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Abstract: Decades of mining activity have resulted in the accumulation of
significant amounts of tailings that are deposited over the natural vegetation,
forming deposits tens of meters thick. The tailings are poor in organic matter and
macronutrients and contain a high concentration of potentially toxic elements
(PTE). Their surface remains unvegetated for long periods of time and is
susceptible to fluvial and wind erosion. Equisetum arvense and E. telmateia appear
to be the first colonizers in the tailings of the Pb-Cu-Zn mine in Serbia. Each plant
was sampled along with its associated substrate. Pseudototal and available metals
in the substrate, as well as total As, Cd, Cu, Fe, Mn, Ni, Pb and Zn concentrations
in the plant parts were determined by atomic absorption spectrophotometry. The
findings show that both species have high bioaccumulation capacity and tolerance
to otherwise toxic concentrations due to efficient accumulation, immobilization,
and detoxification of these elements in their underground parts. It is expected that
the long-term presence of metal-tolerant horsetail species would increase the
organic matter content of flotation residues, thus gradually improving their
physical, chemical, and biological properties. This, in turn, would promote the
natural succession of other metal-tolerant plant species and soil microorganisms.

Keywords: potentially toxic elements, pollution, phytoremediation.
INTRODUCTION

As a result of the substantial global demand for mineral raw materials and
their extensive use in various industries, mining and ore processing remain
prominent sectors within the primary industry of certain countries, yielding
significant financial profits. Despite advancements in mining technology and
waste reduction strategies, mining activities continue to pose a significant threat to
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the environment due to the generation of spoils and effluents containing
exceedingly high concentrations of potentially toxic elements (PTEs). It is worth
noting that only a small fraction of the total processed material is extracted as a
concentrated metal product, while a substantial proportion, up to even 97-99% of
the mined ore, becomes flotation tailings. Flotation tailings share a similar
composition to the original ore, and containing significant amounts of unrecovered
minerals, contribute to the environmental pollution.'> Flotation tailings consists of
fine particles (¢=<75 pum) that remain after the technological processing and
extraction of desired elements from the polymetallic ore, and are discarded with
water into the tailing pond. Further release of PTEs from these particles occurs
through various processes of chemical and physical particle disintegration.
Eventually, PTE enter the food web, often leading to adverse effects on the health
and biodiversity of surrounding ecosystems, as well as posing risks to human
health.* This issue is particularly prominent in countries where regulatory
framework to mitigate environmental pollution risks is not effectively enforced.
Furthermore, the flotation tailings are also abundant in process chemicals,
including organic solvents like xanthate, which are utilized for the effective
separation of metals during mineral flotation processes. It is noteworthy that a
significant portion, nearly half, of the xanthates employed in the mineral flotation
process is ultimately discharged into the flotation tailings.” The presence of these
process chemicals within the tailings, further emphasizes the complex composition
and potential environmental impact of these waste materials. Additionally,
flotation tailings surface layers are prone to fluvial erosion and the dispersion of
fine particles through wind, further exacerbating their environmental impact.**’
Therefore, PTE contamination can extend several kilometres beyond the mining
site, significantly affecting local and regional land use and posing health risks to
nearby human communities.

Restoring large areas covered by flotation tailings presents significant
challenges due to unfavourable physical and chemical properties of these
technosols, which strongly hinder plant growth and result in consequent long-term
lack of vegetation cover.®'° Vascular plants that establish themselves as the initial
colonizers of flotation tailings are uncommon and exhibit remarkable adaptability
to the challenging environmental conditions found in such areas. Among these rare
plant species that pioneer the colonization of polymetallic flotation tailings, several
belong to the genus Equisetum. Equisetum is an ancient genus of vascular plants
with a long evolutionary history dating back to the Upper Devonian period.!!' All
species within the Equisetum genus are perennial plants, possessing erect
herbaceous stems that emerge from an extensive rhizome system bearing
adventitious roots.''"'"> Horsetails have demonstrated a remarkable ability to
tolerate unfavourable physical and chemical properties of substrates, even
allowing for the accumulation of metals at higher concentrations.”*"'* This
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resilience in the face of challenging soil conditions is thought to be linked to their
archaic adaptation to geothermal environments characterized by high levels of
potentially toxic metals and metalloids harmful to most plant species, such as
arsenic (As) or mercury (Hg)." In the specific context of this study, the two
horsetail species, Equisetum arvense and E. telmateia, were observed as the initial
colonizers in the flotation tailings of a lead-copper-zinc mine in Serbia. The
objectives of this research were twofold: (i) to analyse the concentrations of
potentially toxic elements (PTEs) in the flotation tailings as well as in the
underground and aerial parts of the two Equisetum species, and (ii) to evaluate
their capacity for bioaccumulation and their potential for utilization in the initial
stages of bioremediation efforts.

