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Clay alignment takes place during early
stages of sedimentation
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The alignment of clay minerals in sediments is of high importance for their mechanical and physical
properties. The development of this alignment starts with the deposition of clay, its strength is
measured by the crystallographic preferred orientation. So far, the early stages of sedimentation have
been restricted to post-mortem observations. Here we present particle settling experiments in four
dimensions (time and orientation, as a function of overburden and composition) observed in situ using
synchrotron diffraction, in which kaolinite and kaolinite-illite mixtures were sedimented in water
columns. The alignment strength in freshly settled sediments increases with overburden, but is higher
in deionized water than in seawater. Alignment strength increases within the first few millimetres of
overburden and stagnates afterwards. With illite added, the resulting alignment strength is
substantially decreased. Our results demonstrate that electrostatic interactions between particles are
overcome by gravitational forces already within the upper millimetres of sediment.

Clay is an important constituent of the Earth’s surface and the uppermost
crust (~24 vol.-%)" occurring widespread in terrestrial as well as marine
sediments. As geomaterials, clay-rich rocks are necessary for addressing
major societal problems: they represent a potential repository or sealing
material for nuclear waste™, they are crucial for the extraction of geothermal
energy* and in carbon capture and storage’. In the marine environment,
clay-rich sediments are an important factor for slope stability and tsunami
hazard due to mass movement and faulting®’. Due to difficulties in sample
preparation*’ and scale dependence'’, neither the microscale structure of
clay-rich sediments nor the particle alignment during clastic sedimentation
in water are well-understood, despite their important role in many geologic
and engineering problems.

Clay minerals are phyllosilicates with high aspect ratio, small particle
size and a charged particle surface. These properties steer particle interac-
tions which lead to the development of characteristic microstructures'"'”, A
proper alignment of particles leads to the development of a pronounced
planar anisotropy"’. As a result, clay-rich rocks often exhibit fissility and a
low permeability perpendicular to this strong planar fabric. Different states
of alignment can be described by a general reference function for clay
particle alignment" but any progressive development of this anisotropy
remains unclear.

The development of this anisotropy during clastic subaqueous sedi-
mentation starts with the settling of particles on a surface. The alignment of

clay minerals can be distinguished in four main steps: (i) sinking and
interaction within the fluid column, (ii) settling at the sediment surface, (iii)
consolidation by subsequent particle loading, (iv) disruption by dewatering
during increasing overburden. Within these processes, shape and grain size
of the individual clay platelets and aggregates as well as the physicochemical
properties of the fluid affecting the crystal surface’™'® control the develop-
ment of a crystallographic preferred orientation (CPO).

In principle the strength of a CPO in any polycrystalline material
results from the interplay of processes promoting crystal alignment and the
resistance to this alignment, e.g,, in the case of clay, inhibition of mechanical
rotation due to geometric confinement or surface charge repulsion. The
structure of clay particles/aggregates, either suspended or settled, has been
suggested to be a major factor of CPO development"’. The high aspect ratio
of clay minerals results from the strong correspondence of shape and crystal
structure defined by interconnected tetrahedral (T) and octahedral (O)
layers. These layers can be stacked in variable ways forming different clay
mineral types, e.g., TO: tetrahedral layer, octahedral layer (1:1) like kaolinite,
or TOT: tetrahedral, octahedral, tetrahedral layer (2:1) like illite. Hence,
different clay mineral structures and compositions lead to different sorts of
bonding between layers. Kaolinite layers are connected by hydrogen bonds
while illite layer bonding is due to the coordination of K.

Clay minerals can occur as either single layers or stacks of layers, so-
called tactoids”, which can be arranged into larger polycrystalline
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aggregates, either unordered or with frequent (00 [) contacts (Fig. 1). The
length of a kaolinite platelet ranges from 200 nm to >1000 nm with a height
of 10-200 stacked layers'*”. Illite, in contrast, is smaller, with a platelet
length of 50-100 nm and tactoid height of 5-20 layers***'. Contacts within
unordered aggregates and aligned aggregates can be described as combi-
nations of crystal edge (‘E’) and face (‘F’) contacts. Dominant FF-contacts
have been referred to as ‘stacked platelet’ conﬁguration”, while dominant
EF-contacts form ‘house of cards’ structures™.

