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creating an acidic environment (pH 4). Arsenic (As) 
and tin (Sn) were identified as the main contaminants 
in the tailings with concentrations of up to 2980 μg g−1 
and 2910 μg g−1, respectively. Tin was mainly bound 
to the residual fraction (52% of total Sn) and crystalline 
Fe-oxide fraction (33% of total Sn), limiting its release 
and mobility. The bulk of As (~77% of total As) was 
present in the crystalline Fe-oxide fraction, while ~19% 
in the amorphous/poorly crystalline Fe-oxide fraction. 
The bioavailable As fraction was negligible (~1%), 
and  this was confirmed by limited As accumulation 
in terrestrial and aquatic plants (Cyperaceae sp., 
Eleocharis equisetina, and Poaceae sp.)  sampled 
at the site. This interdisciplinary study reveals 
biogeochemical properties of Sn tailings, the fate of As, 
and how native plants  can thrive in this unfavourable 
environment. This information can  potentially guide 
further phytostabilization efforts at this site.
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1  Introduction

Mining activities generate large amounts of residues, 
as typically only 1–5% of the material processed is ore 
of economic value (Edraki et  al., 2014; Lottermoser, 
2010a). Before enforcement of environmental laws, 
mine  wastes were often left without  appropriate 
remediation and management (Folguera et  al., 2016). 

Abstract  In this work, we studied a 
geochemically  unique  abandoned tin mining  tailings 
facility in tropical north Queensland,  Australia. 
Tin mining  residues from local operations were 
reprocessed and left without proper remediation, after 
which native plant species colonised this site over time. 
The aim of this study was to characterize  the mine 
tailings to understand the geochemistry and predict 
the potential mobility and bioavailability of major 
contaminants, arsenic and tin. Major and trace minerals 
were identified with X-ray diffraction (XRD) and 
scanning electron microscopy with energy-dispersive 
X-ray spectroscopy (SEM-EDS). Acid digestion and 
sequential extraction procedures were used to quantify 
elemental concentrations and potential mobility. 
We found that the  highly oxidized tailing cells  were 
dominated by quartz with limited buffering capacity 
to prevent acid mine drainage formation, consequently 
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Historical mining liabilities are consequently widespread 
worldwide (Candeias et  al., 2019; Coelho et  al., 
2011). Sulfide minerals are  an ubiquitous part of 
many geological complexes and mine  waste storage 
facilities, and when exposed to the atmosphere, oxidise 
and produce acid mine drainage (AMD), which can 
potentially mobilise toxic  metals and metalloids (Dold, 
2014; Lottermoser, 2010b; Nordstrom et  al., 2015). If 
not contained, the metal(loid)s release can surpass spatial 
and time boundaries, ultimately  threatening human 
health and ecosystems (Olías et  al., 2006). Therefore, 
detailed  characterization of mining  waste liabilities is 
fundamental to predict pollution potential of metal(loid)s 
and to prioritize appropriate remediation measures.

After mineral processing, the residual minerals 
deposited within the tailings are known as primary 
minerals, and the minerals that are formed through 
in situ weathering are known as secondary minerals 
(Jambor, 2003). Pyrite (FeS2) is one of the most 
abundant, non-valuable sulfides (Vaughan, 2006), 
and one of the main AMD producers (Lottermoser, 
2010b). The fate of metal(loid)s depends on the 
mineralogy of the waste material; if carbonate 
minerals are present in substantial quantities, they can 
buffer against acid mine drainage  production (Dold, 
2014; Jambor, 2003). Furthermore, the formation 
of secondary minerals under natural weathering can 
attenuate the release of toxic pollutants; for example, 
part of the As released from arsenopyrite (the primary 
mineral of As) is retained as secondary products, i.e. 
scorodite (FeAsO4·2H2O), amorphous ferric arsenate 
(FeAsO4), and FeIII oxyhydroxides (Murciego et  al., 
2011; Paktunc et al., 2004). Of all of these secondary 
minerals, scorodite is the most common (Craw & 
Bowell, 2014), whilst FeIII oxyhydroxides contains up 
to 22% As (Paktunc et al., 2004).

Phytostabilization is a cost-effective and ecologi-
cally favourable method that limits  the transloca-
tion of metal(loid)s to the aerial tissues of plants, 
thereby  preventing food-chain bioaccumulation and 
biomagnification (Chaney & Baklanov, 2017). Plants 
have evolved different mechanisms for metal(loid) 
tolerance, and based on their uptake can be clas-
sified  either as hyperaccumulators, indicators, or 
excluders (Baker, 1981, 1987). Hyperaccumulators 
concentrate extraordinarily high levels of metal(loid)s 
in their above-ground tissues, whilst indicators accu-
mulate metal(loid)s in accordance to the bioavail-
ability in the soil, whereas excluders maintain low 

metal(loid) concentrations in the shoots in response 
to high soil exposure. This last category of plants 
is  most suitable for phytostabilization. For exam-
ple, the native Australian plants Bothriochloa macra 
(Poaceae) and Enteropogon acicularis (Poaceae)  
only  attain 1.1–1.4 μg As  g−1  in their leaves when 
growing in As-rich sulfidic gold mine  tailings with 
2806 μg As g−1 (Doronila et al., 2014). Eucalyptus sp. 
has been reported to accumulate 3.1–5.6 μg As  g−1 
in their shoots when  growing in amended As-rich 
gold  mine tailings with As concentrations between 
1000–2000 μg As  g−1 (Sanchez-Palacios et  al., 
2013). In 85-year-old As-rich tin tailings  in  Tasma-
nia, the Australian  native species, Acacia dealbata 
(Fabaceae), Lomandra longifolia (Asparagaceae), and 
Poa labillardieri (Poaceae), were grown in amended 
tailings and proved to have potential for vegetative 
establishment at the site (Macdonald et al., 2017).

Historic mining in Australia dates back to more than 
200 years, and the absence of adequate regulation resulted 
in more than 80 000 abandoned mines (Minerals Council 
of Australia, 2017; Unger et  al., 2012; Werner et  al., 
2020). Some of these liabilities were studied because of 
the toxicological effects of abandoned mines with high 
content of As, such as  in Victoria (Pearce et al., 2012), 
New South Wales (Ashley & Lottermoser, 1999; Telford 
et al., 2009), and Queensland (Matanitobua et al., 2007; 
Noller et  al., 2012). The  Jumna tailings facility, located 
in north  Queensland, has been of interest due to the 
reported high concentrations of As (up to 593 μg  g−1) 
in the tailings (Lottermoser & Ashley, 2006, 2011). The 
main processed mineral at Jumna was the oxide cassiterite 
(SnO2), although sulfides were  also identified in this 
polymetallic processing site (Garrad & Bultitude, 1999).

