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ABSTRACT

Pb/Zn sulfide ore is extracted from carbonate host rock by milling to grainsizes <120 pm and separation by flotation. This produces large volumes of near neutral pH
tailings that must be carefully managed due to regulatory concern about the residual Pb and Zn concentrations (up to ~0.3 % by wt. of each) and trace concentrations
of other potentially toxic elements. To prevent dust formation, vegetation cover is established on inactive areas of the tailings management facility (TMF). This paper
reports the changes in the chemical and microbiological composition of the tailings as a function of both time and depth.

Over the course of eight years, there is progressive oxidation of pyrite in the tailings, and accumulation of soil organic matter in the surface layers. The mobility of
most potentially toxic elements is reduced due to sorption to ferric oxyhydroxides formed as a result of pyrite oxidation, although Cu is more mobile in surface layers
probably due to formation of dissolved organic carbon complexes. The microbial community diversity in the surface layer increased with the age of the tailings and
was similar to natural calcareous soil after 8 years. At this age the functional profile (functional diversity) of the community was similar to that of natural calcareous
soil, despite differences remaining in taxonomic composition. Development of soil-like properties in the surface layer, such as increased soil organic matter content
and a soil-like microbial community, suggest that the vegetation cover will be self-sustaining. Therefore, revegetation is a viable option for TMF closure planning.
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1. Introduction

Processing of metal ores involves the separation of ore concentrates
from unwanted minerals present (called gangue within the mining in-
dustry). This usually involves milling to very fine grainsizes (e.g. <200
pm) to facilitate separation (Romero et al., 2007; Gil-Loaiza et al., 2016;
Burke et al., 2023). As a result, ore processing typically produces fine
tailings containing the unwanted minerals (e.g. carbonates and silicates)
in amounts that greatly exceed the metallic products (Burke et al.,
2023). It’s estimated that some 7125 Mt. of mine tailings are produced
per annum (Mudd and Boger, 2013). These tailings are usually disposed
of in purpose-built tailings management facilities (TMFs) near the site of
production. Unfortunately, if left un-reclaimed, these TMFs can
contribute to particulate dispersion into the surrounding environment
and to contamination of ground and surface water via leaching of re-
sidual metal(loid)s (Mudd and Boger, 2013; Burke et al., 2023; Gil-
Loaiza et al., 2016; Othmani et al., 2013).

Managed closure of a TMF commonly involves construction of an
engineered cap to cover the tailings, often consisting of an inert, low
permeability layer overlain by a planted surface layer. However,
capping strategies can be very expensive (Gil-Loaiza et al., 2016). A
more economic and sustainable alternative to capping is phytostabili-
zation of the tailings, which involves establishing vegetation cover
directly on the tailings, usually assisted by the addition of amendments
such as compost, biosolids, lime and fertilizers (Gil-Loaiza et al., 2016).

The development of vegetative cover on the surface of waste deposits
has two purposes. Firstly, it provides a physical protective layer that
reduces dispersion of the material via wind and water erosion processes
(Gil-Loaiza et al., 2016; Potysz et al., 2017). Secondly, as plants grow
and a rhizosphere begins to develop, organic compounds (e.g. root ex-
udates) are introduced into the tailings, stimulating geochemical
changes, which may include pH stabilization and changes in metal (and
metalloid) speciation and mobility (Potysz et al., 2017; Gil-Loaiza et al.,
2016; Bray et al., 2018; Sun et al., 2021). The interaction of metals and
metalloids with organic compounds, however, has the potential to
reduce their bioavailability, via surface complexation, adsorption, redox
changes and precipitation; or to enhance mobility via desorption, redox
changes, pH dependant dissolution and formation of aqueous complexes
(Sun et al., 2021; Li et al., 2014a; Potysz et al., 2017).

Previous work has shown that vegetation growth on mine and ore
processing wastes can also lead to the development of soil-like condi-
tions, amenable to a more diverse ecosystem (Bray et al., 2018; Burke
et al., 2023; Gil-Loaiza et al., 2016; Guo et al., 2022). The occurrence of
soil forming processes, as a consequence of vegetation growth, is both
evidenced and facilitated by microbial colonisation. This is due to the
significant direct and indirect effects that plants have on soil microbial
communities, and vice versa (Fierer, 2017). The structure of the mi-
crobial community responds quickly to changes in an ecosystem and, in
some instances, changes in the structure or activity of the community
can precede detectable changes in soil physical and chemical properties
(Nielsen et al., 2002; Ke et al., 2021). Thus, the soil microbial commu-
nity not only accelerates soil forming processes but can also be an in-
dicator of impending soil improvement (Nielsen et al., 2002; Ke et al.,
2021; Fierer, 2017).

The Tara Boliden Mine exploits the Navan orebody, which is a
carbonate-hosted (limestone and dolomite) lead-zinc sulfide (galena,
PbS; sphalerite, ZnS) deposit (Drummond et al., 2023). The tailings
produced are dominated by carbonate and silicate minerals, with a
relatively low sulfide content, which generates neutral (pH 6-9)
drainage waters (Fitzsimons and Courtney, 2022; Burke et al., 2023).
Management of the Tara TMF involves the establishment of vegetation
cover on inactive areas, primarily to prevent dust formation, by addition
of organic compost to surface layers and seeding of perennial grasses.
Over time this has resulted in the development of an increasingly robust
and diverse vegetation cover (Burke et al., 2023; Fitzsimons and
Courtney, 2022).
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Previous studies in the Tara TMF have characterized the fresh tail-
ings material, the tailings drainage waters, and the time and depth
dependant changes in As and Sb speciation in the tailings, along with
background geochemical parameters (Burke et al., 2023, Fitzsimons and
Courtney, 2022). It was observed in the vegetated tailings that there was
oxidation of Fe(II) in pyrite to Fe(IlI)-oxides over time, as well as
oxidation of As(III) and Sb(III) to As(V) and Sb(V). However, the
behaviour of other potentially toxic elements such as Cu, Cd, Mo, Ni, Pb
and Zn was not investigated (Burke et al., 2023). Beyond the Tara TMF,
there are relatively few studies of the effect of vegetation on contami-
nant behaviour (Jordan et al., 2008; Chambers and Sidle, 1991).

