Clays and Clay Minerals, Vol. 62, No. 1, 35-52, 2014.
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Abstract—Natural clay-sized glauconite has the same mineralogical composition as sand-sized glauconite
pellets but occurs in <2 um clay fractions. This particular glauconite habit has been described previously
from soil environments resulting from pelletal weathering but is rarely reported in higher-energy
sedimentary environments. In the present study, clay-sized glauconite was identified as a common
constituent in transgressive Neogene glauconite pellet-rich deposits of the southern North Sea in Belgium.
X-ray diffraction results revealed that the characteristics of the clay-sized glauconite are very similar to the
associated glauconite pellets in sand deposits. Both glauconite types consisted of two glauconite-smectite
R1 phases with generally small percentages of expandable layers (<30%) with dye values ranging between
1.513 A and 1.519 A. Clay-sized glauconite was not neoformed but formed by the disintegration of sand-
sized glauconite pellets which were abraded or broken up during short-distance transport within the
sedimentary basin or over the hinterland. Even in an environment where authigenic glauconite pellets
occur, minimal transport over transgressive surfaces is sufficient to produce clay-sized glauconite.
Furthermore, clay-sized glauconite can be eroded from marine deposits and subsequently resedimented in
estuarine deposits. Clay-sized glauconite is, therefore, a proxy for the transport intensity of pelletal
glauconite in energetic depositional environments and, moreover, indicates reworking in such deposits

which lack pelletal glauconite.
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INTRODUCTION

Authigenic glauconite is a sensitive indicator of low
sedimentation rates in the marine realm and constitutes a
powerful tool for sedimentological and sequence strati-
graphic interpretations as well as K-Ar dating studies
(Chamley, 1989; Amorosi, 1995; Hesselbo and Huggett,
2001; Potter et al., 2005; El Albani, 2005; Harris et al.,
2007; Derkowski et al., 2009). Many deposits contain
transported glauconite pellets, which drastically changes
the interpretation of environmental conditions during
deposition (McRae, 1972; Odin and Matter, 1981;
Cudzil and Dreise, 1987; Odin and Fullagar, 1988;
Chafetz and Reid, 2000; Gonzalez et al., 2004).

Physical transport of glauconite pellets leads to pellet
abrasion, large amounts of fragmented particles
(Amorosi, 1997; Udgata, 2007), or even complete
disintegration of clay flakes resulting in the production
of clay-sized glauconite material. This process has been
identified in soils where the clay fraction consists
predominantly of a glauconite mineralogy (Van Ranst
and De Coninck, 1983; Tedrow, 1986, 2002).

Clay-sized glauconite in sedimentary rocks was
suggested by Baioumy and Boulis (2012) to represent a
pre-pelletal stage during glauconitization. Depending on
its compositional and sedimentological characteristics,
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clay-sized glauconite has a transported origin, indicative
of a rather high-energy environment or an authigenic
origin, indicative of a lower-energy depositional envir-
onment. Clay-sized glauconite is, however, almost never
reported in sedimentary deposits and certainly not co-
existing with pelletal glauconite.

The current study documents the common presence of
such clay-sized glauconite in Neogene glauconite-pellet-
rich deposits of the southern North Sea in Belgium
(Campine basin). First, experiments were performed to
evaluate disintegration behavior of glauconite particles
during several types of sample treatment. Second, a
methodology was established to investigate the miner-
alogy of both glauconite pellets and associated clay-
sized fractions. The study further addressed the relation-
ship between sand-sized glauconite pellets and clay-
sized glauconite, along with the origin and sedimento-
logical significance of the latter.

CRITERIA TO IDENTIFY AND QUANTIFY
GLAUCONITE MINERALS

Standard reference mineralogy and chemistry of
glauconite pellets

The mineral glauconite is an Fe-rich dioctahedral
mica which can be formed in various ways, with
tetrahedral AI*" or Fe*" >0.2 atoms per formula unit
and octahedral R*" >1.2 atoms. A generalized formula is
K(R753R5 67)(Si3.67Al.33)019(OH), with Fe*" > Al and
Mg > Fe? (Bailey,1980). The dog values must be
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>1.510 A and K" should be the dominant interlayer
cation (Bailey, 1988). The mineralogy of glauconite
pellets, however, seldom consists of the pure glauconite
mica. Instead, one or more Fe-rich mixed-layered
glauconite-smectite phases are encountered (Buckley et
al., 1978; El Albani, 2005; Adriaens, 2009; Baldermann
et al. 2012). Al-rich glauconite species were also
reported by Berg-Madsen (1983) and Weaver and
Pollard (1973), however. The composition of Al-rich
glauconite overlaps with that of Fe-illite, which is
related to non-marine environments (Meunier, 2005;
Meunier and El Albani, 2007), although Banerjee et al.
(2008) claimed the presence of Fe-illite in a marine
succession. Nevertheless, marine Al-rich glauconite, or
Fe-illite, is the result of diagenetic alteration (Odin and
Matter, 1981; Ireland et al., 1983) and neither is found in
unlithified sediments. Consequently, illitic mineral
species with >15 wt.% total Fe, which is expressed by
doeo values >1.51 A, are termed glauconite or glauco-
nite-smectite here (Velde, 1985; Meunier, 2005).

Identifving and quantifying clay-sized glauconite in
mixtures of clay minerals

As discussed above, the identification of glauconite
minerals is based on both mineralogical and chemical
data in cases of pure minerals. In clay-mineral mixtures,
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however, the situation is often much more complex and
the use of chemical characterization methods is less
straightforward. Deriving mineralogical information and
parameters from X-ray diffraction (XRD) patterns
combined with detailed XRD clay modeling is, there-
fore, the optimal working method.