The geochemical characterization of toxic elements 
has been extensively studied in gold (Au) mine waste 
(Blowes et  al., 1998), nickel (Ni), and base metals 
wastes (Rodríguez-Hernández et  al., 2021; Sidenko 
et  al., 2007). Nonetheless, only a limited number of 
studies addressed As mobilisation in cassiterite  mine 
tailings (Gault et al., 2005; Hebbard et al., 2017; Noble 
et al., 2016; Romero et al., 2014). Even less is known 
about Sn mobilisation and fate in the environment 
(Haase et al., 2021). Therefore, the aim of this research 
was to characterize the Jumna tailings in relation to its 
geochemistry, the mobilisation of main pollutants, and 
their bioavailability to plants, with an emphasis on As 
and Sn. The tailings were studied for their geochemical 
and mineralogical characteristics, coupled with chemical 
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fractionation and bioavailability for plants of the  target 
elements. X-ray diffraction (XRD) was used to identify 
minerals, whilst scanning electron microscopy with 
energy-dispersive X-ray spectroscopy (SEM - EDS) 
were used to detect trace and secondary minerals in the 
tailings. A sequential extraction procedure (SEP) was 
used to study the geochemical distribution of As and to 
estimate its potential mobilisation and bioavailability. 
For this purpose, samples of plants growing in  the 
tailings were collected and characterised for their 
metal(loid) concentrations. Finally, a metal(loid) 
enrichment ratio analysis was performed to draw overall 
conclusions of the contamination status of the Jumna 
facility. This is the first study addressing the fractionation 
and fate of As and other inorganic pollutants in this tin 
tailing–native Australian flora system.

2 � Materials and Methods

2.1 � Site Description

The  Jumna tailing storage facility is located near 
Irvinebank in far  north Queensland, Australia, at 
17°23.64′S, 145°13.42′E (Fig. 1), with a local climate 
that is tropical with an annual average rainfall of 1198 
mm (Bureau of Meterorology, 2020). The discovery 
and exploitation history of tin deposits in Irvinebank 
and the surrounding areas dates back to 1880s–1980s. 
The mineralization in this area originates from the Late 
Carboniferous and consists of cassiterite and sulfides 
(pyrite, chalcopyrite, galena, and arsenopyrite) in a 
gangue of quartz, tourmaline, chlorite, garnet, and 
kaolite (Dash et  al., 1991). The  Jumna Mill operated 
from 1972 to 1989 and treated waste material, tailings, 
and hard rock tin ores from  the Irvinebank deposits 
(Lottermoser & Ashley, 2006). The process of 
separation involved crushing, grinding, and gravimetric 
sorting to concentrate cassiterite. Approximately 0.15 
Mt tailings (Garrad & Bultitude, 1999) were disposed 
in five different cells JTC1, JTC2, JTC3, JTC4, and 
JTC5 (in total  covering ~0.06 km2), located  adjacent 
to Chinaman Creek (Fig.  1) (Lottermoser & Ashley, 
2006). As the tailings were left uncovered, they were 
subjected to sulfide oxidation, AMD formation, 
leaching, and erosion (Lottermoser & Ashley, 2006). 
Due to these processes, the JTC4 cell was permanently 
covered with wastewater coming from JTC5 seepage. 

In 1997, rehabilitation trials were conducted on the 
JTC5 cell by seeding with grasses, and preventing 
seepage leaking into the Chinaman creek using a 
geomembrane liner (Lottermoser & Ashley, 2011). To 
this day, the other cells at this site (JTC1, JTC2, JTC3, 
and JTC4 cells) remain exposed to the environment, 
although plants have  now advantageously colonised 
certain areas.

2.2 � Field Sampling

Initial composite samples from the four cells (JTC1, 
JTC2, JTC3, and JTC4) were received in late 2018. 
These samples were characterised in the Environmental 
Geochemistry Laboratory, The University of 
Queensland and the analysis of major elements yielded 
on average  a composition of 66% of SiO2, 13% of 
Al2O3, 11% Fe2O3, 0.1% CaO, and the trace metal(loid)
s  concentrations  were: 1240 μg As g−1, 472 μg Zn 
g−1, 471 μg Pb g−1, 419 μg Cu g−1, and 397 μg Sn 
g−1. Using this information, a fieldtrip was undertaken 
to  more systematically collect samples from tailing 
profiles, from waters, and from the local plant vegetation 
(Fig.  1). The fieldwork was conducted during the dry 
season in  October 2019. The tailing profile  samples 
(collected from 0–1.4 m depth) and the plant substrate 
samples (collected from  0–20 cm depth) were oven-
dried at 40°C for 48 h, homogenised, sieved to <  2 
mm, and 5–10 g then pulverised (<  63 μm) in an 
agate ball mill. Measurements of the pH and electrical 
conductivity (EC) (25°C) were performed in a 1:5 
tailing/water mixture  (Rayment et  al., 2011). A water 
sample was collected in  an acid-washed low-density 
polyethylene bottle from the pond at JTC4, stored in 
an Esky with ice and submitted for immediate analysis 
to the Environmental Geochemistry Laboratory at 
UQ. Physico-chemical parameters, i.e. pH, oxidation-
reduction potential (ORP), and EC, were measured in 
the field with a  Sension+ MM150 DL portable multi-
parameter instrument. Plant samples were thoroughly 
washed with deionised water (DI), desegregated (shoots 
and roots), and oven-dried at 40°C for 72 h. An aliquot 
of the  biomass was ground in a batch mill tube, IKA 
Tube Mill 100 Control. Pictures of plants were taken 
for identification through comparison with Queensland 
flora books (Brock, 1993; Milson, 2000) and further 
validation with a botanist  with expertise in  the 
Australian tropical flora.
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2.3 � X‑ray Diffraction (XRD)

Powder aliquots (< 63 μm) of the composite tailing 
samples from the JTC1, JTC2, JTC3, and JTC4 cells 
sampled in 2018 were submitted for quantitative XRD 
mineralogical analysis at the  Sietronics Laboratory, 

Canberra, Australia. A Bruker-AXS D2 XRD instrument 
with a copper target was operated at 30 kV and 10mA, 
and the data was recorded over a range of 3 to 70°2θ, 
with a 0.02-degree step and 2 s per step count time. 
The Bruker DIFFRAC.EVA Search/Match software and 
ICDD PDF-2 database were used to identify the phases 

Fig. 1   Location map of 
Jumna facility and sampling 
points of plants, tailings, 
and water 
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and SIROQUANTTM version 4 software quantified the 
mineral proportion. Furthermore, two sub-samples from 
the tailing profile JTC3 were submitted for XRD analysis 
at the Queensland University of Technology  Central 
Analytical Research Facility, Brisbane, Australia. A 
PANalytical X’Pert Pro powder diffractometer with a 
cobalt target was used. JADE (V2010), Materials Data 
Inc., EVA (V5, Bruker), and X’Pert Highscore Plus 
(V4, PANalytical) with PDF4+, AMCSD, and COD 
databases were used to identify the phases. The addition 
of corundum (Al2O3) as an internal standard (20 wt%) 
facilitated the quantification of mineral abundances of 
the identified phases in the JTC3 sub-samples.

