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Deformation around basin scale normal faults

Abstract

Faults in the earth crust occur within large range of scales from micro-
scale over mesoscopic to large basin scale faults. Frequently deformation
associated with faulting is not only limited to the fault plane alone, but
rather forms a combination with continuous near field deformation in the

wall rock, a phenomenon that is generally called fault drag.

The correct interpretation and recognition of fault drag is fundamental
for the reconstruction of the fault history and determination of fault
kinematics, as well as prediction in areas of limited exposure or beyond
comprehensive seismic resolution. Based on fault analyses derived from 3D
visualization of natural examples of fault drag, the importance of fault
geometry for the deformation of marker horizons around faults is
investigated. The complex 3D structural models presented here are based on

a combination of geophysical datasets and geological fieldwork.

On an outcrop scale example of fault drag in the hanging wall of a
normal fault, located at St. Margarethen, Burgenland, Austria, data from
Ground Penetrating Radar (GPR) measurements, detailed mapping and
terrestrial laser scanning were used to construct a high-resolution structural
model of the fault plane, the deformed marker horizons and associated
secondary faults. In order to obtain geometrical information about the
largely unexposed master fault surface, a standard listric balancing dip
domain technique was employed. The results indicate that for this normal
fault a listric shape can be excluded, as the constructed fault has a
geologically meaningless shape cutting upsection into the sedimentary
strata. This kinematic modeling result is additionally supported by the
observation of deformed horizons in the footwall of the structure.
Alternatively, a planar fault model with reverse drag of markers in the

hanging wall and footwall is proposed.
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A second part of this thesis investigates a large scale normal fault in
the central Vienna Basin from commercial 3D seismic data. In addition to
detailed conventional fault analysis (displacement and fault shape), syn-and
anticlinal structures of sedimentary horizons occurring both in hanging wall
and footwall are assessed. Reverse drag geometries of variable magnitudes
are found to correlate with local displacement maxima along the fault. In
contrast, normal drag is observed along segment boundaries and relay
zones. Thus, the detailed documentation of the distribution, type and
magnitude of fault drag provides additional information on the fault
evolution, as initial fault segments as well as linkage or relay zones can be
identified.
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Zusammenfassung

In der Erdkruste treten Stdérungen Uber einen groBen Bereich von
mikro- Uber makroskopisch bis zu weitlaufigen Stérungen in groBen Becken
auf. Haufig ist die Deformation im Zusammenhang mit Stérungen nicht nur
auf die Stoérungsflache selbst begrenzt, sondern ist vielmehr eine
Kombination mit kontinuierlichen Verbiegung des Gesteins in der

Stérungsumgebung. Dieses Phanomen wird als fault drag bezeichnet.

Die korrekte Interpretation und Erkennung von fault drag ist
wesentlich flr die Rekonstruierung der Stdérungsgeschichte, fur die
Bestimmung der Stérungskinematik und flr die Stérungsprognose in
schlecht aufgeschlossenen Gebieten oder bei unzureichender

Seismikaufldsung.

Der Einfluss der Stérungsgeometrie auf die Deformation von
Markerhorizonten in der Umgebung von Stdérungen basiert auf
Stérungsanalysen, die durch 3D Visualisierung von naturlichen Beispielen
von fault drag untersucht wurden. Die komplexen strukturellen Modelle, die
in dieser Arbeit untersucht worden sind, beruhen auf einer Kombination aus

geophysikalischen Datensatzen und geologischer Feldarbeit.

Anhand eines Beispiels von fault drag im AufschlussmaBstab im
Hangenden einer Abschiebung in St. Margarethen (Burgenland, Osterreich)
konnte mit Daten von Georadarmessungen (GPR), einer ausfuhrlichen
Kartierung und einem terrestrischen Laser Scan ein hochauflésendes
strukturelles Model der Stoérungsflache, der deformierten Markerhorizonte

und den damit verbundenen sekundaren Stérungen konstruiert werden.

Eine Methode zur Bilanzierung von listrischen Stérungen wurde zur
kinematischen Analyse angewendet, um geometrische Informationen Uber
die weitgehend schlecht aufgeschlossene Hauptabschiebung zu bekommen.

Die Ergebnisse zeigen, dass eine listrische Stérungsgeometrie flr diese
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Abschiebung ausgeschlossen werden kann, da die konstruierte Stdrung
wieder nach oben in die Uberlagernden Sedimente schneidet und somit
geologisch nicht sinnvoll ist. Die Ergebnisse dieser kinematischen Analysen
werden noch zusatzlich unterstitzt durch das Auftreten von deformierten
Horizonten im Liegenden der Abschiebung. Alternativ wird eine planare
Stérungsgeometrie mit reverse drag von Markern im Hangenden und im

Liegenden der Abschiebung vorgeschlagen.

Der zweite Teil dieser Arbeit untersucht eine Abschiebung im groBen
MaBstab im zentralen Wiener Becken anhand von kommerziellen 3D
Seismikdaten. Zusatzlich zu der konventionellen Stérungsanalyse (Versatz
und Stérungsform) sind syn- und antiklinale Strukturen von sedimentadren
Horizonten, die im Liegenden und im Hangenden der Abschiebung zu finden
waren, kartiert worden. Es konnte gezeigt werden, dass reverse drag-
Geometrien unterschiedlich starker Magnituden mit lokalen Versatzmaxima
entlang der Stérung korrelieren. Im Unterschied dazu konnte normal drag

entlang von Segmentrandern und Transferzonen nachgewiesen werden.

Daraus folgt, dass die ausfuhrliche Dokumentation der Verteilung, die
Art und die Magnitude des fault drag zusatzliche Information Uber die
Stérungsentstehung liefert, da sowohl initiale Stérungssegmente als auch

Verbindungs- und Transferzonen identifiziert werden kénnen.
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MpowmpeHn abcTpakr

Pacean y 3eM/bMHOj] KOpW Ce MOry nojaButTM Yy pasinymTmm
AVMEH3njaMa, o4 MMKpPO-, MPEeKo Me30- A0 Benumkumx baceHCKMx pacesa.
YecTo pedopmaumja Koja ce HacTaje CUHXPOHO Ca paceioM HUje orpaHuyeHa
MCK/bYYMBO HaA paceaHy nospw, Beh je TOo kKoMbuHauuja pacega W
KOHTUHYUpaHe aedopmaumje y OKOSIHMM CTeHaMa, KOju ce reHepasiHO Ha3uBea

PesepcHu Opar (Reverse Drag).

MpaBunHa WHTeprnpeTaTuMja M Npeno3HaBame peBepCcHOr apar-a je
OCHOBA 3a pPEeKOHCTPYKUMjy nocTeneHor passoja W WUCTopuje paceaHe
KMHEMaTMKe, Kao 3a npeankunjy y noapyvvjmma nMMmMTUpaHmnx nigaHaka uam
nogpydja v3BaH oaroBapajyye pesynyuuje cemaMMUkuMX nogataka. basmpaHo
Ha aHanM3n pacega W3BeAEHO] Ha OCHOBY TPOAMMEH3MOHaNIHE aHanuse
BM3yasIM30BaHMX paceda W HWUXOBUX Apar-oBa, Ba)XXHOCT reoMeTpuje

ceamMMeHaTa OKO paceja U HKUX0oBa eBoslyumja Cy AeTa/bHO UCTPaXKnBaHe.

KoMniekCHNU TpOAUMEH3UOHANHU CTPYKTYPHO-TeosIoOWKN Moaenum cy
6asnpaHn Ha KoMbMHaUMjU reodPusnykux nogaka M TEepPeHCKOr reonoLKor
paja y3 Koju je kopuwyheHa HajHoBMja nacepka TexHosoruja. Cem nogauu
Kao LWTO CY KOHEHUWOHasIHe pervoHasHO-reosIoWKMU nojgaunm mn pesynrtaTtu
TepeHCKor KapTupawa (anduTtanHe reosnolwkKe KapTe, Tpace paceaa U3BydyeHe
Ha nacpckor doTorpadpujn — optdoTto), reodpmsnka (FfeopagapCckm CHUMUM -
pajgaprpamm wun TpPOAMMEH3UOHaNHU Ccen3aMnukm 6510K) Kao Ku reorpadcku
nogaun (koopaunHate y3ete nomohy DGPS -a T1j. AurntanHor [noban
MocnTMoHMHr CncteMa Kao UM aepoCHUMUM) CYy UHTerpucaHu y leorpadckum
NHdopmaumonn Cuctem (GIS) w©n  HakHagHO Yy  TPOAMMEH3MOHASIHO

CTPYKTYPHO-Ie0olWKe Moaene.

Hedopmaumje Hactane 65mM3y MOBpLUMHE aHanM3MpaHe Ccy MyTeM

KoM6bMHauujoM Feopadapckor Meperba Tj CHUMama, TepebCKkUM KapTupatem

11
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Koja cy oBbaBreHa y 6/IM3MHKM WibyHKape (TN NoBPLUMHCKOr Kona) Koja ce
Hana3sn Ct.MaprapeteHy, bypreHnaHg, Ayctpuja. NcTpaxuBaHo nogpydje je
NOUMPaHO Y OKBUPY UCTOYHEe MapruHe Aj3eHwTaT-LLlonpoHckor 6aceHa Koju
cam noa-6aceH beukor 6aceHa. Y WbyHKapu cpeareMMOoLEHCKa cyKuecuja
ce caToju of cnojeBa KOHrnomeparta, NeckoBUTUX KOHrnomepaTta, PUHO3PHUX
neckoBa n anepsBpuTa BapujabunHe nebrwuHe KOjU Cy BUAHUBU AYX 04 OKO
10M 3mpa wHYyHKape KOju ce npyxa npasueMm 3anag - WUCTok. OBwu
HEKOHCONMAOBaHW CeguMMEHTU Cy npecevyeHn 6pojHMM KOlyraTUBHUM
paceanma npasua npyXxaka ceBep — jyr Koju TOHY Ka UCTOKY 6e3 Bna/bmseor
CUHCeAMMEHTHOr npupacTta cnojesa. OBM pacegn cMmnyy, rnosnade n nomepajy
OBY Be/IMKY CeAMMEHTHY CyKuecujy Koja mma obnuk aHtundopme. OBakas
obnnk ceanmMeHaTa ykasyje pna oOBa KnacTMYyHa CyKuecuja je y cTBapu
pa3KpoB/beHa nossaTa Beher pacena pernoHasHor 3Havaja Koju je noumpaH

y 61n3nHu.

Na 6ux ce pobuna Tpeha AuMMeH3Mja KapTUpaHUX pacefa U OKOAHWUX
CTPYKTypa, Mpexa 40-To MeraxepuHux reopagprpamMa je CHUM/bEHA.
PagaprpamMu Ccy noctaB/beHM MNapanenHo U yrnpaBHO Ha KapTUpaHU M3JaHak.
WHTepnpeTauunja paceaHuUx CTPpyKTypa CHUM/bEHUX pajaprpammma, je
nognoMorHyTa opTtodoTorpadujoM Koja je HaByyeHa Ha MpeTxXoaHo
CHUM/bEHU NlAaCepCKU CKeH m3gaHka. lMowTo cy nojaum ca, U m3a u3gaHka
WHTErpucaHn y TPOAMMEH3NOHANHNU CTPYKTYPHO-reosioWwKkM Moaesn, aAa ébu ce
nobuna mnHdopmaumja o aybuHCKOj reomeTpujn pacepa, CTaHAApHUM MeToA

~6anaHcnpara nagHuUx gomeHa" je kopuwheH.

Crtyanja Benukmx 6aceHcux pedopmaumja je 6asvpaHa Ha OCHOBY
yTuuaja pacta CerMeHTOBaHOIr pacefa Ha MuUeHce ceAMMEeHTe LeHTpasnHor
Beukor 6aceHa. O6ocTpaHm yTumuaj je npukasaH KoMbuHauumjom
TPOAMMEH3UNOHANHMX U KWHEMATCKUX MnapameTapa. NcnutmeBaHm cy Mapkep
XOPU30HTU Yy MoBMatTM M nogmHu MapkrpajdHoj3nan pacepa, rae npema 3/
CeM3MMYKMM Nnojaumma pacegHa rnoBpLl UCTOr je HenpaBWUTHOM-3aKPUBI/bEHOT
obnuka. HakoH dopmuparwa KonsekcHor 31  Mogena, rMo4yeTHa

anuctpaxuBarba Ccy 6asvMpaHa Ha KOHBEHUMjanHOj aHanu3n paceaa
12
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npukasyjyhm opjeHTauujy, auncrnnejcMeHT n KypBaTypy Kao
TpoAMMEH3noHanHe kapte. OBa Tpu napameTrpa cy obesbeaumnn noaaTtke o
KMHEeMaTMunu wn ™Mopdonoruju pacena, MehyTuMm pesyntatM Hcuy 6unu
AOBO/bHU Ja Ce peKOHCTpyuwe eBonyuuja pacega v pgeduHuwe wema

cerMeHTauumje.

Kako 61 ce oapeannu ctapuju cerMeHTu pacena, OBO UCTPaXunBare ce
dbokycMpa Ha nojaBy HOpPManHOr W pEeBEpCHOr Japar-a Ha Mapkep
XOPU30OHTMMA, MNpe CcBera O AOMeHy nosnate. AHanM3oM ogHoca W3Mehy
reoMeTpuje paceaHe MNOBpLUMHE M paceaHor apar-a, dopMupaHa je MeToaa
Koja AponywTa ofnakKwaHy uaeHTUdDUKaUMjy WHAMBUAYASTHUX paceaHunx

cermMeHaTa na u ¢asHy peKoHCTpyKLUMjy paceaHe eBosyuuje.

13
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1.Introduction
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Faults in the Earth’s crust occur at a large range of scales from
microscopic to the scale of plate boundaries with hundreds of kilometers in
length. Frequently, deformation associated with faulting is not only
expressed by discontinuous displacement along a distinct fault surface, but
is associated with continuous deformation in the surrounding rock (Pollard &
Segall, 1987), which is expressed by folding of originally planar layers.
Following the convention of Hamblin (1965) two types of fault drag may
occur, normal and reverse drag, which are either convex (normal drag) or
concave (reverse drag) in the direction of slip along the fault. In many
investigations deflected markers with reverse drag geometry are exclusively
used as evidence for a listric fault geometry (e.g. Tearpock and Bischke,
2003), where displacement along the fault is accommodated by a rollover
anticline in the hanging wall. However, numerical and analogue studies (e.g.
Reches and Eidelman, 1995; Grasemann et al., 2003) illustrated the fact
that reverse drag forms in association with slip on planar faults of finite
extent, if the angle between the fault and the marker is roughly higher than
30°. Additionally, it was shown that reverse drag is not necessarily related
to a reactivation of a normal fault as a thrust in a compressional tectonic
regime. This alternative interpretation of fault drag has significant
implications for e.g. estimates of hydrocarbon volumes in fault-related
anticlinal structures, deformation history of regions with crustal extension,
and earthquake hazards associated with continental normal faults (e.g.
Resor, 2008).

1.1 Definition of fault drag, current state of research and
motivation

Fault drag geometries and flanking structures have been described and
analyzed by, e.g. Barnett et al., 1987; Passchier, 2001; Exner et al. 2004;
Coelho et al. 2005; Grasemann et al. 2005 and Wiesmayr and Grasemann,

2005 on field outcrop scale or analogue and numerical modeling.
18
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Investigating the cause of host rock deformation numerous recent
publications have established that the perturbation strain generated by slip
along a distinct fault plane compensates the incompatibilities between the
background strain and the displacement along the fault by deflection of
originally planar marker layers (e.g. Passchier 2001; Grasemann et al. 2001;
Passchier et al. 2005; Grasemann et al. 2005; Exner and Dabrowski, 2010).

Following on these basic results from ideal elliptical, planar and
isolated faults and recognizing that host-rock deformation near faults is a
direct consequence of slip distribution and the mechanical interaction of
faults, this study focused on the geometrical characteristics non-planar,
irregular natural fault surafces and the associated host-rock deformation on
outcrop and basin scale. The results provided a tool that can lead to better
assessment of geometrical features, reconstruction of fault growth and

understanding of mechanical properties of propagating faults.

1.2 Aim and approach

In order to identify natural fault drag geometries, the study was

divided in three main stages:

e A natural three-dimensional example of deflected markers in the
vicinity of a normal fault at the meso-scale was assessed with the

aim to construct, a surface-subsurface structural 3D model.

e Based on the structural data collected in the first stage, kinematic
balancing techniques (depth-to-detachment restoration, Tearpock
and Bischke, 2003) are employed to constrain the geometry of the
unexposed parts of the fault. Form the results, a plausible scenario
for the formation of the observed fold structures in the hanging

wall and footwall of the investigated normal fault is deduced.

19
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e From a commercial 3D seismic dataset in the central Vienna basin,
deflected sedimentary horizons adjacent to a major normal fault
are mapped in high accuracy. In combination with a detailed fault
analysis, the initiation and evolution of a large normal fault is

constrained.

The study area of the project is located in thee Vienna Basin (E
Austria) and the southeasterly adjacent Eisenstadt-Sopron Basin (Fig. 1-1),

where natural fault zones are developed in Miocene sediments.

The fault investigated in stage 1 &2 is situated at the Eastern margin
of the Eisenstadt-Sporon Basin and has a length of a few kilometers in strike
and at least 40 m of height. This master fault and the associated smaller
faults in the hanging wall layers were mapped in a quarry and a three-
dimensional structural model was generated by from Terrestrial Laser

Scanning and Ground Penetrating Radar data.

