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Abstract

During extension, compression or strike-slip motion, shear zones accommodate large amounts
of strain in the crust. Our understanding of these processes critically depends on our ability to
recognize shear zones in the subsurface. The exact signature of shear zones in seismic reflection
data is however not well understood. To advance our understanding, we simulate how three
outcrop examples of shear zones (Holsngy, Cap de Creus, Borborema) would look in different
types of seismic reflection data using 2-D convolution seismic modelling. We explore how geo-
physical effects (e.g. frequency, illumination) and geological properties (e.g. shear zone dip and
aspect ratio) affect the seismic signature of shear zones. Our models show three consistent seis-
mic characteristics of shear zones: (1) multiple, inclined reflections, (2) converging reflections
and (3) cross-cutting reflections that can help interpreters recognizing these structures with
confidence.
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1 Introduction

Shear zones (i.e. volumes of rock with higher
strain than the surrounding rocks) play an
important role in accommodating deformation
during rifting, continental break up and pas-
sive margin formation. Since strain contrasts
often correlate with physical property changes,
shear zones are expected to appear on seismic
reflection data (e.g. Clerc et al., 2015; Phillips
et al., 2016; Fazlikhani et al., 2017). Shear zone
dimensions are well-documented (Tab. 1), but

we still know relatively little about their sig-
nature in seismic reflection data. Recognizing
shear zones in seismic data is however criti-
cal to our understanding of: (1) ductile defor-
mation in the lower crust (Clerc et al., 2015),
(2) strain distribution in crystalline basement
(Fazlikhani et al., 2017) and (3) effects of pre-
existing structures (Phillips et al., 2016). For
these reasons, we investigate the seismic signa-
ture of shear zones by 2-D convolution seismic
modelling of outcrop examples.

Location Name Thickness Length Displacement Dip Dip direction
W Norway Nordfjord-Sogn ~ 2-6 km? 120 km? >50 km? 30-40°% W2

SW Norway Hardangerfjord  5-6 km® >600 km® 10-15 km® 22-23°0 NWwW?®

W Norway Bergen Arc 2-3 km5 50 km6 >14 km6 steep SW6

W Norway Holsngy 30-150 m7 >10 km” - - N8

SW Norway  Stavanger 1-2 km? >200 km? - 15-30°° w9

NW Spain Cap de Creus 20-300 m10 >10 km® - - NNE-SSW10
Egypt Ribha >200 m!! ~100 km!! - - -

Uganda Nyamwamba - ~50 km?!2 - - -

NW Namibia  Purros 1-5 km!3~1% 620 km13-1° 30-90°13:16 WSW-WNW13,16
NW Namibia  Three Palms 1-2 km!3 ~300 km!3 - 10-90°13:14,16  y [13,14,16
NE Brazil Brasiliano 100s m*8—20  100s km18—20 subvertical -

NE Brazil Pernambuco 2-5 km?! 700 km?2! ~11 km?! >65°21 NW,SE2!

SE Brazil Arcadia-Areal  0.5-1 km?2 ~700 km?! - 30-80°22 -

New Zealand  Anita 3.5-4 km?23 - - subvertical?? -

Table 1: Shear zone dimensions from:

! Johnston et al. (2007), 2Fossen (2010),

3Milnes et al.

(1997), “Norton (1986), SFossen and Hurich (2005), “Wennberg et al. (1998), " Austrheim (1990),
8Boundy et al. (1992), Phillips et al. (2016), °Carreras (2001), ! Younes and McClay (2002),
2Koehn et al. (2016), *Salomon et al. (2015), *Goscombe and Gray (2008), 'Goscombe et al.

(2003), 1Passchier et al. (2002), "Foster et al.

(2009), *¥de Castro et al. (2012), Pde Castro

et al. (2008), 2°Kirkpatrick et al. (2013), 2! Neves and Mariano (1999), 22Gontijo-Pascutti et al.

(2010), 23Klepeis et al. (1999).

Seismic modelling is a technique that al-
lows us to simulate the seismic response of
geological structures. As such, we may re-
gard this technique as a forward solution to
the inverse problem of seismic interpretation,
i.e. explaining the observed seismic image with
a reasonable geological model. Seismic mod-
elling is commonly used in 1-D to generate
synthetic seismic traces by convolving reflec-
tivity logs with wavelets in order to tie well to
seismic data. While combining a series of 1-
D traces allows us to generate a 2-D seismic
section from a geological model (e.g. Osagiede
et al., 2014), the horizontal seismic resolution
of the section is equal to the trace spacing (typ-
ically a few meters) bearing no physics of wave
propagation. This approach perfectly resolve:
(1) steeply dipping reflectors, (2) reflector ter-

minations and (3) lateral property variations,
which would be limited by the illumination (i.e.
the ability to image dipping features) of these
structures in nature.

