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Abstract
The speciation, behaviour, and bioavailability of released selenium (Se) from mine effluent discharge to sediments and plants
were assessed. Discharged mine effluent containing 65±0.9 μg/L of total Se subsequently contaminated the exposed sediment
with an average total Se concentration of 321 mg/kg as well as exposed Typha latifolia plants where 534 and 92 mg/kg were
found in roots and leaves, respectively. The strategy of T. latifolia in Se phytoremediation consisted of a phytostabilization and
accumulation of Se predominantly in roots. Se plant root uptake was promoted by synergistic effects of Cu, Pb, Zn, and Cd while
Co, Fe, Mn, Ni, Na, K, and Mg had antagonistic effects. Se plant uptake was also governed by sediment characteristics mainly
pH, total Se, and iron concentration. Se speciation results demonstrated that the most accumulated Se species by T. latifolia roots
were selenite and selenomethionine with average concentrations of 2.68 and 2.04 mg/kg respectively while other Se species were
the most translocated (average translocation factor of 1.89). Se speciation in roots was positively correlated with sediment pH,
organic matter, electrical conductivity, and iron concentration. This study confirms deploying corrective measures for mine
effluent treatment before discharge in a sediment-plant environment to protect living organisms from toxic effects. T. latifolia is
recommended as a Se-hyperaccumulator to be used for mine soil phytoremediation in cold regions in Canada.
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Introduction

Mining activities have led to the mobilization of large
amounts of Se into downstream soil and plants. Sediment
contamination by Se released from mining activities could
ultimately enter the food chain via plant uptake and conse-
quently induce toxicity to human, grazing animals and aquatic
birds (Dos Reis et al. 2017; Zhang et al. 2014; Lopes et al.

2017). Therefore, it is crucial to assess Se transfer from mine
effluent discharge to the soil-plant environment and evaluate
its bioavailability based on its speciation. Indeed, Se transfer
from sediments into plants and subsequently into the food
chain is controlled by its speciation rather than its total con-
centration (Wang et al. 2013; Sakizadeh et al. 2016; Peng et al.
2017; Zolfaghari et al. 2019; Etteieb et al. 2019). Additionally,
the different occurring forms of Se (elemental Se, selenite,
selenide, selenate, and organic Se) have a different degree of
mobility and their bioavailability in the sediment-plant inter-
face depending on various biogeochemical processes such as
sorption, oxidation-reduction, precipitation, biomethylation
and complexation and on sediment’s parameters mainly pH,
redox potential, organic matter, microbial activity, and com-
peting anions (Alfthan et al. 2015; Xing et al. 2015; Saha et al.
2017; Favorito et al. 2017; Shahid et al. 2018; Zolfaghari et al.
2020). Indeed, selenate is the most mobile and bioavailable
form in sediments and immediately delivered to the xylem
after absorption via sulphate transporters in plants. However,
selenite is highly adsorbed to clay minerals and aluminium/
iron oxyhydroxides in sediment and it is more accumulated in
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roots and rapidly converted to organoSe compounds after the
absorption via phosphate transporters (Pyrzynska 2009; Zhu
et al. 2009; Sharma et al. 2010; Tolu et al. 2011). Then, sele-
nate in plants is generally reduced to selenite and then to
selenide which is then transformed to selenocysteine
(SeCys) and selenomethionine (SeMet) (Li et al. 2010; Hu
et al. 2018). Finally, the degree of Se accumulation in plants
differs according to the plant species and can be accumulated
by hundreds to thousands of mg per kg dry weight in the
tissues of the hyperaccumulators plants (Wang 2010; Winkel
et al. 2015). Particularly, Typha plant species were previously
reported for their efficient Se phytoremediation. In fact,
Azaizeh et al. (2006) reported the efficiency of Typha latifolia
for Se accumulation and phytostabilization mainly in fine
roots after 12 weeks of treatment. Additionally, Nattrass
et al. (2019) showed that Typha angustifolia L achieved 75
% of Se removal from contaminated waters after 6 days based
on Se volatilization. Yen and Saibeh (2013) also demonstrated
the capability of Typha angustifolia L. for iron, copper and
chromium accumulation in roots, stems and leaves after up-
take from copper mine effluents.

As treated mine effluent discharge represents the initial
route of Se introduction into soil-plant system, the current
work aimed to assess the impact of treated mine effluent dis-
charge on Se contamination of exposed sediment and plants.
To the best of our knowledge, no reported study has been
conducted on Se speciation analysis on a field scale in a min-
ing context. Specific objectives are to i) assess total Se and Se
speciation in the discharged mining effluent; ii) assess the fate
and bioavailability of released Se in sediments and plants by
quantifying total Se and Se speciation. The characterization of
Se fate, mobility, and bioavailability in the environment is a
scientific challenge. The results of this study may help mine
operators and stakeholders to understand the occurrence of Se
in the mining environment to select appropriate technologies
and sustainable management plan before mine effluent final
discharge. Se levels assessment in the sediment-plant system
will support the recommendation of T. Latifolia plant species
as a potential candidate for selenium-contaminated mine soils
phytoremediation in the context of the cold climate of the
Abitibi-Temiscamingue region in Canada.

