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Abstract: Remote sensing applications for marine placer deposit exploration remain limited
due to the mineralogical complexity and dynamic coastal processes. This study presents the
first medium- to high-level detailed multi-scale remote sensing analysis of placer deposits
in the Rías Baixas, NW Spain, focusing on five beaches within the Vigo Estuary. Ten beach
samples were analyzed for their heavy mineral (HM) content and spectral signatures, using
bromoform separation and FieldSpec 4 spectroradiometer equipment, respectively. The
spectral signatures of beach samples with a high HM content were characterized and
resampled for the Sentinel-2 application, employing the Spectral Angle Mapper (SAM)
algorithm. Field validation and an unmanned aerial vehicle (UAV) survey confirmed
surface placer occurrences and the SAM’s results. Santa Marta Beach exhibited significant
placer anomalies (up to 30% HM), correlating with low SAM values (minimum value–0.10),
indicating high spectral similarity. The SAM-derived anomaly patches aligned with the
field observations, demonstrating Sentinel-2’s potential for placer deposit mapping. This
work highlights the application of Sentinel-2 in the exploration of placer deposits and the
use of a specific spectral range of these deposits in coastal environments. These tools are
non-invasive, more environmentally friendly, and sustainable, and can be extrapolated to
other regions of the world with similar characteristics.

Keywords: spectral angle mapper; placer deposit; heavy minerals; Sentinel-2; laboratory
reflectance spectroscopy; critical raw materials

1. Introduction
Marine placer deposits are accumulations of heavy minerals found on beaches and

shallow seafloors in coastal areas. These deposits are commonly sources of economically
valuable minerals and elements such as gold and diamonds, but also titanium (ilmenite,
rutile, and anatase) and zirconium (zircon), with by-products of rare earth elements (mon-
azite and xenotime) and tin (cassiterite), among others [1–3]. Many of the metals contained
in these minerals are considered strategic or critical for the development of high technology
and clean energy in Europe [4]. Given the complexity and mineralogical diversity, as well as
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the size and location of these deposits in areas affected by tides, currents and waves, there
are still limited Earth Observation (EO) studies applied to the exploration of these resources.
Added to this is the diversity of satellites with multi- and hyperspectral characteristics and
the different spectral response of minerals (heavy and light) separately ([5]; Figure 1), as
well as their inclusion in mixed samples, which is how they are found in nature. In beach
placer deposits, satellite exploration efforts have focused mainly on the search for titanium
minerals, such as ilmenite [6–8]; zirconium sources, such as zircon [7,8]; iron sources, such
as magnetite [7,9–12]; and rare earth elements (REEs), such as monazite [7,11].

 

Figure 1. Spectral signature of light (<2.9 g/cm3) and heavy (>2.9 g/cm3) minerals that form
barren and heavy mineral sands. Density data from Handbook of Mineralogy web (https://
handbookofmineralogy.org/, accessed on 6 May 2025). The signatures are from the USGS Spec-
tral Library [5].

In the Rias Baixas, a group of estuaries in NW Spain, previous systematic studies have
revealed the existence of coastal placer occurrences on beaches and in shallow waters, such
as those compilated by the GSEU project (European Critical Raw Materials Maps, available
in https://www.geologicalservice.eu/upload/content/1753/egs_gseu_all_crm_maps.pdf,
accessed on 6 May 2025) and others [13–16]. These studies had the limitation of reporting
qualitative and semi-quantitative data. In the last two years, in the Vigo Estuary, the
southernmost of the Rias Baixas, placer deposits have been studied with novel field,
laboratory, and EO techniques within the framework of the European project S34I (https:
//s34i.eu/, accessed on 10 March 2025).

This work aims, among other objectives, to explore the use of bulk beach samples
with different heavy mineral contents to assist in the search for critical raw materials
for the energy transition by applying EO techniques in coastal and shallow-water areas.
Thus, this project employs non-invasive tools that are more responsible and sustainable
for the environment but also can be extended to other regions of the world. This work
shows, for the first time, the characteristics of the spectral signatures of beach samples
with and without heavy minerals in the Vigo Estuary, allowing us to develop a multi-
scale methodology for mapping marine placers using the Spectral Angle Mapper (SAM)
algorithm on Sentinel-2 images, and unmanned aerial vehicle (UAV) flights on Limens and
Santa Marta beaches.