To avoid these issues, we apply 2-D convo-
lution seismic modelling (Lecomte et al., 2016),
i.e. a 2-D convolution operator (i.e. the Point-
Spread Function or PSF) to a 2-D reflectiv-
ity model, which accounts for both: a com-
plete resolution pattern and possibly limited
illumination (Lecomte, 2008). The PSF is the
diffraction-point response of an imaging system
describing how much distortion is expected go-
ing from reflectivity to seismic data. As such,
it contains information of the wavelet (e.g. fre-
quency bandwidth) as well as the illumination.
The illumination determines which parts of a
geological structure are imaged at which (lat-



eral) resolution. For example, steeply-inclined
reflectors are often not imaged in seismic re-
flection data.

To investigate the seismic signature of shear
zones, we apply 2-D convolution seismic mod-
elling to three outcrop examples of shear zone
from (1) Cap de Creus (Spain), (2) Holsngy
(Norway) and (3) Borborema (Brazil). We
find that the seismic signature of shear zones
depends on the complex interaction of a vari-
ety of geological and geophysical factors. Nev-
ertheless, we are able to consistently identify
three characteristic features of shear zones in

2 Outcrop examples

our models: (1) multiple, inclined reflections,
(2) converging reflections and (3) cross-cutting
reflections. Moreover, we find that shear zones
become difficult to identify when they are dip-
ping steeper than the illumination of the seis-
mic survey or when 50% of the data is noise.
Finally, we find that curvature at the shear
zone edge is a useful kinematic indicator, as
seismic reflections forming an acute angle with
the edge of the shear zone indicate movement
towards the junction. These insights will hope-
fully help seismic interpreters to identify shear
zones in seismic reflection data.
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Figure 1: Outcrop examples of shear zone networks from: a) Holsngy, Norway (Boundy et al.,

1992; Austrheim et al., 1997); b) Cap de Creus,

NE Spain (Carreras, 2001) and ¢) Borborema,

Brazil (Neves and Mariano, 1999; Ganade de Araujo et al., 2014).

2.1 Holsngy (Norway)

On Holsngy (an island in western Norway)
a network of eclogitized shear zones are ex-
posed in a thrust sheet in the Caledonian oro-

genic belt (Austrheim et al., 1997) (Fig. 1la).
Geochronological data indicate that eclogitiza-
tion and shear deformation occurred during the
Caledonian (423 £4 Ma) (Bingen et al., 2004).



As eclogization requires extremely high pres-
sures (~18 kbar) and temperatures (~ 800°C),
it is almost certain that these shear zones
formed in the lower crust of Baltica subduct-
ing underneath Laurentia (Labrousse et al.,
2010). At present day, these shear zones are
exposed over an area of approximately 36 km?
(Fig. 1b). Shear zone thicknesses vary from
30 to 150 m in a continuous anastomosing pat-
tern (Austrheim, 1990; Boundy et al., 1992).
While the shear zones consist of eclogite facies
rocks (omphacite + garnet + kyanite + epi-
dote + phengite + quartz amphibole plagio-

clase), the host rocks belong to the granulite
facies (plagioclase + diopside + garnet scapo-
lite orthopyroxene hornblende) (Austrheim
and Griffin, 1985). These two rock units are
typically separated by eclogite breccias consist-
ing of blocks of granulites in foliate eclogites
(Austrheim et al., 1997).

To build geological (reflectivity) models
necessary for seismic modelling, we used the
physical measurements of these rocks available
at present day (Tab. 2). Ideally, these proper-
ties are as close as possible to the ones encoun-
tered at relevant depths in the subsurface.