As stated by Moore and Reynolds (1997), the cation
size and site occupancy of the dominant octahedral
trivalent cation correlates with the dygo peak position.
Furthermore, when considering the general stability of
the 060 area in terms of structural and chemical
variations common for clays, this area represents a
valuable and reliable tool in X-ray powder diffractome-
try to distinguish between different clay species (Srodor’l
et al., 2001). Consequently, the dyso values of different
illitic 10 A species are positioned at, or lower than,
1.500 A for normal illite, between 1.500 A and 1.510 A
for Fe-rich illite, and >1.510 A for glauconite. This
clear-cut differentiation can be obscured in mixtures of
glauconite and nontronite which are rarely reported and
absent from the present setting.

GEOLOGICAL SETTING

During the Neogene, sedimentation is restricted to the
Campine area in the northern part of Belgium (Figure 1).
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Figure 1. Geographical locations of out-crop or bore-hole samples plotted on the Tertiary geological map of the northern part of
Belgium. The out-cropping formations presented here are indexed at the bottom right. Bore-hole codes correspond to codes of the

Belgian Geological Survey.
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Figure 2. (left) Glauconitic sands of the Diest Formation intercalated with thin, irregular clay layers. (right) Slightly glauconitic

sands of the Kasterlee Formation with thin clay intercalations.

Deposits are mainly transgressive shallow-marine glau-
conite-rich sands but minor estuarine to fluvial sand
deposits occur also (Vandenberghe et al., 1998; 2004).
Clay in these deposits occurs dispersed in the sand
matrix and as thin intercalated clay layers (Figure 2).
Depositional sequences are separated by erosion sur-
faces, interpreted as major stratigraphic unconformities.
The chronostratigraphic position of the different units is
based on Vandenberghe et al. (1998) and Louwye et al.
(2000) (Table 1).

The Early Miocene sands of the Berchem Formation
are subdivided in the Burdigalian Edegem and Kiel sand
Members and the Langhian-Serravalian Antwerp sand
Member (De Meuter and Laga, 1976), which were all
deposited in a fully marine environment (De Meuter and

Laga, 1976; Louwye and Laga, 1998; Louwye, 2001).
These three members are fine- to medium-grained sand
units commonly intercalated with thin clay layers
(Vandenberghe et al., 1998; Louwye et al., 2000;
Louwye, 2005). Distinction is made based on calcareous
fossils, dinoflagellate biozonations, and glauconite con-
tents (Table 1). Radiometric glauconite dating led Odin
et al. (1974) to conclude an authigenic origin for the
Antwerp glauconites while the Edegem and Kiel
glauconites are considered to be reworked.

After an important phase of erosion, sedimentation
only restarted in the latest Serravalian—early Tortonian
with the Diest Formation (Louwye et al., 1999). This
poorly sorted sand unit occurs in both the Hageland and
the Campine area with average glauconite contents of

Table 1. Stratigraphical overview of the Neogene units investigated in the present study, their average pelletal glauconite
contents, and the potential of each unit to contain authigenic glauconites.

Chronostratigraphy — Lithostratigraphic unit — Average Authigenic
Formation Member Gl content Gl potential
Zanclean/ Mol Formation <0.01% very low
Piacenzian Poederlee Formation 20% medium
Messinian Kasterlee Formation 3% very low
Tortonian Diest Formation 39% very low
Serravallian
Langhian Antwerp Member 50% medium
o Berchem Formation Kiel Member 35% low
Burdigalian Edegem Member 35% low
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40% (Figure 1 and Table 1). Discontinuous clay layers
are commonly observed in these sands (Figure 2). The
Diest sands in the Hageland area contain no microfossils,
which makes their exact stratigraphic positioning
questionable.

The Late Miocene Kasterlee Formation was formed
in a near-shore depositional environment or embayment
with a manifest river discharge and was, thus, influenced
by oxic freshwaters (Louwye, 2005; Louwye et al.,
2006). This resulted in a well sorted, fine-grained sand
unit with thin irregular clay intercalations (Figure 2).
Glauconite contents in the Kasterlee Formation are
typically much smaller than the older Miocene sand
deposits, with typical values of only 5%.

The Pliocene Poederlee sand is a fine glauconitic
sand unit with disperse clay lenses (De Meuter and Laga,
1976) often presented as highly oxidized sands with a
hard limonitic crust. Louwye and De Schepper (2010)
suggest a near-coastal, possibly shoaling environment,
with more terrestrial influence in the upper part of the
formation. Glauconite contents in the Poederlee sands
are variable, ranging from 5 to 30%.

A thick unit of continental to estuarine sands of the
Mol Formation occurs geographically more to the east
(Figure 1). This unit consists of very quartz-rich glass
sands with very small clay contents and contains
virtually no glauconite pellets.

Under a binocular microscope, glauconite pellets in
the sand units described above generally appear pale to
dark green, with the latter variety occurring more
frequently. Pellets are often well rounded and polished
but also more irregular pellet shapes occur. Cracks in
pellets and broken fragments are commonly observed
(Figure 3). The spatial distribution of glauconite pellets
is often very irregular as they occur concentrated in
cross beds, on transgressive surfaces, and in basal green
sands but also dispersed in the sand matrix. When mixed
with water, the suspension water of sand deposits
displays a pronounced green coloration. However, the

Figure 3. Glauconite pellets of the Kasterlee Formation. Pellets
occur very regularly as fragmented or broken pieces. Rims are
sometimes filled with clay precipitates as indicated by the
arrow.
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suspension water of sedimentary clay is grey to brown
colored and rarely contains any glauconite pellets.