https://handbookofmineralogy.org/
https://handbookofmineralogy.org/
https://www.geologicalservice.eu/upload/content/1753/egs_gseu_all_crm_maps.pdf
https://s34i.eu/
https://s34i.eu/
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2. Study Area
The Vigo Estuary is located on the NW coast of Spain, in the Galicia region. It has

a NE-SW orientation (Figure 2), where the Verdugo River discharges its freshwater into
the Atlantic Ocean. Regionally, the estuary is surrounded by igneous (granites) and meta-
morphic (mainly gneisses and schists) rocks of the Paleoproterozoic to Jurassic age [17], in
which evidence of placers has been reported [13–15]. Recently, within the framework of the
S34i project (https://s34i.eu/, accessed on 10 March 2025), this estuary has been the pilot
area for the exploration of critical raw materials in shallow water. The estuary has tradi-
tionally been divided into an inner part (where the main freshwater input occurs through
the main drainage), a middle part, and an outer part (with more marine influence; [18]).

 

Figure 2. Situation of Vigo Estuary (Google Earth, https://www.google.es/intl/es/earth/index.html,
accessed on 3 February 2025) and sand samples in Sector 1, Limens and Santa Marta beaches, and
Sector 2, Alemans, Ratas, and Canabal beaches (National Aerial Orthophotography Plan-PNOA,
https://pnoa.ign.es/web/portal/inicio, accessed on 10 September 2024).

Multiple short-course ephemeral streams are activated during rainy periods, from
November to April (www.climate-data.org, accessed on 21 February 2025), during which
they drain and transport sediments from the upland mountains into the estuary. Intertidal
variations in the Atlantic zone of Galicia range from 2 to 3 m above sea level [18]. The study
area is divided into two sectors in the middle part of the estuary: one formed by the Limens–
Santa Marta beaches, and the other by the Alemans, Ratas, and Canabal beaches. Sector
1 (Figure 2), the Limens–Santa Marta beaches, is located about 8 km NE of the city of Vigo,
where ilmenite, zircon, garnets, and other heavy minerals have been reported [13–15,19,20].
Recent studies within the S34i project have shown that surface placers are located in the
intertidal zone, mainly occupying the beach face, although they are also occasionally found
on the backshore [21]. Likewise, Sector 2 (Figure 2), formed by the Alemans, Ratas, and
Canabal beaches, is about 4 km E of Sector 1 on the same side of the estuary, where no
accumulations of heavy minerals of interest have been reported. In addition, a recent effort

https://s34i.eu/
https://www.google.es/intl/es/earth/index.html
https://pnoa.ign.es/web/portal/inicio
www.climate-data.org
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to explore placer deposits using remote sensing was conducted in [22] using band ratios
(involved in the S34I project).

3. Materials and Methods
3.1. Workflow

To achieve the objective, we completed five tasks using a workflow (Figure 3). Step
1 corresponded to the sampling and initial recognition of the reference area size of heavy
minerals in both sectors, as well as their location with respect to the beach (beach face
and backshore), rocky outcrops, and enriched layers of heavy minerals in the subsurface.
Step 2 was performed in the laboratory, performing the measurement of the spectral
signatures of the samples collected in the field. Step 3 consisted of a field trip to validate
surface placers on the ground. Step 4 involved choosing the Sentinel-2 image temporally
coincident with the field trip and to apply the subset and resampling routine. Finally,
in step 5, the Normalized Difference Water Index (NDWI) was calculated, and the SAM
algorithm was applied in Sector 1, using the two spectral signatures of samples with high
heavy mineral contents (Santa Marta 4 and 5, Table 2).

 

Figure 3. Flowchart for detecting placer occurrences using field data and multispectral images from
Sentinel-2.

3.2. Beach Samples, Heavy Minerals and Spectral Signature Measurement

Ten sediment samples were collected from intertidal beach areas within the Vigo
Estuary (Figure 2) during March 2023 (Limens 1, Santa Marta 1–2, Santa Marta 4, Alemans
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1, Ratas 1, Canabal 1–3), except for one sample collected in September 2023 (Santa Marta 5).
Samples were obtained from the uppermost centimeter of surface sand sediments. As pre-
viously demonstrated by [19], heavy mineral accumulations are not uniformly distributed
across the beach, but rather occur as isolated patches, typically covering an average area of
approximately 50 m2, located on the backshore and beach face. The heavy mineral content
in the fine sand fraction of these 10 samples has been previously analyzed. It included
almandine, ilmenite, zircon, tourmaline, andalusite, staurolite, cassiterite, and others [20].
These minerals were determined by XRD. Bulk mineralogical XRD diffractograms from
2θ = 2–70◦ in 0.005 steps were obtained of the sandy samples using a PANalytical X’PERT
PRO diffractometer (Philips Analytical, Almelo, The Netherlands), Cu-Kα radiation (40 kV
and 40 mA) with a graphite monochromator, the software High Score version 3.0.4, and the
ICDD and COD databases.