2.4 � Scanning Electron Microscopy and 
Energy‑Dispersive X‑ray Spectroscopy 
(SEM‑EDS)

Two sub-samples from cell JTC3 were sent to 
Laboratory at the School of Earth and Environmental 
Science (SEES) at The University of Queensland  for 
preparation of polished blocks (25 mm diameter × 10 
mm thick). Polished sections were sputter-coated with 
carbon (∼25 nm) and mounted on stubs. The samples 
were imaged using a scanning electron microscope in 
back-scattered electron mode for energy-dispersive X-ray 
spectroscopy analysis on a Hitachi SU3500 instrument 
equipped with a 50 mm2 Oxford Instruments silicon 
drift detector. Analyses were made at 100–1000× 
magnification at 5–15 kV with lower accelerator energies 
for imaging with secondary electron returns only, and 
higher accelerator energies for imaging in back-scatter 
mode and for the EDS point analyses. Count rates were 
10 000–25  000 cps and the data were analysed using 
AZtecEnergy Microanalysis software with C K-line and 
O K-line included and considering the carbon coating.

2.5 � Elemental Analysis

For tailings and plant substrate analysis, dried and 
pulverised samples were weighed to 100 mg, and 
poured into quartz tubes to which reverse aqua regia: 5 
mL of HNO3 (70%) and 2 mL of HCl (37%) was added. 
The digestion was performed using a ColdBlock SB15S 
Digester during four rounds of 240 s each (totalling 
16 min). The ColdBlock system uses focused infrared 
radiation to speed the sample breakdown and a cooling 
system to regulate the temperature (Wang et al., 2014). 
Samples were  then brought to volume (40 mL) with 

ultrapure water (Millipore, resistivity = 18.2 MΩ·cm−1 
at 25°C) before analysis by inductively coupled plasma 
atomic emission spectrometry (ICP-AES) as described 
below. For plant analysis, ground and dried biomass 
were weighed up to 100 mg, or less depending on the 
total weight of the sample, in 10 mL polypropylene 
tubes, and then pre-digested using 2 mL HNO3 (70%) 
for 24 h, then digested using a hot block (Thermo 
Scientific Digital Dry Bath) for 1 h at 70 °C, and then at 
125°C for another hour. Digested samples were brought 
to volume (10 mL) with ultrapure water (Millipore, 
resistivity = 18.2 MΩ·cm−1 at 25°C). The analysis of 
the samples was conducted by ICP-AES in a Thermo 
Scientific iCAP 7400 instrument for major elements 
(Fe, Al, Ca, K, Mn, Mg, Na, P) and trace elements (Cu, 
Zn, Pb, As, Sn) in radial and axial modes depending 
on the element and concentration. All elements were 
calibrated with a 4-point curve covering analyte ranges 
in the samples. In-line internal addition standardization 
using yttrium was used to compensate for matrix-
based effects. Quality controls included matrix blanks, 
certified reference material (Sigma-Aldrich Periodic 
table mix 1 for ICP TraceCERT®, 33 elements, 10 mg 
L−1 in HNO3), and Standard Reference Material (NIST 
Estuarine Sediment 1616 and NIST Apple 1515). 
Instrument parameters were RF power of 1150 W, 
auxiliary gas flow of 0.5 L min−1, coolant gas flow of 
12 L min−1, nebuliser gas flow L min−1, nebuliser gas 
pressure of 220 kPa, and a pump speed of 50 rpm.

2.6 � Sequential Extraction Procedure (SEP)

This method entails subjecting a solid sample  to 
a series of different successive chemical extrac-
tions with solutions of progressively stronger 
action to selectively remove or dissolve a specific 
form or solid component that the element of inter-
est is associated with (Hall et  al., 1996; Hass & 
Fine, 2010). Since  the Jumna tailings are mostly 
enriched in As, the applied SEP protocol has been 
designed to study the partitioning of this metalloid 
in tailings. Arsenic  is  different compared  to cati-
onic metals in that it exhibits anionic behaviour in 
aqueous systems, which generally makes it more 
mobile than metals in their cationic form (Brand-
stetter et  al., 2000). Hence, three schemes were 
tailored for this protocol, which  involved seven 
extraction steps (Supplementary Table S1), the first 
was proposed for metal(loid)s in mine waste (Dold, 
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2003), whilst the second and third were specifically 
designed for As (Keon et  al., 2001; Lombi et  al., 
2000). After each extraction step, the suspensions 
were centrifuged, filtered, and analysed for major, 
minor, and trace elements as described in the “Ele-
mental Analysis” section. Two profile samples from 
JTC3 were used  for the SEP, with six replicates 
used for each method.

2.7 � Metal(loid) Enrichment Ratio

In order to estimate the degree of contamination and 
anthropogenic disturbance on the study area, the 
enrichment ratio (ER) was used. This ratio uses a pre-
industrial reference value to compare with and provides 
a precise scale, although natural geochemical processes 
are not considered (Kowalska et  al., 2018). The 
enrichment ratio (ER) is a pollution ranking system to 
categorize the degree of pollution (Sutherland, 2000). 
It is based on the following equation:

where Cn is the concentration of the element n 
in the sample, CFe is the concentration of iron (Fe) 
in the sample, BEn is the background concentra-
tion of the element n, and BEFe is the background 
concentration of Fe. The geochemical background 
concentration used was selected from the Aus-
tralian geochemical survey, from the nearest top 
local catchment, Cairns, QLD (16°51′25.2″S, 
145°42′54″E), outlet sediment (0–10 cm), fraction 
(<2 mm size) (Cooper et  al., 2010; de Caritat & 
Cooper, 2011). The background for Fe was selected 
as a comparative element due to its abundance in 
Jumna tailings, criteria also used in a previous study 
(White & Tittlebaum, 1985). The degree of pollu-
tion has been categorized in five classes based on 
ER: ER < 2 minimal pollution, 2 ≤ ER ≤ 5 moder-
ate pollution, 5 ≤ ER ≤ 20 significant pollution, 20 
≤ ER ≤ 40 very strong pollution, and > 40 extreme 
pollution (Sutherland, 2000). While this index 
helps to understand the element enrichment of tail-
ings, it is fundamental to note that metal(loid)s are 
contained within the facility and it is not measured 
downstream in natural soils.

