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Abstract. The AGEMERA project (Agile Exploration and
Geo-Modelling for European Critical Raw Materials) ad-
vances the exploration of critical raw materials in the EU
by deploying innovative, non-invasive geophysical technolo-
gies. Funded by the Horizon Europe programme, it aligns
with the European Critical Raw Materials Act to enhance re-
source security and sustainability. Utilising passive seismic
methods, drone-based electromagnetic sensing, and muogra-
phy, the project maps subsurface characteristics across mul-
tiple countries in Europe and Zambia. Outcomes are inte-
grated into a dynamic web-based platform for enhanced co-
visualisation of different data sets.

1 Introduction

The European Critical Raw Materials Act (CRMA), pro-
posed in 2023 and adopted in May 2024, aims to secure a
sustainable supply of critical raw materials crucial for the
EU’s green and digital transitions. This legislation seeks to
mitigate the EU’s reliance on imported materials by estab-
lishing ambitious benchmarks: ensuring that by 2030, 10 %
of extraction, 40 % of processing, and 25 % of recycling of
critical raw materials are sourced within the EU. The Act
underscores the significance of international partnerships to
diversify supply sources and to promote sustainable min-

ing practices globally. It also strives to foster a circular
economy through enhanced recycling efforts and the devel-
opment of a robust secondary market for these materials,
thereby strengthening the EU’s industrial capacities and re-
silience against supply chain disruptions (European Com-
mission, 2023, 2024).

In alignment with the green and digital transition goals
and with the more recent aforementioned CRMA, the Hori-
zon Europe programme initiated the AGEMERA project
(Agile Exploration and Geo-Modelling for European Crit-
ical Raw Materials). AGEMERA is designed to develop
novel, non-invasive geophysical methodologies for explor-
ing CRMs across Europe while extending to regions such as
Zambia, aligning with the EU’s broader strategy to support a
low-carbon and digital economy. This project emphasises en-
vironmentally friendly exploration techniques, reducing the
ecological impact traditionally associated with mineral ex-
ploration activities (Holma et al., 2022).

AGEMERA advances mineral exploration by integrating
conventional and state-of-the-art geological and geophysi-
cal surveys. The project spans seven countries, developing
and employing innovative survey techniques such as passive
noise seismic methods, a multi-sensing drone system, and
a muon-based multidetector density detection system. This
last method utilises a novel astroparticle physics technique
known as muon imaging or muography, enhancing the accu-
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racy of genetic mineral system models and optimising explo-
ration efforts (Holma et al., 2023).

2 Geophysical methods as part of the geoscientific
toolbox for mineral exploration

Geophysical methods are indispensable in mineral explo-
ration, offering a window into the subsurface. These methods
are particularly valuable for efficiently and effectively char-
acterising bedrock properties, thereby guiding exploration
strategies and minimising environmental impacts. This sec-
tion provides an overview of the various bedrock character-
istics that can be examined using different geophysical meth-
ods.

Bedrock structural integrity. Understanding the continu-
ity and hardness of bedrock is crucial for assessing its suit-
ability for mining operations and predicting potential chal-
lenges. Seismic methods play a pivotal role in this analy-
sis. Active seismic methods involve generating waves using
controlled sources such as explosives or vibrating seismic
equipment (e.g., Vibroseis equipment to probe deep into the
earth. In contrast, passive seismic techniques capture natural
or human-made ground vibrations to map subsurface struc-
tures, providing crucial data for delineating geological for-
mations (Lowrie and Fichtner, 2020; Snieder and Wapenaar,
2010).

Density anomalies. The identification of areas with un-
usual density distributions can lead to the discovery of
valuable mineral deposits. Gravimetric surveys, which mea-
sure variations in the Earth’s gravitational field, detect such
anomalies, highlighting denser or lighter regions relative
to the surrounding bedrock. Additionally, muography, a
novel innovative technique, uses cosmic rays to create high-
resolution images of density variations, offering insights into
deep underground structures similar to X-ray images (Lowrie
and Fichtner, 2020; Olah, 2022).

