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Introduction- Needs

Why REE forecasting needs new signals

Rare Earth Elemen(REEgare smahlvolume
® materials with systentevel impact in magnets,
motors, electronics, defence and cleanergy

technologies.

Supply risk is driven by geography, processing
O concentration, export controls, permitting delays
and demand shocks.

Classical forecasting often lags because many
@ variables are reported late, aggregated
nationally, or hidden in company data.

6x 10%c¢ 40%- 25%

EU 2030 benchmarks: extraction,
processing, recycling of its annual
consumption

expected EU demand increase for
rare earth metals by 2030
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Introduction- Contribution

Why satellites are useful for REE forecasting

X REE markets are affected by physical

activity at mines, processing sites, prOxy
transport corridors and export nodes.

observable signal that
approximates a hidden
supplychain variable

x Many official indicators are delayed,
aggregated or incomplete; satellite
Imagery adds nearealtime spatial

evidence. tlme
x ¢KS 202S00A0S Aa yz2i G2 aaS8S wo9a
RANBOGf &8és odzi G2 Y2V AQG2N 20:-38Ndt 0f S

warnings

proxies linked to supply capacity and
disruption risk.
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Introduction- Problem framing

The supply chain is spatial, temporal and observable
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EO adds a missing layer: physical activity signals before official statistics arrive.
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Introduction- Evidence base

USGS estimates global mine production at about
390,000 tons RE@quivalent in 2025, with China at
270,000 tons.

300000

250000

x High geographic concentration makes supply
forecasts sensitive to local signals.

200000

150000

x Satellitederived features can add timely, site
100000 specific evidence where reported statistics are

delayed.

50000

l . ] O X Model targets should be transparent about scale
| | | | | site, region, country, or commodity segment.

China United States Australia Burma Other

Source: USGS Mineral Commodity Summaries 2026, Rare Earths.



Introduction- Problem framing

Earth observation as a leadiAgdicator layer
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Raw imagery Signal types extracted from imagery
Sentinetl / Derived geospatia Forecasting
Sentinel? features models e activity intensity
e Spatial expansion

e deformation / instability
® environmental pressure



Introduction- Forecast design
Forecastingl  NBESGY y2d 6&2NB Aghainis&tt I NP d

Traditional target variables EO_derlved predictor Forecast outputs
variables

prpdu.cttqun voI.umest, exp(;lrt guantities, | # mine footprint change, activeit q g_ear-tet_rm supEberllik, I|oro(jlll|Jct|on trend,
price indices, inventory changes, permi orobability, subsidence velocity, isruption probability, lead/lag

milestones . : . : : indicators, scenario signal
disturbance intensity, sitéevel anomalies ’ gnhais

Site Region Country Commodity  Supply Chain

The modelling unit can be sitevel, but the decision question is usually
regional or supplychain level.



Introduction- Forecast architecture ~ @

Data fusion architecture

( )

Sentinetl
SAR / InSAR

. J

( )

Sentinel2 . Prgprﬁc;ﬁ;ssmgw j Feature 1 I ML / DL Decision
MSI quaity J L store J Lforecast models products

control

External
context

V Keep EO features traceahlspatial footprint, acquisition date, processing version, uncertainty flac
V Fuse with norEO covariatesnly after temporal alignmentto avoid leakage and artificial skill.
V Design forupdatecycléé ySé AYlF IS M dzLIRF GSR TSI Gddz2NBa
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Introduction¢ From research to use

Operational workflow for a monitoring service

A . Sentinell/2 scenes
0 cquire and AOls

Process QC, corrections,
e inference

a Extract features by site and
time window

6 Forecast models + uncertainty

e Alert maps, risk scores, repa

Service concept: periodic automated updates plus expert review for higipact signals.
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Key theoretical aspectsSatellite iage

A The adoption of Earth Observation satellite
technologies is accelerating

A Interest in satellite imagery to better understand the
world and more closely observe relevant changes

A Optical satellite systems have also limitations

A Biggest barriers>cloud cover and limited usability of
data at night

A Optical images are not the only way to visualize the
SIF NI KQa & dzNJF I O SiffefeNtEmdging & |
modalities and satellite missions are examined
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Key theoretical aspectsSatellite image
analysis

