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Abstract

Illegal mining and the transboundary trade of poorly characterized mineral concentrates
have expanded throughout the northwestern Amazonian Craton, particularly in eastern
Colombia, southern Venezuela, and adjacent parts of northern Brazil. Materials marketed
as “coltan” or “black sands” are commonly extracted, transported, and commercialized
without adequate mineralogical characterization or radiological controls, despite the po-
tential presence of naturally occurring radioactive materials (NORM). This study presents
an integrated mineralogical, geochemical, and radiological screening assessment of con-
fiscated mineral concentrates recovered from the Guainia and Vichada departments of
eastern Colombia. A total of 24 samples, including black sands, wolframite-group minerals,
iron oxides, and Nb-Ta-bearing concentrates, were investigated using field mineralogical
observations, X-ray diffraction (XRD), wavelength-dispersive X-ray fluorescence (WDXRF),
and gamma dose-rate measurements. The results demonstrate that materials traded as
“coltan” or “black sands” are mineralogically heterogeneous and do not correspond pre-
dominantly to columbite-tantalite sensu stricto. Instead, Nb and Ta are primarily associated
with Nb-rich rutile (ilmenorutile) and Ta-rich rutile (striiverite), whereas rare earth ele-
ments (REE), uranium, and thorium occur mainly within monazite-xenotime assemblages.
Black-sand concentrates contain significant enrichments in REEs and NORM, with uranium
contents reaching approximately 0.29 wt.% and thorium up to 0.57 wt.%. Radiometric
measurements revealed a marked contrast between local background radiation and sev-
eral confiscated concentrates. Background radiation averaged approximately 0.089 uSv/h
under field conditions and ranged from 0.107 to 0.173 uSv/h during laboratory analyses,
whereas storage areas containing confiscated materials reached approximately 4 pSv/h.

Direct measurements above monazite-rich concentrates exceeded 20 uSv/h and reached
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up to 70 uSv/h in samples provided by indigenous communities. These findings indicate
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the importance of integrating mineralogical verification and radiological screening into
critical-mineral governance frameworks throughout northern South America.

Keywords: illegal mining; heavy-mineral concentrates; naturally occurring radioactive
materials (NORM); rare earth elements (REE); radiological screening

1. Introduction

Illegal mining is increasingly recognized as a major driver of environmental degra-
dation and pollution, particularly in regions where mineral extraction, processing, trans-
portation, and storage occur outside environmental and mining regulatory frameworks.
These activities are commonly associated with deforestation, sediment remobilization, con-
tamination of soils and water resources, and uncontrolled human exposure to hazardous
substances, including potentially toxic elements and naturally occurring radioactive mate-
rials (NORM) [1-3]. In tropical environments, intense chemical weathering and prolonged
erosion promote the residual enrichment and hydraulic concentration of dense, chemically
resistant minerals within alluvial deposits and lateritic profiles [4,5], making heavy-mineral
sands an important but often overlooked source of NORM-bearing mineral concentrations
and potential radiological hazards.

The environmental significance of NORM-bearing heavy-mineral deposits has been
documented in several regions worldwide. Monazite-, xenotime-, zircon-, rutile-, and
ilmenite-rich placers in Brazil, Sri Lanka, India, and Australia contain elevated concen-
trations of uranium and thorium, generating enhanced natural gamma radiation and
requiring radiological monitoring during mining and mineral processing [6,7]. These
studies demonstrate that heavy-mineral concentrates can constitute important sources of
NORM occurrence and potential occupational exposure when extracted, transported, pro-
cessed, or stored without appropriate radiological controls [8,9]. Nevertheless, comparable
investigations remain scarce in tropical regions affected by informal and illegal mining,
particularly within the Amazonian and Orinoquian regions of northern South America.

Eastern Colombia, encompassing the Amazonian and Orinoquian regions (Figure 1),
has recently emerged as an area of growing environmental concern due to the rapid
expansion of unregulated extraction and commercialization of materials locally referred to
as “coltan” [10,11]. Similar mining activities occur throughout the northwestern Amazonian
craton, including southern Venezuela and northern Brazil, where limited environmental
oversight, political instability, and transboundary trafficking facilitate the circulation of
poorly characterized mineral concentrates across national borders. In Colombia, these
activities concentrate along the Inirida, Guainia, and Orinoco river systems and often occur
within protected ecosystems and Indigenous territories. Despite increasing governmental
enforcement efforts, the mineralogical, geochemical, and radiological characteristics of these
materials remain poorly understood, limiting robust assessments of their mineralogical
composition and radiological significance.

https://doi.org/10.3390/earth7050164


https://doi.org/10.3390/earth7050164

Earth 2026, 7, 164 3 0of 20

80°W 60°W 72°W 70°W 68°W
. 2 i g B . s . . 2
“ % ) . A
3 N , "\./"'-:_'/ \q
1 »** Puerto carrefio *,
v >
Cdchicamo il Z
2 L) <
B - >3 7
s : e -/‘
¢
Pacific ' VICHADA { VENEZUELA
!.‘
Atlantic Infrida_ "+
A Ocean .f-" R
SOUTH & 1 7 :
AMERICA "2, ; B % “ =
GUAINIA 1%
0 1000 2000 km N ol i
L - » (i
y Th-=- “Cerro Tigre A
viig 4 '} g ; '. [ ¢ \
COLOMBIA ) < Puinawai . oz
? I 4 f 6’ g
F . Natural Park> _ ~-- % ¢
A 5 c :.\ V) ,\ 3
b 2 L)
oG 1
® & LA
\' s \.\ L OO
: VAUPES  «.-.) N
Amazonian Craton : BRAZIL
i
Natural protected areas v T
(National Parks) .
' " \‘Taraira
—-—- Department boundary o . 1 Dsy
1
~=+=|nternational boundary . ko | o
o : i 0 75 150 225 km =
(S I | ] ]
ivers ; _

Figure 1. (A) Location of Colombia in northern South America; (B) the study area within eastern
Colombia and the northwestern Amazonian Craton in northern South America and some known
ore occurrences and deposits, such as Taraira (gold, wolframite), Cerro Tigre (wolframite), and
Cachicamo (ilmenorutile).

Geologically, eastern Colombia forms part of the northwestern Amazonian Craton
(Figure 1), a Precambrian terrane that experienced multiple Paleoproterozoic and Mesopro-
terozoic tectono-magmatic events [12-19] that enriched it in high-field-strength elements
(HFSE) and rare earth elements (REE) [10,11,20-22]. Mesoproterozoic A-type granites, in-
cluding the Parguaza Granite and related intrusive suites [18,19], constitute major sources
of Nb-Ta—Sn—-W-REE-U-Th mineralization (Figure 2A). Weathering-resistant accessory
minerals such as ilmenorutile, striiverite, monazite, xenotime, zircon, and wolframite
survive prolonged tropical weathering and become progressively concentrated within
alluvial placers and lateritic deposits through hydraulic sorting (Figure 2B) [4], creating
economically attractive heavy-mineral concentrations that are readily exploited by artisanal
and illegal miners (Figure 2C,D).
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Figure 2. Mining process chain and stages relevant to mineral concentration and NORM occurrence
in eastern Colombia. (A) Precambrian basement rocks intruded by pegmatitic dikes, representing the
primary geological source of Nb-Ta—REE-W-bearing minerals in the Guainia Department. (B) Active
fluvial systems where weathering and hydraulic sorting concentrate heavy minerals within black-
sand deposits in the Vichada Department. (C,D) Unregulated extraction of alluvial and colluvial
deposits, illustrating illegal mining activities that disturb sediments and riverbanks and promote
uncontrolled mobilization of mineral concentrates in the Guainia Department. (E) Accumulated
heavy-mineral concentrates locally and incorrectly referred to as “coltan,” obtained from alluvial
extraction without the use of personal protective equipment or environmental controls, posing
potential exposure risks to indigenous and local communities. (F) Confiscated mineral materials
stored by the Policia Nacional under inadequate safety conditions, without prior mineralogical
characterization or radiological protection measures, represent a potential source of occupational
exposure and radiological concern.

