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Abstract: In order to calibrate equations for fault seal capacities to a specific basin, faults were analysed using core material
from several Neogene hydrocarbon fields in the Vienna Basin, Austria. All studied specimens are siliciclastic rocks that were
sampled from a depth interval of <2000 m, and share a similar depth at time of faulting, diagenetic conditions and maximum
burial depth. Laboratory results showed a permeability reduction in all fault rocks compared to the host rocks. Both the highest
and the lowest fault seal capacities were observed in the same fault rock type with a low phyllosilicate and clay content, and
classifying as cataclastic deformation bands. Investigating the strong permeability variations within these fault rocks,
microscopic analyses revealed that the fault seal potential is strongly linked to the detrital dolomite content in the host rock.
Grain-size reduction processes occur preferably in the dolomite grains, accompanied by cementation. Our study suggests that —
in addition to using standard fault seal analysis algorithms — accounting for host rock composition and grain-size reduction
therein might help to further constrain fault seal behaviour in shallow depths. Fault seal mechanisms need to be understood on
field, formation and micro scales before drawing conclusions for a full basin calibration.
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Algorithms and workflows for predicting fault seal behaviour in
siliciclastic formations are well established and commonly used in
standard software products for the petroleum industry (Allan 1989;
Bouvier ef al. 1989; Knipe 1992, 1997; Lindsay et al. 1993; Fristad
et al. 1997; Yielding et al. 1997, 2010; Fisher and Knipe 1998;
Manzocchi et al. 1999; Sperrevik et al. 2002; Yielding 2002; Bretan
et al. 2003; Vrolijk et al. 2016; Bretan 2017; Ogilvie et al. 2020).
Conducting fault seal analysis studies for the petroleum industry
includes the calculation of fault rock attributes, which are calibrated
using deterministic (Sperrevik ef al. 2002) and empirical (Yielding
2002; Bretan et al. 2003) equations based on observations and
measurements from known field data and field analogues around the
world. The outcomes give a range of likelihood for fault seal
capacity; however, this is accompanied with a broad range of
uncertainty, since they are not calibrated to the respective area of
interest.

To narrow the uncertainty range for fault seal capacity, a fault-
seal calibration workflow can be conducted where software results
are calibrated with core or field samples from the respective basin of
interest. However, software results should not only be calibrated, but
also critically reviewed with regard to the underlying algorithms and
equations that were used to compute the software-based fault seal
analysis.

The most commonly used standard software equations com-
puting fault seal attributes for siliciclastic rocks are based on the
concept of shale gouge ratio (SGR) (Fristad et al. 1997; Yielding
et al. 1997; Freeman et al. 1998), an algorithm which mainly
considers the mechanical mixing of host rock clay and phyllosi-
licate content into the fault rock (Fig. 1). At each point on the fault,
the net content of phyllosilicates or clay in the volume of rock that

has slipped past that point is calculated (Yielding 2002). The SGR
algorithm assumes that material is incorporated into the fault rock
in the same proportions as it occurs in the host rocks of the slipped
interval. The key compositional component for the sealing
potential is the clay or phyllosilicate content: small grain sizes
lead to small pore throats and therefore to high capillary threshold
pressure (Yielding er al. 2010). Yielding (2002) presented a
compilation of fault data from fields in the Brent Province,
Northern North Sea, suggesting that SGR values of ¢. 15-20%
provide a threshold between sealing and leaking fault behaviour
(0-20%, less likely to seal; 20—-100%, more likely to seal). This
threshold is commonly used in the petroleum industry for
worldwide fault seal projects in basins with mixed clastic
reservoirs. Furthermore, Fisher and Knipe (1998) suggested that
SGR can also be interpreted as predicting fault rock types (Fig. 2).
In simple fault zones, SGR (phyllosilicate) values of c. 15-20%
are suggested to correspond to cataclasites or disaggregation
zones, c. 20—40% to phyllosilicate framework rocks and SGR
values of >40% are usually dominated by clay/shale smears
(Fisher and Knipe 1998).

While increasing clay and phyllosilicate content shows a clear
trend to decreasing fault permeability (e.g. Manzocchi et al. 1999;
Crawford et al. 2002; Sperrevik et al. 2002; Childs et al. 2007,
Yielding ef al. 2010), several authors have pointed out the
importance of diagenetic, compositional and textural effects on
fault seal properties (e.g. Eichhubl et al. 2005; Exner ez al. 2013;
Griftiths ef al. 2016; Vrolijk et al. 2016; Beke et al. 2019; van Ojik
et al. 2019). These effects are not captured by SGR and are only
partially considered in the existing algorithms that link SGR to the
sealing capacity of faults.
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Shale Gouge Ratio (SGR)

Fig. 1. Shale gouge ratio (SGR), after Yielding ef al. (1997) and Freeman
et al. (1998). For any point on the fault surface, the SGR is equal to the
net shale/clay content of the rocks that have slipped past that point. The
algorithm assumes that lithotypes are incorporated into the fault zone in
the same proportions as they occur in the wall rocks, making SGR an
estimate of the fault zone composition. In the equation Vg, stands for the
Vhate content of each bed/zone and Az for the thickness. Vy,,. may be
computed using gamma-ray logs, density/neutron logs or from core
calibration using XRD analyses.

A deterministic equation published by Sperrevik et al. (2002)
relates laboratory-measured variations in fault permeability and
capillary pressure not only to the amount of clay phyllosilicates in
the faulted sequence, but also to the depth of burial at time of
faulting and the maximum burial depth. This partly accounts for
diagenetic effects; however, Sperrevik ez al. (2002) conducted their
study with clean middle Jurassic sandstones of the North Sea where
pervasive quartz cementation begins at temperatures of about 90°C,
which corresponds to burial depths of about 3000 m (geothermal
gradient of 30°C km~'). The algorithm can therefore be used for
similar clean and compositionally mature sandstone formations, but
is not fully applicable for faults in siliciclastic formations with a
higher content of other detrital minerals such as carbonates and
weathered feldspars, or lithic fragments such as volcanic rocks
where diagenetic effects or cataclasis might already have had a

3D fault &
horizon model

higher impact on sealing capacities in shallower reservoir depth
intervals.