Approximately 50 g of each bulk sample, previously subjected to a drying process
at a temperature of 45 ◦C (for a duration of approximately 24 h), underwent dense liquid
separation at the IGME Laboratory (Madrid). A subsample was introduced into a separation
funnel pre-filled with pure bromoform (density: 2.9 g/cm3). Heavy and light minerals
were separated based on their density, with heavy minerals settling at the bottom. The
separated heavy and light mineral fractions were then collected on individual filter papers.
This procedure was repeated, and the final heavy and light mineral fractions were weighed
to determine their respective percentages.

Additionally, a separate subsample from each bulk sample was utilized for spectral
library development. Spectral data were acquired at the Institute of Earth Sciences (Uni-
versity of Porto) using a FieldSpec 4 standard resolution spectroradiometer (ASD Inc.,
Boulder, CO, USA), covering the 400 to 2500 nm spectral range with three sensors (two
for SWIR, and one for VNIR). The spectral acquisition was conducted in a dark room after
ensuring the three sensors of the equipment were at the same temperature (after heating
for 30 min). The equipment has a Contact Probe with an internal light source provided
by a halogen bulb and a spot size of 10 mm that was used for taking the measurements.
First, the normalization was made using perfect albidum (with plate) with reflectance equal
to 1. The samples were positioned in a Petri dish, and the spectra were collected. All
spectra consisted of the average of five measurements taken at the same spot in the sample.
Each raw spectrum measurement was normalized using the continuum removal technique
with a Python v2.7.10 script according to [23]. The average spectrum was automatically
calculated using the Indico Pro v6.5.6.1 software during the acquisition process [24].

3.3. Sentinel-2 Data, NDWI, and SAM

Sentinel-2 images correspond to 22nd March 2024, (S2A_MSIL2A_20240322T113321
_N0510_R080_T29TNG_20240322T154153). We used data acquired at level 2 of processing
(with atmospheric correction and surface reflectance computation), which allowed us to
use the image directly. Band specifications, spatial resolution, and wavelength ranges are
detailed in Table 1. The original Sentinel 2 image was subsetted to consider the Santa
Marta area, and the bands were resampled at a rate of 10 m per pixel, using the Sentinel
Application Platform (SNAP, available at https://earth.esa.int/eogateway/tools/snap,
accessed on 20 September 2024).

The NDWI was calculated using bands 3 and 8 of the Sentinel-2 dataset, following the
methodology of [25]. NDWI values exceeding 0.2 were interpreted as indicative of water
bodies, whereas values between 0 and 0.2 were associated with submerged vegetation, and
soil–water and rock–water interfaces.

https://earth.esa.int/eogateway/tools/snap
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Table 1. Sentinel-2 band specifications.

Band Resolution (m) Wavelength Range
(nm)

Central Wavelength for S2A
(nm)

1 60 433–453 442.7
2 10 458–523 492.7
3 10 543–578 559.8
4 10 650–680 664.6
5 20 698–713 704.1
6 20 733–748 740.5
7 20 773–793 782.8
8 10 785–900 832.8

8A 20 855–875 864.7
9 60 935–955 945.1

10 60 1360–1390 1373.5
11 20 1565–1655 1613.7
12 20 2100–2280 2202.4

Data available in https://sentiwiki.copernicus.eu/web/s2-mission (accessed on 24 February 2025).

The SAM algorithm, widely employed in geological and environmental studies, was
utilized to assess spectral similarity between pixels. SAM calculates the angular difference
between two spectra, producing a pixel-wise classification ([26]; Figure 4). NDWI and SAM
operations were employed using SNAP.

 
 

(a) (b) 

Figure 4. (a) Schematic of SAM principles, and (b) formula for calculations considering n bands [26].