ERn =

[

Cn Sample

CFe Sample

]

[

BEnBackground

BEFeBackground

]

3 � Results

3.1 � Tailings

The XRD and SEM-EDS results are presented in 
Supplementary Table S2 and S3, while Table 1 shows 
the elemental analysis of tailing samples, and Supple-
mentary Table S5 shows that of water. The uncapped 
tailings cells are highly oxidized (Fig. 2) and only the 
JTC4 has an unoxidized zone at the bottom (Fig. 2d), 
which reflects the original sulfide tailing composition. 
Cemented and hardpan layers were observed (Fig. 2a, 
b) in the surface of JTC1, JTC2, and JTC3 cells, 
which were formed by precipitation and dehydration 
of secondary phases as amorphous, poorly crystal-
line, and well-crystallised minerals, studied at Jumna 
in detail by Lottermoser and Ashley (2006). A water 
body covers partially JTC4, and efflorescences are 
visible on the surface, i.e. CuSO4 (Fig.  2c). In cells 
JTC1 to JTC4, quartz is the major mineral in tailings, 
followed in abundance by chlorite, kaolinite, musco-
vite, albite, and orthoclase (Supplementary Table S2). 
The JTC4 tailings with less content of quartz differ 
from the other cells and present minor quantities of 
jarosite and hematite. The mineralogy of profile sam-
ples of cell JTC3 showed that the JTC3-1 (0–30 cm) 
and JTC3-2 (30–130 cm) zones are similar with dom-
inance of quartz and less percentage of illite/mica, 
schrol, plagioclase, goethite, and cassiterite, while the 
amorphous proportion is twice higher in the shallow 
sample (Supplementary Table  S2). Also, the micro-
scopic analysis of JTC3 profile sections with SEM-
EDS (Supplementary Table  S3) detected cassiterite 
(Supplementary Fig.  S1b), a secondary mineral of 
As with Fe and minor Cu (Supplementary Fig. S1e), 
a secondary Pb hydroxysulfate (potentially plumbo-
jarosite) with As as a minor constituent (Supplemen-
tary Fig.  S2b), and a secondary mineral of Fe oxy-
hydroxides with As and Al (Supplementary Fig. S2e).

The elemental concentrations of the profile sam-
ples across all the cells are presented in Table  1. 
Iron was the major constituent with total concentra-
tion ranging from 35 400 to 77 800 μg g−1; followed 
by aluminum (Al) with concentrations ranging from 
7220 to 21 000 μg g−1. The relatively low average cal-
cium (Ca) concentration, 356 μg g−1 (range 172–1030 
μg g−1), limits the buffering capacity in tailings and 
explains the low pH across the tailing profile. Among 
trace elements, As and Sn are the most abundant with 
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Table 1   Total concentration of elements in profile sections of Jumna tailing cells

a Depth is the composited interval below the surface
b pH was measured in a wet paste
Concentrations of the elements are in μg g−1 of each in the bulk tailing samples at each depth sampled

Location Sample Deptha pHb ORP Cu Zn Na Ca Mg Fe Al K P Mn As Pb Sn
(cm) (mV)                                                                       (μg g−1)

JTC1 JTC1-1 0–40 4.4 330 420 637 157 745 2710 72 500 19 000 4230 306 803 683 335 2510
JTC1-2 40–90 4.6 313 447 414 139 533 2260 70 500 17 600 3420 346 614 1570 509 2320
JTC1-3 90–140 4.4 311 445 447 127 525 2380 77 800 18 900 3610 381 578 1070 674 2630

JTC2 JTC2-1 0–5 3.6 372 503 480 433 596 2730 66 900 17 400 4580 349 600 867 419 2250
JTC2-2 5–15 4.0 350 343 195 432 227 2220 61 400 15 300 4550 362 375 889 412 2080
JTC2-3 15–25 3.9 347 240 136 259 172 1640 45 700 11 100 3300 265 271 565 227 1640
JTC2-4 25–35 3.9 353 361 196 443 187 2160 64 300 15 300 4790 347 352 957 435 2280
JTC2-5 35–45 3.7 358 511 222 355 212 2340 67 600 15 800 5270 393 372 1070 481 2280
JTC2-6 45–55 3.9 350 368 191 335 177 2090 64 900 13 600 4800 327 328 1150 510 1980
JTC2-7 55–65 3.9 347 228 121 199 189 1570 42 300 9140 2890 207 261 592 212 1300
JTC2-8 65–75 3.8 352 411 212 338 241 2090 66 500 14 700 4770 394 346 1010 375 2190
JTC2-9 75–85 4.0 343 306 150 226 197 1820 51 900 11 900 4330 329 270 553 200 1810
JTC2-10 85–180 4.0 327 1230 645 187 1030 3430 67 500 19 300 4280 409 821 498 424 2650

JTC3 JTC3-1 0–30 4.8 293 534 127 67 491 1270 56 600 9840 1640 365 367 2980 216 1560
JTC3-2 30–130 4.7 298 333 111 62 397 1280 47 600 9540 1660 278 321 2080 206 1470

JTC4 JTC4-1 0–15 3.4 373 381 166 264 345 2080 43 600 8240 6280 95 537 1120 128 1290
JTC4-2 15–75 3.9 347 188 96 86 263 1680 35 400 7220 3400 220 215 458 68 1070
JTC4-3 75–125 4.5 360 1870 185 132 414 3710 57 700 21 000 7270 196 416 296 54 2910

Fig. 2   Panoramic pictures 
of the cells at Jumna tail-
ings facility: a waste dump 
located at JTC1; b hardpan 
at JTC3; c copper sulfate 
(CuSO 4) efflorescence at 
JTC4 close to the pond; 
d tailing profile at JTC4, 
sulfidic tailings at the bot-
tom
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maximum concentrations of 2980 μg  g−1 and 2910 
μg  g−1, respectively. Minor trace elements are lead 
(Pb), copper (Cu), and zinc (Zn), although the bottom 
samples of JTC2 and JTC4 present higher concentra-
tion of Cu compared to the other samples (1230 and 
1870 μg  g−1, respectively). Statistical analysis of all 
the profile tailing samples showed that Fe and Al are 
correlated (p < 0.05) with phosphorous (P), manga-
nese (Mn), Pb, and Sn (Supplementary Table S4). In 
JTC2, Cu, Mn, As, Sn, and Fe are strongly correlated 
across the different depths (Supplementary Fig. S3a). 
Similarly, in the oxidized zone of JTC4, all those ele-
ments are highly correlated, but in the unoxidized 
zone (bottom profile), the Cu concentration is high-
est compared to the shallow samples, and As con-
centration, in contrast, is  the lowest (Supplementary 
Fig. S3b).

The water sample collected from JTC4 dam 
reveals an acidic environment with pH = 2.6, and EC 
= 2.9 mS cm−1 (Supplementary Table S5). The con-
centrations of the elements in water follow a sequence 
of increasing abundance: K < Sn < Cu < Zn < Fe < 
Mg < Al < Mn < Ca, with high concentrations of Mn 
(7.83 mg L−1), Cu (1.11 mg L−1), and Zn (3.11 mg 
L−1), followed by Sn (545 μg  L−1), Pb (9.9 μg  L−1), 
and Cd (12.3 μg L−1). The concentrations of As and 
sodium (Na) were below the limit of detection, 8.4 μg 
As L−1, and 303.8 μg Na L−1, respectively.