Another algorithm published by Bretan ez al. (2003) is also based
on SGR, which is empirically calibrated with pressure data to define
depth-dependent seal-failure envelopes relating SGR to fault zone
capillary entry pressure. The seal-failure envelope provides a
generalized method, fitted for an exploration context, to estimate the
maximum height of a hydrocarbon column that can be supported by
a fault considering three different burial depth ranges: <3.0, 3.0-3.5
and >3.5 km. Again, the algorithm is mainly calibrated for clean
sandstone formations, does not account for adjustment for possible
diagenetic effects and is mostly fitted for an exploration context.

Conducting fault seal analysis studies in a production context for
the Vienna Basin, Austria — a Miocene pull-apart basin located in
Central Europe between the Eastern Alps and the Western
Carpathians (e.g. Royden 1985; Ratschbacher et al. 1991; Linzer
et al. 2002; Decker et al. 2005; Hinsch et al. 2005) — raised the need
to reduce the uncertainties of the SGR-based approach. In order to
narrow SGR ranges and define specific sealing capacities for faults
in the Vienna Basin, faults were analysed using core material from
several producing, siliciclastic hydrocarbon fields of Neogene age.
Furthermore, an investigation on the significance of diagenetic and
mineralogical effects impacting fault seal capacities was conducted.
The focus was set on shallow reservoir levels. All studied specimens
were sampled from a depth interval between c¢. 1600 and 2000 m
measured depth (MD) from near-vertical wells to guarantee a
comparability with regard to the depth range at the time of faulting,
diagenetic conditions and maximum burial depths.

This paper outlines a full basin-specific fault seal calibration
workflow; however, it focuses only on the laboratory calibration,
sample analyses and discussion.

Reservoir property measurements (porosity, permeability) and
mineralogical-geochemical analyses by X-ray diffraction analysis
(XRD) of the studied core material are presented and integrated with
petrographical thin-section descriptions of fault and host rocks
(polarized light microscopy). Scanning electron microscopy (SEM)
using secondary electron imaging was used to investigate possible
small-scale fault rock cementation not resolvable with polarized
light microscopy.

For the Vienna Basin, this study suggests a significant impact of
host rock composition, grain-size reduction and diagenetic effects
on the analysed fault/deformation band sealing capacities.

Since these processes are only partly covered by the standard fault
seal analysis algorithms for siliciclastic rocks, this study emphasizes
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Fig. 2. Predicting fault rock types based on the SGR (Fisher and Knipe 1998). For simple fault zones, SGR values of 15-20% correspond typically to
cataclasites or disaggregation zones, ¢. 20-40% to phyllosilicate framework rocks and values >40% to clay/shale smears (Fisher and Knipe 1998).
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Fig. 3. (a) Overview of Austria and map of the Vienna Basin (modified after Arzmiiller e al. 2006). Fields where cores were sampled are indicated with
blue dots. (b) Cross-section of the Pirawarth Field, showing the NE-SW- and north-trending normal faults aligned in a stairstep pattern and the fault

bounded reservoir character typical for the shallow Vienna Basin. The investigated depth area is 16002000 m and is constrained by available core data.
(c) Cross-section through the Vienna Basin, indicating the location of the Pirawarth Field shown in (b); images (b) and (c) are modified after Wessely in

Brix and Schultz (1993).

the importance of basin-specific fault seal capacity calibration.
Furthermore, the presented laboratory measurements and the
discussed processes aim to add publicly accessible data for a
future development of the existing fault seal analyses and fault seal
capacity algorithms. Algorithm adjustments for mineralogical
composition and/or diagenetic processes are encouraged to allow
more accurate fault seal predictions, especially for immature and
lithic sandstones with low clay contents in shallow producing
oilfields.

Basin-specific fault seal calibration workflow

Different levels of fault seal calibration can be applied to address the
fault seal capacities in a specific basin: before calibration, fault seal
analysis studies are conducted for several fields within the basin
using the respective software packages and all available well log
(Vshate log) and field data (oil density, pressure data). 3D fault
models with Allan diagrams are computed — displaying fault
attributes such as fault throw, bed juxtaposition and SGR.

The basic approach in the petroleum industry, which can be seen
as a first level of calibration, uses the standard published empirical
and deterministic equations proposed by Sperrevik et al. (2002),
Yielding (2002) and Bretan et al. (2003). These equations are
applied to calculate fault rock permeability and hydrocarbon
column heights, and contain parameters that can be adjusted to
the specific basin: the burial depth, the depth at time of faulting and
the maximum burial depth during basin history. Under the condition
that the tectonic basin history is understood and the lithology in the
specific basin is relatively simple (clean sandstone—shale forma-
tions), results of this step are considered a calibration with basin-
specific parameters based on global algorithms.

A more elaborate level of calibration can be conducted for basins
where core data are available. It includes laboratory measurements
on core plugs from the respective fields to measure permeability and
clay content of the fault rocks. A statistically representative set of
measured values can be used to set up a look-up function displaying
the fault rock phyllosilicate (Vg,e) content v. fault rock
permeability. In theory, this correlation calibrates the software-
calculated SGR values from the 3D fault models and incorporates
basin-specific fault seal capacity variations caused by various

mechanisms such as cataclasis or diagenesis (e.g. depth-dependent
compaction or quartz cementation).

In the present study we show that for specific basins even the
elaborate level of calibration might not be sufficient, since not all
effects and fault rock mechanisms that influence fault seal capacity
can be incorporated into a look-up function based on fault rock
phyllosilicate content.

Therefore, in this paper our focus is solely set on the laboratory
calibration, describing the core-plug sampling, methodology and
analyses, followed by the presentation of results and a discussion of
the basin-specific processes influencing fault seal capacity.