Mineral composition. Determining the mineral composi-
tion of bedrock is fundamental to assessing its economic
value. Spectral methods analyse the interaction between light
and minerals to identify specific compositions. Furthermore,
technologies such as X-ray fluorescence (XRF) and Raman
spectroscopy are employed within borehole environments
to analyse the elemental makeup of subsurface materials
directly, providing detailed insights into the mineralogical
structure (Lowrie and Fichtner, 2020).

Electromagnetic properties. Bedrock’s ability to conduct
or resist electrical currents can reveal much about its struc-
ture and water or mineral content. Electromagnetic surveys,
both airborne and ground-based, measure the Earth’s conduc-
tivity and resistivity. These data help to infer the distribution
of minerals and to identify geological faults, which is crucial
for mapping resource locations and understanding geological
dynamics (Lowrie and Fichtner, 2020; Zhdanov, 2010).

By integrating these geophysical methods, exploration
teams can obtain a detailed picture of the subsurface, en-
abling more targeted and efficient exploration efforts. These
methods support the detection and mapping of mineral re-
sources and contribute to a deeper understanding of geo-
logical processes and conditions, which is vital for sustain-
able resource management. The next chapter concentrates on
the specific technologies and innovative methodologies em-
ployed in the AGEMERA project (Holma et al., 2022).

3 The Innovative Non-Invasive Geophysical
Methodologies for Mineral Exploration

Mineral exploration increasingly demands innovative meth-
ods that balance efficiency, accuracy, and environmental sen-
sitivity. The AGEMERA project introduces three advanced
non-invasive geophysical techniques: muography, ambient
noise seismology, and drone-borne electromagnetic (EM)
surveys. Each of these methodologies contributes uniquely
to understanding subsurface characteristics, enhancing min-
eral exploration practices (Holma et al., 2022).

Muography harnesses cosmic-ray muons to reveal detailed
density variations in rock formations, penetrating to depths
of up to 1000 m. Ambient noise seismology employs natu-
rally occurring vibrations to create high-resolution structural
models of the subsurface, particularly effective in shallow
to moderate depths. Drone-borne EM surveys, on the other
hand, provide a rapid and expansive assessment of subsurface
conductivity, enabling efficient exploration over large areas
(Barnoud et al., 2019; Dentith and Mudge, 2014; Lechmann
et al., 2021).

These methods are not standalone solutions but are most
powerful when applied in conjunction. Their combined
strengths allow for a comprehensive approach: muography
excels at imaging deep, dense structures, ambient noise seis-
mic techniques add precision to structural mapping near the
surface, and EM surveys facilitate the swift identification of
conductivity variations across extensive terrains (Holma et
al., 2022; Oláh et al., 2022).

3.1 Muography

Cosmic-ray muography (or simply muography) harnesses
natural high-energy cosmic-ray muons to create detailed den-
sity profiles of large rock volumes, providing high-resolution
2D, 3D, and 4D (time-resolved) images. This method can
penetrate to depths of up to 1000 m, making it ideal for map-
ping dense and complex geological structures (Beni et al.,
2023; Hivert et al., 2017; Oláh et al., 2019, 2022, and refer-
ences therein). As a rule of thumb, a 1 % difference in den-
sity results in a 3 % difference in muon flux (Malmqvist et
al., 1978, 1979). This means that using muography will am-
plify any density contrast within the inner structures of the
volumes of interest. It is worth noting that, in order to im-
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age a target using muography, it must be located between
the muon detector and the sky (Fig. 1). In other words, un-
derground muography can be applied only where the local
circumstances allow the installation of a muon detector in
an underground space beneath or adjacent to the target. In
such cases, the muon detectors can be installed in natural or
human-made tunnels or boreholes, depending on their avail-
ability. The detectors can also be deployed on the ground sur-
face, provided there are suitable topographical features (e.g.,
a mountain or an open pit), while allowing for the correct
viewing geometry.

The muons that serve as information carriers in muogra-
phy are generated by interactions between cosmic rays and
the Earth’s atmosphere. When cosmic rays high-energy par-
ticles originating from outer space collide with atmospheric
molecules, they produce a cascade of secondary particles, in-
cluding muons. These muons have relativistic velocities and
straight trajectories. They travel through the Earth’s atmo-
sphere and surface and can penetrate substantial depths of
rock and other materials. The penetration capability depends
on the energy of the individual muon: Most of them have
low energies and are stopped within the first tens of meters
of rock, but those with higher energy can reach depths of sev-
eral hundreds of meters. The highest energy muons can pass
through over 1 km of solid rock. By detecting and analysing
muon trajectories and absorption rates, muography can be
used to create detailed density maps of the subsurface. Muog-
raphy is a particularly effective method for identifying the
presence of voids, ore bodies, fault zones, and other geolog-
ical features that have notable density contrasts.