This paper reports the long-term effects of vegetation cover on the
rehabilitation of the Tara Boliden lead/zinc mine tailings, as a function
of both time and depth. Core or trial pit samples were taken from areas
of tailings that have been managed with vegetation cover for 1, 3 and 8
years, from depths of 0 to 30-70 cm. Water extractable and total con-
centrations of a suite of major elements and metal(loid)s (e.g. Cu, Cd,
Mo, Ni, Pb and Zn) were measured in the tailings profile, along with
relevant geochemical parameters (DOC, LOI, pH, EC, %Fe as Fe (II)).
Bacterial 16S rRNA gene (barcode) sequencing of DNA extracted from
tailing samples was used to study the evolution of the microbial com-
munity structure. Microbial communities were also compared with
those of natural soils with similar host geology. On the basis of these
results, the long-term effects of direct vegetation as a management
strategy for mine tailings is discussed.

2. Material and methods
2.1. Sample collection

Fieldwork was carried out at the tailings management facility at
Boliden Tara, County Meath, Ireland in September 2022 (SI Table S.1
and Fig. S.1). In this facility the surface layer of the tailings was
amended with spent mushroom compost and seeded with a grassland
mix. Over time, perennial grasses and clovers have become established.
After 8 years, there are also small, self-seeded trees and shrubs.

Replicate soil cores were taken at two locations where grassland
species had been established for 1 and 3 years (see SI Figs. S.2 and S.4).
The first 2 cm of each core was stored separately as the zone with im-
mediate root influence, and from 2 cm downwards, cores were sub-
divided at 5 or 10 cm intervals and stored in new re-sealable sample
bags. Two trial pits were excavated in two 8-year-old trial soil meso-
cosms, consisting of intermediate bulk container tanks containing tail-
ings with vegetation cover and under-drainage (see SI Figs. S.3 and S.6).
The excavation was undertaken in intervals of 3 to 4 cm, and samples
were stored in re-sealable sample bags.

Replicate portions of each sample were transferred to 1.5 ml
microcentrifuge tubes and stored at —20 °C for DNA analysis, the
remainder of the samples were stored at 4 °C.

2.2. Solid phase analysis

Moisture content was determined on samples from each core/ trial
pit by drying at 105 °C for 24 h, after which loss on ignition (LOI) was
determined at 550 °C for 4 h (see SI section 1.A). As a proxy for reactive
iron species, %Fe extractable as Fe (II) was determined using the fer-
rozine method (Lovley and Phillips, 1986) (see SI section 1.B).

X-ray fluorescence analysis (XRF) was undertaken on a Rigaku ZSX
Primus II spectrometer. Samples were prepared as fused beads for major
element analysis and pressed pellets for trace element analysis (see SI
section 1.C). The elements Cd, Mo, S, Sb and Sn (not covered by the XRF
analysis) were determined by aqua regia digestion and inductively
coupled plasma - optical emission spectrometry (ICP-OES) (Thermo
Scientific iCAP 7400 Radial) (see SI section 1.C).
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2.3. Water extraction for pH, EC, DOC and water leachable elements

Approximately 15 g of each sample (dry weight, as calculated using
the moisture content) was placed in a 50 ml centrifuge tube and Milli-Q
water was added to produce a liquid/solid (L/S) ratio of 2. Tubes were
placed on a roller mixer for 24 h and then centrifuged at 3000 rpm for 5
min. A portion of the supernatant was recovered and filtered with 0.45
pm nylon syringe filters and the pH and EC were measured in the
remaining unfiltered solution (HACH HQ40D pH meter with HACH
Intellical pH and EC probes).

Aliquots of the filtered supernatant were analysed for dissolved
organic carbon (DOC) with an Analytik Jena Multi N/C 2100 combus-
tion analyser, calibrated using commercially prepared stocks of organic
and inorganic carbon. Further aliquots of filtered supernatant were
acidified with 0.5 ml of concentrated (70 %) HNO3 and water leachable
elements were analysed by ICP-OES (Thermo Scientific iCAP 7400
Radial).

2.4. DNA extraction from tailings samples

The tailings samples from which DNA was recovered (with number
of replicates) are listed in Table S.2. DNA was extracted in two batches
(at the University of Leeds and Cardiff University). Batch one was
extracted from ~0.3 g of tailings with a DNeasy® PowerSoil® Pro Kit
(Qiagen) according to the manufacturer’s instructions. DNA was
recovered from the kit’s spin-filter using 50 pl of elution buffer (10 mM
Tris-HCl, pH 8.5), and the then stored at —20 °C. Batch two was
extracted (at Cardiff University) using the FastDNA™ Spin Kit for Soil
(MP Biomedicals) as previously described (Webster et al., 2003). DNA
was recovered from the spin-filter by elution with 100 pl of molecular
grade water (MGW; Severn Biotech Ltd.) and stored at —20 °C. In
addition, DNA was recovered from soil from Malham Cove, Yorkshire,
England using the DNeasy® kit so the bacterial populations of the tail-
ings samples could be compared with a natural calcareous grassland soil
(background information about this site is given in SI Table S.1). A
detailed description of both extraction protocols can be found in SI
section 1.D.

2.5. Bacterial 16S rRNA gene sequencing

Bacterial 16S rRNA gene barcodes (Caporaso et al., 2011), amplified
by PCR from DNA extractions, were processed as described in SI section
1.E.

QIIME2 (Bolyen et al., 2019) was used for the 16S rRNA gene bar-
code analysis, setting a 97 % identity threshold for clustering opera-
tional taxonomic units (OTUs). Taxonomic classification of OTUs was
undertaken with the Greengenes2 2022.10 reference tree (McDonald
et al., 2024) using a confidence value of 70 % to give a reasonable trade-
off between sensitivity and error rate in the taxonomy prediction. OTUs
which were not classified to a bacterial phylum with a confidence >70 %
(e.g. Archaea and poor reads) were not included in the diversity and
statistical analyses. Shannon’s diversity index of the bacterial pop-
ulations and the Bray Curtis dissimilarity between the populations were
calculated using QIIME2 using even sampling depths of 28,000 and
10,000 sequences per sample, respectively.

