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This study presents microstructural as well as bulk and mineral chemical investigations of deformation
bands in uncemented, friable arkosic sands of Miocene age (Vienna Basin, Austria). Our microstructural
study indicates grain size reduction by grain flaking in deformation bands with small offsets (0.5e8 cm),
and dominant intragranular fracturing and cataclasis of altered feldspar grains at larger displacements
(up to 60 cm). Relative to quartz, the sericitized feldspar grains are preferably fractured and abraded,
which additionally leads to an enrichment of mainly phyllosilicates by mechanical expulsion from
feldspar. Both cataclasis of quartz and feldspar grains and enrichment of phyllosilicates result in grain
size reduction within the deformation bands. The measured reduction in porosity of up to 20% is in
some cases associated with a permeability reduction, reflected in the retention of iron-oxide rich
fluids along deformation bands. These deformation bands formed at very shallow burial depths in
unconsolidated sediments indicate that fault sealing may occur in the absence of chemical alteration of
the deformation bands and lead to a compartmentalization of a groundwater or hydrocarbon reservoir.

� 2012 Elsevier Ltd. Open access under CC BY-NC-ND license.
1. Introduction

Many hydrocarbon reservoirs are located in high-porosity, ter-
rigeneous sediments, sealed by either stratigraphic or tectonic
zones of low porosity (Allen and Allen, 2005). It has been recog-
nized that in unconsolidated sediments deformed at shallow burial
depth (ca. <1 km) zones of localized deformation do not develop as
macroscopically detectable fractures along which cohesion is lost,
but rather as tabular zones of reorganized or crushed grains,
commonly described as deformation bands (e.g. Aydin, 1978;
Fossen et al., 2007). In many cases, these fault rocks do not serve as
fluid pathways, but rather inhibit the flow of fluids (Sigda et al.,
1999; Eichhubl et al., 2004; Sternlof et al., 2006). The processes of
porosity reduction in near-surface fault zones comprise compac-
tion by grain rotation and reorganization, preferential cementation,
clay smearing, and cataclastic grain size reduction (Fisher and
Knipe, 1998). Phyllosilicate grains with high aspect ratios are
usually aligned parallel to the shear vector in a fault zone.
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Furthermore, clay minerals may preferentially be generated or
precipitated in deformation bands and fault zones in granular
sediments, due to the migration of fluids or infiltration of clay sized
particles and preferred capturing due to the low porosity and
permeability (Aydin et al., 2006).

Only a limited number of studies presented microstructural
investigations of porosity-reducing processes in friable sediments
(e.g. Cashman and Cashman, 2000; Rawling et al., 2001; Rawling
and Goodwin, 2003; Balsamo and Storti, 2010; Tueckmantel et al.,
2010). Microstructures were investigated mostly from naturally
(e.g. Antonellini et al., 1994; Eichhubl et al., 2004; Sternlof et al.,
2005) and experimentally (e.g. Haied and Kondo, 1997; Baud
et al., 2000; El Bied et al., 2002; Baud et al., 2004) deformed
quartz-dominated or monomineralic quartz sandstones, or from
clay mineral rich shales (e.g. Eichhubl et al., 2005), but not from
feldspar rich sediments.

Grain size analysis and microstructural studies of faults and
deformation bands in seismically active segments of the San
Andreas Fault revealed that cataclastic deformation may occur in
unconsolidated sediments even at negligible burial depth
(Cashman and Cashman, 2000; Cashman et al., 2007). Investigating
experimental and natural microstructures, several authors
proposed that both increasing normal stress comparable to over-
burden pressure and shear displacement leads to more intense
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grain fracturing and localization of displacement in narrower zones
(Rawling and Goodwin, 2003; Torabi et al., 2007). Grain flaking and
intragranular fracturing (i.e. fractures cutting across an entire
grain) were identified as the main source of grain size reduction
and thereby porosity reduction, already in deformation bands and
faults with very low shear displacement of a few centimeters
(Torabi and Fossen, 2009). It was suggested that weaker feldspar
grains and lithic fragments are subjected to grain fracturing at
lower confining pressure (<20e30 MPa or less than 1 km of over-
burden) than quartz grains (Sigda et al., 1999; Rawling and
Goodwin, 2003), and thus lead a selective grain size reduction of
these weak grains by chipping and cataclasis already at low burial
depth.

