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A B S T R A C T   

Faults with throws that fall below vertical seismic resolution are challenging to identify in reflection seismic 
datasets. Nevertheless, such small-scale faults may still affect the seismic images, and in this study, we build 
seismic models of outcrop analogues to investigate how. Using photogrammetry from faults affecting Oligocene 
to Miocene carbonate rocks in Malta, we build a series of geological models from which synthetic seismic images 
are produced. The resulting seismic images are analysed to elucidate the effects of varying geologic input, signal 
properties and introduction of noise, and compared to real seismic data from the SW Barents Sea, offshore 
Norway. Our results suggest that at signal peak frequencies of 30 Hz and higher, using the classic Ricker wavelet 
type and without introducing noise, graben forming faults with a combined displacement down to ~5 m affect 
the seismic image by slight downwarping of reflections, whereas single faults with displacement down to ~10 m 
show detectable non-discrete reflection offsets in form of a monoclinal geometry at signal peak frequencies at 60 
Hz. Using an Ormsby wavelet, we get seismic images with a quality that lie in between that of the 30 Hz and 60 
Hz Ricker, even though the peak frequency is lower. The identified structures can also be seen when noise is 
included, although the reflections are more irregular and harder to detect. This suggests that under relatively 
noise-free conditions in high-quality reflection seismic datasets, lower-throw faults (as low as 5 m in this study) 
that do not induce discrete reflection offsets in seismic images may still produce reflection distortions. Addi-
tionally, seismic modelling using the Ormsby wavelet, and its effect on the seismic image, is lacking in literature 
as of today. We suggest that the results and examples shown in this study may be used to geologically inform 
fault interpretations in real seismic datasets and may form an empirical basis for geologically concept-driven 
fault interpretation strategies.   

1. Introduction 

Faults of all scales play a crucial role for accommodating deforma-
tion and fluid flow within the upper crust (Caine and Forster, 1999; 
Faulkner et al., 2010). Understanding the role of faults in for example 
exploration for, and exploitation of, petroleum, mining, and ground-
water resources, are of great economic significance since faults often 
control fluid migration, induce reservoir/aquifer compartmentalisation, 
and determine the location of ore deposits (e.g. Aydin, 2000; Gartrell 
et al., 2004; Bense and Person, 2006; Rotevatn and Fossen, 2011; Beukes 
et al., 2013; Dimmen et al., 2020; Bradaric et al., 2022). Fault-controlled 
fluid flow is also important from an environmental/hazards perspective, 
and relevant for example in subsurface carbon storage, contaminant 
transport and the storage of nuclear waste (Talwani, 1999; Moussa and 
El Arabi, 2003; Shipton et al., 2005; Yoshida et al., 2008; Krawczyk 

et al., 2015). For most of the above applications, fault detection and 
mapping in the subsurface is key to understanding fault geometry, di-
mensions, distribution, and properties. 

The detection of faults in the subsurface often depends on the use of 
reflection seismic data, coming with several limitations. The vertical 
resolution i.e., of seismic datasets constrains our ability to identify 
geological layers, the minimum vertical distance between two features 
(reflectors) that are possible to define separately rather than as one. 
Vertical seismic resolution is controlled by the wavelength of the seismic 
signal; the Rayleigh criterion states that the vertical resolution limit is a 
quarter-wavelength (e.g. Knapp, 1990). For modern, commercial, 
high-quality 3D seismic data sets this may translate to a vertical 
resolvability of 10–30 m at best. This defines an approximate lower 
practical constraint on seismically resolvable fault offsets. The relatively 
high-angle nature of most extensional faults means that the seismic 
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waves will not hit and illuminate the actual fault surface, except when 
using very wide offsets. Therefore, most faults are so-called non--
illuminated faults, and are detected from breaks in reflection continuity 
rather than by discrete imaging of the fault itself. In addition, limited 
lateral resolution blurs the seismic images (Fresnel zone effect) and may 
induce lateral smearing across non-illuminated fault zones; this can 
prevent accurate dip estimations, even if 3D migration reduces the 
Fresnel-zone down to half-wavelength (Simm and Bacon, 2014). Also, 
faults dipping at an angle greater than ~40–50◦ are generally too steep 
to be illuminated and imaged in reflection seismic data (Simm and 
Bacon, 2014; Chen and Huang, 2015), and their presence is therefore 
generally inferred by the identification of discontinuous reflections of 
the displaced geological strata. There are also other limitations that 
come into effect in the imaging of subsurface geology with reflection 
seismic data, such as noise and decrease of signal/image quality with 
depth due to geometrical spreading, attenuation of seismic energy with 
the high frequencies being especially absorbed, and scattering of the 
seismic signal by e.g. faults and fault-block crests (Simm and Bacon, 
2014; Lecomte et al., 2015). 

Small-scale faults and other types of fractures that fall below seismic 
resolution are very important, since i) fault/fracture sizes in nature 
follow a power-law distribution, which means there are infinitely 
greater numbers of smaller (sub-seismic) structures than greater (seis-
mically resolvable) structures in any rock deformed in a brittle manner 
(e.g. Hatton et al., 1994; Vermilye and Scholz, 1995; Renshaw and Park, 
1997); ii) sub-seismic structures may accommodate significant crustal 
strains; for example, Walsh et al. (1991) suggest that seismic-based 
summations of fault throws may underestimate regional extension by 
up to 40% (depending on the seismic resolution of the datasets used), 
due to sub-seismic strains; and iii) sub-seismic structures are critical for 
controlling permeability and fluid flow patterns in the sub-surface (e.g. 
Damsleth et al., 1998; Walsh et al., 1998; Mitchell and Faulkner, 2012), 
because they provide structural connectivity between larger seismically 
mappable structures (e.g. Gartrell et al., 2004; Dimmen et al., 2017; 
Sanderson and Nixon, 2018). Hence, it is important to be aware of these 
structures and get the best possible understanding of them. 

Although structural features that fall below seismic resolution cannot 
be directly resolved, they may still affect the seismic image. To the best 
of our knowledge, no previous seismic modelling studies have attempted 
to investigate the effect of such structures on seismic images. Motivated 
by this, we explore the effects that sub-seismic faults may have on a 
seismic image, to better understand how some sub-seismic structures 
may be inferred. 

In this paper, we study carbonate-hosted normal faults from the west 
coast of Malta with displacements of 20 m and below and conduct 
seismic modelling to investigate their effect on seismic images. As such, 
the studied faults fall approximately at or below the limits of what is 
practically resolvable in modern, commercial reflection seismic data. 
The key question we ask is “how do faults that are borderline seismically 
resolvable, or that fall below seismic resolution, affect seismic images?“. 
Secondly, we look into how structural complexity associated with such 
small-scale faults affect a seismic image, and whether the seismic image 
of simpler fault geometries (e.g., a single fault strand) differ from seismic 
images of more complex fault geometries (in this case a fault comprised 
of two fault strands forming a fault-bounded lens). In addition to looking 
into how the structural geometries affect the seismic image, we also 
investigate the effect of various signal properties on the seismic images 
by varying wavelet type and wave frequencies, and by varying lateral 
resolution. We also look at the effect of introducing noise, which is 
generally present in real seismic data, and, finally, compare our syn-
thetic images with real, high-quality seismic images from a carbonate- 
dominated succession in the Barents Sea, offshore Norway. 