A 6SatelliteA Y | 3 Snethinglike-a-photograph-takenfrom-space

A Satellite imagery is the outcome of a much complicated procedure

A Rawsatellite images are not always easy to interpret with the
human eye

A Data pre/meta- processing are required: cloud removal,
orthorectification, registration, color correction, noise reduction, 3D
geometry reconstruction

A Different imaging modalities and satellite technologies exist

A For each data analysis application, the proper satellite mission data
collection must be selected



MaaSiveTwin

Key theoretical aspectsSatellite image
analysis

_ paniages

A Significantly increased coverage areas compared to terrestrial
equipment

A Data transmission cost is independent of the distance from the 2.

of interest O Con
A Higher bandwidths and multiple wavelengths are available @

k4

Disadvantages

A Launching satellite into orbit is costly
A Ondemand data availability and accessibility, huge data volumes to handle
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Key theoretical aspectsSatellite image
analysis

What are the Copernicus Sentinel missions?

From Detection to Actionable Information

S e n tl n el' 1 Detection Quantification Change Analysis Integration Decision Support
Gband Synthetic Aperture Radar:-aleather, dayand B -_— e
night observations for surface change, backscatter and @ = ‘ > f\/@ = =P .;‘
deformation monitoring. _ , - _ L _
Automated mapping Area, perimeter, Time-series analysis Integration with Environmental
of mining areas compactness, of expansion/ supply chain & monitoring &
. elongation reduction REE forecasting strategic planning
Sentinel2
. . . . L. . Detected Mining Sites = | Area of Disturbance Change Over Time Ground Deformation
Multispectral optical imaging: visible, neanfrared and | (Polygons) (hectares) | (mm/year)

shortwave infrared bands for land cover, vegetation,
water and mining footprint mapping.

Why they matter

Open, systematic, repeatable observations make them
suitable for reproducible monitoring across countries and
time periods.

4 Il Expansion
2021 2022 2023 3 Reduction

Turning satellite observations into insights for
sustainable mining and critical raw materials (REE) forecasting
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Key theoretical aspectsSatellite image
analysis

Sentinell: what radar imagery can tell us

Backscatter intensity

Surface roughness, moisture, geometry and infrastructure

Ground Degradation Evaluation with INSAR (Sentinel-1)
changes; useful for activity and disturbance proxies.

InSAR Displacement Map ]
(Line-of-Sight) | e

i T +20 Interferometric phase

v, | Phase differences across acquisitions allow deformation

+10 analysis when coherence is sufficient.

Coherence
A measure of temporal stability; low coherence can flag

rapid surface change, vegetation effects or poor INSAR
quality.

-20

{ Sentinel-1 SAR Image (Before) 1 [_ Sentinel-1 SAR Image (After) Forecasti ng value

Deformation hotspots may indicate geotechnical stress, subsidence,
tailings risk or operational disturbance.
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Key theoretical aspecisSatellite image €
analysis

Sentinel2: what multispectral imagery can tell us

x Surface reflectance across visible, NIR
and SWIR wavelengths captures land
cover and materiafesponse patterns.

X Bands at different spatial resolutions
can be resampled to a common grid
for ML-ready stacks.

13  1060m L2A

X For openpit mon!t_orlng, the_output ectal bande on amvebang _Suace
can be a prObablllty map’ blnary maSk Sentinei2 MSI resolutions used in often preferred

land applications

and GlSeady polygon footprint. for analysis



Key theoretical aspectsML-based ~ @
Satellite image analysis
From CDSE download to analysesady data

Search 1 : .SAFE Bands / Preprocess j ML-ready
CDSE J products measurements & QA L features

Sentinel2 product structure Sentinell product structure Access paths

SAFE folder/package containing SAFE product metadata plus SAR Copernicus Browser, OData, STAC, S3,

metadata, quality indicators and measurements; use SLC for INSAR, GRD Sentinel Hub APIs, openEO and hosted
JPEG2000 image data for bands. for calibrated intensity workflows. processing services.



Key theoretical aspectd-eature
extraction

Feature families for REE forecasting

Footprint features Spectral features

open-pit area, expansion rate, disturbed bare-soil/mining indices, water/tailings
land fraction, new haul roads, signals, vegetation recovery or stress,
tailings/waste footprint land-cover probabilities

Spatial aggregation Uncertainty features

AAGS ™ RAZGNROG M O2 dzy G J cloud cover, coherence, Adata fraction,
indicators should match the decision model confidence, distance from known

scale. sites.
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Radar features

backscatter trends, coherence
loss, deformation velocity,
subsidence acceleration,
anomaly clusters

Temporal features

seasonal baselines, change points,
rolling averages, pre/postvent
differences, trend persistence
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Key theoretical aspectsModeling logic @

How features support machine and deep learning models

EO feature Feature Model Forecast Decision
extraction store training & scenario product

Data access
CDSE Browser, OData, STAC, S3, Sentinel Hub APIs, openEO,
JupyterLab / hosted processing.