Commonly it is assumed that porosity and permeability reduc-
tion in unconsolidated sands containing lithic fragments is ach-
ieved by flaking of strong grains or intragranular fracturing of
weaker particles, sometimes associated with the infiltration or
growth of clay minerals (e.g. Balsamo and Storti, 2011). Several
studies propose that the degree of transgranular fracturing can be
related to the normal stress during deformation, as well as to
increasing shear strain (e.g. Marone and Scholz, 1989; Torabi et al.,
2007).
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Fig. 1. Location of the studied outcrop at the northern margin of the Eisenstadt-Sopron
In the present study we show an example of deformation bands
in shallowly buried arkosic sands, where grain size- and perme-
ability reduction is evident in the field. Bymicrostructural, bulk and
mineral chemical analyses, we demonstrate that with increasing
shear strain preferential cataclasis of sericitized feldspar leads not
only to a general grain size reduction, but also to preferential
enrichment of phyllosilicates in the matrix, which could have
consequences for fault sealing and compartmentalization of
hydrological or hydrocarbon reservoirs.

2. Geological setting and outcrop description

The sampling site is located at the northern margin of the
Eisenstadt-Sopron Basin (Fig. 1), a satellite basin of the Vienna
Basin, Austria (Royden, 1985), where deformation bands are
abundant along the basin margin in various lithologies (Exner and
Grasemann, 2010; Rath et al., 2011). At the studied outcrop in
a sand pit near Eisenstadt (Fig. 1) numerous conjugate deformation
bands document an extensional deformation related to the nearby
Eisenstadt Fault, where some 80 m of dip slip displacement down
to the southeast are recorded (Fodor, 1995). TheMiocene sediments
comprise coarse, friable sands, which can be easily removed by
normal fault
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hand, with intercalated layers and channels of gravels, and are
interpreted as fluvial deposits reworked in a shallow marine
environment (Sauer et al., 1992). The components are derived from
greenschist to amphibolite facies lithologies, eroded from the
nearby located metamorphic basement rocks, i.e. predominately
orthogneisses, biotite-schists, amphibolites and quartzites (Brix
and Pascher, 1994).

Deformation bands occur as conjugate, NNEeSSW trending
planar zones protruding from the surrounding undisturbed sedi-
ment (Fig. 2). The amount of displacement accumulated along the
bands as well as the degree of localization is highly variable within
the outcrop. Deformation bands with displacements of some few
cm (0e8 cm) are developed as 1e3 cm thick, tabular zones of
distributed deformation. Larger displacement is accumulated along
subparallel or anastomosing strands of deformation bands, forming
up to approximately 1 m broad zones with up to 1.5 m of normal
offset (Fig. 2). Alternatively, some narrow zones of maximum
2e5 cm thickness also record larger displacements (w10e60 cm)
and show macroscopic evidence of grain size reduction, since
they contain much finer grained material than the surrounding
sediment. Only one mature fault zone with a well-developed fault
core, striated slip surfaces and a displacement larger than 60 cm
was identified in the southern part of the exposure (Sauer et al.,
1992), which is however not in the scope of this paper.

