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A B S T R A C T

The formation of deformation bands can signi cantly modify the strength and transport 

 

 

 

 

 

 

 

 properties of porous sedimentary rocks. Among the di erent 

 

 

 

 

 

 

 

 types offi ff

deformation bands, compaction bands exhibit porosity reduction with little to no shear displacement. Natural compaction bands have previously been reported and

studied in only a few areas. They often coexist with faults and other localized deformation structures. We mapped the geometrical relation between compaction

bands, shear bands and faults in Lower Cretaceous porous sandstone at Makhtesh Katan, Israel. To understand the e ect of pre-existing faults on the formation offf

compaction bands, we conducted deformation experiments on pre-faulted Bentheim sandstones. These experiments produced compaction bands consistently in-

tersect the pre-existing fault. To gain better mechanical understanding of the observed band geometry, we also carried out  

 

 

 

 

 

 

 

 three-dimensional (3D) 

 

 

 

 

 

 

 

 numerical

simulations with the input elastic moduli and yield strength well-constrained from the deformation experiments. We demonstrated that the formation  

 

 

 

 

 

 

 

 of deformation

bands is dictated by stress concentrations associated with the pre-existing fault. Frictional slip along the heterogeneous 

 

 

 

 

 

 

 

 fault plane can produce a local stress

concentration that would be responsible for further localized damage  

 

 

 

 

 

 

 

 and the development of deformation zones. When fault slip is restricted (a possible result of

high con nement), compaction bands initiate at high stress concentration sites resulting from geometrical irregularities of the fault. Finally, using a plane-strain two-fi

dimensional  

 

 

 

 

 

 

 

 (2D) linear-elastic model with the geometry of the faults mapped in the outcrop, we were able to provide a mechanical explanation of the distribution for

deformation bands observed at the Makhtesh Katan study area.

1. Introduction

Faults in porous sandstone commonly develop in several stages.

Initially, strain is accommodated by the formation of single deformation

bands, which are millimeters to centimeters thick tabular zones of de-

formation ( ; 

 

 

 

 

 

 

 

 ;Aydin, 1978 Aydin and Johnson, 1978 Aydin and Johnson,

1983 Weinberger et al., 1995 Weinberger et al., 2000 Katz et al.,; ; ;

2004 Schultz and Siddharthan, 2005 Aydin et 

 

 

 

 

 

 

 

 al., 

 

 

 

 

 

 

 

 2006 Fossen, 2010; ; ; 

 

 

 

 

 

 

 

 ).

Deformation bands commonly show a change in porosity, permeability

and average grain size in comparison to their host rock ( Fossen et al.,

2007). Deformation bands that show a decrease in porosity also tend to

be more cohesive than their surroundings, making them more resistant

to weathering ( ). In a more 

 

 

 

 

 

 

 

 advanced stage of faulting, aAydin, 1978

zone of 

 

 

 

 

 

 

 

 deformation bands is formed. It 

 

 

 

 

 

 

 

 consists of at 

 

 

 

 

 

 

 

 least two closely

spaced sub-parallel deformation bands 

 

 

 

 

 

 

 

 that can reach a width of up to

several decimeters ( ). 

 

 

 

 

 

 

 

 Finally, dense zones ofAydin and Johnson, 1978

deformation bands may develop one or more that are dis-slip surfaces

crete, locally planar surfaces of discontinuity. The slip surfaces may

accommodate 

 

 

 

 

 

 

 

 large amounts of displacement (meters and more). They

can often be distinguished by striations and grooves along the planar

discontinuity.

Deformation bands may be categorized using a kinematic-based

framework, which relates to the type of deformation constricted in

tabular zones ( ): (a) withAydin et al., 2006 volumetric deformation bands

no shear o set, including compaction (pore volume reduction) andff

dilation (pore volume increase) bands, and (b) , includingshear bands

simple shear bands isochoric shear bands compactional(also known as ),

shear bands dilational shear 

 

 

 

 

 

 

 

 bandsand , of which the latter two are shear

bands that underwent some volumetric change. Deformation bands,

and particularly compaction bands, often lead to considerable aniso-

tropic permeability reduction (e.g., ;Zhu et al., 2002, 2007 Vajdova

et al., 2004) and their formation has also been linked to borehole

breakouts ( ; ). Hence, better under-Haimson, 2007 Dresen et al., 2010

standing of the development of compaction bands has important im-

plications in fault 

 

 

 

 

 

 

 

 mechanics as well as oil and gas exploration.

Our understanding of the formation mechanisms of compaction

bands observed in the eld is incomplete. It is generally agreed thatfi

compaction bands form under moderate to high con ning pressuresfi
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( ; ; ). Although itWong et al., 2001 Fortin et al., 2006 Fossen et al., 2011

is known that compaction bands commonly form in porous  

 

 

 

 

 

 

 

 rocks

( ), high porosity does not assure the formation ofFossen et al., 2011

compaction bands ( ). Laboratory investigationsDeng 

 

 

 

 

 

 

 

 and Aydin, 2012

show that the formation of compaction bands is often dictated by

con ning pressures ( ; ;fi Wong et al., 2001 Fortin et al., 2006 Fossen et al.,

2011). In general, porous sandstones fail by shear bands or compac-

tional shear 

 

 

 

 

 

 

 

 bands at low con nements, and by di used cataclastic owfi ff fl

at high con nements (e.g., ).fi Lyakhovsky et al., 2015 Baud et al. 

 

 

 

 

 

 

 

 (2004)

demonstrated that compaction bands form at  

 

 

 

 

 

 

 

 intermediate con ne-fi

ments. There is a discrepancy between the stress required to generate

compaction bands in the lab, and the magnitude lower stress inferred

homogeneity of the outcrop etc., also play a role in compaction-band

formation.

In the eld, deformation bands are often juxtaposed with faults. Tofi

date, the relationship between pre-existing faults and the formation of

compaction bands is not well understood. The evolution of deformation

bands, i.e., the e ect of 

 

 

 

 

 

 

 

 existing deformation band's geometry, kine-ff

matics and physical properties on the development 

 

 

 

 

 

 

 

 of 

 

 

 

 

 

 

 

 new deformation

bands has yet to be systematically studied.