A critical environmental issue arises from the widespread misclassification of these
mineral concentrates. In Colombia, the commercial term “coltan” is broadly applied to al-
most any dense, dark-colored heavy-mineral concentrate (Figure 2E), irrespective of its true
mineralogical composition. This commercial misnomer promotes indiscriminate extraction
and trade of heterogeneous mineral assemblages that often contain economically valuable
critical minerals alongside significant concentrations of uranium- and thorium-bearing
phases. Consequently, materials marketed as “coltan” commonly comprise assemblages
dominated by Nb-rich rutile (ilmenorutile), Ta-rich rutile (striiverite), monazite, xenotime,
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zircon, iron oxides, and wolframite, rather than true columbite—tantalite minerals. Mon-
azite and xenotime are recognized worldwide as the principal hosts of REE, uranium, and
thorium in heavy-mineral deposits and therefore constitute important NORM-bearing
minerals [23,24] that can generate elevated external radiation levels and elevated concen-
trations of naturally occurring radioactive materials when handled without appropriate
controls [25,26].

Beyond conventional geochemical pollution, illegal exploitation of these materials
introduces an often-overlooked radiological dimension to illegal mineral exploitation. The
concentration, storage, transportation, and commercialization of NORM-bearing mineral
concentrates can generate elevated gamma radiation fields while increasing the potential
for inhalation or ingestion of radioactive mineral particles during mining, crushing, han-
dling, and storage (Figure 2F) [3,25,26]. These exposure pathways are particularly relevant
in tropical regions where mining is commonly undertaken by Indigenous communities and
artisanal miners under limited technical supervision and minimal environmental regula-
tion. Unlike industrial mineral-sands operations in Australia or Brazil, where radiological
protection protocols are routinely implemented, illegal mining activities in northern South
America generally lack systematic monitoring, exposure assessment, and environmen-
tal management.

In this study, illegal mining refers to the extraction, handling, transportation, storage,
and commercialization of mineral resources outside established environmental, radiological,
and mining regulatory frameworks. This definition emphasizes the lack of mineralogical
characterization, traceability, and control measures, which may result in the circulation of
poorly characterized heavy-mineral concentrates containing naturally occurring radioactive
materials (NORM), and is consistent with recent approaches used to evaluate environmen-
tal and societal impacts associated with informal mining activities [1-3,6-9,25,26]. The
present study provides an integrated mineralogical, geochemical, and radiological screen-
ing assessment of confiscated heavy-mineral concentrates from eastern Colombia that are
commercially traded as “coltan”. Specifically, the objectives are to: (i) identify the mineral
phases hosting Nb, Ta, rare earth elements (REE), uranium, and thorium; (ii) determine
the mineralogical controls governing the distribution of critical and radioactive elements
within these concentrates; (iii) quantify gamma dose rates associated with the analyzed
materials; and (iv) evaluate the implications of their uncontrolled extraction, transport,
storage, and commercialization for potential radiological exposure along illegal mineral
supply chains. To our knowledge, this is the first integrated mineralogical, geochemical,
and radiological investigation of illegally traded Nb-Ta-REE-bearing heavy-mineral con-
centrates from the northwestern Amazonian Craton. By linking mineralogical composition
with measured radiation levels, this study demonstrates that materials marketed as “coltan”
are frequently misclassified and may contain significant concentrations of NORM-bearing
minerals. The results provide a scientific basis for improving mineral identification, radio-
logical screening, regulatory oversight, and risk-management strategies for miners, traders,
local communities, and law-enforcement personnel handling these materials.

2. Materials and Methods
2.1. Sample Collection

Twenty-four representative mineral samples were collected during field campaigns
conducted between January and July 2019 in the departments of Guainia and Vichada,
eastern Colombia. Because the objective of this study was to evaluate the environmental
and radiological hazards associated with mineral materials circulating through illegal
mining networks rather than to characterize primary ore bodies, sampling focused on
mineral concentrates and extracted materials obtained from two complementary sources.
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The first group of samples was acquired directly from miners operating along the
Infrida and Orinoco river systems, where heavy-mineral concentrates are commonly re-
covered from alluvial deposits. Owing to the illegal nature of these activities and the
need to protect the identity of the miners, precise sampling coordinates and extraction
sites were not recorded. This limitation does not affect the study’s main objective: to
characterize the mineralogical composition and radiological properties of the materials
handled, transported, stored, and traded within the illegal supply chain.

The second group consisted of confiscated mineral materials provided by the Colom-
bian National Police in Inirida (Guainfa) and Puerto Carrefio (Vichada) (Figure 2E,F). Law
enforcement had previously seized these materials during operations against illegal mining
and trafficking of mineral concentrates.

Sampling involved randomly selecting representative sub-samples from heteroge-
neous bags or piles of confiscated concentrates. Approximately 1 kg of material was
collected for each sample. The sampled materials included black sands, gravels, and
nodule concentrates. Macroscopic characterization included color, luster, streak, magnetic
response, relative density, and grain morphology following standard mineral identification
procedures [27]. Immediately after collection, each sample was placed in cylindrical plastic
containers internally shielded with approximately 0.5 cm of lead for transportation to
the laboratories in Bogota. Following arrival, all samples were stored inside a 3 cm thick
lead-shielded storage container to minimize radiation exposure. Approximately 50 g of
each sample was subsequently subsampled for mineralogical and geochemical analyses.
All sample metadata are recorded in the Supplementary Materials.

2.2. Radioactivity

Gamma-radiation measurements were performed using a portable InspectorAlert™
radiation survey meter (International Medcom, Inc., Sebastopol, CA, USA), equipped
with a halogen-quenched Geiger—-Miiller detector for measuring gamma radiation. The
manufacturer supplied the instrument with a Certificate of Conformance and standard
factory calibration at the time of purchase (2018). According to the manufacturer, the
instrument was electronically calibrated to factory specifications using a pulse generator,
with an accuracy typically within £15% relative to a 137 Cs reference source. Gamma dose
rates were measured both on individual mineral samples and in storage areas containing
confiscated mineral concentrates. Measurements on individual samples were performed
by positioning the detector approximately 5 cm above the sample surface. Count times
continued until readings stabilized, typically after about 30 s, and dose rates were recorded
in uSv/h. Ambient background radiation was measured periodically during laboratory
measurements using a counting interval of approximately 60 s with laboratory background
values ranged from 0.107 to 0.173 uSv/h. These background measurements are reported in
the Supplementary Materials.

Additional measurements were conducted at increasing distances from stored mineral
concentrates (Figure 3C) to evaluate gamma-radiation attenuation and assess potential
exposure scenarios associated with storage and handling. Measurements obtained directly
above mineral samples and those acquired within storage facilities were treated as separate
exposure scenarios, allowing distinction between direct contact with concentrates and
ambient exposure within storage environments with a field background radiation averaged
0.089 uSv/h.
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Figure 3. Storage conditions of confiscated mineral materials at Warehouse No. 1. (A) Exterior view of
Warehouse No. 1, used for the storage of mineral materials confiscated by national authorities. (B) In-
terior view illustrating inadequate storage conditions, including the mixing of heterogeneous mineral
materials in bags and containers, lack of segregation, and absence of protective measures, which
increase the potential for uncontrolled handling and potential radiological exposure. (C) Schematic
storage conditions showing the radioactivity measurements by distance.

