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Abstract Metal leachate from mine tailings has the
potential to release toxic metals into the surround-
ing environment. A single-step extraction procedure
mimicking rainwater and a three-step BCR sequential
extraction procedure (acid, reducing and oxidizing
conditions) were applied to gold (GMT) and silver
(SMT) mine tailings. Major (Al, Ca, Fe, Mg, and Mn)
and trace metals were monitored to better understand
the mobility and geochemistry of these metals when
exposed to various environmental leaching condi-
tions. Rainwater extraction released only small quan-
tities of metals, while the three-step BCR extraction
was more effective in mobilizing metals from the
tailings. Under the acidic conditions of BCR step 1,
Ca, Mg, Cd, Cu, and Mn were released in high con-
centrations. The dissolution of Fe, Ca, and Mg were
dominant along with Pb in step 2 (reducing condi-
tions). In step 3 (oxidizing conditions), Fe was the
most dominant species together with Co, Cu, Ni, and
Se. A high fraction of Al, Be, Cr, Li, Mo, Sb, Tl, and
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V remained in the residue. From SMT, larger quanti-
ties of As, Ca, Cd, and Zn were released compared
to GMT. The BCR extraction could be applied to
tailings to predict the potential release of toxic met-
als from mine wastes; however, excessive amounts of
Ca and Fe in the tailings could cause carry-overs and
incomplete extraction and carry-overs, resulting in a
misinterpretation of results.

Keywords Dissolution - Extraction, Mobilization -
Precipitation - Oxidation - Reduction - Sequential
extraction

Introduction

Every year, the mining industry produces over one
hundred million metric tonnes of solid waste in Can-
ada (Statistics Canada, 2012). A large portion of this
solid waste (waste rocks and tailings) has the potential
to release toxic elements into the surrounding environ-
ment and impact water chemistry and biology. Tail-
ings are defined as wastes after ore extraction and con-
sist of fine particles with large surface area and high
adsorption capacity (Kermani et al., 2015). Tailings
are transported by wind, precipitation, and runoff water
and deposited in both terrestrial and aquatic environ-
ments. As a result, areas near mining facilities could
show elevated concentrations of toxic metals in topsoil
(Garcia-Giménez & Jiménez-Ballesta, 2017; Schuh
et al., 2019), water (Kumar et al., 2021; Palmer et al.,
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2021; Shaw et al., 2011), and river sediments (Clark
et al., 2021; Sanchez-Donoso et al., 2021; Schuh et al.,
2018), raising concern about contaminating habitat and
food webs (Nawab et al., 2015; Wang et al., 2021; Xiao
et al., 2008).

Solid mine wastes are heterogeneous materials
often containing various sulfide minerals. Sulfide
minerals such as pyrite (FeS,), pyrrhotite (Fe( )S),
galena (PbS), sphalerite ((Zn,Fe)S), and chalcopy-
rite (CuFeS,) are reactive species (Jamieson, 2011;
Martin-Crespo et al., 2019). Previous studies on metal
leachates reported high amounts of toxic elements
mobilized from sulfide mineral tailings (Fan et al.,
2016; Schaider et al., 2007). Long-term environmental
exposure of tailings via natural weathering contributes
to the oxidization of sulfide minerals and generates
acid rock drainage (ARD) which later dissolves the
mineral phases resulting in metal release (Dold, 2014;
Gunesegeran et al., 2021; Jamieson et al., 2015).
Released metals entering the biota poses the risk of
accumulation and biomagnification. Metal leachates
can be investigated along with the total metal concen-
trations in tailings as a useful tool to assess and poten-
tially mitigate the risks to the environment (Kumpiene
etal., 2017).

The synthetic precipitation leaching procedure
(SPLP), known as the EPA 1312, is a single-step
extraction method by the Environmental Protection
Agency (EPA, 1994) and used for solid waste charac-
terization. The precipitation simulates slightly acidic
(pH 4.2) rainwater, which is derived from the reaction
of moisture, sulfur dioxide, and nitric oxide in the
atmosphere.

Over the years, various sequential extraction pro-
cedures have been explored for sediments targeting
specific mineral phases and elements (Barber, 1974;
Gleyzes et al., 2002; Piatak et al., 2007; Song et al.,
2015). The BCR sequential extraction procedure has
been established by the European Commission Com-
munity Bureau of Reference (BCR) (later renamed
as Standards Measurements and Testing Program
(SM&T)) and is in worldwide use. The advantage
of the BCR procedure over other sequential extrac-
tion approaches is the availability of certified refer-
ence material (CRM) BCR 701 lake sediment (Pueyo
et al., 2001). The CRM is typically used for quality
control and method verification for sediment extrac-
tion. The application of the BCR procedure has been
growing and has expanded to other solid samples of
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environmental interest (Kumkrong et al., 2021a, b;
Rauret et al., 2001).

The BCR procedure is a three-step extraction
using various extractants to access specific mineral
compartments:

e Step 1, exchangeable, carbonate, and halite miner-
als
Step 2, Fe oxy-hydroxide minerals

e Step 3, organic matter

The residual fraction after extraction of BCR rep-
resents elements that are intact in primary sediments
(minerals formed during the original crystallization
of the host igneous primary rock) and considered as
non-mobile elements and present only a marginal risk
to the surrounding environment. Furthermore, the
residue fraction is used in recovery and mass balance
calculations to evaluate the performance of the BCR
extraction (the combined concentrations of three-
step extraction and residue vs total metal concentra-
tion) (Kumkrong et al., 2021a, b; Sutherland, 2010).

In this study, a single-step extraction based on syn-
thetic precipitation (rainwater) modified from EPA
1312 and the BCR sequential extraction was applied
to gold and silver mine tailings from Canada. Sixteen
trace elements regulated in waters under Canadian
water quality guidelines (including As, Be, Cd, Co, Cr,
Cu, Li, Mo, Ni, Pb, Sb, Se, T1, U, V, and Zn) (Canadian
Council of Ministers of the Environment | Le Conseil
Canadien Des Ministres de [’environment, 2021), along
with major metals (Al, Ca, Fe, Mg, and Mn), were
determined to assist the interpretation of the dissolution
of mineral phases. The risk assessment code (RAC) was
modified to investigate the tailings (Sarkar et al., 2014).