The normal fault analyzed in stage 3, the Markgrafneusiedl fault in the
central Vienna Basin, has an extent of several tens of kilometers along strike
and reaches from the surface down to ~2250 ms of TWT down to the pre-
Neogene basement. The three-dimensional seismic dataset (Seymatzdue)
was provided by the OMV AG, together with existing interpretations of

stratigraphic horizons and borehole data.
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Fig 1-1. Investigated areas (Vienna and Eisenstadt-Sopron Basins) positioned within the
structural map of the pre-Neogene basement (modified after Kroll & Wessely, 1993).

1.3 Normal fault systems - geometrical properties and linkage

processes

Normal faults are of particular importance in basin formation and

hydrocarbon development, whereby the major role can be subdivided in two
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equally significant characteristics, i.e. fault geometry and role of interaction

and linkage between fault segments.

1.3.1 Listric faults

The most common interpretation of host-rock deformation is the
concept of a hanging-wall rollover anticline of layers above a listric normal
fault (Fig. 1-2) with or without syn-tectionic growth strata (e.g. Shelton,
1984; McClay and Scott, 1991). Three essential features characterize a
listric normal fault: a flat detachment surface, a rigid footwall, and rollover
anticline in the hanging wall (e.g. Shelton, 1984). Numerous models aimed
to reproduce the hanging wall deformation, whereby the most prominent is
the analogue model of McClay and Scott, 1991. The analogue model is based
on the rigid footwall that is thereby represented by a suitable shaped
cardboard upon which a rubber slice represents a listric fault curving into a

flat detachment at the base of the model.

SEL-Syn-extension layers
FPEL-Fost-extension layers

Fig 1-2. Analogue model of growth strata deposited above an active listric normal fault, which

merges with a layer-parallel detachment at depth (modified after Yamada and McClay, 2002).

The hanging wall deformation pattern above a ramp-flat detachment
can be divided in four zones: (i) an upper zone of rotational deformation
adjacent to the upper and steeper part of the listric fault; (ii) a translation
zone producing the upper rollover and associated crestal collapse system,
(iii) a rotational zone encompassing the ramp syncline and the lower
sections of the rollover; (iv) a translation zone where the entire hanging wall

is translated horizontally above the flat detachment.
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Generally, two kinematic groups of rollover systems are distinguished:
(1) the aforementioned fault rollovers induced by extensional displacement
along a listric fault whereby the footwall behaves as a rigid body (listric
faults sensu strictu) and (2) ‘expulsion rollovers’ which develop due to the
withdrawal of a weak material layer (e.g. salt or clay) within the footwall
layers (for a review see Krézsek et al., 2008; Dutton et al., 2004 and
references cited therein). By using scaled analogue experiments with layered
brittle and ductile materials Krézsek et al., (2008) simulated the
development of listric growth faults and expulsion rollover systems during
gravitational spreading of a passive margin sedimentary wedge detached on
salt (Fig 1-3).

shelf basin
_\_\_\_\_\_"‘-‘-\-._

l Brittle overbu rdEnﬂh‘“‘mHE .
T— -

Extensl on Contraction

Fig 1-3. Schematic diagram illustrating the effect of different overburden thickness on the

generation of listric faults above a weak layer (modified after Krezsek et al., 2008).

The results indicate that the mobilization of salt controls the strain
history of local faults developed in the sedimentary wedge. Hence, the
rollover kinematics is strongly related to sedimentation patterns and their

rate, i.e. portions with higher deposition rate will have a larger mass and
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therefore such constellation of geological bodies can induce salt expulsion

resulting in a listric normal fault geometry.

Both models of listric normal faults have a different concept of the
behavior of the footwall. Unlike the rafting model that assumes a weak or
ductile detachment and footwall, the group of listric fault models sensu
strictu assumes that the footwall during ongoing deformation behaves as a
rigid body. In many cases, such an assumption has poor geological evidence
and is mechanically not valid if the footwall sediments are identical to the
hanging wall strata. Grasemann et al., 2005 listed several reasons that
contribute to the perception that fault footwalls are rigid. The first is due to
the fact that the drag effect in the footwall that can be much less than those
in hanging wall. A second reason that might contribute to the perception
that fault footwalls are rigid is that reverse drag on either side of the fault
may be associated with little or no drag on the opposing side, especially if
structural levels above or below the central marker are observed. Finally,
physical models of listric faults are simple based on a listric fault geometry
predefined by the model boundary conditions. However, more recent listric
models (Imber et al., 2003) revealed that footwall deformation can play an
import role, e.g. by footwall collapse where the active bounding fault steps

back into the footwall block.

1.3.2 Planar faults of finite length

Although concept of a listric fault is widely accepted, in many cases the
listric (downward-flattening) geometry of the fault surface is poorly
constrained, and is more an imposed conceptual model than an observation
(Barnett et al., 1987; Grasemann et al., 2005). In other words, often a
normal fault in nature is only partially constrained, as e.g. exposed fault
traces in an outcrop do not display the entire fault geometry, or the quality
of seismic data can decrease with depth so that the lower fault sections are

blurred.
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In contrast, fault drag may actually occur along a planar (i.e. non
listric) fault of finite length, where slip results in a heterogeneous stress and
displacement field develop within the rock adjacent to the fault (Grasemann
et al., 2005, Fig 1-4).

normal drag reverse drag

concave

Fig 1-4. Fault drag of a central marker along a normal fault. Normal drag refers to markers that
are convex in the direction of slip and reverse drag to markers that are concave in the direction

of slip (modified after Grasemann et al., 2005).

Using the linear elasticity theory, the geometrically idealized model
identified the influencing parameters which result in the formation of fault
drag. The discontinuous displacement along the slip surface is compensated
by a continuous deformation field in the adjacent matrix, which is also called
perturbation strain (e.g. Passchier et al., 2005). Due to this heterogeneous
deformation field, originally straight markers are deflected in the vicinity of
the fault. It was shown that exclusively the angular relationship between the
fault and the maker determines the type of drag, i.e. at low angles (<30°)
normal drag, at high angles (>30°) reverse drag is developed. Several other
numerical and analogue studies investigated the development of fault drag
(or flanking structures) around slip surfaces and analyzed the variable
geometries which occur in different flow kinematics and geometric
relationships between the fault and the markers (e.g. Grasemann et al.,

2003; Exner et al., 2004; Wiesmayr and Grasemann, 2005; Kocher and
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Mancktelow, 2005 and 2006). Most importantly, all the models showed that

fault drag is developed in both hanging wall and footwall domain.

During progressive deformation, an initially straight marker line
passing through the centre of the fault is displaced. This deflected central
marker forms symmetrical folds, which are convex (i.e. normal drag) in the
direction of shear along the discontinuity; offset and deflection of the non-
central marker lines decrease towards the tips of the fault (Exner et al,
2004). This decrease in intensity of deflection is subsequently investigated in

the process of fault growth by segment linkage.

1.4 Fault growth by segment linkage

Conventional fault growth models suggest that the enlargement of
elliptical faults is a function of a progressive increase of displacement with
time (e.g. Walsh et al., 2002). Mechanically, a systematic increase of
displacement and fault length produces a larger fault. Linked normal faults
usually consist of complex zones of overstepping and linked segments that
affect fault geometry creating irregularities of the fault plane along strike
and dip. In addition to geometrical irregularities, a fault that is a result of
segment linkage through time displays irregular displacement patterns (see
chapter 5 Peacock, 2002). A good example of how geometry can vary along
a normal fault is illustrated in a summary figure of Marchal et al., 2003, see
Fig 1-5.

The most common technique used to analyze the accumulation of slip
and finite displacement on a fault are displacement - distance plots (D-x
plot). The success of this technique is largely due to the fact that fault
segments and linked faults exhibit a variability in displacement-distance
profiles, in contrast do isolated faults with continuous displacement profiles.
Such irregularities originate from the interaction and linkage of fault

segments.
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The half-plane of a normal faut
Mode 1 fractures
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Fig 1-5. Upper section. variations in normal fault shape: (1) the simplest shape for a blind fault
is an élliptical plane; (2) Fault shape affected by interaction with other features: restriction by
the ground surface; (3) Overiap with another fault plane forming a relay zone; (4) Intersection
with another fault plane. Three basic patterns that may combine to form complex fault shapes.
Lower section: (1) The half plane of a normal fault composed of a principal plane; (2)
Branched secondary fault planes at the vertical termination; (3) en-échelon secondary fault

planes at the lateral termination (modified after Marchal et, 2003).
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Fig 1-6. Examples of displacement - distance profiles for individual fault segments: A-connected
fault, B-offset fault, C-nearly isolated fault, D-complex fault composed of fault segments
(modiified after Peacock & Sanderson, 1991).

More recently, 3D geometrical analyses of fault surfaces, mostly
derived from 3D seismic data provided additional insight in different
segmentation patterns (e.g Marchal et al., 2003; Lohr et al., 2008). Using a
combination of both tools, a significant progress in deciphering of fault

segmentation patterns was achieved.

1.5 Key questions addressed in the thesis

This thesis comprises several interrelated studies that are designed to
improve the knowledge of three-dimensional fault mechanics and fault-drag
development from basin- to outcrop- scale. The key questions that were

addressed by the thesis are:

(1) Is THE OCCURRENCE OF ANTICLINES IN THE HANING WALL OF A

NORMAL FAULT A RELIABLE INDICATOR FOR A LISTRIC FAULT SHAPE?

(2) CAN FAULT DRAG OCCUR NEAR LARGE BASIN-SCALE FAULTS?
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(3) IS IT POSSIBLE TO OBSERVE NORMAL AND REVERSE DRAG ALONG

THE OPPOSITE SIDE OF A LARGE NATURAL FAULT SURFACE?

(4) IS THERE A LINK BETWEEN INDIVIDUAL FAULT DRAG AND FAULT
DOMAINS, I.E. CAN FAULT DRAG SERVE AS INDICATOR OF SEGMENTS
AND/OR LINKAGE ZONES? IS THE MANGITUDE OF DRAG RELATED TO

THE SIZE OF THE FAULT PLANE?

(5) 1Is FAULT DRAG OF DIFFERENT TYPE (NORMAL OR REVERSE)

ANALOGOUS TO THE CORRESPONDING PERIODS OF FAULT GROWTH?

1.6 Qutline of the thesis

This PhD thesis was conducted within the FWF project “"Modeling of
natural fault systems at various scales” and comprises results from three-
dimensional structural modeling of natural fault surfaces and the associated
deformation in the surrounding rock. Each phase of the research is
represented by a publication submitted or already approved for publishing in

international peer-reviewed scientific journals.

Following on this introductory chapter, the next part of the thesis
(chapter 2, based on an extended abstract in Trabajos de Geologia), is
focused on the ground-penetrating radar study conducted in a Miocene,
unconsolidated sediments at a gravel pit in the Eisenstadt-Sopron Basin.
Details about the various acquisition techniques, processing and finally the

construction of a 3D structural model are provided.

Since near-surface geophysical methods provided no satisfactory
insight in the deeper structural levels, in chapter 3 more detailed field
observations and the previously described shallow subsurface visualization

techniques were combined to construct a balanced cross section of the
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normal fault and the overlying sedimentary strata. This chapter is published
in the International Journal of Earth Sciences. The results of this study lead
to the conclusion that the listric fault model is not applicable for this normal
fault, and instead a reverse drag of markers along a planar fault of finite

length is proposed.

In Chapter 4, the effects of segment linkage were analyzed around a
large-scale normal fault from 3D seismic data of the central Vienna Basin.
From detailed fault analysis and mapping of the adjacent marker horizons,
numerous fault segments could be identified. Most importantly, the
usefulness of a detailed structural analysis of fault drag is demonstrated, as
individual segments can be determined from the distribution and magnitude
of fault drag. This chapter is submitted to the Journal of Geophysical

Research for publication.

A final synthesis in chapter 5 summarizes the results of the previous
chapters in a general context, discusses specific similarities and differences
of fault drag with respect to fault size and geometry, and finally gives an
outlook for further research focus arising from unsolved problems and

findings of this thesis.
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2.Possibilities of Ground Penetrating Radar
(GPR) in shallow subsurface 3D structural
modeling (an example from St. Margareten

gravel pit, Eisenstadt-Sopron Basin)

This chapter is a modified version of the extended abstract

Spahic D., Exner U., Behm M., Grasemann B., Haring A., Pretsch H. (in press): Structural 3D
modelling using GPR in unconsolidated sediments (Vienna basin, Austria). Vol.29. Trabajos de

Geologia.

presented at the Yorsget conference, Oviedo, June 2008.
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Abstract

Field mapping and ground penetrating radar (GPR) measurements
were carried out near a gravel pit located at St. Margarethen, Burgenland,
Austria. The investigated area is located at the eastern margin of the
Eisenstadt-Sopron Basin, a subbasin of the Vienna Basin. In the gravel pit a
Middle Miocene succession consisting of layers of conglomerates, sandy
conglomerates, fine-grained sands and silts with variable thicknesses
between 1 and 4 m are exceptionally well exposed along a ~10 m high W-E
striking wall. The unconsolidated sediments are cut by numerous roughly N-
S striking high angle normal faults, offsetting, dragging and tilting the

sedimentary layering.

In order to obtain information about the third dimension of the
mapped fault structures, a network of sections parallel to the outcrop wall
and perpendicular to the faults was investigated with GPR applying centre

frequencies ranging from 40 MHz to 80 MHz.

A three-dimensional fault model was constructed from the results of
fault mapping and from georeferenced two-dimensional radargrams using
the structural modelling software Gocad. Structural and lithological
observations from the quarry walls provided crucial information for the
interpretation of the radargrams. Combining the fault and horizon mapping
from the individual GPR profiles with the information from the adjacent
outcrop, triangulated fault planes and sedimentary horizons were generated

in the structural model.
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2.1 Introduction

The investigation of fault surfaces through geological fieldwork is a
common approach to constrain kinematics, timing and structures related to
crustal tectonic processes. In many cases, investigated geological structures
are only partially exposed, restricting geoscientists to compile a geological
interpretation based on measurements and observations of the accessible
part of a geological structure. In order to achieve a more complete picture of
the structures in the subsurface, geophysical methods represent an essential
addition to field geological studies. One of the geophysical tools to analyze
shallow subsurface geology, Ground Penetrating Radar (GPR), has been
applied from sedimentary geology (e.g. Ekes and Hickin, 2001) , through
application in boreholes (e.g. Serzu et al., 2004) up to the non-geological

detection of buried mines or illegal waste (e.g. Daniels, 2004).

In recent years, GPR is widely used to study near-surface sediments
and more recently in near-surface structural geology. Ground Penetrating
Radar (GPR) surveys have been largely concentrated on unraveling of
various shallow sedimentary patterns. Beginning with the work of Ulriksen,
1982, the GPR technique has been applied in a large number of case studies
to image sedimentary structures, the architecture in the shallow subsurface.
Gradual entrance in field of structural geology was promoted by Meschede et
al., 1997 whereby use of 2D GPR unraveled rollover structures associated
with faults in a Middle Triassic limestone of SW Germany. In other studies,
2D radargramms visualized e.g. the hanging wall of active faults in the Betic
Cordillera applying high-resolution frequencies (Reiss et al., 2003), or the
delta facies and sedimentary architecture of Cypress Creek, West Vancouver
(Roberts et al., 2003). To infer the active Markgrafneusiedl Fault in

Pleistocene deposits and to correlate the structures with the deeper fault
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levels of the Vienna Basin, 2D GPR profiling was applied using the 40 and
500MHz frequency (Chwatal et al., 2005).

The faults investigated in this study crosscut a Miocene, poorly
consolidated succession of gravel and sand. In order to extend the
information from the exposed section and characterize the spatial
distribution of the faults in 3D, we conducted measurements with Multiple
Low Frequency (MLF) 40MHz and 80MHz GPR antennae in the area adjacent
to the outcrop wall. In addition to closely spaced (0.5m) 40 MHz sections
perpendicular to the strike of the faults, several 80 MHz sections were
recorded. The GPR coulisse sections that are perpendicular to the fault strike
demonstrate the utility of GPR data and surface mapping for investigation of
shallow structures (extension of fault traces). On the other hand, the results
of GPR application in unconsolidated near-surface material revealed the high
sensitivity of this geophysical method in respect to particular sediment and

humidity conditions.

2.2 Regional setting, lithology and geometry of structural
features of the investigated area

The Vienna Basin is a pull-apart basin that developed during the
Oligocene/Miocene extrusion of the Eastern Alps towards the Pannonian
region in the E along sinistral, NE-SW trending strike slip faults and roughly
N-S trending normal faults. Part of this regional geodynamic setting is
recorded in extensional tectonics in unconsolidated sediments of the
Neogene Eisenstadt-Sopron Basin, a sub-basin of the Vienna Basin (Fig 2-1).
Along a W-E striking wall in a gravel pit 5 km SSE of St. Margarethen,
Burgenland, Austria, several generations of conjugate sets of W and
predominantly E-dipping normal faults are exposed in unconsolidated
sediments. In the 1:50 000 geological map of the area (REF!), a major fault
separating Badenian marls in the E from Sarmatian delta sediments in the W

is indicated (Fig. 2-2).
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B Cratalling of Inner Al
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Fannonian and Pleisiocens
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Samatian

Fig 2-1. Position of the researched area (black rectangle) (modified after, Hofmann, T (ed.),
2007)

Sediments in the W of the fault were deposited during the Middle
Miocene (Sarmatian and Pannonian age) and are successions of deltaic
gravels with intercalations of shallow marine calcareous sands (Fig 2-3)
(Sauer et al., 1992). Although the major fault surface is poorly exposed, the
Sarmatian layers in the hanging wall are accessible for detailed structural
analysis. The length of the faults ranges from several decimeters to several
tens of meters, (and most faults record a marked displacement gradient.

39



Deformation around basin scale normal faults

Measured offset of marker layers along exposed faults ranges from
centimeters up to several meters. Because there is a marked difference in
the compositions of the layered sequences (e.g. well-sorted conglomerate
consisting of coarse-grained pebbles alternating with fine-grained carbonate
rich sands), the markers are easily identified on the hanging wall and

footwall side of the faults.

