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Abstract. The Main Fault in the shaly facies of Opalinus
Clay is a small reverse fault formed in slightly overconsoli-
dated claystone at around 1 km depth. The fault zone is up to
6 m wide, with micron-thick shear zones, calcite and celestite
veins, scaly clay and clay gouge. Scaly clay occurs in up to
1.5 m wide lenses, providing hand specimens for this study.
We mapped the scaly clay fabric at 1 m–10 nm scale, exam-
ining scaly clay for the first time using broad-ion beam pol-
ishing combined with scanning electron microscopy (BIB-
SEM). Results show a network of thin shear zones and mi-
croveins, separating angular to lensoid microlithons between
10 cm and 10 µm in diameter, with slickensided surfaces. Our
results show that microlithons are only weakly deformed and
that strain is accumulated by fragmentation of microlithons
by newly formed shear zones, by shearing in the micron-
thick zones and by rearrangement of the microlithons.

The scaly clay aggregates can be easily disintegrated
into individual microlithons because of the very low tensile
strength of the thin shear zones. Analyses of the microlithon
size by sieving indicate a power-law distribution model with
exponents just above 2. From this, we estimate that only
1 vol % of the scaly clay aggregate is in the shear zones.

After a literature review of the hypotheses for scaly clay
generation, we present a new model to explain the progres-
sive formation of a self-similar network of anastomosing thin
shear zones in a fault relay. The relay provides the neces-
sary boundary conditions for macroscopically continuous de-
formation. Localization of strain in thin shear zones which
are locally dilatant, and precipitation of calcite veins in di-

latant shear fractures, evolve into complex microscale re-
partitioning of shear, forming new shear zones while the
microlithons remain much less deformed internally and the
volume proportion of the µm-thick shear zones slowly in-
creases. Grain-scale deformation mechanisms are microfrac-
turing, boudinage and rotation of mica grains, pressure so-
lution of carbonate fossils and pore collapse during ductile
flow of the clay matrix. This study provides a microphysical
basis to relate microstructures to macroscopic observations
of strength and permeability of the Main Fault, and extrapo-
lating fault properties in long-term deformation.

1 Introduction

Scaly clay is an enigmatic soft rock with important differ-
ences in rheological and hydrological behaviour compared
to its more competent protolith (sensu Rutter et al., 2001).
There have been many studies of scaly clays, because of their
geotechnical importance and role in detachment faulting. A
rock comprises a scaly fabric if it splits along an anastomos-
ing network of fractures into smaller rock pieces, so-called
microlithons (sensu Passchier and Trouw, 2005). Scaly clay
is generally seen to have formed by deformation, and oc-
curs in several fault settings (cf. Vannucchi et al., 2003), such
as in drill cores from décollement zones of clay-rich accre-
tionary prisms: Barbados (Labaume et al., 1997; Maltman et
al., 1997; Takizawa and Ogawa, 1999) and more recently To-
hoku (Chester et al., 2013; Ujiie et al., 2013). Several other
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Figure 1. Geology of the Mont Terri Rock Laboratory (CH). (a) Outline and facies map (plan view); borehole locations indicated. (b) 2-D
balanced cross section after Nussbaum et al. (2017).

studies do not use the term scaly clay; however, the rocks
described contain complex shear zone arrays between mi-
crolithons – a fabric termed “scaly clay” by other authors
(e.g. Arch and Maltman, 1990; Ismat, 2013; Maltman, 1987;
Vitone et al., 2013; Vollmer and Bosworth, 1984).

Due to its fragile nature, intact scaly clay is difficult
to sample and commonly weathered in surface outcrops.
The Mont Terri Rock Laboratory in Switzerland offers a
world class site with excellent sampling conditions of well-
preserved scaly clay.

We studied scaly clay from the so-called Main Fault in
the shaly facies of Opalinus Clay (OPA) at the Mont Terri
Rock Laboratory (Fig. 1). We observed five major fault struc-

tures: (1) slickensides on fractured surfaces, which are in
cross-sectional view associated with (2) µm-thin shear zones
of slickenside-parallel-oriented particles, (3) clay gouge,
(4) calcite and celestite veins and (5) scaly clay aggregates. In
a first publication, Laurich et al. (2014) focused on the evolu-
tion of veins and thin shear zones in the damage zone of the
Main Fault, and showed strong particle reorientation and col-
lapse of porosity due to deformation. The paper proposed that
the scaly clay evolved by the progressive development of an
anastomosing network of micro-shear zones. In this article,
we present detailed observations of the scaly clay aggregates
to document the geometry, size distribution and microstruc-
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Figure 2. Small-scale map of the Main Fault in Gallery 08, viewing direction ENE; see Fig. 1 for the location (modified after Nussbaum et
al., 2011).

ture of microlithons, shear zones and microveins, on which
we base a model for the evolution of scaly clay in this setting.

The Main Fault is a 1 to 6 m wide fault zone (Fig. 2).
It is interpreted as a reverse fault with about 10 m offset.
Due to the fault–bend folding of the Mont Terri anticline,
the Main Fault was passively steepened from 20 to 45◦. It
developed during the late Miocene (Nussbaum et al., 2011,
2017) at temperatures below 55 ◦C in a slightly overconsoli-
dated protolith, after burial to 1350 m in the late Cretaceous
(Mazurek et al., 2006). Packer tests yielded hydraulic con-
ductivities of 2× 10−13 m s−1 for the protolith and 1× 10−12

to 1× 10−13 m s−1 for the Main Fault (Bossart and Wer-
meille, 2003; Thury and Bossart, 1999). Profiles of several
porewater geochemical tracers are not perturbed across the
Main Fault (Mazurek et al., 2011; Pearson et al., 2003; Rü-
bel et al., 2002). This indicates diffusion as the main transport
mechanism acting at least since the onset of influx from me-
teoric waters (Bossart and Wermeille, 2003): the Main Fault
at present is of very low permeability and provides a well-
documented example of a sealing fault in claystone.