2.6. Statistics

Correlations and principal component analysis (PCA) were carried
out in OriginPro 2024b. Statistical significance was calculated with
ANOVA and two-way t-tests (assuming unequal variances) in Microsoft
Excel. To investigate the metabolic profiles of microbial communities,
the PICRUSt2 pipeline (Douglas et al., 2020) was used to explore func-
tional potential based on enzyme classifications within the KEGG data-
base (Kanehisa and Goto, 2000). PICRUSt2 output was processed in R
environment (R 4.5.0). Differences in community function were assessed
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through Bray-Curtis dissimilarities between all individual replicates
within and between sample groups, then these were averaged to eval-
uate within-group and between-group dissimilarity (vegan 2.7-1 pack-
age; Oksanen et al., 2007). Principal coordinates analysis (PCoA) was
used to visualize similarities and differences among groups based on
these Bray-Curtis dissimilarities (vegan 2.7-1 package). The effect of
time on changes in microbial metabolic profiles across different soil
depths was assessed by PERMANOVA (vegan 2.7-1 package). Differ-
ential abundance analysis was performed using DESeq2 (Love et al.,
2014), incorporating a zero-inflated negative binomial (ZINB) model via
the ZINB-WaVE framework (Risso et al., 2018) to account for over-
dispersion and excess zeros in the count data. This approach enabled the
identification of significantly differentially abundant enzymes, with
emphasis on enzyme groups involved in microbial responses to toxic
metal transformation and detoxification.

3. Results
3.1. Site observations

A detailed description of the Tara TMF as well as the three sampling
sites can be found in Fitzsimons and Courtney (2022) and Burke et al.
(2023). In summary, the vegetation cover on the tailings consisted of
perennial grasses, clovers, and after 8 years, small trees and shrubs. The
1-year-old site (Fig. S.2-a) was the most sparsely vegetated, with inter-
mittent patches of grasses and trifoliate clovers (e.g. Trifolium repens).
The cores (Fig. S.4-a) showed that the fresh tailings were grey in colour,
with some subtle layered variations. At the locations where there was
vegetation, the root zone was very shallow (~2 cm) and sparsely
occupied. At the 3-year-old site, the vegetation cover was much more
robust, effectively covering the entire plot (Fig. S.2-b). Tufts of coarse
and taller grasses could be seen. The cores (Fig. S.4-b) showed a still
shallow (~2 cm) but denser root zone, with occasional penetration of
roots to deeper levels (< 20 cm). While still predominantly grey in
colour, browner tones could be observed following the areas with root
penetration, as well as in a few other localised regions of the core
(Fig. S.5). The 8-year-old mesocosms (Fig. S.3) had denser coverage with
grassland species, and a few self-seeded trees and shrubs (e.g. Salix spp.).
The trial pits (Fig. S.6) showed a dense root mat up to ~4 cm thick, with
occasional roots penetrating to deeper levels. The tailings were uni-
formly pale brown in colour throughout the depth of the trial pits.

3.2. Geochemical parameters

The pH of the tailings was near neutral at all three locations (Fig. 1).
The pH was 7.1 + 0.1 for 1-year-old samples, 7.0 & 0.1 for 3-year-old
samples and 7.4 + 0.1 for 8-year-old samples. There was no consistent
variation of pH with depth at any location. However, a two-way t-test
indicates that there was a small but significant difference between all
three ages (p < 0.05).

The electrical conductivity (EC) of the water extractions was 2.5 +
0.4, 2.6 + 0.5, and 2.3 + 0.5 mS cm™" for the 1-, 3-, and 8-year-old
samples, respectively. However, there was no significant trend with
depth at any location, and no significant difference with the age of the
tailings.

The % of acid extractable Fe in a reduced Fe(II) oxidation state (a
proxy of the redox conditions) was 84.9 + 14.1 %, 93.4 + 12.1 %, and
26.5 + 2.3 % in the 1-, 3-, and 8-year-old samples, respectively (Fig. 1c).
There was no statistically significant difference between the 1- and 3-
year-old samples, but at both ages the %Fe(II) was significantly higher
than in the 8-year-old samples (i.e. the younger samples were more
reducing). Only the 3-year-old site shows a correlation between %Fe(II)
and depth (correlation coefficient r = 0.70), with more oxidising con-
ditions closer to the surface.

There was a small but statistically significant increase in the LOI with
the age of the tailings (Fig. 1d), from 1.0 £ 0.2 % in 1-year old sample, to
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Fig. 1. Geochemical parameters (pH, EC, %Fe, LOI, DIC) measured on subsamples of the core (1- and 3-yr-old) and trial pit (8-yr-old) samples vs depth (all samples
were analysed except for % of acid extractable Fe as Fe(II) where alternate depth samples were analysed, starting with the surface samples, and intermediate values
were interpolated). Average values for replicate cores (or trial pits) shown with continuous lines, and individual replicates in dotted lines, according to the legend.

1.2 + 0.4 % in 3-year-old samples (excluding an outlier reading of 17.9
%), and 2.3 + 0.5 % in the 8-year-old samples. At all ages, there was a
slight correlation between LOI and depth (correlation coefficient r =
—0.51), with DOC tending to decrease from the surface over ~10 cm.

The DOC was 8.2 + 5.1 mg DOC (kg-dry weight tailings) ! in 1-year-
old samples, 7.9 + 5.2 mg DOC (kg-dry weight tailings) ! in 3-year-old
samples (excluding one outlier value of 227.3 mg kg™?!), and 7.4 + 6.4
mg DOC (kg-dry weight tailings) ! in 8-year-old samples. There was no
statistically significant difference in DOC with sample age, however, for
each age there was a trend for DOC to decrease from the surface to a
depth of ~20 cm (correlation coefficient r = —0.55).

3.3. Total and water leachable composition

Calcium was the most abundant element in the tailings at all three
locations (averages of 30.7, 31.0 and 30.2 wt% CaO in 1-, 3- and 8-year-
old sites respectively), followed by Si (averages of 23.9,19.3 and 19.6 wt
% SiOs in 1-, 3- and 8-year-old sites respectively). Fe, S, Al, Ba, Mg, K
had average concentrations in the range 1-6 wt% oxides at all three ages
(details in SI Figs. S.7, S.8 and S.12). There were elevated concentrations
of both the metals being mined, with a tendency towards higher con-
centrations in the older tailings (the average Zn concentrations are 1966,
2681 and 2965 mg kg~ ! in 1-, 3- and 8-year-old sites respectively, and
the average Pb concentrations were 1730, 1911 and 2757 mg kg ' in 1-,
3- and 8-year-old sites respectively; see SI Fig. S.11). Several other
potentially toxic elements were detected in the tailings. Arsenic con-
centrations were in the range 500-750 mg kg1, Cr, Cu, Sb, Ni and V in
the range ~ 40-100 mg kg ™!, and Cd and Mo in the range ~ 2-6 mgkg ™!
(see SI Figs. S.10 and S.12). Cd, V and Sb tended to have higher con-
centrations in the older sites.