For SAM analysis, the average spectrum of each sample was resampled using ENVI
6.1 (https://www.geospace-solutions.com/envi, accessed on 3 February 2025) to match the
12 bands of Sentinel-2, including band 8A. Multiple SAM values (radians) were evaluated
to identify the thresholds, with 0.01 increments from the calculated minimum, to determine
the optimal value for identifying placer deposits.

Initially, the threshold was tested with SAM values greater than 0.20, without finding
isolated matches; on the contrary, the entire beach was within these values. Observing the
minimum value, we tested several ranges, finding a threshold of 0.12 for the similarity value,
with high spatial correlation between the Sentinel-2 results and the field data. Subsequently,
we analyzed the data between the minimum value and the threshold of 0.12 for both field
spectral signatures, establishing three similarity ranges: range 1 from the minimum value
to 0.10 (lower SAM values; therefore, greater similarity), range 2 from greater than 0.10 to
0.11, and range 3 from greater than 0.11 to 0.12.

https://sentiwiki.copernicus.eu/web/s2-mission
https://www.geospace-solutions.com/envi
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3.4. Validation Using In Situ Data

A field campaign was conducted on 19 March 2024 with two primary objectives. Firstly,
an orthorectified RGB image was acquired via a UAV survey utilizing a DJI Mini 2 drone
operated by the Hellenic Survey of Geology & Mineral Exploration (HSGME, http://www.
eagme.gr, accessed on 10 March 2025). The equipment used GPS+GLONASS+GALILEO
for the Global Navigation Satellite System, and had a 1/2.3′′ CMOS sensor with an effective
pixel of 12 MP (detailed specifications in https://dofly.com.pk/dji-mini-2-specs/, accessed
on 5 May 2025). The camera does not capture spectral information beyond the visible
range. Two flights were executed at altitudes of 80 (560 photos) and 50 (431 photos)
meters, yielding a spatial resolution of 0.023 and 0.014 m, respectively. The flights were
operated using the Map Pilot Pro application from Maps Made Easy. Flight parameters
were as follows: image overlap = 75%, cover type = normal, and ground offset = 0 m.
Photogrammetric processing was carried out using Agisoft Metashape Professional 2.2.1.
Additionally, six control points were collected using differential GPS and were distributed
throughout the entire area to be surveyed by the drone. The points were marked on the
ground with removable materials to facilitate their identification in the imagery. The final
orthorectified image data were used to delineate placer polygons within the study area.
Secondly, surface patches of heavy minerals were identified and compared with data from
previous field surveys.

4. Results
4.1. Heavy Mineral Content

The analysis revealed that most samples contained less than 6% heavy minerals by
weight. Samples from Santa Marta 2, Santa Marta 4, and Santa Marta 5 exhibited higher
concentrations, exceeding 10% (Table 2).

Table 2. Heavy mineral quantification in sand samples from Vigo Estuary.

Nº Sample Light Minerals (g) Heavy Minerals (g) Light Minerals (%) Heavy Minerals (%)

1 Limens 1 51.97 0.86 98.37 1.63
2 Santa Marta 1 43.98 1.65 96.38 3.62
3 Santa Marta 2 45.38 5.56 89.01 10.91
4 Santa Marta 4 45.92 6.69 87.28 12.72
5 Santa Marta 5 8.13 19.42 70.49 29.51
6 Alemans 1 49.64 0.69 98.63 1.37
7 Ratas 1 47.48 2.74 94.54 5.46
8 Canabal 1 48.55 1.47 97.06 2.94
9 Canabal 2 39.7 1.43 96.52 3.48

10 Canabal 3 50.56 1.58 96.97 3.03

Specifically, Santa Marta 2 (11% heavy minerals) displayed a surface accumulation of
dark minerals in the central beach area (Figure 5), attributed to recent wave deposition.
Santa Marta 4 (13% heavy minerals) showed reddish to dark minerals originating from
a small ephemeral drainage in the southeastern portion of the beach (Figure 5). This
backshore accumulation indicates active heavy mineral transport into the beach system
via the stream. Santa Marta 5 (30% heavy minerals) exhibited a higher concentration of
reddish heavy minerals than Santa Marta 4, located on the beach face (Figure 5).

http://www.eagme.gr
http://www.eagme.gr
https://dofly.com.pk/dji-mini-2-specs/
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Figure 5. Field trip images of placer distribution. Surface heavy minerals on Santa Marta Beach,
beach face (Santa Marta 2 and 5), and backshore (Santa Marta 4).