2 Methods

We collected hand specimens from the outcrop walls in gal-
leries 08 and 98 in the Mont Terri Rock Laboratory (Fig. 1)
as well as from six fault-penetrating drill cores (BPS12,
BPS13, BPS14, BFS1, BFS2 and BFS3). Sampling and de-
tailed field observations were based on field maps of the out-
crop (Fig. 2). Where possible, the sample orientation was
marked and slickenside orientation noted.

On site, the scaly clay samples were treated in two ways:
(1) stabilization in vacuum-sealed bags or resin impregna-
tion for transport or (2) gentle disintegration by hand into
microlithons which were much harder and did not disinte-
grate, separating the product into large (cm-size) and small
fractions by hand, photographing the result and packing in
plastic bags.

After unpacking, all intact samples (1) were resin stabi-
lized, diamond-cut dry parallel to slickensides (by visual ob-
servation these had a clear preferred orientation consistent
with the fault’s inferred movement direction) and perpendic-
ular to the main foliation, and polished dry with carbide pa-
pers. One of the two polished halves was decorated by con-
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Sample type 2Sample type 1

Outcrop / drillcore mapping
Sample selection

Outcrop / drillcore sampling

Sample disintegration
Sieving

Photography, RLM
Particle analysis (DIA)

BIB-SEM

Sample stabilization
Short water immersion
Photography, RLM
Foliae segmentation

BIB-SEM

Figure 3. Sample types and corresponding workflow (RLM: re-
flected light microscopy; DIA: digital image analysis; BIB: broad-
ion beam; SEM: scanning electron microscopy).

Figure 4. Intact scaly clay sample A5 (a) and loose flakes (b) after
gentle disintegration by hand.

tact with water for a few seconds and quick drying in air. This
technique caused a sight differential swelling of the polished
surface, so that foliations and shear zones became visible in
reflected light, and could be photographed with a resolution
of 0.05 mm to provide a basis for manual interpretation of
bedding and shear zones.

In the disintegrated samples (2), microlithon size fractions
of the samples were measured by gentle sieving (mesh sizes
between 8 and 0.063 mm). Subsequently, the morphology
and microstructure of selected microlithons were analysed.
Size distributions of microlithons in each sieve fraction were
measured by separating a small subsample of each sieve frac-
tion, dispersing the microlithons on a white paper sheet and
digital image analysis (DIA) using the routines analyse par-
ticles and minimum bounding geometry of software Fiji 1.5b
and ArcGIS 10.2. The representativeness of the subsampling
was aspired by the cone and quartering technique (Brittain,
2002). The total number of microlithons per sieve fraction
was then estimated by multiplying by the weight ratio of the
sieve fraction and the subsample. We carried this out for mi-
crolithon size fractions down to 0.25 mm in diameter.

For detailed microstructural study, we used microlithons
from all size fractions and intact hand specimens (those
halves of the samples which were kept dry). These subsam-
ples were broad-ion-beam (BIB) polished (cf. Desbois et al.,
2009; Hemes et al., 2013; Houben et al., 2013; Klaver et al.,
2012; Laurich et al., 2014) and subsequently imaged with
a Zeiss supra 55 scanning electron microscope (SEM). The
BIB polishing removed 100 µm of sample material to cre-
ate 2 mm2 flat surfaces (±5 nm roughness as determined by
Klaver et al., 2012), free of mechanical polishing artefacts.
We used a JEOL SM09010 Ar-BIB cross-section polisher
operating at 6 kV and 150–200 µA for 8 h. Sample V12-1
was polished using a Tic3x Leica Ar-BIB operating for 1.5 h
at 7–3 kV with up to 2.3 mA. Moreover, we used reflected
light microscopy (RLM) using a Zeiss Axiovison microscope
with magnifications up to 10×. For multi-scale analysis, we
stitched RLM and SEM micrographs into large mosaics of
up to 250 individual images using the Autopano version 2.6
software.

All methods were applied with great care in handling and,
except for the water immersion technique, always without
the use of water. Larger fractures did form along pre-existing
shear zones, always showing slickenlines on the fracture
walls if separated. Such larger fractures in mudstones were
interpreted as artefacts from unloading and/or from desic-
cation (Dehandschutter et al., 2005; Houben, 2013). Other
artefacts were not observed.

Applying these methods (cf. Fig. 3), we obtained the fol-
lowing data: (1) digitized vector networks of bedding folia-
tion and shear zones, (2) microlithon size distributions of two
disintegrated hand specimens and (3) BIB-SEM and BIB-
RLM images of the microstructure of intact scaly clay ag-
gregates and disintegrated scaly clay microlithons.

We present first our results on microlithon size distribu-
tions and microlithon microstructure followed by a calcula-
tion of the vol % of strained material and by a detailed de-
scription of shear zone geometries in scaly clay.

3 Results

Scaly clay from the Mont Terri Rock Laboratory is present in
the outcrop walls and in some drill cores of the Main Fault.
Fig. 4a shows an intact sample that is easily disintegrated into
fragments (Fig. 4b). These fragments can at first be further
disintegrated by gentle hand manipulation. The residual mi-
crolithons are much harder to break. After disintegration, all
microlithons reveal shiny slickensides (Figs. 4b, 6), showing
that the sample invariably disintegrated along pre-existing,
non-cohesive shear zones. The largest sampled microlithons
are about 7 cm long.
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Figure 5. (a) Cumulative sieving curves of scaly clay microlithons from sample BPS12-SC1. (b) Log-log diagram illustrating the frequency
of microlithon area sizes for samples BPS12-SC1 and BFS1-SC1. The frequency (Ni) is noted corresponding to bin width (bi) and normal-
ized for sample mass (Msample); the x axis displays the bin centre. Diamonds are data points excluded in the regression analysis. Thick, black
lines are power-law regression curves. Thin, grey lines give the interpolated local slope as noted on the right axis. The local slope curves show
constant values for the chosen range of regression, indicating that the power-law model is a good fit for the data trend and validating that the
determined power-law exponents are correct. Solid lines correspond to sample BPS12-SC1, dashed lines to sample BFS1-SC1. (c) Strongly
simplified generic microlithon shape (ellipsoid). (d) Sensitivity of the power-law exponent to calculated total shear zone volume (VSZ-total).
See text for details.

