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Disaggregation bands as an indicator for slow
creep activity on blind faults
Christian Brandes1✉, David C. Tanner 2, Haakon Fossen3, Matthias Halisch2 & Katharina Müller1

Hidden, blind faults have a strong seismic hazard potential. Consequently, there is a great

demand for a robust geological indicator of neotectonic activity on such faults. Here, we

conduct field measurements of disaggregation bands above known underlying blind faults at

several locations in Central Europe. We observe that the disaggregation bands have the same

orientation as that of the faults, indicating their close connection. Disaggregation bands

develop in unconsolidated, near-surface, sandy sediments. They form by shear-related

reorganization of the sediment fabric, as a consequence of grain rolling and sliding processes,

which can reduce the porosity. Using an analogue shearing experiment, we show that dis-

aggregation bands can form at a velocity of 2 cm h−1, which is several orders of magnitude

slower than seismogenic fault-slip velocities. Based on the field data and the experiments, we

infer that disaggregation bands can form in the process zone of active blind faults and serve

as an indicator of neotectonic activity, even if the fault creeps at very low slip velocity.

Disaggregation bands could open a new path to detect hidden active faults undergoing

aseismic movements.
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B lind faults, that is, hidden subsurface faults that do not
rupture the surface and often covered by unconsolidated
sediments, can be the source of unexpected, damaging, and

fatal earthquakes that represent a major seismic hazard in urban
areas1. Detecting active blind faults is therefore highly relevant to
assess the seismic hazard of a region, but this remains a challenge,
especially in areas where there are long intervals between indi-
vidual earthquakes. Paleoseismological studies often rely on soft-
sediment deformation structures, such as sand-volcanoes, to
identify past seismic events, e.g.,2,3. However, these structures can
also form due to non-tectonic drivers, such as water discharge4 or
permafrost5. Consequently, soft-sediment deformation structures
are ambiguous.

Slip rates on active faults vary over many orders of magnitude,
ranging from mmin−1 for seismic ruptures6 over cm d−1 for slow
slip/creep events7 to cm yr−1 for continuous creep, e.g.,8. In a
typical seismic cycle, an extremely short co-seismic interval may
be followed by a long period of post-seismic creep9. At present,
fault activity is regarded as a continuum between the former and
latter10. Accordingly, hazard assessment based on only seismic
events ignores a large part of the fault activity. In addition, fault
creep is difficult to derive from the geological record11. Structures
such as sand-volcanoes, slump structures, seismites and clastic
dykes can form co-seismically due to groundwater expulsion but
fail to indicate aseismic creep. To the best of our knowledge, there
is no simple method to infer aseismic creep on blind faults from
geological structures in overlying sediments. However, because a
creeping fault may return to rupture mode in the future, or have
interseismic periods that exceed the length of instrumentally
recorded seismicity, there is strong demand for a universal geo-
logical indicator of blind fault activity that is sensitive to move-
ment below seismogenic displacement velocities (i.e., creeping or
slow slip). This indicator is required for a profound hazard risk
evaluation.

In general, deformation bands are planar structural elements
that develop in porous sand and sandstones in the upper crust,
e.g.,12,13. They can be further subdivided into cataclastic and non-
cataclastic bands, the latter also known as disaggregation bands.
In the former, cataclasis occurs that leads to grain-size reduction
and thus porosity reduction in the band14,15. On the contrary, the
latter preferentially form at the near-surface in unconsolidated or
weakly-consolidated sandy sediments by grain rolling and sliding
processes, i.e., particulate or granular flow16.

Based on datasets from the San Andreas Fault, it has been
shown that cataclastic deformation bands, while absent in
creeping fault segments, are present in sediments overlying active,
seismogenically-rupturing fault segments17. The authors argue
that cataclastic deformation bands are therefore suitable indica-
tors of co-seismic slip. Similarly, cataclastic bands were observed
in the vicinity of actively-rupturing faults in the upper Rhine
Graben in Germany18. Cataclastic deformation band formation in
near-surface sediments is interpreted to involve force-chains and
grain-bridge processes17, where bridge failure is associated with
grain comminution and flaking19. Experimental studies on
deformation bands in both sandstones and unlithified sand have
been carried out20,21.