Location Rocks Bulk density [g/cm?®] P-wave vel. [km/s] S-wave vel. [km/s]
Min Max Avg Min Max Avg Min Max Avg

Cap de Creus  Shear zone (Mylonite)  2.867 2.95T 2917 5.602 6.70° 6.152 4.602 3.80°7 4.202
Host rock (Schist) 2,663 2.723  2.693 5.60° 6.602 6.10° 3.08% 3.513 3.30%

Holsngy Shear zone (Eclogite) 3.064 3.33* 3.19% 8.30° 8.50° 8.40° 3.956 4336 4,146
Host rock (Granulite) 2.79*  3.214  3.02% 7.50> 7.80° 7.65° 3,586 4,165 3,906

Borborema Shear zones (Mylonite) —2.861  2.951 291! 5.602 6.702 6.15> 4.602 3.802 4.20°
Host rock (Granite) 2.507 2.707  2.607 4507  6.007 5.257 2507 3.307 2.907

Table 2: Physical rock properties used for seismic forward modelling from:

'Empirical relation

(vp — p) for mid to lower crustal rocks by Godfrey et al. (1997); 2Measurement of five mylonites
by Mainprice and Casey (1990); Measurement of three schists by Godfrey et al. (2000); *Bulk
density measurements by Austrheim (1987); >P-wave velocity measurements by Austrheim et al.
(1997); *Empirical relation (v, — v5) for granulate facies rocks and eclogites by Manghnani et al.
(1974) and "Typical physical properties of granites by Bourbi and Zinszner (1987)

2.2 Cap de Creus (Spain)

On Cap de Creus (a peninsula in northeast
Spain), a Variscan shear belt exposes an exten-
sive network of ductile shear zones (Carreras,
2001) (Fig. 1b). Although a subject of debate,
these shear zones probably developed during
progressive wrench-dominated deformation in
the Variscan. As a result, they formed un-
der retrograde metamorphic conditions in crys-
talline rocks with a pre-existing foliation. At
present day, we can observe these shear zones
over an area of ~20 km? (Fig. 1b). Shear zone
thickness reach values of up to 300 m in con-
tinuous anastomosing patterns predominantly
in crystalline schists (Carreras, 2001).

To build geological (reflectivity) models, we
would ideally use the physical properties of
these rocks encountered in the subsurface. As
neither these nor present day measurements of
these properties are available, we had to rely
on physical properties typical for these types
of rocks (mylonite, schist) in combination with

empirical relations to constrain the bulk den-
sity, P-wave and S-wave velocity of the geolog-
ical model (Tab. 2).

2.3 Borborema Province (Brazil)

The Borborema Province (northeast Brazil)
hosts a network of larger and smaller shear
zones, of which the largest ones reach about
10 km in thickness (Patos shear zone). The
shear zones are late Neoproterozoic and related
to the Brasiliano orogenic system (Ganade de
Araujo et al., 2014; Neves and Mariano, 1999)
(Fig. 1c). Kinematic and geochronologi-
cal data indicate that the shear zone network
formed during overall dextral strike-slip shear-
ing in a transpressional setting at around 580-
570 Ma (Archanjo et al., 2002; Ganade de
Araujo et al., 2014). This shear zone network
covers almost the entire northeastern part of
Brazil (Fig. 1c) and is considered to have con-
tinued on the African side prior to the South
Atlantic breakup, and affect a variety of rocks,



largely of granitic composition.

To our knowledge, relevant petrophysical
measurements of these rocks are not available.
We thus use typical physical properties typical
for these types of rocks (mylonite, granite) in
combination with empirical relations to derive
the bulk density, P-wave and S-wave velocity
(Tab. 2). Note that, while we aim to con-
strain these properties as well as possible, they
may still differ from the original rock proper-
ties, simply because it is not possible to include
all geological structures (e.g. mesoscale and
microscale fabrics and lithological variations)
in these models.

3 2-D convolution seismic

modelling

To produce seismic images of shear zones,
we use 2-D convolution seismic modelling (cf.
Lecomte et al., 2016). This technique allows
us to quickly generate zero-phase, pre-stack
depth-migrated (PSDM) seismic images of ge-
ological models (Lecomte et al., 2015). In this
study, we compare these images to 2-D seis-
mic sections of crustal shear zones (e.g. Clerc
et al., 2015; Phillips et al., 2016; Fazlikhani
et al., 2017). Most studied outcrop examples of
crustal shear zones (e.g. Holsngy, Cap de Creus
and Borborema) are however exposed in map
view. To compare shear zones from outcrop
to seismic observations, it was necessary to ro-
tate these outcrop examples from map to cross-
section view. This approach implicitly assumes
structural similarity between strike-slip shear
zones in map view and dip-slip shear zones in
cross-section. For the Holsngy case, this is a
matter of restoration to the original orienta-
tion of the shear zone network, which can be
assumed to have been more horizontal based
on the regional tilting of all units in the area
(e.g. Fossen, 1993). For the Cap de Creus and
Borborema cases, the shear zones developed in
a strike-slip dominated setting, and rotation is
not justified by their geological history. How-
ever, these and previous studies of shear zones
show no systematic difference between tectonic
regime and network geometry; geometric dif-
ferences are rather controlled by coaxiality and
strain (e.g. Gapais et al., 1987; Fossen and Cav-
alcante, 2017) in addition to rheological hetre-

geneities in the initial rocks.