Héherar Terrassaenachotter  Pleistocene

Earyl, Sandstein Panonntan

Schotier Sarmatian

Ltk Badenian

Fussar Schottar und Sand  Karpathian

Fig 2-2. Digital Elevation Model of Geological map of Austria, sheet Rust, 1:50000 (Herman et
al,, 1991)
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Fig 2-3. W-E striking outcrop wall in the gravel pit 5 km SSE of St. Margarethen, Burgenland.
Photo looking towards N. The darker layer in the middle of the wall consists of coarse grained

pebbles, which has been offset by numerous extensional faults mainly dipping towards W.

2.3 Ground Penetrating Radar (GPR) measurements

In order to extend the information of the two-dimensional exposure in
the St. Margarethen gravel pit in the third dimension with the aim to
construct a three-dimensional structural model, ground-penetrating radar
measurements were carried out in numerous sections parallel and
perpendicular to the outcrop wall using different transmitter antennas of 40
& 80MHz (Reiss et al., 2003; Sauer., 2004).

The GPR device consists of a plastic frame allowing the switch of
antennas represented as four metal pistons. Between the unshielded
antennas, the electromagnetic wave records measurements at the half
distance between them. The distance along the recorded sections was
measured with a tape, and as the instrument is not in direct contact with the

ground marks must be made at regular intervals.

The optimal depth for geological subsurface interpretation with the 40
MHz GPR unshielded antenna is at 15-20 m, although the maximal recording
depth of the device is down to 30 m, in comparison to only 9 m for a 80 MHz
antenna.. The quality of the radargrams is mostly dependant on the noise
level and the strata reflection energy. Another very important factor, which

causes a high noise level, is a rugged topography, as the wobbling of the
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antenna causes interference in subsurface reflections recording patterns. In
order to locate the sections as accurate as possible, the geographical
positions were recorded with a differential GPS device (Trimble GeoXH, with

a horizontal accuracy of ca. 0.25 m).

The recorded radargrams were processed in Reflex (Sandmeier
Scientific Software), which is software for seismic reflection/refraction and
GPR processing and interpretation (see Chapter 2.1.3) for the 40MHz
radargram processing steps). The processed radargrams were georeferenced
using the recorded DGPS data in the three-dimensional visualization

software Gocad (Earth Decision).

2.3.1 Processing steps of the 40 and 80 MHz GPR radagrams

The GPR sections were collected in a step mode with the MLF 40 and
80 MHz system. The data were sampled with a step size of 0.5m and 2.40m
antennae spacing, marking every meter of along each section. The system
includes operator with back-pack (console, portable computer and 12V

battery) or remote cable extension.

Recorded radargram coulisse sections of a 40 and 80MHz data were
processed in Reflex (Sandmeier Scientific Software), which is specialized
software for seismic reflection/refraction and GPR data processing and
interpretation. Used velocity (distance/travel time) for electromagnetic (EM)
wave in this case was 0.12 m/ns, which is the speed of EM waves through
dry sand (Baker et al., 2007). The processing steps in Reflex software used

for the 40 MHz frequencies data are following:

e geometry corrections in Trace Interpolation/Resorting option

(section length),

e 2D filter within Background removal applied to smooth each traces
with one radargram section, bandpass frequencies 10-15-60-80,

and
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e 2D filter applied by average xy-Filter for 3 traces and 3 samples.

Similarly, 80 MHz radargrams have almost the same processing steps:

e geometry corrections in Trace Interpolation/Resorting option

(section length),

e 2D filter within Background removal applied to smooth each traces
with one radargram section, bandpass frequencies 40-60-110-150,

and

e 2D filter applied by average xy-Filter for 3 traces and 3 samples.

2.4 Structural 3D model in Gocad

In order to interpret the sections and to construct a structural model,
the two different frequencies the 40 MHz and 80 MHz radargrams, were

compiled in Gocad.

The processed radargrams were imported into Gocad and converted
from time to depth to attain a correct representation of the subsurface
geometries. Mapping of distinct structural features was performed on each
radargram. Reflectors which display a fairly continuous, rather flat pattern
which is traceable over a certain distance was identified as sedimentary
layering (Fig. 2-4). In contrast, fault surfaces cannot be directly identified in
the GPR sections, but need to be inferred from the disruption of sedimentary
layers. In this way, several sedimentary horizons and fault surfaces were

mapped and compiled to 3D planes from several sections.

2.5 Results and Discussion

At the investigated outcrop, normal faults occur either as isolated

segments, or as sets of high-angle faults dipping in the same direction, or
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finally as conjugate fault sets. Displacement magnitude (from centimeters
up to several meters) varies significantly between the different fault sets,
but also along the individual fault traces. In the outcrop, these faults of
confined length are associated with reverse drag of the adjacent
sedimentary layers. As a result of the displacement gradient from the center
towards the fault tips, and the close spacing of the individual faults, the

layering is rotated between the faults (Exner and Grasemann, 2010).

A difference in the radargrams of the 40 and 80 MHz GPR frequencies
is evident in Fig 2-4, as 40 MHz provide deeper but low-resolution
radargrams and 80 MHz are shallow but high-resolution sections (Fig 2-4).
The 80 MHz sections display some strata information about shallow
distribution of layering (Fig 2-4, right), but larger faults unfortunately are
not depicted.

After the GPR radargrams were processed, two types of structural
features can be identified exclusively on the 40 MHz frequency: (i) partial
imaging of fault traces (faults in fig 2-5) and (ii) tilting of sedimentary layers
between these faults. In addition, the reflection of particular marker horizons
and their offset along faults with offsets larger than 10 m can be clearly
mapped from the radragram sections using line-based fault and horizon

picking techniques.
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Fig 2-4. 40 (left) and 8O0MHz (right) radargrams with marked (green ellipse) geological features

Importantly, a combination of frequencies provided satisfactory
resolution to exclude the hypothesis of a flat detachment directly below the

exposed normal fault set.

2.6 Conclusion

A three-dimensional, shallow subsurface structural model of
extensional faults in unconsolidated sediments was constructed applying
different techniques: (i) GPR recording of coulisse sections, (ii) DGPS
recording of the GPR sections, and (iii) field mapping of the outcrop. The
three-dimensional structural model provides basic information of structural
architecture behind the outcrop, recording no visible horizontal or
subhorizointal surface that might represent a flattened section of a listric
fault.
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Fig 2-5. 3D model of a fault system. The colored surfaces are faults mapped behind the outcrop
wall by using 40MHz GPR radargrams.
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Abstract

In a gravel pit at the eastern margin of the Eisenstadt-Sopron Basin, a
satellite of Vienna Basin (Austria), Neogene sediments are exposed in the
hanging wall of a major normal fault. The anticlinal structure and associated
conjugated secondary normal faults were previously interpreted as a rollover
anticline above a listric normal fault. The spatial orientation and distribution
of sedimentary horizons and crosscutting faults was mapped in detail on a
laser scan of the outcrop wall. Subsequently, in order to assess the 3D
distribution and geometry of this fault system, a series of parallel ground
penetrating radar (GPR) profiles were recorded behind the outcrop wall. Both
outcrop and GPR data were compiled in a 3D structural model, providing the
basis for a kinematic reconstruction of the fault plane using balanced cross
section techniques. However, the kinematic reconstruction results in a
geologically meaningless normal fault cutting down- and up-section.
Additionally, no evidence for a weak layer serving as ductile detachment
horizon (i.e. salt or clay horizon) can be identified in stratigraphic profiles.
Instead, the observed deflection of stratigraphic horizons may be caused by
a displacement gradient along a planar master fault, with a maximum
displacement in the fault center, decreasing towards the fault tips.
Accordingly, the observed deflection of markers in the hanging wall — and in
a nearby location in the footwall of the normal fault - is interpreted as large
scale fault drag along a planar fault that records a displacement gradient,

instead of a rollover anticline related to a listric fault.

Keywords: Listric fault, fault drag, ground penetrating radar, balanced

Ccross section
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3.1 Introduction

Listric faults or shovel shaped faults (Suess 1909) are defined as
curved normal faults in which the dip decreases with depth resulting in a
concave upwards shape (e.g. Bally 1983; Shelton 1984). Two features are
considered as characteristic of listric normal faults (Wernicke and Burchfiel
1982): (i) a steep upper part of the normal fault flattening downwards or
merging with a low-angle detachment; and (ii) the down-warping or reverse
drag (Hamblin 1965) of the hanging wall block forming a rollover anticline.
Investigations of the origin of this widespread phenomenon that is very
often used as a tool in hydrocarbon explorations (Tearpock and Bischke
2003 and references therein) are predominantly focused on the importance
of fault shape. Broadly, two kinematic groups of rollover systems appear
common: fault rollovers induced by extensional displacement along a listric
fault shape and expulsion rollovers developed because of salt withdrawal
(e.g. Ge et al. 1997; Krézsek et al. 2007; Brun and Mauduit 2008, 2009).
Kinematic and geometric balancing techniques of extensional rollover
anticlines provided reconstructions of the depth of an underlying detachment
horizon (Chamberlin 1910; Wernicke and Burchfiel 1982; Tearpock and
Bischke 2003). The understanding of the geometric evolution of listric fault
systems was significantly improved by employing scaled analogue models
(e.g. McClay 1990; McClay and Scott 1991; Xiao and Suppe 1992; Yamada
and McClay 2003; Dooley et al. 2003) and more recently numerical models
(Crook et al. 2006). Analogue models comprise a deformable hanging wall,
composed of unconsolidated sand that is extended over a rigid footwall block
(Yamada and McClay 2003). By employing rigid footwall blocks, the
geometry of the master fault is predefined by the footwall block shape and
remains fixed throughout the deformation history. However, some authors

suggested that footwall deformation or collapse could be important
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mechanisms during extension along listric faults (Gibson et al. 1989; Brun
and Mauduit 2008; Krézsek et al. 2007), which are inherently neglected in
analogue models or balancing techniques assuming a rigid footwall. Based
on mechanical arguments, the common assumption that a hanging wall
rollover anticline automatically implies a listric fault geometry (e.g. Shelton
1984; Yamada and McClay 2003) was questioned by several authors (e.g.
Barnett et al. 1987; Mauduit and Brun 1998; Grasemann et al. 2005; Brun
and Mauduit 2008). Alternatively, reverse drag of strata both in the hanging
wall and in the footwall may develop around a planar fault surface, where
the displacement decreases towards the fault tips (e.g. Barnett et al. 1987;
Gupta and Scholz 1998; Mansfield and Cartwright 2000).

In this study we investigate a normal fault system in a southeastern
satellite basin of the Vienna Basin (Austria), where tilting of sediments close
to the fault was previously interpreted as a rollover anticline associated with
a listric fault geometry (Decker and Peresson 1996). This paper focuses on
the exposed hanging wall of the normal fault, comprising (1) field mapping
supported by terrestrial laser scanning of the outcrop (2) GPR imaging of the
deformed sediments and (3) geometric reconstruction of the fault geometry
by coulisse cross section balancing. An integrated structural model is used to

discuss the plausibility of a listric normal fault.

3.2 Regional setting

The Vienna Basin, located between the Alpine- and the Carpathian
mountain belt, formed in the Miocene as a result of the lateral extrusion of
the Eastern Alps (Royden 1985; Ratschbacher et al. 1991). Mostly SW-NE
trending transtensive strike-slip and normal faults permitted the deposition
of up to 5000 m of marine to lacustrine sediments in the center of the basin
from the Carpathian fold belt and Pannonian basin (e.g. Fodor 1995). The
multi-staged tectonic evolution started with a piggyback basin in the Lower

Miocene positioned on the top of Alpine advancing thrust sheets (Wagreich,
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2000), followed by a pull-apart stage in the Middle to Upper Miocene. After a
Pannonian basin inversion phase, E-W extension lasted at least until the
Pleistocene (Decker 1996) and is probably still active (Chwatal et al. 2005;
Decker et al. 2005; Hinsch et al. 2005). The basin was extensively studied
for hydrocarbon exploration (Wessely 1988; Strauss et al. 2006).

In the southeast, the Vienna Basin is connected to the Eisenstadt-
Sopron Basin, which is a small satellite basin with 2000 m of sediment infill.
The economically less important and thus less explored basin is bordered by
normal faults (Fig. 3-1) and experienced its main subsidence phase in the
Badenian (Schmid et al. 2001). The eastern margin of the basin is defined
by the N-S trending Kéhida normal fault system (Fodor 1995).

/ /
£
f Pannoman

16°21° 16730 16°39° 16748°

N e » Oslip quarmy
=i aban - .
f Crystalline & Badenian
Pannonian iticl? || imvestigated area
sadiments Palenzoic rocks imashane al faul

Fig.3-1 Tectonic sketch map of the Eisenstadt-Sopron Basin (eastern Austria). The investigated
gravel pit is located on the eastern basin margin, 5 km south of the village St. Margarethen. A
normal fault (referred to as master fault in the text) juxtaposes Badenian silts and limestone in
the E with Sarmatian and Pannonian gravels and sands in the W (modified after Schmid et al.
2001)
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The investigated outcrop (Fig. 3-2) is situated at the eastern margin of
the Eisenstadt-Sopron basin, along a NNE -SSW striking normal fault, a part
of the Kohida fault system, displacing Badenian calcareous silt in the East
against a succession of Sarmatian and Pannonian gravels and calcareous
sands in the West (Harzhauser and Kowalke 2002). In the southern part of
the investigated area, both footwall and hanging wall sediments are covered
by Pleistocene gravels, which post-date the activity of the normal fault.
Approaching the fault plane, the hanging wall strata record an increase in
dip angle from West to East, which was interpreted as rollover anticline

associated with a listric normal fault by Decker and Peresson 1996.
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Fig. 3-2 Detailed map showing the investigated outcrop walls and GPR location in the gravel pit
and the surrounding geology. The master fault juxtaposes Badenian marls and limestones in the

E with Sarmatian and Pannonian gravels and sands

3.3 Data acquisition, processing and results
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The investigated outcrop is located inside a gravel pit situated ca. 5km
south of the village St. Margarethen, Burgenland, Austria (Fig. 3-1). A WNW-
dipping normal fault (referred to as master fault in the following text) was
mapped along the eastern margin of the pit (Decker and Peresson 1996).
While the footwall of the master fault consisting of Badenian sediments is
hardly exposed, the hanging wall comprising a sequence of middle Miocene
(Sarmatian and Pannonian) gravels, silts and sands (Harzhauser and
Kowalke 2002) can be studied in detail. The sedimentary beds are tilted up
to ca. 35° towards the master fault, forming an anticlinal structure in the

hanging wall of the master fault (Fig. 3-3a).

Fig. 3-3 Equal area projections, lower hemisphere.: a poles to bedding planes (29) and b poles
to fault planes (90), max. value: 16.2% at 311 / 62, contours at: 1.20 measured along the
northern wall.

Additionally, several smaller normal faults with variable length and
displacement, oriented subparallel and conjugate to the master fault,
crosscut the sedimentary beds (Fig. 3-4b). In order to generate a 3D
structural model and constrain the geometry and kinematics of the master
fault, the following methods were applied: (i) detailed structural
measurements of the sedimentary layers and the exposed faults, (ii)

terrestrial laser scanning to obtain a high-resolution digital surface model
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and georeferenced, rectified image of the outcrop wall, (iii) GPR survey
behind the scanned wall to image the unexposed 3D geometry of the
sedimentary beds and faults, and (iv) 2D section balancing to reconstruct
the geometry of the proposed listric normal fault at depth. Combining these
datasets, we generated a 3D structural model of the normal fault and the

deformed hanging wall sediments.

3.3.1 Structural data

The investigated outcrop is located at the northeastern margin of the
gravel pit, where a 10 m high and 30 m wide E-W oriented wall exposes the
Sarmatian-Pannonian succession in the hanging wall of the master fault (Fig.
3-2).

We identified five characteristic marker units (M1-M5 in Fig. 3-4b) in
the exposed section which were later used for correlation with horizons

mapped in the GPR data.

Along the outcrop, the dip of the planar sedimentary layers increases
gradually from W to E, with a dip towards the E of 8° in the W to a
maximum of 34° in the E. This anticlinal structure was earlier interpreted as
an expression of hanging wall collapse above a listric normal fault (Decker
and Peresson 1996). In detail, the increase of dip is not only related to a
gentle folding, but dip variations occur abruptly at secondary normal faults
oriented parallel and at a conjugate angle to the master fault (Fig. 3-4b).
Most of the observed faults are more accurately described as deformation
bands (Exner and Grasemann, 2010), restricted to the lower gravel in M2

and displacing the sedimentary layering only some few centimeters.
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Fig.3- 4 a Map view of the investigated site, depicting the position of the scanned outcrop wall
and the location of the GPR site; b Geological interpretation of the investigated wall, identifying
the marker horizons (M1-M5), faults (marked in yellow) and deformation bands (blue); c-f GPR
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sections N of and roughly parallel to the outcrop wall. Profile c is at ca. 6 m distance from the
wall, the distance between the individual profiles is between 0.5 and 1.5 m as indicated in Fig.
3-4a. Variations in reflection intensity are interpreted as marker horizons, i.e. variation in
lithological composition, most of which can be traced in all four sections. Subvertical offsets in
the GPR signal can be correlated with larger fault structures; the fault F1 is observed in all

sections, while the signals of F1 and F3 are lost further to the N.

These small faults record a displacement gradient from the center
towards the tips, which promotes the development of reverse drag in the
adjacent sedimentary layers (Hamblin 1965; Grasemann et al. 2005).
Propagation and rotation of some faults lead to vertical coalescence and the
generation of faults with larger offset up to a maximum of 4 m, crosscutting
the entire exposed section. As all of the observed long faults cut across
sedimentary horizons with a documented hiatus of several thousands of
years (Harzhauser and Kowalke 2002), and no increase in thickness of the
Sarmatian beds towards the master fault is documented, a synsedimentary

generation of these faults can be ruled out.