The relation in terms of size distribution of glauco-
nite pellets to the remainder of the sediments reveals
important information regarding possible mutual trans-
port (Figure 4). For the formations of Diest and
Kasterlee, and the Edegem and Kiel Members of the
Berchem Formation, both distributions are very similar,
which confirms simultaneous transport of glauconites
and detrital particles. In contrast, the Poederlee
Formation and the Antwerp sands of the Berchem
Formation contain potential authigenic glauconites.
Their glauconite pellet distribution is differently shaped
from the remaining fraction of the sediment and the
glauconite pellets are significantly larger than the
remainder of the sediments (Figure 4). A reasonable
conclusion is that the Neogene sediments in Belgium
contain transported glauconites as well as possible
authigenic glauconite horizons. These sediments are
ideal, therefore, to test the presence of clay-sized
glauconite and investigate the possible relation between
glauconite pellets and the associated clay fraction.

DISINTEGRATION EXPERIMENTS ON
GLAUCONITE PELLETS

Clay-sized glauconite might be artificially introduced
into clay fractions during sampling or laboratory-
preparation procedures. In order to verify such artificial
contributions, the effects of different preparation pro-
cesses were evaluated experimentally.

A first experiment was set up to investigate the effect
of commonly applied geological lab procedures such as
washing, shaking, stirring, wet sieving, and oven drying.
This type of preparation procedure caused minimal
disintegration of glauconites as contaminants were either
absent or undetectable. Nevertheless, sample suspen-
sions which were subjected to high-speed shaking for
>24 h demonstrated a slightly greener coloration,
illustrating that glauconite pellets broke up during this
last procedure.

In a second experiment, purified >32 pm glauconite
pellets of Neogene deposits were subjected to the standard
clay preparation treatment for aggregate removal (mod-
ified after Jackson, 1975). The >32 um glauconite pellets
were separated paramagnetically from a washed and
sieved sand sample and subjected to heating in a Na-
acetate-buffer solution, H,O,, and Na-dithionite in a Na-
citrate+tNaHCO3-solution (modified after Jackson, 1975;
Zeelmaekers, 2011). The amount of disintegrated <2 pm
pellets was determined quantitatively by weight. Based on
12 samples, the amount of clay produced from decom-
posed pellets averaged between 15 and 25 wt.%. Although
this experiment was on purified glauconite pellets, it
showed clearly that significant errors can be induced
when glauconite pellets are not removed before standar-
dized clay-preparation procedures.
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Figure 4. Comparison of the particle-size distribution between the >32 pm glauconite fraction (dotted blue) and the rest (red). The
Poederlee (g,h) and Antwerp sands (a,b) typically contain large glauconite pellets with a particular size distribution, suggesting
potential authigenic glauconitization. The pellet size is less well sorted than might be expected for authigenic minerals, e.g. the
Bartonian Bande Noir horizon (I) (Odin, 1982; Maréchal, 1994). Some samples of the Antwerp and Poederlee sand (b, g) have similar
particle-size distributions for quartz and glauconite, suggesting a common transport history.

A third experiment was set up to study contamination
by glauconite particles in the 2-32 pum size fraction.
Untreated samples were split into two parts and soaked
in water. The first part was centrifuged to remove the
<2 pm size fraction without any treatment, then the
amounts of glauconite in the <2 pm and >2 pm size
fractions were determined. To the second split, the
standard clay treatments were applied (see second
experiment). The <2 pm and >2 pm size fractions were
then separated by centrifugation and the amount of
glauconite was determined in both.

Two main observations can be made from this
experiment. Firstly, large amounts of glauconite
occurred in the <2 pm size fraction of untreated samples
(Figure 5). Secondly, the increase in artificially pro-
duced <2 pum glauconite particles after treatment was
limited to 15—20 wt.% (Figure 5). Nevertheless, this
must be a maximum value because, due to the applied
treatment, some clay aggregates also shifted to the
<2 pm size fraction.

During a fourth experiment, a fresh clay outcrop
sample of the Bartonian Bande Noir horizon (Maréchal,
1994) containing large amounts of glauconite pellets
was subjected to several destructive actions such as
shovel cutting, pushing, and shearing. The clay suspen-
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sion immediately adopted a much greener color
compared with the untreated sample. The <2 pum clay
fraction was centrifuged before and after the destructive
actions and analyzed using bulk XRD methods. The
results indicated that, while the clay fraction of the
untreated sample contained 20 wt.% glauconite, the
treated sample had 30 wt.% glauconite in its clay
fraction.

Consequently, the application of routine laboratory
procedures affects glauconite particles in these sedi-
ments to such a degree that clay-sized glauconite is
formed. However, these introductory experiments
demonstrated that large amounts of <2 pum glauconite
particles occur naturally in the clay fraction. After
laboratory treatments, the amount of clay-sized glauco-
nite increased to 20% at most, indicating that the
majority of clay-sized glauconite occurs naturally.