Muography is a statistical imaging method based on as-
troparticle and high-energy physics with quantum effects.
It is thus distinct from the conventional or traditional geo-
physical methods, e.g., electrical, electromagnetic, seismic,
and gravimetric methods, which are all grounded in classical
physics. Nevertheless, as each method has its strengths and
limitations, combining muography with more conventional
methods holds a lot of promise for improvements in geophys-
ical exploration and research. For example, when combined
with gravimetric data, muography can enhance the resolution
and accuracy of density models (see, for example, Barnoud et
al., 2019, and Lechmann et al., 2021, and references therein).
Muon data can also be jointly inverted with seismic data (see
Oláh et al., 2022, and references therein) as the latter benefits
from the density data that are provided by muography.

In the AGEMERA project, muography is applied to three
active mines. Each of these sites display different character-
istics and unique ore deposit types, providing effective test
cases for muography: (1) The underground Lubin Cu-Ag
mine in the Fore-Sudetic Monocline district, Poland, offers
an excellent testbed for assessing the precision and adaptabil-
ity of muography in deep underground settings with varying
geological conditions, and a novel application. The Lubin ore
is a prime example of the Kupferschiefer-type stratabound
Cu and Ag deposit and has enrichments of Co, Zn, Ni, Mo,

and V. The site also provides an interesting challenge since
muography is explicitly applied to study rock mechanics and
mining engineering purposes – instead of ore body scanning,
where muography is more commonly used; (2) The under-
ground Jajce bauxite mine in Bosnia and Herzegovina is a
valuable case study for testing the precision and adaptabil-
ity of muography in complex geological settings. In princi-
ple, the Jajce bauxite deposits can be clearly differentiated
from the surroundings. The detectors can be installed di-
rectly under the target area, maximising the effectiveness of
the density measurements. In most cases, the local bauxite
ore has a significant density contrast with the surrounding
host limestone (3.05 and 2.7 g cm−3, respectively). However,
the limestone has experienced a high level of recent kars-
tification, which complicates the limestone-bauxite bound-
ary zone observation. Understanding the extent and bound-
aries of the bauxite has direct implications for mining op-
erations, and precise muographic measurements can inform
and guide more efficient and environmentally responsible ex-
traction processes; (3) The Assarel open-pit Cu mine in the
Apuseni-Banat-Timok-Srednogorie belt in Bulgaria is a good
example of a significant porphyry copper deposit. It is locally
enriched in platinum group elements (PGEs) and features
characteristics of epithermal-style mineralisation. The mine
is considerable in size and has well-developed infrastructure,
providing ample spatial context for muography while allow-
ing for comprehensive studies over a significant portion of
the deposit. The depth and dimensions of the open pit present
an ideal case for demonstrating the depth penetration capa-
bilities of muon detection technologies.

3.2 Ambient noise seismic

Conventional seismic methods for georesource exploration
rely on active seismic sources, which are renowned for their
high-resolution mapping of geological interfaces across a
wide range of depths (Gil et al., 2021; Krawczyk et al., 2019;
Sheriff and Geldart, 1995). These methods have proved par-
ticularly effective for imaging sedimentary basins with hori-
zontal to sub-horizontal stratigraphy, but more recently they
have also been successfully applied to characterising com-
plex geological settings for oil, gas, and mineral exploration.
Nevertheless, the acquisition of active-source seismic data
can be extremely expensive and invasive, requiring access
to the survey area with heavy equipment or explosives. Such
characteristics make conventional methods unattractive for
mining exploration, especially in its early phases. In this con-
text, cost-effective and easy-to-deploy methodologies with
low environmental and social impacts are quickly becoming
indispensable tools.