U Classification / segmentation models

identify miningrelated pixels and objects. _
Preprocessing
ESA SNAP/Sentinel Toolboxes, GDAL, rasterio, rioxarray, pyproj,

0 Timeseries models estimate trends and cloud and nedata masking.

predict nearterm changes.

INSAR analysis
SNAP S1 Toolbox, GMTSAR, MintPy, ISCE/ISCE2, PyGMTSAR

U Hybrid models combine EO features with
style Python workflows.

prices, trade flows, permits and known

production data. GIS & ML

QGIS, GeoPandas, scikimage, PyTorch, segmentation models,
dashboards and Gi®ady outputs.
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Tools and datasetdnSAR image analy$®

Sentinell INSAR: measuring ground degradation

What the tool extracts

V relative displacement / deformation trends
V subsidence hotspots and instability zones

V change points after mining, pumping, rainfall
or infrastructure changes

V confidence flags from coherence and tempora
consistency

Forecasting interpretation degradation trends can indicate operational

stress, geotechnical risk, production constraints, or restoration progress.



Tools and datasetdnSAR feature laye&!==1®

INSAR feature engineering for forecasting

Interferograms Time-series Spatial Anomaly Forecast
/ coherence deformation aggregation detection features

Site-level metrics Temporal metrics Risk metrics
mean velocity, max displacement, active threshold exceedance, deformation

area ratio, coherence stability, hotspot clustering, uncertaintyveighted anomaly
count score

trend, seasonality, acceleration, change
point timing, lagged signals
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Tools and datasetsMSI imageanalysysweeww

Sentinel2: automatic openpit mining site detection

Openpit detection pipeline

X

input: Sentinel2 .SAFE imagery +
area of interest

spectral / index preprocessing
and tiling

DL inference for mining
footprints

postprocessing into Gi&ady
polygons

guality control and human
review when needed
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Tools and datasetdMSI feature layer

Sentinel2 footprint features

Geometry

pit area, perimeter, shape complexity, expansion
direction, bufferzone disturbance

Spectral / surface change

bare-soil indices, vegetation loss, water/tailings
signatures, brightness and texture shifts

new benches, hatbad changes, stockpile areas,
disturbed land growth rate

GIS outputs

vector polygons, site IDs, tirstamped versions, confidence
layers, audit tralil

From segmentation masks to suppghain features

| Activity proxies
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Tools and datasetdMSI| model layer =it

ML/DL modelling strategy

Tree models
multi-resolution spatia [ (XGBoost/ RF)
features
e 2
. . Temporal models -

lag-aware training — »  Forecast

. (TCN / LSTM) ensemble
design N J
o ( )
uncertainty-aware | Geospatial DL
itpUtS/ \. (CNN /'UNet) y
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Tools and datasetdData science

Temporal alignment: the hidden challenge

t0 tl t2 t3 t4 t5 t6

EO acquisition ‘ Feature update . Forecast horizon

Reported

Preprocessing target

® Use only imagergvailable beforethe forecast issue date.
® Aggregate featuresver physically meaningful windowslL month, quarter, season, hydrological year.
® Test leadlag relationshipgather than assuming immediate effects.

® Avoid spatial leakagesplit by mine, basin, region or courtryot random pixels only.
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Tools and dataset®Operationalization

Example featureto-target mapping

£O feaure Target signl

pit-area growth rate production trend supply expansion / contraction
deformation acceleration operational disruption risk short-term risk flag

tailings / water extent environmental or process stres: compliance / downtime risk
regional minecount change market capacity proxy mediumterm supply indicator

cloud / coherence quality

flags data uncertainty forecast confidence interval

Design principle: every engineered feature should have a physical interpretation and a testable lead/lag hypothesis.