Materials and methods

Field site sampling and analysis

The effluent sample was collected in July 2019 from a treated
mine discharge in the Abitibi-Témiscamingue region in Quebec,
Canada. The discharged effluent mine is usually compliant with
the Mining Industry Directive 019 in terms of pH which should
not be less than 6 or greater than 9.5. The concentrations of
thiosalts do not induce a pH change in the recipient water bodies.

Other contaminants mainly arsenic, copper, iron, nickel, lead,
zinc, total cyanides, hydrocarbons, and suspended matter do not
exceed themaximal acceptable limits. No toxicity is also reported
for the final effluents according to the results of Oncorhynchus
mykiss and Daphnia magna biotests. One liter of mine effluent
was co l l ec t ed f rom the ou t l e t and s to red in a
Polytetrafluoroethylene (PTFE) plastic container and transported
in a cool box (4±2°C). The effluent sample was preserved by the
addition of nitric acid at pH <2 for total Se analysis while for Se
speciation analysis, it was kept at low temperature (4–6°C) until
analysis. The effluent sample was directly analyzed for tempera-
ture, pH, redox potential, dissolved oxygen, electrical conductiv-
ity using a Hach HQ40d multiparameter. Ammonium was also
directly measured by electrochemistry using a Thermo Scientific
Orion Star A214. Anions analysis was performed using ion chro-
matography (Thermo Scientific, Dionex, ICS 5000).

Sediment and plant sampling and analysis

Sediment and T. latifolia plant samples were collected in
July 2019 from three different locations. The three sites were
directly exposed to the flow of the treated mine effluent dis-
charge. Site 1 was the nearest to the effluent discharge point
and located at 100 m from the discharge basin. Site 2 and 3 were
500m and 1 km distant from site 1 respectively. One kilogram of
sediment samples was collected together with T. latifolia plants
from the same locations. Samples were put in labeled Ziploc and
transported at ambient temperature to the laboratory for analysis.
Collected sediment samples were air-dried for 48 hours, sieved
through a 150-μm stainless steel mesh and then finely ground
and placed in hermetically sealed and identified plastic bags.
Collected plants were rinsed first with tap water and then with
deionized water to remove dust and sediment particles.
Afterward, their different parts (leaves and roots) were separated.
Plant leaves were dried at 60°C until constant weight while plant
roots were air-dried. Once dried, leaves and roots were ground to
a fine powder (< 0.05 mm) and placed in hermetic sealed and
identified plastic bags and stored in the dark.

Sediment samples were analyzed for pH and conductivity
by electrochemistry using a Hach HQ40d multi multi-param-
eter, total organic carbon (TOC) was analyzed by TOC
Analyzer (Shimadzu, TOC-VCPH) and organic matter was de-
termined by Computrac.

Se determination in treated mine effluent, sediments,
and plants

Total Se analysis in effluent, sediments, and plant samples

Forty grams of effluent sample digestion was performed by
adding 2 mL of concentrated HNO3 and 1 mL of concentrated
HCl and heating at 105 ± 2°C for 8–14 h. One-gram sediment
sample digestion was performed by adding 4 ml nitric acid
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and 10ml hydrochloric acid and heating at 95°C. About 5 g of
plant sample was digested by the addition of 15 ml of concen-
trated nitric acid, 2 ml hydrogen peroxide (30%), 2 ml con-
centrated hydrochloric acid and heating at 95°C. After cooling
of the different digested solutions, deionized water was added
and the test solution was filtered via 0.45μm nylonmembrane
filter disc before introduction into the collision/reaction cell
inductively coupled plasma-mass spectrometer CRC ICP-MS
instrument (Agilent 7900) and analysis according to modified
EPA Method 200.2, 200.3 and 200.8/6020A. Cations and
heavy metals including (Al, Cd, Ca, Cr, Co, Cu, Fe, Mg,
Mn, Ni, Pb, K, Na, Zn) in the effluent, sediment, and plant
samples were analyzed using the same instrument.

Se speciation analysis in effluent, sediments, and plant
samples

An exchangeable fraction of the sediment sample was extracted
using phosphoric acid (0.1M). Plant samples were homogenized
and extracted using a methanol/enzymatic extraction procedure.
Two grams of plant sample was extracted with 1 mL lipase/
alpha-amylase solution and 0.5 mL protease in 25% methanol
solution. Homogenized effluent sample, sediments, and plant
extracts were filtered through a 0.2-μm nylon membrane filter
disc and then introduced into HPLC (Agilent 1200) coupled to
ICP-MS (Agilent 7700) and analyzed. Quantified species were
selenite Se (IV), selenate Se (VI), and selenomethionine (SeMet).
Unknown Se species consisted of a sum of all the unknown
peaks observed in the chromatogram.

Quality assurance of data

For quality control, National Research Council Canada (NRC)
certified reference materials (CRM) and laboratory control sam-
ples were analyzed concurrently with sediment and plant sam-
ples. The CRM used for sediment analysis was NRC Canmet
Till 2 (sediment collected near Scission's Brook, New
Brunswick, CA) with a total Se content of 0.361 mg/kg (0.4
mg/kg obtained concentration belonging to the range 0.11 to
0.55 mg/kg). The CRM used for plant analysis was ERM-
BC210a (Wheat Flour, LGC Ltd.) containing 17.23 mg/kg of
Se total (108.3% recovery). Recovery of heavy metals and cat-
ions was of 105.3% for Al, 100.6% for As, 100.2% for Cd,
103.5% for Ca, 108.6% for Cr, 105.6% for Co, 101.8% for
Cu, 108.6% for Fe, 102.0% for Pb, 102.1% for Mg, 96.4% for
Mn, 97.5% for Ni, 97.6% for P, 104.1% for K, 104.3% for Na,
and 108.0% for Zn.