In the following, we assess the hypothesis that non-cataclastic
disaggregation bands can form during slow slip (creep events) on
underlying faults. Based on field data, we describe their structural
characteristics and use physical experiments to reproduce them in
the laboratory.

Results
Disaggregation bands in nature. Excellent examples of dis-
aggregation shear bands can be observed in outcrops above blind

faults in northern Germany and northern Denmark (Fig. 1). The
faults in Denmark (Fig. 1a, b) were seismically active in the
Lateglacial22 and there has been recent seismicity in this area, as
instrumentally recorded since 193023. At the Aller Fault in
northern Germany (Fig. 1a), potential neotectonic fault activity is
documented by longitudinal river profiles, c.f.24 and historic
earthquakes, c.f.25. Disaggregation bands are developed in sandy
Pleistocene sediments, have displacements ranging from centi-
metres to decimetres, and often form conjugate networks or en-
échelon stepping arrays with intervals between individual bands
that range from centimetres to metres. Most importantly, their
strike closely matches that of known blind faults in the subsur-
face. In some locations, the bands show an orthogonal pattern in
map view that reflects the geometry of an underlying pull-apart
structure26.

Most of the bands show normal shear offsets (Fig. 1b–d),
indicating normal dip-slip movement in the subsurface. The
bands were observed at depths down to 17m. We exclude
compaction and differential compaction as driving mechanisms
for shear-band formation, because outcrops in the region, in
which similar sediments are exposed, do not show any evidence
for deformation bands. All bands shown in this study have been
interpreted to reflect Pleistocene fault movement22,26.

Deformation bands exposed near Freden in northern Germany
(Fig. 1d) are good examples of non-cataclastic, near surface,
disaggregation shear-bands that developed in sandy, ice-marginal,
delta-slope Pleistocene sediments27. Sieve analysis shows the host
material is a medium sand (mean grain size 460 ± 150(1σ) μ m
(1.3 ± 0.6 (1σ) ϕ)), moderately well sorted, very fine skewed). The
disaggregation bands have thicknesses of 0.1–4.0 cm (Fig. 2a), dip
angles of 55∘–75∘, and a consistent normal sense of displacement.
We observe a positive increase in thickness with displacement
and the thickness distribution follows a strict negative power law
(Fig. 2b).

Thin-sections display distinct pore-space reduction within the
analysed bands (in Fig. 1e, 37% in the host material, 25% in the
band). However, not all bands show a porosity reduction. The
grains are not fractured and grain-size reduction did not take
place, meaning that cataclasis did not occur (Fig. 1e). This is also
supported by the similar distribution of grain-size inside and
outside of the disaggregation band in thin section (Fig. 3). To
support the thin-section analysis, we also carried out μ-CT
measurements, which confirms the strong porosity loss within the
natural disaggregation bands. Some analysed disaggregation
bands show a clear alignment of elongated grains, in which the
boundary between the band and the host sediment can be very
distinct (Fig. 3). Texture analysis shows that the grains outside the
band are near-randomly orientated, while the grains in the band
have a strong preferred grain texture, especially for those grains
with a high aspect ratio (Fig. 3). A comparable observation of
grain-axis alignment was shown for the near-surface disaggrega-
tion bands in the Børglum fault area (Fig. 1a)28.

Disaggregation bands in experiments. To test the hypothesis
that disaggregation shear-band formation is associated with slip
at subseismogenic velocities, we performed a series of physical
analogue experiments (Fig. 4), using the material from the out-
crop shown in Fig. 1d. The experiments were designed to analyse
the influence of the rate of slip, rather than the mode of slip. The
applied shear velocities (corresponding to a bulk strain rate of
5.6–11 ⋅ 10−4 s−1) at a model velocity of 2 cm h−1, are in the
range of slow slip/creep events, cf.29, i.e. several orders of mag-
nitude lower than typical seismogenic displacement velocities,
e.g.,6,30. During our experiments, a disaggregation band formed
in the centre of the shear-box, where a velocity discontinuity
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occurs between the stationary and the moving halves of the shear-
box (Fig. 4a). The limitations of the experiments are the lack of
confining pressure and pore-fluids, the fact that the sediments are
not deposited by natural processes, that we could not carry out
long-term deformation (i.e. over a year) and that the experiment
contains only a small volume and is open on one side. However,
results of experiments using the same set-up are robust32. After
the experiments, the shear band was conserved in resin to allow
detailed study of textural changes in thin section. In experiments