The objective of the radiometric measurements was not to conduct a comprehensive ra-
diological risk assessment, but to identify naturally occurring radioactive materials (NORM)
in illegally traded heavy-mineral concentrates and to provide a preliminary radiological
screening of materials circulating through illegal mineral supply chains. Measured dose
rates were therefore evaluated relative to local background radiation levels and interpreted
as indicators of radiological significance that may warrant further investigation.

2.3. Wavelength-Dispersive X-Ray Fluorescence (WDXRF)

Major and trace element compositions were determined using a wavelength-dispersive
X-ray fluorescence (WDXRF) spectrometer (PANalytical Axios), equipped with a 4 kW
Rhodium X-ray tube operating at 60 kV and 160 mA. Analytical procedures included
preparing fused glass beads for major-element determinations and pressed powder pellets
for trace-element determinations, following standard protocols to ensure accuracy and
reproducibility. The WDXRF data were used to quantify major oxides such as WO3, Fe;O3,
MnO, TiO,, Nb,Os, and TayOs, which are critical for distinguishing between wolframite-
group minerals (ferberite-hiibnerite series), Nb—Ta oxides, and Ti-bearing phases. These
geochemical signatures are essential for mineral classification, provenance analysis, and
identifying misclassified materials (e.g., “coltan”). Fe is reported as Fe;Oj3 (total iron) from
XRF; however, for classification purposes, it is treated as FeO equivalent.

In line with previous studies on alkaline and rare-element mineral systems in Colom-
bia, particular attention was given to elements associated with rare-earth element (REE)
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mineralization and high-field-strength elements (HFSE), which are key indicators of mag-
matic and hydrothermal processes and may also reflect the economic potential of these
materials. Elements below detection limits (~50 ppm) may not be detected. The analysis
corresponds to a fully quantitative program.

2.4. X-Ray Diffraction (XRD)

Mineralogical characterization was carried out using a PANalytical X'Pert Pro MPD
diffractometer operating in 8—6 configuration, equipped with a high-speed solid-state de-
tector and a monochromator to reduce fluorescence effects, particularly in Fe-rich samples.

XRD analyses identified crystalline phases in the samples, including wolframite-group
minerals, ilmenite, rutile, hematite, magnetite, monazite, xenotime, and other accessory
phases. The use of a monochromator was particularly important for improving signal
quality in samples with high iron content and complex mineral assemblages.

3. Results

Mineralogical interpretations presented in this study are based on an integrated ana-
lytical approach combining XRD, WDXREF, and field mineralogical observations. Minerals
reported as “identified” were directly recognized by XRD analysis. Minerals marked as
inferred (*) were interpreted from geochemical signatures obtained by XRF together with
mineral associations recognized in XRD patterns. Analyses demonstrate that materials
marketed as “coltan” comprise are mineralogically diverse and consist of three principal
groups: (i) wolframite group minerals, (ii) black sand—gravel assemblages dominated by
Ti, Nb, and Ta-bearing oxides and phosphates with REE-bearing, and (iii) iron oxides
and hydroxides.

3.1. Wolframite Group Minerals (Tungsten)

Of the 24 collected samples, five were selected based on macroscopic identification as
wolframite-group minerals. These samples were subjected to (WDXRF) analysis to quantify
their chemical composition, and the results clearly indicate that all samples (Table 1)
correspond to wolframite-group minerals, with tungsten (WO3) contents exceeding 65 wt.%.
Although anomalous concentrations of niobium and tantalum are detected, these values
are not considered geochemically significant.

Elevated bismuth concentrations are observed in association with the wolframite sam-
ples. Such anomalies may indicate mineralization processes associated with gold-bearing
systems. However, the samples analyzed showed no significant gold anomalies (Table 1).

Sample 1.10 exhibits notable concentrations of rare earth elements (REE), including
cerium and yttrium, as well as radioactive elements such as uranium, at levels of poten-
tial economic interest. These results are consistent with the elevated radioactivity values
measured for this sample, in contrast to the other wolframite samples. The presence of
these elements suggests accessory REE-bearing minerals, likely monazite, which commonly
forms under geological conditions associated with wolframite mineralization. X-ray diffrac-
tion (XRD) analysis was conducted to identify and differentiate the mineral phases present
in each sample. A key limitation arises from the strong similarity between the diffraction
patterns of hiibnerite and ferberite. Their diffractograms are closely comparable, making it
difficult to distinguish between these mineral varieties based solely on XRD data (Figure 4).
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Table 1. Major-element chemical composition (wt.%) of samples identified as wolframite by XRF analysis.

Sample Si02 Ti02 A1203 Fe203 MnO K20 P205 ZI‘02 ZnO Y203 Nb205 Ce02 Ta205 Bi203 W03 U
Sample 1.4 Gravel 091 b.d.l 0.59 6.29 17.33 b.d.l. b.dl b.d.1 b.d.1 b.dl 0.12 b.d.l b.d.1 b.d.1 74.73 b.d.1
Sample 1.5 Gravel 4.6 b.d.1 3.0 9.2 14.8 0.3 b.d.1 b.d.1 0.1 b.d.1 0.2 b.d.1 b.d.l 0.2 67.7 b.d.1

Sample 1.10 Red 1.6 1.9 0.8 11.3 15.2 0.1 0.1 0.1 0.1 0.2 0.5 12 0.3 0.1 66.5 0.1
Sample 4 Gravel 32 b.d.l 3.3 9.4 15.2 0.1 b.dl b.d.1 b.d.1 b.dl 0.2 b.d.1 b.d.1 0.2 68.5 b.d.1
Sample 5 Gravel 3.1 b.d.1 1.3 8.1 16.7 b.d.1 b.d.1 b.d.1 b.d.1 b.d.1 0.2 b.d.1 b.d.l 0.1 70.5 b.d.l
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Figure 4. X-ray diffraction (XRD) patterns of the analyzed wolframite samples (Samples 1.4, 1.5,
1.10, 4, and 5). Note the strong similarity among diffractograms, reflecting comparable crystalline
structures within the wolframite group.

However, integrating XRD results with geochemical analyses and considering the
compositional definitions of these minerals—hiibnerite (MnO-dominant) and ferberite
(FeO-dominant)—refines the classification. Based on this combined approach, the analyzed
samples are interpreted as predominantly hiibnerite (MnO > FeOt) (Tables 1 and 2).

Table 2. Mineral phases identified in wolframite samples.

Sample Main Phase Accessory Phases
Sample 1.4 Hiibnerite Zircon
Sample 1.5 Hiibnerite Quartz
Sample 1.10 Hiibnerite Quartz, Hematite, Monazite *, Zircon *
Sample 4 Hiibnerite Quartz
Sample 5 Hiibnerite Quartz

* Accessory minerals inferred from geochemical data.

3.2. Black Sands-Gravels

Sand is defined as a collection of disaggregated rock particles with grain sizes ranging
from 0.063 to 2 mm; gravel has grain sizes > 2 mm. In continental and non-tropical coastal
settings, quartz is typically the dominant mineral due to its resistance to weathering.
However, their composition varies depending on local geological conditions and source
rocks. In certain regions, those sediments naturally contain significant proportions of iron
oxides, titanium oxides, and other dense, dark-colored minerals.