This study reports on the geometric relation between compaction

bands, shear bands and faults in Lower Cretaceous porous sandstone at

Makhtesh Katan, Israel. To understand the eld observations, we 

 

 

 

 

 

 

 

 con-fi

ducted deformation experiments and numerical 

 

 

 

 

 

 

 

 modeling 

 

 

 

 

 

 

 

 to investigate

Fig. 1. (a) Location map and the geologic setting of the study area after . Solid lines show the trends of the Syrian Arc anticline axes.Sneh and Weinberger (2014) ‘ ’

The study area is marked by a box. (b) Site 1 (30°57 01.4 N,35°12 02.5 E) - massive layers of the Hatira sandstone in Makhtesh Katan cross cut by six faults and 

 

 

 

 

 

 

 

 many′ ″ ′ ″

shear bands. A silt 

 

 

 

 

 

 

 

 layer with high content of clay  

 

 

 

 

 

 

 

 (marked in green) serves as a marker  

 

 

 

 

 

 

 

 and indicates the amount of throw along the fault. Blue box marks the area in

(c). (c) Close view of the deformation zone in between two faults (thick red lines) showing  

 

 

 

 

 

 

 

 shear bands (thin red lines) and a delicate mesh of a few mm thick and

several cm long compaction bands with wavy geometry (blue lines). Open fractures (orange lines) are  

 

 

 

 

 

 

 

 commonly oriented parallel to the faults and appear to be later

structures connected to the exposure and weathering of the  

 

 

 

 

 

 

 

 outcrop. Geologic hammer is 30 cm long. (For interpretation of the references to color in this gurefi

legend, the reader is referred to the web version of this article.)
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compaction bands in the lab, and the magnitude lower stress inferred
from the eld, which is not well understood. Other physical properties,fi

such as average grain size and grain size distribution,  

 

 

 

 

 

 

 

 grain shape,

ducted deformation experiments and numerical 

 

 

 

 

 

 

 

 modeling 

 

 

 

 

 

 

 

 to investigate
the e ect of pre-existing faults on the formation of compaction bands.ff

Our results 

 

 

 

 

 

 

 

 show that pre-existing faults can promote 

 

 

 

 

 

 

 

 compaction band

2

formation by generating local stress concentrations and provide new

mechanical understanding of the formation of 

 

 

 

 

 

 

 

 compaction bands asso-

ciated with faults. The di erence in the conditions governing compac-ff

tion localization has 

 

 

 

 

 

 

 

 important inference on the complexity of the de-

formation structure 

 

 

 

 

 

 

 

 of porous sandstones.

2. Field observations

Outcrops containing porous sandstone are studied at Makhtesh

Katan ( Small Crater , also known as Hazera Cirque), Israel. Makhtesh“ ”

Katan is an erosive crater located in the northeastern Negev ( a).Fig. 1

The main structural element in the study area is the Hazera anticline, a

NE-SW trending monocline with steep beds dipping up to 90 ° to the

southeast and moderate 

 

 

 

 

 

 

 

 beds dipping ~5 ° to the northwest. The

monocline is about 55 km long and between 8 and 15 km wide (Eran,

1982 Shamir and 

 

 

 

 

 

 

 

 Eyal, 1995; ). This structure is part of a series of 

 

 

 

 

 

 

 

 folds

composing the Syrian Arc fold belts ( ), which began to‘ ’ Krenkel, 1924

1995).

Several discontinuities of di erent scales are observed in the 

 

 

 

 

 

 

 

 studyff

area, the largest of 

 

 

 

 

 

 

 

 which 

 

 

 

 

 

 

 

 are faults that throw (> 130 m) the Hatira

Formation against the Jurassic Zohar Formation. On 

 

 

 

 

 

 

 

 a smaller scale,

there are numerous faults within the Hatira Formation, which accom-

modate displacements of several centimeters to several meters ( b).Fig. 1

Around these faults there 

 

 

 

 

 

 

 

 are numerous deformation bands of several

millimeters to several decimeters in thickness.

We present the results from three main outcrops. The rst outcropfi

shows at least six faults 

 

 

 

 

 

 

 

 composing a fan-shaped deformation zone

( b). Between two of these faults, we observe a set 

 

 

 

 

 

 

 

 of sub-parallelFig. 1

shear bands 

 

 

 

 

 

 

 

 and serval sets of meshes of short deformation bands that

have developed at an angle of between 45 °
− 70 ° to the adjacent faults

( c). The deformation bands composing these meshes are small,Fig. 1

approximately millimeters 

 

 

 

 

 

 

 

 thick and several centimeters long with a

wavy geometry. Thin sections made from this zone show a dramatic

decrease in porosity, from around 20% in the host rock to < 5% in

these deformation bands ( ). Due to their resemblance to theFig. 2

compaction bands observed in other settings (Mollema and Antonellini,

1996 Eichhubl et al., 2010 Fossen et 

 

 

 

 

 

 

 

 al., 2011; ; ) and produced in ex-

periments ( ; ), these bands wereFortin et al., 2006 Wong et al., 2001

given a eld characterization of compaction bands . Field relationsfi “ ”

suggest that the faults and most shear bands formed prior  

 

 

 

 

 

 

 

 to these

compaction bands, since 

 

 

 

 

 

 

 

 the compaction bands terminate against the

faults, yet do not seem to be displaced by them. It should be noted that

the shear bands may have still been active during the formation of the

compaction bands, and new ones may have still formed in other areas of

the shear zone. Some compaction bands are con ned between faultsfi

inside an eye-like structure (i.e., enclaved 

 

 

 

 

 

 

 

 zone between two shear“ ”

bands, marked by 

 

 

 

 

 

 

 

 an arrow on c) with no correlating compactionFig. 1

bands on either side of the zone. The second outcrop consists of a de-

formation zone, including at least one slip surface and several parallel

faults and shear bands. Another set of deformation bands, recognized as

compaction bands, crosses or terminates toward the set of faults and

shear bands ( a). The angle between these two sets is between 60°Fig. 3

and 70° ( c). The amount of shear is negligible, as demonstrated 

 

 

 

 

 

 

 

 byFig. 3

a deformation band crossing a stratigraphic 

 

 

 

 

 

 

 

 marker without visibly

displacing it ( b). Thin sections made of both sets show 

 

 

 

 

 

 

 

 a decreaseFig. 3

of 

 

 

 

 

 

 

 

 over 10% in porosity in the deformation band 

 

 

 

 

 

 

 

 area ( ).Fig. 4

The third outcrop consists of a deformation zone that is associated

with a normal fault displacing at least 10 

 

 

 

 

 

 

 

 m. The deformation zone

contains shear bands as well as compaction bands that cross strati-

graphic markers as well as other deformation bands without visibly

displacing them ( ).Fig. 5

Field observations suggest that the 

 

 

 

 

 

 

 

 formation of compaction bands

in 

 

 

 

 

 

 

 

 Makhtesh Katan are associated with pre-existing shear 

 

 

 

 

 

 

 

 bands. Yet the

nucleation and growth of the compaction bands cannot be inferred

solely from eld observations. The following sections include experi-fi

mental observations and numerical modeling, which provide further

insight into the mechanics of compaction band formation in the eld.fi

3. Experimental observations

The deformation history in any natural setting can be quite com-

plex, and the stress states of the current study's outcrops is mostly un-

known. To elucidate how pre-existing faults, a ect the formation offf

compaction bands, triaxial deformation tests were conducted. We used

cylindrical Bentheim sandstone samples cored perpendicular to their

beddings in a diameter 

 

 

 

 

 

 

 

 of 18.4 mm and with a length of 38.1 mm (Zhu,

2007).