Borehole data from a groundwater exploration drilling, located inside
the gravel pit ca. 100 m SW of the outcrop wall (marked in Fig. 3-2), do not
provide any indication of a possible detachment horizon, i.e. salt or silt,
down to a depth of 20m below the exposed section. Instead, the succession

of Sarmatian gravels and sands continues without any notable disturbances.

3.3.2 Ground Penetrating Radar

Ground penetrating radar (GPR) is commonly employed for detecting
near surface geological features in sediments (e.g. Bristow and Jol 2003).
Furthermore, several recent studies document the applicability of this
method for the detection of faulted sedimentary horizons in the shallow
subsurface. Meschede et al. (1997) observed the tectonic surfaces and
rollover structures associated with faults in Middle Triassic limestone of SW

Germany along 2-D profiles. The hanging wall of active faults was visualized
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in the Betic Cordillera (Reiss et al. 2003) with high frequency antennas. To
infer the active Markgrafneusiedel Fault in shallow Pleistocene deposits and
to correlate it with the deeper fault levels of the Vienna Basin, 2-D GPR
profiling was applied using both low and high frequencies (Chwatal et al.
2005).

A dense network of parallel GPR profiles provides the opportunity to
image sedimentary horizons and faults in the prolongation along strike N of
the exposed section. The investigated site was a 20 m x 19 m sized area
(Fig. 3-4a). Though several antennae frequencies where applied and tested,
we restrict the interpretation to the best results obtained with a center
frequency of 40 MHz. The raw data are of moderate quality and gain
significance by a simple but effective signal processing (background
removal, bandpass filtering 15 to 80 MHz, weak smoothing). There is a low
signal to noise ratio (S/N ratio) in the raw recordings. The reason for this
remains unclear since disturbing surface features are absent and the soil
was rather dry. However, strong reverberations suggest the presence of
fluids. We interpret that although the extensive tree cover was recently

removed, the still existing roots contain a relatively high amount of water.

Forty-one 40 MHz GPR sections were collected along 20 m long, E-W
oriented lines with a relative spacing of 0.5 m. The sections are parallel to
the exposed wall and perpendicular to the N-S striking faults. Assuming a
propagation velocity of 0.12 m/ns (Bristow and Jol 2003), the signal
penetration depth is approximately 15 m. The processed GPR sections were
interpolated into a depth-converted cube such that sections with arbitrary
directions can be visualized. Since the topography is rather flat and even, no

topographic correction was applied.

Four representative GPR profiles striking parallel to the outcrop wall
(Fig. 3-4a) are presented in Fig. 3-4,c-f. The strong reflections, located
between 3 and 6 m below the surface, can be correlated with the M2 gravel

horizons identified in the outcrop section. Below, the marker horizons M4,
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M5 and M6 can be tentatively assigned to single high reflectors in the
individual sections. Most reflectors slightly dip towards the E, or show an
undulating geometry. Abrupt disturbances, representing a lack of energy in
an otherwise continuous reflection band, are interpreted as faults. Some
faults (e.g. F1) can be identified in several sections, thus providing
additional constraints on their strike direction (Fig. 3-4a). The 40 MHz
antenna did not depict smaller sized faults mapped in the outcrop, which
have less than 3 m in length and correspondingly only some centimeters or
decimeters of displacement. Finally, another strong reflector M6, which is
not exposed at the nearby outcrop wall, was recorded in most 40 MHz GPR
sections. This horizon, approximately 17 m below surface (and ~7 m below
the base of the exposed wall) conspicuously dips in the opposite direction to

the upper reflectors, i.e. 25° to the SW.

3.3.3 Laser scan and 3D model

We used a terrestrial laser scan (TLS) system (RIEGL LMS-Z420i),
consisting of a high-performance long-range 3D laser scanner and a
calibrated high-resolution digital camera mounted onto the scanner head, to
generate a digital surface model and a rectified image of the investigated
outcrop wall. The entire wall and the surroundings were scanned from a
single point, which was recorded using a Differential Global Positioning
System receiver (DGPS). The point-cloud of xyz-coordinates acquired by TLS
was imported into Gocad, a three-dimensional visualization software, and
the points corresponding to the outcrop wall were meshed to form a virtual
outcrop surface, onto which the rectified image was draped (McCaffrey et al.
2005). By integrating the measurements of the respective bedding and fault
planes, a 3D structural model of the outcrop data was generated (Fig. 3-5),
taking account of the exact location and orientation of the structural
features. To compare the structural measurements collected at the outcrop
wall with the GPR imaging results, we integrated both datasets into the 3D

model, providing the framework for the further structural interpretation.
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Apart from digitizing numerous faults along the outcrop wall, three
distinctive fault surfaces were additionally mapped in the GPR dataset.
Although the outcrop wall is located at a rather large distance (ca. 6 m) from
the closest GPR section, we were able to connect the fault traces from the
GPR sections with three of the larger faults in the outcrop and construct
strike and dip of the fault planes. Similarly, the well traceable marker
horizons M2 and M6 were connected to horizon surfaces in the structural
model (Fig 3-5).
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Fig. 3-5 3D structural model constructed from the rectified outcrop image draped on terrestrial
laser scan (TLS) data and the ground penetrating radar (GPR) cube (in the background). No
vertical exaggeration. The exposed fault and horizon surfaces are constructed in great detail,
accurately respecting the djp and dip direction of each element. Selected fault and horizon
surfaces mapped from GPR data are connected to the outcrop structures (e.g. F1).
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3.4 Depth to detachment construction assuming a listric fault
geometry

A great number of geometrical reconstructions of extensional faults
has been proposed and discussed by several authors (e.g. Davison 1986;
Williams and Vann 1987; White 1992; Yamada and McClay 2003). Most of
these models are based on the geometric relationships between the hanging
wall structures and the underlying detachment using vertical, oblique or
flexural slip restoration assuming either conservation of the area/bed-length
on a cross-section and/or constant slip along the fault (for a discussion of
models with area change and slip gradients see Wheeler 1987). All these
models have in common that sediments in the hanging wall above a rigid
fault surface with a listic geometry deform into a rollover anticline, while the
footwall remains undeformed (Tearpock and Bischke 2003 and references
therein). Comparing different reconstruction techniques with a positive
inversion analogue experiment, Yamada and McClay (2003) suggested that
the inclined simple shear model most accurately approximates the
restoration of the hanging wall deformation. This technique assumes that
deformation of the hanging wall occurs by simple shear along inclined slip
planes, which are either parallel to syn- or antithetic faults (White et al.
1986; Dula 1991). The shear angle of these faults is frequently estimated
using the Mohr-Coulomb Theory resulting in dip angles between 60°-70°
(Tearpock and Bischke 2003). In order to reconstruct the master fault
geometry from a hanging wall rollover anticline, the heave of a marker
horizon must be known. The bed thicknesses along the shear planes remain
fixed and therefore this technique always results in a hanging wall area-
balanced reconstruction. Practically, the marker horizon is divided into
domains of constant dip and the amount of displacement between the dip
domains is defined by the distance along the plane between the

reconstructed and the deformed geometry of the marker horizon.
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Being aware of the limitations of geometrical reconstructions, we used
the inclined simple shear model in order to reconstruct the depth of the
detachment, assuming that a rigid listric fault forced the deformation of the
marker horizon M3 of the northern and southern pit walls in St. Margarethen
(Fig. 3-2). The most sensitive parameter, which strongly influences the
location and the orientation of the detachment, is actually the spatial
position constrained by the widths and orientations of the dip-domains with
respect to the orientation of the fault plane containing the hanging wall
cutoff of the marker horizon. Therefore, the dip domains were constructed
as accurately as possible using the 3D structural model including the
exposed sections of M3 as well as its spatial orientation in the subsurface.
According to the mean of the measured fault planes in the hanging wall (Fig.
3-3b), the dip of the inclined shear planes is 72°. The fault plane containing
the hanging wall cut-off of the marker horizon M3 dips 60° towards WNW.
Our depth-to-detachment calculations of both the northern and southern pit
walls in St. Margarethen gave almost identical but geologically meaningless
results, because the constructed detachments do not flatten at depth but
have an U-shaped geometry (Fig. 3-6). The construction of the domain
closest to the observed master fault results in a plausible initial flattening of
the detachment segment in the next domain. However, the constructed
detachment segments of all other domains record continuous steepening
and dip in the opposite direction than the steep part of the exposed fault at
the surface (i.e. towards ESE) resulting in the geologically meaningless U-
shape fault geometry. We therefore conclude that the assumption of a rigid
listric fault plane for the normal fault in St. Margarethen might be incorrect

and other mechanisms were responsible for forming a hanging wall anticline.
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Fig. 3-6 Balanced cross sections, a north wall and b south wall, using a dip domain technique in
order to reconstruct the continuation of a listric fault at depth (Tearpock and Bischke, 2003).
We omitted a full-scale graphical reconstruction in order to avoid an abundance of auxiliary
lines. The input parameters into the models are (i) the spatial orientation of the marker bed M3
and (ii) the true dip of the master fault at the hanging wall cutoff level. Both reconstructed
sections do not result in a listric fault with a sub-horizontal detachment at depth but in

geologically meaningless structure.

3.5 Discussion

3.5.1 Listric versus planar fault geometry

Since both concepts of fault related deformation, i.e. a rollover
anticline above a listric fault as well as reverse drag in the hanging wall of a
planar fault, result in similar finite geometries, their respective applicability
to the studied outcrop is discussed in the following section. Importantly, this
study is restricted to mechanical models of anticlines related to normal
faults, and does not consider hanging wall anticlines occurring along inverted
normal faults related to a compressional reactivation with thrust kinematics
(e.g. McClay, 1995).
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Balancing techniques of listric faults are based on the concept of the
displacement of the hanging wall along a curved fault surface, separating the
deformable sedimentary pile in the hanging wall from an undeformable
footwall (Fig. 3-7a). In these models, the shape of the fault largely controls
the deformed geometry of the hanging wall. The success of the model of
listric faults is largely based on the highly intuitive results of sandbox models
(e.g. McClay 1990; McClay and Scott 1991), which result in geometries
directly comparable to interpreted extensional faults from seismic sections
(e.g. Bally 1983; Butler 2009). Since listric faults and associated hanging
wall anticlines are common targets for hydrocarbon exploration, the
balancing methods like the technique applied in this study have been widely
used in order to support seismic interpretations (e.g. Gibbs 1984; Williams
and Vann 1987). In order to increase the fit between observations and
models, humerous modifications of the model and the balancing technique
have been suggested (for a review see Tearpock and Bischke 2003; Yamada
and McClay 2003), some of which even imply deformation of the footwall
(e.g. Koyi and Skelton 2001; Imber et al. 2003; Krészek et al. 2007). Our
simple restoration of the extensional fault in St. Margarethen does not result
in a geologically plausible subhorizontal lower part of a listric fault. The
applied method is based on the assumptions of listric fault models but the
constructed results are geologically meaningless and therefore we conclude
that extension and hanging wall deformation were controlled by a different

mechanical process.

A completely different group of models explain rollover structures (Fig.
3-7b), also referred to as reverse drag (Hamblin 1965), by displacement
gradients along the fault (e.g. Barnett et al. 1987; Watterson et al. 1998).
These models account for the frequent observation that a fault of finite
length records lateral and vertical variations in displacement magnitude (e.qg.
Mansfield and Cartwright, 2000). Such a displacement gradient induces wall-
rock strains eventually leading to a bending, i.e. reverse drag, of markers at

a high angle to the fault plane (Grasemann et al. 2005).
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Fig. 3-7 Generalized cross sections comparing the two conceptual models. a Listric fault
model with constant displacement along a fault, which flattens at depth into a sub-horizontal
detachment. The hanging wall is deformed into a rollover anticline but there is no deformation
within the footwall. b Model of a planar fault of finite length recording a displacement gradient.
Fault movement induced perturbation strain which causes reverse drag in the hanging wall and
in the footwall. The exposed section in St. Margareten record nearly identical geometry that
characterizes the both models. ¢ Outcrop picture of the Oslip quarry (location marked in Fig. 3-
1) in a footwall position along the N-S trending fault system, exposing Badenian limestone and

sand layers dipping to the E with ca. 40°, which is interpreted as reverse drag and associated

deformation bands in the footwall of the normal fault.

The faults in these models are planar and not listric, and even slip
gradients along “anti-listric” faults may often result in reverse drag (Reches
and Eidelman 1995). If such a displacement gradient model is applied to the
studied outcrop in St. Margarethen, the reverse drag observed in the
hanging wall Sarmatian sediments may alternatively be explained by a slip
gradient along a planar master fault. The deformation in the Sarmatian
sediments is accommodated by secondary faults and deformation bands of
finite length, which themselves record a displacement gradient and

associated smaller scaled reverse drag (Exner and Grasemann 2010).
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Because the master fault exposed in the gravel pit of St. Margarethen
cannot be traced further to the S across the Austrian-Hungarian border,
where there is no evidence of extension in the Sarmatian/Pannonian
sediments, a slip gradient on the master faults is geologically highly
plausible. Displacement gradient as the primary mechanism for the drag in
the Sarmatian sediments is furthermore supported by the GPR data and the
integrated 3D structural model (Fig. 3-5), which show that the magnitude of
the drag of marker horizons is changing along the strike of the master fault.
Although the displacement gradient models predict fault drag in the hanging
and the footwall, the magnitude and sense is strongly dependent on the
exposed part of the fault and theoretically can juxtapose reverse drag in the
hanging wall with normal or no drag in the footwall (Barnett et al. 1987;
Grasemann et al. 2005). Unfortunately, the footwall in the quarry in St.
Margarethen is not exposed. However, in direct continuation along the strike
of the normal fault system to the N (Fig. 3-1, quarry Oslip), the Badenian
sediments in the footwall of the master fault are strongly deformed by the
formation of deformation bands and record a dip of 30° towards the W (Fig.
3-7c¢). We interpret that this tilt of the Badenian sediments below the master
fault represents the footwall reverse drag. Based on the regional geological
map, the dip variations of the Badenian sediments are clearly related to the

faulting and therefore favour models which predict footwall deformation.

3.5.2 Hydrocarbon traps

The occurrence of hydrocarbon-trapping listric fault systems has been
of great interest for oil and gas exploration around the world (e.g. Dula
1991; Nunns 1991; Withjack et al. 1995; Desheng 1996; Rowan et al. 1998;
Bhattaracharya and Davies 2001; Dutton et al. 2004). Rollover anticlines are
the least risky traps for petroleum depending on the juxtaposition of a shale
seal across the fault plane (Allen and Allen 2005). The fault plane itself may
or may not seal, allowing either lateral or vertical migration to higher

structural levels (Weber 1978). However, detailed subsurface mapping of
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listric faults frequently extends below the level of coherent seismic data
decreasing the reliability of interpretation. Furthermore, it has been shown
that flattening normal faults are disappearing in the seismic data with
increasing depth (“downwards dying growth faults”, e.g. Tearpock and
Bischke 2003). Consequently, refined balanced cross section techniques (see
recent review by Poblet and Bulnes, 2005), analogue (e.g. Vendeville and
Cobbold 1988; Gaullier et al. 1993; Mauduit and Brun 1998), and numerical
(Erickson et al. 2001 and references cited therein) models have been used in
order to aid seismic interpretations. Especially mechanical models
introducing interaction between a newly formed steep normal fault and a
pre-existing ductile low-angle detachment Ilayer, have increased the
knowledge about plausible rheological and geometrical settings for normal
faults, which flatten at depth. However, it is important to note that a large
number of models which introduce ductile layers are strictly speaking not
listric faults sensu strictu but can be better explained by a raft tectonic

model, which is based on mechanical instabilities (Mauduit et al. 1997).