SAMPLES AND METHODS

A selection of samples from the formations of
Berchem, Diest, Kasterlee, Poederlee, and Mol were
studied for glauconite pellet mineralogy and associated
clay mineralogy. Samples were collected in various
available cores and outcrops (Table 2, Figure 1).
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Figure 5. Results of the glauconite pellet disintegration
experiment. Untreated samples were centrifuged with a Thermo
Scientific SL40R benchtop centrifuge (relative centrifugal
force 25214 x g —Thermo Fisher Scientific, Erembodegem,
Belgium) to <2 pum to quantify the amount of glauconite
minerals present in the finer and coarser size fractions. This
procedure was repeated after applying the standard clay-
preparation procedures. The columns in green correspond to
the maximum possible amount of contamination of >2 pm
glauconite material that ended up in the <2 pm clay fraction.

Considering the importance of glauconite pellet
disintegration behavior as demonstrated in the section
above, the >32 pm glauconite pellets were separated
systematically from the remainder of the sediment. Sand
samples were soaked in demineralized water, stirred, and
separated by 32 pm wet sieving, which was repeated
three times. Glauconite pellets were isolated from the
>32 um fraction using a Frantz isodynamic magnetic
separator. Clay samples were not treated because they
contained no glauconite pellets. Both clay samples and
<32 um fractions of sand samples were examined for
bulk mineralogy as well as for clay mineralogy on clay
slides. Bulk measurements were recorded with XRD
from randomly oriented powders which were fine-milled
and mixed with an internal standard (after Srodof et al.,
2001). Oriented clay slides were prepared after the
removal of all aggregate-forming particles (modified
after Jackson, 1975; Zeelmaekers, 2011), followed by
centrifugation of the <2 pm fraction. The clay material
was subsequently Ca-saturated to ensure homogenous
swelling of smectitic components (Eberl er al., 1987;
Sakharov et al., 1999), and oven-dried afterward at 60°C.
Clay (<2 pm) material was also analyzed as randomly
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oriented powders by XRD, analogous to the procedure
applied for bulk samples (after Srodon et al., 2001).

Glauconite pellets were examined for mineralogy by
XRD as randomly oriented powders but also as oriented
slides after fine milling and subsequent Ca saturation.
The major-element chemistry of glauconite pellets was
characterized using inductively coupled plasma-optical
emission spectroscopy (ICP-OES) while ferrous iron was
determined through titration (after Wilson, 1955).

All XRD measurements were carried out at the
department of Earth and Environmental Sciences at the
University of Leuven on a Phillips PW1830 with CuKo
radiation at 30 mA and 45 kV using a graphite
monochromator and a scintillation detector.
Diffractometer scans were recorded in Bragg-Brentano
geometry from 5 to 65° for bulk measurements and from
2 to 47° for clay measurements, each time with a step
size of 0.02° and 2 s counting time per step. Oriented
slides were measured under air-dry, glycolated, and
heated (550°C) conditions.

Quantification of the <2 um clay fraction was done in
two independent ways. Firstly, clay modeling using the
software Sybilla (©Chevron ETC) was used for inter-
pretation, clay-structure analysis, and quantification.
Secondly, quantification of randomly oriented powders
and characterization of the 060 area was performed
using the software Quanta (©Chevron ETC). This full-
pattern fitting software bases the clay mineral quantifi-
cation on the integrated intensity of the 060 area. The
efficiency and accuracy of this method was described
previously (Srodoﬁ et al., 2001; Kleeberg, 2005;
Omotoso et al., 2006). Furthermore, the method takes
advantage of the fact that clay mineral species with
different 060 spacings can be quantified separately,
which makes it ideally suited for independent glauconite
quantification in the presence of the more common Al-
rich clay mineral species.

RESULTS

Glauconite pellets

An inventory of mineralogical characteristics and
chemical compositions of the glauconite-pellet bearing
horizons in the Upper-Cretaceous and Cenozoic in
Belgium was reported by Adriaens (2009). Cretaceous
glauconite-bearing horizons were characterized by a 1M
to 1Md-glauconite-smectite R1 phase with expandable
layers ranging between 6 and 8%. Throughout the
Cenozoic record, glauconite pellet mineralogy displays
low variability, consisting of one or two 1Md-glauco-
nite-smectite R1 phases with <16% expandable layers in
total. Neogene glauconite pellets, from similar strati-
graphic horizons to those used in the present study,
typically contain between 6 and 12% expandable layers.
The position of the 060 reflection of these glauconite
pellets varied between 1.515 A and 1.519 A. Major-
element analysis by ICP-OES revealed K,O contents
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Table 2. Overview of samples with information regarding stratigraphy, origin, and lithology. Borehole and outcrop locations

are shown in Figure 1.

Name Formation Member Location Lithology State

Bl Berchem Edegem Kruibeke claypit outcrop Sand Fresh

B2 Berchem Kiel Schilde borehole 66.3 m Sand Fresh

B3 Berchem Kiel Schilde borehole 67.3 m Sand Fresh

B4 Berchem Kiel Antwerp outcrop Sand Fresh

BS5 Berchem Kiel Schilde borehole 64.8 m Sand Fresh

B6 Berchem Antwerp Herentals borehole 75.5 m Sand Fresh

B7 Berchem Antwerp Herentals borehole 85.5 m Sand Fresh

B8 Berchem Antwerp Dessel 5 borehole 165.5 m Clay Fresh

B9 Berchem Antwerp Dessel 5 borehole 165.9 m Clay Fresh

B10 Berchem Antwerp Essen borehole 176.9 m Sand Fresh

Bl11 Berchem Antwerp Mol borehole 143.7 m Sand Fresh

B12 Berchem Antwerp Essen borehole 180.5 m Sand Fresh

BI13 Berchem Antwerp Schilde borehole 62.8 m Sand Fresh

D1 Diest (Campine) Essen borehole 172.5 m Sand Fresh

D2 Diest (Campine) Essen borehole 174.6 m Sand Fresh

D3 Diest (Campine) Essen borehole 175.9 m Sand Fresh

D4 Diest (Campine) Retie 1 borehole 48.86 m Sand Slightly oxidized
D5 Diest (Campine) Dessel 2 borehole 47.50 m Sand Slightly oxidized
D6 Diest (Campine) Dessel 2 borehole 34.65 m Clay Fresh