Materials and methods
Samples

Tailing samples were collected from gold and silver
mine tailings in Canada. The samples from the gold
mine tailing were identified as GMT, and the sample
from the silver mine tailing was identified as SMT.
The samples were stored in water to prevent oxidation
during storage, sub-sampled, and air-dried in a fume
hood. After air-drying, the samples were ground and
used for the leaching studies.
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Laboratory ware

Laboratory ware for the extraction consisted of a
50-mL polypropylene conical tube, pre-washed by
soaking in 10% v/v nitric acid (HNO;) overnight, and
rinsed with deionized water (DIW).

Chemicals and standards

All chemicals were analytical grade or better and
acquired from Millipore Sigma, Canada. DIW was
produced in-house using Millipore Synergy UV-R.

The individual 1000 mg L' standard solutions of
Al, As, Ca, Co, Cr, Cu, Fe, Li, Mg, Mn, Ni, Pb, Se, V,
and Zn were ICP grade and acquired from SCP Sci-
ence; Be, Cd, Mo, Sb, and Tl were from ISO Spec;
and U was from High-Purity Standard. All standard
solutions were traceable to a SI via NIST as claimed
by the providers. The working standard solutions
were prepared in three sets: 1 to 10 mg L™! of major
metals (Al, Ca, Fe, Mg); from 0.1 to 3 mg L~! for As,
Co, Cr, Cu, Mn, Pb, Sb, V, and Zn; and from 0.001 to
0.1 mg L~! for Be, Cd, Li, Mo, Se, Sb, U, and TI. All
standard working solutions were prepared in 2% v/v
nitric acid (HNO;). PACS-3 marine sediment CRM
from NRC Canada (Willie et al., 2013) was used for
quality control for elemental analysis and BCR 701
CRM for the sequential extraction (certified for Cd,
Cr, Cu, Ni, Pb, and Zn).

Instrumentation

The determination of elemental concentration was
conducted using an inductively coupled plasma opti-
cal emission spectrophotometer (ICP-OES), Varian
720, Agilent Technologies Inc., Australia. When the
concentration was below the detection range for ICP-
OES, an inductively coupled plasma mass spectrom-
eter (ICP-MS), Agilent 7900 with collision reaction
cell and MassHunter software, Agilent Technologies
Inc., USA, was used. The concentration of C, H, N,
and S was analyzed using an elemental analyzer, Ele-
mentar Vario EL CUBE, Elementar Analysensysteme
GmbH, Germany.

Scanning electron microscopy and energy disper-
sive spectroscopy (SEM—-EDS), the Hitachi SU5000
analytical SEM microscope equipped with an Oxford
Instruments X-MaxN 80 mm EDX spectrometer and
backscattered electron (BSE) imaging, was used.

EDX analysis was performed at an accelerating volt-
age of 20 kV and a live time of 60 s per analysis.

Total digestion procedure for tailings and residues

Three acids (69% w/w HNO;, 37% w/w HCI, and
48% w/w HF) were used for microwave digestion
(Anton Paar Multiwave PRO with eight digestion
tubes, Anton Paar GmbH, Austria). The procedure is
detailed in Supplementary information.

Performance of total metal analysis using PACS-3
CRM

Recoveries were calculated by comparing measured
and certified values and associated uncertainties
in PACS-3 CRM (Willie et al., 2013). The average
recovery for the 17 studied elements was 96% + 10%,
and the lowest observed recovery was 76% for Sb.
The measured value and expanded uncertainty (cov-
erage factor (k) =2) of elements were within the certi-
fied range for all elements with the exception of Cu.
The recovery of total concentrations after digestion is
illustrated as a bar graph in Supplementary informa-
tion Figure S1 and Table S2. There are no significant
differences between the measured and certified values
using the 7 test paired two-sample for means.

Single-step extraction

One g of sample was used, and the solid-to-liquid
ratio was 1 g to 20 mL. The tailing samples were
placed in the extraction solution (pH 4.20+0.05)
and shaken for 18 h using a mechanical end-over-end
shaker (Genie SI-1100 Roto-Shake Rotator, Scien-
tific Industries Inc., USA) at a speed of 30+ 10 rpm
at 22 +5 °C. After extraction, the solution was sepa-
rated using a centrifuge (Thermo Scientific Sorvall
Legend XFR, Thermo Fisher Scientific, Germany) at
a speed of 3000 rpm for 20 min. The supernatant was
collected and acidified to pH 2 using 69% w/w HNO,
(EPA, 1994).

BCR extraction
The BCR extraction procedure is described by Rauret

et.al. (Rauret et al., 2001). The extraction reagent is
mentioned in Supplementary information.

@ Springer
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In step 1, the solid-to-liquid ratio was 1 g to 40 mL
of 0.11 mol L™! acetic acid. The extraction was per-
formed in the same system as in the single-step
extraction with 16 h extraction time. After the extrac-
tion, the supernatant was separated. The residue was
washed with 20 mL of DIW, and the rinsed solution
was discarded.

In step 2, 40 mL of 0.5 mol L~! hydroxylamine
hydrochloride in diluted HNO;, pH 1.4+0.05 was
added into the residue of step 1, and the extraction
was processed in the same manner as in step 1.

In step 3, 10 mL of 30% w/w hydrogen peroxide
(H,O,) was added to the residue of step 2. The tube
was left at room temperature for pre-reaction for 1 to
2 h and later placed in a hot block at 85+ 5 °C (Envi-
ronmental Express Model SC100, Environmental
Express Inc., USA). The heating was continued until
the volume was reduced to 1 mL. The oxidation at
high temperature was repeated in another cycle before
adding 50 mL of 1 mol L™! ammonium acetate at pH
2.0 into the tube and extracting for 16 h. The super-
natant was separated for analysis. The residue was
washed, dried (60 °C), and used for residue digestion.