2. Geologic framework of the faults used in the seismic models 

The normal faults that form the basis for the seismic models herein 

are hosted in Late Oligocene to Early Miocene limestones in western 
Malta (Fig. 1 a). The Maltese islands are situated on the NE shoulder of 
the Pantelleria rift system, which formed in Late Miocene-Early Pliocene 
as a result of roll-back and eastward migration of the Apennine- 
Maghrebian subduction zone (Dart et al., 1993; Gueguen et al., 1998; 
Cavazza and Wezel, 2003). The rifting event caused the formation of 
ENE-WSW trending horst and graben structures that now dominate the 
Maltese archipelago (Bonson et al., 2007; Putz-Perrier and Sanderson, 
2010). The studied areas are located in cliff sections at Ras-Ir-Raheb, 
immediately south of Fomm-Ir-Rih bay and approximately 500 m into 
the footwall of the regionally significant Victoria Lines Fault (~90 m 
displacement; Fig. 1 a). The cliff sections, which are easily accessible, 
host a range of smaller-scale normal faults with displacements in the 
range of <1–20 m (Michie et al., 2014; Dimmen, 2016; Nixon et al., 
2020). The faults are hosted within a shallow-marine carbonate suc-
cession that comprises the middle part of the Oligocene-Quaternary 
stratigraphy of the Maltese archipelago (Fig. 1 b). 

The regional stratigraphy of Malta is divided into pre-, syn-, and post- 
rift successions, with respect to the Pantelleria rifting event (e.g. Pedley 
et al., 1976; Dart et al., 1993). The pre-rift succession includes platform 
carbonates comprising the Lower Coralline Limestone Formation of Late 
Oligocene age and the pelagic Early Miocene Lower Globigerina Lime-
stone Member of the Globigerina Limestone Formation (Pedley et al., 
1976). The syn-rift stage (21–1.5 Ma) is represented by i) fine-grained 
foraminiferal limestones of the Middle and Upper Globigeringa Lime-
stone members, followed by ii) pelagic marls and clays constituting the 
Blue Clay Formation, iii) a marly glauconite lag named the Greensand 
Formation (however not present in our study area) and iv) 
shallow-water limestones and marls of the Upper Coralline Limestone 
Formation (Pedley et al., 1976; Dart et al., 1993). The post-rift sequence 
consists predominantly of Quaternary deposits, and includes terrestrial, 
pelagic and hemipelagic sediments (Pedley et al., 1976; Jongsma et al., 
1985; Dart et al., 1993). The studied faults are mainly hosted in the 
Lower Coralline Limestone Formation and Globigerina Limestone For-
mation, although some continue up-dip into overlying strata. 

3. Methodology 

3.1. Collection and processing of outcrop imagery and observations 

Faults were mapped along the studied cliff sections at two localities 
at Ras-Ir-Raheb (Fig. 1 a), and map-view and cliff-section imagery with 
60–80% overlap was collected using a drone (DJI Mavic Pro). The im-
agery was used to create photo panels and 3D photogrammetric models 
(Fig. 2 a) through AgiSoft PhotoScan Professional (v. 1.3.4). Structures 
and stratigraphic boundaries were then digitized/interpreted on the 3D 
photogrammetric models with help from the data collected in the field 
using the software LIME (Buckley et al., 2019). The 3D interpretations 
were then projected onto a vertical 2D panel (a 2D surface), that formed 
the basis for our 2D geological models (Fig. 2 b). In areas where erosion 
and vegetation obscure continuous exposure, faults and stratigraphic 
boundaries were extrapolated from exposed areas. The 2D geological 
models were then converted to grayscale and populated with elastic 
properties using a Matlab script. The script generates the input files 
containing the elastic properties needed for the seismic modelling 
described below. 

3.2. Seismic modelling methodology 

Seismic modelling can be a cost-efficient and effective way of 
improving interpretation of seismic data while helping better under-
standing the seismic response of the subsurface (e.g. Botter et al., 2016; 
Eide et al., 2017; Grippa et al., 2019; Faleide et al., 2021). The meth-
odology used in this paper will be briefly described here; for a more 
detailed account of the method and workflow, see Lecomte (2008) and 
Lecomte et al. (2015). 
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We use a 2D convolution approach because the standard and most- 
applied 1D convolution method (either implemented as purely 1D for 
simulating well ties, or ‘pseudo-2D’ using serial-1D convolution when 
modelling seismic sections) does not properly account for laterally 
varying structures, limited illumination and lateral resolution (Lecomte 
et al., 2016; Jafarian et al., 2018; Lubrano-Lavadera et al., 2018). The 
convolution method used here is also available in 3D; however, the 2D 
version is preferred since it is ideal for representing the cliff sections 
studied herein, and since 2D representation involves fewer assumptions 
and extrapolations of fault geometries. 

The 2D convolution method is originally a ray-based approach, 
which generate one (or several) point-spread function (PSF, see Fig. 2 c/ 
d) as the convolution kernel which is applied to an input reflectivity 
model (Fig. 2 c) to create a synthetic seismic image (Fig. 2 d). Compared 
to the 1D convolution method, the 2D method produces a more realistic 
seismic image, simulating pre-stack depth-migrated (PSDM) seismic 
sections (Lecomte et al., 2016; Eide et al., 2017). In lack of a specific 
overburden model and survey geometry, especially when studying 
outcrops, the PSF can be simply created from a few key parameters 
(Lecomte et al., 2016), i.e. an angle of illumination, an incident angle, an 
average velocity for the targeted zone (here, the outcrop), and a wavelet 
(as in 1D convolution). For this study, we keep the incident angle at 0◦, 
while the maximum illumination dip angle is set to 45◦, as seismic 
surveys typically illuminate reflectors dipping up to 40◦–50◦ (Eide et al., 
2017; Wrona et al., 2020). Higher angle of illumination generally gives a 
better image, and an illumination angle of 90◦ would theoretically give 
‘perfect illumination’. We used three different wavelets, described more 
thoroughly in the following sub-chapter. 

The models also need to be given realistic petrophysical properties; 
the P- and S-wave velocities (Vp and Vs, respectively) used to populate 
the models are based on Vp/Vs values from literature (see Table 1 and 
references therein) and adjusted for variation based on actual Vp and Vs 
from soft and hard carbonate rocks in the Barents Sea (J. Herredsvela, 
pers. comm., 2018). Petrophysical properties were added to the models 

using a Matlab script, and each geological formation was given a couple 
of values in order to create some internal variation. 