Interactions between edges and faces of neighbouring crystals are
controlled by the surface charges and the electric double layers developed in
an aqueous environment. Edges and octahedral-face charges in kaolinite for
example, change with pH, because the aluminol groups change their
amphoteric behaviour'™'**. Increasing salinity diminishes the size of the
outer part of the electric double layer and hence also shifts the amphoteric
point™. This decreases the distance between single platelets and should
therefore favour alignment. Illite tetrahedral faces are considered to have a
negative charge” at pH > 5. Hence, particle orientation in an aggregate is
governed by electrostatic interactions and depends on fluid chemistry**”’.

The relation between the morphology of a single layer with its crystal
structure and resulting electrostatic interactions and the combination into
tactoids and aggregates are the main reasons which can be beneficial for a
strong (00 [)-CPO (Fig. 1). While unordered aggregates are supposed to
have higher numbers of edge-edge and edge-face contacts, progressive
sedimentation and related compaction of the material will force these to
collapse to some degree resulting in more face-to-face type contacts of
aligned crystals. In addition to the electrostatic inter-particle processes,
which act on the aggregate scale, gravitational forces causing compaction in
combination with increased overburden once clay is embedded in a sedi-
ment surface. Accordingly, clay alignment changes during settling and
incorporation of clay particle within the sediment surface.

In order to gain a better understanding of the above mechanisms of clay
particle alignment during the initial stages of sedimentation, we performed a
series of in situ synchrotron X-ray diffraction (XRD) experiments during
clay sedimentation in water. Our approach is to measure the CPO at a sub-
millimetre resolution at different stages during sedimentation experiments.
We use kaolinite in deionized and seawater, as well as 70/30 wt% mixtures of

kaolinite and illite in seawater. Kaolinite was chosen as a 1:1 sheet silicate
and illite as a 2:1 sheet silicate, which are both very common, non-swelling
sediment components. In order to keep the experimental setup as simple as
possible, swelling clays were dismissed. Seawater salinity was chosen to
simulate natural conditions. Both clay minerals have similar particle sizes.

During in situ diffraction experiments a clay slurry was added to the
water column (Fig. 2) and resulting 2D diffraction patterns were used to
compute the CPO. The alignment strength is given in volume % of crys-
tallites with (00 [) oriented within a spherical region of 15° around the
distribution maximum (%CVol). The CPOs were measured at regular time
intervals at different heights in the column. For experimental details, see
Table 1.

Our experiments show that the CPO strength increases most rapidly
within the first few millimetres of overburden and stagnates afterwards with
only minor changes. In freshly settled sediments the CPO strength is higher
in deionized water than in seawater. When illite is added, the CPO strength
is substantially decreased.

Results
In all experiments a CPO developed with a unimodal, rotationally sym-
metric (00 [)-maximum normal to the sediment surface. Below, individual
experimental results are described:
a. Kaolinite in deionized water — one-time addition of sediment (kao-
Dw-S)
Measurements were conducted 1 mm above the initial sediment
surface every ~7 min. A strong fluctuation of the CPO strength is
observed with time (Fig. 3a) that is not caused by external pertur-
bations. In irregular time steps the strength drops and increases again.
The volume percentage of aligned particles varies between 3.7 and
6.1% CVol.
b. Kaolinite in deionized water — continuous addition of sediment (kao-
Dw-C)
The CPO strength varies with overburden and measurement position
over a large range from 4.8 to 17.4% CVol (Fig. 3b). The first and
therefore lowermost sedimented positions (inset in Fig. 3b) have a
stronger CPO (>17% CVol), clearly distinguishable from later
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Fig. 1| Clay particle arrangement. Schematic illustration showing the arrangement of dispersed and aggregated clay particles in a water column and the potentially resulting

alignment at the sediment surface; E = edge (~hk0), F = face (~00 /). This illustration is based on previous studies
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measured positions. This is considered an experimental artefact due
to a smooth settling surface, which was avoided in all other experi-
ments. Measurements in the upper part of the column show a lower
CPO strength, starting from 4.8 to 9.3% CVol while a steady state
strength of ~8.7% CVol is achieved after ~5 mm overburden.

c. Kaolinite in seawater — continuous addition of sediment (kao-Sw-C)
The CPO strength varies between 4.5 and 6.1% CVol in the first
measurement of a given position, and increases with increasing
overburden (Fig. 3¢) towards >8% CVol at the end of the experiment.

d. Kaolinite and illite in seawater — continuous addition of sediment

(kaoill-Sw-C)

In this experiment, the initial CPO strength varies between 3.6 and 4%
CVol (Fig. 3d). During the experiment the CPO strength then increases to
6.1% CVol in the lowermost layer. The CPO first increases rapidly up to
3 mm overburden and then gradually flattens out. The CPO strength of illite
in contrast (inset in Fig. 3d) remains being uniform throughout the
experiment.

