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Abstract

Tailings affected by neutral mine drainage (NMD) have received comparatively little attention despite their potential
to release trace elements, including rare earth elements (REE) and sulphate to downstream hydrological systems. This
study presents a comprehensive geochemical characterisation of apatite iron ore (AIO) tailings from Kiirunavaara mine
in northern Sweden, providing baseline geochemical and mineralogical data needed to evaluate the long-term stability
of REE and other elements of potential concern in NMD conditions. Three vertical cores (KI_01, KI 02, and KI 03; up
to 10 m deep) and groundwater samples were examined. The tailings were dominated by silicate minerals (ca. 74 wt%,
albite, biotite, quartz, actinolite) with smaller amounts of carbonates (calcite, dolomite), sulphides (pyrite, chalcopyrite)
and sulphates (gypsum, anhydrite). Hydraulic sorting during deposition created clear textural and compositional differ-
ences, with coarser material near the discharge points and finer material further away. The tailings contained average light
REE and heavy REE content of 1100 ppm and 180 ppm, respectively, hosted in primarily unaltered apatite with minor
monazite and allanite. This is supported by strong correlations between REE, P, F and As, and by intact grain boundaries
in mineral analyses. The groundwater in the tailings was circumneutral to alkaline (pH 6.8-9.7) and mostly anoxic. Dis-
solved REE concentrations in groundwater were low, with XREE average value of 0.29 pg/L, showing that REE mobility
is limited under current conditions. Sulphide minerals displayed minimal oxidation, reflected by low dissolved O, and the
absence of secondary iron phases, suggesting restricted oxygen ingress. In contrast, gypsum and anhydrite showed signs
of dissolution, contributing to elevated sulphate and calcium in groundwater, especially during spring melt.
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Introduction were not considered significant pollutants, as their pro-

duction volumes were low and their anthropogenic pres-

Rare earth elements (REE) are designated Critical Raw
Materials (CRMs) by the European Commission due to
their essential role in modern technologies, particularly in
advancing the green energy transition (European Commis-
sion 2023a, b). However, they are increasingly recognised
as emerging environmental contaminants, primarily due
to their rising use and the limited understanding of their
geochemistry in near-surface environments and ecotoxi-
cological impacts (Gwenzi et al. 2018). In the past, REE
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ence in the environment was minimal (Edahbi et al. 2019;
Migaszewski and Gatuszka, 2014). This has changed with
growing demand, leading to measurable levels of anthropo-
genic REE in aquatic systems (Henriques et al. 2019; Inoue
et al. 2025). Further contributing to environmental risks,
REE-bearing minerals are often associated with radioactive
elements such as uranium (U) and thorium (Th), and other
elements of potential concern such as arsenic (As), and
cobalt (Co) (Clavier et al. 2011; Pan and Fleet 2002; Piccoli
and Candela 2002). Mine drainage can pollute terrestrial
environments when these minerals go through weathering/
alteration, which poses a risk to human health and ecosys-
tems (Mishra et al. 2018; Gwenzi et al. 2018; Thomas et al.
2023).

Despite their widespread use and association with ele-
ments of environmental concern, the geochemical behaviour
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of REE in near-surface environments are under scientific
debate, especially in mine waste contexts (Soyol-Erdene
et al. 2018; Edahbi et al. 2019). This limited understanding
makes it difficult to develop accurate mine waste manage-
ment and predict their mobility, bioavailability, and long-
term ecological impacts. Additionally, the guideline values
for soil and water concerning REE are currently unregulated
in Sweden (HaV, 2024a, b; LIVSFS, 2022; SGU, 2023) and
on a global scale (European Union, 2020; NHMRC, 2011,
WHO, 2022). This is important because growing evidence
suggests that high levels of REE can accumulate in soils,
plants, and aquatic environments, potentially threatening
ecosystems (Khan et al. 2016; Gwenzi et al. 2018; Egler et
al. 2022; Patel et al. 2023). The Kiirunavaara AIO deposit
in northern Sweden has been mined during the last 100
years, with an ore that contains considerable amounts of
REE and phosphorus (P) (Barton 2014; Reich et al. 2022;
Rojas et al. 2018). These elements have not been economi-
cally recovered to date and are instead discarded in the mine
waste. Tailings generated from mining AIOs are generally
considered to have a low potential for acid mine drainage
(AMD) due to their relatively unreactive mineralogy with
carbonates, sulphates and silicates (Miiller et al. 2003; Wil-
liams et al. 2005). Limited research has been conducted on
the behaviour of REE and other associated elements under
NMD conditions, highlighting the need for further inves-
tigation (Doulati Ardejanii et al. 2013; Shahhosseini et al.
2017; Héllstrom et al. 2020; Skierszkan et al. 2020; Barago
et al. 2023).

In response to the growing interest in CRM, LKAB is
planning to incorporate additional extraction steps to pro-
cess the iron ore waste streams and recover REE, phospho-
rus, and gypsum. Additionally, LKAB are planning changes
in tailings deposition through proposed thickened tailings
with the intention to increase storage capacity of the tail-
ings storage facility (TSF). To better understand how the
planned changes from LKAB, including (i) thickening of
tailings, and (ii) changes in the processing plant to extract
CRMs, will impact the mobility of REE and other elements
of potential concern (e.g. SO, As, Co, U, and Th), a detailed
geochemical characterisation of the current geochemical
conditions is required as a necessary first step.

The present study addresses this need through detailed
characterisation of tailings, mineralogy, bulk geochem-
istry, water chemistry and geochemical conditions at the
Kiirunavaara mine. While the growing interest in REE
recovery provides important context, this paper is focused
on the geochemical characterisation of the tailings under
NMD conditions, with REE as one of the several elements
of potential concern considered. A companion study focus-
ing specifically on individual REE behaviour, fraction is in
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preparation and will build directly on the baseline estab-
lished here.

This study addresses the following key research
questions:

1. How are elements spatially and temporally distributed
within the tailings?

2. What is the dominant mineralogical composition of the
tailings, and which mineral phases host REE and in what
relative proportions?

3. How have long-term NMD conditions influenced geo-
chemical stability of the tailings and mobility of REE
and other elements of potential concern (e.g. As, U, Th,
SO4)?

Study area

Kiruna, located in Norrbotten country in northern Sweden,
is situated 145 km north of the Arctic Circle (Fig. 1). The cli-
mate is categorised as subarctic, characterised by brief, cool
summers and prolonged, cold winters. The yearly average
temperature is -0.3 7 (SMHI, 2024). The region experiences
an annual precipitation of 560 mm, with winter months pro-
ducing more snow than rain, resulting in an average snow
cover of 0.5 m (SMHI, 2024).

Extraction of iron ore in northern Sweden started in the
17th century in Masugnsbyn, large scale mining in Kiruna
started at 1900 with open pit mining and underground min-
ing and the first shaft sank in 1952 in Kiruna. Mining occurs
in three mines across the county, namely, Kiirunavaara,
Svappavaara and Malmberget from several ore bodies. The
main deposit is in Kiruna, it is a tabular magnetite-apatite
ore body, stretching over 5 km and around 100 m thick,
reaching maximum thickness of 180 m in the north and dips
east at 55-60°. Mineral reserves of 725 million tonnes, 42%
iron, and resource estimation of 816 million tonnes at 60%
iron (LKAB, 2023).