For this study we selected deformation bands with a displace-
ment of 2e8 cm (STG06 in Fig. 3a), bands with a displacement of ca.
60 cm (STG07 in Fig. 3a), as well as the respective undeformed host
sediment. Although the original definition of deformation bands is
restricted to features with some few mm of displacement (Aydin,
1978), we use the term deformation bands also for the structures
with large displacement, as they neither show slickenside linea-
tions nor open fractures or joints but a gradual transition to the
undeformed host sediment. However, we avoid the term clusters of
deformation bands, since the samples chosen in this study are
N
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Fig. 2. Overview of the studied outcrop, displaying closely spaced sets of conjugate NNE
deformation bands (equal area projection, lower hemisphere).
characterized as narrow features, instead of being a zone of several
discernible and anastomosing bands (e.g. described by Fossen et al.,
2007). The samples are taken from areas with macroscopically
discernible sedimentary bedding defined by variations in grain size
from fine to coarse sand, or alignments of larger pebbles (Fig. 3a).
Silt or clay layers are absent along the sampled deformation bands,
and no cementation can be recognized macroscopically. In many
places the original light-gray color of the shallow marine sands is
stained by brownish iron hydroxides occurring in patches parallel
or oblique to the sedimentary layering. The staining clearly post-
dates the deposition of the sequence and even the activity of the
deformation bands, as it is not offset by the bands but remains
within one level irrespective of composition or displacement
(Fig. 3a). Some of the conjugate deformation bands form barriers
for the iron hydroxide rich fluids, which is documented by the
absence of staining in the footwall of the bands (Fig. 3b).

3. Methods

During suitable weather conditions well below freezing
temperature of water (ca. �10 �C), we sampled the coarse, friable
sands by carefully sprinkling water onto the area of interest. After
some few minutes, the uppermost 2e4 cm of the sample were
fixated by the water now crystallized to ice, and could be removed
from their positionwithout internal destruction. In order to protect
the samples from disaggregation during transport to the lab, they
were embedded in a plaster bandage, with the top left uncovered to
permit later dehydration. After drying, the samples were saturated
with resin in order to maintain their original texture and to enable
further thin section preparation. The observed microstructures,
revealing significant differences in grain size and fracture types
between the host sediment and the deformation bands, indicate
that the applied sampling technique perfectly preserves the sedi-
mentary and deformation related fabrics.
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Fig. 3. a) Two of the sampled deformation bands with 2 cm (STG06) and 60 cm
(STG07) offset. Displaced gravel bed is indicated. Note the Fe-hydroxide staining in the
lower part of the section, with a horizontal border toward the original gray coloring,
not being displaced by the deformation band. b) Iron-rich fluids trapped between a set
of conjugate deformation bands, evident from Fe-hydroxide staining in the hanging
wall.
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Polished thin sections were carbon-coated and analyzed with
a Cameca SX100 electron microprobe (EPMA) equipped with four
wavelength dispersive and one energy dispersive spectrometers
(Department of Lithospheric Research, University of Vienna). To
gain high resolution back-scattered electron (BSE) images in an
appropriate size (up to 5 mm wide), numerous pictures were
acquired and stitched together automatically, using an instru-
mental integrated method. Working conditions for mineral anal-
yses were set to 15 kV acceleration voltage and 20 nA beam current;
qualitative analyses were made against natural standards. Porosity
and bulk grain size distributions were measured on binary images
obtained from BSE images using the software ImageJ. Grain size
distributions are plotted following the procedure of e.g. Torabi et al.
(2007), as log exceedence frequency versus particle size area. Best
fits for the power law distributions are described by the exponent
D, which is given as two-dimensional (since extracted from 2D
cross sections of the 3D grains), but could simply converted to three
dimensions by adding 1 (e.g. Blenkinsop, 1991). We use the two-
dimensional exponent throughout this study, also when
comparing our values with data from the literature.

For the separate grain size analysis of quartz and feldspar,
element maps (Si, Al, K, Na, Ca, Mg and Fe) were acquired on an FEI
QuantaTM 3D FEG (Department of Lithospheric Research, Univer-
sity of Vienna). The EDAX Genesis phase cluster analysis tool
combines BSE images, element maps and spectral information for
each pixel to create a phase map instead of separate element maps,
which allows for an extraction of individual phases from the images
to calculate grain size distributions for the two minerals of interest
separately.

