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Abstract

Society is currently experiencing an energy transition, where geological hydrogen could be
a clean solution. Naturally, the Earth emits H2, which can be observed in Sub-Circular De-
pressions (SCDs) already identi�ed on several continents. To accelerate the identi�cation and
mapping process of these SCDs, freely available earth observation data and well-established
methodologies from mathematical morphology, such as Pattern Spectra (PS), can be utilized.
This research aims to map SCDs using PS, Attribute Filtering (AF), and Shape-Spaces tech-
niques applied to hierarchical Digital Elevation Model (DEM) representations.

These hierarchical representations, referred to as trees, form the basis of various methodolo-
gies in mathematical morphology, including the established PS technique. This methodology
serves as a benchmark for the innovations introduced in this work: AF in Shape-Spaces and
PS in Shape-Spaces. Additionally, considering trees and their characterizing attributes, this
research theoretically presents a new attribute termed Estimated Slope.

When the new methodologies were applied to SCD delimitation, they exhibited limitations,
particularly in �ltering medium-sized structures. The Intersection over Union (IoU) and
False Positive Rate (FPR) metrics were relatively low, ranging between 11-31% and 68-93.9%,
respectively, primarily due to the high number of false positives that were �ltered out.
The selection of attributes and the threshold algorithm did not achieve optimal values for
histogram segmentation. Despite these limitations, the new methods demonstrated increased
robustness, as the number of false positives was reduced and only rounded structures were
�ltered out compared to the base methodology.

In order to verify the e�ectiveness of the new methodologies, it would be worthwhile
applying them to other image analysis domains, to map the SCD with more suitable attributes,
to use a modern threshold approach, and to develop the Estimated Slope attribute algorithm.
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CHAPTER 1
Introduction

Currently, we are experiencing a sharp energy transition from polluting sources to renewable
energy sources. Climate pressure, coupled with heavy investment, is causing countries to
diversify their energy matrices beyond coal, gas, and oil, for example (Floristean, 2020; Moretti
and Webber, 2020).

Hydrogen is one of the energy sources that has received a lot of attention in recent years.
This is due to its high energy potential and small carbon footprint. There are several ways
to obtain hydrogen, and its di�erent origins are classi�ed by color, resulting in what is called
the hydrogen rainbow. Figure 1.1 shows the most common energy sources of H2 and the
production process used. In total, there are 10 types of hydrogen, classi�ed by the production
process, energy source and whether CO2 is emitted or not (Incer-Valverde et al., 2023).

Figure 1.1: The main generation sources of H2 and their classi�cation: green hydrogen,
generated from electrolysis using renewable energy and zero CO2 emissions; blue
hydrogen, generated from natural gas by reforming it, leading to CO2 emission;
white hydrogen, naturally generated; pink H2, produced in nuclear power-plants
by electrolysis and without CO2 emissions. Source: Author, 2024.

Although Incer-Valverde et al. (2023) brie�y mention that it has origin from natural sources

1



Chapter 1: Introduction

Figure 1.2: Example of studied fairy circles in several countries. A) Australia; B) Russia; C)
Namibia; D) Brazil. All images at a scale of 1:50.000. Satellite source: Google Earth.

in Earth's subsurface. These deposits can be accessed via a well, as has been the case in Mali
since 2012, producing energy with zero emissions and at a cost of less than 1 dollar per kilo
of H2 (Moretti and Webber, 2020; Willige, 2022). Despite this example, hydrogen system and
setting must be further investigated in order to transform the raised hypothesis into factual
concepts (Frery et al., 2021).

Some studies try to identify possible origins for white hydrogen, which depends on the
rock types and chemical environment (Lévy et al., 2023; Moretti et al., 2022). Such subsurface
deposits are subject to geological conditions, and H2 can be exuded through conductive faults,
generating rounded depressions without the presence of vegetation, where high concentra-
tions of H2 and methane are detectable in the soil when compared to the surrounding regions
(Larin et al., 2015).

Many ellipsoid structures, known as Fairy Circles (FC) or Sub-Circular Depressions (SCD),
were already identi�ed within cratonic regions, such as in Namibia (Moretti et al., 2022),
Australia (Frery et al., 2021), Turkey (Etiope, 2023), Russia (Larin et al., 2015) and Brazil
(Prinzhofer et al., 2019), as shown in Figure 1.2.
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1.1 Motivation

1.1 Motivation

1.1.1 Thematic Motivation

Numerous researches have been carried out on all continents with the aim of obtaining
more information about SCD and how they can contribute to the development of the energy
industry. However, the use of satellite images and remote sensing has been little explored in
the identi�cation of hydrogen sources, except for a couple of examples Carrillo Ramirez et al.
(2023); Lévy et al. (2023); Moretti et al. (2022); Mosquera-Rivera et al. (2024).