Here we argue that planar faults recording a displacement gradient
may result in similar geometries as listric faults with rollover anticlines. This
model is especially attractive, where (i) the fault records a high-angle
relationship with the marker layers, (ii) the fault cuts rocks of similar
material behaviour in the hanging wall and in the footwall, (iii) the fault has
a finite length and records a displacement gradient and (iv) no ductile layer
(e.g. salt) is present at depth. An exceptional illustrative example has been
investigated by a detailed 3D seismic interpretation of extensional faults in
the Leona field in the Eastern Venezuela Basin (Porras et al. 2003). In this
interpretation, the major oil accumulations are confined to seals forming
normal and reverse drag folds along faults with displacement gradients.
Normal-drag folds form the largest traps, with extended reservoirs in the
footwall of master normal faults, whereas reverse-drag folds provide the

structural closure for trapping in the hanging wall.
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3.6 Conclusions

We created a 3D structural model of deformed Sarmatian and
Pannonian Sediments in the hanging wall of a normal fault bordering the
eastern margin of the Eisenstadt-Sopron Basin. Spatial field measurements
of faults and sedimentary layering, a terrestrial laser scan of an outcrop wall
and GPR data behind the outcrop wall were integrated into the structural
model. The dip of the sediments increases towards the west-dipping master
fault resembling a rollover structure above a listric normal fault. However,
balanced cross sections based on standard dip domain techniques used for
construction of listric faults do not result in geologically plausible structures.
Considering the absence of a ductile horizontal layer at depth and the fact
that the master fault terminates along strike towards the S, we argue that
the observed reverse drag in the sediments is related to a slip gradient along

a planar normal fault of finite length.
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4.1dentifying fault segments from 3D fault drag

analysis

This chapter is based on: Spahic D, Exner U., Grasemann B. Identifying fault segments from 3D

fault drag analysis. To be submitted to the Journal of Geophysical Research.
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Abstract

The influence of segmented fault growth in Miocene sediments of the
central Vienna Basin is demonstrated by a combination of three-dimensional
geometric and kinematic parameters. In detail, we investigate marker
horizons in the hanging wall and footwall of with the highly irregular
Markgrafneusiedl normal fault surface from 3D seismic data. In addition to
conventional fault analysis, e.g. orientation, displacement and curvature, we
focus our study on the occurrence of normal and reverse drag of marker
horizons, predominately in the hanging wall. By analyzing the relationship
between fault surface geometry and fault drag within the marker horizons
we are able to identify individual fault segments and constrain several
stages of progressive fault evolution. By a detailed analysis of fault drag,
fault segments may be detected which are not recorded by displacement
maxima or fault morphology in equivalent detail. In addition, tracking of
marker deflections geometries in the hanging wall facilitates the
identification or prediction of equivalent structures in the footwall, which are
obliterated in seismic data by the fault shadow, but may represent

unconventional hydrocarbon traps in the footwall of a normal fault.
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4.1 Introduction

The concept of fault growth by segment linkage is a common method
used to explain the processes of fault evolution on various scales. Processes
of segment linkage have been investigated from a micro and meso scale
(e.g. Childs et al., 1996; Kristensen et al., 2008) up to the regional
deformations (Peacock and Sanderson, 1991; Kelly et al., 1998; Gawthorpe
et al., 2003; Marchal et al., 2003; Walsh et al., 2003; Davis et al., 2005).
The segment linkage model assumes a progressive growth scheme, whereby
the properties of a mature fault surface are a product of cumulative
displacement increase due to the progressive enlargement and coalescence
of individual segments (e.g. Nicol et al., 1995; Peacock, 2002; Walsh et al.,
2002). Commonly, identification of fault segments is accomplished by
analysis of the displacement distribution on the fault, which is sometimes
combined with studies of fault morphology (e.g. Watterson, 1986; Barnett et
al., 1987; Walsh and Watterson, 1989; Cartwright et al, 1995; Contreras et
al., 2000; Kim and Sanderson, 2005; Marchal et al., 2003; Lohr et al,,
2008).

Displacement along an isolated elliptical fault typically shows a
decrease from the fault center to the tips (Walsh and Watterson, 1989). To
accommodate this displacement gradient along the fault, adjacent marker
layers show a deflection towards the fault commonly described as reverse
fault drag, compensating the discontinuous displacement along the fault by a
continuous displacement within the host rock (Barnett et al., 1987; Peacock
and Sanderson, 1991; Reches and Eidelman, 1995; Gupta and Scholz, 2000;
Grasemann et al., 2005). This conceptual model of the synchronous and
mechanically related development of a hanging wall anticline and a footwall
syncline adjacent to a normal fault is especially favorable in the case where

a connection to a low-angle detachment fault at depth is not evident.
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In this work, a high-resolution commercial 3D seismic dataset was
analyzed, providing excellent spatial imaging of a ~16km long segment of
the Markgrafneusiedl normal fault in the Vienna Basin, Austria. By detailed
mapping of the fault plane and associated syn-and anticlines in the adjacent
marker horizons a 3D structural model was created. From the depth-
converted geometrical model we analyzed the displacement distribution and
its relation to the observed fault drag. Thereby, we demonstrate that fault
drag is a valuable additional criterion to constrain the evolution of large

normal faults by the coalescence of initial segments.

4.2 Geological setting

The investigated area is located at the central part of Vienna basin (Fig
4-1a). This thin-skinned rhombohedral basin (Royden, 1985) covers 5000
km? and has been extensively studied for hydrocarbon exploration (Wessely,
1988; Hamilton et al., 2000; Strauss et al., 2006; Fuchs and Hamilton,
2006; Holzel et al., 2010) as well as for seismic activity (Decker, 2005;
Hinsch, et al., 2005a).

The Vienna basin is characterized by the three distinct stages of
evolution, whereby the investigated near-fault sequence belongs to the pull-
apart phase. The early basin formed in the lower Miocene (23 Ma) as a
result of the lateral escape of the Eastern Alps (Ratschbacher et al., 1991;
Peresson and Decker, 1997) along the Vienna Basin transfer fault whereby a
final foreland imbrication lasted up to the Karpathian stage (17 Ma)
(piggyback basin stage, Decker, 1996). The Early to Middle Miocene
stratigraphic cycle uncomfortably covered pre-Miocene Alpine-Carpathian

nappes whereby a successor left stepping en-échelon fault pattern was
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comprised of the NE-striking sinistral faults and NNE-striking normal faults.
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Figure 4-1. (a) Tectonic sketch map of the Vienna basin (modified after Strauss et al., 2006),
(b) Position of the 3D seismic block Seyzamdue (OMV) near the Markgrafneusied! fault that is
Investigated in this study, and the two deep exploration boreholes Markgrafneusied/ 004 and
Génserdorf Ubertief 003a. Fault heaves from the structural map of the pre-Neogene basement
(modiified after Kroll and Wessely, 1993).

The most prominent Salzach-Ennstal-Mariazell-Puchberg fault (Linzer
et al., 2002) and accompanying structures delimited extensional duplexes
(Decker, 1996). During this pull-apart stage of basin evolution, (Fodor,
1995; Decker, 1996) horizontal extension enabled rapid subsidence of up to
1500mm/Ma (Hdlzel et al., 2008), whereby normal faulting was induced by
lateral confinement of eastwards material removal (Peresson and Decker,
1997). Two depocenters were differentiated enabling sequence deposition
dating from the Badenian (~16 Ma) (e.g. Fodor, 1995) up to the Pannonian
age (8 Ma) (Hamilton et al., 2000).

The entire fault network (Fig 4-1b) of within Matzen-Schoénkirchen gas

and oil field (Brix and Schultz, 1993) located within Vienna Basin is almost
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entirely known from 2D and 3D seismic data (Sauer et al., 1992). The
central Vienna Basin normal faults are kinematically linked to strike-slip
systems, whereby tectonic activity between Lower Sarmatian (13 Ma) and
Lower Pannonian (~ 11,5 Ma) produced thick hanging wall growth strata
that accompanied slip along normal faults (Hinsch et al., 2005b). However,
in contrast to this general trend of sediment accumulation observed in
sedimentary piles along the normal faults in the most of Vienna Basin, the
investigated Markgrafneusiedl normal fault does not exhibit a prominent
difference in the adjacent sediment thickness (Fig 4-2). Only a minor
difference in a near-fault thickness of the hanging wall and footwall seismic
record is observed below the top horizon h5 (Middle Pannonian). Therefore,
this exclusively normal fault with no evidence of strike-slip movement
(Beidinger, 2009) can be characterized by a lack of a prominent rollover.
Instead of a large-scale rollover anticline, the near fault strata record
reverse and normal drag structures with rather small and strongly variable
amplitudes. This observation is supported by the lack of evidence for a listric
fault geometry or a connection to a low angle detachment horizon at depth
in the seismic dataset (Fig 4-2b). Alternatively, a relation of the observed
folds to a reactivation of the fault with thrust kinematics is not documented

by any structural evidence in this area.

Using a combination of the seismic and borehole data, the investigated
Miocene depositional sequence is subdivided in several chronostratigraphic
domains illustrated by different amplitude geometries recorded within the 3D
seismic block. The sedimentary cycle begins with the limnic-fluvial Aderklaa
Formation comprised of conglomerates, sandstones and interbedded pelites
deposited on the pre-Neogene basement. After a change in the tectonic
regime, sedimentation started discordantly during the Early Badenian with
the deposition of the transgressive Aderklaa Conglomerate Formation
representing a braided river system (Weissenback, 1996). In the central
Vienna Basin the Badenian succession is characterized by distal and proximal

deltaic clastics and carbonates (Strauss et al., 2006). After a period of sea-
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level drop dated at the Badenian/Sarmatian boundary, a renewed
transgression in Sarmatian resulted in the deposition of marls and clays
within the central areas of the basin. In the subsequent Early to Middle
Pannonian period another transgression covered most of the Sarmatian
succession (Harzhauser et al., 2004) with a clayey and sandy lacustrine
sequence. The Middle Pannonian Formation Top is the highest section of the
seismic dataset that is chronostratigraphicaly constrained and is represented

by a similar clastic sequence.

4.3 Seismic dataset and analytical methods

4.3.1 3D seismic data from the Vienna Basin

The database used for this study is a high-resolution 3D seismic
survey located at the central part of Vienna Basin (Fig 4-1). The time-
migrated 3D seismic reflection dataset covers ~64 km? with a recording time
of 4000 ms TWT (Two-Way-Traveltime; corresponding to about 7 km depth)

and has line spacing of 25m with ca. 30 m vertical resolution.

The seismic amplitudes provided satisfactory resolution of
morphological changes in map view, as well as in cross-sections enabling
high-resolution seismic images of the near-fault material (Fig 4-2). The
chronostratigraphic framework was constrained in an OMV in-house work by
calibration with numerous deep exploration boreholes. The five most
prominent, and continuously traceable seismic markers characterized by
distinctive high amplitudes were mapped in the 3D seismic cube, i.e. hl

(Lower Sarmatian), h2 (Lower Pannonian), h3 (Middle Pannonian), h4
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Figure 4-2. (a) The mapped horizon h3 (Middle Pannonian -20) within the 3D seismic block
Indicated as the rectangle at Figlb. Reverse drag of marker is clearly visible in hanging wall, but
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stratigraphic markers were seismically constrained throughout the entire 3D cube volume: h1
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(Lower Sarmatian), h2 (Lower Pannonian), h3 (Middle Pannonian -20), h4 (Middle Pannonian -
12) and h5 (Middle Pannonian -5).

(Middle Pannonian) and h5 (Middle Pannonian). As the resolution of the
seismic data and the quality of the markers decreases significantly with
depth (roughly below 1300 ms TWT), our investigation is focused on the
sedimentary pile deposited from the top Lower Sarmatian up to Middle

Pannonian period (Fig 4-2b).

The 3D interpretation and fault mapping was based on detailed picking
of the aforementioned horizons in numerous inlines, crosslines and
additional lines roughly perpendicular to the fault strike using the seismic
interpretation software Landmark (GeoGraphix). Subsequently, horizon and
fault surfaces were generated in Gocad (Paradigm)by triangulation from the
mapped datapoints using preferably equilateral triangles. The elements of
the resulting 3D structural model mapped in TWT were subsequently
converted to depth using a formula proposed by Hinsch et al. (2005b),
assuming an exponential increase of the seismic velocity with depth in the
Miocene sedimentary succession due to an increase in compaction with
depth.

4.3.2 Generation of a structural model

The final 3D model contains a section approximately from 230 m down
to 2800 m of Markgrafneusiedl normal fault. The model was constructed by
using the 3D seismic data and information from the boreholes indicated in
Fig. 4-1b. The quality seismic data provided a traceable fault plane almost
down to the basement rocks (Fig 4-2), but unfortunately, reflections in a
vicinity of the lower fault tip are below seismic resolution. The highly
irregular seismic amplitude pattern in this lower section of the 3D block,
having a poor visual traceability is extremely difficult to map accurately. In
contrast, the central fault region contains abundant continuous subhorizontal

seismic amplitudes that are excellently traceable as stratigraphic horizons.
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Therefore, the interpretation that is restricted to the central fault section was
bracketed the investigated fault area between 280m to 1350m (Fig 4-3a).
Using this fault section, we analyzed the displacement distribution between
four hanging wall and footwall horizons, h2 up to h5. Displacement near
marginal markers records a sudden decrease that is actually an artifact
induced by a lack of traceable horizons. Therefore, in order to avoid
erroneous interpretation we disregarded displacement values adjacent to the
hanging wall of a boundary horizon h1l, and above a footwall of the marker
h5.

In order to characterize the geometry of the fault surface and the
deformed horizons, we carefully analyzed five different attributes, i.e. fault
azimuth, fault dip, fault curvature, horizon dip and fault displacement within
the depth migrated structural model. For the visualization of the fault
topography, we calculated the Gaussian curvature (kg) across the entire
fault surface. The Gaussian curvature is the product of the minimum and
maximum curvature at a point. Cylindrical structures or flat planes have a
value of k=0, while saddles have ks<0 and domes or basins kg>0 (e.g.
Mynatt et al., 2007; Lisle and Tomil, 2007). Areas wih kg#0 represent
irregularities or corrugations in the fault surface probably associated with
older fault segments (e.g., Walsh et al., 1999; Mansfield and Cartwright,
2000; Marchal et al., 2003). Accordingly, areas with positive curvature are
convex to the hanging wall, and indicate areas of linkage, while areas with
negative curvature are concave to the hanging wall and represent former
segments (Lohr et al., 2008). In addition to fault curvature, dip and azimuth
are calculated from each of the equally sized, equilateral triangles of the

fault plane.

Once the fault morphology was constrained, the fault displacement
was calculated by using the five horizons listed above (hl to h5). The 3D
fault displacement mapping is constructed in Gocad by defining the upper

and lower boundary of the horizons (cutoff lines) and subsequent
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computation of a midline between the cutoff lines. Finally, the fault surface

is color-coded with the throw information based on the constructed midline.

4.4 Geometrical analysis of fault plane and marker horizons

4.4.1 Geometric features of the fault surface

Geometric features of the fault surface were analyzed to identify
heterogeneities, and were subsequently correlated with the distribution of
displacement along the fault surface, calculated from the five investigated
horizons. For these analyses, only the central section of the investigated
fault was considered, which shows the most prominent and thus best

interpretable geometrical variations (Fig 4-3a).
Fault azimuth and dip

The average azimuth of the investigated section of the fault lies
around 40-65° whereby areas displaying the dominating azimuth can be
summarized as Region 1 (Fig 4-3b). However, there are several areas with
deviating azimuth values oriented roughly parallel to the fault dip, which
separate these areas of homogeneously average azimuth values. These
localized deviations roughly correlate with the areas of highest dip values
>60° (Fig 4-3c). The area marked as Region 2 comprises two subparallel
zones of higher (to the SE) and lower (to the NW) azimuth than average,

and corresponding high and low dip angles.
Fault curvature

The values of Gaussian curvature are highly variable across the fault
surface (Fig. 4-3d). Zones with zero curvature are elongated roughly parallel
to the fault dip, and represent cylindrical corrugations along the fault plane.

These cylindrical areas are interrupted by zones of negative curvature, which
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are interpreted as former fault segments. The maximum negative curvature

values are located at former segment tips. The linkage zones between these
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Figure 4-3. (a) Oblique-frontal view to the 3D modeled surface of the investigated part of the
Markgrafneusied| fault, including the position of the section analyzed in detail in (b-f). Fault
attribute maps: (b) Dip direction (azimuth) map, (c) Dip map, (d) Gaussian curvature map,(e)
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Displacement map, (f) Cross plot of djp and displacement map. See the main text for a detailed

explanation.

initial segments are characterized by positive curvature values. Zones
comprising high dip are in good correlation with zones of negative Gaussian
curvature, i.e. the assumed fault segments. In contrast, a correlative
mixture of high and low dip angle sections characterizes the linkage zones or
areas of positive Gaussian curvature. Generally, all of these structural
features are aligned parallel to the fault dip, suggesting the evolution of the
fault plane from a train of small, vertically elongated fault segments, which
at a later stage linked to form a common fault plane. On a larger scale,
Region 2 is highlighted by azimuth, dip and curvature values deviating from
the mean values, and can thus be interpreted as a linkage zone between two
earlier, large but geometrically poorly detectable segments (i.e. the two
areas marked as Region 1 and separated by Region 2). Dip values ranging
around 40° and less (green and yellow areas delimited by a red line in Fig 4-
3c¢) distributed as a “belt of localized dip islands” seems to have a delimiting
role of the upper section of a Region 1. This observation is underpinned by
areas of low negative curvature (yellowish-green areas on the Fig 4-3d
parallel to section boundaries) and thus this irregular discrepancy can
represent a vertical contact of the two earlier poorly recognizable large

segments.
Fault displacement

Similar to the previously investigated geometrical attributes, the
displacement distribution contoured on the fault surface also gives an
irregular pattern (Fig. 4-3e). Zones lining the top and bottom of the
investigated fault section are artifacts, which result from the lack of
traceable horizons above and below these depths. The displacement
distribution map indicates two prominent areas of displacement maxima
(~400 m and 480 m), which are elongated roughly along the fault strike.

These zones are interrupted by several local minima with only 150 - 200 m
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of displacement, aligned as a string of elliptical contours at two distinct
depth levels. The transition between the maxima and the local minima are
marked by steep displacement gradients. Generally, the NE part of the
investigated fault section displays larger areas of high displacement, while
the SW part, especially in the upper half of the fault, shows by trend lower
displacement values. The transition between these zones occurs roughly at

the center of the investigated fault section.
Fault displacement-distance plots and relation to fault dip

The overlapped dip and displacement contour-attribute map (Fig 4-3f)
discloses the fact that the areas of steep displacement gradient (narrow area
between highest and lower displacement) are represented by slightly higher
dip values (>60°) than the displacement maxima itself. Generally, the dip
values of the investigated triangles range between 28 and 76° (Fig 4-4a),
displaying roughly a normal distribution with a mean around 51°. To analyze
the relation between dip and maximum displacement, we plot the extracted
dip values against the maximum displacement of the corresponding area.
The results indicate a correlation between fault dip and displacement (Fig 4-
4b), whereby fault sections of 30-40° dip correlate with a maximum
displacement of ~280 m, whereas the sections of 40-44° have significantly
higher maxima of 400 m. At last, sections with the steepest dip angles of
45-50° are characterized by maximum displacement values of up to 480 m.
A vertical displacement value is actually a 3D vector value measured
between two separated points at the intersection between of the marker in
the hanging wall and footwall. In both vertical displacement profiles,
displacement is measured exclusively along the investigated fault section
(indicated in Fig. 4-3a), and is not measured from the actual fault tips due

to the lack of reliable horizons.
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Figure 4-5. Displacement-distance plots (a, c¢) of two sections (A and B, marked in Fig. 3e)
recorded along the dip direction of the Markgrafneusied! fault, and the corresponding dip-
displacement profiles (b, d). The maximum displacement measured along both sections varies
between 200 and 425 m. The displacement maxima are separated by the several minima,
whereby a general increase in displacement downwards can be observed. Both in displacement
and in dip-distance diagrams, sections with a similar dip are marked. Changes in dip angles

commonly correlate with changes in displacement along the fault.