a distinct disaggregation band developed, without the involve-
ment of cataclastic processes (Figs. 1b and 5).

We conducted experiments (fifteen in total) at two different
velocities (2 cm h−1 and 3600 cm h−1) to represent fault creep
and fault rupture speeds, respectively.

The experimental disaggregation bands are tabular structural
elements (Fig. 5), with a thickness of up to 5–9 mm after 6 cm of
displacement, independent of the model velocity. Similar to the
natural bands, a loss in porosity can be observed from the host
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material to the band in thin sections (Fig. 4b). Additional X-ray
micro-computed tomography (μ-CT) measurements and digital
image analysis (DIA) therefrom confirm porosity loss within both
the natural and experimental disaggregation bands (Fig. 6a,
natural band; 32–41% in the host material, 24–34% in the band;
Fig. 6b, experimental band; 20.5–21.5% in the host material,

19.5–20.5% in the band). The porosity loss in the experimental
bands is much lower compared to natural bands, indeed not every
experiment showed a clear porosity loss. This is probably caused
by the lack of confining pressure. Nevertheless, with our
experiments, we are able to reproduce the major characteristics
of natural disaggregation bands (Fig. 5).
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Fig. 3 Texture analysis of a disaggregation band and its host. a Photomicrograph of a disaggregation band in sand from the Freden site. Blue colour is due
to the resin that was used to fix the grains. Dashed line represents the boundary of the disaggregation band to the right. b Best-fit ellipses calculated from
the digitised grain outlines, using the software EllipseFit60. Blue --- grains outside of band (n= 163), orange --- grains with the band (n= 104). c Aspect
ratio of the grains against their long axis orientation (left (blue) --- outside of the band, right (orange) --- inside the band). Reference direction (0∘) is
horizontal. Clearly, the orientation of grains outside of the band have no preferred orientation, while the grains in the band have a strong preferred grain
texture, especially for grains with a high aspect ratio. d Histograms of normalised frequency against grain size, (left (blue) --- outside of the band, right
(orange) --- inside the band). Note the similar distribution, which shows there is no grain-size reduction in the disaggregation band. e Cumulative
frequency against grain-size (blue --- outside of the band, orange --- inside the band).
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Most creeping faults show distinct creep events in which they
achieve most of their displacement, e.g.,31, therefore the short
duration of the experiments of several hours does not affect the
comparability to the natural disaggregation bands. The design of
the experiment with the strike-slip set-up makes it prone to the
formation of Riedel shears. The formation of the main shear zone
in the experiments results from the interlinkage of anastomosing
Riedel P- and Y-shears32. The complete development of different
structural elements indicates that the limited size of the
experimental set-up is sufficient. Locally, small pop-up structures
can develop, but most of the main shear zone remains
undisturbed and is suitable for analysis32. We also observe Riedel
shears that develop in the initial phase at a low angle to the main
shear discontinuity (Fig. 4c), as well as occasionally local pop-up
structures. After increased displacement, deformation localizes on
the central shear band above the velocity discontinuity in the
centre of the shear box (Fig. 4d–e). A similar observation was
made in other experiments33. They show that shear zone
development starts with a diffuse sigmoidal patch and subse-
quently curved shear zones develop that finally connect and form
the main shear zone. We speculate that this is also possibly how
natural disaggregation bands in sands evolve and the common
branching and merging of the bands might be caused by these

Riedel shears. However, this is only a minor point; our main
conclusion is the velocity independence of the disaggregation
band formation and their potential as indicators for non-
rupturing blind fault activity.