Seismic ambient noise is the persistent and ubiquitous
seismic wavefield that originates from natural and anthro-
pogenic sources, which are coupled to the solid earth (Diaz
et al., 2020; Schimmel et al., 2011; Stutzmann et al., 2009).
However, it is only in recent years that ambient noise-based
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Figure 1. A schematic of a complex geological system. The three muographic detectors (white boxes) observe muons originating from a
cone-shaped region (bounded by dashed lines) above them. The density profile of any target between the detector and the sky is recorded.
Note that the complex porphyry copper deposit model on the left is idealised and not to scale. Typically, the porphyry system spans several
vertical kilometres. As muography becomes more time-consuming with depth, imaging the entire porphyry system is challenging. However,
erosion, tectonic tilting, and mining may expose different parts of the system, enabling muographic imaging. Image courtesy of Muon
Solutions Ltd.

methodologies have been considered as an alternative to ac-
tive sources, with multiple advantages for shallow subsurface
characterisation, encompassing a wide range of applications,
from aquifer monitoring to archaeology, glaciology, and min-
eral exploration (Chamarczuk et al., 2022; Cheraghi et al.,
2015; Colombero et al., 2022; Jones et al., 2024).

The Iberian Pyrite Belt (IPB), with its long history of min-
ing activity, hosts not only one of the largest metallogenic
provinces worldwide (Leistel et al., 1997) but also multiple
areas under environmental protection. Therefore, the deploy-
ment of seismic ambient noise-based methodologies in such
sensitive environments can help achieve a better balance be-
tween the region’s rich mining potential and the need to pro-
tect its ecology.

For this communication, we introduce the case study of
Mina Concepción (Fig. 2a), located in the northeastern sector
of the IPB, where we are presently assessing the potential for
mineral exploration using three different noise-based imag-
ing approaches: two Ambient Noise Interferometry (ANI)
approaches, including tomography and single-station auto-
correlation, as well as polarisation analyses. ANI uses syn-
chronous time-correlation of seismic recordings to approx-
imate the Earth’s impulse response, that is, its Empirical
Green’s function (EGF) (Snieder and Wapenaar, 2010). On
the other hand, polarisation analysis relies on the evaluation
of particle motion, which, in this work depends on the iden-
tification of elliptically polarised Rayleigh waves from con-
tinuous seismic noise and the subsequent measurement of
their ellipticity as a function of frequency (Berbellini et al.,
2019). These different imaging methodologies provide inde-
pendent and complementary observables of the subsurface
structure. By integrating these data – using inversion strate-
gies, together with pre-existing geological information (sur-
face mapping and exploration wells) – a comprehensive 3D
seismic velocity and structural model of the study area can
be constructed.

In 2023, we deployed a portable seismic network of com-
bined short-period (2 Hz) and high frequency (4.5 Hz) sen-
sors over a period of six months at Mina Concepción, with
individual deployment durations ranging from 4 to 6 weeks.
Interstation distances were kept to a few tens of meters within
the more densely studied area of the old open pit mine
(5 km2), totalling 114 sites, which provided continuous seis-
mic noise records. Using the aforementioned methodologies,
this seismic network aims to image the main geological con-
tacts at depth and thereby to evaluate the potential for mineral
exploration while addressing the capabilities and possible
limitations posed by the complex geological structure. The
application of ANI using autocorrelations provides EGFs,
which are a robust approximation of the zero-offset seismic
reflection response (primary and multiple reflections) of the
structure beneath a seismic station (Romero and Schimmel,
2018). This single-station/single-fold methodology focuses
on the analysis of the reflected body waves (P- and S-waves)
and their correlation with geological discontinuities beneath
each station. At the same time, the extraction and analysis
of polarized Rayleigh waves from recorded seismic noise,
provides the 1D S-wave profile beneath our seismic stations
after inverting the ellipticity measurements for different fre-
quencies. The measured ellipticity only depends on the local
structure beneath each site. Furthermore, the deployment of
17 short-period stations over a larger area (∼ 100 km2) en-
ables the application of alternative ANI methodologies, such
as cross-correlations between pairs of stations. This will al-
low the extraction of surface waves, which reveal the 3D S-
wave velocity via ambient noise tomography (ANT).