EXPERIMENTAL
Site description

Plants and their belonging substrates were collected from two different parcels of the
flotation tailings of the active Pb-Cu-Zn mine on Mt. Rudnik (44,11 N; 20,495 E; 500 m asl),
located in central Serbia (Fig. 1A). Equisetum arvense and E. telmateia populations are
distributed across two distinct sections within the peripheral area of the flotation tailings,
adjacent to the surrounding natural vegetation. These sections benefit from a sufficient water
supply as a result of the presence of a nearby stream (Fig. 1B). It is worth noting that no
deposition of waste material has occurred in either of these tailing parcels for the past four years
preceding the sampling. The climate in this region and at this altitude is temperate.

Rudnik
.

Fig. 1 Location of the mine (A) and strands of Equisetum arvense and E. telmateia in the
flotation tailings dump (B).

Substrate and plant sampling

Each plant was sampled together with the substrate surrounding the rhizome and its
adventitious roots, from the depth 0-20 cm, in August 2017. Each composite substrate sample
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(Fga, E. arvense flotation tailings substrate; Fgr, E. telmateia flotation tailings substrate) was
composed of well mixed substrate samples collected from the rhizosphere of 15 individuals.

Substrate analysis

The substrate samples were cleaned from stones and biotic material. After air drying, the
samples were ground and sieved (pore diameter 200 um). Ten grams of a homogenized substrate
was mixed with 25 ml of distilled water or with 25 ml of 1M KCl to determine active (pHmo)
and exchangeable (pHcy) substrate acidity, respectively.'® The samples were stirred for 30 min
and the pH was measured directly in the suspension (Iskra MA 5730).

For determination of the pseudo-total PTE concentration (As, Cd, Cu, Fe, Mn, Ni, Pb, Zn)
in the substrate, samples were dried to constant weight at 100°C, and digested in 65% HNO; at
150°C in Kjeldaltherm® digestion block (Gerhardt, Germany), according to the US EPA
method 3051."7 Solutions for determining available PTE concentrations were made by
extraction for 2 h in 1 M ammonium acetate and 0.01 M EDTA mixture (pH 7).'"® The
concentrations of PTE were determined by atomic absorption spectrophotometer (Shimadzu
AA-7000, Japan) comparing sample absorption values with those of known standards. The
precision of the procedure for PTE was evaluated by analyzing the certified soil material (Soil
90-0115-0106, BIPEA-Bureau Interprofessionnel d ‘Etudes Analytiques).

Plant analysis

To avoid contamination by residual substrate particles, the collected plant samples were
carefully washed in tap water and then thoroughly rinsed with deionized water. The plant
material was divided into (vegetative) shoots and underground parts, air-dried, powdered, oven-
dried at 100°C for 24h, and completely digested in 65% HNO; at 150°C in Kjeldaltherm®
digestion block, according to the US EPA method 3051."” Concentrations of PTE (As, Cd, Cu,
Fe, Mn, Ni, Pb, Zn) in plant samples were determined by atomic absorption spectrophotometer
(Shimadzu AA — 7000, Japan), comparing the sample absorption values with those of known
standards. Analytical procedure accuracy was assessed by analysis of the standard reference
plant material NIST 1515 (apple leaves).

Phytoremediation potential

The phytoremediation potential of two horsetail species was determined on the basis of
bioconcentration factor (BCF) and translocation factor (TF)."” BCF provides information on the
accumulation of PTE in the underground plant parts and their efficiency of PTE removal from
the substrate. Translocation factor (TF) is the ratio of the PTE concentration in the aboveground
part of the plant and its concentration in the undergound parts, and provides information on the
plant’s efficiency in tranlocating a certain PTE from underground to its aboveground parts. BCF
and TF values were calculated using the following formulas:

BCF = Cundcrground plant pans/ Csubstrate (1)

TF = Cshoot / Cunderground plant parts (2)

Where Cunderground plant parts Ad Canoot r€present PTE concentrations in plant underground parts

and shoots, respectively, whereas Cypsirate 18 the available PTE concentration in the belonging

substrate.