Once the geological models are built, we use
2-D convolution seismic modelling to generate
the seismic images. While seismic reflection
data depends on the complex interaction of
a variety of geological and geophysical factors
(e.g. Sheriff and Geldart, 1995; Yilmaz, 2001),
we focus on the effects of the aspect ratio and
dip of the shear zone as well as the seismic fre-
quency and illumination in this study. At this
point, it is probably worth highlighting that
the vertical resolution of the seismic data is
mainly a function of the frequency bandwidth
of the signal and host rock velocity, while the
lateral resolution primarily depends on signal
frequency, host rock velocity and the illumi-
nation mentioned earlier. Both seismic reso-
lutions typically decrease with depth, as the
dominant frequency decreases downwards, pri-
marily due to preferential absorption of high
frequencies. Illumination is critical in seismic
modelling, because it incorporates two com-
mon effects of seismic imaging: (1) that in-
terfaces dipping more steeply than a certain
angle cannot be imaged, and (2) that the lat-
eral seismic resolution decreases under certain
conditions (cf. Eide et al., 2018).

We apply 2-D convolution seismic mod-
elling with the generic illumination described
in Lecomte et al. (2016), i.e. the case with
no specific survey design or overburden model.
First, we extract the reflectivity as a 2-D grid
according to a selected incident angle. Second,
we select a series of parameters to design the
PSF including: (1) a wavelet (characterized by
its dominant frequency); (2) an average veloc-
ity in the zone to image; (2) an incident an-
gle and (4) a maximum dip angle to be illumi-
nated. Typical 3-D seismic surveys illuminate
reflectors dipping up to 40° or 50° (Eide et al.,
2018). Third, we apply the PSF to the 2-D
reflectivity grid (in one run) to produce the
PSDM seismic images. In this study, we use
a normal incident angle (i.e. to simulate zero-
offset acquisition), as for deep crustal struc-
tures (e.g. shear zones) even large offsets at
the surface translate to small incident angles
at depth (10-20 km). The maximum angle of
dip to be illuminated, which we just call (max-
imum) illumination angle describes that only
reflectors dipping below this angle will be vis-



ible on the seismic images. This angle also af- tion is achieved for perfect illumination (i.e., a
fects the lateral resolution; as a 45° angle will maximum illumination angle of 90° then corre-
roughly correspond to about half a wavelength sponding to a quarter of a wavelength).
lateral resolution. The optimal lateral resolu-

Location Year Dominant Frequency [Hz]
Shallow Medium Deep Very deep

North Viking Graben, North Sea 1998 54 48 29 -

Egersund Basin, North Sea 2005 45 30 15 -

Northern North Sea 2017 50 35 20 10

Exmouth Basin, NW Australia 2000 - 49 21 -

Santos Basin, offshore Brazil 2001/02 35 25 - -

Table 3: Dominant frequencies covered by typical seismic reflection surveys (e.g. Osagiede
et al., 2014). Depth levels correspond to 1 (shallow), 2 (medium), 4 (deep) and 8 (very deep)
seconds two-way traveltime below the seafloor.

Holsngy (Norway)

Frequency

<90°

[llumination
<45°

<30°

Figure 2: Seismic images of the Holsngy shear zone (Norway) for different dominant frequen-



cies (10, 20, 40 Hz) and maximum illumination angles (30°, 45°, 90°). The point-spread function
(PSF) indicates the 2-D seismic resolution. The black outline shows the shear zone geometry.
The colour bar is scaled to 50% of the maximum and minimum amplitudes.

Cap de Creus (Spain)

40 Hz

Frequency
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llumination

Figure 3: Seismic images of the shear zone network (Spain) for different dominant frequencies
(10, 20, 40 Hz) and maximum illumination angles (30°, 45°, 90°). The point-spread function
(PSF) indicates the 2-D seismic resolution. The black outline shows the shear zone geometry.
The colour bar is scaled to 50% of the maximum and minimum amplitudes.

