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Propositions
accompanying the dissertation

Detection of stratigraphic
heterogeneities at sub-seismic scale:

Lessons from wave-dominated depositional environments

by

Andrea CUESTA CANO

1. From outcrop analysis we know that sedimentological properties—such as
grain size, sorting, and organic matter content —in shallow marine clastic
environments vary both vertically and laterally below seismic resolution. Petro-
physical properties within the rock samples that formed in similar depositional
conditions can vary by more than 30%, resulting in overlapping average values
across facies. (Chapter 2)

2. Distributing petrophysical and acoustic properties based on lithology is a good
starting point for reservoir characterisation. However, accounting for finer-scale
sedimentological variability enables a more accurate representation of reservoir
architecture. (Chapter 4)

3. Asymmetry in angle-gather data statistically relates to P-wave velocity changes
at meter scale within the reservoir. However, such data are also influenced by
illumination artifacts and the inherent discretisation of the model grid. (Chapter
5)

4. Advancing scientific knowledge requires collaboration across disciplines. Fu-
ture research must foster cross-departmental and interdisciplinary partnerships
to push the boundaries of what we know. (This thesis)

5. Publishing failed methodologies and experimental designs can be as valu-
able—if not more so—than publishing only those that enabled the analysis of
scientific hypotheses.

6. Despite our responsibility to society, scientists often overlook outreach and
science communication. We must do more to share our research and its
possible impact with the society.

7. The consequence of flex desk and clean desk policies is offices that lack the
personal imprint of those who inhabit them.



8. Ensuring an adequate number of microwaves in the workplace, based on
employee demand, is a simple step toward a more inclusive work environment.

9. One step forward for reaching true gender equality is equal, compulsory par-
ental leave for both parents—same duration, same financial conditions—regardless
of employment sector. Then starting a family would have the same impact on
the career of both female and male professionals.

10. Governments must prioritize high-quality, free healthcare and education by
combating fiscal evasion by the wealthy. These are people’s rights, not priv-
ileges.

These propositions are regarded as opposable and defendable, and have been
approved as such by the promotor Prof. dr. A.W. Martinius and promotor dr. J.E.A.

Storms.
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Las cosas de palacio van despacio.

Traditional Spanish proverb

The mills of God grind slowly, but they grind exceeding small.

Proverb, attributed to Sextus Empiricus
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Summary

As the world shifts away from fossil fuels, accurate subsurface characterization is
becoming increasingly vital for projects like CO2 sequestration, hydrogen storage,
mining, and geothermal energy. These projects often operate within narrow eco-
nomic margins, requiring predictions with minimal and quantifiable uncertainty to
ensure safe and cost-effective decision-making. Characterizing the subsurface is
a complex task due to its heterogeneous nature, composed of varying rock types,
characterised by varying properties, and intricate geological structures at multiple
scales. Since direct observations are limited, we primarily rely on indirect techniques
— most notably seismic data — to image the subsurface. However, the resolution of
seismic data is limited, often failing to capture small-scale, metre-level heterogeneit-
ies. Despite their size, these features can significantly affect fluid flow and reservoir
behaviour, making their detection and characterization crucial. Therefore, advancing
workflows that maximize the extraction of detailed information from indirect data is
essential for developing precise geological models that support the efficient and safe
exploitation of subsurface resources in the ongoing energy transition.

The goal of this thesis is to develop a workflow capable of improving the detection
of sub-seismic scale stratigraphic heterogeneities in the reservoir. To achieve this,
the research integrates stratigraphic forward modelling with seismic forward mod-
elling and migration, a combination believed to enable the inclusion of multi-scale
stratigraphic heterogeneities in geological models to better understand their seismic
response. The underlying hypothesis is that such integration allows for the identi-
fication of heterogeneities that remain undetectable through conventional seismic
analysis alone, by bridging geological, petrophysical, and geophysical data domains.
To evaluate this hypothesis, the study focuses on heterogeneities developed in
clastic, wave-dominated shoreface systems.

The study begins with a detailed characterization of a wave-dominated shoreface
outcrop in Montana (Chapter 2). This initial study aims at understanding the distribu-
tion of stratigraphic heterogeneities at outcrop analogue level. The results highlight
the complexity and variability of stratigraphic heterogeneities and their associated
petrophysical and acoustic properties. The observed spatial variability and subtle
transitions of the measured properties underscore the challenges in capturing these
features using conventional, lithology-based, forward seismic methods.

Next, this thesis presents a novel workflow, developed to integrate stratigraphic
forward modelling with forward seismic modelling (Chapter 4). By translating grain-

xi



xii Summary

size distributions obtained from the stratigraphic simulations into acoustic properties,
synthetic seismic data are generated. This approach provides a more nuanced
representation of metre-scale heterogeneities than traditional lithology-based models
and proves that a grain-size based acoustic property distribution results in better
seismic representation of the stratigraphic structures of wave-dominated shoreface
systems.

Thereafter, the potential of angle-dependent seismic data is assessed as a means
to detect and characterise the heterogeneities of acoustic property distributions
(Chapter 5). The observed moderate correlations between angle-gather asymmetry
and acoustic property variations, especially P-wave velocity, demonstrate promise.
However, the analysis also reveals limitations inherent in current forward-modelling
techniques, emphasizing the need for further refinement of forward seismic methods
to better capture the geological heterogeneities.

The approach of this thesis bridges geological, petrophysical, and seismic data,
enabling a more nuanced understanding of subsurface complexity beyond traditional
lithology-based methods. Results reveal significant variability in petrophysical prop-
erties within depositional environments, highlighting the limitations of conventional
seismic inversion workflows. The investigation of angle-dependent seismic data
demonstrates its potential for detecting subtle acoustic variations, though challenges
remain in synthetic data accuracy.

Lastly, this research highlights that there is still significant room for further investig-
ation. Opportunities lie in deepening our understanding of the links between sedi-
mentological, petrophysical, and acoustic properties; in integrating more complex
geological models that capture multiple depositional environments and complex
stratigraphic patterns; and in incorporating subsurface data for more targeted stud-
ies. Additionally, the exploration of in-well seismic data acquisition techniques offers
potential for constructing high-resolution, reservoir-scale models, for which the impact
of the overburden would be restricted. The role of machine learning also emerges as
a promising avenue, particularly in analysing lateral heterogeneities and their impact
on the asymmetry of angle-gather data. What remains evident is that advancing this
field will require close collaboration among experts in geology, petrophysics, and
geophysics.
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2 1. Introduction

1.1. Rationale

The subsurface is rich in resources that society has exploited for centuries and
that have led to major technological and economic developments. Examples of
these resources are minerals, water, hydrocarbons, and heat. If we look back in
time, the first mining activities to exploit materials – such as flint, gold, or copper –
from the shallow subsurface date back to prehistoric times [1–4]. Moreover, wells
have been used to extract potable water from shallow aquifers since the Bronze
Age [5]. For centuries, only the resources in the shallower tens of metres of the
subsurface were exploited, so defining the deeper structures of the subsurface
was unnecessary. However, in the second half of the 19th century, interest in the
subsurface exponentially increased once the energy capacities of natural gas and
oil were discovered, starting the ‘Age of Oil’ [6]. From then on, major investments
were devoted to improving our capacity to decipher the structure of the subsurface.

Now, as we embark on an energy transition towards a world without dependency on
fossil fuels, the subsurface has gained renewed interest. Subsurface characterisation
is essential for the development of projects related to CO2 sequestration, H2 storage,
mining, and geothermal production, projects where the economic benefit margin
is restricted, and for which project managers and stakeholders need predictions
with minimal, quantifiable uncertainty [7, 8]. Consequently, some research projects,
like presented here, work on improving the workflows that we use to study the
subsurface, to be able to extract as much information as possible from the data and
elaborate complete and detailed models of the geological structures underneath our
feet. These geological models will then help us answer questions related to, for
example, the location of mining resources, the shape of traps for CO2 sequestration
or H2 storage, or the path that fluids would follow in geothermal and groundwater
studies.

The characterisation of the subsurface, i.e. deciphering its structure and property
distribution, is a tricky assignment. The first reason is the presence of heterogeneities
in the rocks. The subsurface is not a laterally homogeneous medium. Instead, it is a
combination of different rock types, that experience changes in their properties at
different spatial scales and that are arranged in different types of structures. As for
the second reason, we mainly rely on indirect data to characterize these changes,
and the amount of detail that we can extract from these data is limited. Extracting as
much and as precise information as possible from indirect data has become one of
the grand challenges of the energy transition, as accurate models are critical for the
safe and efficient use and exploitation of the subsurface.

This research focuses on understanding the relation between small- to intermediate-
scale, stratigraphic heterogeneities and a specific type of indirect data, seismic data.
By stratigraphic heterogeneity we refer to spatial changes in the rock properties,
such as grain size or porosity that can be abrupt or gradual in nature. Small- to
intermediate-scale heterogeneities are those that develop at metre-scale. This type
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of heterogeneities develops in all depositional environments, but here I focus on the
heterogeneities developed in clastic, wave-dominated shoreface deposits. The main
heterogeneities in wave-dominated shoreface systems develop perpendicular to
the coastline, allowing a simplified two-dimensional approach, in contrast to other
environments where heterogeneities are more complex and three-dimensional.

1.2. Seismic data for subsurface characterisation

The analysis of core data allows the collection of direct observations and
measurements of the lithology and rock properties from the subsurface. These
measurements, however, are limited to a very small volume of the reservoir and
they provide little to no information on how structures extend in the lateral direction
(Figure 1.1). To capture the three-dimensional nature of these structures, we rely on
geophysical techniques, indirect measurements of the subsurface properties, such
as the seismic data collected from the surface or well log data measured from
boreholes. Seismic reflection is one of the main techniques employed for imaging
the subsurface [9–12]. This method works similarly to the medical ultrasound
analysis, by providing an image of the organization of the layers at depth, the same
way an ultrasound gives us an image of the interior of our bodies. To do so, we
record the way sound waves travel through the different materials that constitute the
subsurface (Figure 1.2).

Figure 1.1: Graph showing the different subsurface data types that sample the reservoir
volume plotted against the corresponding vertical resolution of each data type.
Note that a large reservoir volume is not sampled and needs to be addressed
using other measurement tools – or outcrops. Modified from Keogh, Martinius
and Osland [13]

Even though the reservoir volume sampled with seismic data is large, the amount of
detail that we can interpret from this type of data, namely the resolution, is limited
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Figure 1.2: Schematic of the seismic data acquisition process. During acquisition, acoustic
energy generated by airguns is sent into the subsurface and the energy that
reflects back at geological boundaries in the subsurface is recorded by the
hydrophones. From Cox, Newton and Huuse [12]

(Figure 1.1). Seismic resolution is the ability to differentiate two features, e.g. two
layers with different properties, from one another [12]). The resolution depends
on the depth of the reservoir, the velocity of seismic waves through the layers
in the subsurface and the frequency used for the data acquisition. The seismic
resolution is defined in both vertical and horizontal directions. The vertical resolution
represents the ability to recognise changes in the medium in the vertical direction,
the direction in which sedimentary layers accumulate over time. Under perfect
conditions, the vertical resolution equals 1

4 of the wavelength, and this distance is
known as “tuning thickness” [9, 12]. The value of the wavelength depends on the
frequency used for the acquisition of seismic data and the dominant wave velocity of
the materials through which the sound wave travels [10, 14]. Because of attenuation
processes, the loss of wave energy due to absorption and scattering as waves
travel through the Earth [9], the wavelength increases with depth, which results
in an increase of the tuning thickness and, thus, lower resolution. The horizontal
resolution is the ability to recognise changes in the medium in the horizontal
direction, capturing for example lateral changes in rock types and/or erosional
features, and it is defined by the Fresnel zone [15]. The Fresnel zone is the area
around a reflection point from which seismic energy constructively contributes to the
recorded signal due to travel-time differences smaller than half a wavelength. The
Fresnel zone also depends on the wavelength and depth of the target and its size
increases with depth [9, 12].

After acquisition, seismic data require some heavy processing to get prepared for
the visualisation and interpretation stage. The processing steps include a series
of techniques, such as denoising or multiple removal [10–12, 16, 17]. These
techniques are meant to improve the signal-to-noise ratio, but when applied, a part
of the targeted signal is lost. Once the desired signal-to-noise ratio is achieved,
the seismic data are inverted to generate structural images, the images that show
the stratigraphy and structure of rocks in the subsurface. Each structural image is
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paired with a velocity model, which describes the distribution of the seismic wave
velocities in the subsurface. Inversion is an iterative process in which both the
structural image and the velocity models are updated to reduce the residual between
them. Inversion is a non-unique process, as multiple different velocity models can
match the same seismic data [18]. For more information, a general summary on
the different methods of data acquisition, processing steps, and interpretation
techniques is given in Cox, Newton and Huuse [12] and references herein.

The combination of the acquisition parameters, applied processing techniques,
and inversion workflows results in subsurface interpretations based on seismic
data being inherently uncertain. But this is not a problem of seismic data alone.
There are other indirect techniques used for the analysis of the subsurface that
also rely heavily on data inversion. Such is the case of electromagnetic surveys,
resistivity surveys or ground penetrating radar data when they record hyperbolic
signals. Constraining the interpretation uncertainty thereby defining the changes
of the properties in the subsurface as accurately as possible is essential for the
development of projects where economic benefit margin is restricted, as it is the
case in the energy transition.

1.3. Stratigraphic heterogeneities

To study the relationship between stratigraphic heterogeneities and seismic data,
we first need to define what heterogeneities are and how they form. Heterogeneity
is anything consisting of parts that are different from each other (Cambridge
Dictionary). In geology, stratigraphic heterogeneities can be of two types: discrete or
continuous. Examples of discrete heterogeneities include channel deposits encased
in fine-grained deposits or the stacking of different depositional facies1. Examples of
continuous heterogeneities, and the focus of this thesis, include gradual changes in
grain size distribution that can result in gradual porosity changes. Stratigraphic
heterogeneities also occur at different scales, including those below the seismic
resolution [19–26]. When spatial dimensions of heterogeneities are smaller than the
seismic resolution of a particular dataset, we refer to them as sub-seismic scale
heterogeneities. However, under different conditions of depth, average velocities
of the medium, and acquisition frequencies, the dimensions of what we consider
sub-seismic will be different [10, 12, 14, 15].

Stratigraphic heterogeneities occur in all depositional environments due to spatially
and temporally varying erosion and deposition processes. These heterogeneities
may impact reservoir porosity and permeability distributions [24, 27–29]. Corbett
and Jensen [30] tried to quantify the impact of heterogeneities in reservoir properties
by calculating the coefficient of variation of permeability values. From this and other
studies, it is known that certain depositional environments, such as fluvial and

1A lithofacies is a rock type deposited under particular environmental conditions and that, therefore,
has similar lithological characteristics such as a gradational porosity change.
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shallow marine settings, exhibit particularly high degrees of heterogeneity, making
them especially problematic in reservoir characterization [22, 31–35] (Figure 1.3).

Figure 1.3: Reservoir heterogeneity data for a range of depositional environments,
stratigraphic heterogeneities and sample types ranked based on the Coefficient
of Variation, Cv. Based on data from Corbett and Jensen [30] and adapted from
Ringrose and Bentley [24]

Fluvial systems display a wide range of sub-environments, where lithologically very
different sediment bodies, which can also include high contrast in permeability,
are interconnected [13, 36]. An example of this is the contrast that might
happen between sandy channel deposits and clayey floodplain deposits, especially
in braided fluvial deposits. This contrast occurs at different scales, from the
depositional system to the lithofacies scale [26, 36, 37].

Similarly, in deposits of wave-dominated shallow marine systems, as result of the
generation of erosional surfaces, stacking of lithofacies with contrasting values of
porosity and permeability might occur [38–41]. Tide-dominated and river-dominated
deltas also show a complex interplay between coarser channel deposits and finer
plain deposits and clinoform development [24, 42].

To some extent, the reservoir quality of the sandstone bodies depends on the
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depositional environment. For example, beach deposits tend to consist of sands
free of significant amounts of silt, clay and organic matter, often well sorted, laterally
continuous, and with promising reservoir potential [43, 44]. On the contrary, fluvial
channel deposits can be mud- or sand-rich, be moderately to poorly sorted, be
connected to other channel deposits or not. Identifying the depositional environment
in which the sandstone bodies were formed can help predict the type of internal
sedimentary structures or distribution of grains that are expected within the body
[22, 36, 40, 45].

This thesis aims to study the seismic response of metre-scale stratigraphic
heterogeneities. We expect that, even though these features are often smaller
than the resolution of seismic data, they can still produce detectable signals if
modelled correctly. To investigate this, we will develop a workflow that captures
these heterogeneities and maintains them during the conversion to petrophysical
and elasto-acoustic properties, using geological principles based on empirical data
or field analogues. We also aim to explore how much information can be extracted
from seismic data to help identify heterogeneities near the resolution limit. As a
starting point, we will examine how these heterogeneities form, how well they can
be resolved, and how previous studies have attempted to detect them using seismic
methods.

1.3.1. Heterogeneities in clastic, wave-dominated system
deposits

Wave-dominated shallow marine deposits are characterised by sand or gravel, free
of significant amounts of silt, clay and organic matter, often quite well sorted and
abraded [43]. These deposits have been targeted in the subsurface because of
their reservoir potential [44, 46–48]. Deposits of clastic, wave-dominated systems
also have metre-scale stratigraphic heterogeneities and the formation of the
heterogeneities is associated with (1) erosional surfaces and abrupt or gradual
transitions between diverse lithologies [38, 49, 50], and (2) gradual rock property
changes, including porosity and permeability, within the same lithology [39–41, 51].

In outcrops, shoreface deposits, including those developed under wave-dominated
conditions, are divided into a series of depositional sub-environments and
associated facies [52–54]. These sub-environments are characterised by their
relative location to the shoreline and their deposits include specific sedimentary
structures, bioturbation and grain size distributions [55] and, consequently, specific
distributions of petrophysical properties, such as porosity. From outcrop data, we
know that traditional depositional sub-environment divisions fail at capturing the
small-scale, stratigraphic heterogeneities of present wave-dominated systems [56,
57]. The presence of such stratigraphic structures results in lateral and vertical
changes in grain size distributions. Outcrop observations also show that the vertical
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juxtaposition of deposits from different sub-environments can happen at different
scales, including layers a couple of metres thick [38, 50, 58].

The formation of stratigraphic heterogeneities in wave-dominated shoreface
deposits is, to certain degree, predictable, as their development is controlled by
sedimentological processes that are understood through conceptual models [57,
59–67]. The sedimentological processes acting within a depositional environment
define erosion, transport, and deposition of sand grains, and are affected by
processes, such as relative sea level variation, sediment input, wave height, and
storm frequency, among others [43, 57, 59, 61, 62, 65, 66].

1.3.2. General analysis on the dimension of different sandstone
deposit types

In this section I will evaluate if the dimensions of sandstone bodies can be used as
proxy for the identification of the depositional environment and, therefore, predict
the possible stratigraphic heterogeneities that might occur within and in between
the sandstone bodies. I will base the analysis on measurements of thickness
and horizontal width. Thickness and width of individual sandstone bodies can
be measured directly from seismic data whenever the seismic resolution allows
it. The analysis presented here is based on outcrop data extracted from the
SafariDB (https://safaridb.com, last access: 1 August 2021). SafariDB
is a research collaboration between Universities of Aberdeen (UK) and University of
Bergen (Norway), currently supported by a consortium of 11 companies, with the
aim, among others, of improving the links between the subsurface and outcrop
analogues. The results from the analysis of the data from SafariDB are compared to
previous studies on sandstone body dimensions to verify the outcomes [68, 69].

This analysis will assess:

• Whether individual sandstone deposits can be identified in seismic data.

• Whether specific sandstone types exhibit characteristic dimension ranges.

• If such dimension ranges exist, whether they overlap among different
sandstone types or remain distinct for each type.

• Whether we can use dimension ranges to identify specific depositional
environments.

If individual sandstone types are characterised by distinct dimension ranges, we
could use the dimensions of the deposits to differentiate sandstone types and
assign depositional environments. Knowing the depositional environment of a
subsurface target solely based on seismic data would provide information on the
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nature of stratigraphic heterogeneities that the target might contain, for instance
abrupt changes in lithology, smooth changes in porosity, heterogeneous grain size
distribution, etc. If individual sandstone deposits cannot be identified in seismic data,
we need to rely on other methods to create geological scenarios where stratigraphic
heterogeneities at different scales are captured.

Data compilation from SafariDB

To assess the range of expected heterogeneity scales, I selected published
outcrop-based descriptions of fluvial and shallow-marine depositional environments
from SafariDB. SafariDB compiles information from more than 600 outcrops
from all around the world. At present, the database consists of mainly clastic
sedimentology data. It contains quantitative data on the dimensions of sandstone
bodies. From SafariDB, dimension data of sandstone deposits formed in fluvial
and shallow marine environments were extracted. Table 1.1 displays a summary of
sandstone deposit types, their depositional environment, the number of outcrops
from which data points have been collected, and the number of data points that
were downloaded. The SafariDB website includes a “Wiki” tab where the description,
diagnostic features, reservoir characteristics and modelling strategies for each
sandstone deposit type are defined. In total, this analysis includes 11 different
sandstone deposit types, from both fluvial and shallow marine environments,
including more than 4900 data points from over 50 outcrops (Table 1.1). The
SafariDB is mainly focused on fluvial environments and the majority of data points
are related to channel belt measurements. There are 1074 data points from other
sandstone types.

From the database, I downloaded the thickness (in m) and horizontal width (in m)
data. Each data point also includes a label for completeness (complete, incomplete,
partial or unknown) and the type of measurement (absolute or average). The ratio
between width and thickness is also calculated. This parameter has been added to
assess whether it could help better visualise possible clusters of sandstone types.

Sandstone dimension data analysis

SafariDB data analysis

For each sandstone type, we observe that the data points group in clusters for both
thickness versus horizontal width and width-to-thickness ratio versus horizontal
width (Figure 1.4, more clearly in subfigures B and D). But these clusters overlap
each other. This means that, even if specific sandstone types exhibit characteristic
dimension ranges, we cannot recognise different sandstone body types only based
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on their dimensions and, therefore, assign depositional environments. Consequently,
from seismic data only we cannot know the heterogeneities that we might encounter.

Sandstone type Depositional envir-
onment

Number
outcrops

Total data
point

Channel fill Fluvial 3 51
Point bar Fluvial 5 313
Crevasse splay sheet Fluvial 5 272
Crevasse channel Fluvial 2 15
Fluvial sheetflood Fluvial 1 143
Mid-channel bar Fluvial 2 54
Channel belt Fluvial 31 3887
Upper delta (front) de-
posits

Shallow marine 1 167

Shoreface - foreshore Shallow marine 3 46
Beach ridge Shallow marine 3 8
Distributary channels Shallow marine 2 31
TOTAL 58 4961

Table 1.1: Summary of the different sandstone types that were analysed, together
with the depositional environment in which they develop, the number of
outcrops where each sandstone type was measured, and the number of
data points collected.

For around 83% of the data points, the thickness values are below 10m (Figures
1.4A and 1.4B). This value lies close to the tuning thickness of conventional seismic
surveys. Hence, in the majority of individual sandstone bodies, key heterogeneity
information lies in the sub-seismic range. This has an impact on the way we interpret
seismic data. Those areas in seismic data that are interpreted as “sandstone” often
do not correspond to individual bodies, but closely spaced individual bodies. This is
a source of uncertainty for the characterisation of subsurface targets, because we
are not able to adequately evaluate the connectivity between sandstone bodies nor
observe the material that separates the individual bodies. Conceivably, the material
deposited in between the sandstones can be a potential flow barrier, like thin shale
or mudstone layers or carbonate-cemented intervals [22, 25, 70, 71].

For fluvial depositional environments, all data points from crevasse splay sheet,
crevasse channel, fluvial sheetflood, channel fill and mid channel bars have
thicknesses under the 10m (Figure 1.4B). Consequently, it is not possible to interpret
individual sandstone bodies of any of these deposits. Point bars are the only
sandstone bodies that form in fluvial environments that are sometimes preserved at
thicknesses above the 10m mark (Figures 1.4A and 1.4B). Channel belt deposits
can also be thicker than 10m, however, they are not strictly individual sandstone
bodies, but a combination of deposits associated to the area of the river channel
[72]. For shallow marine environments, the preserved thickness of beach ridges,
defined as the linear, shore-parallel deposits that form on top of the foreshore,
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Figure 1.4: Relationship between horizontal width (m) and thickness (m) for eleven
sandstone types, with all the data points obtained from SafariDB (A) and without
the channel belt data (B). Relationship between horizontal width (m) and ratio
width to thickness for eleven sandstone bodies, with all data points obtained
from SafariDB (C) and without the channel belt data points (D). Subfigures B
and D allow the recognition of different clusters for different sandstone types.
Even if trends are observed within the clusters, the clusters overlap each other.
Subfigures A and B include a 10m-thickness line, to determine the approximate
border between sub-seismic and seismic scale. The majority of the data points
fall within the sub-seismic scale space.

always exceeds 10m, which allows the interpretation of individual bodies (Figure
1.4B). For the remaining sandstone types – upper delta front, distributary channels
and shoreface-foreshore systems –, thickness values above and below the 10m
have been reported, indicating that the geometry of individual sandstone bodies can
only be interpreted in some cases (Figure 1.4B).

Comparison between SafariDB-based sandstone dimension analysis results
and previous research

In the literature, other dimension analysis of sandstone deposits, in terms of
thickness and width, based on quantitative outcrop data are available [68, 69]. The
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analysis from Gibling [68] recognised dimension regions for different sandstone
deposits (Figure 1.5). Three of the deposit types analysed in SafariDB are also
present in Gibling’s study (2006): distributary channels, crevasse spay sheets, and
crevasse channels. For fluvial sandstone deposits, both the SafariDB and Gibling
datasets agree that the thickness of crevasse-related deposits is always below the
10-m mark (Figure 1.5). However, the dimension ranges defined by SafariDB and
Gibling [68] for crevasse channel deposits do not match, with SafariDB defining
a broader area than Gibling. Regarding the shallow marine sandstone deposits,
the (delta) distributary channel data points from SafariDB match with the area
defined by Gibling [68] (red dots in subfigure 1.5A) and both datasets agree that the
thickness of distributary channels can be above and below the 10m mark. According
to Gibling [68] data, distributary channels display a wide variation on thickness
values, ranging from 1 to 40m and with an average value of 7,8m, indicating a
tendency towards sub-seismic scale thickness values.

Figure 1.5: Modified from Gibling [68] showing the thickness (m) versus width (m)
relationships for different sandstone bodies in fluvial environments. The data of
distributary channels (in red), crevasse channels (in purple) and crevasse splay
sheets (in pink) from SafariDB are superimposed. Distributary channels show a
good match with the results from Gibling [68]. The crevasse channel data lie in
and out of the region defined by Gibling [68]. The crevasse splay sheet data
match with the avulsion deposit region. For both figures, the 10m-thickness mark
has been added (black line).

Reynolds’ study (1999) analysed thickness and width relationships for distributary
channels, beach ridge, shoreface – foreshore, crevasse channels, and crevasse
splay sheets, among others, based on published outcrop data and studies
commissioned by British Petroleum (BP) (Figure 1.6). For sandstones deposited in
fluvial environments, Reynolds [69] supports the findings from SafariDB, showing
that crevasse channel and splay sheets often display thickness values below 10m
(Figures 1.6C and 1.6E). Reynolds (1999) also reported examples of thinner
crevasse channel sandstones than SafariDB, and included data points of wider
crevasse splay sheets than the ones from SafariDB. Regarding the shallow
marine sandstone deposits, Reynolds (1999) shows that distributary channels and
shoreface – foreshore systems also record thickness values below and above 10m
(Figures 1.6A and 1.6D), in agreement with the observations from SafariDB. In
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the case of beach ridge, however, Reynolds (1999) only reports data points with
thickness values under 10m (Figure 1.6B), whilst all data points from SafariDB
display values above 10m, a difference of one order of magnitude. The datasets of
deposits associated to beach ridges only overlap in their width.

Figure 1.6: Overlapping of the data points from the SafariDB with the graphs generated by
Reynolds [69]. For more clarity, the areas where the majority of the points for
each sandstone type from Reynolds [69] are located have been highlighted in a
red square. The legend only includes the sandstone body types here analysed.
There is a good match between the results obtained by Reynolds [69] and
the SafariDB data for distributary channels. There are mismatches between
the clusters defined by Reynolds [69] and SafariDB for beach ridge, crevasse
channel, shoreface-foreshore, and crevasse splay sheets. The 10 m-thickness
mark has been added (black line). Majority of data points display thickness
values below 10m.

Conclusions and implications of the sandstone dimension analysis

The SafariDB dataset analysis shows that the thickness of most of the analysed
data points, over 80%, is under the 10m mark. This thickness is close or below the
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tuning thickness for conventional reflection seismic surveys that analysed targets
from 1km to several kilometres deep, where the vertical resolution is around or lower
than 10m. This finding is supported by other datasets available in literature [68, 69].
Consequently, the majority of individual sandstone bodies formed in the selected
depositional environments are sub-seismic scale heterogeneities.

Even if we were able to recognise the individual sandstone bodies, the dimensions
of bodies from different depositional environments overlap with each other, in
agreement with previous dimension analysis of sandstone deposit dimensions.
This means that we cannot distinguish between sandstone deposits from different
depositional environments based only on their thickness and width data. Fortunately,
in subsurface seismic datasets, additional observations—such as stratigraphic
context, seismic facies, and architectural elements—provide further lines of
reasoning that help constrain the depositional environment.

If we cannot use the dimensions of the sandstones to distinguish between sandstone
deposits and the depositional environment they were formed in, we need to rely on
other methods to create geological scenarios where heterogeneities at different
scales are captured. A possible path is creating simulations with stratigraphic
modelling tools. We can, then, apply forward seismic modelling techniques to study
the seismic response of the simulated stratigraphic heterogeneities.

1.4. Sub-seismic scale feature detection

1.4.1. Current state of research

Throughout the years, the resolution that seismic data techniques are able to
provide has improved, by making use of more sophisticated acquisition devices
and strategies, and by implementing improved mathematical and physics-based
algorithms to process seismic data [12]. For instance, researchers have designed
more efficient acquisition plans (e.g. [73]), improved the sensitivity of seismic data
receivers (e.g. [74] and references therein), improved filters that allow de-noising
the seismic data (e.g. [75]), developed algorithms that remove multiples from the
data (e.g. [76]), or created optimized data inversion workflows [77]. But these
efforts are still insufficient to resolve and interpret some of the heterogeneities that
control fluid pathways through reservoirs [78]. For the study of the near-surface,
the top couple hundred metres of the subsurface, we can apply new technologies
that enable ultra-high- and ultra-ultra-high-resolution seismic surveys, allowing the
characterisation of seismic velocities even at the centimetre-scale [79–81]. However,
the extent to which surveys penetrate the subsurface is determined by the energy
that the survey equipment outputs into the ground. High-resolution techniques rely
on high frequencies, which inject little energy into the earth and, thus, are only
suitable for near-surface settings [82]. High frequencies are not useful for targets
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located deeper than a couple of hundreds of metres, because sound waves at those
frequencies do not penetrate far enough into the subsurface [83].

We can also apply an inverse approach to quantify the uncertainty when interpreting
seismic data. Instead of focusing on improving the imaging acquisition and the
data processing, we can aim at better understanding the seismic response of
heterogeneities. This approach consists of using geological data to create models of
stratigraphic architecture that contain heterogeneities at a particular spatial scale
and applying forward seismic modelling tools to produce synthetic seismograms
of those heterogeneities. The geological data can be collected from subsurface
analogues, outcrops, or it can be obtained from numerical stratigraphic models.
Such approach has already been applied in a number of case studies and has led
to improved interpretations of sub-seismic scale stratigraphic heterogeneities for
those specific studies by constraining geometrical features in a variety of subsurface
targets in deep-water and deltaic environments (e.g. [42, 84–86].

The workflow of many of the forward seismic modelling studies includes collecting
outcrop data (architecture, lithology and/or facies) for the construction of static
geological models and generating synthetic seismograms, often deploying different
seismic frequencies [85–90]. The goal is to find common features between the
synthetic data and real seismic data from subsurface targets.

An essential step in forward seismic modelling workflows is the population of
the geological model with petrophysical and elasto-acoustic properties, such as
mass-density, P-wave velocity, S-wave velocity, etc. Most often, subsurface data
from cores and core plugs are used [87, 89, 91–94]. Then, the core data must
be matched to the outcrop data, using lithology or facies. Different strategies are
applied to correlate the outcrop data with subsurface properties. Some studies use
the gamma-ray response of intervals in the subsurface to match the gamma-ray
response on outcrop [89] or the net-to-gross relationship of different depositional
facies [95]. Other studies use average values recorded in subsurface intervals of
their reservoir targets [85, 87, 93, 94, 96]. Yet other studies obtain the data from
literature without specifying what the value represents [92, 97]. There is another
group of studies that apply empirical equations based on shale volume, porosity,
density and/or clay content to obtain P-wave velocity [88, 90, 98]. The use of data
that have been directly taken from outcrop is normally disregarded due to the imprint
that basin-specific diagenesis due to burial and uplift, and weathering exert on the
rock properties [94]. Weathering and exhumation processes are responsible for
modifying the petrophysical and elastic properties by cement dissolution, chemical
alteration of the grains, or fracturing. In case the seismic velocity and density values
are obtained from core plug data or empirical equations, authors typically allocate
only one value of the elasto-acoustic properties to all the cells of the geomodel with
the same lithology or facies [85, 87, 89–91, 94, 96].

Once the elasto-acoustic properties are assigned to the geological model, seismic
modelling methods are applied to artificially generate seismic data with the aim to
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mimic real-world seismic signals. These synthetic data are created by simulating the
way wavefields travel through the geological model and numerically solving wave
equations that capture the interaction between waves and the medium. Synthetic
seismic data are used to study the seismic response of geological structures at
different scales, and to test new acquisition and processing methods.

Seismic forward modelling methods can be divided into two main types based on
how they simulate the propagation of seismic waves through subsurface models:
first, the methods that numerically solve the wave equation and, second, the
asymptotic ray tracing methods [99]. When using ray tracing methods, the seismic
wavefield is broken down into separate elementary waves that propagate along rays
[100]. These rays follow paths of minimum travel time and can reflect or change
velocity when they encounter geological boundaries or heterogeneities [101]. These
changes can be calculated with the Zoeppritz equations for elastic materials,
which can be found in standard geophysics textbooks (e.g. [9]). Researchers have
extensively used ray tracing methods for the modelling of geological structures
[85, 86, 88, 93, 97], because it simplifies calculations by treating each wave
independently. While ray tracing provides accurate travel-times and amplitudes in
simpler geological settings, it fails at correctly resolving these parameters for mildly
to severely heterogeneous media [102, 103].

Wave equation methods, on the other hand, simulate wave propagation throughout
the entire model, providing more accurate results in complex media, but at higher
computational costs [103]. Among these methods, finite-difference modelling is
particularly effective for capturing the seismic response in complex geological
settings [99, 104]. The input data required for the application of finite difference
forward modelling techniques is an impedance model based on velocity and density
distributions [105].

Regarding the source signal used for the seismic forward modelling, the Ricker
wavelet technique is the most common [85, 86, 88, 93, 94, 97]. A Ricker wavelet
is a symmetrical, zero-phase waveform derived from the Stokes differential
equation, which considers the effects of Newtonian viscosity [106–108]. The Ricker
wavelet can be used to simulate seismic waves propagating through viscoelastic
homogeneous materials. When applying the Ricker wavelet, the typical peak
frequency range is from 15 to 120Hz.

1.4.2. Stratigraphic forward modelling: a tool for stratigraphic
heterogeneity analysis

Another approach to understand the impact of seismic and sub-seismic stratigraphic
heterogeneities on seismic data is creating geological simulations that include those
heterogeneities and apply forward seismic modelling. As mentioned in section
4.1, the research on sub-seismic scale heterogeneities has relied on models



1.5. Ph.D. research 17

that are normally created from outcrop data. This limits the number of examples
of heterogeneities to those that are properly represented in good quality and
accessible outcrops.

The acquired knowledge about sedimentological and geological processes that
control deposition of sediment in various depositional environments is the
basis for Stratigraphic Forward Modelling (SFM) tools. Such tools represent
sedimentological processes to generate synthetic stratigraphy. These tools are
normally depositional-environment specific and some of them are specially designed
for the simulation of processes in wave-dominated shoreface environments
[109–114].

There are three characteristics of SFM from which we can benefit when analysing
the formation of metre-scale heterogeneities and their seismic response without
depending on outcrop data [115]. Firstly, SFM obey the basic rules of nature, which
leads to geological simulations with deposition patterns that follow Walthers’ law.
Secondly, SFM deals with preservation potential, where erosion will remove part of
the strata in a predictable manner as erosion is also a predictable response to
processes that affect the depositional environments (e.g. sea level rise/fall). Thirdly,
experiments can be repeated, and a large number of simulations will give insights in
the key heterogeneities that may be expected (or are most relevant) for a specific
depositional environment.