D7 Diest (Hageland) Leuven GHB outcrop Sand Slightly oxidized
D8 Diest (Hageland) Linden outcrop Sand Slightly oxidized
D9 Diest (Hageland) Leuven Kesselberg outcrop Sand Slightly oxidized
D10 Diest (Hageland) Leuven GHB outcrop Sand Slightly oxidized
D11 Diest (Hageland) Leuven GHB outcrop Clay Fresh

D12 Diest (Hageland) Leuven GHB outcrop Clay Fresh

Kl Kasterlee Dessel 3 borehole 28.58 m Sand Fresh

K2 Kasterlee Dessel 3 borehole 29.78 m Sand Fresh

K3 Kasterlee Dessel 2 borehole 32.03 m Sand Fresh

K4 Kasterlee Lichtaart outcrop Sand Fresh

K5 Kasterlee Lichtaart outcrop Sand Fresh

K6 Kasterlee Dessel 3 borehole 30.73 m Clay Fresh

K7 Kasterlee Dessel 2 borehole 32.75 m Clay Fresh

Ml Mol Dessel 3 borehole 12.10 m Sand Fresh

M2 Mol Dessel 3 borehole 12.75 m Sand Fresh

M3 Mol Dessel 3 borehole 13.10 m Sand Fresh

M4 Mol Dessel 2 borehole 16.5 m Sand Fresh

M5 Mol Dessel 2 borehole 19.2 m Sand Fresh

Pl Poederlee Rees borehole 21.20 m Sand Fresh

P2 Poederlee Rees borehole 21.55 m Sand Fresh

P3 Poederlee Rees borehole 21.90 m Sand Fresh

P4 Poederlee Rees borehole 22.40 m Sand Fresh

P5 Poederlee Rees borehole 23.80 m Sand Fresh

P6 Poederlee Rees borehole 24.20 m Sand Fresh

ranging from 5.5 to 7 wt.%, pointing to well evolved
pelletal maturity (Table 3). Total (Fe,O5;+FeO) contents
for Neogene glauconite pellets ranged between 16 and
23.5 wt.% oxides (Table 3), with a typical ferric:ferrous
ratio of 9:1, plotting within the glauconite compositional
field of Meunier and El Albani (2007) (Figure 6).

The results of the clay modeling of oriented slides
(Figure 7) show that the majority of analyzed glauconite
pellets consisted of two separate phases: a glauconite-
smectite R1 phase with 5—10% expandable layers and a
three-component glauconite-expandable R1 phase with a
total of 25-35% expandable layers of two types. The
expandable minerals in the former phase are smectites of
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the low-charge type while in the three-component
system they consist of both low-charge and high-charge
smectite with a 60:40—70:30 ratio, respectively. Traces
of kaolinite were often encountered as the result of clay
precipitation in the pelletal rims (Figure 3). The
glauconite pellets of the different investigated forma-
tions were characterized based on the relative amounts
of both glauconite-expandable phases and their typical
060 value (Figure 7 and Table 4). Furthermore, during
modeling, the octahedral Fe content of the glauconite
pellets was assessed. This parameter shows low varia-
bility for all glauconite pellets investigated, ranging
from 0.75 to 0.9/half unit cell.
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Glauconite pellets of the Berchem Formation typi-
cally display a 75:25 ratio between the less expandable
two-component and more expandable three-component
glauconite-smectite phase, respectively. No distinction
was found between glauconite pellets of the Antwerp
sand and the Kiel and Edegem sands. Glauconite pellets
of both the Diest and Kasterlee Formations generally
have a small amount of expandable layers, which was
reflected in their 90:10 less expandable-more expand-
able ratio. Glauconite pellets of the Poederlee sands
contained two R1 glauconite-smectite phases but also
Fe-rich smectite was also present (Figure 7), which is
unique in the Campine basin (Adriaens, 2009). The
estuarine Mol Formation contained no glauconite pellets
and was, therefore, not characterized further.

Clay mineralogy of the <2 um fraction

Sands. The quantitative mineralogical composition of the
<2 pm clay fractions from the sands, as determined by
clay modeling (Figure 8), illustrates the systematic
presence of clay-sized glauconite-smectite, which was
defined by its unique 060 value and modeled octahedral
Fe content (Figure 9, Table 4). Optimal modeling results
were only obtained after introducing similar glauconite-
smectite R1 phases which make up the mineralogy of the
associated sand-sized glauconite pellets. The clay miner-
alogy of the Berchem Formation was always rich in
discrete dioctahedral smectite and Al-rich mixed-layer
illite-smectite. Clay-sized glauconite was quantified in
total amounts ranging from 10% up to 30% with typically
the more expandable type (three-component glauconite-
smectite R1 with 22-30% expandable layers) dominating
the less expandable type (glauconite-smectite R1 with
8—12% expandable layers) (Table 4 and Figure 8). Clay
minerals in the Antwerp Member were not significantly
different from those in the Edegem and Kiel Members.