Statistical analysis

Data are expressed by the mean + standard deviation of eight replicates. All data were

initially tested by the Shapiro-Wilk test for normality. Statistically significant differences

between two independent groups were calculated using the non-parametric Mann-Whitney U
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test because of the non-normality of the data. Statistical analyses were performed in R (v3.5.1;
R Core Team 2018).

RESULTS AND DISCUSSION

Flotation tailings chemical properties

As indicated in Table I, both the active (pHyyo) and exchangeable soil acidity
(pHkcr) were within the neutral range. The pHyyo was statistically significantly
lower in E. arvense substrate compared to that of E. telmateia, whereas pHyc was
lower again in the E. arvense substrate, but without statistical significance (Table
I). At a soil pH around neutral, it is assumed that all the studied elements are well
dissolved in the soil water solution, although their availability would increase with
decreasing pH, except for As.

Both substrates exhibited elevated pseudo-total concentrations of several
elements (As, Cd, Cu, Pb, Zn) that surpassed the maximum allowable
concentrations (MAC) specified in international soil guidelines (Table I). These
concentrations were several-fold higher (Ni, Pb, Zn, Cd, Cu) and approximately
25-fold higher (As) than the MAC values. Since the substrates studied were solid
waste materials from extractive metallurgical processes, it was expected that such
high concentrations of potentially toxic elements (PTEs) would be observed.
Although detected pseudo-total PTE concentrations were very similar between the
substrate samples, there were statistically significant differences regarding all
elements, with exception of As. This heterogeneity is a common characteristic of
the flotation tailings resulting from the deposition of waste material originating
from different mined ores, which can vary in their metal content.?

The portion of EDTA-available elements in the pseudo-total content in Fgr
and Fga substrate is listed in descending order, respectively, and was as follows:
Pb (45%, 44%) > Cd (36%, 37%) > Mn (16%, 20%) > Ni (13%, 8%) > Zn (8%,
10%) >
Cu (7%, 10%) > Fe (0.2%). The presence of elevated metal availability in flotation
tailings has been previously established in the literature for various metals. For
instance, Kasowska et al' highlighted the considerable presence of readily
available copper (Cu) in copper ore flotation tailings, which constituted
approximately 41% of its pseudo-total concentration. Additionally, Karczewska
and Milko*” reported that EDTA exhibited the highest effectiveness as a chelating
agent, enabling the release of up to 16% of EDTA-available lead from the pseudo-
total metal content. The prominent metal availability in the investigated flotation
tailings may be attributed to the presence of residual metal xanthates and their
degradation products in the tailings. The highest Pb and Cd EDTA-availability can
be attributed to very high EDTA efficiency for desorption of listed metals from
xanthates.*?* While it is commonly known that metal availability is moderate at
neutral and tends to be higher under acidic conditions, it is important to consider
that in substrates already colonized by plants the metal bioavailability can be
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further increased in plant rhizosphere. This enhanced bioavailability of metals can
be attributed to some microbiome and plant roots exudates, such as organic acids
and hydrogen ions (H"), that acidify the root microenvironment and desorb metals
at the negatively charged reactive sites of soil particles making them more
available for uptake by roots.®

Table 1. pH values and PTE concentrations (mg kg™') in the flotation tailings

Fer Fia MAC (mg/kg)*
pHino 7.6 £0.05° 7.5+0.03"
pHKCl 74+ 01a 7.0+ 1.3%
Pseudo-total
As 484 + 243 533 + 36° 15-20
Cd 9.6+0.2° 8+0.1° 1-5
Cu 349 4+ 12° 300 & 4° 60-150
Fe 25848 £ 95° 25399 + 145°
Mn 2003 + 25° 1759 + 61* 1500-3000
Ni 68 +1.3% 75+ 1° 20-60
Pb 448 + 432 558 £ 6° 20-300
7n 1823 +24° 1445 + 30° 100-300
EDTA available
Cd 35+1.6° 3.0+£0.2°
Cu 25+ 18? 33+0.8°
Fe 49 + 4.6° 62+7°
Mn 328 +24° 348 + 11°
Ni 85+7° 6+4°
Pb 200 + 7° 247 £ 212
Zn 153 + 372 149 + 40?