1.5. Ph.D. research

1.5.1. Hypothesis

The Applied Geophysics community has made great efforts to enhance seismic data
resolution through advancements in acquisition and data processing techniques.
Despite these improvements, there is a clear need to better understand, detect,
and image the seismic response of metre-scale stratigraphic heterogeneities and
architecture present (but most often hidden) in the seismic cube. Addressing this
gap can significantly improve reservoir characterization.

Stratigraphic forward modelling has the potential to reduce the uncertainty in
reservoir modelling by helping to reconstruct the internal geometry of reservoirs and
to reduce structural uncertainty [116]. Applications of forward seismic modelling
have shown its efficacy in increasing the resolution of stratigraphical features in
subsurface targets [84–87, 89, 91, 95, 97].

The main hypothesis of this thesis is that stratigraphic forward modelling, when
integrated with seismic forward modelling and migration, enables the detection and
characterization of metre-scale stratigraphic heterogeneities — ranging from a few
metres up to less than 10m — that are otherwise undetectable using conventional
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seismic analysis methods.

To test this hypothesis, the research focuses on clastic, wave-dominated
shoreface environments as a representative geological setting where metre-scale
heterogeneities are present.

There have been previous efforts to develop workflows that combine forward
stratigraphic modelling and seismic modelling [117], with the goal of differentiating
the contribution of different processes on the construction of deep-water stratigraphy
in subsurface reservoirs. Wan et al. [117] did not pay specific attention to the
stratigraphic heterogeneities, and worked at the vertical resolutions of approximately
10m. Here we aim at finer vertical resolutions, with grid cells of 2x2m and at depths
of 1000m.

To test the hypothesis, this research develops a workflow that integrates forward
seismic modelling with: (1) the use of stratigraphic forward modelling tools to
generate geological simulations including metre-scale heterogeneities; and (2) the
assignation of petrophysical and acoustic properties based on a continuous property,
namely grain size distribution. The effectiveness of this workflow will be evaluated
by analysing the impact of the workflow on the detection and characterization
of metre-scale heterogeneities, in comparison to conventional seismic analysis
approaches.

1.5.2. Goal and research objectives

The goal of this thesis is to design and assess the effectiveness of a new workflow
for the characterisation of metre-scale stratigraphic heterogeneities that (1) does not
depend on outcrop data collection to create the geological models, but instead
uses stratigraphic forward modelling to simulate plausible geological scenarios, (2)
where the grid cell is smaller than the vertical resolution of seismic acquisition,
and (3) that is integrated with forward seismic modelling, migration and inversion
techniques. This workflow aims at enabling a smooth transition from geology-related
input parameters to seismic data. In this thesis, I will focus on the stratigraphic
heterogeneities developed in clastic, wave-dominated, shallow marine depositional
environments.

The research objectives of this thesis are:

1. To assess metre-scale, stratigraphic heterogeneities and the distribution of
petrophysical, elastic and acoustic properties in outcrop data, to describe
potential trends on their distribution. (Chapter 2).

2. To develop a methodology that converts sedimentological data, specifically
grain size distribution, into petrophysical and elasto-acoustic properties,



1.5. Ph.D. research 19

enabling a transition from geological models to seismic data analysis. (Chapter
2).

3. To evaluate the effectiveness of assigning petrophysical and acoustic
properties based on grain-size distribution in comparison to conventional
inversion techniques by analysing the resulting seismic response. (Chapter 4).

4. To investigate the potential of angle-dependent seismic data, a seismic
data type that includes information about how the seismic response varies
with the angle of incidence, for detecting and characterizing metre-scale
heterogeneities by analysing statistical measures of asymmetry across various
shallow marine depositional scenarios. (Chapter 5).

This Ph.D. project has been developed together with a parallel project. The
general goal for the two projects is to explore alternative methods to characterise
the seismic response of metre-scale, stratigraphic heterogeneities. While the
project discussed here analyses the heterogeneity distribution, the bridge between
geological – petrophysical – acoustic data and the possibility to use angle-dependent
seismic data to characterise the heterogeneities, the parallel project develops
optimised forward seismic modelling tools and machine learning algorithms for the
interpretation of heterogeneities in the seismic data.

1.5.3. Thesis outline

The outline of this thesis is as follows:

Chapter 2

In Chapter 2, “Reservoir heterogeneity characterisation of a wave-dominated
system within the Western Interior Seaway (Judith River Formation, Late
Cretaceous): sedimentological, stratigraphic and, petrophysical analysis of
a field analogue”, I analyse an outcrop analogue of clastic, wave-dominated,
shoreface system to characterise the distribution of facies associations and
distribution of petrophysical, acoustic and elastic properties and describe potential
trends on their distribution. The outcrop is a continuous section of around 70m
in the vertical direction and 4km in the lateral direction, of which 1, 5km were
studied, located in Bridger (Montana, USA). The collected data include stratigraphic
logs, a photogrammetry survey, and rock samples. Field data show that most
sandstone layers are less than 10m thick, which is close to the sub-seismic scale
limit in reflection seismic data at reservoir depths deeper than 2km. The measured
petrophysical and elasto-acoustic properties are non-unique to facies associations,
and the variation ranges per association overlap with each other. The property



20 1. Introduction

values did not describe lateral nor vertical variation trends, but proved that allocating
single values per facies association when constructing reservoir models might not
capture the variability within the associations.

Chapter 3

In Chapter 3, “Introduction to stratigraphic forward modelling”, I review some of
the basics of stratigraphic forward modelling tools and define the requirements that
a modelling tool should meet to be incorporated into the workflow for the analysis of
stratigraphic heterogeneities at a metre scale. This chapter includes a description
of available modelling tools for shallow marine depositional environments and
an assessment of their compatibility with the workflow. From this assessment, I
conclude that BarSim is the stratigraphic forward modelling tool that best fits into the
workflow.

Chapter 4

In Chapter 4, “Discretization of small-scale, stratigraphic heterogeneities and
its impact on the seismic response: lessons from the application of process-
based modelling”, I develop a methodology that converts sedimentological data
into petrophysical and elasto-acoustic properties, and evaluate the impact that
calculating petrophysical and acoustic properties at different discretisation levels has
on the seismic response of heterogeneities formed in wave-dominated, shoreface
depositional environments. The most detailed distribution of properties is based on
the grain-size distribution. The detailed acoustic property distribution is achieved
by following the workflow introduced in this thesis, which links the grain-size data
simulated through stratigraphic forward modelling with porosity, mass-density and
P-wave velocity. The coarsest acoustic property distribution is based on lithology, a
common assumption in conventional inversion workflows. I also include a simulation
where the properties are based on facies data. This chapter shows that the
adequate characterisation of some metre-scale stratigraphic heterogeneities in
the seismic data will only be possible when allocating petrophysical and acoustic
properties based on grain-size data.

Chapter 5

In Chapter 5, “Characterising subsurface acoustic heterogeneity through
angle-gather asymmetry analysis”, I investigate the potential of angle-dependent
seismic data to detect and characterise metre-scale heterogeneities by analysing
the correlation between the asymmetry of angle-dependent seismic data and
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variations in acoustic properties. To do so, I apply the workflow developed in this
thesis to generate angle-dependent seismic data from nine geological simulations
from wave-dominated shoreface systems. For each horizontal location, I calculate
and correlate, both visually and numerically, statistical parameters that capture the
variations in mass-density, P-wave velocity, and asymmetry of angle-dependent
seismic data. The results show that there are moderate complex, non-linear, and
non-monotonic correlations between the statistical parameters of the different
properties. Visually, I identify strong correlations between sharp lateral changes of
P-wave velocity and high asymmetry, which stresses the limitations of synthetic
modelling based on fixed grids and shows the potential of angle-gather data
asymmetry to detect sharp changes of properties.

Chapter 6

In Chapter 6, “Conclusions and Future research”, I summarize the conclusions
and implications of the thesis. I introduce a number of possible improvements that
could be applied to the workflow developed in this thesis and I discuss some
knowledge gaps and possible research topics that could be beneficial for future
improvements on the characterisation of metre-scale, stratigraphic heterogeneities.
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The outcrop of the Parkman Sandstone from the Judith River formation in Bridger,
south Montana (USA), is an example of a clastic, wave-dominated shoreface
system. In this location, the section forms a continuous outcrop of around 70 m
in the vertical direction and more than 4km in the lateral direction. The outcrop
includes a continuous depositional record from the offshore-shoreface transition to
the backshore. We identified 7 different facies associations (FA) based on their
petrographic and sedimentological properties, each of them linked to a different
depositional subenvironment. All facies have in common a lack of clay/mud, scarce
bioturbation, and a strongly weathered rock surface with weak cementation of the
sediments. Rock samples from 5 FAs were collected and analysed in the lab
to measure properties on grain density, bulk density, porosity, P-wave velocity,
S-wave velocity, and Vp/Vs ratio. Field data show that the thickness of many of
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the sandstone bed sets is less than 10m, which is close to the sub-seismic scale
limit in reflection seismic data at a typical reservoir depth (> 2km). The retrieved
properties of the sandstone samples are non-unique to the FA, and the variation
ranges per facies overlap with each other. With the available data, it was not
possible to identify a correlation between properties per FA, or to characterise the
lateral variations of the properties within the FA. However, the variation ranges show
that allocating a single property value per facies association when constructing
geo-models underestimate the variability the FAs.
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2.1. Introduction

Outcrop analogues are important sources of information for subsurface reservoir
characterisation, because they allow for direct observations of rock type
distribution and stratigraphic architecture, including spatial relationships at different
heterogeneity scales. Outcrops also allow for rock property analysis at a range
of scales and at high densities. Observations of this type have been used
as analogues to better understand the stratigraphic architecture of subsurface
reservoirs (e.g. [1–4]). The spatial characteristics and rock property distributions of
meter-scale horizontal and vertical heterogeneities can be used to better interpret
similar features in reflection seismic data at typical reservoir depths (> 2km) (e.g.
[5–7]). Often, attention is focused only on the architecture and facies distribution
of the system, including recognition of erosional surfaces, lateral and vertical
continuity and transitions of facies and facies associations, and lateral thickness
changes. However, outcrops also make it possible to analyse the spatial variations
of petrophysical properties [8].

Wave-dominated shoreface systems are targeted in the subsurface because of their
promising reservoir potential [9–12]. They are typically formed by accumulations of
sand and gravel, often well sorted and abraded, with relatively few heterogeneities
but characteristic vertical grain size and bedding profile [13]. Shoreface systems
can be easily overlooked in seismic data due to their subtle stratal relationships and
their limited thickness, with some systems being as thin as 10m [1, 14–16]. Previous
research has defined key diagnostic seismic criteria for the recognition of shorefaces
in the subsurface [1], but little attention has been paid to the relationship between
stratigraphic heterogeneities within wave-dominated shorefaces and the distribution
of petrophysical properties. Stratigraphic heterogeneities in wave-dominated
shoreface systems are associated with (1) erosional surfaces that result in vertical
and lateral transitions between diverse lithologies [17], and (2) abrupt or gradual,
vertical and lateral rock property changes, including porosity [18–20]. Understanding
the impact of these heterogeneities on petrophysical properties and fluid flow
behaviour can help build more robust energy transition workflows in reservoir
modelling towards applications in subsurface storage (CO2 or H2) or geothermal
heat production.

Petrophysical properties measured on outcrop samples cannot be directly correlated
with subsurface measurements from core plugs due to the impact of weathering
and diagenesis on the samples [21]. However, outcrops with extensive lateral and
vertical continuity give the opportunity to sample rocks consistently, enabling the
lateral and vertical analysis of petrophysical parameter variation and identify trends
[22]. The shoreface outcrops of the Judith River Formation, whose basal section
is referred to as the Parkman Sandstone, close to Bridger (Montana, USA) is an
accessible outcrop with continuous exposure for several kilometres, and, therefore,
a suitable analogue for subsurface wave-dominated shoreface systems.
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This paper focuses on the sedimentological and petrophysical characterization
of the parasequence at the base of the Judith River Formation. The first goal
is to provide a field-based sedimentological and stratigraphic description of the
outcrop, including information about the thickness and lateral continuity of the
facies associations. The second goal is to analyse the distribution of petrophysical,
acoustic, and elastic property values from outcrop samples, the distribution of these
values at facies association level, and their spatial trends or correlations. To achieve
our goals, first we will introduce the field location, the data collection, and the
methodologies applied in this research. Subsequently, we will provide a description
and interpretation of the facies associations, grain size analysis together with a
correlation of the stratigraphic logs. Thereafter, the results and interpretation of the
petrophysical measurements are presented, followed by a discussion focusing on
the relation between the observed stratigraphic and petrophysical heterogeneities.

2.2. Geographical and Geological setting

The field analogue selected for this study is located next to the town of Bridger, in
south-central Montana, 75km south from Billings (Carbon County, Montana, USA)
(Figure 2.1). The study area is located west of the Pryor mountains and north
of the Nye-Bowler Fault Zone, on the Eastern flank of the Reed Point syncline
[23] (Figures 2.1B and 2.1C). The section is part of the Campanian Judith River
Formation [24, 25]. The base of the Judith River formation includes a interval of
sandstone, named Parkman Sandstone.

The Judith River formation, including the Parkman sandstone, was deposited in the
Crazy Mountain Basin [23] close to the margin of the Bighorn Basin formed by
the Nye-Bowler Fault Zone (Figure 2.1C). The Crazy Mountain basin is located in
the western margin of the larger Western Interior Basin (WIB) [26]. The deposition
of the Parkman Sandstone occurred in the Claggett T-R cycle, one of the five
transgressive-regressive depositional cycles identified in the Upper Cretaceous of
the WIB [26, 27]. The Claggett cycle was a period that lasted approximately 4m.y.
during the Middle to Late Campanian, with relatively high and stable sea levels [28,
29]. The paleoclimate during the Upper Cretaceous was characterised by warmer
mean annual temperatures than nowadays [30]. The research area was located in a
temperature transition zone, with cold arctic waters to the North and warm tropical
waters to the South [31].

The Parkman Sandstone is an important water and hydrocarbon reservoir in the
area [23, 32, 33] and previous research worked on defining the age and depositional
environment to better characterize the reservoir. In the Carbon County, where the
analysed outcrop is located, the Parkman Sandstone is described as estuarine and
brackish deposits [25]; other studies in the Bighorn basin area and surroundings,
around 250km south of Bridger, describe the Parkman Sandstone as coastal plain
[34], wave-dominated delta [32, 35], and river-dominated delta [36]. Previous
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petrographic studies on the Judith River formation in Carbon County defined
the formation as an alternation of grey and brown, andesitic sandstones, brown
carbonaceous shale with coal streaks, and brown sandy shale [37]. Paleontological
data and absolute dating of bentonite beds from the Parkman Sandstone in the
Powder River Basin, northern Wyoming, constrained the deposition of the formation
to Middle Campanian to a duration of 1.9m.y. from 78.5 to 76.6 ± 0.51Ma [28, 38].

Figure 2.1: Geographical location and geological context of the study area. A - The study
area is located in the southern border of Montana with Wyoming (USA). B
- Judith River Formation outcrops in Bridger. In dashed lines the top of the
continuous cliffs and in red the study area. Modified from Google Maps. C -
Structural elements and distribution of the sediment age that outcrop around
Bridger. The study area is located to the West of Bridger, highlighted in red.
Modified from Johnson et al. [23].

The outcrop area is a NW-SE running cliff with over 7km of lateral extent (Figure
2.1B). In the area, the thickness of the outcrops of the Judith River Formation varies
between 75 and 100 meters [25]. In our study, we have included sections between
50 and 70m thick, which, at their base, might include part of the top of the Claggett
Shale formation, because the contact between the underlying Claggett Shale and
the Judith River Formation is not well-defined in the outcrop. The paleo-shoreline in
this area had a NW-SE direction [26]. The outcrop is composed by sandstone layers
and minor silt layers, dipping 4◦ towards the SW (224◦).



38 2. Characterising reservoir heterogeneity

2.3. Methods and material

2.3.1. Field campaign: logging, paleocurrent data, sampling, and
photogrammetry

Five sedimentary logs were recorded at a scale of 1 : 50 and include data on colour,
mineralogy, grain size, grain roundness and sorting, sedimentary structures, and
paleocurrents. The logs cover 1500 meters along the outcrop, with spacings ranging
from 200 to 500 meters. Based on the outcrop observations, different facies and
facies associations (FA) were identified. The bounding surfaces between the FAs
were defined based on changes in lithology, grain size, and sedimentary structures.
Both the FAs and the bounding surfaces between them were convincingly correlated
laterally due to excellent continuity and exceptional outcrop quality along the cliffs.

During the logging, different types of rock and coal samples were collected for
petrographic analysis. A total of 44 plugs were drilled for petrophysical property
analysis, with diameters values ranging from 2, 74 to 2, 94cm. They cover the
different lithofacies observed on the outcrop. The plugs were collected parallel to
the bedding using a Makita drill with diamond bites and using water to remove the
while-drilling debris. For each sample, an extra rock sample from the same location
was collected for other potential analysis. 30 samples were collected at the locations
of the stratigraphic logs and 14 samples in between logs. 12 loose silt samples were
collected and analysed for micropaleontology and palynology. Ten thin sections
were prepared with blue taint, to highlight the sample porosity. The samples were
selected to represent different FAs observed in the field. There were used for grain
size analysis. In Appendix 2, a dataset with the sample information is provided.

Two 3D models of the study area were produced using UAV-based photogrammetry
along the NW-SE running cliffs using an AUV (DJI Mavic 2 Pro). 532 photos
were taken at three seconds intervals, ranging in file size from 8 to 12Mb. The
UAV was manually flown parallel to the outcrop surface. To geo-localize the 3-D
photogrammetry panel, 13 ground control points (GCPs) were placed and surveyed
using an Emlid Reach global navigation satellite system (GNSS) receiver. Raw
GNSS measurements recorded by both the rover and base stations were processed
using the open-source GNSS post-processing package RTKLIB, which allowed for
the determination of the GCP positions with centimetre accuracy relative to the local
base station.

The software Agisoft Metashape Pro (Version 1.8.4, July 2022) was used to build the
3D photogrammetry models. To manage the large image set, the photogrammetric
images were divided into 3 model sections for each model. For each section, the
position of the corresponding GCPs were added. The complete 3D outcrop model
was imported into VRGS (see [39]) for visualization and interpretation.



2.3. Methods and material 39

2.3.2. Grain-size analysis

We analysed the grain size distribution of the thin sections by applying an
image-based, non-destructive workflow. The thin sections were photographed using
a Axioscan from Zeiss microscope to obtain high quality images. The best grain-
segmentation results were achieved with the open-source tool ‘segmenteverygrain’
([40]; version summer 2023). ‘segmenteverygrain’ is a Python package that relies
on the Segment Anything Model (SAM) to detect grains in images [41]. SAM is
developed by Meta and enables high-quality grain border detection. To deal with
some of the limitations that SAM poses, ‘segmenteverygrain’ includes a Unet-style,
patch-based convolutional neural network which speeds up the process and limits
the number of overlapping masks. ‘segmenteverygrain’ includes modules for the
user to clean up the initial segmentation results by deleting, merging and adding
new grains in the generated dataset [40]. The workflow for the calculation of the
grain size distribution is depicted in Figure 2.2. ‘segmenteverygrain’ provides the
area, major axis, minor axis, and perimeter measurements per grain. With the area
information and under the assumption of circular grains, we calculated the diameter
per grain and, from these results, we generated the grain size distribution curve.
We also calculated sphericity and circularity based on the equations suggested by
Li, Wilkinson and Patchigolla [42] and that depend on the diameter based on the
perimeter of the grains.

Figure 2.2: Workflow for the analysis of grain size distribution based on the application
of the ‘segmenteverygrain’ machine-learning tool for grain segmentation on
images. First, the high-resolution images of the thin sections are pre-processed
to increase the contrast by 40% and enhance grain border detection. From the
images, 10 − 12 subsamples are selected (with a resolution of 300ppi and sizes
ranging from 1900 to 2100 pixels per side), with a scale included. Sharpening
techniques available in Photoshop were applied to subsamples located near the
edges of the sample. We run the ‘segmenteverygrain’ tool, with processing times
ranging from 15 to 60 minutes. From the resulting segmentation and labelling,
different measurements from each grain are extracted and the statistical analysis
applied.
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2.3.3. Petrophysical analysis

The rock plugs were prepared for petrophysical analysis by cutting and smoothing
of the edges for measurement. The length of some samples exceeds the
recommended length for petrophysical and acoustic property measurement, so
they were cut into smaller subsamples. This also allowed to measure the same
properties several times.

The measured properties included grain density, P-wave velocity, and S-wave
velocity. With the obtained measurements, bulk density, porosity and Vp/Vs ratio
were calculated. Per facies association, a different number of measurements were
performed depending on the number of samples available and the size of the
samples. One grain density, porosity, and S-wave velocity measurement per sample
was taken.

For the porosity and grain density, the Ultrapyc 5000 with medium and large cell
sizes was used. Both cells have an accuracy of 0.02% and a repeatability of
0.01%. Previous research with the same device has shown good reliability with high
percentage of data falling within 95% confidence interval [43]. With the porosity and
grain density data, we calculated bulk density by assuming that the porosity is filled
with air at room temperature.

P-wave and S-wave velocity measurements were obtained from the rock plugs with
an active acoustic device. The measurements were taken applying a voltage of 40V
and 66000khz waves, with an average arrival time between 20 and 50µs/dv and a
resolution of 8 bits. To measure the P-wave velocity, we used electric transducers
designed for concrete and rock samples. We used a Normal Incidence Shear Wave
Transducer V1548 of 1 inch of diameter and with frequencies up to 0.1Mhz from
Panametrics. With the Shear Wave Transducer, P-wave velocity is also calculated.
The results were compared between both devices to check the reliability of the
data. The S-wave velocity arrival time is observed as the first interference over the
P-wave. This moment is not always clear in the readings, and therefore a minimum
and maximum S-wave velocity has been calculated; the average value between
those two measurements is used in our analysis. We spread coupling paste for
shear waves (Echo Shear Wave Couplant from Echo Ultrasonics) in between the
samples and the transducer and receiver to ensure that the transducer and receiver
were properly attached to the sample.

2.4. Results and Interpretation

In this section, results and interpretations from the outcrop field data collection,
sedimentological analysis, stratigraphic architecture, micropaleontology and
palynology analysis, and the petrophysical and acoustic properties are presented.
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2.4.1. Sedimentological analysis

The outcrop and samples are characterized by clastic rocks with grain sizes ranging
from silt to coarse sand, with very little to no bioturbation. Seven facies associations
(FA) were recognised in this study based on lithology, grain size, thickness, and
sedimentary structures (Table 2.1), reflecting different depositional environments.
The characteristics of the facies associations match those previously described for
wave-dominated, shallow-marine environments, thus, we have followed the scheme
used in previous analysis of these systems [17, 44, 45]. Facies associations FA1,
FA2, FA3 and FA4 are characterized by a general upward increase in the sand
proportion with very little variation in grain size. The coarser grained sandstone
layers are found within the intercalation of sandstone-siltstone layers at the base
of the section, in FA2 (Figure 2.3A), and in FA5 (Figure 2.4C). Some sandstone
samples from FA2, and all samples from FA1, FA3, FA4, FA5, and FA6 show very
poorly developed cement or no cement, as depicted by the thin section image in
Figure 2.5.
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Figure 2.3: Outcrop photographs illustrating the main features from facies associations FA1
to FA3. A - Detailed image of a sandstone layer in FA2. In red discontinuous
lines the internal structure of the layer: at the base, low-angle cross lamination;
in the middle, planar lamination; and cross lamination in the top. B - Example of
thin sandstone layer, thinly cross-laminated and lateral thickness variations in
FA1. C - Example of two fine- to medium-grained sandstone layers in FA3, with
a scour surface (indicated in white triangles) separating the layers. On top of
the scour surface, coarse, floating grains were identified. D - Contact between
sandstone layers in FA3, with low angle cross lamination within the sandstone
layer (in red). Scale bar in all photographs: 20cm.

Figure 2.4: Outcrop photographs illustrating the main features from facies associations FA4
to FA7. A - View of the sub-planar stratification in the sandstone of FA4. B -
Detail of the low-angle cross lamination conserved within concretions in FA4,
with white triangles some of the scour surfaces are indicated. C - Outcrop
example of FA5 showing the relationship between the erosion surfaces (in black)
and the trough-cross stratification (in red). D - Thin and parallel cross-lamination
of sandstones in FA6. E - Brown coal layer in FA7.
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Figure 2.5: Example of a thin section from sample HET-BRID-43 in FA5. The sample
porosity is filled by blue epoxy. Different types of grains can be identified, but no
matrix nor cement, which characterises the thin sections analysed. White bar
equals to 1mm.

Facies association 1 (FA1): Offshore Transition

This association includes an alternation of thin layers of siltstone and sandstone,
with grain sizes typically fine to very fine sand. The sandstones are sharp-based,
display no internal structure or are thinly cross-laminated, and their thickness
varies from some millimetres up to 10cm (Figure 2.3B). Some sandstone layers
are composed of coarser grains, between medium and coarse sand, and tend to
be thicker than the layers composed of finer grains. The sandstone layers vary
in thickness laterally. Embedded in the sandstones, elongated mudclasts can be
found, up to 15 cm long. Some of the sandstone layers are rich in organic material,
with millimetre to centimetre scale coal fragments. Other layers are rich in white
mica fragments. Structureless silt deposit occur on top of the sandstones, with
abrupt transitions from the sandstone layers into the silt layers.

This facies association is interpreted to represent the alternation of deposition
from suspension during fair-weather conditions and deposition of event-related
sandstones during storm conditions in the offshore transition. The thin asymmetrical
cross-lamination of the sandstone layers is related to the formation of ripples by
oscillatory and unidirectional currents during major storms [17]. The silt layers
deposited from suspension during fair-weather periods. Medium to coarse grained
sandstones have also been described in this facies association. These layers could
be related to sandy hyperpycnal flows or sustained, sediment-laden turbulent flows
[46]. This type of flows are low-density, long-lived flows linked to river effluents.
Whenever the slope of the system is continuous and without abrupt inclination



48 2. Characterising reservoir heterogeneity

changes, the flow can travel long distances into the basin. The presence of mica
and organic matter rich layers are interpreted to be related to the gravitational
collapse of the suspension plumes formed during the hyperpycnal flow [46].

Bioturbation is scarce. Very few and isolated simple, vertical burrows were observed,
with diameters in the centimetre scale. The bioturbation is interpreted to represent
the Skolithos ichnofacies [47]. Skolithos can be found in lower shoreface to offshore
depositional environments, where they opportunistically colonise sandy substrates
[48]. The low diversity and scarce bioturbation in the offshore-transition depositional
environments and the presence of opportunistic colonization are interpreted to
represent an environment where the development of traditional offshore transition
ichnofacies was hindered. Strong storm-wave effects have been proven to markedly
decrease the diversity and abundance of bioturbation [49].

Facies association 2 (FA2): Distal Lower Shoreface

This association includes an alternation of thin layers of silt and sandstone layers,
with grain sizes typically ranging from fine to very fine sand, which differs from FA1
in terms of the thickness of the sandstone layers and the sedimentary structures
therein. The sandstones display thin, asymmetric cross-lamination, and their
thickness varies from some millimetres up to 30cm although the majority of layers
are between 15 and 20cm thick (Figure 2.3A). Occasionally, some of the thickest
layers include low-angle cross lamination and planar lamination. Some sandstone
layers are composed of coarser grains, between medium and coarse sand. The
base of the sandstones varies from sharp to clearly erosional. In contrast to FA1,
erosional surfaces and scours are recognised in some of the sandstone layers. The
sandstone layers vary laterally in thickness. Structureless and parallel-laminated
siltstones deposit occur on top of the sandstones, with abrupt transitions from the
sandstone layers into the silt layers.

This facies association is interpreted to represent the alternation of deposition
from suspension during fair-weather conditions and deposition of event-related
sandstones during storm conditions in the distal lower shoreface [44]. In this facies
association, the storm-wave related deposition is better developed, with sandstone
layers that include ripple lamination and hummocky cross-stratification. Hummocky
cross-stratification forms under storm-generated, waning oscillatory flows [50]. The
increase in the abundance and the thickness of sandstone layers indicates a
shallowing or an increased storm-activity.

Bioturbation is scarce and shows the same characteristics as in FA2, with isolated
simple, vertical burrows belonging to the Skolithos ichnofacies. The low diversity and
scarce bioturbation could be related to strong storm-wave effects in the depositional
environment [49].
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Facies association 3 (FA3): Proximal Lower Shoreface

This association consists of sandstone layers and scarce, thin silt layers. The
sandstone layers, with grain sizes varying between very fine to medium sand, are
well to very well sorted and are formed by well-rounded grains. The sandstones
display low-angle cross lamination with large wavelengths (up to 8m), and their
thickness varies from 30cm up to 90cm (Figure 2.3C and 2.3D). There are also lateral
thickness variations at the same wavelength as the low-angle cross lamination. The
base of the sandstones are erosional surfaces. Scour surfaces are common and
majority of the sandstone layers are amalgamated. Occasionally, internal erosional
surfaces are observed with floating coarse grains on top of them (Figure 2.3C).
Scarce layers of structureless siltstones, with abrupt transitions from the sandstone
layers into the silt layers.

There are two intervals with this facies association. The lower interval displays
cyclical thickness variations of the sandstone layers. The sandstone layers are
thinner right on top of a silt layer and the thickness of the sandstones increases
progressively until the next silt layer.

The grain size distribution and sphericity/circularity of four samples from the upper
FA3 interval were analysed. The mean grain size per sample varied from 0.057 to
0.068mm. The sphericity of the samples goes from 0.773 to 0.8 and the circularity,
from 0.632 to 0.667.

The low-angle cross-stratification and lateral thickness variations of the sandstone
layers are hummocky cross stratification, resulting from storm and waves generated
flows [50]. This facies association is interpreted to represent proximal lower
shoreface deposits, where sedimentation is controlled by oscillatory-dominated
combined flows [17, 50].

Paleocurrent indicators were measured for each of the two intervals of FA3.
Each interval resulted in different dominant paleocurrent direction. The lower
interval is characterized by a unidirectional paleocurrent towards the east,
pseudo-perpendicular to the shoreline and in the seaward direction [26].
Measurements in the upper interval vary within a 180◦ spread, with predominance of
paleocurrents towards the west-southwest direction, oblique to the paleo-shoreline
and directed landwards. This change in paleocurrents might indicate a change in the
processes controlling deposition. Seaward directed sedimentary structures result
from seawards-directed post-storm flows [50, 51]. Oblique and landwards directed
paleocurrents could be related to an increasing influence of wave-induced currents
as overall water depth decreases.
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Facies association 4 (FA4): Middle Shoreface

This association is composed of very clean sandstone layers and scarce, thin silt
layers. The sandstone layers, with grain sizes varying from very fine to medium
sand, are moderately to very well sorted and are formed by rounded to well-rounded
grains. The sandstones display low-angle trough cross-stratification, which in some
cases appears as sub-parallel stratification (Figures 2.4A and 2.4B), and sandstone
layers are amalgamated often showing sharp and erosional bases. There are
cm-scale lateral thickness variations in the sandstone layers. Scour surfaces are
common and all layers are amalgamated, which results in poor preservation of
bottom and top-sets of the cross-stratification. The stratification is often unclear,
but some internal erosional surfaces are observed (Figure 2.4B). Scarce layers of
structureless siltstones occur, with abrupt transitions from the sandstone layers into
the silt layers. At the contact with FA3, medium sand layers with elongated, clay
clasts (flat and up to 14cm long) are observed. Isolated, millimetre-sized mudclasts
are observed in other locations. Some layers are rich in organic matter and some
others in white mica fragments.

There are two superimposed intervals of FA4. The lower interval does not exhibit
evident diagenetic features, whereas the upper interval is characterized by the
development of centimetre- to metre-scale concretions (Figure 2.4B). The shape
of the concretions varies from rounded to elongated ellipsoids. The concretions
develop locally and have been identified in the central and two northernmost
stratigraphic logs. They are located at different sandstone layers within the upper
interval.

The grain size distribution and sphericity/circularity of three samples from FA4
were analysed, one from the lower interval and two from the upper interval. The
mean grain size per sample varied from 0.061 to 0.137mm. The sphericity of the
samples ranges from 0.735 to 0.786 and the circularity, from 0.607 to 0.652. One of
the samples of the upper interval shows coarser grain size (more than double the
mean diameter) and lower sphericity and circularity than the other samples. This
sample is located at the southernmost log, and it was taken in a poorly cemented
zone. The difference in grain size properties results from the variability within the
facies association, already observed in the field, with sand varying from very fine to
medium grain size.

This facies association is interpreted to represent sedimentation in the middle
shoreface [49]. The low-angle cross-stratification and amalgamation of sandstone
layers is characteristic of swaley cross-stratification formed due to storm reworking
[50, 51]. Swaley cross-stratification forms at higher sediment transport rates than
hummocky cross-stratification, in a more landward position [51].

Paleocurrent indicators were measured in the upper interval of the FA4. The results
show a dominant unidirectional westward paleocurrent, pseudo-perpendicular to the
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shoreline and in the landward direction [26], but with measurements spreading
within a 180◦ range. In combination with the presence of swaley cross-stratification,
FA4 could represent an onshore and oblique, storm-driven flow. Such features have
been previously observed in Cenomanian deposits in Sao Luis Basin, northern
Brazil [52]. One of the possible mechanisms suggested for these landwards-oriented
features is the combination of erratic storm waves refracted to shore normal
directions due to the combination of strong winds and shoaling effect [53].

Bioturbation is scarce and it is only present at the top of the upper interval of
FA4. It is represented by scarce horizontal burrows, with millimetre-scale diameter.
These burrows are identified as belonging to the Ophiomorpha ichnofacies. The
low diversity and scarce bioturbation are typical for middle and upper shoreface
sandstones [49].

This facies association displays a certain degree of meter- to decametre-scale
lateral heterogeneity (Figure 2.6) with some outcrops showing protrusions with a
cliff-forming character, while other areas are less steep and tend to be covered
by debris and vegetation. The observations made in the field and samples
indicate that both areas belong to the same facies association based on their
sedimentological characteristics. We conclude that these features develop as
the result of weathering/erosional effect due to water flow and more sustained
vegetation. Samples from both areas have been collected to evaluate if the different
weathering profiles also link to changes in their petrophysical properties.

Facies association 5 (FA5): Upper Shoreface

This association is composed of medium to coarse-grained sandstone layers. The
sandstone layers are moderately to very well sorted and are formed by rounded
grains. There is a coarsening upwards trend from the base of FA5 to the top of the
grain size, from predominantly fine to medium sandstones to medium to coarse
sandstones. The sandstones display multidirectional trough cross-stratification
(Figures 2.4C). The coarser sand grains are located at the bottom of the sandstone
sets. The thickness of the sandstone sets vary from 5 to 80cm, and there is a
general trend of upwards thinning of the sets. The sets show lateral thickness
variations. This facies association also includes organic material, white mica and
iron concretions. The concentration of organic material progressively increases
towards the top and it is mainly deposited on the topset of the stratification. Some
layers are rich on white micas, with fragments up to some millimetres long. Scarce,
small iron concretions are also found close to the top of the FA5.

The grain size distribution and sphericity/circularity of three samples from FA5
were analysed. The mean grain size per sample varied from 0.145 to 0.159mm.
The sphericity of the samples goes from 0.59 to 0.79 and the circularity, from
0.592 to 0.605. FA5 is composed by the coarsest grain size from all facies
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associations and displays the lowest values of sphericity and circularity. This
means that these samples in FA5 are composed by grains less rounded than
in other facies associations for which grain size analysis was performed. This
matches with the observations made during the initial outcrop analysis. Paleocurrent
indicators measured for FA5 show a spread within a 90◦ range, with a predominant
unidirectional southwards paleocurrent, pseudo-parallel to the shoreline [26].

This facies association is interpreted to represent upper shoreface sedimentation
[17]. The observed sedimentary structures and sandstone set thickness indicate
that the flow intensity was higher than in FA1 to FA4 and resulted in the migration of
three-dimensional dunes [54]. This migration would be a response to the longshore
currents generated by waves during fair-weather conditions above the fair-weather
wave-base [17], as supported by the paleocurrent measurements taken in the field.
The presence of mm-scale mica flakes suggests the existence of a nearby and/or
young continental sediment source system [55, 56].

The bioturbation in this facies association is only observe locally, and then close to
the contact with FA6. Burrow clusters of Macaronichnus segregatis were found,
indicating deposition in a high-energy environment [49]. The presence of zones
with abundant Macaronichnus segregatis, also known as “toe-of-the-beach”, is
characteristic of upper shoreface and foreshore deposits and tends to develop at
the transition between these two depositional environments [57].

This facies association displays a certain degree of metre- to decametre-scale
lateral heterogeneity (Figure 2.6). Some outcrops areas show protrusions with a
cliff-forming character, while other areas are less steep and tend to be covered
by debris and vegetation. The observations made in the field and samples
indicate that both areas belong to the same facies association based on their
sedimentological characteristics. We conclude that these features develop as
the result of weathering/erosional effect due to water flow and more sustained
vegetation. It was not possible to sample the cliff-forming protrusions because of
accessibility.

Facies association 6 (FA6): Foreshore

FA6 is composed of sandstones varying in grain size from fine to coarse, with
very well to well sorted and rounded grains. It displays a variety of sedimentary
structures, including structureless, planar cross-stratification and symmetric and
asymmetric cross-lamination related to ripples (Figure 2.4D). The sedimentary
structures of this facies association are not laterally continuous.

