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ABSTRACT
The growing demand for high-tech applications and sustainable agriculture is driving global interest in
critical raw materials such as rare earth elements (REE) and phosphorus (P). REEs are vital for
green-energy technologies, and P is essential for fertilizer production. Southern Norway is a glaciated
terrain and hosts several P-REE-rich magmatic occurrences, including Europe’s largest REE deposit
(Fen) and smaller prospects in the southern Oslo Rift (SOR), such as the Kodal deposit. In the SOR,
Fe-Ti-P-REE mineralization typically occurs in small, irregular titanomagnetite-apatite-ilmenite-rich lenses,
making exploration challenging. A recent mineral potential study identified prospective zones in the SOR,
leading to field validation at the Kasemyrene occurrence. This area served then as a case study to assess
the effectiveness of integrating till geochemistry, magnetic susceptibility, and high-resolution drone
magnetic surveys for detecting Fe-Ti-P-REE mineralization. Field measurements using a portable XRF
and magnetic susceptibility meter were compared with equivalent laboratory analyses to evaluate the
time, cost, and quality efficiency. Strong correlations between field and laboratory measurements were
found for the elements Ca, P, Fe, Zr, Rb and Sr and magnetic susceptibility. Geochemical (e.g. Ca, Sr, P)
and magnetic susceptibility anomalies coincided with a drone-identified magnetic high that is linked to
mineralization. Dimensionality reduction methods enhanced geochemical anomaly signals by processing
information from less dominant but relevant elements (e.g. REEs, Rb). The study demonstrates that
integrated, cost-effective field methods can successfully support mineral exploration in glaciated terrains.

INTRODUCTION

The growth of the high-tech sector and rising environmental pressures on agriculture are driving global demand for critical
raw materials, such as rare earth elements (REEs), phosphorus (P), zirconium (Zr), and niobium (Nb). REEs are essential
for green technologies—including batteries, solar panels, and electric vehicles—due to their unique properties (e.g.
Goodenough et al. 2016). Phosphorus is vital for fertilizers and food security (e.g. lhlen et al. 2014), and Zr and Nb, high
field strength elements (HFSE), are important in the production of advanced industrial materials. However, the limited and
uneven global distribution of these elements, along with concentrated processing capacity, presents supply risks. These
factors underscore the importance of reassessing Europe’s critical mineral resources to ensure long-term supply security
and the green and digital transition.

Norway hosts several Fe-Ti-P-Nb-(REE) occurrences, including the Fen deposit (Europe’s largest known REE
resource). To the east of the Fen deposit, mineralization within intermediate intrusive rocks of the Oslo Rift is gaining
attention for its critical metals’ potential (Fig. 1A). These rocks show enrichment in Fe, Ti, P, REE, Zr, and Nb (e.g. Mansur
et al. 2025). A recent initiative by the Geological Survey of Norway (NGU) has helped evaluate the southern Oslo Rift
(SOR) mineral potential, improve ore genetic models, and develop exploration strategies (Coint et al. 2025).

Soil geochemical surveys are key tools in mineral exploration, offering insights into ore-related element dispersion
(e.g. Kyser et al. 2015). In Fennoscandia, glacial till, which has been derived from bedrock and transported and deposited
by ice, is the dominant parent material on which soil has formed, making it a reliable sampling medium for mineral explo-
ration (McClenaghan and Paulen 2018). Systematic till sampling has proven effective for detecting buried mineralization
and has led to discoveries in glaciated regions such as Canada (e.g. Plouffe et al. 2012; McClenaghan et al. 2023).
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Recently, Unmanned Aerial Vehicles (UAVs) with magnetic sensors have improved resolution and coverage in air-
borne geophysical surveys, enabling the detection of subtle anomalies associated with mineralized zones. This drone
technology enhances early-stage exploration, especially in areas with remote access, challenging terrain and/or where
bedrock outcrops are limited (i.e. vegetated areas).