3.1 Geophysical factors

First, we explore how the seismic signature of
shear zones changes dependent on the domi-
nant frequency and maximum illumination an-
gle of the seismic data. For this purpose, we
generate seismic images of these three shear
zone networks ranging from perfect to poor
quality by systematically varying dominant fre-
quencies (of Ricker wavelets) and maximum il-
lumination angles (of the Point-Spread Func-
tion ) over a large range of values. This study
includes models with maximum illumination
angles ranging from 30 to 45 to 90° and dom-
inant frequencies varying from 5 to 10 to 20
Hz for the Holsngy (Fig. 2); 10 to 20 to 40
Hz for the Cap de Creus (Fig. 3) and 5 to 10
to 15 Hz for the downscaled Borborema shear
zone network (Fig. 4). These frequencies cover

typical acquisition parameters of seismic reflec-
tion surveys for the considered depths (e.g. Os-
agiede et al., 2014) (Tab. 3). Moreover, we
explore the effects of noise on the seismic sig-
nature of shear zones by systematically varying
the noise, from a case without noise (0%), via a
case where a third of the amplitudes are noise
(33%) and a case of equal signal to noise (50%)
to a case with only noise (100%) (Fig. 5).

3.2 Geological factors

Next, we explore how the seismic signature of
these shear zones change in different geological
settings. Again, while many geological factors
can affect the seismic signature of shear zones,
we focus on two parameters in this study: the
aspect ratio and dip of the shear zone. To
explore the effects of these parameters, we run



models with aspect ratios of 1:1, 1:2 and 2:1
(i.e. the geometry, stretched to twice and com-
pressed to half the original length), and rotated
to dips of 0°, 30° and 60° (Figs. 6-8). These
values cover typical shear zone sizes and dips
observed in the field (Tab. 1). Maximum il-

Pernambuco (Brazil)

lumination angles are set to 45° and dominant
frequencies to 10 Hz (Holsngy), 20 Hz (Cap de
Creus) and 10 Hz (Borborema) corresponding
to moderate seismic imaging quality.

Frequency

15 Hz

<90°

lllumination
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<30°

Figure 4: Seismic images of the Borborema shear zone network (Brazil) for different dominant
frequencies (10, 20, 40 Hz) and maximum illumination angles (30°, 45°, 90°). The point-spread
function (PSF) indicates the 2-D seismic resolution. The black outline shows the shear zone
geometry. The colour bar is scaled to 50% of the maximum and minimum amplitudes. To
compare the extremely-large Borborema shear zone to seismic studies, it was necessary to scale

it down by a factor 50.

4 Results

4.1 Geophysical effects
4.1.1 Holsngy (Norway)

Our first set of models shows the seismic sig-
nature of the Holsngy shear zone network for
different dominant frequencies (5, 10, 20 Hz)
and illumination angles (30, 60, 90°) (Fig. 2).
At high frequency (20 Hz) and perfect illumi-
nation (90°), we obtain a perfect image of the
shear zone with clearly-separable seismic re-
flections of each high strain area (Fig. 2a). At

intermediate frequency (10 Hz) and perfect il-
lumination (90°), we start to lose some details,
as reflections begin to merge vertically and
horizontally (Fig. 2b). Nonetheless, we are
still able to image the entire shear zone. At
low frequency (5 Hz) and perfect illumination
(90°), we have lost most of the details: (1) thin
reflections have disappeared, (2) closely spaced
reflections merged and (3) reflection termina-
tions appear as amplitude anomalies (Fig. 2c).
At this point, we can identify: (1) the overall
shape, (2) orientation and (3) some internal in-
tersections of the shear zone. At intermediate



illumination (45°), steeper geometries show
lower amplitudes and fewer anomalies (Fig.
2d-f). This effect continues for low illumina-
tion (30°), where inclined reflections disappear.

0%

Holsngy

Cap de Creus

Pernambuco

At this stage, we can only see a few disjointed
sub-horizontal reflections (Fig. 2g-i).

Figure 5: Seismic images of the Holsngy (a-d), Cap de Creus (e-h) and Borborema shear
zone (i-1) for different levels of noise (0%, 33%, 50% and 100%). The point-spread function
(PSF) indicates the 2-D seismic resolution. The black outline shows the shear zone geometry.
The colour bar is scaled to 50% of the maximum and minimum amplitudes. To compare the
extremely-large Borborema shear zone to seismic studies, it was necessary to scale it down by

a factor 50.

