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Rare earth elements (REEs) are strategically important components of modern industry; however,
their exploration and extraction are complicated by the limited number of deposits and the difficulty
of detection. This paper examines current approaches to the use of hyperspectral and multispectral
remote sensing data for REE mapping, including data processing methods, analysis of key spectral
characteristics, and examples of successful applications. Special attention is given to adaptive
cosine estimator. Using the Khibiny Massif as a case study, the significance of combining direct
spectral indicators of REE-bearing minerals with indirect indicators related to metasomatic zoning is
demonstrated. The results confirm the effectiveness of the integrated application of spectral methods
and thematic classification for detecting REEs in the complex geological conditions of the Arctic zone.
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Introduction
Rare earth elements (REEs) represent a group of 17 metals, including the lanthanides,

scandium, and yttrium, which possess unique physicochemical properties highly demanded
in high-technology industries [Balaram, 2019]. Despite their relatively high abundance in
the Earth’s crust, economically significant REE deposits are rare, making them strategically
important resources [Goodenough et al., 2017]. Traditional exploration methods, such as
geochemical analysis and geophysical surveys, require considerable time and financial
expenditures, which stimulates the search for more efficient approaches, including the use
of remote sensing data analysis.

Spectral methods, based on the analysis of reflected electromagnetic radiation, allow
the identification of REEs by their characteristic narrow absorption bands in the visible and
near-infrared ranges (VNIR, 400–1000nm) [Turner et al., 2014]. For example, monazite, an
important concentrator mineral of light rare earth elements, is characterized by pronounced
absorption bands associated with Nd3+ and Pr3+ ions in the visible and near-infrared
ranges. The most stable and diagnostically significant bands are recorded around ∼580nm,
∼740nm, ∼800–820nm, and ∼870nm, while less intense bands are also observed in the
near-infrared range (1.3–1.6 µm) [Boesche et al., 2016, 2015] (Figure 1).

Hyperspectral remote sensing data can be obtained from satellite systems such as
Resurs-P, EnMAP, Hyperion, PRISMA, and others, as well as from airborne surveys using
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Figure 1. a, b – laboratory spectra of monazite [Kokaly et al., 2017] and the positions of Sentinel-2
MSI and ASTER channels; vertical lines indicate the centers of the channel ranges; c, d – monazite
spectra resampled to the spectral resolution of Sentinel-2 MSI and ASTER.

specialized hyperspectral imaging instruments (HySpex, Resonon, Cubert, etc.). The result-
ing data provides high spectral resolution necessary for detecting the narrow absorption
bands of REEs [Kokaly et al., 2017]. For example, in the study [Mars, 2018], Richardson-Lucy
deconvolution was applied to airborne HySpex data to enhance spectral reflection signals
of Nd in Norwegian carbonatites, enabling the creation of high-quality REE distribution
maps even under suboptimal lighting conditions. Another example is the work [Asadzadeh
et al., 2024a], where EnMAP data were successfully used to map Nd at the Mountain Pass
deposit (California) with a spatial accuracy of up to 30 m.

However, the successful detection of REEs depends on multiple factors, including the
concentration levels of the elements, the presence of interfering minerals (e.g., iron oxides),
vegetation cover, and the quality of atmospheric correction [Mars, 2018]. For instance, even
1% of iron oxides can suppress REE signals, particularly in the ∼580nm region [Herrmann,
2015].

Thus, the aim of this paper is to examine modern methods, technologies, and hyper-
spectral remote sensing data for geological mapping and prediction of REE deposits, as
well as their practical application in the Arctic zone of the Russian Federation, specifically
using the Khibiny Massif in the Murmansk region as a case study.

Study Area
The Khibiny Massif is located in the central part of the Kola Peninsula, within the

Fennoscandian Shield, and belongs to the Kola Alkaline Province (Figure 2). It is a large
multiphase ring-shaped alkaline intrusion (with an area of about 1300 km²), composed of
a series of nepheline syenites and foidolites (khibinites, rischorrites, urtites, ijolites, etc.)
with late carbonatites. The sequence of magmatic phases is clearly expressed concentrically
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from the margins to the center. Within the massif, giant world-class apatite-nepheline ore
fields are localized, which have been industrially exploited since the 1930s [Kalashnikov
et al., 2016; Kogarko, 2018].

Figure 2. Satellite images of the Khibiny Massif. a – natural color composite (RED-GREEN-BLUE);
b – infrared channel composite (NIR-RED-GREEN).

Geochronologically, the formation of the ore-magmatic system of the Khibiny (and
the neighboring Lovozero) Massif dates to the Late Devonian-Early Carboniferous (about
380–370Ma), as confirmed by U–Pb SHRIMP dating of titanite and consistent with data
on the subalkaline rock series of the complex [Arzamastsev et al., 2024; Rodionov et al., 2018].
These results constrain the duration of the system’s activity to 15–20 million years and
associate it with plume magmatism in eastern Fennoscandia.

