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Resumo

Matérias-primas Criticas (CRMs) desempenham um papel essencial em industrias-
chave, como as energias renovaveis, eletronica, defesa e exploracdo espacial. Estas
matérias-primas séo cruciais para alcancar os objetivos da Unido Europeia (UE) de uma
economia neutra em carbono até 2050 e apoiar a transi¢do verde e digital. Devido ao
alto risco de fornecimento, a UE esta a priorizar o desenvolvimento das suas préprias
fontes para reduzir a dependéncia europeia de fontes externas, através do investimento

na prospecao e na explora¢do mineral doméstica.

Esta dissertacdo aborda estas necessidades criticas, explorando técnicas de detecdo
remota para identificar depdsitos de placers de minerais pesados (HM) na Ria de Vigo,
em Espanha. Situada ao longo da costa atlantica da Galiza, na regido das Rias Baixas,
a Ria de Vigo alberga depdsitos de placers ricos em Ti, Sn, Li, Elementos de Terras

Raras, Au, Fe e Cu — classificados como CRMs.

Numa primeira abordagem, foi realizado um mapeamento estrutural usando dados de
Sentinel-1 e LIiDAR. A identificacdo de alinhamentos geoldgicos ajuda a localizar
possiveis areas mineralizadas e areas com alteragdo hidrotermal, dado que qualquer
fratura pode constituir um caminho para fluidos hidrotermais, além de fornecer
informacdes sobre os contextos tectonicos da mineralizacdo. Tanto extragdes manuais,
como automaticas, foram realizadas e comparadas, tendo sido ultima efetuada na

plataforma Google Earth Engine (GEE).

As extracGes manuais sédo geralmente mais demoradas e os resultados podem variar
conforme o utilizador. Consequentemente, 0s métodos automaticos tém sido
amplamente utilizados devido ao processamento mais rapido de grandes conjuntos de
dados e a reducao da variabilidade nos resultados. Neste trabalho, foram aplicados o
Algoritmo Canny, para dete¢céo de bordas, e a Transformada de Hough para detecéo de

linhas.

Foram realizadas um total de 3 extra¢cdes manuais: 2 usando dados de Sentinel-1 e 1
usando dados de LIDAR. Em contraste, foram realizadas 7 extra¢cdes automaticas: 3
usando dados do Sentinel-1 e 4 usando dados do LiDAR. Varias técnicas foram
empregues para auxiliar a extracdo de alinhamentos, incluindo a bem estabelecida
técnica consistindo em filtros direcionais, utilizando filtros Prewitt, e uma nova
abordagem, utilizando a classificacdo ndo supervisionada K-Means como alternativa

aos filtros Prewitt, para dados Sentinel-1. Para dados de LIiDAR, foi utilizado o
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hillshading nas direcbes N-S, E-O, S-N e O-E, para melhorar a visualizacdo das

estruturas em todas as direcoes.

Y

Sentinel-1 destaca-se no mapeamento regional devido a sua ampla cobertura e
disponibilidade, enquanto o LIDAR produz mapas de alinhamentos mais detalhados em
escalas menores, devido a sua maior resolucdo espacial. A extragcdo manual, embora
precisa, constitui um processo longo e subjetivo, enquanto a extracdo automatica foi
significativamente mais rapida e identificou um maior nimero de alinhamentos, embora

a sua eficacia dependa fortemente dos parametros definidos para os algoritmos.

Complementarmente, foi realizado um mapeamento mineral, utilizando dados
hiperespectrais de EnMAP. Inicialmente, foi aplicada a técnica de racio de bandas, para
identificar possiveis areas de mineralizagdo. Uma vez que esta técnica ndo é
direcionada para minerais especificos, foram realizadas duas classificagfes de Mixture
Tuned Matched Filtering (MTMF), uma utilizando a biblioteca espectral USGS e a outra
uma biblioteca espectral obtida para concentrados de HM. Estas classificacbes
identificaram com sucesso a maioria dos HM conhecidos na Ria, como sillimanite,

granadas, turmalina, ilmenite, rutilo e monazite.

Palavras-chave: CRMs, Minerais pesados, Placers, Detecdo Remota, Sentinel-1,
LiDAR, Extracdo automatica de alinhamentos, GEE, EnMAP, Racio de Bandas, MTMF
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Abstract

Critically Raw Materials (CRMs) are vital in key industries, such as renewable energy,
electronics, defence and space exploration. These materials are crucial for achieving the
European Union’s (EU) goals of a climate-neutral economy by 2050 and supporting the
green and digital transition. Due to their high supply risk, the EU is prioritising its own
sources, to reduce European dependency on external sources, by investing in domestic

mineral exploration and exploitation.

This dissertation addresses these critical needs, by exploring remote sensing techniques
to identify heavy-mineral (HM) beach placer deposits in the Ria de Vigo, Spain. Situated
along Galicia’s Atlantic coast, within the Rias Baixas region, Ria de Vigo hosts placer
deposits rich in Ti, Sn, Li, Rare Earth Elements, Au, Fe, and Cu — all of which are

classified as CRMs.

In a first approach, structural mapping was performed using Sentinel-1 and Light
Detection and Ranging (LIDAR) data. Identifying geological lineaments aids in locating
possible mineralized areas and hydrothermally altered areas, as any fracture could
constitute a pathway for hydrothermal fluids, as well as provides insights into the tectonic
settings of mineralization. Both manual and automatic lineament extraction were
performed and compared, the latter performed in the Google Earth Engine (GEE)

platform.

Manual extractions are typically more time-consuming, and results can be quite
subjective, according to the user that's performing it. Consequently, automatic methods
have been widely used for their faster processing of larger data and reduction of
variability in the results. In this work, the Canny Algorithm, for edge detection, and the

Hough Transform, for line detection, were applied.

A total of 3 manual extractions were conducted: 2 using Sentinel-1 data and 1 using
LiDAR data. In contrast, 7 automatic extractions were carried out: 3 using Sentinel-1 data
and 4 using LIDAR data. Various techniques were employed to assist in lineament
extraction, including the well-established directional filtering, using Prewitt filters, and a
new approach, using K-Means unsupervised classification, as an alternative to Prewitt
filters for Sentinel-1 data. For LIDAR data, hillshading in N-S, E-W, S-N and W-E

directions was employed to enhance the visualization of structures in all directions.

Sentinel-1 excels in regional mapping due to wide coverage and availability, while LIDAR

produces more detailed lineament maps at smaller scales, owing to its higher spatial
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resolution. Manual extraction, although accurate, was a lengthy and subjective process,
whereas automatic extraction was notably faster and identified a larger number of

lineaments, yet its effectiveness relies heavily on the parameters set for the algorithms

A complementary mineral mapping was performed, using hyperspectral EnMAP data.
Initially, band ratios was applied to identify possible mineralization areas. Since this
technique does not target specific materials, two Mixture Tuned Matched Filtering
(MTMF) classifications were carried out: one utilizing the USGS spectral library, and the
other employing a HM concentrate spectral library. These classifications successfully
identified most HM known to occur in the Ria, such as sillimanite, garnets, tourmaline,

ilmenite, rutile and monazite.

Keywords: CRMs, Heavy-mineral, Placers, Remote sensing, Sentinel-1, LiDAR,
Automatic Lineament extraction, GEE, EnMAP, Band Ratios, MTMF
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1.Introduction

The European Union (EU)’s growing demand for sustainable materials to achieve a
climate-neutral economy by 2050, support the green and digital transition, and reduce
European dependency on non-European material sources led to the formation of the
Critical Raw Materials (CRMs) Act (European Commission et al., 2023). CRMs are
essential for the European economy as they support a wide range of industries, such as
environmental technologies, including solar panels, wind turbines, electric vehicles and
energy-efficient lighting, consumer electronics, health, steel-making, defence, space
exploration, aviation, among others (Hool et al., 2023). These materials are considered
critical, not only due to their economic importance but also due to their supply risk, since

most are imported from non-European countries, with most of them in war conflict zones.

Therefore, now more than ever, it is crucial for EU member countries to discover and
develop their own sources of CRMs. This involves investment in domestic mineral
exploration and exploitation, as well as encouragement of innovation in the mining cycle

and further contributing to a circular economy.

This dissertation was developed under the scope of S341 — Secure and Sustainable
Supply of Raw Materials for EU Industry project, funded by the European Union under
grant agreement no. 101091616 (https://doi.org/10.3030/101091616), which fits into

European needs through the development of data-driven methods to analyse Earth

Observation (EO) data to support mineral exploration and monitoring of the complete
mining cycle in its exploration, closure and post-closure phases. This project aims to
enhance EU autonomy regarding CRMs, support the green transition, as well as address

environmental challenges within the mining cycle.

To contribute to those goals, this work applied remote sensing techniques to identify
Heavy Mineral (HM) beach placer deposits in the Ria de Vigo, located in the Rias Baixas
region, Spain. These HM placer deposits, known to occur in this region since the 70’s
(IGME, 1976), are rich in Ti, Sn, Li, Rare Earth Elements (REE), Au, Fe and Cu - all of

which are classified as CRMs by the European Commission.

In a first approach to identify and characterize these placers and the geological
mechanisms in which they are formed, structural mapping was conducted in the Ria de
Vigo region. The study of geological lineaments, which are geological features that can
be identified through remote sensing, is important since it gives us key insights into the
identification of zones of hydrothermal alteration and mineralization, as well as in

understanding the tectonic settings in which this mineralization took place (Gabrielsen &


https://doi.org/10.3030/101091616
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Olesen, 2024). Structural mapping constitutes the core of this work and was conducted
using Sentinel-1 and Light Detection and Ranging (LIDAR) data. Furthermore, with a
more direct approach, complementary mineral mapping was also conducted for the Vigo
beaches, using hyperspectral Environmental Mapping and Analysis Program (EnMAP)

data.
The present dissertation is structured into 10 chapters.

The first chapter is the “Introduction”. In the second chapter, the “State of the Art”
provides a review of existing literature relevant to the topic. The third chapter,
“Geographic and Geomorphological Setting”, describes the geographical location of the
study area, as well as the geomorphological features of the Ria de Vigo. This is followed
by an important chapter on the “Geological Setting”, encompassing both regional and
local geology, where the geological background of the study region, as well as HM placer
deposits, is described. The “Methodology” chapter, as the name indicates, outlines the
research methods and techniques used in this study for structural and mineral mapping.
The findings of this dissertation are presented in the “Results” chapter, which is divided
into structural and mineral mapping. The results are followed by the “Discussion”, where
all results are interpreted and correlated, considering the existing knowledge. The
“Conclusions” chapter summarizes key findings, highlights their significance, addresses
the challenges encountered throughout the research for this dissertation and makes
recommendations for further research. Finally, the “Appendices” chapter includes
conference proceedings, abstracts and posters submitted to national and international
conferences, as well as complementary results, such as band ratios, that are not

included in the Results chapter, but complement the main findings.
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2.State of the art

Several studies concerning the identification and characterization of HM placer deposits
using remote sensing have been carried out using multiple approaches. Geological
structures, such as faults, can enhance sedimentation and control the distribution of HMs
in coastal areas (Gosen et al., 2014; Hou et al., 2017) and, as such, this dissertation
includes a review of structural mapping methodologies. Afterwards, various approaches
of mineral mapping using different sensors are examined. Given the focus of this work
on ENMAP hyperspectral data, this chapter further explores its application by various

authors.

In the field structural mapping and lineament extraction, one of the foundational research
was carried out by Canny (1986). His work takes a computational approach to edge
detection, by developing a mathematical form, to simplify image analysis through the
reduction of the amount of data to process while preserving key structural information in
the form of edges. Forghani (2010) demonstrated that the Canny edge filter gave the
best results, when compared to Sobel and Deriche filters, in semi-automatic detection

and enhancement of linear features in aerial photography.

Hung et al. (2005) use ASTER and Landsat Enhanced Thematic Mapper (ETM)imagery
to automatically extract lineaments and carried out a band comparison to identify the
ones better for lineament extraction, concluding that the Visible and Near InfraRed band
3 of ASTER and the fused Band 4 of Landsat ETM are the best for that purpose.

Landsat images have also been widely used for automatic lineament extraction, such as
in the works of Christopher et al. (2013), Hashim et al. (2013) and lbrahim and Mutua
(2014). Many studies also incorporate the use of ASTER images, such as those by
Moradi et al. (2014) and Prasad et al. (2013).

Santos et al. (2023) adopted a different method using high-resolution imagery
Worldview-3 and LIiDAR data. The authors generated a Digital Elevation Model (DEM)
using the LiDAR point cloud, from which they automatically extracted lineaments through

the lineament algorithm LINE in PCI Geomatica software (version 2018).

Similar studies have been conducted using radar data. Boutirame et al. (2018) used a
combined analysis of aeromagnetic and Sentinel-1 data to distinguish fracture networks.
In Nguemhe Fils et al. (2018), A Sentinel-1A radar image was used to process regional-

scale mapping in an area under dense vegetation. The authors used textural analysis

3
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based on the Grey-Level Co-occurrence Matrix (GLCM) followed by Principal
Component Analysis (PCA), and application of RGB colour composite to the mean,
variance and homogeneity indices to highlight structures. Cardoso-Fernandes et al.
(2022) evaluated Sentinel-1 and ALOS-derived shaded relief models to identify

structures on a regional scale.

Adiri et al. (2017) and Javhar et al. (2019) carried out studies comparing the results of
Landsat-8, ASTER, Sentinel-2 and Sentinel-1 data, and in both studies, it is concluded

that Sentinel-1 images provide better results in automated lineament extraction.

For mapping of HM placers, Chandrasekar et al. (2011) used Landsat 7 Enhanced
Thematic Mapper Plus data and the Environment for Visualizing Images (ENVI) software
to carry out a standardized hyperspectral analysis to allow the identification and mapping
of HM deposits, such as garnet, ilmenite, zircon and monazite along the South Tamil
Nadu coast, in India. Gazi et al. (2019), combined field methods with remote sensing to
map heavy mineral deposits on the beaches of Cox’s Bazer, in Bangladesh. The authors
analysed Landsat-8 OLI images using ENVI, ArcGIS and Erdas Imagine software to map
heavy mineral-rich zones. Rejith et al. (2020) studied the beach sediments from the coast
of Thiruvananthapuram, in India, to understand the variation of grain size using the bands
of ASTER and Landsat 8, successfully achieving their mapping using the Spectral Angle

Mapper classification algorithm.

With a different approach, Rejith et al. (2022) carried out a study to map and estimate
beach placer minerals on the east coast of Nadu, India. The authors used EO-1 Hyperion
data and applied a hyperspectral analysis such as SAM image classification to carry out
sub-pixel mapping of minerals, as well as Random Forest regression to estimate the
concentration of zircon, using the relationship between measured absorption parameters

(from laboratory and image spectra) and known zircon concentrations.

EnMAP hyperspectral data has also been applied to geological mapping in the scope of
mineral exploration. Yokoya et al. (2016) performed a fusion method using Sentinel-2
and EnMAP data, both simulated from a Hymap scene, to produce a resolution-
enhanced hyperspectral image with the intention of mineral mapping in the gold mine

located in Rodalquilar, in southeastern Spain.

Rogge et al. (2014) also produced EnMAP simulated data, but this time from airborne
hyperspectral AISA imagery, using the EnMAP End-to-End Simulation tool, applied to
the Ni-Cu- (Plantinum-group Elements) deposit in Nunavik, Canada. The authors

compared the ability of both AISA and EnMAP to map the distribution of geological
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materials, concluding that EnMAP data, even with a lower resolution, was able to
discriminate mafic and ultramafic units, providing a similar spatial distribution as the one
produced from the AISA data.

With a similar approach, Neave et al. (2016) produced EnMAP simulated data from
AVIRIS airborne platform with the intention of mapping and exploring strategies to
efficiently exploit diagnostic features in the reflectance spectra of REE-rich materials in
carbonatite-hosted REE deposits in China. Although lacking in spatial resolution
compared to airborne data, the authors concluded that EnMAP data has the spectral

resolution necessary to detect the narrow Nd absorption features.

Mielke et al. (2016) tested EnMAP-Box's tool, the EnMAP Geological Mapper
(EnGeoMAP), comparing it to USGS Tretacorder or MICA, to map distinct mineral
zonation patterns, using airborne HyMap and simulated EnMAP data, applying it to the
hydrothermal gold-alunite deposit in Rodalqular, Spain, and the Haib River porphyry
copper deposit in southern Namibia. The authors concluded that EnGeoMAP had the
additional ability to map areas of mineral anomalies such as gossans, which is not a part
of USGS Tetracorder or MICA. Likewise, EnGeoMAP has also been tested with hyper
and multispectral data by Salehi et al. (2020). The authors compared EnGeoMAP and
Iterative Spectral Mixture Analysis for mapping ultra-mafic rocks in areas covered by
abundant lichens in the Nagssugtogidian Orogen, in West Greenland, using HyMAP
airborne hyperspectral data and Sentinel-2, ASTER and Landsat-8 OLI multispectral

data.

More recently, Schodlok et al. (2022) assessed the feasibility of airborne and satellite-
borne hyperspectral data to map the lithology of the lead-zinc-copper deposit in
Aggeneys, in South Africa. The authors produced a detailed mineral map using the
approach included in ENVI using airborne Hypex data and simulated EnMAP from the
airborne hyperspectral dataset.

Besides geological mapping, EnMAP and simulated EnMAP data have had other
applications. For example, it has been applied to water monitoring (Samarinas et al.,
2023), soil science (Bracken et al., 2019; Castaldi et al., 2019; Chabrillat et al., 2014;
Chabrillat et al., 2023), plant biology (Dotzler et al., 2015); and burnt areas mapping
(Nolde et al., 2021). Additionally, Becker et al. (2018) applied simulated EnMAP data to
bathymetric charting and land-use classification in the context of military naval

operations.
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3.Geographic and geomorphological setting
3.1. Geographic setting

The Rias Baixas region is located on the Atlantic margin of southwestern Galicia, in
north-western Spain, close to the border with Portugal. (Fig. 1). It is composed of four
morphologically identical estuaries, known as Rias, of which the Ria de Vigo, the target
of this study, is the southernmost. The Ria de Vigo is located between 42°09’ and 42°21’
N, 8°36’ and 8°54'W (ETRS89 UTM 29N), south of Cape Finisterre and about 30 km
north of the Minho River.

With a population of about 300.000 inhabitants, Vigo's main urban area is home to a
variety of economic activities, including tourism, industry, and harbour infrastructures
(Méndez, 2005). Additionally, the nutrient-rich water creates the ideal conditions for

mussel aquaculture farming, where many moored squared rafts float at the surface.

6
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Figure 1 — A) Geographical location of the Ria de Vigo; B) Harbour infrastructures — Image credits: European Sea Ports
Organisation;.C) Mussel aquaculture farming — Image credits: Turismodevigo.org

3.2. Geomorphological setting

Geomorphologically, the Rias Baixas give the coastline an irregular appearance and
correspond to tectonic valleys inclined towards the sea, formed due to subsidence and
uplift, caused by the fracture systems formed during the Alpine orogeny (Nonn, 1966).
During the Pliocene, the blocks suffered rotation towards the west and were impacted by

the Flandrian transgression in the Holocene (Chamorro et al., 2022).

With this knowledge and taking into consideration the extensive literature discussion to
define the term “ria”, the Grupo de Oceanoloxia (1996) classified the Galician rias as
“relatively deep sunken river valleys that dynamically behave as partially mixed positive

estuaries and are influenced by the NW upwelling system of the Iberian Peninsula”.
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The Ria de Vigo is 32.5 km long, measuring 1 km in width at its inner part, gradually
expanding as it extends towards the mouth of the Ria, where it becomes 10 km wide,
and therefore exhibiting a distinctive funnel-shaped morphology, positioned with a NE-
SW direction (Méndez & Vilas, 2005).

It is constituted by two sectors: a smaller cone, which encompasses San Simén Bay and
corresponds to the head of the ria, where interaction with freshwater occurs, with the
Verdugo-Oitaben River as the main fluvial contributor, and a larger cone. The inner
region of the larger cone functions as a mixing area of both marine and freshwater,
transitioning to predominantly marine influence as it nears the open sea, connecting to it

through two entrances divided by the Ciés Islands (Martin et al., 2008).

The borders of the ria are defined by a variety of erosive and accumulative coastal
formations, of the Quaternary age, such as terrace sediments, bays, tidal flats, deltas,
marshlands, beaches and dunes (Vilas et al., 2019). The surrounding area is
characterized by mountain massifs, with elevations reaching 600 m that gradually
decrease towards the sea, separated by depressions (Fig. 2). The main depression has
been considered a Tertiary rift zone (Carlé, 1947) and originates in Portuguese territory,
following a S-N direction, distanced approximately 20 km from the coast and
subsequently intersecting the upper edges of the Ria de Vigo and Pontevedra.
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Figure 2 — Topographical map of the region of Vigo, based on DTMO05 (Digital Terrain Model) of Spain.
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4.Geological setting

4.1. Regional geology
4.1.1.The Iberian Massif

The Iberian Massif represents the easternmost segment of the European Variscan Belt,
resulting from the collision of the continents Laurassia and Gondwana during the
Devonian and Carboniferous periods (Catalan et al., 2008; Franke, 1989; Matte, 1986).
It outcrops in the western part of the Iberian Peninsula and is made up of Precambrian
and Palaeozoic terrains that are generally deformed and metamorphosed. The various
igneous intrusions are also part of the massif (Ribeiro et al., 1990).

In fact, according to stratigraphic, tectonic, magmatic, and metamorphic criteria, the
Iberian Massif has been divided into various geotectonic zones, elongated parallel to the
direction of the Variscan structures. Lotze (1945) presented the first division proposal,
which was later revised and redefined by Julivert et al. (1974) and Farias et al. (1987).
Thus, the following zones are currently considered to be the Cantabrian Zone, Asturian-
Leonese Zone, Central Iberian Zone (ClZ), Galicia-Tras os Montes Zone (GTMZ), Ossa
Morena Zone and South Portuguese Zone (Fig. 3). The studied region falls within the
GTMZ..

Cantabrian Zone
a:Upper Proterozoic

West Asturian-Leonese Zone
a:Upper Proterozoic

Central Iberian Zone

.| a:Pedroches Carboniferous basin
b:boundary recumbent/upright folds
(Upper Proterozoic undifferentiated)

[Il Galicia-Tras Os Montes Zone
a:Allochthonous Complexes
" b:Parautochtonous Domain

= Tomar-Badajoz-Cdrdoba Shear Zone

By | Ossa-Morena Zone
s 1 a:Upper Proterozoic

Moura-Cubito Allochthonous Complex

0 132 200 - South Portuguese Zone

Figure 3 — Zonation of the Zonation of the Iberian Massif, according to the
preposition by Lotze (1945), Julivert et al. (1974) and Farias et al. (1987)
(Adapted from Simancas (2019)).
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4.1.2.Galiza Tras-os-Montes Zone

The GTMZ is formed by the stacking of tectonostratigraphic units of parautochthonous
and allochthonous nature, separated by thrust faults, and emplaced above the
autochthonous terrains of the CIZ (Farias et al., 1987). These units outcrop in the north-
western part of the Iberian Massif in a discontinuous 300 km long segment, and their
limit with the CIZ is established by the Main Tras-os-Montes Thrust (Ribeiro et al., 1990).