The experiments with continuous sediment addition have in common
that CPO strength increases more strongly within the first 2 mm over-
burden. Subsequently, CPO strength increases less or eventually stagnates.
Sediment introduced at later time steps of the experiment shows an
increasingly weaker CPO strength at the sediment surface.
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F
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Fig. 2 | Experimental setup. a Sketch of sedimentation column; (b) sedimentation
column mounted in experimental hutch at ESRF ID22; (c) final sediment sample
after experiment, crack resulted from column unmounting; (d) single 2D diffraction
image with (00 /) diffraction rings of kaolinite indicated.

Discussion

In general, the CPO strength is higher in deionized water than in seawater.
Potential explanations are the state of aggregation or intra-aggregate
alignment. Kaolinite tends to be more dispersed in deionized water than in
ionised water at comparable pH-value®. Hence, individual crystals in
deionized water are can rotate more freely during settling and therefore
favour an initially higher preferred alignment. In contrast, crystals within
polycrystalline aggregates in ionised water show a higher degree of bulk
sample alignment compared to deionized water’’. While both findings seem
contradictory, our data suggests that particle dispersion has a higher impact
on CPO formation than the internal ordering of aggregates.

Even though in experiment a) (kao-Dw-S) sediment was added only
once, a periodic fluctuation of the CPO strength in non-regular time steps is
observed. This fluctuation may indicate a process which periodically
destroys the crystal alignment during sedimentation and settling. A plau-
sible process would be dewatering of the sediment along discrete channels or
structures sufficiently large to cause an overall perturbation and reduction in
CPO strength. Dewatering is followed by back rotation of crystallites with
(00 ]) parallel to the surface under gravitational forces. This interpretation of
periodic dewatering is in accordance with the need of an increasingly larger
fluid patch in order to escape an increasingly stronger sediment, comparable
to observations of periodically rising bubbles or fluid patches™.

In seawater, CPO strength of kaolinite is generally lower compared to
CPO strength in deionized water. The CPO strength increases nonlinearly
with overburden. The highest increase in crystal alignment is observed in the
first ~2 mm from the sediment surface with the increase of CPO strength
ceasing with any further overburden. The electric double layer of kaolinite
should be more compressed in seawater due to higher ionic strength, which
would usually promote a stronger alignment at aggregate scale. While this
has been observed within the water column™, the experiments presented
here suggest that additional processes such as settling dynamics and com-
paction considerably affect the final CPO in the sediment. Hence, gravity
and already minimal overburden have the potential to compete with elec-
trochemical processes, i.e., larger, sufficiently fragile aggregates experience
disintegration in the sediment surface leading to CPO strengthening.

The addition of illite results in an initially lower kaolinite CPO strength,
which increases with increasing overburden at a much lower rate. The illite
CPO strength is rather weak and remains nearly constant throughout the
duration of the experiment, indicating that illite particles do not align. In
contrast, they seem to be the reason why CPO strength is weaker in this
experiment. Studies of pure illite suspensions show that the alignment is
stronger at aggregate scale” compared to kaolinite. The absence of any non-
uniform CPO hence indicates that those illite-containing aggregates are
more stable as they do not re-order as easily as pure kaolinite at the same
amount of overburden. A potential explanation might be the different
bonding energies: At the given seawater pH, aggregates of illite or aggregates
including illite could be mechanically more stable than those of pure kao-
linite and hence hamper the formation of a stronger particle alignment. A
similar effect has been shown for montmorillonite, another TOT clay
mineral, which has a lower viscosity with differently ionised solutions than
kaolinite™. Alternatively, or in addition, illite tactoids may have lower aspect
ratios than kaolinite tactoids as calculated from particle dimension'*™".
Under the assumption that high aspect ratio tactoids also bear a stronger
alignment of crystallites settling would result in an increased CPO strength.