Focus area and geological setting of samples

The laboratory-based fault seal calibration was conducted for the
Vienna Basin (Fig. 3), a rhomboedric, 200 km-long and 60 km-
wide classic pull-apart basin between the Eastern Alps and the
Western Carpathians, which formed along sinistral strike-slip fault
systems during the Miocene lateral extrusion of the Eastern Alps
(e.g. Royden 1985; Ratschbacher e al. 1991; Linzer et al. 2002;
Decker et al. 2005; Hinsch et al. 2005). The tectonic history of the
Vienna Basin can be divided into four major steps (e.g. Royden
1985; Jiricek and Seifert 1990; Ratschbacher ef al. 1991; Decker
1996; Peresson and Decker 1997; Decker et al. 2005): (1) formation
of'a piggyback basin (Lower Miocene); (2) formation of a pull-apart
basin (Middle-Upper Miocene); (3) east-west compression and
basin inversion (Upper Miocene); and (4) east—west extension
(Pleistocene—Recent). Hydrocarbon migration from Upper Jurassic
source rocks occurred predominantly syn- to post-tectonically in
multiple stages along vertical pathways bound to synsedimentary
structures and normal fault systems (Ladwein 1988; Francu et al.
1996; Arzmiiller e al. 2006; Rupprecht et al. 2019). Focus was set
on core material from Lower-Middle Miocene formations
deposited during piggyback and pull-apart stages of the
Vienna Basin (Strauss et al. 2006). All studied fields (Fig. 3a)
are bound by conjugated normal fault systems (Fig. 3b) which
are linked to Middle—-Upper Miocene pull-apart and NW-SE
extension phases, and are clearly visible on seismic (Hinsch
et al. 2005). Cores from different fields were chosen to sample a
broader variety for the fault seal calibration workflow: the
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Fig. 4. Overview of selected core material and detailed view of the fault rock plugs. Samples M2FR1 (a) & (d) and B1FR3 (b) & (e) are classified as
cataclastic deformation bands. Sample P1FR2 (¢) & (f) is classified as a phyllosilicate band. Detailed views of the drilled plugs displaying both host rock
and fault rock are shown in (d)—(f). Please note that the cores in (a) & (b) show oil impregnation (brownish stain), whereas the photographs in (d) & (e)

were taken after sample cleaning. HR, host rock; FR, fault rock.

Bernhardsthal and Bernhardsthal Sued Field, the Pirawarth
Field, and the Matzen Field (Fig. 3a). The latter is still regarded
to be the aerially largest onshore oil and gas field of Central
Europe, and produced more than 510 MMSTB of oil and
1.2 TCF of gas since 1949 (Schumi and Gager 2002). The
Matzen Field can be divided into four different structural zones:
(1) a NE-SW-trending anticline in the central part of the field;
(2) the Matzen Fault Zone in the north of the field, a pull-apart
graben system bounded by sinistral strike-slip faults; (3) the
Bockfliess Fault System in the west; and (4) the Markgrafneusiedl
normal fault zone in the south (Schroeckenfuchs 1975; Fuchs and
Hamilton 2006; Exner ef al. 2013). The studied samples in the
Matzen area are related to the Bockfliess normal fault system.

The Pirawarth Field started production in 1964 (Poellitzer ef al.
2009). It is located NW of the Matzen Field, and structurally
consists of a set of NE-SW- and north-trending normal faults
(Fig. 3b), aligned in a stairstep pattern and dipping towards the SE to
east (Brix and Schultz 1993) — all linked to the larger Steinberg fault
system, which reaches maximum offsets of 5.6 km (Lee and
Wagreich 2017).

The Bernhardsthal Field was discovered in 1950, Bernhardsthal-
Sued started production in 1986 (Brix and Schultz 1993). Both
fields are located close to the Czech border in the NE corner of the
Vienna Basin and are bounded by the Steinberg Fault System —
roughly striking in a SSW-NNE direction (Harzhauser ef al. 2018)
at the field locations.

All sampled cores consist of siliciclastic sand, shale and marl
formations from mainly marine depositional environments — mostly
deltaic deposits (Sauer ef al. 1992). The studied reservoir sandstones
classify as (sub)lithic arenites (Pettijohn ef al. 1973) with varying
occurrences of detrital carbonate lithic fragments, which were
presumably eroded from relatively proximal mountain belts such as
the Northern Calcareous Alps (Gier et al. 2008). All studied wells
are nearly vertical and bedding dips are near-horizontal in the
studied cores (Fig. 4b).

Sampling was restricted to a depth range between c. 1600 and
2000 m MD to focus on shallow siliciclastic reservoirs (<2 km), and
to guarantee the comparability of samples for fault seal analysis in
terms of tectonic and diagenetic history, depth at time of faulting,
and burial depth.

Laboratory methodology and analysis

All analysed samples are listed in Table 1. Initially, 32 samples from
five wells were chosen from available core material (Fig. 4a—c). For
each investigated depth a pair of core plugs (1 inch diameter) was
selected, where one plug captures fault rock with its surrounding
host rock (Fig. 4d—f), and the other plug consists solely of host rock.
Plugs were drilled perpendicular to the fault/deformation band dip
(Fig. 4a—c). Five fault rock samples were damaged during plugging
(i.e. no representative cylindrical volume could be sampled due to
breakage along the fault or dismembering of the host rock).
Therefore five sample pairs could not be used for further analysis.

All samples were cleaned prior to investigation using Soxhlet
extraction (Soxhlet 1879) to remove water and oil. The core-
cleaning solvents were chloroform and methanol azeotrope with a
boiling point of 54°C. After cleaning, the samples were dried in a
vacuum at 60°C. The method ensures that the plug samples are
cleaned, but heated to a minimum.

For the intact host rock plugs, effective porosity (PHIE) was
determined by helium expansion (Table 1). Permeability was
measured for the fault rock and host rock plugs (Table 1) using
bottled nitrogen under steady-state conditions and applying a confining
pressure of 3.5 MPa. To compute the fault rock permeability,
measurements obtained from the plugs consisting solely of host
rocks were subtracted from the plug measurements containing both
host and fault rock. Subsequently the plugs were cut in half.