It is noteworthy that these three approaches have typically
been employed to investigate regional scales and deep Earth
structures, with their joint integration being rare. Therefore,
the application of their individual strengths and capabilities
to near-surface targets represents a significant innovation.
This integration not only enhances the effectiveness of seis-
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mic ambient noise methodologies, but also significantly im-
proves mineral exploration efforts. Using non-invasive, cost-
effective methods with low social and environmental impacts
is essential, especially in ecologically sensitive or densely
populated areas. These methods not only enhance our under-
standing of the subsurface but also offer practical solutions
for accessing remote areas, thereby responsibly expanding
the scope and efficiency of mineral exploration efforts.

3.3 Drone-based EM sensing

Geophysical electromagnetic (EM) methods have been used
to detect subsurface electrical conductivity (or resistivity)
structures for over 100 years (Nabighian, 1991; Zhdanov,
2010). The primary EM field, which is either of natural origin
or artificially created, generates currents inside conductive
media. These induced currents, in turn, generate secondary
EM fields, which alter the amplitude and phase of the mea-
sured EM response near the conductive targets. EM meth-
ods are utilised, for example, in geological mapping, mineral
exploration, groundwater and geotechnical investigations, in
addition to environmental monitoring. Airborne EM surveys
are highly useful because terrain obstacles can be avoided,
and data can be collected more or less evenly and effectively
over large areas. Airborne electromagnetic (AEM) surveys
become more cost-effective than ground EM surveys if the
survey area is sufficiently large (Dentith and Mudge, 2014).
The disadvantage is the decrease in data resolution and in-
vestigation depth due to the flight height. Another factor that
reduces the quality of AEM data is the constant movement of
the measurement platform, which shortens the time spent on
signal stacking/averaging.

Unoccupied aerial vehicles have now become widely used
in magnetic surveys, multispectral imaging, and photogram-
metry, in particular. However, drone-based EM applications
are still scarce. This is mainly because existing measurement
systems cannot be directly installed on drones as the instru-
ments are heavy and/or the flight height weakens the EM
response. In the AGEMERA project, the Radai company is
developing a totally new lightweight frequency-domain EM
system that can be operated with fixed-wing drones. This so-
called Louhi system is specifically designed for Nordic con-
ditions where the bedrock is typically resistive, and the sedi-
ment/soil layers are thin since ice age glaciation. The Louhi
system is designed for quick areal mapping instead of deep
and detailed EM exploration. For this reason, the number of
frequencies is limited, and the frequencies are rather high
(> 1000 Hz). In addition, much of the data pre-processing
is already done on the hardware level.

Figure 3 illustrates the two operation modes for drone EM
surveys. In the semi-airborne mode, which Radai has already
successfully implemented, the EM transmitter (Tx) is a large
loop (diameter over 100 m) laid on the ground, and the air-
borne 3-component EM receiver (Rx) is towed by the drone.
The surveying is limited to the neighbourhood of the trans-

mitter (distance of less than 2 km), and therefore, this oper-
ation mode suits the investigation of known targets. More-
over, accurate data interpretation requires that measurements
are repeated using 1–3 alternative transmitter loop locations
around the target. In the single-drone configuration, which
Radai has been developing in AGEMERA, a small transmit-
ter loop (diameter of about 1 m) is rigidly attached to the
same drone that tows the receiver unit. This fully airborne
(Slingram) method avoids the need to relocate the ground
loop and thus, allows for more efficient mapping of larger ar-
eas. The disadvantages are the reduced depth of investigation
and the need for a rather long tow line (over 50 m).

Figure 4 shows the 3-component Louhi EM receiver being
towed by a VTOL (vertical take-off and landing) drone. The
receiver coils are part of the supporting frame of the receiver
unit, which is essentially a glider. The flight of the glider is
stabilised by an autopilot that controls elevons (tailerons).
Based on an in-house calibration method and the drone’s
inertial measurement unit data, the final processed data are
represented as the north, east, and down (NED) components
of magnetic flux density (B-field) in femtoteslas (fT). The
size and current of the transmitter can vary depending on the
target under investigation. Presently, the size of the ground
transmitter loop is 100 m by 100 m, and the current is 1–5 A.
In the single-drone system, the diameter of the transmitter
loop is about 1 m, and the current is 20–30 A. The transmitter
electronics unit is small and lightweight, because the same
device is used both for the single-drone and semi-airborne
system. All three frequencies (2.3, 4.6, 9.2 kHz) are trans-
mitted simultaneously and triggered once per second using
a GPS PPS (pulse per second) signal. With minor modifi-
cations, it is possible to build a second transmitter-receiver
pair that utilises different frequencies for different applica-
tions (e.g., geological mapping vs. groundwater studies) and
different targets (conductive mineralisations vs. water-filled
fractures).