Fig. 2. (a) Merged images taken by a scanning electron microscope (SEM)

showing a representative compaction band (blue lines on c) within theFig. 1

porous Hatira sandstone. Quartz grains 

 

 

 

 

 

 

 

 and pores appear in 

 

 

 

 

 

 

 

 gray and black,

respectively. The pores in the compacted area are partially lled with iron-richfi

precipitates, which appear as 

 

 

 

 

 

 

 

 white dots. 

 

 

 

 

 

 

 

 (b) Variations of 2D porosity (%)

across the 10 mm section in 2a. The porosity declines gradually from values of

~15% 20% between 10 and 6 mm to values < 3% between 4 and 0 mm. The–

latter values represent the closely packed  

 

 

 

 

 

 

 

 compaction bands.
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form during the Turonian ( ). Makhtesh Katan 

 

 

 

 

 

 

 

 is located atReches, 1976
the top of the Hazera anticline, exposing 

 

 

 

 

 

 

 

 the Lower Cretaceous Hatira

Formation, which is mainly composed of porous Nubian sandstone,

shale and silt layers deposited on the continent ( ). ThisWeissbrod, 1993

formation is overlain by tens of meters of an Upper Cretaceous carbo-

nate sequence ( ; ;Arkin and Hamaoui, 1967 Yechieli et al., 1994 Hirsch,

With an initial 

 

 

 

 

 

 

 

 porosity of 23% and an average grain size 

 

 

 

 

 

 

 

 of 

 

 

 

 

 

 

 

 0.2 mm,
Bentheim sandstone consists of 95% quartz, 3% kaolinite and 2% or-

thoclase. The relatively homogeneous porous rock is known to fail by

discrete compaction bands at e ective con ning pressures greater thanff fi

~100 MPa (Klein et al., 2001 ).

To produce the shear fracture in the intact Bentheim sandstone,

3

oven-dried samples were rst loaded to failure, deformed at an e ectivefi ff

pressure of 5 MPa and at a constant strain rate of  

 

 

 

 

 

 

 

 1.3e −5 1/s. The

maximum 

 

 

 

 

 

 

 

 principal stress, σ 1, was parallel to the main axis of the cy-

lindrical sample. Once the shear strength was exceeded, the axial load

was removed immediately to avoid any slip along the 

 

 

 

 

 

 

 

 shear fracture.

Visual examination 

 

 

 

 

 

 

 

 con rmed a through-going shear fracture at ~30fi
°

relative to σ1.

The pre-faulted samples were then saturated in distilled water,

jacketed and loaded into the deformation apparatus again, where they

were deformed at various con ning pressures (15  

 

 

 

 

 

 

 

 MPa, 60 MPa,fi

110 MPa, 160 MPa and 210 MPa) at the same constant strain rate as 

 

 

 

 

 

 

 

 the

first stage. A constant pore pressure of 10 MPa was maintained during

the deformation tests, so that the e ective pressures (con ning pressureff fi

– pore pressure) in these experiments were 5, 50, 100, 150, and

200 MPa.

The yield stress in the pre-faulted Bentheim sandstone samples was

marked by a surge in 

 

 

 

 

 

 

 

 acoustic emissions ( ). a shows the yieldFig. 6 Fig. 7

stresses of the pre-faulted Bentheim samples plotted 

 

 

 

 

 

 

 

 against the com-

pactive yield cap corresponding to the onset of shear-enhanced com-

paction C* for intact dry samples ( ), as well as theKlein et al., 2001

compactive yield stresses of circumferentially notched dry samples

( ). It was shown that, similarly to 

 

 

 

 

 

 

 

 the notchedTembe et al., 2006

di erent extents of grain crushing were visible in 

 

 

 

 

 

 

 

 the optical micro-ff

graph ( ). In some areas grain crushing was so 

 

 

 

 

 

 

 

 severe that theFig. 8

fragmented grains could be detected only by SEM imaging ( d). InFig. 8

contrast, other areas along the fault showed little to no grain damage

and were hard to distinguish 

 

 

 

 

 

 

 

 from the rest of the sample away from the

pre-existing fault ( b).Fig. 8

With the increasing e ective con ning pressure, the post-yield de-ff fi

formation exhibited di use to discrete compaction localization. Atff

50 MPa, an area with intense grain crushing could be spotted initiating

from the pre-existing fault ( ). This 

 

 

 

 

 

 

 

 area showed porosity reductionFig. 

 

 

 

 

 

 

 

 9

but could not be described as a discreet compaction band due to its

di used nature. Nevertheless, it could be recognized as aff di usedff

compaction band, similar to structures 

 

 

 

 

 

 

 

 produced in experiments by Baud

et al. (2004). At 100 MPa, a discreet wavy compaction band perpen-

dicular to σ1 formed far from the edges of the sample ( ). AtFig. 10

150 MPa, a series of  

 

 

 

 

 

 

 

 compaction bands formed close to the sample's

edge. They appeared to initiate at the pre-existing fault 

 

 

 

 

 

 

 

 ( ). NoFig. 11

compaction bands developed in the center of the 

 

 

 

 

 

 

 

 sample. At 200 MPa, a

series of wavy compaction bands developed close to one edge of the

sample, crossing the pre-existing fault. These bands were generally

perpendicular to σ1 . Close to the second edge of the sample, 

 

 

 

 

 

 

 

 an area that

underwent severe grain crushing and porosity reduction could be

Fig. 3. (a) Site 2 (30°57 21.6 N,  

 

 

 

 

 

 

 

 35°12 05.4 E) - an outcrop showing several  

 

 

 

 

 

 

 

 parallel faults, shear bands (red lines) and  

 

 

 

 

 

 

 

 compaction bands (blue lines) with mutual′ ″ ′ ″

cross-cutting relations. Geologic hammer is 30 cm long. (b) A 

 

 

 

 

 

 

 

 deformation band (dash blue line) crossing a stratigraphic marker (dash orange line) 1 m away from the

deformation zone shown in a. The stratigraphic marker is not displaced by the compaction band. (c) Lower-hemisphere, equal-area projections of fault (markedFig. 2

with yellow) and compaction band (marked with black) orientations collected from the outcrop shown in a: the average angle between the two sets is aboutFig. 2

60° 70°. Pen 

 

 

 

 

 

 

 

 is 14 cm long. (For interpretation of the references to color in this gure  

 

 

 

 

 

 

 

 legend, the 

 

 

 

 

 

 

 

 reader is referred to the web version  

 

 

 

 

 

 

 

 of this article.)– fi
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( ). It was shown that, similarly to 

 

 

 

 

 

 

 

 the notchedTembe et al., 2006
samples, the pre-faulted samples yielded at stresses lower than the in-
tact samples.