The Kasemyrene occurrence, located in the Siljan area (Fig. 1A, B), is host to several targets identified by NGU’s min-
eral potential study (Wang et al. 2024; Fig. 1B) and was selected for field validation. This study evaluates the combined
use of soil (till) geochemistry, magnetic susceptibility, and UAV magnetics to detect Fe-Ti-P-(REE) mineralization. This
integrated workflow enhances the potential for new discoveries in the Oslo Rift and is applicable to similar systems in gla-
ciated terrains worldwide.
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Fig. 1. A) Simplified geological map of the SOR and the locations of known Fe-Ti-P-(REE) occurrences. The dark grey dashed lines
indicate the delineation of main intrusions. The inset shows the total extent and main rock types of the Oslo Rift. Abbreviations: KISI —
Kiste intrusion; LOKI — Lgkka intrusion; LPC — Larvik Plutonic Complex; Rl — Rimstad intrusion; SHI — Siljan-Hvarnes intrusion; SKRIM
— Skrim Larvik. Modified from Mansur et al. (2025). Figure continued on next page.

continued on page 6
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B

Fig. 1 continued. B) Mineral potential map showing

prospective areas of the SOR. The Siljan area and

Kéasemyrene occurrence are located in the northeastern

g " ‘ i portion of the LPC. Modified from Wang et al. (2024).
oL AR 993g'E ; Figure continued on next page.

OSLO RIFT GEOLOGY

The Oslo Rift is a 400 km-long and 60—120 km-wide tectonic
zone formed along the southwestern margin of the Baltic
Shield (e.g. Larsen et al. 2008; Fig. 1A). It is divided into the

Oslo Graben and the submerged Skagerrak Graben. Rift Note: This EXPLORE article
development consisted of six evolutionary stages, beginning has been extracted from the
with sedimentation of the Asker Group and followed by original EXPLORE Newsletter.
widespread basaltic volcanism at ca. 300—-299 Ma. During the Therefore, page numbers may
subsequent plateau-lava and rift-valley stage, extensive not be continuous and any
volcanism produced rhomb-porphyry lavas accompanied by advertisement has been masked.

coeval plutonic intrusions. The most prominent of these is the
Larvik Plutonic Complex (LPC; Fig. 1A), which comprises
monzonite (larvikite), nepheline monzodiorite to syenite
(R&mo et al. 2022; Mansur et al. 2025). North of the LPC, the
Siljan-Hvarnes intrusion, along with the Skrim larvikite,

continued on page 8
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Fig. 1 continued. C) Quaternary geology map of the surveyed area (Geological Survey of Norway 2025).

represents later intrusive activity, with zircon and baddeleyite U-Pb ages indicating progressively younger magmatism
from 284 to 278 Ma (e.g. Mansur et al. 2025).

Magmatic rocks from the plateau-lava and rift-valley stage also host Fe-Ti-P-(REE) mineralization, notably the Kodal
deposit (e.g. lhlen et al. 2014). Though poorly exposed, massive nelsonites and magnetite-, apatite-, ilmenite-rich pyroxe-
nites are visible in an old pit area. Drilling by Norsk Hydro and Kodal Minerals (1970s—2010s) revealed a ~2 km-long,

100 m-thick, subvertical, east—west-trending orebody dipping south (lhlen et al. 2014). Other Fe-Ti-P-(REE) occurrences
associated with the LPC and the Siljan-Hvarnes intrusion have also been described by Andersen (2021).

SILJAN-HVARNES INTRUSION AND Fe-Ti-P-(REE) MINERALIZATION
The Siljan-Hvarnes intrusion is a 20 km-long, 3-5 km-wide, east—-west-trending composite body of monzonite to quartz
syenite intrusions (Fig. 2A). The monzonite is typically medium- to coarse-grained, with subhedral to euhedral plagioclase

and alkali feldspar, clinopyroxene, and minor biotite, magnetite, and apatite (Fig. 3A). The syenite comprises
continued on page 9
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Tracing Fe-Ti-P-(REE) mineralization in the southern Oslo Rift, Norway continued from page 9
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Fig. 3. Unmineralized (A) porphyritic monzonite, and (B) quartz-syenite from the Siljan-Hvarnes intrusion. C) Fe-Ti-P-(REE) mineraliza-
tion hosted within fine-grained syenite from the Siljan-Hvarnes intrusion. D) Relict subeuhedral feldspar crystals floating into fine-
grained Fe-Ti-P-(REE) mineralization. Abbreviations: Ap — apatite; Bt — biotite; Fsp — feldspar; llm — ilmenite; Mt — magnetite; Qtz —
quartz.