3.2 � Fractionation by Sequential Extraction Procedure

The SEP scheme was applied to selected samples with 
the highest concentrations of As (JTC3-1 and JTC3-
2), and the results are shown in Table 2 and Figure 3. 
In sample JTC3-1, As was mostly present in the crys-
talline Fe oxide–bound fraction (75% of total As) 
and in the amorphous and poorly crystalline Fe (oxy)
hydroxide–bound fraction (21% of total As). The per-
centage of As associated with primary sulfides (3% 
of total As) and secondary sulfides (0.4% of total As) 
was very low. Similarly, the specifically sorbed frac-
tion of As was very low and accounted for only 0.9% 
of total As. Arsenic was not detected either in the 
water-soluble or in the exchangeable fraction, which 
is a relevant feature considering that both fractions 
are the most easily leachable exerting direct ecologi-
cal toxicity. The As partitioning for sample JTC3-2 
is similar to that for JTC3-1, but with slightly higher 
As concentration (78% of total As) in the crystalline 

Fe-oxide fraction and slightly lower As concentra-
tion (17% of total As) in the amorphous and poorly 
crystalline Fe-(oxy)hydroxide–bound fraction. Iron in 
both JTC3-1 and JTC3-2 was mostly found as crys-
talline Fe-oxides (64% of total Fe), and as primary 
sulfides (25% of total Fe), followed by the amorphous 
and poorly crystalline Fe-(oxy)hydroxides (11% of 
total Fe), while the rest of the fractions altogether 
account less than 1% of total Fe content. Since Sn is 
present in the studied tailings as oxide mineral, and 
bearing in mind that the applied SEP was not tailored 
for Sn, therefore, for this element, the secondary and 
primary sulfide fractions of the SEP actually remain 
in the residual fraction, similarly to other oxides, i.e. 
wolframite (Li et  al., 2019). Tin, different from As 
and Fe, is mostly present in both JTC3-1 and JTC3-2 
in the residual fraction (52% of total Sn) followed by 
the crystalline Fe-oxide fraction (33% of total Sn), 
and the amorphous and poorly crystalline Fe-(oxy)
hydroxide fraction (14% of total Sn). Regarding Cu, 
in JTC3-1 and JTC3-2 samples, on average, most of 
this metal was found as crystalline Fe-oxide fraction 
(55% of total Cu), and as amorphous and poorly crys-
talline Fe-(oxy)hydroxide fraction (38% of total Cu), 
followed by primary sulfide fraction (6% of total Cu). 
The rest of the fractions account altogether for only 
1% of total Cu in the tailings. Manganese exhibits a 
similar partitioning to that for Sn, although the per-
centages in the water-soluble, exchangeable, and spe-
cifically sorbed fractions are higher than those of Sn 
and other elements (As, Cu, and Fe), accounting for 
2%, 3%, and 4% of total Mn, respectively (Fig. 3).

3.3 � Elemental Concentrations in Plants and Substrate

The identification of plants and elemental analysis 
of the substrate and plant  samples are presented in 
Tables  3 and 4, respectively. This is very challeng-
ing for plants to establish  (Fig.  4)  given that the 
average pH is 4, which  ranges down to  pH 3.5 for 
the submerged plant (sample JTC4-S1) to pH 5.2 
(sample JTC1-S5). Among the studied elements, Fe 
has  the highest concentrations in the substrate with 
an average concentration of 46 400 μg Fe g−1 (range 
34  700–61  100 μg  Fe g−1), followed by Al (9810 
μg Al g−1 average concentration, range 7920–12,400 
μg  Al g−1), K (2320 μg  K g−1 on average, range 
1140–6280 μg K g−1), Mg (1440 μg Mg g−1 on aver-
age, range 654–2080 μg  Mg g−1), and Sn w(1500 
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Fig. 3   Fractionation of As, Cu, Fe, Sn, and Mn (% of total concentration) by the sequential extraction procedure in samples JTC3-1 
and JTC3-2

Table 3   Total concentration of elements in the soil substrate of plant samples collected at Jumna tailing cells

Soil samples were collected from plant roots (depth~20 cm)
pH was measured on wet paste
Concentrations of the elements are in μg g−1 of each in the soil sample
a These results are also considered for the S7 and S8 due to proximity of samples
b These results are considered from the surface sample of JTC4-1 tailings profile sample due to proximity of the plant

Location Sample pH ORP Cu Zn Na Ca Mg Fe Al K P Mn As Pb Sn
(mV)                                                                           (μg g−1) 

JTC1 JTC1-S1 4.7 252 115 95 60 270 2030 45 300 11 600 1140 286 364 337 304 1550
JTC1-S2 4.4 288 205 180 125 320 1670 52 100 12 200 2650 286 499 441 266 1740
JTC1-S3 4.5 288 179 183 84 486 1480 47 900 10 600 1860 245 340 450 319 1660
JTC1-S4 4.1 313 169 221 140 374 1570 50 600 10 800 1700 295 375 476 509 1620
JTC1-S5 5.2 263 190 141 74 290 1160 34 700 8020 1460 194 266 237 168 1210
JTC1-S6 4.9 284 258 148 93 247 1660 46 300 11 200 2400 281 369 336 154 1720
JTC1-S7 4.9 279 248 166 108 266 1320 46 800 9840 2220 315 250 427 275 1480
JTC1-S8 4.9 275 212 135 99 192 1200 43 100 8720 2020 246 217 336 185 1440

JTC2 JTC2-S1 3.7 343 252 150 131 219 1660 41 000 8920 2880 298 265 465 163 1350
JTC2-S2 3.7 342 265 125 115 156 1370 41 300 8630 2320 215 239 486 181 1340
JTC2-S3 4.1 326 170 97 107 171 1250 37 200 8100 1780 211 228 378 152 1280
JTC2-S4 4.0 338 232 140 352 312 1280 40 300 9490 2610 268 247 459 160 1400
JTC2-S5 4.5 308 249 178 158 206 1920 52 800 12 400 3150 319 343 498 293 1810
JTC2-S6a 5.1 259 491 101 114 236 654 35 400 10 700 1500 280 179 254 107 1490

JTC3 JTC3-S1 4.6 317 452 156 100 572 1290 56 300 9540 1520 373 464 2421 193 1620
JTC4 JTC4-S1 3.5 337 239 161 161 522 809 61 100 7920 1660 275 232 248 217 1360

JTC4-S2 3.6 344 207 213 176 1220 1510 58 700 9660 2560 275 394 409 207 1570
JTC4-S3b 3.4 373 381 166 264 345 2080 43 600 8240 6280 95 537 1125 128 1290
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μg  Sn g−1 on average, range 1210–1810 μg  Sn g−1) 
(Table  3). Other elements such as Ca, Cu, Zn, Pb, 
and P are also present at concentrations  of around 
300 μg g−1 each (Table 3). The average concentration 
of As is 433 μg  g−1 across JTC1, JTC2, and JTC4, 
and only at JTC3-S1 (Poaceae sp.) the substrate has 
extremely high concentrations of As (2420 μg  As 
g−1), while the lowest As concentration is 237 μg As 
g−1 in sample JTC1-S5 (Table 3).