Tools and datasetEvaluation

Validation framework

MaaSiveTwin
WV \|CESIAD | MIU

Remotesensing validation

samplebased visual interpretation, higtesolution
imagery checks, polygon loU, change detection consisten

Forecast validation

walk-forward evaluation, regional holdout, forecast horizor
analysis, probabilistic calibration

Decision validation

does the signal improve early warning, prioritisation,
monitoring efficiency, or policy response?

Accuracy alone is not enough: the feature mus
be timely, stable and decisiorelevant.
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Tools and datasetsScientific contributiof@* "

Innovation: from images to supply intelligence

C Integrates radar deformation and
optical mining footprints into a
common feature store.

C Moves beyond static mineral potentic
maps toward dynamic operational
iIndicators.

C Supports transparent forecasting witl
physically interpretable EQerived
variables.

C Bridges remote sensing, geotechnicse
monitoring, machine learning and
supplychain analysis.

S1+S2 GISready Forecastready

multi-sensor evidence outputs for analysts features and metadata
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Tools and datasetdResponsible model

Limitations and safeguards

Satellite limitations

clouds for optical data, SAR decorrelation, revisit gaps,
snow/seasonal effects, mixed land covers, huge volume

Model limitations

small labelled samples, target uncertainty, reporting delays,
concept drift, confounded causality

Operational safeguards

humanin-the-loop QC, uncertainty flags, versioned pipelines,
conservative alerts, siteevel audit trail

Forecasts should support prioritizationnot replace expert judgement or field evidence.



Tools and datasetsAccess to data

A
A
A

Freely available

Usually in operaccess
mode

Multiple satellite missions
available

Access to a wide range of
history data

Some repositories require
data usage proposal
submission and
administration agreement
for accessing data

Satellite Imagery

Repositories

Research projects related

A Restricted applications ang

sites

A Datasets and algorithms
available

A Project administration
approval

MaaSiveTwin

Commercially available

Paid services

Cost evaluation after data
usage proposal submissiol

Data and reports available

Specific applications and
missions




Tools and datasetsAccess to data

Freely available

o

To To To To Do

Copernicus Data Space
Ecosystem (CDSE)

European Space Agency
observatory

USGS
NASA Earth Observatory
Satellite Imaging Corporation

Centre for Earth Observation

European Ground Motion
Service

Satellite Imagery

Repositories

Research projects related

A GoldenEye project

A GOLDEN Artificial

Intelligence (Al Artificial
Intelligence Platform for
mine site monitoring

MaaSiveTwin
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Commercially available

A Tre-Altamira mining

A EOS Data Analytics

A Apollo Mapping

A SpaceKnow

A ViridienGroup



https://dataspace.copernicus.eu/
https://dataspace.copernicus.eu/
https://dataspace.copernicus.eu/
https://earth.esa.int/eogateway
https://earth.esa.int/eogateway
https://earth.esa.int/eogateway
https://www.usgs.gov/media/images/lithium-mining-salar-de-atacama-chile
https://www.usgs.gov/media/images/lithium-mining-salar-de-atacama-chile
https://earthobservatory.nasa.gov/images/150730/racing-to-mine-lithium
https://earthobservatory.nasa.gov/images/150730/racing-to-mine-lithium
https://www.satimagingcorp.com/
https://www.satimagingcorp.com/
https://research.csiro.au/cceo
https://research.csiro.au/cceo
https://land.copernicus.eu/en/products/european-ground-motion-service
https://land.copernicus.eu/en/products/european-ground-motion-service
https://land.copernicus.eu/en/products/european-ground-motion-service
https://site.tre-altamira.com/industry/mining/
https://site.tre-altamira.com/industry/mining/
https://site.tre-altamira.com/industry/mining/
https://site.tre-altamira.com/industry/mining/
https://eos.com/blog/use-of-satellite-remote-sensing-in-the-mining-industry/
https://eos.com/blog/use-of-satellite-remote-sensing-in-the-mining-industry/
https://apollomapping.com/satellite-imagery-mining-industry
https://apollomapping.com/satellite-imagery-mining-industry
https://spaceknow.com/blog/3d-monitoring-of-mines-using-satellite-sar-data/
https://spaceknow.com/blog/3d-monitoring-of-mines-using-satellite-sar-data/
https://www.viridiengroup.com/expertise/satellite-mapping/mineral-mapping
https://www.viridiengroup.com/expertise/satellite-mapping/mineral-mapping
https://www.viridiengroup.com/expertise/satellite-mapping/mineral-mapping
https://www.goldeneye-project.eu/
https://www.goldeneye-project.eu/
https://gkhub.earthobservations.org/packages/qr5bk-wpv79
https://gkhub.earthobservations.org/packages/qr5bk-wpv79
https://gkhub.earthobservations.org/packages/qr5bk-wpv79
https://gkhub.earthobservations.org/packages/qr5bk-wpv79
https://gkhub.earthobservations.org/packages/qr5bk-wpv79
https://gkhub.earthobservations.org/packages/qr5bk-wpv79
https://gkhub.earthobservations.org/packages/qr5bk-wpv79