One half plug was manually prepared, powdering host rock and
fault rock material separately for X-ray diffraction analysis (XRD) in
order to determine the bulk mineralogical composition, as well as the
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Table 1. Measurement results of analysed samples, sorted by well name and depth

XRD results (wt%)

Well name*  Sample name? Depth (m, MD) PHIE (%) K (mD) K reduction factor Quartz K-felspar Plagioclase Calcite Dolomite Ankerite Siderite Pyrite Clay total and mica Classification?

Ml MIFRI 1644.00 - 928.47 2 82.1 3.4 5.7 32 2.4 0.7 - 0.1 2.4 Cataclastic band
M1 MI1HR1 1644.00 29.75 1616.68 83.2 3.4 5.1 32 1.3 0.8 0.1 0.1 2.8

M2 M2FRI1 1645.70 - 35.00 6 64.6 4.0 1.4 17.4 34 4.5 0.5 0.2 4.1 Cataclastic band
M2 M2HR1 1645.70 22.20 193.14 69.7 33 2.6 18.6 0.8 1.4 0.3 0.2 3.1

M2 M2FR2 1654.40 - 639.00 3 82.7 43 0.7 7.3 1.3 1.2 - - 2.5 Cataclastic band
M2 M2HR2 1654.40 27.71 2210.80 80.1 34 0.5 8.7 2.6 1.6 - - 3.0

M3 M3FRI 1706.80 - 19.79 5 86.5 33 0.6 3.1 3.1 1.6 - - 1.8 Cataclastic band
M3 M3HRI1 1706.80 26.09 95.32 84.2 3.1 1.2 2.5 42 3.0 - 0.1 1.7

Bl BIFR1 1849.20 - 17.07 21 57.1 3.8 6.6 6.2 11.9 11.6 - 0.4 2.4 Cataclastic band
B1 BIHR1 1849.20 24.24 355.08 58.9 4.1 83 7.3 10.3 4.9 0.2 0.5 5.5

Bl BIFR2 1850.20 - 0.60 143 60.3 1.6 5.0 6.7 10.7 10.3 1.0 0.6 3.8 Cataclastic band
Bl B1HR2 1850.20 18.61 85.77 63.5 23 44 6.5 11.4 6.1 0.5 0.3 5.0

Bl BIFR3 1851.70 - 0.50 913 61.7 2.8 5.4 6.0 13.6 7.1 - 0.4 3.1 Cataclastic band
B1 BIHR3 1851.70 22.14 456.73 66.5 32 5.4 5.1 13.6 29 0.2 0.8 2.4

Bl B1FR4 1854.20 - 2.30 48 49.1 1.4 2.6 44 13.6 6.2 1.2 1.0 20.5 Phyllosilicate band
Bl B1HR4 1854.20 18.18 109.45 46.3 2.1 6.2 8.1 18.9 5.8 0.6 0.4 11.6

Bl BIFRS 1854.30 - 0.28 1168 62.5 1.9 33 9.7 11.1 7.7 0.2 0.4 32 Cataclastic band
B1 BIHRS 1854.30 24.16 326.90 63.6 1.6 5.3 7.2 11.2 2.4 0.3 0.8 7.7

P1 P1FR1 1850.20 - 1.21 5 45.7 23 8.2 8.7 14.0 0.8 0.8 0.4 19.1 Phyllosilicate band
P1 P1HR1 1850.20 17.20 6.04 51.0 23 7.3 11.2 8.9 2.0 0.4 0.2 16.7

Pl P1FR2 1971.10 - 0.97 5 54.4 1.8 5.7 5.8 12.6 - 1.3 0.2 18.2 Phyllosilicate band
P1 PIHR2 1971.10 21.01 5.33 56.7 2.3 8.4 9.5 9.2 0.9 1.5 0.2 11.4

*Well names were adapted for publication due to confidentiality reasons and in order to match the field name abbreviations used in Figure 3.

FR, fault rock; HR, host rock.

¥Classification after Fossen and Bale (2007).
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Fig. 5. (a) The studied samples are plotted on a graph modified after
Fossen and Bale (2007) differentiating deformation band types by
phyllosilicate content and depth. Two groups can be distinguished:
cataclastic band samples with a low phyllosilicate content; and
phyllosilicate band samples with a phyllosilicate content of c¢. 20%. (b)
Detailed view of the sample range. Error bars indicate an absolute XRD
analytical uncertainty of 2%.

clay total and mica content in the host and fault rock (Table 1). The
XRD analyses were conducted using a Bruker AXS D8 Advance
XRD spectrometer (copper radiation-generated X-ray tube at 40 kV
and 40 mA, and X-ray detector Lynxeye XE-T). The Bruker software
program DIFRAC.EVA V3 was used to identify the different mineral
phases. The quantification of minerals detected by XRD is based on
peak heights within the spectrum based on the method of Schultz
(1964) and OMYV internal standards. Based on comparison with other
methods and other laboratories, the quantification results show an
absolute measurement error range of c. 2% (Fig. 5b).

The other half of the plug was used for thin-section preparation.
The thin sections were vacuum impregnated with blue epoxy resin
to enable the study of pore space. Additionally, they were stained
with a combination of Alzarin Red-S and potassium ferricyanide
(Dickson 1965) for the identification of carbonate mineralogy. After
staining, Fe?"-free calcite appears pale pink to red, ferroan calcite
purple to mauve-blue, Fe?" dolomite shows no staining, and ferroan
dolomite or ankerite displays pale to deep turquoise colours
depending on the ferroan content.

Petrographical thin-section analysis was performed and docu-
mented with a Leica DM 2500 P polarized-light microscope
equipped with a Jenoptik Gryphax microscope camera. The host
rock modal composition was determined by counting 300 points per
thin section. Additionally, petrographical sample analyses included
a detailed analysis of deformation microstructures within the
deformation bands.

Undestroyed remains from the XRD-measurement half plugs
were broken into small rock chips with freshly broken surfaces
including both fault and host rock. The samples were mounted with
conductive glue onto aluminium pin stubs, and gold coated prior to
analysis with a Zeiss 1450 EP and a Tescan Mira 3 scanning electron
microscope using secondary electron imaging. SEM analysis was

used to provide a 3D view of the pore space, and to investigate
possible fault rock cementation and minerals not resolvable with the
polarized light microscope.