The symmetric cross-lamination is interpreted to have been formed by wave-induced
oscillatory currents [58] in a foreshore environment. However, the variety of grain
size and sedimentological structures described in the field indicate lateral variations
of the dominant currents or depositional processes. Asymmetric cross-lamination is
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related to unidirectional currents [58], structureless areas can be related to rapid
deposition of sediment-laden, storm-related currents [59, 60] or liquefaction [61],
and planar cross-stratification with rip currents [62]. All these processes can be
laterally active in foreshore environments.

Figure 2.6: Meter-scale weathering-related, lateral heterogeneities observed in the uppermost
intervals of FA4 and FA5, indicated by their protrusion, and cliff-forming character
relative to the rest of the cliff. A - Overview of some of these locations,
highlighted in red, with lateral extent of tens of meters. B - Detailed image of the
southernmost protrusion in A. C - Detailed image of the northernmost protrusion
in A. D - Overview of one of these heterogeneities, with a lateral extent of 240m.

Facies association 7 (FA7): Backshore- Lagoon

Facies association FA7 is composed of brown coal deposits (Figure 2.4E) and
fine-grained sandstones, has maximum thickness of 5 meters, and it is not
laterally continuous. It is found at the top of all logs with the exception of the
northernmost one. Sand with calcretes and mottling is observed only in the central
log. The presence of mottling and calcretes in the sandy deposits are indicative of
pedogenetic processes.

This facies association is interpreted to represent deposition in a backshore or
lagoonal depositional environment. It displays little evidence for wave and storm
activity, because sandstone deposition is only observed in the area around the
central log. The sediment supply is based on organic matter from vegetation,
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probably developed in salt marshes or coastal plain environments, which have been
previously described for the Western Interior Basin [63].

2.4.2. Stratigraphic architecture of the facies association
succession

The base of the section and the contact with the underlying formation (the Claggett
formation, consisting of shale) is not constrained. From literature, it is known
that the contact between the Parkman Sandstone and the Claggett formation is
conformable [33] and both sharp and transitional contacts have been identified
in the neighbouring Bighorn basin [64]. At the study site, the contact between
the Claggett Formation and the Parkman Sandstone is transitional, and due to
insufficient age data for the sediments, we were unable to correlate it with the
contact observed in outcrops from adjacent basins. As a result, the precise position
of the formation boundary remains uncertain.

In the study area, nine distinct intervals were identified, consisting either of
alternating sandstone and siltstone beds or of sandstone bedsets alone. Each
facies association (FA1, FA2, FA5, FA6, and FA7) is represented by a single interval,
while FA3 and FA4 occur in two separate intervals each. Based on observations of
the drone images, we conclude that all vertical transitions between these intervals
are gradual, with no evidence of erosional surfaces (Figures 2.7 and 2.8). Across
the studied outcrop, which spans approximately 1200 meters, no lateral changes in
facies associations were observed.

The vertical stacking of FA1, FA2, and the lower interval of FA3 is marked
by a gradual increase in both the number and thickness of sandstone layers,
accompanied by a corresponding decrease in siltstone deposition (Figure 2.7). The
boundaries between these intervals are approximate and are not associated with
any distinct event or marker bed. At the top of the lower FA3 interval, sandstone
layers progressively merge with those of the lower FA4 interval (Figure 2.7A),
indicating a lack of erosion at this transition. The contacts between the lower
FA4 interval, the upper FA3 interval, and the upper FA4 interval are defined by
sharp-based sandstone beds (Figure 2.8A), though no direct evidence of erosional
surfaces has been observed. The transitions from the upper FA4 interval into FA5
and FA6 are more gradual, characterized by changes in sandstone thickness
and sedimentary structures (Figure 2.8). The contact between FA4 and FA5 is
most clearly distinguished in drone imagery, where it corresponds to a shift in the
weathering profile (Figure 2.8). Finally, the boundary between FA6 and FA7 is not
directly visible in the field due to surface cover by debris and vegetation.
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Figure 2.7: A - Overview of the lower half of the outcrop. A gradual increase in sandstone
layers and in the thickness of these layers through FA1, FA2, and FA3 is
observed. The contacts are all gradual and the limit between the facies
associations is approximated. The contact between FA3 and FA4 is also gradual,
with no erosional features observed and layers from FA3 merging into FA4. On
top of FA4, there is another interval of FA3. B - Detail of the contacts between
FA2, FA3, and FW4. This photograph shows the merging of layers from FA3 into
FA4. C - Detail of the contacts between FA2, FA3, and FA4. The thickness of
each facies association per location changes, showing the lateral variability of
this type of wave-dominated systems. The scale bar is included for each case.

Figure 2.8: Different examples of the contact between, FA3, FA4, and FA5. In red, the
contact between FA4 and FA5 is indicated. A - Only location where the contact
between FA3, FA4, and FA5 is exposed. None of the contacts show erosional
features. B - Outcrop image with the low-angle, trough cross bedded sandstones
of the FA4 at the bottom and trough cross bedded sandstones at the top. The
transition between the facies is gradual. Due to the perspective of the photo, the
scale is only applicable for the central area of the image. C and D - Drone
images of the contact between the FA4 and FA5. On vertical cliff areas, the
contact is a line that separates two different weathering profiles. Scale bars are
included for each figure.
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Centimetre-scale sand layers with asymmetrical cross-lamination, along with
silt layers characteristic of FA1, are observed at the top of FA7. This shift
in sedimentation—from a backshore/lagoon setting to an offshore transition
environment—suggests that the contact marks a flooding event, with the boundary
between FA7 and FA1 representing the flooding surface.

2.4.3. Micropaleontology and palynology analysis

The micropalaeontology split samples were dominated by plant matter, and no
microfossils were recovered. Consequently, no ages for the samples can be
established. Similarly, the palynology split samples are dominated by plant matter,
spores, and pollen (Table 2.2), which only allowed for an approximate dating.
The presence of Surculosphaeridium longifurcatum, a dynoflagellate, in samples
HET-BRID-64 and HET-BRID-65, at the base of log 5, indicates that the samples
are not younger than Early Campanian [65]. This matches with the age of the Judith
River formation, which is dated to be Campanian [25]. Palynology samples from
FA1 and FA2 are interpreted to be deposited in a non-marine setting (Table 2.2).
Samples HET-BRID-64 and HET-BRID-65 contain enough dinocyst specimens to
suggest that they were deposited in a transitional terrestrial/marine setting. The
presence of high concentrations of spores and pollen reflects that the system had a
significant terrigenous influx that influenced all facies associations. The significant
terrestrial influence in this otherwise wave-dominated environment suggests the
presence of a river system at some distance from the study location from which
siliciclastic sediment was derived through longshore current and/or an oblique wave
regime, a situation not uncommon for linear wave-dominated shorelines.
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2.4.4. Depositional environment

The following observations suggest that the depositional system was controlled by
high-energy waves and longshore drift:

1. The scarce bioturbation only found in the lower shoreface deposits (FA2 and
FA3).

2. The amalgamation of sandstone beds with storm-related structures (hummocky
and swaley cross stratification) (FA2, FA3, and FA4).

3. The lack of clay and silt in the sandstone layers of FA3, FA4 and FA5, resulting
from winnowing associated with wave-reworking in the lower, middle and
upper shoreface (cf. [67]).

4. Clear boundaries between deposits from different subenvironments, and a
general increase in grain size from lower to upper shoreface deposits.

5. And the paleo-landwards and oblique-to-shoreline paleocurrents measure-
ments in the upper interval of FA3, FA4 and FA5, likely related to onshore,
storm-driven flow and longshore drift (cf. [49, 53, 68]).

Although no channelized deposits were observed on the field, hyperpycnal flows
(FA1) and layers rich in mica flakes and organic matter (FA1, FA4, FA5) have been
identified. Thus, a continental sediment source is associated with this system with a
location beyond the study area.

No tidal influence has been observed in the deposits. Tidally modulated or influenced
shorefaces are characterised by strong bioturbation in the lower shoreface, poorly
defined boundaries between shoreface subenvironments, thick foreshore intervals,
and similar grain sizes from the offshore to the upper shoreface [49, 69].

2.4.5. Stratigraphic architecture

A NW-SE oriented correlation panel has been constructed, parallel to the cliff
section, based on the five stratigraphic logs and the photogrammetry panel (Figure
2.9) covering 1.2km. This panel is also parallel to the paleo-shoreline of the
depositional system [26]. The panel illustrates the lateral thickness variations of the
succession and the vertical stacking pattern of facies associations. The succession
is upward-coarsening with gradational boundaries between facies associations
and with a flooding surface at the top. Such stratigraphic architecture has been
previously described from wave-dominated successions in the upper Cretaceous
of the Western Interior Basin (e.g. [17, 70]). There is a minor landward shift of
facies associations recorded in each log after deposition of the lower interval of FA4
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(Figure 2.9). This shift is recorded as a gradational change and it results in the
deposition of another interval of FA3.

The maximum thickness of the outcrop reaches 70m in the northernmost part
(recorded in stratigraphic log 2; Figure 2.9). Previous studies on wave-dominated
systems from the upper Cretaceous in the Western Interior Basin have reported
parasequences with total thicknesses ranging from 10 to 50 meters [15, 17,
44, 71]. In this study, we recorded up to 45m of distal lower shoreface to
foreshore-lagoon/backshore deposition (not considering FA1), which exceeds the
maximum values reported by Eide, Howell and Buckley [72] (up to 36m) or the
35m, approximately, from the ‘K4’ shoreface tongue [17], both studies from the
Campanian Blackhawk Formation. In this study, we also record a maximum and
vertically continuous mmidle-upper shoreface complex thickness of 25m in logs 4
and 5a, which exceeds by, approximately, 10m the shoreface thickness measured in
the ‘K4’ shoreface tongue [17, 72].

Lateral variations in thickness of the facies associations are observed throughout
the outcrop. The variations for FA1 are mainly related to the lack of constraints at
the base of the facies association. FA2 becomes thicker towards the north of the
outcrop (Figure 2.9). This can be related to the sedimentary criteria (sandstone layer
thickness, presence of basal erosional surfaces, and sedimentary structures in the
sandstone layers) applied to make the distinction between the facies associations
and/or a higher concentration of hyperpycnal sandstone beds and storm-beds.
When combined with the 3D model, we observe that the thickness of the lower
interval of FA4 varies from 1.5 to 5m. This interval is composed of clean sandstones
displaying swaley cross-stratification and it is underlain and overlain by hummocky
cross-stratified sandstone intervals. Due to the genetic relationship between
these two types of sedimentary structures [50, 73], the lateral and, therefore,
paleoshore-parallel thickness variations, might be related to the interplay between
the sedimentological processes creating the sedimentary structures. This same
interplay can be responsible for the thickness variations of the upper interval of FA3
and FA4. In the case of FA5, there is a progressive increase in thickness from south
to north. The thickest FA5 intervals were measured around the hectometre-scale
protrusion in Figure 2.6D.

Figure 2.9: Next page S-N correlation panel aligned parallel to the cliff section and to the
paleo-shoreline (cf. [26]). Note the varying spacing between logged sections.
Dominant grain size, sedimentological structures, and bioturbation have been
included. The datum for correlation is taken at the top of each log, which is
interpreted as a flooding surface. Note the thickness variations of the different
facies associations with FA2 showing the largest thickness variations. All facies
associations are present in each log, but FA7 only in the northernmost log. No
major erosional surfaces have been identified. The location of the samples
has been included. Note that the location for the samples in between logs is
approximate and we refer to the dataset for further details [66].
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Finally, FA6 is the thickest in the northernmost log 2 (Figure 2.9), with a maximum
thickness of 3m, and it becomes thinner towards the central area of the study area,
where it is barely present. Because the contact between FA6 and FA7 does not crop
out, it is uncertain whether the thickness variability in FA7 is due to non-deposition
or erosion. FA7, on the other hand, is the thickest in the central area, where a 2m
thick layer brown coal is present. However, this facies is absent on the northern
edge of the study area. FA6 and FA7 are thin and do not result in clear outcrop
features mappable on the drone images, so the thickness and lateral extent is only
based on the stratigraphic log information.

2.4.6. Petrophysical, elastic and acoustic properties

The goal of the analysis of the petrophysical, elastic, and acoustic properties
is twofold. The first aim is to investigate whether the observed range of facies
associations contain different property ranges by which they can be characterized
and distinguished. The second aim is to evaluate if the facies associations each
have a characteristic lateral or vertical property trend.

For the analysis of the properties, 44 samples from facies associations FA1 to FA5
were collected along the stratigraphic logs and in the areas between them (Figure
2.9). The upper two intervals, corresponding to the facies associations FA6 and FA7,
were not sampled because of insufficient good quality outcrops that allowed for the
extraction of cores or unsuitability of rock types (coal). The number of samples per
facies varies from 2 to 16. Facies characterized by a cm-scale alternation of sand-
and siltstone were difficult to sample, because of the lack of layers that were thick
enough for the collection of cores resulting in less samples. The limited number of
samples for FA4 is due to poor outcrop accessibility. Two batches of FA3 samples
have been collected. Batch FA3(1) was collected from the lower FA3 interval and
batch FA3(2) from the upper FA3 interval. Three batches of FA4 samples have been
obtained. FA4(1) samples were collected in the lower FA4 interval, and FA4 (2) and
FA4(3) were collected from the upper FA4 interval. Batch FA4(3) was collected at
the cliff-forming protrusions, whilst batch FA4(2) was collected outside these areas.

Figures 10 and 11 show the property distributions of each sample batch, including
the mean and standard deviation for each facies association. For more information
on the measurements, we refer to Appendix 3 and the database associated to this
publication [66].

The grain density is highest in the samples from FA1, FA2 and FA3(1) (Figure
2.10A), which compose the base of the section. There is a change in grain density
between the deposition of FA3(1) and FA4(1) (Figure 10A), which might be related
to a change of the sediment type supplied to the system. This change is supported
by the contrast in grain density between the two sample batches from FA3 (Figure
2.10A), which display the same sedimentological properties, but different ranges
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of grain density. A general porosity decrease from FA1 to FA4(1) is observed
followed by a semi-constant porosity distribution; FA2, however, deviates from this
trend (Figure 2.10B). The bulk density shows large overlap between all facies
(Figure 2.10B), which is a consequence of the combination of the porosity and
grain density values. Batches FA4(2) and FA4(3) show only minor differences, with
largely overlapping property value ranges. Samples collected from the cliff-forming
protrusions tend to display slightly higher values. However, with the current dataset,
it is not possible to determine whether these differences are caused by weathering
or if weathering is more pronounced in specific areas due to these subtle variations.

Figure 2.10: Distribution of grain density (x1000kg/m3) (A), porosity (unitless) (B), and
bulk density (x1000kg/m3) (C) per sample batch. The box size equals the
distribution between quartile 1 and quartile 3, the median is the horizontal line
within the box, and the ranges indicated below and above the box mark the
minimum and maximum value, respectively. These graphs show the overlapping
values for the different properties. There is almost full overlap for the facies
FA4, independent from diagenetic features or interval, and FA5.

P-wave velocity displays a general trend of velocity decrease from FA2 to FA4 (1)
followed by a semi-constant velocity distribution (Figure 2.11A). FA1 does not fit
this trend and is characterized by low P-wave velocity values, possibly due to the
high porosity of the samples [74]. A high contrast between the values measured
for FA3(1) and FA4(1) can be related to a decrease in grain density as previously
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mentioned, and it is also supported by the contrast in P-wave velocity between
FA3(1) and FA3(2). There is a strong overlap between the values recorded for FA1,
FA3(2), FA4(2), FA4(3), and FA5 (Figure 2.11A). The same trends are observed
in the data from S-wave velocity (Figure 2.11B), as it is expected from the linear
relationship between P-wave and S-wave velocities reported for clastic rocks [75,
76]. For both the P-wave and the S-wave velocity, the reported values are lower
than the ones observed in subsurface core samples of shoreface deposits [3]. The
difference in values is related to weathering [21].

Figure 2.11: Distribution of P-wave velocity (m/s) (A), S-wave velocity (m/s) (B), and Vp/Vs
ratio (unitless) (C) per facies. The box size equals the distribution between
quartile 1 and quartile 3, the median is the horizontal line within the box,
and the ranges indicated below and above the box mark the minimum and
maximum value, respectively. These graphs show the overlapping values that
are observed for the different properties. The trend between FA(1) and (2) is
the same for all the properties. FA4(1) displays higher values in all properties
compared to the other FA4 sample batches.

The Vp/Vs ratio varies from 1, 24 up to 1, 96 (Figure 2.11C). The Vp/Vs ration is a
measurement extensively used in seismic subsurface characterization due to its
ability to distinguish between rock and fluid physical properties such as lithology [75,
77] or fluid types [78, 79], among others. In this dataset we do not observe an
increasing trend of Vp/Vs for higher porosity samples, as suggested by Tatham
[77], who studied the measurements recorded from subsurface core samples in
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publications from three laboratories.

Plotting the values of the different properties against their spatial distribution shows
that no spatial trends are present. No property changes are observed close to the
contacts between the facies associations or in the lateral direction.

2.4.7. Idealised facies succession of the base of the Parkman
Sandstone in Bridger

The base of the Parkman Sandstone in the Bridger area is characterized by the
vertical stacking of seven facies associations, indicating a progressive shallowing
of depositional environments—from offshore transition (FA1) to backshore (FA7)
settings (Figure 2.12). At the base, the offshore transition deposits (FA1) consist
of alternating fair-weather suspension sediments (silt layers) and event-related
deposits (thin sandstone layers with current-ripple cross-lamination). Above these,
the distal lower shoreface (FA2) is represented by non-amalgamated sandstone
layers with hummocky cross-stratification, interbedded with progressively thinner silt
deposits from fair-weather conditions. The proximal lower shoreface (FA3) is marked
by amalgamated hummocky cross-stratification formed by frequent storm-wave
activity, with paleocurrent directions ranging from seaward-oriented to oblique
relative to the paleoshoreline. The middle shoreface (FA4) comprises amalgamated
sandstone layers with swaley cross-stratification, reflecting high-energy wave
action and paleocurrents trending landward to oblique. The upper shoreface
deposits (FA5) feature trough cross-stratification formed by migrating dunes, with
paleocurrent directions displaying pseudo-parallel orientations to the paleo-coastline,
indicative of longshore drift. At the top of the outcrop, foreshore sandstones (FA6)
exhibit wave-ripple and parallel laminations, overlain by backshore deposits (FA7)
consisting of brown coal interbedded with sand layers.
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2.5. Discussion

2.5.1. Relative sea level and regression of the Parkman
Sandstone

The Parkman Sandstone, one of the five transgressive-regressive depositional
cycles in the Claggett T-R cycle [26, 27] was deposited during a period with
relatively high and stable sea level that lasted approximately 4m.y. [28, 29].
The stable sea level allowed for the development of a facies stacking pattern
characteristic for normal regression [80, 81]). This stacking pattern reflects a gradual
transition between adjacent depositional environments, recording progressive
shoaling associated with the basinward migration of the coastline. The basinward
displacement of the coastline was due to the continuous infill of accommodation
space in the basin. Normal regression successions are commonly overlain by
coastal plain deposits, in this case represented by a coal seam.

The development of normal regression can be related to different sediment supply
versus accommodation space relationship, the latter expressed as relative sea
level. In the study area, the Parkman Sandstone does not display any evidence of
surfaces of non-deposition or erosional discontinuities interpreted to have formed by
allogenic controls. Therefore, we infer that this system developed during a period of
stable base level, or in a setting where sediment supply outpaced relative sea level
change.

Reeves [35] recognized two normal regression events in the Parkman Sandstone in
the Powder River Basin, 300 km in the SW direction from the study area (Western
Wyoming). The first event is related to relative sea level lowstand and it is topped
by an erosional surface, and the second event is related to a highstand normal
regression. Due to the lack of chronostratigraphic controls, there are two possible
correlations with the study area:

• First, the first normal regression event is interpreted to be time equivalent with
the deposition of FA1, FA2, the lower intervals of FA3 and FA4. However,
the relative sea level rise that followed this normal regression was related to
autogenic processes at basin scale, as, like in our study area, this relative sea
level fall is only represented by a minor landward shift of facies associations.
The second normal regression event, topped by a maximum flooding surface,
is interpreted to represent deposition of the upper interval of FA3, the upper
interval of FA4, FA5, FA6, and FA7.

• Second, the first normal regression event interpreted in the Powder River
Basin is time equivalent to the outcrop analysed in this study and the flooding
surface observed in the top of the section corresponds to the erosional surface
described by Reeves [35].
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2.5.2. Depositional environment of the Parkman Sandstone

Previous research interpreted different shallow marine depositional environments
for the Parkman Sandstone in the Powder River Basin, in Southeast Montana and
Wyoming [32, 35, 36]. Hubbert and Rubey [32] identified evidence of strong waves
and subordinate tidal currents in the lower section of the Parkman Sandstone, with
lateral variations suggesting a stronger influence of tides. They also observed a
predominance of landward and along-shore paleocurrent indicators, highlighting the
impact of longshore drift on sedimentation, which agrees with the observations from
this study. Dogan [36] interpreted the deposits from the Parkman Sandstone to
represent a river-dominated delta, while Reeves [35] concluded that, in the Powder
River Basin, the Parkman Sandstone built a wave-dominated delta, emphasizing
changes in the balance between wave and fluvial action depending on the location.
All previous studies agreed with the observations made in this study in recognizing
the strong influence of wave action on deposition. The local impact of tide and
particularly fluvial processes, even if not present in the study area, have also
been identified in previous research, but never as the main agents controlling the
sedimentation.

Wave-dominated systems of Campanian age, deposited along the western shoreline
of the WIB have also been identified in New Mexico, Utah, and Colorado [71]. The
Blackhawk and Castlegate formations in the Book Cliffs area, around 700km south
of our study area, are one of the most extensively documented outcrop areas of
wave-dominated shoreface systems [15, 17, 20, 44, 72, 82, 83]. These display a
variety of stacking patterns that have become textbook examples of forced and
normal regressive systems (e.g. [82, 84]. In the Desert-Castlegate parasequences,
the shallowest marine successions show coarsening-upward cycles with gradational
transitions between facies associations lacking a sharp-erosive shoreface base [85].
These systems follow dominantly low angle ascending regressive or flat-horizontal
trajectories and result from increased sediment supply.

Another example of normal regression is the ’SC4’ shoreface tongue of the
Spring Canyon Member, in the Blackhawk Formation [82]. This prograding interval
developed during the early part of a highstand systems tract and records the
transition between wave-dominated shoreface to wave-influenced delta [84]. The
‘SC4’ includes non-depositional discontinuities in the form of intensely bioturbated
horizons and minor landward facies shifts [17], that are not identified in the Parkman
Sandstone section. Other wave-dominated systems with normal regressive stacking
patterns in the Blackhawk formation also include non-depositional discontinuity
surfaces [44].

The key difference between the wave-dominated systems in the Book Cliffs and
the Parkman Sandstone outcrop in Bridger is the presence of bioturbation. The
bioturbation in the distal lower shoreface, for example, of the Blackhawk formation is
often described to be moderate to intense [44, 71]. Only the bioturbation in some
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bedsets from the Star Point Sandstone (the lower Blackhawk Formation) display
absent bioturbation [70]. In contrast, in the Parkman Sandstone—deposited in a
comparable environment—bioturbation is generally absent to scarce. This difference
may be attributed to the proximity of a river, which likely led to high sedimentation
rates and the continental signature observed in the palynology analysis.

2.5.3. Petrophysical property distribution and outcrop trends

The petrophysical property analysis has shown that the different facies associations
do not result in significantly different values and that it is not possible to recognize
discrete spatial distributions of the measured properties. However, even with limited
number of samples for some of the facies associations, a large range of property
variations was measured. The ranges are interpreted to represent the spatial
variability of the properties within each facies association. However, these samples
have all been exposed to weathering, which has modified the properties of the
samples versus their analogues in the subsurface [21]. Unless we are able to isolate
the imprint of weathering on the properties, we cannot state that, in subsurface
conditions, the samples would display such broad value ranges.

The recorded distribution of grain density values allowed for the identification of
changes in sediment type in FA3 (Figure 2.10). This change seems to have an
impact on the seismic velocity and Vp/Vs ratio, where a similar trend is observed
(Figure 2.11). We infer that changes in grain density, even if not noticed in
bulk density, might have an impact on seismic velocities. Previous research has
highlighted the relationship with bulk density, but not grain density [86].

The subsurface porosity values of the Parkman Sandstone range from 0.08 to 0.21
in samples of the neighboring Powder River Basin [35, 87]. The lowest average
porosity measured in the samples from this study is 0.16 and some sample batches,
FA1 and FA3 (1), showed average porosity values higher than the values reported
from subsurface. This elevated porosity range can be related to the weathering
processes and the consequent dissolution of the cement in the samples. The
Parkman sandstone in subsurface is characterized by calcite cementation [87], and
this cementation has not been observed in the thin sections.

It is not the intention of this paper to compare the elastic and acoustic property
values with those measured in the subsurface. As previously mentioned, the outcrop
samples are affected by weathering, which has shown to modify the measured
values [21]. In our case, the P-wave velocity and S-wave velocity values are lower
than those normally measured in the subsurface for sandstones. As reference, we
compared with the values used to perform forward seismic modelling studies on the
wave-dominated systems of the Book Cliffs [3, 88], subsurface property values
which were collected from comparable lithofacies in the Brent Group in the North
Sea. These studies assigned values of P-wave velocity of, approximately, 3650m/s
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to the offshore transition, 3800m/s to the lower shoreface and 3600m/s to the upper
shoreface [3, 88]. These values are twice as high as the values measured in the
Parkman sandstone outcrop (Figure 2.12). The bulk density values collected from
the Brent Group are closer to the grain density values than to the bulk density
values that we measured in the Parkman Sandstone [3]. As the bulk density is
calculated based on the grain density and the porosity, this observation could be
related to three scenarios: 1) for similar porosity, the grains of the Brent Group are
denser than the ones in the Parkman sandstone, 2) for similar grain density, the
porosity in the Brent Group is lower, and 3) the bulk density of the Brent Group
is of (oil/water) saturated rocks. These discrepancies underscore the impact of
weathering on rock properties—such as P-wave and S-wave velocities—as well as
the variability of physical properties within similar depositional environments.

2.5.4. Implication on heterogeneity analysis in the subsurface

The Parkman Sandstone outcrop is an example of a wave-dominated shoreface
system and contains deposits from offshore-shoreface transition to the backshore.
Shoreface systems are generally characterized by good reservoir potential and,
therefore, have been targeted in the subsurface [9–11]. The Parkman Sandstone
itself is an important reservoir in Montana and Wyoming [23, 32, 33]. Part of the
subsurface characterization of reservoirs depends on seismic reflection campaigns,
and the vertical resolution of the collected seismic data is controlled by the depth of
the target, the seismic velocity of the sediments, and the frequency [89]. For targets
deeper than 2km, layer thicknesses under 10 − 15 meters will not be resolved in the
seismic data. The contacts between thicker layers will only be visible if there is
enough contrast between the acoustic properties of the layers. With the Parkman
Sandstone as an example, many of the intervals in the succession are thinner than
10m, which would make them undetectable on seismic data.

Creating seismograms out of the seismic data requires inversion workflows. In short,
these workflows transform the seismic reflections data into rock-properties, such as
density and P-wave velocity. Traditionally, in inversion, a constant property value
is assigned per lithofacies (e.g., [90–92]). This assumption aims at representing
and simplifying the complex property distribution in the subsurface. However, this
assumption might not allow for the identification of intervals with different reservoir
properties in wave-dominated systems. This work shows that the difference in
average P-wave velocity between some sample batches is less than a 10% and
that the value range per sample batch can be greater than this difference. The
assignation of average bulk density or P-wave velocity values would result in some
rock packages being indistinguishable, even though they have particular porosity
distributions, sedimentological structures, sedimentological structures, grain size
distributions, or mineral content (organic matter or mica rich). This work highlights
the limitations of using averaged property values in inversion workflows, as such
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simplifications can conceal heterogeneity in wave-dominated systems—potentially
masking reservoir intervals with distinct rock characteristics.

2.6. Conclusions

The outcrop analysis shows that the base of the Parkman Sandstone (Middle
Campanian, Cretaceous) is a normal regressive shoreface succession with a
thickness of, approximately, 50 meters. This outcrop represents a paleoshore-parallel
section composed by a staked succession of deposits from 7 facies associations,
ranging from offshore transition to backshore. The deposits are laterally continuous
and display a general coarsening upwards trend, with gradual transitions between
deposits of different facies associations. From the sedimentological characterization
of the facies associations, we infer that the depositional environment has a strong
influence of wave-actions and longshore currents. This conclusion is in agreement
with previous research on the Parkman Sandstone in neighbouring basins.
Similar stacking patterns and sedimentological features have been recognized in
wave-dominated systems of the Campanian Blackhawk formation, 700km south of
the study area.

The analysis of petrophysical, acoustic, and elastic properties of samples from the
outcrop indicate that the facies associations are not characterized by a specific
range of values per measured property. The properties from the samples have
been modified by weathering. This is evident from the comparison between porosity
values of the Parkman sandstone in subsurface (0.06 − 0.21) and on the outcrop (up
to 0.25). Although these values have been altered by weathering, all samples exhibit
a similar imprint, suggesting that the observed variation reflect the petrophysical
property variability within the facies associations. The high variability within the
samples from the same facies associations, having a difference of less than a 10%
between the average P-velocity of some of the sample batches, and the thickness
of the intervals (under 10m in majority of the cases) highlight the challenges of
characterizing wave-dominated shoreface systems in the subsurface.

The current study did not recognize spatial patterns in the distribution of properties.
This can be a consequence of insufficient sampling density or that the outcrop is
parallel to the paleo-shoreline. Future research should focus on isolating the imprint
of weathering on petrophysical, acoustic and elastic measurements from outcrop
samples, so that the link between these properties and the sedimentology are better
understood.

2.7. Data Availability statement

The three-dimensional models, together with the images and GNNS information
used for their creation, can be found in an open repository [93]. Another
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separate repository contains the supplementary material, high resolution figures,
rock sample photos and datasets, including grain size analysis data and lab
measurements for petrophysical, acoustic and elastic measurements, paleocurrent
data, micropaleontological and palynology charts [66].

2.8. Acknowledgments

This fieldwork campaign was made possible by the financial support of the
Molengraaff Foundation and the Delphi consortium. The authors express their
gratitude to Emilio Cecchetti and Tim Baars, former PhD candidates in the Applied
Geology section, for their invaluable assistance in collecting fieldwork data and
engaging in preliminary discussions regarding the field location. The authors also
thank Parvin Kolah Kaj, PhD candidate in the Applied Geology section, for her
help with the use of the pycnometer. Additionally, the authors acknowledge Karel
Heller, technician at the Geoscience and Engineering Laboratory of TU Delft, for his
assistance with the P-wave and S-wave velocity measurements. We also extend our
gratitude to EasyCopy for providing an academic license, which greatly facilitated
the creation of our stratigraphic logs with clarity and ease.



72 2. Characterising reservoir heterogeneity

References
[1] H. Braaksma, J. N. Proust, J. A. Kenter, G. G. Drijkoningen and N. Filippidou.

‘Sedimentological, Petrophysical, and Seismic Characterization of an Upper
Jurassic Shoreface-Dominated Shelf Margin (the Boulonnais, Northern
France)’. In: Journal of Sedimentary Research 76 (1 Jan. 2006), pp. 175–199.
issn: 1527-1404. doi: 10.2110/JSR.2006.11.

[2] N. Grasseau, C. Grélaud, M. López-Blanco and P. Razin. ‘Forward seismic
modeling as a guide improving detailed seismic interpretation of deltaic
systems: Example of the Eocene Sobrarbe delta outcrop (South-Pyrenean
foreland basin, Spain), as a reference to the analogous subsurface
Albian-Cenomanian Torok-Nanushuk Delta of the Colville Basin (NPRA,
USA)’. In: Marine and Petroleum Geology 100 (Feb. 2019), pp. 225–245.
issn: 02648172. doi: 10.1016/J.MARPETGEO.2018.11.010.

[3] D. Hodgetts and J. A. Howell. ‘Synthetic seismic modelling of a
large-scale geological cross-section from the Book Cliffs, Utah, USA’. In:
Petroleum Geoscience 6 (3 2000), pp. 221–229. issn: 13540793. doi:
10.1144/PETGEO.6.3.221.

[4] J. A. Howell, A. W. Martinius and T. R. Good. ‘The application of outcrop
analogues in geological modelling: a review, present status and future
outlook’. In: GSLSP 387 (1 Jan. 2014), pp. 1–25. issn: 0305-8719. doi:
10.1144/SP387.12.

[5] K. Bakke, I. Kane, O. Martinsen, S. Petersen, T. Johansen, S. Hustoft,
F. Jacobsen and A. Groth. ‘Seismic modeling in the analysis of deep-water
sandstone termination styles’. In: AAPG Bulletin 97 (9 2013), pp. 1395–1419.
doi: 10.1306/03041312069.

[6] R. Sech, M. Jackson and G. Hampson. ‘Three-dimensional modeling of
a shoreface-shelf parasequence reservoir analog: Part 1. surface-based
modeling to capture high-resolution fades architecture’. In: American
Association of Petroleum Geologists Bulletin 93 (9 2009), pp. 1155–1181.
doi: 10.1306/05110908144.

[7] H. Zeng, X. Zhu and R. Zhu. ‘New insights into seismic stratigraphy
of shallow-water progradational sequences: Subseismic clinoforms’. In:
Interpretation 1 (1 Aug. 2013). doi: 10.1190/INT-2013-0017.1, SA35–SA51.
issn: 2324-8858. doi: 10.1190/INT-2013-0017.1.

[8] C. Schmidt, B. Busch and C. Hilgers. ‘Lateral variations of detrital,
authigenic and petrophysical properties in an outcrop analog of the
fluvial Plattensandstein, Lower Triassic, Central S-Germany’. In: Zeitschrift
der Deutschen Gesellschaft für Geowissenschaften 172 (4 Dec. 2021),
pp. 541–564. issn: 1860-1804. doi: 10.1127/zdgg/2020/0234.



2.8. References 73

[9] J. Bhattacharya and R. G. Walker. ‘River- and wave-dominated depositional
systems of the Upper Cretaceous Dunvegan Formation, northwestern
Alberta’. In: Bulleting of Canadian Petroleum Geology 39 (2 June 1991),
pp. 165–191.

[10] N. Tyler and R. J. Finley. ‘Architectural Controls on the Recovery of
Hydrocarbons From Sandstone Reservoers’. In: The Three-Dimensional
Facies Architecture of Terrigenous Clastic Sediments and its Implications
for Hydrocarbon Discovery and Recovery. SEPM Society for Sedimentary
Geology, 1991, pp. 1–5. doi: 10.2110/csp.91.03.0001.

[11] P. Lis and A. Wysocka. ‘Middle Miocene Deposits in Carpathian Foredeep:
Facies Analysis and Implications for Hydrocarbon Reservoir Prospecting’. In:
Annales Societatis Geologorum Poloniae 82 (2012), pp. 239–253.

[12] S. Tahir, B. Musta, J. Asis and F. Hanis. ‘Wave and tide influence in Neogene
paralic hydrocarbon potential reservoirs in Sabah’. In: ASM Science Journal
11 (2 2018), pp. 278–292.

[13] P. S. Roy, P. J. Cowell, M. A. Ferland, B. G. Thom and O. van de Plassche.
‘Wave-dominated coasts’. In: Coastal Evolution: Late Quaternary Shoreline
Morphodynamics. Cambridge University Press, 1995, pp. 121–186.

[14] J. Bhattacharya. ‘Deltas’. In: Facies Models Revisited. Ed. by H. Posamentier
and R. Walker. Vol. 84. SEPM (Society for Sedimentary Geology), Jan.
2006, pp. 237–292. doi: 10.2110/pec.06.84.0237.

[15] G. J. Hampson. ‘Sediment dispersal and quantitative stratigraphic
architecture across an ancient shelf’. In: Sedimentology 57 (1 Jan.
2010), pp. 96–141. issn: 00370746. doi: 10.1111/j.1365-
3091.2009.01093.x.

[16] R. L. Kieft, C. A.-L. Jackson, G. J. Hampson and E. Larsen. ‘Sedimentology
and sequence stratigraphy of the Hugin Formation, Quadrant 15, Norwegian
sector, South Viking Graben’. In: Geological Society, London, Petroleum
Geology Conference Series 7 (1 Jan. 2010), pp. 157–176. issn: 2047-9921.
doi: 10.1144/0070157.

[17] G. J. Hampson and J. E. A. Storms. ‘Geomorphological and sequence
stratigraphic variability in wave-dominated, shoreface-shelf parasequences’.
In: Sedimentology 50 (4 Aug. 2003), pp. 667–701. issn: 0037-0746. doi:
10.1046/j.1365-3091.2003.00570.x.

[18] K. G. Taylor, R. L. Gawthorpe, C. D. Curtis, J. D. Marshall and D. N.
Awwiller. ‘Carbonate Cementation in a Sequence-Stratigraphic Framework:
Upper Cretaceous Sandstones, Book Cliffs, Utah-Colorado’. In: Journal of
Sedimentary Research 70 (2 Mar. 2000), pp. 360–372. issn: 1527-1404. doi:
10.1306/2DC40916-0E47-11D7-8643000102C1865D.