Tools and datasetsCDSE and forecastii§e

CDSE: the practical gateway from satellite data to ML features

A One entry point for searching,
visualising and downloading
Copernicus Sentinel data and
complementary datasets.

A Useful for both exploratory work
through a browser and repeatable
production workflows through
APIs

A For REE forecasting, CDSE helps
build a consistent evidence layer
around mines, transport corridors

From human exploration To automation and regions
Copernicus Browser and STAC APIs make the same search,
Browser help inspect AQOls, download and processing steps

dates, cloud cover and available reproducible at scale.
products.
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Tools and datasetsCDSE data layers

Main data layers for mining and REE suplyain monitoring

Sentinel2 optical

Multispectral surface information for mining footprints, vegetation
stress, water/tailings signals and laadver change.

Sentinetl SAR / InNSAR

All-weather radar data for backscatter trends, coherence and
ground-deformation indicators. ==

4
Copernicus DEM & land products

Topography, slope, drainage context, land cover and environmental
baseline layers.

S

External context data

Mine registries, permits, trade flows, prices, ports, roads and )
processing facilities for model fusion.
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Tools and datasetsAPIs and services @

Which CDSE access method should we use?

Catalogue APIs File access Sentinel Hub openEO & JupyterLab VCV)MESM/TSG V|VFSS .
OData, STAC and Sentinel Hub OData and S3 for productffile RESTful APIs for raw data, Cloudside EO workflows and WCS services for QGIS,
Catalog API for product search, access; choose according to rendered imagery, statistical notebooks without downloading ArcGIS and web mapping
filters and metadata. required product form and scale. analysis and integrations. large volumes locally. clients.

Find Download Stream / Analyse Serve to
products files process in cloud GIS/apps

Rule of thumb use browser tools for exploration, catalogue/file APIs for repeatable acquisition, and
openE@Sentinel HubJupyterLalfor scalable processing
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Tools and datasetdPutting tools togethe

Operational workflow for REE forecasting features

— — — - y

Search AOI »  Download / »  Preprocess
& dates stream data & QA Core message:
CDSE makes
satellite-derived
features
- <« \ - \ reproducible,
4 5 6 scalable and easier
Extract EO » Fuse with ———  Forecast to integrate into
features context data & monitor forecasting
pipelines.
Expected outputs ‘ )

Sitelevel and regional indicators: disturb@alea extent, expansion rate, deformation
hotspots, confidence metrics and anomaly flags.
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Openpit mining sites monitoringWhy

Why monitor openpit mines from space”

From Detection to Actionable Insights

C Openpit mines leave visible physical 2 Heay o i g
footprints: pits, dumps, ponds, roads » m > % odl =

and processing areas.

Key Metrics

* Number of sites

¢ Disturbed area (ha)

¢ Area change over time
* Location & extent

» Degradation (InSAR)

C These footprints change before many
official production or suppkghain
Indicators are published.

Applications

ﬂ Environmental monitoring

C Satellite monitoring can turn repeated
observations into early signals for
criticalmaterial supply chains.

K Regulatory compliance
© Risk assessment

B /i Supply chain forecasting

Core idea: use Earth observation to measure mining activity consistently, repeatedly and at sca

» 8 MaaSiveTwin
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Openpit mining sites monitoringChallenged! 1
Why this problem is hard

Remote sensing complexity Geospatial complexity Operational complexity
Multi-resolution bands CRS and transform Large scenes and many runs
Clouds, shadows, roata preservation Manual threshold tuning
Seasonal and spectral variability Tiles must stitch back correctly Need outputs usable in QGIS

AOI boundaries matter

Openpit mining segmentation is not only a model problesan effective tool must make the whole
workflow reproducible, inspectable, and geospatially correct.
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Openpit mining sites monitoring
Methodological basis

Scientific foundation: pixeby-pixel mine detection

Automated Detection of Open-Pit Mining Sites Semantic Seg mentation

Deep Learning on Sentinel-2 Imagery ! RSSLI f S§I NYAY3I Y2 RSt -g02f 3
Sentinel-2 Model Prediction Final Detection disturbed or not miningjiSturbed'
True Color (10 m) (Probability) (Binary Mask)
P _ " MineSegSAT
o " Uses Sentine2 multispectral data to predict

environmentally impacted mining areas.