A total of 14 samples identified as black sands-gravels (primarily composed of ilmenite,
ilmenorutile, rutile, zircon, and monazite) were selected for XRF analysis to quantify their
chemical composition (Supplementary Materials). For Sample 1.3, a manual separation was
performed to separate black grains from brown grains to obtain individual compositional
results. Niobium (Nb) and tantalum (Ta) are the principal elements in materials colloquially
referred to as “coltan.” In the samples analyzed, Nb concentrations reach up to 15 wt.%
and Ta up to 8 wt.%. Samples showing significant values of these elements include 1.3,
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1.6, 1.7, 1.8, 1.9, and 10 (e.g., Figure 5 and Supplementary Materials). However, the
mineralogical context indicates that these materials contain high concentrations of titanium
and iron, suggesting that they do not correspond to minerals of the columbite-tantalite
series, which are the true sources of “coltan.” Instead, the geochemical composition reveals
clear differences among the sampled materials and, importantly, unexpected results in
terms of elevated concentrations of rare earth elements (REE), including cerium (Ce),
yttrium (Y), lanthanum (La), and ytterbium (Yb), as well as radioactive elements such as
uranium (U) and thorium (Th). These elements are primarily concentrated in monazite,
which, due to its high specific gravity, accumulates with other heavy minerals, such as
ilmenite, rutile, tantalum-bearing oxides, columbite, cassiterite, and related phases, within

black sand deposits.
¥ y
40,000
Rutile
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10,000~
e
™
\N
RS W S WUNTT. | W [, O

L I L L

10 20 30 40 50 60 70
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Figure 5. X-ray diffraction (XRD) patterns of the analyzed black sand and gravel (Samples 1.3A
black grains).

XRD analyses did not detect minerals belonging to the columbite-tantalite series
among the analyzed samples (i.e., “coltan”) as primary or accessory phases (Supplementary
Materials). Instead, the elevated Nb and Ta concentrations are closely associated with
titanium-oxide-rich assemblages, particularly Nb-rich rutile (ilmenorutile) and Ta-rich
rutile (striiverite). Confirmation of elemental partitioning within individual mineral grains
requires future SEM-EDS or EPMA analyses, specifically Nb-rich rutile (Nb-rutile) and Ta-
rich striiverite (Ta-rutile), respectively (Table 3). Rare-earth elements are hosted in monazite,
which occurs in minor amounts in some samples (e.g., 4.2, 6, 7, 8, and 10) but in significant
proportions in others, reaching up to 20 vol.% in Sample 1.3B (Supplementary Materials).

Sample 10 exhibits a distinct mineralogical assemblage compared to the other samples,
including tungsten-bearing minerals such as hiibnerite. This may reflect genetic differences
or suggest mixing of materials from different sources, possibly related to commercial
handling or illegal trade practices (Table 3).
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Table 3. Mineralogical phases identified in black sand and gravel samples.

Sample Main Phase Accessory Phases
Sample 1 IImenite, Rutile, Hematite Quartz, Monazite
Sample 1.1 Ilmenite, Rutile, Hematite Quartz, Monazite
Sample 1.3 Nb-rutile (ilmenorutile), Ta-Rutile(striiverite), Rutile, Monazite, Xenotime Quartz
Sample 1.6 Nb-rutile (ilmenorutile), Ta-rutile (striiverite) Quartz, Monazite
Sample 1.7 Nb-rutile (ilmenorutile), Ta-rutile (striiverite), Rutile
Sample 1.8 Ilmenite, Hematite Monazite, Quartz, Zircon
Sample 1.9 Nb-rutile (ilmenorutile), Ta-rutile (striiverite), [Imenite Quartz, Monazite, Zircon *
Sample 3 Ilmenite, Hematite Quartz
Sample 4.2 Ilmenite, Hematite Quartz, Monazite *
Sample 6 IImenite, Hematite Quartz, Monazite *
Sample 7 Ilmenite, Hematite Quartz
Sample 8 IImenite Quartz, Monazite *
Sample 10 IImenite, Hiibnerite, Nb-Rutile * Monazite *
* Accessory minerals inferred from geochemical analyses.
3.3. Iron Oxides and Hydroxides

Five samples were identified as iron oxides and hydroxides, primarily composed of
hematite and limonite nodules, with some containing quartz and ilmenite grains. These
materials are readily distinguishable from other sample types based on their relatively low
density, morphology, weak or absent magnetic response, and characteristic reddish color
upon fracture.

Four samples were selected for X-ray fluorescence (XRF) analysis to quantify their
chemical composition (Table 4). Sample 1.11 was specifically identified as hematite of
the specularite variety. The analytical results indicate that these samples do not exhibit
anomalous concentrations of elements of interest such as Nb, Ta, Sn, or Ti, so DRX was
not applied. Instead, they correspond predominantly to iron- and silica-rich materials.
Most samples were moist, as reflected in relatively high loss-on-ignition (LOI) values, up to
10 wt.% (e.g., Sample 4.1).

Table 4. Major element composition (wt.%) of samples dominated by quartz and iron ox-

ides/hydroxides (LOI: Loss on ignition), determined by XRF analysis.

Sample SIOZ T102 A1203 Fe203 MnO Kzo P205 V205 CI‘203 ZI‘OZ LOI
Sample 2 gravel 97.64 0.12 0.54 0.76 b.d.l 0.09 b.d.l b.d.l b.d.l b.d.l 0.80
Sample 2.1 gravel 16.55 0.52 12.57 61.23 b.dl 0.16 b.d.1 0.25 0.05 b.d.1 8.66
Sample 4.1 gravel 17.06 0.52 12.50 59.37 b.dl 0.17 b.d.l 0.25 0.05 b.d.l 9.12
Sample 9 gravel 40.76 0.66 18.14 29.25 0.03 0.34 0.03 0.06 b.d.1 0.06 10.75
Sample 11 16.13 0.48 8.36 67.86 b.dl 0.14 b.d.1 0.28 0.03 0.03 6.73

Sample 2 is distinguished by its high SiO, content, consisting mainly of quartz
(>80 wt.%) with minor clay components. Meanwhile, samples 2.1, 4.1, 9, and 11 correspond
to iron oxides, primarily hematite (Table 5), as well as iron and aluminum hydroxides and
silicate phases such as goethite and kaolinite. Significant amounts of limonite are also
present, interpreted as alteration products of hematite. The low titanium concentrations
indicate that these samples lack Ti-bearing minerals such as ilmenite or rutile.

https://doi.org/10.3390/earth7050164


https://doi.org/10.3390/earth7050164

Earth 2026, 7, 164 13 of 20

Table 5. Mineralogical phases identified in nodule samples.

Sample Main Phase Accessory Phases
Sample 1.11 Hematite n.a.
Sample 2 Quartz Clays
Sample 2.1 Hematite, Kaolinite Limonite, Goethite
Sample 4.1 Hematite, Kaolinite Limonite, Goethite
Sample 9 Quartz, Hematite, Kaolinite Limonite, Goethite
Sample 11 Hematite, Kaolinite Limonite, Goethite

3.4. Nb-Rich Rutile and Ta-Rich Rutile

The best-known occurrence of tantalum and niobium minerals in eastern Colombia
is at Cachicamo (Vichada). The dominant material is ferruginous gravel, characterized
by poor sorting and irregular grains. The deposit is interpreted as a combination of
colluvial material, lateritic profiles (incomplete lateritic profile), and exposed basement.
Metallic mineral fragments of economic interest, up to 2 cm in size (Nb-rich rutile and
striiverite & cassiterite-columbite), occur within porous and irregular aggregates cemented
by iron oxides.