Petrophysical sample properties and geochemistry
results (XRD)

Porosity, permeability and geochemical measurement (XRD)
results for all samples are listed in Table 1. When plotted for
phyllosilicate content (clay total and mica content, XRD) v. depth
(Fig. 5a), the analysed samples can be categorized into two groups
after Fossen and Bale (2007): cataclastic deformation bands with
very low clay and mica contents of between 1.8 and 4.1 wt%; and
phyllosilicate bands with clay and mica contents ranging from
around 18 to 20.5 wt%.

A permeability decrease from host rock to fault rock can be
observed for all studied samples (Table 1; Fig. 6a). Data analysis
shows that the greatest permeability reduction from host rock to fault
rock is not observed in the phyllosilicate bands with elevated clay
contents, but in the cataclastic band samples with low clay contents
(Fig. 6b). While the studied phyllosilicate band samples show a
permeability reduction factor of 548 (Table 1), the cataclastic band
sample BIHR5-B1FRS shows a reduction in permeability from
326.9 mD in the host rock to 0.28 mD in the fault rock, which
corresponds to a permeability reduction factor of 1168. However, a
large variation in permeability reduction can be observed within the
cataclastic band samples (Fig. 6b), suggesting that there is a
subgroup with a quite low permeability reduction factor (3—6) and
another subgroup that displays a higher permeability reduction
factor (21-1168). A thorough analysis of XRD results indicated
elevated dolomite contents (10.3—13.6 wt%) in host and fault rocks
of the samples with a high permeability reduction factor (Fig. 6¢).
Additionally, the ferroan dolomite or ankerite content rises from the
host rock (2.4-6.1 wt%) to the fault rock (7.1-11.6 wt%).
Conversely, the samples with a low permeability reduction factor
have a dolomite content in the range of 0.8-4.2 wt%, and low
ferroan dolomite or ankerite contents in the host and fault rocks
(<4.5 wt%). In order to investigate the underlying mechanism for
the observed variability in permeability and the strongly varying
distribution of carbonates in the geochemistry results, all cataclastic
band samples were further analysed in thin sections.

Petrographical thin-section description

Cataclastic band sample set with small permeability
reduction

Modal analysis in the host rocks of the cataclastic band samples with
a small permeability reduction show a detrital grain framework
(Fig. 7a—c) that is composed of quartz and lithic fragments, which
are mainly quartzite grains (82—87%), minor amounts of feldspar
(3-5%), plagioclase (1-5%), carbonates (mainly calcite and
dolomite: 5-10%) and clay/mica (2-3%). The samples classify as
weakly cemented, medium-grained, moderately sorted sublithic
arenites (Pettijohn ef al. 1973). Calcite occurs as detrital grains and
as cement bridging detrital grains within the host rock grain
framework (Fig. 7c). Detrital dolomite occurs subordinately. In
contrast to the other samples in this group, sample M2FR1-M2HR1
shows a greater amount of calcite cement (15%).

The fault rocks within the deformation bands consist of host rock
grains that exhibit transgranular fracturing (Fig. 8a—d), where
fractures split grains into more evenly sized smaller parts.
Furthermore, flaking can be observed, where microfractures form
close to the grain surface and result in the chipping off of parts of the
grain (Fig. 8a—c). The majority of the newly formed grains exhibits
angular grain shapes. Quartz grains show a clear reduction in grain
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permeability values are plotted above or in the bars. A clear permeability reduction for all sample pairs is visible. The well name, sample name, and clay
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deformation process (platy minerals support grain sliding). Sample B1FR1 plots slightly outside the data trend; however, due to a discontinuity in the
deformation band, the values are not seen as the maximum possible reduction factor.

size — decreasing down to 5-10 um (Fig. 7d). Patchy, small-scale
calcite cementation starts around crushed calcite grains; however, a
large amount of remaining porosity is clearly visible in the fault rock
(Fig. 7d). SEM analyses were conducted to detect possible
additional small-scale cement that was not resolvable in polarized
light microscopy. The analyses confirmed the thin-section observa-
tions and clearly showed open pore space within the fine-grained
cataclastic matrix (Fig. 9b).

Cataclastic band sample set with a large permeability
reduction

Modal analysis in the host rocks of the cataclastic band samples with a
large permeability reduction (Fig. 7e—g) are composed of detrital
quartz and lithic fragments (mainly quartzite grains: 55-70%), large
amounts of carbonates (mainly dolomite, ferroan dolomite and
calcite: 21-32%)), feldspar (1-4%), plagioclase (3—8%) and clay/mica
(2-4%). The host rock samples classify as weakly cemented, medium-
grained, moderately- to well-sorted sublithic arenites (Pettijohn et al.
1973). As indicated by the XRD results, the carbonate content —
especially dolomite — of the host rock is significantly elevated. The
dolomite rock fragments in the host rock are dolosparite and
dolomicrosparite (Fig. 7g). Detrital dolomite grains partially exhibit
cement rims of ferroan dolomite (Fig. 8f). However, the cement rims
reduce the host rock pore space insignificantly. Calcite occurs
subordinately as bridging cement or detrital calcisparite.

Fault rocks in the deformation bands of the large permeability
reduction sample set are composed of a fine-grained matrix,
consisting of crushed (mainly dolomitic: Fig. 8g and h) grains,
filling the pore space between components of partially undestroyed

or minor crushed quartz grains from the host rock (Fig. 7h). Larger
carbonate survivor grains are present (Fig. 8g and h); however, the
amount of larger carbonate grains in the fault rock decreases by an
order of 10 compared to the host rock. No porosity is visible in
polarized light thin-section microscopy.

SEM analysis of the fine-grained fault rock matrix shows that
dolomite and ferroan dolomite cementation is occurring in addition
to grain crushing on a micro scale. The newly grown dolomite
crystals do not exceed crystal sizes of a few micrometres (Fig. 9d—f)
and close most of the remaining pore space between the fine-grained
crushed matrix (Fig. 9d-f). The euhedral dolomite crystals show flat
faces with sharp angles and rhomboedric crystal shapes (Fig. 9f) —
both indications that they are not comminuted grains (Fig. 8¢) but
rather newly grown cement.