In order to gain bulk major and trace element compositions of
deformation bands and adjacent host rocks, a representative
amount (>200 g) of sediments was probed and analyzed with
a Phillips PW2400 X-ray fluorescence spectrometer (Department of
Lithospheric Research, University of Vienna). For major elemental
composition, fused beads (1� sample:5� flux) and for trace
element analysis pressed powder pills were prepared.

4. Results

4.1. Microstructures and mineral composition of the host sediment

The host sediment consists mainly of 20e2000 mm (but in gravel
beds up to 5 cm) sized rock fragments of quartz and feldspar (albite)
grains, subordinate biotites, muscovites, lithic fragments contain-
ing the aforementioned minerals, and accessory ilmenite, apatite
and zircon, originating from the nearby metamorphic basement
units. The greenschist metamorphic albites are characterized by
intensive sericitization and minor growth of epidote. The main
portion of the sediment can be characterized as poorly sorted
coarse sand comprised of sub-angular to sub-rounded, sub-spher-
ical grains (Fig. 4a). The sand contains 26e48% feldspar (plagio-
clase) and can be classified as an arkose. The porosity of the
undeformed host sediment ranges between 39 and 45%, and can be
attributed to lack of cementation and insignificant compaction due
to shallow burial depth. The current overburden of the sampled
sands is some 30 m, and most probably never exceeded roughly
150 m (corresponding to ca. 3e5 MPa overburden pressure), as
these basin margin areas ceased to subside shortly after the
deposition of this unit in the middle Miocene (Brix and Pascher,
1994; Strauss et al., 2006). Generally, the grains in the host sedi-
ment are intact and do not show signs of indentation or abundant
grain breakage.

4.2. Microstructures in deformation bands

In the deformation bands with displacement between 0.5 and
8 cm, equivalent to a shear strain g (¼displacement/band width)
between 0.5 and 4, we can observe an increase of fine grained
minerals within the matrix. In BSE images (Fig. 4b), the matrix
minerals can be identified as identical to the larger sized clasts, i.e.
predominately quartz, feldspar and phyllosilicates. These 2e20 mm
sized grains are dispersed in the pore space, without any cement or
coating (Fig. 5e). Quartz clasts showevidenceof grainflaking (Fig. 5a)
and mechanical abrasion of material at acute and serrate edges. The
porosity is reduced from 42% in the host sediment to 30e35% in the
deformation band. Intragranular fracturing of any kind ofminerals is
rare, and affects preferably polymineralic aggregates (Fig. 5c) or
strongly sericitized plagioclase grains (Fig. 5d and e).

For comparison Fig. 4c shows a deformation band with 60 cm
offset at 2.5 cm width, corresponding to a g of 24. In this zone, the
porosity is reduced to 24%, i.e. a reduction of ca. 20% with respect to
the undeformed host sediment (Fig. 4c). From BSE images, an
increase of fine grained matrix material and a general reduction of
grain size is evident. The matrix consists of fine grained mica
(sericite), as well as quartz and feldspar flakes. Quartz shows
flaking along conchoidal fractures (Fig. 5a) or intragranular frac-
tures (Fig. 5b). Feldspar undergoes fracturing along crystallo-
graphic, orthogonal planes, and indicates strong mechanical
abrasion, expelling sericite and epidote along the grain boundaries
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(Fig. 5f). Lithic fragments composed of the primary metamorphic
paragenesis (Fig. 5c), in this case quartz and mica aggregates,
fracture along grain boundaries, thereby releasing quartz clasts of
approx. 10e25 mm diameter. Within the width of a thin section, we
observe strong variations in grain size and matrix content across
this zone, which results in a banding perpendicular to the shear
direction. In areas of smaller grain size also an increase in fine
grained matrix material occurs; in these zones the larger clasts are
predominately quartz grains (Fig. 4c).