The main water leachable elements were Ca (averages of 1195, 1194
and 1173 mg kg~ ! dry weight of tailings in 1-, 3- and 8-year-old sites,
respectively) and S (averages of 1143, 1197 and 1061 mg kg ' dry
weight of tailings in 1-, 3- and 8-year-old sites, respectively). The
leachable Ca was ~0.55 % of the total Ca in the tailings, whereas the
leachable sulfur was ~6 % of the total S in the tailings. There was no
significant difference in the amount of leachable Ca and S with sample
depth or age of the tailings (Fig. 2 and SI Figs. S.7 and S.8). Mg was the
third most abundant leachable element with average concentrations in
the range 140-200 mg kg ™!, and there was a tendency for Mg concen-
tration to increase with depth (correlation coefficient r = 0.70). Water
extractable K concentrations were ~ 67-80 mg kg™ ' in the 1- and 3-
year-old samples, but only 19 mg kg™' in the 8-year-old samples.

Similarly, Na concentrations were ~ 34-45 mg kg " in the 1- and 3-year-
old samples, but only 3 mg kg ! in the 8-year-old samples (see Fig. 2 and
SIFigs. S.7 and S.8). Fe and Al were undetectable in almost all the water
extractions, with some exceptions, mostly in surficial samples.

Zn, Ni, Pb and Mo were all leached from the tailings with water.
However, considerably more were leached from the 1- and 3-year-old
tailings (2.0 = 0.9, 1.0 + 0.5, 0.10 = 0.06 and 0.04 + 0.02 mg kg~ ! of
tailings for Zn, Ni, Pb and Mo, respectively) than from the 8-year-old
tailings (0.34 + 0.28, 0.08 + 0.05, 0.01 + 0.007 and 0.013 + 0.009
mg kg ™! of tailings for Zn, Ni, Pb and Mo, respectively; see Figure and 3
SI Figs. S.10 and S.11). The amounts mobilised in the water leaching
tests on the younger tailings represented ~2 % of the total Mo and Ni,
but only ~0.1 % and < 0.01 % of total Zn and Pb. Cu was undetectable in
leachates from samples from depths >15 cm in all sites, but up to ~0.1
mg kg~ ! was leached from near surface samples (Fig. 3 and SI Fig. 5.10).
Cd was undetectable in all leachates of the 8-year-old tailings, however,
up to ~0.008 mg kg ! of Cd was leached from the subsurface samples of
the 1 and 3-year-old tailings. As, Cr, Sb and V were mostly undetectable
in the water leachate.

3.4. Bacterial 16S rRNA gene sequencing

Sufficient bacterial DNA was recovered for 16S rRNA gene
sequencing from tailings from depths down to 60-70 cm, although the
concentration of extractable DNA recovered was very low (<0.1 ng pl’l)
at depths below ~10 cm (also, many DNA extractions on samples from
below this depth were unsuccessful). For each age of tailings, the
Shannon diversity index of the bacterial populations decreased with
depth (Table 1). Below the surface layer, most sequence reads were
assigned to the Pseudomonadota (below 12 cm >70 % of sequence reads
were assigned to the Pseudomonadota).

Within the surface layer, the Shannon diversity index increased with
the age of the tailings (ANOVA, p = 0.007). Paired t-tests indicate that
the difference between the 1- and 3-year-old surface tailings was not
significant, but both have significantly lower Shannon indexes than the
8-year-old surface sample (p < 0.02). Shannon diversity decreased
significantly with depth in both the 3- and 8-year-old tailings, so that no
difference in bacterial diversity with the age of the tailings was observed
below 4-5 cm (ANOVA p ~ 0.99, down to 8-10 cm). In the 8-year-old
tailings, the Shannon diversity index for the surface layer was very
similar to that of the surface layer of a calcareous grassland soil from
Malham Cove (t-test p = 0.64).

In the younger tailings, there was significant variation in the



F.E. Septilveda Olea et al.

1600
1400 -
1200 A
1000 -
800
600 -
400 -
200 A

0"""!!. Q%A
]

o3
°
Y3
°0

Water Extractable Ca (mg kg™')

400
350 °
300 -
250
)
200 - o
)
150 - ©) @%@
5] & o
100 3’. &
50 4 ' ) o

Water Extractable Mg (mg kg™)

100

80 -
°

60 - ; °

40 - %

Water Extractable Na (mg kg™)

1600
1400 )
1200 %
1000
800 - ® o

600 e o °
400 -
200 - o

1

1
()
(4]

Water Extractable S (mg kg™?)

6.5 7.0 7.5 8.0

Science of the Total Environment 1013 (2026) 181257

__ 140
% 120 - o
- <}
£ 100 - ®
b4
g %7 30 C g
— 60 -
® o
g 20 A e
& ° &
2 o0 : aD—
6.5 7.0 7.5 8.0
pH
—~ 8
2 74 ®
Qo
E 6 1
S 5
] (¢
244 @
% 0y 00
E 3 1 .
21 o o
5 1 o,
S0 ;
6.5 7.0 7.5 8.0
pH
30
ap
== 25 4 @
oo
£
= 2.0 A
@
ﬁ 1.5 A
Q
© (<]
S 1.0 A
2 .8 e
5 0.5 @@ ©
B ° %o
= 0.0 -
6.5 7.0 7.5 8.0
pH
__40
= @
$35 A @ 1 year old
oo
£ 30 +
= @ 3 years old
&» 25 A
{%; 20 @ 8 years old
E 15 A °
Pl SAOHES S A
,_ Q.
2 57 . sst;%g
©
= 0 T AD—
6.5 7.0 7.5 8.0
pH

Fig. 2. Water extractable major elements (Ca, K, Mg, Mn, Na, P, S, Si) vs pH in all tailing samples (expressed in mg of element per kg dry weight of tailings).

populations between individual samples (as evidenced by the Bray
Curtis Dissimilarity, a measure of beta diversity; Table 2). However, the
beta diversity between the surface layer samples of the 8-year-old tail-
ings was significantly lower (ANOVA p < 0.001) than either the 1- or 3-
year-old tailing (which were not significantly different from one
another). Nonetheless, while the beta diversity between samples from
the surface layer of the 8-year-old tailing approached that of the
calcareous grassland soil, the difference was still significant.