Figure 4 also shows the Coot VTOL drone towing the
Louhi EM receiver. The (rotating wing) copter mode allows
the receiver to be raised and lowered down safely during
take-offs and landings. The (fixed wing) aeroplane mode pro-
vides longer flight times than the copter mode. The wingspan
of the drone is 2.45 m, and its mass with batteries included
is about 12 kg. In semi-airborne surveys, the towline is about
20 m long. For safety reasons, the nominal flight height of the
drone is usually 50 m, and the glider is towed 4–7 m lower.
The flight speed is about 20 m s−1, and since the sampling
rate is 1 s, the spatial data sampling is 10–30 m, depending
on the wind direction and intensity. The endurance of a Coot
VTOL drone is about 1 h when towing the receiver, which
means each survey flight can range up to 70 km. In a sin-
gle day, a field crew of three people can make 4–6 flights to
cover an area of 2 km by 2 km using a 50–75 m line separa-
tion and 2–3 different transmitter loop locations. The single-
drone system is expected to be at least 50 % more effective.
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Figure 2. (a) Location map of the seismic stations deployed at Mina Concepción (SW Spain) during the 2023 and 2024 campaigns. Basemap
layer from ESRI World Imagery compilation (https://services.arcgisonline.com/ArcGIS/rest/services/World_Imagery/MapServer/0, last ac-
cess: 25 November 2024) edited with QGIS 3.36. (b) Example of a 45 min recording of seismic ambient noise by one of the three-component
seismic sensors. (c) Three observables obtained after applying a tomographic approach over a station pair in the study area: (top-left) Record
section of their daily cross-correlations, (top-right) stacked cross-correlation function, and (bottom-right) resulting group velocity dispersion
curve. (d) Averaged Rayleigh wave ellipticity extracted from polarization analysis performed over several days of seismic ambient noise
recordings from one single station. (e) Record section of daily auto-correlation stacks (left panel) and the resulting total autocorrelogram
stack (right panel) for one station within the mine.

The VTOL drone is equipped with a 3-component flux-
gate magnetometer that is located inside an extended tail-
boom of the drone. The static (vector) magnetic field is mea-
sured and processed using the methods that Radai uses in

their magnetic surveys. The additional information on mag-
netic field intensity can be very useful in the interpretation of
AEM data as the magnetic permeability (or susceptibility) is
known to decrease the in-phase component of the frequency-
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Figure 3. Two operation modes for drone-based EM surveys: (a) semi-airborne configuration where the primary EM field is generated by
a large transmitter loop (Tx) laid on the ground surface and (b) single-drone system where the drone towing the 3-component receiver (Rx)
also carries a small transmitter loop. Image courtesy of Radai Ltd.

domain EM response. The static magnetic field data can be
used jointly in the 1D/3D EM inversion, or the susceptibility
distribution obtained from a separate 3D magnetic inversion
can be imported into the 3D model and kept fixed in the EM
inversion.

Presently, the most challenging task is to develop the nu-
merical tools necessary to quickly process the measured
Louhi EM data and to create, for example, maps of apparent
conductivity (Pirttijärvi et al., 2014) or multiple 3D model
bodies (Pirttijärvi et al., 2002) that reflect the true geoelec-
trical structure of the subsurface. The accuracy to which the
primary field can be determined from Louhi EM data is crit-
ical because the primary field is so much stronger than the
secondary fields. Only after normalisation or removal of the
computed primary field, is it possible to see the effect of sec-
ondary fields from any conductivity structures. In practice,
3D numerical modelling and inversion software are required,
and development work is going on in cooperation with the
Geological Survey of Finland (Xiao et al., 2023).

4 AGEMERA GUI

The AGEMERA GUI (Graphical User Interface) is a web-
based 2D and 3D visualisation platform for geospatial data
in Cloud Optimised data formats created by OPT/NET for
ease of visualisation and interaction. The overall idea of the
AGEMERA GUI is to act as a general repository of geospa-
tial data collected and interpreted during the project. Follow-
ing recent trends in data visualisation, it allows for so-called
“geospatial storytelling” – equally effective with experts and
untrained users.