4.2. Spectral Signature of Sand Samples

The reflectance of the samples was measured continuously from 400 to 2500 nm
(Figure 6a). In general, the spectral signatures have a similar trend between 400 and 1000 nm,
distinguished by the average reflectance values. These spectral signatures show three main
regions of absorption, at around 1400, 1900, and 2200 nm (Figure 6a), corresponding to
OH/water, water, and Al-OH absorption features, respectively [27]. Samples Santa Marta
4 and 5 are distinguished from the others by a lower average reflectance. In these, the
spectral signature decreases from 1000 nm to just before the first minimum (approximately
1400 nm), and remains semi-horizontal up to 2500 nm, with slight, very specific changes. In
Santa Marta, it is observed that the higher the heavy mineral content, the lower the average
reflectance values (as in Santa Marta 5).

 
(a) (b) 

 

(c)  

Figure 6. Spectral signatures of beach samples in (a) continuous measurement with the FieldSpec
4 spectroradiometer, (b) resampled bands for Sentinel-2 used in this study, and (c) resampled bands
of minerals to Senitnel-2 (from USGS Library: https://www.sciencebase.gov/catalog/item/5807a2
a2e4b0841e59e3a18d, accessed on 16 January 2025).

https://www.sciencebase.gov/catalog/item/5807a2a2e4b0841e59e3a18d
https://www.sciencebase.gov/catalog/item/5807a2a2e4b0841e59e3a18d
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When we resampled the original continuous spectral signatures with the Sentinel-2
bands, these signatures ascended to band 9 in all samples (Figure 6b). In this correlation,
two groups are differentiated: the samples that continue with an increase in reflectance in
bands 10 and 11, without a high heavy mineral content, and a second group with a decrease
in band 10, which are those with ≥10% heavy minerals (Santa Marta 2, 4–5, Figure 6b).
Bands 11 and 12 of these three samples remain practically horizontal. Another important
feature is that the three main absorption features (around 1400, 1900, and 2200 nm) observed
in the continuous spectral signature are lost. Furthermore, if we compare Figure 6b and
the resampled spectral signatures of minerals from the USGS Spectral Library (Figure 6c,
data available at https://www.sciencebase.gov/catalog/item/5807a2a2e4b0841e59e3a18d,
accessed on 16 January 2025), the spectral signatures are different. We can observe that the
spectral signature of beach samples with high 10% HM (Santa Marta 2, 4–5) has reflectance
values similar to one group of minerals in B1–B9 (e.g., tourmaline, andalusite, almandine,
and zircon) and similar to another group of minerals in B10–B12 (e.g., almandine and
probably staurolite, ilmenite, and cassiterite). This pattern confirms that the samples are
composed of more than one HM in predominance.

4.3. Water Body Measurements Using NDWI and SAM in SNAP

The application of the NDWI, considering ranges greater than 0.2 as water and between
0 and 0.2 as underwater plants (mainly algae) and boundaries with the emerged area of soils
and rocks, shows a varied distribution. The calculations show that algae are found around
the coastline, in addition to an isolated patch towards the center of the cove. Likewise, in
front of the boundary of the Limens and Santa Marta beaches, the emerged rocky outcrop
is clearly distinguished (Figure 7b). Furthermore, on the Limens and Santa Marta beaches,
pixels with NDWI values between 0 and 0.2 represent the wave zone.

On the other hand, the SAM calculation using the spectral signatures of Santa Marta
on the Sentinel-2 image shows very similar zones of placer deposits using the field spectral
signatures of Santa Marta 4 and 5 (Figure 7c,d). In both calculations, range 1 of greatest
similarity is found in the same pixel SE of Santa Marta Beach (Figure 7c), a preferential area
of heavy mineral accumulation observed in previous field visits.

The SAM results using the Santa Marta 4 spectral signature show a minimum value
of 0.092 (range 1, Figure 7c), which is located at the SE end of Santa Marta Beach. Values
of range 2 (>0.10–0.11, Figure 7c) are found NW of the minimum value and isolated SE
of Limens Beach. Values of range 3 (>0.11–0.12, Figure 7c) are found on both beaches,
more continuously on Limens and isolated on Santa Marta. The two accumulations of
range 3 pixels on Limens Beach are elongated and parallel to the shoreline but are not
immediately adjacent to the land–sea boundary.