At phylum level, the population of the surface layer of the 1-year-old
tailings was dominated by Pseudomonadota (59 + 11 %), and Bacter-
oidota (15 + 6 %), with no other phylum representing >5 % of the reads
(see Fig. 4). The relative abundance of Pseudomonadota and Bacteroidota
decreased, and the relative abundance of Actinomycetota, Acid-
obacteriota, Chloroflexota and Planctomycetota increased progressively,
with the age of the tailings. In the 8-year-old tailings the population of

the surface layer consisted of Pseudomonadota (36 + 5 %), Actino-
mycetota (22 + 5 %), Acidobacteriota (12 + 2 %), Bacteroidota (8 + 2 %),
Chlorofiexota (8 + 2 %), and Planctomycetota (6 + 2 %). The distribution
of OTUs by phylum of the 8-year-old tailing was closer to the bacterial
population in the calcareous grassland soil from Malham Cove, than
were the populations of the younger tailings (the soil from Malham Cove
contained Pseudomonadota, 26 + 1 %; Actinomycetota, 25 + 2 %; Ver-
rucomicrobiota, 15 + 3 %; Acidobacteriota, 11 + 2 %; Planctomycetota, 5
=+ 1 %; Chlorofiexota, 4 + 1 %; Bacteroidota, 2 + 1 %). Similarly, OTUs in
the surface layers classified to the two most abundant bacterial phyla
(Psuedomonadota and Actinomycetota), exhibited differences with age of
the tailings (SI Fig. S.13). At the taxonomic level of order, the distri-
bution in the 8-year-old tailing was again closer to that in the calcareous
grassland soil from Malham Cove, than were the populations of the
younger tailings. However, some differences remained between the 8-
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Fig. 3. Water extractable potentially toxic elements (Cd, Cu, Mo, Ni, Pb, Zn) vs pH in all tailing samples (expressed in mg of element per kg dry weight of tailings).

Table 1

Bacterial diversity in the tailings samples (Shannon’s diversity index based on an even sampling depth 28,000 sequences per sample).

1 yr-old tailings 3-yr-old tailings 8-yr-old tailings Malham Cove

Depth Shannon Index* Depth Shannon Index* Depth Shannon Index* Depth Shannon Index*
0-2 cm 6.62 + 1.29 0-2 cm 7.24 + 0.53 0-4 cm 8.05 +0.17 0-3 cm 8.01 +0.12
2-5 cm 5.63 +1.91 2-5 cm 5.24 +1.23 4-8 cm 5.31 +2.12 3-6 cm 7.80 + 0.30
5-10 cm 5.24 +1.59 5-10 cm 5.19 + 1.00 8-11/12 cm 5.54 + 1.61 Overall (0-6 cm) 7.90 + 0.23
25-30 cm 4.67 25-30 cm 3.86 25-29 cm 4.48

* Mean value 41 S.D. (S.D. is omitted where there were fewer than 3 replicates).

year-old tailings and the calcareous grassland soil. Despite decreasing
with age of the tailings, the relative abundances of the phyla Pseudo-
monadota and Bacteroidota were still significantly higher than in the
natural calcareous grassland soil (t-test p < 0.001). Also, while the
relative abundances of Actinomycetota and Acidobacteriota were not
significantly different, the relative abundance of Verrucomicrobiota was

significantly higher in the Malham Cove soil (t-test p < 0.002).

Two other features of the data differentiate the 8-year-old tailings
from the calcareous grassland soil from Malham Cove. Firstly, the
relative abundance of the main phyla varied less between replicate
samples of the grassland soil than with the tailings. Secondly, despite
similar patterns at phylum level, and convergence at order level, there
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Table 2

Science of the Total Environment 1013 (2026) 181257

Beta diversity between the surface samples based on Bray Curtis Dissimilarity between individual samples (based on an even sampling

depth 10,000 sequences per sample).

1-yr-old 0-2 cm

3-yr-old 0-2 cm

8-yr-old 0-4 cm Malham Cove

1-yr-old 0-2 cm 0.588 + 0.163 0.730 + 0.092 0.824 + 0.051 0.942 + 0.025
3-yr-old 0-2 cm 0.530 + 0.149 0.782 + 0.029 0.915 + 0.037
8-yr-old 0-4 cm 0.366 + 0.071 0.841 + 0.061
Malham Cove 0.309 + 0.048

were very few common OTUs between the two populations.

3.5. Functional profiling

PICRUSt2 predicted the presence of 3039 unique enzymes across all
collected soil samples. PERMANOVA analysis indicated a significant
effect of sample age on the enzymatic profiles of surface soil samples (R?
= 0.47, p < 0.05), suggesting substantial temporal shifts in predicted
metabolic potential (Fig. S.14, Supplementary Material). The near-
surface samples showed a weaker temporal relationship (R? = 0.30, P
< 0.05); however, this result should be interpreted cautiously because
group dispersions were unequal, making it unclear whether this pattern
reflects a true temporal effect. For deeper soil samples, no significant
temporal differences in projected functional profiles were detected (p >
0.05). Further analysis of the functionality of the studied microbial
communities was done based on predicted abundance on selected
enzyme classes directly associated with sulfur and iron metabolism, and
toxic metal detoxification, all expected to be upregulated in the mine
tailing sites. The predicted enzymes can be narrowed down to oxido-
reductases that oxidize metal ions (EC 1.16) or those acting on a sulfur
group of a donor (EC 1.8), and translocases responsible for the trans-
location of inorganic cations (EC 7.2). Similarly to the general functional
profile analysis, the projected effect of sample age was strongest for
surface samples (PERMANOVA R? = 0.56, p < 0.05), and gradually
diminished at the near surface level (R?> = 0.26, p < 0.05) and dis-
appeared at the deeper level (R% = 0.12, p > 0.05) (Fig. 6A). Considering
the strength of the time effect and level of exposure to environmental
factors, the 1- and 8-year-old surface samples were analysed to predict
differentiating enzymes which could indicate the direction of the shift of
metabolic profile and associated changes in soil chemistry. DESeq2
analysis showed 29 differentiating (p < 0.05) enzymes from the total of
69 enzymes identified from the group of 3 enzyme classes (EC 1.16, 7.2,
1.8) (Fig. 6B). The microbial community in the 1-yr-old surface samples
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is projected to contain enzymes involved in respiratory sulfur and iron
oxidation (i.e. ferroxidase, sulfite dehydrogenase (quinone), sulfide:
quinone reductase (SQR)) and reduction (dissimilatory (DSR) and
assimilatory (NADPH) sulfite reductases), proton-translocating com-
plexes (i.e. NADH: ubiquinone reductase, complex I or H'-transporting
ATPase) and oxidative stress (methionine sulfoxide reductase (S)). In the
8-yr-old surface samples the community is projected to be enriched in
enzymes linked to detoxification (sulfite oxidase) and redox balancing
(mycothione reductase, disulfide reductases).