3.1 The size distribution of microlithons

The size distributions of scaly clay microlithons were deter-
mined in two samples: BPS12-SC1 and BFS1-SC1 (cumu-
lative sieving weights 605.2 and 508.1 g, respectively). They
were retrieved from drill cores BPS12 and BFS1 (Fig. 1).
Both samples were slightly disintegrated by hand prior to
sieving. The size of the flakes decreased further during the
sieving procedure, as the flakes disintegrated into progres-
sively smaller microlithons. Figure 5a gives the measured
sieve fraction weights for sample BPS12-SC1. The weighing
was repeated after every 2 min of sieving. With increasing
sieving time and with increasing vibration energy, the smaller
fractions increased in weight as more large particles were di-
vided into smaller microlithons (Fig. 5a). As the weighing
curves did not significantly change after 10 min of sieving,
the vibration intensity was increased from 1.2 to 1.8 mm vi-
bration amplitude. This stronger vibration enhanced the mi-
crolithon disintegration, but may also have resulted in mi-
crolithon abrasion. Because the results of 4 to 6 min of high-
vibration sieving differ only slightly, the sieving was stopped.
We interpret this as showing that this treatment largely dis-

integrated the aggregate into its microlithons, without creat-
ing too many small particles by abrasion. This is supported
by RLM and SEM, which shows the vast majority of mi-
crolithons being bound by shear zones which fracture into
polished slickensided surfaces (Fig. 6).

The moisture state significantly affects properties and be-
haviour of OPA (e.g. Amann and Vogelhuber, 2015). For
sample BPS12-SC1, we investigated whether an increased
moisture state enhances the aggregate disintegration along
shear zones. We kept the sample next to a cup of water in
an air-sealed container for 1 night at room temperature. Dur-
ing subsequent disintegration by hand, BPS12-SC1 did not
appear to behave differently compared to other aggregates
stored at room humidity. The sample weight during this night
increased from 609.0 to 610.2 g. The sieving procedure took
place immediately after removing the sample from the air-
tight container. The cumulative weight of all sieve fractions
was 605.2 g. The decrease of 0.8 wt % during the sieving can
be attributed to the evaporation of sample moisture and to the
generation of fine dust. Both processes have a stronger im-
pact on the smaller sieving fractions, due to their increased
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Figure 6. (a) Photograph of microlithons which passed the 0.25 mm but not the 0.125 mm sieve. Note the smooth, polished slickensided
surface of the microlithons (b and c). (d) shows the surface in high-resolution SEM to be composed of elongated clay particles, which are
only tens of nm wide and oriented parallel to the surface. This structure is identical to slickensided surfaces presented in Laurich et al. (2014).

Figure 7. Disintegrated microlithons (a and c) and corresponding DIA segmentations with minimum bounding rectangles for shape de-
scription (b and d). (a) Photographs of dispersed microlithons of different sieve fractions. (c) is a reflected light micrograph showing resin-
embedded microlithons from the 800 to 400 µm sieve fractions. See text for details.
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surface-to-mass ratio. The evaporation and the dust genera-
tion per sieve fraction would be very difficult to determine.
Plus, we consider the overall weight loss of 0.8 wt % to be
minor. Hence, we did not correct for these effects; i.e. we
used the sieve fraction weights as measured.

After the sieving procedure, subsamples of the sieved frac-
tions were analysed with DIA. This analysis yielded number
and area sizes of the microlithons in each subsample. From
this, histograms were created for each subsample, showing
microlithon frequencies vs. microlithon area. The bin size of
the histograms was chosen to increase exponentially, as the
microlithon area sizes are power-law distributed (cf. Bon-
net et al., 2001). All resulting histograms were then com-
bined, weighted by the ratio of subsample mass to total mass
of a sieve size. This yielded an estimation of the total mi-
crolithon size distribution for each sample: BPS12-SC1 and
BFS1-SC1. The log-log diagram in Fig. 5b displays these es-
timations in a histogram of microlithon frequencies (Nni) vs.
microlithon area, i.e. bin centre (bci). Therein, the counted
frequencies (Ni) are (1) noted with respect to bin width (bi),
which is exponentially increasing, and (2) normalized by the
total sample mass (Msample) to ensure inter-sample compara-
bility:

Nni =
Ni

Msample× bi

[
1

g× µm2

]
. (1)

Moreover, Fig. 5b shows power-law regression lines (calcu-
lated by the least squares method on logarithmized data) for
BPS12-SC1 (Eq. 2) and BFS1-SC1 (Eq. 3):

y = 2× 1010 bc−2.34
i , R2

= 0.989, (2)

y = 8× 107 bc−2.09
i , R2

= 0.996. (3)

Frequencies of small area sizes deviate from the power-law
trend (diamonds in Fig. 5b). These data points were excluded
in the calculation of the regression lines, as we infer that elec-
trostatic effects interfere with the separation of smaller mi-
crolithons. Additionally, small area microlithons are under-
represented due to the resolution limitations in DIA. How-
ever, we consider a lower limit of the regression of about
50 µm in microlithon height, as BIB-SEM analyses show that
the microlithons can be as small as a few grains (see be-
low). The upper limit of the regression analysis is bound by
the sample size of about 10 cm. Larger microlithons may be
found if one disintegrated a much larger (e.g. 50 kg) sample
(Figs. 2 and 14a).