*MAC - maximum allowable concentration.® Values with no letter in common are
significantly different (Mann-Whitney U, p<0.05)

Potentially toxic element accumulation by horsetails

The analysis of concentrations of potentially toxic elements in the investigated
species, E. arvense and E. telmateia, reveals a significant accumulation of PTE in
their underground parts. Notably, the concentrations of the investigated elements,
except for As and Mn, were considerably higher in the underground plant parts
(Table II) compared to the corresponding EDTA-available element concentrations
in the substrates (Table I). Consequently, this disparity led to their BCFs > 1 (Table
III). Both E. arvense and E. telmateia exhibited the highest bioconcentration
factors for Fe and Ni, followed by Zn and Cu. Generally, E. arvense demonstrated
higher BCFs compared to E. telmateia, with Cu and Ni showing a 1.7-fold and 4.5-
fold higher BCFs in E. arvense. Both Equisetum species efficiently retained and
immobilized accumulated PTE in their underground parts, manifesting low
transfer rates to shoots. This was detected through significantly lower
concentrations of the elements in the shoots, accompanied by TFs <1 (Table III).
However, an exception was noted only for Mn (TF = 1.24) in E. telmateia. The
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overall results indicate that both species possess a substantial bioaccumulation
capacity and tolerance to elevated concentrations of PTE in their underground
parts. Their metal tolerance is attributed to complex and efficient PTE
detoxification systems in rhizomes that could be also associated with typically high
silicon content in Equisetum that is not simply beneficial, but essential mineral
element.”’® It is well documented that Si alleviates heavy metal stress in horsetails
and some other plants by being involved in external and internal mechanisms of
Si-mediated alleviation of metal toxicity, as a part of their biochemistry.'***-33
Previous studies have shown that horsetails are often behaving as extremophiles
regarding their substrate properties. Thus, E. arvense was found to tolerate
nitrogen deficiency and specific elemental composition in volcanic tephra and
flotation tailings, therefore being the most or among the most successful and
dominant herbaceous species in such specific disturbed habitats.**>® Also, E.
palustre, E. ramosissimum and E. ramosisti were among the first plant colonizers
in natural succession of the mine and flotation tailings.”** Furthermore, owing to
its metal tolerance E. hyemale was efficiently used in the removal of Pb and Cr
from the leachate in the wastewater treatment biotechnology.*!

Table II. PTE concentrations in underground parts and shoots of E. telmateia and E. arvense
grown in the flotation tailings (mg kg™

E. telmateia E. arvense Upper concentration limits*’
w  As 18 £ 1° 23+£0.7° /
5 Cd  50+01° 9.3£0.3" /
2 Cu 51.6+3.3° 117 +8° /
2 Fe  T711:6° 842+ 15° /
2 Mn  939+33° 318+15° /
gn Ni 13.8+0.5° 442 £2.8° /
5 Pb 654+24° 232 +£24° /
£ Zn 389+ 14° 633 £33° /
As 35.5+2.6° 10+04° 5-20
cd 13+0.1° 3.1+0.1° 5-30
Cu 10.5+0.7° 8.0+0.3 20-100
Fe 618 £4° 380+ 4*° /
Mn  116£3.6° 270 £ 6° 400-1000
. Ni 6.5+0.3° 59+04 10-100
S Pb 262+0.8° 243+0.6 30-300
< Zn 317+ 14° 235+4 100-400
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Table III. Bioconcentration (BCF) and translocation factor (TF) for two horsetail species
grown in flotation tailings

BCF TF
E.telmateia E. arvense E.telmateia E. arvense
Cd 1.43 2.66 0.26 0.33
Cu 2.06 4.68 0.20 0.07
Fe 14.51 17.18 0.87 0.45
Mn 0.29 0.91 1.24 0.85
Ni 1.62 5.20 0.47 0.13
Pb 0.33 1.16 0.40 0.10
/n 2.54 4.14 0.81 0.37

Even though Equisetum species typically form extensive colonies on
wetlands, they have some properties that can be helpful in substrates that appear
dry on the surface. One such trait is the presence of an extensive underground
rhizome system that can penetrate up to a depth of one meter, allowing them to
access water from deeper soil layers.'” This morphological adaptation proves
particularly valuable in colonising substrates with unfavourable granulometric
structure and water conditions, such as flotation tailings.

CONCLUSION

The current study demonstrates the ability of wetland species Equisetum
arvense and E. telmateia to successfully establish themselves in heavily metal-
polluted flotation tailings. Despite absorbing substantial concentrations of various
potentially toxic elements (As, Cd, Cu, Pb and Zn) in their underground parts, these
plants exhibit no adverse effects from the elevated levels of these elements.
Remarkably, the concentrations of PTE in the shoots remain consistently low,
indicating that the PTE tolerance of the two investigated horsetail species relies
primarily on their capacity to exclude these elements. The findings provide further
evidence that the PTE tolerance observed in both species is supported by efficient
adaptive mechanisms, enabling the accumulation, effective immobilization, and
detoxification of PTE within the underground plant parts.