The SAM using the Santa Marta 5 spectral signature (Figure 7d) shows a spatial
distribution very similar to that of Santa Marta 4. The minimum value is 0.086 (range 1 in
red, Figure 7d) in this calculation, and is of greater similarity and occurs in the same pixel
as when using Santa Marta 4. Range 2 (>0.10–0.11, Figure 7d) is shown in non-continuous
pixels on Santa Marta Beach and SE of Limens. A new pixel of this range, along with
several aligned pixels (which have changed range with respect to the Santa Marta 4 spectral
signature), are found on Limens Beach. Regarding range 3 (>0.11–0.12, Figure 7d), two new
pixels are recognized SW of the minimum value (range 1) on Santa Marta Beach and a new
pixel W of Limens Beach. Furthermore, this range represents a lateral transition on each
side of the continuous pixels of range 2 on Limens Beach.

https://www.sciencebase.gov/catalog/item/5807a2a2e4b0841e59e3a18d
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(a) (b) 

  
(c) (d) 

Figure 7. Sentinel-2 image in (a) true color composite, (b) NWDI calculated using values greater than
0.2 and 0–0.2, (c) NWDI and SAM calculation using Santa Marta 4 spectral signature, and (d) NWDI
and SAM calculation using Santa Marta 5 spectral signature. SAM values from minor to major
similarity: minimum–0.10 (red), 0.10–0.11 (yellow), and 0.11–0.12 (green).

The SAM results show a greater similarity (lower SAM values) SW of Santa Marta
Beach, which is the same area where heavy minerals have been observed on the surface in
previous field trips in 2023 and 2024. They also show areas with discontinuous pixels on
Santa Marta Beach (mainly towards the SW) that are adjacent to the shoreline, and with
continuous and elongated pixels on Limens Beach that are not immediately adjacent to
the land–sea boundary. In addition, there is greater similarity using the Santa Marta 5
spectral signature.

4.4. Validation Using UAV Survey

The field visit allowed us to find surface placers again with a higher concentration on
Santa Marta Beach (Figure 8), as well as the formation of an ephemeral drainage that brings
heavy minerals towards the sea from inland. This stream also erodes the previous levels of
placers accumulated in the subsurface of the SW part of the beach (Figure 8), taking them
to the shoreline, where tides and waves act.
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Figure 8. Surface placer occurrence bodies in Limens and Santa Marta beaches. Most surface heavy
minerals are SW of Santa Marta Beach. At the mouth of the ephemeral drainage, it is possible
to identify heavy mineral accumulation in ripples (shallow water areas). UAV images from the
validation field trip (19 March 2024).

Geographical Information System (GIS) mapping based on UAV data has allowed us
to identify six areas with surface placers on Santa Marta Beach, and one on Limens Beach
(Figure 8). The extension ranges from 12 to 948 m2, in which the concentration of heavy
minerals decreases towards the outside of each polygon. These patches of heavy minerals
are mainly in the upper part of the intertidal zone and appear to be elongated parallel to
the shoreline in the UAV. An accumulation of heavy minerals in the ripple zone in shallow
water has been found (Figure 8) at the mouth of the ephemeral drainage (Figure 9).

Our results show that there is an appreciable spatial correlation between the surface
placers calculated by the SAM algorithm in Sentinel-2 and the field mapping using UAV
data, highlighting that the greatest similarities with the field spectra used are found SW of
Santa Marta Beach (Figure 10).



Remote Sens. 2025, 17, 1824 12 of 17

 

Figure 9. Detailed image of surface placer occurrence and multilayer accumulation of heavy minerals
in subsoil around the ephemeral drainage SW of Santa Marta Beach (field trip validation).

(a) (b) 

Figure 10. Overlapping surface placer areas from the UAV survey (purple polygons) in (a) water body
boundaries and SAM using Santa Marta 4 spectra from Sentinel-2, and (b) water body boundaries
and SAM using Santa Marta 5 spectra from Sentinel-2. The major similarity (lower SAM value, using
both spectra) is located to the east of Santa Marta Beach, which is also the preferred location where
the heavy minerals observed during the field campaigns are concentrated.