We do not include an overburden model since the effect of over-
burden is factored into our selection of petrophysical properties that 
reflect a burial depth of ~2 km. Densities were calculated using the 
original Gardner relation which describes the relationship between 
density and Vp (Gardner et al., 1974). 

ρ= aVp1/4 (1)  

where ρ is the density (g/cm3), a = 0.31 and Vp is in km/s (Gardner 
et al., 1974; Dey and Stewart, 1997). 

3.3. Varying signal properties and noise 

3.3.1. Wavelet types 
We ran each model with two different wavelet types: the Ricker and 

Ormsby wavelet (Ryan, 1994). The Ricker wavelet was chosen because it 
is frequently used in seismic modelling (e.g. Botter et al., 2016; Eide 
et al., 2017; Lubrano-Lavadera et al., 2018; Wrona et al., 2020) due to its 
simple relation between peak frequency and wavelet breadth, while the 
Ormsby wavelet is made to mimic a more realistic wavelet as extracted 
from the real seismic data we will use to compare our results with. The 
Ricker wavelet was run using two different peak frequencies: a 30 Hz 
peak was chosen to emulate relatively low-resolution seismic data, while 
a 60 Hz peak was used to emulate high-resolution seismic data. The 
synthetic Ormsby wavelet was created in Petrel using the low-cut, 
low-pass, high-pass and high-cut frequencies of 1-3-15-110 Hz, 
respectively. 

Fig. 3 shows the three wavelets (a) and their frequency range (b). The 
Ormsby wavelet has much smaller side lobes compared to both the 30- 
and 60 Hz Ricker wavelets, while having a main-peak width (here 
defined between the first zero crossings) closer to the one of the 30 Hz 
Ricker rather than that of the 60 Hz Ricker (Fig. 3 a). Looking at the 
frequency contents (Fig. 3 b), the dominant frequency of the 30 Hz 

Fig. 1. a) The Maltese Islands in the Mediterranean Sea, showing the study area of Ras-Ir-Raheb on the west coast of Malta, just south of the Victoria Lines Fault 
(VLF). (After Pedley et al., 1976; Michie et al., 2014; Dimmen et al., 2017). b) General stratigraphy of the Maltese Islands (From Dart et al. (1993) and Bonson 
et al. (2007)). 
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Ricker (i.e., 30 Hz per definition in such idealized Ricker wavelet) is 
actually higher than the one of the Ormsby (15 Hz), but its bandwidth is 
considerably smaller than those of the two other wavelets. Shallow 
targets generally have higher bandwidth than deeper targets, and higher 
bandwidth essentially means greater power of resolution (Simm and 
Bacon, 2014). The peak frequency of the Ormsby wavelet is closer to the 
30 Hz Ricker than the 60 Hz one, though its lack of significant side lobes 
– due to the progressive dimming of the high frequencies - makes it a 
better wavelet in terms of resolution. 

3.3.2. Adding random noise 
The 2D PSF-based convolution method used to create the seismic 

does not add any noise except for the imaging noise from side lobes of 
the PSF. In the case of a known overburden, the PSF could have been 
efficiently estimated by ray-based approaches to further constrain a 
more realistic illumination pattern, this PSF thus possibly showing other 
sources of imaging noise due to, e.g., too coarse sampling of the survey 
or irregular illumination due to the wave propagation through the 
overburden. However, we restrained the study to a more “ideal” case, 
with a PSF simply constrained by a few key parameters as described 
above. The synthetic seismic images that are produced are therefore 

Fig. 2. a) A 3D outcrop model as portrayed in AgiSoft PhotoScan Professional. 
The model is interpreted and extrapolated to create the 2D geological model in 
(b). The Geological model is exported in gray scale and populated with elastic 
properties using a matlab-script that provides SEG-Y files for input to SeisRoX. 
c) A reflectivity model is created in SeisRoX and convolved with a point spread 
function (PSF) to create the synthetic seismic image as seen in d). e) For more 
realism, the seismic is combined with random noise. 

Table 1 
Petrophysical properties given to geological 2D models through a MATLAB- 
script creating SEG-Y files.  

Formation Vp (km/s) Vs (km/s) Density 
(kg/m3) 

Reference 

Upper Coralline 
Limestone 
Fm. 

4.80–5.90 2.53–3.12 2.58–2.72 Pickett, 1963;  
Anselmetti and 
Eberli, 1993 

Blue Clay Fm. 1.90–2.50 1.00–1.32 2.05–2.19 Pickett, 1963;  
Castagna et al., 
1993Castagna et al., 
1993 

Upper 
Globigerina 
Limestone 
Mbr. 

4.00–4.50 2.11–2.37 2.47 Pickett, 1963 

Middle 
Globigerina 
Limestone 
Mbr. 

4.20–4.35 2.21–2.29 2.52 Pickett, 1963; Healy 
et al., 2015 

Lower 
Globigerina 
Limestone 
Mbr. 

3.80–4.50 2.00–2.37 2.43 Pickett, 1963,; Healy 
et al., 2015 

Lower Coralline 
Limestone 
Fm. 

5.50–5.80 2.89–3.05 2.67–2.71 Pickett, 1963; Healy 
et al., 2015  

Fig. 3. a) Shape of the three wavelets used for this study. The Ormsby wavelet 
clearly has much smaller side lobes than the Ricker wavelets. b) corresponding 
frequency spectrum for the three wavelets. The 30 Hz-Ricker wavelet has a 
bandwidth of ~15–50 Hz, the 60 Hz-Ricker wavelet ~30–100 Hz, while the 
Ormsby wavelet spans ~0–70 Hz. 
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very ‘clean’, yet reproducing a complete resolution pattern, both verti-
cally and laterally, and with the (realistic) lack of imaging of steep dips. 
Nevertheless, in real seismic data, the signal-to-noise ratio is one of the 
parameters affecting the detectability of structures (Simm and Bacon, 
2014; Lubrano-Lavadera et al., 2018) and in order to detect reflections 
from geological structures in the seismic, the amplitude needs to be 
significantly higher than that of the seismic noise (Eide et al., 2017). 

We therefore added random noise to the modelling and considered a 
signal-to-noise ratio of 4 (20% noise) to emulate such detectability is-
sues. This was chosen based on the results from Andersen (2020), who 
found that carbonate hosted faults may be visible in seismic with ≥25% 
noise, but hardly detectable when the noise is increased to 50%. The 
noise was created as an additional seismic image by convolving random 
(white) noise, given as an input reflectivity grid, with the PSF of the 
associated synthetic seismic, thus colouring the random noise with the 
same frequency and wavenumber range as the modelled seismic sections 
(PSDM-coloured noise). The PSF-convolved random noise was then 
added to the seismic images of the outcrop models as an individual step 
(Fig. 2 d/e). All synthetic seismic images are presented with and without 
noise in the results section. All seismic (and noise) was also 
amplitude-calibrated, so that a peak of a certain strength in reflectivity 
would correspond to a peak of the same strength in the seismic images. 
The seismic are displayed with normal polarity, whereby an increase in 
acoustic impedance is represented by a peak (red), and a decrease by a 
trough (blue). 