Using web services compliant with Open Geospatial Con-
sortium (OGC) standards, the AGEMERA GUI gathers both

Figure 4. The 3-component Louhi EM receiver is being towed by a
Coot VTOL drone in the Lintumaansuo EM test survey near Oulu,
Finland, in June 2024 (Photo by Markku Pirttijärvi).

derivatives of open satellite data (both optical and SAR) and
complex visualisations of innovative geophysical methods
described in this article for all projects’ field trials. It of-
fers fast, clear, and straightforward mechanisms for the in-
teractive exploration of datasets, catering both to the general
public (satellite data) and specific stakeholders (geophysical
data). Additionally, the platform is built with the future in
mind, open to evolving to meet emerging needs, including
data security through various levels of authentication and au-
thorisation, thereby ensuring data integrity.

A distinctive feature of the platform is its conversational
AI natural language processor (NLP) based on large lan-
guage models (LLM), which simplifies navigating through
the extensive data. This feature, currently only available in
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Figure 5. Main Features of the AGEMERA GUI. Picture by OPT/NET.

English, addresses the challenge of interacting with large
geospatial datasets moving beyond traditional computer in-
terfaces to offer a more natural and engaging user interaction.

The platform also incorporates the OGC Web Map Service
(WMS) standards, enabling the visualisation of map stacks.
This feature not only enriches data interpretation but also en-
sures interoperability with existing geospatial systems, fos-
tering enhanced data sharing and collaboration within the
geoscience community. The AGEMERA GUI also has the
capability of interacting with layers of up to 16 layers of GIS
information from different sources with accompanying ex-
trusion maps (so-called 2.5D extrusion of the surface) at the
same time. The main features of the AGEMERA GUI are
shown in Fig. 5.:

– Map View

– Natural language AI Assistant

– Navigation and drawing tools

– 3D viewing mode (terrain extrusion with accompanying
DEM and switching between Globe view or Flat map
view) with the camera positioning tool

– Location status-line with information about the current
zoom level, approximate viewing height, map scale, and
geographic coordinates (latitude, longitude) under the
cursor

– Viewing panel tools (adjustment of brightness, contrast,
opacity, and transparency, changing embedded colour

map and base layer thematic maps, and the “lens-” and
“multi-lens-” combo and DEM amplifier tool)

To safeguard proprietary data and to control access effec-
tively, the AGEMERA platform implements a robust data ac-
cess control mechanism. Currently, two distinct user groups
are established: the general public and consortium members.
The general public is granted access to open data sources,
including Sentinel-1, Sentinel-2, ASTER, and their deriva-
tives. In contrast, consortium members have broader ac-
cess privileges, allowing for the visualisation of all pub-
lished datasets on the platform. Furthermore, data owners
and providers maintain control over their dataset’s visibil-
ity, deciding whether to make them accessible to the gen-
eral public or to restrict access to consortium members only.
This flexibility ensures that data owners can manage and pro-
tect their proprietary information effectively while leverag-
ing the AGEMERA platform for visualisation and dissemi-
nation purposes.

5 Conclusions

The AGEMERA project effectively advances the European
Union’s strategic goals set by the European Critical Raw Ma-
terials Act (CRMA), which is aimed at securing a sustainable
and autonomous supply chain for critical raw materials that
re essential for the EU’s green and digital transitions. The
project successfully integrates innovative, non-invasive geo-
physical methodologies and mineral exploration methods to
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reduce Europe’s dependence on imported materials and to
enhance supply chain resilience.

Throughout the project, advanced geophysical methods
such as muography, passive ambient noise seismology, and
drone-based electromagnetic sensing have been deployed.
These methods have significantly improved the accuracy of
subsurface assessments while minimising environmental im-
pacts, aligning with the EU’s sustainability objectives. The
natural language based AGEMERA GUI integrates different
data sources for improved data access and visualisation in
3D. Given the growing global emphasis on resource secu-
rity influenced by environmental and geopolitical factors, the
methodologies refined and developed through AGEMERA
are expected to influence future exploration practices world-
wide.
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