The profiles A and B exhibit three prominent maxima that are
separated by the two minima in Sections A and B, whereby a general
increase in displacement is observed downwards i.e. towards the deeper
fault sections (Fig 4-5a and 4-5c). The fault dip-distance plots (Fig 4-5b and
4-5d allow a distinction of vertical sections comprised of areas with a similar
dip, whereby sudden variations in dip angle point to the existence of a

segment boundary.

4.4.2 Geometric features of marker horizons

Variation of reverse and normal fault drag along dip and
strike of the fault

The 3D structural model reveals a complicated pattern of antiform-
synform folding (‘antiform-synform fold train’, Grasemann et al, 2003)

developed in both hanging wall and footwall domains (Fig 4-6a-e).

Within the hanging wall, the deepest reliable horizon h2 illustrates the
lowest structural section of the investigated fault part, approximately at the
center of the Markgrafneusiedl fault. In the 3D perspective view of the
horizon color-coded for depth, three distinctive features of relatively high-
amplitude-wavelength reverse drag structures - R1, R2 and R3 - are
developed (Fig 4-6b, yellow colored sections of the marker h2). Each reverse

drag structure is separated by a similar amplitude normal drag - N1, N2, N3

92



Deformation around basin scale normal faults

- whereby N3 has significantly larger amplitude (Fig 4-6b, light red colored
sections of the marker h2).
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Figure 4-6. (a) Obliqgue view on the 3D modeled reverse and normal drag developed within the
footwall and hanging wall of the Markgrafneusiedl fault. The sections of the 3D model

Hlustrated the different amplitudes reverse and normal drags distributed within the hanging wall
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tracked from a bottom towards a higher fault domain. (b) marker h2, (c) marker h3, (d) marker
h4, (e) marker h5. (f)-(h) Contact between the marker h3 and the fault, associating the fault
attributes (dip, curvature and displacement) with the fault drag geometry (g) additionally
displays the more gentle, large scale reverse and normal drag superposed onto the smaller
scale features . i) Dip of the marker horizon recorded along the fault strike varies between 0
and 27° (location of the profile marked in (h)), illustrating alternating reverse and normal drag

along the fault.

The fault drag amplitude is represented by the maximum curvature of
a particular fold measured from the zero Gaussian curvature contour (Fig 4-
6b-e, approximation of zero curvature represented in black lines). The
distribution of the fault drag structures with a different sense within the
footwall (Fig. 4-6a) is complementary with the hanging wall fault drag array,
however, unlike the high drag amplitudes recorded within the hanging wall,
the footwall amplitudes are significantly lower but still are visible and
mathematically measurable. For example the footwall normal drag N1’ (Fig
4-6a) juxtaposed to N1 with 24m of amplitude has only a magnitude of ~6
m. Difference in fault drag volumes can be explained by several reasons (for
a detailed explanation see chapter 5.4.). In order to illustrate the
relationship between fault segments and fault drag, omitting uncertain
footwall drag amplitude discussion, we confined the investigation on the
well-developed drag structures in the hanging wall. In contrast to the
previously described three prominent reverse drags (R1, R2 and R3), the
most prominent feature is a large-scale normal drag (N3), which is
developed in all of the four investigated horizons (Fig. 4-6b-e). Large normal
drag is associated to the adjacent Region 2 of the fault surface. This high-
amplitude, downwards deflected hanging wall feature clearly separates the
central region of all markers from the surrounding large positively upwards-

deflected host rock material (Fig 4-6b, ‘generalized drag geometry’).

In the next investigated horizon h3, ca. 100 m above h2, the
magnitude of the locally developed reverse drags R1, R2 and R3 slightly

decreases (Fig 4-6¢). The two reverse drag features R2 and R3 that are
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developed near the large-scale normal drag N3 are coalesced, and are here
represented by a single reverse drag (R2+3). A decrease in amplitude,
including a modification of the drag sense and coalescence of the two
neighboring drag features (R2 and R3) are in accordance with the local

distribution of displacement along the fault plane.

In the upper fault sections (horizon h4, Fig 4-6d), the amplitude of
reverse drag including the amplitude of large-scale normal drag record a
general decrease. The reverse drag features accommodated across the
Region 1 dominate the horizon geometry in comparison to normal drag,
whereby the large central marker depression (N3) also records a volume
drop. R1 and R2 form a single reverse drag structure (R1+2) with two local
maxima but with a negligible interruption by, compare to the distinct N1
feature observed in the horizons below and above. In contrast, N2 is well
developed between R3 and the R1+2 structures. A decrease of the h4
marker amplitudes is most likely associated with a decrease of the finite
displacement that is related to the proximity of fault tips (large upper

contact of Region 1, red line in Fig 4-3c).

A similar situation can be observed across the shallowest horizon h5
(Fig 4-6e), where the drag amplitude and the finite offset further decreases.
However, R1, N1, R2, N2, R3 and N3 can be still discriminated.

Correlation between fault drag and fault attributes

In order to examine the correlation between fault drag and other fault
attributes, we focus on the drag geometries of horizon h3 (Fig 4-6f, g and
h), analyzing the drag features from left to right along the fault. The R1
substructure is a well developed reverse drag antiform, which is related to a
negative Gaussian curvature (Fig 4-6f) as well as a local displacement
maximum of ~400 m (Fig. 4-6g) and moderate fault dip values (Fig. 4-6h).
In summary, these observations suggest that the location of R1 represents

an initial fault segment.
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The neighboring normal drag N1 is spatially restricted between the two
well-developed reverse drags, R1 and R2+3. N1 is developed around a field
of positive Gaussian curvature, suggesting a position at a local transfer or tip
zone. Additionally, both small displacement values, as well as high dip

values in this area contribute to this assumption.

The R2+3 represents the locally developed fault drag cluster
comprised of three distinguishable amplitude maxima (R2+3a ~ 42 m,
R2+3b ~ 21 m, R2+3c ~ 31 m). Along the fault plane, R2+3 is associated
with the vertical contact between zones of positive and negative curvature
(Fig 4-6f), moderate to high dip values (Fig. 4-6h). The position of R2+3a,
which shows the highest amplitude within this cluster of reverse drag, fits
perfectly to a high displacement field of ~400 m (Fig 4-6g) The decrease in
drag amplitude of R2+3b and R2+3c is related to a decrease in displacement
and a zone of negative curvature, probably indicating a later generation

relative to R2+3a ,and subsequent coalescence of the two segments.

Further to the right, the amplitude of R2+3 decreases, where
eventually the entire reverse drag cluster changes amplitude sign and
transits into the large single normal drag (N3). The occurrence of N3 is
related to the Region 2 where additionally the displacement maximum of the
investigated fault section is located (Fig. 4-6g). The displacement maxima
are accompanied by a large normal drag (instead of large reverse drag)
comprised of no substructures, we assume that the growth of the N3 is a
result of a single propagation event associated with this presumably overlap
zone (henceforth F3) between the fault tips of morphologically almost

undetectable two large segments (henceforth F1 and F2).

The 3D structural model illustrates the geometrical properties of fault
drag emphasizing a significant difference in amplitude between the R1, N1,
R2, N2 with respect to the N3. By quantifying amplitude variations, a link
between localized fault drag cluster represented by R1, N1, R2, N2 and the
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two larger reverse drag structures, separated by N3 (Fig 4-6b, ‘generalized

drag geometry’) can be constrained.

4.4.3 Interpretation of fault architecture

The quantification of fault drag across the horizons h2-h5 clearly
indentifies the initial fault segments, however using a fault morphological
analysis, the linkage of initial segments resulting in the formation of F1 and

F2 is rather unclear.

Linkage or overlap zones are characterized by a distinctive morphology
of branch domains (branch lines) (e.g. Walsh et al, 1999). These zones are
actually a result of progressive replacement of fault tips during development
of linkage zones. Kinematically, the overlapping fault zones can be
characterized by a steepening and positioning of the maximum slip that is
localized near or inside relay zones (e.g. Peacock and Sanderson, 1991;
Marshal et al., 2003).

Fault segment F3 which contains two displacement maxima (Fig. 4-3e)
is characterized by a distinctive morphology of overlapping zones (azimuth
map, Fig 4-3b) (e.g. Walsh et al, 1999). In addition to these two indicative
features of the F3, in the adjacent marker horizons a large normal drag (N3)
is developed. This discrepancy can be interpreted as a sign for a secondary
or late propagation between the two large faults (e.g Rykkelid and Fossen.,
2002) therefore suggesting that the Region 1 is actually divided on two
faults (F1 and F2). Confirmation of such spatial arrangement comes from the
fact that F1 and F2 already accumulated displacement and caused reverse
drag formation in the adjacent markers. Once a thoroughgoing fault surface
between F1 and F2 was established, the maximum displacement was
accumulated in this central area of the fault, but no reverse drag could be
generated due to a lack of displacement gradient. The observed N3 normal
drag geometry along F3 is thus interpreted as an inherited feature, which

formed at the lateral tips of the early F1 and F2 fault segments.
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4.5 Discussion

The structural model of the Markgrafneusiedl fault surface shows the
complex morphology of the fault surface and heterogeneous displacement
patterns of marker horizons (Fig 4-6). In the following, we want to discuss
how geometric parameters are related to mechanical linkage of fault
segments and derive a growth history of the Markgrafneusied! fault including
a prediction of the deformation in the footwall of the fault, which is usually

poorly constrained by 3D seismics.

4.5.1 Fault displacement and morphology as criterions for

segmented faults

The fundamental geometric values that can help to differentiate
models of formation of a fault zone or fault array are parameters that
identify individual fault segments that may link during fault growth (Walsh et
al., 2003). Displacement distribution of faults may help to identify
mechanically individual segments from segments that are mechanically hard
or soft linked (Fig 2 of Walsh et al., 2003). However, in highly complex large
fault zones where fault tips are not exposed in the investigated section,
simple displacement - distance analyses may result in rather ambiguous or
unclear results. The along-strike displacement - distance profile of the
Markgrafneusiedl fault segment (Fig 4-7b and 4-7c) records variations in

displacements that are not always directly related to fault segments.
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Figure 4-7. (a) Schematic map (top view) and (b) the Gaussian curvature 3D map of the fault
plane (obligue view), where two large, slightly overlapping fault segments (F1 and F2) are
connected by a relay fault (F3). The presumably older segments F1 and F2 show a reverse drag
of the adjacent markers on a large scale (see Fig.6cand 6g), while the relay fault F3 is related
to markers with a normal drag. (c) Correlation of the 3D displacement attribute map with the
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along strike throw-distance plot (d) Schematic sketch of the relay zone between F1 and F2
breached by the relay fault F3.

The most illustrative section of a displacement profile that might cause
an ambiguous interpretation is associated to the section near the F3, where
a low displacement zone (tip zone between two segments) should be
expected. Surprisingly, this section is characterized by the maximum finite
displacement because the inherited tips are connected by the relay fault F3
(Fig 4-7c and 4-7d). Therefore, the linkage and subsequent displacement
migration may cause an abrupt finite displacement increase. Such
asymmetric slip distributions and/or multiple slip maxima on normal faults
may be the result of linkage of individual fault segments or may reflect
mechanical interaction between intersecting faults (Peacock and Sanderson,
1996) that produce local perturbations of the stress field resolved on the
faults (Maerten et al., 1999). Numerical elastic models demonstrate that
multiple slip maxima forced by intersecting faults are not located along the
intersections, nor at the fault centers. Therefore, the use of displacement
distance plots alone are of limited practical use for the detection of fault

segments, especially around such complicated large faults.

In order to increase the limited information of slip distributions along
faults, other studies combined analysis of the 3D geometry of segmented
faults with displacement asymmetry measurements (e.g. Childs et al., 2003;
Lohr et al., 2008). Analyzing a synsedimentary fault, Childs et al., (2003)
constructed the varying throw contour patterns on the strike fault
projections demonstrating that the locations of fault maximum and minimum
fields indicated local growth directions. Lohr et al., (2008) combined 3D fault
morphology data with displacement distance graphs, suggesting that the
fault segmentation is reflected by triangular to half elliptical shaped real
displacement profiles superimposed to the 3D fault segmentation pattern. By
using true displacement in along slip normal movement the authors

demonstrated significant differences in a real displacement, vertical and
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horizontal displacements identifying the former fault segments. The authors
caution the use of throw values, which lead to a smoothing of the real
displacement curves. Displacement analyses along the Markgrafneusied|
fault demonstrate that results of both techniques, the displacement distance
profiles (Fig 4-7c¢) and the 3D vertical displacement distance plot (Fig 4-5)
exhibited a series of local displacement maxima and minima that are weakly

correlative with adjacent segment centers or linkage zones.

The mechanical linking of differently sized segments can result in a
significant change of the inherited displacement pattern (Zee and Urai,
2005) and therefore analysis of the plot or 3D displacement attribute map of
the Markgrafneusiedl fault provided no satisfactory evidences supporting
individual segment boundaries delineation, propagation and eventual
linkage. Another difficulty in determining the hierarchy of factors that affect
the progressive change in displacement is expressed as a constant
propagation of local segments that are active even after larger segments
being linked. This mechanical interaction is caused by release of large strains

in the regions of segments contact (Dawers and Anders, 1994).

Many studies designated fault morphology and fault displacement
profiles as techniques that provide either influenced (e.g. Peacock and
Sanderson, 1996; Nicol, 1996, Blirgmann, 1994) or incomplete and unclear
picture of the possible initial fault segments (Lohr et al., 2008). However,
since the segmentation and fault linkage clearly influences the displacement
pattern along the fault (Maerten et al., 1999; Walsh et al., 2002) and since
displacement gradients generates fault drag, quantification of fault drag may

help to detect linked fault segments.

4.5.2 Fault drag as a criterion to identify fault segments

As a result of a fault slip, heterogeneous stress and displacement fields
develop in the surrounding rock (Pollard and Segall, 1987). Elastic theory

predict and some natural faults demonstrate that the displacement field
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around an isolated fault is elliptical, reaching a maximum at the center of
the fault and dropping to zero at the fault tips (Rippon, 1985; Barnett et al.,
1987; Pollard and Segall, 1987; Walsh and Watterson, 1989). However, the
infinite displacement gradient at the fault tips may be significantly influenced
by changes in the frictional strength along a fault, spatial gradients in the
stress field, inelastic deformation near fault terminations and variations of
the elastic modulus of the host rock (Martel, 1997; Cowie and Shipton,
1998; Burgmann et al., 1999).

The wavelength and the amplitude of fault drag is mainly a function of
size, the finite displacement and the displacement gradient of the fault
(Grasemann et al., 2005). Larger amplitude drags are facilitated by constant
wavelengths (e.g. confined faults) during increasing fault slip (Fig. 4-8a).
During fault segment linkage, different wavelength and amplitude of fault
drag may be superposed on inherited smaller wavelength and amplitude
drag geometries (Fig. 4-8b and 4-8c). Even the sense of the drag (e.g.
normal drag) may be inherited in a linked larger structure (e.g. reverse
drag).

Fault drag has been described and analyzed in natural examples at
various scales, as well as in analogue and numerical models (e.g. Barnett et
al., 1987; Passchier, 2001; Exner et al, 2004; Coelho et al., 2005;
Grasemann et al., 2005; Wiesmayr and Grasemann, 2005; Resor, 2008 and
Spahic¢ et al., in press). The modeling results of drag around a single finite
fault plane predict different drag sense on a central marker line (reverse or
normal) as a function of the orientation of the marker line with the fault.

Importantly, the magnitude but also the sense of drag must change on
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Figure 4-8. Normalized fault (segment) length — fault drag amplitude diagram illustrating the
mechanism of progressive fault drag amplitude development (top view). Initially growth of
isolated non-restricted fault segment presented has symmetry in fault length and drag
amplitude (stage 1). Subsequently after segment tips being restricted, an amplitude increase is
likely to occur (stage 2 and 3). (b) Schematic growth model and coalescence of two different
laterally juxtaposed fault segments with the similar amplitudes. After segments have coalesced,
a relic of normal drag remained. (c) A schematic growth model of final large-scale fault surface
accompanied by the overall reverse fault drag that records a slight amplitude increase. The

overall drag geometry is disturbed by the continuous propagation of local segments.
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marker horizons, which do not meet the center of the fault, in order to
maintain strain compatibility (Grasemann et al., 2005). Consequently, a
smaller wavelength/amplitude drag may change its sense during fault
propagation and/or linkage because the relative position of the marker with

respect to the center of the fault has changed.

An excellent example of inherited drag is preserved in the horizons h2-
h5 along the Markgrafneusiedl fault (Fig. 4-6), where the association of
reverse and normal drag (anti- and synforms) may represent earlier

individual fault segments that finally linked by the fault segment F1.

The suggested growth history of the Markgrafneusiedl fault is not
intuitive from the displacement and morphology analysis of the fault alone
because of the heterogeneous displacement gradient superposition due to
fault linkage By including in our investigations the mapping of drag along the
marker horizons, we present in the following a suggested growth history for
the Markgrafneusiedl| fault (Fig 4-9).

