of coccoliths (Glasser & Smith 1986, figs 11.2, 11.4a). In
the present study, similar membrane-like structures
were frequently observed scattered on TEM carbon
films. These membranes are ultrathin, probably just
a few nanometres, and irregularly shaped with sizes
ranging from less than 100 nm to more than 5 ym
(Fig. 15A and Q). Size and shape of the membranes
are difficult to determine due to their crumpled ap-
pearance, and none of the observed examples reflect
coccolith morphology. The membranes produce fairly
well-defined diffraction rings suggesting the coatings
to be polycrystalline rather than amorphous (Fig. 15B
and D). The diffraction planes with a d spacing of 3.6 A
and 1.8 A, respectively, normally show some degree of
preferential orientation (Fig. 15B and D). Initially, we
thought that these membranes were siliceous coatings
as described by Biirki et al. (1982) and Glasser & Smith
(1986). The interplanar spacing of diffraction planes
observed in Fig. 15B and D, however, did not corre-
spond to those of silica. Ultimately the membranes
were found to consist of graphite, as evidenced from
comparison of observed diffraction data with graphite
diffraction data (Table 3). It is thus possible that the
membranes of this study and the coatings of Biirki
et al. (1982) and Glasser & Smith (1986) are separate
phenomena.

Occasionally more crystallographically mature
versions of membranes are found (Fig. 15E) with dif-
fraction patterns corresponding to the [001] projection
of graphite (Fig. 15F). Possibly, this graphite originates
from the carbon film supporting the chalk sample.

Apparent cohesion between calcite particles

In order to understand and describe the mechanical
strength of chalk, the cementation features related
to particle contacts were investigated in TEM, but
interpretation of contact points between calcite parti-
cles should be approached cautiously. Fig. 16A shows
two calcite particles from a suspension sample; the
particles are apparently grown together along a line
bounded by meniscus-like cement (Fig. 16B). These

Table 3. Interplanar spacings (d) of observed membranes and
graphite

membranes  SOte, Gt i
d spacing (A)

3.3 3.3553 100.0 002
2.1319 35 100

2.0 2.0318 16.7 101
1.7994 3.0 102

1.7 1.6777 5.4 004
1.5433 4.5 103

1.3184 0.7 104

1.2 1.2309 5.0 110
1.1556 7.3 112

1.1358 1.0 105

1.1184 0.7 006

1.1 1.0659 0.1 200
1.0527 1.0 201

1.0159 0.3 202

0.9924 4.1 114

0.9904 2.0 106

0.9623 0.8 203

0.8997 0.2 204

0.8743 0.4 107

0.8388 0.3 008

0.8347 0.6 205

0.8277 2.7 116

0.8 0.8058 0.3 210
0.8000 1.5 211

0.7835 0.5 212

Diffraction data for graphite are cited from Howe et al. (2003).

observations fit well with the dissolution-precipitation
theory presented by Heggheim et al. (2005) and dis-
cussed further by Strand et al. (2007).

However, during tilting of the stage it became clear
that this cementation phenomenon was an optical il-
lusion created by one particle partly covering another
(Fig. 17A). As coverage was increased during tilting of
the stage, the apparent line of coalescence grew longer
and the meniscus-like cement was pushed outwards

Fig. 16. Apparent cohesion. A: Two
calcite particles apparently in con-
tact with each other. B: Close-up of
the contact area. The particles seem
to have grown together along a line
flanked with meniscus-like cement.
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(Fig. 17B). Reversing the tilt angle reduced the contact
area between the two particles correspondingly (Fig.
17C), and ultimately it became probable that what we
saw was two separate particles settled next to each
other during sample preparation.

By tilting the stage it may be possible to visually
separate two calcite particles apparently in contact.
However, revealing truly intergrown calcite particles
visually poses significant difficulties; irregularly
shaped interfingering particles may not have been

-

Calcite particle

Adhesive/carbon

Fig. 18. Ion-milled chalk sample. The meniscus-like structure
situated between two calcite particles may be interpreted as
cementation but is more likely constituted by residual adhe-
sive from the thinning process or carbon from the conductive
carbon film.
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Reduced particle overlap

Fig. 17. Apparent cohesion. The upper
row of drawings represents lateral
views of the particles; the lower row
shows the particles as observed in
the microscope, i.e. from above. A:
Slight overlap, the particles seem to
have grown together. B: Tilting the
sample +30 increases the overlap; the
particles seem intimately intergrown.
C: Tilting the sample -30 decreases
the overlap; the particles appear to

Stage tilt -30° be loosely connected.

in contact originally but this fact may remain hidden
during stage tilting as the particles will seem to be in
contact visually at all times.