4. Experimental design 

The models used herein are based on two main outcrops in the study 
area (Fig. 4) From each of the outcrops, we created a modelling series 
consisting of three different geological models, giving a total of six cases, 
covering fault offsets from ~1 to 20 m (Fig. 5). Variation of wavelet type 
and frequency, and addition or absence of noise in the six models lead to 
a total of 36 seismic images for discussion. As previously mentioned, the 
results will be compared to real, high-quality seismic images (TopSeis) 
from a carbonate-dominated succession in the SW Barents Sea, offshore 
Norway, of Carboniferous to Triassic age. The area we will be looking at 
lies at approximately 2000 m depth, in the proximity of a km-scale 
rotated fault block with several horst-and-graben forming faults in the 
overburden. 

4.1. Outcrop 1; model series 1 

The area where the first outcrop is located sits approximately 500 m 
into the footwall of the larger (displacement D = 90 m) Victoria Lines 
Fault at Ras-Ir-Raheb (Fig. 4 a). The outcrop displays several smaller 
faults with offsets <1 m in the fine grained, homogenous Middle and 
Lower Globigerina Limestone Members (Fig. 4 b). The faults cut through 
the boundary between the two members, which is marked by a layer of 
phosphoritic conglomerate. The outcrop selected for modelling from this 
area is a compound graben structure with a combined offset of c. 1 m, 
distributed across several faults. The models are extended to include 
significantly more of the outcrop than the compound graben itself; the 
models are therefore 300 m wide and 200 m tall, extending approxi-
mately 30 m into the Upper Coralline Formation at the top and the 
Lower Coralline Formation at the bottom (Fig. 4 c). 

Three models were created based on the compound graben structure 
from the first outcrop (Fig. 5). First, a fault-free reference model with 
sub-horizontal bedding (Model 1.1) was created to serve as baseline for 
comparison with the faulted models. The actual fault geometries 
recorded at the outcrop are represented in Model 1.2, whereas in Model 
1.3 the combined offsets were exaggerated to 5 m. Model 1.3 is other-
wise identical to Model 1.1 and 1.2. 

4.2. Outcrop 2; model series 2 

The area where the second outcrop is situated sits ~700 m south of 
Outcrop 1 and ~1.2 km into the footwall of the Victoria Lines Fault 
(Fig. 4 a). The outcrop of interest features a fault with a displacement of 
approximately 11 m (Fig. 4 b). The fault is comprised of two strands and 
dissects the uppermost part of the Lower Coralline Limestone and con-
tinues down-dip below sea level. Up-dip, it extends through the Lower-, 
Middle- and Upper Globigerina Limestone members, and into the Blue 
Clay Formation. The fault does not extend further up-dip into the Upper 
Coralline Formation and, although the tip itself is not exposed, we infer 
that the fault tips out below the base of this formation. The two fault 
strands bound a lens-shaped geometry, where the total throw of the fault 
is shared between the two strands (Haines et al., 2016). 

Three different models were created with the aim of investigating the 
effects of the fault itself and the lens-shaped geometry on seismic images 
(Fig. 5). To do this, we created a reference model where the fault 

Fig. 4. a) Overview of Ras-Ir-Raheb and the location of the two outcrops, outcrop 1 in the northern part and outcrop 2 in the southern part of the map. LCL = Lower 
Coralline Limestone, LGLM = Lower Globigerina Limestone Member, MGLM = Middle Globigerina Limestone Member, UGLM= Upper Globigerina Limestone 
Member, BC = Blue Clay, UCL= Upper Coralline Limestone b) 3D models of the selected outcrops and their position in the finished geological models in c). (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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geometry was simplified to consist of a single planar fault strand of 11 m 
offset (Model 2.1), for comparison with a model of the true geometry 
where the two-strand lens geometry was included (Model 2.2). In Model 
2.2, the throw is split between the two fault strands, with a combined 
displacement of 11 m, i.e., equal to that of the single fault in Model 1.1. 
The third model (Model 2.3) was created with a total combined 
displacement across the two-strand fault zone exaggerated to 20 m, 
where the up-dip (and partly down-dip) extent of the fault was 
increased. 

5. Results 

We here present the results, starting with the effect the wavelet shape 
and frequency have on the seismic (Fig. 6), before moving on to the 
resulting synthetic seismic. With the variables presented in section 4, 
our models result in 36 different seismic images (Figs. 7 and 8). The 
results from the two model-series are presented in the following sub-
sections. Model Series 1 are based on Outcrop 1, whereas Model Series 2 
are based on Outcrop 2. 

5.1. Effect of the different seismic wavelet types 

The effect of the different wavelet shapes and frequencies can be seen 
in Fig. 6, where an example of synthetic seismic created with the 30 Hz 
Ricker (Fig. 6 a) and the Ormsby wavelets (Fig. 6 b) are presented with 
wiggle trace of both the wavelet and the reflectivity of a chosen line. The 
wiggle trace clearly shows how the two wavelets affect the seismic im-
ages. The wiggle trace for the 30 Hz Ricker wavelet shows little variation 
in amplitude with few, high-amplitude peaks and troughs (Fig. 6 a), 
leading to the few and thick reflections we see in the seismic image. The 
wiggle trace from the Ormsby wavelet is very different, showing several 
narrower peaks and troughs in the upper half of the wiggle trace before 
one higher amplitude trough followed by a double peak (Fig. 6 b). The 
shape of the 30 Hz Ricker wavelet with the negative side lobes leads to a 
seismic image where only the strongest reflectors show as thick re-
flections, and anything located too close to these disappear within the 
side lobes. The negative side lobes contribute to the strong negative 
reflection we observe in the centre of the image and enhance the 
adjoining positive reflections. In the seismic image using the Ormsby 
wavelet (Fig. 6 b), we can see that the negative reflection is weaker than 

Fig. 5. Overview of the six geological 2D models created from the two outcrops at Ras-Ir-Raheb. Model 1.2 and 2.2 gives the most precise portrayal of the actual 
outcrop 1 and 2, respectfully. All models are 200 × 300 m and scaled 1:1. 

Fig. 6. a) Seismic image produced using the 30 Hz Ricker wavelet, with wiggle trace and reflectivity trace on the right – extracted from the placement of the white 
vertical line in the seismic image. b) Seismic image produced using the Ormsby 1-3-15-110 Hz wavelet, with wiggle trace and reflectivity trace on the right – 
extracted from the placement of the white vertical line in the seismic image. 
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Fig. 7. All seismic images within model series 1. Showing the seismic images of Model 1.1 (a–f) vertically on the left, all seismic images of Model 1.2 (a–f) vertically 
in the middle, and all seismic images of Model 1.3 (a–f) vertically to the right. 
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Fig. 8. All seismic images within model series 2. Showing the seismic images of Model 2.1 (a–f) vertically on the left, all seismic images of Model 2.2 (a–f) vertically 
in the middle, and all seismic images of Model 2.3 (a–f) vertically to the right. 
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in the 30 Hz Ricker image, and the amplitude trough of the wavelet to 
the right is less wide. Instead of one continuous amplitude peak below 
the trough of the wavelet we here see two peaks following each other. In 
the seismic image this is seen as two distinguishable positive reflections. 
This matches up well with the reflectivity trace on the far right in the 
figure where we can see corresponding peaks. 