The validity of the power-law model for the chosen range
is approved by constant values in local slope (cf. Bonnet et
al., 2001, and references therein), shown by the thin grey
lines in Fig. 5b. Therein, the local slope (D) is calculated
by

D =
log

(
Nni
a

)
log(bci)

, (4)

where a is the factor of proportionality as given in the re-
gression lines of Eqs. (2) and (3) (2× 1010 and 8× 107 for
BPS12-SC1 and BFS1-SC1, respectively).

The raw data of the sieving and the DIA as well as their
processing are provided as the Supplement to this article.

3.2 The microstructure of microlithons

Surfaces of freshly separated microlithons of different sizes
were imaged by SEM. All show slickensides which are in-
distinguishable from the surfaces of solitary slickensides
described by Laurich (2015). The surfaces show locally
matt patches (Fig. 7a), being more abundant on smaller
microlithons. We interpret this as microscopic fragments
formed during the disintegration and sieving process, at-
tached to the surfaces by electrostatic forces. In a few cases,
in cross section, microlithons show a few thin internal shear
zones of parallel aligned clay minerals (Fig. 8). These zones
indicate that not all microlithons are fully disintegrated.

Keeping the above arguments in mind, and considering the
similar trend of power-law microlithon size distribution in
both samples and the shiny surfaces, which bound the vast
majority of the microlithons, we interpret these results to be
a reasonable representation of the size distribution of the mi-
crolithons in the scaly clay of the Main Fault.

The flakes settle into a preferred orientation when embed-
ded in resin, with their longest axes sub-horizontal. A cross
section of resin-embedded microlithons was cut and exam-
ined by RLM (Fig. 7c). The shape of the microlithons (X−Y
section) derived from minimum bounding rectangle geome-
try (Fig. 7d), showing an average height-to-length ratio of
0.43, ±0.16. In the vertical viewing direction (microlithons
dispersed on a sheet of paper, Fig. 7a and b), a total of 206
microlithons show a width-to-length ratio of 0.71, ±0.12.

At high-resolution SEM, all slickensides are smoothly pol-
ished, revealing platy, sub-µm clay particles aligned parallel
to the surface and the characteristic nanoparticles described
in Laurich et al. (2015) (Figs. 6d, 9c and 10b). Thus, we in-
fer the slickensided microlithon boundaries to be formed by
fracturing of µm-thin shear zones during sampling, such as
reported in Laurich et al. (2014). Microlithon internal µm-
thin shear zones are shown exemplarily in Fig. 9d.

By BIB-SEM, we detect a microlithon internal fabric that
is similar to undeformed fabric of OPA outside scaly clay.
For comparison, Fig. 10b–c show details of scaly clay mi-
crolithons and Fig. 10a shows a detail of an undeformed sub-
sample. We see similarities in grain size distribution, grain
shape and grain orientation. Note also the isolated, dark
and unstrained organic matter (OM) in both samples. Ad-
ditionally, the preserved pores in siderites (Fig. 10c) are an
indicator of unstrained fabric (Houben et al., 2013). Fre-
quently, lobate SiO2 grain boundaries and truncated fossils
suggest pressure solution precipitation, to a comparable de-
gree in both, deformed and undeformed material (Fig. 10).
We therefore interpret these features as being diagenetic mi-
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Figure 8. (a) shows resin-embedded microlithons in RLM. (b)–(d) are BIB-SEM micrograph insets of (a). (b) shows fractured microlithons
and calcite veins (bright). (c) is a detail of (b) showing a thin, microlithon bounding shear zone (2), an intact fossil (1) and unstrained OM
(dark black, 6). (d) is a detail of (b) showing microlithon internal shear zones (2), calcite overgrowth (4), calcite veins (5), strained OM (6)
and bending of clay particles (bright mica, 7). Detail (e) is shown in Fig. 10b.

crostructures, generated at greater overburden than today
(max. overburden is inferred to be 1350 m; see references
above). Fig. 8c shows an intact calcite fossil in a microlithon,
supporting the interpretation of tectonically unstrained mi-
crolithons.

Despite this strong microstructural similarity, we also
spotted some differences between protolith and microlithons.
Locally, especially in the “tails” of the microlithons, there
is evidence of microlithon internal deformation. First, and
most obvious, are thin shear zones that cut the microlithons
(Figs. 8 and 9). As stated above, this indicates that the scaly
clay block is not fully disintegrated along all the in situ shear
zones. Moreover, Fig. 10c suggests a higher fabric inten-
sity compared to the undeformed sample, and we interpret
this as caused by less localized deformation of microlithons.
Further signs of microlithon internal deformation are over-
growth structures and an increased density of larger calcite
patches and veins as shown in Fig. 8b and d. These patches
and veins indicate pressure solution precipitation, comple-
mented by percolation of additional fluids in order to pro-
vide the necessary calcium (Clauer et al., 2017). Moreover,
we locally find particle bending and elongated OM particles
in the vicinity of thin shear zones (Figs. 8–10). The calcite

patches occur in geometric relation to microlithon internal
shear zones. However, microlithon internal deformation al-
ters the protolithic fabric only to a limited extent and is found
to be localized in isolated zones, leaving large microlithon
volumes unaffected.