The CRMs used for selenium speciation were NRC
SELM-1 (selenium-enriched yeast) containing 1314 mg/kg
of selenomethionine (74.4 % recovery) and ERM-BC210a
(Wheat Flour, LGC Ltd.) containing 10.49 mg/kg of
selenomethionine (89.9 % recovery). Selenium species were
also quantified by laboratory control sample consisting of 7.5

mg/kg of selenite, selenate, and selenomethionine (83.8%,
92.7% and 82.8% recovery respectively). The detection limits
ranged between 0.01 and 0.07 for total selenium analysis and
between 0.05 and 0.2 for speciation. For quality assurance,
three samples were analyzed in duplicate. The relative percent
difference in total Se was 1.4% while it was ranging between
1.2 and 2.9% for Se species. These relative percent differences
were deemed acceptable as they were inferior to 30 % for total
Se and to 20% for Se species.

Statistical analysis

Statistical correlation between total Se levels and heavy metals
(Al, Cd, Co, Cr, Cu, Fe,Mn, Ni, Pb, Zn) and cations (Ca, K,Mg,
Na) concentrations in sediment and plant were performed using
correlation matrices on Excel (Microsoft, Redmond,WA, USA).
Pearson correlations were calculated using the “= CORREL (ar-
ray1, array2)” function fromExcel between Se concentration and
metals and cations concentrations in sediment and plants. To
determine synergic and antagonist effects of heavy metals and
cations on Se occurrence in sediments and plant, the correlation
coefficient (r) described the degree of correlation between two
variables and was calculated using Eq. 1:

Correl X ; Yð Þ ¼
∑ x−x
� �

y−y
� �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑ x−x
� �2

∑ y−y
� �2

r ð1Þ

where x and y are the samples means AVERAGE (array1) and
AVERAGE (array2).

In this study, we extracted the relevant data when r ≥0.5 or
r<−0.5

Later, regression analysis was used to determine the effect
of sediment characteristics on total Se and Se speciation con-
centration in sediment and plant. Correlations were calculated
using the LINEST function from Excel. To determine which
sediment factors (independent variables) contributed most to
the increase of total Se and Se specie concentration in sedi-
ments and plant (dependent variable), the determination coef-
ficient (r2) is the square of the correlation coefficient previ-
ously calculated and which described the degree of correlation
between two variables. Relevant data were extracted when the
determination coefficient r2>0.5. P values <0.05 were consid-
ered statistically significant.

Results and discussion

Se occurrence in treated mine effluent discharge

Mine effluent characterization revealed its acceptability in
terms of respecting the maximal limit allowed by REMM

50801Environ Sci Pollut Res (2021) 28:50799–50812



(Regulation of metal mine effluents (DORS/2002-222)
concerning the pH value 7.43±0.19 (comprised between 6
and 9.5) and the concentrations of the metals mainly; zinc
0.08±0.01 mg/L (< 0.5 mg/L), copper <0.01 mg/L (< 0.3
mg/L), nickel <0.005 mg/L (<0.5 mg/L) and lead <0.01 mg/
L (<0.2 mg/L). The total Se content in mine effluent was 65
±0.9 μg/L with 57±6.8 μg/L identified as selenite and 7.2±0.5
μg/L identified as selenate (Table 1). The speciation results
showed that the predominant Se species was selenite present-
ing more than 80% of the Se concentration in the final treated
effluent. Based on its potential hazard, Se is expected to be
placed among the high worrying priority in the mining indus-
try. Since regulations are still under preparation, the mine
effluent can be discharged into the nearby river water.
However, since Se is bioaccumulative, it may pose a threat
to the environment, aquatic life and the ecosystem.
Environment. Climate Change-Canada (ECCC) prescribed a

Se discharge limit of 1 μg/L in surface water. In the current
study, the high Se level of 65.3 μg/L in mine effluent is due to
strongly saline and acid drainage water resulting from the
weathering and oxidation of Se-rich waste rock dump. In fact,
previous studies reported that the weathering of pyrite and its
leakage by the rainfall leads to the mobilization, conversion
and transport of large amounts of originally immobile Se (dis-
solved or adsorbed) from the mine into the surrounding envi-
ronment (Donner et al. 2018). Moreover, high Se levels in
mine effluents can also result from the addition of extraction
reagents such as cyanide. Indeed, Khamkhash et al. (2017)
reported that Se concentrations at Red Dog zinc mine
exceeded the standard with 12 μg/L due to the use of cyanide
as flotation reagents. Furthermore, 80% of Se consisted of
selenite as predominant species in the studied mine discharge
with 57±6.8 μg/L. These observations revealed the presence
of a reducing acidified environment upstream of the discharge