4.1.2 Cap de Creus (Spain)

Our second set of models shows the seismic sig-
nature of the Cap de Creus shear zone network
for different dominant frequencies (10, 20, 40
Hz) and illumination angles (30, 60, 90°) (Fig.
3). At very high frequency (40 Hz) and perfect
illumination (90°), we obtain a perfect image
of the shear zone with clearly-separable seis-
mic reflections of each high strain area (Fig.
3a). At high frequency (20 Hz) and perfect
illumination (90°), we start to lose some de-
tails, as reflections begin to merge vertically
and horizontally (Fig. 3b), yet we are still able
to image the entire shear zone. At intermedi-
ate frequency (10 Hz) and perfect illumination
(90°), we have lost most of the details: (1) thin
reflections have disappeared, (2) closely spaced

reflections merged and (3) reflection termina-
tions appear as amplitude anomalies (Fig. 3c).
At this point, we can identify: (1) the over-
all shape, (2) orientation and (3) some internal
intersections of the shear zone. At intermedi-
ate illumination (45°), steeper geometries show
lower amplitudes and fewer anomalies (Fig.
3d-f). This effect continues for low illumination
(30°), where inclined reflections disappear. At
this stage, we can only see a few criss-crossing
reflections (Fig. 3g-i).

4.1.3 Borborema (Brazil)

Our third set of models shows the seismic
signature of the downscaled Borborema shear
zone network for different dominant frequen-
cies (5, 10, 15 Hz) and illumination angles

10



(30, 60, 90°) (Fig. 4). At high frequency (15
Hz) and perfect illumination (90°), we obtain
a perfect image of the shear zone with clearly-
separable seismic reflections of each high strain
area (Fig. 4a). At intermediate frequency (10
Hz) and perfect illumination (90°), we still see
most of the details, despite reflections becom-
ing wider (Fig. 4b). At low frequency (5 Hz)
and perfect illumination (90°), we start to lose
some of the details: (1) thin reflections dis-
appear, (2) closely spaced reflections become

Holsngy (Norway)

merged and (3) reflection terminations appear
as amplitude anomalies (Fig. 4c), yet we can
still identify: (1) the overall shape, (2) orienta-
tion and (3) some internal intersections of the
shear zone. At intermediate illumination (45°),
steeper geometries start to disappear (Fig. 4d-
f). This effect continues for low illumination
(30°), where inclined reflections completely dis-
appear. At this stage, we can only see a few
sub-horizontal reflections (Fig. 4g-i).
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Figure 6: Seismic images of the Holsngy shear zone (Norway) for different dips (0°, 30°, 60°)
and aspect ratios (1:1, 1:2, 2:1) create with intermediate frequency (10 Hz) and illumination
(45°). The point-spread function (PSF) indicates the 2-D seismic resolution. The black outline
shows the shear zone geometry. The colour bar is scaled to 50% of the maximum and minimum

amplitudes.

11



Cap de Creus (Spain)
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Figure 7: Seismic images of the Cap de Creus shear zone (Spain) for different dips (0°, 30°, 60°)
and aspect ratios (1:1, 1:2, 2:1) create with intermediate frequency (10 Hz) and illumination
(45°). The point-spread function (PSF) indicates the 2-D seismic resolution. The black outline
shows the shear zone geometry. The colour bar is scaled to 50% of the maximum and minimum

amplitudes.

4.1.4 Seismic noise

Our fourth set of models show the seismic sig-
nature of the Holsngy, Cap de Creus and Bor-
borema shear zone for different noise levels
(0%, 33%, 50%, 100%). Without noise, these
models are the same as the intermediate imag-
ing ones (Figs. 2e,3e,4e). These models show
clear images of the shear zones, illuminating
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all reflections dipping below 45° (Fig. 5a-c).
At 33% noise, it becomes difficult to identify
some of the thinner parts of the shear zones,
as their amplitudes are on the same level as
the noise (Fig. 5d-f). At 50% noise, it is diffi-
cult to identify shear zones (Fig. 5g-i), as the
seismic image becomes increasingly similar to
the ones with 100% noise (Fig. 5j-1).



Pernambuco (Brazil)
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Figure 8: Seismic images of the Borborema shear zone (Brazil) for different dips (0°, 30°, 60°)
and aspect ratios (1:1, 1:2, 2:1) create with intermediate frequency (10 Hz) and illumination
(45°). The point-spread function (PSF) indicates the 2-D seismic resolution. The black outline
shows the shear zone geometry. The colour bar is scaled to 50% of the maximum and minimum
amplitudes. To compare the extremely-large Borborema shear zone to seismic studies, it was

necessary to scale it down by a factor 50.