3.3 The vol % of strained material in scaly clay

Based on BIB-SEM micrographs, the shear bands that sep-
arate the microlithons are always in the range of a few µm,
whether the microlithon is small or large. Hence, with de-
creasing microlithon size, the vol % of bounding shear zones
per microlithon increases: the smallest microlithons consist
of a large part of sheared clay; in contrast, the largest mi-
crolithons contain less than 1 vol ‰ strained material. For a
rough estimation of the total shear zone volume in an entire
scaly clay aggregate (VSZ-total), we extrapolated the regres-
sion of microlithon frequencies (Eqs. 2 and 3) for bins down
to 5000 µm2, which corresponds to the smallest microlithons
found in BIB-SEM (∼ 50 µm in height). The calculated fre-
quencies (Ni−calc.) are then multiplied by the geometrically
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Figure 9. (a) shows a resin-embedded microlithon in RLM. (b)–(d) are BIB-SEM micrograph insets of (a). (b) displays a microlithon with
internal shear zones highlighted by dashed lines. (c) is a detail of (b) showing a shear zone junction. (d) is a detail of (b) showing a µm-thin,
opened microlithon internal shear zone (2). We interpret the shear zone opening as a sampling artefact, with corresponding shapes of the
fracture walls (arrows) and bend clay particles in the vicinity of the shear zone (7). Numbering as used in the previous figure. Inset (e) is
shown in Fig. 10c.

estimated average shear zone volumes (VSZ−i) per bin (i):

VSZ-total =

maxi∑
i=1

Ni−calc.×VSZ−i . (5)

For this, we considered a simplified, scale-independent av-
erage ellipsoid microlithon shape. The average shear zone
volume (VSZ−i) is calculated by subtracting the average mi-
crolithon volume (VML−i) from a version of itself (VML2−i)

that is 10 nm smaller on each axis (the assessed average shear
zone thickness is 10 nm):

VSZ−i = VML−i −VML2−i, (6)

VML−i =
4
3
× π × a× b× c, (7)

VML2−i =
4
3
× π × (a− 5 nm)× (b− 5 nm)

× (c− 5 nm), (8)

where 2a is the length, 2b the width and 2c the mi-
crolithon height (Fig. 5c), the latter two given from the

above-determined height-to-length and width-to-length ra-
tios.

The calculation gives a shear zone volume (VSZ-total) of
0.2 % for sample BFS1-SC1 and 1.3 % for sample BPS12-
SC1. For both samples, the sum of all calculated microlithons
yields a volume comparable to the original aggregate (a
cube with ∼ 13 and ∼ 15 cm edge lengths for samples BPS-
SC1 and BFS1-SC1, respectively). Nevertheless, this geo-
metric approach is a strong simplification to estimate that the
strained volume in scaly clay is as low as about 1 %. We sug-
gest further studies on microlithon shapes, in particular in
3-D, as this study relies on a combination of 2-D sections
only.

4 Discussion

4.1 Fabric

Scaly clay is a prominent and easily recognizable part of the
Main Fault. It occurs in elongated bodies of fault rock and
is composed of lens-shaped, biconvex, elongated, variably
sized microlithons (or phacoids; cf. Bosworth and Vollmer,
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Figure 10. BIB-SEM micrographs comparing an undeformed fabric (a) and microlithon internal fabrics (b) and (c). (a) derives from the
sample shown in Fig. 11a. The locations of (b) and (c) are given in Figs. 8b and 9b, respectively. The images show intact to slightly strained
fossils (1), µm-thin shear zones (2), pores in siderites (3), overgrowth (4), a calcite patch (5), dark OM (6), bend particles in the vicinity of a
thin shear zone (7) and lobate SiO2 grains (8). Numbering is as in the previous figures.

1981; Housen et al., 1996) that are separated by anastomos-
ing thin shear zones and microveins. The microlithons are
the building blocks of scaly clay: they are essentially un-
deformed and quite resistant to further disintegration. Mi-
crolithons of all sizes are roughly similar in shape, mostly
with their longest axis parallel to the movement direction
of the Main Fault (Fig. 12). The slickensides on the mi-
crolithons also have this trend (dip–slip), scattered by the
anastomosing geometry of the shear zones. The microlithon-
bounding thin shear zones are 5–10 µm wide and identical in
microstructure to those reported by Laurich et al. (2014) from
the non-scaly parts of the Main Fault in OPA. We are cur-
rently investigating whether the evolution of nm-sized clay
particles in the slickensided surfaces (Fig. 5f) may involve
a combined process of cataclasis and authigenic precipita-
tion from fluids as suggested by Clauer et al. (2017). More-
over, we showed intact and reworked microveins within scaly

clay, always bound to shear zones and often in the vicinity of
gouge (Figs. 8b, 15). This indicates early to syntectonic vein
precipitation. Neither the veins nor the thin shear zones show
consistent overprintings and the microfolds are not refolded,
suggesting a progressive development of the scaly clay dur-
ing shearing in the Main Fault. The microlithon size distribu-
tion follows a power-law model, with microlithons appearing
self-similar, i.e. exhibiting isotropic-scale invariance (sensu
Bonnet et al., 2001).

4.1.1 Comparison to other scaly clays

Our findings are similar to other scaly clays worldwide: ac-
cording to the terminology of Vannucchi et al. (2003), the
scaly fabric of Opalinus Clay from the Main Fault is defined
by partings along localized zones of aligned grains in a ma-
trix of poorly to slightly aligned clay minerals. We identified
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Figure 11. Photographs and sketches of water-immersed samples. (a) Sample V08 showing undeformed bedding foliation and one shear
zone, (b) sample V05 showing low strained scaly clay and (c) sample V14 being high strained scaly clay with higher density and complexity
of shear zones. The right part in (c) and (f) likely resembles foliation perpendicular to the viewing direction.

these localized zones as µm-thin shear zones similar to other
scaly clays (e.g. Maltman, 1987) and classify scaly Opali-
nus Clay as best comparable to scaly clay from the Apen-
nine detachment faults (Coli and Sani, 1990; Vannucchi and
Maltman, 2000). Nevertheless, we see similarities (localized
particle alignment, anastomosing shear zones, comparable
microlithon shapes) also to scaly clays with a higher de-
gree in fabric intensity such as those from tectonic mélanges
and submarine accretionary prisms (Agar et al., 1989; Bet-
telli and Vannucchi, 2003; Chester et al., 2013; Labaume
et al., 1997). Similar to all studies on the scaly clays men-
tioned above, we interpret that finely distributed shearing is
the main fabric-generating process, with the occasional oc-
currence of S-C geometries (sensu Passchier et al., 2005) at
various scales. To our knowledge a microlithon size distribu-
tion for other scaly clays has never been recorded.