The extracts were preserved at pH 2 by adding a
few drops of 69% v/v HNO; and kept in the refrig-
erator until analysis. Dilution, if required, was carried
out using 2% v/v nitric acid. Reagent blank from each
extraction step was used for blank subtraction.

Performance of the BCR extraction on BCR 701

The overall average recovery from step 1 to step 3
using BCR 701 CRM was 95% +11%. There is no
significant difference between the measured values
and certified values, except for the low recovery of
Cr in step 2. The performance of the BCR extraction
on the BCR 701 CRM is presented in Supplementary
information Figure S2.

Performance of the BCR extraction on tailings

The combined concentrations of three-step extrac-
tion and residue were compared against the total
concentration of metals in the tailings and reported
as percent recoveries (Supplementary information
Tables S2 and S3). The recovery (%) of the extrac-
tion ranged from 70% (Sb) to 126% (Se) with an aver-
age of 96% +15% for GMT and from 74% (Li) to
99% (T1) with an average of 88%+8% for SMT. A
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low recovery for some elements was likely the result
of losses during the rinse and the violent reaction of
sulfide minerals in step 3.

Data analysis

An approach of using a percent-released frac-
tion (Eq. 1) to access the degree of dissolution was
modified from the risk assessment code (Chen et al.,
2018; Sarkar et al., 2014). Metals with more than
50% extracted from the mineral phase into the solu-
tion phase are considered an extremely high release
(mobile); 31% to 50% is high release; 11% to 30%
is moderate release; 1% to 10% is low release; and
below 1% is considered no release and the least
mobile elements:

[X],x100
Z?:] [X]l + [X] residue

Fraction(%) =

ey

where [X]; is the concentration (mg kg™!) of an ele-
ment from step i (i is from 1 to 3).

Results
Mineralogy of tailings

SEM-EDS reveals that the studied tailing samples
consist of fine particles ranging from 1 to 50 pm.
GMT contained mainly two ranges of particles
(bimodal distribution) from 25 to 50 ym and 5 to
25 um. SMT particle sizes were smaller and ranged
from 5 to 25 um.

Mineral composition in both samples was simi-
lar and consisted of aluminosilicates of quartz
(Si0,), albite (NaAlSi;Og), chlorite [(Mg,Fe), Al
2(AL,Sic0,))(OH) 41, plagioclase feldspar [(Ca,Na)
AlSi,Oq], alkali feldspar [(K,Na)(AlISi,Og)], mus-
covite  [K,Al,(SigAl,0,0)(OH,F),], and biotite
[K(Mg,Fe);(AlSi;0,()(OH),]. The majority of alu-
minosilicates in GMT were free of any fine-grained
mineral coating, attached grains or surface alteration.
In SMT, aluminosilicates were frequently coated with
finer-grained aluminosilicates.

In GMT, pyrite (FeS,), rare-earth element (REE)
phosphates, and rutile were observed as minor min-
erals at a fraction of 5 um to 10 um particle size
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attachments or inclusions on the larger aluminosili-
cates. In SMT, some arsenopyrite (AsFeS,), silver-
bearing tetrahedrite [(Cu,Ag),,As,S3], galena (PbS),
and sphalerite [(Zn,Fe)S] were also present. The BSE
images of the two tailings and residue after step 3
extraction are in Supplementary information Fig-
ures S3 and S4.

As for the residue, the mineral composition of both
tailings remained the same after single-step extrac-
tion. Pyrite in GMT was attached to the surface of
aluminosilicates, and REE phosphates were attached
to feldspars. In SMT, pyrite, pyrrhotite [Feg S,
and iron oxides (either hematite (Fe,O;) or goethite
(FeOOH)) were observed as incursions or attach-
ments to the aluminosilicates.

After three-step extraction, the residual particle
sizes of GMT and SMT were dominated by 10 pm
to 25 um, and fine-grained particles were no longer
observed indicating complete dissolution. The grain
surfaces from GMT were clean with very few fine-
grained minerals attached. With SMT, a minor frac-
tion of aluminosilicates was covered with finer-
grained aluminosilicates, most likely sheet silicates
such as chlorite or muscovite. Surprisingly, that pyrite
was still observed together with very fine-grained
REE phosphates after oxidative reaction.

Elemental analysis
The total concentration of elements in tailings was

determined and compared to the typical concentration
in the earth crust (Yaroshevsky, 2006). In Fig. 1, the

Fig. 1 Concentrations of ceoghees
elements (log mg kg™!) in 100000
GMT and SMT tailings vs.
earth crust (Yaroshevsky, __ 10000
2006) E’é’
S 1000
S
k53 100
c
B 10
o
o 1
(8}
c
o
© 0.1
0.01

Earth Crust

concentration of elements is in a log scale (mg kg™
and arranged from high to low. It is noted that both
tailings contained high amounts of S, C, N, Cu, Fe,
Mo, and Se compared to the abundance of elements
in the crust. The concentrations of elements in the
tailings are presented in Supplementary informa-
tion Tables S2 and S3. SMT contained two orders of
magnitude higher levels of As, Cd, Cu, Pb, Sb, and
Zn than GMT. GMT showed two to four times higher
concentration of Cr, Mg, and Ni than SMT.

Single-step extraction: precipitation

The mass fraction of metals from the single-step syn-
thetic precipitation extraction is presented in Sup-
plementary information Tables S2 (GMT) and S3
(SMT). Synthetic precipitation or rainwater (hereaf-
ter called precipitation) at pH 4.20 showed no effect
on the pH of tailings, and only a slight change of pH
was observed (GMT pH changed from 7.05 to 8.10
and SMT pH from 7.54 to 7.40), indicating a high
buffering capacity of the tailings. Mild alkalinity is
consistent with a high amount of Ca (2,311 mg kg™!
for GMT and 1,786 mg kg=! for SMT) dissolved
from the tailings, and possibly from exchangeable
Ca(HCO,)*~ that loosely bound to the surface tail-
ings, or from Ca(HCO3), that commonly forms when
an excessive amount of Ca is exposed to air and
moisture.