4.5.3 Evolution of the Markgrafneusiedl fault

The investigated section of the Markgrafneusied| fault dating from the
Lower Sarmatian up to almost Middle Pannonian time evolved in three
distinctive growth phases. We assume that the Markgrafneusiedl fault
propagated progressively towards the today tip zones since the fault
dimensions and displacement values display a general decrease towards the

fault tips.

The nucleation of the discontinuity was most likely induced by the
activity of a precursor fault embedded in a pre-Neogene basement (see Krdll
and Wessely, 2000). Locally distributed and isolated fault planes of similar
size generated fault drag structures in the adjacent sedimentary horizons
(Fig 4-9a). A maximum age of the initial propagation phase is the Lower

Pannonian (~11 Ma), since the oldest fault drag is observed in the horizon
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segments produce reverse fault drag in the adjacent marker horizons; (b) propagation and
linkage of initial localized segments towards the larger fault segments F1 and F2 which are also
associated with a larger reverse drag (c) relay fault F3 breaches the overlap between the large
segments, and generates normal drag geometries in the adjacent marker horizons (d)
schematic cross-section illustrating the prediction technique of a not-displaced (1a and 1b) and
displaced reverse drag in a far fault deformation field (1a’). The technique of prediction is
described in text.

After the vertically elongated faults have linked (Fig 4-9b), the
successive deformation phase was characterized by a new enlarged, but still
separated displacement field associated to the newly generated larger fault
segments F1 and F2. The new resulting perturbation strain induced
mechanical interaction between two segment generation, resulting in a
localized mild obliteration of the inherited drag amplitude pattern unraveled
by the minor amplitude fluctuations within the R2+3. Finally, lateral
bifurcation of the fault tips of faults F1 and F2 ended in a linkage leaving a
single normal large drag (N3) that accompanies propagation of this overlap
(Fig. 4-9c). The volume of N3 records a progressive drop directed towards
the higher fault sections (from h2 towards h5), whereby significant decrease
is associated to Middle Pannonian, in a time between the markers h4 and h5.
Additionally, the h5 illustrated lowest or zero amplitude of N3, corroborating
suggestions that the linkage of F1 and F2 was before h5. This once
propagating relay zone evolved in a typical geometry that characterizes
relay faults (‘completely breached relay zones’ (Marchal et al., 2003, Fig.16-
6). After the relay zone was breached, the spatial restriction of the new fault
F3 disabled further lateral propagation, enabling accumulation of larger
strains (Ackermann et al., 2001). Thus, the largest finite displacement
values are associated to the today’s central fault section that is tapered

around the segment F3.

Including fault drag into the standard investigations of fault evolution,
a growth history of a Markgrafneusiedl fault zone has been suggested. In the

following, we use the same technique in order to predict the footwall
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geometry of the Markgrafneusiedl| fault, which is less well constrained by 3D

seismics than the horizons in the hanging wall.

4.5.4 Footwall geometry prediction

Deformation in the footwall is frequently observed in outcrops and
seismic data (Kasahara, 1981; McConnell et al., 1997; Mansfield and
Cartwright, 2000) but hanging wall deformation is much better constrained
in structural models of faults (Tearpock and Bishke, 2003) because of
following reasons. Firstly, displacements due to a drag effect in the footwall
can be less intensive than those in the hanging wall, especially when inclined
faults interact with the earth surface (Grasemann et al., 2005). However,
footwall deformation along near surface faults provides a strong evidence
that the fault has a displacement gradient (e.g. Spahi¢ et al., in press).
Secondly, the resolution of 3D seismic record near a fault plane may
frequently result in @ much higher resolution within a hanging wall (Tearpock
and Bischke, 2005) whereby a footwall record is often obscured or can have
poor seismic resolution (e.g. compare lower structural levels of the footwall
in Fig 4-2b). Furthermore, it has been shown that flattening normal faults
are disappearing in the seismic data with increasing depth (e.g. Tearpock
and Bischke, 2003). Listric fault models (e.g. McClay et al., 1990) have been
frequently used to define a structural model for hydrocarbon exploration
near large normal faults. Since many of these models are based upon the
assumption that the footwall below the fault surface behaves as a rigid body
(e.g. Yamada and McClay, 2003), the petroleum targets are mainly confined
to the hanging wall anticlines. In contrast to the listric model predictions,
against the commonly observed hanging wall reverse drag assets above a
finite normal fault, (e.g. Porras et al., 2002) an additional hydrocarbon
reservoir could be expected within footwall synclines. Unfortunately, as
described above, in contrast to hanging wall domains, very often

deformations along a footwall of large non-vertical normal faults that record
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a plane dip have deteriorated seismic resolution due to a reduced rate of

propagating seismic waves through a fault plane.

In order to predict the footwall drag shape and more importantly the
position of a contact with adjacent fault plane (cutoff), the two key factors,
hanging wall fault drag amplitude and the position of fault tips needs to be
constrained beforehand. Surprisingly, disarrangement between the footwall
and hanging wall amplitudes (e.g. Fig 4-6a) induced by an unequal fault slip
ratio has a minimized effect on prediction of the position of a footwall

reverse drag (see Fig 4-6a).

According to the elastic analytical solutions (Pollard and Segall, 1987)
both reverse and normal fault drag develops around planar fault segments
(Grasemann et al, 2005), whereby reverse drag refers to the markers that
are concave in the direction of a fault slip. (e.g. Fig. 4-9c, markers 1a, 1b
and 2). According to the model, the highest amplitudes of the hanging wall
reverse drag are associated to central fault sections. Taking this relationship
into account, the here exhibited footwall prediction technique is based upon
this central and near-central markers that are associated to the fault
sections characterized by highest displacement (Fig 4-9c and 4-9d markers
la and 1b). In order to facilitate a footwall prediction technique that can be
also applied in the case of a segmented fault, in further text will be regarded
complicated deformation pattern of after-segments linkage (Fig 4-9c, Stage
3). Since displacement gradually decreases away from the central fault
section towards the tips, causing contemporaneous reverse drag amplitude
decrease, eventually in the proximity of fault tips reverse drag abruptly
transits to a normal drag (Fig 4-9c, stage 3 thinner pale black lines). As a
consequence, the along slip fault drag amplitude migrates and changes drag
sense, hence variations in drag amplitude indicate the position of fault tips,
which might be very useful for discriminating inherited tips among linked

segments (Wiesmary and Grasemann, 2005).
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Once the position of fault tips is identified, another important issue is
the structural level of the footwall drag, i.e. determining if the marker
displays is an offset in the far field. If the investigated marker is not
displaced in a far fault field (e.g. markers 1a and 1b at Fig 4-9d), the
geometry of the assumed central marker in the hanging wall can simply be
mirrored in the footwall whereby according to the same elastic model of
Grasemann et al. (2005), the footwall geometry has exactly the same shape

as the hanging wall anticline.

However, very often a hanging wall marker is displaced in subsequent
deformation phase resulting in a downwards directed slip of the hanging wall
(e.g. marker h2, Fig 2b). Similarly, the prediction of displaced footwall
marker geometry can be achieved by mirroring of the hanging wall marker
(Fig 9d, marker 1a’) at the level of the corresponding chronostratigraphic
horizon in the footwall (1b in Fig 9d).

In summary, a detailed structural investigation of reverse and normal
drag in the hanging wall of a normal fault may not only identify hydrocarbon
traps in the hanging wall, but may be used to extrapolate footwall drag

geometries which commonly remain unexplored for hydrocarbon reservoirs.

4.6 Conclusions

The presented structural model mapped from a 3D seismic of the
Markgrafneusiedl natural fault in the Vienna basin focuses on near-fault
deformations of marker horizons in the hanging wall of the fault. Using this
additional information to conventional displacement distance plots and fault

morphology, we conclude:
(1) Fault drag is the near-fault feature that can occur at basin scale.

(2) Including fault drag into the established methods of fault analysis
(fault morphology and displacement) gives additional information on initial

segmentation and segment linkage during fault growth.
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(3) Fault segments and fault drag are scale-dependent, whereby large
segments consisted of linked local faults are accompanied by similar size
fault drag that is comprised of local drag substructures. Around propagating
fault tips, a normal drag may develop, however unlike drag around segment
centers, drag originating from a tip propagation contains no substructures.
Therefore, such fault drag hierarchy can promptly disclose parent and

overlapping fault segments.

(4) Investigation of fault drag allows prediction of the geometry and
position of footwall horizons, which may record only bad signal in 3D
seismics. Syncline geometry characterized for a footwall drag can expand

the hydrocarbon exploration on below-fault blurred seismic domains.

(5) The investigation results clearly warned that not always, an
intuitive, shuffle-shaped fault surface comprised of relatively mild dip values
necessarily leads towards the listric fault model, but requires more detailed

morphological, kinematical and near-fault deformation analyses.
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5.Synthesis: importance of fault drag criterion in
assessment of fault surface geometry and

segmented pattern
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5.1 General conclusions

The correct interpretation and recognition of faults and associated near
field deformations, i.e. fault drag, are fundamental for a comprehensive
reconstruction of the kinematics and history of fault propagation. Based on
balancing methods and 3D visualization of natural fault and fault drag
structures that are presented in this thesis, the importance of near fault
deformation around planar discontinuities is stressed out and several new

insights are obtained.

5.1.1 Significance of 3D structural modeling

The understanding of processes, which are linked to deformations in
the Earth's crust, various balancing techniques as well as scales analogue
models provide best visualization tools subsequently used for physical
models. Such structural quantifications need as many quantitative
constraints for the setup of appropriate models as possible. One major group
of important input data is the spatial geometry of geological surface and

subsurface structures.

Using 3D modeling, we spatially visualized the relation between two
different types of structures (e.g. Fig 6-1), which is very often only
detectable partially in cross sections (fault traces and profile of fault drag).
Furthermore 3D visualization is a proven tool to detect relations between
different data sets, which otherwise are hidden or unclear, e.g. fault traces
exposed on outcrop and 3D spatial visualization of same traces behind an

outcrop.

Data examples and resulting interpretations are discussed in the frame

of existing models of the Vienna Basin system focusing on some important

120



Deformation around basin scale normal faults

differences between the Miocene meso- and large-scale fault and near-fault

deformation systems.

Reverse and normal drag

section Horizon"h5 Horizon h1
(near Middle Pannonian) _ (Lower Sarmatian) v
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Fig.6-1. Obligue view of the depth migrated structural 3D model of the Markgrafneusied| fault

and near-fault markers.

5.1.2 Reverse fault drag and geometrical fault models

Using a set of visualization (GPR and 3D seismic), modeling and
balancing methods, the large deflections of initially planar markers around
two regional normal faults is investigated. Initially, the resulting balanced
solution implicated that large-scale reverse drag structure has been
developed around the final length normal fault (Chapter 3). The application
of combination of field mapping, GPR, and depth-to-detachment balancing

method revealed:

(1) NO LISTRIC OR DOWNWARDS FLATTENED FAULT SECTION OR
SMALLER-SCALE DETACHMENT IS OBSERVED ALONG THE FAULT EXPOSED
ON GRAVEL PIT NEAR ST. MARGAREHTEN; NEITHER IS A WEAK
DETACHMENT (E.G. CLAY OR SALT LAYER) IN A LOWER STRUCTURAL
LEVEL OF THE NORMAL FAULT DISOCVERD, RESULTING IN A DISMISSAL
OF BOTH A LISTRIC FAULT SENSU STRICTU OR A TECTONIC RAFT

SYSTEM.
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Subsequently the presented structural model mapped from a 3D
seismic block of the Markgrafneusiedl normal fault in the Vienna basin
(chapter 5) focuses on the deformation of marker horizons in the hanging
wall of the fault. Using this additional information to conventional

displacement distance plots and fault morphology, we conclude:

(2) THE INVESTIGATIONS OF DEFLECTED MARKER HORIZONS NEAR THE
IRREGULAR MARKGRAFNEUSIEDL FAULT SURFACE PROVE THAT FAULT
DRAG IS A FUNCTION OF A SINGLE PROPAGATING SEGMENTS AS WELL

AS FROM THEIR COALESCENCE AND SUBSEQUENT GROWTH

5.1.3 Fault drag as criterion to recognize fault segments

Investigation and identification of coalesced fault segments has been
commonly comprised of the displacement distribution analysis sometimes
combined with studies of fault morphology (e.g. Watterson, 1986; Barnett et
al., 1987; Walsh and Watterson, 1989; Cartwright et al, 1995; Contreras et
al., 2000; Kim and Sanderson, 2005; Marchal et al., 2003; Lohr et al.,
2008a). Although displacement analyses provide satisfactory results, very
often displacement-distance graphs exhibit ambiguous disturbed elliptical
shape (Nicol et al, 1996).

The basic principles of geometrical fault drag analysis discussed in
Chapter 4 assume that fault drag is a function of each active fault segment
induced by displacement asymmetry. Therefore, the argument of the
aforementioned study is that quantification studies of fault drag can be used
as an additional tool in recognition of fault segments and importantly for
reconstruction of the overall fault evolution. Consequently, the investigations
of a planar-segmented mature fault that records a displacement gradient
revealed that the evolution of each segment can induce a local different
scale-dependent development of fault drag in the adjacent marker horizons.
Deciphering different origin of propagating fault segments by using a

combination of fault morphology and drag amplitude studies, it was
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concluded that fault drag can help to distinguish parent from linkage or relay

faults.

5.1.4 Progressive evolution of segmented faults reconstructed by

fault drag amplitude criterion

The models that describe fault drag with segmented fault growth are
limited. The model of vertical segment propagation (Wiesmayr, 2005)
investigates the 2D distribution of fault drag around two finite length fault
segments. Reverse drag develops in the center of a fault segment whereby
normal drag is associated with segment tip zone. (Fig 4-10 in Wiesmayr,
2005).

Stage1: fault initiation (isolated faults)

a)

Stage3: post linkage -drag superposition
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Stage2: fault linkage (dip linkage)

Figure 6-2: 3-stage conceptual model based on flanking structure theory according to
Wiesmayr, 2005. a) Stage 1. Isolated flanking structures develop along planar fault segments,
fault tips remain stationary. b) Stage 2. Fault tips propagate and individual fault segments start
to link to form a segmented normal fault. c) Stage 3. Post-linkage fault displacement occurs

and forms fault drag superposition on shallow segments.

In chapter 5 the usefulness of the fault drag as a criterion to
characterize the evolution of segmented faults was analyzed. Linking the
study of drag magnitude, its evolution and role in segment linkage
emphasized the importance of this structural feature. The study has shown
how additional information can be gained from detailed structural mapping
of fault drag, which significantly extends the recognition of fault segments
from displacement-distance measurements and other geometrical

parameters of the fault surface.

5.2 Presented solutions and future outlook

5.2.1 Numerical modeling of propagating segments and

associated fault drag

Often natural examples of structural phenomena have been used to
confirm application and results of numerical analyses and theoretical results.
Despite the complex relationship between fault segmentation and fault drag
illustrated by the model of the Markgrafneusied| fault, numerically computed

fault drag behavior during segment linkage could indicate development of
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fault drag around local perturbations, depicting the mechanical behavior

during processes of segment propagation and subsequent linkage.

Analytical models of the instantaneous displacement field around an
isolated fault in an infinite elastic body predict that fault drag develops on
both sides of the fault (Grasemann et al., 2005). Theoretical displacement
field around a single dip-slip fault that reveal normal and reverse drag
develop due to a slip confirmed by the model predicting increase of drag
magnitudes toward the center of fault. Additionally, the angular relationship
between the fault surface and the adjacent layers is constrained, whereby
normal drag develops around low angle fault and reverse drag occurs around

a high angle fault.

Using constrains of the above analytical solution, numerical models
could capture fault drag amplitude development during fault propagation.
The investigation of perturbed fault-slip distributions with complex three-
dimensional geometries has been performed using the Boundary Element
Method (e.g. Maerten et al., 1999). The results could provide additional
constraints and confirm the proposed scenario of the development of the

segmented Markgrafneusiedl normal fault (Chapter 4).

5.2.2 Predicting possible weak zones near faults in hydrocarbon

reservoirs

Fractured reservoirs can be difficult to model and to exploit. The key to
a better understanding of sub-seismic structures lies in well data, but
commonly limited use is made of the vital data collected from core and
borehole images, even though these data provide the only direct information
about joints in hydrocarbon reservoirs. However, in the following the role of
fault drag in understanding of fracture distribution near hydrocarbon

reservoirs will be emphasized.

According to the inhomogeneous fault roughness, the rocks around the

fault should show an inhomogeneous strain field with high fracture
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concentration in areas of strong fault undulations or high curvature (Lohr et
al., 2008a). Here, analyzed zones of high curvature are actually different-
scale small segment centers accompanied by reverse fault drag. These zones
of high curvature are affected by higher deformation in the surrounding
horizons induced by larger displacement along the fault, and therefore
should be characterized by a higher fracture density in these horizons
adjacent to the fault. Thus, a large segmented fault surface can exhibit a
variable fracture density in the adjacent host rock along both fault strike and
fault depth. From fault plane and fault drag analysis on the here studied
scale, it might be possible to make qualitative predictions about fracture

density around the major fault.

However, the influence of fault drag on a much smaller scale, e.g.
below the seismic resolution down to a few meters or even well data scale is
rather unexplored. Investigations of fault drag might help to localize strongly
fractured zones not visible in seismic data (e.g. Lohr et al., 2008b), which is

important for analyses of fluid migration and for reservoir characterization.