Tectonostratigraphy

The parautocthonous terrain is represented by the Schistose Domain of GTMZ and
structurally lies below the allochthonous terrains and above the CIZ. This domain has
been interpreted as the most external part of the continental margin of the Gondwana

(Fig. 4) (Martinez Catalan et al., 1997) and can be subdivided into two lithostratigraphic

groups — Nogueira and Parafo (Garcia, 1984).
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Figure 4 - Simplified model of the formation of the Rheic Ocean near the Cambrian-Ordovician boundary,
illustrating the paleogeographic arrangement of terranes and sedimentary sequences involved in the Rheic
suture (adapted from Fernandez (2011)).

It is primarily constituted of over 3500 km thick metasedimentary and metavolcanic
sequences of Silurian-Devonian age, with a supposed lithologic and paleogeographic
affinity with the autochthon units of the CIZ (Farias et al., 1987). These sequences were
the hosts of a significant Variscan granitic magmatism and were affected by regional
green-schist facies metamorphism (Catalén et al., 2004).

The overlying Allochthonous terrain corresponds to the Domain of Allochthonous
Complexes and includes a thrust stack of exotic continental terrains, high-pressure units
and ophiolitic rocks (Marques, 1994; Martinez Catalan et al., 1997). These units are

Cabo Ortegal, Ordenes and Malpica-Tui, in Spain, and Braganca and Morais, in Portugal.

The basal units are constituted of exhumed metasedimentary sequences alternating with
orthogneisses and metabasites, affected by subduction-related high-pressure
metamorphism in the blueschist facies during the Variscan orogeny (Catalan et al., 2004;



FCUP | 11
Evaluation of radar and hyperspectral data for the identification of placers in the Rias Baixas region

Schermerhorn & Kotsch, 1984), followed by the middle allochthon ophiolitic sequences,
representing the remains of the Rheic Ocean, and finally the upper allochthon,
comprising metasediments and ultrabasic rocks of impacted by high-grade
metamorphism (Ribeiro et al., 1990) (Fig. 5).

The description of the lithostratigraphic groups, as well as aspects of magmatism and
metamorphism, will be further explained in the next chapter, with emphasis on the region
of Vigo.

CABO ORTEGAL

soomEeM | GALICIA TRAS-
o OS-MONTES
liZONE

'1A/2= Upper Allochtonous

< Complex

1B/2A= Middle Allochtonous
Complex

4= Lower Allochtonous
Complex

3= Parautochthonous

ORDENES
COMPLEX (2)

SCHISTOSE
DOMAIN (3)

MALPICA-TUI
UNIT (4)

Figure 5 - Complexes forming the Galicia Tras-os-Montes
zone (adapted from Pin et al. (2006)).

4.2. Local geology

The region of Vigo is represented in sheet 223 (Vigo) of the MAGNA 50 - Geological Map
of Spain at a scale of 1:50 000.

For the purpose of this study, especially for structural mapping, the study area was
expanded beyond central Vigo. Therefore, sheets 185 (Pontevedra), 186 (Puente
Caldelas), 222 (Ciés), 224 (Punteareas), 260 (Oya) and 261 (Tuy) were also considered
(Fig. 6).

From those sheets, a digitalized geological map was created in ArcGIS PRO (Fig. 7).
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1:50 000.
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Figure 7 - Geological map of the study area, based on the geological sheets mentioned, at scale 1:50 000.
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4.2.1.Metasediments

In the region comprised in the geological map (Fig. 6), outcrops belong to the Nogueira
and the Parafio groups, although with little expression. They have been attributed to a

Precambrian-Silurian age.

The Nogueira group is at the base of the succession and is constituted of a sequence of
black and grey carbonaceous shales that give the rocks a graphitic appearance.
Centimetric to metric lydite levels are frequent, with lenticular bodies extending several
meters (Farias & Marcos, 2004). The maximum thickness of this sequence is about 1000
meters. The Parafio group is composed of detrital sequences of mainly green, brown,
orange and ochre-coloured phyllites, quartzophyllites and greywackes, with interlayered
greywacke and quartzites, as well as minor levels of felsic volcanic rocks (Farias &
Marcos, 2004).

Within the Schistose Domain, the most expressive unit in the region is the Cabo D"Home-
La Lanzada complex (Navas & Corretgé, 1997) (Fig. 7). The outcrops are more
pronounced in the southernmost part of the region in an almost N-S direction, as

opposed to fewer and less thick outcrops in the occidental part.

This complex is not very diverse, being mainly composed of two mica schists derived
from pelitic sediments, interlayered with lenticular bodies of quartzite and paragneisses,
that differ from the ones found in the allochthonous complex by having a greater
dominance of plagioclase. Although less common, amphibolites derived from the
metamorphism of volcanic levels have been found. The most frequent paragenesis in
the schists are quartz, muscovite, chlorite, biotite, andalusite and garnet (Navas &
Corretgé, 1997).

4.2.2.Malpica-Tui unit

The Malpica-Tui unit belongs to the Domain of Allochthonous Complexes. It is a 15
kilometres-long N-S band with a synform structure that is oriented NNW-SSE from
Corunna until the Minho sector of Tui (LIlana-Funez, 2001). In sheet 223 of the Geological

Map of Spain at a scale of 1:50 000, this unit is also named as Vigo-Pontevedra Complex.

This unit outcrops in the central part of the study area. It is composed of plagioclase and
biotite gneisses, as well as micaschists and gneisses with riebeckite. The most
characteristic aspect is the presence of amphibolites, although with less expression. The
micaschists are more abundant in the northern part and differ from paragneisses by the
absence of plagioclase metablasts. The amphibolites are usually found interstratified in

the complex or as xenoliths in the biotite orthogneisses (Navas & Corretgé, 1997).
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4.2.3. Deformation Phases and Structures

4.2.3.1.  Variscan orogeny

The structures of the GTMZ, affecting the Vigo region, are a result of the three phases
of deformation of the Variscan orogeny: D1, D, and D3 (Ribeiro et al., 1990). Within units
in the Variscan orogenic belt, the structures are usually oriented NNW-SSE and are cut
by fractures with N45° and N180° orientation.

The first phase is thought to have started around 360 million years ago (Abalos et al.,
2002). An axial-plane cleavage, S1, is formed with a direction between NO-50° in the
Malpica-Tui unit and N40-80° in the Cabo D'Home-La Lanzada complex (Navas &
Corretgé, 1997).

The second phase is related to the emplacement of the Malpica-Tui unit. The main
structural effects are usually around the thrust faults. In this region, D; is also represented
by the formation of macrostructures such as synforms and antiforms (Llana-Funez &
Marcos, 2001). Additionally, the main cleavage, Sy, is present in the metasediments with

an axial direction of N140°, forming a crenulation cleavage.

Between the second and the third phases, an extensional period allowed the intrusion of
the Variscan granitoids (Cataldn et al., 2008). After the emplacement of the
allochthonous units, shear zones were formed with a N-S direction (Pamplona et al.,
2015).

The Ds; phase is highly associated with the emplacement of the variscan granites

Structurally, it has a small impact on local structures.

4.2.3.2.  Alpine orogeny

The alpine orogeny reactivated Variscan structures and is associated with the uplift of
the Galicia Bank, located along the entire north-western margin of Galicia (Boillot et al.,
1979). Additionally, it also formed folds, inverted gabrens and reverse faults utilized by
many of the current rivers and in which the Paleogene-Neogene sediments deposits
(Mufioz et al., 2003).

4.2.4. Granitic rocks
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4.2.4.1.  Variscan granites

One of the most distinguishing characteristics of both the CIZ and the GTMZ is the
significant magmatism, accompanied by medium to high metamorphic grade (Martinez
et al., 1988).

The granitic plutonism occurred during the D; phase. According to the same authors,
magmatism was due to crustal thickening, resulting from the collision phase and
emplacement of the allochthonous units, causing partial melting of crustal rocks, leading

to the emplacement of granites (Fig. 8).

. Migmatites

Granulites

Moho - I

Upper
mantle

Granitic
magma

- Charnockites -

Figure 8 - Intra-crustal melting model, showing the
formation of silicic magmas in middle-to-lower crustal
regions and their emplacement in the middle-to-upper
crust (Adapted from Pichavant et al. (2024).

Based on geochronological, structural, petrographic, and geochemical criteria, different
classifications have been proposed for the granites of the GTMZ and CIZ (Azevedo &
Valle Aguado, 2006).

The most widely accepted classification for both zones is that of Ferreira et al. (1987),
who classified these granites according to temporal relations with deformation, namely
the Ds; phase, therefore, according to their period of installation (Fig. 9). They are

subdivided into two groups:
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i) Pre-orogenic, corresponding to intrusions with ages between Upper
Proterozoic and Lower Paleozoic;

i) Synorogenic, distinguishing between ante-Ds, syn-Ds, late-Ds and post-Ds.

«— Galicia Trds-0s- ——» -— West Asturian- >
Montes Zone 8| Leonese Zone

7l

Variscan granitoids

G4: Type-| post-tectonic granitoids
(monzogranites, granodiorites, tonalites)
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(monzogranites and leucogranites)

I:I Type-S syn-tectonic granitoids

(monzogranites and leucogranites)
G1: Type-l syn-tectonic granitoids

(granodiorites, monzogranites and
mafic rocks)

\FauE(s \\'Ehrust Faults

Spain-Portugal

100 km

Figure 9 - Simplified geological map of the variscan granitoids in the northwest of the Iberian
Massif (Adapted from Menéndez et al. (2019)).

However, for this region, the Geological Map of Spain at a scale of 1:50 000, following
the works of Floor (1967), Matte (1968) and Capdevila (1969), categorizes them from a
geochemical perspective, differentiating them as granites with alkaline affinity or calc-
alkaline affinity.

The alkaline series are mainly leucrocratic two-mica granites that never show hornblende
or pyroxene but may have apatite as an accessory mineral. On the other hand, in the
calc-alkaline series, the granites are predominantly biotite and oligoclase granites, and

hornblende and/or pyroxene are present (Navas & Corretgé, 1997)

Au and W-Sn mineralization in the Schistose Domain often occurs in proximity to
granites, suggesting their association (Gloaguen et al., 2003). These elements' primary
concentration mechanism is fractional crystallization, followed by an increase in

concentration due to hydrothermal processes (Almeida et al., 2002).
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4.2.4.2. Post-kinematic granites

In the southeastern region of the geological map, there is a series of granites of the Late
Carboniferous period, unaffected by the Variscan orogeny, indicating a post-kinematic
nature. Among these granites, there are three distinguishable facies — Granodiorite and
biotite-amphibole granite, coarse-grained granite and coarse-grained feldspar granite
(Navas & Corretgé, 1997).

4.2.4.3. Filonian rocks

All around the region, there are several quartz veins and pegmatite dykes, generally
forming intertwined families of veins particularly associated with granite and granodioritic
bodies. They are usually small, but in the southeastern part of the region, there is a 6 km
quartz vein positioned WNW-ESE (Navas & Corretge, 1997)

4.2.5. Metamorphism

4.2.5.1. Regional metamorphism

The regional metamorphism, previous to the Variscan orogeny, is generally considered
to have been a high-pressure low/ medium temperature regional metamorphism, causing
the blastesis of plagioclase and cordierite, with inclusions of garnet, mainly in the
Malpica-Tui Unit (Floor, 1967).

The Variscan orogeny’s induced metamorphism is well present in the region, with the
distribution of metamorphic bands parallel to the Variscan structures and metamorphic

facies ranging from the biotite zone to sillimanite (Martinez et al., 1990).

4.2.5.2. Contact metamorphism and metasomatism

The magmatic intrusions, associated with the emplacement of the variscan granites,
caused contact metamorphism, forming muscovite lepidoblasts, occasionally containing
sillimanite (Floor, 1967). The formation of hornfels is also documented in the
southeastern region, although with minimal expression. Likewise, tourmaline frequently

occurs in the area surrounding the plutons (Floor, 1967).
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4.2.6. Quaternary formations

The Quarternary is represented in a series of sedimentary formations.

Eluvial-Alluvial deposits

They are mostly composed of siliceous gravel with some clay levels, resulting from the
weathering of schists, gneisses and granites in the substrate. This type of sediments is
usually located in valley areas and present-day river beds, as well as in depressions
(Navas & Corretgée, 1997).

Intertidal flat deposits

They are located in the N and NE parts of the region, where the Verdugo-Oitaben River
flows into the mouth of the ria. They are mainly composed of organic matter-rich silts.
Two sectors can be distinguished: one under permanent tidal influence, and the other

only affected during a tidal level rise (Ferrero Arias et al., 2004).

Coastal deposits

They essentially correspond to quartz and feldspar sand deposits that originated from
the wave and wind action, such as beaches, dunes and cuspate forelands (Navas &
Corretgé, 1997).

4.2.7. Economic geology of the study area

4.2.7.1.  History of exploitations

The main exploitation in the region of Galicia, and Vigo in particular, is centred around
industrial minerals and rocks, highly sought after by the construction sector (Méndez et
al., 2000). Rock fragments and non-metallic sedimentary deposits, such as sand and
gravel, associated with the coastal and fluvial sedimentary environments, are the primary
sources of aggregates. Currently, the majority of these mines and quarries are

abandoned, with only a few operating outside of Vigo.

4.2.7.2. Heavy-mineral placer deposits

This work focuses on marine HM placer deposits, which are known to occur in the beach
sediments of Vigo. Over the years, numerous studies have documented and
characterized these deposits in the Rias Baixas region (Galvan, 2002; Gent et al., 2005;
Méndez et al., 2000; Pérez et al., 2008; Prego et al., 2009). HM are those that have a
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density higher than 2,9 g/cm?, while minerals with a density below that are considered

light minerals (Gosen et al., 2014).

Placers are sedimentary clastic deposits where there is an accumulation and
concentration of HM through physical and mechanical processes (Hou et al., 2017). The
process starts inland, where the disaggregation and erosion of rocks generate clasts of
different granulometries and shapes. HM's primary source has been identified as igneous
and high-grade metamorphic rocks. These sediments are then transported to a coastal
area through stream drainages and can deposit in different coastal settings, such as
deltas, beach foreshore and shoreface, barrier islands, dunes, tidal lagoons, and also

estuaries, which is the case of the Galician rias (Gosen et al., 2014; Martin et al., 2008).

The weathering processes are particularly significant in the formation of these placers

and can be divided into four phases for most types of deposits (Gosen et al., 2014):

1) The weathering of the source igneous and metamorphic rocks, which leads to the
destruction of less stable minerals and liberation of HM to the fluvial system;

2) Weathering during the fluvial transport, where HMs are subjected to mechanical
forces, such as tumbling, abrasion and rounding, and less to chemical weathering
due to being more chemically stable;

3) Within intermediate sedimentary rocks;

4) Processes following the deposition in the coastal environment, such as wave and

tidal action, aeolian processes, sea-level changes and chemical weathering.

In the particular case of HM beach placers, the deposits typically occur at latitudes lower
than 35°, are usually found in the passive margins of continents and in shallow depth or

near the surface, and can contain over 2% of HM (Gosen et al., 2014; Hou et al., 2017).

In addition to the processes mentioned above, HM sands can be influenced by other
processes, such as (Hou et al., 2017):

1) Wave and tide action, which lead to a natural sorting of mineral grains by density,
segregating higher density from lower density minerals. The heaviest and finest-
grained HM are the most effectively sorted. The resulting HM sands form
elongated layers, which are well-sorted, medium to fine-grained and well-
rounded, and are oriented parallel to the coast and paleo strand lines.

2) Wind also effectively sorts heavy, dense minerals from lighter grains, such as

guartz. After sand accumulation, the wind can rework these sediments to form
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aeolian deposits that may contain substantial concentrations of HM (Gosen et al.,
2014).

The direction and strength of coastal currents, as well as the geomorphology of
the coast, will influence the location of the HM placer deposits.

Sea level changes due to cyclical climatic changes may affect the preservation
of HM sands. During transgressions, the sea can flood the mouth of rivers,
leading to reduced sedimentation in the coastal area. On the flipside, sediments
may also become buried and preserved during transgressions. When it comes to
regressions, the weathering processes increase both inland and near the shore,
increasing sedimentation;

Tectonic events that lead to faulting enhance sedimentation and may structurally
control the distribution of HM deposition;

Post-deposition weathering is thought to cause a relative increase in the TiO;

content of ilmenite due to iron leaching from ilmenite.

In most beach placers, ilmenite is usually the most abundant HM, followed by zircon,

rutile, leucoxene (altered ilmenite), garnet, kyanite, staurolite, sillimanite, tourmaline and

monazite, which all remain mainly intact. Meanwhile, biotite, feldspar, amphibole,

pyroxenes, and feldspar are usually scarce or absent (Gosen et al., 2014). On the other

hand, clay and iron oxides, such as hematite, are very common, the latter giving the

sediments a reddish hue.

High-grade metamorphic terrains are thought to be the primary source of HM sediments,

and igneous rocks are the secondary. The presence of ilmenite, garnets, staurolite,

monazite, kyanite and sillimanite indicates amphibolite to granulite metamorphic facies.

Meanwhile, igneous rocks can also contribute with ilmenite, as well as rutile (Hou et al.,

2017). The main specificities of HM, like their density origin and other specificities are
described in Table 1 (Gosen et al., 2014).

Table 1 - Description of the heavy minerals typically found in marine placer deposits, according to Gosen et al. (2014).
Heavy Ideal composition Specific  Source rocks
Minerals gravity
Magnetite Fes04 5.2 Igneous and metamorphic
rocks, hydrothermal veins
Monazite (Ce,La,Y, Th)PO, 49— Igneous and metamorphic

5.5 rocks

21
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IImenite FeTiO; 45— Igneous and metamorphic
5 rocks
Zircon (Zr,Hf,U)SiO, 42— Igneous and metamorphic
4.9 rocks
Xenotime YPO, 4.4 - Igneous and metamorphic
5.1 rocks
Rutile TiO, 42— Igneous and metamorphic
43 rocks
Leucoxene FeTiO3 to mostly TiO, 35— Igneous and metamorphic
4.5 rocks
Staurolite Fe,Alg06(Si04)4(0,0H), 3.7- Metamorphic rocks
3.8
Garnet (Mg,Fe,Mn,Ca)Al,Si301, 3.1- Mostly metamorphic, but
4.3 also igneous rocks
Kyanite AlLSiOs 35— Metamorphic rocks
3.7
Sillimanite AlLSiOs 3.2 Metamorphic rocks,
sometimes igneous
(granites)
Tourmaline (Na,Ca)(Li,Mg,Al)(Al,Fe,Mn)s(BO3)3(SisO15)(OH)4 3.0- Igneous rocks (granites)
3.3
Scheelite Cawo, 5.9-6.1 Skarns, hydrothermal
veins
Gold Au 19.3 Hydrothermal veins
Cassiterite Sno, 6.8-7.1 Igneous rocks,

hydrothermal veins

The beaches of the Galician rias are favourable environments for the formation of
shallow marine and aeolian placer deposits due to their local geology (characterized by
source rocks with a high HM content), geomorphology, coastal hydrodynamics, and
especially because the area did not suffer the effects of the Last Glacial Maximum about
20,000 years ago (Gent et al., 2005; Martin et al., 2008; Pérez et al., 2008). The presence
of ilmenite, garnet, zircon, cassiterite, tin, Au, spodumene, rutile and tourmaline have

been known to occur since the 70’s (IGME, 1976).

Additionally, the works of Pardillo and Soriano (1929), Ibarguchi and Gironés (1985) and
more recently Prego et al. (2009) led to the identification and characterization of REE-
enriched sediments occurring in the beaches of the Ria de Vigo. These are Light REES,
present in the monazite and allanite associated with riebeckite gneisses, belonging to
the Malpica-Tui geological unit. Prego et al. (2019) found that La and Ce were the most
abundant REE elements.

These placer deposits occur in Limens, Santa Marta, Alemans, Canabal, Ratas, Patos

and Vao beaches (Fig. 10). In late summer/early autumn, there is a slightly higher HM

22
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accumulation on the northern margin of the ria. In contrast, in late winter/early spring,

the accumulation is higher in the southern part.

4670000
4670000

510000 520000

Figure 10 - Location of the beaches where HM placers occur. On the bottom: appearance of the HM accumulation at a
distance.
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5.Remote Sensing — An Introduction

Remote sensing involves obtaining information about the Earth's surface, atmosphere,
and oceans without being in direct contact (Lillesand & Kiefer, 2015). It is a valuable tool
across various fields, including meteorology, oceanography, agriculture, land use
mapping and monitoring, disaster management, geology and many others (Estes et al.,
2001).

The basis of most data collected through remote sensing lies in interactions that occur
when electromagnetic radiation hits the surface of the Earth, where it can either be
reflected, transmitted into the surface or absorbed and emitted by the surface (Fig. 11).

E,(4) = Incident energy | E|(4) = Eg(4) + Ep(4) + Ex(4)
Eg(4) = Reflected energy

E,(4) = Absorbed energy E+(4) = Transmitted energy

Figure 11 - Interactions between electromagnetic energy and the Earth’s
surface, where Incident energy (E)) can either be reflected (Er), absorbed by
the surface (E,) or transmitted into the surface (Er). Therefore, E, = Egr + Ea +
Er (Adapted from Lillesand and Kiefer (2015).

Remote sensing systems can either be active or passive. Passive sensors rely on
external energy sources, such as the reflected solar radiation and thermal radiation
emitted by the surface. Active sensors, on the other hand, have their own source of
energy and measure the radiation that is reflected to them by emitting a signal towards

the surface (Janga et al., 2023) (Fig. 12).

i Passive remote sensing

(a) Quy
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Figure 12 - Passive and active remote sensing systems (Adapted
from Janga et al. (2023)).
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In remote sensing, the most typical way to categorize electromagnetic waves is by their
wavelength location within the electromagnetic spectrum (EMS) (Lillesand & Kiefer,
2015) (Fig. 13). The sensors will measure and record the radiation in different spectral
bands, where each band represents a segment of the electromagnetic spectrum (Gupta,
2018).