Discussion

Thin-section observations and XRD results show a correlation
between host rock dolomite content and fault rock permeability in
the studied samples (Fig. 6¢). The low-permeability fault cores are
clearly visible (Fig. 10) in UV light pictures of oil-stained core
material taken before the sampling: while the host rock is clearly oil
impregnated, no impregnation is visible within the fault rock/
deformation band clusters.

A combination of processes leading to a large permeability
reduction in the fault rock is suggested:

(1) mechanical grain-size reduction — supported by a hardness
contrast between the quartz and carbonate grains (preferred
cataclasis of weaker grains);


http://pg.lyellcollection.org/

Downloaded from http://pg.lyellcollection.org/ by guest on July 9, 2021

‘ PN, LR TR ¥ 3
.. Thin section o\.'er\llrhm.w.'g
w Ll

T. Schrockenfuchs et al.

) \Fault rock host

¥ / i
:. ’o

~
uFauIt rock ._, " ‘3

- g .

Fig. 7. Photographs from plain-polarized light microscopy: qtz, quartz; dol, dolomite; cc, calcite. Samples with a small permeability reduction are shown in
(a)—(d); samples with a large permeability reduction are displayed in (e)—(h). Pore space is blue, calcite is stained red. Note the difference in porosity within
the fault rocks shown in (d) and (h): while pore space is clearly visible in (d); (h) shows a dense fault rock matrix composed mainly of comminuted quartz,

dolomite and ferroan dolomite or ankerite.

(2) fault rock compaction;
(3) cementation by carbonate cements — mainly (ferroan)
dolomite.

The processes are discussed in more detail below:

(1) Carbonate grains are generally softer compared to quartz
grains due to the different deformation mechanisms of the minerals

(Passchier and Trouw 2005). Because of the perfect cleavage of
calcite and dolomite compared to the indistinct cleavage of quartz,
the more resistant quartz grains could grind down the carbonate
grains and act as a natural abrasive within the cataclastic fault zone.
Although uniaxial compressive tests on dolomites (e.g. Hatzor ez al.
1997; Austin and Kennedy 2005; Palchik 2011) and quartz/
quartzite (e.g. Singh and Singh 1993; Pierce et al. 2009; Kimberley
et al. 2010) suggest that both lithotypes share similar compressive
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Fig. 8. Photographs from plain- and crossed-polarized light microscopy showing deformation mechanisms and cementation in the studied deformation
bands: qtz, quartz; dol, dolomite; cc, calcite; py, pyrite; glauc, glauconite. (a)-(e) Cataclastic bands with a small permeability reduction. Two main
deformation mechanisms were observed: flaking — chipping off parts of the grain (a)—(c); and transgranular fracturing (b)—(d). (e) Starting dismembering/
comminution of a dolomite grain along existing grain boundaries and cleavage planes. (f)—(h) Cataclastic bands with a large permeability reduction: (f) a
dolomite host rock grain that shows a ferroan dolomite cement rim (stained pale blue); fault rock overview in plain-polarized light (g) and crossed-polarized
light (h). Due to the dolomite-rich matrix, comminuted dolomite grains and larger dolomite survivor grains show a low relief and are hard to distinguish

from each other in thin section.

strength maxima, several studies have analysed dolomite rock
texture and microstructure effects on their mechanical behaviour.
Conducting triaxial compression tests on dolomite core samples to
study the influence of microstructure on crack initiation stress and
ultimate strength, Hatzor er al. (1997) showed that the ultimate
strength is influenced primarily by porosity and mosaic
microstructure of the sample, a term that is used by the authors
for the typical dolomite microstructures that can vary from

xenotopic over idiotopic to hypidiotopic mosaic microstructure —
depending on the single dolomite crystal shapes. Austin and
Kennedy (2005) conducted triaxial deformation experiments on
texturally diverse dolomites at different confining pressures. Their
results show that it is essential to examine grain-boundary
microstructures and intragranular flaws prior to making
predictions regarding the peak strengths of mineralogical and
chemical similar dolomites. Furthermore, studies on deformation
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Fig. 9. Scanning electron microscopy (SEM) using secondary electron topography imaging of fault rocks with a small and large permeability reduction. (a)
& (b) Fault rock with a small permeability reduction: (a) overview of the fault rock matrix with larger quartz grains; and (b) close-up of fault rock matrix
grains with quartz grains showing angular broken surfaces; no fault rock cementation was observed in the fault rocks with a small permeability reduction.
(¢)—(f) Fault rock with a large permeability reduction: (c¢) overview of the fault rock matrix viewing a semi-planar surface created by a larger broken-out
quartz grain; (d) dense fault rock matrix composed of small comminuted quartz and dolomite grains, minor amounts of mica, and euhedral dolomite
cements. Note that in comparison to (b) only isolated pores are present. (e) & (f) show close-ups of euhedral dolomite cement crystals, growing between or

overgrowing comminuted matrix grains.

processes and fluid-flow behaviour in carbonate fault zones
(Schrockenfuchs et al. 2015; Bauer et al. 2016) have shown that
detrital dolomite grains are prone to increased grain-size reduction
along pre-existing grain boundaries in the anhedral, xenotopic grain
microstructures and along rhombohedral cleavage planes {1011}
(Fig. 8e). Since quartz does not exhibit cleavage and most quartz
grains in the studied rocks are monocrystalline or lithic quartzite
fragments, grains do not have the same internal weakness as observed
within the dolomite, which suggests a lower compressive/peak
strength for the detrital dolomite grains within the studied samples.

Nevertheless, a moderate amount of larger dolomite survivor
grains are visible within the studied fault rocks (Fig. 8g and h).