X-ray fluorescence (XRF) analyses were performed on rutile grains enriched in tanta-
lum and niobium from this locality. The results indicate a composition of approximately
52 wt.% TiO,, 15 wt.% TapOs, 15 wt.% NbyOs, 10 wt.% Fe; O3, and 3 wt.% SnO,. Meanwhile,
X-ray diffraction (XRD) analysis was carried out on Sample #5 from the Cachicamo deposit.
The results confirm the presence of titanium oxides enriched in niobium and tantalum
(Nb-rich rutile and Ta-rich rutile). This rutile is not compositionally homogeneous and
contains inclusions of tin oxides (cassiterite) and niobium—tantalum oxides (ferrocolumbite)

(Figure 6 and Table 6).
¥
#5
Cassiterite
Rutile
40,000 = Ferrocolumbite

=l

20 30 40 50 60 70
Position [*2Theta]

Figure 6. X-ray diffraction (XRD) patterns of the analyzed sample from Cachicamo (Sample 5).
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Table 6. Major element composition (wt.%) of Nb- and Ta-bearing rutile (including striiverite), based

on XRF analysis.
Sample Si02 TiOz A1203 Fe203 MnO P205 ZI‘OZ Nb205 SIIOz T21205 W03
#5 0.29 52.95 0.22 10.11 0.46 0.03 0.19 15.62 3.97 15.65 0.51
Elevated concentrations of Fe;O3, Al,O3, and SiO, (Table 7) indicate the presence
of iron oxides, including magnetite, hematite, and ilmenite, which are also identified
as mineral phases in the XRD patterns (Supplementary Materials). Other clay minerals,
including kaolinite, illite, and gibbsite, require more specialized analytical procedures
for definitive XRD identification. However, their presence can be reasonably inferred
based on geochemical composition and the occurrence of quartz grains, which are also
observed macroscopically.
Table 7. Major element composition (wt.%) of iron oxide/hydroxide samples from the Cachicamo
deposit (Vichada), based on XRF analysis.
Sample SiOz TiOZ A1203 Fe203 Kzo P205 LOI V205 ZI‘OZ BaO ZnO Y203 Nb205
#3A 57.73 0.99 11.53 22.41 0.05 0.03 7.01 b.d.1 0.24 b.dl b.d.1 b.d.1 0.03
#4 1.55 4.70 4.26 87.06 0.31 0.39 b.dl 0.18 0.10 0.03 0.39 0.1 b.dl
#6 58.50 0.80 10.24 23.84 0.04 0.05 6.37 b.d.l 0.17 b.d.l b.d.l b.d.l b.d.l

4. Discussion
4.1. Misclassification of “Coltan” in the Northwestern Amazonian Craton

One of the most significant findings of this study is that materials commercially traded
as “coltan or black sands” do not correspond exclusively, and in many cases not predomi-
nantly, to minerals of the columbite—tantalite series [28]. Instead, confiscated concentrates
from eastern Colombia (e.g., [29-31]) comprise a heterogeneous assemblage of heavy min-
erals including rutile-group Nb-Ta-bearing phases, wolframite-group minerals, monazite,
xenotime, zircon, ilmenite, and iron oxides. This mineralogical diversity demonstrates
that the commercial use of the term “coltan” substantially oversimplifies the actual com-
position of materials circulating through regional mineral supply chains, and the use of
“black sands” could be more adequate for the mixed material traded. The XRD results
indicate that Nb and Ta are commonly associated with rutile-group minerals, particularly
ilmenorutile and striiverite, rather than with columbite-tantalite sensu stricto. Similar
mineralogical associations have been documented in evolved pegmatitic and rare-metal
systems where Nb and Ta may occur in a variety of oxide phases rather than exclusively
within columbite-group minerals [20,28]. Although the XRD and WDXREF results consis-
tently indicate a strong association between Nb-Ta enrichment and rutile-group minerals,
the precise distribution of Nb and Ta within individual grains remains to be confirmed
through microanalytical techniques such as SEM-EDS or EPMA.

From a resource perspective, these observations indicate that exploration programs
focused solely on identifying columbite-tantalite may underestimate the critical-mineral
potential of placer systems throughout the northwestern Amazonian Craton. More im-
portantly, the results demonstrate that the widespread commercial classification of these
materials as “coltan” (e.g., [29-31]) may obscure significant variations in mineralogical
composition, economic value, and radiological characteristics.

4.2. Heavy-Mineral Assemblages and Placer Formation Processes

The identified mineral assemblages are consistent with mature polymetallic placer
systems generated through prolonged weathering, erosion, transport, and hydraulic con-
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centration. Rutile, zircon, monazite, xenotime, and wolframite exhibit high density and
chemical stability, enabling their accumulation within alluvial environments after repeated
cycles of sedimentary reworking [4,5,23-25]. The coexistence of rutile-group minerals
with monazite, xenotime, and zircon suggests derivation from complex source rocks, such
as pegmatites [29,32-34] containing multiple accessory mineral phases. Under tropical
weathering conditions characteristic of the Amazonian and Orinoquian regions, chemical al-
teration preferentially removes unstable phases while preserving denser and more resistant
minerals. Subsequent hydraulic sorting then concentrates these minerals within black-sand
deposits and gravel-rich placer horizons. However, the marked mineralogical variability
observed among confiscated concentrates suggests that materials marketed as “coltan” or
“black sands” may contain mixtures derived from different sources. Such mixing could
obscure the presence of REE-rich and NORM-bearing components within commercialized
concentrates and complicate traceability throughout regional trade networks.

The occurrence of monazite and xenotime is particularly significant because these min-
erals represent major repositories of rare earth elements and have been reported in eastern
Colombia [21]. Monazite typically hosts light rare earth elements and thorium, whereas
xenotime commonly concentrates yttrium and heavy rare earth elements [22,24,25,35,36].
Consequently, the studied deposits should not be viewed solely as Nb-Ta occurrences but
rather as polymetallic heavy-mineral systems containing a broader spectrum of critical
elements (e.g., [26,37]). The wide mineralogical variability observed among confiscated
samples suggests that materials entering regional supply chains may originate from mul-
tiple source areas within the northwestern Amazonian Craton, including eastern Colom-
bia, southern Venezuela, and adjacent regions of northern Brazil. This diversity further
complicates the use of generic commercial labels and highlights the need for systematic
mineralogical verification of concentrates traded as “coltan”.

4.3. NORM Occurrence and Mechanisms of Radioactive Mineral Enrichment

Several analyzed samples contain minerals widely recognized as hosts of naturally oc-
curring radioactive materials (NORM), principally monazite, xenotime, and zircon. These
minerals commonly incorporate variable proportions of uranium and thorium within their
crystal structures and could represent important sources of natural radioactivity in heavy-
mineral deposits worldwide (e.g., [6,25,35,38,39]). The observed NORM enrichment likely
results from a combination of geological and anthropogenic processes. At the geological
scale, uranium- and thorium-bearing accessory minerals formed within primary igneous,
pegmatitic, or metamorphic source rocks and were subsequently liberated during weather-
ing. Because monazite and xenotime are highly resistant to chemical alteration, they tend
to accumulate progressively during sediment transport and hydraulic concentration [4]. At
the operational scale, artisanal mineral processing further increases concentrations of dense
radioactive minerals. Gravity concentration methods enrich high-density mineral fractions
and therefore inevitably concentrate monazite, xenotime, and zircon alongside economically
desirable minerals. Similar enrichment processes have been documented in heavy-mineral
sand deposits and tantalum-mining operations elsewhere [40]. Consequently, elevated
gamma dose rates measured in some concentrates should not be interpreted solely as
a reflection of source-rock composition. Rather, they represent the cumulative effect of
natural geological concentration and human-mediated beneficiation. Understanding this
distinction matters because radiological significance may increase substantially as materials
move through the mining and trading chain.
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4.4. Implications for Illegal Mining, Mineral Supply Chains, and Radiological Screening

The results of this study demonstrate that materials traded as “coltan” or “black
sands” within illegal mining networks of the northwestern Amazonian Craton are not
only mineralogically heterogeneous but may also contain significant concentrations of
naturally occurring radioactive materials (NORM). This finding extends beyond mineral
resource evaluation because the extraction, transportation, storage, commercialization, and
confiscation of these concentrates frequently occur without mineralogical characterization
or radiological controls. Unlike industrial mining operations, informal and illegal mining
activities generally lack routine mineralogical verification and radiation-monitoring proce-
dures. Consequently, miners, transporters, traders, storage personnel, and law-enforcement
agencies may unknowingly handle concentrates containing elevated concentrations of
uranium- and thorium-bearing minerals (Supplementary Materials). The radiological sig-
nificance of these materials is further complicated by the widespread commercial use of
the term “coltan”, which conceals substantial mineralogical variability among concentrates
originating from different parts of the northwestern Amazonian Craton.