Visible light is only a small portion of the EMS, from 0.4 and 0.7 um, proceeding only
ultraviolet. It ranges from violet to red: blue colours are in the range of 0.4-0.5 um, green
is 0.5-0.6 pm, and red is 0.6-0.7 um (Prost, 2013). Beyond red is the infrared (IR) region,
where there are three different types of infrared: the near-infrared (NIR) and the mid-
infrared, also called short-wave infrared (SWIR), included in the reflected infrared, and
the thermal infrared (Lillesand & Kiefer, 2015). The infrared and visible light regions
comprise the optical range, where passive sensors operate. At the end of the EMS, which
has much longer wavelengths, is the microwave region, where active radar sensors
operate.

Ultraviolet | Visible Infrared (1R) Gases Responsible for Atmespheric Absorption

—-—— -

Microwave/Radar

Reflected IR | Thermal [R |
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Figure 13 - The electromagnetic spectrum regions, with information about passive and active sensors (Adapted from Prost

(2013)).

Different materials reflect and absorb at different wavelengths in the EMS, forming the
spectral signature of the material and allowing their identification since all materials have
unique spectral signatures. The spectral signature is the ratio of the reflected energy to

incident energy as a function of the wavelength (Lillesand & Kiefer, 2015).

Each band collected by a remote sensing sensor is composed of pixels representing an
area on the field. A radiance value is stored in each pixel, and the pixel's intensity
corresponds to a discrete numerical value called a Digital Number (DN). Each image
collected can, therefore, be described in terms of spatial, spectral, radiometric and

temporal resolution (Sanderson, 2003) (Table 2).
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Table 2 - Description of the spatial, spectral, radiometric and temporal resolution according to Sanderson (2003).

_ _ The area of the surface contained in one pixel, and the smaller
Spatial Resolution . ) _ _
the area, the higher the spatial resolution of an image.

Sensor’s ability to measure finer wavelength intervals and,
) therefore, the number and width of spectral bands that it can

Spectral Resolution ] _
discern. The finer the wavelength, the higher the spectral

resolution.

Equivalent to the sensitivity of a sensor, which is its ability to
measure and distinguish changes in electromagnetic energy
within the same spectral band. The data is measured in bits, in
Radiometric which each bit is a binary value of 0 or 1. The number of
Resolution brightness levels is determined by the bit depth of an image.
For example, 8-bit images represent 256 brightness levels,
and the higher the bit value, the greater the number of grey

levels stored.

It corresponds to the measurement of a repeat cycle or
Temporal ) ) .
_ frequency with which a sensor revisits the same part of the
Resolution
Earth’s surface.

The remote sensing data acquisition platforms can be of various types: aerial, like
helicopters, aircraft and, more recently, unmanned aerial systems (UAS), space-borne,
such as satellites and ground-based, such as LiDAR sensors, spectrometers and other

geophysical surveys techniques (Gupta, 2018).

According to Sabins (1999), remote sensing can be applied to mineral exploration for
two main purposes: (i) structural mapping to localize ore deposits and (ii) identification
of hydrothermally altered rocks by analysing their spectral signatures.

For structural mapping, radar data is typically used, and in this work, Sentinel-1 and
LiDAR data were utilized. Mineral mapping through spectral analysis relies on optical
data, which can be either multispectral or hyperspectral, depending on the spectral

resolution.

The European Space Agency (ESA) launched the Sentinel missions in the frame of the
Copernicus program. These missions include Sentinel-1, Sentinel-2, Sentinel-3,

Sentinel-4 and Sentinel-5. In this work, only Sentinel-1 data was used.

26
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The Sentinel-1 mission consists of a constellation of two satellites — Sentinel 1A and
Sentinel-1B. The Sentinel-1A was launched on 3 April 2014 and Sentinel-1B on 25 April
2016, although the mission for Sentinel-1B ended in 2022.

Sentinel-1A operates in a near-polar, sun-synchronous orbit at an altitude of 696 km, with
a 12-day revisit cycle, obtaining a vast geographical coverage, potentially being able to
cover the entire world every cycle (Torres et al., 2012). It is equipped with a CSAR active
sensor, which is a synthetic aperture radar (SAR) operating in the C-band at a frequency
of 5.405 GHz (Fig. 14) (Fletcher & Agency, 2012). The sensor enables image acquisition
under all weather conditions, and since it is an active sensor, it does not depend on light
conditions. Due to the longer wavelength of the C-Band, the ground penetration depth is
optimal, and the radar waves can penetrate through vegetation foliage to some extent,
as well as soil, ice and snow. Dry soil tends to be more transparent to radar waves,
allowing for deeper penetration, while moist or wet soil can absorb more radar energy,

leading to shallower penetration (Arii et al., 2019).
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Figure 14 - Effects of X, C and L-band of SAR data on the penetration of
surfaces (Adapted from Flores et al. (2019)).

The emitted waves reach the surface, and the reflected signals are called backscatter.
There are different types of backscatter waves, and their strength indicates the relative
roughness of the imaged surfaced (Arii et al., 2019) (Fig. 15). On one hand, rough
surfaces will induce a strong return and a diffuse backscatter due to the waves going in
various directions. On the other hand, smoother surfaces will produce none to little

amount of signal backscatters. For human-made structures, the waves will double
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bounce off the surface, causing a bright and clear backscatter (Ottinger & Kuenzer,
2020).

Double Bounce

Rough Surface

3z,

Figure 15 - Scattering mechanisms of the emitted waves of the CSAR (Adapted from Flores et al. (2019).

Sentinel-1 captures images in different polarizations, which correspond to the waves
travelling direction. It uses four different combinations, HH, VV, HV, and VH, where H
stands for horizontal polarization and V corresponds to vertical polarization (Torres et al.,
2012) (Fig. 16). The first letter indicates the transmitted polarization while the second

letter indicates the return signal polarization.
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Figure 16 - Transmission of SAR waves, either vertically (V) or horizontally (H) (Credits: ASF).

This satellite generates three different types of products: Slant Range Single-look
Complex (SLC), Ground Range Multi-look Detected (GRD) and Browse (BRW). Four
operational modes were implemented — Interferometric Wide-swath mode (IW), Wave
mode (WV), Strip Map mode (SM) and Extra Wide-swath mode (EW), with the following
characteristics (Table 3) (Torres et al., 2012). The main operational mode used over land
is the IW mode, with VV+VH polarization.
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Table 3 - Characterization of the operational modes of Sentinel-1.

W wWv SM EW
Polarization Dual (HH+HV, Single (HH,vV) Dual (HH+HV, Dual (HH+HYV,
VV+VH) VV+VH) VV+VH)
Spatial 5x20m 5x5m 5x5m 20x40 m
resolution
Swath 250 km Vignette 20x20 80 km 410 km
km

Over the years, Sentinel-1 has been used for a wide range of applications. For land
monitoring applications, it can be used for agriculture, forestry, soil moisture monitoring
and urban mapping. Its scope also extends to marine and coastal monitoring, where it is
particularly valuable for oil spill detection, glaciers and coastal erosion monitoring, and
ship detection, all of which contribute to marine safety (Torres et al., 2012). The satellite’s
all-weather imaging is especially beneficial in disaster management, providing critical
data during situations with cloud cover, such as floods, wildfires and tornadoes.
Additionally, it offers significant value in geological applications, including the
assessment of geological hazards, like earthquakes, volcanic activity, landslides and
subsidence, and it can also be particularly useful in structural mapping (Fletcher &

European Space, 2012).

LiIDAR is equipped with a laser, a scanner and a Global Positioning System (GPS)
receiver. It is an active sensor that emits light in the form of a pulsed laser, and the
reflected light returns to the sensor, where it is recorded (Dong & Chen, 2017; Hodgson
& Bresnahan, 2004) (Fig. 17). The system measures the time it takes for emitted light to
travel to the ground and back, called the two-way travel time, which is then used to
calculate distance travelled (Prost, 2013). In the end, the distance is converted to

elevation.

The sensor is usually coupled in different platforms, such as airplanes and helicopters,
and there are two types of LIDAR — topographic and bathymetric. The topographic uses
a NIR laser to map the land, while the bathymetric uses water-penetrating green light to

measure the seafloor and riverbed (Quadros et al., 2008).

LiDAR data is available as discrete points, and a collection of them is known as LIDAR
point cloud (Chen, 2007). All points have an associated X, Y location and Z values,
corresponding to elevation. They also have an intensity value, representing the amount
of light recorded by the sensor (Dong & Chen, 2017).
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Figure 17 - Mechanisms from which LiDAR obtains elevation data (Credits: EIProCus).

The point cloud data is stored in a “las” file format, or a “.laz”, which is a highly
compressed version. Data products derived from the point cloud data are often high-

resolution rasters in GeoTIFF formats.

LiDAR excels in mapping the Earth’s structure by acquiring high-resolution, three-
dimensional data and, therefore, providing accurate shoreline maps or DEMs, regardless
of vegetation (Dong & Chen, 2017). It excels in capturing both natural and anthropic

environments with exceptional accuracy and precision.

This work employed hyperspectral data from the ENMAP mission for mineral mapping.
Hyperspectral imaging is a passive remote sensing techniqgue where simultaneous
images are captured in many narrow spectral bands, as opposed to multispectral

imaging, where the spectral bands are wider (Sabins, 1999).

EnMAP is a German satellite mission managed by the German Space Agency and
launched on April 1, 2022 (Storch et al., 2023). It operates on a sun-synchronous orbit

at 653 km of altitude and has a revisit time of 27 days (Guanter et al., 2016).

It is equipped with a passive push-broom type hyperspectral imager (HSI) that records
reflected radiation between 420 nm to 2450 nm in 246 bands, covering the VNIR and the
SWIR range of the electromagnetic spectrum (Storch et al., 2023) (Fig. 18). The spectral
resolution is of 6.5 nm, in the visible and NIR range, and of 10 nm in the SWIR, while the
spatial resolution is 30 m, providing a swath width of 30 km (Guanter et al., 2016). The

high spectral resolution is particularly valuable for mineral exploration since it is more
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sensitive and can identify a wide variety of minerals based on their unique spectral

signatures (Sabins, 1999).
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Figure 18 - Schematic view of observation technique of the HSI instrument (Credits: OHB).

The main fields of application are diverse, supporting agriculture and forestry, urban
planning, and coastal and marine environment monitoring and disaster management
(Guanter et al., 2016). Due to its high spectral resolution, it can be essential for geology
and soil mapping. It can map many visible and NIR-SWIR active minerals on the Earth’s
surface, proving to be essential for mineral and resource exploration and has been
applied several economic mineral systems such as porphyry copper, epithermal gold,
Carlin-type gold, volcanogenic massive sulfide, iron-oxide-copper gold, skarns and
polymetallic deposits, Pb-Zn mineralization, uranium mineralization, carbonatite and
associated REE and niobium, kimberlites, lithium resources, iron ore deposits, bauxites,

and many others (Guanter et al., 2016).
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6.Methodology
6.1. Data

For structural mapping, Sentinel-1 data and LIiDAR data were utilized.

A Sentinel-1 Level-1 GRD product was obtained for the Rias Baixas region. The image
was acquired on 19 January 2024, in IW acquisition mode, on descending orbit, with dual

polarization VV and VH.

The Sentinel-1 image was downloaded from the Copernicus Browser, an open data
source of satellite images that can be accessed through

“https://browser.dataspace.copernicus.eu/”.

In addition, several LIDAR mosaics with a spatial resolution of 2 meters were
downloaded from the Spanish Centro de Descargas (Download Center) of the
Organismo Auténomo Centro Nacional de Informacion Geogréfica (CNIG — Autonomous
Body National Centre for Geographic Information). The LIiDAR data, accessible at

“https://centrodedescargas.cnig.es/CentroDescargas/index.jsp”, was generated through

interpolation from LIiDAR flights under the scope of the second phase of the Plan
Nacional de Ortografia Aérea (PNOA — National Aerial Orthophotography Plan), which

began in 2015 and plans to provide complete coverage of the Spanish territory.

For mineral mapping, EnMAP data was employed. The EnMAP image, a Level-2A
product consisting of 224 spectral bands, was acquired on 26 June 2024. EnMAP data
can be accessed by submission of an acquisition request through the EnMAP Instrument

Planning portal (https://planning.enmap.org).

6.2. Preprocessing

The main objective of preprocessing is to enhance the quality of the data by minimizing
unwanted noise, correcting distortions, and enhancing key image features. Therefore,
applying preprocessing steps is crucial, as it ensures that subsequent manual or

automatic analysis is performed on accurate data.

For Sentinel-1 data, with the purpose of structural mapping, preprocessing was achieved
using two platforms: the Sentinel Application Platform (SNAP) 10.0, for all data that was
used for manual extraction, and Google Earth Engine (GEE), for all data used for

automatic extraction.
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For manual extraction, the Sentinel-1 pre-processed image was imported from SNAP
into ESRI'S ArcGIS Pro. All the LIDAR data was also handled on ArcGIS PRO. On the
other hand, the automatic extraction was achieved on GEE and the resulting lineaments

were also imported into ArcGIS PRO.

SNAP and GEE are freely available and offer a significant advantage, as they eliminate

the need for expensive commercial licenses, making remote sensing more accessible.

The EnMAP data was also processed using SNAP and ENVI 6.0

6.2.1. Sentinel-1

The preprocessing of the Sentinel-1 product followed similar workflows on both SNAP
and GEE, with only minor variations due to platform differences. This consistency was
essential to minimize potential discrepancies that could happen due to different
preprocessing techniques, ensuring that the geological lineament extraction, both

manual and automatic, was based on uniformly processed data.

6.2.1.1.  Sentinel Application Platform

SNAP is an open-access EO software that analyses and processes satellite data,
whether optical (either multi or hyperspectral) or radar. For this, the software contains all
Sentinel Toolboxes (Sentinel-1, Sentinel-2 and Sentinel-3) and supports other third-party
missions such as EnMAP, Landsat, PRISMA, SPOT, ALOS, among others. The interface
of the software can be seen in Figure 19. The processing workflow is schematized in
Figure 20.
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Figure 19 - Interface of SNAP. At the top, the taskbar can be found to access tools and functions. The Product Explorer
window on the left offers a tree-like view of existing products. The central area is the Image View, where bands can be
displayed. On the bottom left, users can find the Navigation Window, where they can move the viewport of the image
window, as well as other panels such as Colour manipulation and World View. Users can access the Product Library,
Layer Manager and Mask Manager on the right. The user can define which windows are displayed and their location.
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Figure 20 - Workflow employed for preprocessing Sentinel-1 data in SNAP.

Each of the preprocessing steps will be briefly described.
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Orbit correction

Orbit correction is an essential first step in the preprocessing of radar data.

Over time, the precise location of the satellite may drift, so there is a need for periodic
adjustments. Therefore, orbit state vectors provided in the metadata information of a
Sentinel-1 product are usually not accurate (Torres et al., 2012). To correct this, the
satellite position is recorded by the Global Navigation Satellite System (GNSS) during
acquisition. The consequent orbit file is produced a few weeks after acquisition and can

be downloaded and applied to the image.

After this step, the accuracy of the satellite’s position and velocity information is ensured,
which impacts the quality of the georeferencing and subsequent data (Filipponi, 2019).

Thermal Noise Removal

Thermal noise is an unwanted background signal consisting of two additive noises, one
stemming from the antenna pattern and varying in range direction. The other is a
scalloping noise, varying along the azimuth direction (Park et al., 2018). This noise is

more evident in cross-polarization SAR images, such as VH and HV.

Due to this, thermal noise removal is performed to normalize the backscatter signal,

enhancing the quality of the radar image.

Radiometric Calibration

SAR data is measured in digital pixel values, also known as DNs. Radiometric calibration
aims to convert these values to radiometrically calibrated backscatter of the reflecting
surface (Filipponi, 2019). Pixel values can then be converted into beta, sigma and
gamma nought values. For these images, DNs were converted into sigma nought values,
which represent the averaged radar cross section per unit ground area in m2, meaning it

accounts for the terrain’s effects on the backscatter signal.

In this step, Amplitude and Intensity bands, in both polarizations VV and VH, are

converted into the Sigma0_VV and Sigma0_VH bands.
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Speckle Filtering

Due to the homogeneity of the surface illuminated by the SAR sensor, it will then be
comprised of different types of individual scatterers that may interfere with each other,
creating granular noise that appears as a salt and pepper texture. Due to this, filters can
be applied to reduce noise and enhance image quality. The filters available in SNAP are:
Boxcar (mean), Median, Frost, Lee, Refined Lee, Gamma-MAP, Lee Sigma and lterative
Dual Adaptive Non-local.

The filter used for this image was the Refined Lee since it has been tested ((Ghosh et
al., 2022; Tzong-Dar & Lee, 2007) to be more suitable for preserving edges and linear

features.

Range Doppler Terrain Correction

SAR sensors measure the distance to objects, i.e. the range, and their movement, i.e.
the Doppler shift. However, data collected usually has a varying viewing angle greater
than O degrees due to topographic variations and the tilt of the satellite sensor, leading
to distortions (Park et al., 2018). Therefore, terrain correction must be performed to undo
these distortions and accurately represent the surface. For this, the method is applied
for geocoding SAR images from single 2D raster geometry. This method uses information
about the topography, usually provided by a DEM, and the orbit state vector information
to attribute a precise geolocation to each pixel, obtaining the geographic coordinates for

the Sentinel-1 image.

For these images, the DEM used was the National Aeronautics and Space
Administration’s (NASA) SRTM with a 30-meter resolution.

Since the image was obtained in descending orbit, it appears flipped vertically, which

was also rectified by terrain correction.

Subset

The Sentinel-1 image has a swath width of hundreds of kilometres, incorporating areas

that are not included in this study. Therefore, a subset of the study area was created.
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6.2.1.2.  Google Earth Engine

GEE is a cloud-based platform that allows users to visualize and analyse satellite
imagery on a global scale. It offers an extensive collection of satellite images, with data
spanning over 40 years. The main programming language used is JavaScript, and the
platform provides the necessary tools to analyse large volumes of data (Fig. 21).

Go gle Earth Engine Q. Search places snd datasets...
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Figure 21 - Interface of GEE. On the left is the Scripts panel, where scripts are stored; the Docs panel, where information
about algorithms and tools is found; and the Assets panel, where users can upload and manage geospatial datasets. The
central panel is where scripts are written, usually in JavaScript. On the right, the Inspector panel allows for the examination
and retrieval of data; the Console panel displays results; and finally, the Tasks panel, where it is possible to manage
running tasks, such as data exports.

The same Sentinel-1 image was retrieved from GEE'’s Image Collection through the path
“COPERNICUS/S1_GRD”. When imported, this image had already been pre-processed
by GEE, using Sentinel-1 Toolbox, and the steps applied were Thermal Noise removal,
Radiometric Calibration and Terrain Correction using SRTM 30m. Unlike in SNAP and
apart from the VV and VH bands, each scene also includes an additional “angle” band,
which contains the approximate incidence angle from the ellipsoid at every point.

The Sentinel-1 bands can then be added to the map for visualization, and the
visualization parameters are manually inserted, usually using the maximum and
minimum values of the band. These values can be inspected by printing the image details

in the console window.

6.3. Geological lineament extraction

In this subchapter, the methodology employed for lineament extraction is described for

both types, manual and automatic. Manual lineament extraction consists of the direct
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digitalization of structures by image interpretation. Meanwhile, in automatic extraction,

structures are detected and extracted through algorithms with minimal human

intervention.

Different methods were used for both types of extraction. For Sentinel-1 data, two

methods were tested, while for LIDAR data, only one method was applied. The goal was

to standardize the methods for both types of extraction in order to produce results that

would be consistent and could be directly comparable. This way, an accurate

assessment of the effectiveness of each extraction can be performed.

The overall workflow for the methods is illustrated in Figure 22. Each method will be

described further in the next subchapters.

Lineament Extraction

x

Image Preprocessing in
SNAP

Manual Extraction

First Method Second Method

Band Multiplication
Directional Filtering,
RGB Compositions

K-Means
Classification

Manual extraction performed in ArcGIS PRO software,
using ESRI World Imagery basemap as additional
resource

Image Preprocessing in
GEE

Automatic
Extraction

First Method Second Method

K-Means
Classification

Band Multiplication

Automatic extraction performed in GEE, using the
Canny Algorithm and the Hough Transform.
Lineaments are then imported into a GIS environment
for removal of unwanted lineaments

Lineament Extraction

L3

Manual Extraction

L3

Manual extraction performed in ArcGIS PRO software,
using ESRI World Imagery basemap as additional
resource

L}

Automatic

Automatic extraction performed in GEE, using the
Canny Algorithm and the Hough Transform.
Lineaments are then imported into a GIS environment
for removal of unwanted lineaments

Figure 22 - Top workflow summarizing the two manual and automatic extraction methods using Sentinel-1 data. The
bottom workflow summarizes the manual and automatic extraction methods using LIDAR data.
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6.3.1. Manual extraction

As mentioned, for Sentinel-1 data, the first method consists of band multiplication, Prewitt
filtering and RGB Compositions, while the second method consists of mainly performing
K-Means Unsupervised Classification. Each method is described in detail below, as “First
method” and “Second method”, respectively. For LIDAR data, only one method was

employed, which consisted mainly of hillshading.

6.3.1.1. Sentinel-1
6.3.1.1.1. First method

All the steps involved in the first method are schematized in Figure 23.

First Method

Band Multiplication

T

e
p
&W_x_VH band
~

~U

—

Prewitt Filtering + RGB Composite

Manual Lineament Extraction

Figure 23 - Workflow for the first method of the manual extraction using Sentinel-1 data.

Band Math

Band math is a tool that creates new bands from existing bands by building expressions.
Different types of operators exist, such as binary, logical, mathematical functions,
mathematical constants and arithmetic operators. The last one was the one used in this

work.

Two operations were tested — addition and multiplication. The addition of the VV and VH
bands reflects the overall backscatter from both V and H polarization signals. However,
it does not highlight the different types of scattering and, therefore, cannot distinguish
different surface roughness levels. This results in a loss of detail, which is necessary to

identify geological structures.
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On the other hand, the multiplication of VV and VH does not reduce detail since it
incorporates the different types of scattering from both polarizations. This makes it more
suitable for identifying geological structures since it captures the different scattering
proprieties of these structures, which are dependent on their orientation and surface

roughness.

Using this tool, a band was created from the multiplication of the SigmaO_VV and

Sigma0_VH bands, resulting in a new band named “VV_x_VH".

Directional Filtering

Directional filtering is a technique used for edge enhancement, highlighting image
features with different directional gradients. For this, Prewitt filtering, comprising 3x3
kernels, was employed to help identify edges and features by detecting changes in image
intensity. The directional filters were applied to the VV_x_VH band in four different
directions: N-S, NE-SW, E-W and NW-SE (Ahmadi, Pekkan, & Seyitoglu, 2023; Cardoso-
Fernandes et al., 2018) (Fig. 24).