4.2 Geological effects
4.2.1 Holsngy (Norway)

Our fifth set of models shows the seismic sig-
nature of the Holsngy shear zone network for
different aspect ratios (1:1, 1:2, 2:1) and dips
(0°, 30°, 60°) (Fig. 6). At 1:1 aspect ratio and
no dip, we obtain a good seismic image of the
shear zone clearly showing all parts (Fig. 6a).
As we increase the dip to 30° (Fig. 6b) and 60°
(Fig. 6¢), we start to lose some of the steeper
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dipping reflections. At 1:2 aspect ratio, seismic
reflections become closer and merge vertically
(Fig. 6d-f). At 60° dip, it becomes difficult to
identify the shear zone, as we only image a few
sub-parallel reflections (Fig. 6f). At 2:1 aspect
ratio, we image most parts of the shear zone,
only losing some inclined reflections at 30° and
60° dip (Fig. 6g-1).



4.2.2 Cap de Creus (Spain)

Our fifth set of models shows the seismic signa-
ture of the Cap de Creus shear zone network
for different aspect ratios (1:1, 1:2, 2:1) and
dips (0°, 30°, 60°) (Fig. 7). At 1:1 aspect ratio,
0° and 30° dip, we obtain a good seismic im-
age of the shear zone clearly showing all parts
(Fig. 7a,b). At 60° dip, we start to lose some
of the inclined reflections (Fig. 7c). At 1:2
aspect ratio, seismic reflections become closer
and merge vertically (Fig. 7d-f). At 60° dip,
it becomes difficult to identify the shear zone,
as we only image a few sub-parallel reflections
(Fig. 7f). At 2:1 aspect ratio, we image most
parts of the shear zone, only losing some in-
clined reflections at 30° and especially at 60°
dip (Fig. 7g-i).

Models

a) Sub-parallel dipping reflections

2km

Pemambuco Cap de Creus

2 km

b) Cross-cutting reflections

Pernambuco 2 km

4.2.3 Borborema (Brazil)

Our fifth set of models shows the seismic sig-
nature of the Borborema shear zone network
for different aspect ratios (1:1, 1:2, 2:1) and
dips (0°, 30°, 60°) (Fig. 8). At 1:1 aspect ratio
and no dip, we obtain a good seismic image of
the shear zone clearly showing all parts (Fig.
8a). At 30° and especially 60° dip, it becomes
difficult to identify the shear zone, as we have
lost most the inclined reflections (Fig. 8b,c).
At 1:2 aspect ratio, 0° and 30° dip, seismic
reflections become closer and merge vertically
(Fig. 8d,e). At 60° dip, we have lost almost all
reflections and it becomes impossible to iden-
tify the shear zone (Fig. 8f). At 2:1 aspect
ratio and no dip, we image most parts of the
shear zone (Fig. 8g), but at 30° and especially
60° dip, it becomes difficult to impossible to
identify the shear zone, as we have most in-
clined reflections (Fig. 8h, i).
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Figure 9: Seismic indicators of crustal shear zones in our models and seismic observations
(Clerc et al., 2015; Phillips et al., 2016; Fazlikhani et al., 2017).

5 Discussion

5.1 Seismic indicators

Kilometre-scale shear zones are commonly in-
terpreted in seismic reflection data as subpar-
allel inclined reflections (e.g. Clerc et al., 2015;

Phillips et al., 2016; Fazlikhani et al., 2017).
Our models show that such shear zones ob-
served in the field can indeed produce sub-
parallel, inclined seismic reflections given that
their dip does not exceed the maximum illu-
mination of the seismic survey (Fig. 9a). The
problem is however that other geological struc-
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tures, such as tilted layers or magmatic dykes
can also produce similar subparallel, inclined
reflections (e.g. Phillips et al., 2018). To differ-
entiate shear zones from tilted layers, we sug-
gest to search for cross-cutting seismic reflec-
tions. Many of our models show cross-cutting
seismic reflections resulting from intersections
of different strands of these shear zone net-
works (e.g. Fig. 9b). This is interesting
as cross-cutting reflections are usually associ-
ated with magmatic intrusions intersecting the
host strata (e.g. Hansen et al., 2004; Planke
et al., 2005; Magee et al., 2014). To differ-
entiate shear zones from magmatic intrusions,
we suggest to analyse reflection junctions. Our
models show several seismic reflections consis-
tently converging in the same direction towards
the edge of the shear zone forming large-scale
lenses (e.g. Fig 9c). In contrast, networks
of magmatic intrusions commonly show reflec-
tions converging in various directions forming
stacked sill complexes (e.g. Magee et al., 2014;
Eide et al., 2018). To summarize, we suggest
to use the combination of: (1) subparallel, in-
clined reflections; (2) cross-cutting reflections
and (3) unidirectional reflection junctions to

identify shear zones in seismic reflection data
(Fig. 9).