The mineralogical and geochemical specificity of the massif is critical for remote
sensing tasks related to REE mapping. The main REE concentrator in the Khibiny ores
is fluorapatite from the apatite-nepheline bodies, enriched in light REEs (LREEs) and
strontium. The typical total REE content in apatite reaches ∼0.9wt% REE2O3 (average
across several deposits), with a Ce/Yb ratio of ∼680 and only a weakly expressed negative
Eu anomaly [Kogarko, 2018; Kogarko, 2023]. Titanite, nepheline, aegirine, and titanomag-
netite form complex (associated) ores and tailings, locally enriched in Ti and rare metals
[Gerasimova et al., 2018]. These features reflect prolonged fractional crystallization and
convective stratification of the urtite-ijolite magmatic chamber, where fine-grained apatite
accumulated in the upper parts of the chambers, and nepheline – in the lower parts (urtites)
[Kogarko, 2018; Kogarko, 2023].

Structurally and tectonically, the massif is associated with the zone of Neoproterozoic-
Paleozoic reactivations of eastern Fennoscandia; zones of fenitization and alkaline metaso-
matites developed around the large foidolite bodies. These halos, together with the levels of
enrichment in apatite, loparite, and eudialyte in the regional province (Khibiny-Lovozero),
record the conditions of early saturation of magmas with phosphorus and rare metals, and
control the localization of ore bodies [Kogarko, 2023].

Material and Methods
Visual analysis of spectral curves involves the direct comparison of recorded reflectance

spectra with reference libraries (USGS Spectral Library, ECOSTRESS, SPECCHIO) to iden-
tify characteristic absorption bands. For REE-bearing minerals such as monazite, bastnäsite,
xenotime, and eudialyte, the key features are narrow bands caused by electronic transitions
of Nd3+, Pr3+, Sm3+, Dy3+ ions and others. The most stable bands are observed in the ranges
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of 0.58–0.60µm, ∼0.74µm, 0.80–0.82µm, ∼0.87µm, as well as weaker absorptions in the
near-infrared (1.3–1.6 µm).

For the quantitative assessment of band depth, the continuum removal (𝐶𝑅) method is
applied. For a spectrum 𝑅(𝜆), the continuum line 𝐶(𝜆) is constructed as a linear or convex
hull connecting points outside the absorption band. The normalized spectrum is then
calculated as:

𝑅𝐶𝑅(𝜆) =
𝑅(𝜆)
𝐶(𝜆)

.

Band depth:
𝐵𝐷 = 1 −min (𝑅𝐶𝑅(𝜆)) .

Band area:

𝐵𝐴 =
𝜆2

∑
𝜆1

[1 − 𝑅𝐶𝑅(𝜆)] Δ𝜆.

Threshold values of 𝐵𝐷 and 𝐵𝐴 are determined based on laboratory spectra of reference
minerals. Narrow REE bands may be obscured by atmospheric artifacts or low spectral
resolution, particularly in Sentinel-2 data, where the channel widths exceed the width of
Nd3+ absorption bands. This necessitates verification with hyperspectral measurements.

For target detection, the Adaptive Cosine Estimator (ACE) method is used, which is
widely applied in hyperspectral and multispectral analysis [Karimzadeh and Tangestani,
2022]. This is a spectral detection technique designed to identify pixels whose spectral
signature corresponds to a given reference reflectance vector. The method belongs to the
class of detectors based on matched filtering and accounts for both the direction and ampli-
tude of the spectral vector, normalized to the statistical characteristics of the background
environment.

The mathematical formulation of the problem consists in evaluating the similarity
between the spectrum of the investigated pixel 𝑥 and the target spectrum 𝑠, taking into
account the covariance matrix of the background 𝐾, which describes the inter-channel
relationships and suppresses the influence of correlated noise. The normalized ACE metric
is calculated as follows:

𝐴𝐶𝐸(𝑥) =
(𝑠𝑇𝐾−1𝑥)

2

(𝑠𝑇𝐾−1𝑠) (𝑥𝑇𝐾−1𝑥)
,

where 𝑠𝑇 is the transposed target spectrum vector, 𝐾−1 is the inverse covariance matrix of
the background signal, and 𝑥 is the spectral value vector of the pixel.

ACE values range from 0 to 1, where 0 corresponds to no similarity and 1 corresponds
to a complete match of spectra, taking into account background statistics.

In practical applications, the ACE method is used for the detection and mapping of
minerals, vegetation communities, infrastructure objects, and other target classes, provided
that their reference spectrum is known or measured. In the case of multispectral data, such
as Sentinel-2, ACE calculation requires preliminary normalization of reflectance values
and adaptation of the reference spectrum to the sensor’s spectral discretization.