5.2. Model series 1 (compound graben; 0–5 m displacement) 

Common for all the seismic images from Model Series 1 is the strong 
negative amplitude reflection (blue) seen near the top of all the images, 
representing the stratigraphic boundary between the Upper Coralline 
Limestone Fm. and the Blue Clay Fm. (Fig. 7). Additionally, there are 
two strong positive-amplitude reflections (red) visible throughout all 
images, called R1 and R2 (marked with arrows in Fig. 7). R1 is the 
reflection from the boundary between the Upper Coralline Limestone 
Fm. and the Upper Globigerina Limestone Fm., while R2 is the reflection 
from the boundary between the Lower Coralline Limestone Fm. and the 
Lower Globigerina Limestone Fm. The character of these two reflections 
varies in the different seismic images, due to the changing survey pa-
rameters and input geology. The variations of the fault-affected reflec-
tion R2 is key to the detailed seismic image descriptions below. 

5.2.1. Model series 1 results using the 30 Hz ricker wavelet 
The fault-free reference model (Model 1.1, Fig. 7 a), without any 

structures, produces a very simple seismic image, with Reflection R2 
being continuous. The seismic image created with the 30 Hz Ricker 
wavelet shows strong, sub-horizontal reflections with no reflectivity 
between R1 and R2. The seismic images of Model 1.2 (Fig. 7 1.2 a) are 
practically identical to the images of the reference model (Fig. 7 1.1 a), 
and the small faults have no notable effect on the seismic image. In 
Model 1.3, the seismic image produced using the 30 Hz Ricker wavelet 
shows a slight downwarping of reflection R2, in the area of the com-
pound graben with the combined displacement of 5 m (Fig. 7 1.3 a). 
Adding noise to the seismic images has a limited effect on the images in 
the 30 Hz Ricker wavelet scenarios (Fig. 7 b). 

5.2.2. Model series 1 results using the 60 Hz ricker wavelet 
The seismic images based on the 60 Hz Ricker wavelet resolves more 

reflections, since the vertical seismic resolution is improved relative to 
the 30 Hz images (Fig. 7 c), and the reflections are narrower and more 
well-defined. A strong positive reflection (red) can now be observed 
immediately below the strong negative reflection (blue) that was also 
seen in the 30 Hz Ricker images, and a lower-amplitude positive 
reflection can be seen between R1 and R2. Model 1.1 (Fig. 7 1.1 c) and 
Model 1.2 (Fig. 7 1.2 c) are practically identical, whereas in Model 1.3 
(Fig. 7 1.3 c) reflection R2 is downwarped at the location of the com-
pound graben. Compared to the 30 Hz image of Model 1.3, the down-
warped part of reflection R2 is slightly more rugose and defined, 
reflecting more of the detailed structure of the compound graben. 
Adding noise again distorts the images and results in poorer reflectivity 
between R1 and R2, and slightly blurs the downwarping of R2 at the 
location of the compound graben in the seismic image of Model 1.3. 

5.2.3. Model series 1 results using the ormsby wavelet 
The Ormsby-type wavelet produces seismic images of similar quality 

to those produced using the 30 Hz Ricker wavelet, but with a ‘cleaner’ 
appearance. The reference Model 1.1 (Fig. 7 1.1 e) clearly shows the 
negative reflection (blue) near the top of the model, as well as the strong, 
positive reflections R1 and R2. Model 1.2 (Fig. 7 1.2 e) is again identical 
to the reference model, whereas in Model 1.3 (Fig. 7 1.3 e) we can 
observe a slight downwarping of reflection R1 as also seen in the images 
using the Ricker wavelets. The addition of noise to the Ormsby wavelet 
images still leaves the reflections interpretable, but noise distorts 
reflectivity between reflections R1 and R2. 

5.3. Model series 2 (11–20 m displacement) 

The negative amplitude marking the stratigraphic boundary between 
the Upper Coralline Limestone Fm. and the Blue Clay Fm., seen as a 
strong negative amplitude reflection (blue) in the seismic, is present in 
all the seismic images produced in the Model 2 series (Fig. 8). Otherwise, 
the different geological models in combination with the various petro-
physical properties created variations within the seismic images that 
will be described in the following. 

5.3.1. Model series 2 results using the 30 Hz ricker wavelet 
The single-strand reference Model 2.1 (D = 11 m) shows one nega-

tive and two positive strong reflections in the (vertically) central part of 
the seismic image (Fig. 8 2.1 a). The two positive reflections are marked 
as R1 and R2. A very weak, positive reflection is shown just below R2, 
slightly tapering towards the right. The seismic image derived from the 
double-strand Model 2.2 (combined D = 11 m, Fig. 8 2.2 a) is overall 
similar to the image of Model 2.1, however, a slight difference can be 
noticed in the weak reflector below R2, which is here a bit cloudier than 
in Model 2.1. Importantly, fault offsets are not resolved in neither of the 
Models 2.1 or 2.2. A more obvious change is seen from the latter two 
models when looking at Model 2.3 (Fig. 8 2.3 a). The location of the fault 
is clearly detectable in this seismic image where the fault displacement 
is exaggerated to 20 m and offsets the boundary between the Upper 
Globigerina Limestone Member and the Blue Clay Formation (Fig. 8 2.3 
a). Although there are no discrete reflection offsets, the offset is imaged 
as a monoclinal shape of the strong reflections in the vertically middle 
part of the seismic image. When noise is added to the 30 Hz seismic 
images (Fig. 8 b), the two strong reflections are still clear but the weak 
reflection just below R2 are blurrier and partly split. Notably, even when 
adding noise, the imaging of the fault offsets as a monoclinal geometry 
remains clear in Model 2.3, whereas in Models 1.1 and 1.2 the re-
flections remain horizontal. 