4.1.2 Microlithon internal deformation

It is a long-standing debate whether microlithon internal fab-
ric “shows any alignment of phyllosilicates”, especially in
scaly clay of accretionary prisms (Agar et al., 1989; Labaume
et al., 1997; Prior and Behrmann, 1990; Vannucchi et al.,
2003; Wallace et al., 2003). Takizawa et al. (1999) and
Housen et al. (1996) ask why bulk rock physical proper-
ties of scaly clay from the Barbados prism indicate a low
degree of preferred particle orientation at depths where de-
formation appears to be most highly concentrated. A low
degree of particle alignment is also found by Morgan and
Kraig (1995) for the décollement zone of the Nankai accre-
tionary prism. In contrast, microstructural SEM studies on
Barbados scaly clay show strong preferred particle orienta-
tions (Cowan et al., 1984; Labaume et al., 1997; Maltman et
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Figure 12. (a) is a shaded light RLM mosaic of a microfold in
sample V12. (b) shows foliation interpretations: thin shear zones
(green) encasing lensoid microlithons with sub-parallel bedding fo-
liation (red). Note the overthrust-like structure in the microfold
hinges on the left and right of the image. Circle (c) is a detail shown
in Fig. 13. It derives from the counterpart half of the sample shown
here. (d) is shown in Fig. 16.

al., 1997; Moore et al., 1986; Taylor et al., 1990). Our obser-
vations have shown that deformation is strongly partitioned
into µm-thin shear zones of aligned particles, whilst the mi-
crolithons remain largely undeformed: we observed in the
microlithons intact fossils, similar grain sizes, grain shapes
and a similar degree in grain alignment to undeformed fabric
from non-scaly Opalinus Clay (Fig. 10).

The network of the shear zones between the microlithons
can be a spaced cleavage as shown in Fig. 4a, anastomosing
with variable density (Fig. 11) to S-C foliations (Fig. 14) with
microfolds (right and left parts in Fig. 12). We also note that
in the lens-shaped scaly clay in Fig. 14a the bedding has been
rotated to vertical, while in the surrounding undeformed rock
the bedding is sub-horizontal, resulting in a kink-like geom-
etry with strong development of scaly clay.

4.1.3 Different “scaliness”

In agreement with the above observations, scaly clay can be
of different “scaliness”, meaning different densities of thin
shear zones and thus different microlithon sizes (Fig. 11).
However, the volume of shear zones in scaly clay is generally
minor (about 1 vol %), even for aggregates with a high shear
zone density (see above). These findings are in concert with
Housen et al. (1996), who proposed that most strain in the

Figure 13. BIB-RLM micrograph and sketch of subsample V12-1
(see Fig. 12 for location). Note the microfold in the lower sample
part with bend foliation, while the microlithons in the upper part
show a uniform foliation. There is no shear zone overprinting visi-
ble.

décollement of the Barbados prism has been accumulated by
the volumetrically minor component of shear zones.

We note that the scales of observation used in this study
do not yet allow full multiscale mapping of shear zones: it
is not yet possible to map all shear zones with sub-micron
resolution in the hand specimens which we mapped using
optical microscopy.

4.2 Mechanisms in the evolution of scaly clay

Even though scaly clays have been extensively studied, a
comprehensive mechanical understanding of their evolution
is missing. “Scaly clay” is a descriptive term without any ge-
netic connotation and there are many different mechanisms
that can produce scaly fabric (cf. Vannucchi et al., 2003). In
what follows we discuss and compare possible mechanisms
for the evolution of the scaly clay as part of the fault pro-
cesses in the Main Fault.

4.2.1 Evolution of the initial segments of the Main
Fault

As a response to tectonic stress, we infer that a series of
shallow-dipping, incipient, curved thin shear zones formed
the first localization of deformation in the phyllosilicate-rich,
slightly overconsolidated OPA. We interpret this as being as-
sociated with intense softening in the thin shear zones (Ikari
et al., 2011; Ingram and Urai, 1999; Kirkpatrick et al., 2015),
caused by collapse of porosity, breakup of cement, align-
ment of particles and the formation of nanoparticles and per-
haps the associated temporary local increase in pore pressure.
This localized deformation is interpreted as having interacted
with slip along the bedding foliation (Haines et al., 2013;
Ikari et al., 2011). In these shear zones it is much easier to
keep sliding than to deform the protolith, but the geometry
of the shear zones rapidly leads to “locking-up” and asso-
ciated stress concentrations, which initiate new shear zones.
We propose that these initial shear zone networks develop
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Figure 14. S-C foliations. (a) and (b) in outcrop scale, viewing di-
rection WSW at Gallery 98 (view Fig. 1 for location). (c) and (d) in
mm scale in drill core sample BPS12-4 (location shown in Fig. 15).

into fault segments which coalesce during further fault move-
ment. It is the strike and dip relays between these segments
(Nicol et al., 2002) that create the boundary conditions for
macroscopically continuous deformation by sequentially de-
veloping, conjugate shear zones that finally form the scaly
clay (cf. Figs. 2 and 14). The proposed evolution is sketched
in Fig. 16 and further discussed below.