Table 1 Chemical quality of
mine effluent discharge Parameters Concentrations Regulation of metal mine

effluents (DORS/2002-222)

pH 7.43±0.19 6 - 9.5

Conductivity (mS/cm) 0.60±0.19

Potential oxygen redox (mV) 182±1.15

Dissolved oxygen (mg/L) 10±0.82

Ammonium (mg/L) 0.44±0.10

Total Se (μg/L) 65±0.9

Selenite (μg/L) 57±6.8

Selenate (μg/L) 7.2±0.5

Calcium (mg/L) 218±5.79

Sodium (mg/L) 20±2.96

Potassium (mg/L) 2.57±0.13

Magnesium (mg/L) 1.26±0.07

Nitrite 0.83±0.06

Cyanate (ppm) <0.3

Sulfate 433±1.01

Nitrate (ppm) 14±0.14

Orthophosphate (ppm) 9.23±1.05

Thiocyanate (ppm) <0.2

Chloride (ppm) 179±1.07

Iron (mg/L) 0.05±0.03

Aluminium (mg/L) 0.02± 0.04

Zinc (mg/L) 0.08±0.01 <0.5

Cadmium (mg/L) <0.05

Cobalt (mg/L) <0.01

Chromium (mg/L) <0.005

Copper mg/L) <0.01 <0.3

Manganese (mg/L) 0.04±0.03

Nickel (mg/L) <0.005 <0.5

Plomb (mg/L) <0.01 <0.2
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point although the effort of mine managers to install a system
to increase the pH to a value of 7.43±0.19. In fact, the pre-
dominance of selenite species at low pH was previously re-
ported in the case of Sobov surface mine located near the city
of Banska Stiavnica in Slovakia where 40% of Se was present
as selenite in the drainage water at pH 2.18 while in Bela lake
water at neutral pH, the concentration of selenite was moder-
ate (Bujdoš et al. 2005).Martin et al. (2011) confirmed that the
predominance of selenate to approximately 95% reflects the
near-fully oxygenated conditions in the water. The combina-
tion of a decrease in pH and a large increase of the sulfate
content also supports the hypothesis of pyrite oxidation in the
overburden (Bond 2000).

Se occurrence in sediment and bioavailability in
Typha latifolia plants

Total Se in sediments and plants

Se content in sediments was significantly correlated with Se in
plant tissues with correlation coefficients (r) of 0.84 for roots
and 0.97 for leaves. A significant positive relationship be-
tween Se in roots and leaves was also found with correspond-
ing correlation coefficients of 0.7 (Table 2). This positive cor-
relation between Se in sediments and plants confirmed the
capacity of T. latifolia root system to uptake Se from sedi-
ments and to translocate and accumulate it in leaves. The
increase of Se contents in T. latifolia plants was associated
with the increase of Se concentration in the collected sedi-
ments from the same location. Indeed, Se sediment concentra-
tions showed the highest levels in site 1 (342 mg/kg), site 3
(317 mg/kg) and then site 2 (304 mg/kg) and consequently Se
content in plants showed the same pattern of the highest level
for site 1 (813 mg/kg), then site 3 (688 mg/kg) and finally site
2 (378 mg/kg) (Fig. 1). Moreover, Se was twice more accu-
mulated in plant roots (average of 642 mg/kg) than in sedi-
ments (average value 329 mg/kg) for site 1 and 3. Se was also
significantly more accumulated in plant roots than in leaves.
In fact, in site 1, Se was five times higher in roots (669 mg/kg)
than that in leaves (144 mg/kg). This result was confirmed for
site 2 and 3 as well since Se was accumulated in roots (317
mg/kg) five times more than in leaves (61 mg/kg) in site 2
while in site 3 Se was accumulated in roots (616 mg/kg) eight

times higher than in leaves (71 mg/kg) (Fig. 1). These results
confirmed the high capacity of T. latifolia for Se uptake from
sediments and its accumulation predominantly in roots and
then in leaves. As T. latifolia was able to accumulate more
than 100 mg/kg in its roots, it could be considered as a Se
hyperaccumulator plant specie while Se levels do not exceed
50 and 100 mg/kg for non-accumulators and secondary accu-
mulators respectively (Winkel et al. 2015).

Bioconcentration, accumulation, and translocation of Se,
heavy metals, and cations in sediment and Typha latifolia
tissues

Besides Se, sediment and plant contamination with heavy
metals mainly Al, Fe, Mn, Cr, Cu, Zn, Ni, and Pb was noticed.
Equal levels in sediment and roots were found for lead (26 and
38 mg/kg respectively) and cadmium (<5 and 4.74 mg/kg
respectively) while the highest manganese levels were accu-
mulated in sediment and leaves (277 and 215 mg/kg respec-
tively) and the highest levels of chromium (100 mg/kg), cop-
per (185 mg/kg), zinc (1708 mg/kg), nickel (27 mg/kg), alu-
minium (13353 mg/kg), cobalt (9.41 mg/kg), and iron (15093
mg/kg) were accumulated in plant roots. High levels of some
cations essentially calcium, magnesium, potassium and sodi-
um were observed. Equal proportions of magnesium were
observed in sediment and roots (3927 and 4113mg/kg respec-
tively) while calcium was predominant in sediment (20,2333
mg/kg), potassium predominated in plant leaves (28533
mg/kg) and sodium in roots (1781 mg/kg) (Fig. 1). These
results demonstrated the T. latifolia roots can easily uptake
Se, Co, Cu, Cr, Ni, Zn, Al, Fe, Cd, and Pb from sediment
and accumulate them in roots with a small part being
translocated and accumulated in leaves. Manganese tends to
be easily translocated and accumulated in leaves rather than
staying in roots. To compare the uptake and translocation
capacity of metals in the sediment-plant system, three param-
eters, bio-concentration factor (BCF) in roots, bioaccumula-
tion (BAF) factor in leaves and translocation factor (TF) to
leaves were calculated. BCF was the ratio of metal concentra-
tion in roots and that in their sediments, BAF was the ratio of
metal concentration in leaves and that in sediment, and TFwas
the ratio between metal concentration in leaves and that in
roots. Results demonstrated that the most accumulated metals
in T. latifolia’s roots having BCF superior to 1 were Co (7.78),
Cr (3.6), Fe (3.26), Ni (2.67), Zn (2.75), Cu (1.78), Se (1.74),
Al (1.64), and Pb (1.35) as ranked from highest to lowest. Cr
and Ni were also well accumulated in leaves (BAF of 1.39).
Mn was the easiest and greatest translocated metal from roots
to leaves (TF of 1.17) (Fig. 2). Cations were accumulated both
in roots and leaves with great translocation of potassium to
leaves (TF of 3.46) and high accumulation there (BAF of 24)
(Fig. 3). These results demonstrated the efficient
phytoextraction capacity of T. latifolia for the following