N-S E-W NE-SW NW-SE
Alalallalol1|lo]|a|af|a]1]o0
olo|of|1|lo]|1||1]|o]a||[1]0
111 ||alof1||1|[1]0]|lo]1]1

Figure 24 - Prewitt filters applied to the Sentinel-1 image (Adapted from ).

RGB Composite

RGB (Red, Green, Blue) composite bands combine three different bands into one colour
image. Following the method in Javhar et al. (2019), an RGB composite of the three
directional filters was created using the following combination: NE-SW (R), E-W (G) and
NW-SE (B).

This combination aids visual interpretation by leading to improved contrast on geological

features and, therefore, serves as a manual lineament extraction tool.
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6.3.1.1.2. Second method

The second method employed is based on K-Means Unsupervised Classification to
assess its ability to delineate and classify structures as an alternative to other structural

enhancement techniques, such as Prewitt filtering (Fig. 25).

The K-Means Cluster Analysis categorizes objects into different groups, known as

clusters or classes, where each cluster comprises data that share a common trait.
In SNAP software, the K-Means algorithm is implemented as follows:

i.  Random selection of k pixels to define the initial cluster centers;
ii.  Assign each pixel to the nearest cluster center based on Euclidean distance;
iii.  Recalculate the cluster centers by averaging the values of all pixels assigned to

each other.

Second Method

K-Means
Classification

Manual Lineament Extraction ‘

Figure 25 - Workflow for the second method of the manual extraction using Sentinel-1 data.

The number of clusters is defined as parameters, followed by the maximum number of
iterations over which the cluster analysis stops. The random seeds are used to generate
the initial clusters, and for this analysis, the default seed number of 31415 was used.

Finally, the source bands for the analysis are selected.

Therefore, several combinations can be tested, and the following six were performed
(Table 4).
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Table 4 - Parameter combinations for the K-Means Classification to be used for manual extraction.

Combination Bands Clusters Iterations

A Sigma0_VV 8 15

B Sigma0_VH 8 15

C Sigma0_VV 8 15
Sigma0_VH

D Sigma0_VV 12 15
Sigma0_VH

E VV_x VH 8 15

F VV_x VH 12 15

Six combinations were tested, but combinations A and F were selected for manual

lineament extraction since they provided superior structure visibility.

6.3.1.2. LiDAR

In ArcGIS PRO software, all the LIDAR mosaics were merged into a single raster and hillshading
was applied. Hillshading is a technique used for terrain visualization, which simulates the

illumination of the terrain surface based on the sun’s angle and the slope of the elevation surface.

Four hillshade maps were created with azimuth directions of 0°, 90°, 180° and 270° (Fig. 26). The

illumination angle was set to the default number of 45.

LiDAR

Hillshading

Azimuth NO° Azimuth 90° Azimuth 180° Azimuth 270°

Manual Lineament Extraction

Figure 26 - Workflow of the method applied to LIiDAR data..

Azimuths of 0° and 180° are expected to enhance lineaments oriented along an E-W direction,
while azimuths of 90° and 270° will highlight lineaments oriented N-S. This is due to the way
shadows are cast. For example, when the light comes from the north, it casts shadows to the

south, emphasizing lines perpendicular to the illumination direction and, therefore, oriented E-W.
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6.3.1.2.1. Lineament extraction

The manual lineament extraction was carried out in ArcGIS PRO software, with the
Imagery basemap by Earthsar Geographics, to help differentiate between man-made

and natural lineaments.

For Sentinel-1 data, referring to the first method, the base image utilized was the
VV_x_VH band, with the RGB composite as a supplementary tool to visualize features
better.

To avoid bias in the results and truly assess the abilities of these methods, the only
basemap used was the one mentioned above. However, the lineaments were then
compared to those mapped in the MAGNA 50 - Geological Map of Spain at a scale of
1:50 000. Furthermore, lineament length, direction, density, and intersections were

analysed.

6.3.2.Automatic extraction

As seen previously in the workflow illustrated in Figure 22, for the automatic extraction,
similar to the manual one, two methods were utilized for the Sentinel-1 data, which again
include band math and K-Means clustering. For the LIDAR data, only hillshading was

applied, just like the manual method. The automatic extraction was performed in GEE.

6.3.2.1. Sentinel-1
6.3.2.1.1. First method
Band math

The Sigma0_VV and Sigma0O_VH bands were multiplied, following the manual extraction
procedure, to produce a second VV_x VH, which was given the designation
VV_x_VH_GEE (Fig. 27).
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First Method

Band Multiplication

L]

Automatic Lineament Extraction

Figure 27 - Workflow for the first method of the automatic extraction using Sentinel-1 data.

6.3.2.1.2. Second method

The second method, just like the manual extraction, is based on K-Means classification
(Fig. 28). In GEE, firstly, a training area needs to be specified by inserting a scale and
number of pixels. Through trial and error, a scale of 10 was chosen and a number of
pixels of 4000.

Second Method

d> VH band

K-Means
Classification

Automatic Lineament Extraction

Figure 28 - Workflow for the second method of the automatic extraction using Sentinel-1 data.
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In GEE, for the clustering, the VV_x_VH band and the VV and VH bands were used, but
unlike in the manual method, only one band was used as input at once since GEE doesn't
support the selection of multiple bands at once for the K-Means Classification, like it
happens in SNAP. Therefore, the K-Means combinations in GEE were the following
(Table 5):

Table 5 - Combination parameters of the K-Means Classification to be used for automatic extraction.

Combination Bands Clusters
G Sigma0_VV 8
H Sigma0_VV 12
I Sigma0_VH 8
J Sigma0_VH 12
K VV_x VH GEE 8
L VV_x VH GEE 12

Through observation, only the two best combinations were selected for the lineament
extraction: combinations K and L. While combination G provided a good result, only the
combinations containing the VV_x_VH_GEE band as input were considered for further

analysis, as this band is the main one used for lineament extraction in this work.

6.3.3.LIDAR
Hillshading

For the LIDAR data, the same hillshading was applied, just like in the manual one. Four
hillshades were created, with an azimuth of 0°, 90°, 180° and 270°, and an illumination

angle of 45°.

6.3.3.1. Lineament extraction

The technique for automatic lineament extraction is somewhat more complex than
manual extraction. Firstly, edge detection is required, followed by line detection from the

resulting edges.

Edge detection — Canny Algorithm

Edges correspond to a region in an image with a sudden change in brightness. In image
processing, edge detection is a known technique for identifying and locating boundaries
in an image, detecting discontinuities, and extracting the outlines of an object present in
an image (Canny, 1986).



FCUP | 46
Evaluation of radar and hyperspectral data for the identification of placers in the Rias Baixas region

There are several edge detection algorithms, but the one available in GEE is the Canny
edge detection algorithm, developed in 1986. It is a multi-stage algorithm that includes
image smoothing, gradient finding, none-maximum suppression, double thresholding,

and edge tracking by hysteresis (Canny, 1986).

In GEE, the only parameters that need to be specified are the line threshold and the
sigma values. The threshold will determine which pixel is considered for edge detection.
In GEE, only a minimum threshold is considered instead of a double threshold. Thus, a
pixel is only considered if the gradient magnitude exceeds the defined threshold. A high
threshold may miss important information, while a threshold that is too low may lead to

unwanted noise.

Prior to most edge detection algorithms, image smoothing is usually used. Image
smoothing consists of applying a spatial filter to produce a smoother image with reduced
noise and highlighting edges in the image (Rajashekar et al., 2005). This step is already
incorporated in the Canny algorithm, and the user only needs to specify a value of sigma,
which represents the standard deviation of a Gaussian filter. The smaller the sigma
value, the narrower the filter, which is equivalent to less smoothing, preserving finer
details. On the other hand, a larger sigma value will result in a wider Gaussian filter,
leading to even smoother images. It was observed that Sentinel-1 data needed a
narrower filter, while LIDAR data needed a wider one due to having a higher spatial

resolution.

Several threshold and sigma values combinations were tested through trial and error and

observation. The best combinations of parameters are those described in Table 6:

Table 6 - Parameters used for the Canny Algorithm in GEE.

Image Threshold Sigma
VV_x_VH_GEE 120 2
Combination G 15 15
Combination K 1 4
Combination L 1.2 4.1

LiDAR Hillshade — Azimuth Q° 30 3
LiDAR Hillshade — Azimuth 90° 30 3
LiDAR Hillshade — Azimuth 180° 30 3
LiDAR Hillshade — Azimuth 270° 30 3
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Line Detection — Hough Transform

After edge detection, line detection must be performed. The technique available in GEE
is the Hough Transform, developed by Paul Hough in 1962 (Duda & Hart, 1972). This
transform can detect simple geometric shapes such as lines and circles. To detect
features, it transforms the image space into a parameter space consisting of the X-Y
coordinates and the circle's radius. The shapes will be detected through the identification
of patterns (Moulin, 2005).

In GEE, the user needs to define several parameters. The first parameter is the input
image, which needs to be a thresholded edge detected image. Then, the grid size over
which the computation is performed needs to be specified. After, a value for the input
threshold is defined, where pixels equal to or above the value are considered active, and
the same input threshold as Canny was defined. Another threshold is the line one, where
values equal to or above that value are considered to be detected lines. The same line
threshold was applied to all images.

Table 7 - Parameters used for the Hough Transform in GEE.

Image Grid size Input Line
Threshold Threshold
Canny_VV_x_VH_GEE ( dgle ?Jlt) 120 10
Canny_Combination G (dezzfsailt) 15 10
Canny_Combination K 256 1 10
- (default)
Canny_Combination L 256 1.2 10
- (default)
Canny_LIDAR Hilshade - Azimuth 0° | 5%% 30 10
Canny_LIiDAR Hillshade — Azimuth 256 30 10
90° (default)
Canny_LiDAR Hillshade — Azimuth 256 30 10
180° (default)
Canny_LIiDAR Hillshade — Azimuth 256 30 10

270° (default)
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6.4. Mineral Mapping

EnMAP’s L2A products are considered analysis-ready, so no further processing is
needed except for spectral subsetting to remove bad quality bands, which are corrupted
data layers containing no data pixels (Alicandro et al., 2022). In this case, bands number
131 (1342.82 nm), 132 (1354, 76 nm), 133 (1366,69 nm), 134 (1378, 60 nm) and 135
(1390,48 nm) were manually identified and removed. As a result, the final product

consists of 219 bands out of the original 224.

For mineral mapping, band ratios were performed in a first instance to detect zones of
alteration and possible mineralization. Additionally, the Mixture Tuned Matched Filtering
(MTMF) approach was employed to detect specific mineral signatures within the image
through a spectral unmixing approach. This method was performed in ENVI Classic 6.0
software (Fig. 29)

& ENVI Classic = O X

File BasicTools Classificat

rm Filter Spectral Map Vector Topographic Radar Window Help

File y Enhance Tools Window

¥ Available B.. — O X
File Options
=-fiJ} RESAMPLED_ENVI_2.dat

o Band 1 (418.4160) 1l

o Band 2 (424.0430)
O Band 3 (429.4570)
o Band 4 (434.6860)
0 Band 5 (439.7570)
.0 Band 6 (444,6990)
O Band 7 (449.5390)
O Band 8 (454,3060)
:
0 Band 10 (463.7200)
o Band 11 (468.4110)
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Figure 29 - Interface of the ENVI Classic 6.0 software. At the top, the taskbar provides access to all the tools needed for
the image analysis. The Available Bands list is displayed in the bottom left corner, where all products are displayed. The
main image view is in the centre, accompanied by two smaller windows representing the zoom and scroll functionalities.
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6.4.1. Band ratios

Band ratios are one of the most common image enhancement techniques used in remote
sensing image processing since it effectively displays spectral variances that become
difficult to detect in a standard image while being a fairly fast technique to perform
(Ghrefat, Awawdeh, Howari, et al., 2023; Sabins, 1999). This technique works through
the division of DNs at peaks/maxima and throughs/minima in a reflectance curve (Prost,
2013). To perform this, typically, a band with higher reflectance is divided by a band with
lower reflectance, and the final product consists of an image showing the distribution of
specific minerals based on their unique reflectance highs and absorption features (Prost,
2013). This technique effectively sharpens subtle differences in the spectral reflectance
characteristics of rocks and soils while suppressing other types of information, such as
topographic effects (Ghrefat, Awawdeh, & Al-Rawabdeh, 2023).

Since early, band ratios have been used for mineral exploration since many minerals
associated with hydrothermal alteration, such as iron oxides, clay minerals, which include
illite, kaolinite and montmorillonite, and carbonates are easily detected and observed
through band ratios (Abrams et al., 1977; Prost, 1980; Sabins, 1999).

Clay minerals usually have a characteristic absorption centered at 2200 nm (Prost,
2013). Iron oxides have a characteristic absorption in the ultraviolet and blue spectral
regions but are strongly reflective in the red and IF regions at around 600 and 700 nm
(Canton et al., 2021). Carbonates usually have strong absorption features between 2320
nm and 2510 nm in the SWIR region (Prost, 2013; Sabins, 1999).

Different band ratios were tested in this work to highlight areas of possible hydrothermal
alteration, mainly several ratios for clay minerals, iron oxides and silicates, as well as
carbonates. Henrich et al. (2012) previously defined these band ratios, which can be

consulted at https://www.indexdatabase.de/. These ratios are described in Table 8.

Table 8 - Band ratios tested to identify hydrothermal alteration zones.

General Formula Specific Formula Type of mineral featured
1642.1 nm 153 )

2165.5 nm 189 Alteration
1642.1 2224.6 153+ 196 . - .
( nm + nm) —( * ) Alunite/Kaolinite/Pyrophylite

2165.5nm 189
2165.5nm x 2290.1 nm 189 x 204
il Clay
2224.62 nm 1962
2290.1 nm 204 .
Kaolinite

2165.5 nm 189



https://www.indexdatabase.de/
https://www.indexdatabase.de/db/i-single.php?id=1
https://www.indexdatabase.de/db/i-single.php?id=2
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(2290.1 nm + 2392.3 nm) M Carbonate/Chlorite/Epidote
2322.1nm 208
(2224.6 nm + 2392.3 nm) (196 + 217) Enidote/Chiorite/Amphibol
(2290. 1 nm + 2322. L nm) (204 + 208) pidoteri-hioritelAmphibole
660.2 nm 46 L
- — Ferric iron
555.9nm 29
2165.5nm 555.9nm 189 29
+ — 4+ — Ferrous Iron
808.9 nm 653.8 nm 68 45
—1642' 1 nm 15—3 Ferric Oxides
808.9 nm 68
2165. 189 -
M — Ferrous Silicates
1642.1 nm 153
2143 nm + 2229 nm 187 + 197 -
R Al-sheetsilicates
2206 nm 194
2224.6 nm 196 Amphibole
2322.1nm 208
2224, 2392. 19 217
6nm +2392.3 nm L Amphibole/ MgOH
2322.1nm 208

6.4.2. Mixture Tuned Matched Filtering

Hyperspectral images contain a combination of component materials within each pixel.
Due to this, spectral unmixing techniques are usually employed to calculate the relative
abundance of materials within a hyperspectral image based on a set of endmembers
with unique spectral characteristics (Abay et al., 2022; Jakob et al., 2016; Kumar et al.,
2022; Lorenz et al., 2016).

The MTMF supervised classification is based on partial unmixing since it can unmix an
endmember from an unknown background. It uses a Matched Filter (MF) to match the
known spectral signature to the image spectra, maximizing the response of the target
spectra and suppressing the response of unknown elements in the image (Kumar et al.,
2022). The result is a target abundance image where each pixel has an MF score. The
other part of the classification consists of applying a Mixture Tuning (MT) method to
reduce false positives by using a linear spectral mixing model to add an infeasibility
image to the results. The results are a set of rule images that correlate to the MF and

infeasibility scores, for each pixel, when compared to each endmember spectra.

In this work, two different MTMF classifications were performed. The MTMF method can
be done through the Spectral Hourglass Wizard in ENVI software, and several steps are

included in the workflow:

1. The input EnMAP image is selected.
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2. Minimum Noise Fraction (MNF) Transform is applied to determine the
dimensionality of image data. It uses two cascaded Principal Component (PC)
transformations, where the resulting bands are ranked with the largest amount of
variance in the first few bands and decreasing data variance with increasing band
number. In this step, the number of output MNF bands is determined by
visualizing the output bands and using expert knowledge to identify from which
band the noise starts to increase. Based on this assessment, 30 MNF output
bands were selected.

3. The Data Dimensionality is determined considering the eigenvalues and MNF
images. This step includes thresholding MNF bands to separate the noise from
the data. A threshold of 0.62 was chosen, equivalent to 13 output bands.

4. After, the endmembers can be derived or selected. Endmembers represent the
pure spectral response of various materials (Shi & Wang, 2016). In this work,
endmembers were selected from two different spectral libraries, one used for
each classification attempt. The first library was derived from the USGS spectral
library, (Kokaly et al., 2017), and the minerals that constitute the endmembers
were selected due to their known occurrence in the Ria de Vigo. The second
spectral library was built during the S34l project, under which this dissertation
was carried out. To create the second spectral library, heavy-mineral
concentrates of Vigo beach placer samples were collected in a laboratory, and
their spectral signature was identified with an ASD FieldSpec4
spectroradiometer. While these HM concentrates are not spectrally pure, they
were used as endmembers since they represent the mix of materials found in
Vigo beaches. Table 9 describes the endmembers used in the classification.

5. For each classification, 20 rule images were obtained — 10 of them containing the
MF scores and the other 10 containing the infeasibility scores.

Table 9 - Endmembers selected for MTMF method. The first classification was performed using endmembers chosen
from the USGS spectral library. While the second classification was performed using endmembers obtained from the
spectral analysis of HM concentrates from Vigo beach placer samples collected in the scope of the S34l project.

First Classification (USGS) Second Classification (HM spectral library)
Endmember Manual Interpretation
Almandine (HS114.3B) UPO_1 Montmorillonite
Goethite (HS36.3) UPO_2 Biotite/Phlogopite/
Montmorillonite
Grossular (HS113.3B) UPO_3 Biotite/Phlogopite/

Montmorillonite




FCUP | 52
Evaluation of radar and hyperspectral data for the identification of placers in the Rias Baixas region

limenite (HS231.3B) UPO_4 Biotite/Phlogopite/
Montmorillonite
Monazite (HS255.3B) UPO_5 Chlorite/Biotite
Rutile (HS126.3B) UPO_6 Montmorillonite
Silimanite (HS186.3B) UPO_7 Tourmaline/Garnet
Spessartine (HS112.3B) UPO_8 Tourmaline/Garnet
Tourmaline (HS282.3B) UPO_9 Tourmaline/Garnet
Zircon (WS522) UPO_10 Tourmaline/Garnet

At the
end of the MTMF method, the rule images were classified using the Rule Classifier tool
based on thresholds that can be visualized on a histogram and then defined by the user.
The thresholds used for both classifications are described in Table 10. Each category,

corresponding to each endmember, is assigned a different colour.

To interpret the results further, it is important to understand the relation between the MF
and the infeasibility scores. A pixel with an MF score of 1 is a true match, while a pixel
with a value of 0 is considered a background representation. Meanwhile, the higher the
infeasibility score, the more likely the pixel is an MF false positive. Therefore, correctly
mapped pixels will have an MF score above the background distribution, closer to 1, and
a low infeasibility value. This relation can be visualized in a scatter plot, with the MF
score on the X-axis and the infeasibility score on the Y-axis (Lorenz et al., 2016). In the
scatter plot, the correctly mapped pixels will be found on the bottom-right region of the
plot (Fig. 30).

The interpretation of the histograms and scatter plots for each endmember improves the
general accuracy of the classification by ensuring the majority of the pixels are correctly
mapped. Additionally, in a Geographic Information System (GIS) environment, the pixels
assigned to urban areas were also manually removed. All these steps led to the

generation of the final classification maps.

Table 10 - Threshold applied to each endmember of the spectral libraries used.

USGS endmembers Threshold Heavy concentration endmembers Threshold

Almandine (HS114.3B)  0.195 UPO_1 0.602
Goethite (HS36.3) 0.796 UPO_2 0.455
Grossular (HS113.3B)  0.279 UPO_3 0.465
limenite (HS231.3B) 1.429 UPO_4 0.433
Monazite (HS255.3B)  0.042 UPO_5 0.230
Rutile (HS126.3B) 0.158 UPO_6 0.310

Silimanite (HS186.38)  0.397 UPO_7 0.135
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Spessartine 0.190 UPO_8 0.100
(HS112.3B)

Tourmaline (HS282.3B) 0.174 UPO_9 0.109
Zircon (WS522) 0.161 UPO_10 0.143

MTMF_USGS_ENDMEMBERS

80 — Background
Distribution

S186.38)

Infeasib ...
B
(=]
|

False Positives
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MF Score ... S186.3B)

True Detection

Figure 30 - Example of scatter plot between the MF and infeasibility score for the sillimanite endmember, showing the
zones that relate to the background distribution, false positives and true detection.
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7. Results

7.1. Structural Mapping
7.1.1. Sentinel-1 Sigma0 bands

After radiometric calibration in the preprocessing steps, the Sigma0_VV and Sigma0O_VH
bands were obtained, serving as the base for the subsequent band multiplication, so
examining their original characteristics is important before the technique application (Fig.
31, 32).

Given that the Sentinel-1 was acquired in descending orbit, and the satellite typically
operates in right-looking mode, it is expected that the Sigma0_VV band will emphasize
lineaments aligned E-W, while the Sigma0_VH will highlight those aligned N-S. Although
both bands share the same vertical transmitted polarization, they can distinguish similar
lineaments and features in different directions. Furthermore, SAR data is highly sensitive
to variations in surface roughness and textures, which is essential to identify geological

lineaments since they are associated with more textured terrain around them.

S10000 i SI0RN SA0000 S50000 i SI0000 SAC000

Figure 31 - SigmaO_VV and Sigma0O_VH bands, obtained from Sentinel-1 data after preprocessing in SNAP.
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Figure 32 - Sigma0O_VV and Sigma0O_VH bands, obtained from Sentinel-1 data after preprocessing in GEE.
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7.1.2. Band multiplication

After band multiplication, the final VV_x_VH and VV_x_VH_GEE bands were produced
(Fig. 33, 34). These images effectively combined the information from both original
bands, enhancing common features to both polarizations while highlighting lineaments
in different orientations from both VV and VH polarizations, previously only visible in
separate bands. By amplifying the signals of common lineaments, it provides an overall
more accurate and balanced view of the lineament’s location and directions. As a result,
this band proved to be the ideal foundation for all further analysis since it offers a well-

rounded and integrated representation of geological lineaments of interest.
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Figure 33 - VV_x_VH band, obtained in SNAP and used for manual extraction.
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Figure 34 - VV_x_VH band, obtained in SNAP and GEE used for manual extraction.
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7.1.3.Directional Filtering

After performing the Prewitt directional filtering, four grey-scale images were obtained
(Fig. 35). Each filter effectively highlighted lineaments in N-S directions, including the two
prominent geological faults on the eastern side of the map. While the N-S would be
expected to enhance these faults better, it delivered the noisiest result among the four
filters. Therefore, even though all four filters reveal the main lineaments, the best results
were achieved with the NE-SW, NE-SW and E-W filters. Notably, the highlighted
lineaments correspond to areas with significant altitude changes, which align with larger
fault zones. However, when it becomes more challenging to detect smaller lineaments

that do produce such pronounced contrasts in surface altitude and texture.