74 2. Characterising reservoir heterogeneity

[19] J. M. Ketzer, S. Morad, R. Evans and I. S. Al-Aasm. ‘Distribution of Diagenetic
Alterations in Fluvial, Deltaic, and Shallow Marine Sandstones Within
a Sequence Stratigraphic Framework: Evidence from the Mullaghmore
Formation (Carboniferous), NW Ireland’. In: Journal of Sedimentary
Research 72 (6 Nov. 2002), pp. 760–774. issn: 1527-1404. doi:
10.1306/042202720760.

[20] T. Sømme, J. Howell, G. Hampson and J. Storms. ‘Genesis, Architecture,
and Numerical Modeling of Intra-Parasequence Discontinuity Surfaces In
Wave-Dominated Deltaic Deposits: Upper Cretaceous Sunnyside Member,
Blackhawk Formation, Book Cliffs, Utah, U.S.A.’ In: Recent Advances in
Models of Siliciclastic Shallow-Marine Stratigraphy (2008), pp. 421–441. doi:
10.2110/PEC.08.90.0421.

[21] A. Grippa, A. Hurst, G. Palladino, D. Iacopini, I. Lecomte and M. Huuse.
‘Seismic imaging of complex geometry: Forward modeling of sandstone
intrusions’. In: Earth and Planetary Science Letters 513 (2019), pp. 51–63.
doi: 10.1016/j.epsl.2019.02.011.

[22] H. S. Hussein, O. Bábek, H. Mansurbeg and S. Shahrokhi. ‘Outcrop-
to-subsurface correlation and sequence stratigraphy of a mixed car-
bonate–siliciclastic ramp using element geochemistry and well logging;
Upper Cretaceous Kometan Formation, Zagros Foreland, NE Iraq’. In:
Sedimentary Geology 459 (Jan. 2024), p. 106547. issn: 00370738. doi:
10.1016/j.sedgeo.2023.106547.

[23] R. Johnson, T. Finn, D. Taylor and V. Nuccio. Stratigraphic Framework,
Structure, and Thermal Maturity of Cretaceous and Lower Tertiary Rocks
in Relation to Hydrocarbon Potential, Crazy Mountains Basin, Montana.
Tech. rep. U.S. Geological Survey Scientific Investigations, 2005, pp. 1–95.

[24] D. Lopez. Geologic Map of the Bridger 30’ x 60’ Quadrangle, Montana. 2000.
[25] S. Vuke, K. Porter, J. Loon and D. Lopez. Geologic Map of Montana. 2007.
[26] J. R. Gill and W. A. Cobban. Stratigraphy and geologic history of the

Montana group and equivalent rocks, Montana, Wyoming, and North and
South Dakota. Tech. rep. 1973. doi: 10.3133/pp776.

[27] E. Kauffman. ‘Paleobiogeography and evolutionary response dynamic in
the Cretaceous Western Interior Seaway of North America’. In: Geological
Association of Canada Special Paper 27 (1984), pp. 273–306.

[28] R. Lynds and J. Slattery. Correlation of the Upper Cretaceous Strata of
Wyoming. Tech. rep. Wyoming State Geological Survey, 2017.

[29] R. Weimer. ‘Relation of Unconformities, Tectonics, and Sea Level Changes,
Cretaceous of the Denver Basin and Adjacent Areas’. In: Mesozoic
Paleogeography of the West-Central United States. Ed. by M. Reynolds
and E. Dolly. SEPM, Rocky Mountain Section Special Publication, 1983,
pp. 359–376.



2.8. References 75

[30] I. Niezgodzki, G. Knorr, G. Lohmann, J. Tyszka and P. J. Markwick. ‘Late
Cretaceous climate simulations with different CO2 levels and subarctic
gateway configurations: A model-data comparison’. In: Paleoceanography
32 (9 Sept. 2017), pp. 980–998. issn: 0883-8305. doi: 10.1002/
2016PA003055.

[31] L. Burgener, E. Hyland, E. Griffith, H. Mitášová, L. E. Zanno and T. A. Gates.
‘An extreme climate gradient-induced ecological regionalization in the
Upper Cretaceous Western Interior Basin of North America’. In: GSA
Bulletin 133 (9-10 Sept. 2021), pp. 2125–2136. issn: 0016-7606. doi:
10.1130/B35904.1.

[32] M. K. Hubbert and W. W. Rubey. ‘Role of fluid pressure in mechanics of
overthrust faulting: I. Mechanics of fluid-filled porous solids and its application
to overthrust faulting’. In: GSA Bulletin 70 (2 Feb. 1959), pp. 115–166.

[33] D. Lichtner, R. Toner, J. Wrage and R. Lynds. Upper Cretaceous Strata in
the Powder River Basin: Formation Tops Database, Structure and Thickness
Contour Maps, and Associated Well Data. Tech. rep. Wyoming State
Geological Survey, Sept. 2020, pp. 1–50.

[34] E. Rich. ‘Stratigraphic Relation of Latest Cretaceous Rocks in Parts
of Powder River, Wind River, and Big Horn Basins, Wyoming’. In:
AAPG Bulletin 42 (10 Oct. 1958), pp. 2424–2443. issn: 0149-1423. doi:
10.1306/0BDA5BDC-16BD-11D7-8645000102C1865D.

[35] L. Reeves. Geologic evaluation of the Parkman Sandstone Powder Basin,
Wyoming. 2021.

[36] A. Dogan. ‘Stratigraphy, Petrology, Depositional and Post-depositional
Histories and Their Effects Upon Reservoir Properties of the Parkman
Formation of the Mesaverde Group, Powder River Basin, Wyoming’.
PhD thesis. University of Iowa, 1984.

[37] C. J. Wilson. ‘Revision of Stratigraphy of Dry Creek and Golden Structures,
Carbon County, Montana: GEOLOGICAL NOTES’. In: AAPG Bulletin 22 (1
Jan. 1938), pp. 106–108.

[38] E. Merewether. Stratigraphy and tectonic implications of Upper Cretaceous
rocks in the Powder River basin, northeastern Wyoming and southeastern
Montana. Tech. rep. U. S. Geol. Survey Bull., 1996, pp. 1–92. doi:
10.3133/b1917T.

[39] D. Hodgetts, T. Seers, W. Head and B. Burnham. ‘High Performance
Visualisation of Multiscale Geological Outcrop Data in Single Software Envir-
onment’. In: June 2015. doi: 10.3997/2214-4609.201412862.

[40] Z. Sylvester. segmenteverygrain. 2024.



76 2. Characterising reservoir heterogeneity

[41] A. Kirillov, E. Mintun, N. Ravi, H. Mao, C. Rolland, L. Gustafson, T. Xiao,
S. Whitehead, A. C. Berg, W.-Y. Lo, P. Dollár and R. Girshick. ‘Segment
Anything’. In: 2023 IEEE/CVF International Conference on Computer Vision
(ICCV). IEEE, Oct. 2023, pp. 3992–4003. isbn: 979-8-3503-0718-4. doi:
10.1109/ICCV51070.2023.00371.

[42] M. Li, D. Wilkinson and K. Patchigolla. ‘Comparison of Particle Size
Distributions Measured Using Different Techniques’. In: Particulate Science
and Technology 23 (3 July 2005), pp. 265–284. issn: 0272-6351. doi:
10.1080/02726350590955912.

[43] P. K. Kaj, H. Abels, A. Barnhoorn, L. V. Meleza and P. Vardon. Database of
Experimental Data on Three Geothermal Plays in the Netherlands from the
ProperBase Project. 2024.

[44] K. Charvin, G. J. Hampson, K. L. Gallagher and R. Labourdette. ‘Intra-
parasequence architecture of an interpreted asymmetrical wave-dominated
delta’. In: Sedimentology 57 (3 Apr. 2010), pp. 760–785. issn: 00370746.
doi: 10.1111/j.1365-3091.2009.01118.x.

[45] G. J. Hampson. ‘Discontinuity Surfaces, Clinoforms, and Facies Architecture
in a Wave-Dominated, Shoreface-Shelf Parasequence’. In: Journal of
Sedimentary Research 70 (2 Mar. 2000), pp. 325–340. issn: 1527-1404. doi:
10.1306/2DC40914-0E47-11D7-8643000102C1865D.

[46] C. Zavala. ‘Hyperpycnal (over density) flows and deposits’. In: Journal
of Palaeogeography 9 (1 Dec. 2020), p. 17. issn: 2524-4507. doi:
10.1186/s42501-020-00065-x.

[47] L. A. Buatois and M. G. Mángano. Ichnology: Organism-Substrate
Interactions in Space and Time. Cambridge University Press, Aug. 2011.
isbn: 978-0-521-85555-6. doi: 10.1017/CBO9780511975622.

[48] S. M. Vossler and S. G. Pemberton. ‘Skolithos in the Upper Cretaceous
Cardium Formation: an ichnofossil example of opportunistic ecology’.
In: Lethaia 21 (4 Oct. 1988), pp. 351–362. issn: 0024-1164. doi:
10.1111/j.1502-3931.1988.tb01763.x.

[49] S. G. Pemberton, J. A. MacEachern, S. E. Dashtgard, K. L. Bann,
M. K. Gingras and J.-P. Zonneveld. ‘Shorefaces’. In: 2012, pp. 563–603. doi:
10.1016/B978-0-444-53813-0.00019-8.

[50] R. Dott and J. Bourgeois. ‘Hummocky stratification: Significance of its
variable bedding sequences.’ In: GSA Bulletin 93 (8 1982), pp. 663–680.

[51] S. Dumas and R. Arnott. ‘Origin of hummocky and swaley cross-
stratification— The controlling influence of unidirectional current strength
and aggradation rate’. In: Geology 34 (12 2006), p. 1073. issn: 0091-7613.
doi: 10.1130/G22930A.1.



2.8. References 77

[52] D. de Fátima Rossetti. ‘Internal architecture of mixed tide- and storm-
influenced deposits: an example from the Alcântara Formation, northern
Brazil’. In: Sedimentary Geology 114 (1-4 Dec. 1997), pp. 163–188. issn:
00370738. doi: 10.1016/S0037-0738(97)00067-5.

[53] W. Duke and A. Prave. ‘Storm- and Tide-Influenced Prograding Shoreline
Sequences in the Middle Devonian Mahantango Formation, Pennsylvania’.
In: Clastic Tidal Sedimentology. Ed. by D. Smith, G. Reinson, B. Zaitlin
and R. Rahmani. Vol. Memoir 16. CSPG Special Publications, 1991,
pp. 349–369.

[54] S. J. Boggs. Principles of Sedimentology and Stratigraphy. 4th ed. Pearson
Education Inc., 2006, pp. 1–662.

[55] J. Dias, O. Pilkey and V. Heilweil. ‘Detrital Mica: Environmental significance
in North Portugal Continental Shelf Sediments’. In: Comm. Serv. Geol.
Portugal 70 (1 1984), pp. 93–101.

[56] E. Garzanti, S. Andò and G. Vezzoli. ‘Grain-size dependence of sediment
composition and environmental bias in provenance studies’. In: Earth
and Planetary Science Letters 277 (3-4 Jan. 2009), pp. 422–432. issn:
0012821X. doi: 10.1016/j.epsl.2008.11.007.

[57] B. K. Vakarelov, R. B. Ainsworth and J. A. MacEachern. ‘Recognition
of wave-dominated, tide-influenced shoreline systems in the rock record:
Variations from a microtidal shoreline model’. In: Sedimentary Geology 279
(Nov. 2012), pp. 23–41. issn: 00370738. doi: 10.1016/j.sedgeo.
2011.03.004.

[58] O. Evans. ‘The Classification of Wave-formed Ripple Marks’. In: SEPM
Journal of Sedimentary Research 11 (1 1941). issn: 1527-1404. doi:
10.1306/D42690DF-2B26-11D7-8648000102C1865D.

[59] H. Olsen, N. A. Briedis and D. Renshaw. ‘Sedimentological analysis and
reservoir characterization of a multi-darcy, billion barrel oil field – The Upper
Jurassic shallow marine sandstones of the Johan Sverdrup field, North Sea,
Norway’. In: Marine and Petroleum Geology 84 (June 2017), pp. 102–134.
issn: 02648172. doi: 10.1016/j.marpetgeo.2017.03.029.

[60] A. E. V. Yperen, J. M. Holbrook, M. Poyatos-Moré and I. Midtkandal.
‘Coalesced Delta-front Sheet-like Sandstone Bodies from Highly Avulsive
Distributary Channels: The Low-accommodation Mesa Rica Sandstone
(Dakota Group, New Mexico, U.S.A.)’ In: Journal of Sedimentary
Research 89 (7 July 2019), pp. 654–678. issn: 1527-1404. doi:
10.2110/jsr.2019.27.

[61] P. Alfaro, J. Delgado, A. Estévez, J. Molina, M. Moretti and J. Soria.
‘Liquefaction and fluidization structures in Messinian storm deposits (Bajo
Segura Basin, Betic Cordillera, southern Spain)’. In: International Journal
of Earth Sciences 91 (3 May 2002), pp. 505–513. issn: 1437-3254. doi:
10.1007/s00531-001-0241-z.



78 2. Characterising reservoir heterogeneity

[62] K. Yagishita. ‘Planar cross-bedding associated with rip currents of Upper
Cretaceous formations, northeast Japan’. In: Sedimentary Geology 93
(3-4 Nov. 1994), pp. 155–163. issn: 00370738. doi: 10.1016/0037-
0738(94)90002-7.

[63] L. N. R. Roberts and M. A. Kirschbaum. Paleogeography and the Late
Cretaceous of the Western Interior of middle North America; coal distribution
and sediment accumulation. Tech. rep. 1995. doi: 10.3133/pp1561.

[64] P. Richards. Geology of the Bighorn Canyon-Hardin area, Montana and
Wyoming. Tech. rep. U.S. Geological Survey, 1955. doi: 10.3133/
b1026.

[65] P. K. Bijl. ‘DINOSTRAT: a global database of the stratigraphic
and paleolatitudinal distribution of Mesozoic–Cenozoic organic-walled
dinoflagellate cysts’. In: Earth System Science Data 14 (2 Feb. 2022),
pp. 579–617. issn: 1866-3516. doi: 10.5194/essd-14-579-2022.

[66] A. Cuesta-Cano, J. Storms, G. Rongier and A. Martinius. Supplementary
material: Characterising reservoir heterogeneity in a wave-dominated system:
sedimentological, stratigraphic, and petrophysical analysis of a field analogue
(Judith River Formation, Late Cretaceous). 2025.

[67] B. J. Willis and H. Tang. ‘Three-Dimensional Connectivity of Point-Bar
Deposits’. In: Journal of Sedimentary Research 80 (5 2010), pp. 440–454.
issn: 1527-1404.

[68] R. Selley. ‘A Classification of Paleocurrent Models’. In: The Journal of
Geology 76 (1 1968), pp. 99–110.

[69] S. E. Dashtgard, J. A. MacEachern, S. E. Frey and M. K. Gingras.
‘Tidal effects on the shoreface: Towards a conceptual framework’. In:
Sedimentary Geology 279 (Nov. 2012), pp. 42–61. issn: 00370738. doi:
10.1016/j.sedgeo.2010.09.006.

[70] G. J. Hampson, M. R. Gani, K. E. Sharman, N. Irfan and B. Bracken.
‘Along-Strike and Down-Dip Variations in Shallow-Marine Sequence
Stratigraphic Architecture: Upper Cretaceous Star Point Sandstone, Wasatch
Plateau, Central Utah, U.S.A.’ In: Journal of Sedimentary Research 81 (3 Mar.
2011), pp. 159–184. issn: 1527-1404. doi: 10.2110/jsr.2011.15.

[71] M. V. Cappelle, G. J. Hampson and H. D. Johnson. ‘Spatial and Temporal
Evolution of Coastal Depositional Systems and Regional Depositional
Process Regimes: Campanian Western Interior Seaway, U.S.A.’ In: Journal
of Sedimentary Research 88 (8 Aug. 2018), pp. 873–897. issn: 1527-1404.
doi: 10.2110/jsr.2018.49.

[72] C. H. Eide, J. A. Howell and S. J. Buckley. ‘Sedimentology and
reservoir properties of tabular and erosive offshore transition deposits in
wave-dominated, shallow-marine strata: Book Cliffs, USA’. In: Petroleum
Geoscience 21 (1 Feb. 2015), pp. 55–73. issn: 1354-0793. doi:
10.1144/petgeo2014-015.



2.8. References 79

[73] W. L. Duke. ‘Hummocky cross-stratification, tropical hurricanes, and intense
winter storms’. In: Sedimentology 32 (2 Apr. 1985), pp. 167–194. issn:
0037-0746. doi: 10.1111/j.1365-3091.1985.tb00502.x.

[74] D. Lin, Y. Bu, H. Liu, C. Lu, S. Guo and H. Xu. ‘An experimental study of the
correlation between P-wave velocity and the physical properties of weakly
cemented formations’. In: Scientific Reports 13 (1 Dec. 2023), p. 21966.
issn: 2045-2322. doi: 10.1038/s41598-023-48783-1.

[75] J. P. Castagna, M. L. Batzle and R. L. Eastwood. ‘Relationships between
compressional-wave and shear-wave velocities in clastic silicate rocks’.
In: GEOPHYSICS 50 (4 Apr. 1985), pp. 571–581. issn: 0016-8033. doi:
10.1190/1.1441933.

[76] T. A. Sabrian, R. Saad, M. Saidin, S. B. Muhammad and R. Yusoh.
‘Empirical Approach in Developing Vs/Vp Ratio for Predicting S-Wave
Velocity, Study Case; Sungai Batu, Kedah’. In: Journal of Physics:
Conference Series 995 (Apr. 2018), p. 012089. issn: 1742-6588. doi:
10.1088/1742-6596/995/1/012089.

[77] R. H. Tatham. ‘Vp/Vs and lithology’. In: Geophysics 47 (3 Mar. 1982),
pp. 336–344. issn: 0016-8033. doi: 10.1190/1.1441339.

[78] N. Brantut and E. C. David. ‘Influence of fluids on VP/VS ratio: increase
or decrease?’ In: Geophysical Journal International 216 (3 Mar. 2019),
pp. 2037–2043. issn: 0956-540X. doi: 10.1093/gji/ggy518.

[79] J. P. Castagna and M. M. Backus. Offset-Dependent Reflectivity—Theory and
Practice of AVO Analysis. Vol. 8. Society of Exploration Geophysicists, Jan.
1993. isbn: 978-1-56080-059-0. doi: 10.1190/1.9781560802624.

[80] A. Plint and R. Walker. ‘Cardium Formation 8. Facies and environments of
the Cardium shoreline and coastal plain in the Kakwa field and adjacent
areas, northwestern Alberta.’ In: Bulletin of Canadian Petroleum Geology 35
(1 1987), pp. 48–64.

[81] R. Walker and A. Plint. ‘Wave-and Storm-Dominated Shallow Marine
Systems’. In: Facies Models: Response to Sea Level Change. Ed. by
R. Walker and N. James. Geological Association of Canada, 1992,
pp. 219–238.

[82] J. C. V. Wagoner, R. M. Mitchum, K. M. Campion and V. D. Rahmanian.
Siliciclastic Sequence Stratigraphy in Well Logs, Cores, and Outcrops.
American Association of Petroleum Geologists, 1990. isbn: 0-89181-657-7.
doi: 10.1306/Mth7510.

[83] S. A. Pattison. ‘Using classic outcrops to revise sequence stratigraphic
models: Reevaluating the Campanian Desert Member (Blackhawk Formation)
to lower Castlegate Sandstone interval, Book Cliffs, Utah and Colorado,
USA’. In: Geology 47 (1 Jan. 2018), pp. 11–14. issn: 0091-7613. doi:
10.1130/G45592.1.



80 2. Characterising reservoir heterogeneity

[84] D. L. Kamola and J. C. V. Wagoner. ‘Stratigraphy and Facies Architecture
of Parasequences with Examples from the Spring Canyon Member,
Blackhawk Formation, Utah’. In: Sequence Stratigraphy of Foreland Basin
Deposits<subtitle>Outcrop and Subsurface Examples from the Cretaceous
of North America</subtitle>. Ed. by J. V. Wagoner and G. Bertram. American
Association of Petroleum Geologists, 1995. doi: 10.1306/M64594C3.

[85] S. A. J. Pattison. ‘Sediment-supply-dominated stratal architectures in a
regressively stacked succession of shoreline sand bodies, Campanian
Desert Member to Lower Castlegate Sandstone interval, Book Cliffs,
Utah–Colorado, <scp>USA</scp>’. In: Sedimentology 67 (1 Jan. 2019),
pp. 390–430. issn: 0037-0746. doi: 10.1111/sed.12647.

[86] G. H. F. Gardner, L. W. Gardner and A. R. Gregory. ‘Formation
velocity and density — the diagnostic basics for stratigraphic traps’. In:
GEOPHYSICS 39 (6 Dec. 1974), pp. 770–780. issn: 0016-8033. doi:
10.1190/1.1440465.

[87] D. Wheeler. ‘Discovery and Development of Savageton Field, Powder
River Basin, Wyoming’. In: WGA Sixty-First Conference Guidebook,
Unconventional Energy Resources. Ed. by L. Fletcher. 2010, pp. 15–38.

[88] D. Tetyukhina, S. M. Luthi and D. Gisolf. ‘Acoustic nonlinear full-waveform
inversion on an outcrop-based detailed geological and petrophysical model
(Book Cliffs, Utah)’. In: AAPG Bulletin 98 (1 Jan. 2014), pp. 119–134. issn:
0149-1423. doi: 10.1306/05251311162.

[89] Ö. Yilmaz. Seismic Data Analysis. Society of Exploration Geophysicists,
2001.

[90] M. Cardiff and P. K. Kitanidis. ‘Bayesian inversion for facies detection: An
extensible level set framework’. In: Water Resources Research 45 (10 Oct.
2009). issn: 0043-1397. doi: 10.1029/2008WR007675.

[91] D. Grana. ‘Joint Inversion of Facies and Reservoir Properties’. In: 81st EAGE
Conference and Exhibition 2019. European Association of Geoscientists &
Engineers, 2019, pp. 1–5. doi: 10.3997/2214-4609.201901298.

[92] F. Roncarolo and D. Grana. ‘Improved Reservoir Characterization Integrating
Seismic Inversion, Rock Physics Model, and Petroelastic Log Facies
Classification: A Real Case Application’. In: SPE Annual Technical
Conference and Exhibition. SPE, Sept. 2010. doi: 10.2118/134919-
MS.

[93] A. Cuesta-Cano, J. Storms, G. Rongier and A. Martinius. 3D model of a
clastic, shallow marine outcrop in the Western Interior Basin (Parkman
Sandstone, Judith River Formation, Cretaceous). 2024.



2.8. References 81

Appendixes

Appendix 1. Paleocurrent analysis

Rose diagrams compiling the paleocurrent measurements for each facies association.
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Appendix 2. Grain analysis

Detailed information of the grain size analysis for ten thin sections. Here, we include
the summary of the mean grain size, standard deviation of the grain size, sphericity,
and circularity per sample (Table 2.3), together with the exact location of each sample
and the total number of grains that were measured per sample. The averaged grain
size distribution data, and the percentage frequency for circularity and sphericity
data for each sample and subsamples are publicly accessible in Cuesta-Cano et al.
[1].

FA3 and FA4 have a similar grain size distribution, with the exception of sample
HET-BRID-25, which was collected in the southernmost stratigraphic log. The mean
grain size of these samples varies from 0.57 to 0.66, and standard deviations from
0.019 to 0.024 (Table 2.3). Sample 25 is composed by coarser grains. Sample 25
includes three subsamples for which the fine material seems to not be adequately
measured because their grain size curve deviates from the other subsamples. When
removing these three samples from the analysis, the new average grain size is 0.11
mm with a standard deviation of 0.065 (sphericity and circularity statistics are not
affected).

For FA5, there is a wider range of mean grain size and standard deviations (Table
2.3). Samples 9 and 25, even if they belong to the same interval of FA4, have
very different mean grain size values and standard deviations. This agrees with the
observations made in the field, where grain sizes from very fine to medium were
identified. The values from sample 9 better match to those of the samples in FA3
and FA4 (Table 2.3). In general, we observe a constant grain size distribution for the
samples from the lower shoreface and middle shoreface, with a slight coarsening
upwards, depicted by the increase in mean grain size from samples 18 and 21 to
samples in FA3(2) and FA4(2). The main coarsening occurs from FA4 to FA5, with
the change from middle to upper shoreface.

The sphericity and circularity values show similar trends as observe for the grain
size distribution, where the coarser samples also are formed by the more angular
grains. The sphericity varies from mean values of 0.773 to 0.8 and the circularity,
from 0.632 to 0.667 for samples in FA3 and FA4. Samples belonging to facies FA5
show sphericities ranging from 0.704 to 0.718 and circularities in the range of 0.592 to
0.605. Once again, sample 25 is an outlier, with values closer to those of facies FA5,
especially for circularity.
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84 2. Characterising reservoir heterogeneity

Appendix 3. Petrophysical, elastic and acoustic properties

In this appendix, we include a summary of the mean values and the standard
deviation, in between brackets, obtained for every facies association and every
property. More details on the measurements are available in Cuesta-Cano et al. [1]
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88 3. Introduction to stratigraphic forward modelling

3.1. Introduction

In this thesis, I aim to analyse the seismic response of metre-scale,
stratigraphic heterogeneities that develop in clastic, wave-dominated shallow marine
environments. These metre-scale stratigraphic heterogeneities in wave-dominated
environments result from (1) erosional surfaces and the consequent abrupt change
of lithologies [1], and (2) gradual transitions between lithologies or gradual changes
of rock property, including porosity [2–4]. In the field of reservoir characterisation, the
analysis and interpretation of stratigraphic heterogeneities is sometimes based on
the application of forward seismic modelling tools to site specific outcrop analogue
data [5–8]. However, the number of good-quality, laterally extensive outcrops that
allow for 3D observations is limited. This makes it challenging to characterise
stratigraphic heterogeneities in a reservoir by only using outcrops. Therefore, in this
chapter, I explore a different path to characterise reservoir heterogeneities by using
geologically-sound forward stratigraphic simulations that can be used as input for
the forward seismic modelling.

In nature, the formation of stratigraphic heterogeneities, at any scale, occurs
as a combination of the interaction between sedimentological processes, the
characteristics of the depositional environment and the post-depositional processes,
such as diagenesis or fracturing. In depositional environments dominated by clastic
sediments, sedimentological processes include, for instance, erosion, transport,
and deposition of sediment at the surface. After deposition, the heterogeneities
might be affected by other processes, such as compaction, dissolution, or cement
precipitation. To understand and predict the effects of sediment erosion, transport,
and deposition, a wide variety of Stratigraphic Forward Modelling (SFM) methods
and tools have been developed over the past decades (e.g. [9–12]). SFM tools
mimic some of the sedimentological processes to generate geological simulations
that include synthetic stratigraphy and distribution of sedimentological properties,
e.g. grain size distribution. These tools rely on mathematical formulae that mimic
sedimentological processes or reproduce the deposit geometries to generate
geologically plausible synthetic stratigraphy [13, 14]. Depending on the temporal
and spatial scales of the desired model output, the methods may include a refined
physics-based description or a more simplified process-mimicking description of
sediment erosion, transport and sedimentation, either formulated in 2D or 3D. The
general idea behind forward stratigraphic modelling is that they suffice to general
geological principles such as Walther’s law, and that they represent the effects of
autogenic and allogenic forcings on the simulated stratigraphy. This means that in
general Forward Stratigraphic Models can be useful tools simulate the formation of
stratigraphic heterogeneities.

In this project, I require a SFM tool that is able to generate fine-scale, stratigraphic
heterogeneities in a wave-dominated, shallow marine depositional environment. To
decide which SFM tool fits best with the project, I have set a series of conditions
based on the objectives and needs of the future steps. These conditions are:
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1. The required outputs: Because I want to apply stratigraphic forward modelling,
I need to make sure that I can link one or several of the outputs of the SFM
tool with petrophysical properties. This means that the SFM tool should
compute porosity or the grain size distribution, so I can calculate porosity in a
later stage.

2. The nature and dimensions of the heterogeneities: The stratigraphic
heterogeneities should be at metre scale in the vertical direction. Horizontal
scale of 10 − 20m or lower is a plus.

3. The processes acting in the depositional environment of interest: wave action
and longshore drift are some of the processes present in wave-dominated
systems and they should be included in the simulation.

4. The computational expense: A computationally inexpensive SFM tool allows
the generation of many simulations in short time. As mentioned in 1, the
parallel project applies machine learning techniques for the identification of
fine-scale heterogeneities, and requires the generation of extensive training
data.

5. Spatial dimensions: this project does not required 3D geological simulations.

3.2. Stratigraphic modelling types

To simulate stratigraphy using a SFM tool, we need to decide on what temporal
scale are most relevant for the specific application. How should we model sediment
flows that take minutes or hours when modelling the formation of stratigraphy over
e.g. millions of years? How should we model the grain distribution at a specific
location when we are also interested in the infill of an entire sedimentary basin? All
the correct mathematical models that build the stratigraphy could be defined and
combined to predict their result, given enough computing power.

Due to the complexity of simulating the actual sedimentological processes that build
stratigraphy, different stratigraphic forward modelling (SFM) tools apply different
approaches to represent simplified sedimentological processes [15], finding a
balance between physical accuracy and computational efficiency. Depending on
which approach they use, a distinction can be made between process-based and
process-mimicking SFM tools [13, 16]. Process-based models (also referred to as
physics-based models) aim at numerically modelling the physics of water flow and
sediment transport. Process-mimicking models do not resolve the physics but aim
to reproduce the general behaviour of the processes, which are captured in rules
[13, 14, 16].

Process-based SFM simulations rely on methods such as sediment diffusion, in
which transport and deposition of sediment is a function of potential gradient [9, 10,
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17, 18], or hydraulic equations, which resolve shallow water equations, simplified
version of Navier Stokes equations, and they combine them with bed-load transport
equations that model the sediment transport and deposition [18–22]. From empirical
studies, it is known that the Navier-Stokes equations work well in modelling fluid
flow [12, 23, 24]. Thus, the strength of process-based models is that they, to
some extent, are based on physical laws and, therefore, they have the potential
to simulate meaningful stratigraphic heterogeneities [14, 25]. Yet, process-based
models have a greater number of initial and boundary conditions that have to be
defined versus other model types, and they have a high computational cost, even if
they still depend on approximations or simplifications of the physical processes
responsible to build the stratigraphy.

Instead of resolving the processes, process-mimicking (or rule-based) models
use rules that aim to capture the essence of the actual processes to simulate
a depositional environment and the associated thickness and geometry of the
deposits [11, 15, 26–28]. Some of these tools are based on the relationship
between sediment shape, volume of sediment supply, rate of subsidence, type of
sediment, etc. Rule-based models vary greatly from one to another depending on
the complexity of the rules that they apply [25]. The process-mimicking models are
able to generate in seconds or minutes stratigraphic sections based on, for instance,
accommodation change and sediment supply and they can simulate meaningful,
metre-scale, stratigraphic heterogeneity.

In case of rule-based and process-based SFM tools, the resulting synthetic
stratigraphy will depend on the type of tool that the modeller chooses and the set of
boundary conditions and parameters that the modeller inputs. Depending on the
rules or the processes used in every specific modelling tool, the boundary conditions
and parameters that need to be adjusted might vary. In case of clastic depositional
environments, the combination of the tool, the initial and boundary conditions,
and the parameter values control the way sediment is eroded, transported, and
deposited within the simulation. However, some of the parameters are common to
many tools. This is the case of, for instance, sediment input or sea level variation.

It is important to highlight that it can be difficult to draw the line between
process-based and process-mimicking SFM tools. Process-mimicking tools can
incorporate complex rules that mimic depositional events and their results, while all
process-based tools rely on simplifications of the fluid flow processes. Then, the
question that arises is: when does a simplification become a complex rule?

3.3. Stratigraphic forward modelling tools for
wave-dominated systems

There is a plethora of research dealing with the processes that shape clastic,
wave-dominated, shallow marine depositional environments [29–37]. And there
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are tools available specifically for the stratigraphic forward modelling of these
environments [11, 38–43].

For this project, I have reviewed the characteristics of some SFM tools that
could meet the requirements defined earlier. In this section, I present three SFM
tools, both open source and commercial, that I analysed and that might fulfil
the requirements: DionisosFlow, SedSim, and BarSim. Other SFM tools specific
for coastal depositional environments, such as SimClast, Sedapp v2021, or
SIMSAFADIM-CLASTIC, are not applicable to this project because their vertical
resolution is too coarse or because they focus on the interaction between fluvial and
deltaic processes instead of wave action [18, 20, 44].

3.3.1. DionisosFlow

DionisosFlow is a SFM software suite developed and commercially distributed
by Beicip [45]. It performs simulations in time, from kiloyears up to millions of
years, and space, from tens to hundreds of kilometres [46], in a three-dimensional
space. This tool was developed for basin-scale basin infill studies [45–47]. The
input parameters are: subsidence maps for specific ages, initial bathymetry map,
location and intensity history of sediment sources (with different grain size classes
and ratios), sea-level history, sediment transport parameters, and compaction and
flexure parameters [45, 47].

DionisosFlow accounts for four different processes that contribute to stratigraphy
building: sea level change, tectonics, sediment supply, and sediment transport
[45]. These processes are resolved using gravity- and water-driven diffusion
equations, which allows the simulation of sediment transport at geological time
scales in continental and marine environments [47]. Additionally, mass conservation
principles are applied to each grain size fraction [45].

The software is able to create horizontal layers, small-scale oblique features and
clinoform geometries [48]. The horizontal resolution of the model will depend on the
simulated grid size. The minimal horizontal grid size that the software can handle
is 50x50m, however the recommended highest resolution is 100x100m cell size.
The vertical resolution in the simulation depends on the sedimentation rate and
the time steps (S. Bou Daher, personal communication, 26th March 2021). For
low sedimentation rates and short time steps, the vertical resolution can be on the
centimetre scale.

This model is mainly used to quantify the interaction between tectonic and
sedimentary processes, test different interpretations of seismic data based on
geological scenarios and reduce uncertainty in interpretation of stratigraphic
architecture [45]. The typical workflow includes the generation of different scenarios
based on a trial-and-error approach, until finding the best match with the available
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seismic data for a certain subsurface target [45].

I ran some simulations to understand the impact of the input parameters in the
system and the suitability of the modelling tool for my project. DionisosFlow meets
the condition of required outputs, by providing grain size and porosity distribution
maps (Figure 3.1). DionisosFlow incorporates wave action but not longshore
drift, the main sediment supply in wave-dominated systems. This means that the
sediment input always happens through a continental source through a fluvial
system (Figure 3.1). DionisosFlow does not meet the requirements regarding the
dimensions of the heterogeneities as the recommended horizontal resolution is
100m. On the computational expense, simple runs can be solved in less than
a day, but they required access MySQL database to store data and it runs in
multiprocessor. All in all, DionisosFlow is not a good candidate for the study of
heterogeneities in wave-dominated shoreface systems at the metre scale.

Figure 3.1: Example of DionisosFlow simulation displaying the percentage of sand per cell.
The thickness of the layers vary from 5 to 40m. The horizontal grid size is 500m.
The location of the sediment source and direction of the sediment input is
indicated with a white arrow. Simulation’s run time: 27h.

3.3.2. SedSim

Sedimentary Simulator or SedSim is a three-dimensional stratigraphic modelling
tool to analyse the formation of basins at geological and engineering time scales
[49]. This tool has been in continuous development since the 80s [12, 43, 50] and
a number of studies have demonstrated that SedSim is able to predict sediment
distribution in different depositional environments from the decimetre to the kilometre
scale [12, 19, 50, 51].

The core program runs flow and sedimentation simulations. The simulation of the
fluid flow is based on an approximation to the Navier-Stoke equations [19]. The
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transport and deposition of sediment is based on the principle of mass conservation.
The user adds modules to the core program to incorporate more processes into the
simulation. Some available modules are wave transport, subsidence, relative sea
level change, carbonate sedimentation, etc.

The required input parameters will depend on the modules that the user includes.
Some of the minimal input parameters are initial topography, relative sea or
lake-level curves, sediment source location and input rates, simulation time, grid
size, sediment components and their properties, etc. The output file includes the
fraction of each grain size class per cell, facies distribution, and the porosity. SedSim
is able to simulate bedforms and layers whose thickness is under 1m [50, 52].

The modules of SedSim are extensively discussed in the literature [49, 53–55]. For
the analysis of heterogeneities in wave-dominated, shallow marine environments,
SedSim includes a module that simulates the effect of wave action in the sediment
transport and deposition [43]. This module can be activated independent from fluvial
or tidal action, isolating the effect of waves on the redistribution of sediment. In
order to model the effect of wave action over geologic periods of time, the most
basic known principles of wave motion are used [50]. However, the module lacks the
option of longshore sediment input.