Table 2 Correlation coefficient (r) of Se occurrence in sediment and
plant tissues. A level of 0.05 was accepted as significant *p < 0.05

Se in sediment Se in plant roots Se in plant leaves

Se in sediment 1

Se in plant roots 0.85* 1

Se in plant leaves 0.97* 0.7* 1
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Fig. 1 Selenium metalloid and other metal distribution in sediment and plant tissues for the three sites

Fig. 2 Bioconcentration,
bioaccumulation, and
translocation factors of selenium
metalloid and other metals in
plant tissues (roots and leaves)
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metals in descending order Co, Cr, Fe, Ni, Zn, Cu, Se, Al, and
Pb as they were the most uptaken from sediment and then
accumulated in plant roots. Se particularly was more concen-
trated in roots than in leaves with low translocation factor to
leaves (0.17). Indeed, the Se uptake from sediment and accu-
mulation in plant tissues is governed by its speciation and the
influence of a variety of sediment factors mainly pH, redox
conditions, organic matter, sediment texture, biological and
microbial activity, Se contents, and competing anions
(Funwie 2012; Alfthan et al. 2015; Xing et al. 2015; Saha
et al. 2017; Shahid et al. 2018). Moreover, the predominant
accumulation of Se in roots reflects the strategy of T. latifolia
i n Se phy t o r emed i a t i on wh i ch con s i s t e d o f a
phytostabilization of Se and its accumulation in roots rather
than its translocation. In fact, Se and other metals mainly Al,
Cd, Co, Cr, Cu, Zn, Pb, Fe, and Ni were retained in plant roots
with low translocation to leaves. In particular, Se competed
with manganese for being translocated to leaves as manganese
was almost ten times more translocated than Se TF (1.17).
Although most of the Se was excluded in roots, a small part
was translocated and accumulated in leaves. Therefore,
T. latifolia demonstrated its tolerance for excessive heavy
metals levels and it could be considered as a potential plant
species for Se phytoremediation in mine-contaminated soils.
Moreover, the presence of nickel, chromium, and manganese
as the most accumulated metals in the edible part of T. latifolia
represents a potential risk for grazing animals and consequent-
ly a risk to human health through food chains. Thus,
phytoextraction of Se with T. latifolia could be a potential
approach that can be integrated with other treatment in mining
industry to comply with current legislations (Xing et al. 2020;
Guemiza et al. 2020; Brar et al. 2021).

Evaluation of synergistic and antagonistic effects of
competitive ions on Se occurrence in sediments and
for plant uptake

Correlation matrix results demonstrated that Se in sediment
was positively correlated with copper (r=0.81), lead (r=0.95),
and zinc (r=0.76) and it was correlated to these same metals
(Cu, Pb, and Zn) in roots next to cadmium (r=0.99). In leaves,
besides Cu, Pb, and Zn, and Cd, Se was positively correlated
with nickel (r=0.99), chromium (r=0.97), and cobalt (r=0.71).
However, Se was inversely correlated mainly with cobalt (r=
−0.76) and iron (r= −0.62) in sediment and cobalt (r= −0.8),
manganese (r= −0.82), nickel (r= −0.73), and iron (r= −0.67)
in roots. Additionally, Se was inversely correlated with most
of cations mainly sodium in sediment (r= −0.62), then sodium
(r= −0.98), potassium (r= −0.94), and magnesium (r= −0.78)
in roots and finally sodium (r= −0.81) and calcium (r= −0.85)
in leaves (Table 3). Thus, a synergistic effect in sediment was
confirmed among Se, copper, lead and zinc next to cadmium
in roots and nickel, chromium and cobalt in leaves.
Nevertheless, Se levels were inhibited by the occurrence of
other metals like cobalt and iron in sediment next to manga-
nese and nickel in roots while Se levels were unaffected by
other metals in leaves. Whereas, antagonistic effects of Se
with cations mainly sodium in sediment, next to potassium
and magnesium in roots and besides calcium in leaves were
identified. Therefore, Se enters in competition with some
heavy metals mainly Co, Fe, Mn, and Ni and some cations
like Na, K, andMg for its uptake from sediment to root system
while for accumulation in leaves, it competes only with some
cations such as Ca and Na. The antagonistic effect of Mn and
Fe in roots is due to the capacity of these mineral phases to