In summary, our shear-box experiments, carried out at shear
velocities typical for aseismic creep, produced disaggregation
bands in sand that closely match natural examples observed in
the field, imply that natural disaggregation bands are an indicator
of active slip on sediment-covered subsurface faults. The fact that
they can be reproduced in a simple experiment underlines their
universal manifestation, independent of the geological setting.

Discussion
Our field observations imply that disaggregation bands (i.e., non-
cataclastic deformation bands) frequently occur above blind faults
in northern Germany and northern Denmark (Fig. 1). As the
analysed disaggregation bands can show a very distinct pore-
space reduction, we interpret their formation as the consequence
of fabric reorganization by granular flow (Fig. 3). A suitable
mechanical model to explain shear-band evolution in granular
material is the Thomas-Hill-Mandel shear-band model34. Shear-
band formation is an equilibrium bifurcation from a homo-
geneous deformation34. During this process, the material prop-
erties bifurcate into the less-deformed host material and the
deformation band35. Shear-band formation in sand is regarded as
a plastic volume change known as Reynold’s effect, e.g.,36, often
leading to dilation in the band, e.g.37, and resulting strain soft-
ening. However, for granular material, especially if it consists of
anisotropic particles, the realignment of particles allows for
denser packing38, as observed in both the natural and the
experimental disaggregation bands described in this study. In the
field, we observe systematic increase in the thickness of dis-
aggregation bands with increasing displacement (Fig. 2a) and a
loss of porosity (Figs. 1e and 3). We propose that the loss of
porosity leads to increased grain contact area, which leads to
strain hardening. The band responds by laterally thickening.

During shearing, the grains are reorganised, with a preferred
orientation of long axes of the grains (parallel to the band
boundary in Fig. 3), as was also observed in experiments by39. In
their work, grain column buckling occurs that causes initial strain
hardening followed by strain softening and void formation within
the shear bands. From our study of thin-sections of disaggrega-
tion bands from the Freden outcrop, we conclude that grain
reorientation took place that lead to a denser packing and
potential locking of grains (Fig. 1e). However, we do not observe
systematic voids in the shear bands. Because of grain locking,
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progressive strain hardening can only occur during deformation;
the bands thicken and thus grow into their characteristic tabular
shape. Because of the positive increase in band thickness with
displacement, and the thickness distribution that follows a strict
negative power law (Fig. 2), we postulate that all disaggregation
bands began with a small (ca. 1 mm) thickness. Further incre-
ments of displacement increased the band’s width (i.e., effectively
work hardening), but ongoing deformation was accrued on
increasingly less bands to produce the power-law distribution that
we observe. In the study by21, experimental deformation bands
were produced under low strain rates in Permian Locharbriggs
sandstone. These authors conclude that increasing the amount of
strain would lead to wider bands, but they do not observe post-
failure strain hardening. Therefore their study is only partly
compatible with our analyses, as we use unconsolidated sand, and
cataclasis did not take place in our bands. Instead, we observe that
the deformation was exclusively compensated for by reorganisa-
tion of the grain fabric (Fig. 3).

The thickness of the disaggregation bands observed in the
Freden outcrop (Fig. 2) ranges from 0.1–4.0 cm, but most of the
bands are 0.1–1.0 cm thick, with a median thickness of 0.2 cm
(Fig. 2). This is in good agreement with40 who suggest that shear
bands in granular material have a thickness equal to 16 times the
average grain-size of the deformed material. In the case of near-
surface disaggregation bands, the mineralogy is unimportant41,
thus rheological control on band formation is minimal.