5.3.2. Model series 2 results using the 60 Hz ricker wavelet 
In general, the seismic images produced with the 60 Hz Ricker 

wavelet exhibit narrower and more well-defined reflectors than the 30 
Hz Ricker images (Fig. 8 c and d). In the upper half of the seismic image 
of the single strand fault model, Model 2.1 (D = 11 m, Fig. 8 2.1 c), we 
can observe several weaker, horizontal and continuous reflections above 
R1. R1 is shown as a clear reflection immediately above a strong negative 
reflection and can be followed continuously from left to right in the 
image. Reflection R2 can again be found just underneath the negative 
reflection but appears to be horizontally split in two towards the left side 
of the image, while stepping up on the right-hand side in a monoclinal 
shape where it is expressed as one, thicker reflection. Below R2 there is 
another positive reflection, R3, whit slightly lower amplitude and 
following the monoclinal shape of R2. The seismic image of the double 
strand fault model, Model 2.2 (combined D = 11 m, Fig. 8 2.2 c), is 
almost identical to that of Model 2.1 except for some very slight 
amplitude strength variations in the stepping part of the monoclinal. 
More variation is seen when looking at the seismic image of Model 2.3 
where the faults displacement is exaggerated to 20 m and breaches all 
the way through the Upper Coralline Limestone (Fig. 8 2.3 c). Here, all 
reflections show a monoclinal shape, and Reflection R1 is discretely 
offset. Reflectivity in the upper and lower part of the model is distorted 
when noise is added, whereas all reflections in the high-reflective central 
part of the images are still well-resolved (Fig. 8 d). 

5.3.3. Model series 2 results using the ormsby wavelet 
The resultant images using the Ormsby wavelet (Fig. 8 e and f) are of 

a quality and resolution that lies between that of the 30 Hz and the 60 Hz 
Ricker wavelet images. Considering Model 2.1 (D = 11 m, Fig. 8 2.1 e), 
the image is dominated by the strong negative reflection (blue) as well as 
positive reflections R2 and R3. Reflection R1 seen in previous models is 
no longer observable. Reflections R2 and R3 show a slight monoclinal 
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shape. The seismic image of Model 2.2 (combined D = 11 m, Fig. 8 2.2 e) 
is practically identical to that of Model 2.1. The reflectivity pattern of 
Model 2.3 (combined D = 20 m, Fig. 8 2.3 e) is similar, although in this 
model all the reflections have a monoclinal shape. Adding noise distorts 
reflectivity in the upper and lower part of the images and make the 
uppermost reflections cloudy (Fig. 8 f). The strong negative reflection 
and R2 appear relatively undisturbed by the noise, while R3 is slightly 
more rugose (Fig. 8 2.3 f). 

6. Summary and discussion 

Here we summarize and discuss our observations and findings from 
the seismic, draw comparisons to real seismic data, and comment on the 
wider implications/applications of our results. 

6.1. Summary of results 

For seismic models without noise, we summarize that:  

• compound grabens with cumulative D = 1 m were not visible in the 
seismic images.  

• compound grabens with cumulative D = 5 m were visible in seismic 
images as a subtle downwarping of reflections.  

• single-strand normal faults with D = 11 m were visible as monoclinal 
distortions of reflections when the quality of the seismic is adequate 
(60 Hz Ricker wavelet and Ormsby wavelet).  

• double strand faults with cumulative D = 20 m were visible in 
seismic images as discrete reflection offset or as monoclinal reflec-
tion geometries. 

For seismic models with a seismic-to-noise ratio of 4:1, we summa-
rize that:  

• compound grabens with cumulative D < 5 m are reflected only as 
extremely subtle reflection distortion in the seismic images with 
noise, and are therefore practically undetectable.  

• single-strand normal faults with D = 11 m were visible in the seismic 
images when the quality of the seismic is adequate (60 Hz Ricker 
wavelet and Ormsby wavelet).  

• double-strand normal faults with cumulative D = 11 m were visible 
in the seismic images when the quality of the seismic is adequate (60 
Hz Ricker wavelet and Ormsby wavelet).  

• double-strand normal faults with cumulative D = 20 m were visible 
as a subtle monoclinal shape of the seismic reflections. 

6.2. Detectability and effect of small-scale (D = 1–20 m) faults in seismic 

Our results indicate that, at signal peak frequencies of 30 Hz (Ricker 
wavelet) and higher, and without introducing random noise, faults down to 
~5 m of throw affect the seismic image by slight downwarping of re-
flections, whereas faults down to ~11 m throw show detectable offsets 
of reflections in form of a down-stepping monoclinal geometry at signal 
peak frequencies of 60 Hz (Ricker wavelet). Real seismic will, however, 
never be noise free even though methods for seismic acquisition and 
processing have come a long way the last few decades (e.g. Schneider, 
1971; Rost and Thomas, 2009; Zhong et al., 2015; Schmelzbach et al., 
2016; Li et al., 2018). In our data, the same structures can be identified 
when noise is included (20% random noise), although the reflections are 
more irregular and harder to detect. This suggests that under relatively 
noise-free conditions in high-quality reflection seismic datasets, 
lower-throw faults (as low as 5 m in this study) that do not induce 
discrete reflection offsets in seismic images may still produce reflection 
distortions. As widely documented and discussed in literature (Faulkner 
et al., 2010), sub-seismic structures such as faults have a large impact on 
the permeability and fluid flow in the subsurface (e.g. Shipton et al., 
2002), and these results are examples that may help seismic interpreters 

infer what observed distortions in real seismic data may reflect 
geologically, and highlights how seismic modelling adds further value 
and insight to the use of outcrop analogues to understand subsurface 
geology as imaged by seismic. 

6.3. Wavelet and resolution effects 

6.3.1. Seismic wavelets and their effect on the seismic image 
The shape of the wavelet is a fundamental aspect of seismic inter-

pretation (Simm and Bacon, 2014), and is also crucial for the results 
herein. The Ricker wavelet is commonly used in seismic modelling (Eide 
et al., 2017; Rabbel et al., 2018; Wrona et al., 2020) due to its simple 
structure, while studies using the more realistic Ormsby wavelet in 
seismic modelling is until now lacking. We will therefore discuss the 
differences of the two wavelet types here. 

Generally, the 60 Hz Ricker wavelet has a narrower peak in time, due 
to a wider frequency bandwidth, compared to the Ormsby and 30 Hz 
Ricker wavelets, thus giving higher-quality seismic images with a higher 
number of distinguishable reflections, showing more detail. The Ormsby 
wavelet and Ricker wavelets have very similar peaks in time but where 
the Ormsby wavelet have several small side lobes with almost no 
negative parts, the Ricker wavelets have only two, but much more 
pronounced negative side lobes (Fig. 3). 

So, although the peaks of the 30 Hz Ricker wavelet and the Ormsby 
wavelet are very similar (as presented in Fig. 3), their seismic expression 
becomes very different due to the side lobes, as showed in Fig. 6. While 
the “lack” of side lobes in the Ormsby wavelet provide higher vertical 
resolution and produce a cleaner seismic image, the side lobes of the 30 
Hz Ricker wavelet interfere with the reflectors in the model and disturb 
the signal. In many ways, the seismic response of the Ormsby wavelet is 
more like that of the 60 Hz Ricker wavelet. It is important to note that 
the effects from the side lobes affect the seismic in all directions; herein 
we look at 2D images but in 3D we would have to consider such effects in 
a three-dimensional manner and nearby lateral reflectivity may affect 
the trace. Additionally, all reflectivity might not be illuminated, 
depending on the dip of the underlying strata. 