E 510000 SI0000 SI0000 S40000 SS0000 g E 510000 SI0000 SI0000 S40000
b E

510000 520000 510000 520000 530000 540000

Figure 35 - Images resulting from Prewitt filtering: N-S (top left), E-W (top right), NE-SW (bottom left), and NW-SE (bottom
right) filters.

The RGB combination of the best three filters is valuable because it displays the main
lineaments in different hues, making them easier to manually detect (Fig. 36). When
viewed in RGB, the smaller lineaments also become more visible, as it provides better
visualization of surface roughness and variations throughout the entire image, rather
than just around the most prominent lineaments. This approach also provided better
visibility of contrast along the borders of lineaments. It can be concluded that displaying
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the Prewitt filters in RGB colour space effectively aids precise extraction by providing

additional visual information.
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Figure 36 - RGB composite of the three best Prewitt filter bands.

7.1.4. K-Means Clustering

The K-Means combinations displayed very different results, depending on whether they

were generated in SNAP software (Fig. 37) or GEE platform (Fig. 38).

For the manual results, combinations A and E showed a good ability to highlight
topographical aspects. In combination A, slopes oriented to the east were classified as
cyan and greenish clusters. In contrast, those oriented to the west were assigned purple
clusters, making it easier to understand overall terrain conditions. Although combination
E is similar to A, it did not offer such a clear visualization of structures. In both
combinations, the clusters were distinctly assigned based on slope orientation, but the
additional four clusters in combination E were not particularly beneficial for lineament

mapping since they did not provide better visualization of the structures.

On the other hand, combinations B, C and D yielded different results than combinations
A and E, with topography being less prominent. In combination B, structures are not very
visible, and the clustering appears somewhat noisy. Higher altitudes were classified with

a purple-blue cluster and lower altitudes with a green cluster. However, despite the
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highlighted main geological lineaments, detecting finer details and smaller lineaments
was not as straightforward and easy. Combination C, while similar to B, was less noisy.
The worst results are observed in combination D since even longer lineaments were
difficult to distinguish. This combination highlighted the main lineaments in darker green

clusters, but the noise made it very challenging to visualize structures.

Combination F produced very good results, classifying longer and smaller structures in
white clusters, leading to optimal visualization conditions. It also classified slopes facing
W in purple clusters, giving additional insight into structural information. In this case,
using 12 clusters in Combination F was more effective than the 8 clusters of Combination
D, and the result was also different from Combination E, even when using the same input
band.

For manual lineament extraction, combinations A and F were used for several reasons.
Combination A is helpful in visualizing topographical aspects and changes in altitude,
while combination F distinctly highlighted structures in white clusters, making them
complementary for further analysis.

When comparing Prewitt filters to K-Means, K-Means images were easier to interpret
and provided additional information, such as urban areas, which helps to create a more
accurate result by excluding those regions. Additionally, K-Means made it easier to
visualize structures than Prewitt filters. However, Prewitt filters can highlight specific
orientations, while K-Means cannot. Nonetheless, K-Means appears to be a good

method to apply for lineament extraction.

For the K-Means produced in GEE, the ones directly comparable to those generated in
SNAP are combinations G, I, K and L. The K-Means classification yielded significantly
different outcomes, even when using the same combination of parameters. However, a
clear distinction remains between combinations that emphasize topography and those

that do not, similar to SNAP results.

Overall, K-means classification in GEE produced noisier results, and the lineaments are
less defined when compared to those from SNAP. Nevertheless, the most effective
combinations were G, K and L, which correspond to the same parameters in SNAP as
A, E and F, respectively. Once again, and just like in the SNAP results, the Combinations
G and E provided valuable insights into topographical features. In contrast, Combination

L enhanced the visibility of longer and shorter lineaments.
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Figure 37 - Bands obtained from K-Means Combination in SNAP — Combination Ato F
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Figure 37 (cont.) — Bands obtained from K-Means Combination in SNAP — Combination Ato F.
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Figure 38 - Bands obtained from K-Means Combination in GEE — Combination G to L.
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Figure 38 (cont.) — Bands obtained from K-Means Combination in GEE — Combination G to L.
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In all combinations, whether produced in SNAP or GEE, the K-Means clustering method
also highlighted urbanized areas and anthropic lineaments, such as the Vigo airport and
roads, which can be beneficial when performing lineament extraction because it allows

for quick differentiation between natural lineaments and man-made ones (Fig. 39).

530000 530000 530000

4680000

Figure 39 - Comparison of K-Means Combination F (left), with Sentinel-1 VV_x_VH band (middle) and ESRI Satellite
Imagery (right), where it is possible to observe the differentiation of the Vigo airport (top) and roads (bottom) in the K-
Means classification.
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7.1.5. LIDAR Hillshading

The hillshading applied to the LIDAR DEM produced four distinct images emphasizing
lineaments oriented in different directions. With these four images, it is possible to extract

lineaments from all orientations (Fig. 40).

Comparing LIDAR and Sentinel-1 images, LIDAR provides more detail due to a higher
spatial resolution. However, when displayed in a hillshade, areas of lower altitudes
appear to have a smoother appearance than in Sentinel-1, making it harder to detect

lineaments in those regions.

504000 513000

64
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504000 3000 531000

Figure 40 - Hillshades obtained from LIDAR DEM with different azimuths: A) N0°; B) N90°;C) N180°; D) N270°. Az —
azimuth.
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7.1.6. Lineament extraction

7.1.6.1. Lineament maps

The manual lineament extraction process produced 415 lineaments using the VV_x_VH
band, 301 with the K-Means combinations (Fig. 41, A and B) and 3906 with the four
LiDAR hillshades (Fig. 42).

While first observing the lineament maps, several key observations stand out. The results
from the VV_x_VH and K-Means bands were relatively similar. Although the K-Means
combinations produced fewer lineaments, the distribution pattern remained consistent,
with the two prominent N-S geological faults being particularly evident, and a strong

correlation between the other lineaments was maintained.

Compared to the lineaments extracted from the LiDAR hillshade, the LIiDAR data
produced a significantly more detailed result. However, there was still a noticeable
correlation with the lineament’s distribution pattern identified in the VV_x_VH and K-

Means band.

Overall, the automatic extraction process expectedly resulted in a much higher number

of lineaments than the manual methods.

Specifically, for Sentinel-1 data, 2327 lineaments were extracted from the VV_x_VH
band (Fig. 43A), 1426 from the K-Means combination K (Fig. 43B) and 1065 from the K-
means combination L (Fig.43C). Despite the higher lineament count, the overall
distribution pattern remained consistent, even when compared to the manual extraction.
However, it can be observed that the K-Means automatic extraction resulted in more

curvilinear lineaments compared to those identified using the VV_x_VH band.

From the LIDAR data, the automatic extraction produced four sets of lineaments, which
are different according to the azimuth of the hillshades. The hillshade with azimuth 0°
produced 8407 lineaments (Fig. 41A), azimuth 90° produced 9392 lineaments (Fig. 41B),
azimuth 180° led to 8419 lineaments (Fig. 41C) and azimuth 270° resulted in 9530
lineaments (Fig. 41D).

Hillshades with azimuths of 0° and 180° primarily highlighted E-W oriented lineaments,
while the hillshades with azimuths of 90° and 270° led to the extraction of lineaments
oriented mainly N-S. Although azimuth parts 0°-180° and 90°-270° highlighted
lineaments in the same directions, there are subtle variations between them. For
instance, some lineaments detected in hillshade with azimuth 180°, at the left corner of

the map, are not detected in the azimuth 0°. Similarly, the 90° and 270° hillshades
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showed differences, particularly in the map's lower left and right corners. These subtle

variations are essential to detect lineaments.
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Figure 41 - Lineaments maps from manual extraction using Sentinel-1 data (colours according to the respective length).
Lineaments extracted from A) the VV_x_VH band; B) from the K-Means combinations. NOTE: In the lineament maps of
K-Means classification, the basemap is the VV_x_VH band, exclusively for visualization purposes.
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Figure 44 - Lineament maps from automatic extraction using LIDAR data (colours according to the respective length).
Lineaments extracted from hillshade produced with A) azimuth NQ°; B) azimuth N90°;C) azimuth N180°; D) azimuth N270°.
Az — azimuth.
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7.1.6.2.  Rose diagrams of extracted lineaments

The orientation of the extracted lineaments was displayed in rose diagrams (Fig. 42) for
all extractions and compared with the geological lineaments depicted in the Geological

Map of Spain at a scale of 1:50 000.

Figure 45 (cont.).
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Figure 45 - Rose diagrams of the extracted lineaments. Rose diagram of the lineaments A) from the MAGNA 50 —
Geological Map of Spain, at a scale of 1:50 000. B) manually extracted from the VV_x_VH band; C) manually extracted
from K-Means combinations; D) manually extracted from the LiDAR-derived Hillshade; E) automatically extracted from
the VV_x_VH_GEE; F) automatically extracted from the K-Means Combination K; G) automatically extracted from K-
Means Combination L; H) from the LiDAR-derived hillshade produced with azimuth NQ°; I) from the LiDAR-derived
hillshade produced with azimuth N90°; J) from the LiDAR-derived hillshade produced with azimuth N180°; K) from the
LiDAR-derived hillshade produced with azimuth N270°.
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The primary trending orientations are NE-SW and N-S, with NW-SE being less

prominent.

In the case of manual extraction, the VV_x_VH band yielded results similar to the K-
Means extraction but showed slight differences when compared to the geological map
lineaments. Specifically, the VV_x_VH band identified main orientations as nearly N-S
(in the NO to N10° range) and NE-SW, while the K-Means extraction predominantly
highlighted N-S orientations. The LiDAR data also indicated NE-SW orientations and

introduced the additional NW-SE orientation.

For automatic extraction, using Sentinel-1 bands, the VV_x_VH predominantly displayed
a nearly N-S orientation, with a smaller E-W orientation. This pattern was also observed
in the K-Means bands with 8 and 12 clusters, although the E-W orientation was more
pronounced in the K-Means bands than in the VV_x_VH band. The automatic K-Means
results are somewhat similar to the K-Means extraction, except that the E-W orientation

was not as visible in the manual K-means extraction.

For the LIDAR data, the orientations vary according to the azimuth used on the hillshade.
They were predominantly E-W for azimuths of 0° and 180° and primarily N-S for azimuths
of 90° to 270°, with only a smaller number of lineaments oriented NW-SE. This is well

aligned with the overall lineament distribution observed on the lineament maps.

Overall, the extraction most similar to the lineaments on the geological map is the manual
LiDAR extraction. However, all other extractions are closely correlated and show no
significant discrepancies. The predominant orientations across all extractions are N-S (in
the range of NO° to N10°) and NE-SW (from N20° to N60°), with NE-SE being present

but less prominent.

7.1.6.3. Length analysis of extracted lineaments

Although the pattern of the lineaments appears to be the same, the lengths differ. The
length of lineaments was analysed in histograms (Fig 46). The smallest lengths were
obtained from the LIiDAR data, both in manual and automatic extractions, with the
automatic yielding even smaller lengths. On the other hand, the longest lineaments were
observed in the manual extraction using the VV_x VH band and the K-Means
combinations. Overall, automatic extraction produced the smallest lineaments. The
medium and median lengths, as well as the minimum and maximum lengths are provided
in Table 11.



FCUP | 75

Evaluation of radar and hyperspectral data for the identification of placers in the Rias Baixas region

Frequency

Frequency

Frequency

Lineament Lenght from VV_x_VH band (Manual Extraction)

50 Mean = 1814,81
Std. Dev. = 1571,016
N =415

226 1726 3226 4726 6226 7726 9226 10726 12226 13726 15226 16726

Lenght

Lineament Lenght from K-Means Combinations (Manual Extraction)

50 Mean = 1710,81
Std. Dev. = 1286,007
N =301
40
30
20
10
0 B
430 1930 3430 4930 6430 7930 9430 10930 12430 13930
Lenght
Lineament Lenght from LiDAR Hillshade (Manual Extraction)
1200 Mean = 464,36
Std. Dev. = 543,686
N = 3906
1000
800
600
400
200
0

25 1025 2025 3025 4025 5025 6025 7025 8025 9025 10025

Lenght



FCUP | 76

Evaluation of radar and hyperspectral data for the identification of placers in the Rias Baixas region

Lineament Lenght from VV_x_VH band (Automatic Extraction)
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Lineament Lenght from LiDAR Hillshade - Azimute 270° (Automatic Extraction)
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Figure 46 - Histograms of the lengths of lineaments, with standard deviation curve,
as well as calculated number and mean.
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Table 11 - Table describing the type of analysis, the input data used, and comparison of the number of lineaments extracted from manual and automatic methods. Additionally, it includes a
comparison of the total length of lineaments, as well as the minimum (Min), maximum (Max), mean and median values for all extractions.

Length
Type of Extraction Input Data Number of Lineaments Min Max Mean Median
VV_x_VH band 415 226 16730 1814,812 1492
Manual K-Means Combinations 301 430 13098 1710,8073 1402

LiDAR Hillshade 3906 25 9549 464,35945 313
VV_x_VH band 2327 15 3276 245,95531 142
K-Means VV_x_VH band (8 1426 30 6875 379,74474 210
clusters)

Automatic K-Means VV_x_VH band (12 1065 40 6562 456,32864 204
clusters)
LiDAR Hillshade (Azimute 0°) 8407 10 4008 206,03592 103
LiDAR Hillshade (Azimute 90°) 9392 10 5807 241,74957 100
LiDAR Hillshade (Azimute 8419 10 3809 201,83585 96
180°
LiDA)R Hillshade (Azimute 9530 10 5347 236,22036 91

270°)
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7.1.6.4. Density, lineament intersection and intersection density

The density and lineament intersections were analysed for only five of the ten
extractions. The analysis focused on the manual VV_x_VH and LiDAR lineaments and
the automatic VV_x_VH band LiDAR with hillshade azimuth of NO° and N090° (Fig. 47).

Across all density maps, a consistent pattern can be observed where the density is
higher in the northeast part of the map, as well as in the centre massif and southwest
region. Due to the higher number of lineaments produced in the LIDAR data, these maps

show more extensive zones of increased density.
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Figure 47 - Lineament density maps of five extractions; A) VV_x_VH band from manual extraction; B) LIDAR Hillshade
from manual extraction; C) VV_x_VH_GEE band from automatic extraction: D) LIDAR Hillshade produced with azimuth
NO° from automatic extraction; E) LIDAR Hillshade produced with azimuth 90° from automatic extraction.

The lineament intersections and intersection density naturally correlate with areas of
higher lineament density, resulting in almost identical maps in terms of where the highest
density can be found (Fig. 48). The zones with higher density, both in terms of lineaments
and intersection density, correspond to granite massifs or areas where major faults have

been identified.
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Figure 48 - Lineament intersections and lineament intersection density maps of five extractions; A) VV_x_VH band from
manual extraction; B) LIDAR Hillshade from manual extraction; C) VV_x_VH_GEE band from automatic extraction: D)
LiDAR Hillshade produced with azimuth NO° from automatic extraction; E) LIDAR Hillshade produced with azimuth 90°
from automatic extraction.

7.2. Mineral mapping
7.2.1.Band Ratios

Only the alteration (Fig. 49), carbonate/chlorite/epidote (Fig. 50), ferric oxides (Fig. 51)
and amphibolite (Fig. 52) band ratios were considered as they correspond to the best

results. The other band ratios are included in Appendix II.

The band ratio that highlights alteration was able to identify areas with possible
significant hydrothermal alteration. These areas closely align with regions known to be

affected by metamorphism and are characterized by a higher density of lineaments.

In the case of the carbonate/chlorite/epidote band ratio, the results were less distinct and
hard to interpret. A possible pattern was observed indicating a potential concentration of

chlorite within biotite-rich rocks.

The ferric oxides ratio exhibits a uniform distribution across the image, with no significant
localized concentrations, although there was a slight increase in ferric oxide presence

within igneous rock formations.

Lastly, the amphibolite ratio displayed warmer colours in areas where amphibolitic rocks

are known to outcrop.
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Figure 49 - Alteration band ratio, highlighting areas of highest values in red and lowest values in blue colour.
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Figure 50 - Carbonate/Chlorite/Epidote band ratio, highlighting areas of highest values in red and

lowest values in blue colour.
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Figure 51 - Ferric oxides band ratio, highlighting areas of highest values in red and lowest values, in blue
colour.
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7.2.2.MTMF classification

For both MTMF classifications, two distinct maps were produced using the Rule
Classifier (Fig. 53 and 54). These maps contain all identified endmembers, with each
class represented by a different colour. Most of the map area, shown in black,
corresponds to unclassified regions where no specific endmember was detected. The
unclassified regions might indicate background materials, noise, or areas where the

classification did not detect any spectral match.
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Figure 53 - Classification map, derived from MTMF, using the USGS spectral library. On the left, the classification map, with the black region referring to the unclassified pixels. On the right, the classes are

overlaid on a true colour composite of the EnMAP image.
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In the first classification, using the USGS spectral library, several minerals were identified
in the Limens-Santa Marta beaches (Fig. 55), such as rutile, 0, sillimanite, tourmaline,
as well as all three varieties of garnet: almandine, grossular and spessartine. Spessartine

and rutile are most present in the dune area.

At the Vao beach (Fig. 56) sillimanite was the most represented mineral, followed by
grossular, with only two pixels corresponding to almandine and one to monazite. Near
the boundary between Vao and Samil beaches, ilmenite and tourmaline were additionally
classified on rocky terrain. In contrast to Limens-Santa Marta, rutile was not detected at

Vao and iron oxides (goethite) were found to be more abundant at Limens-Santa Marta.

In comparison to Vao, at Patos beach (Fig. 57), goethite appears in higher abundance,
although sillimanite remains dominant. limenite, tourmaline and almandine were also

classified, in smaller quantities.

Along the stretch that includes Alemans-Ratas-Canabal beaches (Fig. 58), sillimanite
continued to be the most abundant mineral, with only one pixel each of goethite and

tourmaline.

Zircon was not identified on any of the beaches studied. After zircon, monazite was the
least classified mineral. Sillimanite and goethite form bands parallel to the coast, with
sillimanite always appearing on the backshore and goethite on the foreshore whenever

they are found together. limenite usually appears along the coast.

In relation to the geological map and the regional context around the Vigo beaches, it
can be observed that rutile is more abundant in areas with outcrops of biotite-rich rocks,
such as biotite gneiss and granites with a mottled texture due to the presence of large
biotite crystals. Similarly, garnets are present in metamorphic rocks such as glandular
gneisses, paragneisses, and mica schists, as well as at the geological contacts between

these lithologies and granites.

In the second classification, using the spectra from HM concentrates, the most abundant
endmember identified in the Limens-Santa Marta beaches is UPO_1, which corresponds
to montmorillonite. Other significant endmembers include UPO_2, UPO_3 and UPO_4,
which are interpreted to be biotite/phlogopite (with the differential identification of
montmorillonite), as well as UPQO_5, likely corresponding to chlorite/biotite. A smaller

abundance of UPO_6, also linked to montmorillonite, was also identified.

At the Vao beach, the endmember UPO_1 is also present but in much lower abundance.

However, its abundance increases along the transition northward to the Samil beach.
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Similar to the Limens-Santa Marta beach, endmembers UPO_2 to UPO_3 are also
present. At the boundary between these two beaches, in rock outcrops, the occurrence

of UPO_9, corresponding to tourmaline/garnet, can be observed.

Similarly to the other beaches, the Patos beach also exhibits a high abundance of
UPO_1 and smaller abundances of all the other endmembers that are also present in
Vao beach, including UPO_09.

In Aleméans-Ratas-Canabal beaches, the same trend continues, with UPO_1 to UPO_4

being the most abundant endmembers.

UPO_7, 8 and 10, identified as tourmaline/garnet, were not classified on any of the
beaches. However, in the regional context, UPO_10 is present, though with only a very
small abundance, in alkaline granites, in both northern and southern outcrops. UPO_7
occurs, with a small abundance, on the strips of riebeckite gneisses, while UPO_8 is
found in granodiorite and biotite-amphibolitic granite, maintaining a similar low

abundance. The remaining endmembers are primarily observed in coastal areas.
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8. Discussion

In the manual lineament extraction process, the lineaments extracted from the Sentinel-
1 VV_x_VH band and the K-Means combination bands consistently highlighted the two
most prominent N-S geological faults as well as the other repeating faults, demonstrating
a strong correlation between the identified lineaments, as well as the main orientations.
This suggests that despite the lower number of identified lineaments with the K-Means
combinations, the main geological structures were identified, indicating that the K-Means
combination is a reliable lineament enhancement technique, even compared to Prewitt
filtering. However, it does not mean that one is better than the other since they both have
their strong points. Prewitt filtering is a well-established image directional enhancement
technique, with most Prewitt filter kernels already predefined in literature. It offers
directional accuracy, faster application and simpler interpretation. Meanwhile, K-Means
classification relies heavily on trial and error to find the best combinations that enhance
particular features, making it more time-consuming and requiring a bigger effort to find
combinations, and a deep analysis of the assigned clusters is always necessary. On the
flipside, K-Means provides a more distinct visualization due to the different colours
assigned to clusters and quick differentiation of anthropic lineaments, aiding lineament

extraction.

Due to its higher spatial resolution, LIDAR data can depict lineaments in greater detail.
As previously mentioned, the elevation data is collected through laser pulses, which may
have downsides in areas with lower altitudes. Since there is no significant change in
elevation in those areas, there is less visual contrast; thus, the hillshade image will
appear smoother. Due to this, it can be more challenging to extract lineaments in those
areas simply because they are harder to spot. On the other hand, Sentinel-1 gathers
elevation data by measuring the backscatter, which means that even in lower altitude
areas, the terrain will appear more textured than in LiDAR hillshades, making it easier to
detect lineaments that are likely to be present in those areas, since they are generally

fault zones.

In terms of lineament orientations, since four LIDAR hillshades were used, it was possible
to detect lineaments in all orientations with almost the same frequency while still being

able to detect main orientations.