4.3. Grain size analysis

Grain size distribution was measured from 5 � 2 mm sized BSE
images of representative areas in theundisturbedhost sediment, and
two types of deformation bands with different shear strain (Fig. 4).
An increase in silt sized grains from 5% in the host sediment to 7% in
a deformation bandwith g¼ 2.6, and finally to 18% in a deformation
band with g ¼ 24 (i.e. 60 cm of displacement) can be observed
(Fig. 6a). Cumulative distributions shown in logelog space (Fig. 6b)
show a trend toward a linear distribution with a higher power law
exponent (fromD¼ 0.68 to D¼ 0.79) in the deformation bandswith
increasing strain. This corresponds to the comminution of larger
grains (quartz, feldspar and lithic fragments) and the increase in
medium to fine grains content (5e20 mm grain diameter).

In order to determine whether both quartz and feldspar
contribute equally to the increase in fine grains content, we
analyzed the grain size distribution of both minerals separately.
Using binary images (examples are shown in Fig. 7) produced from
phase cluster analysis of host sediment and deformation band
(with g ¼ 24) we calculated exceedence frequency-grain area
diagrams (Torabi and Fossen, 2009; Rawling and Goodwin, 2003)
for each mineral (Fig. 8). The grain size distributions of quartz and
feldspar are similar in the host sediment, although the curve for
feldspar has a steeper slope indicating a larger amount of fine to
medium grains than quartz. In contrast, the distributions are
significantly different in the deformation band. The slope for quartz
is only moderately steeper than in the host sediment, and shows
the same characteristic kink around 0.1 mm2 grain area (Fig. 8a). In
the deformation band feldspar has a nearly linear distribution at
a markedly higher slope (D ¼ 0.75), with a larger increase from the
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distribution in the host sediment in comparison to quartz, indi-
cating a more efficient fracturing of the intermediate-sized grains.
4.4. Bulk and mineral chemistry of deformation bands and host
sediment

The bulk major as well as trace element compositions of
deformation bands were analyzed along with their corresponding
host sediments (Table 1). The whole-rock composition (10 major
and 21 trace elements) of a deformation band with 2 cm
displacement (g ¼ 2.6) is plotted against the composition of the
adjacent host material in Fig. 9a; likewise, element abundances of
a deformation band having 60 cm of displacement (g ¼ 24) is
compared to the neighboring sediment composition in Fig. 9b. The
linear distribution of elements in the diagrams reflects a well-
defined positive correlation between both samples of deforma-
tion bands and the respective host material.

In addition to the bulk geochemical analyses, compositions of
mineral grains from the undisturbed sediment were compared to
grains from the two types of deformation bands. Feldspar
compositions (Or0.5Ab96.8An2.7) of the larger grains in the host
sediment are identical to compositions of the small feldspar-flakes
and -grains that can be found in the matrix of the deformation
bands (Table 2). Likewise, the sericite inclusions inside large feld-
spar clasts show identical chemical composition to the small loose
sericite grains in the matrix of the deformation bands. The large
detrital muscovite grains which are present in both deformation
bands and host sediments are quite distinctively distinguishable
from the small sericites, having higher amounts of FeO and TiO2 and
less SiO2 (Table 2). The data confirm grain-disaggregation and
cataclasis within the deformation bands, which are unaffected by
chemical alterations or precipitation of clay minerals.
5. Discussion