The co-occurrence of oxidative and reductive sulfur and iron meta-
bolism observed in early stages of rehabilitation of mine tailings sug-
gests the steep redox gradient in the tailings leads to development of
diverse microhabitats. Additionally, the projected enrichment of proton-
translocating complexes alongside methionine sulfoxide reductases
providing repair of oxidatively damaged proteins might indicate
generally unfavourable conditions causing energetic and oxidative stress
burden for microbial communities at this stage of site rehabilitation.
After 8 years, the projected functional profile had shifted. Enzymes
associated with sulfur and iron respiration significantly decreased
relative to 1-year-old samples. Instead, predicted enriched enzymes
were primarily involved in detoxification and thiol/disulfide redox
balance. The projected lack of iron-cycling enzymes after 8 years sug-
gests a decline of iron-driven microbial metabolism as mine tailings
rehabilitation progressed. The projected decrease of iron-cycling en-
zymes and the increase in antioxidant/redox-balancing enzymes suggest
progressing environmental stabilization, with reduced reliance on lith-
otrophic sulfur/iron energy metabolism and increased emphasis on
maintaining intracellular redox homeostasis.

It is important to note that functional predictions were generated
using PICRUSt2, which derives functional profile from 16S rRNA gene
profiles and thus does not lead to a direct measure of gene abundance
and metabolic activity. Therefore, the described enzymatic profiles
should be viewed as hypothesis-generating rather than definitive

Phylum Kingdom
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sbacion - Bacillati

m Chloroflexota

m Acidobacteriota
Bacteroidota
Desulfobacterota

Planctomycetota ~ Pseudomonadati

= Pseudomonadota

= Verrucomicrobiota

m Other

1-yr-old 3-yr-old 8-yr-old Malham
Cove

Fig. 4. Phylogenetic diversity of the bacteria in the surface samples of tailings determined by 16S rRNA gene sequencing (“other” represents phyla with relative
abundance <5 %). The Kingdoms shown are defined in the List of Prokaryotic names with Standing in Nomenclature (LPSN; Freese et al., 2025).
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evidence of functional profile. For a more comprehensive and quanti-
tative understanding of microbial functional capacity in rehabilitating
mine tailings, shotgun metagenomic or metatranscriptomic analyses are
required (Douglas et al., 2020).

4. Discussion
4.1. Geochemistry of mine tailings

At Tara Boliden Mine the carbonate-hosted lead-zinc sulfide ore is
milled to grainsizes <120 pm to allow separation (in flotation cells) of
the sulfidic ore from the gangue (Oman, 2022). The fresh tailings pro-
duced are primarily composed of carbonate minerals (49 % calcite and
11 % dolomite), silicates (16 % quartz, as well as some feldspar and
mica), small amounts of pyrite (FeSy < 3 %) and traces of galena and
sphalerite (PbS, ZnS < 0.5 %) (Fitzsimons and Courtney, 2022; Burke
et al., 2023). The major element compositions of the mine tailings from
all three locations are consistent with this mineralogy. At each location
the composition is relatively constant with depth, and there is very little
variation in major element composition between the three sites sampled.
Similarly, there is only modest variation in the minor element content of
the tailings (the only notable difference is that Cd, Pb and Sb show
modest enrichment in the 8-year-old tailings).

Pyrite and other sulfidic minerals in the fresh tailings are relatively
reactive due to newly exposed surfaces, so can oxidize quite rapidly
when exposed to oxygenated rainwater (Gil-Loaiza et al., 2016; Bao
et al., 2022). Pyrite oxidation produces acidity (reactions 1, Rimstidt
and Vaughan, 2003), which is neutralized by calcite in the tailings
(reaction 3) which leads to the formation of gypsum (CaSO4-2H30; re-
action 4). Gypsum is found in tailings from the Tara TMF that are more
than 1 year old (Burke et al., 2023).

FeS; + 3.50, + H,0—Fe?" +250,% 4+ 2H" (¢))
FeS, + 14Fe*" + 8H,0—15Fe*" +250,%" + 16H" 2
CaCO; +H*—»Ca®" + HCO5~ 3)
Ca*" +804% 4 2H,0-CaS0,-2H,0 4)

Fe(Il) produced by pyrite oxidation will also be oxidised by
oxygenated rainwater.

Fe** + % 0, +H"—Fe*" + % H,0 (5)

The Fe3* produced by reaction 5 can support further pyrite oxidation
(and acid generation) via reaction 2. Any Fe(III) not consumed by re-
action 2 will precipitate as iron oxides/hydroxides at the neutral pH of
the tailings (Langmuir, 1997).