Residual adhesive in ion-milled samples

Highly porous and weakly consolidated chalk is a
challenging material when it comes to preparing
samples of limited thickness, e.g. ion-milled samples.
Thinning of such chalk by ion-milling requires stabi-
lisation of the chalk structure by saturating the pore
space with a soluble adhesive. After finishing the thin-
ning process, the slice of chalk is cleaned by adding
a solvent removing the adhesive. However, traces of
adhesive will probably always be left behind, and to
avoid charging, a thin carbon film is applied to the
chalk sample. This can lead to a false interpretation of
two calcite particles being cemented together (Fig. 18).

Consequences of
misinterpretations

Erroneous characterisation of particle surface chem-
istry may result in wrong assessment of wettability
and how wettability may be modified to increase
oil recovery. Thus, correct detection of coatings and
other substances a few nanometres thick attached to
particle surfaces, and determining the extent of such
matters, are important tasks in attempts to increase
oil recovery. This study has pointed out several cases
where sample preparation and instrument settings
of SEM and TEM are responsible for creating, hiding,
altering or preventing identification of structures re-
lated to chalk particle surfaces and particle contacts.



Artificial surface coatings

SEM. Carbon from the carbon adhesive disc may
spread to and cover calcite particles with a uniform,
few nanometres thick coating (Figs 1-2) that should
not be confused with any original organic coatings
and seen as an indicator of oil wettability. Conductive
metal coatings applied to the chalk particle surface
may change the appearance of the surface texture
depending on type and thickness of the coating
(Figs 3-5).

TEM. Ultrathin graphite membranes (Fig. 15), pos-
sibly originating from the sample holder, should not
be mistaken for organic coatings originally covering
the particles with the implication this would have for
chalk surface properties.

Artificial surface substances and
appearances

SEM. Electron-induced sample alteration may have
implications for illite filaments, which will curl into
tiny spirals when hit by electrons (Fig. 10). As illite
commonly is associated with smectite in mixed-layer
structures (e.g. Lindgreen et al. 2002), the erroneous
conclusion may be drawn that the curling phenom-
enon is due to smectite loosing water and transform-
ing into illite. This, however, requires that a sufficient
amount of potassium ions is available for the illite
structure from the pore fluid, which necessarily has
to be water as oil is incapable of transporting ions.
The transformation from smectite to illite is used as
an indicator of maximum burial depth, and wrong
determination of the smectite—illite transition may
lead to wrong assessments of maximum burial depth.

Recent organic filaments in chalk (Fig. 11) are easily
identified, but the clay-like flattened terminations of
the filaments may deceive as they often cover large
parts of the chalk particle surfaces and thus give the
impression that clay plays a major role in the particle
surface—pore fluid interaction.

Whether authigenic non-carbonates, typically
clays or submicron-sized quartz, were originally
suspended in the pore fluid or attached to or covering
the chalk particle surface is difficult to affirm. If the
non-carbonates originally stuck to the particle sur-
faces, they would determine the interaction between
particle and pore fluid. In order to investigate original
positions of non-carbonates in chalk, a cryo (freez-
ing) SEM should be employed. Original pore fluids
must remain in place during and after sampling and
sample preparation. In the frozen sample, suspended
constituents remain suspended and fixed in the pore
fluid and may be observed in situ.

Normally, chalk is cleaned for salt and drilling mud
before it is subjected to various analyses. However,
sometimes evaporating pore water leaves some salt
behind in the chalk, which may affect the outcome of
e.g. X-ray diffraction analysis (XRD) and conventional
core analysis (porosity and permeability).

TEM. Beam damage (Fig. 14, Table 2) may not only
change the mineralogy of the particle surface layers,
but possibly also the particle properties. This may
have an effect on wettability.