Furthermore, the significant availability of potentially toxic elements (PTE)
within the flotation tailings, containing multiple metals, highlights the potential for
secondary extraction of residual metals from this type of waste material.
Reprocessing the tailings would not only reduce metal leaching that are precious
for industry, but also mitigate their detrimental environmental impact. Although
PTE-tolerant horsetail plants could be suitable candidates for metal extraction from
the rhizosphere, the collection of their underground parts from flotation tailings
presents technical challenges. However, their vital ecological role in such
technosols primarily lies in increasing organic matter content through the
decomposition of old underground and aerial parts. This, in turn, enhances the
substrate's capacity to retain PTE. Over the long term, this process facilitates
gradual improvements in the physical, chemical, and biological properties of the
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substrate and promotes natural ecological succession by other metal-tolerant plant
species and soil microorganisms.
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HU3BO[J

AKyMyraryja MoTeHIHjaTHO TOKCUYHUX eleMeHaTa KOl [IBe CAMOHUKIIe BPCTe pona
Equisetum Ha ofyiaranviuty (roTalloHe jaToBUHE

TOPJAHA AHNIPEJUR' MUJIMJAHA KOBAUEBWR?, )KEJBKO LIEJIETOBHR', YPOIII AIEKCUR', UICU,OP I'PIOBUR?
U TAMAPA PAKUR’

"Yuugep3utieini y beoipagy, Hucliuyil 3a ipumeny HykaeapHe enepiuje, Banattcka 316, 11080 Beoipag,
Cpduja u ?Ynusep3uitew y Beoipagy, Buonowxu paxynuiei, Cinygeniucku wipi 16, 11000 Beoipag, Cpduja

PesynTar BULIENELIEHUJCKAX PYAAPCKUX AKTUBHOCTH Cy 3HATHE KOIMYMHE (IOTalMOHe
jasoBHHE KOja ce ofsiake Ha BeJuke MOBPUIMHe cTBapajyhu HaHoce e0/biHe HEKOTHKO JeCeTHHA
MeTapa. JalloBMHa ce KapakTepuile AedHIMTOM OpraHCKe MaTepuje M MaKpOHyTpHjeHaTa,
CafpXy XEeMHUKaldje TOPEKJOM M3 TEXHONOIIKOT Tpoleca W BHCOKYy KOHLEHTpaLHjy
NOTEHIUjanHo ToKCuuHuX efeMeHara (I1TE). ITocnennyHo, NOBPIIMHA jalOBUILTA U3Y3€THO AYTO
ocraje be3 Bereraluuje u nojiIokHa je GIyBHjasIHOj U eoscKoj epo3uju. Equisetum arvense v E.
telmateia ce 1nojasibyjy Kao MMOHUPCKE BPCTE Ha OJUIATa/IMIUTY (hJIOTALIMOHE jaJlOBUHE PyOHUKA
Pb-Cu-Zn y Cpbuju Koju je HCTpakiBaH Y 0Boj CTynuju. CBaka Ousbka je y3o0pkoBaHa 3ajemHo ca
cyTicTpaToMm 13 30He pusocdepe. IlceynoyKymHe U NpUCTyNauHe koHeHTpauyje As, Cd, Cu, Fe,
Mn, Ni, Pb, Zn y cyncTpary 4 KOHLEHTpauMje y OWBHUM TKMBUMa ofpeheHe cy aTOMCKOM
aTCcopILMOHOM CIeKTpodOTOMETpHjoM. PesynraTd Mokasyjy #a Cy MeXaHW3MM TolepaHLuje
3aCHOBAaHM Ha €(UKACHHOj axkyMysauuju, HUModwinsauuju 4 petokcuduxamuju IITE y
ropzeMHUM DWIbHUM fenoBuMa. OBe Be BpCTe pactaBrha MMajy HeH30CTaBHy yiiory y rosehay
carp’kaja OpraHcke MaTepdje LITO MOCTerneHOo MobospluaBa (U3WuKa, XeMHjcka W OHosIoLIKa
CBOjCTaBa CyICTpaTa, a TUME Y IOOp)KaBa IPUPOSHE EKOJIOIIKE CYKLECHje APYTUM OUBHUM
BpCTama 1 3e MJbUIITHAM MHKPOOPTaHW3MHMa OTIIOPHUM Ha MeTasle.

(ITpumsbeHo 13. jaHyapa; peBunupaHo 21. jyHa; mpuxsaheHo 1. jyna 2023.)
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