Deformed samples were retrieved and halved along the axial di-

rection. Double polished thin sections 30 m thick were  

 

 

 

 

 

 

 

 prepared.μ

Microstructural analyses were conducted using both optical and scan-

ning electron microscopes (SEM).

The post-yield behaviors varied considerably at di erent e ectiveff ff

con nements. In the sample deformed at 5 MPa, the post-yield damagefi

concentrated along the pre-existing fault. Along the fault, patches with

underwent severe grain crushing and porosity reduction could be
spotted and was associated with a large deformed concentration of
kaolinite. Close to the center of the sample, a well-de ned wavy com-fi

paction band developed between the circumference of the sample and a

curve in the pre-existing fault, perpendicular to σ 1 ( ).Fig. 12

The experiment with an e ective 

 

 

 

 

 

 

 

 con ning pressure of 200 MPaff fi

showed a clear connection between a geometrical anomaly of the pre-

existing fault ( ) and the formation of a well-de ned compactionFig. 12 fi

band. The 150 MPa experiment was done on a 

 

 

 

 

 

 

 

 sample that had a pre-

existing planer fault, lacking geometrical anomalies, and did not

4

produce a 

 

 

 

 

 

 

 

 compaction band in the center of the sample ( ). Yet, atFig. 

 

 

 

 

 

 

 

 11

100 MPa, a similar sample containing a planer fault produced a well-

de ned compaction band ( ), and at 50 MPa a sample with afi Fig. 10

planer fault produced a di used compaction band ( ). 

 

 

 

 

 

 

 

 This pointsff Fig. 9

to the possibility that the pre-existing faults induced the formation of

compaction bands by di erent mechanisms at higher and lower con-ff

fi ffning pressures. In the next section, we examine the di erent me-

chanisms for the formation of compaction bands induced by pre-ex-

isting faults using numerical modeling.

4. Numerical modeling

4.1. Model of experiments

the top and bottom boundaries and free boundary at the envelop of the

cylinder. We simulated two case studies: (1) 

 

 

 

 

 

 

 

 a planer 1 mm wide fault

with a kink examining the e ect of the fault's 

 

 

 

 

 

 

 

 geometrical anomaly onff

the development of initial failure and (2) a planar, 1 mm 

 

 

 

 

 

 

 

 wide, dis-

continuous fault representing a fault with patches of varying 

 

 

 

 

 

 

 

 material

properties. In general, the mechanical 

 

 

 

 

 

 

 

 properties of fault rocks are

considerably di erent from 

 

 

 

 

 

 

 

 those of 

 

 

 

 

 

 

 

 the wall rocks. Since 

 

 

 

 

 

 

 

 the fault zonesff

already accumulated certain amount of slip, we assumed that the ma-

terial inside the fault zone had di erent elastic properties than theirff

surroundings. We analyzed two cases, a 30% higher (sti fault) and aff

30% 

 

 

 

 

 

 

 

 lower (soft fault) shear modulus relative to the surrounding ma-

terial. It was assumed that the bulk modulus is weakly a ected by theff

accumulated slip and remained constant throughout the volume of the

Fig. 4. (a) Merged images taken by a scanning electron microscope  

 

 

 

 

 

 

 

 (SEM) showing a representative compaction band (blue lines on a) within the porous HatiraFig. 3

sandstone. Quartz grains and pores appear in gray and black, respectively. The pores in the compacted  

 

 

 

 

 

 

 

 area, in between the two dashed red lines, are partially lledfi

with iron-rich precipitates, which appear as white dots. (b) Variations of 2D porosity (%) across the  

 

 

 

 

 

 

 

 10 mm section in 3a. The porosity declines gradually from values

of ~15% 20% to values < 3% at the compacted area. The latter values represent the closely packed compaction bands. (For interpretation of the references to color–

in this gure legend, the reader is referred  

 

 

 

 

 

 

 

 to the web version of this article.)fi
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The connection between 

 

 

 

 

 

 

 

 faulting and the development of compac-

tion localization in our experiments was studied by a 3D linear-elastic

numerical simulation using COMSOL Multiphysics software 

 

 

 

 

 

 

 

 (COMSOL

AB, 2006). We simulated pre-faulted Bentheim sandstone cylinders,

deformed under constant con ning pressures (50, 100, 150 andfi

200 MPa). We used 

 

 

 

 

 

 

 

 a superposition of the solution for hydrostatic

loading and uniaxial loading with displacement boundary conditions at

simulated cylinders. The surrounding simulated rock had a shear
modulus of 4.7 GPa and Poisson ratio of 0.15. The simulations were
halted when the rst element failed (reached the yield cap) outside thefi

fault.

In all simulations, the rst element to fail was in contact or in veryfi

close vicinity to the fault ( ). The average valuesFigs. 13, 14 Q-P

= −  

 

 

 

 

 

 

 

 =
+ +(

(

(

(

(

(

(

(

( )

)

)

)

)

)

))Q σ  

 

 

 

 

 

 

 

 σ P;
σ σ σ

1 3
( )

3

1 2 3 of the top boundary of the simulated

samples 

 

 

 

 

 

 

 

 are plotted in b. 

 

 

 

 

 

 

 

 These values represent the averageFig. 7

5

stresses of the sample, similar to the values measured by sensors in

laboratory experiments. These 

 

 

 

 

 

 

 

 values can be compared to the yield

existing fault in the 200 MPa experiment, whether the fault was soft or

sti ( a, 

 

 

 

 

 

 

 

 b). At the 

 

 

 

 

 

 

 

 lower stresses (50 and 100 MPa) it failed on theff Fig. 13

Fig. 5. (a) Site 3 (30°57 33.5 N, 35°12 06.8 E) - Two deformation bands cross-cutting each  

 

 

 

 

 

 

 

 other with no visible displacement. (b) Site 3 - A compaction band′ ″ ′ ″

crossing stratigraphic markers with no  

 

 

 

 

 

 

 

 visible displacement. Cross-cutting locations are  

 

 

 

 

 

 

 

 indicated by arrows.
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values found in the triaxial tests, marked as hollow gray squares in
Fig. 7a. They are mostly under the yield 

 

 

 

 

 

 

 

 cap, and similar to the results
of the experiments presented in the previous section. The stress states of

the rst elements to fail in each simulation were also marked on afi Q-P

diagram, presented in c. We analyzed theFig. 7 Δσ
Yc

,which is the stress

di erence 

 