Ca and S were the most leachable elements in the tailings by an order
of magnitude, which is consistent with the presence of gypsum in all the
deposited tailings to a depth of 70 cm after 1 yr. The Ca/S molar ratio in
the leachate was ~0.84, which is close to the stoichiometric ratio for
dissolution of Gypsum (CaSO4-2H30) (see Fig. S.15). Mg is the next most
leachable element, which suggests that magnesium sulfate may also be
present in the tailings (the molar ratio of (Ca + Mg) to S was ~1). Similar
aqueous Ca and S concentrations were observed in all the water leaching
tests (representing 0.5-0.6 % of the total Ca and 6 % of the total S),
suggesting there is sufficient gypsum in the tailings after 1 year in
vegetated management for gypsum dissolution to be solubility limited.
However, it is unlikely that pyrite oxidation was complete in the surface
tailings even after 3 years in vegetated management, as the proportion
of the acid extractable Fe that was in the Fe(II) oxidation state was on
average ~ 85 and ~ 93 % in the 1 and 3-year-old tailings, respectively.
Thus, any Fe(Ill) produced by reaction 5 (oxidation of Fe(II) produced
by reaction 1) must have been consumed by the oxidation of further
pyrite by reaction 2. However, in the 8-year-old tailings ~75 % of the
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acid extractable Fe was Fe(III), a proportion that is supported by the
prevailing brown colouration observed in the trial pit. Thus, in the 8-
year-old mesocosms, pyrite oxidation was largely complete to a depth
of 30 cm. The pH profiles appear to confirm this deduction. The average
pH of the 1-year-old tailings and 3-year-old tailings were 7.1 and 7.0,
respectively, whereas the average pH of the 8-year-old tailings was 7.4
(without a depth trend at any age). This is compatible with acid gen-
eration by pyrite oxidation in the younger tailings, with recovery to
slightly alkaline values more typical of calcareous soils in the 8-year-old
tailings. It is notable that the tailings from this carbonate-hosted ore
have sufficient buffering capacity to maintain neutral pH despite the
very high acid-generating capacity of reactions 1 and 2.

Increase in the age of the tailings was associated with more verdant
vegetation (SI Figs. S2 and S3). Generally, the soil organic matter (SOM)
content (determined by LOI) increased with age of the tailings, reflecting
the accumulation of plant litter and more complex organic molecules
with time. SOM peaked in the surface samples of the 3-year-old tailings,
suggesting that there was some heterogeneity in the distribution of the
compost used as an initial amendment, but otherwise SOM decreased
slightly with depth for each age of tailings. Except where the SOM
peaked, the DOC in the water leaching tests did not vary with age of the
tailings. Thus, it appears to have reached a relatively steady state, where
any increase in release from vegetation and by soil organic matter
mineralization is matched by increases in consumption by microbial
metabolism and sorption to newly-formed ferrous oxides in the older
tailings (Guo et al., 2024). Growth of plant roots can change the prop-
erties of the growth media by water uptake, and root exudation, pene-
tration and decay, which reduce saturation, create micro-fissures and
macropores and thereby increase air penetration into the root zone (Xiao
et al., 2024). Near the surface of the 3-year-old tailings the colour
change from grey to brown that is indicative of pyrite oxidation in these
tailings is associated with the plant roots (Fig. S.5). Thus, it is likely that
the presence of surface vegetation may have accelerated microbially
mediated sulfide oxidation (which requires oxygen and moisture).

4.2. Leachability of toxic trace elements

Despite the tailings containing 2-3000 mg kg ! Pb and Zn (remnants
of the ore), and decreasingly lesser amounts of As, Cr, Cu, Sb, Ni, V, Cd
and Mo, the water extractable concentrations of potentially toxic ele-
ments were low. Also, with the exception of Cu, water extractability was
lower in the 8-year-old tailings than in the younger tailings (typically by
an order of magnitude).

The relationships between toxic metal leachability and the envi-
ronmental factors are elucidated by PCA analysis (Fig. 5). The most
notable feature of which is that the 1- and 3-year-old samples cluster
together, illustrating their similarities (although the surface samples sit
above the main cluster on the PCA plot). The 8-year-old samples form a
separate looser cluster to the left of the younger samples (again the
surface samples sit above this loose cluster, but to the left of the younger
surface samples). The variables that are most aligned with the separa-
tion of the main clusters are pH and the percentage of acid extractable Fe
as Fe(II). LOI, a measure of SOM, is orientated in a direction associated
with both the separation of the surface samples from the main clusters
and the separation of the 8-year-old samples from the younger tailings.

The principal determinants of the mobility of most trace elements
present in the tailings are pH and % Fe as Fe(II). Both are controlled by
pyrite oxidation in these tailings (pyrite oxidation temporarily lowers
the pH of the tailings and produces ferric oxides in the longer term). Both
cation (e.g. Cu, Pb, Cd, Ni, Zn) and oxyanion (e.g. As, Cr, Sb, V) forming
elements can to bind to ferric oxyhydroxides at neutral pH (Bradl, 2004;
Shi et al., 2021; Bahr et al., 2022); therefore the lower metal(loid)
mobility observed is likely due to the increased availability of ferric
oxyhydroxide surfaces in the more oxidised samples. Fitzsimons and
Courtney (2022) also observed an order of magnitude increase in trace
element sorption (for Pb, Zn, Cu, Ni and Cd) as pH was varied between
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the pre-selected enzyme groups linked to toxic metal cycling.

pH 7 and 8 in tests using freshly deposited Tara mine tailings; therefore,
the small increase in pH observed as Fe(II) content reduced will also tend
to decrease the mobility of elements in contact with these materials. The
leachability of several toxic metals, particularly Zn and Ni, also decrease

as SOM increases (a component of the LOI vector is towards lower metal
leachability). This is probably because humic-coated mineral surfaces
can strongly adsorb many metal ions (Bradl, 2004).

In contrast to most other trace elements, Cu extractability showed a
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B) Metabolic diversity in surface samples
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Fig. 7. Principal coordinates analysis (PCoA) based on Bray-Curtis dissimilarity showing shifts in microbial A) taxonomy and B) metabolic diversity in surface soil
layers throughout the monitoring period (8 years) of rehabilitation of lead/zinc mine tailings. Each point represents the (A) taxonomic or (B) metabolic profile of a
microbial community in a sample replicate, with distances between points reflecting compositional dissimilarity. Temporal clustering indicates changes in taxonomic
and functional potential over time. Malham Cove represent a reference site for natural calcareous grassland soils.

clear correlation with DOC and is relatively insensitive to changes pH
and % Fe as Fe(II) (Fig. 5). Inorganic forms of Cu have low solubility at
near neutral pH values (Wu et al., 2002). However, SOM and organic
composts contain humic and fulvic acids (Stevenson, 1994; Lanno et al.,
2022), and these ligands have high affinity for Cu, and can compete with
mineral sorption sites for Cu (Weng et al., 2002; Agnello et al., 2014; Wu
et al., 2002). Therefore, it is speculated that the dissolved Cu fraction in
the tailings is probably associated with such dissolved organic com-
plexes. However, even in the 8-year-old surface tailings <0.2 % of the
total Cu is water extractable, so the impact on metal mobility is small.