From our data, we can observe that the shape of the Ormsby wavelet 
gives a better result. The Ricker wavelet has been criticized in literature 
earlier, and already in 1988, Hosken (1988) published his scepticism 
towards the extended use of the Ricker wavelet (especially in the in-
dustry), and simply concluded that “Ricker wavelets should never be used”. 
However the simplicity of the Ricker wavelet makes it very convenient 
for the creation of synthetic data, and it is still commonly used (e.g. Eide 
et al., 2017; Wrona et al., 2020). Contrary to other wavelet types (e.g. 
Ormsby, Butterworth) the Ricker wavelet can be described by its peak 
frequency and a relatively simple mathematical equation (Ryan, 1994). 
“Real” seismic wavelets from surveys, however, are more complex and 
usually asymmetrical in respect to time, opposed to the symmetrical 
Ricker wavelet (Wang, 2015). Hence, our asymmetrical Ormsby 
wavelet, which mimics a real seismic wavelet, is a better option for 
creating synthetic seismic that is more like real seismic. 

However, the wavelets shape and behaviour may vary, and Andersen 
(2020) concludes in her MSc thesis that a 40 Hz Ricker wavelet is more 
suitable than a 5-10-60-90 Hz Ormsby wavelet for seismic modelling. To 
get a better understanding of the difference between the three seismic 
wavelets we used herein, we have superimposed their wiggle traces 
altogether in Fig. 9 and placed them alongside the corresponding 
reflectivity trace. 

Looking at the 30 Hz Ricker wavelet vs. the Ormsby wavelet we can 
see the effect the different wavelet shapes have on the wiggle trace and 
hence the seismic images; a high-amplitude trough at the top followed 
by a peak that for the Ormsby wavelet can be observed as two peaks, but 
for the 30 Hz Ricker wavelet is more continuous. Below these, at 
100–150 m depth, we can see a trough of the 30 Hz Ricker wavelet with 
two trough-maximums at about 110 m and 140 m depth, whereas the 
Ormsby wavelet show no negative part here but a small peak in the 
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middle, at about 125 m depth. Looking at the Ormsby wavelet vs. the 60 
Hz Ricker wavelet, we see more similarities on the positive side of the 
wiggle trace where all peaks are found at the same places. On the 
negative side however, we can still only observe the one trough at the 
uppermost part of the wiggle trace for the Ormsby wavelet, while the 60 
Hz Ricker wiggle trace show several troughs throughout, alternating 
with the peaks. The two Ricker wavelets are similar in the way that they 
both have alternating peaks and troughs along the wiggle trace. How-
ever, due to the narrower amplitude spectra and wider bandwidth of the 
60 Hz Ricker wavelet, the 60 Hz Ricker wiggle trace better distinguish 
and show the various events (peaks and troughs). When comparing the 
wiggle traces to the reflectivity trace, it is evident that (especially from 
170 m and below) the closely spaced events with opposite polarity 
eradicate each other and hence do not show in any of the wiggle traces. 

6.3.2. Resolution effects 
Related to the wavelet shapes and their corresponding frequency 

bandwidth is the vertical and horizontal seismic resolution. The seismic 
resolution controls the ability of seismic reflection data to image 
geological features, including faults and fault zones (e.g. Osagiede et al., 
2014; Alaei and Torabi, 2017). We often tend to focus on the vertical 
resolution, i.e., the minimum vertical distance between two features 
(reflectors) that are possible to define separately rather than as one (e.g. 
Chopra et al., 2006; Osagiede et al., 2014), but as we will discuss here, 
the horizontal resolution is equally important (cf. Faleide et al., 2021). 
To elucidate this, we will consider the seismic image of Model 2.3 with 
the 60 Hz Ricker wavelet as an example (Fig. 10). Here, the positive 
reflection R1 shows a discrete offset in the area where the fault is cutting 

through. Further down in the seismic image, reflection R3 shows a 
monoclinal shape and is stepping up where the fault cuts through. This is 
similar to what we can often see with e.g. sill intrusions and related 
bridges in sedimentary basins; the bridges are often resolved only as 
kinks on the sill reflections rather than as discrete reflection disconti-
nuities, and knowledge of sill geometries from nature is necessary for a 
sound geological interpretation (see e.g. Magee et al., 2015; Eide et al., 
2017). 

In the geological model and hence also the reflectivity model (Fig. 10 
a), the total displacement of the reflector for reflection R3 is slightly 
larger than that of the reflector for reflection R1. Therefore, one would 
perhaps initially assume that in a seismic image, the offset would be 
more easily detected in reflection R3 than in R1, if we consider vertical 
resolution only. However, the fault lens is also slightly wider at the point 
where it cuts through R3, and hence the horizontal distance between the 
two faults bounding the lens is slightly wider for R3 than for R1. As a 
consequence, despite the reflector for R3 having a larger total offset, 
reflection R3 shows as a monoclinal shape rather than being resolved as 
discrete reflection offsets in the seismic image due to a combination of 
two resolution effects: firstly, the offsets of the two faults are resolved 
individually, as they are sufficiently far apart to be seen as separate 
features (the fault distance being greater than horizontal seismic reso-
lution); secondly, however, with total fault offset effectively being split 
across two faults when the two are resolved individually rather than as 
one, each individual fault offset then falls below the vertical seismic 
resolution. The reflectivity model (Fig. 10 a) has been superimposed 
with the synthetic seismic (Fig. 10 b) in Fig. 10 c to illustrate this res-
olution effect. Similar effects may be seen e.g., with narrow and closely 

Fig. 9. Wiggle trace of the three wavelets used herein, superimposed to allow for comparison. The associated reflectivity trace to the right in the figure allows for 
comparison between reflectivity and seismic wave pattern. 
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spaced fluvial channels or channel belts in seismic images, that are 
difficult to separate as individual depositional objects (e.g. Al-Masgari 
et al., 2021). The fault offsets are therefore resolved as a monoclinal 
geometry rather than as discrete reflection offsets for reflection R3. For 
reflection R1 on the other hand, the (shorter) distance between the two 
faults bounding the fault lens falls below horizontal seismic resolution. 
This has the effect that the two faults cannot be resolved individually 

and are ‘seen’ as one fault, and with the throws of the two faults com-
bined, the total offset is greater than the vertical seismic resolution, and 
the fault offset of Reflection R1 is therefore resolved discretely (Fig. 10 
d). 