From a geological point of view, there are several round structures that can be formed
during the evolution of a terrain. The SCD is one more ellipsoid/rounded formation that can
be seen from space with the aid of Earth Observation (EO) products, such as freely available
Digital Elevation Model (DEM). Moretti et al. (2021) conducted a comprehensive morphological
pro�ling of SCD and compared them with other geological structures, such as dolines, which
are also rounded formations. Their research revealed that SCDs typically have a gentle slope
and are shallow, with depths up to 10 meters. In contrast, dolines are characterized by depths
greater than 10 meters and slopes exceeding 50%.

Moretti et al. (2021) concluded that the primary goal of their study was to establish mor-
phological criteria. Later, this knowledge about the SCD could be applied in remote sensing
products, such as multispectral imagery and DEM. So far, Moretti et al. (2022) were able to use
these products to analyze around the SCD, but not in an automated form. Considering this
goal and the detailed pro�ling of SCD, questions arise regarding how to develop a more direct
and automated work�ow for identifying and delineating SCD structures using EO products.
The development of such a procedure could signi�cantly bene�t researchers and companies
by aiding in the early exploration phase of projects. This would ensure that regions of interest
contain the desired SCD formations rather than other geological structures, such as dolines,
leading to more accurate and e�cient �eld mapping.

1.1.2 Methodological Motivation

To carry out this SCD scanning, a �eld of Computer Vision called Mathematical Morphology
can be used. In this area there are several methodologies capable of performing operations
such as image segmentation, image �ltering, pixel classi�cation, both on regular images and
on images generated from remote sensing. Two widely established methodologies, such as
Pattern Spectra and Attribute Filtering, may be tools capable of delineating SCDs. Despite
the advances made in this area over the last decade, there are no researches combining these
methodologies with H2 exploration, as it is a very new subject.

With the advancement in the �eld of image analysis, image processing and image classi-
�cation, this whole work�ow could be done utilizing the newest deep learning approaches.
However, one of the goals here is to perform structure delineation without using methodolo-
gies that are computationally expensive. In this matter, PS and Attribute Filtering are strong
candidates to �nd this equilibrium. In addition, the developments in this �eld in the last decade
show that considering approaches other than deep learning are still valid (Santana Maia et al.,
2021).
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Chapter 1: Introduction

In this way, the present work has the motivation of uniting these two di�erent �elds of study,
as well as proposing novelties using the Pattern Spectra and Attribute Filtering methodologies,
with more recent topics, such as Shape-Spaces, to extract SCD from DEM. The importance of
such novelties goes beyond the development of mathematical morphology methodologies, but
also to demonstrate whether the combination of PS and Attribute Filtering with Shape-Spaces
is a valuable approach or not. In this sense, the current research can help in two fronts: in the
computer vision methodological advancements and in using such methods for the H2 mapping
and exploration.

1.2 Research �estions

In order to achieve the desired implementation of the work�ow to delineate and identify the
SCD, we will be using computer vision techniques applied to the DEM, such as Pattern Spectra
(PS) and Shape-Spaces, where from attributes (i.e., compactness, area, height), it is possible to
�lter regions in the image that correspond to a speci�c threshold. To analyze the application of
computer vision tools on the extraction of SCDs, the following research questions are raised:

1. Which accuracy can be achieved for fairy circle delineation using medium resolution DEM
and Pattern Spectra and the proposed methodological novelties?

2. Does regular Pattern Spectra application performs better than the new methodologies
proposed?

3. Can new pattern spectra attributes be generated based on prior knowledge of the inclination
of structures from past morphological studies?

1.3 Objectives

The research questions presented lead to the following objectives:

ˆ To use regular pattern spectra attribute pro�le to delineate the desired structures;

ˆ To identify possible strengths and limitations on regular attributes for extracting these
structures;

ˆ To apply PS and attribute �ltering within Shape-Spaces as a new methodological ap-
proach;

ˆ To develop a new attribute based on expert knowledge, such as presented by Moretti
et al. (2021) about the slopes of the SCDs.
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