Table 1 | Experimental conditions and parameters

Experiment wt% kao in susp. wt% illite in susp. Suspension (g/ml) Fluid salinity Sedim. add. interval Duration of exp.
a) kao-Dw-S 100 — 0.04 deionized - 3.5

b) kao-Dw-C 100 - 0.04 deionized ~120 min 12h

¢) kao-Sw-C 100 — 0.04 ~3.5% ~90 min 10h

d) kaoill-Sw-C 70(~75) 30(~25)* 0.04/0.05 ~3.5% ~90 min 9h

“Including kaolinite contamination in the illite experimental material.
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The experiments indicate that most of the observed CPO development
depends on processes within the fluid and sediment interface depending on
state and structure of the settling material, fluid-solid interaction, dewa-
tering and the sedimentation surface. In addition, a minor but non-
negligible part of CPO strengthening happens at ‘higher’ overburden of
several millimetres. The decrease in CPO strength corresponding to an
approximately asymptotic trend (Fig. 3d) indicates instantaneous easy
rearrangement and increasingly slow mechanical rotation with increasing
total density. This finding may explain the strong decrease in porosity within
only a few metres measured in shallow sediment drill cores™. Hence, con-
stant sedimentation does not allow for constantly increasing CPO strength
and the development of an arbitrarily strong CPO, unless major external
triggers change the setting, for example, vibrations due to seismicity, surface
rupture, slumping and submarine landslides, or a rapid change in sediment
input and/or composition.

It was demonstrated’’ that porosity reduction during progressive
compaction happens by breaking and successive rotation of clay platelets in
pores, which then can reduce the initial anisotropy. In combination with our
findings this would suggest that the development of a CPO occurs within the
very first millimetres of overburden, where free particle rotation is still
possible. CPO strengthening between this point and the onset of dissolution
processes is very restricted. This is consistent with experimentally com-
pacted re-sedimented mudstones which only show a small increase in CPO
with increasing load™.

Implications

The same sediment at the same burial depth, deposited in different water
environments will have different alignment strengths. The CPO strength
of clay minerals controls important physical and chemical properties of
rocks and geomaterials, e.g., diffusion’™** or thermal expansion®, which is
especially important for shales as a host rock for nuclear waste reposi-
tories. Variations in sedimentary input or of fluid salinity are able to
change mechanical properties. For example, intercalated layers with dif-
ferent CPO strength affected by thermal expansion are more prone to
fracturing. This is especially relevant in settings with low sedimenta-
tion rates.

The anisotropy development is important for any sediment surface
sealing or disruption process at variable scales ranging from dewatering and
hence porosity, mud volcanism, or bioturbation. It is also critical for con-
tinental slope stability, e.g., by facilitating or amplifying potentially tsuna-
migenic submarine mass movements.

Conclusion

In situ synchrotron sedimentation experiments show that CPO strength of
settling kaolinite and kaolinite + illite depends on particle interactions
within the water column as well as the initial sedimentation processes. With
respect to CPO evolution, it is demonstrated that the clay mineral species as
well as the particular structure of the settling material are the dominating
parameters. The final CPO is a function of the initial CPO established within
~2 mm of the sediment surface. The initial CPO is a function of the para-
meters salinity, pH and mineral species. We demonstrate in the case of
kaolinite, that those effects require only minor overburden while a largely
constant CPO is attained at ~10 mm sediment depth. Electrochemical
processes which govern particle interactions in the water column influence
the particle alignment during sedimentation but can be overcome by gravity
and overburden in the first few millimetres and hence lead to a different clay
microstructure in the water column compared to the sediment.

The observed CPO development controls the physical and chemical
properties of clays, muds, claystones and shales as well as artificially sedi-
mented clay materials that may be crucial for technical applications, but also
for geological processes and natural hazards. Here we demonstrate that
compaction and dewatering driven by gravitational forces govern clay
alignment in the sediment surface whereas a compressed double layer or
electrochemical forces seem to be negligible.