We emphasize that disaggregation bands can also form by non-
tectonic processes, such as slumping16, and that great care must
be taken to distinguish these from disaggregation bands caused by
tectonic activity. Key to this is the observation of a sufficiently
large number of deformation bands and that these bands form
laterally and vertically extensive arrays with a constant and
common strike. In contrast, bands that developed, e.g., in sedi-
ments that were deformed by an advancing ice sheet, often show a
spread in strike direction42. If disaggregation bands are fault-
related, the bands’ orientation will show characteristic patterns
with a systematic relationship to the orientation of the principle
stress directions and the underlying blind fault (Fig. 1). For high
differential stress/effective mean stress (Q/P) ratios, the bands are
oblique to the maximum stress direction43. Shear band orienta-
tion in unconsolidated material is grain-size dependent; in coarse
sand, bands show the Roscoe orientation, θR, and in fine sand, the
Coulomb orientation, θC44. This is in good agreement with the
systematic orientation of the disaggregation bands that we
observed in the analysed outcrops, where their strike closely
matches that of the underlying blind faults.

Hitherto deformation bands developed in unconsolidated
sediments have only been attributed to seismogenic movement on
underlying faults. However, our experiments prove that dis-
aggregation bands can also form at the typical velocities of
creeping faults. This opens a new avenue of interpretation of such
structures in the field. If a blind fault is creeping but not rup-
turing, it does not produce common indicators such as soft-
sediment deformation structure (e.g., sand volcanoes), but can
still cause disaggregation bands to form. From the age of the
sediments in which the bands are developed, the minimum age of
the blind fault activity can be derived.

We propose that the disaggregation bands form in the process
zone (the area in front of the fault tip that contains all fault
propagation-related deformation features of a propagating blind
fault (Fig. 7)). A model that demonstrates the fracture distribu-
tion and orientation around the tip of a fault was shown by45.
According to46, the size of the process zone scales rather with the
size of an active slipping patch on the fault and not the total
length of the fault. We postulate that the disaggregation bands
shown in this study are analogue to these fractures. The

development of disaggregation bands above blind faults is
therefore a common process in sandy, unconsolidated media47. In
our opinion, there is the need to further investigate disaggrega-
tion bands, both in the field and in experimental studies.

Conclusions
We demonstrate that disaggregation bands can form in a sandy
medium in the process zone of an active creeping fault. We
suggest their tabular geometry results from strain hardening that
forces the bands to grow thicker. The fact that they can form at
very low shear velocities, typical of creeping faults, makes them a
suitable indicator of slow slip on faults that do not rupture and
thus do not emit seismic energy. Disaggregation bands can fill the
gap left by structures that form co-seismically due to
groundwater-expulsion driven by seismic energy (e.g., sand-
volcanoes and clastic dykes), but fail to indicate creep activity.
Disaggregation bands are thus key structures that record large
parts of the seismic cycle. As such, they are a very powerful,
universal indicator that are easily recognisable in natural outcrops
and artificial trenches.

Methods
Fieldwork and sampling. The structural datasets were measured with a standard
Freiberg compass and visualised as stereographic projections. Prior to the mea-
surements, the outcrop face perpendicular to the strike of the disaggregation bands
was cleaned with a trowel. The disaggregation bands were sampled using metal
cylinders with a diameter of 7 cm and a depth of 5 cm. The samples were first dried
and then conserved with epoxy resin (Araldite® 2020, Huntsman). The resin was
dyed blue to better visualise pore-space. Subsequently the samples were cut with a
rock saw and thin-sections were made. The host material was also sampled for
grain-size analysis. Material that was used for the experiments was taken from the
same location.

Grain-size analysis. For grain-size analysis, 2.5 kg material was dried. The grain-
size distribution of the material was analysed with standard grain-size sieves (DIN
4188, Retsch GmbH & Co KG and DIN ISO 3310-1, Haver & Boecker). The weight
of the material after each sieve size was determined with scales (Mettler Toledo
Classic PB 153-S and Mettler Toledo New Classic MF, accurate to 1 and 10 mg,
respectively). Subsequently, the sieve data were analysed using the GRADISTAT
program48.