For all of  the plants, the average concentration of 
the major elements in the shoots follows the decreas-
ing sequence: K (9200 μg g−1) > Ca (3120 μg g−1) 
> Mg (1380 μg g−1). Lower concentrations of Mn > 
P > Na > Zn > Fe >  Al were present with the fol-
lowing averages: 906 μg Mn g−1, 831 μg P  g−1, 633 
μg Na  g−1, 226 μg Zn  g−1,  167 μg Fe  g−1, and 137 
μg Al g−1. Regarding the trace metal(loid)s, Cu con-
centrations in the shoots were 20 μg g−1 on average, 
but higher concentrations (up to 20-fold) of this metal 
were found in the roots of the analysed plant samples 
(221 μg Cu g−1 on average) (Table 4). For example, 
Poaceae sp. contains 7 μg Cu g−1 in their shoots and 
147 μg Cu g−1 in the roots, Eleocharis equisetina has 
73 μg Cu g−1 in their shoots and 325 μg Cu g−1 in the 
roots, and Cyperaceae sp. has 16 μg Cu  g−1 in their 
shoots and 191 μg  Cu g−1 in their roots (Table  4). 
Very low concentrations of Pb and Sn were found in 

the shoots (< 10 μg  g−1 on average). Similarly, low 
concentrations of As were found in the shoots (7 μg 
As g−1 on average), and in some samples it was below 
the limit of detection. Analysis of the roots revealed 
higher concentrations of As compared to the shoots. 
For example, Poaceae sp. contains < 0.13 μg As g−1 
in their shoots and 40 μg As  g−1 in the roots, Eleo-
charis equisetina has a concentration of As < 0.13 
μg As g−1 in its shoots and of 12 μg g−1 in the roots, 
while Cyperaceae sp. has 4 μg As  g−1 in its shoots 
and 25 μg g−1 in the roots (Table 4 and Fig. 5).

3.4 � Metal(loid) Enrichment Factor

The results of the ER comparing the element con-
centration of tailing samples with the Australian 
background concentrations are presented in Supple-
mentary Table  S6. According to the ER, the  Jumna 
tailings can be categorized as extremely enriched 
with As and Sn, for which most of the samples (94% 
and 100%, respectively) present ER > 40 (ERAs = 
93 and ERSn = 436). In the case of Cu, 39% of the 
studied samples show extreme presence (ER > 40) 
and the 61% very strong excess (ER between 20 and 
40). The ER for Pb yielded significant presence, since 
89% of the samples have an ER between 5 and 20. 
Regarding Zn, 72% of the samples equally present 

Fig. 4   Plants advantageously colonising the tailings and bund walls: a Poaceae sp. in JTC1; b Callitris intratropica in JTC2; c Aca-
cia sp. in JTC2; d Poaceae sp. in JTC3; e Cyperaceae sp. in JTC4; f Eleocharis equisetina in the pond at JTC4
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ER < 2 (minimal pollution category), while the other 
28% of the samples yielded ER between 5 and 20, 
indicating moderate presence of this metal. Most of 
the samples are classified as minimally polluted for 
Na and Mn with 89% and 78% of the samples, hav-
ing ER < 2, respectively. In the case of K, 72% of the 
samples represent moderate pollution (ER between 2 
and 5), and 22% minimal pollution (ER < 2). Other 
elements such as Ca, Mg, Fe, and Al are categorized 
in the minimal pollution category based on 100% of 
the samples with ER < 2.

4 � Discussion

As  the Jumna tailings were left uncapped and 
exposed to the environment in the late 1980s, oxida-
tion processes resulted in the formation of AMD and, 
subsequently, of secondary minerals (e.g. Fe-oxyhy-
droxides loaded with As). Currently, the cells JTC1, 
JTC2, and JTC3 have well-oxidized profiles and 
a hardpan has formed at the surface. In contrast, cell 
JTC4 has   an unoxidized bottom layer that has fresh 
sulfidic tailings with very high Cu concentrations 
(1870 μg g−1), and also shows evident efflorescences 

its surface (Fig.  2c). This may be explained by the 
diversity of the cassiterite-rich ore deposits processed 
at Jumna, e.g. the  Baal Gammon mine mainly has 
Cu sulfides, but this porphyry deposit was also rich 
in cassiterite (Garrad & Bultitude, 1999). The rea-
son for the occurrence of this unoxidized layer is that 
JTC4 has a permanent pond, which prevents oxygen 
to enter into the tailings (Brett, 2009).

Across the Jumna tailing profiles, the  pH is in the 
mildly acidic range and on average has a value of 
pH ~4, hence  the potential of AMD formation is in 
the  medium  range (Yucel & Baba, 2016). This can 
be explained by the low buffering capacity of the tailings 
given that calcite is only present as  a trace mineral 
in  the JTC2 and JTC3 cells, and dolomite was not 
detected by the XRD analysis. Even though chlorite was 
detected the Ca content is on average only < 400 μg g−1 
and that of Mg is ~2000 μg g−1, compared to ~59 000 
μg  g−1 of Fe. In general, in  the initial stages of AMD 
formation, calcite and dolomite are easily weathered 
(Jambor, 2003), although silicate minerals such as 
chlorite, hornblende, and albite can  provide some 
buffering capacity (Peikam & Jalali, 2017). Arsenopyrite 
was not identified in the SEM-EDS analysis, 
instead secondary minerals of As were observed 

Fig. 5   Bars showing the 
As concentrations (μg g−1) 
in shoots and substrate of 
plant species growing at the 
Jumna tailings facility
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(Supplementary Fig.  S1e and S2e). In addition, the 
sequential extraction procedure showed that only ~2% 
of the As is associated to the primary sulfide fraction 
(Table 2 and Fig. 3). In mine wastes where arsenopyrite 
is present, due to the highest oxidizing rate in low pH 
media, this mineral becomes more reactive with a 
dissolution five times faster that of pyrite (McKibben 
et  al., 2008; Rimstidt et  al., 1994). It is important to 
note that pyrite and pyrrhotite are the main precursors 
of AMD (Jambor, 2003) and also the most abundant 
sulfide minerals in tailings (Vaughan & Corkhill, 
2017). In polymetallic ore deposits, the AMD leads  to 
the dissolution of other sulfides as well (e.g. sphalerite 
and galena) releasing associated toxic pollutants 
(Vaughan, 2006). Following this process at Jumna, a 
secondary Pb hydroxysulfate (possibly plumbojarosite) 
with intact relics was also observed with SEM-EDS 
(Supplementary Fig. S2b, S2c).