From the test runs done for the project, I saw that SedSim meets the output
requirements by providing grain size (Figure 3.2) and porosity distribution. The
vertical scale requirement is also met, with heterogeneities in the metre-scale,
however, the horizontal scale requirement is not met, as the simulations of a grid
50x50m resulted in error. SedSim includes storm and wave action as separate
modules and the effect of these processes can be simulated independently from
fluvial sediment input (Figure 3.2). However, even if there are tricks to include
longshore currents into the simulation, SedSim is not able to include longshore
drift processes. The only solution is to make a two-step simulation in which, first, I
activate the input of sediment on the side of the grid (Figure 3.2A), and, second,
stop the input and activate the redistribution of the sediment by shore-parallel
currents (Figure 3.2B). Regarding the computational expense, running a simple
simulation on a laptop could take longer than a couple of days. All in all, the
limitations of SedSim do not make it a good fit for the project.

3.3.3. BarSim

BarSim is an event-based, process-mimicking model that simulates the long-term
coastal evolution and stratigraphic architecture through time of wave-dominated
coastal systems [11, 56, 57]. This model is based on a simple approximation of a
2D cross-shore profile and simulates the deposition of individual storm beds, with
thickness values that go down to the centimetre scale [56, 57]. BarSim applies
mass conservation principles to erosion, transport, and deposition of multiple grain
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Figure 3.2: Example of SedSim simulation displaying the dominant grain size per cell. A.-
Deposition of sediment on the side of the simulation during a stage of no wave
nor other current action. B.- Redistribution of the sediment by shore-parallel
currents, mimicking longshore drift, waves and storm action. This simulation
takes over 24 hours.

size classes along a 2D profile at surface conditions [56–58]. This means that
sediment that is eroded at any location on the shoreface due to the action of
waves is transported and deposited at other locations in the 2D profile, where
accommodation is available. Sediment input into and out of the model occurs as
along-shore transport, which is defined as net sediment input by the user [11].

The input variables are (1) model parameters controlling sediment erosion, transport,
and deposition (wave efficiency, rate of erosion, characteristic travel distances),
(2) time-dependent variables (sea level, sediment budget), (3) and variables that
define the initial conditions (grain size distributions, littoral drift, wave-base depth,
substrate slope) [11]. The output includes sedimentological information (fraction of
the different grain size classes, mean grain size, sorting, facies) for all the grid cells
[59].

There is a recent implementation of BarSim, called pyBarSim, which speeds up
the simulation process to generate the geological simulations [60]. pyBarsim is a
Python package that also allows the interpolation of the simulated sediment layers
onto a regular vertical grid.

Considering the requirements for the choice of SFM set at the beginning of the
chapter, BarSim meets them all. As an output, I obtain ratio of the grain size classes
used in the simulations (Figure 3.3), data that I can use to calculate porosity and
make the connection to petrophysical and acoustic properties. The heterogeneities
that BarSim generates are centimenter to metre-scale in the vertical direction and
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can be interpolated into a regular grid defined by the user, and 50m in the horizontal
direction, perpendicular to shoreline. From the analysed SFM tools, BarSim is the
only one that simulates grid sizes below 100m in the horizontal direction. BarSim
is specifically designed to simulate wave-dominated shorelines, so it includes the
effect of wave action and longshore drift. With the pyBarSim version, simulations
take only a few seconds and can be run locally in any type of machine.

Figure 3.3: Example of BarSim simulation displaying the mean grain size distribution. The
cell size is uniformised to 50x2m. Running one simulation using the pyBarSim
version takes a couple of seconds.

3.4. Conclusions

Each stratigraphic forward modelling tool is designed to fit specific goals when
analysing the development of stratigraphic heterogeneities and, depending on these
goals, the modeler shall choose a different SFM tool. Here, I am looking for tools
that allow the analysis of metre-scale heterogeneities in wave-dominated shoreface
environments and I have set some conditions that the preferred SFM tool should
meet to fit in the project. A summary of the properties for each tool analysed can be
found in Table 3.1.

Applying the conditions listed at the beginning of this chapter to each SFM
tools (Table 3.2), I conclude that BarSim is the most suitable SFM tool for this
project. Even though, BarSim lacks porosity as an output, this parameter can be
approximated based on the grain size distribution [61]. However, BarSim is the only
SFM tool that includes longshore drift processes in the simulations, which run in
seconds.



96 3. Introduction to stratigraphic forward modelling

DionisosFlow SedSim BarSim

SFM tool type Process-based (Diffu-
sion)

Process-based (Approxima-
tion Navier-Stokes)

Process-mimicking

Dimensionality 3D 3D 2 and 2,5D
Minimum vertical grid cell
size

< 1m* Dm-scale Cm-scale

Minimum grid cell size
(other dimensions)

100mx100m > 100m 50m

Minimum timestep Kiloyear Year Year
Depositional environment Multiple Multiple Single

Table 3.1: Summary of some of the properties of DionisosFlow, SedSim, and BarSim. *
DionisosFlow is only able to simulate grid cells that are under the 1m mark in
vertical direction under very specific conditions, typical of deep sea depositional
environments.

DionisosFlow SedSim BarSim

Output: porosity Yes Yes No
Output: grain size distribution Yes Yes Yes
Heterogeneity: metre scale No Yes Yes
Processes: longshore drift No No Yes
Processes: wave action Yes Yes Yes
Computational expense: low Hours/simulation Hours-

days/simulation
Seconds/simulation

Table 3.2: Selection criteria for the SFM tool: Requirements for this project and their
alignment with the three SFM tools discussed in the previous section.
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4
Discretizationofsmall-scale,

stratigraphicheterogeneities
anditsimpactontheseismic

response: lessonsfromthe
applicationofprocess-based

modelling.

Andrea Cuesta Cano, A. Karimzadanzabi, J.E.A.
Storms, G. Rongier, D.J. Verschuur and A. W. Martinius

Reducing the uncertainty of reservoir characterisation requires to better identify
the small-scale structures of the subsurface from the available data. Studying the
seismic response of metre-scale, stratigraphic heterogeneities typically relies on
the generation of reservoir models based on outcrop examples and their forward
seismic modelling. To bridge geological information and seismic modelling, these
methods allocate values of acoustic properties, such as mass-density and P-wave
velocity, according to discretised properties like layer-type lithology or facies units.

This chapter have been published in Geophysical Prospecting 73, 4 (2025) [1].
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This strategy matches the current workflow in seismic data inversion in industry,
where modelling workflows are based on lithofacies distributions. However, from
stratigraphic modelling, we know that metre-scale heterogeneities occur within
certain facies and lithologies.

Here, we evaluate the difference on the seismic response between allocating
acoustic properties in a grain-size-based, semi-continuous manner versus
discretised manners based on lithology and facies classifications. To do so, we
generate a reference geological simulation that we populate with acoustic properties,
mass-density and P-wave velocity, using three different strategies: (1) based on
grain-size distribution, (2) based on facies distribution, and (3) based on lithology.
The method we propose includes the generation of realistic geological simulations
based on stratigraphic modelling and the transformation of its output into acoustic
properties, honouring the intra-lithology and intra-facies, small-scale structures. We,
then, generate seismic data by applying a forward seismic modelling workflow. The
synthetic data show that the grain size-based simulation allows the identification of
small-scale, stratigraphic heterogeneities, such as beds with strong density and
velocity contrasts. These stratigraphic structures are smoothed or may completely
disappear in the facies and lithology discretised simulations and, therefore, not (well)
represented in the synthetic seismic data.

Recognising metre-scale, stratigraphic heterogeneities is relevant for the
characterisation of the fluid flow in the reservoir. However, current discrete and
lithology-based strategies in seismic inversion are not able to resolve such
heterogeneities, because real subsurface properties are not discrete properties, but
continuous, unless there are stratigraphic discontinuities such as erosional surfaces
or faults. This research works towards a better understanding of the relationship
between changes in these continuous properties and the observed seismic data,
by introducing greater complexity into the discretised geological simulations. Here,
we use synthetic seismic images with the goal of eventually aiding in fine-tuning
seismic inversion methodologies applied to real seismic data. One pathway is to
foster the development of inversion approaches than can leverage stratigraphic
modelling to get stronger geological priors, and replace the standard but inadequate
multigaussian prior.
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4.1. Introduction

Understanding multiscale, spatial sedimentary and stratigraphic architecture of
reservoirs and the variability of associated discrete and continuous properties is
crucial for the advancement of subsurface projects, such as storing CO2 or H2,
groundwater or exploring for mineral resources [2, 3]. One of main techniques to
study the subsurface and the structures herein is seismic reflection data acquisition.
The resolution of seismic data is controlled by two main factors that define the
size of the observable structures: the frequency of acquisition and the depth of the
reservoir to be characterised [4]. Under perfect conditions, the vertical resolution is
one fourth of the wavelength, which depends on the average velocity of the rocks
and the acquisition frequency. However, the wavelength increases with depth due to
attenuation processes, which means that the vertical resolution decreases [4, 5].
The lateral resolution is also a function of depth and wavelength [5, 6]. Considering
that stratigraphic heterogeneities, both discrete and continuous, occur at spatial
scales ranging from millimetres to 10th of metres, heterogeneities will be present
below the vertical seismic resolution [7–9]. Examples of discrete heterogeneities
include channels encased in fine-grained deposits or the stacking of different
depositional facies (a facies is a rock type deposited under particular environmental
conditions and that, therefore, has similar lithological characteristics such as a
gradational porosity change). Examples of continuous heterogeneities, and the
focus of this paper, include gradual changes in grain size distribution and, thus,
porosity. These features cannot always be interpreted on seismic reflection data,
even though they affect subsurface fluid flow [10–13].

Seismic forward modelling tools have been used to better understand the seismic
response of metre-scale, stratigraphic heterogeneities that are close to the resolution
limits of seismic data [14–21]. These studies mainly focus on analysing the seismic
response of heterogeneities of deep-water channel and lobe deposits [9, 22, 23] and
deltaic clinoform geometries [7, 24–26]. The typical workflow combines collecting
outcrop data (architecture, lithology and/or facies) for the purpose of creating a
geological model of the outcrop and, subsequently, convert this model into synthetic
seismograms, often deploying different seismic frequencies [18, 22, 23, 26, 27].
Thereafter, the outcrop-based synthetic seismic model is used to inform and improve
the construction of a subsurface reservoir model.

An essential step in forward seismic modelling is to populate a geological reservoir
model with petrophysical and acoustic properties (mass-density and P-wave
velocity). In addition, also S-wave velocity needs to be defined in case of full elastic
seismic modelling. Most commonly, those properties come from measurements in
the borehole and from core plugs [15, 18, 20, 28–30]. Other studies developed and
applied experimental equations that relate shale volume, density, porosity or clay
content to calculate acoustic properties [14, 22, 27, 31, 32]. No matter whether
core or experimental data are used, these studies allocate only one value of each
property to all the cells of the model with the same lithology or facies [15, 18, 23, 27,
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30]. The allocation of single values matches with the workflows applied in seismic
data inversion, where constant values are used to simplify geological modelling
[33–36].

However, relying upon outcrop data and the allocation of single property values
per lithology or facies for the analysis of small-scale heterogeneities poses two
challenges. First, the number of good-quality outcrops, laterally extensive and that
allow 3D observation is limited, and so it is the variability of heterogeneities that is
represented on them. And second, continuous, sedimentological and petrophysical
properties, such as grain size or porosity, vary within the same lithology and facies
[10]. Therefore, allocating a single property value to individual lithology/facies might
not honour the internal variability within certain facies and lithologies.

This paper evaluates the impact on the seismic response of allocating petrophysical
and acoustic properties based on a continuous property, such as grain size,
and, consequently, considering the internal variations within different facies and
lithologies. We compare the results to the seismic response that allocating the
properties based on lithology and facies produces. Using lithology and facies
represent coarser discretisation levels, and, as previously mentioned, is the common
strategy to populate geological models. For this purpose, we have designed a
method that does not depend on outcrop data for the generation of the geological
models, but on stratigraphic modelling tools, and that handles the allocation of
petrophysical and acoustic properties beyond lithology/facies resolution and based
on grain size distribution.

We focus on metre-scale heterogeneities, here referred as small-scale
heterogeneities, present in a 2D simulation of a wave-dominated shallow marine
system. Wave-dominated shallow marine systems are characterised by clean sand
and gravel, often well sorted and abraded [37], and have been targeted in the
subsurface because of their promising reservoir potential [38–41]. Metre-scale
heterogeneities in wave-dominated systems are associated with (1) erosional
surfaces and abrupt or gradual transitions between diverse lithologies [42], and
(2) gradual rock property changes, including porosity [43–45]. The formation of
such heterogeneities and the processes of deposition, transport and erosion
that control their formation is understood and can be predicted, as they are
based on sedimentological processes that were previously studied. In the case
of wave-dominated shoreface environments, we refer to Kumar and Sanders [46],
Field and Roy [47], Madsen [48], Swift, S. and Thorne [49], Keen et al. [50], Anthony
[51], Backstrom et al. [52], Anthony and Aagaard [53] and Mitchell and Zhao [54].
This knowledge is the basis for focused stratigraphic modelling tools that simulate
the sedimentological processes to generate synthetic stratigraphy. Some of these
tools also include the modelling of processes from wave-dominated shoreface
environments [55–60]. For our research, we base the stratigraphic modelling on the
tool presented by Storms et al. [56].

Stratigraphic modelling tools have been previously used in combination with forward
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stratigraphic modelling to evaluate the influence of sedimentary processes at basin
and sub-basin scale In this paper, we explore the impact on the seismic response of
assigning acoustic properties based on different levels of discretisation. To do so,
we define a workflow based on stratigraphic forward modelling to create a synthetic
geological simulation, at a cell-size of 2x2m, that we will use as reference model for
our research. Each cell includes information about grain size, facies, and lithology.
These three data types are used to generate three different scenarios, where the
distribution of acoustic properties, mass-density and P-wave velocity, depend on
different data types. The distribution based on grain size includes the greater level
of detail, while the lithology-based represents the greatest discretisation level. By
applying numerical seismic modelling and inversion, we obtain synthetic seismic
data for each scenario. The observations on the seismic data demonstrate that
some of the stratigraphic heterogeneities of our simulation can be still observed in
the grain-size based scenario, while they are vaguely represented or, even, erased
for the lithology- and facies-based discretisation scenarios.

4.2. Methodology: from stratigraphic modelling to
synthetic seismic data

Because we limit ourselves to wave-dominated shoreface models, we can assume
our geologic structures to have a so-called 2.5D characteristic, meaning that we do
not expect large variations in the along-shore direction. Therefore, we can limit
our studies to 2D cross-sections of the models. In addition, this paper aims in
demonstrating the effect of transferring the detailed geologic models to a discretized
version suitable for seismic data analysis. Although the Earth – of course – is an
elastic medium, we limit ourselves to the recording of P-wave data via a water
layer that is put on top of our subsurface models. In addition, we mainly look
at the structural seismic images, therefore, we can limit ourselves with acoustic
seismic data modelling, neglecting the effect of S-wave velocity variations as well as
S-waves in the seismic measurements.

The method we apply to evaluate the impact on the seismic data of the discretisation
of small-scale, stratigraphic heterogeneities is based on three steps (Figure 4.1).
The first step is the use of a stratigraphic modelling tool to create a 2D geological
simulation that includes architectural features at different scales. The output includes
grain size distribution (ratio of every grain size class and mean grain size), lithology,
and facies data for each grid cell. The second step consists of converting the grain
size distribution data into acoustic parameters – mass-density, and P-wave velocity.
Finally, we perform seismic forward modelling followed by migration to generate a
structural seismic image. Since we sum the contribution of all angles into a single
structural image, angle-dependent imaging is not directly highlighted.
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Figure 4.1: Methodology to generate the synthetic seismic data, composed of three steps.
Step 1 (blue) is the generation of geological simulations. Step 2 (yellow) is the
processes to populate the simulations with acoustic parameters – mass-density,
and P-wave velocity– based on grain size distribution. Step 3 (green) consists of
the application of seismic forward modelling techniques and migration to obtain
the seismic subsurface image. The final output is the seismic image.

4.2.1. Step 1: Generation of geological simulations using
stratigraphic modelling tools

Forward stratigraphic modelling (FSM) mimics the processes of erosion and
deposition we observe in nature to distribute sediment and create synthetic
stratigraphic architectures. Compared to other modelling tools (see [61] for more
details on this topic), FSM has two main advantages: (1) it mimics the rules of
physics and hydrodynamics that result in patterns of deposition that follow Walthers’
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law; (2) it deals with the issue of preservation potential, where erosion will remove
part of the strata in a predictable manner.

There are many different FSM tools available with various degrees of complexity
and accessibility [61]. For this study, we defined three requirements that the FSM
tool must meet. First, the FSM tool must be able to simulate the formation of
sedimentary heterogeneities at metre scale, in the vertical direction, and in the order
of tens of metres in the horizontal direction. Secondly, the FSM tool must have a
low computational cost, allowing the generation of several scenarios within limited
run-time on a laptop/desktop machine. Third, the FSM tool should provide grain size
distribution data or sediment grain size proportion as output, because the acoustic
property allocation procedure is based on grain size, as explained in the following
subsection. Preferably, the FSM tool should also be open-source, so the code can
be adapted to fit the workflow.

BarSim, a process-response approach that simulates the long-term coastal evolution
and stratigraphic architecture through time of wave-dominated coastal systems
[56, 57, 62], meets all those requirements. This model is based on a simple
approximation of a 2D cross-shore profile and simulates the deposition of individual
storm beds, with thickness values that go down to the centimetre scale [57, 62].
BarSim applies mass conservation principles to erosion, transport, and deposition
of multiple grain size classes along a 2D profile at surface conditions [57, 62, 63].
This means that sediment that is eroded at any location on the shoreface due to the
action of waves is transported and deposited at other locations in the 2D profile,
where accommodation is available. Sediment input into and out of the model occurs
as along-shore transport, which is defined as net sediment input by the user [63].

The input variables are (1) model parameters controlling sediment erosion, transport,
and deposition(wave efficiency, rate of erosion, characteristic travel distances), (2)
time-dependent variables (sea level, sediment budget), (3) and variables that define
the base conditions (grain size distributions, littoral drift, wave-base depth, substrate
slope) [56]. The time-dependent variables and the variables that define the base
conditions of the model can be modified to create a variety of outputs. The output
includes sedimentological information (fraction of the different grain size classes,
mean grain size, sorting, facies) for all the grid cells [64].

We use an implementation of BarSim, called pyBarSim, to generate the geological
simulations [65]. pyBarsim is a recently-developed Python package, which speeds
up the simulation process. This package also allows the interpolation of the
simulated sediment layers onto a regular grid.

For this study, lithology is derived from the grain size distributions. To do so, we
assume that the simulation is solely composed of quartz grains. The cells are
labelled as siltstone or sandstone based on the proportion of the different grain size
classes. For our set-up, when the grain size classes corresponding to 5 and 50µm
show a proportion of 50% or higher, the cell is identified as siltstone [66–68]. The
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cells for which the proportion is under 50% are defined as sandstone.

At the end of this step, every cell of the grid has three associated properties: grain
size distribution (as proportion of each grain size class), facies (as a label), and
lithology (as a label).

4.2.2. Step 2: Population of acoustic property values

From the geological simulations, we obtain, for each cell, grain size distributions at
surface conditions. In step two, we will transform that data into acoustic properties
(mass-density and P-wave velocity) at certain depth. During this transformation, we
will use intermediate parameters such as sorting, initial porosity, and final porosity.

Firstly, the sorting is calculated as a weighted standard deviation of the grain size
distribution. Then, we use the relationships from Friedman [69] to convert the
sorting parameter from standard deviation to Trask coefficients [70]. With mean
grain size and sorting distribution we can assign initial porosity, following empirical
relationships described in literature [71–74]. To do so, we apply an interpolation to
each cell based on the relationship between initial porosity, mean grain size, and
sorting reported by Beard and Weyl [73] for wet, unconsolidated mixtures. Lastly, we
define the overburden and calculate the final porosity. To calculate the final porosity
a porosity loss function is applied, following the trends defined in the look-up table
from SedSim [59, 75] based on Wendebourg and Harbaugh [74].

Once the final porosity value is obtained, density is calculated under two
assumptions: (1) the grains are pure quartz, and (2) the porosity is water
saturated. For the calculation of P-wave velocity, the empirical equation proposed by
Eberhart-Phillips, Han and Zoback [32] is used:

Vp(km/s) = 5.77 − 6.94ϕ − 1.73
√

C + 0.446(Pe − e(−16.7Pe)) (4.1)

where φ is porosity (dimensionless), C is clay content (dimensionless), and Pe
is effective pressure (kbar). The resulting P-wave velocity is in km/s. The clay
content is directly obtained from the grain size distribution produced by pyBarSim.
The effective pressure is user-defined and it must match the characteristics of the
applied overburden.

Following this method, we can create simulations where the acoustic properties are
derived from grain size distribution. To populate the facies-based and lithology-based
simulations, we extract the acoustic property values for each facies/lithology class
and we calculate the average. The resulting average value is, then, assigned to all
the cells with the same label. This way, we ensure that the values from the grain
size-, facies-, and lithology-based simulations are related to each other.
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4.2.3. Step 3: Forward seismic modelling and migration

Forward seismic modelling: finite difference approach

Using geological models that capture the physical properties of the subsurface to
replicate seismic field experiments is known as forward numerical modelling of
seismic data. Several forward modelling techniques are available, and choosing
one is based on a balance between model complexity, accuracy, and computing
time. Two of the most popular approaches are the ray and wave-equation methods.
Ray methods rely on the decomposition of the seismic wavefield into independent
elementary waves that propagate along rays [76]. The rays are resolved individually,
which simplifies the calculations. Ray tracing methods provide solutions that are
accurate within a localized region or along specific ray paths, rather than globally
across the entire model. Consequently, ray methods struggle to handle strong and
small-scale velocity variation in the medium [77–79]. Wave equations do not have
the same limitation, as they approach the propagation problem over the entire
model as a numerical solution of partial differential equations [79, 80]. Therefore,
wave equations are able to resolve accurate travel-times and amplitudes even in
complex media [79].

Within wave propagation approaches, the finite-difference, time-domain method is
a robust numerical approach with a strong ability to model seismograms even in
complex and heterogeneous media [81]. This method is used to create the synthetic
seismograms for this paper due to the stratigraphical complexity that the simulations
display. Finite-difference techniques can incorporate all wave phenomena, including
multiples, and diffractions, and they offer precise numerical solutions [82]. The only
constraint on finite difference methods is the computing time [83].

In finite-difference techniques, seismic wave equations are represented as partial
differential equations with spatial and temporal derivatives that are used to explain
seismic wave propagation in the subsurface. As an example, one-dimensional
acoustic wave propagation is represented by:

∂2 p(x, t)
∂x2 =

1
v2

∂2 p(x, t)
∂t2 (4.2)

where p and v are wavefield pressure and propagation velocity, respectively, x
is distance, and t is time. To calculate temporal derivatives, one often uses the
2nd-order finite difference. And by considering the pressure wave-field to be a
function of grid size and time-step, respectively shown by ∆x and ∆t, the equation
expands as follows (Eq.3):
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∂2 p(x, t)
∂t2 = lim

τ→0

pj,m−1 − 2pj,m + pj,m+1

∆t2 (4.3)

where j and m represent grid number in both directions, such that pj,m ≡ p(j∆x, m∆t).

For a spatial derivative, which will require the wavefield values at the current grid
cell and its two neighbouring cells, at a given time step, an equation akin to Eq.3
can also be constructed. A graphical representation of such scenario can be found
in Liu and Sen [80]. We can create a recursion formula for solving the 1D wave
equation inserting Eq.4.3 into Eq.4.2 and substituting a (2N)th-order finite difference
formula for the 2nd-order spatial derivative and rearranging that to

pj,m+1 = 2pj,m − pj,m−1 +
∆t2v2

∆x2

[
c0 pj,m +

N

∑
n=1

cn
(

pj−n,m + pj+n,m
)]

. (4.4)

The wave field values at two successive time steps, t = 0 and t =∆t, are known
at the start of the recursion. The final equation (Eq.4.4) is used to calculate
the wavefield values at each spatial location at a future time step. After the
calculation of the wavefield, values at each spatial location for a future time step, the
finite-difference time-domain (FDTD) method continues iteratively, advancing the
solution through time to simulate the entire seismic wave propagation pj,m.

Note that for the FDTD modelling in this paper, we use the 2D acoustic wave
equation, where pressure is a function of space and depth, and also density
variations are taken into account. In FDTD, receivers are strategically placed within
the model to capture the seismic wavefield at specific locations as the waves
propagate through the subsurface. These receivers record the time-dependent
wavefield values, which are used to construct synthetic seismograms.

Full-wavefield migration in angle-dependent mode

In the following step, the output from the seismic modelling is migrated to
construct the final reflectivity image. Figure 4.2 represents the block diagram
for the full-wavefield migration (FWM) that we apply here following Davydenko
and Verschuur [84]. This inversion scheme consists of different blocks of data
comparison, adjoint forward model, model update and the forward operator. In the
data comparison, the modelled data and the measured data are being compared.
In the adjoint forward model, this procedure translates the residual from the data
domain to the model domain and generates the model update. In the next block of
model update, the model space is refreshed by scaling the update computed in
the previous step and adding it to the current model. Finally, the forward model
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computes new data using the updated model space, which is then used for the
subsequent iteration of data comparison [84].

The primary feature of this FWM method is its forward model, which generates
comprehensive reflection data [85]. This imaging process benefits from the inversion-
based approach. Additionally, its forward model can incorporate angle-dependent
reflection information. To achieve such goal, the imaging at each depth level should
be carried out in angle-dependent mode: for every lateral location, the down going
wavefield should be cross-correlated with a back-propagated residual that is shifted
in space by several spatial lags, creating a spatial reflectivity operator for each grid
point in the image domain. Subsequently, a 2D Radon transformation is applied to
each reflectivity operator, decomposing the spatial reflectivity operator into reflection
properties per angle of incidence. After the FWM-angle dependency generates the
image-angle gathers for all lateral locations, the information is summed along the
angle axis. This results in a structural reflectivity image created from all angles
of incidence, thereby enhancing the overall image information [84]. Such method
differs from the conventional FWM, which does not leverage spatial lag and Radon
transformation and results in the final image primarily reflecting information from
normal incidents [84].

Figure 4.2: Schematic representation of the full-wavefield migration method. Adapted from
Davydenko and Verschuur [84]
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4.3. Modelling

4.3.1. Reference geological simulation

We perform the forward stratigraphic modelling using pyBarSim to generate a
2D reference geological simulation that will be used throughout this study. This
simulation records the sedimentation and synthetic stratigraphy for a system with
four grain size classes (250µm, 125µm, 50µm, 5µm) and that experiences a relative
sea level fall, rise and fall. The simulation results in a target structure that is
40000m long and 200m thick. The grid cell is 2x2m to capture the stratigraphic
heterogeneities within each facies and lithology. We added 100m of underburden
and 1100m of overburden, including a 100 m-thick seawater layer on top. Cells have
been added to each side of the simulation, equivalent to 2500m in each case, to
ensure adequate illumination of every part of the target area during the forward
seismic modelling.

The output of the forward stratigraphic modelling includes facies distribution (Figure
4.3A), grain size distribution (in Figure 4.3B represented as mean grain size),
and lithology distribution (Figure 4.3C), all of them including only part of the
overburden . Within the facies distribution (Figure 4.3A), we identify six different
facies based on depositional environment: lagoon, barrier island, upper shoreface,
lower shoreface, and offshore. The outputs related to the grain size distribution
include the ratio per cell of each grain size class and the mean grain size (Figure
4.3B). For this simulation, there are four grain size classes. The finest, simulated
grain size class is 5µm, corresponding to fine silt. The coarsest grain size class
is 250µm, corresponding to the limit between medium and fine sand. Thus, the
lithology distribution includes three labels (Figure 4.3C): sandstone, siltstone, and
underburden and overburden together.

These three outputs - grain size, facies, and lithology - are used to create different
distributions of mass-density and P-wave velocity at different levels of discretisation.
The most detailed labels are those of grain size-based simulation, with unique
values for every cell of 2x2m. A more discretised property distribution is based
on the facies distribution, with five labels within the simulation. The greatest
level of discretisation is achieved when using the lithology for the distribution of
petrophysical and acoustic properties, with two labels within the simulation. The
acoustic property distribution method is described in subsection 4.2.2. Table 4.1
includes the average values of mass-density and P-wave velocity calculated for
each lithology and facies label. The resulting P-wave velocity and mass-density
distributions are displayed on Figure 4.4.

The properties of the overburden and underburden are the same for the three
simulations.

Due to computational limitations, the reference simulation of over 40km on the
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horizontal dimension had to be divided into segments. 7 segments of 7600m and a
smaller 8th segment were created. To ensure the full imaging of all the areas on the
simulation, there is an overlap of 1800m between segments.

Figure 4.3: Reference geological simulation generated by pyBarSim. The output files include
the facies distribution (A), mean grain size (B), and lithology distribution (C).
Lithology is assigned applying the conditions described in subsection 4.2.1. Z
indicates the thickness of the simulated reservoir model and X, the lateral extent.
Here, only a partial part of the overburden is included, to better appreciate the
small-scale, stratigraphic heterogeneities.

Label Mass-density (kg/m3) P-wave velocity (m/s)
Lithology

Sandstone 2078 3149
Siltstone 2226 2937
Facies
Lagoon 2225 3199

Barrier island 2035 3123
Upper shoreface 2047 3146
Lower shoreface 2084 3164

Offshore 2205 2984

Table 4.1: Average values of mass-density (kg/m3) and P-wave velocity (m/s) calculated
based on the grain size-based simulation for all the categories within the lithology
and facies simulations. All grid cells of the grain size-based simulation have a
lithology and a facies label. By considering all the cells with the same label, the
average mass-density and P-wave velocity values are calculated.
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Figure 4.4: Mass-density (kg/m3) and P-wave velocity (m/s) distributions for the simulations:
grain size distribution-based, method (A - mass-density; B – P-wave velocity),
facies-based discretised (C – mass-density; D – P-wave velocity), and
lithology-based discretised (E – mass-density; F – P-wave velocity). Note that the
same colour scale has been used for all the subfigures of the same property. Z
indicates the thickness of the simulation and X, the lateral extent, both in m.
Note that only part of the overburden is included in the figure.

4.3.2. Input parameters for forward seismic modelling and
migration

Once the P-wave velocity and mass-density simulations are obtained, the
time-domain finite difference method, based on first-order acoustic wave equations,
as explained in subsection 4.2.3, is used for forward modelling, including the target
area and the full overburden. The source wavelet is a Ricker source. For the data
acquisition plan, we employ a fixed spread scheme: all receivers are positioned at
the surface, covering the entire range of the model at intervals of 2m. All sources are
also positioned at the surface, covering the entire range of the model at intervals
of 10m. The time sampling rate is 0.002s, and the recording length is 1.2s. For
the FWM-angle dependent, the source sampling and the receiver sampling are
chosen as 10m and 2m , respectively. The frequency range is compatible with the
modelling frequency range of 5 to 150Hz. A smooth velocity model, the maximum
and minimum velocity ranges are also derived from the forward modelling velocity
models to be used in the migration step. Considering the average model’s velocity,
and the maximum frequency used for the seismic modelling, it is our observation
that the minimum layer thickness that can be distinguished in the reservoir model is
14m.
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4.4. Results and interpretation

4.4.1. P-velocity and density contrast

This section explores the difference in properties between the three simulations. On
average, the mass-density values are 8% higher for the grain size-based distribution
when compared to the facies-based discretisation, with the differences varying
between −5% and +10%. There is a greater range of variation for P-wave velocity.
The mean difference in P-wave values is 3%, with higher values for the facies-based
simulation. The range goes from +23% to −15%. Within the facies-based simulation,
some of the labels show very similar velocity and density values (Table 4.1).

When considering the difference in mass-density values between the grain
size-based distribution and the lithology-based discretisation, the mean difference is
1%, with higher values when using lithology-based discretisation. This difference
varies between −9% and +9%. On average, the P-wave velocity values are 6%
lower for the discretised model, with a range of difference that goes from −13% to
+23%.

With the information about the variation of mass-density and P-wave velocity, we
can calculate the expected variations in the impedance. Taking into account the
average percentage difference in the case of lithology-based discretisation, the
impedance variation is 11% and, for the facies-based discretisation, 7%. However,
if we consider the maximum variations observed in the acoustic properties, we
can expect changes in impedance of 35% for the lithology-based and 34% for the
facies-based. In both cases, the resulting reflection coefficient is around 0.15.

4.4.2. Mapping the difference in seismic response

This study focuses on the most relevant differences of the seismic data between
the three discretisation levels. Those differences are concentrated in two locations
(Figure 4.5). The first location is associated with a high-density and high-velocity
area that develops at the top left of the geologic simulation (Figure 4.5, red square).
This location is partially related to the lagoon facies and it is composed of sandstone
and siltstone (Figure 4.3). The second location is a stratigraphic structure composed
by high-density and high-velocity sediments and that results from the increase in
relative sea level (Figure 4.5, black square). This location is composed of sediments
from the offshore, lower shoreface, and upper shoreface facies and it is composed
of sandstone and siltstone (Figure 4.3).

With the current input parameters, in those areas where the target is thinner than
14m, only the reflectors of the top and the bottom of the target are observed. This
thickness threshold is reached in segment 6.
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Figure 4.5: Acoustic property distribution for the grain size-based simulation showing the
two areas where the main differences between discretisation levels are observed.
The red square highlights location one and the black square, location two. More
detailed images and analysis of the differences between discretised levels in
Figures 4.6 and 4.7 and subsections 4.4.2 and 4.4.2. Note that only part of the
overburden is included in the figure.

Location one

The first major contrast on seismic response is located on the upper left side of the
simulation (Figure 4.5, red square). On the blowup image, we observe a high-density
and high-velocity area for the grain size-based simulation (Figure 4.6A). For the
facies-based simulation, the density contrast is still high, but the velocity distribution
shows smooth transitions between facies. For the lithology-based simulation, there
is an alternation of lower and higher density/velocity areas. These differences on the
distribution of acoustic properties translate into two major distinctions on the seismic
response, here labelled as zone A and zone B (Figure 4.6B).

Zone A marks the contact between the high-density, high-velocity area and an area
with lower density and velocity values (Figure 4.6A). It is also related to a shift
of facies and a change of lithology. But the main changes in properties occur
with different property contrasts and at slightly different locations around zone
A (Figure 4.6A). The particular geometry of each change affects the continuity,
thickness, and amplitude values of reflection 1 (Figure 4.6B). This area develops
due to the contrasting sedimentological characteristics of the lagoon (greater ratio
of fine sediment) and the upper shoreface (greater ratio of coarser sediment)
(Figure 4.3). As result of the implemented methodology for the allocation of acoustic
properties, areas with greater proportion of fine sediments lose more porosity during
compaction than areas dominated by coarser sediments, which results in higher
mass-density values (Figure 4.6A).

Because the contrasting properties are associated to changes in facies, we find
more similarities between the seismic response of the grain size-based and
facies-based simulations (Figure 4.6B). The lithology-based simulation does not
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capture this changes adequately. We also observe that the contact between upper
shoreface and lagoon does not fit with the main changes in mass-density and
P-wave velocity variations, which actually occur within the lagoon facies, resulting in
different thickness of the reflection 1 (Figure 4.6B).

Zone B marks the variation of acoustic property values in the vertical direction
throughout the simulations (Figure 4.6A). The location and the intensity of the
changes on density and velocity vary from one level of discretisation to another.
This translates into different thickness and amplitude values of reflection 2 and
the amplitude distribution of reflection 3 (Figure 4.6B). The behaviour in amplitude
values of reflection 3 is of special interest. This reflection is characterized by a
very low and constant amplitude value for the whole highlighted region in the
lithology-based simulation, which matches with the mass-density and P-wave
velocity distributions, where the only difference is related to local cells labelled as
silt, responsible to the transition from reflection 2 to 3 (Figure 4.6B). Reflection 3 is
also represented by a smooth distribution of amplitude values for the facies-based
simulation, with lower values towards the contact with the lowermost reflection that
represents the base of the target. This smooth distribution is related to the smooth
changes in P-wave velocity and mass-density, that result from applying a single,
averaged value per facies (Figures 4.4 and 4.6). However, in the grain size-based
simulation, the amplitude value distribution is more spotty, which relates to local
changes in grain size distributions and the consequent local changes in P-wave
velocity and mass-density (Figure 4.6). It is also observable that the distribution of
properties within the upper and lower shoreface facies is almost as constant as in
the facies-based simulation (Figures 4.3, 4.4 and 4.6).

Location two

A second significant contrast in the seismic response is located in the central part of
the simulations (Figure 4.5, black square). A high-density and high-velocity area for
the grain size-based simulation is located in the middle, surrounded by lower density
and velocity values, that merges with a second high-density and high-velocity layer
at the bottom of the simulation (Figure 4.7A). For the facies-based discretisation,
both the density and velocity contrasts are high between the offshore and lower
shoreface facies. For the lithology-based discretisation, there is contrast between
siltstone and sandstone in density/velocity. These contrasts of acoustic properties
are reflected on the seismic response of three zones (Figure 4.7B, labelled as zones
C, D and E), that spread throughout almost the whole simulation. The architecture
observed in the distribution of properties is related to a relative sea level rise, which
forces a migration of the facies and, in general, the deposition of coarser sediments
towards the land, and a following, progressive, relative sea level fall.
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Zone C is characterised by a higher density and lower velocity layer on the
grain size-based simulation (Figure 4.7A). This layer is not registered in the
lithology-based discretisation, because the changes in grain size distributions do not
imply a change in lithology (Figure 4.3). On the facies-based discretisation, the
facies show a trend that matches with the orientation of the layer but with lower
contrasts (Figure 4.7), that results from allocating averaged values of mass-density
and P-wave velocity. These distinctions can also be observed on the seismic data
with changes in continuity, thickness and amplitude intensity on reflection 4 and
reflection 5 (Figure 4.7B). The general geometry of the layer that we observe in
the grain size-based simulation is also observable on the seismic response of the
facies-based simulation, where reflection 5 has a notable lateral change of the
amplitude value (Figure 4.7B), but the lateral extent of the structure is not fully
captured.