In the single-step extraction, small amounts of
Mg (73 mg kg~! to 109 mg kg~!) and trace amounts
of Mn and Zn (1 mg kg™! to 3 mg kg™!) were

-t =GMT

—— SMT

Al Fe CaMgMn S C V Cr Zn Cu Ni Li Co N Pb Be U As Mo Tl Sb Cd Se

Element
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observed, suggesting that they were from either
highly soluble salts of bicarbonate or exchangeable
ions. Mobilization of other metals was marginal in
these conditions (less than 2% of total concentra-
tions). As such, the risk of toxic metals release to
the environment as a result of precipitation (rain)
is deemed relatively low, with the exception of Ca
and Mg. Ca and Mg could possibly affect water
chemistry by changing the pH and increasing water
hardness. However, the release of 15% of total Mo
content could be of concern for SMT.

BCR sequential extraction

All data on BCR extraction of GMT and SMT is
presented in Supplementary information Tables S2
and S3. The released fractions (%) of metals from
both tailings are presented as a stacked bar graph
in Fig. 2.

(%)

Step 1

Using 0.11 M acetic acid, pH 2.96, the pH of the final
extract of both tailings was shifted from neutral to pH
3.72 (SMT) and 3.95 (GMT), suggesting the tailing
lost buffering capacity causing more dissolution of
carbonate minerals. Ca was the most dissolved metal
from both tailings (10,216 mg kg™' in GMT and
7,102 mg kg~! in SMT), approximately four times
higher than the EPA precipitation extraction. Mg and
Mn dissolved along with Ca. The released fractions
of Ca (67%) and Mg (33%) in SMT were much higher
than in GMT, implying the majority of Ca and Mg in
SMT exist as soluble, carbonate, and sulfate minerals
(Farmaki et al., 2018; Mester et al., 1998). High con-
centration of Fe (1,283 +440 mg kg™') was released
along with Ca, a phenomenon not observed in the
precipitation extraction.

Other minor and trace metals that dissolved in
large proportions (over 30%) from both tailings
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Fig. 2 Distribution (%) of elements in gold (GMT) and silver (SMT) mine tailings by BCR sequential extraction steps and residue
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included Cu and Cd. Cu in SMT showed four times
higher concentration (223 mg kg™!) than in GMT. Zn
and As in SMT were dissolved in high concentrations
(60.5 mg kg~! and 111 mg kg™!, respectively). The
dissolution by BCR step 1 extraction is at least 100
times higher than the precipitation extraction, with
the exception of Mo, Sb, and Se (Fig. 3).

Step 2

In step 2, the pH of the extractant remained acidic (pH
1.57 to 1.88). As expected, the release of a high amount
of Fe (3,300 mg kg~! in GMT and 9,501 mg kg™! in
SMT) was observed. The reducing agent in acidic con-
ditions dissolved the amorphous Fe oxy-hydroxide and
Mn oxide minerals (Vodyanitskii, 2010). Interestingly,
Al (a major metal present as aluminosilicates in the
tailings as observed by SEM/EDX) was also observed
in this fraction at high concentrations (856 mg kg™
in GMT and 1,840 mg kg™' in SMT), suggesting the
dissolution of Al, possibly from Fe-Al-oxy-hydroxide

minerals. This finding corroborates the observations of
Piatak et al. (Piatak et al., 2007), who studied the dis-
solution of amorphous and crystalline Fe-Al hydroxide
and Mn oxides in tailings from Vermont and Maine,
using similar reagents. A surprisingly low concentra-
tion of Mn was observed in this study, implying Mn
oxides are less abundant in Fe clay minerals of the two
tailings (Piatak et al., 2007; Trifi et al., 2018). High
amounts of Ca and Mg were still detected in step 2,
possibly carried over from the step 1 of the sequential
extraction. For better interpretation, the extraction by
BCR step 1 could be conducted twice to ensure com-
plete removal of carbonate minerals from the samples.
Apparently, Pb was dissolved with Fe and became
a dominant fraction (greater than 50%), followed by
Cu and Ni. For other metals, less than 0.5 mg kg™
of Be, Cd, Mo, TI, Se, and U were observed in both
tailings. Metals of concern from SMT that dissolved
with Fe-Al-oxy-hydroxide minerals at high concen-
trations were Pb (172 mg kg=')>As>Cu> >Zn>
>Sb>>Cr (4.31 mg kg_l), whereas, these elements

Fig. 3 Concentrations of a)
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step#1 in a gold (GMT) and _ N ) A B
i i ili | 100 o
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S \ ' 0N s VI T *—* /A
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were significantly lower in GMT, except for Cr
(14.5 mgkg™).

Step 3

Extraction step 3 uses an oxidizing agent at elevated
temperature to extract metals bound to organic mat-
ter. However, for tailing samples, the concentration
of carbon was two to eight times less than the con-
centration of sulfur, (see Supplementary information
Tables S2 and S3); therefore, the sulfide minerals
were more dominant than carbon organic matter. A
twice the concentration of Fe (6,850 mg kg™! GMT
and 16,637 mg kg~! SMT) was observed compared
to step 2 (reducing condition), suggesting Fe in both
tailings is present as sulfide minerals. High concen-
tration of Fe found in this step is consistent with the
SEM/EDX observations, revealing the presence of
Fe-sulfide minerals (pyrite-GMT, pyrite, galena, arse-
nopyrite, and sphalerite in SMT).

After step 3, we suspect high concentrations of
both S and Fe still remained in the residue, poten-
tially indicating that the reaction conditions of
step 3 might be insufficient to extract the excessive
amounts of sulfide minerals present in these sam-
ples (Warwick et al., 2006). Ca was observed below
100 mg kg~! in step 3 implying Ca secondary miner-
als were mostly removed from the tailing after BCR
steps 1 and 2. The observation of a small amount of
Ca in this step is similar to heterogeneous marine
sediments (Kumkrong et al., 2021; Kumkrong et al.,
2021). Al and Mg were still observed at high concen-
trations at a similar level to step 2. The release of Al
under oxidizing conditions was also observed in vari-
ous types of sediments (Kryc et al., 2003; Kumkrong
et al., 2021; Kumkrong et al., 2021; Piatak et al.,
2007; Sutherland & Tack, 2002).