Fig. 3 Bioconcentration,
bioaccumulation, and
translocation factors of cations in
plant tissues (roots and leaves)
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adsorb Se especially selenite species under low pH and reduc-
ing environment. For cations, they usually show this antago-
nistic effect to Se as the plant tends to acquire cations as
needed nutrients for its growth and therefore Se competes with
them. Briefly, high levels of Cu, Pb, Zn, and Cd associated
with low levels of Co, Fe, Mn, Ni, Na, K, and Mg promote Se
plant root uptake while Se accumulation in plant leaves is only
inhibited by Ca and Na while other metals like Cu, Pb, Zn, Cd,
Ni, Cr, and Co had a synergistic effect on Se accumulation in
plant leaves.

Influence of sediment characteristics on total Se
concentrations in sediments and plant uptake

Regression measurements of Se correlation to sediment fac-
tors demonstrated that sediment factors (pH, organic matter,
total organic carbon, and sediment iron concentration) had no
significant effect on sediment Se content. However, Se con-
tent in plant roots was positively correlated with Se and iron
concentrations in sediment (r=0.71 and 0.88 respectively) and
it showed a significant correlation with sediment pH (r=0.86)
(Table 4). In fact, although Se concentration in sediment was
insignificantly correlated with the mean sediment pH (7.23
±0.20) (r = 0.34), Se content in plant roots was significantly
correlated with sediment pH (r=0.86). The high Se uptake by
T. latifolia roots following the increase of pH is due to the
presence of an oxidizing and alkaline environment that helps
the predominance of more soluble Se species like selenate that
are easily uptaken by plant roots. However, for low pH, sele-
nite species predominates and tends to be highly adsorbed to
sediment particles and thus less bioavailable to plants (Otieno
et al. 2015).

Moreover, no significant positive correlations were ob-
served between Se concentration and both carbon level and
organic matter content in the sediment (r= 0.02) meaning that
carbon and organic matter content has no impact on Se accu-
mulation in sediment. This may be due to the low content of
organic matter in sediment samples (mean value of 4±0.82%
and 6.9±1.42 % of total organic carbon and organic matter
respectively). Besides, there is no external organic pollution
source added as mine effluent has very low levels of total
organic carbon (<0.001 mg/L). In addition, organic matter
showed a non-significant positive correlation with Se content
in roots and leaves (r=0.43 and 0.006 respectively). Other
studies declared that soil organic matter shows a very poor
correlation with Se in soil and plants due to the low bioavail-
ability of organic matter-bound Se for plant uptake and pres-
ence of Se in large undecomposed organic molecules such as
proteins. The increase of organic matter induces a decrease of
Se plant uptake by influencing the soil pH. In fact, the increase
of organic matter is associated with soil acidification and low
pH through the slow release of carbon dioxide. This reducing
environment subsequently favorites the conversion of Se to
insoluble forms which are tightly bound to soil particles and
metallic complexes (Dhillon et al. 2010). Furthermore, Se in
roots had a positive correlation with sediment iron (r= 0.88)
while Se in leaves was poorly correlated with sediment iron
(r=0.17). Therefore, the significant impact of sediment iron
was detected only on Se concentrations in plant roots and
therefore on Se plant uptake. Se concentrations in soil and
plants were reported to be strongly related to the pyrophos-
phate extractable iron content of the soil. Se in soil and espe-
cially selenite species is associatedwith iron as ferric selenides
(Arnold 1989; Rodrigo et al. 2017).

Table 3 Correlation coefficients
(r) of Se with heavy metal and
cations in sediment and plant
tissues. A level of 0.05 was
accepted as significant *p < 0.05
and **p < 0.01 as highly
significant

Correlation coefficient
with Se in sediment

Correlation coefficient
with Se in plant roots

Correlation coefficient
with Se in plant leaves

Se 1 1 1.00

Al −0.28 −0.52 0.29

Ca 0.39 0.05 −0.85
Cd −0.86 0.99* 0.80

Co −0.76 −0.80 0.71

Cr −0.24 0.09 0.97

Cu 0.81* 0.84* 0.99

Fe −0.62 −0.67 0.44

K −0.44 −0.95 −0.34
Mg −0.34 −0.78 −0.60
Mn 0.03 −0.82 −0.46
Na −0.62 −0.98 −0.82
Ni −0.55 −0.73 0.99

Pb 0.95** 0.78* 1.00

Zn 0.76 1.00* 0.71
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Se Speciation in sediments and bioavailability to
Typha latifolia plants