Methods

Characterisation of the starting material

For our experimental setup we used two very important clay minerals: (i)
kaolinite (general formula Al [Si,Os/(OH),]), with a low-layer charge and
therefore inducing less interaction between particles, and (ii) illite (general
formula (K,H;0)AL[(Si3Al)O,¢/(H,O,0H),]), with a higher layer charge
and hence a higher interaction potential. The kaolinite powder is ‘Poraver’
technical bentonite and consists of ~90% kaolinite, 2-3% illite/muscovite as
well as other non-clay particles as determined by powder XRD. The illite
powder (Argile Verte Facial Clay by Cattier Paris) consists of 75% illite,
~15% kaolinite as well as other components including minor smectite. Both
powders were used in the above mentioned composition. The particle size
distributions of the two powders display a volume-weighted mode of 4.2 um
for kaolinite and 5.5 um for illite, both with a comparable right-skewed
distribution measured in deionized water using a laser particle sizer Mas-
tersizer3000 by Malvern Panalytical. As the instrument cannot determine
and hence cannot incorporate grain shapes during particle measurement,
we do not use the absolute particle size values but simply as a qualitative
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Table 2 | Main components of the artificial sea water used in
the experiments

Component Concentration (mg/l)
Cl 18407

Na 13303

SO4 2184

Mg 678

Ca 387

K 435

measure that the particle sizes of the powders were comparable prior to the
experiments.

Two different fluids were used: (i) deionized water (pH ~ 6.5) and (ii)
water with ion concentrations comparable to seawater — produced by
adding aquarium sea salt (Tropic Marin Classic) to deionized water (pH ~
9.5). The ionic composition of the seawater was measured with a Metrohm
chromatograph and can be found in Table 2.

Detailed experimental setup

In-situ sedimentation experiments were performed at beamline ID22 at the
European Synchrotron Radiation Facility (ESRF)”. Acrylic sedimentation
tubes with a diameter of 30 mm were filled with water to an initial water
column height of 30 cm (Fig. 2a) at room temperature. 10 ml of clay-water
suspension containing ~0.25 g clay each, were added repeatedly in regular
intervals (90 min to 120 min) for 12 h at the top of the column (Fig. 2b). The
settling time and intervals depend on slurry density and addition method
and were experimentally determined prior to the synchrotron experiments.
CPO was measured at different heights above zero sedimentation level (z0)
at regular intervals. Beam energy was set to 70 keV with a beam size of
0.5mm height and 1 mm width and a sample-detector distance of
1390 mm. Two-dimension (2D) diffraction images summed from 40 frames
each with 0.27s exposure time were recorded on a Perkin Elmer 2D
detector. Six images at a given height were acquired at positions rotated 30°
around the vertical axis in order to cover a sufficiently large orientation
space. Column rotation was performed using a slow motor in order to avoid
disturbance of the sediment structure due to movement.

Experimental details can be found in Table 1. The bottom of the col-
umn was pre-sedimented with the same material as was added later, except
for the first experiment with continuous addition of kaolinite in deionized
water (kao-Dw-C), (Fig. 2¢).

Data analysis

Spherical probability density functions (“pole figures”) are derived from
series of 2D detector images. The 2D diffraction images (Fig. 2d) were
corrected for background and detector artefacts. Single peak fitting was used
to write integral intensity data from individual Debye-Scherrer rings of (00 )
lattice planes to pole figures using the Matlab toolbox MTEX™. An annular
region with a mean radius of 2 0 for a given d-spacing on each image
corresponds to small circles on a sphere with an opening angle of 180° —
4*9. Between images the sample is rotated by 30° around the vertical axis
and hence each image adds a new small circle with the same rotation to the
pole figure.

The intensity at each point on a small circle is derived by parametric
integration of a Lorentz function fitted to the intensity distribution of an
annular segment. The azimuthal values inside the annular region are
averaged across 6°-intervals. Density distributions are derived by spherical
harmonic approximation and normalised such that the function mean
equals 1. The script to perform pole figure extraction from 2D detector
images can be found at https://github.com/kilir/synctexnalize.

The CPO strength is expressed as volume percentage of crystallites (%
CVol) within a spherical region with a radius of 15°, centred at the pole
figure maximum, derived from the continuous pole figure density function.

A volume of 10% (10% CVol) means that 10% of the measured volume of
clay crystallites are oriented such that poles to (00 ]) fall within the given
region. For a uniform distribution, the chosen region will hold 3.4%.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
Data is available at https://doi.org/10.15151/ESRF-ES-962081752.
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