In Fig. 2, two tailings shared similar characteris-
tics of high release fraction of Se (45% to 74%) > Co,
Cu>Ni (22%), suggesting these elements were asso-
ciated with Fe-sulfide minerals. SMT released higher
amounts of As, Zn, and Cd compared to GMT.

Residue
The concentration of elements in the residue indicates
a strong bond between metals and primary miner-

als. The SEM/EDX analysis revealed that the major-
ity of tailings consisted of aluminosilicate minerals,
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and over 90% of Al was observed in the residue along
with Sb and V. Additionally, high fraction (81% to
90%) of Cr, Li, Mo, and TI remained in the residue of
both tailings (see Fig. 2 and Table 1).

Discussion

The extraction conditions using the single-step pre-
cipitation extraction approach have mobilized Ca
and Mg but barely dissolved any other metals from
the tailings. The high release of Ca and Mg likely
increases pH and the hardness of natural waters. Mo
and Se were also dissolved in precipitation condi-
tions, which could raise concerns for water quality.
With more acidic extractants (BCR step 1), the two
tailings released more metals at higher concentra-
tions, particularly Ca, compared to precipitation
extraction. Other metals dissolved in these conditions
are Cd, Cu, and Zn. Under reducing condition (BCR
step 2), high concentrations of Fe were observed
together with Pb in both of the tailings, and higher
amounts of Ni and Mn were found in SMT compared
to GMT. Under oxidizing condition (BCR step 3), Fe
was still detected at high concentration. Additionally,
Co, Cu, Ni, and Se were also observed from both tail-
ings. Moreover, higher ratio of As, Cd, and Zn were
specific for SMT. The elements that remained over
80% in the residue were Al, Be, Cr, Li, Mo, Sb, TI,
and V.

The metals that were potentially released in high
concentration in all three steps were Ca, Cd, Co, Cu,
Fe, Mg, Mn, Ni, Pb, and Zn. However, some metals
were dependent upon the type of tailings, such as in

Table 1 Residue fraction (%) in the tailings

Fraction (%) inthe =~ GMT SMT

residue

>90% Al, Sb, V Al, Sb, V

81% to 90% Cr, Li, Mo, Tl, Be Cr, Li, Mo, Tl

70% to 79% Fe, Mg, Zn As, U

50% to 69% As, Mn, Ni, U Be, Fe

30% to 49% Ca, Cd, Co Co, Mg, Mn,
Ni, Pb, Se,
Zn

20% to 29% Pb, Se Cd

1% to 10% Cu Ca, Cu
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SMT that was released at high proportions in all three
extraction steps. Concentrations of the toxic metals
released by the BCR extraction are indicating concern
to aquatic environment.

Conclusion

a) Mobility characteristics of the two tailings are
as follows: precipitation and acid extraction dis-
solved large amounts of Ca and Mg. Further-
more, Ca and Mg controlled the dissolution
of trace metals, including Cd, Cu, Mn, and Zn.
Meanwhile, Fe as clay particle controlled the dis-
solution of Ni, and Pb, and Fe as mineral sulfide
for Cu, Ni, Se, U, and Zn.

b) Higher concentrations of toxic metals were
observed in SMT, implying the source of release
is tailing-dependent.

c¢) The BCR sequential extraction can be used
as an assessment tool to predict the release of
toxic metals from solid mine wastes. The BCR
sequential extraction was more aggressive extrac-
tion compared to a weak acid precipitation. The
extraction to mine wastes could be improved by
(1) pre-extraction with precipitation (targeting
exchangeable and water-soluble minerals), (2)
repeating BCR step 1 and step 3 extraction twice
to ensure the complete dissolution of carbonate
and sulfide minerals, respectively, and (3) analyz-
ing rinse solution from each step to ensure no loss
of metals and improve the extraction recovery.

d) High concentrations of Ca and Fe in the tailings
could carry over to the next extraction step and
cause an incomplete extraction, resulting in a
misinterpretation of mineral phase dissolution.

Acknowledgements The authors thank the Environmen-
tal Advances in Mining (EAM) Program of Energy, Mining
and Environment Research Center for all of their support. We
appreciate the valuable comments and review by Mester Zol-
tan and special thanks to Kathryn Kneale for editing the manu-
script. We appreciate the anonymous reviewers for improving
the quality of the manuscript.

Funding Open access funding provided by National Rese-
arch Council Canada.

Declarations

Conflict of interest The authors declare no competing interests.

Open Access This article is licensed under a Creative Com-
mons Attribution 4.0 International License, which permits
use, sharing, adaptation, distribution and reproduction in any
medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Crea-
tive Commons licence, and indicate if changes were made. The
images or other third party material in this article are included
in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your
intended use is not permitted by statutory regulation or exceeds
the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit
http://creativecommons.org/licenses/by/4.0/.

References

Barber, C. (1974). Major and trace element associations in
limestones and dolomites. Chemical Geology, 14(4), 273~
280. https://doi.org/10.1016/0009-2541(74)90064-3

Canadian Council of Ministers of the Environment | Le Conseil can-
adien des ministres de I’environment. (2021). https://ccme.ca/
en/current-activities/canadian-environmental-quality-guidelines

Chen, L., Wu, J,, Lu, J.,, Xia, C., Urynowicz, M. A., Huang, Z.,
Gao, L., & Ma, M. (2018). Speciation, fate and transport, and
ecological risks of Cu, Pb, and Zn in tailings from Huogeqi
Copper Mine, Inner Mongolia, China. Journal of Chemistry,
2018, 1-8. https://doi.org/10.1155/2018/2340542

Clark, A.J., Labaj, A. L., Smol, J. P., Campbell, L. M., & Kurek,
J. (2021). Arsenic and mercury contamination and complex
aquatic bioindicator responses to historical gold mining and
modern watershed stressors in urban Nova Scotia. Canada.
Science of the Total Environment, 787, 147374. https://doi.
org/10.1016/J.SCITOTENV.2021.147374

Dold, B. (2014). Evolution of acid mine drainage formation in
sulphidic mine tailings. Minerals, 4(3), 621-641. https://
doi.org/10.3390/min4030621