Hidden surfaces

SEM. The thin carbon coatings derived from the
carbon adhesive disc (Figs 1-2), and also the applied
conductive metal coatings (Figs 3—6), may mask the
true nature of the particle surfaces, depending on
the type and thickness of the coating. Important in-
formation regarding surface mineralogy may remain
undetected and result in erroneous characterisation
of the surface properties of the particle.

Undetected substances adhering to the
particle surface

SEM. The effect of high acceleration voltage is loss of
surface detail (Fig. 9A, C) and thus loss of information
on ultrathin substances adhering to the particle sur-
face, as seen in Fig. 9B, D. That ultrathin flakes adher-
ing to calcite may be clay was proposed by Skovbjerg
et al. (2012), who also demonstrated intermediate
wettability of the flakes. This finding suggests that
barely detectable clay particles may play a major
wettability-controlling role and thus emphasises the
importance of careful analysis of particle surfaces.
However, it still remains unresolved whether these
flakes before removal of the pore fluids were adher-
ing to the particle surface or were suspended in the
pore fluids.

Apparent contact cement between chalk
particles

SEM. When conductive metal coatings are applied
to chalk in thicknesses of 40 nm or more, submicron-
sized details become blurred and indistinct and attain
a false robustness (Fig. 5). The contact cementation
between chalk particles may appear more well-devel-
oped than it really is, which may lead to overestima-
tion of chalk consolidation and mechanical strength.

TEM. The visual challenges related to identifica-
tion of particle contacts in TEM (Figs 16-17) as well
as identification of residual adhesive (Fig. 18) may
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result in overestimation of the degree of cementa-
tion between particles and the mechanical strength
of the chalk.

Conclusions

SEM and TEM investigation of chalk at high magnifica-
tion provides detailed information on the morphology,
size and mineralogy of chalk particles, and structural
features including cementation and spatial distribution
of non-carbonate minerals can be visualised. However,
the ability to resolve fine details also exposes mor-
phological and structural changes caused by sample
preparation and interaction between sample and elec-
tron beam. Misinterpretation of features as described
in this study may lead to inaccurate characterisation
of the surfaces of chalk particles and untenable con-
clusions with regard to their properties. As a possible
consequence, wettability, mechanical strength and
maximum burial depth of a chalk reservoir may be
evaluated wrongly.

For SEM investigations of chalk, microscopists are
encouraged to pay attention to the following phe-
nomena.

1. Conductive coatings may produce artificial sur-
face textures and artificial ornaments, which may
mask genuine surface details. To minimise these
effects, coating application time should be kept at
a minimum.

2. Chalk particles and small chalk aggregates mounted
on carbon adhesive discs may submerge into the
carbon substrate, or their surfaces may be covered
by an ultrathin film of creeping carbon.

3. Acceleration voltage determines the probing depth
of the electron beam and thus the amount of observ-
able detail. By lowering the acceleration voltage, an
apparently smooth surface may reveal significant
ornamentation.

4. High-energy electrons hitting delicate particles may
cause the particle shape to change. For example,
submicron-sized thin clay flakes tend to bend or
curl when hit by electrons.

5. Flattened terminations of organic filaments attached
to calcite particle surfaces mimic clay flakes.

6. Authigenic non-carbonate minerals attached to the
calcite surface may have resided suspended in pore
fluids and settled when the fluids were removed
during sampling or sample preparation.

7. Removal of pore fluids by drying may cause sus-
pended ions to concentrate and precipitate. The
occurrence of salt crystals indicates the original
presence of brine.
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During TEM investigations of chalk, attention should

be paid to the following phenomena:

1. The high acceleration voltage necessary to transmit
electrons through calcite particles may damage the
crystal structure and cause gradual amorphisation.
A thin CaO coating is interpreted as a mineralogical
change from CaCO, to CaO (lime) caused by beam
damage restricted to the calcite surface.

2. Ultrathin membranes sharing similarities with si-
liceous coatings described in earlier literature may
be graphite, possibly derived from the carbon film
supporting the chalk sample.

3. Calcite particles overlapping each other in suspen-
sion samples may seem to be cemented together but
may in fact be separate particles settled next to each
other during sample preparation.

4. Residual adhesive from the ion milling process or
applied conductive carbon film should not be con-
fused with cementation.
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