Se speciation in sediment and plants

Se speciation in sediment demonstrated the bioavailable ex-
changeable fraction was composed of concentrations <1
mg/kg of selenate and <1 mg/kg of selenite while the remain-
ing part of total Se was composed of carbonate bound, mineral
oxide bound, organic matter bound plus an unavailable resid-
ual fraction. In fact, in soils, the soluble Se compounds are
rapidly converted back into immobile species, probably by
reduction to elemental Se or inorganic selenides (Goodson
et al. 2003; Bujdoš et al. 2005). The Se reduction process
was encouraged by the reducing conditions existing in mine
effluent discharge due to the predominance of selenite.
Moreover, the bioavailable fraction of Se species in plant roots
were present in the following order selenite (2.68
mg/kg)>selenomethionine (2.04 mg/kg)>unknown Se specie
(1.17 mg/kg)>selenate (0.87 mg/kg) while in leaves they
followed this order selenite (2.16 mg/kg)> unknown Se specie
(2.1 mg/kg)> selenomethionine (0.77 mg/kg)> selenate (0.15
mg/kg) (Fig. 4). Thus, selenite and selenomethionine predom-
inated in T. latifolia roots while in leaves selenite and unknown
Se species were dominants. The predominance of selenite and
organic Se species in roots is due to the aptitude of selenite to
persist in roots and to be converted into organic species. The
presence of selenate in lower concentration in roots is due to its
higher mobility compared to selenite in roots and hence its major
parts are being rapidly translocated to aerial parts of the plant.
Then, the low concentration of identified selenate in leaves
compared to organic Se species is due to the Se metabolism
cycle in leaves consisting of reducing selenate to selenite then
to organoselenide mainly selenocysteine and selenomethionine.
These findings were consistent with previous studies as Wang
(2010) has already reported that themost accumulated Se species
in roots was SeMet, followed by selenite, then selenate. This
confirms that selenate is more easily transported from root to leaf
while selenite is readily transformed into organic Se after plant
root uptake (Ramos et al. 2010). Li et al. (2007) have also de-
clared that compared to selenite, organic Se (SeMet) remains the
major species showing a much higher intensity in root samples

due to the conversion from selenite to organic Se forms (mostly
SeMet) in plant roots. In fact, SeMet was the most abundant
organic Se species found in both leaf and root and its amount
was approximately two folds of selenate.

Influence of sediment characteristics on Se speciation
and plant uptake

Concerning the impact of sediment factors on Se speci-
ation, only Se species (selenite, SeMet and unknown Se
species) in roots were positively correlated with sedi-
ment pH, organic matter and iron concentration. Both
Se species in roots and leaves were correlated to sedi-
ment electrical conductivity (Table 5). Indeed, selenite,
SeMet, and unknown Se species in roots were signifi-
cantly highly correlated with sediment pH (correlation
coefficient of 0.52, 0.96 and 0.97 respectively). In fact,
Se plant uptake is closely related to Se species solubil-
ity in the sediment which increases in presence of alka-
line conditions encouraging the formation of more oxi-
dized species, mainly selenate ions (Wang 2010).

Additionally, only Se species in roots and mainly
selenite, SeMet and unknown Se species were signifi-
cantly correlated with sediment organic matter (correla-
tion coefficient of 0.91, 0.92 and 0.65 respectively).
Indeed, organic Se species increase in the presence of
high organic matter content in the sediment (Supriatin
et al. 2016). Organic matter contributes to Se immobi-
lization and increasing the availability of Se to plants
(Garcia Moreno et al. 2013). Moreover, selenite, SeMet,
and selenate in roots were positively correlated to elec-
trical conductivity (0.96, 0.52, and 0.83 respectively) as
well as selenite and SeMet in leaves (0.59 and 0.97
respectively). Furthermore, only SeMet and unknown
Se species concentrations in roots were positively corre-
lated with an iron concentration in sediment (0.94 and
0.98 respectively). Thus, the concentrations of SeMet
and other Se species increase in roots when the iron
level increases in sediment. This is due to the adsorp-
tion of inorganic species by high levels of iron in sed-
iment rather than organic species which become more
bioavailable for plant uptake by roots. Indeed, selenite

Table 4 Coefficient of
determination (r2) of Se level in
sediment and plant tissues with
sediment parameters. A level of
0.05 was accepted as significant
*p < 0.05 and **p < 0.01 as
highly significant

Se in sediment Se in roots Se in leaves

Sediment Se - 0.71 0.94**

Sediment pH 0.34 0.86* 0.14

Sediment Organic matter 0.02 0.43 0.006

Sediment total organic carbon 0.02 0.43 0.006

Sediment conductivity 0.10 0.05 0.28

Sediment iron 0.38 0.88 0.17
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is the most adsorbed species by iron oxide especially
under a reducing environment while above pH 7-8, the
solubility of Se increases and selenite is broken down

and released into the soil solution. In the presence of
high iron concentrations, insoluble iron hydroxide - sel-
enite complexes can be found (Wang 2010).

Fig. 4 Distribution of Se species
concentrations in sediment, plant
roots, and leaves

50808 Environ Sci Pollut Res (2021) 28:50799–50812



Influence of Se speciation on Se bioavailability for
plant uptake, translocation, and accumulation

The uptaken Se species by T. latifolia roots were selenite,
Selenate, SeMet, and unknown Se species. Selenite and
SeMet particularly were the most accumulated in plant roots
with average concentrations of 2.68 and 2.04 mg/kg respec-
tively. Then, the calculation of the translocation factor for
each species from roots to leaves demonstrated that the most
translocated species (TF> 1) were selenite (average TF of 1.1)
and unknown Se species (average TF of 1.89) which represent
as well the most accumulated species in leaves with average
concentrations of 2.16 and 2.1 mg/kg respectively (Fig. 5).
Selenite, selenate, and SeMet have usually been reported as
the most bioavailable species in sediment for plant uptake and
their presence in plant tissues confirms their solubility, mobil-
ity and bioavailability (Otieno et al. 2015). Nothstein et al.