Zone D is characterized by two features: (a) a progressive mass-density and
P-wave velocity change in the vertical direction on the grain size-based simulation;
(b) the merging of the high velocity and density layer that crosses the simulation
with another high velocity and density layer at the bottom of the target (Figure
4.7A). This structure is only registered as one facies change for the facies-based
simulation and one lithology alternation for the lithology-based simulation (Figure
4.7A). The seismic response for the facies- and lithology-based simulations is
a parallel alternation of reflections, with a slight change in the thickness and
amplitude intensity, especially of reflection 7 (Figure 4.7B). When comparing to
the grain size-based simulation, it is observed that the blue reflection (6 and 8),
which was continuous for the other simulations, is here discontinuous and showing
significant thickness variations. The seismic response is dominated by the shape
and distribution of reflection 7, which represents the high density and velocity layer
mentioned above. Reflection 7 also controls the thickness and continuity of the blue
reflections above and below.

Zone E shows the lateral thinning of the target and the internal heterogeneity
(Figure 4.7A). For the lithology- and facies-based simulations, there is only one
change in lithology and one in facies, respectively. The complexity is higher for the
grain size-based simulation, with the appearance of a low velocity/density area in
between the high velocity and density layers mentioned in the previous paragraph
(Figure 4.7A). This contrast has an impact on the continuity and geometry of
reflection 9 versus the blue reflection (Figure 4.7B). The strong contrast in P-wave
velocity and density registered at the bottom of the grain size-based simulation
enhances the lateral continuity of the blue reflection and the merging of the two red
reflections. This observation opposes the geometry of the reflections in the lithology-
and facies-based simulations.
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4.5. Discussion

4.5.1. Gibbs’ phenomenon: why are there reflections where there
is no property contrast?

When spatial discontinuities occur, they require infinite frequency content to be
fully characterised. But in practice, seismic measurements have a finite bandwidth,
partly by the acquisition devices, but mostly due to absorption in the Earth during
wave propagation [4, 86]. This limitation will cause ringing artifacts in the imaged
reflectivities, leading to unwanted echoes in or edge distortion in our images
[87]. The phenomenon responsible for these unwanted echoes is known as the
Gibbs’ Phenomenon, and occurs when a band-limited signal is reflected at a
sharp contrasts, resulting in high-frequency oscillations and inaccuracies near the
discontinuities.

As depicted in Figure 4.8, there are some changes in the seismic amplitude (Figure
4.8G, H, and I, black arrows) that are not link to changes in mass-density nor P-wave
velocity (Figure 4.8A to F). These ringing effects will interfere with the reflections
that are related to acoustic property changes (Figures 4.8A and B, and related, red
arrows). Because of this interference, the change in reflection coefficients is not
the sole factor influencing the generation of patterns in reflectivity images. This
can pose challenges for interpretation, by giving the false impression about the
existence of sublayers with contrasting acoustic properties. We only observed this
phenomenon in our facies-based and lithology-based simulations.

There are several methods available to mitigate these artifacts to some extent, by
imposing extra constraints or weights during the imaging process, but none of them
were applied in our workflow [87, 88].

4.5.2. Impact of discretisation on the small-scale, stratigraphic
heterogeneities

The data depicted in Figures 4.6 and 4.7 show that the level of discretisation
has an impact on the seismic response. Creating simulations that are based on
stratigraphic modelling and where the acoustic properties are assigned based on
grain size distributions preserves the representation of small-scale, stratigraphic
heterogeneities within specific facies or lithologies (Figures 4.6 and 4.7). Table 4.2
includes a compilation of the described zones and the specific improvements in
the imaging for this specific case of wave-dominated, shoreface systems. The
observed structures sometimes develop in different depositional environments
and are composed of different lithologies (Figure 4.5 to 4.7). When allocating a
single value to one facies/lithology, these structures are no longer represented and,
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therefore, it is not possible to recognise them in the seismic response.

Figure 4.8: Examples of locations in our models with only one (B, C, E, F) or two (A,
D) changes in acoustic properties but where four reflections (G, H, I) are
generated in the synthetic seismic data (black arrows). The density (kg/m3),
P-wave velocity (m/s), and a blowup of the amplitude values of the seismic data
(unitless) are included. Arrows in red indicate the changes in density and P-wave
velocity (A, B, D, E) and where they can be observed in the seismic response (G,
H). On the lowermost example, the change cannot be observed because the
thickness of the layer is below the resolution threshold (white arrows) (C, F, I).
The generation of these reflections is linked to the Gibbs’ phenomenon (G,H, I).

Being able to distinguish small-scale, stratigraphic heterogeneities with strong
velocity and/or density contrast and isolate their location from the surrounding
sediments will help understand how the fluid flow might behave inside the reservoir.
In our method, the calculation of mass-density and P-wave velocity is strongly
dependent on the porosity. This means that high velocity and density layers are
also characterised by lower porosity values. In grain size classes varying from silt
to medium sand, lower porosity values tend to relate to lower permeability [89].
The opposite occurs with layers with high porosity values. For subsurface locations
where the relationship between porosity and permeability are well understood, this
method can help identify areas with higher or lower permeability values, which will
behave as pathways or barriers for the fluid flow. Our method has shown that the
use of stratigraphic modelling can capture the presence of these heterogeneities
and they can be recognised in synthetic seismic data.
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In this paper the acoustic property values from the grain size-based simulation
were used to calculate the corresponding values for the facies- and lithology-based
simulations. The values were calculated by averaging all the cells with the same
lithology or facies label, as explained. This method of averaging, but with core data,
has also been used in other forward seismic modelling papers [30]. In other cases,
they have referred to typical velocity and density values for stratigraphic units in
particular sedimentary basins [19, 29], what we assumed to be averaged values as
well. In the case of the facies-based simulation, applying averaging techniques for
the calculation of properties smooths the internal contrast within the facies and
results in similar values for acoustic properties for different facies, except for the
offshore and the mass-density of the lagoon (Table 4.1). Therefore, the transition
between some of the facies is not clearly observed in the seismic data (Figure 4.6,
area B).

When comparing the different discretisation levels, some resemblance between
the seismic responses of the three simulations is observed. First, the geometry of
the seismic response of the facies- and grain size-based simulations are similar
for areas A and C (Figures 4.6 and 4.7). However, there is strong contrast in
the amplitude variations and, particularly for area A, in the lateral extent of the
reflections (Figure 4.6). Second, the seismic response of the lithology- and the
facies-based simulations for areas D and E are similar (Figure 4.7). These seismic
responses are characterised by a rhythmical alternation of reflections for area
D, and the merging of two blue reflections in area E (Figure 4.7). However, the
seismic response of the grain size- and lithology-based simulations do not show
resemblance for any of the highlighted cases. Consequently, for the case of
wave-dominated, shoreface systems, the use of lithology-based simulations when
analysing small-scale, stratigraphic heterogeneities will result in the least precise
characterisation of the subsurface target.
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4.5.3. Implications on seismic inversion and geological
modelling

In this paper, we have shown that the way we discretise the acoustic properties
of the subsurface have an impact on the seismic response, and that, if we
allocate properties based on lithology or facies classifications, some small-scale,
stratigraphic heterogeneities will be erased from our seismic data. These findings
have an impact on the way inversion of seismic data is traditionally performed.
Seismic inversion aims at transforming seismic data from the subsurface into elastic
properties, which can then be used in petrophysical and geological modelling to
build 3D models of other valuable properties for reservoir characterisation [90–93].
A key challenge is to quantify the uncertainty due in part to the lack of resolution of
seismic data, which blurs small-scale heterogeneities.

Owing to their unique mathematical properties, (multivariate) Gaussian distributions
have become a cornerstone of inversion workflows to capture uncertainties in
the spatial variations of subsurface properties [35, 94, 95]. But the results of this
study show that the application of Gaussian distributions is not able to resolve the
architectural features observed in the geological simulations.

In the case of properties such as porosity, the available data to condition the
posterior distribution are based on well log and core data. From those data, an
autocovariance or a semi-variogram model is traditionally used to capture the spatial
variability of those properties in the subsurface. But variations of sea level and
sediment supply lead to elongated, curved, and non-stationary structures whose
properties are discontinuous along erosional surfaces, all features that cannot be
represented based on a single covariance model [96].

However, our results highlight that small-scale, stratigraphic heterogeneities that
develop at scales below lithology or facies have an impact on the seismic response.
So modelling properties as constant values for each facies or lithology – as is
sometimes done to simplify geological modelling based on lithofacies, lithotypes or
litho/fluid distributions [33, 34, 97–100] – leads to ignoring valuable information
available in the data. At the same time, the resolution of seismic data is rarely high
enough to unambiguously characterise those heterogeneities. In that context, a
covariance model is too weak as a geological prior to compensate for the lack of
data. This raises the question of the true predictive power of the models obtained
through inversion based on multivairate Gaussian distributions.

In recent years, researchers have tried to overcome the limitations of the Gaussian
assumption by developing other approaches for the definition of the prior and
posterior distributions [[95], and references herein]. Elongation, curvature, and
more generally non-stationary can be captured in Gaussian simulations but only
using advanced approaches with a higher modelling cost [101–103]. Multiple-point
approaches provide a more straightforward solution to use more geologically
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plausible priors [104–106], although the geological structures are rarely perfectly
preserved.

We consider that the current approach of seismic inversion workflows should be
reconsidered to better captured small-scale, stratigraphic heterogeneities. Some
studies that include geological conditioning in the inversion process have shown its
impact on the quantitative risking of reservoir’s prospectivity, especially in areas with
limited well information [105, 107], and on CO2 monitoring [36]. Here, we suggest
adding the use of forward stratigraphic modelling to the workflow for seismic data
inversion. This way we can account for the changes in properties and the resulting
small-scale, stratigraphic heterogeneities that occur below facies or lithology scale.
For this, it is necessary to develop fast and flexible stratigraphic modelling tools and
procedures to generate acoustic properties that fit the targets in the subsurface.

This paper focuses on wave-dominated, shoreface environments and stratigraphic
heterogeneities that develop in such depositional environments. Future work can
apply the same method to other depositional environments. To do so, it is necessary
to evaluate the available forward stratigraphic modelling tools for other depositional
environments and their compatibility with the method used for this study. There are
stratigraphic modelling tools for deep-water channels [108], fluvial systems [109],
and tide- and/or fluvial-dominated shallow marine environments [SedSim, [59, 75]].

4.5.4. Methodology limitations

The method used to create the grain size-based simulations has a series of
limitations. First, the selection of the stratigraphic modelling tool is limited to those
that are able to generate small-scale stratigraphic heterogeneities at metre scale and
that provide grain size distribution data as output, typically in the form of proportion
of different grain size classes. There are different types of stratigraphic modelling
tools, and within rule-based tools, two of the main drawbacks is the limitation for log
data conditioning and the limitation to simulate different depositional environments
in the same tool [61]. On this regard, rule-based modelling tools approximate the
physical processes that control erosion and deposition to a series of rules, rules that
are specific for each depositional environment and that represent processes that
are active in each environment. Further effort is required to develop more robust
tools that can handle different ruling for different depositional environments within
the same simulation [61]. There are also process-based modelling tools where the
resulting property distributions are based on physical laws that control the erosion,
transport and deposition of sediment [61]. However, this type of tools tend to resolve
diffusion equations that approximate the real processes active in nature to be able
to handle modelling through large areas for long modelling time (from thousands to
millions of years) [75, 110, 111].

Second, for the calculation of the acoustic properties, a number of assumptions
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are made. In the proposed method, allocation of initial porosity depends on the
experimental values obtained by Beard and Weyl [73], who used fluvial sand
samples to relate initial porosity, mean grain size, and sorting. Those measurements
did not account for variations in roundness and sphericity of the grains. However,
roundness and sphericity change from one depositional environment to another
[112]. Roundness and sphericity impact the packing of the grains and, in
consequence, the porosity [73, 113, 114]. Thus, we cannot confirm that, for the
same mean grain size and sorting relationships, we would obtain the same initial
porosity values in a wave-dominated coastal environment.

In our method, we have calculated the final porosity by implementing a porosity
loss constant [74]. This is necessary because pyBarSim simulates sedimentation
at surface conditions, but rocks in the subsurface experience compaction and, in
many cases, diagenetic processes that change the arrangement of grains and the
porosity [115]. Porosity loss curves are lithology and basin dependent [116] and
there are other equations that can be used to calculate the final porosity [116–120].
Diagenetic processes, such as cementation, might also affect specific facies or
areas above others, creating velocity and density contrast that might not be related
to grain size variations alone.

For the calculation of mass-density, values for the density of the grains and the
density of the fluid filling the pore space are required. We assumed that the sediment
is only composed by quartz particles, a simplification of the sediment composition in
siliciclastic systems, and that the porosity is water saturated. However, the sediment
composition of wave-dominated shoreface systems can vary from mainly quartz to
calcite dominated, with many other accessory minerals and possible combinations.
These parameters can be modified to better fit sediment and fluid compositions
observed in subsurface data and analyse the impact of these changes on the
seismic response.

For the calculation of P-wave velocity, we use an empirical equation that relates
porosity, clay content, and effective pressure [32]. Here, the finest grain size class
used as input for BarSim has a diameter of 5µm and is classified as fine silt [121].
Therefore, we assumed that the clay content equals the proportion of fine silt. We
have also assumed the effective pressure to be equivalent to 1000m depth. There
are other empirical equations that explore the relationship between clay content,
and porosity [31], but they do not take effective pressure into account, and so they
were discarded. It is also worth noting that the empirical equations are based on
lab sample measurements and that no upscaling methods have been applied to
the acoustic properties. Research has shown that the impact of the properties
controlling the wave velocities at laboratory scale might decrease in presence of
other structural features [122].

There are also some limitations in the numerical seismic modelling and migration
process that have an impact in the vertical resolution of the synthetic seismic data.
The vertical resolution depends on the frequency content of the seismic waves and
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the subsurface velocity model [5]. Assuming a maximum frequency of 150Hz, and
an average P-wave velocity of 3600m/s in the target area, the detection resolution,
which is normally approximated to 1/4 of the wavelength, is 6m, and the resolution
to distinguish the presence of stratigraphic features, which is approximated to 1/10
of the wavelength, is around 2, 5m [4].

Also note that by limiting ourselves to 2D and acoustic modelling, we have still made
simplifications of the reality, which is a 3D elastic Earth. However, it is our believe
and expectation that the conclusions we made on discretization of the geologic
models and the link to seismic resolution will not change by making all modelling
more realistic. But strictly speaking, this has to be proven still in follow-up research.

On a final note, this research still uses a discretised distribution of properties, a
discretisation based on a continuous property. Lithology and facies are labels used
to simplify the complexity of the subsurface, where the heterogeneities are the result
of the change in continuous properties, such as grain size. In our simulations, the
2x2 cells result from the interpolation of grain size changes within that area and it is
already able to add more detail to the simulations. The finer our grid is, the better we
could capture the real distribution of the properties in subsurface. However, we have
shown that avoiding the discretisation based on lithology or facies already brings
improvement to the imaging of the stratigraphic architecture of the target area. And
this seems to be the right path to fine-tune seismic inversion methodologies applied
to real seismic data.

4.6. Conclusion

This paper shows that simulated metre-scale, stratigraphic heterogeneities of
grain-size distributions have an impact on the synthetic seismic response. To
analyse these heterogeneities, we introduce a method that links the generation of
geological simulations using stratigraphic modelling and the allocation of acoustic
properties based on grain size distribution. Even with its limitations, this method
enables improved observations of stratigraphic heterogeneities in the seismic
response versus the simulations with discretised acoustic properties. The imprint
of these heterogeneities is modified or disappears when we classify the detailed
grain-size distributions data into facies and, especially, into lithology, as this results
in a single, averaged values of acoustic properties per facies and/or lithology class.

Our results also highlight the limitations of the conventional, lithology-based seismic
inversion workflows and Gaussian-based uncertainty analysis. We have proven that
discretising simplifies the complexity contained within certain facies or lithology and
fails to capture the impact of gradual changes of density and P-wave velocity and
that are related to gradual porosity and grain size distribution changes. The grain
size-based simulation better captures the curved architecture and property changes
that result from relative sea level variations.
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For the case of clastic, wave-dominated shoreface environments and under
the input parameters that we set, we have observed the impact of discretising
mass-density and P-wave velocity in three situations: (1) the property changes
within the sediments that constitute the lagoon area; (2) the architecture and
property contrast between lower shoreface, upper shoreface and offshore after a
relative sea level rise and the subsequent sediment deposition during sea level
fall; (3) the architecture and property distribution in the lower shoreface to offshore
transition and the reservoir thinning.
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Appendixes

Appendix 1. Input parameters geological simulation

This section includes the values of input parameters used to generate the reference
geological simulation. The modelled time is 30000 years. Figure 4.9. shows the
relative sea level and sediment input applied at different modelling times. Other input
parameters remain constant during the modelling time and are included in Table
A1.1. All input parameters are within the range suggested in Rongier, Storms and
Cuesta-Cano [2].

Figure 4.9: Relative sea level (in blue, in m) and sediment supply variations (in red, in m2/year)
used as input for the simulation run.

Parameter Values
System slope 0.05%(0.29◦)

Horizontal spacing of nodes 100m
Vertical spacing of nodes 2m
Fair weather wave height 1.5m

Storm wave height 6m
Erodibility 0.4

Grain size classes 5µm, 50µm, 125µm, 250µm
Sediment fraction of input sediment 0.25, 0.25, 0.25, 0.25

Substratum thickness 100m
Sediment fraction of substratum 0.2, 0.2, 0.3, 0.3

Table 4.3: Values of the main input parameters for the simulation. For explanation on the para-
meter description and recommended value ranges, we refer to the recommendation
in Rongier, Storms and Cuesta-Cano [2].
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Appendix 2. Segment subdivision of the simulation

Due to computational limitations, the geological simulation had to be divided into
smaller segments (Figure 4.10). Each segment is 7600m long, except for the last
segment, number 8, which is 4400m long. To ensure that every location within the
simulation is properly imaged, there is an overlap of 1800m between the different
segments. There is a segment number 8, but the thickness of the target only allows
for the observation of the reflectors of the top and the bottom of the target.
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5
CharacterizingSubsurface

AcousticHeterogeneity
ThroughAngle-Gather

AsymmetryAnalysis

This study explores the potential of angle-dependent seismic data to detect
and characterize lateral variations in subsurface acoustic properties, with an
emphasis on P-wave velocity and mass-density. Nine geologically plausible
synthetic models representing wave-dominated shoreface systems were constructed
using stratigraphic forward modelling. Seismic responses were generated using
finite-difference time-domain forward modelling followed by angle-dependent Full
Wavefield Migration (FWM), which preserves the angular variation of reflected
wavefields.

To assess the relationship between acoustic property variation and angle-gather
responses, we computed a suite of statistical descriptors that quantify both the
asymmetry in angle-gather data and the spatial heterogeneity in acoustic parameters.
Our statistical analyses revealed moderate but complex, non-linear correlations,
particularly between P-wave velocity variations and asymmetry metrics such as
standard deviation and the sum of absolute differences of absolute amplitude
distributions. Visual inspection confirmed that asymmetry features in angle-gather
panels consistently highlight sharp lateral onsets and internal discontinuities in
reservoir structures, demonstrating sensitivity to metre-scale contrasts in P-wave
velocity. This sensitivity is consistent with the established understanding that wave
velocity plays a predominant role in controlling the kinematics of wave propagation.

The study identified asymmetry artifacts resulting from inadequate subsurface

147
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illumination — primarily due to acquisition geometry and data processing strategies
— as well as artifacts associated with fixed-grid synthetic modelling, highlighting the
importance of accounting for these effects in practical applications.

Overall, our findings stress the diagnostic value of angle-gather asymmetry for
resolving metre-scale heterogeneities. Despite using simplified statistical descriptors,
meaningful patterns were identified, supporting the potential of extracting valuable
information about small-scale heterogeneities from angle gathers. Future work
should expand to higher-dimensional acoustic models and leverage advanced
statistical and machine learning techniques to fully capture the complex patterns
within angle-dependent seismic data.
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5.1. Introduction

The de-risking and sustainability of subsurface activities related to the energy
transition benefit from our ability to identify and quantify changes in acoustic
and elastic properties associated with geological heterogeneities [1, 2]. Relevant
subsurface activities include CO2 and H2 storage, groundwater production, and
mineral resource exploration. The heterogeneities—whether smooth or abrupt—can
occur in any direction, at any scale, and often influence subsurface fluid flow [3–5],
as it is known from outcrop analogues and subsurface analysis (e.g. [6–8]).

While core plug data can directly characterize heterogeneities in one dimension, they
provide little to no information about the property distribution between cores—thus
lacking insight into the full 3D subsurface variability. In contrast, seismic reflection
is one of the primary tools used by the energy sector to investigate subsurface
structures in 3D. However, seismic resolution is limited. The smallest features
detectable in seismic data are controlled by acquisition frequency, reservoir depth,
and average propagation velocity [9–11]. For typical seismic frequencies ranging
from 20 to 60Hz, P-wave velocities in sedimentary formations between 2000 and
3000m/s, and depths of approximately 1000 to 2000m, the achievable vertical
resolution is on the order of 10 to 20m.

Because heterogeneities range from millimetres to tens of metres in scale, many
fall below the resolution of seismic data [12–14]. Consequently, researchers have
developed methods to extract sub-seismic-scale features from seismic datasets [12,
15–17]. These approaches often rely on geological scenarios derived from outcrop
analogues, combined with forward seismic modelling and inversion techniques (e.g.
[4, 6, 12, 15]). Some studies employ simplified geological models incorporating
sub-seismic heterogeneities, using synthetic seismic data and machine-learning
approaches to correlate seismic responses with variations in acoustic properties
such as mass density and P-wave velocity [16–18].

Synthetic angle-dependent seismic data are typically generated using angle-
dependent Full Wavefield Migration (FWM) [19]. This workflow follows the structure
of traditional inversion schemes, including data comparison, adjoint forward
modelling, model updating, and seismic forward modelling [20]. The key innovation
in angle-dependent FWM versus traditional FWM lies in the forward modelling
step [21], where angle dependence is preserved. To obtain the angle-dependent
data, at each lateral location, the down-going wavefield is cross-correlated with a
back-propagated residual, spatially shifted via a 2D lag. A 2D Radon transform is
then applied to the reflectivity operators, and stacking across frequencies generates
an angle-dependent image volume, or angle-gather block [19]. These angle gathers
organize seismic reflections by incidence angle at a subsurface point and are
typically separated into positive and negative angles [19, 22, 23].

Angle-dependent seismic data obtained through the application of angle-dependent
FWM have shown potential to encode metre-scale heterogeneities in acoustic
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properties [20, 23–25]. However, the potential diagnostic use of asymmetry between
positive and negative incidence angles in angle gathers has not yet been explored.
In laterally homogeneous media, these gathers appear symmetric; in contrast,
heterogeneities lead to asymmetric responses [19]. This asymmetry arises from the
physics of wave interactions at geological boundaries, where conservation of energy
and momentum leads to reflection, transmission, and conversion phenomena—all
of which alter amplitude [9].

Traditionally, angle gathers have been used in Amplitude Versus Offset/Angle
(AVO/AVA) analysis to infer properties like saturation and lithology, using the
Zoeppritz equations or their approximations [26, 27]. Additionally, they are employed
in migration velocity model updates, based on gather curvature [28]. These uses
typically reduce the gather to two parameters: intercept (zero-angle amplitude) and
gradient (amplitude variation with angle).

This paper instead explores the direct use of angle-gather data for characterizing
variations in acoustic properties, without reducing the data to intercept and gradient
values. Rather than simplifying the data, we preserve the full angle-dependence
by generating a separate subsurface image for each incidence angle [29]. This
approach enables the capture of variations in energy arrival associated with different
angles of incidence. Such variations arise from ray bending effects dictated by
Snell’s Law, which lead to asymmetries in amplitude distributions between positive
and negative incidence angles [29].

To achieve this, we conduct a statistical and visual analysis of the relationship
between angle gather asymmetry and variations in acoustic properties, specifically
P-wave velocity and mass-density. Our workflow integrates stratigraphic forward
modelling and seismic forward modelling, applied to a suite of synthetic geological
models based on wave-dominated shoreface systems [30]. From these models, we
generate corresponding angle gather datasets and compute statistical descriptors of
gather asymmetry.

Although the Earth is an elastic and 3D medium, this study focuses solely
on acoustic parameters—P-wave velocity and mass density—and simplifies the
analysis to 2D, as an initial step towards understanding the potential of angle-gather
asymmetry in characterizing subsurface heterogeneity.

5.2. Methodology

5.2.1. Data generation and processing

We employ a multi-step methodology adapted from Cuesta-Cano et al. [30]
to investigate metre-scale stratigraphic heterogeneities in geological subsurface
settings. This generic approach can be applied to various depositional settings by
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modifying the input stratigraphic model. In this study, we apply it to heterogeneities
developed in wave-dominated, shoreface systems. Compared to traditional
lithofacies-based methods, this workflow more accurately captures the seismic
response of metre-scale heterogeneities [30].

The methodology consists of three main steps. First, a stratigraphic forward
modelling tool, here BarSim [31], is used to generate 2D geological simulations that
include architectural features at different scales (Figure 5.1A). The output of BarSim
includes grain size distribution data with cells of 2m in the vertical direction and 50m
in the horizontal. These simulations are the basis for the construction of geological
models that include a reservoir area, overburden and a water layer on top. More
information on BarSim and pyBarSim, the python implementation of the modelling
tool, can be found in Appendix 1. The second step involves converting the grain size
data into acoustic parameters – mass-density and P-wave velocity – through the
application of empirical equations (Figure 1B). Here, the equation suggested by
Eberhart-Phillips et al. (1989) is applied for the calculation of P-wave velocity. For
the calculation of mass-density, we assume that the grain fraction is composed
solely by quartz grains and the porosity is water-saturated. The grid of the models
is then linearly interpolated to a 2x2m cell grid. The third step consists of the
application of seismic forward modelling based on the finite-difference time-domain
method and the following application of full-wavefield migration in angle-dependent
mode.

In both the seismic modelling and the migration, we used the same input parameters
as in Cuesta-Cano et al. [30]. The migration generates image-angle gathers for all
the lateral locations (Figure 5.1C). When summed along the angle axis, we obtain
the structural reflectivity image. At each horizontal location in the simulation, the
angle-gather data form a two-dimensional space, where the vertical axis represents
depth and the horizontal axis corresponds to the ray parameter, which is dependent
on the angle of incidence.

The angle-gather panels located at the edges of each section exhibit poor imaging
quality due to unbalanced energy arrival caused by edge effects. These edge
effects result from limited subsurface illumination and reduced wavefield coverage
at the section boundaries. As a result, these panels were excluded from the analysis
of angle-gather asymmetry, mass density, and P-wave velocity (Figure 5.1D). These
poorly imaged areas account for 1200m at each end of the section. Additionally,
common artifacts observed in synthetic data in the outermost parts of the far-angle
range were removed from the angle-gather data (Figure 5.1E).



152 5. Angle-gather asymmetry analysis

Figure 5.1: Methodology to generate the dataset analysed in this paper. A.- First, we use
BarSim, a stratigraphic forward modelling tool, to generate geological simulations
with heterogeneities at a 50x2m scale. BarSim outputs grain size distribution
data, here represented as mean grain size (µm). For more information about
BarSim, we refer to Appendix 1. B.- From the grain size distribution, we calculate
mass-density (kg/m3) and P-wave velocity (m/s). C.- Then, we apply forward
seismic modelling and migration techniques to obtain the reflectivity images and
the angle-gather data. From the angle gather data, (D) we remove the poorly
imaged angle gathers on the side of the simulations and (E) the artifacts on the
far angle region. F.- Finally, we calculate the asymmetry of each angle gather by
subtracting one half to the other one.
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To analyse the asymmetry of the angle-gather data, we split the axis representing
the ray-parameter data into two halves, mirror them and calculate the difference as a
subtraction (Figure 5.1F). For every location, we calculate the maximum difference
value, the minimum difference value, the mean difference value, the absolute mean
difference value, and the standard deviation. We have also defined three extra
parameters that might capture the asymmetry better than more classical statistical
parameters:

• The total sum of the absolute difference of the absolute amplitudes,

• The total sum of the absolute difference of the amplitudes, and

• The total sum of the difference of the absolute amplitudes.

For each location, we calculate the mean and standard deviation of P-wave velocity
and mass density, as well as identify the presence of sharp lateral discontinuities.
These discontinuities are defined as locations where a distinct contact occurs
between the reservoir and the surrounding background medium along vertical
planes. Given the grid structure, these lateral discontinuities manifest over vertical
extents of approximately 2m, corresponding to the height of individual grid cells.
Such sharp contacts are observed at both the top and bottom boundaries of the
reservoir (Figure 5.2). To detect these discontinuities, we analyse each column by
comparing the first and last appearance of the reservoir with those in the adjacent
column. If the first appearance of the reservoir differs from that of the neighbouring
column, it indicates a step at the top surface of the reservoir, which is assigned a
value of 1. Similarly, if the last appearance differs, this is also considered a step, this
time at the bottom of the reservoir, and assigned a value of 2.

Figure 5.2: Example of some of the locations where we can find sharp lateral discontinuities
at reservoir level, both at the top and the bottom boundaries. These
discontinuities result in abrupt property contrast and they are related to the grid
structure of the scenarios.

The statistical properties describing angle-gather asymmetry and the evolution
of acoustic parameters are compared—both visually and, where applicable,
quantitatively—to each other. Additionally, the location of lateral discontinuities is
compared to the angle-gather asymmetry to assess potential correlations between
spatial heterogeneities and variations in seismic response.
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5.2.2. Methodology for data analysis

This study employs two types of comparison methods. The first is a numerical
comparison, which involves calculating correlation coefficients between statistical
parameters derived from angle-gather asymmetry and acoustic properties. The
aim is to quantify both the strength and the direction (positive or negative) of the
relationship between pairs of variables. Four correlation metrics are used: Pearson’s
correlation coefficient (r), Spearman’s rank correlation (ρ), Kendall’s Tau (τ), and
distance correlation (DC). Each method is suited to detecting different types of
relationships.

Pearson’s correlation measures linear relationships between continuous variables,
assuming normal distribution and homogeneity of variance, but is sensitive to
outliers ([32], and references therein). Spearman’s rank correlation assesses
monotonic relationships based on the ranked values of variables. It does not require
normality and can capture non-linear monotonic trends, though it is still sensitive
to outliers ([32], and references therein). Kendall’s Tau also evaluates monotonic
relationships based on rankings but is better suited to small sample sizes, handles
tied ranks more effectively, and is less sensitive to outliers than both Pearson’s
and Spearman’s methods ([32], and references therein). Distance correlation, on
the other hand, can identify both linear and non-linear dependencies, including
non-monotonic relationships, and is similarly robust to outliers ([33], and references
therein). This makes distance correlation particularly valuable for detecting complex
relationships that may be missed by the other methods.

Since the nature of the relationships between the variables is not known a priori,
all four correlation measures are computed and compared. Differences between
the values of the correlation coefficients can provide insight into the type (linear or
non-linear, monotonic or non-monotonic) and strength of the relationships. To further
assess the robustness of these correlations, scatter plots are used to visualize the
parameter pairs with the highest and lowest correlation coefficients.

The second approach is a visual comparison. Here, the statistical parameters
derived from the angle-gather asymmetry data are plotted against the mean values
of the acoustic properties. This analysis is intended to identify patterns in the
evolution of the asymmetry-related statistical measures and how these patterns
relate to variations in acoustic properties.

5.3. Data generation

Nine geological models were generated and grouped into three categories based on
their similarities (Figure 5.3). All models include a 100m-thick seawater layer at the
top and an overburden of 1100m. Due to computational limitations associated with
forward seismic modelling and migration, the models, which exceeding 40km in
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the horizontal direction, were divided into sections. Specifically, each model was
split into seven sections of 7600m, along with a smaller eighth section. To ensure
complete imaging coverage, adjacent sections overlap by 1800m.

Each group represents different types of stratigraphic heterogeneity, which are
caused by varying interactions between relative sea-level fluctuations and sediment
supply. Group 1 models are based on simulations reflecting a fall–rise–fall relative
sea-level (Figure 5.3 – Model Group 1), with minor differences between models due
to small differences in sea-level variation rate. The main distinction among the 1.1,
1.2, and 1.3 models lies in the development of a high P-wave velocity zone that
traverses the model, which appears as a continuous feature only in model 1.2.

Group 2 models simulate sedimentation associated with a rise–fall–rise sea-level
cycle (Figure 5.3 – Model Group 2), again with small differences in sea-level
variation rate across models. The primary differences among the 2.1, 2.2, and 2.3
models include the position of a top-surface protrusion and the geometry of a high
P-wave velocity region located beneath it.

Group 3 uses the same relative sea-level variations as Group 1 but assumes
reduced sediment input, resulting in thinner models (Figure 5.3 – Model Group
3). The most significant difference between the 3.1, 3.2, and 3.3 models is the
formation of a low P-wave velocity zone near the centre of the model.
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5.4. Results and interpretation

5.4.1. Correlation coefficients between the asymmetry of
angle-gather data and acoustic properties

The correlation coefficient analysis between the statistical properties calculated
for the asymmetry on the angle-gather data and the acoustic properties includes
correlation coefficients of four methods: Pearson’s, Spearman’s, Kendall’s (Figure
5.4), and distance correlation (Figure 5.5). In general, the Pearson’s coefficient
shows weak correlation between the acoustic and angle gather related variables,
with coefficients rarely deviating from the range −0.3 to 0.3 (Figure 5.4). Moderate
positive correlation is observed between the standard deviation of P-wave velocity
and the maximum values standard deviation of the angle gather asymmetry and
the sum of absolute difference of (absolute) amplitudes. The standard deviation
of P-wave velocity also displays a moderate, but negative, correlation with the
minimum values of the angle gather asymmetry. Spearman’s correlation agrees
with the results from the Pearson’s correlation (Figure 5.4), and it displays a
stronger correlation between the standard deviation of the P-wave velocity and
the angle gather asymmetry related variables. Compared to Pearson’s correlation,
Spearman’s correlation coefficient shows notably higher values when assessing
the relationship between the absolute mean angle gather asymmetry and both the
mean mass density and mean P-wave velocity. Kendall’s correlation coefficients
are, in general, lower than those obtained for the Pearson’s correlation, with the
exception of the absolute mean angle gather asymmetry and the mean P-wave
velocity (Figure 5.4), in agreement with the Spearman’s coefficients. The distance
correlation (DC) coefficients agree on the moderate correlations between the
P-wave velocity standard deviation and various angle gather asymmetry statistical
parameters, for which the highest coefficients are obtained for standard deviation
and the sum of absolute difference of (absolute) amplitudes, DC coefficients 0.67
and 0.7 respectively (Figure 5.5). Distance correlation also calculates moderate
correlation coefficients between all the acoustic property-related statistical measures
and the maximum values, minimum values and standard deviation of the angle
gather asymmetry, with DC coefficients above 0.4.
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The correlation coefficients show that there could be a moderate dependency
(values ranging from 0.40 to 0.67) from the maximum values, minimum values,
standard deviation from the angle gather asymmetry data and the sum of difference
with both the standard deviation and the mean values of mass-density and P-wave
velocity. However, the lower Pearson’s, Spearman’s and Kendall’s correlation
indicate that, in case of an existing relationship, this would be nonlinear and
non-monotonic. The exception is the variable pairs including the standard deviation
of the P-wave velocity, which shows the strongest correlation coefficients across all
measures, indicating a possible strong complex correlation, possibly monotonic
(due to the high Spearman coefficients) and with a linearity component (due to the
values of the Pearson coefficient) with the angle gather asymmetry data.

The lowest correlation coefficients are those from variable pairs including the
mean value (from 0.01 to 0.05, in negative and positive, Figure 5.4) of the
asymmetry of angle gather, which also display low DC coefficients (Figure 5.5).
There are some parameter pairs, for instance sum of absolute difference of
absolute amplitudes versus standard deviation of mass-density, that display very
low Pearson’s correlation coefficients, indicating a nonlinear relationship, but the
distance correlation is moderate (coefficient 0.38), which could indicate a monotonic
correlation, due to the higher Spearman coefficients.

Scatter plots have been generated to evaluate the nature of the possible
relationships between parameters (Figure 5.6). For the plots including parameter
pairs with high DC values, the data points often form distributions with shapes
resembling arcs and cluster gradients. The relationships are not linear, which is
supported by the Pearson’s coefficients (Figure 5.4), but show certain consistency
where increasing X tends to increase or decrease Y in a predictable way. However,
there is variability along the Y-axis for each X-value, meaning that there is dispersion
(Figure 5.6A). The high DC plots also show wide vertical spreads in specific
X-ranges, implying local regions of strong non-linearity of heterogeneity. In contrast,
scatter plots with low DC coefficients display diffuse and unstructured distributions,
characterized by a wide range of Y-values for each X-value and an absence of
any clear trend (Figure 5.6B). These cases imply weak or negligible statistical
dependence between the measures.