In the automatic extraction, the number of lineaments was significantly higher when
compared to manual methods, which was anticipated (Ahmadi, Pekkan, & Seyitoglu,
2023; El-Sawyp et al., 2016; Villalta Echeverria et al., 2022). Even if it extracts different
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lineaments than the manual extraction, the main reason for the discrepancy in number
is that the edge and line detection algorithm leads to line segmentation. For instance, a
single long geological fault can be identified with one or two lineaments at most in a
manual extraction. In contrast, in automatic extraction, it is segmented into several
individual lineaments. Due to its higher spatial resolution, LIDAR also detects a higher
number of lineaments than Sentinel-1. This also results in smaller lineaments in
automatic extraction, even when using Sentinel-1 data. However, the even smaller length
of lineaments extracted from LIiDAR data is exclusively due to the higher spatial
resolution, which could be possibly resolved by adjusting the parameters used in the
automatic extraction. When it comes to the orientation of lineaments, the difference
between manual and automatic could also be due to the parameters used for the Canny

algorithm and the Hough transform, or just how GEE performs these techniques.

Automatic and manual lineament extractions each come with advantages and
drawbacks. For instance, manual extraction is based on direct visualization and
interpretation of lineaments, allowing the user to accurately discern geological
lineaments. However, this leads to a subjective interpretation, introducing variability in
the results, and it is generally time-consuming. On the other hand, automatic lineament
extraction allows for quicker processing of larger data and identifying a higher number of
lineaments. However, this comes with a trade-off which relies on the fact that its accuracy
is highly based on the selected parameters and may require prior testing to optimize the
method. Consequently, there is a higher potential for errors due to unfit parameters, and
careful calibration is needed.

When it comes to sensors, there is no single answer as to which is superior for lineament
extraction, since it is highly dependent on the specific application and desired outcomes.
For regional mapping, at a larger scale, Sentinel-1 is particularly useful since it offers a
wider area coverage and is more accessible. However, if the goal is to produce a very
detailed lineament extraction, then LIiDAR data is more suitable due to its higher spatial

resolution, which makes it able to detect lineaments on a smaller metric scale.

In this work, while LiDAR provides the most detailed and extensive representation, the
VV_x_VH and K-Means bands also produce reliable results. This can be seen in how
these align closely with known geological features, and a consistent lineament
orientation and lineament distribution pattern can be observed. Besides, there is a higher
density of lineaments in granite massifs and near fault zones, reinforcing how the extract

lineaments correspond with the underlying geology.
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Band ratios can be valuable tools for mineral mapping since they provide insights into
potential areas of mineralization, but they cannot precisely identify specific materials.
Considering this, the band ratios analysed in this study were useful for identifying broad

areas of interest and to better understand the local mineralization context.

The alteration ratio provided the most conclusive insights, which could be likely due to
the vast presence of granitoids in the region, which, through hydrothermal alteration and
chemical weathering, lead to the formation of clay minerals (Tardy et al., 1973) and are

tightly related to fault systems (Nishimoto & Yoshida, 2010).

The other band ratios, carbonate/chlorite/epidote, ferric oxides and amphibole, yielded

less relevant results. The information is inconclusive.

Band ratios provided limited observations, largely due to the significant vegetation cover
across the entire EnNMAP image area, a challenge which could be addressed using a

vegetation mask.

In this area, where dense vegetation is present in almost its entirety, the effectiveness of
band ratio analysis is significantly reduced, as the vegetation difficults the gathering of
spectral information from the underlying mineralogical and lithological features. Only in
patches of more spaced and sparse vegetation could some band ratio results be
observed. Due to these conditions, all results must be interpreted carefully, and only

limited information can be obtained.

The MTMF bypasses this limitation since it focuses on coastal and beach areas with little
to no vegetation cover. When it comes to mineral mapping, the MTMF classification was

able to detect most HM known to occur in the Ria de Vigo.

For the MTMF based on the USGS spectral library, it can be observed that Limens-Santa
Marta and Vao beaches have the highest abundance of HM, with Limens-Santa Marta
having the most abundance of goethite, as opposed to Vao beach. This happens due to
seasonal variations in the accumulation of HM due to the hydrodynamics of the Ria, as
mentioned before. Since the EnMAP image was acquired in June 2024 therefore, in the
summer month, there is a higher HM accumulation in the northern part of the Ria, in
Limens-Santa-Marta, as opposed to in the southern part of the Ria, where Vao beach is

located.

After goethite, sillimanite was by far one of the most abundant minerals, which can be
explained by looking at the MTMF classification based on the HM concentrates. Based

on the report by the USGS describing the sample of the sillimanite sample spectra used
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for the first classification, it was detailed that the sample had a slight alteration to
montmorillonite. In the second classification, the most abundant mineral is
montmorillonite. Therefore, sillimanite’s high abundance appears to be overrepresented
due to its slight alteration to montmorillonite, which is the most abundant mineral in the

second classification.

Besides the two minerals, the MTMF classifications identified most commonly garnets
(almandine, grossular and spessartine), followed by tourmaline, ilmenite, rutile and
monazite. Zircon was not identified, likely due to its very low concentration on the

beaches.

The relation between the abundance of HM and the regional lithological context can give
valuable insights into where the mineralization can occur in the host rocks. For the first
classification, it was observed that rutile was usually present in biotite-rich igneous and
metamorphic rocks. This association may possibly result from the hydrothermal
alteration of biotite and phlogopite into rutile (Schirra & Laurent, 2021; Schwartz, 1958;
Shau et al., 1991), which is the end member of the biotite solid series and has a higher
Ti content, although this hypothesis has not been validated yet. These conditions have
been achieved in this region due to the metamorphic processes caused by the Variscan
orogeny and the emplacement of igneous rocks. This supports the relation between rutile
abundance and faults in the region. Likewise, garnets in the region are mostly found on
metamorphic rocks since garnet is commonly known to occur in medium-to-high

temperature metamorphic rocks (Muller & Schneider, 1971; Xia & Zhou, 2017).

For the second classification, as mentioned, the most commonly classified mineral was
montmorillonite, an alteration product formed due to the alteration of silicate minerals in
alkaline conditions (Hawkins & Roy, 1963). Since it is a clay mineral, it can be more easily
washed away from rock outcrops and be transported and deposited in coastal areas,
hence its high abundance in the Vigo beaches.

Despite these results, mineral mapping faced a few limitations, such as EnMAP’s low
spatial resolution, at 30 m, and the dense vegetation cover in the area, making it more

difficult to identify the same HM on the different lithologies present in the region.

The results obtained align closely with established bibliography. For structural mapping,
the effectiveness of Sentinel-1 and LiDAR, done both manually and automatically, as
highlighted by Adiri et al. (2017) and Cardoso-Fernandes et al. (2022), is shown.
Similarly, the efficiency of EnNMAP for mineral mapping is consistent with the findings in
Yokoya et al. (2016) and Mielke et al. (2016), who demonstrated its ability, despite the
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low spatial resolution. The use of MTMF classification for mineral mapping, as well as
it's reliability, corrobates the results described in Chandrasekar et al. (2011) and Gazi et

al. (2019). The results obtained align closely with established bibliography.
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9. Conclusions

Sentinel-1 and LIDAR sensors excel in structural mapping. Sentinel-1 is more
advantageous for regional mapping, especially due to its wider coverage, while LiDAR
is better suited for producing detailed lineament maps at smaller scales. Additionally,
Sentinel-1 data is generally more readily available for any location due to its open access

and global coverage, unlike LiDAR, which often has limited availability.

For Sentinel-1, both Prewitt filtering and K-Means classification aided lineament
extraction. Prewitt filtering offers directional accuracy and faster application, while K-
Means provides distinct visualization but requires more attempts to find the proper

combinations.

Manual extraction allows accurate interpretation but is time-consuming and subjective,
whereas automatic extraction depends on parameter selection, but allows for quick
processing of larger datasets and identification of a higher number of lineaments. GEE
has demonstrated to be a reliable platform to conduct automatic lineament extraction

and a viable alternative to commercial software.

Concerning mineral mapping, EnNMAP data was essential to distinguish several HM in
Vigo beaches due to its high spectral resolution. While band ratios detect potential
alteration and mineralization, they are ineffective for detailed mapping. Dense vegetation
reduces the technique’s effectiveness. MTMF focused mainly on coastal and beach
areas. This classification identified most HM known to be present in the Vigo beaches.
Limens-Santa Marta and Vao beaches have the highest abundance of HM. The most
identified HM were sillimanite (although likely to be overrepresented), garnets
(almandine, grossular and spessartine), tourmaline, ilmenite, goethite and, with less

abundance, rutile and monazite. Zircon wasn'’t identified.

In future works, new approaches for further development of these methods possibly
include further testing of GEE parameters for geological lineament extraction, and a
direct comparison with commercial software, like PCI Geomatica. For mineral mapping,
fusing EnMAP and Sentinel-2 data may be value to enhance EnMAP’s spatial resolution.
Additionally, to accurately determine whether MTMF correctly classified and identified

HM, ground truth data must be collected and compared to the classification results.
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ABSTRACT

The Herizon Europe S341 project aims to enhance
exploration methods to secure critical raw materials (CRM)
and location management through innovative methods to
process Earth Observation data. Placer detection using
Copernicus optical data was recently assessed on the Iberian
Peninsula Atlantic coast, but radar data potential is still
unknown. This search evaluates the contributions from
Sentinel-1 data for placer exploration through textural
analysis and unsupervised learning with K-means. Different
numbers of clusters and iterations were tested, and different
attempts were created using several input features for
unsupervised classification. RGB compositions were tested
to fusther explore the contribution of the textural indices. The
results show the potential of Sentinel-1 data and unsupervised
learning in identifying distinct classes in the foreshore and
intertidal zones. The Homogeneity textural index allowed for
the discrimination of different classes within the Spanish rias
while onshore it highlighted geological contacts and fault
zones. This study showcases radar data's potential for placer
exploration, paving the path for new future applications.

Index Terms— K-means, GLCM, RGE combinations,
mineral placer, SAR

1. INTRODUCTION

Sentinel-1 products can provide valuable insights for several
applications related to environmental monitoring and eoastal
management of shorelines [1]. Different backscattering
properties can be useful to assess the pollution and different
properties at the surface, as it can differentiate different land
cover types [2]. water [3, 4]. and coastlines [3, 6].

The study area is located in the Galicia zone, in the north of
Spain (Figure 1) where several metallic placer occurrences
were recognized in the Iberian Peninsula Atlantic coast. Such
metallic placers are enriched in critical metals such as
titaninm (T1). tin (Sn), lithmm (Li), rare earth elements
(REEs) and gold (Aw). Apart from So and Auw, the previously
mentioned metals are included in the critical raw materials

979-8-3503-6032-5/24/$31.00 €2024 IEEE

2499

(CRM) list for the European Union (EU) in 2023, as they are
essential to the EU’s economy (namely for the energy
transition) and/or present a high supply sk [7. 8]. Thus. the
EU needs to secure CRM availability while gparanteeing
accurate and efficient exploration of European deposits.

Figure 1: Location of the study area.

The ongoing 5341 Project (https://s34i en') aims to address
the EU’s needs by developing innovative data-driven
methods to analyze Earth Observation (EQ) data to support
systematic mineral exploration both on land and shallow
waters. Preliminary results of the 5341 Project using
Copemnicus optical data (Sentinel-2) demonstrated the
potential for detecting placer minerals using EO data with a
self-proposed band ratio to identify gamets. a common
mineral in the placers of the region [9]. The authors also
highlighted the results of Sentinel-2 unsupervised
classification which discriminated three distinet classes with
the water. However, the potential of radar data, especially
Synthetic Aperture Radar (SAR) for identifying beach
placers still needs to be assessed. Thus, this research analyses
how Sentinel-1 SAR data can contribute to placer exploration
through textural analysis and unsupervised learning.
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2. METHODOLOGY

2.1. Image acqp g

A Sentinel-1 image encompassing the Rias Baixas region
(S1A_ITW_GRDH _1SDV_20231108T064250_20231108T0

64315_051122_062A58 9A64), was obtained, considering
the low tide period best aligned with the moment of
acquisition of the image. The preprocessing was done using
the European Space Agency (ESA)’s Sentinel Application
Platform (SNAP; https://step.esa.int/main/). A pipeline of
preprocessing algorithms was enforced (adapted from [10]).
First, an otbit file was applied, to comrect orbital errors,
providing more accurate satellite positioning and velocity
information. Next, the thermal noise was removed.
Radiometric calibration converted digital pixel numbers into
calibrated radar backscatter values. The Grey Level Co-
occurence Matrix (GLCM) method was applied to extract
textural information and Speckle filtering, using the Lee
Sigma filter, to reduce speckle noise, creating a higher quality
image. A geographic subset of the image was created.

isition and prepr

2.2. Image processing

2.2.1. Unsupervised learning with K-means
E-means is an unsupervised clustering algorithm that
classifies the pixels depending on the characteristics in the
data, ie., it leamns the clusters’” centers from the data and
analyses the similarity of the instances [11]. In this work, K-
means was applied to different features of the preprocessed
Sentinel-1 image of the Rias Baixas. Different numbers of
clusters and iterations were tested, and the resulting images
e analyzed generally. After analysing the K-means
cluslenng using several mput features, the Homogeneity,
Dissimilarity. Angular Second Moment (ASM), Variance,
and GLCM Mean were selected for an individoal analysis to
obtain insights into which is the specific contribution of each
band. For this purpose, among the known placer occurrences
in the study area, Barra Beach was designated as the main
target for comparing the results since it has a broader
foreshore relative to the other occurrences in the vicinities
(Figure 2). For the individual analysis, both the VV and VH
polarizations were used for the K-means.

Ea

Figure 2: Location of the Barra Beach.

2.2.2. RGB compositions for textural analysis
RGE compositions with Sentinel-1 products can improve the
interpretability of the physical data provided [12]. For

textural analysis, different false color RGB compositions
were tested to explore the backscatter coefficients VV and
VH polarizations:

1) R=VV, G=VH, B=VH'VV

2) R=VVIVV, G=VV, B=VH

3) R=VHVV, G=VV/VH.B=VV

Combinations no. 1 [13], 2 and 3 were tested for the
amplitude and intensity bands as well as for the features
derived from the GLCM, namely the Homogeneity,
Dissimilary and Contrast co-occurrence indices.

3. RESULTS AND DISCUSSION

The K-means unsupervised learning approach helped to
evaluate the difference between classes in the foreshore and
intertidal zones. Figure 3 shows the results of K-means where
there are different classes in the foreshore, suggesting that the
K-means algorithm can differentiate textural variances in the
beach zene that result in different cluster assignments.

(a) K-means result using the features:
Sigma0_WVH_ASM,

Figure 3:
Sigma0 VH Conirast,
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Sigmal_VH_GLCMMean, Sigmal VH GLCMVariance,
Sigma0_VH_GLCMCorrelation, Sigma0_VV_Contrast,
Sigmal VV_ASM, (8 cluster and 15 iterations). (b-c) close-
up views of the Vao Beach where (b) is the true-color RGB
composite for the comresponding Sentinel-2 image and (c) is
the K-means result. (d-e) close-up views of the Barra Beach.

Comparing the specific contribution of each feature derived
from the GLCM as mputs for the K-means classification
(Figure 4). either the Homogeneity, Contrast and Variance
indices identify distinct classes within Barra Beach, although
the shape of the clusters varies according to the input used
(Figure 4-b, -d, -f). Regarding the water classification, all
attempts discriminate the water column under Atlantic
influence from the Ria’s water column (Figure 4-a, -c, -e).
Within the Ria, Contrast and Variance inputs show smother
classification outputs while Homogeneity identifies several
subclasses (Figure 4-b). It is also noteworthy that Figure 4-e,
concerning the GLCM Variance, highlights in light blue
colour structural lineaments that comespond either to
hthological conmtacts or fault zomes, demonstrating the
potential for geological mapping. However, the wurban
agglomerate of the Vigo city is also included in the same
cluster, showing the need to mask out urban areas.

_ i
Figm'ed—means r&wltsﬂ)rhomogeneity (a. b), contrast
(c. d) and variance (e, f) using 8 clusters and 10 iterations.

Lastly, the RGB combinations using the GLCM Amplitude
and Homogeneity indices were compared (Figure 3).
Morphological elements, roads, and mussel farms are better
visualised in the compositions using the Amplitude, while in
the compositions using the Homogeneity the wrban zones are
more evident together with structural lineaments (contacts,
faults, etc.) similar to what was observed in Figure 4-e In all
RGB combinations, there is a distinction between the water
columns under the Ria’s or Atlantic influence.

Sentinel-1 is kmown for its ability o distinguish between
different types of land cover and identify geclopical and
geomorphological structures like local and regional

hineaments [9, 10, 12]. This 1s corroborated by the results of
this study with clear geological contacts and fault zones
identified both through RGB combinations and K-means
unsupervised leaming. However, its potential to differentiate
mineral properties in beach zones has not been fully explored
yet. This research presents the first approach in this regard.

Figure 5: RGB combinations no. 1 (a. b), 2 (c, d) and 3 (e, f)
using the Amplitude and Homogeneity indices, respectively.

K-means unsupervised learning algorithm was capable of
discriminating  different clusters within beaches where
metallic placers are known. This shows an improvement
regarding the K-means classification based on optical
Sentinel-2 data whege three different spectral clusters were
identified within the water instead of the beaches. Sentinel-1
data also allowed the definition of distinct clusters within the
water but there is no apparent correlation with the clusters
defined for Sentinel-2. Sentinel 1 seems to be capable of
detecting variations in beach zones that are related to textural
aspects and were not detected as different clusters in the
analysis using Sentinel-2. Mote in-depth studies in parallel
with field surveys are needed to understand the distinct
clusters identified erther onshore or offshore. Nonetheless,
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there is potential to use EO data for placer exploration despite
its contributions only now being assessed.

4. CONCLUSIONS

This study successfully employed K-means unsupervised
learning to differentiate classes in coastal zones like the
foreshore and intertidal areas. Textural indices like
Homogeneity, Confrast, and Vanance effectively
distingnished classes within beaches where metallic placers
are known Water classification accurately separated
Atlantic-influenced and the Fia water columns.

In the Ria, Contrast and Variance textural inputs provided
smoother classification outputs, while Homogeneity
identified multiple subclasses. GLCM Variance highlighted
geological features, demonstrating potential for geological
mapping but false positives in urban areas suggest such areas
should be masked out. The textural indices' contributions
were confirmed through false color RGB combinations.

Sentinel-1 data detected umique textural variations in
beach zones not found in previous Sentinel-2 classifications.
Geological contacts and fault zones were identified by RGB
combinations and K-means unsupervised learning. The
Sentinel-1 results are a significant improvement compared to
the classification derived from optical Sentinel-2 data.

However, the research in this field is still in an early
exploratory phase and farther studies and field surveys are
necessary to comprehensively understand the identified
clusters. The results indicate EO data's potential for placer
exploration, though its full contribution is still being assessed.
Further studies will include very high spatial resolution data
such as Worldview-3 and integration with geological field
data for validation.
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ABSTRACT

The Rias Baixas region in southwestern Galicia, Spain, is geologically significant for its heavy-mineral placer deposits,
which include critical raw materials such as Ti, Sn, Li, Rare Earth Element (REE), Au, Nb, and Ta. These materials are
strategically important to the European Union. Geologically, the region is part of the Galicia Tras-os-Montes Zone,
characterised by a complex fracture system. Structural mapping of the Ria de Vigo was conducted using Sentinel-1
Synthetic Aperture Radar (SAR) data, processed on the cloud-based Google Earth Engine (GEE) and the European Space
Agency (ESA)'s Sentinel Application Platform (SNAP). The Sentinel-1 data underwent preprocessing, followed by the
application of the Grey Level Co-Occurrence Matrix (GLCM) on both SNAP and GEE. The computed co-occurrence
indices were Contrast, Angular Second Moment (ASM), and Correlation (CORR). The GEE indices were compared with
those generated in SNAP. The Contrast index yielded the best results, while ASM and CORR images were noisy and
obscured geological lineaments, particularly compared to the SNAP-generated indices. Automatic lineament extraction
was performed using the VV band and both Contrast bands, with the SNAP-derived Contrast band imported into GEE.
The Canny Algorithm and Hough Transform were employed for automatic extraction in GEE. Finally, the length and
direction of the extracted lineaments were analysed. Results showed significant differences: lineaments from the VV band
and SNAP-generated Contrast band closely matched known literature, while those from the GEE-generated Contrast band
were unsatisfactory, exhibiting curvilinear lineaments. This disparity is likely due to the way GLCM was employed in
GEE, indicating the need for it to be explored further in future studies.
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1. INTRODUCTION

This study was conducted under the scope of the S341 — SECURE AND SUSTAINABLE SUPPLY OF RAW
MATERIALS FOR EU INDUSTRY project (https://s34i.eu/). This project focuses on researching and developing data-
driven Earth Observation (EO) methods, exploiting Copernicus and other satellite sensors (optical and radar), airborne
data, low-altitude platforms, ground-based, fieldwork, and others. These methods are applied to different phases of the
mining cycle, such as mineral exploration, environmental monitoring, mine monitoring, and mine closure, and incorporate
the entire mining cycle.

The study area of the Ria de Vigo falls within the mineral exploration phase, meeting the European Union (EU)'s growing
demand for mineral exploration of Critical Raw Materials (CRMSs), which are essential to Europe's growing economy and
the transition to green energy [1].

The identification of geological lineaments is essential in mineral exploration for several reasons. It contributes to more
detailed geological mapping and interpretation, allowing for the identification and understanding of structurally controlled
areas of mineralisation and hydrothermal fluid pathways, strengthening the known correlation between mineral deposits
and major lineaments [2-6].
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application of the Grey Level Co-Occurrence Matrix (GLCM) on both SNAP and GEE. The computed co-occurrence
indices were Contrast, Angular Second Moment (ASM), and Correlation (CORR). The GEE indices were compared with
those generated in SNAP. The Contrast index yielded the best results, while ASM and CORR images were noisy and
obscured geological lineaments, particularly compared to the SNAP-generated indices. Automatic lineament extraction
was performed using the VV band and both Contrast bands, with the SNAP-derived Contrast band imported into GEE.
The Canny Algorithm and Hough Transform were employed for automatic extraction in GEE. Finally, the length and
direction of the extracted lineaments were analysed. Results showed significant differences: lineaments from the VV band
and SNAP-generated Contrast band closely matched known literature, while those from the GEE-generated Contrast band
were unsatisfactory, exhibiting curvilinear lineaments. This disparity is likely due to the way GLCM was employed in
GEE, indicating the need for it to be explored further in future studies.
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1. INTRODUCTION

This study was conducted under the scope of the S341 — SECURE AND SUSTAINABLE SUPPLY OF RAW
MATERIALS FOR EU INDUSTRY project (https://s34i.eu/). This project focuses on researching and developing data-
driven Earth Observation (EO) methods, exploiting Copernicus and other satellite sensors (optical and radar), airborne
data, low-altitude platforms, ground-based, fieldwork, and others. These methods are applied to different phases of the
mining cycle, such as mineral exploration, environmental monitoring, mine monitoring, and mine closure, and incorporate
the entire mining cycle.