4.3. Microbial diversity as an indicator of soil forming processes

It is notable that bacterial DNA could be recovered from this mineral
waste to depths up to 60 cm only 1 year after it was placed in the TMF.
However, DNA recovery was difficult from deeper tailings and, where
successful, DNA concentrations were generally low. Also, where 16S
rRNA gene sequencing was possible, deeper tailings showed large vari-
ations in the Shannon Index between replicate samples, and bacterial
populations were heavily dominated by the phylum Pseudomonadota
(formerly Proteobacteria). Together this suggests that the deeper tailings
are somewhat barren bacterial environments characteristic of early
successional stages (Thouin et al., 2022), with the populations lacking
the complexity of a natural soil horizon. Further, the preponderance of
Pseudomonadota in the early successional stage communities in these
tailings suggests that this phylum contains numerous opportunistic,
faster-growing, resilient bacteria, as such species tend to dominate early
successional stage communities (Ortiz-Alvarez et al., 2018).

In contrast, the bacterial populations of the surface layer of the
tailings show a clear progression over time, from low diversity and high
variability to populations with high diversity and much lower variability
(Fig. 4 and Tables 1 and 2). During this progression there were changes
in the relative abundance of OTUs within the abundant phyla (Psuedo-
monadota and Actinomycetota), with some bacterial orders decreasing in
relative abundance, while others increased (SI Table S.13). A similar
transition has been observed with revegetation of bauxite ore processing
residue, where Psuedomonadota were abundant in both untreated and
revegetated residue, but families/orders characteristic of early colo-
nisers were relative abundant in untreated residue, whereas more soil
like species were relatively abundant in revegetated residue
(Schmalenberger et al., 2013). The Shannon Index increased with the
age of the tailings, to the point where the mean value for the 8-year-old
tailings was similar to the mean value for the surface soil from Malham
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Cove (both of which were close to the Shannon Index reported for
extensive grasslands; Labouyrie et al., 2023). Also, the variability in the
Shannon Index between replicates decreased with the age of the tailings,
to the point where there was only modest variation between samples of
8-year-old tailings that was similar to variation between replicates of the
surface soil from Malham Cove. Likewise, the Bray-Curtis dissimilarity
values indicate that only ~40 % of OTUs are common in any pair of
replicate samples from the 1-year-old tailings, whereas ~65 % of OTUs
in common in the 8-year-old tailings, which is close to ~70 % of OTUs in
common in the surface soil from Malham Cove (Bray-Curtis dissimilarity
weights common and rare OTUs equally).

Although Shannon diversity indices were comparable between 8 yr
old surface samples and the Malham Cove reference site’s surface sam-
ples, the PCoA ordination revealed distinct clustering, indicating that
the underlying community composition differs markedly between sam-
ples at the level of OTUs (Fig. 7A). Whether this can be attributed to
differences between the locations, or it highlights the ongoing soil
rehabilitation process that is not possible to fully assess as potentially a
longer timeframe or more geographically localised reference site would
be needed for a definitive conclusion. It should also be noted that, while
the sites represent similar types of environments (calcareous grassland;
see SI Table S.1), they are in different countries separated by the Irish
Sea (an arm of the North Atlantic Ocean). In general however, taxo-
nomic convergence of the rehabilitated mine tailings sites towards un-
mined reference sites can take decades, although the process can be
significantly accelerated with active reclamation strategies such as
biosolids amendment and plant selection (Li et al., 2014b; Singh et al.,
2024; Zornoza et al., 2015). Taxonomic profile itself however might not
be a decisive parameter determining the stage of site rehabilitation as
functional profile equally reflects microbial community response to the
changing chemistry of the environment (Siwek et al., 2024).

In this study, taxonomic divergence was contrasted by convergence
in predicted functional profiles inferred via PICRUSt2 analysis (Fig. 7B).
The predicted functional composition of microbial communities in 8-
year-old rehabilitated soils overlapped with that of Malham Cove
reference samples, whereas year 1 and year 3 samples occupied a
distinct PCoA space. This pattern suggests that as soil rehabilitation
progresses, microbial communities may achieve functional profile of
undisturbed soils well before taxonomic convergence is realized. How-
ever, as a single, geographically distinct, reference site was used in this
study, this needs further verification.

Such functional redundancy, where taxonomically distinct commu-
nities perform similar ecological functions, has been documented in
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multiple systems, including late-successional plant-associated microbial
communities and chemically contaminated soils (Fukami et al., 2005;
Burke et al., 2011; Louca et al., 2018; Jiao et al., 2019). The similarity
observed between the predicted functional profiles of Malham Cove soils
and Tara TMF soils after eight years of rehabilitation implies that closely
related taxa or different taxa with overlapping ecological niches may be
fulfilling equivalent roles in nutrient cycling and other ecosystem
functions, even if exact species-level composition remains distinct.

5. Conclusion

Over the course of eight years, vegetation cover was successfully
established and sustained on fine grained carbonate-rich Pb/Zn mine
tailings. This period saw the progressive oxidation of pyrite, which was
potentially accelerated by the presence of the vegetation cover, leading
to the accumulation of ferric oxyhydroxides within the tailings. The
mobility of several potentially toxic elements, including Cd, Mo, Ni, Pb
and Zn, was reduced following pyrite oxidation due to their increased
sorption to the neoformed ferric oxyhydroxides. In contrast, Cu was
more mobile in organic matter-rich surface layers due to formation of
soluble complexes with DOC. Over the same period, a more diverse, soil-
like microbial community was established in tailings surface layers and
taxonomic diversity increased. The functional profile (functional di-
versity) of the community in the surface layer of the tailings converged
after eight years with that of a natural calcareous soil, despite there
being differences in taxonomic composition between the two sites.
Overall, this study highlights the effectiveness of revegetation as a sus-
tainable and cost-effective alternative to traditional capping methods for
the closure of Pb/Zn mine TMFs.
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