Barber et al. (1981) could demonstrate that a dependence on the
degree of deformation with regard to the shear angle towards the
crystal lattice exists within dolomites, conducting compression tests
on single crystals of six different crystallographic orientations under
confining pressure. This might explain some of the dolomite
survivor grains in the fault rock, together with the fact that most
cataclasis fabrics in ‘pure lithotypes’ (i.e. quartzite or carbonate
rock) are typically characterized by larger survivor grains.
Regarding the grain hardness contrast in the studied samples, a
similar observation in different lithology is described by Beke ef al.
(2019) investigating deformation band formation in the Pannonian
Basin, Hungary: shallowly buried volcanic fragment and feldspar-
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Fig. 10. Photographs of the studied deformation bands under UV light (a) &(c¢) and normal light (b) & (d). The UV light images show clear oil
impregnation of the host rock (yellow to white colours), while the deformation band cluster is not impregnated (dark blue colours).

dominated host rocks displayed a greater intensity of cataclasis than
quartz-rich siliciclastic rocks. The authors found that grain crushing
was more abundant among volcanic fragments, calcite and feldspars
due to their good cleavage and fragility, while the more rigid quartz
was preferably deformed by abrasion or grain flaking.

(2) Fault rock compaction might act as a second process
reducing permeability in the carbonate-rich fault rocks. The
deformation bands with a large permeability reduction exhibit a
large content of comminuted very-fine-grained dolomite and
medium-grained quartz grains (Fig. 8g and h). In comparison to
the moderately well-sorted host rock, the deformation bands overall
show smaller grain sizes and poorer grain sorting which is
favourable for compaction and grain packing (Main et al. 2001;
Ogilvie and Glover 2001; Tueckmantel et al. 2012; Griffiths ez al.
2016). In the fault rocks with a small permeability reduction, quartz
grains and chips do not show grain sizes below 5-10 pm and the
grain-supported fabric of larger quartz grains inhibits further
compaction (Fig. 7d).

(3) Another process that increases the sealing capacity of the
dolomite-rich fault rock samples is the occurrence of dolomite
cementation. Micrometre-sized, euhedral and rhomboedric
dolomite crystals were observed in the SEM analysis growing in
the remaining matrix pore space of the fault rock. It is assumed that
the observed cements are growing after the observed grain-size
reduction processes within the cataclastic bands, where micrometre-
sized host rock dolomite chips could act as nuclei for the onset of
cementation.

The fact that cementation only occurs within the fault rock samples
which also show a high dolomite content in the host rock but not in
the quartz-rich cataclastic fault rocks suggests that the cement is
directly sourced from detrital host rock grains. A diagenesis and
reservoir quality study on Miocene sandstones in the Vienna Basin
conducted by Gier et al. (2008) suggested that all mineral cements
can be explained by a series of reactions and processes within the
host rock that do not require mass flux, fluid flow and movement of
material. A similar process was inferred by Weisenberger et al.
(2019), who showed that carbonate cement in the matrix can be used
to accurately predict where fractures are sealed or open using
available core or cuttings: out of 44 observed fractures, degradation
of 35 fractures (80%) by carbonate cement were predicted correctly
based on the cement content of the adjacent matrix. Although our
focus in this paper is not on fractures, we suggest a similar correlation
between host rock and deformation band fault rock content.

Exner et al. (2013) suggested that within deformation bands
originating from the central part of the Matzen Field of the Vienna
Basin, an external source for cement is likely. Fault rock cements
showed a different stable carbon and oxygen isotope signature to the
tested carbonate grains in the host rock. The authors proposed fluid

migration along faults or mass transfer from underlying or adjoining
formations to provide the necessary ions for dolomite cementation.
Although we think that an additional external fluid source is
possible, it should be considered that the oxygen isotopes would be
affected by fractionation during dissolution—reprecipitation and the
carbon isotopes could reflect an organic component from within the
formation.

We also want to show that although some of the examined
samples in this study come from the same field, they differ from the
five samples described by Exner ez al. (2013) in several points: (1)
Samples from the Matzen Field in this study originate from the
Bockfliess normal fault system, whereas samples from Exner et al.
(2013) originated from the Matzen Fault Zone. (2) The dolomite
content is described as increasing from the host rock (10-20%) to
the deformation band (up to 60%) in Exner et al. (2013), and
therefore the authors classify them as dilation to cementation bands.
The dolomite content in the present study is relatively equal in both
the host and fault rocks, or lies within the 2% measurement error of
the XRD analyses. (3) The rocks studied were classified as
cementation bands that had undergone a dilational phase by Exner
et al. (2013). The current study showed cataclastic grain-size
reduction in a more compactional regime with subsequent
cementation. The only similarity in the samples from both studies
is the overall host rock composition and an increase in ferroan
dolomite cement from host rock to fault rock. In our study, XRD
results show that the ankerite content rises from the host rock
(2.4-6.1 wt%) to the fault rock (7.1-11.6 wt%) which is likely to
reflect a similar Fe-rich pore fluid responsible for the fault rock
cementation encountered by Gier er al. (2008) and Exner et al.
(2013).

At this stage we assume that the observed contrasts in
deformation mechanisms are potentially related to the sampling of
different fault systems within the field, although different
deformation mechanisms might also occur in dilational and
compressional zones along one fault plane.

In the context of fault seal analysis, the studied deformation
bands by Exner ef al. (2013) would theoretically also fit into the
subgroup of deformation bands with a high carbonate host rock
content and large permeability reduction at shallow depths and low
clay content, although the proposed formation mechanisms are
different. The described fault rock formation processes nevertheless
imply that the mechanisms for permeability reduction within the
studied basin, especially in formations with a low clay content at
shallow depth, are more complex than anticipated.