EPA, U. (1994). SW-846 test method 1312: Synthetic precipita-
tion leaching procedure. 30 pages. https://www.epa.gov/
hw-sw846/sw-846-test-method-1312-synthetic-precipitation-
leaching-procedure

Fan, L., Zhou, X., Luo, H., Deng, J., Dai, L., Ju, Z., Zhu, Z.,
Zou, L., Ji, L., Li, B., & Cheng, L. (2016). Release of
heavy metals from the pyrite tailings of Huangjiagou
Pyrite Mine: Batch experiments. Sustainability, 8(1), 96.
https://doi.org/10.3390/su8010096

Farmaki, S., Vorrisi, E., Karakasi, O. K., & Moutsatsou, A.
(2018). Effect of limestone and dolomite tailings’ par-
ticle size on potentially toxic elements adsorption. Open
Geosciences, 10(1), 726-739. https://doi.org/10.1515/
ge0-2018-0058

Garcia-Giménez, R., & Jiménez-Ballesta, R. (2017). Mine tailings
influencing soil contamination by potentially toxic elements.

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/0009-2541(74)90064-3
https://ccme.ca/en/current-activities/canadian-environmental-quality-guidelines
https://ccme.ca/en/current-activities/canadian-environmental-quality-guidelines
https://doi.org/10.1155/2018/2340542
https://doi.org/10.1016/J.SCITOTENV.2021.147374
https://doi.org/10.1016/J.SCITOTENV.2021.147374
https://doi.org/10.3390/min4030621
https://doi.org/10.3390/min4030621
https://www.epa.gov/hw-sw846/sw-846-test-method-1312-synthetic-precipitation-leaching-procedure
https://www.epa.gov/hw-sw846/sw-846-test-method-1312-synthetic-precipitation-leaching-procedure
https://www.epa.gov/hw-sw846/sw-846-test-method-1312-synthetic-precipitation-leaching-procedure
https://doi.org/10.3390/su8010096
https://doi.org/10.1515/geo-2018-0058
https://doi.org/10.1515/geo-2018-0058

423 Page 10 of 11

Environ Monit Assess (2022) 194: 423

Environmental Earth Sciences, 76(1), 1-12. https://doi.org/
10.1007/512665-016-6376-9

Gleyzes, C., Tellier, S., & Astruc, M. (2002). Fractionation
studies of trace elements in contaminated soils and sedi-
ments: A review of sequential extraction procedures.
TrAC - Trends in Analytical Chemistry, 21(6-7), 451-467.
https://doi.org/10.1016/S0165-9936(02)00603-9

Gunesegeran, K., Kamal, M. R., Man, H. C., Wayayok, A., &
Haider, S. A. (2021). Acid mine drainage and heavy met-
als contamination of abandoned and active mine site at
Old Repas Dam in Bentong, Pahang, Malaysia. IOP Con-
ference Series: Earth and Environmental Science, 646(1),
012047. https://doi.org/10.1088/1755-1315/646/1/012047

Jamieson, H. E. (2011). Geochemistry and mineralogy of solid
mine waste: Essential knowledge for predicting environ-
mental impact. Elements, 7(6), 381-386. https://doi.org/10.
2113/gselements.7.6.381

Jamieson, H. E., Walker, S. R., & Parsons, M. B. (2015). Natu-
ral Resources Canada, Geological Survey of Canada (Atlan-
tic), 1 Challenger Drive. Applied Geochemistry, 57, 85-105.
https://doi.org/10.1016/j.apgeochem.2014.12.014

Kermani, M., Hassani, F. P., Aflaki, E., Benzaazoua, M., &
Nokken, M. (2015). Evaluation of the effect of sodium
silicate addition to mine backfill, Gelfill - Part 1. Journal
of Rock Mechanics and Geotechnical Engineering, 7(3),
266-272. https://doi.org/10.1016/j.jrmge.2015.03.006

Kryc, K. A., Murray, R. W., & Murray, D. W. (2003). Elemen-
tal fractionation of Si, Al, Ti, Fe, Ca, Mn, P, and Ba in
five marine sedimentary reference materials: Results from
sequential extractions. Analytica Chimica Acta, 487(1),
117-128. https://doi.org/10.1016/S0003-2670(03)00492-6

Kumar, S., Islam, A. R. M. T., Islam, H. M. T., Hasanuzzaman,
M., Ongoma, V., Khan, R., & Mallick, J. (2021). Water
resources pollution associated with risks of heavy metals
from Vatukoula Goldmine region. Fiji. Journal of Envi-
ronmental Management, 293, 112868. https://doi.org/10.
1016/J.JENVMAN.2021.112868

Kumkrong, P., Mercier, P. H. J., Pihilligawa Gedara, 1., Mihai,
0., Tyo, D. D, Cindy, J., Kingston, D. M., & Mester, Z.
(2021a). Determination of 27 metals in HISS-1, MESS-4
and PACS-3 marine sediment certified reference materials
by the BCR sequential extraction. Talanta, 221, 121543.
https://doi.org/10.1016/j.talanta.2020.121543

Kumkrong, P., Mihai, O., Mercier, P. H. J., Pihilligawa, I.
G., Tyo, D. D., & Mester, Z. (2021b). Tessier sequen-
tial extraction on 17 elements from three marine sedi-
ment certified reference materials (HISS-1, MESS-4, and
PACS-3). Analytical and Bioanalytical Chemistry, 413(4),
1047-1057. https://doi.org/10.1007/s00216-020-03063-z

Kumpiene, J., Giagnoni, L., Marchner, B., Denys, S., Mench,
M., Adriaensen, K., Vangronsveld, J., Puschenreiter, M.,
& Renella, G. (2017). Assessment of methods for deter-
mining bioavailability of trace elements in soils: A review.
Pedosphere, 27(3), 389-406. https://doi.org/10.1016/
S1002-0160(17)60337-0

Martin-Crespo, T., G6émez-Ortiz, D., & Martin-Velazquez,
S. (2019). Geoenvironmental characterization of sulfide
mine tailings. In Applied Geochemistry with Case Studies
on Geological Formations, Exploration Techniques and
Environmental Issues (p. 26). IntechOpen. https://doi.org/
10.5772/intechopen.84795