 

 

 

 

 

 

 on a diagram between the stress state and the yield cap,ff Q-P

near a fault kink with a similar angle to that of the fault in the 200 MPa

experiment ( ). The results showed that, at 200 MPa andFig. 12

150 MPa, the simulated sample failed on the same side of the kink as

the compaction band observed propagating from a curve in 

 

 

 

 

 

 

 

 the pre-

same side when the fault was sti , and on the opposite side when theff
fault was soft ( c, d).Fig. 13

The simulations with a discontinuous fault failed di erently atff

higher and lower stresses. At 200 and 150 MPa, the initial failure points

were at the sides of the faults ( a, b). At lower stresses (50 andFig. 14

100 MPa) and with sti faults, the failure points were at the 

 

 

 

 

 

 

 

 sides of theff

fault ( d). For lower stresses and soft faults, the 

 

 

 

 

 

 

 

 failure pointsFig. 14

were at the fault tips, propagating the  

 

 

 

 

 

 

 

 tips one toward the other

( c).Fig. 14

Our simulations reproduced failure under a large range of con ningfi 

6

Fig. 6. (a) (d) Di erential stress (blue) 

 

 

 

 

 

 

 

 and AE rate (red) verses volumetric strain for experiments done 

 

 

 

 

 

 

 

 on 

 

 

 

 

 

 

 

 pre-faulted Bentheim samples at di erent e ective– ff ff ff

pressures of 50, 100, 150 and 200 MPa. Dashed lines mark the initial linear-elastic behavior of the sample before yielding. (For interpretation of the references to

color in this gure legend, the reader is referred to the web version of this article.)fi
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Fig. 7. (a) (c) Di erential stress versus mean stress ( diagrams). (a) Pre-faulted failure 

 

 

 

 

 

 

 

 points (gray open squares) plotted along with results from previous studies.– ff Q-P

These studies included triaxial experiments with whole (solid circles; ) and notched (pluses; ) Bentheim  

 

 

 

 

 

 

 

 sandstone samples. AKlein et al., 2001 Tembe et al., 2006

yield cap tted to the results of is marked by a black line. (b) Results of 3D triaxial simulations of pre-faulted samples with di erent faultfi Klein  

 

 

 

 

 

 

 

 et 

 

 

 

 

 

 

 

 al. (2001) ff

geometries and properties and various e ective pressures. (c) The same as b, with markers showing the  

 

 

 

 

 

 

 

 stress at the points of initial yield.ff

7

4.2. Model of eld outcropfi

In order to better understand the role played by pre-existing faults

in 

 

 

 

 

 

 

 

 the formation of compaction localization observed in the eldfi

( ), we built a plane-strain 2D linear-elastic numerical model, usingFig. 1

COMSOL Multiphysics software ( ). The model con-COMSOL AB, 

 

 

 

 

 

 

 

 2006

tained the geometry of 

 

 

 

 

 

 

 

 the faults mapped in the 

 

 

 

 

 

 

 

 Site 1 outcrop (fault

boundaries are marked by black lines on .) DisplacementFig. 15

boundary conditions of di erent magnitudes were applied at a distanceff

of 

 

 

 

 

 

 

 

 25 m in each direction, parallel to the main faults (direction of the

displacement is marked by arrows 

 

 

 

 

 

 

 

 on orange boundaries in ),Fig. 15

allowing the rst points in the outcrop to fail. The top and bottomfi

boundaries were free (marked in green in ). We assumed a li-Fig. 

 

 

 

 

 

 

 

 15

thostatic stress of 14.5 MPa, calculated according to the weight of the

stratigraphic column above the Hatira Formation at the postulated time

of 

 

 

 

 

 

 

 

 deformation (the end of the Turonian age).

Similar to the rock sample modeling discussed above, we prescribed

di erent elastic properties for 

 

 

 

 

 

 

 

 the material within the fault zone and forff

the surrounding rock. The shear modulus of the surrounding rock was

adopted as 4.7 GPa and Poisson ratio was 0.15. The 

 

 

 

 

 

 

 

 shear modulus of

the fault zone was reduced by up to 90% relative to the surrounding

rock, 

 

 

 

 

 

 

 

 this is understandable because the amount of slip along the la-

boratory faults is usually small, whereas the cumulative slip along

natural faults can be larger by magnitudes. We excluded one fault that

according to our simulations was formed at a later stage. It was 

 

 

 

 

 

 

 

 also

assumed that the bulk modulus is weakly a ected by the accumulatedff

slip 

 

 

 

 

 

 

 

 and 

 

 

 

 

 

 

 

 remained constant throughout the outcrop. This seemed ap-

propriate since we are not interested in the 

 

 

 

 

 

 

 

 stress developing inside the

fault zones but 

 

 

 

 

 

 

 

 only in the stress eld surrounding them.fi

Since the non-deformed sandstone in 

 

 

 

 

 

 

 

 the outcrop was too fragile to

perform triaxial tests, we used 

 

 

 

 

 

 

 

 an estimated yield cap, shown in ,Fig. 16

to determine 

 

 

 

 

 

 

 

 failure points. The yield cap was chosen as a parabolic

function converging to 

 

 

 

 

 

 

 

 the left of its maxima, with a line representing

the Coulomb-Mohr failure criterion 

 

 

 

 

 

 

 

 with an internal friction angle of

μ = 

 

 

 

 

 

 

 

 0.6. The hight of the yield cap was tested using the stress results of

the numerical model to satisfy conditions at high stress locations within

the model (marked as red points A–E i n Fig. 15). A diagramQ-P

( ) shows 

 

 

 

 

 

 

 

 a fan of black lines marking the deformation path of theFig. 16

five observation points (shown in ) placed at the highest stressFig. 15

concentration. also shows a green line marking the deformationFig. 16

path of an observation point placed at a distance from the faults

(marked as green point F on ), representing the average stressFig. 15

conditions of the outcrop. In this simulation, the displacement magni-
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pressures, similar to the results seen in our experiments. The simulation

results suggest that both geometrical anomalies and discontinuities of

faults induce su cient stress concentrations to allow the nucleation of affi

compaction band in the center of the sample. The progression of these

bands to their nal appearance was not modeled.fi

tude at the boundary was incrementally increased 

 

 

 

 

 

 

 

 up to 3.2 cm. Mar-
kers 

 

 

 

 

 

 

 

 of di erent colors along the 

 

 

 

 

 

 

 

 deformation paths represent simula-ff

tions with varying displacements along 

 

 

 

 

 

 

 

 the boundaries. The gure alsofi

contains a set of five possible yield caps. #3 (marked in red) is the

optimal yield 

 

 

 

 

 

 

 

 cap, 

 

 

 

 

 

 

 

 chosen because a higher yield cap's maximum would

result in dilation and a lower yield cap's maximum would result in

failure of the host rock.