medium-grained alkali feldspar with interstitial biotite and quartz (Fig. 3B). Fe-Ti-P-(REE) mineralization commonly occurs
in mingling zones between lithologies of contrasting grain size, particularly between fine-grained syenite and
coarse-grained monzonite (Fig. 3C, D). Mineralization occurs as massive to metre- or centimetre-scale pockets rich in
titanomagnetite, apatite (host to P and REE), iimenite, clinopyroxene, Ti-rich Ca-amphibole and/or biotite, irregularly
distributed (i.e. discontinuous outcrops) within <1 km? areas hosted by monzonite or syenite (Fig. 3C, D).
As part of a regional mineral potential mapping study,
Wang et al. (2024) identified three key areas within the Siljan-
Hvarnes intrusion as promising exploration targets: the
Kasemyrene (MPM), Teigen, and Meisholt occurrences (Fig.
1B). However, exploration in the Siljan-Hvarnes region—and
in the SOR more broadly—faces significant challenges.
These include the irregular, spatially constrained nature of
Fe-Ti-P-(REE) mineralization and the glaciated terrain. The
ice-flow direction and glacial transport in the Siljan area
remain poorly constrained, limiting the ability to assess sec-
ondary dispersion and complicating efforts to trace mineral-
ized material to its source.

SURFICIAL GEOLOGY

In the Oslo Rift region, glacial till deposits are generally

discontinuous and limited in extent (Fig. 1C). Bedrock
continued on page 11
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Tracing Fe-Ti-P-(REE) mineralization in the southern Oslo Rift, Norway continued from page 10

dominates topographic highs at both
regional and local scales. The survey
area is likewise mapped as
discontinuous till, and thus bedrock is
exposed or lies close to the surface
(Fig. 1C). In the field, it was noted that
the till thickness was usually <1.5 m,
where often bedrock was observed at
the bottom of the sample pits. The
typical till weathering profile consists
of an organic-rich O-horizon, often
present at the surface, underlain by a
2-5 cm bleached E-horizon formed
through leaching. Below this, an
oxidized, orange-coloured B-horizon
reflects iron accumulation (Fig. 4A, B).
In some places, the sequence is
underlain by relatively unaltered grey
C-horizon till, which preserves the
characteristics of the glacial parent
material.

Glacial striations preserved on )
bedrock outcrops indicate a shift in Fig. 4.Photographs of (A) the typical profile of a soil sampling pit showing O-, E- and B-
ice-flow direction from an earlier horizons (hor) and (B) the till material (B-horizon) sampled in this survey. Rukhlov et al.
southward orientation (relative age 3)  2021).
to a later southeast trend (relative age
1). This transition is consistent with the
pattern of deglaciation (Fig. 1C), in which the Oslofjord—

Skagerrak area became ice-free earlier than the more per-
sistent grounded ice in southern Norway'’s interior
(Romundset et al. 2025).

METHODS
In the following section, we summarize laboratory and field
procedures carried out for the acquisition of soil
geochemical and magnetic susceptibility data, as well as for
a UAV magnetic survey. A comprehensive description of the
methods can be found in Coint et al. (2025). The
Kasemyrene occurrence was selected for a ~1 km-long
NE-trending transect with a 50 x 50 m sampling resolution,
designed to traverse both inside and outside the highly
prospective zone indicated by the regional MPM (Fig. 1B;
2B, C). The transect included a soil sampling survey
targeting the B-horizon that has developed exclusively on
areas covered by till (moraine) deposits (Fig. 4) at
approximately 0.2—0.4 m depth. Soil samples were analyzed
to determine major and trace elements, along with magnetic
susceptibility measurements. In addition to evaluating the
effectiveness of these methods for detecting mineralization,
the survey aimed to assess the cost and time efficiency of
field versus laboratory workflows for future exploration
surveys. Field measurements were conducted directly on the
collected, variably wet unsieved material (with pebbles
removed), whereas laboratory analyses were performed on
dried samples sieved to a grain size of <2 mm.