Radiometric measurements revealed a marked contrast between local background
radiation and several confiscated mineral concentrates. Background radiation measured un-
der field conditions averaged approximately 0.089 uSv/h, whereas laboratory background
values ranged between 0.107 and 0.173 uSv/h (Supplementary Materials). In comparison,
gamma dose rates in storage areas containing confiscated materials reached approximately
4 uSv/h, while directly above some monazite-rich concentrates they exceeded 20 uSv/h,
and in samples provided by indigenous communities, even 70 uSv/h (Figure 7). These re-
sults indicate that certain concentrates generate radiation fields several orders of magnitude
higher than local background conditions. Furthermore, measurements conducted at increas-
ing distances from stored concentrates demonstrated rapid attenuation of gamma radiation,
highlighting the importance of measurement geometry when evaluating potential expo-
sure scenarios (Figure 3). The distinction between direct measurements performed above
mineral concentrates and measurements obtained within storage facilities is particularly
relevant, as these situations represent fundamentally different exposure conditions.

Figure 7. Gamma radiation measurements of mineral materials transported without protective mea-
sures. (A) Mineral material transported in a plastic bag by indigenous miners, showing low gamma
(~0.4 uSv/h) radiation values measured directly at the material surface. (B) A second transported
material exhibiting higher gamma radiation levels (71.4 uSv/h). In both cases, the materials are
handled without personal protective equipment or radiological controls, illustrating variability in
radioactivity among mineral concentrates and potential exposure risks to local communities.

The observed variability among samples also demonstrates that the radiological char-
acteristics of confiscated materials cannot be reliably inferred from visual inspection or com-
mercial classification alone. Materials transported under the same commercial designation
may exhibit substantially different mineralogical compositions and radiological signatures
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depending on the abundance of monazite, xenotime, zircon, and other NORM-bearing
minerals. Consequently, routine mineralogical characterization and radiological screening
could significantly improve management of confiscated materials, reduce uncertainty about
their composition, and help identify concentrates that warrant further investigation.

The radiological results presented herein should nevertheless be interpreted as a
screening assessment rather than a comprehensive risk evaluation. Measurements were
obtained using a portable Geiger-Miiller detector, which provides estimates of external
gamma dose rates but does not identify radionuclides or quantify radionuclide-specific
activity concentrations. Accordingly, the reported values should be regarded as indicators
of radiological significance [8,9,24,26] rather than direct estimates of occupational exposure,
effective dose, or environmental impact. More comprehensive assessments would require
gamma spectrometry, radionuclide-specific activity determinations, airborne particulate
monitoring, radon measurements, and personal dosimetry studies.

Despite these limitations, the measured dose rates demonstrate that certain confis-
cated concentrates generate radiation fields significantly above measured background
conditions and therefore warrant further investigation. Similar associations between Nb-Ta
mineralization, REE-bearing minerals, and NORM occurrence have been documented in
heavy-mineral placer systems and tantalum-producing regions worldwide [7,37,38,40].
The coexistence of critical metals and radioactive minerals observed in this study therefore
reflects a broader global relationship between critical-mineral resources and naturally oc-
curring radioactivity. Within this context, the northwestern Amazonian Craton emerges as
a region where critical-mineral exploration, illicit mineral trade, and NORM occurrence
intersect. The results show that many materials marketed as “coltan” are in fact complex
mixtures of Nb-Ta-bearing, REE-bearing, and radioactive heavy minerals. Improved miner-
alogical characterization and routine radiological screening would therefore benefit not
only resource evaluation and regulatory oversight but also miners, traders, local communi-
ties, and law-enforcement agencies that may come into contact with these materials during
extraction, transportation, storage, commercialization, and confiscation. More broadly,
these findings highlight the need to move beyond generic commercial terminology and
adopt analytical approaches that can accurately identify the mineralogical and radiological
characteristics of concentrates circulating through regional and international supply chains.

5. Conclusions

Materials marketed as “coltan” within illegal mineral supply chains of the northwest-
ern Amazonian Craton do not correspond exclusively to columbite—tantalite but instead
comprise heterogeneous assemblages of Nb-Ta-bearing, REE-bearing, and NORM-bearing
heavy minerals, including rutile-group minerals, wolframite, monazite, xenotime, zircon,
ilmenite, and iron oxides.

Integrated XRD and WDXRF analyses indicate that Nb and Ta are predominantly
associated with rutile-group minerals, particularly ilmenorutile and striiverite, whereas
REEs, uranium, and thorium occur mainly within monazite—xenotime assemblages. These
results demonstrate that the mineralogical diversity of materials traded as “coltan” extends
well beyond the traditional columbite-tantalite definition.

Elevated gamma dose rates measured in monazite-bearing concentrates are consistent
with enrichment of naturally occurring radioactive materials (NORM) through natural
placer-forming processes and subsequent artisanal mineral concentration. Although this
study represents a radiological screening assessment rather than a comprehensive risk
evaluation, the measured dose rates highlight the radiological significance of some materials
circulating through illegal mining and trading networks.
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The widespread misclassification of these concentrates highlights the need for routine
mineralogical characterization and radiological screening to support resource evaluation,
improve traceability and regulatory oversight, and strengthen management strategies for
miners, traders, local communities, and law-enforcement agencies involved in extracting,
transporting, storing, commercializing, and confiscating these materials. The marked
mineralogical variability observed among confiscated samples further suggests that con-
centrates marketed as “coltan” or “black sands” may include mixtures of materials derived
from different source areas within the northwestern Amazonian Craton. Such mixing
may inadvertently or intentionally obscure the presence of higher-value REE-rich and
NORM-bearing concentrates within illegal supply chains, complicating resource gover-
nance, traceability, and radiological control.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/earth7050164/s1, File S1: Supplemantary_Data_DRX; Table S1:
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tary_Data_Radiactivity; Video S1: Supplementary Data radioactivity.

Author Contributions: Conceptualization, methodology, formal analysis, investigation, writing—
original draft preparation, and writing—review and editing, A.B.P., C.A.Z.-M. and J.A.L.C. All
authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding author.

Acknowledgments: The authors thank the Grupo de Estudios en Geologia Econémica y Mineralogia
Aplicada (GEGEMA) of the Universidad Nacional de Colombia (Bogotd), especially Thomas Cramer,
Zeze Amaya Perea, and Jose Alejandro Franco Victoria, for their support in laboratory work. The
authors also thank the three anonymous reviewers for their important comments, which helped to
improve the manuscript.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.

Ali, S.H,; Giurco, D.; Arndt, N.; Nickless, E.; Brown, G.; Demetriades, A.; Durrheim, R.; Enriquez, M. A; Kinnaird, J.; Littleboy,
A.; et al. Mineral supply for sustainable development requires resource governance. Nature 2017, 543, 367-372. [CrossRef]
[PubMed]

Lébre, E.; Stringer, M.; Svobodova, K.; Owen, ].R.; Kemp, D.; Céte, C.; Arratia-Solar, A.; Valenta, R.K. The social and environmental
complexities of extracting energy transition metals. Nat. Commun. 2020, 11, 4823. [CrossRef] [PubMed]

IAEA. Radiation Protection and Management of NORM Residues in the Phosphate Industry; International Atomic Energy Agency:
Vienna, Austria, 2014.

Dill, H.G. The “chessboard” classification scheme of mineral deposits: Mineralogy and geology from aluminum to zirconium.
Earth-Sci. Rev. 2015, 150, 104-153.

