre
viously identified unambiguously because of the mul
tiphase and heterogeneous nature of the Miocene 
grains. The present study shows that the 7-A phases 
are abundant in the Miocene grains, and their exis
tence is not limited to Recent deposits. 

The significant increase in Fe and, to a lesser extent 
in Mg, in the Fe-rich kaolinites during alteration in
volves recrystallization of the 7-A layers into lO-A 
layers. The last observed alteration product is the 
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mixed-layer phase. As these Fe-rich phases are espe
cially abundant in high sedimentation-rate zones of the 
continental shelf, where the environment changes rap
idly, the alteration processes are probably never com
pleted (Giresse et al., 1988). In favorable conditions, 
further transformation into glauconite may be possible. 
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