The study area of the Ria de Vigo falls within the mineral exploration phase, meeting the European Union (EU)'s growing
demand for mineral exploration of Critical Raw Materials (CRMs), which are essential to Europe's growing economy and
the transition to green energy [1].

The identification of geological lineaments is essential in mineral exploration for several reasons. It contributes to more
detailed geological mapping and interpretation, allowing for the identification and understanding of structurally controlled
areas of mineralisation and hydrothermal fluid pathways, strengthening the known correlation between mineral deposits
and major lineaments [2-6].

*joana.fernandes(@fc.up.pt

13197 - 14 V. 4 (p.1 of 13) / Color: No / Format: A4 / Date: 9/25/2024 10:36:14 AM

SPIE USE: DB Check, Prod Check, Notes:

115



FCUP
Evaluation of radar and hyperspectral data for the identification of placers in the Rias Baixas region

Please verify that (1) all pages are present, (2) all figures are correct, (3) all fonts and special characters are correct, and (4) all text and figures fit within the red
margin lines shown on this review document. Complete formatting information is available at http://SPIE.org/manuscripts

Return to the Manage Active Submissions page at http://spie.org/submissions/tasks.aspx and approve or disapprove this submission. Your manuscript will not
be published without this approval. Please contact authorhelp@spie.org with any questions or concerns

Usually, automatic lincament extraction is conducted using commercial software, such as PCI Geomatica [7-11]. GEE has
the advantage of allowing the application of the algorithms needed for automatic lineament extraction in a free-to-use
platform and, therefore, being an alternative to paid software. Recent works employed GEE to search and preprocess radar
data but conducted textural analysis and/or automated lineament extraction in other third-party software, not performing
the entire workflow on the GEE platform [4, 12]. This preliminary study explored different methods for the identification
of geological lineaments in the Ria de Vigo using radar Sentinel-1 data. Specifically, it accessed the potential of GEE for
textural analysis and automated lineament extraction for structural mapping purposes.

2. GEOGRAPHIC AND GEOLOGICAL SETTING

Located along the Atlantic coast of Galicia, northwestern Spain, the Ria de Vigo is one of four funnel-shaped estuaries
that compose the Rias Baixas region (Fig. 1). Extending 32.5 km in an NE-SW direction, the ria is influenced by both
freshwater and marine environments.

Geologically, this region is part of the Galicia Tras-os-Montes zone within the Iberian Massif (Variscan orogen) [13]. Two
main complexes are distinguished: the Cabo D'Home-La Lanzada complex, which consists mainly of two-mica schists,
quartzites, paragneisses, and amphibolites, and the Vigo-Pontevedra complex, comprising plagioclase and biotite gneisses,
mica schists, and gneisses with riebeckite [14, 15]. The Variscan magmatism led to the emplacement of leucocratic two-
mica and calc-alkaline granites [16].

Structurally, this region is marked by the main deformation phases of the Variscan orogeny, which led to the formation of
the N-S oriented Malpica-Lamego shear zone, as well as the Vigo anticline and a fracture system oriented NE-SW and
NW-SE [17]. Additionally, several Quaternary-age sedimentary formations are present, including beaches, dunes, cuspate
forelands, intertidal flat deposits, and marshes.

In Galicia, heavy-mineral placer deposits have been documented [18-21]. These are sedimentary clastic deposits where
economically significant heavy minerals accumulate. The beaches of the Galician rias provide ideal conditions for the
formation of these marine placer deposits due to their hydrodynamics and local geology. Mineralisation in the region is
closely associated with the emplacement of granitic complexes, which are conducive to forming Li, Sn, and W deposits,
while mafic rocks favour the formation of Fe-Cu sulfide deposits [22].

Several studies have identified marine placers in the Ria de Vigo containing magnetite, ilmenite, garnet, zircon, cassiterite,

monazite, and spodumene. These deposits are rich in Ti, Sn, Li, Rare Earth Elements (REE), and Au, all classified as

CRMs by the EU [23].

Figure 1. Geographic location of the Ria de Vigo.
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3. DATA

Sentinel-1 is a mission within the Copernicus program launched by ESA. Sentinel 1A, the first satellite of the Sentinel-1
series, was launched on 3 April 2014 and operates in a near-polar, sun-synchronous orbit at an altitude of 696 km, with a
12-day revisit cycle.

Sentinel-1 is equipped with a synthetic aperture radar (SAR) sensor operating in the C-band. It collects data in four
acquisition modes — Interferometric Wide-swath mode (IW), Wave mode (WV), Strip Map mode (SM), and Extra Wide-
swath mode. The IW is the primary and most used mode, which acquires data with a 250 km swatch at a 5x20 m spatial
resolution.

A significant advantage of Sentinel-1 is its ability to capture images regardless of weather conditions, such as cloud
coverage and illumination, ensuring continuous and reliable data acquisition.

For this study, we utilised a single level-1 Sentinel-1 Ground Range Detected (GRD) image, obtained on 19 January 2024,
using the I'W mode. on descending orbit, with Vertical-Vertical (VV) and (Vertical-Horizontal) (VH) polarisation.

The image was retrieved from GEE's Sentinel-1 Image Collection. In order to process it in SNAP, the image was also
downloaded from Copernicus open-source database (https://browser.dataspace.copemnicus.cu/).

4. METHODOLOGY

The image preprocessing was primarily conducted using GEE and ESA's SNAP software. The automatic lineament
extraction, however, was performed exclusively on GEE, a cloud-based platform that provides free access to a vast
repository of satellite data and image processing tools, facilitating the visualisation and analysis of extensive datasets on a
global scale.

ESA's SNAP is an open-access software that enables the processing and analysis of satellite data from the Sentinel missions
and other missions such as Landsat, ALOS, Worldview, and SPOT.

4.1. Preprocessing

4.1.1, Google Earth Engine (GEE)

Firstly, the Sentinel-1 image was retrieved from GEE's image collection. The image had already undergone several
preprocessing steps by GEE using the Sentinel-1 toolbox such as Orbit Correction (Fig. 2). The initial step was Thermal
Noise Removal, which eliminated unwanted noise and normalised the backscatter signal. Next, Radiometric Calibration
was performed to adjust the data and ensure it accurately represented the radar backscatter, Afterwards, Terrain Correction
was applied using the National Aeronautics and Space Administration (NASA) 's Shuttle Radio Topography Mission
(SRTM) at 30 m of spatial resolution. The final terrain-corrected values were also converted to decibels via log scaling
(10*log10(x)). A subsct of the image was created to fit the study arca.

; | Thermal : i Terrain Conversion
SI;(:R: - Co?r;?::on = Noise “ Rcajil;:;;g: + Correction | +todBvialog + GLCM Subset
€ Removal SRTM 30m scaling

Figure 2. Workflow applied to the Sentinel-1 image by GEE using Sentinel-1 Toolbox.

4.1.2. SNAP

The same image was imported to ESA's SNAP software, where a standard preprocessing workflow was applied (Fig. 3).
First, orbit correction was performed to improve geolocation accuracy, followed by Thermal Noise Removal and
radiometric calibration. GLCM textural analysis was then carried out to extract the textural features from the image.
Afterwards, Speckle filtering, using the Refined Lee filter, was applied to reduce speckle noise. Finally, Terrain Correction
was performed using data from NASA's SRTM at 30 m resolution and a subset of the study area was created.
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Figure 3. Workflow applied to the Sentinel-1 image in SNAP.

4.2, Grey-level co-occurrence matrix (GLCM) textural analysis

The GLCM is a statistical method used in image processing to analyse the texture of an image. GLCM evaluates the
relation between pairs of pixels by considering the frequency of various combinations of pixel intensity values (grey levels)
and their spatial relation to each other [24].

On SNAP, the textural analysis extracts several co-occurrence indices for both polarisations VV and VH. The same features

Table 1. Description of the GLCM indices.

can be extracted on GEE, but the method also generates additional co-occurrence indices (Table 1).

Group Co-occurrence index Description
Measures the variation in intensity levels
Contrast . ¢ :
between neighbouring pixels
R — Measures the difference in intensity levels
Dissimilarity A . ;
between neighbouring pixels
Contrast S .
. Measures the similarity in intensity levels
Homogeneity 5 i
between neighbouring levels
B 3 tl i 7]
Chrilatsh Measures the linear dependency of grey

levels on those neighbouring pixels

Angular Second Moment (also
known as Energy)

Measures the homogeneity of an image

Orderliness Entrony or Ener Measures the randomness or complexity of
24 £y the image texture
Maximum Probability Identifies the most common intensity pair
GLCM Mean Provides the average grey level value
o GLCM Correlation Measures the linear }'elghonslup bet\fveen
Statistics grey-level values of neighbouring pixels
GLCM Variance Measures the spread or dispersion of grey
levels
Inverse Difference Moment Measures the local homogeneity
Qum Average Measures the average of the sum of the
GEE's & intensity values of pixel pairs
additional .
textural Siitii Vafiancs Measures the variance of the sum of the
features intensity values of pixel pairs

Sum Entropy

Measures the entropy of the sum of the
intensity values of pixel pairs
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Measures the variance of the difference in

i Vari . . . .
Difference Variance the intensity of pixel pairs

Measures the entropy of the difference of

Diffi e Ent L 3 : :
R e st k) the intensity values of pixel pairs

The highest possible value of the correlation

Max Correlation Coefficient feature calculated from the GLCM

Measures local varations, indicating the

Inertia amount of local intensity variation

Measures the asymmetry of the distribution

Chuster/shade of elements around the mean value

Captures the fourth moment of the
Cluster prominence distribution of elements in the GLCM
around the mean value

4.2,1, GLCM parameters

Before GLCM, it was observed that the VV polarisation was better suited to the identification of structures. Due to this,

the GLCM was only performed on the VV band.

To perform textural analysis using the GLCM method on GEE with Sentinel-1 imagery, first, the image pixels must be
converted from decibels to integers. This conversion can be done to 8-bit, 16-bit, or 32-bit integers, each requiring a
specific scale factor. Given that GEE's GLCM textural analysis supports only up to 32-bit integer images, the images were
converted from float to 16-bit and 32-bit integers. The GLCM parameterisation in GEE is simpler than in SNAP since the
user can only choose 1) the size of the neighbourhood, also called window size (in this case, we chose 1), and ii) the kernel
(which was defined as 3x3 and 9x9 kernels). After, a convolution was performed.

Due to a loss of detail after converting to an integer and unsatisfactory results, the GLCM method was also performed on
the same Sentincl-1 image on SNAP, using the following parameters (Table 2). From GLCM's textural features, only
Contrast, ASM and CORR were computed.

Table 2. Description of the parameters used for the GLCM textural analysis in SNAP.

Source Bands Sigma0 VV

Window Size 9x9

Angle ALL (0°, 45°,90°, 135%)
Quantitizer Probabilistic Quantitizer
Quantisation Levels 32

Displacement 4

4.3. Automatic lincament extraction

Automatic lineament extraction involved the Canny edge detection algorithm, followed by a Hough transform. This
process was executed using solely GEE.

The Canny algorithm is a highly effective edge detection technique used in image processing to identify boundaries, or
edges, within images [25]. Meanwhile, the Hough transform is a feature extraction technique to identify and isolate
geometric shapes, such as lines, within the detected edges [26].
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Three automatic extractions were conducted on the VV band image and the two GLCM-derived Contrast images, one
generated in SNAP and the other in GEE. The SNAP-derived Contrast image was imported into GEE to serve as a
reference. The parameters used are described in Tables 3 and 4. These parameters were obtained through trial and error,
and several were tested until the most suitable combination of values was found.

Table 3. Description of the parameters used for the Canny algorithm.

Image Line Threshold Sigma
VV band 15 1
VV_Contrast (imported 150 3
from SNAP)
VV_Contrast (16-bit) 1600 8

Table 4. Description of the parameters used for the Hough transform.

Image Grid Size Input Threshold | Line Threshold
256
VV band (default) 15 10
VV_Contrast 256 150 10
(imported from SNAP) (default)
: 256
VV_Contrast (16-bit) (default) 100 40

5. RESULTS AND DISCUSSION

5.1. Comparison of GLCM indices

After performing the GLCM method, the 16-bit and 32-bit images generated were compared to the textural features
obtained using SNAP, which served as the reference standard. The GLCM analysis was conducted exclusively on the VV
polarisation band, as it provided superior structural visualisation compared to the VH band. The textural features assessed
included Contrast, ASM and CORR for both 16-bit and 32-bit images (Fig. 4). Tt was observed that a 3x3 kernel size
yielded the best results on GEE. In the 16-bit images, the Contrast, ASM, and CORR metrics were notably distinct. The
best results were achieved with the VV_Contrast band, which demonstrated a better definition of both smaller structures
(approximately 1 km in length) and larger ones (over 6 km). This band effectively differentiated urban areas, such as Vigo
City, Vigo's airport, and streets, as these appeared uniform, indicating lower contrast and fewer textural differences, which
was expected. However, the definition was significantly lower at a pixel level, and the noise was higher than images
obtained using SNAP. The ASM and CORR images yielded poorer results. The ASM image was highly pixelated and
lacked detail, only distinguishing between inland areas and water bodies, such as the Ria and the Verdugo River. The
CORR image provided slightly more information, with some geological structures being defined, but it was still very noisy
compared to the images from ESA's SNAP.

When comparing the 16-bit images with the 32-bit images, the results were fairly similar, though the detail appeared to
decrease slightly after conversion to 32-bit, which is expected since Sentinel-1 GRD images are generated in 16-bit
unsigned integer format. The Contrast images were nearly identical, with the 32-bit images exhibiting marginally more
noise. The ASM and CORR results did not differ significantly from the 16-bit images. The ASM band remained barely
perceptible, capable of distinguishing between water and land but lacking structural detail, except for the coastline. The
CORR image also remained indistinct, with some geological lineaments visible, but the overall image was still very blurry.
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Overall, there was a noticeable disparity between the images generated by SNAP and those from GEE. This could be
attributed to the method and parameters used when performing GLCM in GEE. The SNAP images, used as a reference,
had good resolution and appeared standard. ESA's SNAP did not seem to reduce the quality and detail of images as
observed in GEE, even when using a 9x9 kernel size, which logically should be less detailed compared to the 3x3 kernel
size used in GEE's GLCM analysis.

Figure 4. Images resulting from the GLCM method performed on the VV band, both in SNAP and GEE, using the original
VV_band, and 16-bit and 32-bit VV_band. A) Original VV_band. B) GLCM images gencrated in SNAP — Bl is Contrast, B2
is ASM, and B3 is CORR. C) GLCM images generated in GEE afier conversion to 16-bit — C1 is Contrast, C2 is ASM, and
C3 is CORR; D) GLCM images generated in GEE after conversion to 32-bit — D1 is Contrast, D2 is ASM, and D3 is CORR.
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— K
Datum: WGS84 UTH 290

Figure 4. (cont.)

5.2. Geological lineaments
Geological lineaments were extracted from the VV band and VV_Contrast images, generated both in SNAP and GEE.

The lineaments on the VV band were the most satisfactory (Fig. 5). Notably, the delineation of the coastline and river
margins stood out. Anthropogenic lineaments, such as those in urbanised areas and at the Vigo airport, appeared less
defined, noisier, and more curvilinear. In contrast, natural lineaments were significantly more rectilinear, with lengths
ranging from a small metric scale to about 3-4 km, with a median length of 150 m. Although longer lineaments were
segmented in GEE's automatic lineament extraction, their location and direction were well-aligned with descriptions in the
literaturc.

The results from the VV_Contrast from SNAP were not significantly different from the VV band results, except for a few
differences (Fig. 6). The lineaments extracted from the VV_Contrast image from SNAP appeared noisier than those
extracted from the VV band, likely due to a loss in detail after the GLCM process. It delineated the coastline and river
margins and extracted curvilinear lineaments from urbanised areas. However, natural geological lineaments appeared more
segmented, smaller, and dispersed than those from the VV band, with a median length of around 123 m. Nevertheless,
overall, the results are comparable and fairly similar.

On the other hand, results from the VV_Contrast generated in GEE were very distinct from the results of the other two
bands (Fig. 7). Geological lineaments were not discernible due to the high noise level in the image. Most lineaments,
whether anthropogenic or natural, appeared curvilinear. Tt can also be observed that this extraction does not include the
coastline like the previous ones did. The cause for this needs to be explored further since it appears to stem from the GLCM
method, possibly in the kernel and convolution.

Rose diagrams for lineaments were plotted, except for the last extraction, since the lineaments' curvilinear shape prevented
azimuth calculation. The density of linsaments and lineament distance were also calculated for all extractions. The areas
of higher density in all extractions correspond mainly to regions of higher altitudes. The intersection of lineaments was
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also obtained. Areas of intersection of lincaments could indicate empty spaces, which could serve as pathways for
hydrothermal fluids, leading to possible increased mineralisation potential.

Figure 5. Top left — Lineaments extracted from the VV band with the respective rose diagram; Top right — Distance to
lineament map; Bottom left — Lineament intersection map; Bottom right — Lineament density map.

13197 - 14 V. 4 (p.9 of 13) / Color: No / Format: A4 / Date: 9/25/2024 10:36:14 AM

SPIE USE: DB Check, Prod Check, Notes:



FCUP | 124
Evaluation of radar and hyperspectral data for the identification of placers in the Rias Baixas region

Please verify that (1) all pages are present, (2) all figures are correct, (3) all fonts and special characters are correct, and (4) all text and figures fit within the red
margin lines shown on this review document. Complete formatting information is available at http://fSPIE.org/manuscripts

Return to the Manage Active Submissions page at http://spie.org/submissions/tasks.aspx and approve or disapprove this submission. Your manuscript will not
be published without this approval. Please contact authorhelp@spie.org with any questions or concerns

Figure 6. Top left — Lineaments extracted from the VV_Contrast band, generated in SNAP, with the respective rose diagram;
Top right — Distance to lineament map; Bottom left — Lineament intersection map; Bottom right — Lineament density map.
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Figure 7. Top left — Lincaments extracted [rom the VV_Conltrast band, generated in GEE; Top right — Distance to lincament
map; Bottom left — Lincament intersection map; Bottom right — Lincament densily map.
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6. CONCLUSIONS

The automatic extraction of geological lineaments using the VV band from a Sentinel-1 image and the VV_Contrast
images, generated both in SNAP and GEE, revealed significant differences in quality and clarity of results.

Firstly, the VV band provided the most satisfactory lineament extraction, with natural lineaments being rectilinear and
well-aligned with the location and orientation of known lineaments. After the VV band, the most accurate extraction was
done using the VV_Contrast image, generated in SNAP and imported into the GEE environment, although the extraction
already showed signs of more distortion and noise. The least accurate results were achieved with the other VV_Contrast
band, generated in GEE, since it exhibited high noise levels, obscuring geological lineaments and resulting in curvilinear
lineaments.

It can be concluded that the automatic lineament extraction using the Canny algorithm and the Hough transform is effective
in GEE, although it is highly dependent on the quality of the image used, as well as the prior processing and method used.
Therefore, since the VV_Contrast band, generated in SNAP, produced satisfactory results, further investigation is needed
on the implementation of textural analysis on GEE, specifically on the GLCM parameters and method code, primarily
since SNAP's GLCM provided higher definition and less noisy images, even when using a 9x9 kernel size,

This discrepancy highlights the importance of user expertise and method optimisation in GEE to achieve optimal results.
Despite these challenges, GEE offers substantial benefits, primarily its ability to process and analyse vast amounts of data
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on a single platform without requiring multiple software programs. This integrated approach facilitates data handling and
processing, making it a valuable resource for applications in remote sensing. Moreover, when it comes to lineament
extraction, it serves as a free-to-use alternative to commercial software.
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Abstract. Critical raw materials (CRM) are currently considered
essential for the European Union (EU) energy transition. In the
scope of the Horizon Europe 8341 (SECURE AND
SUSTAINABLE SUPPLY OF RAW MATERIALS FOR EU
INDUSTRY; https://doi.org/10.3030/101091616) project, new re-
mote sensing methods to support the exploration and ensure the
EU autonomy in CRM are being explored. The region of Rias
Baixas, in Galicia, Spain, contains marine placer deposits of scv-
eral CRMs, including rare earth elements (REEs), and it is suitable
to demonstrate the effectiveness of Earth Observation (EQ) meth-
ods applied to the identification of these deposits. Building a spec-
tral library for the target mineralogy is one important step in many
studics that approach remote sensing data when applied to mineral
deposits. In this work, we describe the process of creating the spec-
tral library for Rias Baixas and identifying targets for beach placer
minerals such as garnet and tourmaline.

Keywords: Critical raw materials, marine placers, Earth Obser-
vation, Reflectance spectroscopy, Coastal areas.
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1 Introduction

Marine placer deposits comprise heavy minerals, heavy metallic minerals, and
gemstones eroded from various, but usually igneous, rocks on land [1]. Fluvial
systems (ransport these materials to the sea. These minerals have characteristic
densities that do not favour their deposition in fluvial systems. Instead, they are
deposited in sandy beach systems by waves, tides, and currents. Important ma-
rine placer minerals include rutile, ilmenite, cassiterite, garnet, magnetite, and
monazite [2, 3]. Marine placers are referred to by the European Commission
[4] as an important source of Critical Raw Materials (CRM) essential for the
production of a broad range of goods and services, as well as for the develop-
ment of new technologies for the Green Transition, playing a significant role in
the global cconomy.

The region of Ria de Vigo (Figure 1) includes placer deposits of zircon, gar-
nets, monazites, tourmaling, pyroxene, ilmenite, pyrite, magnetite, hematite,
goethite, and lithium minerals like spodumene associated with pegmatites [5].

Spain

Fig.1. Geographic setting of the Ria de Vigo study area. Location of
beaches where samples were collected.

These are controlled by river discharges, wind regimes over the continental
shelf, and the semidiurnal mesotidal regimen on the Atlantic coast |6, 7], Initial
rescarch on the Vigo placers is currently ongoing in the scope of the $341 (Se-
cure Sustainable Supply of Raw Malcrials for EU Industry) project, which aims
to develop Earth Observation (EOQ) methods that are effective in detecting beach
placer deposits. Building a spectral library for the target mineralogy is a critical
step in many studies that approach remote sensing data when applied to mineral
deposits and improves the qualitative and quantitative analysis of spectral sig-
natures [8].
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match the USGS spectral library using the Python library spectres and later
compared with the USGS using the SAM algorithm. The result is given accord-
ing to the similarity of the measured spectra, i.e., to the reference spectra with
the smallest angle compared with the one measured in the laboratory.
Sccondly, the spectra were manually interpreted based on known literature
[16-19] by observing the location, depth, asymmetry and other characteristics
of absorption features. Manual interpretation allows the identification of the
main spectrally active minerals that could contribute to the mineral mixture.