SegFormer

A Transformetbased segmentation model that
combines local detail with wider scene context.

Our use case

0L 250 500 750 1000 m/ B Mining area
— e [ Non-mining area Apply the trained approach as an automated GIS workflow
for openpit mining footprint mapping.
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Openpit mining sites monitoring
Methodological basis

A Indicative models to start with:

U MineSegSATidentifies environmentally impacted areas of mineral
extraction sites using thBegFormemodel architecture trained on
Sentinel2 data

U mining-detector. automated detection of artisanal gold mines in
Sentinel2 satellite imagery, illustration toots
https://amazonminingwatch.org/en

U EGUnet Deep feature enhancement method for land cover with

irregular and sparse spatial distribution features, case study on-pjye
mining

U Tiny_model 4 CDDeep Learning Model For Change Detection

U LSNet Extremely lightweight Siamese Network for Change Detection in
Remote Sensing Images


https://amazonminingwatch.org/en

Openpit mining sites monitoringGroun

degradation evaluation

A

A

Radar satellite imaging is an efficient and cost effective tool for
frequent large scale observation of mining areas.

Modern SAR (synthetic aperture radar) satellitesrftinel landlceyd

MaaSiveTwin

achieve high spatial resolution imagery and geolocation precision
(distance is ranging from tens of meters to tens of centimeters).

Image formation mechanismSAR satellite antenna emits radar wav

to the Earth surface. Radar reflection is recorded and forms a 2D ir
of the surface.

Unlike optical satellitesSAR operates independently of natural light
and penetrates through clouds

Combining multiple SAR satellite images of the same area of interg
acquired at slightly different view points allows us to use
interferometry techniques to precisely measure surface displaceme

ground motion
(relative to the satellite) /
A
away from——>» N2
ocm[A BN C D E | (2.83 cm)

towards €——— / \

phase
difference

and create 3D models of the surface

Measurement of absolute height in 3D models achieves vertical
accuracy in the order of meters



https://sentinel.esa.int/web/sentinel/missions/sentinel-1
https://www.iceye.com/

MaaSiveTwin

Openpit mining sites monitoringGrounp
degradation evaluation

C Radardeformation"picturé' => two types of information recorded:

1. Amplitude = the strength of the return signal, influenced by the
physical properties of the surface.

2. Phase= changes in satellite to the ground and back again : 2
distance between the time two radar images are collected o ) G
¢ Combining these two images is called "interfering” because -

combining two waves causes them to either reinforce or cancel ongy™”
another V' o

C Reconstrus6AR data through tedious preprocessing and
application of mathematical models, such as radiometric
calibration, ded dzNJB inaltyoaklgQ® &LISO1 S FAL OGS NJ\ yaz |

correction
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Openpit mining sites monitoringGround= =

degradation evaluation

SAR Data Processing Map (LOS) (Subsidence/Uplift)

Interferogram : the basic representation tool for SAR image analysis

LOS Deformation
(mm/year)

. -20 : i i e
o |
x Contributes to understanding how tectonic or human activities cause | £ -
the land surface to uplift (moving towards) or subside (moving away) FEEEEISESEE

x Map of relative groungurface change constructed froomSARJata

X Requires 2 images taken at intervals in time to determine if there has
been any shift in land surface levels

x Upon ground deformation a slightly different portion of the
wavelength is reflected back to the satellite resulting in a measurable
phase shift (proportional to displacement)

X The map of phase shifts is depicted with a repeating color scale that

Change Summary

shows relative displacement between the first and the second [ Dibodares Gototodbymode) s areaYearT 128k’

Disturbed area Year 2:  1.79 km?
Change (Expansion): +0.55 km? (+44%)

acquisition
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Openpit mining sites monitoringGround&@" ="

degradation evaluation

<—— subsidence

——

2,, . - STEP Petermine if the ground moved closer (uplift) of farther o
away (subsidence) from the satellite by matching how the colors
change between the two points with tHaSARscale bar