Fig. 10. a) seismic image of Model 2.3 using the Ricker 60 Hz wavelet are superimposed with the reflectivity model. The reflectors of R1 and R3 are highlighted by 
bright red color for easier identification across the image. b) Illustration of the difference of the imaging of reflector R1 and R3. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 11. Areas of interest in the seismic images of Model series 1, with a vertical exaggeration with the factor of five. Noise is not included.  
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6.4. Relevance to practical seismic interpretation and comparisons with 
real seismic data 

6.4.1. Vertical exaggeration in seismic interpretation 
When interpreting seismic data, interpreters often use vertical 

exaggeration to better visualize and interpret the imaged geologic fea-
tures in the vertical dimension, such as faults, dykes, stratigraphic 
boundaries, unconformities etc. (Stewart, 2011; Alcalde et al., 2019). To 
make our results more applicable, we will therefore look at some of the 
more interesting areas of our synthetic seismic where the Y-axis (depth) 
is exaggerated by a factor of 5 (Figs. 11 and 12). Noise was not included 
in these images as our previous results showed that the main features 
were still visible with a seismic-to-noise ratio of 4:1, and we want 
instead to check if any distortion caused by the smaller faults (with D ≤
1 m) would be easier to pick up with vertical exaggeration. Exaggerating 
the vertical scale of the seismic images of model series 1 (Fig. 11) does 
not bring any change to our initial summary of observations. We here 
present the results using the 60 Hz Ricker and the Ormsby wavelets; no 
observable change can be seen in the seismic images of Model 1.1 vs. 
1.2, hence we can conclude faults with displacement ≤1 m are not 
detectable in seismic, even with vertical exaggeration. The downwarp of 
R2 in the seismic images of Model 1.3 is still visible but may actually be 
harder to observe in the seismic images with the Ormsby wavelet as 
vertically exaggerated reflection irregularities obtuse the feature. With 
the 60 Hz Ricker wavelet, however, the downwarp of the reflection 
becomes more prominent in the seismic image and hence makes the 
graben easier to detect. 

When studying the seismic images of the Model 2 series in Fig. 7, no 
visible difference between the seismic images of the single strand fault 
(Model 2.1) and the double strand fault (Model 2.2) were observed. To 
see if any changes could be detected, the seismic images with the highest 
seismic resolution (60 Hz Ricker wavelet) were vertically exaggerated 
by a factor of 5 (Fig. 12). Considering Fig. 12, only a very slight increase 
in amplitude can be seen just at the bend of the monocline in the 
vertically exaggerated seismic image of Model 2.1 (marked by a red 
arrow in Fig. 12) compared to the seismic image of Model 2.2. When 

applying vertical exaggeration to the seismic image of Model 2.3 
(Fig. 12) the offset of reflection R1 and the monoclinal shape of re-
flections R2 and R3 are easier to observe. 

In summary, increased vertical exaggeration may help the identifi-
cation of subtle reflection distortions or offsets (Stewart, 2011, 2012); 
however, their geological interpretation will be uncertain and may rely 
more on the interpreter’s conceptual understanding of subseismic 
faulting as well as of local geology. This may involve a more conceptual 
approach to seismic interpretation, which is associated with certain 
pitfalls. For example, the study by Alcalde et al. (2019) show that early 
anchoring into specific conceptual models may introduce bias to the 
interpretation of faults from seismic reflection data. However, the same 
study showed that increasing vertical exaggeration had limited effects of 
introducing bias in fault interpretations. Such a conceptual bias may not 
be negative but may actually be a desired conceptual bias that for 
example favours the interpretation of faults in an area where faults are 
to be expected. As such, provided that such conceptual bias is used 
purposely, we suggest it may help achieve a geologically overall sounder 
interpretation. 

6.4.2. Comparison with real seismic data 
We here compare our results with an image from a high-quality, 

high-resolution 3D reflection seismic dataset from the SW Barents Sea, 
as previously mentioned. Comparing our results with real seismic data 
provides an opportunity to put our synthetic seismic in context of a real 
seismic dataset with similar lithology/geology. Our Ormsby-wavelet 
was created to match that of the interval of interest in the real seismic 
data, a carbonate-dominated succession near the crest of a rotated fault 
block. Furthermore, the rock properties within our models are compa-
rable to those expected at the burial depths of the interval of interest in 
the real seismic data as described earlier. Comparing our models with 
the real seismic, several subtle features in the actual seismic reflection 
images show similarities to our synthetic seismic images. Fig. 13 shows a 
seismic image from the real data set and side-by-side comparisons with 
examples from the synthetic images for comparison. 

In Fig. 13 a, small bend in the reflections (marked by the arrow) can 

Fig. 12. Areas of interest in the seismic images of Model series 2, with the 60 Hz Ricker wavelet and a vertical exaggeration with the factor of five. Noise is 
not included. 
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be seen in the overburden above the rotated fault block, giving the re-
flections a graben like, downwarping geometry - similar in appearance 
to that observed in the synthetic seismic images of Model 1.3. The 
seismic sections shown in Fig. 13 b and c are found deeper in the stra-
tigraphy (at reservoir level), near the crest of the rotated fault block. In 
Fig. 13 b we can see an example of a monoclinal geometry in the real 
seismic data, similar to that observed in the seismic images of Model 2.2, 
both when using the 60 Hz Ricker wavelet and the Ormsby wavelet. The 
example in Fig. 13 c show a discrete offset of a positive amplitude 
reflection in the real seismic, similar to what we can observe in reflec-
tion R1 above the strong negative amplitude reflection in the seismic 
image of Model 2.3 with the 60 Hz Ricker wavelet. From using the 

Ormsby wavelet, a similar but not as clear example to compare with can 
be found in reflection R2, just below the strong negative reflection. 

The results from this study do not constitute evidence that the 
reflection distortions seen in the real seismic are caused by discrete 
faults. However, our seismic modelling results do demonstrate that 
faults with throws at or below seismic resolution may indeed cause such 
subtle reflection distortions, which are common features in seismic 
images of faulted strata. Our results therefore provide an empirical basis 
for geological interpretation of such subtle reflection distortions. 

Fig. 13. Example of real seismic data (Topseis) from the SW Barents Sea for comparison with our results. a) Example of a slight downwarping geometry b) example of 
monoclinal shaped reflection c) example with descrete offset of reflections. 
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7. Concluding remarks 

We have addressed the question of how small-scale faults (D = 1–20 
m) affect seismic images, and whether such faults may be observed or 
inferred from the seismic images, for several given seismic survey con-
ditions and parameters. We found that within relatively noise-free, high- 
quality reflection seismic datasets, faults with offsets down to 5 m may 
cause distortions and downwarping geometries to reflections that may 
help seismic interpreters infer or hypothesize their presence. Somewhat 
larger normal faults and normal fault pairs (here, D = 11–20 m) may 
cause discrete reflection offsets, or monoclinal shape of reflections, 
depending on the horizontal and lateral seismic resolution of the data-
set. It is worth noting that although small scale faults down to a few 
meters of throw may distort reflections, the inference of faults from 
subtle reflection distortions in real seismic data is inherently uncertain. 
Nevertheless, evidence from studies such as this may offer empirical 
support for more geologically concept-driven interpretation strategies, 
for example suggesting that in certain geological settings, subtle 
reflection distortions should generally be interpreted as discrete faults. 
Although previous studies have pointed out the biases and potential 
pitfalls of conceptually driven fault interpretation (Alcalde et al., 2019), 
we suggest that when used with caution a concept driven approach may 
be justified. 
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