Fig. 17 shows the spatial distribution of the Δσ Yc, which is the stress

di erence in a diagram between the stress state and the yield cap.ff Q-P

Negative values refer 

 

 

 

 

 

 

 

 to a distance below the yield cap. Areas 

 

 

 

 

 

 

 

 where

compaction bands formed in Site 1 are marked as dotted 

 

 

 

 

 

 

 

 black lines.

Points A, B, C, and D ( ) are 

 

 

 

 

 

 

 

 located in the areas that failedFig. 17

first. Indeed, these are the areas where compaction bands were found.

The mode of failure at points A, B, and C 

 

 

 

 

 

 

 

 is compatible with compaction

bands, because 

 

 

 

 

 

 

 

 these points fail around the yield cap maximum. The

results of the model 

 

 

 

 

 

 

 

 could only partially be 

 

 

 

 

 

 

 

 examined using strain lo-

calization analysis suggested by . We couldIssen and Rudnicki (2000)

Fig. 8. (a) Scanned image of a fault obtained from the sample that deformed

under an e ective pressure of 5 MPa. Red squares mark the areas enhanced  

 

 

 

 

 

 

 

 inff

b d. (b) SEM image showing almost no damage 

 

 

 

 

 

 

 

 to the grains and minor porosity–

reduction. (c) Extensive grain crushing and porosity reduction. No large grains

are observed in 

 

 

 

 

 

 

 

 the matrix. (d) Extensive grain crushing and porosity reduction.

Large and unbroken grains are observed in the matrix. (For interpretation of the

references to color in this gure legend, the reader is referred to the web ver-fi

sion of this article.)
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Fig. 

 

 

 

 

 

 

 

 9. (a) A composite of SEM images of the area sur-

rounding the fault in the sample deformed under an ef-

fective pressure of 50 MPa. An area of grain crushing and

slight reduction of porosity consistent with compaction

localization (dash red line) is observed and appears to be

perpendicular to σ1 . (For interpretation of the references

to color in this gure legend, the reader is referred to thefi

web version of this article.)
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not check the yield cap of the outcrop sandstone, and do not know what

flow rule would be appropriate after yield. 

 

 

 

 

 

 

 

 Our calculations showed

that, assuming a dilation coe cient value smaller than 2.5, the bandsffi −

were predicted to be perpendicular to σ 1. This kind of elastic modeling

only simulates the origin of compaction bands. The progression of these

bands to their nal appearance was not modeled.fi

5. Discussion and conclusions

5.1. Geometry of compaction bands and associated stress eldfi

The appearance and identi cation of compaction bands in  

 

 

 

 

 

 

 

 thefi

Hazera anticline, Israel, are discussed in the light of several types of

compaction bands that have been previously observed in the eld 

 

 

 

 

 

 

 

 andfi

characterized by their geometry and scale. Wavy, chevron, and straight

compaction bands were reported in Buckskin Gulch, Utah, and the

Valley of Fire State Park, Nevada ( ;Mollema and Antonellini, 1996

Aydin and Ahmadov, 2009 Eichhubl et al. (2010)). Later work by in-

dicated that only one of the compaction band populations at the Valley

of 

 

 

 

 

 

 

 

 Fire could 

 

 

 

 

 

 

 

 be categorized 

 

 

 

 

 

 

 

 as (with 

 

 

 

 

 

 

 

 no 

 

 

 

 

 

 

 

 indica-pure compaction bands

tion of shear o set), while the rest of the populations were categorizedff

as , which are 

 

 

 

 

 

 

 

 highly compactionalshear enhanced compaction bands

bands with a shear component that is less than a tenth of their width.

Fossen et al. (2011) also re-categorized the straight compaction band

Fig. 10. (a) Scanned thin section of the sample that deformed under an e ective pressure of 100 MPa. (b) SEM image of the marked area  

 

 

 

 

 

 

 

 in (a), showing a discreteff

compaction band with wavy geometry (dash 

 

 

 

 

 

 

 

 red line) that formed perpendicular to σ1 . (For interpretation of the references to color in this gure legend, the reader isfi

referred to the web version of this article.)
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population at Buckskin Gulch as shear enhanced compaction bands. In

addition, described conjugate sets of shear enhancedBallas et al. (2013)

compaction bands found in the Rhône Valley, France. The geometry 

 

 

 

 

 

 

 

 of

the pure compaction bands was almost always wavy similar to the–

geometry of the compaction bands found at Site 1 ( c). In contrast,Fig. 1

shear enhanced compaction bands were either planar or chevron, si-

milar to the planar geometry of the compaction bands found in Sites 2

and 3 ( a, b and ).Fig. 3 4

There has been some previous discussion regarding the relation

between various types of 

 

 

 

 

 

 

 

 compaction bands found in the eld and thefi

shear zones, while in Sites 1 and 2 there was a clear indication that the

faults induced the formation of the 

 

 

 

 

 

 

 

 compaction bands.

5.2. Discrepancies between laboratory and eld observationsfi

The minimal e ective 

 

 

 

 

 

 

 

 pressure required to experimentally produceff

compaction bands in di erent types of sandstone ranges between 60ff

and 200 MPa ( ; ; ).Wong et al., 2001 Baud et al., 2004 Fortin et al., 2006

These e ective pressures are higher 

 

 

 

 

 

 

 

 than those estimated in the eldff fi

( ; ), and much higher than theFortin et al., 2006 Fossen et al., 2011

estimated e ective 

 

 

 

 

 

 

 

 pressures 

 

 

 

 

 

 

 

 experienced by the outcrops discussed inff

the current study, 

 

 

 

 

 

 

 

 that are estimated 

 

 

 

 

 

 

 

 between 10 MPa and 20 MPa. 

 

 

 

 

 

 

 

 The

present experiments in varying con ning pressures showed that nu-fi

cleation of compaction bands may also be enhanced due to the presence

of 

 

 

 

 

 

 

 

 pre-existing faults ( ). also noted thatFigs. 9 12– Fortin 

 

 

 

 

 

 

 

 et al. (2006)

compaction bands produced in experiments showed a larger amount of

grain crushing and damage than seen in previous eld studies, attri-fi

buting the di erence to extensive healing processes 

 

 

 

 

 

 

 

 and low strain ratesff

in 

 

 

 

 

 

 

 

 nature. Thin sections of compaction bands made in our study also

showed extensive grain crushing and grain 

 

 

 

 

 

 

 

 size reduction comparable

to the changes seen in experiments.