The Kiirunavaara ore deposit is classified as an AIO. It is
the type locality for Kiruna-type deposits, which are known
for high-grade concentration of iron oxides, magnetite with
minor amounts of hematite, and are often associated with
apatite (Martinsson 2000). The ore is classified based on
phosphorus content into low-phosphorus (B-ores) and high-
phosphorus (D-ores) (Niiranen 2015). In B-ores, apatite is
negligible, while in D-ores, the apatite content can be five
times higher. Typical gangue mineralogy includes calcite,
actinolite, gypsum/anhydrite, pyrite, and chalcopyrite. The
deposit is characterised by magnetite with a high content of
vanadium (V), and low titanium (Ti) and chromium (Cr). In
the ore, the apatite is a carrier of REE (Harlov et al. 2002;
Parak 1973) along with monazite and allanite (Martinsson
et al. 2012; Wanhainen et al. 2017).
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I Mine impacted waters
| Minimally mine impacted waters
I Tailings discharge points

Fig. 1 Location of the study area in northern Sweden (left) and a
Google Earth satellite image of the mining site showing the sampling
points KI 01, KI 02, and KI_03 (right). The map highlights the spatial
arrangement of sampling locations in relation to the mine infrastruc-

The waste generated after the mining and mineral pro-
cessing includes waste rock, tailings, lime, and process
water. Approximately 2.3 Mt (dry) of tailings are generated
annually and deposited on the TSF, and 8-10 Mt of waste
rock is generated, half of which is reused in construction
and the rest is stored in waste heaps on site (LKAB, 2024).
The TSF spans over 500 hectares and has been in continu-
ous operation since the deposition of tailings began in 1977.
At present, the spigot points are in the northern part of the
TSF (Fig. 1) and are changing from west to east every 6
months. During early mining, the discharge points were in
the middle of the TSF and now occur in the upper northwest
and northeast (Fig. 1).

Water management at LKAB Kiruna is based on a closed
loop interconnecting outer and inner water circuit. The
outer water circuit includes mine water and water from the
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ture and tailings ponds. Note: black arrows illustrate the discharge
points, purple line denotes mine-impacted water flows, and white
denote minimally impacted mine waters in and around the TSF and
mining infrastructure

TSF. Mine water is comprised of groundwater and drain-
age through faults and fractures in the mine walls. The TSF
receives a mix of process water from the tailings dam, seep-
age from Lake Luossaajdrvi and precipitation in the form of
rain and snow (Videll 2019). The waters are collected in the
clarification pond, from which 60-80 m*/min are pumped
for reuse in mineral processing (LKAB, 2023). The inner
water circuit consists of the main processing infrastructure,
including the sorting plant, concentrators, and pelletising
plants. Around 30 million cubic meters (Mm?®) of water are
recirculated annually from the clarification pond back into
the processing plant. To manage excess water and maintain
system balance, treated water is discharged through a pH
adjustment plant into the Rakkuijoki stream, the designated
receiving body. On average, 10 Mm® of water is discharged
annually into the stream (LKAB, 2023).
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Methods and materials
Sampling and sample preservation

Tailings samples were collected in the winter period of
2024 from three locations within the TSF, namely KI 01,
KI 02, and KI 03 (Fig. 1). Sampling location KI 01 was
situated near a spigot point, where periodic deposition of
tailings into the facility occurs. However, at the sampling
time, it was not active. KI 02 was located 300 m further
from the spigot point, more central within the facility than
KI 01, to capture the material settling pattern from the dis-
charge. KI 03 was positioned to the south, the deepest part
of the pond, with a depth of 10 m. This location was near the
original spigot point, making it representative of the oldest
part of the tailings (Fig. 1).

Intact vertical tailing cores were sampled using 1.2 m long
plexiglass tubes, which were driven into the tailings by a
Geoprobe® percussion drill by NIRAS Sweden AB employ-
ing Direct Push Technology (DPT) which allows for con-
tinuous solid sample collection. These cores were extracted
from surface level, reaching depths of 6.7 m, 6.9 m, and
10 m at KI 01, KI 02, and KI 03, respectively. The cores
reached the underlying soil, and groundwater was encoun-
tered 5-6 m below the surface in KI_01, while KI 02 and
KI 03 were water-saturated at the surface. Both KI 02 and
KI 03 were drilled through layers of snow and ice, with the
first 3 m comprising alternating layers of sediment and ice.
The interval between 450 and 550 cm in core KI_02 could
not be sampled due to technical limitations during sampling,
likely caused by increased lithification of the material at this
depth. To preserve integrity, all samples were stored in vac-
uum-sealed bags and refrigerated until analysis. A total of
95 subsamples were collected from the profiles.

Bulk geochemical analysis

Elemental analysis for 95 subsamples was conducted by
ALS Minerals (Pited, Sweden) targeting major and trace
elements. Major element content was determined using
Inductively Coupled Plasma-Atomic Emission Spectros-
copy (ICP-AES), while trace elements analysed using
Inductively Coupled Plasma-Mass Spectroscopy (ICP-MS).
Base metals were measured following a 4-acid digestion
(HC10,~HNO;-HF-HCI) process, with subsequent anal-
ysis by ICP-AES. Total sulphur (S) and carbon (C) were
quantified using an induction furnace with infrared detec-
tion, and F was analysed following sodium peroxide fusion,
citric acid leach, and ion-selective electrode methods. Stan-
dards, blanks, and duplicates were employed to ensure ana-
lytical accuracy and precision (Supplementary Information,
Supplementary Material 2).
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Paste pH

Paste pH measurements were conducted on all 95 subsam-
ples using a solid-solution ratio of 1:1 following Nobel et
al. (2015), mixing sediment with MilliQ water. The pH was
measured with a handheld multi-parameter meter (Multi-
Line 3620 IDS, WTW) using a pHenomenal 111 (662—1157)
electrode and calibrated prior to analysis using standard buf-
fer solutions at pH 4, 7, and 10.

Mineralogy

Fifteen polished thin sections from selected subsamples of
KI 01, KI 02, and KI 03 were prepared from bulk com-
posite samples representing the full interval of interest.
Subsampling of the interval involved gently homogenis-
ing the sample to ensure representative material while
minimising introduction of oxygen. Thin sections were
prepared by Vancouver Petrographics Ltd. (Vancouver, BC,
Canada) with special care taken to preserve water-soluble
phases and prevent their dissolution during the prepara-
tion process. Polished thin sections were examined using
a petrographic microscope (Nikon ECLIPSE E600 POL)
at Luled University of Technology (LTU) under both trans-
mitted and reflected light. Further analysis was conducted
using a scanning electron microscope (SEM) (Zeiss Sigma
300VP) equipped with two energy dispersive X-ray spec-
troscopy (EDS) detectors and MINERALOGIC software at
the QanTmin Laboratory, LTU. This allowed for detailed
characterisation of mineral morphology, phase identifica-
tion, and elemental distribution within the solid phases.
Automated mineralogy by SEM-EDS targeting sulphides
was performed on three subsamples from KI 01 (040 cm,
120-140 cm, 140-162 cm depths) using a bright phase
search with spot centroid measurements. X-ray diffraction
(XRD) analysis was performed using an AERIS benchtop
diffractometer (Malvern Panalytical, Research Edition) at
LTU equipped with a Cu-Ka radiation source operating at
40 kV and 15 mA. The instrument setup included a 0.04 rad
soller slit, a fixed 13 mm mask, and a 0.5° divergence slit.
Data collection utilised a 1Der detector in continuous scan-
ning mode across a 20 range of 5° to 80°, with a step size
of 0.018° and an overall counting duration of 93 s. Each
measurement required approximately one hour to complete,
thereby ensuring high resolution. Phase identification and
Rietveld refinement were performed utilising X’Pert High-
Score Plus v.4 software, incorporating ICDD and ICSD
reference patterns. XRD analyses were performed on bulk
composite soil material, without further size fractionation.
Intervals were sent to ALS Scandinavia AB (Luled, Sweden)
for preparation, where samples were first dried at 50 °C.
Samples were then ground and milled according to ISO
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11464:2006, ensuring homogeneity suitable for bulk XRD
analysis. The resulting powders were back-load mounted
for XRD, allowing the identification of dominant mineral
phases representative of each interval.