Major and trace element concentrations were measured
in the field using a Niton XL5 portable XRF analyzer.
Laboratory analyses were conducted at NGU facilities. Major

continued on page 12
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Tracing Fe-Ti-P-(REE) mineralization in the southern Oslo Rift, Norway continued from page 11

and trace elements were measured on the <2 mm soil fraction using lithium tetraborate Table 1. Pearson correlation
fusion pellets analyzed by XRF and LA-ICP-MS, respectively. Field magnetic susceptibility  coefficients (cc) for field and
of the soil samples was measured using an SM30 meter (ZH Instruments). Corresponding ~ /aboratory measurements.

laboratory measurements were performed on the dried, sieved soil samples—also used for

Element Pearson cc*
geochemical analysis—using a Bartington MS3 system with an MS2K sensor.
. . . Pr 0.18

The drone survey covered an area of approximately 8 km2 (Fig. 2B) and was carried
out using a DJI M300 RTK multipurpose drone equipped with a Sensys three-axis fluxgate Nd 0.30
magnetometer. The sensor was attached to the body of the drone as it is not feasible to La 0.40
suspend it beneath it (like in helicopter surveys) due to instability and payload constraints Ce 0.47
(see details in Coint et al. 2025). The drone was flown N-S at 35 m altitude and 3 m/s, cov- Nb 0.55
ered 200 km with 5 ms magnetic data acquisition. The resulting total field magnetic map Al 0.62
has a resolution of 10 m x 10 m. The raw geophysical and geochemical data are publicly Zr 0.65
available at https://www.ngu.no/. Si 0.67

The geochemical and magnetic susceptibility data were evaluated through inspection Ba 0.70
of individual variables (elements), application of two dimensionality-reduction techniques, p 0.78
Robust Principal Component Analysis (RPCA), and Uniform Manifold Approximation and Fe 0.82
Projection (UMAP; Mclnnes et al. 2018), and definition of anomaly thresholds using the '
Concentration-Area (C-A) fractal method (Cheng et al. 1994; Sadeghi 2024). ga 822

r .

RESULTS AND DISCUSSION Rb 0.86
Field versus laboratory measurements Magnetic 95
Figure 5 shows the co-variation of selected elements quantified both in the field and at susceptibility
NGU facilities (see summary in Table 1). Raw concentrations were transformed to centre *using centred log-ratio
log-ratios to reduce spurious correlations caused by the compositional (closed) nature of (clr) transformed data

the data. Major elements, such as Fe, Ca, P, Al, and Si, display moderate to high Pearson

correlation coefficients (Pcc), ranging from 0.62 to 0.82 (Fig. 5A—C; Table 1), with Al and Ca

showing the lowest and highest values, respectively (Table 1). In contrast, trace elements exhibit more variable behaviour
and can be divided into two groups: group 1 (Nb, Ba, Zr, Sr, and Rb), which shows moderate to strong correlations (Pcc =
0.55-0.86; Fig. 5D, E; Table 1), and group 2 (Nd, Pr, Ce, and La), which displays weak correlations (Pcc = 0.18-0.46)
(Table 1). Rare earth elements (REEs) are contained in the second group, and achieve low correlation coefficients, with
Rb and Sr from group 1 yielding the highest correlations (>0.80). Magnetic susceptibility measurements exhibit the
strongest correlation of all variables, with a Pcc of 0.95 (Fig. 5F; Table 1). Overall, the results suggest that most
variables—except for the REEs—show good agreement between field and laboratory measurements.

continued on page 13
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Fig. 5. Scatterplots of selected elements showing the correlation between field and lab measurements carried out at NGU facilities.

Abbreviation: MagSus — magnetic susceptibility; Pearson cc — Pearson correlation coefficient.

continued on page 14
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Spatial context of the geophysical and geochemical data
The higher resolution drone magnetic survey shows that only part of the prospective area, hosted by monzonite, is
strongly magnetic, refining the extent of any potentially continuous mineralized body (Fig. 2B). Notably, the magnetic
anomaly (the most magnetic rocks; red colour) also coincides with the occurrence of mineralized monzonite (i.e. P-rich
rock samples; Fig. 2C).

Figures 6 and 7 present the spatial distributions of selected element concentrations and magnetic susceptibility data

from the soil transect, which crosses the eastern part of the main magnetic anomaly. The elements Ca, P, and Sr are at
continued on page 15
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continued from page 15

their highest concentrations at the magnetic high anomaly
(Figs. 6A, B; 7A-D). Other variables, such as Fe, REEs and
magnetic susceptibility, are also enriched in the same area
but the contrast between the high and lower values (Figs.
6C, D; 7B, D, E) is less pronounced. However, Rb concen-
trations (especially in laboratory data) are depleted over the
anomaly (Fig. 7B, D).