Previous experiments in 

 

 

 

 

 

 

 

 Bentheim sandstone were able to produce

pure compaction 

 

 

 

 

 

 

 

 bands in whole samples at e ective pressures higherff

than 120 MPa ( ). The results were reported to be si-Baud et al., 2006

milar in dry and drained conditions. Typically, compaction bands

formed at the top and bottom edges of the sample perpendicular to σ 1,

while new bands propagated inwards. The formation of compaction

bands at e ective pressures as low as 90 MPa were previously 

 

 

 

 

 

 

 

 reported,ff

but only in samples that also developed high angled shear bands (Baud

et al., 2006). Our experiment showed that the presence of a pre-existing

fault was associated with the formation of a di used compaction bandff

at an e ective pressure as low as 50 MPa. 

 

 

 

 

 

 

 

 We also showed that theff

presence of pre-existing faults a ected the location of the compactionff

bands, namely, 

 

 

 

 

 

 

 

 at e ective pressures of 200 MPa and 100 MPa, ourff

experiments formed discreet compaction bands at the center of the

samples. also showed that a pre-existingCharalampidou et al. (2017)

Fig. 11. Scanned thin section of the sample that deformed under an e ectiveff

pressure of 150 MPa.
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local stress regime: suggested thatMollema and Antonellini (1996)
compaction bands formed at 

 

 

 

 

 

 

 

 the compactional quadrants of shear

bands. The orientation variations among the compaction 

 

 

 

 

 

 

 

 band popu-

lations 

 

 

 

 

 

 

 

 led to suggest that either 

 

 

 

 

 

 

 

 some ofAydin and Ahmadov (2009)

the compaction bands did not coincide with the principal stress, or else

they were formed under a highly anisotropic and heterogeneous stress

field. Later studies suggested that both at the Valley of Fire and Buck-

skin Gulch pure compaction bands were perpendicular to the regional

σ1 direction, while the shear enhanced compaction bands formed a high

angle conjugate set of about 70 °
–75 °, linking their formation to the local

stress regime ( ; ). In contrast, inFossen et al., 2011 Fossen et 

 

 

 

 

 

 

 

 al., 2015

this study the pure compaction bands 

 

 

 

 

 

 

 

 in Site 1 are very short structures

that appear to have 

 

 

 

 

 

 

 

 been formed as a result of stress induced by the

activity of pre-existing faults and shear bands, and not directly by the

regional stress regime. The mechanical simulations of this 

 

 

 

 

 

 

 

 outcrop show

that the geometry of pre-existing faults and shear 

 

 

 

 

 

 

 

 bands within the

outcrop induces the stress concentration that facilitates the nucleation

of the compaction bands ( ). At Site 

 

 

 

 

 

 

 

 2, shear enhanced compac-Fig. 13

tion bands formed at a high angle to pre-existing faults and shear bands,

crossing them with no apparent displacement ( a). In Site 3, shearFig. 3

enhanced compaction bands formed as parts of a complex system of

deformation bands composing a deformation zone of a relatively large

fault ( ). In all three sites, the compaction 

 

 

 

 

 

 

 

 bands were linked toFig. 4

fault may induce the development of a compaction band at the center of
a Bentheim sample under an e ective pressure of 185 MPa.ff

5.3. Mechanisms of interaction between faults and compaction bands

Our eld observations and lab experiments showed a clear relationfi

between the presence of pre-existing faults or shear bands and the

formation of compaction bands. This was also supported by numerical

modeling. Previous studies 

 

 

 

 

 

 

 

 have shown that local variations in de-

formation band distribution and clustering patterns can be linked to

dune boundaries ( ; ;Mollema and Antonellini, 1996 Eichhubl et al., 2010

Fossen et al., 2011), slight changes in lithology, such as change in clay

mineral content ( ), changes in sandstoneMollema and Antonellini, 1996

porosity ( ) and geometrical abnormalities (Fossen et al., 2011 Nicol

et al., 2013). Thus, it appears that, although on a large-scale de-

formation band networks are a ected by the regional tectonic regimeff

( ), on a smaller scale, shear band network patterns areSoliva et al., 2016

highly sensitive to local stress changes of various sources. This ts ourfi

field observations and 

 

 

 

 

 

 

 

 numerical 

 

 

 

 

 

 

 

 results regarding Site 1, linking the

formation of locally distributed mesh of compaction bands to stress

concentration induced by pre-existing faulting. This also ts our ex-fi

perimental results, that showed that stress concentrations induced in

pre-faulted samples allowed the formation of compaction bands in the
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center of the samples, and not only at the top and the bottom of the

cylinders.

It has been suggested that strain hardening of deformation bands

due to either porosity loss and cataclasis (Schultz and Siddharthan,

2005) or fault locking as a result of non-planar/interfering slip surfaces

( ) may induce local stress concentrations. ConnectingFossen et al., 2007

the evolution of the frictional properties (for instance asperity size and

distribution) of the pre-existing fault to the change in porosity, grain

size and grain shape, 

 

 

 

 

 

 

 

 which are not homogenous along the fault (as 

 

 

 

 

 

 

 

 seen

in 

 

 

 

 

 

 

 

 ) can explain the creation of stress concentrations, that mayFig. 8

develop 

 

 

 

 

 

 

 

 into compaction band nucleation sites, along 

 

 

 

 

 

 

 

 it. In experiments,

we would expect this mechanism to be prominent 

 

 

 

 

 

 

 

 under relatively low

e ective pressures (< 100 MPa), that allow 

 

 

 

 

 

 

 

 easier 

 

 

 

 

 

 

 

 movement along theff

fault, thus explaining the formation of 

 

 

 

 

 

 

 

 compaction bands seen in 

 

 

 

 

 

 

 

 our 50

Fig. 12. (a) SEM image of a deformed sample under an e ective pressure of 200 MPa. Compaction bands formed close to the sample's upper and lower edges (dashedff

yellow lines), as well as at the center of the sample (dashed red line) that are perpendicular to σ1 . Red circles mark enhanced areas in b, d, and f. (b) The intersection

between the central compaction band and the fault.  

 

 

 

 

 

 

 

 Note the wavy geometry of the compaction band. (c) Close-up of the marked area on b, showing no visibleFig. 12

microscopic di erence between  

 

 

 

 

 

 

 

 the damage accumulated by grains  

 

 

 

 

 

 

 

 in the 

 

 

 

 

 

 

 

 compaction band  

 

 

 

 

 

 

 

 and the fault. (d)  

 

 

 

 

 

 

 

 Close-up of the pre-existing fault. (e) Close-up of theff

marked area on d, showing  

 

 

 

 

 

 

 

 damage accumulated by grains. The grains in the gure are severely crushed but their original shape can  

 

 

 

 

 

 

 

 be reconstructed. (f)Fig. 12 fi

Compaction localization and compaction bands close to the lower boundary of the sample. The damage appears to concentrate around an area with a  

 

 

 

 

 

 

 

 high con-

centration 

 

 

 

 

 

 

 

 of deformed kaolinite. (g) Close-up of the marked area on f,  

 

 

 

 

 

 

 

 showing quartz grains surrounding an area of deformed kaolinite. (For interpretation ofFig. 12

the references to color in this gure legend, the reader is referred to the web version of this article.)fi
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and 100 MPa experiments in association with planar faults (Figs. 10 and

11).