Core intervals for XRD, SEM, and thin section analy-
ses were selected based on bulk geochemical characteristics
rather than visual inspection. The aim was to target intervals
representative of key geochemical parameters and processes
identified in the core. The selected intervals included near-
surface samples, sulphur-rich horizons and intervals with
elevated REE content.

Groundwater sampling

Groundwater includes all waters present below the ground
including pore water within the tailings. Groundwater
samples were collected from groundwater wells in KI 01
and KI 03 (Fig. 1). After retrieving intact core samples
as described above, monitoring wells were constructed in
boreholes KI 01 and KI 03 using rigid PVC pipes. At the
base of each well, 1-metre pre-packed well screen unit was
installed as the intake zone. The screen unit consisted of an
inner slotted well screen surrounded by a pre-packed silica
sand filter, enclosed within an outer perforated PVC sleeve.
Well KI 01 was sampled once in June, July, and Septem-
ber 2024 respectively and well KI 02 was sampled twice
in June, and once in July and September in 2024. The water
was pumped using a submersible sampling pump (mini-
purger ©OUnoson Environment AB) and the water wells
were purged by pumping for ~10—15 min to remove stand-
ing water. pH, EC, redox, and oxygen levels were measured
after stabilising numbers. Groundwater samples were col-
lected from just above the screen intake to ensure represen-
tative sampling from the screened interval. The groundwater
was then pumped through acid-washed (5% acetic acid) cel-
lulose acetate membrane filters of porosity 0.22 pm. Sam-
ples for elemental screening and anions (chloride, fluoride,
sulphate, and nitrate) and unfiltered samples for total inor-
ganic carbon (TIC) and dissolved organic carbon (DOC)
were collected. The elemental screening and anion samples
were collected from filtered groundwater in the field, stored
refrigerated, and transported to the laboratory within 48 h.
Acidification was performed by ALS Scandinavia.

Analysis was conducted by ALS Scandinavia (ALS
Scandinavia, 2023) in Luled quantitative screening of 71
elements by Inductively Coupled Plasma-Sector Field Mass
Spectrometry (ICP-SFMS), ion liquid chromatography for
anions, discrete spectrophotometry for nitrate and infrared
detection for carbon determinations.

Geochemical modelling

The saturation Index (SI) of anhydrite and gypsum in the
groundwater was calculated using PHREEQC Interactive
version 3.8.6 17,100 model (Parkhurst and Appelo 2013)
with the phreeqc.dat thermodynamic database. Input param-
eters for each modelled sample comprised measured pH,
temperature, and dissolved concentrations of Ca, Mg, Na, K,
Fe, Mn, CI-, SO+>", F-, NOs-N, Si, DOC, and TIC. Alkalin-
ity was not measured directly during groundwater sampling,
which is a recognised limitation of the dataset and prevents
direct calculation of carbonate species activities from field
measurements. To address this, carbonate speciation was
constrained by assuming equilibrium between groundwa-
ter and calcite (SI calcite=0), allowing PHREEQC to solve
for pCO, and the distribution of dissolved inorganic carbon
species consistent with the measured pH and temperature.

Results
Grain size distribution

Sample location KI 01, closest to the spigot point, had a
coarse average grain size, being characterised by gravel-
sized tailings at the top (0—40 cm from surface) and alternat-
ing clayey, gravely and sandy tailings below (40—450 cm,
deep), Fig. 2. The bottom of the profile (450 to 655 cm) was
entirely characterised by silt- to clay- grain size fractions.
The underlying soil was found at 655 cm, and the profile
terminated at 682 cm. KI 02 consisted of clay- and silt-
sized tailings and minimal sandy tailings, with an increase
in grain size with depth, as the bottom tailings were mostly
sand-sized. Profile KI 03 was characterised by fine-grained
tailings at the top 0200 cm, consisting of clay- and silt-
grained tailings. A 5 cm-thick sand layer occurred at 150 cm
in between the clay layers. From 215 to 970 cm, the tail-
ings were dominated by mostly sand-sized particles, and the
interval from 970 to 1071 cm was mostly silty tailings.

Tailings geochemistry

Elemental enrichment was assessed by normalising the aver-
age content of all 95 samples to the Earth’s continental crust
(ECC) (Krauskopf and Bird 1995). Among the major ele-
ments, P (2.0 wt%) and F (0.5 wt%) were elevated, showing
enrichments of nearly 20x and 8x, respectively (Table 1).
Sulphur (1.1 wt%), Fe (15.2 wt%), and Ca (8.3 wt%) were
also markedly enriched compared to ECC (3.7x, 3%, and
2x ECC, respectively). In contrast, Si, Na, K, and Al were
depleted, and Mg, Mn, and Ti were near crustal averages.
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Fig. 2 Profiles of boreholes KI 01 KI 02
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Enrichment in trace elements was most pronounced in 15x and 8x enrichment over ECC, respectively. Elevated
the heavy REE (HREE i.e. Tb, Dy, Ho, Er, Tm, Yb, Lu) contents were also observed in Sn (15 ppm, 7.5%), and As
average 180 ppm and light REE (LREE i.e. La, Ce, Pr, Nd, (12 ppm, 7x). Co (138 ppm, 5.5%), Cu (258 ppm, 5%), Se
Sm, Eu, Gd), with average 1100 ppm, corresponding to a (0.4 ppm, 4x), Th (32 ppm, 4x) and Mo (6.2 ppm, 4x).
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Table 1 Summary of the total element concentration from KI 01,
KI 02, and KI 03. Standard deviation in parentheses. Samples are
normalised to ECC (Krauskopf and Bird 1995). N=95. Expanded table
in Supplementary Information, Table S1

Average ECC Average/ECC
Major elements (wt%)
Al 3.9(0.3) 8.1 0.5
C 0.8(0.3) - -
Ca 8322 3.6 2.3
F 0.5(0.2) 0.1 7.9
Fe 15.0 (9.0) 5.0 3.1
K 1.6 (0.4) 2.6 0.6
LOI 40(2.2) - -
Mg 2.8(0.8) 2.1 1.4
Mn 0.2 (0.0) 0.1 1.6
Na 2.0(0.6) 2.8 0.7

2.0(0.8) 0.1 20.0
S 1.1(1.3) 0.3 3.7
Si 19.0 (4.0) 277 0.7
Ti 0.5(0.3) 0.4 1.3
Trace elements (ppm)
As 12 (4.2) 1.8 6.7
Ba 246 (71) 425 0.6
Co 138 (147) 25 5.5
Cr 23 (53) 100 0.2
Cu 258 (141) 55 4.7
Li 29 (19) 20 1.5
Mo 6.2(3.2) 1.5 4.1
Ni 101 (39) 75 1.35
Pb 52(4) 13 0.4
Sc 26 (9.3) 22 1.2
Se 0.4(0.4) 0.1 4
Sn 15 (15) 2.0 7.5
Sr 84 (40) 375 0.2
Th 32 (14) 7.2 44
U 3.4(1.2) 1.8 1.9
\Y% 304 (158) 135 2.3
Zn 36 (13) 70 0.5
LREE 1111 (350) 139 8.0
HREE 177 (53) 12 158

Additional enrichment was observed in U (3.4 ppm), Li (29
ppm), V (304 ppm), and Zr (221 ppm), each ranging from
1.5 to 2x.