Force, E.R. Geology of Titanium-Mineral Deposits; Geological Society of America Special Paper 259; Geological Society of America:
Boulder, CO, USA, 1991.

Pillai, PM.B.; Khan, A .H. Radiological safety and environmental surveillance during the mining and milling of beach minerals
and processing of monazite. Radiat. Prot. Environ. 2003, 26, 523-532.

World Nuclear Association. Mineral Sands: Appendix to NORM Information Paper. 2025. Available online: https://world-
nuclear.org/information-library/appendices /mineral-sands-appendix-to-norm-information-paper (accessed on 26 May 2026).
Haridasan, P.P; Pillai, PM.B.; Tripathi, R.M.; Puranik, V.D. Occupational radiation exposure due to NORM in a rare-earth
compounds production facility. Radiat. Prot. Dosim. 2008, 131, 217-221. [CrossRef] [PubMed]

Pillai, PM.B. Naturally occurring radioactive material (NORM) in the extraction and processing of rare earths. In Naturally
Occurring Radioactive Material NORM V): Proceedings of an International Symposium; International Atomic Energy Agency (IAEA):
Vienna, Austria, 2008; pp. 197-221.

https:/ /doi.org/10.3390/earth7050164


https://www.mdpi.com/article/10.3390/earth7050164/s1
https://www.mdpi.com/article/10.3390/earth7050164/s1
https://doi.org/10.1038/nature21359
https://www.ncbi.nlm.nih.gov/pubmed/28300094
https://doi.org/10.1038/s41467-020-18661-9
https://www.ncbi.nlm.nih.gov/pubmed/32973153
https://world-nuclear.org/information-library/appendices/mineral-sands-appendix-to-norm-information-paper
https://world-nuclear.org/information-library/appendices/mineral-sands-appendix-to-norm-information-paper
https://doi.org/10.1093/rpd/ncn170
https://www.ncbi.nlm.nih.gov/pubmed/18550514
https://doi.org/10.3390/earth7050164

Earth 2026, 7, 164 19 of 20

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Isaza, J.A.L.; Cramer, T. Ambiente geoldgico del complejo Mitt y perspectivas de ocurrencias minerales de niobio y tantalio en el
territorio colombiano. Geol. Colomb. 2014, 37, 75-95.

Rincén, G.P; Guatame Aponte, C.L.; Cérdenas, S.C. (Eds.) Recursos Minerales de Colombia, Volume 1-3; Servicio Geolégico
Colombiano: Bogota, Colombia, 2019. [CrossRef]

Bonilla Pérez, A.; Cogné, N.; Zafra Mejia, C.A. Ediacaran Thermal Disturbance in the NW Amazonian Craton: Insights from
Zircon and Apatite U-Pb Geochronology of the Guaviare Complex, Colombia. Geosciences 2026, 16, 154. [CrossRef]

Bonilla, A.; Cramer, T.; Hernandez, L.A. The NW-Amazonian Craton in Colombia: A Paleo-Mesoproterozoic review. J. S. Am.
Earth Sci. 2025, 168, 15. [CrossRef]

Bonilla, A.; Franco Victoria, J.A.; Cramer, T.; De Grave, J.; Nachtergaele, S.; Cogne, N.; Piraquive, A. The NW Amazonian Craton
in Guainfa and Vaupes departments, Colombia: Evidence of a Mesoproterozoic thermal event from apatite LA-ICP-MS U- Pb
geochronology and its relation to continental rifting. Precambrian Res. 2023, 395, 107148. [CrossRef]

Bonilla, A.; Cramer, T.; De Grave, J.; Alessio, B.; Glorie, S.; Kroonenberg, S. The NW Amazonian Craton in Guainia and Vaupés
Departments, Colombia: Transition between orogenic to anorogenic environments during the Paleo-Mesoproterozoic. Precambrian
Res. 2021, 360, 106223. [CrossRef]

de Colombia, B.U.N; Bonilla, A.; Cramer, T.; Poujol, M.; Cano, H.; Franco, ].A.; Amaya, Z. Petrografia, geoquimica y geocronologia
U/Pb en circones de rocas igneas y metam’orficas a lo largo del Rio Cuiari en el sur del Departamento de Guainia, Colombia. Bol.
Geol. 2019, 41, 55-84. [CrossRef]

Cordani, U.G,; Sato, K.; Sproessner, W.; Fernandes, E.S. U-Pb Zircon ages of rocks from the Amazonas territory of Colombia and
their bearing on the tectonic history of the NW sector of the Amazonian Craton. Braz. |. Genet. 2016, 46, 5-35. [CrossRef]
Bonilla, A.; Frantz, ].C.; Marques, J.C.; Cramer, T.; Franco, ]J.A.; Amaya, Z. Magmatismo rapakivi en la cuenca media del rio
Inirida, departamento de Guainia, Colombia. Bol. Geol. 2016, 38, 17-32. [CrossRef]

Bonilla-Perez, A.; Frantz, J.C.; Charao-Marques, J.; Cramer, T.; Franco-Victoria, ].A.; Mulocher, E.; Amaya-Perea, Z. Petrografia,
Geoquimica y Geocronologia del Granito de Parguaza en Colombia. Bol. Geol. 2013, 35, 83-104. [CrossRef]

Franco, J.A.; Cramer, T.; Bonilla, A.; Castafieda, A.]J.; Poujol, M.; Amaya, Z. Mineralogia y geocronologfa de rutilo- (Nb, Ta)
relacionado a casiterita y columbita-tantalita provenientes de rocas Mesoproterozoicas del Craton Amazonico cerca de Cachicamo,
Colombia. Bol. Geol. 2021, 43, 99-126. [CrossRef]

Franco-Victoria, J.A.; Cramer, T.; de Oliveira Chaves, A.; Horn, H.A.; Poujol, M. Geochronology of monazite related to REE,
Nb-Ta and U-Th bearing minerals from Mesoproterozoic anorogenic magmatism in the E-Colombian Amazonian Craton: Links
to mantle plume activity in the Columbia (Nuna) supercontinent. J. S. Am. Earth Sci. 2021, 109, 103228. [CrossRef]

Franco Victoria, J.A.; Bonilla Pérez, A.; Poujol, M.; Cramer, T.; Zafra Mejia, C.A. U-Pb geochronology of REE-Nb-Ta-U-Th
minerals in the NW Amazonian Craton: Evidence for two Mesoproterozoic mineralization events. J. S. Am. Earth Sci. 2026,
174,106004. [CrossRef]

Mudd, G.M.; Jowitt, S.M. Rare earth elements from heavy mineral sands: Assessing the potential of a forgotten resource. Appl.
Earth Sci. (Trans. Inst. Min. Metall. Sect. B) 2016, 125, 107-126. [CrossRef]

Pires de Campos, M.; Pecequilo, B.R.S.; Mazzilli, B.P.; Sanches, M.P. Destructive and non-destructive measurements of naturally
occurring radioactive material in monazite-rich sands. Radiat. Phys. Chem. 2017, 140, 254-259.

Wyatt, C.C.; Ferreira, A.O.; de Oliveira, S.M.B.; Ferde, M.; Costa, ES.; Neris, ].B.; Brandao, G.P.; Guedes, W.N.; Caeneiro, M.T.W.D.
Unsupervised pattern recognition and radiological risk assessment applied to the evaluation of the behavior of rare earth
elements, Th and U in monazite sands. Environ. Sci. Pollut. Res. 2022, 29, 63068-63083. [CrossRef] [PubMed]

Dissanayake, C.B.; Chandrajith, R. Introduction to Medical Geology: Focus on Tropical Environments; Springer: Berlin/Heidelberg,
Germany, 2009.

Klein, C.; Dutrow, B. The Manual of Mineral Science, 23rd ed.; John Wiley & Sons, Inc.: Hoboken, NJ, USA, 2007.