5. Discussion
5.1. Integrating In Situ Surface Placer Data with EO Data

Laboratory studies of heavy minerals provide a good starting point for characterizing
the spectral signatures of samples containing placer deposits. In the study area, the reported
heavy minerals are mainly almandine, staurolite, and ilmenite [19–21]. According to the
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spectral signature library [5], these minerals have a reflectance of less than 0.3 (Figure 1) after
1100 nm. This could explain why mixed samples with >13% heavy minerals (especially in
Santa Marta 4 and 5) are distinguished from the rest of the placer-free samples by (1) lower
reflectance values throughout the spectrum, and (2) semi-horizontal reflectance values after
1400 nm (Figure 6a).

Furthermore, the results of this study show that samples Santa Marta 4 and 5 (13 and
30% heavy minerals, respectively) exhibit a reflectance decrease between 1000 and 1400 nm,
a characteristic that can be exploited by remote sensing techniques. In addition, the higher
the heavy mineral content, the lower the reflectance magnitude values, maintaining its
curvature. This lower reflectance magnitude and the relatively flat behavior in the SWIR
region could be a direct consequence of the higher heavy mineral content since some of
these heavy minerals, such as ilmenite, are typically opaque on reflectance spectroscopy,
while others, like garnets (almandine) and staurolite, show strong general absorption to
both long and short wavelengths, where the reflectance maximum is achieved well before
1100 nm (850 nm for almandine and 1050 nm for staurolite; [5,28,29]). On the other hand,
other satellite resources that include spectral bands covering between 1000 and 1400 nm
could help to better detect anomalies of this type of placers.

The NWDI calculation has served to locate the boundary between the water body and
the beach above sea level, where placer deposits have been observed.

The SAM results, tested every 0.01, have allowed us to establish 0.12 as a threshold.
This value is like those found by [12], between 0.12 and 0.17. The SAM values obtained
using the spectral signatures of samples Santa Marta 4 and 5 have a similar pattern in the
distribution of anomalies using the same threshold (minimum value–0.10, >0.10–0.11, and
>0.11–0.12).

This threshold value of 0.12 may be due to the mineralogical complexity of the placer
but also to the final pixel size (10 × 10 m) and the bands (number of bands and their spectral
range) of Sentinel-2. The sand samples collected in the field could represent the central part
of the placer patches within the 10 × 10 m pixels that have an average signature of that
area. In addition, the spectral signatures of bands B9 and B10 in these resampled Sentinel-2
pixels represent averages of larger areas (60 m originally), where we have seen a decrease
in the reflectance in the placer samples (Santa Marta 4 and 5, Figure 6).

The validation has shown a high spatial correlation of placer anomalies in the Limens
and Santa Marta beaches (Figure 10). However, there are segments where the mapping and
SAM anomalies do not coincide spatially, such as in the central and eastern parts of Limens
Beach. This could be due to the high dynamics of the distribution and accumulation of
heavy minerals in coastal areas, mainly due to intertidal action and waves, which occurred
within the 3-day temporal offset between the UAV flight and the Sentinel-2 image used.

On the Limens and Santa Marta beaches, two characteristics of placer distribution
have been verified, both through field observations (previous and validation using UAV
shown in this study) and those obtained using Sentinel-2. The first is that the highest placer
contents are SW of Santa Marta Beach (Figures 8–10), with greater similarities in the SAM
calculation (Figure 7c,d); and the second is that the anomalies are elongated parallel to
the shoreline, continuous, and discontinuous segments of anomalies on Limens Beach
(Figures 7c,d, 8–10).

This discontinuity of the surface placer areas has also been observed in other placer
deposits [2,3,12], in Galician estuaries [13,15], and in this beach area in previous studies [19].
As previously stated, the reason for the presence of discontinuous patches of placers in the
intertidal zone is mainly due to wave and tidal action.
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5.2. Remote Sensing Applications to Explore Placer Deposits

As previously noted, heavy mineral assemblages typically consist of complex mixtures
of heavy and light minerals, exhibiting considerable variations in lateral extent and vertical
distribution. Multiple minerals may predominate in the heavy mineral fraction even
when focusing on a specific commodity within a placer deposit. Furthermore, coastal
environments are dynamic, characterized by shoreline fluctuations within the intertidal
zone, with constraints for remote sensing applications.