Vertical geochemical profiles of tailings

The tailings were characterised by a dark grey to black
colouration, and visual inspection revealed no evidence of
oxidation phases. The cores were subdivided into subsam-
ples based on variations in grain size. Visual inspection of
cores KI 02 and KI_03 revealed no evident oxidation front,
while core KI_01 showed a slight colour variation from red-
dish brown at the top 10 cm and gradually shifts to a reddish
brown mixed with black-grey in the top 1 m. In KI 01, pH

averaged 8.6, peaking at 9.7 between 40 and 60 cm, before
fluctuating between 8 and 9 and dropping sharply to 6.5 in
the underlying soil. KI 02 showed similar behaviour, with
pH between 8.5 and 9.5 and a decline to 6.6 in the underly-
ing soil. In KI 03, pH ranged from 8.1 to 9.5, increasing
to 9.5 within the top 200 cm and then gradually decreasing
with depth while remaining above 8.5.

Generally, the C content across all three profiles was as
follows: KI 02>KI 01>KI 03 (Fig. 3), ranging from 0.4
to 1.3 wt%. The CaO content in KI 01 varied between 2.2
wt% and 4.7 wt%, while in KI 02 the content varied between
5.5 wt% and 19 wt%. In KI 03, CaO varied between 7 wt%
and 19 wt% with notable sections of enrichment at 445—
536 cm (14-18 wt%) and 801-823 cm (15 wt%). The F
content ranges mostly from 0.2 to 1.0 wt% in all cores but
a peak with 0-7 to 3.3 wt% of F was found at 72-98 cm
depth. The content of Fe,O; varied greatly between 7 and 66
wt%, holding higher content in KI 03 compared to the other
two cores. Phosphorus content in KI_01 varied between 1.0
and 8.7 wt%, with several isolated high peaks of 6.7 wt%
(201 cm), 6.3 wt% (221 cm), and 6.1 wt% (455 cm). In
KI_02 the P,O5 content in the tailings varied between 3.9
and 9.3 wt% and there was a general upward trend in P,O5
content with depth. In KI_03, the content varied between
1.9 and 9.0 wt% with an enrichment zone between 445 cm
and 536 cm (6.7-9.0 wt%). In general, the content of S
across all three profiles were similar (0.6-7 wt%.). Strong
peaks of S occurred at several depths in KI 01 including
267 cm (6.1 wt%), 414 cm (5.4 wt%), 476 cm (6.6 wt%) and
515 cm (5.0 wt%). The S content in KI 02 and KI 03 was
lower and decreased with depth. A few enriched sections
were detected in KI 03 e.g. 224 cm (1.4 wt%), 362.4 cm
(1.8 wt%) and 561-608 cm (1.1-1.5 wt%). The SiO, con-
tent ranged from 16 to 58 wt% in the tailings cores. The top
250 cm of KI 03 profile showed low values reaching down
to 16 wt% at 98 cm and coincides with the elevated values
of Fe,0;.

The content of As was similar in all three cores, with
slight variations with depth, ranging from 4 to 24 ppm. The
Co content across all three profiles mostly ranged from 47
to 200 ppm. In KI 01, several peaks stand out with higher
content of Co (max: 906 ppm. The content of Th and U was
similar across all the profiles, respectively. Thorium ranged
from 15 to 70 ppm, and U ranged between 2 and 5 ppm.
Peaks of P, F, CaO, As, Th, U, and REE were observed at
825 cm depth in KI 03. The LREE content varied across
profiles, with KI 02>KI 03>KI 01 ranging from 566
to 1949 ppm. Notable LREE peaks in KI 02 occurred at
176 cm (1519 ppm), 291 cm (1645 ppm), and 419 cm (1949
ppm); and in KI 03 at 72 cm (1725 ppm), 534 cm (1927
ppm), and 812 cm (1728 ppm). In contrast, underlying soils
showed markedly lower LREE contents (186—188 ppm).
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Samples marked with @, B, and a were selected for mineralogical studies.

Fig. 3 pH and total elemental variation diagrams of C, Ca, F, Fe, P, S, and Si in subsamples of KI 01, KI 02, and KI 03

HREE were lower and less variable (81-321 ppm) with
enrichment zones in KI 01 at 450-550 cm and in KI 03
(around 800 cm). Lower content of HREE was observed in
the underlying soils (4657 ppm). (Figure 4).

Mineralogy

Based on the mineralogical investigations using optical
microscopy, SEM-EDS, and XRD, the following minerals
were identified, with quantitative abundance determined by
XRD: albite (9.8-47.5 wt%), quartz (2-23.8 wt%), biotite
(6.9-23.8 wt%), actinolite (11-34.3 wt%), apatite (3-18.2
wt%), calcite (2—-6. wt%), clinochlore (3-6.9 wt%), and
dolomite (2-10 wt%) (Table 2). Diffractograms for the
representative samples from each core are provided in the
Supplementary Material Figure S1. Apatite was present in
higher quantities in the deeper part of all three cores. Anhy-
drite and gypsum were present as minor constituents. Anhy-
drite was found in the highest content (6.9 wt%) at the top
dry tailings of KI 01 and decreased downwards until the
content was below the XRD detection limit in the deeper
water saturated tailings. Similar results were seen for KI 02
and KI_03, where anhydrite was detected in the top tailings
(2-3 wt%), but not deeper down. Gypsum was not detected
in the top sample of KI 01, but otherwise in the top sedi-
ment across all three cores (2-3 wt%), but below the XRD
detection limit in deeper tailings of KI 01 and KI 02. In

@ Springer

contrast, gypsum content in KI_03 was present in both shal-
low and deep parts of the profiles. Iron oxide mineralogy
was determined to be magnetite and hematite, also occur-
ring as minor minerals in the analysed samples, and locally
at higher content, such as KI 03 809-823 cm having 24.5
wt% magnetite. Pyrite was present with contents between
2 and 5 wt% across the profiles, with some samples below
the XRD detection limit. The highest content was found
in the deep tailings of KI 01. Calcite and dolomite are the
carbonate minerals found in the tailings with varied content
across the sampling locations. In KI 01, dolomite was the
dominant carbonate mineral at the top of the tailings, while
calcite was below the XRD detection limit at this interval
(040 cm depth). The rest of the profile below this interval
has the occurrence of both carbonate minerals. In KI 02, the
most dominant carbonate mineral was calcite; dolomite was
detected sporadically.

Pyrite was the primary sulphide mineral in all 15 thin sec-
tions from the three cores. Under reflected light, the grains
exhibit their characteristic bright and metallic appearance
with brassy-yellow reflectance, with irregular but distinct
grain boundaries. Several grains displayed internal frac-
tures that are thin, straight to slightly curved, and variable
in length. Additionally, pyrite typically occurred as isolated
single crystals with a high degree of freedom, although occa-
sional grains were observed to be intergrown with hematite.
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Trace elements (ppm)
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Samples marked with @, B, and A were selected for mineralogical studies.