As shown by SEP partitioning, the majority of the As 
in Jumna tailings is in the crystalline Fe-oxide fraction 
(between 75% in JTC3-1 and 78% of total As in JTC3-
2); in agreement, the XRD analysis reports goethite 
contents of 3.7% and 2.7% in JTC3-1 and JTC3-2, 
respectively. Goethite exhibits affinity for As and has 
a high capacity to sorb As, albeit lower than that of 
amorphous Fe-oxides (Asta et al., 2009; Craw & Bowell, 
2014; Paktunc, 2013). The second highest SEP fraction 
is the amorphous and poorly crystalline Fe-(oxy)
hydroxide one (21% in JTC3-1 and 17% of total As in 
JTC3-2), accounting both fractions together for 95% of 
As in both profile samples (Fig. 3). Once As is released 
from the oxidized arsenopyrite, it is naturally attenuated 
by Fe precipitates, thereby limiting As mobility (Craw & 
Bowell, 2014). It is important to note that the release of 
As from arsenopyrite is even faster than the dissolution 
of the mineral itself (McKibben et al., 2008). Arsenite 
(AsIII) and arsenate (AsV) exhibit a strong affinity to Fe 
hydroxides and oxyhydroxides, such as ferrihydrite and 
goethite, and to Al oxyhydroxides and Mn oxides when 
Fe concentrations are lower (O’Day, 2006). Arsenic can 
also be adsorbed or co-precipitated as a trace element 
in goethite (FeOOH) and jarosite (KFe3(SO4)2(OH)6) 
as well as in poorly crystalline and amorphous Fe-Al 
precipitates (Courtin-Nomade et al., 2005, 2009).

Similar to the  results of  the As partitioning, the 
bulk of As was found associated to the oxide frac-
tion in sediments affected by mine waste, e.g. 57% 
of As in the sediments of Moira Lake, Ontario, 
Canada (Azcue & Nriagu, 1995), and 53% of As in 

the sediments of AMD of the mine Mount Bischoff, 
Tasmania, Australia (Gault et al., 2005). In the latter, 
the amorphous/poorly crystalline plus the Fe and Al 
oxides account together for ~92% of total As (Gault 
et al., 2005). In mine tailings, the most common As-
bearing secondary mineral is scorodite, followed by 
FeIII oxyhydroxides, and ferric arsenates. However, 
as the As-hosting minerals are heterogeneous, they 
are difficult to detect by routine methods (Paktunc 
et  al., 2008). However, automated mineral liberation 
analysis (MLA) (Redwan & Rammlmair, 2012) and 
synchrotron-based methods are able to identify these 
minerals. For example, X-ray absorption near-edge 
spectroscopy (XANES) analysis of mine wastes in 
Australia has shown that the majority of As is located 
within iron arsenate minerals (Diacomanolis et  al., 
2016; Matanitobua et al., 2007).

At the  Jumna tailings, As can be potentially 
released from the amorphous/and poorly crystalline 
fraction, which accounts for the 19% of  the total As 
(~550 μg As g−1). Indeed, it has been widely reported 
that the fate of As relies on the behaviour of elements, 
such as Fe (Paktunc et  al., 2008). The highly com-
mon, poorly crystalline FeIII oxides (ferrihydrites) are 
thermodynamically unstable, and with time transform 
to more crystalline FeIII oxides such as goethite and 
hematite (Kukkadapu et al., 2003). However, goethite 
and hematite have lower sorption availability for AsV 
than ferrihydrite, and as a result arsenate is released 
(Paktunc et al., 2008). The As release from secondary 
minerals is also controlled by the pH, for example, the 
solubility of scorodite is high for both extremely acid 
pH and in neutral to alkaline pH (Blowes et al., 2014; 
Majzlan et  al., 2012; Paktunc et  al., 2008). Besides, 
biotic reduction of AsV to AsIII due to bacteria activ-
ity can release arsenic as AsIII species (Burnol et al., 
2007), which are generally more mobile and toxic 
(Sharma & Sohn, 2009). The reduction of FeIII oxy-
hydroxide with adsorbed As induce the release of this 
As, and this reaction can be also driven by microor-
ganisms (O’Day et al., 2004).

Tin is mostly bound to non-mobile fractions in 
Jumna tailings (primarily in the residual fraction). 
In agreement with our results, Sn was mainly com-
prised in the residual fraction in tailings from a for-
mer cassiterite mine in Portugal (Favas et al., 2011). 
Furthermore, in the literature, it is reported that Sn 
bioavailability is low (Rüdel, 2003). Cassiterite is 
one of the main minerals of Sn (Cima, 2011), and 
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due to its low solubility constant (Ksp = 10−64.2) (Rai 
et al., 2011), this mineral is stable under acidic condi-
tions (Romero et al., 2014). As cassiterite is a refrac-
tory compound, it dissolves at high temperatures (> 
700 °C) (Navrotsky, 2014), and remains insoluble 
at room temperature in aqueous media (Haase et al., 
2021). The release of Sn to the environment depends 
on the precipitation of Sn hydroxides (schoenfliesite 
group), which can be formed (i) as primary minerals 
in hydrothermal systems; (ii) weathering of Sn sulfide 
minerals; and potentially cassiterite (Haase et  al., 
2021). At Jumna, Sn predominantly exists as cassit-
erite as reported in the XRD and SEM analysis, a sta-
ble and poorly soluble mineral form, which explains 
that the major proportion in tailings was found in the 
residual fraction of the SEP, and thus is poorly mobile 
and bioavailable.

Plants typically  growin soils with  only 0.1–10 
μg  g−1 As background concentrations (Mirza et  al., 
2014; Reeves et  al., 2018); however, noteworthy all 
plant species collected at Jumna tolerate much higher 
concentrations with up to 400 μg As  g−1. This  may 
be explained because metal(loid)s bound to Fe-
phases are not available for plants, while usually the 
sum of water-soluble, exchangeable and carbonate 
fractions are considered to be most easily leachable 
and bioavailable (Azcue & Nriagu, 1995; Sidenko 
et  al., 2007). In the current study, SEP showed the 
water-soluble and exchangeable As were both neg-
ligible, and we considered the specifically sorbed 
As as the bioavailable As fraction (~30 μg  As g−1) 
(Table  2). Even though the specifically sorbed frac-
tion of As is strongly retained, As could be mobilised 
by ligand exchange with phosphate or other anions, 
thus becoming bioavailable, or partially taken up 
by plants, and therefore this As fraction is assumed 
as potentially bioavailable (Smith et  al., 2008; Tang 
et  al., 2007). The results showed that among  the 
plants, Eleocharis equisetina, Cyperaceae sp., and 
Poaceae sp. have a [leaf]/[root] ratio of As concen-
tration <1 (Table 4); hence, these species can be cat-
egorized as ’excluders’ because they do not translo-
cate from the soil metal(loid)s to the shoots (Baker, 
1981, 1987). These findings correlate with the typical 
observed behaviour for As at a global scale where the 
As accumulated in the plants (1.8 × 105 t As) (Mark-
ert, 1992) is lower compared to the As in the soil 
(1.7–2.5 × 109 t As) (Wenzel, 2013), and this accu-
mulation is higher in roots compared to the shoots 