The complexity of the segmentation of a near-fault reservoir can lead
to the development of discrete fault blocks resulting in the
compartmentalization of a reservoir (e.g Freeman et al, 1998; Myers et al,
1998; Harris et al., 2003). Such geometrical complexity can cause a
significant stress variation across the hydrocarbon reservoir (Yale, 2003;
Morris and Ferrill, 2009; Maerten et al, 2002), and therefore a segmented
surface might affect fault sealing properties due to the development of
fracture zones (e.g. Aydin, 2000). Consequently, sealing efficiency (Harris et
al, 1998), trap integrity, and compartmentalization could be initially
illustrated by using a fault drag geometrical study in addition to analysis of
the fault surface geometry. The concept could be based on a fault
segmentation pattern adjacent to a hydrocarbon reservoir, whereby the
most important step is the delineation of the areas of a radical change in
segment orientation that can often represent local deformation zones

characterized by intensive fracturing (e.g Barr, 1998; Tearpock and Bischke,
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2005; Aarland and Skjervena, 1998). These zones as a product of dominant
strain component accommodated by large faults (Lohr et al., 2008b)
additionally can be delineated by analyzing fault drag geometry. Using
intense changes in fault plane orientation frequently assigned as a transfer
or tip zone, which could be confirmed by the change from reverse to normal
drag along the fault plane, as shown on the example of the Markgrafneusied|
fault (Fig 6-3).

CTSE

-0.002 -0.001

_Markerh:i '.
:fuutwallj

Fig. 6-3. Obligue view on the 3D Markgrafneusied! fault surface. (a) Gaussian curvature map
exposing the fault undulations; (b) Combination of the same 3D fault undulations with 3D fault

drag can delineate potential weak zones (black arrow).

127



Deformation around basin scale normal faults

References

Aarland, R. K., Skjerven, J. 1998. Fault and fracture characteristics of
a major fault zone in the northern North Sea: analysis of 3D seismic and
oriented cores in the Brage Field. In: Coward, M. P., Databan, T. S. &
Johnson, H. (eds) Structural Geology in Reservoir Characterization.

Geological Society, London, Special Publications 127, 209-229.

Aydin, A. 2000. Fracture, faults, and hydrocarbon entrapment,

migration and flow. Marine and Petroleum Geology 17, 797-814.

Barnett, J. A. M., Mortimer, J., Rippon, J.H., Walsh, 1.J., Watterson, J.
. 1987. Displacement Geometry in the Volume Containing a Single Normal

Fault. American Association pf Petroleum Geologists B 71, 925-937.

Barr, D. 1998. Conductive faults and sealing fractures in the West Sole
gas fields, southern North Sea. In: Coward, M. P., Databan, T. S. & Johnson,
H. (eds) Structural Geology in Reservoir Characterization. Geological
Society, London, Special Publications 292, 431-451.

Cartwright, J. A., Trudgill, B.D, Mansfield C.S. 1995. Fault growth by
segments linkage: an explanation for scatter in maximum displacement and
trace lenth from the Canyonlands Grabens of SE Utah. Journal of Structural
Geology 17, 1319-13209.

Contreras, J., Anders, M.H., Scholz, C.H. 2000. Growth of a normal
fault system: observations from the Lake Malawi basin of the east African
rift. Journal of Structural Geology 22, 159-168.

Freeman, B., Yielding, D.T., Needham, D.T., Badley, M.E. 1998. Fault
seal prediction: the gouge ratio method In: Coward, M. P., Databan, T. S. &
Johnson, H. (eds) Structural Geology in Reservoir Characterization.

Geological Society, London, Special Publications 127, 209-229.

Grasemann, B., Martel, S., Passchier, C. 2005. Reverse and normal

drag along a fault. Journal of Structural Geology 27, 999-1010.
128



Deformation around basin scale normal faults

Harris, S. D., McAllister, E., Knipe, R.]., Oding, N.E. 2003. Predicting
the three-dimensional population characteristics of fault zones: a sudy using
stochastic models. Journal of Structural Geology 25, 1281-1299.

Kim, Y.-S., Sanderson, D.]J. 2005. The relationship between
displacement and length of faults: a review. Earth-Science Reviews 68, 317-
334.

Lohr, T., Krawczyk, C.M., Oncken, O., Tanner, D.C. 2008a. Evolution
of a fault surface from 3D attribute analysis and displacement

measuremants. Journal of Structural Geology 30, 690-700.

Lohr, T., Krawczyk C. M., Tanner, D., Samiee, R., Endres, H., Thierer,
P.O., Oncken, O., Trappe, H., Bachmann, R., Kukla, P. 2008b. Prediction of
subseismic faults and fractures: Integration of three-dimensional sismic
data, three-dimesnional retrodeformation, and well data on an example of
deformation around an inverted fault. AAPG Bulletin, V.92, 473-485.

Maeten, L., Gillespie, P., Pollard, D.D. 2002. Effects of locall stress
perturbation on secondary fault development. Journal of Structural Geology
24, 145-153.

Marchal, D., Guiraud, M., Rives, T. 2003. Geometric and morphologic
evolution of normal fault planes and traces from 2D to 4D. Journal of
Structural Geology 25, 135-158.

Myers, R. D., Allgood, A., Hjellbakk, A., Vrolijk, P., Breidis, N. 1998.
Testing fault transmissibility predictions in a strcuturally dominated
reservoir: Ringhorne field, Norway. In: Coward, M. P., Databan, T. S. &
Johnson, H. (eds) Structural Geology in Reservoir Characterization.

Geological Society, London, Special Publications 292, 271-294.

Nicol, A., Walsh, 1.]J., Watterson J., Breatn, P.G. 1995. Three-
dimensional geometry and growth of conjugate normal faults. Journal of
Structural Geology 17, 847-862.

129



Deformation around basin scale normal faults

Tearpock, D. J., Bischke, R.E. 2003 Applied Subsurface Geological
Mapping. pp 821.

Walsh, J. J., Watterson, ]J. 1989. Displacement gradients on fault
surfaces. Journal of Structural Geology 11, 307-316.

Yale, D. 2003. Fault and stress magnitude controls on variations in the
orientation of in situ stress. From: Ameen, M. (ed.) Fracture and In-Situ
Stress Characterization of Hydrocarbon Reservoirs. Geological. Society,
London, Special Publications 209, 55-64.

130



Deformation around basin scale normal faults

6.Appendix 1

CURRICULUM VITAE

131



CURRICULUM VITAE — DARKO SPAHI¢, STRUCTURAL GEOLOGIST (3D MODELER)

SUMMARY

A geologist with almost 10 years of multidisciplinary geological experience
collected in Algeria, Angola, Austria, Hungary, Italy, Libya, Serbia, Spain
and Tunisia. Proven in applied subsurface research - and direct operational
experience in both offshore & onshore operations: have conducted
geological mud logging/wellsite geology and rig monitoring for vertical and
horizontal wells. In general, along with a background in sequence
stratigraphy, 3D geomodeling, field engineering, petrophysics, and
expertise in structural geology, have relevant safety and petroleum
industry trainings, excellent technical and IT abilities. As a proven team
lead/player and innovative thinker, I have excellent communication abilities

and presentation skills, fluent in English, German, Russian, and Italian.

OBJECTIVE

TO WORK AS A CONSULTANT GEOLOGIST (STRUCTURAL GEOLOGIST/ 3D MODELER).

ACADEMIC QUALIFICATIONS

October 2007-
October 2010

PH.D. CANDIDATE in advanced structural geology, University of Vienna, Austria,
Department for Geodynamics and Sedimentology . Geozentrum,, Althanstrasse
14, 1090, Vienna, Austria.

M.Sc oR MAGISTER DIPLOMA in Tectonics/Structural Geology (hon.), University of

2001 - 2006 Belgrade, Faculty of Mining and Geology, Department of Dynamic
Geology/Tectonics. Djusina 7, 11000 Belgrade, Serbia.
GEOLOGICAL ENGINEERING DIPLOMA IN REGIONAL GEOLOGY (5 years). (hon.),

1993 - 1999 (equivalent to Diploma in Geology/Paleontology according to Bologna Program) -

University of Belgrade, Faculty of Mining and Geology, Department of Regional
Geology and Paleontology. Djusina 7, 11000 Belgrade, Serbia.

CAREER HISTORY

October 2007 -
October 2010:

RESEARCH AssoCIATE at the Department for Structural Geology and
Sedimentology, University of Vienna, Austria, engaged on Project: “"Modeling of
faults in various scales”.
http://geologie.univie.ac.at/structural-processes-group/current-
projects/natural-fault-geometries/

Sept 2004 to

ASSISTANT OF CHIEF OF GEOLOGICAL DEPARTMENT, Geological Survey of Serbia and
International Research Center, Tripoli, Libya. Surface mapping/exploration of

gggt;mber the Sirte Basin (Libya) contracted as Structural Geologist, Senior Mapping
) Geologist (Sheet Coeditor) and Arc GIS specialist.
Geoservices International, Paris, France. http://www.geoservices.com
GEOLOGICAL DATA ENGINEER - Angola: Cabinda deep off-shore, Semisub Sedneth
July 2002 to 701, client Chevron-Texaco, 12/2003 - 08/2004.

August 2004:

SENIOR LOGGING GEOLOGIST — Algeria, Hassi Messaoud, El Merk North....client
Groupment Berkine Anadarko, 11/2002-12/2003.
Logging Geologist - Italy on-shore: Villa d ' Agri, client Agip, 09/2002-11/2002.

June 2001 to
June 2002:

RESEARCH & TEACHING ASSISTANT, Faculty of Mining & Geology, Belgrade,
Department for Geological mapping. Structural geologist interpretation of 2-D
seismic sections (Drmno Project, southern Pannonian Basin, Serbia and Serbo-
Macedonian Unit); http://www.rgf.bg.ac.rs/




WORK SKILLS

STRUCTURAL &
PETROLEUM
GEOLOGY

WELLSITE
GEOLOGY

INFORMATION
TECHNOLOGY

BUSINESS

Structural Interpretation of 2D and 3D Seismic Datasets including
construction and 3D models fine- tuning;

Evolution of segmented mature faults - a 3D geometrical fault plane study
in order to understand fault evolution (recognition of segments, linkage
and overlap zones etc

Near-fault deformation as potential hydrocarbon reservoirs and their
significance in trap integrity assessments, sealing efficiency, and
compartmentalization risking predictions.

Structural validation - geometrical viability of fault planes in areas with
complex deformational styles;

Field structural mapping: basins and highly deformed terrains; cross-
section reconstruction and balancing;

Analyze & interpret geological & geophysical data;

Build & evaluate large and detail, complex computerized geological models
in Gocad & Petrel 3D modeling software;

Integrate seismic, core, engineering, petrophysical and drilling data into
geologic model;

Experience of well monitoring, real time geological logging, engineering
among the various geographical regions allowed me comprehensive and
self-confident Wellsite Geological work:

Had direct responsibility for, the effective management of the mud logging
unit, including personnel and equipment; assisted other well site
geological personnel and the drilling operation by monitoring and
recording drilling parameters, drilling fluid properties and pumping
parameters; provided primary well control surveillance by plotting
pressure trends; logging information on the rock formations being drilled
by describing geological cuttings and monitoring gas shows;

to analyze, evaluate and describe formations whilst drilling by using
cuttings, gas, FEMWD and wireline data; core chips description, pore
pressure analyses, picking casing and core points, wireline QA/QC,
recognizing unexpected significant drilling breaks, oil fluorescence
observations, knowledge of MWD tools such as gamma and resistivity
including the knowledge of spatial 3D modeling are valuable assets for
geosteering;

experience of HPHT, horizontal or directionally drilled wells including
standard vertical wells.

Geoscientific:

Landmark/GeoGraphix, Paradigm (Gocad), Petrel 2004 & 2009.2, Reflex,
Arc GIS, Tectonics FP, Surfer 8, Geogebra (2-D balancing);

General:

Operating systems: Windows NT/2000/XP, Windows Vista & Windows 7
(administrator level);

MS Word, Excel, basics of Access, Corel, Power Point AutoCAD, Adobe
Photoshop, Int. Explorer, Fine Reader, etc;

Cartographic expert (drafting): using Adobe Illustrator to draft files from
Arc GIS;

Familiar with databases and basic principles of objective oriented
programming (C++);

Experienced skills as a team leader and project coordinator; experienced
in working in multi-cultural, multi-ethnic teams; comfortable working as a
team player in a multi-disciplinary and fast-paced environment;
Self-starter, fast learner, motivated and dedicated professional with a
reputation for quality work and high standards;

Experience in making presentations, scientific papers & reports in a
comprehensive and concise manner;




LANGUAGES (POOR, MEDIUM, GOOD OR FLUENT)

LANGUAGE WRITTEN SPOKEN READ
1 English Fluent Fluent Fluent
2 German Good Fluent Fluent
3 Russian Medium Good Fluent
4 Italian Medium Good Fluent
6 Serbian-Croatian—-Bosnian Mother tongue

LIST OF SELECTED SCIENTIFIC PUBLICATIONS AND PRESENTATIONS

Spahi¢, D. Exner, U., Grasemann B. (submitted): Identifying fault segments from 3D fault drag analyis.
Journal of Geophysical Research.

Spahi¢, D. Exner, U., Grasemann B. (2010): 3D fault drag characterization: an import tool in a fault
description. Geophysical Research Abstracts, Vol. 12, EGU2010-0, 2010. EGU General Assembly 2010.
Spahi¢ D., Exner U., Behm M., Grasemann B., Haring A., Pretsch H. (accepted): Listric versus planar
normal fault geometry: an example from the Eisenstadt-Sopron Basin (E Austria). International Journal
of Earth Science.

Spahi¢ D., Exner U., Behm M., Grasemann B., Haring A., Pretsch H. (2010): Heterogeneous distribution
of the displacement gradient along normal fault system and possibilities of a model prediction, an
example from Eastern Austria (Burgenland). 15th Congress of the Geologists of Serbia. May 2010.
Belgrade.

Spahic, D. Exner, U., Behm, M., Grasemann, B. & Haring, A. (2009): Chatacterization of shallow
normal fault systems in unconsolidated sediments using 3-D ground penetrating radar (SE Vienna
Basin, Austria). Geophysical Research Abstracts, Vol. 11, EGU2009-0, 2009. EGU General Assembly
2009.

G. Timar, B. Székely, A. Zamolyi, G. Houseman, G. Stuart, B. Grasemann, E. Dombradi, A. Galsa, D.
Spahic, E. Draganits and the ELTE-Leeds-UniWien Workgroup Team (2009): Neotectonic implications
by geophysical surveys of topographic features by Airborne laser scanning in the Neusiedlersee/Ferto
area (Austria/Hungary). Geophysical Research Abstracts, Vol. 11, EGU2009-0, 2009. EGU General
Assembly 2009.

Spahic, D. Exner, U., Behm, M. & Grasemann, B. & Haring, A. (2008): Structural 3D modelling using
GPR in unconsolidated sediments. International Meeting of Young Researchers in Structural Geology
and Tectonics,. Vol.28.Trabajos de Geologia. Oviedo. Spain.

Vasi¢ N., K.A.Sherif, Spahi¢ D., Komarnicki S., et.al. (2007): Geological map of Libya in scale 1 :
250.000, sheet Dur At Talah. Geol.Inst.of Sebia, Belgrade & Int.Res.Cent., Tripoli, Libya.

Marovi¢ M., Spahi¢ D., Djokovi¢ 1., Tolji¢ M. Milivojevic¢ J. (2006): Extensional unroofing in the area of
the Veliki Jastrebac Dome. Annales Géologiques de la Peninsule Balkanique pour | anne 2007, 68 : 9-
20.

Marovi¢ M., Djokovi¢ I., Tolji¢ M. Milivojevi¢ J. Spahi¢ D. (2006): Paleogene - Lower Miocene
deformations of Bukulja - Vencac crystalline (Vardar Zone, Serbia). Annales Géologiques de la
Péninsule Balkanique pour | anne 2007. 68 : 21-27.

Award winner for the best Master Thesis Project in Geology - award
title “Milan Mili¢evi¢ geological engineer” Faculty of Mining & Geology,
Belgrade, 2006. http://www.rgf.bg.ac.yu/rgfNagrade.html

Award of International Research Grants winner — South East Europe
Geoscience Foundation, 2006; http://www.see-
geoscience.org/news.php AGU, EAGE Member.

Grants, Awards & Professional
Affiliations

E-mail Address E-mail: darko.spahic@univie.ac.at or darkogeo2002@hotmail.com




DARKO'S GEOWORLD
from 2000 to 2010

ah 20
;
i
i
Mareh .-"l
Atlant le
i
o Qiean
ATOREE
\PTHETIEIAL]

" |
___!rrall | fas

Nanjul i
e daspia

@ i7. Masoow

RLSSIA

1. Pannonian ki
Bagin & SHMM

e <" mgadish
Equatos e Klsnparl
T
[EM. REP, [T P ian
& Cohinda: DI Ocean iy
sots (uﬂ shore) :I N I
| et | i L S ru SEYCHELLES
p aalaam
II Soul J"I - fRRE | A e _:%I‘fnmnl v ilclrﬂ:hhru-
KLHa 3 - 2
|I Attantic | : ] et L) jbe ﬂ.‘.ﬂ‘..?é
| : 5 ; h...;."m moel s tilied
\ Feean B e | T : : (FRANCE
1 ; [ W o mm..d..;
L 1 i Tpya } *ﬁémhmlhp L':f'ﬂl
1 | A : n a1 Bl Fﬂ' m
= dawid
| TR Sl i R [ sorswana ST m;ﬂmf mnsmu ™1
E S =i | B 41 Rl _n"
| 1 i - | N~ i
| |I B | /
h | |
|II | | I|l
| |
L I| |
1 |
\ |I | !
i} |
X I| ! |
Scale 1:51,400,000 | f
L )
Adimrutial Eqal-Aren Frajection b ‘ Indian Ocean
0 B0 Kilarcizrn ek — _|I — — _II'_ 20
b 0 500 bk 1 I:' - -f'-____ o |
Bt hany' rogidenlatken |5 ll ) i
nal recesc iy watheritatvg i {
s b i il il





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