@ Springer

Mester, Z., Cremisini, C., Ghiara, E., & Morabito, R. (1998).
Comparison of two sequential extraction procedures for
metal fractionation in sediment samples. Analytica Chim-
ica Acta, 359(1-2), 133-142. https://doi.org/10.1016/
S0003-2670(97)00687-9

Nawab, J., Khan, S., Shah, M. T., Khan, K., Huang, Q., &
Ali, R. (2015). Quantification of heavy metals in mining
affected soil and their bioaccumulation in native plant spe-
cies. International Journal of Phytoremediation, 17(9),
801-813. https://doi.org/10.1080/15226514.2014.981246

Palmer, M. J., Chételat, J., Jamieson, H. E., Richardson, M.,
& Amyot, M. (2021). Hydrologic control on winter dis-
solved oxygen mediates arsenic cycling in a small subarc-
tic lake. Limnology and Oceanography, 66(S1), S30-S46.
https://doi.org/10.1002/Ino.11556

Piatak, N. M., Seal, R. R., Sanzolone, R. F., Lamothe, P. J.,
Brown, A., & Adams, M. (2007). Geologic sequential
extraction results and mineralogy of mine waste and
stream sediments associated with metal mines in Vermont,
Maine, and New Zealand. USGS Open-File Report 2007—
1063. https://pubs.usgs.gov/of/2007/1063/

Pueyo, M., Rauret, G., Liick, D., Yli-Halla, M., Muntau, H.,
Quevauviller, P., & Lopez-Sanchez, J. F. (2001). Certifica-
tion of the extractable contents of Cd, Cr, Cu, Ni, Pb and
Zn in a freshwater sediment following a collaboratively
tested and optimised three-step sequential extraction pro-
cedure. Journal of Environmental Monitoring, 3(2), 243—
250. https://doi.org/10.1039/b010235k

Rauret, G., Lépez-Sanchez, J., Liick, D., Yli-Halla, M., Muntau,
H., & Quevauviller, P. (2001). EUR-Report 19775: The
certification of the extractable contents (mass fractions) of
Cd. Cr, Cu, Ni, Pb and Zn in Freshwater Sediment follow-
ing a Sequential Extraction Procedure. https://doi.org/10.
1017/CB0O9781107415324.004

Séanchez-Donoso, R., Lorenzo, M. L. G., Esbri, J. M., Garcia-
Noguero, E. M., Higueras, P., & Crespo, E. (2021). Geo-
chemical characterization and trace-element mobility
assessment for metallic mine reclamation in soils affected
by mine activities in the Iberian Pyrite Belt. Geosciences
2021, Vol. 11, Page 233, 11(6), 233. https://doi.org/10.
3390/GEOSCIENCES11060233

Sarkar, S. K., Favas, Paulo, J. C., Rakshit, D., & Satpathy, K.
K. (2014). Geochemical speciation and risk assessment of
heavy metals in soils and sediments. In M. C. Hernandez-
Soriano (Ed.), Environmental Risk Assessment of Soil
Contamination (pp. 723-757). InTech. https://doi.org/10.
5772/57295

Schaider, L. A., Senn, D. B., Brabander, D. J., Mccarthy, K.
D., & Shine, J. P. (2007). Characterization of zinc, lead,
and cadmium in mine waste: Implications for transport,
exposure, and bioavailability. Environmental Science and
Technology, 41(11), 4164-4171. https://doi.org/10.1021/
€s0626943

Schuh, C. E., Jamieson, H. E., Palmer, M. J., & Martin, A. J.
(2018). Solid-phase speciation and post-depositional mobil-
ity of arsenic in lake sediments impacted by ore roasting
at legacy gold mines in the Yellowknife area, Northwest
Territories, Canada. Applied Geochemistry, 91, 208-220.
https://doi.org/10.1016/j.apgeochem.2017.10.025

Schuh, C. E., Jamieson, H. E., Palmer, M. J., Martin, A. J.,
& Blais, J. M. (2019). Controls governing the spatial


https://doi.org/10.1007/s12665-016-6376-9
https://doi.org/10.1007/s12665-016-6376-9
https://doi.org/10.1016/S0165-9936(02)00603-9
https://doi.org/10.1088/1755-1315/646/1/012047
https://doi.org/10.2113/gselements.7.6.381
https://doi.org/10.2113/gselements.7.6.381
https://doi.org/10.1016/j.apgeochem.2014.12.014
https://doi.org/10.1016/j.jrmge.2015.03.006
https://doi.org/10.1016/S0003-2670(03)00492-6
https://doi.org/10.1016/J.JENVMAN.2021.112868
https://doi.org/10.1016/J.JENVMAN.2021.112868
https://doi.org/10.1016/j.talanta.2020.121543
https://doi.org/10.1007/s00216-020-03063-z
https://doi.org/10.1016/S1002-0160(17)60337-0
https://doi.org/10.1016/S1002-0160(17)60337-0
https://doi.org/10.5772/intechopen.84795
https://doi.org/10.5772/intechopen.84795
https://doi.org/10.1016/S0003-2670(97)00687-9
https://doi.org/10.1016/S0003-2670(97)00687-9
https://doi.org/10.1080/15226514.2014.981246
https://doi.org/10.1002/lno.11556
https://pubs.usgs.gov/of/2007/1063/
https://doi.org/10.1039/b010235k
https://doi.org/10.1017/CBO9781107415324.004
https://doi.org/10.1017/CBO9781107415324.004
https://doi.org/10.3390/GEOSCIENCES11060233
https://doi.org/10.3390/GEOSCIENCES11060233
https://doi.org/10.5772/57295
https://doi.org/10.5772/57295
https://doi.org/10.1021/es0626943
https://doi.org/10.1021/es0626943
https://doi.org/10.1016/j.apgeochem.2017.10.025

Environ Monit Assess (2022) 194: 423

Page 11 of 11 423

distribution of sediment arsenic concentrations and solid-
phase speciation in a lake impacted by legacy mining pol-
lution. Science of the Total Environment, 654, 563-575.
https://doi.org/10.1016/j.scitotenv.2018.11.065