(Zhao et  al., 2009), seeds, or fruits (Matschullat, 
2011). This can be explained because As bioaccumu-
lation is limited due to the general low bioavailability 
of As in the soil (Bowell et al., 2014). Furthermore, 
the analysed plants at Jumna accumulate  <10 μg Sn 
g−1 (Table 4), even though the Sn concentration in the 
soil is on average 1500 μg Sn g−1 (Table 3), which is 
in agreement with the low bioavailable Sn in the SEP 
results (Table 2, Fig. 3). The rate of Sn translocation 
to plants is typically 100 times lower compared to Sn 
concentration in the soil, and some crops accumu-
late up to 9 μg Sn g−1 (Cima, 2011).

Characterization of  the Jumna tailings indicate 
predominance of some metal(loid)s accordingly with 
its precedence from an orebody, the enrichment ratio 
attributed As and Sn as the major elements and con-
tributor for the overall contamination of the Jumna 
tailings. Albeit the ER frames a general scale of 
contamination without considering geochemical pro-
cesses, the outcome provides prioritization of toxic 
elements for further assessment and remediation 
(Kowalska et al., 2018). According to the Australian 
National Protection Measure (NEPM), the Ecological 
Investigation Levels (EILs) for aged As (contamina-
tion for over 2 years) ranges from 40 μg g−1 for areas 
of ecological significance to 160 μg  g−1 for com-
mercial and industrial soil (National Environmental 
Protection, 2013). The As concentrations at Jumna 
tailings exceeded the NEPM ecological levels set for 
As (Table 1). Also, the water samples from the pond 
at cell JTC4 contain high concentrations  of Cu, Zn, 
Cd, Sn, and Pb (Supplementary Table S5). Compar-
ing these concentrations with water quality values set 
for aquatic ecosystems according to the Australian 
and New Zealand Water Quality Guidelines (2018), 
they are higher than the threshold considered for the 
80% level of protection of species, which establish 
the following limits: 2.5 μg Cu L−1, 31 μg Zn L−1, 0.8 
μg Cd L−1, and 9.4 μg Pb L−1. In the case of As, the 
concentrations recorded in this study were below the 
limit of detection (8.4 μg As L−1), and did not exceed 
the guidelines for 80% level of species protection, 
which establish 360 μg L−1 for AsIII and 140 μg L−1 
for AsV (ANZECC and ARMCANZ, 2018).

In conjunction with the results of the partitioning 
of As through SEP, a general concept of the fate of As 
and Sn in the system can be drawn. The As fractions 
that are potentially available for biota represent less 
than 1% (~30 μg As g−1) of total As in the studied 
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tailings (Table  2). Tin is even less bounded to bio-
available fractions 0.5% (~2 μg As g−1), and mostly 
associated to stable fractions. The fraction that could 
potentially release significant amounts of As is the 
amorphous/and poorly crystalline fraction, which 
accounts for around 19% (~550 μg As g−1) of total 
As in the tailings, if eventually Fe crystallizes into 
goethite or hematite (Paktunc et  al., 2008) or upon 
significant changes in the physico-chemical (Eh-pH) 
conditions. Even though the major fraction of As is 
in the crystalline Fe oxide fraction, which attenuates 
As, further research is required to address the stabil-
ity and potential release of As from these crystalline 
Fe oxides upon changes in environmental condi-
tions. In the case of Sn, especially in the oxide form, 
it requires further studies to tailor a SEP for tailings, 
and to understand the fate of this metal in relation to 
other major elements in the tailings.

5 � Conclusions

This research investigated the geochemistry, mobili-
sation, and bioavailability of As, Sn, and other met-
als in tailings and plant species at Jumna facility, a 
former reprocessing plant of tailings coming from 
multisource cassiterite deposits. The study showed 
that currently the tailing cells are well oxidized and 
present major concentrations of As and Sn. The pH 
is low across the tailings and the buffering capacity 
is limited due to the lack of carbonate minerals. The 
pond water located in JTC4 contains high concentra-
tions of Cu, Zn, Cd, and Pb. Even though the total As 
concentrations in the tailings are high, the dissolved 
As concentrations in water were below the limits of 
detection, which supports the restricted leaching of 
As in the studied tailings. The negligible concentra-
tions of water-soluble and exchangeable As suggest 
that immediate mobilisation of As from the tailings 
is unlikely. Similarly, the specifically sorbed fraction, 
which could be desorbed (at least partially) by ligand 
exchange, accounts for slightly higher 1% of the total 
As. Conversely, the percentage of As that could be 
potentially released from the amorphous and poorly 
crystalline Fe oxides due to their crystallization 
accounts for the 19% of the total As in tailings. Also, 
although major fraction of As was found in the crys-
talline Fe oxide–bound operational fraction, which is 
generally considered poorly mobile and therefore not 

bioavailable, further research is required to confirm 
this aspect. These results are beneficial for the reha-
bilitation of the site, and call for attention to develop 
strategies to contain As, as the fate of this toxic ele-
ment is not only subjected to the geochemistry of the 
site, but also the climatic conditions. For example, 
changing moisture and redox conditions inside tail-
ings may destabilize cemented layers and release As 
through desorption.

Plants collected at thesite have shown the capacity 
to tolerate unfavourable As, Sn, and other metal(loid)-
rich conditions. These plants all behave as excluders 
accumulating metal(loid)s in their roots and limiting 
the translocation to the above-ground tissues. There-
fore, these plants are suitable to be used for further 
remediation (i.e. phytostabilization) of the Jumna tail-
ings and other mine sites, although further studies are 
required to address the complex changes in the geo-
chemistry of the tailings when plants thrive there.

Finally,  comprehensive characterization of mine 
tailings is fundamental for informing rehabilitation 
strategies. This interdisciplinary research on aban-
doned tailings enriched with As presents a range of 
methods that can be used to develop  actions to pri-
oritize the remediation of these legacies in Australia 
and worldwide. The identification of native plants 
growing in abandoned tailings and the quantification 
of metal(loid) bioavailability and accumulation are 
key factors for the screening and discovery of metal-
lophytes that can potentially be used for phytostabili-
zation and phytoextraction of past and current mining 
projects.
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