5.1. Mechanical and chemical processes during deformation in
arkosic sands

The presented microstructures from deformation bands in
unconsolidated arkosic sands show no signs of cementation, or
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pressure solution. In-situ mobilization of carbonate and precipita-
tion in the pore space was impossible, due to the lack of carbonate
particles or micritic carbonate matrix in the sediments. In the same
way, no generation of quartz cements or solution seams have been
found, neither in the deformation bands, nor in the undeformed
host rock. Furthermore, fault sealing due to clay mineral accumu-
lation can in this case be excluded by definition, as no clay minerals
were detected in the studied BSE images. Since the bulk
geochemical correlation of deformation bands and undisturbed
host sediments clearly points to an isochemical deformation
process, the enrichment of mineral phases which are not derived
from the primary host sediments, as well as leaching, removal or
infiltration of selective minerals (as described e.g. by Aydin et al.,
2006) can be ruled out for our samples. Other authors assume
that shear heating causes the growth of clayminerals in loose sands
during coseismic rupturing (Balsamo and Storti, 2011) or observe
entrainment of fine grained beds and mixing in the deformation
band (e.g. Loveless et al., 2011). In contrast, the fine grained phyl-
losilicates in our samples are fine grained sericitic mica derived
from inclusions in detrital feldspar grains altered under greenschist
facies metamorphic conditions.

Based on the detailed microstructural and bulk-, as well as
mineral geochemical considerations, it can be shown that grain size
reduction in the investigated deformation bands and deformation
bands is achieved by mainly grain flaking and intragranular frac-
turing. Furthermore, the mechanical breakdown of sericitized
feldspar grains leads to fragmentation of these minerals and the
release of single sericites that accumulate within the fine grained
matrix (5e20 mm grain diameter) of the deformation bands. The
chemical composition of these fine grained micas differs from the
larger detrital muscovite and biotite grains (Table 2). This indicates
the absence of significant compositional variance, loss or gain, or
elemental fractionation between host sediments and deformation
bands, and confirms the microstructural observations in favor of an
isochemical deformation process without detectable precipitation
or solution of material, independent on the finite shear strain
accumulated along the structure.

The investigated outcrop comprises deformation bands with
different amount of displacement and width. In addition to thin
(1e2 cm thickness) bands with no or only some few cm offset,
subparallel strands of deformation bands accumulated several dm
to m of displacement by broadening of the bands and formation of
new bands adjacent to the existing one (Fig. 2). Other deformation
bands record more than 50 cm displacement along an only 2e5 cm
thick zone. Even though the latter type of structures is not in full
accordance with the original definition of deformation bands
(Aydin, 1978), from our microstructural and chemical analysis, we
cannot draw a clear distinction between bands of low and high
shear strain. In both investigated types of deformation bands,
conchoidal fractures producing small flakes expelled from the grain
margins, as well as fractures transecting the entire grain are
developed. However, with larger shear displacement, the abun-
dance of flaking and fracturing of grains increases. Especially the
occurrence of intragranular fractures of quartz single crystals is
more frequent with larger shear strain. From separate grain size
analysis of quartz and feldspar, we observe a more efficient frac-
turing of the weaker feldspar grains (Fig. 8) than that of quartz, and
an associated release of sericite into the matrix (Fig. 5f). Notably,
the calculated power law exponents for the grain size distributions
in the deformation bands with g ¼ 24 are markedly lower than
those reported from similar structures in uncemented feldspar-rich
sands (i.e. D ¼ 1.6e2.0) by Balsamo and Storti (2011). Instead, our
values are more close to those measured in laboratory experiments
(i.e. D ¼ 0.4e0.5, Torabi et al., 2007) on quartz-rich sand, or in
unconsolidated lithic arkose sands (i.e. D ¼ 0.6e1.1, Rawling and
Goodwin, 2003). All these datasets with similar D values show
a consistent flattening of the particle size distributions within the
analyzed shear bands in accordance to the data presented here. This
flattening indicates a destruction of medium sized particles
(Rawling and Goodwin, 2003), which are preferably affected by
cataclasis between larger grains, while finer grained material is
rather generated by spalling and flaking. Even though experimental
studies indicate an increase in cataclastic grain fracturing with
increasing normal stress (e.g. Marone and Scholz,1989; Torabi et al.,
2007), our data suggest that this process may also be triggered by
higher shear strain, and is more pronounced in weaker materials
(e.g. feldspar or lithic fragments).