STEP Multiply the number of fringes
by the distance scale used (i.e. 28mm

STEP 4Develop other visualization
tools of interest (e.g. create color layer
in 3D ground model/map)

STEP 1Count the number ofnSAﬁ

fringes between two points on the

interferogram => one fringe is one
“‘complete color cycle (i.e. red, orange,
) yellow, green, blue, purple)
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TheMaaSivelwin integrated solution
- |

Observe J L Extract J 1 Forecast
1. Observe physical change 2. Convertimagery into explainable 3. Connect features to supply -chain
. . . features . decisions
Sentinel-1 and Sentinel2 provide Footprints, deformation, spectral Forecasts support early warning, site
repeated measurements of minesite disturbance and confidence prioritisation, monitoring and
conditions. indicators become model inputs. scenario analysis.

e ¢ rumtenca0 i
Jyputer notebook

Imalid/NeDats handing

88 28,9646

API for CDSE connectivity and d GUtbased automated opepit RO1based ground degradation

retrieval mining site detection evaluation framework



MaaSiveTwin

Mining sites segmentation workflow

What we implemented: a GHrst GUI wrapper =X he original research model
becomes a repeatable user workflow*

MineSegSAT-GIS Workflow

From Sentinel-2 imagery to GIS-ready mining footprints

C A Windowsfriendly GUI hides Python ar
commandline complexity.

Sentinel-2 .SAFE + AOI SAFE — Tiles ' MineSegSAT Inference | Scene Stitching

| 1
Satel llt mag ry d Georeferenced 12-band | SegFormed probability maps 1
- image stacks : and masks

- HEEEN ;‘g‘"‘: Y zf-%

1

1

) EENEN EEE ! !

i A mEmmn; RS | !
TS <:~, “’ EEEEE =" I I
o\ X - - " TT T T .
XY [] Tiles intersecting AOI (processed) : [Pretrained MineSegSAT model] !
[[] Tiles outside AOI (skipped) ol ’

C Sentinel2 .SAFE products are convertec
/ e Into georeferenced lband tiles.
QGIS Review & Export G Vectorlzatlon & QA Mask Refinement
o o | et e C Inference, stitching, pogprocessing,

Eﬂi % D@\ « e o vectorization and overlays run from one

P e | +  Compacnss |+ tangatn ' interface.

"""""""""""" G U.'Qi.;;;';;;;L}J;;’;;};};;;;; control and live processing logs

N v C Outputs are designed for direct inspectit

In QGIS.
* arXiv:2311.01676v1 [cs.CV] 3 Nov 2023
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Mining sites segmentation workflow

Overall Framework
o Data Collection Qf;, Data Preparation 9 Model: SegFormer o Training e Inference & Monitoring

 Hierarchical Transformer Encoder Predicted Mask Apply to New Images
(Multi-scale features) (e.g., next year)

Sentinel-2 Images

(13 bands) Preprocessing

« Cloud masking
« Radiometric correction
——>

« Tiling & normalization

& -=--
< - -

- 4
—> L Image i . § 2
Ground Truth Labels Patches ] »
(Manual Annotation) | Mnle, o S

Predicted Disturbed Areas

1

it

i i 4

o —

MLP Pecoder
(Fuses multi-scale features)
y * :
Tiles over mining areas RistUrbed aregs: Upsampling Loss Functions

pits, dumps, ponds, 1

: (Tversky / Dice / Lovasz)
roads, infrastructure, etc.

Pixel-wise Prediction (Mask) ‘ Handle class imbalance

(e.g., 10-20 m resolution) Change Detection

(Expansion / Reduction Over Time)

Outcome & Use
Automatic, repeatable, and scalable mapping of mining disturbance.
Supports environmental monitoring, compliance, and supply chain risk assessment for REE forecasting.
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Mining sites segmentation workflow

G Ul Structure six tabs map directly to the pipeline stages

{1 C9 b ¢Af S Mask+ Postprocess ..

- o x
Repo root:  C:\Users\livan\MAASIVE_TWIN\MineSegSat Browse Python: C:\Users\livan\MAASIVE TWIN\Scripts\p  Open repo omggg}xg{mg

AOI, bands, invalids, heatmap threshold, CC, closing, holeSsam s suw s i o mom
Log/output area

#SAFE dir:: v rowse

Out tiles dir:\l (optional):  C:\Users\livan\MAASIVE_TWIN\MineSegSat\input\my_scene_from_safe

rowse

ize: 768 stride: 768

g
ale_div: 10000 @ clip0?