Fig.4 Elemental variation diagrams for As, Co, Th, and REE (3}.LREE, Y HREE) in subsamples of KI 01, KI 02, and KI 03

Thin sections from core KI 01 at depths of 040 cm,
140-162, 443—466 cm were also analysed using automated
mineralogy, employing the bright phase spot centroid
search method. From this, 88, 244, and 331 pyrite grains
were identified in each of the previously mentioned thin sec-
tions, respectively. Two pyrite morphologies were identi-
fied: intact grains (described above) and grains with mineral
rims. Of all the pyrite grains detected by automated min-
eralogy, less than 1% exhibited mineral rims. The internal
structure of the pyrite grains with mineral rims has a similar
appearance to the intact grains described above (Fig. 5B).
These pyrite grains also have sharp and well-defined grain
boundaries and are similarly internally micro-fractured.
SEM-EDS determined the composition of the rims to be
Fe-O rich. In KI 02 and KI 03, the pyrite particles were
intact, with sharp edges and no coating of secondary miner-
als or mineral dissolution along grain boundaries (Fig. 5A).
Chalcopyrite appeared in low quantities in the thin sections,
appearing both as individual crystals that were fully liber-
ated, but also as inclusions and within fractures in brecciated

pyrite (Fig. 5C). Chalcopyrite showed no signs of weather-
ing, also showing sharp edges and no mineral etching in the
thin sections investigated. Gypsum and anhydrite occurred
in varying amounts throughout the profiles. Unaltered,
pristine gypsum grains were identified in all three profiles.
Weathered gypsum and anhydrite were also observed in
each profile, exhibiting strong surface etching and a porous
texture (Fig. 5G, H). However, there was no apparent spatial
trend in the distribution of the weathered grains across the
profiles.

Carbonates, mainly calcite and dolomite, were abundant
throughout the profiles. Weathered carbonates, occurring in
KI 03, have a mottled, dull appearance under cross polars
(Fig. 5SE). Iron oxides, particularly hematite and magnetite,
were commonly found in the tailings. Apatite grains in the
tailings occurred as subhedral grains, with no evidence of
mineral alteration. Apatite, monazite, and allanite were the
REE-bearing minerals identified. In apatite, REE elements
(La, Ce, Nd) were detected by elemental mapping by SEM-
EDS. Monazite occurred as both free mineral grains and as
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Ab- albite, Bt-biotite, Act- actinolite, Qz- quartz, Ap-apatite, Cal-calcite, Clc-clinochlore, Gp-gypsum, Anh-anhydrite, Dol-dolomite, Mag-magnetite, Py-pyrite, and Hem-hematite. BDL- below

detection limit (<1 wt%)

Location

Table 2 Mineralogical composition (in wt%) determined by XRD analysis from selected samples from KI_01, KI 02, and KI 03. Mineral abbreviations following Whitney and Evans (2010):
KI 01
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inclusions within apatite (Fig. 5I); the inclusions appear as
rod-like structures parallel to the c-axis or may also have a
random orientation. Apatite and monazite showed no signs
of weathering, displaying clear and unaltered grain bound-
aries (Fig. 51, F). Zircon, ilmenite, barite, uraninite and tho-
rite were detected by using automated mineralogy.

Element concentrations in groundwater

The groundwater chemistry at sites KI 01 and KI 03
showed spatial and temporal variation during the sampling
events (Table 3). At KI 01, pH values range from 7.2 in
June to 6.8 in September, while EC increased from 1588
uS/cm to 3200 puS/cm in the same periods, respectively. At
KI 03, pH values ranged from 8.4 to 6.9, and EC values
ranged from 2840 uS/cm to 1309 uS/cm from June to Sep-
tember. TIC concentrations at KI 01 were 68 mg/L in June
and 3.86 mg/L in September. DOC concentrations were
6.39 mg/L in June and 1.37 mg/L in September. At KI 03,
TIC decreased from 79.5 mg/L in June to 13.9 mg/L in July,
then increased and remained elevated. DOC concentrations
followed a similar pattern.

AtKI 01, Ca, SO,, and Na concentrations increased over
the sampling period, with SO, rising from 57.1 mg/L in June
to 1540 mg/L in September. At KI 03, SO+ and Ca concen-
trations were 1340 mg/L and 570 mg/L in June, respec-
tively, and both declined in subsequent months. Phosphorus
concentrations at KI 01 were 17 pg/L in June, 5.5 pg/L in
July and 4.8 png/L in September. At KI 03, P concentrations
were 77.5 pg/L in June and 32.5 pg/L in September. Arsenic
concentrations were low at both sites, ranging from 0.14 to
0.30 pg/L in KI 01 and 0.12 to 0.42 ug/L in KI_03. Cobalt
concentrations in KI 01 increased from 0.42 pg/L in June
to 5.90 pg/L in July and then decreased. At KI 03, Co con-
centrations peaked at 3.7 pg/L in July. Uranium concentra-
tions at KI 01 increased from 0.61 pg/L to 40 pg/L, while
KI 03 showed an increase from 0.83 pg/L to 18 pg/L before
declining. Thorium concentrations were at or below detec-
tion limits in most samples. At KI 01, ZREE ranged from
0.24 to 0.34 ng/L and remained relatively stable. At KI 03,
YREE concentrations decreased from 0.40 pg/L in June to
0.16 pg/L in September.

Saturation indices for gypsum and anhydrite are reported
for all groundwater samples from KI 01 and KI_3 in Fig. 6.
Gypsum SI values range from —1.71 to -0.02 and anhydrite
SI values range from —1.96 to —0.27 across all samples and
sampling periods (Fig. 6). All samples are undersaturated
with respect to both minerals. The three samples with gyp-
sum SI values closest to zero are KI_01 July (-0.09), KI_01
September (-0.02), and KI_03 June S2 (-0.02), all corre-
sponding to the highest measured SOs concentrations in the
dataset (1340—1540 mg/L).
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Fig. 5 Microscopy images illustrating characteristic features of min-
erals in the tailings. (A) Pyrite (Py), (B) pyrite grain with rim, (C)
fractured pyrite (Py) with chalcopyrite (Ccp) inclusions and in fill, (D)
pristine calcite (Cal) characteristic of tailings, (E) weathered calcite,

Discussion

The bulk mineralogy of the tailings was dominated by sili-
cate minerals (74 wt%.) consisting of albite (26 wt%), bio-
tite (16 wt%), quartz (11 wt%.) and actinolite (16 wt%.).
Magnetite and hematite were identified as the primary iron
oxide minerals, occurring mainly as trace minerals. How-
ever, in some sections of the cores, magnetite occurred as
a major mineral, as indicated by the iron content reach-
ing 57 wt% Fe,0;. Carbonates (calcite and dolomite) was
also present in the tailings, averaging 3.54 and 4.78 wt%.
respectively. The main REE-bearing minerals in the tailings
were fluorapatite and monazite. Comparison of ZLEE and
YHREE profiles (Fig. 4) and grain-size logs (Fig. 2) does
not show any systematic enrichment restricted to fine- or
coarse-grained tailings units. Pyrite, chalcopyrite, anhydrite,
and gypsum where all found in minor amounts (<6 wt%.).

(F) ) apatite (Ap) with monazite (Mnz) inclusions pristine apatite (G)
anhydrite grain showing evidence of weathering, (H) weathered gyp-
sum (crossed polars), (I) Monazite inclusions in apatite

As (11 ppm), Co (138 ppm), LREE (216 ppm), HREE (21
ppm), Th (32 ppm) and U (3.4 ppm) were present in the tail-
ings and are all classified as element of potential concern to
the environment.