Consequently, there are scarce publications detailing the application of remote sensing
to explore placer deposits in coastal areas. Relevant works include [6–12,22]. These
studies primarily utilize regional surveys such as ASTER (15–90 m spatial resolution)
and Landsat (30–60 m spatial resolution), with less frequent use of EO-1 Hyperion (30 m
spatial resolution). Only [22], employing Sentinel-2 for comparison with Landsat, and [12],
utilizing a UAV with a six-band multispectral camera, present results at medium and high
spatial resolutions, respectively.

Moreover, these studies often simplify and do not include factors that influence the
spectral signature of placer deposits. For example, some investigations have considered
a single heavy mineral [12], while others have accounted for mixed heavy minerals in
field samples [8,11] and spectral responses [8]. In some instances, the percentage of heavy
minerals in sand samples remains unknown [6,12]. Limited research utilizes spectral
signatures from local samples ([6] shows one placer spectral signature, and [7] shows
individual mineral spectral signatures) for validation and comparison. Most studies employ
the SAM algorithm [6] or other algorithms [6–8,11], including artificial intelligence and
machine learning [12], while others utilize band ratio analysis [10,22] to identify heavy
minerals. Another factor influencing the spectral signature in coastal areas is the water
content of the sand. The authors of [30] compare the spectral signatures of dry and wet
sands (0–45% water content). Their results show that the spectral signature has lower
values when the sample has a higher water content, while maintaining the curvature. We
think this specific influence could affect the heavy mineral accumulation in the swash zone
at the moment that the satellite data are collected. However, considering the UAV survey
(Figure 8), the swash zone is from 5 to 12 m in length, and the majority of heavy mineral
patches in our study area are located over the swash zones. Thus, taking into account the
pixel size obtained from the resampling process (10 × 10 m), two spectral signatures with
a high and low heavy mineral content, the location of heavy minerals, and the length of
the swash zone, the identification of heavy minerals using the SAM technique provides
robust results. In addition, our study is pioneering in that it uses the spectral signature of
bulk samples from beaches with placer occurrences (approximate natural conditions) at a
medium scale using Sentinel-2.

Therefore, our methodology and results address several gaps in the exploration of
placer deposits using Sentinel-2 at a medium scale, specifically focusing on irregular patches
of surface heavy mineral accumulations on small beaches. We emphasize the importance
of (1) determining the percentage of heavy minerals in bulk samples, (2) utilizing multiple
samples with varying heavy mineral contents to characterize and select appropriate spectral
signatures, (3) considering the presence of multiple predominant minerals within the heavy
mineral fraction (except for beaches totally composed by heavy mineral), and (4) the
replicability of our study in similar areas.

6. Conclusions
This study focuses on the use of Sentinel-2 imagery and the Spectral Angle Mapper

(SAM) algorithm to detect placer deposits on beaches in the Vigo Estuary, specifically
on the Limens and Santa Marta beaches. Ten samples from five beaches (Limens, Santa
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Marta, Alemans, Ratas, and Canabal) were analyzed, with two samples from Santa Marta
Beach (samples 4 and 5) showing distinct spectral signatures due to high concentrations of
heavy minerals (13% and 30%, respectively). These samples exhibited a significant decrease
in reflectance between 1000 and 1400 nm, which became a key indicator for identifying
placer deposits using remote sensing. The decrease in reflectance aligns with the spectral
properties of heavy minerals known to occur in the study area.

By resampling the spectral signatures to match the Sentinel-2 bands, SAM was applied,
with a threshold of 0.12 used to classify the spectral values. The SAM results revealed elon-
gated placer zones in discontinuous patches on the beach face, which were consistent with
field observations and UAV data, confirming the potential for the automated detection of
placer deposits. These results highlight the importance of using heavy mineral-rich sample
spectral signatures as key indicators for identifying placer deposits in coastal regions.

The study also found that placer deposits in the intertidal zone at Limens and Santa
Marta were redistributed by wave and tidal action, with minimal spatial changes observed
over a 3-day period. Sentinel-2 data, combined with higher-spatial-resolution resources
like WorldView-3 and EnMap, could offer more precise identification of placer deposits. In
the same way, subsequent studies that encompass temporal analysis and storm events have
the potential to enhance the identification of heavy mineral behavior and the best time for
their accumulation on the beach surface.

The study emphasizes the value of remote sensing for exploring coastal placer deposits
in hard-to-reach areas, offering a non-invasive, environmentally sustainable method for
resource exploration.
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