Linnen, R.L.; Samson, I.M.; Williams-Jones, A.E.; Chakhmouradian, A.R. Geochemistry of REE, Nb, Ta, Hf and Zr Deposits. In
Treatise on Geochemistry, 2nd ed.; Elsevier: Amsterdam, The Netherlands, 2014. [CrossRef]

RTVC Noticias. Incautan 49 Toneladas de Coltan Extraidas Ilegalmente en la Selva Colombiana. 2025. Available online: https:
/ /www.rtvenoticias.com/colombia/incautan-49-toneladas-coltan-extraidas-ilegalmente-selva-colombiana-que-es (accessed on
26 September 2026).

Infobae Colombia. Golpe a la Mineria Ilegal: Incautan 13 Toneladas de Coltan en el Rio GUAVIARE, Avaluadas en Mas de
4 Millones de Délares. 21 December 2024. Available online: https://www.infobae.com/colombia/2024/12/21/golpe-a-la-
mineria-ilegal-incautan-13-toneladas-de-coltan-en-el-rio-guaviare-avaluadas-en-mas-de-4-millones-de-dolares/ (accessed on
26 September 2026).

Global Financial Integrity (GFI); Centro de Alternativas al Desarrollo (CEALDES). Riesgos y Dindmicas Asociadas a la
Cadena de Suministro de Coltin en la Amazonia Colombiana. Washington D.C. and Bogotd. 2025. Available online:
https:/ /oad-cealdes.org/wp-content/uploads /2026 /01 /Riesgos-y-dinamicas-asociadas-a-la-cadenada-de-suministro-de-
coltan-en-la-Amazonia-Colombiana.pdf (accessed on 26 September 2026).

https:/ /doi.org/10.3390/earth7050164


https://doi.org/10.32685/9789585246973
https://doi.org/10.3390/geosciences16040154
https://doi.org/10.1016/j.jsames.2025.105806
https://doi.org/10.1016/j.precamres.2023.107148
https://doi.org/10.1016/j.precamres.2021.106223
https://doi.org/10.18273/revbol.v41n1-2019003
https://doi.org/10.1590/2317-4889201620150012
https://doi.org/10.18273/revbol.v38n1-2016001
https://doi.org/10.18273/revbol
https://doi.org/10.18273/revbol.v43n1-2021005
https://doi.org/10.1016/j.jsames.2021.103228
https://doi.org/10.1016/j.jsames.2026.106004
https://doi.org/10.1080/03717453.2016.1194955
https://doi.org/10.1007/s11356-022-21632-w
https://www.ncbi.nlm.nih.gov/pubmed/35763145
https://doi.org/10.1016/B978-0-08-095975-7.01124-4
https://www.rtvcnoticias.com/colombia/incautan-49-toneladas-coltan-extraidas-ilegalmente-selva-colombiana-que-es
https://www.rtvcnoticias.com/colombia/incautan-49-toneladas-coltan-extraidas-ilegalmente-selva-colombiana-que-es
https://www.infobae.com/colombia/2024/12/21/golpe-a-la-mineria-ilegal-incautan-13-toneladas-de-coltan-en-el-rio-guaviare-avaluadas-en-mas-de-4-millones-de-dolares/
https://www.infobae.com/colombia/2024/12/21/golpe-a-la-mineria-ilegal-incautan-13-toneladas-de-coltan-en-el-rio-guaviare-avaluadas-en-mas-de-4-millones-de-dolares/
https://oad-cealdes.org/wp-content/uploads/2026/01/Riesgos-y-dinamicas-asociadas-a-la-cadenada-de-suministro-de-coltan-en-la-Amazonia-Colombiana.pdf
https://oad-cealdes.org/wp-content/uploads/2026/01/Riesgos-y-dinamicas-asociadas-a-la-cadenada-de-suministro-de-coltan-en-la-Amazonia-Colombiana.pdf
https://doi.org/10.3390/earth7050164

Earth 2026, 7, 164 20 of 20

32.

33.
34.

35.

36.

37.

38.

39.

40.

Melcher, E; Graupner, T.; Gabler, H.E.; Sitnikova, M.; Henjes-Kunst, E.; Oberthiir, T.; Gerdes, A.; Dewaele, S. Tantalum-(Niobium-
Tin) Mineralisation in African Pegmatites and Rare-Metal Granites. Ore Geol. Rev. 2015, 64, 667-719. [CrossRef]

Cerny, P; Ercit, T.S. The classification of granitic pegmatites revisited. Can. Mineral. 2005, 43, 2005-2026. [CrossRef]

Linnen, R.L.; Van Lichtervelde, M.; Cern}'f, P. Granitic pegmatites as sources of strategic metals. Elements 2012, 8, 275-280.
[CrossRef]

Chong, S.; Riley, B.J.; Lu, X,; Du, J.; Mahadevan, T.; Hegde, V.I. Synthesis and properties of anhydrous rare-earth phosphates,
monazite and xenotime: A review. RSC Adv. 2024, 14, 18978-19000. [CrossRef] [PubMed]

Sengupta, D.; Van Gosen, B.S. Placer-Type Rare Earth Element Deposits. In Reviews in Economic Geology; Society of Economic
Geologists: Littleton, CO, USA, 2016; Volume 18, pp. 81-100.

Bern, C.R; Shah, A K,; Benzel, WM.; Lowers, H.A. The distribution and composition of REE-bearing minerals in placers of the
Atlantic and Gulf Coastal Plains, USA. . Geochem. Explor. 2016, 162, 50-61. [CrossRef]

World Nuclear Association. Naturally occurring radioactive materials (NORM). 2024. Available online: https://world-
nuclear.org/information-library/safety-and-security /radiation-and-health /naturally-occurring-radioactive-materials-norm (ac-
cessed on 24 September 2026).

Pillai, PM.B. Naturally occurring radioactive materials (NORM) in the extraction and processing of rare earths. In Proceedings of
the International Conference on NORM, Marrakesh, Morocco, 22-26 March 2010.

Carvalho, EP.; Tufa, M.B.; Oliveira, ].M.; Malta, M. Radionuclides and radiation exposure in tantalite mining, Ethiopia. Arch.
Environ. Contam. Toxicol. 2021, 81, 648-659. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https:/ /doi.org/10.3390/earth7050164


https://doi.org/10.1016/j.oregeorev.2013.09.003
https://doi.org/10.2113/gscanmin.43.6.2005
https://doi.org/10.2113/gselements.8.4.275
https://doi.org/10.1039/D4RA01142B
https://www.ncbi.nlm.nih.gov/pubmed/38873547
https://doi.org/10.1016/j.gexplo.2015.12.011
https://world-nuclear.org/information-library/safety-and-security/radiation-and-health/naturally-occurring-radioactive-materials-norm
https://world-nuclear.org/information-library/safety-and-security/radiation-and-health/naturally-occurring-radioactive-materials-norm
https://doi.org/10.1007/s00244-021-00858-8
https://www.ncbi.nlm.nih.gov/pubmed/34080047
https://doi.org/10.3390/earth7050164

	Introduction 
	Materials and Methods 
	Sample Collection 
	Radioactivity 
	Wavelength-Dispersive X-Ray Fluorescence (WDXRF) 
	X-Ray Diffraction (XRD) 

	Results 
	Wolframite Group Minerals (Tungsten) 
	Black Sands-Gravels 
	Iron Oxides and Hydroxides 
	Nb-Rich Rutile and Ta-Rich Rutile 

	Discussion 
	Misclassification of “Coltan” in the Northwestern Amazonian Craton 
	Heavy-Mineral Assemblages and Placer Formation Processes 
	NORM Occurrence and Mechanisms of Radioactive Mineral Enrichment 
	Implications for Illegal Mining, Mineral Supply Chains, and Radiological Screening 

	Conclusions 
	References