Clays and Clay Minerals

Sample B11, however, contained almost no clay-sized
glauconite. In the Diest sands, the <2 pm clay mineralogy
depended on the origin of the samples. Samples from the
Hageland area contained large amounts of clay-sized
glauconite, up to 90% of the total <2 pm fraction, with
smaller amounts of Al-rich illite-smectite, illite, kaolinite,
and, occasionally some chlorite. Diest sand samples
originating from the Campine area, contained smaller
amounts of clay-sized glauconite with values between 20
and 45%. Contributions from other clay minerals were,
therefore, more important, in particular of discrete
smectite, which is seldom found in sands in the
Hageland area. Very similar more and less expandable
clay-sized glauconite types as for the Berchem sands were
used during modeling. In the Hageland area the less
expandable type predominates, whereas in samples of the
Campine area the ratio of more expandable type:less
expandable type was just 2:1 (Table 4).

The Kasterlee sands contained variable amounts of
clay-sized glauconite, ranging from 20 to 50%, with the
less expandable clay-sized glauconite type generally
dominating the more expandable type. While the
kaolinite content in the Berchem and Diest sands was
rather small (<10%), it was much greater in the
Kasterlee sands with values between 15 and 35%.

Clay-sized glauconite also exists naturally in the
Poederlee sands, but in limited amounts (<15%). Both
the less and more expandable glauconite types were used
in these clay patterns. Smectite was, however, the
dominant clay mineral consisting of dioctahedral as
well as trioctahedral expandable phases. The dioctahe-
dral smectite is comparable in all formations discussed
and appears to be very poor in Fe content, with the
modeled octahedral Fe content <0.25/half unit cell. The
trioctahedral expandable species was, however, very rich
in Fe with 1.5 octahedral Fe/half unit cell.

12
5
. ol
038 1 Glaucopite =+, .
_ MLM 2 ontronite
? 0.6
=
o fite
0.2
0 . . y .
(] 02 04 06 08 1
Fe/Sum Octa

Figure 6. Position of the Belgian Cenozoic glauconite pellets (see Table 2 for sample information) in a compositional diagram. End-
member positions are indicated by squares. MLM indicates mixed-layer minerals, M+ corresponds to the interlayer charge, while
‘Sum octa’ corresponds to the sum of octahedral cations in the structure. Blue dots refer to poorly expandable glauconite pellets
(K,0 <7%), red triangles to pellets which are more expandable (K,0>10%), and green squares to a group of glauconite pellets which
expand to a medium extent (7%<K,0<10%). Neogene glauconite pellets as presented here belong to the blue and green markers

(modified after Meunier and El Albani, 2007).
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used in the clay modeling are shown in blue and green for each formation and are representative of all studied samples. ‘Kaol’
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Figure 9. (upper) Decomposition of the 060 area of the clay samples; (lower) decomposition of the 060 area for sand samples. The
blue curve represents the contribution from kaolinite; the red curve represents the contribution from all dioctahedral Al-clays
(smectite, illite, illite-smectite) while the green curve corresponds to the contribution of glauconite and/or glauconite-smectite.

XRD patterns were recorded with ZnO as the reference material.

Finally, the clay mineralogy of the estuarine Mol
sands consisted mainly of kaolinite but also contained
clay-sized glauconite in significant amounts. Note that
these quartz-rich sands contained glauconite pellets only
in their clay fraction; clay-sized glauconite represents an
important proportion of the clay fraction. Only the less
expandable clay-sized glauconite type was necessary to
model the clay fractions of the Mol Formation

Clays. Sedimentary clay samples were examined in all
lithological units. In contrast to the sand samples, the
<2 pm clay fractions displayed brown to grey coloration.
The XRD patterns of clays were similar to those of sand
samples, and modeled clay mineral characteristics were
identical to those in sands. Inspection of the dygy of
randomly oriented powders, however, indicated that
clay-sized glauconite was systematically absent from
clays (Figure 9, Table 4). This was confirmed by the
clay modeling because oriented clay patterns could not

https://doi.org/10.1346/CCMN.2014.0620104 Published online by Cambridge University Press

be modeled with the incorporation of Fe-rich clay
minerals (Figure 8). The most important clay minerals
in these size fractions were dioctahedral Al-smectite,
Al-rich illite-smectite, kaolinite, and chlorite (Table 4).

DISCUSSION

Clay-sized glauconite was encountered systemati-
cally in Cenozoic marine glauconite pellet-bearing
samples. Both the experiments and the data presented
reveal that inappropriate use of laboratory treatments
can cause glauconite pellet disintegration. However,
after removing the >32 pm glauconite pellets, the
amount of contaminated clay-sized glauconite was at
most 25% and the real value is probably much less.
Therefore, most of the clay-sized glauconite must have a
natural origin. Its presence is confirmed in units that
contain glauconite pellets which were probably less
transported or even authigenic but also in units where
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glauconites were transported in the same way as the
detrital quartz (Figure 4). Furthermore, the occurrence of
the glauconite pellets is not restricted to marine
glauconite pellet-bearing units because the estuarine
Mol Formation also contains clay-sized glauconite.

The relation between clay-sized glauconite and pelletal
glauconite

The occurrence of clay-sized glauconite was reported
by Baioumy and Boulis (2012) who suggested a pre-
pelletal stage in the glauconitization process. The
occurrence of fine-grained glauconite is indeed expected
in areas where new glauconite pellets are being formed
(Odin, 1982). Clay-sized glauconite is, however, rarely
reported coexisting with sand-sized glauconite pellets. If
reported, the clay fraction of early-stage or more evolved
glauconitic sediments typically consists of Al-rich clay
minerals (Bell and Goodell, 1967; Seed, 1968,;
Baldermann et al., 2012) and rarely of Fe-rich clays.