These statistical analyses reveal that while many variable pairs show weak
correlations, especially those involving mean asymmetry values, others—particularly
those including the standard deviation of P-wave velocity—exhibit moderate to
strong relationships. The structured patterns observed in the scatterplots further
support the presence of non-linear but consistent dependencies. These results
help clarify which parameters are most relevant to asymmetry behaviour. This
understanding will guide the visual comparisons to assess whether the observed
correlations can be used to characterise acoustic property heterogeneities in the
metre-scale.
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Figure 5.5: Distance correlation coefficients between the asymmetry of the angle-gather
data and the mass-density and P-wave velocity statistical measures. Here, the
correlation among angle-gather data parameters has not been included. The
strongest correlations are observed between the standard deviation of the
P-wave velocity and the standard deviation of the angle-gather asymmetry and
the sum of the absolute difference of the (absolute) amplitudes. The mean
asymmetry displays weak correlation values in all the cases.

5.4.2. Visual correlation of the asymmetry of the angle gathers
and acoustic properties

Visual correlation between statistical parameters defining angle-gather
asymmetry

The sum of absolute differences of absolute amplitudes and the sum of absolute
differences of amplitudes — two parameters developed to investigate how best to
characterize the asymmetry of angle-gather data — are highly correlated, exhibiting
a Pearson’s correlation coefficient of 0.9997. In addition to their strong mutual
correlation, both parameters are also strongly correlated with the standard deviation
of the asymmetry, each showing a Pearson’s coefficient of 0.95.

A visual comparison between the sum of absolute differences of absolute amplitudes
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and the standard deviation further illustrates this relationship (Figure 5.7), with both
parameters displaying similar overall trends. However, discrepancies between the
two are evident at certain locations. In Figure 5.7, red arrows indicate areas where
the standard deviation more effectively captures asymmetry through distinct peaks
or bulges not reflected in the sum-of-differences signal. Conversely, black arrows
highlight areas where the sum-of-differences metric reveals peaks or bulges absent
in the standard deviation.

Figure 5.6: Scatterplots display pairs of statistical measures with both the highest and
some of the lowest distance correlation (DC) coefficients. Each plot includes the
corresponding DC coefficient value. In general, a broader range of Y-axis values
is observed for each X-axis value when DC coefficients are low. In contrast,
for pairs with high DC coefficients, the widest Y-axis value ranges tend to be
concentrated within specific intervals of the X-axis.
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Consequently, if the objective of the angle-gather asymmetry analysis is to identify
regions of highest asymmetry, either parameter would be sufficient, as both
effectively capture the main trends—as confirmed by both numerical and visual
correlation. In this context, the standard deviation is the preferred choice due to its
widespread availability in statistical libraries and programming packages, which
facilitates standardization of the analysis. However, if a more detailed investigation
of angle-gather asymmetry is required, these parameters can be both analysed,
since each may respond to different aspects of the underlying acoustic properties,
potentially offering complementary insights into reservoir characteristics.

Figure 5.7: Two examples of the comparison between the standard deviation of the
asymmetry of angle gather data (blue) and the sum of the absolute difference of
absolute amplitudes (orange). These graphs highlight the similarities between
both statistical measures. The red arrows point at the locations where the
standard deviation displays a more detailed response. The black arrows point at
the locations where the sum of absolute difference of the absolute amplitudes
show more complex trends.

Indications of poor illumination in angle-gather data

A trend unrelated to acoustic property variations is identified at the beginning of
the models, prior to the onset of the reservoir. This trend is characterized by
fluctuations in angle-gather asymmetry occurring in regions where no changes in
P-wave velocity or mass density are observed (Figure 5.8). Figure 5.8 presents data
from Section 1 of Scenario 1.1 and Scenario 2.1, where variations in the maximum,
minimum, mean, and standard deviation of the angle-gather asymmetry are evident,
despite the absence of corresponding changes in the statistical indicators of
acoustic properties.
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Figure 5.8: Distributions of the maximum values, minimum values, mean, and standard
deviation of the angle asymmetry data for Section 1 of 1.1 and 2.1 (blue
curves). The orange curves indicate the mean P-wave velocity and mass density,
depending on the respective graph. Variations in the angle-gather asymmetry
data are observed even in regions where acoustic properties remain constant.
Red arrows mark the trends at the beginning and end of the sections, while
black arrows highlight the central peaks in the angle-gather data.

At the right end of the graphs for Scenario 1, some variations in acoustic properties
are present. Although the overall trends are similar between the two scenarios, the
exact values differ. These trends typically involve increasing or decreasing patterns
at both ends of the sections, along with one or two peaks in the central area,
depending on the specific statistical measure. For instance, the maximum values
show a decreasing trend at the left end, an increasing trend at the right end, and a
central peak, forming a well-defined maximum (Figures 5.8A and 5.8B). A similar
pattern is observed for the standard deviation (Figures 5.8G and 5.8H). In contrast,
the mean and minimum values tend to rise at both ends and form two peaks in the
central portion of the section (Figures 5.8C–5.8F), although in some cases these
peaks are not well defined.

The observed trends in the asymmetry of the angle-gather data are attributed to
poor illumination. The edges of the sections were not adequately illuminated, and
due to memory limitations, each section had to be divided in the middle for the
processing, introducing an additional area of reduced illumination at the centre.
As a result, the experimental setup was unable to achieve complete illumination
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across the sections. Thus, both lateral and central regions of the sections are
unsuitable for analysing the correlation between parameters. These observations
also demonstrate that poor illumination has a significant and clear effect on the
asymmetry observed in the angle-gather data.

Similar signs of poor illumination are evident across all sections in each geological
model. Additional examples can be found in Appendix 2, where red arrows highlight
artifacts caused by poor illumination at the edges of the models, and black arrows
indicate those occurring in the central areas.

Reservoir detection based on acoustic property variations

A clear trend is observed in the statistical parameters of the asymmetry of the
angle-gather data, which can be directly linked to changes in mass density and
P-wave velocity (Figure 5.9). The geological simulations used in this analysis
include some border areas without reservoir presence. Section 1 corresponds to
models from Group 1, and Section 2 corresponds to models from Groups 2 and
3; both sections cover the rightmost edge of the reservoir. The beginning of the
reservoir is indicated by a decrease in the mean values of P-wave velocity and
mass density (Figure 5.9, orange line). At this same location, an increase is seen in
the amplitude of the maximum and minimum values, as well as in the mean and
standard deviation of the asymmetry (Figure 5.9). This suggests that the statistical
parameters calculated from the asymmetry of the angle gathers are capable of
detecting changes in acoustic properties and, therefore, can identify the presence of
the reservoir.

Sharp lateral discontinuities in acoustic data

For this analysis, the locations of sharp lateral discontinuities were compared with
two variables: the distribution of mean P-wave velocity and the spatial variations
in angle-gather asymmetry. These discontinuities arise from the underlying grid
structure and span 2m in the vertical direction, corresponding to the vertical
dimension of the grid cells. Moreover, these locations also represent changes in
reservoir thickness, typically where the reservoir becomes one cell thicker or thinner.

Three primary patterns are observed in the comparison between mean P-wave
velocity and the presence of sharp lateral discontinuities (Figure 5.10), defined in
section 2.1 (Figure 5.2). In many cases, the discontinuities are situated adjacent
to the onset of increasing or decreasing P-wave velocities, or at local maxima
or minima in velocity (indicated by green arrows in Figure 5.10). Conversely,
there are locations where variations in mean P-wave velocity occur without any
nearby discontinuities (red arrows in Figure 5.10). In these cases, the observed
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Figure 5.9: Distribution of mean values (A), maximum values (B), minimum values (C),
and standard deviation (D) of the angle gather asymmetry data at section 2
of different models. The location where the reservoir starts is indicated by a
decrease in the P-wave velocity and mass-density mean values (in orange). At
the same location, the amplitude of the angle gather data increases significantly
(in blue), proving that the asymmetry of the angle gather data is sensitive to the
presence of acoustic property variations.

velocity changes are entirely attributable to internal variations within the reservoir. In
contrast, when velocity variations align with sharp discontinuities, they result from a
combination of velocity heterogeneities within the reservoir and changes in reservoir
thickness at those locations. There are some other cases that the sharp lateral
discontinuities are not associated to remarkable velocity changes (black arrows
in Figure 5.10). In this case, the change in velocity that is happening within the
reservoir is compensated by the change in thickness.

From the comparison between the location of the sharp lateral discontinuities and
the sum of absolute difference of the absolute amplitude of the angle-gather data, a
parameter defined to measure asymmetry on the angle-gather data, a correlation
emerges. This correlation is most clearly expressed in geological model sections 5
and 6, where variations in P-wave velocity within the reservoir are predominantly
associated with sharp lateral discontinuities (Figure 5.11). In these sections, peaks
in the angle-gather asymmetry parameter often coincide with the presence of
sharp vertical discontinuities, even in the absence of pronounced velocity contrasts
(highlighted in red in Figure 5.11). In other instances, the asymmetry peaks do
not align precisely with the discontinuities themselves but rather with inflection
points in the P-wave velocity trends or with locations where the velocity gradient
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Figure 5.10: Distribution of the mean P-wave velocity (m/s) and location of sharp lateral
discontinuities across various sections of different scenarios. Green markers
indicate locations where discontinuities coincide with P-wave velocity peaks or
the onset of velocity increases or decreases. Red markers denote locations
where changes in P-wave velocity do not align with the positions of the
identified discontinuities. Black markers highlight sharp lateral discontinuities
without associated mean P-wave velocity change.

is most abrupt (highlighted in green in Figure 5.11). Additionally, some velocity
transitions associated with lateral discontinuities give rise to dual peaks in the
asymmetry measure, as observed in the purple-shaded areas of Figure 5.11.
By contrast, regions located away from such discontinuities—characterized by
smoother and more gradual velocity transitions—tend to exhibit lower asymmetry
values, reinforcing the sensitivity of angle-gather asymmetry to sharp lateral
changes in acoustic properties.

For other sections, many asymmetry maxima are linked to inflexion points on the
variation trends of the P-wave velocity or internal sharp velocity changes (Figure
5.12). Those internal sharp velocity changes can be located at any depth within the
reservoir. However, there is no visual link between the amplitude of the asymmetry
peaks and the velocity variations and, whenever more than one abrupt variation
happens along the same 1D location, it does not seem to result in higher peak
amplitude of the asymmetry. As previously mentioned when defining the sharp
lateral discontinuities along the top and bottom surfaces of the reservoir, the abrupt
internal velocity variations also display the geometry of the grid on the geological
model, with 2m, vertical contacts. Appendix 3 includes other examples.
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Figure 5.11: Comparison of the angle-gather data asymmetry, mean velocity variations
(m/s), and location of sharp lateral discontinuities for three examples from
sections 5 (A) and 6 (B and C) in different geological scenarios. Some of the
asymmetry peaks match with the location of discontinuities (in red). Some other
asymmetry peaks match with the consequences in the velocity trends linked to
the presence of discontinuities, either with the inflexion points or the steepest
velocity changes (in green) or a double-peaked asymmetry response linked to
some velocity change peaks next to discontinuities (in purple).

5.5. Discussion

5.5.1. The influence of P-wave velocity on angle-gather data
asymmetry and its implications

Quantitative and visual analyses of the correlation between acoustic properties and
angle-gather asymmetry reveal a stronger association with P-wave velocity than
with other parameters. This observation aligns with the fundamental physics of
seismic wave propagation, where wave velocity plays a dominant role in governing
the kinematics of wave travel, including travel times, ray bending, and reflection
angles [34]. In contrast, mass density primarily influences reflection amplitudes
rather than the geometrical paths of the rays. As asymmetry in angle-gather data
increases, even small variations in P-wave velocity can cause distortions in the
angle-dependent behaviour of seismic reflections. These effects are amplified in
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regions with sharp lateral or vertical velocity contrasts, which can induce changes in
the direction and curvature of ray paths.

Figure 5.12: Comparison of the distribution of angle-gather data – sum of the absolute
difference of the absolute amplitudes –, location of sharp lateral discontinuities
along the top and bottom surfaces of the reservoir, mean P-wave velocity
distribution, and the P-wave velocity distribution within the reservoir area. The
red vertical lines indicate areas where we see peaks of high asymmetry
explained by the internal, strong velocity variations indicated with the white
arrows.

Moreover, velocity heterogeneity has a direct impact on the wavefield geometry,
which in turn affects the inversion processes used in seismic imaging and
attribute analysis [35, 36]. Because velocity perturbations modify the travel paths
of waves, they result in a stronger influence on kinematic attributes, such as
travel-time residuals and angular asymmetry, than do comparable density variations.
Consequently, any localized P-wave velocity contrast within the subsurface—such
as those arising from lithological changes, stratigraphic discontinuities, or reservoir
boundaries—is likely to cause asymmetry in the angle-gather data.

This study demonstrates that even subtle variations in P-wave velocity, occurring
within 2m grid cells, can be associated with peaks in the statistical parameters used
to quantify angle-gather asymmetry, including those detected within the reservoir
zone itself. These findings highlight the high sensitivity of angle-gather asymmetry to
fine-scale velocity contrasts and their potential as a diagnostic tool for detecting such
contrasts. On the other hand, the weaker correlation observed with mass density
underscores its relatively limited impact on angle-dependent kinematic responses,
suggesting that its influence on asymmetry may be secondary or indirect.

Building on these results, the identified role of metre-scale P-wave velocity variations
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reinforces the importance of accurate and high-resolution velocity modelling in
seismic interpretation workflows. Effective imaging of reservoir-scale heterogeneity
therefore requires detailed spatial mapping of P-wave velocity to avoid smoothing
out intra-lithofacies variations or introducing artificial sharp contacts between
lithofacies [30] that would impact the asymmetry of the angle-gather data.

5.5.2. Sharp lateral discontinuities: a limitation of synthetic
data and new possibilities for angle-gather data
applications

The observations presented in this study pointed at a clear relationship between
variations in acoustic properties—particularly P-wave velocity—and the asymmetry
observed in angle-gather seismic data. This correlation emphasizes the sensitivity
of angle-dependent seismic responses to even subtle heterogeneities in subsurface
velocity fields. However, these findings also expose important limitations associated
with the use of synthetic data and numerical models constructed on fixed-resolution
grids, typically defined at the metre scale.

Grid-based discretization is a fundamental requirement of numerical modelling
in seismic analysis. In most practical applications, particularly those involving
deep reservoirs, the grid resolution does not extend below the metre scale due
to constraints in vertical seismic resolution and computational feasibility. While
necessary, this gridding approach introduces artifacts, especially sharp lateral
contrasts or discontinuities in acoustic properties aligned with vertical grid planes.
These artificial discontinuities, resulting from the stepwise representation of
continuous property variations, will influence the simulated seismic response as
shows in Section 4. Specifically, forward-modelled, seismic synthetic data often
exhibit elevated levels of angle-gather asymmetry at or around locations where
these abrupt lateral transitions occur—whether at the top, bottom, or within the
reservoir interval. A possible option to tackle this problem is performing grid size
sensitivity analyses that would provide insight into the extent to which the observed
asymmetry patterns arise from discretization artifacts. Nevertheless, the use of
finer grids entails an increased computational cost, which may be mitigated by
implementing irregular, target-oriented gridding strategies designed to improve the
resolution of specific subsurface heterogeneities.

Furthermore, the results of this study indicate that angle-gather asymmetry is
highly sensitive to lateral variations in acoustic properties, even when such
changes occur over relatively small spatial extents. This characteristic points to
the potential of angle-gather asymmetry as a diagnostic attribute for detecting
metre-scale geological features, such as small-offset faults or localized stratigraphic
heterogeneities. The insights gained here suggest that incorporating angle-gather
asymmetry into interpretation workflows may provide a physics-based complement
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to traditional methods, enhancing the resolution and reliability of, for instance,
subsurface fault detection.

5.5.3. Possible applications of angle-gather asymmetry data
and future research

In this study, we have computed a set of basic statistical parameters to quantify the
asymmetry of angle-gather data and the variation in acoustic properties. Specifically,
for each horizontal location, the vertical distribution of acoustic properties was
condensed into a single representative value, while the complex two-dimensional
asymmetry patterns observed in the angle-gather panels were summarized using
a single representative value for each of the statistical parameters. Although this
dimensionality reduction leads to a loss of detail, it enables the identification
of moderate statistical dependencies between angle-gather asymmetry metrics
and acoustic properties—most notably, P-wave velocity. These dependencies are
generally non-linear, non-monotonic, and often complex, thereby proving traditional
linear regression approaches insufficient to capture the underlying relationships.

While this parameterization offers initial results, it does not exploit the full spatial
data embedded within the 2D asymmetry panels. The potential to interpret or
classify specific asymmetry geometries associated with geological features remains
unexplored. Previous research investigating the use of angle-gather data to detect
metre-scale heterogeneities has focused on machine learning methods applied to
synthetic data generated from simplified geological models containing metre-scale
variability [16–18]. These studies have demonstrated that angle-gather data can
reveal heterogeneity in both 1D vertical profiles [16, 17] and laterally across adjacent
traces [18, 37], thereby contributing additional constraints to AVA inversion problems
and reducing the appearance of artificial discontinuities between traces.

The present work provides a new perspective to the potential of the angle-gather
data by highlighting its added value for identifying lateral variations in acoustic
properties, even at metre-scale resolution. However, to fully exploit this potential,
more comprehensive studies are required—ones that preserve and analyse the
full 2D or even 3D character of both the acoustic property distributions and their
corresponding angle-gather asymmetry responses. Such analyses would involve
significantly more complex and voluminous data, thereby posing challenges in terms
of both computational cost and interpretive tractability. In this context, machine
learning techniques—particularly those capable of handling high-dimensional,
non-linear relationships—offer a promising pathway. As demonstrated in prior work
(e.g., [38]), these methods can help detect subtle dependencies between P-wave
velocity, mass density, and asymmetry metrics in a way that is not feasible with
traditional statistical tools.

Importantly, before any automated interpretation or inversion strategy using
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angle-gather asymmetry is deployed, it is essential to account for acquisition-related
artifacts, particularly those caused by poor subsurface illumination. This study
has demonstrated that reduced illumination from specific directions and angles
can lead to artificial asymmetry in angle-gather data. These artifacts are caused
by uneven ray coverage and are not indicative of true geological features. If left
unrecognized, such illumination-related asymmetries may be misinterpreted as
indicators of abrupt lateral changes in acoustic properties. Fortunately, our analysis
shows that these artifacts can be diagnosed by their spatial distribution—specifically,
a systematic decrease in asymmetry values towards the centre of the study area,
where illumination is complete. Accurate identification and removal of such artifacts
is a prerequisite for the reliable use of angle-gather asymmetry in any geological
interpretation or data-driven modelling workflow.

Looking ahead, future studies may expand the scope of this analysis by
incorporating S-wave velocity into the modelling and interpretation frameworks,
enabling the implementation of full elastic inversion approaches. This would allow
for a more complete characterization of subsurface mechanical properties and
could improve sensitivity to features such as lithological boundaries or fractures.
Together, these future developments could improve the reliability and interpretability
of angle-gather-based analyses in both synthetic and field seismic datasets.

5.6. Conclusions

This study has explored the potential of angle-dependent seismic data to detect and
characterize lateral variations in subsurface acoustic properties. To achieve this,
nine geologically plausible synthetic models were constructed, and seismic data
were generated using finite-difference time-domain forward modelling, followed by
full-wavefield migration in angle-dependent mode. A suite of statistical parameters
was then computed to quantify both the asymmetry in angle-gather data and the
spatial variation in acoustic properties.

Through visual and statistical correlation analyses, we evaluated the relationships
between asymmetry features in the angle-gather panels and acoustic paramet-
ers—specifically mass density and P-wave velocity. The results revealed moderate,
yet complex, non-linear and non-monotonic correlations, particularly between
angle-gather asymmetry and P-wave velocity. The strongest dependencies were
found between the standard deviation of P-wave velocity and statistical descriptors
of asymmetry, including the standard deviation and the sum of absolute differences
of amplitudes. The high correlation coefficients are supported by the data distribution
trends on scatterplots.

Visual inspection of the asymmetry maps highlighted that angle-gather asymmetry
is capable of detecting the lateral onset of reservoir structures and sharp lateral
discontinuities in P-wave velocity, whether occurring at the top, bottom, or within the
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reservoir. These results demonstrate the method’s sensitivity to metre-scale velocity
contrasts, even when simplified statistical descriptors are used.

However, the study also identified the presence of asymmetry artifacts attributable to
poor subsurface illumination, resulting from the experimental acquisition geometry.
These artifacts, unrelated to true acoustic variations, underline the necessity of
identifying and correcting for illumination effects before asymmetry attributes are
used for geological interpretation or other applications.

Overall, our findings underscore the diagnostic value of angle-gather asymmetry
as a tool for identifying lateral heterogeneities in P-wave velocity. While density
exhibited weaker correlations, the results suggest that P-wave velocity is the
primary control on angle-dependent kinematic responses, in accordance with
theoretical principles of seismic wave propagation. Despite the dimensionality
reduction inherent in the statistical approach adopted here, meaningful patterns and
dependencies were still recoverable. Future research should move beyond scalar
descriptors and focus on capturing the full spatial complexity of 2D and 3D acoustic
property variations and their influence on angle-gather asymmetry. This will likely
require the use of advanced machine learning techniques capable of handling large,
high-dimensional datasets and learning non-linear and non-monotonic relationships.
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Appendixes

Appendix 1. Understanding BarSim: a short guide

BarSim is a process-response stratigraphic forward modelling tool designed to
simulate the long-term evolution and internal architecture of wave-dominated coastal
systems [3–5]. It operates on a simplified 2D cross-shore profile and models the
deposition of individual storm beds down to the centimetre scale. BarSim applies
mass conservation principles to simulate erosion, transport, and deposition of multiple
grain-size classes along the profile. Eroded material is redistributed according to
transport dynamics, and sediment is input/output via user-defined net alongshore
transport.

Model inputs include:

• Process parameters: model parameters controlling sediment erosion, transport,
and deposition – wave efficiency, erosion rate, and transport distances;

• Time-dependent variables – sea-level changes and sediment supply (Figure
5.13A);

• Base conditions – grain-size distribution, wave-base depth, littoral drift, and
slope.

Outputs consist of detailed sedimentological properties (e.g., grain-size fractions,
mean grain size, sorting, facies, and lithology) for each grid cell (Figure 5.13B). The
resulting stratigraphic architectures vary depending on input parameters (Figure
5.14).

We use pyBarSim, a Python-based implementation of BarSim [2], which accelerates
simulations and enables interpolation of results onto a regular grid. Its computa-
tional efficiency supports rapid scenario generation, capturing metre-scale vertical
heterogeneities using standard computing resources.
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Figure 5.13: Example of BarSim input parameters and resulting outputs. The input parameters
include relative sea-level variation and sediment supply rates, each specified
over different time intervals. These two parameters typically follow opposing
trends. BarSim outputs include detailed sedimentological properties such as
mean grain size, the proportion of different grain-size classes, as well as facies
and lithological classifications for each grid cell in the model domain.
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Figure 5.14: Examples of the effects of varying individual input parameters on the simulation of
stratigraphic architecture and sedimentological property distribution using BarSim.
Subfigure A shows the reference simulation. In subfigures B to F, each simulation
retains the input parameters of the reference model, except for the specific
parameter indicated in the respective subfigure. These variations illustrate how
changes in individual parameters influence the resulting sedimentary architecture
and grain-size distribution.
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Appendix 2. Poor illumination indicators

A second indicator of poor subsurface illumination is found in the distribution of
mean values derived from the angle-gather asymmetry data. Across all models,
these mean values consistently exhibit a characteristic stepwise increase at both the
beginning and end of each section—regardless of the underlying acoustic property
distribution (Figure 5.15). This edge-related trend is particularly evident in sections
3, 4, and 5 across all models, as well as in section 2 for models where reservoir
thickness exceeds 10m. A weaker expression of this trend is also observed in section
6, suggesting that decreased reservoir thickness may mitigate the development of
these edge effects.

Additionally, some sections show a repetitive pattern of alternating positive and
negative peaks in the central part of the section (Figure 5.15B–E). This central
undulation is consistently observed in section 3 across all models and in section 4
for model groups 1 and 2. Although this pattern occasionally appears in section 5,
its presence is less distinct due to greater variability in the mean values within that
section (Figure 5.15F).

A third indicator of poor illumination is found in the distribution of the standard devi-
ation of angle-gather asymmetry data. Regardless of the underlying P-wave velocity
and mass-density distributions, the standard deviation often exhibits a consistent
trend: a decrease at the beginning of the section and an increase at the end (Figure
5.16). This pattern is also observed in section 6 for models with a reservoir thickness
of 8m.

Typically, the decreasing trend at the start of the section consists of an initial steep
drop followed by a more gradual decline. Conversely, the increasing trend at the
end is marked by a gentle rise followed by a steeper ascent. In most cases, the
magnitude of the standard deviation variation appears to be correlated with the
steepness of the change—sharper transitions are associated with larger variations
in standard deviation.

A very similar pattern is observed in the distribution of the sum of absolute differences
of absolute amplitudes. Specifically, the beginning of the section is characterised by
a steep decrease in the sum values, while the end shows a corresponding steep
increase (Figure 5.17). Additionally, the central part of the section displays anomal-
ously high sum values. These central anomalies are interpreted as artifacts resulting
from poor illumination, further indicating the influence of acquisition geometry on the
angle-gather data.
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Figure 5.15: Distribution of the mean values of the angle gather asymmetry data versus the
mean P-wave velocity or mass-density, depending on the graph, for different
models and different sections. In all cases, independent from the acoustic prop-
erty variations, the mean values display an increasing trend both at the start and
end of the section. Sections 3 and 4 also display a two-peak sequence in the
central area of the section that does not related to the acoustic property variation
(B, C, D and E). In some cases, this sequence can also be interpreted in section
5 (F).
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Figure 5.16: Distribution of the standard deviation values of the angle gather asymmetry
data versus the mean P-wave velocity or mass-density, depending on the graph,
for different models and different sections. In all cases, independent from the
acoustic property variations, the standard deviation displays a decreasing trend
in values at the start of the section and an increasing trend at the end, indicated
in red arrows. These trends are divided into two parts, one steeper and another
one gentler.

Figure 5.17: Distribution of the standard deviation values of the sum of absolute difference of
absolute amplitudes versus the mean P-wave velocity. This example showcases
the increased asymmetry towards the edges of the section due to poor illumin-
ation (in red). In the central area, there is a peak of asymmetry also related to
illumination issues (in black).
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Appendix 3. Additional example internal velocity changes linked to
asymmetry peaks

This appendix includes an additional example where we compare the asymmetry of
the angle-gather data – here represented as the sum of the absolute difference of
the absolute amplitude of the angle gather data – with the presence of sharp lateral
discontinuities, changes in mean P-wave velocity, and the internal velocity structure
within the reservoir (Figure 5.18). This example highlights three locations for which
peaks in the asymmetry of the angle-gather are recognised in areas where no sharp
lateral discontinuities are recorded nor strong mean velocity variations. For each of
those three areas, we have recognised a series of abrupt velocity changes within
the reservoir and whose shape is linked to the presence of the grid structure.

Figure 5.18: Example of locations where the peaks of asymmetry do not coincide with the
presence of sharp lateral discontinuities nor variations on the mean P-wave
velocity. However, there are internal changes of velocity that might be responsible
for the increased asymmetry values.
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In this chapter, I summarise the most relevant findings from previous chapters in
relation with the research objectives. As mentioned in 1, the goal of this thesis is
to explore new methodologies to characterise the seismic response of metre-scale
heterogeneities, which are often considered as sub-seismic scale heterogeneities in
subsurface depths > 2000m. This chapter will also introduce recommendations for
future research based on the findings of this thesis to enhance the characterisation
of metre-scale stratigraphic heterogeneities.

6.1. Conclusions

In Chapter 2, fieldwork data from a clastic, wave-dominated shoreface outcrop ana-
logue in Bridger, Montana, USA, are presented. This analogue is part of the Parkman
Sandstone and dates to the Middle Campanian (Cretaceous). The objective of this
chapter is to characterize the vertical dimensions and nature of stratigraphic het-
erogeneities and to analyse the distribution of petrophysical, acoustic, and elastic
properties. Outcrop analysis reveals that this analogue is characterized by gradual
transitions between deposits from different depositional environments, ranging from
the offshore transition zone to the backshore. The thickness of deposits associ-
ated with each environment is typically less than 10m. Measurements of petrophys-
ical, acoustic, and elastic properties indicate no distinct value ranges for specific
depositional environments. Instead, the data exhibit high variability, even among
samples from the same environment. Furthermore, differences in average property
values—such as P-wave velocity—between different depositional environments are
often minimal, typically less than 10%. Despite these findings, the study was unable
to identify clear spatial patterns in the distribution of these properties.

In Chapter 3, I provide a brief review of stratigraphic forward modelling and the
available tools. To identify a modelling tool suitable for the method developed in
this thesis, I established a set of key requirements. I then evaluated three tools —
DionisosFlow, SedSim, and BarSim — against these criteria and concluded that
BarSim is the most suitable stratigraphic forward modelling tool.

In Chapter 4, I present a method for characterizing metre-scale stratigraphic hetero-
geneities, specifically those found in wave-dominated shoreface depositional sys-
tems. This approach integrates stratigraphic forward modelling outputs —synthetic
stratigraphic architecture and grain-size distribution data — with forward seismic
modelling and inversion techniques. The method includes a series of steps to convert
grain-size data into acoustic properties, such as mass density and P-wave velocity.
These steps involve calculating initial and final porosity based on sorting, mean
grain size, and burial depth. I assessed the impact of modelling seismic responses
based on grain size compared to traditional workflows, which typically derive acoustic
properties from lithology or depositional facies. The study highlights the limitations
of conventional lithology-based seismic inversion workflows and Gaussian-based
uncertainty analysis. Discretization oversimplifies the complexity within certain facies
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or lithologies, failing to capture the effects of gradual acoustic property changes.
Moreover, the grain size-based approach more accurately represents the curved
stratigraphic architecture and property variations driven by relative sea level fluctu-
ations observed in wave-dominated shorefaces.

In Chapter 5, I evaluated the potential of angle-dependent seismic data for char-
acterizing variations in acoustic properties. This analysis involved both numerical
and visual correlations between statistical measures that describe angle-gather
asymmetry, mass density, P-wave velocity, and reservoir thickness. The dataset
consists of nine geological scenarios generated using the methodology outlined in
Chapter 4. The correlation coefficients derived from different correlation algorithms
revealed moderate dependencies between P-wave velocity and angle-gather asym-
metry, though the relationship is non-linear and non-monotonic. Visual correlations
showed that certain trends in the statistical measures of angle-gather asymmetry
match thickness variations and others do not correspond to changes in acoustic
properties, stemming from illumination limitations on the forward-seismic-modelling
algorithms. This study confirms the potential of angle-gathers for detecting acoustic
property variations but also emphasizes the limitations of synthetic data generation.

This thesis presents a novel method for the analyse of synthetic data including metre-
scale stratigraphic heterogeneities formed in wave-dominated shoreface systems.
This method allows the connection between geological, petrophysical, and seismic
data for a detailed representation of complex stratigraphic heterogeneities. Unlike
traditional approaches for the analysis of metre-scale heterogeneities, this method
does not rely on outcrop data collection for geological model generation and utilizes
grid cells smaller than the vertical resolution of conventional seismic acquisition
surveys. While the method is based on certain assumptions, it demonstrates the
feasibility of combining stratigraphic forward modelling with forward seismic modelling
to better understand the seismic response of stratigraphic heterogeneities in synthetic
data. Additionally, this research highlights key knowledge gaps that need to be
addressed to facilitate a more seamless integration and transition between different
data types.

6.2. Future Outlook

This section is organized around two key topics that require further research to
enhance the characterization of metre-scale stratigraphic heterogeneities. The first
addresses the methodological assumptions outlined in Chapter 4 — particularly
those concerning the relationships between geological, petrophysical, and seismic
properties. For each assumption, alternative strategies are proposed, along with
preliminary evaluations and recommendations for future investigation. The second
topic explores the steps necessary to establish the proposed workflow as a reliable
tool for analysing stratigraphic heterogeneities in real-world subsurface data.
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6.2.1. Suggested improvements to the workflow for the
characterisation of sub-seismic scale heterogeneities

The method presented in this thesis integrates geological insights from stratigraphic
forward modelling with forward seismic modelling to characterise heterogeneities in
synthetic data. The stratigraphic modelling output provides data on the distribution of
different grain-size classes across the simulation area. To conduct seismic modelling,
the grain-size distribution data must be converted into acoustic properties, such
as mass-density and P-wave velocity, which is achieved through the calculation of
porosity. From porosity, we derive P-wave velocity and mass-density values (Fig.
6.1). However, these calculations are based on certain assumptions. Ideally, these
assumptions should be minimized or replaced with data-driven approaches.

Figure 6.1: Methodology to generate synthetic seismic data including metre-scale stratigraphic
heterogeneities. Steps 1 and 3 are based on modelling tools available in the literat-
ure. Step 2 is based on a series of sub-steps linking grain size distribution, sorting,
porosity and acoustic properties. To refine the methodology, further research is
required in the assignation of initial porosity based on grain size, the calculation
of final porosity and the general link between grain size and acoustic properties.
Modified from [6].

To enhance the method, I identify three areas where improvements could be made
(Fig. 6.1): the assignment of initial porosity (section 6.2.1), the calculation of final
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porosity (section 6.2.1), and the determination of mass-density and P-wave velocity
directly from grain size data (section 6.2.1). Here I explore these assumptions in
detail and discuss potential alternatives to refine the workflow.

Different methods to assign initial porosity

Our geological simulations are generated using BarSim, which outputs the ratio of
each grain-size class per cell. The latest release of BarSim also includes sorting
data [2], a parameter that describes the distribution of grain sizes within the sedi-
ment. Research has explored the relationship between grain-size distribution and
porosity [7–9], revealing that sorting, rather than grain size itself, is the primary factor
controlling the porosity of sand packs [7].

A challenge in using sorting is that different researchers have defined and calculated
it in various ways [10–12]. One of the most commonly used definitions is the sorting
coefficient introduced by Trask [12], which is calculated as the square root of the ratio
between the first and third quartiles of the grain-size distribution. The Trask sorting
coefficient helps classify the degree of sorting within a grain mixture. Well-sorted
sediments consist mainly of grains of similar size, while poorly sorted sediments
contain a wide range of grain sizes.

Friedman [11] examined the relationships between various sorting classifications and
proposed a unified approach. In our method, the first assumption is defining sorting
as the standard deviation of the grain-size distribution, following the unified method
suggested by Friedman [11]. The correlations presented in Table 6.1 have been
used to convert the sorting coefficient outputted by BarSim into the Trask coefficient.

Sorting class Standard dev. Trask coeff.
Very well sorted < 0.35 1.00 − 1.17

Well sorted 0.35 − 0.50 1.17 − 1.20
Moderately well sorted 0.50 − 0.80 1.20 − 1.35

Moderately sorted 0.80 − 1.40 1.35 − 1.87
Poorly sorted 1.40 − 2.00 1.87 − 2.75

Very poorly sorted 2.00 − 2.60 > 2.75
Extremely poorly sorted > 2.60 -

Table 6.1: Relationship between sorting classes and the value ranges assigned according to
standard deviation and to the Trask coefficient. From Friedman [11].

Once the sorting coefficient is determined, along with its possible conversions, it
can be used to estimate the initial porosity. Initial porosity refers to the pore space
between grains in a rock immediately or shortly after deposition. Our method follows
the approach of Beard and Weyl [7], which establishes a relationship between mean
grain size and the Trask sorting coefficient to calculate initial porosity. Based on
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the values reported by Beard and Weyl [7], we have defined porosity ranges that
depend on both sorting and mean grain size. Since Beard and Weyl [7] provided
only a single porosity value for each combination of sorting and mean grain size, we
expanded this by using values from adjacent sorting levels within the same grain
size category to create upper and lower boundaries for each range. A porosity value
is then assigned proportionally based on both mean grain size and sorting.

The dataset used by Beard and Weyl [7] to analyse the relationship between sort-
ing, grain size, and porosity was limited in size and derived solely from a fluvial
depositional system. These measurements did not account for variations in grain
roundness and sphericity, which can differ across depositional environments [13].
Since roundness and sphericity influence grain packing, they also affect porosity [7,
14, 15]. Despite these limitations, the experiments conducted by Beard and Weyl [7]
allowed for the development of an equation that establishes a relationship between
initial porosity and sorting:

φ = 20.91 +
22.9
St

(6.1)

where St is the Trask sorting coefficient and φ is porosity in percentage. This equation
has a R value of 0.97 [9].