3 Results

When using SAM to compare spectra from Santa Marta (Fig.3a), spessartite
was identified. However, manual interpretation shows clear diagnostic features
indicative of tourmaline in the SWIR range: two sharp and narrow absorptions
at 2207 nm and 2247 nm coupled with a distinctive absorption at 2362 nm at-
tributed to stretching vibrations (B-OH, Al-OH, Mg-OH, Mn-OH) [16, 19,
20]. Nonetheless, the absorption peak at ~900 nm followed a broad Fe-related
absorption around 1344 nm, together with several absorptions in the VNIR at
412 nm and 503 nm are compatible with garnet spectra [ 17, 18]. For Vao Beach
(Fig.3b), after comparison with the USGS spectral library, the garnet with the
best match is almandine. Similarly, besides the tourmaline features in the
SWIR, garnet is manually identified through VNIR features. For both concen-
trates from the two beaches, the second and third matches with USGS also cor-
respond to almandine.

S GAWDS0624_HM, LIPD, T vs almand.spc Almandine WS476 145, GRVD30624 1M UPD.B vs almandd spc Almandine W5479
afe] | o [ FET T A P
k \f \ o , \I
{ 1 SO Ay

P

o s asd | \ 7

it 1 i WEAT
) w0 e = 50

Fig.3. Best matches with the USGS spectral library for the spectra from Santa
Marta (a) and Vao (b) beaches.

4 Conclusions

Some target minerals, such as garnet and tourmaline, can be interpreted even
without their pure spectral signature, i.e., in mixed spectra. However, some
spectral signatures can interfere with other minerals, as is the case for the garnet
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2 Methodology

2.1 Field sampling

The samples were collected in two field campaigns in March of 2023 and Sep-
tember of 2023, The field sampling campaign included collecting sands of plac-
ers on the beaches of Barra, Limens, Santa Marta, Vao, Canabal, Alemans and
Canabal (Figure 1). The collected samples were restricted to the superior layer
of sand on the beach, and plastic bags were used for storage (Figure 2a). Afier
sampling, the heavy minerals were separated from the original sample for
IGME (Geological Survey of Spain).

2.2 Laboratory Spectral Collection
Only the heavy mineral (Figure 2¢) portion was used for the spectral library.
The spectra were collected in the laboratory using the spectroradiometer Field-
Spec 4 standard resolution (ASD Inc., Boulder, CO, USA) in the 400 1o 2500
nm interval, with additional characteristics described in [9, 10].

Fig.2. a) Sample collected on the field; ) \olc sample; ¢) heavy mineral
fraction.

2.2 Spectral Interpretation
Two approaches were evaluated for interpreting the spectral data after contin-
uum removal by applying the hull quotient technique using a Python routine
[9]. First, we applied the Spectral Angler Mapper (SAM) algorithm in Python
to compare and match the collected spectral data with the USGS Spectral Li-
brary. SAM is a widely applied technique used to compare spectra [11, 12],
where the spectral similarity between two spectra is calculated by computing
the angle between them in a multidimensional space |13, 14]. The USGS spec-
tral library [ 15] was loaded using spectral.io.envi module from the Spectral Py-
thon library. The spectral data collected in the laboratory was resampled to
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and tourmaline, and the context of the area is important in interpreting the re-
sults, Manual/expert interpretation showed higher capabilities in this regard,
considering mixed spectra, as spectral matching with SAM could not identify
tourmaline. The process of spectral matching is useful for mineral identifica-
tion, as well as for broader applications and local references. The ground-based
spectral library can be integrated with EO data and has great value applied to
the validation and uncertainty assessment of remote sensing studies that involve
the identification of the placers. The results also increase the knowledge about
the local variations and patterns of the minerals in Vigo.

5 Acknowledgements

This work is supported by national funding awarded by FCT - Foundation for
Science and Technology, LP, projects UIDB/04683/2020
(https://doi.org/10.54499/UIDB/04683/2020) and  UIDP/04683/2020
(https://doi.org/10.54499/UIDP/04683/2020).; and by the EU under grant
agreement no. 101091616 (https://do1.org/10.3030/101091616), project S341.

References

1. Hou, B.; Keeling, J.; Van Gosen, B. S. Geological and Exploration Models of Beach
Placer Deposits, Integrated from Case-Studies of Southern Australia. Ore Geology
Reviews 2017, 80, 437-459. DOI: hutps://doi.org/10.1016/j.orcgeorev.2016.07.016.

2, Cronan, D. S. Handbook of Marine Mineral Deposits; CRC Press, 2000,

3. Alcom, T.; Monteys, X.; Blasco, 1.; Lobato, A.; Gonzilez, J. Are the pan-European
seas a promising source for critical metals supply? GeoERA-MINDeSEA Marine Data
and Information Management Best Practices. Bollettino di Geofisica Teorica ed
Applicata 2021, 62.

4. Vallius, H. T. V.; Kotilainen, A. T.; Asch, K. C.; Fiorentino, A.; Judge, M.; Stewart,
H. A.; Pjetursson, B. Discovering Europe's seabed geology: the EMODnel concept of
uniform collection and harmonization of marine data. In From Continental Shelf o
Slope: Mapping the Oceanic Realm, Asch, K., Kitazato, H., Vallius, H. Eds.;
Geological Society of London, 2022,

5. Vilas, F.; Bernabeu, A.; Méndez, G. Sediment distribution pattern in the Rias Baixas
(N'W Spain): main facies and hydrodynamic dependence. Journal of Marine Sysiems
2005, 54 (1-4), 261-276.

6. Alvarez, 1.; Decastro, M.; Gomez-Gesteira, M.; Prego, R. Inter-and intra-annual
analysis of the salinily and temperature evolution in the Galician Rias Baixas—ocean
boundary (northwest Spain). Journal of Geophysical Research: Oceans 2008, 110(C4).
7. Bernabeu, A. M.; Lersundi-Kanpistegi, A. V.; Vilas, F. Gradation from ocecanic to
estuarine beaches in a ria environment: A case study in the Ria de Vigo. Fstuarine,
Coastal and Sheli”  Science 2012, 102-103, 60-69. DOI:
hetps://doi.org/10.1016/j.ecss.2012.03.001 .



FCUP | 133
Evaluation of radar and hyperspectral data for the identification of placers in the Rias Baixas region

8. Manzo, C.; Valentini, E.; Taramelli, A.; Filipponi, F.; Disperati, L. Spectral
characterization of coastal sediments using Field Spectral Libraries, Airborne
Hyperspectral Images and Topographic LIDAR Data (FHyL). Infernational Journal of
Applied  Earth  Observation and Geoinformation 2015, 36, 54-68. DOI:
hittps://doi.org/10.1016/j.jag.2014.11.003.

9. Cardoso-Fernandes, I.; Silva, I.; Dias, F.; Lima, A.; Teodoro, A. C.; Barrés, O;
Cauzid. J.; Perrotta, M.: Roda-Robles, E.; Ribeiro, M. A. Tools for Remote
Exploration: A Lithium (Li) Dedicated Spectral Library of the Fregeneda-Almendra
Aplite-Pegmatite Field. Data 2021, 6 (3), 33. DOI: doi: 10.3390/data6030033,

10. Carvalho, M.; Cardoso-Fermandes, J.; Lima, A.; Teodoro, A. C. Convolutional
MNeural Networks Applied to Antimony Quantification via Soil Laboratory Reflectance
Spectroscopy in Northern Portugal: Opportunities and Challenges. Remole Sensing
2024, I6(11), 1964,

11, Kruse, F. A.; Boardman, J.; Huntington, J. Comparison between AVIRIS and
hyperion for hyperspectral mineral mapping. [EEE Trans GGeosci Remote Sens 2003,
41, 1388-1400.

12, van der Meer, F. The effectiveness of spectral similarity measures for the analysis
of hyperspectral imagery. Infernational Journal of Applied Earth Observation and
Geoinformation 2006, § (1), 3-17. DOL: hups://doi.org/10.1016/j.jag.2005.06.001.

13. Yuhas, R. H.; Goetz, A. F.; Boardman, J. W. Discrimination among semi-arid
landscape endmembers using the spectral angle mapper (SAM) algorithm. In JPL,
Summaries of the Third Amual JPL Airborne Geoscience Workshop. Volume 1:
AVIRIS Workshop, 1992,

14, Kruse, F. A_; LefkofT, A_; Boardman, v. I.; Heidebrecht, K.; Shapiro, A_; Barloon,
P.; Goetz, A. The spectral image processing system (SIPS)—interactive visualization
and analysis of imaging spectrometer data. Remote sensing of environment 1993, 44(2-
3), 145-163.

15. Kokaly, R. F.; Clark, R. N.: Swayze, G. A.; Livo, K. E.: Hoefen, T. M.; Pearson,
N. C.; Wise, R. A.; Benzel, W.; Lowers, H. A_; Driscoll, R. L. USGS speciral library
version 7; US Geological Survey, 2017.

16. Pontual, S.; Merry, N.; Gamson, P. Spectral Interpretation Field Manual: GMEX
Speciral Analysis Guides for Mineral Exploration. Fictoria, AusSpec International Pty
2008,

17. Hunt, G. R. Spectral signatures of particulate minerals in the visible and near
infrared. Geophysics 1977, 42 (3), 501-513.

18. Clark, R. N.: Swayze, G. A.; Gallagher, A. J.; King, T. V. V.: Calvin, W. M. The
U. S, Geological Survey, Digital Spectral Library: Version | (0.2 to 3.0um); 1993,
https://pubs.usgs.gov/publication/ofr93592DOI: 10.3133/0r93592.

19, Bierwirth, P. LABORATORY AND IMAGING SPECTROSCOPY OF
TOURMALINE - A TOOL FOR MINERAL EXPLORATION. 2008.



FCUP

Evaluation of radar and hyperspectral data for the identification of placers in the Rias Baixas region

|.2. Conference abstracts

i)

i
P

21899 | Evaluating K-Means Classification for Manual Lineament Extraction: A
Comparative Study with Band Ratio from Sentinel-1 imagery, in the Ria de Vigo,
Spain
Beatriz L. Aratijo’; Morgana Carvalho’?; Antdnio Azzalini'; Joana Cardoso-Fernandes™?;
Alexandre Lima'?; Ana Claudia Teodoro™?

Department of Geosciences, Environment and Spatial Plannings Faculty of Sciences of the University of

Porto, Portugal®; ICT (Institute of Earth Sciences) — Porto Pole, Portugal ?

Background & Aim: The Rias Baixas region, located on the Atlantic margin of southwestern
Galicia, is composed of four funnel-shaped estuaries, of which the Ria de Vigo is the
southernmost. The Galician Rias lie within the Galiza Tras-os-Montes Zone. The local geology is
dominated by Variscan granites hosted in Palaeozoic metasediments, overlain by Quaternary-
age sediments. The fracture system is NE-SW and NW-SE oriented [1]. This region is of special
interest due to the occurrence of heavy-mineral placer deposits of Ti, Sn, Li, REEs, Au, Fe and Cu,
classified as Critical Raw Materials by the European Union [2]. This work assesses K-Means
Classification’s feasibility to differentiate structural features, comparing it with a manually
extracted lineament map to evaluate the results. Methods: A Sentinel-1 image was accquired.
To pre-process, first an orbit file was applied, followed by Speckle Filtering and lastly Terrain
Correction was conducted [3,4]. The K-Means image, using VH_Amplitude, VH_Intensity,
VV_Amplitude and VV_Intensity bands (8 clusters, 15 iterations) was selected for lineament
extraction. The VH and VV bands were obtained by a band ratio of VH_Amplitude/VH _Intensity
and VW_Amplitude/VV_Intensity [3,4]. The band VH was chosen for manual lineament mapping,
to serve as a comparison. Four Prewitt directional filters were applied to highlight lineaments in
N-S, E-W, NE-SW and NW-SE directions [5]. An RGB composite of the three best directional filters
was created. Results: For the VH band, 372 lineaments were extracted, compared to 172 for the
K-Means image. Out of the 172 lineaments, only 24 don’t aligh with the ones extracted from the
VH band. This is mainly due to textural alterations. However, the medium orientation lineaments
from both extractions are well aligned, being 1392 N and 1432 for the VH band and K-Means
image, respectively. Conclusion: K-Means efficiently classified the most prominent lineaments

with good accuracy, although in less detail and number when compared to the VH band.

Keywords: SAR, Sentinel-1, K-Means, Lineaments, Placers,
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S34l - Visao global de dados de observacao da Terra em varias fases
do ciclo mineiro

Ana Claudia TEODOROQ™", Joana CARDOSO-FERNANDES*, Patricia SANTOS, An}onio AZZALINI', Morgana
CARVALHO!, Beatriz L. ARAUJO!, Alexandre LIMA', Krigtof OSTIR?

1Instituto de Ciéncias da Terra, Polo da Universidade do Porto, Departamento de Geociéncias, Ambiente e Ordenamento do
Territério, Faculdade de Ciéncias da Universidade do Porto, Rua Campo Alegre, 4169-007 Porto, Portugal
2 University of Ljubljana, Faculty of Civil and Geodetic Engineering, Jamova cesta 2, Ljubljana, Slovenia
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O projeto S341 (https://doi.org/10.3030/101091616) financiado por fundos europeus estd a explorar e
desenvolver protdtipos de novos métodos de analise de dados de Observagdo da Terra (OT),

demonstrando o seu valor para a industria, comunidades locais e legisladores no que respeita a
transformacdo digital da indUstria mineira. O consdrcio de projeto relne 19 parceiros de 12 paises da
Europa. Combinando conhecimentos de diversas areas e juntando a academia, inddstria, organizagdes
estatais, fundagdes e centros de investigagdo, o projeto S34| contribui para a sustentabilidade, seguranca
e soberania das matérias-primas da Unido Europeia (EU), apoiando a prospeg¢do mineral e a monitorizagdo
continua das atividades mineiras, quer sejam elas de extragdo, encerramento e pds-encerramento.

Como tal, o S34 utiliza a OT ndo sé para a gestdo de questdes técnicas e ambientais para uma transigdo
verde, mas também apoia a sensibilizagdo do publico, a aceitagdo social da mineragdo e contribui para
uma melhor legislacdo. Sendo assim, o projeto adquiriu dados de OT em diversas escalas e tipos de
plataformas, nomeadamente satélites, avides, veiculos aéreos ndo tripulados (VANTs), robots
subaquaticos e equipamentos portateis para levantamentos terrestres. Os dados éticos utilizados sdo
multiespectrais (Sentinel-2, Landsat-8/-9, Worldview-2, Worldview-3, Pleiades-NEO) e hiperespectrais
(EnMap, PRISMA). Ja os dados radar por satélite incluem dados de média resolugdo espacial (Sentinel-1)
e alta resolugdo espacial (ALOS PALSAR-2, COSMO-SkyMED). Duas campanhas de avido permitiram
recolher dois tipos de dados: LIDAR e dados éticos hiperespectrais (AISA Fenix). Os VANTSs, por sua vez,
permitiram adquirir imagens multiespectrais de elevada resolug&o espacial. Uma inovagéo do projeto é a
aplicacdo de sensores hiperespectrais em robots subaquaticos, bem como cdmaras multiespectrais em
VANTSs subaquaticos para adquirir dados do fundo do mar (em aguas pouco profundas). Dados de campo
foram ainda adquiridos para calibragdo e validagdo dos dados de OT, nomeadamente através de
espectrorradidmetros portateis e de recetores GNSS in-situ.

Para cobrir o ciclo mineiro completo, diferentes tipos de caso de estudo foram selecionados:

(i) prospec3o em terra (mina de Aramo, Espanha);

(ii) prospec¢do na transigdo costeira-marinha (Ria de Vigo, Espanha);

(iii) mina ativa a céu aberto (mina de Gummern, Austria);

(iv) mina encerrada com problemas de drenagem acida de mina — DAM (Lausitz na Alemanha e

Outokumpu na Finldndia); e
(v) mina encerrada com problemas de subsidéncia (mina de Aijala, Finlandia).
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Com base nos resultados obtidos, o projeto S34| estd a desenvolver trés categorias de servigos para as
diferentes fases do ciclo mineiro com base em dados de OT: (i)

mapeamento de matérias primas criticas para prospe¢ao mais eficiente, (ii) sistema de alerta precoce de
riscos de operacdo em minas a laborar, e (iii) monitorizacdo ambiental de minas encerradas com énfase
na DAM.
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o IX International Symposium on Marine Sciences
o~ Falencia (Spain), 10-12* July 2024
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EARTH OBSERVATION APPROACH TO UNDERSTAND
COASTAL MORPHOLOGY, SHORELINE DYNAMICS, AND
THEIR RELATIONSHIP WITH MINERAL PLACER DEPOSITS:
THE CASE OF SANTA MARTA BEACH (RIA DE VIGO, NW

SPAIN)

Wai L. Ng-Cutipa*®!, Ana B. Lobato!, Francisco J. Gonzilezl, Georgios
Georgalas?, Irene Zananiri?, Joana Cardoso-Fernandes?, Morgana Carvalho?,
Antonio Azzalini?, Beatriz L. Araajo?, Ana Cliudia Teodoro?

! Marine Geology Eesources and Extreme Environments, Geological Survey of Spain (IGME-
C8IC), Madrid, SPAIN.
wlngeutfipa@igme. es, ab lobato(@igme.es, mailto mailio ff.gonzalez@igme.es
* Department of General Geology, Geological Mapping & Applications, Hellenic Survey of
Geology & Mineral Exploration, Aten, GEEECE.
ggsorgalasfeagme. gr, mailto: Eananiri@easme. gr
! Instituto de Ciéncias da Terra, Pole da Universidade do Porto, Departamento de Geociéncias,
Ambiente e Ordenamento do Territdrio, Faculdade de Ciéncias da Universidade do Porto, Porto,
PORTUGAL
mailtojoana fernandes{@)fe. up pt, morgana carvalho(@fc up pi, amtonio azzalini@fe. up pt,
beatriz. araujo(@fe. up. pt, amteodor@ e up. pt

Abstract: Santa Marta Beach is situated in the N part of the Ria de Vigo, an estuary svstem
in WW Spain_ It 15 approximately 155 m long and is separated from Limens Beach by an
igneous rocky outcrop in the middle part. Both beaches are enclosed and sheltered by rocky
outcrops, and are sandy beaches. This study analyses the dynamies of the coastline in
different seasons and spatial resolutions wsing PNOA (National Aerial Orthophotography
Plan), Google Earth and unmanned aerial vehicle (UAV) images of Santa Marta beach,
collected between 2001 and 2024, as well as field data from marine placer occurrences
acquired in 2023 and 2024, Two profiles across the beach, with available PNOA LIDAR
information from 2020, were studied to better understand the morphology, and to know
where the heavy mineral placer deposits occur.

Image analysis shows that the coastline is generally stable (non-erosive and non-accreting),
however a large variability in the shoreline is observed, caused by low and high tides,
depending on the season. During storm events iGeoeosle Earth4mazes waves reach the
backshore zone, covering almost the entire beach. Two types of dense mineral
accumulations forming placer deposits were distinguished during the field trips in 2023 and
2024 surface occurrences, deposited by the current swell, and deeper ones up to about 80
cm depth, found in the sediment-test excavations, that formed during the last decades. The
heavy mineral source, is a stream at the East of the beach with dynamic behaviour during
the last two years of observation. It shows an initial period of heavy mineral input (without
erosion of the beach, as in the field trip in March 2023), an advanced period of heavy mineral
input {with transverse erosion of the beach and formation of a stream that reaches the sea,
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Figure 60 — Clay band ratio.
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Figure 61 — Kaolinite band ratio.
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Figure 62 — Epidote/Chlorite/Amphibole band ratio.
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Figure 64 — Ferrous iron band ratio.
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Figure 65 — Ferrous silicates band ratio.
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Figure 67 — Amphibole/MgOH band ratio.



	Resumo
	Abstract
	List of tables
	List of Figures
	List of Abbreviations
	1. Introduction
	2. State of the art
	3. Geographic and geomorphological setting
	3.1. Geographic setting
	3.2. Geomorphological setting

	4. Geological setting
	4.1. Regional geology
	4.1.1. The Iberian Massif
	4.1.2. Galiza Trás-os-Montes Zone

	4.2. Local geology
	4.2.1. Metasediments
	4.2.2. Malpica-Tui unit
	4.2.3.  Deformation Phases and Structures
	4.2.3.1. Variscan orogeny
	4.2.3.2. Alpine orogeny

	4.2.4.  Granitic rocks
	4.2.4.1. Variscan granites
	4.2.4.2. Post-kinematic granites
	4.2.4.3. Filonian rocks

	4.2.5.  Metamorphism
	4.2.5.1. Regional metamorphism
	4.2.5.2. Contact metamorphism and metasomatism

	4.2.6.  Quaternary formations
	4.2.7.  Economic geology of the study area
	4.2.7.1. History of exploitations
	4.2.7.2. Heavy-mineral placer deposits



	5. Remote Sensing – An Introduction
	6. Methodology
	6.1. Data
	6.2. Preprocessing
	6.2.1.  Sentinel-1
	6.2.1.1. Sentinel Application Platform
	6.2.1.2. Google Earth Engine


	6.3. Geological lineament extraction
	6.3.1.  Manual extraction
	6.3.1.1. Sentinel-1
	6.3.1.1.1.  First method
	6.3.1.1.2. Second method

	6.3.1.2. LiDAR
	6.3.1.2.1. Lineament extraction


	6.3.2. Automatic extraction
	6.3.2.1. Sentinel-1
	6.3.2.1.1. First method
	6.3.2.1.2. Second method


	6.3.3. LiDAR
	6.3.3.1. Lineament extraction


	6.4. Mineral Mapping
	6.4.1.  Band ratios
	6.4.2.  Mixture Tuned Matched Filtering


	7.  Results
	7.1. Structural Mapping
	7.1.1.  Sentinel-1 Sigma0 bands
	7.1.2.  Band multiplication
	7.1.3. Directional Filtering
	7.1.4.  K-Means Clustering
	7.1.5.  LiDAR Hillshading
	7.1.6.  Lineament extraction
	7.1.6.1. Lineament maps
	7.1.6.2. Rose diagrams of extracted lineaments
	7.1.6.3. Length analysis of extracted lineaments
	7.1.6.4. Density, lineament intersection and intersection density


	7.2. Mineral mapping
	7.2.1. Band Ratios
	7.2.2. MTMF classification


	8.  Discussion
	9.  Conclusions
	10.  References
	Appendices
	I. Published Materials
	I.1 Peer-reviewed conference proceedings
	I.2. Conference abstracts
	I.3 Posters

	II. EnMAP band ratios