Some insight into the mechanics of this process may be
provided by the results of van der Zee (2001), who found
an increased differential stress in the restraining bends that
causes a preferred deformation of the relays’ interior. The
deformation in the relay results in folding of the bedding to
a steep orientation aided by slip along bedding, and is ac-
companied by conjugate shears (stage 2 in Fig. 16): one as
bedding parallel offset and the other as bedding perpendic-
ular offset (cf. Carreras et al., 2010; McGrath and Davison,
1995; Nicol et al., 2002; Vollmer and Bosworth, 1984). This
way, rhombohedral microlithons (Fig. 4a) similar to the fab-
ric of pencil cleavage (cf. Reks and Gray, 1982) form. How-
ever, Fig. 7c shows more elliptically shaped microlithons and
Figs. 16b and 13 picture more curved shear zones that have
been reported for other scaly clays, too. We interpret these
as showing that the shear zones formed progressively, with
younger shear zone paths being influenced by the reactiva-
tion of older shears (stage 3 in Fig. 16). The boundary con-
ditions for this macroscopically continuous deformation are
given by the relay between the initial segments (Figs. 12, 13

Figure 15. Shaded-light photograph and foliation sketches of water-
immersed sample BPS12-4. Note the dark band of gouge on the
sample top and brighter (calcite-rich) areas, indicated by arrows;
a is a detail shown in Fig. 14c and d.

and 15). The interaction of the two sets of shears is illustrated
in Fig. 17, showing how progressively smaller microlithons
are formed to accommodate deformation around large mi-
crolithons. This model is also supported in Fig. 9c, where a
curved shear zone splays up next to a through-going shear
zone, suggesting a relative age relation of the shears.

The process of progressive slicing up of fragments has
been modelled by Sammis and King (2007), who showed
the process of collisions of particles in a fault zone which
fail by Mode I fracturing. With increasing displacement, they
found a power-law particle size distribution with increas-
ing exponents. In the scaly clay of OPA, the fragments fail
by shear, and the fragments are increasingly surrounded by
the soft material of the shear zones which helps the mi-
crolithons flow past each other (Fig. 17). Similar to Sam-
mis and King (2007), this progressive, relay-bound scaly clay
generation may lead to increased power-law exponents in
microlithon size distribution. Thus, the power-law exponent
could be used as an indicator of the degree of deformation,
i.e. of the aggregates’ scaliness.

In addition to the geometrical locking and fragmentation
in a relay as described above, another mechanism is impor-
tant: the evolution of pore pressure and effective stress. There
are two relevant observations for this: the isolated calcite mi-
croveins and the network of shear zones with porosity col-
lapse.

4.2.2 Dependency of strain and pore pressure changes

We infer that the shear zones in our samples were closed in
situ (e.g. Fig. 9d): the fracture with slickensides is interpreted
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Figure 16. (a) is a simplified mechanical model of the progressive development of anastomosing shear zones. (1) Initial contractional relay
(after Nicol et al., 2002) and relay internal development of a kink band by reorientation of bedding (compare to Fig. 14). (2) Development
of relay internal R-hears that themselves link as relays (3). The inset compares to shear zones shown in Fig. 9c. (4) Progressive development
and linking of further shears. (b) is an inset and (c) a sketch from Fig. 12. Note the similar shear zone patterns of (4) and (c).

to have resulted from excavation damage and sample han-
dling (cf. Prior and Behrmann, 1990). This is supported by
the extremely low permeability of the Main Fault shown by
measurements in boreholes (Bossart and Wermeille, 2003;
Thury and Bossart, 1999). Measurements in deformed To-
hoku décollement samples (scaly clay) show a drastic perme-

ability decrease perpendicular to shear direction (Ikari et al.,
2013). Arch and Maltman (1990) found in laboratory experi-
ments a higher permeability parallel to shear and Casciello et
al. (2004) propose a mechanism of “self-lubrication” of the
shear zones.
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N = 9 N = 13N = 11

Figure 17. Simplified mechanical model illustrating a rapidly in-
creasing number of (smaller) microlithons by conjugate shearing.
For better visibility, the model exaggerates the shear offset, which
might lie in the range of only a few µm for scaly clay shear zones.
Shear zone asperities create releasing and restraining bends, the first
filled with calcite veins, the latter leading to geometrical “locking-
up”, causing the development of new (smaller) microlithons.

An interesting problem of scaly clay evolution is thus that
during the formation of a shear zone inside a microlithon, the
pore collapse may create a temporary, local increase in pore
pressure in the microlithons bound by the closed-cell net-
work of shear zones with very low permeability. If the rate
of pore pressure generation is faster than the rate at which
permeability allows the pore pressure to dissipate, overpres-
sure is generated (Vannucchi et al., 2003). On the other hand,
the slight overconsolidation of OPA allowed dilation along
some of the shear zones between the microlithons, which
can cause rapid local redistribution of fluid and crystalliza-
tion of the microveins. This, in turn, leads to local, temporary
drop in fluid pressure that may promote locking of the shear
zones and vein precipitation (cf. the veins in Figs. 8b and
15). Moore and Iverson (2002) found stable but episodic slip
in ring shear tests of compacted, water saturated granular ma-
terials where pore pressure build-up leads to material weak-
ening and shear-induced dilation leads to a decline of fluid
pressure with consequent material strengthening. It would
be interesting to try to quantify the local heterogeneities in
pore pressure in the evolving Main Fault. A starting point for
this could be the work of Cuss et al. (2012) reporting het-
erogeneous pore pressure distributions in clay-rich materials
and the work of Amann and Vogelhuber (2015), who have
reviewed the geomechanical studies of Opalinus Clay, dis-
cussing the many pitfalls of accurately measuring pore pres-
sure during experiments. Although the pore pressure coef-

ficients reported by Amann and Vogelhuber (2015) may al-
low estimation of the local pore pressure increase in the mi-
crolithons surrounded by pore-collapsing shear zones, there
is no information available on the permeabilities of OPA
shear zones. In agreement with our considerations, experi-
ments on Opalinus Clay by Cuss et al. (2011) showed that
conductivity decreases at low shear strain and increases at
high shear strain due to the development of a complex shear
network.