AOI (bbox)

Inference Vector + QC e e

@ ciipdl  resampling: |bilinear |

Available functionality

bands: BO1,B02,B03,804,B05,B06,807,808,B8A,B09,B11,812

20i. heatmap_out (optional):

checkpoint, CUDA, batch, GeoJSON, metrics, histogran ..
O U t p U tS @ zero_out invalid @ skip_high_invalid

max_invalid_frac: 0.30

invalid_eps: 1e-6

Createtiles  Opentilesdir  Use as Inference tiles-dir

Pipeline status

Stitch Overlay

prob mosaics and RGB boundary preview and PNG
mosaics outputs




Mining sites segmentation workflow

SegFormeArchitecture*

TransformerEncoder Themodellooksat the satellite
Imagein smallpatchesand usesa Transformer(self
attention) to understandthe contextglobally

Hierarchical& Multi-scale It producesfeature maps
at multiple scalegshallowto deep), capturingboth
fine details(e.g, smallroads pondg andlarger
patterns(e.g, mine footprint).

No positionalencoding Thismakesthe modelmore
robustwhenimagesof different sizesor resolutions
are used

LightweightMLPDecoder Insteadof heavyCNN
decodersit usessimpleMLPIlayersto combinethe
multi-scalefeaturesand build the final pixelwise
prediction(the maskof disturbedareay.

*arXiv:2105.15203v3 [cs.CV] 28 Oct 2021

MaaSiveTwin

Mining Disturbance

Segmentatiom

Data: Sentinei2 satelliteimages(optical 10;20 mresolution,
13 bandg are collectedoverknownminingsites

Labels Expertsmanuallymarkdisturbedareas(pits, waste
dumps tailingsponds roads processingareas etc.) to create
groundtruth masks

Training Themodellearnsto distinguishdisturbedvs. non
disturbedland usinga smallfraction of pixelslabeledas
disturbed

LossFunctions Tohandlethe classmbalance(disturbedarea
<< nondisturbed), lossedike TverskyDiceor Lovasare used

Inference& Monitoring: Thetrained modelis appliedto new
Images(e.g, hextyear) to mapdisturbedareasand detect
expansioror reductionovertime.

A arXiv:2311.01676v1 [cs.CV] 3 Nov 2023
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Mining sites segmentation workflow

The endto-end workflow

Sentinet2  |—>| 12-band |—| SegFormer |— Scene |— Post —>|  Vector QA
-SAFE + AOI tiles inference mosaic process +QGIS

" Optimized'color

Automation layer
The GUI orchestrates each processing step and stores

intermediate outputs so users can inspect, repeat and compare
BO4
runs.

Input: Sentinel-2 L2A .SAFE (different bands)

Every raster and vector output preserves location information,
so results can move directly into QGIS.

--
-

A nonexpert user starts with an area of interest and ends with mapady mining polygons.
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Mining sites segmentation workflow

Step }2: focus processing only Step 3: the model turns tiles into
where it matters probabilities (Deep learning inference)
x t NBOolIOAf AGE NI audSNY
V Read Sentine2 JP2 bands from the .SAFE product. be miningR A & 0 dzNb SRK £
V Warp and resample bands onto a common 10 m grid x .AYEFENEB YIalyYy GeSacky:

applying a threshold.
V Build 12band floatGeoTIFles of 768x 768 pixels

X Reports summarize invalid pixels, probability
V Detect nedata / invalid pixels and optionally skip low statistics and skipped tiles.

guality tiles.

x GPU execution is supported; CPU remains
V Write an AOI coverage heatmap for quick QGIS verification.  possible for smaller runs

12-band SegFormer Probability Binary
tile checkpoint raster mask
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Mining sites segmentation workflow  &@ssne
Step 46: from pixels to Gl$eady polygons

Stitch
per-tile rasters

Clean mask

components +
holes

Convert to

polygons

Measure Outputs Key contribution
area + shape GeoTIFF mosaics, binary masks, Decisioamakers do not need raw pixels;

GeoJSON polygons, CSV metrics, they need mapped footprints with size,
shape and confidence cues.

histograms and RGB overlays.