Over 70 years of storage, with different locations of
spigot point and transport of particles has generated hetero-
geneity in both grain size distribution (Fig. 2) and elemen-
tal composition (Fig. 3) between the three sampling sites
(KI_01, KI 02, KI 03) and within each of the three cores,
reflecting depositional and post-depositional processes
within the TSF. The grain size distribution reveal that the
tailings have been sedimentologically sorted. Proximal site
KI 01, closest to the current spigot, displayed the coarsest
grain sizes near the surface, dominated by gravel- to sand-
sized particles in the upper 40 cm depth, with a transition
to finer silt and clay fractions with depth. This reflects the
rapid settling of coarser particles near the discharge point,
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Table 3 Groundwater quality parameters (pH, and EC) and dissolved concentrations of major elements (Ca, ClI,, DOC, F-, Fe, K, Mg, Na, NO3-
N, Si, SO42', TIC in mg/L) and selected trace elements (As, Co, P, Th, U, LREE, HREE, and Y REE in ug/L) from water wells KI 01, and KI 03
during June, July, and September

KI 01 KI 03

Date June July September June June July September
pH 7.2 7.0 6.8 8.4 7.5 7.4 6.9
EC 1588 2770 3200 2840 668 1315 1309
mg/L mg/L

Ca 110 420 510 99 570 115 120
ClI 116 229 248 116 221 151 132
DOC 6.39 1.34 1.37 5.68 1.20 5.68 4.75
F~ 1.26 1.80 1.85 1.26 1.75 1.40 1.09
Fe 2.10 4.50 16.00 4.85 5.30 3.75 3.20
K 42 47 61 36 51 41 40
Mg 41 46 64 33 52 35 55
Na 78 110 130 59 140 79 74
NO;-N 0.11 0.00 1.44 0.13 10.90 1.03 BDL
Si 8.15 3.80 6.10 8.00 420 6.45 8.45
so,> 57.10 1480 1540 99 1340 203 149
TIC 68 10.3 3.86 79.5 13.9 73.6 63
ng/L ng/L

As 0.14 0.30 0.20 0.16 0.12 0.42 0.21
Co 0.42 4.00 5.90 0.48 3.70 0.98 0.89
P 17.00 5.50 4.80 77.5 18 235 325
Th 0.01 0.001 0.01 0.02 0.00 0.03 0.06
U 0.61 15 40 0.83 18 1.05 1.30
LREE 0.22 0.33 0.23 0.35 0.32 0.23 0.12
HREE 0.02 0.01 0.01 0.05 0.01 0.03 0.04
>REE 0.24 0.34 0.24 0.40 0.33 0.26 0.16

Fig. 6 Saturation indices for gyp-
sum and anhydrite calculated for
groundwater samples from wells
KI 01 and KI 03 during June,
July and September

Saturation Index

Il Gypsum
V] Anhydrite
T T T T T T T
KI 01 KI 01 KI 01 KI 03 KI 03 KI_03 KI 03
June July Sep June (1) June (2) July Sep
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a common phenomenon in TSF environments that has been
discussed at other sites (Bjelkevik 2005). The more distal
profiles KI 02 and KI 03 are dominated by finer silt- and
clay-sized material in their upper sections, consistent with
distal settling of suspended fines from the tailings slurry.
The sand-rich interval between 215 and 970 cm in KI_03
likely records an earlier depositional regime when this area
lay close to an active discharge point before spigots were
relocated northward.

Minerals of potential concern

Minerals identified as geochemically relevant to tailings
groundwater and mine drainage quality include pyrite,
gypsum, anhydrite, calcite and dolomite, based on optical
microscopy, SEM-EDS and XRD analysis. The geochemical
behaviour of the tailings is dominated by the dissolution of
sulphate minerals and the buffering capacity of carbonates,
rather than by sulphide oxidation. Gypsum and anhydrite,
which are present as primary gangue minerals, dissolve to
release Ca®" and SO,*" to solution, increasing total dissolved
solids, ionic strength and water hardness (Dold 2014). The
abundant carbonate minerals provide effective acid neutral-
ising capacity, maintaining circumneutral to alkaline pH
conditions throughout the tailings profiles. Pyrite and chal-
copyrite are present but show minimal evidence of oxida-
tion under the prevailing water-saturated, anoxic conditions,
and their contribution to sulphate concentrations and trace
element mobilisation is considered subordinate to that of the
dissolving sulphate minerals. The geochemical conditions
in the Kiirunavaara tailings are therefore characteristic of
NMD rather than acid mine drainage.

Sulphides

Sulphide minerals, primarily pyrite and chalcopyrite, exhib-
ited limited to no signs of weathering. Progressive sulphide
oxidation in mine tailings produces a characteristic and
well-documented suite of mineralogical and geochemical
indicator including systematic depth-dependent sulphide

depletion, pseudomorphic replacement textures, precipita-
tion of secondary iron oxyhydroxide and sulphate minerals
such as goethite, hematite, and jarosite, and strongly acidic
porewater (Lindsay et al. 2015; Gunsinger et al. 2006;
Zheng et al., 2019). None of these features are observed in
the Kiirunavaara tailings at bulk scale. Pyrite and chalcopy-
rite grains in KI 02 and KI 03 retain sharp grain boundar-
ies, with no coatings or etching, as a result of prolonged
water saturation and cold climate conditions functioning
as natural barriers to oxygen ingress (Costis et al. 2021;
Boulanger-Martel et al. 2016; Elberling 2001). In the top
tailings of KI_ 01, the tailings were dry during sampling, but
no signs of pronounced pyrite oxidation were observed with
optical microscopy and SEM-EDS analysis. This is consis-
tent with the relatively short interval between active and
inactive deposition, as spigot points are alternated approxi-
mately every six months.

Pyrite grains in all three cores commonly exhibit internal
micro-fractures. These fractures represent potentially reac-
tive surface area that could, in principle, support localised
oxidation. However, the fracture surfaces themselves do not
show secondary mineral infill, etched grain boundaries, or
compositional zonation that would indicate progressive oxi-
dative weathering along these pathways. Where chalcopy-
rite is present within fractures in brecciated pyrite (Fig. 5C),
it occurs as fully liberated inclusions with no evidence of
alteration. The fractures therefore represent a textural fea-
ture inherited from the primary ore or generated during com-
minution rather than a site of ongoing oxidative reaction.

A small number of pyrite grains (<1%) in KI 01 exhib-
ited Fe-O rich rims (Fig. 7) while remaining internally intact.
Several lines of evidence indicate that these rims are most
plausibly interpreted as authigenic precipitates deposited
from Fe-bearing pore water onto pyrite surfaces, rather than
as products of in-situ oxidation of the underlying grains. The
rims appear cracked and partially detached from the pyrite
surface, inconsistent with secondary phases that have grown
by replacement of the parent mineral typically associated
with sulphide weathering in mine tailings (Blowes et al.
1995; Lindsay et al. 2015; Gunsinger et al. 2006; Moncur et

Fig. 7 BSE and elemental distribution map of a pyrite grain with Fe-O rich rim. (A) BSE image showing the cracked outer rim of a pyrite grain.
(B) EDS map for Fe, showing Fe content in both core and rim. (C) EDS map for O, highlighting the oxygen-rich rim
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al. 2015; Hallstrom et al. 2018). Their composition is Fe-O
only, with no detectable residual S that would be expected
from a passivation layer formed by direct pyrite oxidation.
Their occurrence on fewer than 1% of pyrite grains is lower
than would be expected from systematic oxidative altera-
tion of a reactive sulphide population after several decades
of exposure. Comparable rims on sulphide grains in water-
saturated, carbonate-buffered tailings have been interpreted
as reflecting adsorbed species or secondary mineral micro-
inclusions precipitated from pore water rather than oxida-
tion products (Kazamel et al. 2023).