The key advantages of ACE include its scale invariance – meaning that the evaluation
is independent of the absolute illumination level – as well as its ability to suppress back-
ground correlations through the use of the inverse covariance matrix, thereby reducing the
probability of false positives under spectrally heterogeneous background conditions.

Results
Modern approaches to rare earth element (REE) studies are based on the integrated

analysis of hyperspectral remote sensing data, which provide detailed information on the
composition of the Earth’s surface. The key advantage of hyperspectral systems lies in their
ability to record reflected radiation across hundreds of narrow spectral channels (typically
5–10nm) spanning the visible to short-wave infrared range (400–2500nm) [Asadzadeh and
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de Souza Filho, 2016]. This level of detail enables the detection of the narrow absorption
bands characteristic of REEs.

The significance of the Khibiny area for remote REE mapping is determined by two
groups of indicators: direct spectral features of REE-bearing minerals and indirect signs
related to host rocks and metasomatic zoning. In the VNIR-SWIR range (0.4–2.5 µm), REEs
produce narrow f–f absorption bands (Nd3+, Pr3+, Sm3+, etc.) in minerals such as monazite,
xenotime, and bastnäsite. Although apatite exhibits lower spectral diagnostic capability,
the combination of weak REE bands with phosphate, carbonate, and silicate features, as
well as luminescent properties (Mn centers, Eu2+), enhances interpretive selectivity under
conditions of high signal-to-noise ratio (SNR) and hyperspectral resolution [Koerting et al.,
2021; Van der Meer et al., 2012]. Recent studies have demonstrated successful identifica-
tion of REE minerals in the VNIR-SWIR range using satellite hyperspectral imaging (e.g.,
EnMAP) and specialized spectral libraries [Asadzadeh et al., 2024b; Van der Meer et al.,
2012]. For provinces with alkaline and carbonatitic associations, diagnostic potential has
been shown for combinations of REE fluorocarbonate bands with those of background
carbonates/fenites [Rowan and Mars, 2003; Van der Meer et al., 2012].

From a practical standpoint, this implies that for remote sensing applications in the
Khibiny area it is advisable to: focus on hyperspectral sensors with �10 nm sampling in the
VNIR and high sensitivity in the SWIR; employ spectral library references for REE minerals
and apatite, cross-checking them with laboratory spectra of thin sections and loose samples;
and map fenitization halos as indicators of alkaline magmatism and secondary processes
by combining spectral indices of carbonates, phosphates, and Fe-Mg silicates with subpixel
decomposition and target classification methods [Asadzadeh et al., 2024b; Van der Meer et al.,
2012].

To identify potential REE-enriched areaswithin theKhibinyMassif, theACEmetricwas
calculated. The resulting values were transformed into discrete classes, each corresponding
to a specific ACE interval and represented by a designated color scale, which provides clarity
in interpreting the results. The applied six-class scale divided the ACE range from 0 to 1 into
the following intervals: 0.000–0.166 – very low similarity (dark blue), 0.167–0.333 – low
(light blue), 0.334–0.499 – moderately low (lime green), 0.500–0.666 – moderate (yellow),
0.667–0.833 – moderately high (orange), and 0.834–1.000 – very high, nearly complete
match (bright red). Based on the calculations, an ACE distribution map was compiled
highlighting areas with potentially high REE concentrations (Figure 3).

Correct interpretation of ACE results requires consideration not only of the numerical
values of the metric but also of the geomorphological context of the area. High ACE values
may occur not only over target mineralized zones but also on anthropogenic objects (roads,
dumps, construction sites) (lower part of Figure 3), where the spectral signature may coin-
cidentally resemble the reference spectrum. Therefore, final ACE maps should be analyzed
in conjunction with additional masks (vegetation, built-up areas, water bodies, relief) and
expert interpretation, which makes it possible to eliminate false-positive detections and
highlight only those anomalies that are reasonably associated with geological features.

Conclusions
The analysis of remote sensing data represents a promising approach for the identifica-

tion andmapping of rare earth element (REE) deposits, owing to its ability to capture narrow
absorption bands characteristic of Nd3+, Pr3+, Sm3+, and other REE ions in concentrator
minerals (e.g., monazite). Studies conducted on the Khibiny Massif demonstrated that the
application of the Adaptive Cosine Estimator not only enhances interpretive selectivity
but also delineates spectrally similar zones with a high probability of containing target
minerals. Mapping fenitization and alkaline metasomatic halos complements the spectral
indicators and improves the reliability of predicting ore body localization. Thus, the inte-
gration of spectral methods with mineralogical and geochemical data, reference spectra,
and structural-tectonic analysis provides a foundation for a more accurate assessment of
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Figure 3. Map of ACE values across the Khibiny Massif highlighting potential rare earth element
(REE) zones.

the REE potential of territories, and the approaches obtained can be scaled for application
in other regions with similar geological conditions.
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