Further research is currently ongoing to investigate spatial
variations in deformation mechanisms along faults within the
Vienna Basin and to progress the understanding of processes such as
the observed micro-scale fault rock cementation.
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Implication and application for fault seal analysis

Previously conducted fault seal studies in siliciclastic sand—shale
formations of the Vienna Basin (OMYV internal studies with fault
seal software packages) show that for faults with a higher offset,
shale smears are likely to be present. No evidence of shale smears
could be found in the studied core material. The studied samples
might only represent small-scale features with a few millimetres of
offset; however, we infer that due to the laboratory results, they
should not be neglected for fault seal predictions, especially when
dealing with mature oilfields that require artificial lift or enhanced
oil recovery (EOR) methods for production. Furthermore, several
studies have already highlighted the importance of deformation
bands for reservoir fluid flow and confirmed their ability to act as
potential structures forming hydrocarbon traps (e.g. Lewis and
Couples 1993; Antonellini et al. 1999; Fossen and Bale 2007,
Torabi ef al. 2013; Ballas et al. 2015; Fossen et al. 2017).

Our study shows a clear difference in fault rock permeability
between cataclastic deformation bands in dolomite-rich siliciclastic
host rocks and host rocks with low to no dolomite content. The
encountered quartz-dominated cataclastic bands with a small
permeability reduction in the fault rock are unlikely to baffle
reservoir fluid flow (20-928 mD) within the studied shallow depths
intervals (<2 km). In contrast, the carbonate-rich cataclastic
deformation bands will most probably affect reservoir fluid flow
(0.3-0.6% mD), especially when clusters of these bands occur
(Fig. 10) and if a production time frame is considered.

The difference between the two groups of deformation bands
would currently not be predictable by a standard fault seal analysis
since all rocks originate from the same rather shallow reservoir level
(<2 km), and share the same low V.. content (1.8—4.1 wt%).

If a correlation between carbonate host rock content and fault seal
capacity could be confirmed by the ongoing research, a threshold of
carbonate content can be defined where fault/deformation band
sealing capacities increase significantly. A workflow in addition to a
standard fault seal study could allow the sealing capacities in
shallow siliciclastic cataclasites to be further constrained by using,
for example, calcimetry logs to flag formations exceeding a certain
carbonate threshold.

Exner and Tschegg (2012) described deformation bands in
poorly consolidated Miocene arkosic sands in the Vienna Basin,
where they reported a preferential grain-size reduction of feldspar due
to the more efficient fracturing of the weaker sericitized feldspar
grains in comparison to quartz. Griffiths e al. (2016) reported the
preferential cataclasis of K-feldspar grains, which showed lower
differential stress than quartz grains, within deformation bands of the
Triassic Sherwood Sandstone in the UK. The authors showed that
porosity was significantly reduced and pointed out that their study
was of direct relevance to the prediction of reservoir quality in several
Lower Triassic reservoirs within the East Irish Sea Petroleum
Province. Similar observations were reported by Beke ef al. (2019)
for cataclastic deformation bands with volcanic and feldspar grains in
siliciclastic host rocks from the Pannonian Basin. All three studies
show that an assessment of detrital grain hardness contrast within the
host rock might also be extendable to other lithotypes. This could
help to distinguish between formations where fluid baffling is likely,
and where subseismic faulting and cataclastic deformation bands
have less impact on reservoir behaviour — especially at shallow burial
depths with low Vg, and low fault throw.

The presented study results and discussion also imply that for
future fault seal calibration workflows a slightly different approach
might be necessary, especially when considering the variations in
formation mechanisms described for deformation bands within the
Matzen Field (e.g. Exner et al. 2013) and the absence of clay smear
samples within the screened core material. In order to be able to
conduct a meaningful calibration and to improve the interpretation

of fault rock distribution on modelled fault planes, geological
processes have to be understood for a statistically representative
number of samples on the reservoir scale, including rock mechanics
and fluid—rock interactions, and need to be upscaled subsequently.
Therefore, the sample selection phase is crucial in order to ensure
that a reasonable number of samples is analysed and the entire
variety of possible fault rocks within a field or basin is captured. We
are faced with the additional challenge that representative core
material is rare, which is why we are currently widening the focus to
also include outcrop analogue-based calibration.

We emphasize that calibration for fault seal analysis should start
first at the formation and field scales to avoid early simplification
that might lead to a comparison of similar geological features that
were caused by different processes at a different geological time.

Conclusions

Conducting a fault seal calibration on core material from the Vienna
Basin revealed two dominant fault rock types in the studied
deformation bands: cataclasites and phyllosilicate framework fault
rocks. Within the cataclastic bands the sealing potential varies
strongly, while the shale and mica contents are low (1.8—4.1 wt%).
The subgroup of samples with a high carbonate content (21-32 wt
%) in the host rock showed a larger permeability reduction in the
fault rock than the quartz-dominated subgroup from the same depth
interval. A high sealing potential seems to correlate with the detrital
dolomite content in the host rock (>10 wt%). Microscopy results
suggest that the hardness contrast between the detrital quartz grains
and the dolomite grains is responsible for governing the grain-size
reduction: cataclasis acts preferably in the dolomites, accompanied
by compaction and subsequent cementation. Similar observations
for the localization of cataclasis in the weaker grains have been
described by other authors (e.g. Exner and Tschegg 2012; Griffiths
etal. 2016; Beke et al. 2019) in deformation bands from siliciclastic
host rocks with weaker volcanic fragments or feldspars.

Further investigations to increase the sample number and
progress the understanding of cementation processes are still
ongoing. Our general aim is to prove if a correlation between
carbonate host rock content and fault seal capacity for the studied
fields in the Vienna Basin exists. The findings could be used to
further constrain fault seal behaviour for shallow (<2 km)
siliciclastic formations with a low Vg, content that form cataclastic
fault rocks. Results might also be extended to other lithotypes with
detrital grain hardness contrast in the host rock (stronger quartz
v. weaker carbonate rocks, volcanic rocks, feldspars).

Our work has shown that fault seal calibration workflows should
be focused first at the formation and field scales to avoid early
simplification of observations in complex basins. In addition, the
authors want to stress the general importance of data calibration and
the constant incorporation of new findings from the reservoir scale
for fault seal studies. While existing algorithms and workflows
provide us with a great basis to assess and predict fault seal
behaviour, our efforts should be focused on thorough data
calibration and the assessment of underlying processes that impact
the fault seal capacity. This might allow us to find improvements
and additional steps of analysis for fields and basins to ensure the
ongoing development and improvement of fault seal predictions for
the future.
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