Earth‘s surface

process zone

basement rocks

blind fault

unconsolidated
sandy sediments

disaggregation bands
σ1

σ1

Fig. 7 Conceptual model for the disaggregation band formation, based
on47. The bands develop in the process zone of a blind fault. For this
reason, they are a suitable indicator of paleo-fault activity, even if the fault
does not reach the Earth’s surface.
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Experiments. The shear experiments were carried out in a box with the dimensions
— 30 cm length, 20 cm width and 4 cm depth. The box consists of two halves, one
half is fixed and the other half is moved by an electric motor. The motor is powered
with direct current and the speed can be regulated. The maximum offset that can be
achieved is 6 cm (Fig. 4). We used this setup because it is well established and was
successfully applied for analogue experiments to model geometrical features in shear
zones32. The experiments were conducted using the original sediment from the field,
and hence no upscaling is necessary, as the resulting structures are the same size as the
field examples. The sand was dried before the experiments and carefully sprinkled
into the shear box from a height of 2 cm. The experiments were carried out at two
different shear-velocities (2 and 3600 cmh−1), at an ambient temperature of 17 °C
and a humidity of 54–55%. The evolving shear band in the centre of the box was
conserved with blue-dyed resin (Araldite® 2020, Huntsman) that was dripped on to
the surface of the model and subsequently percolated into the sand. After each
experiment, the box was emptied and cleaned. The moving half of the box was
brought back into the initial position and the box was then refilled with new sand.

The material properties of the sand (angle of internal friction (μ) and cohesive
strength (C)) that was used for the experiments were derived using a Hubbert-type
shear apparatus. The shear apparatus is based on the set-up of49, which consists of
two tubes. In our setup, the tubes have 4.5 cm inner diameter. The upper tube is
suspended above the fixed lower tube with a gap of 0.3mm that defines the future
fault. The normal load is given by the height of the sand pile in the upper tube (h),
which was increased from 1 to 6 cm in increments of 1 cm. Similar to the
experiments of 49, the sand was filled in the upper tube by carefully pouring from a
constant height. The shear load is applied by filling a sand-filled plastic cup that is
connected via a pulley to the upper tube. The cup was loaded until the upper tube
moved. The mass of the cup (m) was measured with an electronic scales. The normal
stress (σn) and the shear stress (τ) were calculated with the following formulas:

σn ¼ ρgh and τ ¼ mg
A

where ρ is the density of the sand, g is the acceleration due to gravity, and A is the area
of the sheared surface (see Table 1). Each experiment was run three times. By plotting
shear stress vs. normal stress, we determine the slope of the curve, which gives the
angle of internal friction (μ), and the y-intercept of the curve delivers the cohesion (C)
of the sand (see Table 2).

μ-CT imaging. The 3-D imaging was performed using a high-resolution, X-ray
computed tomography (μ-CT) system (nanotom® 180S, Baker Hughes, formerly
part of GE Sensing & Inspection Technologies), equipped with a special water-
cooled, nanofocus X-ray tube (180 kV, 15W). For this study, bar-shaped samples
with a length of 8 cm and a square cross-section of 1 cm2 were cut from the larger
cores, so that a voxel resolution of 9 μm was achieved. More details on the scanning
procedure can be found in50. After sample scanning, the 3-D image was recon-
structed, and noise and artifacts (e.g., ring artifacts and beam hardening) were
reduced. For the scans used in this study, a non-local means filter51 was applied
(settings: search radius 21, local neighbourhood 5, similarity 0.6). After filtering,
the grains and the pores were segmented and separated from each other. This was
carried out by manually cross-checking the segmentation threshold image with the
according, i.e., original, grey-value image. This was followed by a slice-by-slice pore
volume calculation. Individual pores were separated from each other using

watershed algorithms52. For all data sets, digital volumes of about 2–2.5 cm3 were
investigated. The individual geometric analysis was performed according to
described procedures53–55. All of the presented data and results are derived by
using the AVIZO™ toolbox (version 9.5.0) from Thermo Fischer Scientific.

Data availability
All our analyses are available via figshare. Grainsize analysis— https://doi.org/10.6084/
m9.figshare.19291595.v1, https://doi.org/10.6084/m9.figshare.19291670.v1 Grain
orientation— https://doi.org/10.6084/m9.figshare.19291661.v1 Hubbert shear-box results
— https://doi.org/10.6084/m9.figshare.19291604.v1.
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