4.2.3 Evolution of scaly clay

In the sections above, we discussed how the macroscopically
continuous deformation in the scaly clay of the Main Fault in
OPA can result from deformation in relays between fault seg-
ments. The scaly clay generation is a ductile fragmentation
process, where the pattern of shear zone development occurs
at increasingly smaller scales. With ongoing evolution, the
mechanism will produce smaller and smaller, self-similar ap-
pearing microlithons with each step (Fig. 17). Thus, we con-
sider the evolution of scaly clay to be a fractal process within
inferred limits from 5000 µm2 to 160 cm2 microlithon area.
The process reduces the amount of larger microlithons, in-
creases the amount of smaller microlithons and thus overall
increases the power-law exponent of the microlithon size dis-
tribution (Eqs. 2 and 3).

In their review of the scaling of natural fracture systems,
Bonnet et al. (2001) state that most common power-law ex-
ponents fall in the range of 1.7 to 2.75, with a greater con-
centration around 2. The exponent values of the power-law
model for the microlithon size distribution presented here fall
within the same range (2.09 and 2.34). Bonnet et al. (2001)
write further that in physical experiments and numerical sim-
ulations, the exponent converges on a value of 2.0 with on-
going fracture system development. Accordingly, as values
have a wide range in nature, they suggest that natural sys-
tems display a range of maturity stages. We can contribute to
this idea by a closer look at the sensitivity of the exponent
value to the total sheared volume (VSZ-total). Figure 5d dis-
plays the power-law exponent vs. the shear zone volume as
calculated above (Eqs. 5 to 8). For exponents up to 2.0, small
microlithons contribute less to the total sample volume than
large ones, and hence the strained volume is correspondingly
low. On the other hand, for negative exponents larger than
2.0, the shear zone volume increases drastically due to the in-
creasing contribution of small microlithons with a high rela-
tive shear zone volume. With increasing exponents, the shear
zone volume converges to 23 vol %, a value that would be re-
alized if the aggregate would consist entirely of microlithons
of the smallest considered size (5000 µm2; see above). From
Fig. 5d we see that microlithon size distributions with an
exponent value larger than 2.0 would come with a drastic
increase in shear zone volume. A generation of the corre-
sponding many shear zones would require a drastic increase
in shear energy. A pure increase in tectonic stress would be
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inadequate to deliver this energy, as a stress increase may
lead to brittle, localized failure rather than the macroscopi-
cally ductile development of the scaly clay. Hence, we con-
sider a constant stress setting to be necessary for the devel-
opment in scaly clay. Such a setting may be realized in the
relay between fault segments as proposed above.

The activity and propagation of the relay segments con-
trol the maturity (i.e. scaliness) of the fabric in between. If
one segment becomes inactive and further offset is entirely
accommodated on the other, scaly clay generation may be
stopped and the fabric may be preserved in a low scaliness
state. Alternatively, deformation can be repartitioned and lo-
calized deformation of scaly clay may lead to a much higher
strain, forming gouge. Gouge has been found next to the
scaly clay aggregates in the Main Fault (Fig. 15). We exam-
ine gouge in more detail in a follow-up paper.

5 Conclusions

Scaly clay aggregates consist of elongated lens-shaped mi-
crolithons surrounded by µm-thin shear zones. The density
of these shears in a scaly aggregate is variable; i.e. the ag-
gregates are of different scaliness (Fig. 11). The shear zones
surround microlithons of various sizes which are internally
undeformed to slightly deformed (e.g. by bedding parallel
shear in flexural slip of microfolds and cleavage develop-
ment). For two scaly aggregates, we recorded microlithon
size distributions that follow power laws with exponents of
−2.09 and −2.34 (Fig. 5b). The upper and lower limits of
the distributions are not determinable from the data alone.
However, we consider the smallest microlithon to be in the
range of only a few grains high (∼ 50 µm) and the largest of
the order of 10 cm in length, based on SEM and outcrop ob-
servations, respectively. The determined power-law exponent
allows estimation of the total deformed volume in the scaly
clay aggregates, which is as small as ∼ 1 vol %.

Scaly clay from the Main Fault is highly deformed Opali-
nus Clay, formed by the progressive interaction of thin shear
zones to generate new ones, evolving into a network of anas-
tomosing shear zones between microlithons. We infer that
scaly clay formed by finely distributed ductile shear, in a
fault relay deforming between segments of the evolving Main
Fault. The extreme partitioning of strain is related to the very
intense softening in the already anisotropic OPA, caused by
collapse of porosity, breakup of cement, alignment of parti-
cles and the formation of nanoparticles and a possible asso-
ciated local increase in pore pressure.

Our microstructural observations of tight, non-porous
shear zones are in good agreement with the extremely low
permeability of the Main Fault at present (1× 10−13 m s−1,
Bossart and Wermeille, 2003).

Extrapolation of laboratory deformation experiments to
predict the long-term mechanical properties of faults in OPA

requires incorporation of the different deformation mecha-
nisms between laboratory and natural deformation.

Scaly clay from the Main Fault in the Mont Terri Rock
Laboratory is similar to other scaly clays worldwide in the
sense of finely distributed ductile shear around essentially
undeformed, lens-shaped microlithons. But particularly re-
markable is that an intense scaliness occurs with such a small
inferred offset (10 m). A comparison with microlithon size
distributions of other scaly clays is a promising new line of
research.

The Supplement related to this article is available online
at doi:10.5194/se-8-27-2017-supplement.
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