Shaw, S. A., Hendry, M. J., Essilfie-Dughan, J., Kotzer, T., &
Wallschldger, D. (2011). Distribution, characterization,
and geochemical controls of elements of concern in ura-
nium mine tailings, Key Lake, Saskatchewan. Canada.
Applied Geochemistry, 26(12), 2044-2056. https://doi.
org/10.1016/j.apgeochem.2011.07.002

Song, F., Zhang, X., Wang, Y., & Li, C. (2015). Soil heavy
metal pollution around iron tailing areas at different using
status. The Open Chemical Engineering Journal, 9(1),
113-120. https://doi.org/10.2174/1874123101509010113

Statistics Canada. (2012). Human activity and the environment
- Waste management in Canada (M. Tait (Ed.)). the Min-
ister responsible for Statistics Canada. https://www150.
statcan.gc.ca/nl/en/pub/16-201-x/16-201-x2012000-eng.
pdf?st=q9tNdESj

Stewart, W. A., Miller, S. D., & Smart, R. (2006). Advances in acid
rock drainage (ARD) characterisation of mine wastes (Doc-
toral dissertation, Asmr). https://www.resolutionmineeis.us/
documents/stewart-acid-rock-drainage-advances-2006

Sutherland, R. A. (2010). BCR®-701: A review of 10-years
of sequential extraction analyses. Analytica Chimica
Acta, 680(1-2), 10-20. https://doi.org/10.1016/j.aca.
2010.09.016

Sutherland, R. A., & Tack, F. M. G. (2002). Determination of
Al, Cu, Fe, Mn, Pb and Zn in certified reference materials
using the optimized BCR sequential extraction procedure.
Analytica Chimica Acta, 454(2), 249-257. https://doi.org/
10.1016/S0003-2670(01)01553-7

Trifi, M., Dermech, M., Abdelkrim, C., Azouzi, R., & Hjiri,
B. (2018). Extraction procedures of toxic and mobile
heavy metal fraction from complex mineralogical tail-
ings affected by acid mine drainage. Arabian Journal
of Geosciences, 11(12), 1-12. https://doi.org/10.1007/
s12517-018-3612-5

Vodyanitskii, Y. N. (2010). Iron hydroxides in soils: A review
of publications. Eurasian Soil Science, 43(11), 1244-1254.
https://doi.org/10.1134/S1064229310110074

Wang, Y., Noble, A., Vass, C., & Ziemkiewicz, P. (2021).
Speciation of rare earth elements in acid mine drainage
precipitates by sequential extraction. Minerals Engineer-
ing, 168, 106827. https://doi.org/10.1016/J.MINENG.
2021.106827

Willie, S., Boyko, V., Brophy, C., Clancy, V., Gedara Pihillagawa,
L., Grinberg, P., Maxwell, P., Meija, J., Mester, Z., Sturgeon,
R., & Yang, L. (2013). PACS-3 : Marine sediment reference
material for trace metals and other constituents. https://doi.
org/10.4224/crm.2013.pacs-3

Xiao, W. L., Luo, C. L., Chen, Y. H., Shen, Z. G., & Li, X. D.
(2008). Bioaccumulation of heavy metals by wild plants
growing on copper mine spoils in China. Communica-
tions in Soil Science and Plant Analysis, 39(3—4), 315-328.
https://doi.org/10.1080/00103620701826415

Yaroshevsky, A. A. (2006). Abundances of chemical elements
in the Earth’s crust. Geochemistry International, 44(1),
48-55. https://doi.org/10.1134/S001670290601006X

Publisher’s Note Springer Nature remains neutral with regard
to jurisdictional claims in published maps and institutional
affiliations.

@ Springer


https://doi.org/10.1016/j.scitotenv.2018.11.065
https://doi.org/10.1016/j.apgeochem.2011.07.002
https://doi.org/10.1016/j.apgeochem.2011.07.002
https://doi.org/10.2174/1874123101509010113
https://www150.statcan.gc.ca/n1/en/pub/16-201-x/16-201-x2012000-eng.pdf?st=q9tNdESj
https://www150.statcan.gc.ca/n1/en/pub/16-201-x/16-201-x2012000-eng.pdf?st=q9tNdESj
https://www150.statcan.gc.ca/n1/en/pub/16-201-x/16-201-x2012000-eng.pdf?st=q9tNdESj
https://www.resolutionmineeis.us/documents/stewart-acid-rock-drainage-advances-2006
https://www.resolutionmineeis.us/documents/stewart-acid-rock-drainage-advances-2006
https://doi.org/10.1016/j.aca.2010.09.016
https://doi.org/10.1016/j.aca.2010.09.016
https://doi.org/10.1016/S0003-2670(01)01553-7
https://doi.org/10.1016/S0003-2670(01)01553-7
https://doi.org/10.1007/s12517-018-3612-5
https://doi.org/10.1007/s12517-018-3612-5
https://doi.org/10.1134/S1064229310110074
https://doi.org/10.1016/J.MINENG.2021.106827
https://doi.org/10.1016/J.MINENG.2021.106827
https://doi.org/10.4224/crm.2013.pacs-3
https://doi.org/10.4224/crm.2013.pacs-3
https://doi.org/10.1080/00103620701826415
https://doi.org/10.1134/S001670290601006X

	Investigation of metal mobility in gold and silver mine tailings by single-step and sequential extractions
	Abstract 
	Introduction
	Materials and methods
	Samples
	Laboratory ware
	Chemicals and standards
	Instrumentation
	Total digestion procedure for tailings and residues
	Performance of total metal analysis using PACS-3 CRM
	Single-step extraction
	BCR extraction
	Performance of the BCR extraction on BCR 701
	Performance of the BCR extraction on tailings
	Data analysis

	Results
	Mineralogy of tailings
	Elemental analysis
	Single-step extraction: precipitation
	BCR sequential extraction
	Step 1
	Step 2
	Step 3
	Residue


	Discussion
	Conclusion
	Acknowledgements 
	References