In KI 01, S content reached a maximum of 6.63 wt%
with a strong positive correlation between S and Co in the
solid phase (R*=0.98, p=0.01; Fig. 8A). No independent
Co mineral phases have been identified in the Kiirunavaara
AIO deposit, and Krolop et al. (2023) demonstrated that
pyrite is the primary Co-bearing phase with Co incorporated
structurally within the pyrite lattice. Peaks in S content cor-
responded to increased pyrite abundance confirmed by thin
section and XRD analysis, and the S-Co correlation is there-
fore interpreted to reflect Co-hosted within pyrite through-
out the tailings profile.

Dissolved Co concentrations in groundwater were low
(average 2.3 pg/L, filtered at <0.22 pum), in line with the
limited mineralogical evidence for sulphide oxidation. At
circumneutral pH, Co concentrations in groundwater can in
principle be strongly influenced by sorption onto or co-pre-
cipitation with Fe- and Mn-oxyhydroxide phases, and low
dissolved Co concentrations in oxic systems therefore do
not uniquely demonstrate limited sulphide oxidation (Ziwa
et al. 2020; Migaszewski et al. 2015). However, this mecha-
nism is considered unlikely to dominate under the prevail-
ing conditions. The tailings are predominantly anoxic and
reducing, and elevated dissolved Fe and Mn concentrations
indicate that Fe- and Mn-oxyhydroxides are not forming at
a scale sufficient to exert bulk control on porewater metal
concentrations, or have been reductively dissolved, substan-
tially limiting the capacity for Co removal via sorption at the
porewater scale. Dissolved Co should be considered as one
of several, complementary lines of evidence for restricted
sulphide oxidation, rather than as an independent proof.

1000

Sulphates

Sulphate concentrations in groundwater reached up to
1520 mg/L, indicating substantial release of SO,*~ within
the TSF. Mineralogical evidence, saturation index calcula-
tions and the co-variation of Ca and SO, particularly during
spring snowmelt support gypsum and anhydrite dissolution
as dominant source of sulphate to groundwater. These min-
erals were identified in the dry top tailings of KI 01 and
KI 02, and in the deeper, water-saturated tailings of KI 03.
Several factors plausibly account for the observed co-occur-
rence of gypsum and anhydrite. Both minerals occur in the
primary ore as gangue minerals and their co-occurrence
largely reflects inherited mineralogy. This is consistent with
the observation that the mechanisms and rates of anhydrite-
to-gypsum conversion are poorly constrained and display
complex dependencies on local water-bearing properties
and flow regimes (Voigt and Freyer 2023; Freyer and Voigt
2003; Klimchouk 1996). The TSF receives continuous fresh
deposition, so new anhydrite and gypsum are constantly
introduced faster than the phase conversion can proceed.
Lastly, the tailings are frozen or ice-covered for most of the
year, effectively stopping water ingress required for solid-
state anhydrite hydration. Therefore, the effective reaction
time available for phase conversion is substantially shorter.

Given their lower densities relative to silicate miner-
als, gypsum and anhydrite likely migrated with finer tail-
ings fractions during hydraulic sorting and were deposited
throughout the profiles. The finer texture of the more distal
profile (KI 02) reflects enhanced hydraulic sorting, and a
weaker correlation between S and Co (R?=0.37) suggest-
ing lower sulphide reactivity. Both gypsum and anhydrite
showed signs of weathering (Fig. 5) and occur in content
close to the detection limit for XRD for most of the samples
in the water saturated tailings of KI 02 and KI 03, suggest-
ing ongoing dissolution. This is further confirmed by SI of
these minerals in groundwater, which remain undersatu-
rated in most samples during the sampling period. Satura-
tion indices close zero for gypsum correspond to the highest
sulphate concentration (1340-1540 mg/L), which suggest
that gypsum dissolution has proceeded to the point where
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Fig. 8 Bivariate scatter plots illustrating geochemical relationships between sulphur (S) and cobalt (Co) across sampling locations (KI_01, KI 02,

and KI_03)
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groundwater is approaching gypsum solubility, and gypsum
may locally buffer Ca and SO, concentrations rather than
acting purely as a dissolving source. Earlier studies, at the
site support this interpretation, very rapid dissolution of
sulphate minerals when the ore was mixed with tap water
(Videll 2019).

Carbonates

Carbonates play an important role in buffering any acidity
generated from localised sulphide oxidation (Nordstrom
and Alpers 1997; Nordstrom et al. 2015). Their abundance,
combined with textural signs of weathering, may indicate
ongoing but low-rate neutralisation reactions. Minimal
weathering of carbonates was noted in the tailings (Fig. 5).
The solubility of calcite regulates the concentration of
calcium in the dissolved phase throughout the water man-
agement system. During winter, the tailings pond is ice-
covered and acts as a closed-system. Studies have shown
that decomposition of organic matter reduces oxygen lev-
els and increases the partial pressure of CO,(g), resulting
in decreased pH which in turn promotes calcite dissolution
(Lundkvist 1998). In contrast, during spring flood periods
increasing temperatures and equilibrium of CO, with the
atmosphere leads to reduced calcite solubility, favouring

calcite precipitation. When calcium-rich water from the
colder outer water circuit (i.e. pond system) is subsequently
reintroduced into the warmer, inner circuit (processing
plant), mixing of waters with differing temperatures, car-
bonate saturation states, and CO: partial pressures may
induce local chemical disequilibrium. These conditions may
promote calcite precipitation and/or adsorption of Ca?* onto
available mineral or infrastructural surfaces within the inner
water circuit (Lundkvist 1998).

Stability of REE-bearing minerals

Apatite (up to 18 wt%.), monazite (<1 wt%.) and minor
allanite (<1 wt%.) were the REE-hosting minerals in the
tailings at all depths and sampling location. A significant
correlation between P,0O5 and XREE was observed across
all three cores (R* 0.81, p: 0.02; Fig. 9A-C), indicating
that REE remain associated with their primary ore miner-
als and that no significant alteration of apatite or monazite
has occurred. This is consistent with earlier characterisa-
tions of the primary Kiirunavaara ore and fresh tailings, in
which apatite and monazite are identified as the dominant
REE carriers and allanite accounts for a minor contribution
(Geijer 1930; Harlov et al. 2002; Martinsson et al. 2012).
XRD measurements indicated that apatite was dominantly
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Fig. 9 Bivariate scatter plots illustrating geochemical relationships sum of REE with P,Os, F, and As across sampling locations (KI_01, KI_02,
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found in the deeper portions of all three cores, which cor-
related well with elevated P content and REE peaks. Apatite
occurred predominantly as single grains, while monazite
appeared both as single grains and as inclusions in apatite.

The crystal chemistry of apatite accounts for its role
as a multi-element host. Apatite with the general formula
M, ((ZO,)¢ X, is tolerant to structural distortion and chemi-
cal substitutions. Large ions such as Ba>", Cd**, Eu®", Fe*",
Mn?*, Pb%>*, and REE®" can substitute for Ca>" in the M-site,
anionic complexes of As, V, and carbonate can substitute
for PO,>” in the Z-site, and X-site can be occupied by F,
OH or CI (Pan and Fleet 2002; Piccoli and Candela 2002).
The apatite in the studied samples, the apatite is close to
the F end member (Table 2) as revealed by XRD analysis
and the strong F-P,O5 correlation (Fig. 9D- F). Apatite in
the primary ore has been documented to be closer to the
F end member with F content of 3.75 wt% and Cl content
of 0.06 wt% (Martinsson et al. 2012; Martinsson 2000).
Significant As- P,05 correlations at KI 02 (R? =70) and
KI 03 (R®*=0.89) (Fig. 9G-I) reflect arsenate substitution
for phosphate in the apatite Z-site, making As useful as a
geochemical tracer and environmental tracer (Pan and Fleet
2002; Piccoli and Candela 2002; Balaram and Sawant 2022;
Smedley and Kinniburgh 2002; Giménez-Forcada and
Vega-Alegre 2015). Dissolved As concentration in ground-
water are uniformly low (average 0.22 pg/L), and apatite
grains show no evidence of weathering, indicating that lim-
ited mobility of As in the tailings.