In the current case, however, the results illustrate
glauconite occurrence in sand and clay fractions, which
both display a very similar two-phase glauconite-
smectite R1 mineralogy (Table 4). The near-linear
relation between dygo values of glauconite pellets and
clay-sized glauconite in the same sample (Figure 10)
demonstrates the close association between both
glauconite types. Furthermore, dpso values can be
used as a parameter to distinguish the different
analyzed formations (Figure 10), which supports the
idea that both sand-sized and clay-sized glauconite
occurrences are closely related. While during clay
modeling an identical glauconite-smectite R1 structure

Clays and Clay Minerals

was used to model both the clay-sized and the pelletal
glauconite, the respective dygo values are not always
identical (Figure 10). However, compositional differ-
ences exist between the outer and inner surfaces of
glauconite pellets, as well as between larger and
smaller glauconite pellets (Harris et al., 2007), which
could explain such small-scale mineralogical differ-
ences Nevertheless, the interpretation is, then, that both
glauconite types indeed belong to the same system but
occur in different sizes.

The origin of clay-sized glauconite in marine deposits

When assuming that both glauconite types are part of
the same system, this must mean that either pellet
disaggregation or pelletization of clay-sized glauconite
is the controlling process. An alternative hypothesis is
that both types were formed simultaneously.

El Albani (2005) and Banerjee et al. (2012) demon-
strated that glauconite authigenesis results in distinct
mineralogical and crystal-chemical differences between
different glauconite types, which is clearly not observed
in the present setting

Furthermore, if the clay-sized glauconite is an
authigenic precipitate, this should be reflected in its
properties as the process of glauconitization depends on
the amount of available Fe and, thus, the prevailing
redox conditions (Odin, 1982; Chamley, 1989). El
Albani (2005) demonstrated that open marine conditions
yield the anoxic conditions necessary for Fe mobility
through organic matter resulting in a large amount of Fe
and K uptake in the glauconite structure. Near-coastal or
estuarine environments are, on the contrary, influenced
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Figure 10. Glauconite pellet dygo values plotted against clay-sized glauconite dygo values, following a 1:1 relation. The dygo value is
apparently a good parameter to distinguish between different formations. The yellow line indicates the position of the clay-sized

glauconite of the Mol formation.
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by oxic freshwaters which will strongly reduce the
amount of available Fe and result in Al-rich glauconites
with dygo spacings of between 1.50 Aand 1.51 A (Parry
and Reeves, 1966; Porrenga, 1968; Berg-Madsen, 1983;
El Albani et al., 2005). Louwye (2005) and Louwye et
al. (2006) found evidence for near-coastal depositional
environments with continental influences in the
Kasterlee and Poederlee Formations, while the
Berchem and Diest Formations were exposed to fully
marine conditions. The quartz sands of the Mol
Formation were deposited in estuarine conditions
(Vandenberghe et al., 1998). The mineralogy and crystal
chemistry of the clay-sized glauconite found in these
units (Table 4) revealed little correspondence with a
sedimentary environment, as the Fe contents are almost
equal in each of the formations described. Although
anoxic conditions may also develop in near coastal
environments (Gertsch et al., 2010; Wignall and
Newton, 2001), this involves large amounts of organic
material and is not found in the current deposits.

Baioumy and Boulis (2012) suggested that clay-sized
glauconite can form pellets at a later stage due to
reworking or circulation processes. This seems rather
unlikely in the current situation because clay-sized and
pelletal glauconite occur systematically together in the
same system and, furthermore, are never present in
intercalated clay layers. Moreover, based on dyg values
and, thus, Fe-contents and K,O-values of the glauconite
pellets (Table 3), both types of glauconite represent well
evolved glauconitization stages which contradicts an
early-stage origin. Considering that the bulk of pelletal
glauconites was actively transported (Figure 4), and that
both pelletal and clay-sized glauconite are probably part
of the same system, a true authigenic nature of the clay-
sized glauconite is, therefore, very unlikely.

The only stratigraphic occurrence where clay-sized
glauconite has been reported coexisting with glauconite
pellets are soils and weathering profiles (Van Ranst and
De Coninck, 1983; Tedrow, 1986, 2002). In this case,
the characteristics of both glauconite types are expected
to be equal because clay-sized glauconite formation is
related to weathering and soil processes (Velde and
Meunier, 2008). In the current setting, however, soil
environments are excluded. Considering the limited
depth of burial and the fact that glauconite pellets are
not deformed, compaction is also to be excluded. The
origin of the clay-sized glauconite is probably related to
the abrasion and breaking up of glauconite pellets during
physical transport.

A key observation is that clay-sized glauconite is
incorporated in the clay fraction of sands but never in the
intercalated clay layers (Table 4, Figure 8). The type and
relative proportions of clay minerals in both sands and
clays are very similar, indicating that Al-smectite, Al-
rich illite-smectite, illite-smectite, kaolinite, and chlorite
mainly originate from a detrital source area. This clay
assemblage probably constitutes the ‘background’ clay
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mineralogy in sands and clays but apparently does not
include clay-sized glauconite. Furthermore, no linear
relation exists between clay-sized glauconite and the
detrital sedimentary clay fraction (Figure 11). As a
result, a distant source area is excluded as the main
source of clay-sized glauconite but points to a more local
origin. A physically weaker population of incomplete or
broken glauconite pellets of older deposits was probably
abraded over short-range transport or decomposed on
impact.