(2016) have previously confirmed that selenite accumulated
more in roots than in shoots. Organic Se was also more dom-
inant in the lower parts of cereal roots. In fact, selenate is taken
up actively by the sulphate transporter and readily transported
via the xylem into plant shoots and leaves, while selenite is
rapidly transformed into organic Se in the roots. Thus, the
presence of high levels of selenite, SeMet, and other unknown
Se species in our root samples could be justified by the con-
version of selenite in the root into methylated or unmethylated
organic forms stored in high levels in the roots and which
could be present as a free amino acid, such as MeSeCys or
incorporated into proteins. The low level of selenate in roots is
also due to its reduction to selenite. Then, organic Se com-
pound may be transported as selenomethionine (SeMet) and
other organic species to aerial parts exclusively via the phlo-
em, whereas selenate was transported via xylem. In leaves,
high levels of selenite are due to the selenate reduction in

Table 5 Coefficient of
determination (r2) of Se species
with sediment parameters. A level
of 0.05 was accepted as
significant *p < 0.05 and **p <
0.01 as highly significant

pH Organic
matter

Conductivity Iron
concentration

Total
organic
carbon

Selenite in roots 0.52** 0.91* 0.96 0.47 0.91

SeMet in roots 0.96** 0.92* 0.52 0.94 0.92

unknown Se species in roots 0.97** 0.65* 0.19 0.98 0.65*

selenate in roots 0.04 0.38 0.83 0.02 0.38

Selenite in leaves 0.005 0.15 0.59 0.01 0.15

SeMet in leaves 0.48 0.89 0.97 0.44 0.89

unknown Se species inleaves 0.38 0.04 0.07 0.43 0.04

Selenate in leaves 0.21 0.00 0.21 0.24 0.00

Fig. 5 Translocator factor of Se
species from plant roots to leaves
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the chloroplasts which produces selenite under the effect of
ATP sulfurylase (APS) and APS reductase (APR) enzymes
(Gupta and Gupta 2017). Subsequently, selenite is reduced to
selenide using glutathione (GSH), which is later converted
into selenocysteine under the action of cysteine synthase en-
zyme coupled with O-acetylserine (Wallenberg et al. 2010).
Finally, selenocysteine is transformed into selenomethionine
(SeMet) under the sequential action of the cystathionine- syn-
thase (C S), cystathionine-b-lyase and methyl synthase en-
zymes (Gupta and Gupta 2017). Huerta et al. (2003) and Li
et al. (2010) confirmed that the main absorbed Se species by
plants are selenate, selenite, and organic Se. In particular,
Selenate ion is the most readily taken up by plants using the
absorption mechanism which is similar to that for sulphate
ions. Uptake of organic Se compounds likely occurs via the
same mechanisms as the uptake of corresponding sulfur
analogs while selenite uptake occurs via passive diffusion,
and is inhibited by phosphate. Oram et al. (2011) have also
confirmed that once taken up by roots, absorbed selenite spe-
cies are quickly metabolized to organic Se which are not
translocated to shoots. Selenate is actively taken up by a sul-
fate transport protein and is transported to the shoot as sele-
nate, where it is reduced to various Se biomolecules.

Conclusion

Although mine effluent was compliant with REMM standards
in terms of pH, zinc, copper, nickel, and lead, total Se was
reported at a high level of 65±0.9 μg/L from which 57±6.8
μg/L was identified as selenite. This discharged effluent sub-
sequently contaminated the surrounding sediment and plant
environment with high levels of total Se reaching an average
concentration of 321 mg/kg in sediment, 534 mg/kg in plant
roots and 92 mg/kg in plant leaves. These results confirmed
the high aptitude of T. latifolia for Se uptake from sediment
and its accumulation predominantly in roots and then in
leaves. Se particularly was more concentrated in roots with
low translocation factor to leaves (0.17). This reflects the
mechanism of Se phytostabilization in roots which usually
succeed to mitigate Se levels when achieved by a high-
biomass plant species like T. latifolia. The increase of Se plant
root uptake was promoted by high levels of Cu, Pb, Zn, and
Cd in association with low levels of Co, Fe, Mn, Ni, Na, K,
and Mg while Se accumulation in plant leaves was only
inhibited by Ca and Na. Moreover, pH, total Se and iron
concentration influenced Se plant uptake. Furthermore, Se
speciation results demonstrated that selenite and
selenomethionine predominated in T. latifolia roots with av-
erage concentrations of 2.68 and 2.04 mg/kg respectively. In
addition, the most translocated species from roots to leaves
(TF> 1) were unknown Se species (average TF of 1.89) which
represent as well the most accumulated species in leaves with

a concentration of 2.1 mg/kg. Finally, sediment factors had an
impact only on Se species (selenite, SeMet, and unknown Se
species) in roots. Further studies on selenium fate assessment
in the real soil-plant system in relation to animal and human
health are required. This study will urge stakeholders to min-
imize the exposure of water, soil, and plant environment to the
discharge of mine effluents to prevent the accumulation of
toxic levels of Se in plants and subsequently avoid poisonous
effects for grazing animals and the possible introduction of Se
in higher trophic levels. Based on this study results,
T. Lat i fo l ia i s recommended as a poten t ia l Se-
hyperaccumulator plant species to be used for the
phytoremediation of Se-rich mine soils in cold climate regions
in Canada.
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