Based on the sorting values obtained from BarSim and their corresponding Trask
sorting coefficient equivalents, and by applying Equation 6.1, we can calculate the
initial porosity for each cell. Since we also know the R value from the equation, we
can even introduce noise into the simulation, generating a plausible initial porosity
distribution whose relationship to sorting is not fully linear. Figure 6.2. presents
examples of initial porosity calculations using two different methods: Method 1, which
relies on predefined porosity ranges (currently implemented in the code), and Method
2, which is based on Equation 6.1. The simulations reveal differences of up to 20%
(Figure 6.2).

Up to this point, all relationships between grain-size distribution and initial porosity
have been derived from the experiments conducted by Beard and Weyl [7]. However,
an alternative approach could be explored using Discrete Element Methods (DEM).
DEM is a family of numerical techniques designed to analyse the microstructure of
granular materials and has previously been used to study the relationship between
porosity and grain-size distribution [16, 17]. However, existing research using DEM
primarily focuses on systems that have reached mechanical equilibrium, where gran-
ular materials achieve their most compact packing. To reach mechanical equilibrium,
certain degree of stress must be applied. In nature, this condition does not align
with the concept of initial porosity. Nevertheless, these studies provide a valuable
foundation for developing new DEM simulations that do not assume mechanical
equilibrium. Open-source tools like MigFlow (https://www.migflow.be)
offer the capability to simulate grain-fluid interactions and could be applied to this
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research.

Impact on acoustic and elastic properties

Exploring alternative methods for calculating the initial porosity in a more realistic
manner, while avoiding assumptions, is only meaningful if these approaches lead
to differences in the distribution of acoustic and elastic properties within the sim-
ulations. Observing such differences would suggest that the seismic response of
heterogeneities is influenced by the method used to calculate initial porosity and
research should work to obtain initial porosity values as realistic as possible.

Given time constraints, this study focuses solely on evaluating the impact of these
methods on the properties required for seismic modelling. To do this, I calculate the
initial porosity for the same geological simulation using two approaches: one based
on the relationships from Beard and Weyl [7] and the other applying Equation 6.1.
The final porosity is then derived using the porosity loss equation from Rubey and
Hubbert [18]:

φ = φ0e−0.39D (6.2)

where φ is final porosity (dimensionless), φ0 is initial porosity (dimensionless) and
D is depth (in km).

Once the final porosity is obtained, we calculate mass-density assuming that the
grains are quartz and that the sample is water-saturated. We calculate P-wave
velocity using the empirical equation from Eberhart-Phillips, Han and Zoback [19]:

Vp = 5.77 − 6.94φ − 1.73
√

C + 0.446
(

Pe − e−16.7Pe
)

(6.3)

where φ is porosity (dimensionless), C is clay content (dimensionless), and Pe is
effective pressure (kbar).

The relative differences between the two methods have been calculated for three
geological simulations (Figure 6.3). In some cases, the difference in final porosity
reaches up to 20%. The observed difference in mass-density exceeds 3%, while the
difference in P-wave velocity reaches up to 15%.

We present the example with 700m of overburden. Since effective pressure at the
target level varies with overburden depth, so does porosity loss. As a result, the
impact of using different strategies for calculating initial porosity may be either
amplified or reduced.

Future research should analyse how different strategies for assigning or calculating
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initial porosity affect the seismic response of stratigraphic heterogeneities. This
analysis will help determine whether the choice of strategy has a significant impact
on seismic interpretation. If substantial variations in seismic response are observed,
I recommend to develop porosity assignment tables derived from Discrete Element
Method (DEM) simulations. These tables should incorporate grain-size distribution
parameters — such as sorting and skewness — as well as grain shape characteristics,
including sphericity and angularity.
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Different methods to calculate final porosity

Once the initial porosity for each cell is determined, the next step is to calculate
the final porosity, which accounts for porosity loss as loose sediment undergoes
burial. Our current method applies a porosity loss percentage to each cell based on
effective pressure and the fine-grain fraction ratio [20]. This approach is similar to the
method used in SedSim, one of the stratigraphic forward modelling tools evaluated
in 3. SedSim incorporates a look-up table of final porosity values based on fine-grain
fraction ratio and effective pressure. We have adapted this approach by computing
porosity loss percentages at each step and defining porosity loss ranges (Table 6.2).
Our method calculates the final porosity by determining the porosity loss percentage
proportionally to the effective pressure and applying it on the initial porosity.

The calculation of porosity loss as a function of depth or effective pressure is a
widely studied topic in the literature [18, 21–24]. Researchers have investigated how
porosity evolves with depth across different materials, however, porosity loss is highly
specific to each basin and/or location [23]. As a result, no single generalized equation
can accurately represent all settings. Despite this, here, we evaluate the impact that
different methods might have on the seismic response of heterogeneities. To do
so, five porosity loss equations have been compiled (Table 6.3). These equations
establish relationships between initial porosity, effective pressure (or depth), and
final porosity [23]. These equations are applicable for the estimation of porosity loss
in normally pressurized sandstones and siltstones.

To assess the impact of the different porosity loss equations, we generated a single
initial porosity scenario and calculated the final porosity using each equation, assum-
ing an overburden of 700m (Figure 6.4). The difference in final porosity reaches 50%
when comparing the method currently implemented in the code with some of these
alternative equations. Among the porosity loss equations themselves, the maximum
difference observed is 25%, specifically between the results of Method 2 and Method
4 (Table 6.3).

In the calculation of final porosity, effective pressure is a key factor controlling porosity
loss, and it is directly influenced by the burial depth of the system. To properly evaluate
the impact of different porosity loss equations, it is necessary to consider a range
of burial depths. Here, I applied the same initial porosity scenario across various
depths and compared the results obtained using Method 2 and Method 4 (Figure
6.5). The difference between these two approaches increases with greater effective
pressure. This trend is consistent across all comparisons of final porosity values,
with some differences exceeding 40%. These findings highlight the importance
of carefully selecting the porosity loss equation, particularly for deeper targets. A
notable observation is that the current method tends to overestimate final porosity,
with over-predictions reaching up to 90% at depths of 3000m.
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Reference Equation
Method 1 [23] φ = φ0e−0.39D

Method 2 [24] φ = φ0e−0.27D

Method 3 [23] φ = φ0/(1 + 1.53Dφ0)
Method 4 [21] φ = φ0/(1 + 2.18Dφ0)
Method 5 [23] φ = φ0e−σeff/33.5

Table 6.3: Compilation of porosity loss equations for normally pressurised sandstones and
siltstones [23]. φ is final porosity, φ0 is initial porosity, D is depth (in km), and σe f f
is effective pressure (in mPa). All coefficients are in km−1.

Figure 6.4: For the same initial porosity simulation, the final porosity is calculated based on
the method defined in this thesis and five porosity loss equations from literature
(Table 6.3). An overburden of 700m has been applied to all of the simulations. Note
that all simulations share the scale bar. The difference between the final porosity
calculated with our method and other porosity loss equations reach 50%.
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Figure 6.5: For the same initial porosity scenario, difference (%) between the final porosities
calculated applying Method 2 and Method 4 (Table 6.3), the ones displaying the
greatest difference between the final porosity, for different overburden settings. All
simulations share the same scale bar. The difference between the results of final
porosity increase with increasing overburden.

Impact on acoustic and elastic properties

The purpose of exploring these alternative approaches is to assess how different
methods for calculating final porosity influence the seismic response. As a first
step, we examine their effect on the acoustic properties required for seismic mod-
elling—specifically, mass-density and P-wave velocity. Mass-density is calculated
under the assumptions that the grains are composed of quartz and the sample
is water-saturated. P-wave velocity is estimated using the empirical equation from
Eberhart-Phillips, Han and Zoback [19]. For a scenario with an overburden of 700m,
we compute acoustic properties based on the final porosities derived from each
method (Table 6.3). The results show differences in mass-density exceeding 6%
(Figure 6.6) and variations in P-wave velocity greater than 17% (Figure 6.7).

Since final porosity is directly linked to burial depth and effective pressure — and
acoustic properties are derived from final porosity — it’s important to assess how
these properties vary with depth. To do this, I compared the contrasts in mass-density
and P-wave velocity across different overburden thicknesses: 400, 1000, 1500, 2000,
and 3000m. The comparison with the currently implemented method is excluded
here, as it significantly overestimates porosity, leading to relative differences of up to
20% in density and up to 40% in P-wave velocity. Focusing on the equations from
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Figure 6.6: Mass-density (kg/m3) distributions for a simulation with same initial porosity
distribution and final porosity calculation based on the currently implemented
method and other five porosity loss equations (Table 6.3). All simulations assume
an overburden of 700m. All simulations share the same scale bar. The results
show differences in mass-density exceeding 6%.

Table 6.3, the relative difference in mass-density between methods reaches up to
4% at 400m overburden and decreases to a maximum of 2% at 3000m. In contrast,
P-wave velocity is more sensitive to porosity changes. The relative differences
remain relatively consistent across all depths, ranging from approximately 1 − 7% at
shallower depths to 0 − 10% at greater overburden.

Future research should investigate how these variations in mass density and P-wave
velocity influence the seismic response. Additionally, it should quantify the effect of
applying different porosity loss curves on this response. Such an analysis would help
determine whether basin-specific porosity loss curves are necessary for accurately
capturing stratigraphic heterogeneities in the subsurface. If the seismic response is
significantly affected by property differences resulting from the use of various curves,
then tailored, basin-specific models may be required. Conversely, if the impact is
minimal, more general porosity loss curves may suffice for reservoir characterization.

Correlation between grain size, petrophysical, acoustic and elastic properties

The final improvement that could be made to the methodology presented in this
thesis is to develop a strategy for directly relating grain size distribution to mass-
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Figure 6.7: P-wave velocity (m/s) distributions for a simulation with same initial porosity
distribution and final porosity calculation based on the currently implemented
method and other five porosity loss equations (Table 6.3). All simulations assume
an overburden of 700m. All simulations share the same scale bar. The results
show variations in P-wave velocity greater than 17%.

density and P-wave velocity. This would eliminate the need for intermediate porosity
calculations, which are currently based on assumptions and have already been
discussed along with potential alternatives. To begin exploring the assignment of
acoustic properties based on grain size distribution, I conducted a preliminary ana-
lysis using samples collected during this project, as well as additional measurements
provided by colleagues.

During the summer 2022 field campaign in Montana (2), we collected 45 sandstone
samples from an outcrop. Laboratory analyses were conducted to measure grain
density, bulk density, P-wave velocity, S-wave velocity, the P/S velocity ratio, and
porosity. The primary objective was to identify potential spatial trends within the
outcrops that could inform the conversion of grain size distribution data from strati-
graphic modelling into petrophysical and elastic properties. However, no spatial
trends were identified (2). We also measured grain size distribution-related prop-
erties for nine samples. Our main goal was identifying correlations between grain
size distribution characteristics and elastic properties. We assessed the robustness
of these correlations using bootstrapping techniques. The analysis revealed strong
internal correlations within the grain size–related parameters, as well as among
the seismic velocity measurements (Figure 6.8). A strong positive correlation was
also observed between grain density and skewness. However, no other significant
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correlation was found between grain size distribution properties and the acoustic or
elastic properties.

Figure 6.8: Correlation results (Pearson’s correlation) between grain size and petrophys-
ical/acoustic/elastic properties for the samples from the field (N = 9). Darker
colours represent stronger correlations. Strong correlations are only measured
among grain size related properties, among seismic velocities and grain density-
skewness.

Our dataset (N = 9) is limited. To expand it, we incorporated an additional 9 core
samples provided by a fellow PhD candidate [25]. Upon analysing the correlations and
their statistical significance for the core data, the only strong and reliable correlation
identified was between seismic velocities and sample porosity (Figure 6.9).

When combining both the field and core samples, the correlation analysis reveals
a greater number of stronger relationships than when each dataset is considered
separately (Figure 6.10). Notably, sorting now shows strong correlations with several
key properties, including P-wave velocity, S-wave velocity, porosity, bulk density, and
grain density. These findings are particularly promising for our project, as sorting is
a direct output from geological modelling. If we can establish a reliable link between
sorting and the acoustic and elastic properties (directly from the subsurface) required
for seismic modelling, many of the assumptions and intermediate steps currently
used in our method could potentially be eliminated. However, it is important to
acknowledge that these conclusions are drawn from a limited dataset of just 18
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Figure 6.9: Correlation results (Pearson’s correlation) between grain size and petrophys-
ical/acoustic/elastic properties for the samples from core data (N = 9). Darker
colours represent stronger correlations. Strong correlations are only measured
among grain size related properties and among seismic velocities.

samples and, thus, more research is needed.

Core analysis databases often contain measurements of properties such as grain
density, bulk density, P-wave and S-wave velocities, and thermal characteristics,
among others. If consistent correlations exist among these properties, it would
enable our method to directly convert parameters like porosity into density and
seismic velocities. Investigating these relationships could support a more targeted
and data-driven assignment of properties in geological simulations, reducing reliance
on empirical equations such as those proposed by Eberhart-Phillips, Han and Zoback
[19].

Future research should focus on examining the correlations between grain size
distribution parameters, such as sorting, skewness, and kurtosis, and seismic prop-
erties. With a comprehensive database that includes both grain size-related and
petrophysical/elastic properties, it may eventually be possible to directly convert the
output from BarSim into the parameters needed for numerical seismic modelling.
Such direct conversion would avoid the need for assumptions. However, such a
conversion will likely be reservoir-specific, given the variability in grain composition
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and the distinct diagenetic histories of different reservoirs.

Figure 6.10: Correlation results (Pearson’s correlation) between grain size and petrophys-
ical/acoustic/elastic properties for the combination of all data points (N = 18).
Darker colours represent stronger correlations. Strong correlations are now meas-
ured among grain size related properties, among seismic velocities, and sorting
with all petrophysical, acoustic and elastic properties.

6.2.2. Consolidation and validation of the workflow

This thesis takes a theory-driven approach, aiming to establish a foundation for in-
tegrating geological and seismic data in the study of sub-seismic scale stratigraphic
heterogeneities. For this reason, the seismic modelling and angle-dependent seis-
mic analysis were conducted using geologically simple scenarios, involving basic
environmental variations and short simulation durations. To fully demonstrate the
workflow’s potential, progressively more complex simulations are needed — by in-
creasing both the simulation duration and the number of depositional environments
involved in the simulations. To generate simulations that include multiple depositional
environments, other stratigraphic forward modelling tools should be incorporated
or new tools capable of generating realistic geological scenarios across multiple
depositional environments simultaneously should be developed. Such tools should
not only replicate heterogeneity development at or below the metre-scale but also
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be computationally efficient to allow for the generation of large scenario datasets at
low computational cost.

Future studies should expand the scope to investigate the effects of varying both
the composition of the clastic particles and the nature of the pore fluids, as well
as the role of diagenetic processes. Of particular interest is the analysis of reser-
voirs containing multiple fluid types. Understanding how different fluids interact with
stratigraphic heterogeneities is crucial for interpreting the seismic response. In such
cases, fluid distribution models should account for the sensitivity of each fluid type
to the magnitude and scale of heterogeneity.

For the consolidation of the methodology, we have to establish a robust relationship
between sedimentological, petrophysical, and acoustic properties. This relationship
will, most likely, be reservoir-specific and will enable the generation of simulations that
adequately capture the heterogeneities in the subsurface. As discussed in subsection
6.2.1, the definition of a connection between grain size distribution-related properties
and acoustic properties may allow for the direct translation of stratigraphic forward
model outputs (e.g., from BarSim) into parameters required for seismic modelling,
reducing the need for intermediate porosity assumptions.

To validate the reliability of the proposed method, analogue analysis is recommended.
For wave-dominated shoreface systems, outcrops from the Book Cliffs have already
been matched with BarSim simulations [26] and can be used as reference. These
simulations could be used to create a range scenarios in which the petrophysical
and acoustic properties are assigned using: 1) the methodology presented in this
thesis, 2) alternative strategies presented in the future outlook, 3) direct sampling
in the field, and 4) subsurface data matched based on lithology, grain size, and
diagenesis. These scenarios can be used to generate synthetic seismic data. It is
also recommended to collect in situ seismic data from the outcrops, following the
approach of Bailly et al. [27], to validate the outcomes.

As part of the effort to characterise the stratigraphic heterogeneities, angle gather
data and other advanced visualization techniques should be further explored for
their ability to detect sub-resolution features [28]. Machine learning methods are
promising for extracting subtle variations in acoustic and elastic properties from
seismic datasets. Current models, including those developed in this thesis, remain
based on simplified, synthetic data, but they have already shown the limitations
of synthetic modelling (Chapter 5). For now, ensuring proper data pre-processing
and minimizing artifacts introduced by imaging techniques is essential. Bridging the
gap to real-world applications will require more sophisticated simulations across a
broader range of depositional settings to serve as training data.

The final objective is to enable machine learning algorithms to simultaneously dif-
ferentiate between depositional settings and the types of heterogeneities present.
If this task proves too complex, an alternative approach could involve a two-stage
approach. In the first stage, the depositional environment is identified, followed by
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a second stage that focuses on characterizing heterogeneities within that specific
context. The initial stage may involve a general neural network trained to recognize
the key features of various depositional settings and provide a preliminary classific-
ation. Alternatively, this classification can be performed by geoscientists, who are
often able to quickly and reliably identify the depositional environment based on
their expertise. In the second stage, heterogeneities at the metre-scale are analysed
using a neural network specifically trained on data associated with the identified de-
positional environment. This targeted approach allows the machine learning model to
detect heterogeneities that may elude human observation, enabling a more detailed
reservoir characterization.

In this thesis, the influence of a complex overburden on the seismic response of
metre-scale heterogeneities was not investigated. Instead, a simplified, layer-like
overburden model was employed. However, in realistic geological settings, complexity
within the overburden can attenuate seismic energy and distort wavefronts, thereby
degrading the focus and illumination of the subsurface target. Consequently, the
imaging quality achieved in Chapters 4 and 5 may not be representative of more
geologically complex scenarios. In such cases, the application of target-oriented
imaging techniques or borehole-based seismic methods—such as Vertical Seismic
Profiling (VSP), crosswell seismic, or Distributed Acoustic Sensing (DAS)—may be
necessary to obtain higher-resolution images of the subsurface target zone. Future
research should evaluate whether the variations in seismic response observed in
this study remain consistent when such acquisition and imaging methodologies are
employed.

Ultimately, if this method were to be integrated into industry seismic data workflows,
several key questions would need to be addressed: At which stage of the seismic
analysis does the characterisation of metre-scale heterogeneities provide the most
value? How can reservoir-specific rock physics models be incorporated into the
approach? To what extent does the method enhance reservoir characterisation and
reduce associated uncertainty? And, importantly, is the improvement significant
enough to justify the additional time and resources required for its implementation?
The answers to these questions can only be obtained through further research, but
the method shows strong potential to enhance reservoir characterization and reduce
uncertainty in seismic interpretation.



206 6. Conclusion and Outlook

References
[1] A. Cuesta-Cano, J. Storms, G. Rongier and A. Martinius. Supplementary

material: Characterising reservoir heterogeneity in a wave-dominated system:
sedimentological, stratigraphic, and petrophysical analysis of a field analogue
(Judith River Formation, Late Cretaceous). 2025.

[2] G. Rongier, J. E. Storms and A. Cuesta-Cano. pyBarSim. 2023.
[3] J. Storms, G. Weltje, J. V. Duke, C. Geel and S. Kroonenberg. ‘Process-

response modeling of wave-dominated coastal systems: Simulating evolution
and stratigraphy on geological timescales’. In: Journal of Sedimentary Re-
search 72 (2 2002), pp. 226–239. doi: 10.1306/052501720226.

[4] J. Storms. ‘Event-based stratigraphic simulation of wave-dominated shallow-
marine environments’. In: Marine Geology 199 (1-2 2003), pp. 83–100. doi:
10.1016/S0025-3227(03)00144-0.

[5] J. Storms and D. Swift. ‘Shallow-marine sequences as the building blocks of
stratigraphy: Insights from numerical modelling’. In: Basin Research 15 (3
2003), pp. 287–303. doi: 10.1046/j.1365-2117.2003.00207.
x.

[6] A. Cuesta-Cano, A. Karimzadanzabi, J. E. A. Storms, G. Rongier, D. J.
Verschuur and A. W. Martinius. ‘Discretization of small-scale, stratigraphic
heterogeneities and its impact on the seismic response: Lessons from the
application of process-based modelling’. In: Geophysical Prospecting (Mar.
2025). issn: 0016-8025. doi: 10.1111/1365-2478.70015.

[7] D. C. Beard and P. K. Weyl. ‘Influence of Texture on Porosity and Permeability
of Unconsolidated Sand’. In: AAPG Bulletin 57 (2 Feb. 1973), pp. 349–
369. issn: 0149-1423. doi: 10.1306/819A4272-16C5-11D7-
8645000102C1865D.

[8] J. J. Rogers and W. B. Head. ‘Relationships between Porosity, Median size,
and Sorting Coefficients of Synthetic Sands’. In: Journal of Sedimentary
Petrology 31 (3 1961), pp. 467–470.

[9] M. Scherer. ‘Parameters Influencing Porosity in Sandstones: A Model for
Sandstone Porosity Prediction’. In: AAPG Bulletin 71 (5 1987), pp. 485–
491. issn: 0149-1423. doi: 10.1306/94886ED9-1704-11D7-
8645000102C1865D.

[10] R. L. Folk and W. C. Ward. ‘Brazos River bar [Texas]; a study in the signi-
ficance of grain size parameters’. In: Journal of Sedimentary Research 27
(1 Mar. 1957), pp. 3–26. issn: 1527-1404. doi: 10.1306/74D70646-
2B21-11D7-8648000102C1865D.

[11] G. M. Friedman. ‘On sorting, Sorting Coefficients, and the Lognormality of
the Grain-Size Distribution of Sandstones’. In: The Journal of Geology 70
(6 1962), pp. 737–753. url: http://www.journals.uchicago.
edu/t-and-c.



6.2. References 207

[12] P. D. Trask. ‘Mechanical analysis of sediments by centrifuge’. In: Economic
Geology 25 (6 Sept. 1930), pp. 581–599.

[13] B. Patro and B. K. Sahu. ‘Factor analysis of sphericity and roundness data of
clastic quartz grains: Environmental significance’. In: Sedimentary Geology
11 (1 May 1974), pp. 59–78. issn: 00370738. doi: 10.1016/0037-
0738(74)90005-0.

[14] G.-C. Cho, J. Dodds and J. C. Santamarina. ‘Particle Shape Effects on
Packing Density, Stiffness, and Strength: Natural and Crushed Sands’. In:
Journal of Geotechnical and Geoenvironmental Engineering 132 (5 May
2006), pp. 591–602. issn: 1090-0241. doi: 10.1061/(ASCE)1090-
0241(2006)132:5(591).

[15] H. S. Suh, K. Y. Kim, J. Lee and T. S. Yun. ‘Quantification of bulk form and
angularity of particle with correlation of shear strength and packing density
in sands’. In: Engineering Geology 220 (Mar. 2017), pp. 256–265. issn:
00137952. doi: 10.1016/j.enggeo.2017.02.015.

[16] N. Estrada and W. F. Oquendo. ‘Microstructure as a function of the grain size
distribution for packings of frictionless disks: Effects of the size span and the
shape of the distribution’. In: Physical Review E 96 (4 Oct. 2017), p. 042907.
issn: 2470-0045. doi: 10.1103/PhysRevE.96.042907.

[17] W. F. Oquendo-Patiño and N. Estrada. ‘Finding the grain size distribution
that produces the densest arrangement in frictional sphere packings: Re-
visiting and rediscovering the century-old Fuller and Thompson distribution’.
In: Physical Review E 105 (6 June 2022), p. 064901. issn: 2470-0045. doi:
10.1103/PhysRevE.105.064901.

[18] W. Rubey and M. Hubbert. ‘Role of fluid pressure in mechanics of overthrust
faulting: II. Overthrust belt in geosynclinal area of western Wyoming in light
of fluid-pressure hypothesis’. In: GSA Bulletin 70 (2 1959), pp. 167–206.

[19] D. Eberhart-Phillips, D. H. Han and M. D. Zoback. ‘Empirical relationships
among seismic velocity, effective pressure, porosity, and clay content in
sandstone’. In: GEOPHYSICS 54 (1 Feb. 1989), pp. 82–89. issn: 00168033.
doi: 10.1190/1.1442580.

[20] J. Wendebourg and J. Harbaugh. ‘Chapter 4 Endowing simulated sequences
with petrophysical flow properties’. In: Computer Methods in the Geosciences.
Ed. by W. J. and H. J.W. Vol. 16. Pergamon, Jan. 1997, p. 81. doi: 10.
1016/S1874-561X(97)80005-3.

[21] P. Allen and J. Allen. Basin Analysis: Principles and Applications. Blackwell
Scientific Publications, 1990.

[22] B. Baldwin and C. Butler. ‘Compaction Curves’. In: AAPG bulletin 69 (4 1985),
pp. 622–626.

[23] M. Giles. Diagenesis: A Quantitative Perspective. Implications for Basin
Modelling and Rock Property Prediction. 1997, pp. 1–526.



208 6. Conclusion and Outlook

[24] J. G. Sclater and P. A. F. Christie. ‘Continental stretching: An explanation
of the Post-Mid-Cretaceous subsidence of the central North Sea Basin’. In:
Journal of Geophysical Research: Solid Earth 85 (B7 July 1980), pp. 3711–
3739. issn: 0148-0227. doi: 10.1029/JB085iB07p03711.

[25] P. K. Kaj, H. Abels, A. Barnhoorn, L. V. Meleza and P. Vardon. Database of
Experimental Data on Three Geothermal Plays in the Netherlands from the
ProperBase Project. 2024.

[26] K. Charvin, G. J. Hampson, K. L. Gallagher, J. E. Storms and R. Labourdette.
‘Characterization of Controls on High-Resolution Stratigraphic Architecture in
Wave-Dominated Shoreface–Shelf Parasequences Using Inverse Numerical
Modeling’. In: Journal of Sedimentary Research 81 (8 Aug. 2011), pp. 562–
578. issn: 1527-1404. doi: 10.2110/JSR.2011.48.

[27] C. Bailly, J. Fortin, M. Adelinet and Y. Hamon. ‘Upscaling of Elastic Properties
in Carbonates: A Modeling Approach Based on a Multiscale Geophysical Data
Set’. In: Journal of Geophysical Research: Solid Earth 124 (12 Dec. 2019),
pp. 13021–13038. issn: 2169-9313. doi: 10.1029/2019JB018391.

[28] A. Karimzadanzabi, A. Cuesta-Cano and E. Verschuur. ‘Analyzing Angle-
Gather Spectograms: Going Beyond Seismic Resolution’. In: 85th EAGE
Annual Conference & Exhibition. European Association of Geoscientists &
Engineers, 2024, pp. 1–5. doi: 10.3997/2214-4609.202410931.



Acknowledgements

After four years of adventure — filled with highs and lows, home-office and office
days, train rides, carpooling conversations, and solo car-karaoke sessions — it is
time to look back and thank all the people without whom this journey would not have
been possible. This thesis is not only the result of academic effort but also a journey
of personal growth and meaningful connections.

First and foremost, my supervisory team, who juggle a thousand responsibilities and
still managed to give me feedback whenever I needed it. To the three of you, I am
deeply grateful for the freedom you gave me to find my own voice as a scientist, to
develop my ideas, and to take ownership of this project.

Thank you, Allard, for knowing how to interpret my mood just from my face—something
no one else had ever achieved in a work environment. It has been a pleasure to
spend time in the field with you and to learn from your thoughtful feedback. Thank
you, Joep, for making me feel welcome from day one, even when everything was still
online and the office felt deserted. Thank you for steering me away from spirals and
guiding me through difficult moments. And Guillaume, I hope this was an adventure
for you too — not everyone can claim to be someone’s “first PhD.” Thank you for
the time, energy, and care you invested in this project, for your tireless feedback on
every document, and for your constant dedication to improving the quality of the
work.

This project would not have been possible without my favourite "geophysics-in-crime,"
Azin. You were endlessly patient, generous with your knowledge, and always ready
to solve seismic modelling issues or troubleshoot DelftBlue, my dear (and tempera-
mental) supercomputer. From our first online meeting, I knew this collaboration would
be a success. I wish you all the best—may you find every success and opportunity
you deserve.

To my carpool partners, Camille and Jasper M. — without you, I might have given
up on commuting to the office altogether. Different driving styles, different waking
hours, but always great conversations. Those hours in the car allowed me to get to
know you both as brilliant scientists and even better human beings.

A special thank-you to the Delphi consortium and all its sponsors for funding
this research. To Eric, for opening the doors to geologists and recognizing that
interdisciplinary collaboration is the way forward in science — thank you. And to

209



210 Acknowledgements

the whole Delphi research team: thank you for helping me navigate the acronym
jungle (JMI, FWM, FWI. . . ), for tolerating my jokes about your long equations, and
for some of the best culinary memories. Thank you: Ali, Sverre, Andreas, Dong,
Leo, Mohammad, Sijmen, Aydin, Billy, Dieter, Matthijs, Boris, AliReza.

To the Female Researchers’ Coffee Break Crew — a “crazy idea” that started
with nine women and grew into a warm, supportive space for sharing stories and
struggles. My deepest thanks to Anne Pluymakers, whose encouragement helped
launch this initiative and who showed me that this was a fight worth taking on. You
are a role model to so many of us. And Ellie — thank you for your commitment, your
warmth, and for becoming my personal psychologist on call. This initiative would not
have thrived without everyone who showed up — whether monthly or occasionally. A
special shoutout to Zhenja and Entela, whose energy and courage helped challenge
what felt wrong.

I’m also incredibly grateful to Tim and Emilio — fieldwork wouldn’t have been the
same without you. The heat, the Founder’s Day celebrations, and a deep dive into
American culture made for unforgettable experiences. I couldn’t have asked for better
field buddies.

To everyone in Applied Geology — the 1.0 generation who welcomed me and the
2.0 generation that arrived during these years—thank you. Special thanks to my
desk buddy Parvin: sharing this PhD journey with you, watching your growth into
an independent researcher, has been a joy. To Jasper Hupkes, always available
for meaningful discussions and a reminder that it’s possible to make real changes
around us—thank you. To all the rest: thank you for your time, your answers to my
questions, sunny drinks, and for making me feel welcome. Thank you: Hemmo, Jan
Kees, Pierre-Olivier, Rémi (assistant professor by title, PhD candidate at heart),
Sebastian, Stephan, Toby, Ana, Guofeng, Qin, Taka, Luka, Vassia, Cocho, Jessi,
Batbi, Filipe, Annelotte, Hester, and Valeria. And of course, to those who have
since moved on: Akeel, Youwei, Stephan de Hoop, Aulia, Santosh, Martha.

To the rest of the office — mostly geophysicists and rising stars of industry and
academia — thank you: Eddy, María, Mahmoud, Milad, David, Jingming, Ilshat,
Shihao, Sepideh, Aukje. And to the lab technicians: Karel, always knowing the
right technique; and Marc and Jens, who always brought brightness to the lab.

And this journey was possible thanks to the support of the people outside the
university.

A mi Batxoki people, Lucía, Cristina, Iñigo, ha sido un soplo de aire fresco el poder
teneros a mi lado, ya sea en las Fright Nights de Walibi, en una canoa en medio de
la nada, o jugando a juegos de mesa en los fines de semana de invierno. El trayecto
ha sido más fácil gracias a vosotros. To my favourite malaka, Nikki, it is great to
have you as a friend, with all your lively energy, you always help to disconnect and
enjoy life a bit more.



211

Y lo mismo para mi cuadrilla de toda la vida y amigos en casa: Ibai, Tania, Garri,
Vane, Regi, Moni, Mikel, Aitor. Posiblemente no nos hayamos visto a menudo,
o haya cancelado planes de última hora, o haya desaparecido de vez en cuando,
pero siempre me he sentido apoyada por vuestra amistad y me siento orgullosa de
vuestro progreso. Sois aquello que me recuerda de dónde vengo, personas que
nunca me habéis dejado de lado y que sé que os tengo para toda la vida.

Sobre todo a vosotros, Ama y Aita. De alguna manera vosotros ya sabíais que
este era mi destino mucho antes de que yo me diera cuenta. Gracias, gracias y
gracias, por ofrecerme la libertad de elegir mi camino y por animarme a luchar por
este sueño. Gracias a esos cascarrabias que tengo por abuelos y a las estrellas
que nos cuidan desde arriba.

And I must finish with you, mi rubio, schatje — the person who makes me feel home.
Ruben, thank you for enduring these four years, for making me smile every day, for
making me feel at home, for giving me a Dutch family, for trying to understand every
step, for joining every crazy adventure to the other corner of the world or visiting the
tulip fields next door, for cooking while I type these lines...





Curriculum Vitæ

Andrea Cuesta Cano

14-04-1995 Born in Valle de Trápaga / Trapagaran, Spain.

Education
2013–2017 BSc in Geology

Universidad del País Vasco EHU/UPV (Spain)

2017–2019 MSc Earth Structure & Dynamics
Utrecht University (The Netherlands)

2021–2025 PhD. Applied Geology
Delft University of Technology
Thesis: Detection of stratigraphic heterogeneities at sub-

seismic scale: Lessons from wave-dominated de-
positional environments

Promotors: Prof. A.W. Martinius & dr. J.E.A. Storms
Supervisor: dr. G. Rongier

Awards
2017 National Award for Excellence in Academic Performance 2017

Issued by Ministry of Education of Spain

2017 Bachelor’s Degree Extraordinary Award
Issued by EHU/UPV

Working Experience

213



214 Curriculum Vitæ

Year Position Institution

2025– Customer Success Specialist Orbital Eye

& Geospatial Data Analyst

2020–2021 Research Assistant Utrecht University

2019 Bright Minds Assistantship Utrecht University

2018 Geoscience Intern Total S.A. (Pau, France)

2017 Ikasiker grant (Basque Government) EHU/UPV (Spain)

Volunteer Work
Year Position Institution

2024– Board member Geocommunication EAGE

and Public Engagement

2023– Communication volunteer CENL/SWNL

2022– LinkedIn manager SGE

2021–2024 Board member GAIA Netwerk



List of Publications

• Cuesta Cano, A., Van Stappen, J. F., Wolterbeek, T. K. T., & Hangx, S. J.
T. (2021). Uniaxial compaction of sand using 4D X-ray tomography: The ef-
fect of mineralogy on grain-scale compaction mechanisms. Materials Today
Communications, 26, 101881. https://doi.org/10.1016/j.mtcomm.2020.101881

• Cuesta Cano, A., Karimzadanzabi, A., Storms, J. E. A., Rongier, G., & Mar-
tinius, A. W. (2023). Use of forward stratigraphic modelling for the detection
of sub-seismic scale heterogeneities in shallow marine environments. In 84th
EAGE Annual Conference & Exhibition, 1–5. https://doi.org/10.3997/2214-
4609.202310486

• Cuesta Cano, A., Karimzadanzabi, A., Storms, J. E. A., Rongier, G., Mar-
tinius, A. W., & Verschuur, D. J. (2025). Discretization of small-scale, strati-
graphic heterogeneities and its impact on the seismic response: Lessons
from the application of process-based modelling. Geophysical Prospecting.
https://doi.org/10.1111/1365-2478.70015

• Cuesta Cano, A., Storms, J., Rongier, G., & Martinius, A. (2024). 3D model of
a clastic, shallow marine outcrop in the Western Interior Basin (Parkman Sand-
stone, Judith River Formation, Cretaceous). Database. 4TU.ResearchData.

• Cuesta Cano, A., Storms, J., Rongier, G., & Martinius, A. (2025). Supplement-
ary material: Characterising reservoir heterogeneity in a wave-dominated sys-
tem: sedimentological, stratigraphic, and petrophysical analysis of a field ana-
logue (Judith River Formation, Late Cretaceous). Database. 4TU.ResearchData.

• Karimzadanzabi, A., Cuesta Cano, A., & Verschuur, E. J. (2023). Geolo-
gic stratigraphic scenario testing via deep learning: Towards imaging bey-
ond seismic resolution. In 84th EAGE Annual Conference & Exhibition, 1–5.
https://doi.org/10.3997/2214-4609.2023101151

• Karimzadanzabi, A., Cuesta Cano, A., & Verschuur, E. (2024). Analyzing angle-
gather spectograms: Going beyond seismic resolution. In 85th EAGE Annual
Conference & Exhibition, 1–5. https://doi.org/10.3997/2214-4609.202410931

• Rongier, G., Storms, J. E. A., & Cuesta Cano, A. (2023). pyBarSim. 4TU.ResearchData.
Software.

215



216 Curriculum Vitæ

• Cuesta Cano, A., Martinius, A. W., Storms, J. E. A., & Rongier, G. (2023).
Introduction to a new clastic, wave-dominated shoreline system in southern
Montana (USA). In 36th IAS Meeting of Sedimentology, Dubrovnik.

• Trabucho Alexandre, J., de Bresser, H., Cuesta Cano, A., & Veenma, Y. (2020).
Watch and Learn: Promoting student autonomy and competence in the field with
just-in-time knowledge clips. EGU General Assembly Conference Abstracts.
https://doi.org/10.5194/egusphere-egu2020-7048



Detection of stratigraphic 
heterogeneities at sub-seismic 
scale:

Andrea Cuesta Cano

Lessons from wave-dominated depositional 
environments

D
etection

 of stra
tigra

p
hic heterogeneities a

t sub
-seism

ic sca
le

A
ndrea

 C
uesta

 C
a

no
2025