This process of abrasion of glauconite pellets into a
clay-sized glauconite fraction is most logical in glauco-
nite pellet-bearing sediments for which the glauconite
pellets are apparently transported together with the
detrital, mainly quartz, fraction (Figure 4). Although
the Poederlee and Antwerp sands favor glauconite pellet
authigenesis (Figure 4; see also Odin et al., 1974), clay-
sized glauconite is also present in these deposits, which
seems to contradict a transported origin (Table 4). The
heterogeneity in glauconite-pellet size distribution
(Figure 4), however, suggests that a variety of deposi-
tional processes played an important role, indicating that
glauconite pellets are not exclusively authigenic.
Glauconite pellets in these units were, therefore, only
transported over short distances as they were swept over
the shelf during transgressive movement away from the
area of glauconitization. This process is apparently
sufficient to produce clay-sized glauconite but in smaller
amounts than detrital glauconite pellets. Consequently,
the amount of clay-sized glauconite can be used as a
proxy for the amount and intensity of pelletal glauconite
transport and the energy of the depositional environ-
ment. This is demonstrated by the small amounts of clay-
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Figure 11. The <2 um clay fraction plotted vs. the amount of
<2 pm glauconite which shows no linear relation.
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sized glauconite in the Poederlee sands, and, to a lesser
degree, the Antwerp sands (Table 4).

The origin of clay-sized glauconite in the estuarine Mol
Formation

The estuarine Mol sands are very mature sands with no
glauconite pellets and the 30% clay-sized glauconite in its
clay fraction (Table 4). The clay-sized glauconite in these
sands cannot, therefore, be derived from pre-existing
pelletal glauconite in the Mol Formation. The estuarine
environment in which this deposit was formed does not
yield the necessary reducing conditions for glauconitiza-
tion which makes an authigenic origin unlikely. Estuarine
glauconitization was reported by El Albani (2005) but the
amount of Fe incorporated in those mineral structures was
much less than the relatively large Fe contents found in
the clay-sized glauconite of the Mol Formation.
Nevertheless, clay-sized glauconite produced in slightly
older deposits can be further taken up in subsequent
erosion and sedimentation cycles together with clays from
other sources. The clay-sized glauconite in the estuarine
Mol Formation must, therefore, be reworked from the
locally out-cropping glauconitic sands occurring in and
around the estuary (Figures 2, 3). The dyeo position of the
Mol sands (Figure 10) is, however, slightly different from
the older Kasterlee and Poederlee Formations, suggesting
that Fe is lost from the clay-mineral structure during
transport or as the result of acid percolation, leading to a
slightly more Al-rich glauconite mineralogy.

Significance of expandable minerals

The abundance of expandable minerals in the clay
fraction of the glauconitic sediments (Table 4) could
indicate that it is the precursor of glauconite minerals as
suggested by Buatier et al. (1989) and Jimenez-Millan et
al. (1998). Clay modeling of the dioctahedral smectite,
present in almost all the formations described, resulted
in octahedral Fe contents of 0.05—0.25/half unit cell,
common values for Al-rich dioctahedral smectites
(Giiven, 1988).

In the Poederlee Formation, however, a trioctahedral
expandable phase is also present. Clay modeling resulted
in an octahedral Fe content of ~1.5/half unit cell, which
is significantly greater than the 0.75-0.9 octahedral Fe
cations/half unit cell typical of glauconite pellets and
clay-sized glauconite in these sediments. This Fe-rich
expandable phase is also present in the glauconite pellets
of the Poederlee Formation (Figure 7, Table 4), illus-
trating the mineralogical relation between glauconite
pellets and the associated clay fraction. Furthermore,
size distributions of the glauconite pellets (Figure 4) and
the small amounts of clay-sized glauconite (Table 4)
demonstrate that glauconitization took place at a nearby
area or even partially at the current position.
Nevertheless, the Fe-expandable phase in this particular
deposit is probably the precursor mineral which induced
pelletal glauconitization.
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CONCLUSIONS

Experiments show that the large majority of clay-
sized glauconite is naturally present in the samples.
However, certain populations of glauconite particles
tend to break up during strong physical actions of the
sediment, excessive shaking at high speeds, and during
standard clay preparations. This effect can be strongly
reduced by isolating >32 pm glauconite particles prior to
further clay mineralogical preparations. The data pre-
sented prove the existence of natural clay-sized glauco-
nite in Neogene glauconite pellet-bearing and non-
glauconite pellet-bearing sand deposits in the northern
part of Belgium. The origin of clay-sized glauconite is
not authigenic but related to glauconite pellet abrasion
and disintegration upon transport. Intercalated sedimen-
tary clay layers of the same deposits were never found to
incorporate the clay-sized glauconite, meaning that the
latter did not originate from distant detrital source areas
but rather has a local origin within the same depositional
basin. The amount of clay-sized glauconite produced is
indicative of the distance and intensity of transport. The
clay-sized glauconite in the estuarine Mol Formation
was derived by erosion of older deposits around the
estuary and reworked. A trioctahedral Fe-rich expand-
able phase was identified in both the clay fraction and
the glauconite pellets of the Poederlee sands, suggesting
that it acted as the precursor mineral for pelletal
glauconitization. Clay-sized glauconite has never been
reported as such before and is clearly an important
contributor to the clay fraction in these deposits,
emphasizing the energetic character of the environment
in which they were formed.
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