According to the “Cam cap model” (Schultz and Siddharthan,
2005), yielding and the formation of deformation bands in porous
rocks is strongly related to the physical properties of the host rock.
In unconsolidated coarse sand, inwhich porosity and water content
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reduce the yield strength of the material, compaction and grain size
reduction require less confining pressure (and thus overburden)
than in consolidated, well cemented sandstones (Zhang et al.,
1990). In detail, the porosity (w40%) and average grain size
(1e1.5 cm) of our samples correspond to a critical pressure of only
Table 1
Representative XRF bulk major and trace element compositions of host sediments
and deformation bands from St. Georgen.

Host DB STG06 Host DB STG07

In wt.%
SiO2 73.7 73.8 75.8 74.5
TiO2 0.48 0.49 0.27 0.35
Al2O3 13.3 13.2 12.9 13.5
Fe2O3

a 2.31 2.30 1.65 1.89
MnO 0.04 0.04 0.02 0.03
MgO 0.86 0.84 0.64 0.71
CaO 1.20 1.14 0.94 1.03
Na2O 3.87 3.74 4.01 4.08
K2O 1.77 1.76 1.65 1.72
P2O5 0.20 0.19 0.10 0.13
LOI 1.54 1.63 1.30 1.44
Total 99.3 99.1 99.3 99.4

In ppm
Sc 8.4 7.7 5.5 7.0
V 52.4 51.9 41.6 46.6
Cr 21.6 20.3 14.4 16.8
Ni 6.8 7.7 4.9 5.7
Cu 4.4 5.5 2.8 3.7
Zn 39.7 41.6 31.2 34.3
Ga 12.3 12.0 10.9 12.1
As 11.2 12.9 9.6 10.8
Rb 55.4 55.9 50.1 52.9
Sr 323 304 321 327
Y 17.3 16.7 9.3 13.2
Zr 190 178 97 122
Nb 6.9 7.3 3.7 5.0
Mo 0.4 0.4 0.5 0.4
Ba 703 674 699 699
La 65.0 71.7 37.8 46.8
Ce 117 121 62 79
Nd 54.9 50.8 30.8 37.8
Pb 11.3 12.1 11.0 11.6
Th 9.0 9.1 1.8 3.7
U 5.1 4.6 4.2 4.9

DB e deformation band; STG06: g ¼ 2.6; STG07: g ¼ 24; LOI e loss on ignition.
a Total iron.
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ca. 2e4 MPa (using Equation (3) of Schultz et al., 2010), which is
also in line with the data compiled by Zhang et al. (1990). Thus, in
the presence of an equally low differential stress the observed shear
deformation bands may have formed even below 2e4 MPa
confining pressure corresponding to only some 100e150 m of
burial depth.
5.2. Implications for reservoir properties

Sources of porosity and permeability reduction in deformation
bands and faults in friable sediments may be, in addition to
formation of clay minerals, the precipitation of carbonate, quartz or
clay minerals from a fluid migrating preferentially through these
deformation zones. In arid climates, deformation bands have been
identified as conductors for fluid in the vadose zone (Wilson et al.,
2003). In contrast, the distribution of iron-oxide staining along
some of the deformation bands in the studied outcrop (Fig. 3b)
indicates that the permeability is reduced within the bands.
Nevertheless, at other locations within the same quarry (Figs. 2 and
3a), the staining does not show any retention by the deformation
bands. These apparently contradicting observations might be due
to differences in the orientation of the conjugate deformation
bands relative to the direction of fluid flow, which probably was
more vertical in the uppermost part of the succession (with
conjugate deformation bands retaining Fe-hydroxide fluids,
Table 2
Representative EPMA analyses of host sediment and deformation band minerals
from St. Georgen (in wt.%).