At an e ective pressure of 200 MPa, the pre-existing fault in ourff

experiment was e ectively locked. Thus, the aforementioned 

 

 

 

 

 

 

 

 mechan-ff

isms for 50 150 MPa experiments is less e ective, since it requires fault– ff

movement in order to create a di erence in stress concentration alongff

speci c areas. suggested that stresses 

 

 

 

 

 

 

 

 concentrated atfi Nicol et al. (2013)

geometrical irregularities, such as fragmented faulting, changes in li-

thology and intersections of conjugate faults, may be the cause of

deformation bands' tendency to cluster in zones of deformation 

 

 

 

 

 

 

 

 bands,

with no need for a shear strengthening mechanism. This ts our ex-fi

perimental observations of compaction band formation associated with

fault geometry anomalies at high e ective pressures.ff

Thus, we suggest that both shear strengthening and geometrical

irregularities may have an important role in producing 

 

 

 

 

 

 

 

 compaction

bands associated with faults at di erent stages. When the movement onff

the pre-existing faults in sandstone is limited, the geometrical irregu-

larities along 

 

 

 

 

 

 

 

 the faults play a  

 

 

 

 

 

 

 

 signi cant role in producing stressfi

Fig. 13. Cross sections of cylinders showing ΔσYc (the stress di erence in a diagram between the stress state and the yield cap) calculated by a 3D COMSOLff Q-P

simulation of an axially deformed pre-faulted sandstone. (a) A sti fault at a con ning pressure of 200 MPa. (b) A soft fault at a con ning pressure of 50 MPa. (c) Aff fi fi

sti fault at a con ning pressure  

 

 

 

 

 

 

 

 of 200 MPa. (d) A soft fault at a con ning pressure of 50 MPa.ff fi fi
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concentrations, allowing the formation of compaction localization.

However, when the fault is active, the 

 

 

 

 

 

 

 

 non-homogeneous properties of

the fault, mainly the di erence in average grain size along it, creates aff

di erence 

 

 

 

 

 

 

 

 in the shear resistance that induces stress concentration atff

various 

 

 

 

 

 

 

 

 points along it, inducing the formation of compaction bands.

We further suggest that 

 

 

 

 

 

 

 

 when a certain outcrop 

 

 

 

 

 

 

 

 or drill core features

abundant compaction bands associated with faults this may indicate to

the presence of a large amount of stress concentrations along a given

fault system.

In conclusion, we present evidence that compaction bands in

Makhtesh Katan, Israel, formed as a result of the activity of pre-existing

faults. We also presented experimental evidence of pre-existing faults

inducing the formation of compaction bands by causing local stress

concentrations. These results suggest that the presence of pre-existing

faults, as well as other irregularities that may induce local stress con-

centrations, can explain the formation of compaction bands in the eldfi

under relatively low pressures.

On the basis of these results, we suggest that when movement on the

fault is restricted (a condition that in our experiments occurred 

 

 

 

 

 

 

 

 at high

con ning pressures of over 150 MPa), the fault geometry plays a sub-fi

stantial role in inducing local stress concentrations; when the fault 

 

 

 

 

 

 

 

 is

active, heterogeneous 

 

 

 

 

 

 

 

 friction resistance along the fault, caused by local

Fig. 14. Cross sections of cylinders showing ΔσYc (the stress di erence in a diagram between the stress state and the yield cap) calculated by a 3D COMSOLff Q-P

simulation of an axially deformed pre-faulted sandstone. The fault is segmented. (a) A sti fault at a con ning pressure of 200 MPa. (b) A soft fault at a con ningff fi fi

pressure of 50 MPa. (c) A sti fault at a con ning pressure of 200 MPa.  

 

 

 

 

 

 

 

 (d) A soft fault at a con ning pressure of 50 MPa.ff fi fi
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Fig. 15. COMSOL model boundary conditions of a simulation representing Site  

 

 

 

 

 

 

 

 1. The  

 

 

 

 

 

 

 

 side boundaries, marked in orange, are displacement boundaries displaced by

an equal amount on opposing directions marked by arrows (0.021, 0.02425, 0.0275, 0.0305 and 0.0335 [m] on each orange boundary). The top and bottom

boundaries, marked in green, are free. The fault boundaries are marked in black and did not have any direct boundary conditions imposed on them. The fault areas

were given a lower  

 

 

 

 

 

 

 

 shear modulus compared to their surroundings. The mapped area of the outcrop is marked by a red square and enlarged. Red points  

 

 

 

 

 

 

 

 A E mark–

observation points in the areas with the highest stress concentrations. Green point F marks an observation point far from the compaction band formation area. (For

interpretation of the references to color in this gure legend, the reader is referred to the web version of this article.)fi
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Fig. 

 

 

 

 

 

 

 

 16. Q-P diagram showing  

 

 

 

 

 

 

 

 the deformation path of 6

points in the simulated Site 1 outcrop, along with several

possible yield caps (the chosen yield cap marked in red).

Markers of di erent colors along the  

 

 

 

 

 

 

 

 deformation pathsff

represent simulations with varying displacement along

the boundary conditions (green = 5.8e-4 , purple

= 6.7e−4 , yellow = 7.6e−4, red = 8.4e−4 and 

 

 

 

 

 

 

 

 blue

= 9.1e -4 strain on the orange boundaries marked on

Fig. 14). The fan of black lines (lines A E)  

 

 

 

 

 

 

 

 marks the–

deformation path of 5 observation points shown in

Fig. 15, placed in the areas with the highest stress con-

centrations. The green line marks the deformation path of

observation point F ( ) placed at a distance from theFig. 15

faults, representing the average stress conditions of the

outcrop. (For interpretation of the references to color in

this gure legend,  

 

 

 

 

 

 

 

 the reader 

 

 

 

 

 

 

 

 is referred to the web ver-fi

sion of this article.)
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variation in grain size and porosity, is also a major cause for fault re-

lated stress induced 

 

 

 

 

 

 

 

 compaction localization.
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Fig. 17. Distribution of ΔσYc (the stress di erence in a diagram between theff Q-P

stress state and the yield cap). The black dotted line marks a zone in which

wavy deformation bands might form. White circles represent observation points

A E, marked in red in .– 5Fig. 1

15