Our results suggest that soil composition above the
magnetic anomaly is dominated by Ca- and P-rich phases
and Fe-bearing magnetic minerals, consistent with the
presence of apatite and magnetite, which is typical of the
Siljan area. Additionally, the decrease in Rb content reflects
replacement by titanomagnetite—apatite—ilmenite mineral-
ization at the expense of primary feldspar. Wang et al.
(2024) indicated that the SOR Fe-Ti-P-(REE) mineralization
has a distinct geophysical-geochemical signature charac-
terized by low K concentrations (herein Sr is used as a
proxy) and is highly magnetic, which, as demonstrated
here, is reflected in the overlying till of the Kadsemyrene
occurrence. The close spatial compositional correlation
between bedrock source and till indicates limited glacial
dispersal of mineralization (i.e. relatively in situ material).
Taken together, the discontinuous and generally thin nature
of till in the Oslo Rift region (Fig. 1C), combined with the
restricted dispersal halo, indicates that the sampled till has
not been transported far from its source.

Enhancing the mineralization footprint

Interpreting each element as an independent exploration
vector proved effective in tracing Fe-Ti-P-(REE)
mineralization to its source. However, this single-variable
approach tends to prioritize only a few elements (e.g. Ca,
P, Sr) that strongly correlate with the mineralized body (i.e.
magnetic anomaly), potentially overlooking valuable
information from other less dominant but still important
elements such as Fe, REEs, and Rb. To better utilize the
full geochemical dataset and enhance the mineralization
footprint, two dimensionality reduction techniques were
applied: RPCA (Templ et al. 2011) and UMAP (Mclnnes et
al. 2018). Geochemical data were isometric log-ratio
transformed before analysis.

Maijor, trace element, magnetic susceptibility and
dimension reduction vector anomalies (Fig. 8A—D) were
identified using the (C-A) fractal model (Cheng et al. 1994).
Results indicate that both principal component 1 (PC1) and
UMAP vector 2 (UMAP2) significantly expand the delin-
eated anomalous area compared to most individual vari-
able anomalies (except for lab-measured Sr), particularly in
the field dataset (Fig. 8A, C). Notably, UMAP better sep-
arates mineralization from background signals relative to
RPCA (Fig. 8E, F), highlighting its potential for improving
detection of Fe-Ti-P-(REE) mineralization in future regional
and local soil (till geochemical) surveys across the SOR.

CONCLUSIONS AND IMPLICATIONS FOR

MINERAL EXPLORATION

This study demonstrates that soil surveys can effectively
detect Fe-Ti-P-(REE) mineralization, as shown at the
Kasemyrene occurrence, where the geochemical anomaly

coincides with a magnetic high identified through
continued on page 17
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Fig. 8. Concentration-Area (C-A) anomalies for selected elements, magnetic susceptibility (MagSus) (A and B), and dimension reduc-
tion methods (UMAP and RPCA; C) and D) obtained from field and laboratory (lab) measurements. In (E) and (F) are shown vector
profiles for RPCA and UMAP. Note how both approaches, but especially UMAP, can further distinguish anomalous from background
values and overlap with the drone magnetic anomaly (Mag. anom.). The dashed black line corresponds to the contour of the soil survey.

drone-based mapping. The overlap of these exploration vectors indicates that glacial transport in the area is
limited—likely only a few metres. This restricted transport, combined with thin till cover, preserves the geochemical
fingerprint of mineralization and makes such surveys a pseudo—in situ approach, particularly effective in vegetated areas

such as Kasemyrene or Kodal. The absence of a dispersal plume means that geochemical anomalies present in the area
will not be far from their source.

continued on page 18
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Field and laboratory comparisons further show that portable XRF and SM30 sensors can reliably capture the geo-
chemical signature of mineralization in glacial soils, with moderate to strong correlations. This has important practical
implications: field-based measurements are significantly faster and more cost-effective than laboratory analyses.
Moreover, the application of multivariate statistics can extend anomaly definition, enhancing the effectiveness of soil sur-
veys at both regional and local scales.

This work highlights a successful multidisciplinary approach—integrating geophysics, geochemistry, and field-based
sensing—that can be readily applied to mineral exploration in other glaciated terrains.
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