Host feldspars DB feldspars

Mean Std. dev. Mean Std. dev.

SiO2 68.2 0.31 68.2 0.30
Al2O3 19.5 0.20 19.8 0.54
CaO 0.3 0.23 0.2 0.15
Na2O 11.3 0.15 11.2 0.21
K2O 0.1 0.03 0.1 0.02
Total 99.5 0.28 99.7 0.38

Host-feldspar incorp. sericite DB sericites Detrital muscovites

Mean Std. dev. Mean Std. dev. Mean Std. dev.

SiO2 48.0 0.42 47.9 0.64 46.1 0.33
TiO2 0.1 0.05 0.1 0.05 0.8 0.09
Al2O3 31.4 0.75 31.1 0.65 31.2 0.95
FeOa 2.4 0.15 2.5 0.44 4.3 0.13
MgO 1.1 0.25 1.1 0.29 1.4 0.64
Na2O 0.5 0.09 0.4 0.21 0.2 0.02
K2O 10.2 0.27 10.3 0.29 10.6 0.34
Total 93.7 0.53 93.5 0.59 94.6 0.28

a Total iron is shown as FeO, number of analyses n > 15.
Fig. 3b), andmore horizontal in the lower part (Fig. 3a), as proposed
by Fossen and Bale (2007).

Owing to the small displacement, deformation bands are not
detectable in seismic data, but could have consequences for
compartmentalization and sealing of a hydrocarbon reservoir or an
aquifer. As a result of the incomplete reservoir connectivity caused
by these structures, production of hydrocarbons or groundwater
may be affected significantly. Previous studies on the microstruc-
tural processes which cause fault sealing in siliciclastic rocks (e.g.
Fisher and Knipe, 1998) concluded that impure sandstones with
15e40% clay content may host “phyllosilicates framework” fault
rocks. The deformation bands documented in the present study are
different in that the content of phyllosilicates in the matrix is much
lower in the host material, but is increased by the release of phyl-
losilicates from feldspar grains during cataclasis. The mechanical
grain size reduction is, in our observations, not accompanied by
a chemical alteration of the host sediment, e.g. of feldspar to clay
minerals. In conventional borehole geophysical measurements (e.g.
g-log), and if cuttings are analyzed for their bulk composition, such
zones of low porosity due to mechanical enrichment of phyllosili-
cates could be difficult to detect due to the lack of mineralogical
variations relative to the host sediment. However, our observation
that the distribution of iron-hydroxide staining can be controlled
by the presence of these deformation bands indicates that theymay
significantly influence fluid migration.

In summary, our findings indicate that porosity reduction in
deformation bands can be achieved by cataclasis, which causes
grain fracturing and grain disaggregation. This results in grain size
reduction of involved minerals and, depending on the host para-
genesis, selective enrichment of phyllosilicates, already in defor-
mation bands with very little displacement. Further research on the
mineralogy of clay sized material in the deformation bands, and
their contribution to permeability reduction and Fe-hydroxide
staining is currently undertaken on a larger number of samples
from this outcrop.
6. Conclusions

Deformation bands with variable degree of displacement and
shear strain were studied in friable arkosic sands. Comparing the
grain size distribution of quartz and feldspar in the undisturbed
host sediment and the deformation bands, a preferred fracturing
and thereby increase in finer grains of feldspar is observed.
Microstructural analysis revealed that this process additionally
increases the amount of phyllosilicates in the matrix, as sericite
inclusions in the feldspars are released by fracturing of their host
grains. Increasing shear strain leads to a transition form spalling
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from larger grains toward intragranular fracturing of both feldspar
and quartz grains. The retention of Fe-hydroxide rich fluids along
the deformation bands indicates that this process reduces perme-
ability enough to create baffles for fluid migration. This example
demonstrates that cataclasis of weak components can lead to fault
sealing and reservoir compartmentalization at low burial depth.
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