Thus, the strong correlation between REE, As, F, and
P,0Os in all three cores of the tailings (Fig. 9) together with
SEM-EDS images of intact apatite and monazite grains in
all 15 thin sections analysed, suggests that REE are stable
in the current settings of the tailings. Groundwater XREE
concentrations in the study site were low (0.16-0.40 pg/L),
indicating limited mobility of REE in the system. A primary
control on REE mobility is pH (Cao et al. 2001; Edahbi et al.
2018). The measured pH in the groundwater remained cir-
cumneutral to moderately alkaline (KI_01: 7.2—6.8; KI_03:
8.4-6.9), conditions that do not promote dissolution of
REE. At this pH range the REE solubility is limited through
precipitation of secondary REE phases and/or adsorption
onto Fe/Mn or Al oxides (Verplanck et al. 2004; Wood et al.
2005; Olias et al., 2018). Additionally, in circumneutral to
alkaline environments, REE-carbonate complexes can form,
particularly for HREE, enhancing their solubility (Wood
1990; Johannesson et al. 1996). However, because the pH
in the groundwater is not strongly alkaline, carbonate com-
plexation is likely moderate. Other dissolved ligands such
as sulphate and chloride may also contribute to REE com-
plexation, although their complexing strength is typically
lower than that of carbonate and strongly dependent on pH
and concentration (Wood 1990; Schijf and Byrne 2004).

@ Springer

Organic ligands can also influence REE mobility, particu-
larly through complexation with HREE under neutral to
alkaline conditions (Pourret et al. 2007; Tang and Johannes-
son 2010). DOC concentrations at the site ranged from 1.2
to 6.4 mg/L; however, given the consistently low XREE val-
ues in groundwater, the influence of organic matter on REE
mobility appears to be limited under the current conditions
Overall, REE concentrations in alkaline, carbonate-buffered
waters remain low due to simultaneous attenuation by solid
phases (Johannesson and Zhou 1999; Medas et al. 2013). In
contrast, under acidic conditions, REE mobility increases as
host minerals tend to dissolve more readily (Wallrich et al.
2020; Leon et al. 2023). Previous studies have reported that
AMD can release REE at concentrations several orders of
magnitude higher than those found in natural waters (Noack
et al. 2014; Tang et al. 2020). These elevated REE levels are
often associated with sulphide mining, primarily due to the
oxidation of sulphide minerals (Noack et al. 2014; Leon et
al. 2021).

Thus, 70 years of storage in geochemical conditions with
circumneutral to alkaline pH, varying from 6.8 to 9.7, and
an oxygen-free setting below the water table has not mobil-
ised REE. However, unpublished results from LKAB have
seen a release of P to the clarification pond. The origin of
P needs to be studied further to understand if this is due to
minor weathering of apatite in the tailings or if P originates
from another source upstream of the TSF, releasing P to the
downstream surface water.

Uranium and thorium in the tailings

Despite the tailings system being geochemically stable with
respect to REE, dissolved U concentrations exhibit con-
siderable variability (0.61-40 pg/L), with the highest val-
ues recorded in September. These elevated concentrations
exceed the Swedish regulatory threshold for drinking water
of 30 pg/L (LIVSFS, 2022) and the environmental qual-
ity standards for inland surface waters and coastal waters
of 8.6 ug/L (maximum) and 0.17 pg/L (annual average),
respectively (HaV, 2024b). Uranium is by several orders
of magnitude relative to Th (U/Th ratios > 1), reflecting
contrasting mobility behaviour: Th remains largely immo-
bile, consistent with its incorporation in thorite and its low
solubility at near-neutral pH relative to uraninite (Hwang
et al. 2014). Weak correlations between U and P2Os in the
tailings (r* = 0.19-0.28; Fig. 10) indicate that monazite is
not a dominant host of U in this system, despite its capacity
to accommodate up to 15.64 wt% UO: (Clavier et al. 2011).
Previous mineralogical studies of the Kiirunavaara deposit
have identified uraninite and thorite as the principal U- and
Th-bearing minerals (Nordstrand 2012; Segovia Menard
2022), in line with the correlations observed here.
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Fig. 10 Bivariate scatter plots illustrating geochemical relationships sum of REE with U across sampling locations (KI_01, KI 02, and KI_03)

The mobility of U is further influenced by the co-occur-
rence of elevated Ca concentrations in the groundwater.
Mineralogical evidence and groundwater chemistry indi-
cate that the dissolution of gypsum and anhydrite along-
side calcite, contributes to the release of Ca*" to solution,
and these ions promote the formation of ternary calcium-
uranyl-carbonate complexes such as CaUO,(CO,),>” and
Ca,UO,(CO;);, which enhance U solubility and decrease its
sorption capacity (Dong and Brooks 2006; Dzimbanhete et
al. 2025). Collectively, these processes likely account for
the elevated U concentrations observed in downstream sur-
face water and sediments since mining started (Pontér et al.
2021).

Conclusion

This study examined the long-term geochemical behav-
iour of apatite iron ore-derived tailings stored under NMD
conditions, with a particular focus on element distribution,
mineralogical controls on REE, and stability and mobility
of elements of environmental concern. Element distribution
within the tailings is controlled by strongly influenced by
hydraulic sorting during deposition, with coarser, proximal
sediments and distal, finer fractions. Geochemical profiles
showed vertical variations in Ca, P, F, Fe and S with REE
enrichment zones correlated with high P and F content.

The tailings were dominated by silicate minerals (74
wt%), notably albite, biotite, quartz, actinolite, which rep-
resent largely inert mineral phases with minimal impact on
geochemical processes. REE are hosted in unaltered apatite
(max: 18 wt%.), monazite (<1 wt%.) and allanite (< 1 wt%.)
which display strong correlations with P, As, and F consis-
tent with mineralogical observations.

Long-term conditions in the tailings have promoted geo-
chemical stability of the tailings. Sulphide minerals such
as pyrite and chalcopyrite exhibit minimal signs of oxida-
tion, supported by low dissolved Co concentrations and the
absence of secondary iron phases suggesting episodic water
saturation and limited oxygen availability have prevented
oxidative weathering. Dissolved REE concentrations in

groundwater are negligible, further confirming their stabil-
ity and immobility under the current anoxic, near-neutral to
alkaline conditions. In contrast, dissolution of calcium sul-
phate minerals, gypsum and anhydrite, was evident, which
lead to the increase in groundwater SO, and Ca, especially
during spring melt period. This may explain the rise in sul-
phate and U levels in groundwater during those times, as
dissolving sulphate minerals can release Ca*" ions that form
mobile U compounds.

While the overall geochemical conditions appear sta-
ble, some uncertainties remain. Unpublished results from
LKAB indicate the release of P to the clarification pond. The
source of this P requires further investigation to determine
whether it results from minor weathering of apatite or from
upstream sources. Additionally, detailed analysis of REE
content in individual minerals and a better understanding of
water movement through and around the tailings would help
in future assessments. Ongoing monitoring is important to
understand the changes during seasonal events that have the
capability to temporarily shift water chemistry and poten-
tially increase the movement of elements of concern.
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