5.2 Kinematic indicators

After identifying a shear zone, we often want
to determine its sense of movement. While it
is sometimes possible to constrain the sense
of movement from the orientation of the shear
zone and/or the geological history of the area,
we would ideally like to constrain it using kine-
matic indicators. Our models show that the
orientation and curvature of seismic reflections
inside the shear zone are consistent with the
sense of movement (Figs. 2-8). Seismic re-
flections forming an acute angle with the edge
of the shear zone indicate movement towards
that junction (Fig. 10). When looking at a
shear zone in map view, seismic reflections
curved to right (left) at the top indicate dex-
tral (sinistral) movement and vice versa. This
simple geometric relationship, which is consis-
tent with outcrop observations (e.g. Ramsay,
1980), can help us identify the sense of move-
ment of shear zones in seismic reflection data.

Kinematic indicators

Outcrop

Il Shear zones
[ 1Host rock

Clerc et al. (2015)

Figure 10: Kinematic indicators showing the sense of movement of: a) Holsngy shear zone
network (Norway), b) the model of the Holsngy shear zone network, c) shear zone on the
Uruguayan margin (Clerc et al., 2015), d) Borborema shear zone network (Brazil), e) the model
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of the Borborema shear zone network, f) shear zone on the Uruguayan margin (Clerc et al.,
2015). Note that the direction reflections curve at the shear zone margin indicate the sense of

movement.

5.3 Hidden structures

While we often concentrate on the shear zones,
we see in seismic reflection data, it is also worth
highlighting when we might not see them. Our
models, for example, show that shear zones be-
come very difficult to image when 50% of data
is noise (Fig. 5g-i). This result is important to
remember when discussing the total strain in
a system, as large fractions of the strain might
not be imaged by seismic reflection data. Sim-
ilarly, it is difficult to image shear zones dip-
ping steeper than the illumination of the seis-
mic survey (Figs. 6-8). Combining these re-
sults with the general trend that illumination
decreases with depth, it becomes extremely dif-
ficult to image steep structures in the lower
crust.

5.4 Geological complexity

When generating these large-scale models, it
was not possible to include the entire complex-
ity observed in the field. For example, we built
these models using only two rock types: shear
zones and host rock, which are already dif-
ficult to constrain by physical measurements
(see Tab. 2). In nature, these rocks are
highly variable in terms of composition, meta-
morphic grade and degree of deformation (e.g.
Austrheim et al., 1997; Neves and Mariano,
1999; Carreras, 2001). To include all these ele-
ments in seismic models, we would need accu-
rate, high resolution physical measurements of
these rocks. Furthermore, we have built these
models using current physical rock properties
measured in the laboratory, which may dif-
fer from those encountered in the subsurface,
where pressures, temperatures and pore fluids
are different and probably change with time.
Finally, it is worth mentioning that it was not
possible to include microscopic structures, such
as foliation, fractures and veins in these large-
scale models.

5.5 Geophysical limitations

Geophysical effects, do not investi-

gate in this study, include seismic velocity

we

anisotropies, which are expected to occur in
shear zones (e.g. Godfrey et al., 2000; Wen-
ning et al., 2018), but cannot be constrained
given the size and complexity of these outcrop
examples and the absence of in-situ physical
property measurements. With regards to am-
plitudes, our models simulate perfect process-
ing removing all effects of geometrical spread-
ing, attenuation and dispersion. In nature,
these effects are expected to reduce the overall
imaging quality. Finally, it is worth empha-
sizing that we, similar to most field- and seis-
mic studies, approach a 3-D problem with 2-D
models. While generating synthetic 3-D seis-
mic reflection data is possible, it would require
large-scale 3-D outcrop observations to gener-
ate these models.

6 Conclusions

Simulating the seismic signature of three out-
crops of shear zones (Holsngy, Cap de Creus
and Borborema), we find that three character-
istic features consistently occur in our models:
(1) multiple, inclined reflections, (2) converg-
ing reflections and (3) cross-cutting reflections.
While these features are clear in most cases,
they become difficult to recognize when shear
zones are dipping steeper than the illumina-
tion of the seismic survey or when 50% of the
data consists of noise. We also find that reflec-
tion curvature at the shear zone edge is a use-
ful kinematic indicator, as seismic reflections
forming an acute angle with the edge of the
shear zone correspond to the direction of move-
ment towards the junction.
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