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Abstract: A commonly-used method in ore exploration is hydrogen peroxide ammonium citrate
(HA) extraction, which has not typically been used in waste rock characterization. In this study, the
sulfide specificity and leaching of other minerals in HA extraction was evaluated and its performance
was compared with the aqua regia (AR) extraction for preliminary assessment of harmful element
mobility. Samples collected from several different mine sites in Finland were utilized. The waste
rock sample S contents ranged from 0.3% to 5.3%, and sums of the AR extractable elements As,
Cd, Co, Cu, Ni and Zn range from 120 to 8040 mg/kg. The drainage types ranged from acid
high-metal to neutral low-metal, with pH’s of 3.3–7.7. Mineralogical changes that took place in
the HA solution were investigated by the field emission scanning electron microscope (FE-SEM)
equipped with an energy-dispersive X-ray spectroscopy analyzer (EDS) and X-ray diffraction (XRD)
methods. Results of the study showed that the HA extraction appears to be a more specific method
for sulfide decomposition compared with AR extraction. Sulfide minerals, especially base metal
sulfides pentlandite, chalcopyrite and sphalerite, decomposed efficiently in HA extraction. However,
the Fe-sulfides pyrrhotite and pyrite only decomposed incompletely. The study showed that the HA
extraction results can be used in the preliminary prediction of element mobility. Based on the results,
the elevated As, Cd, Co, Cu, Ni, S and Zn leachability in the HA extraction appears to predict elevated
drainage concentrations. If the HA-extractable sum of As, Cd, Co, Cu, Ni and Zn is >750 mg/kg,
there is an increased risk of high-metal (>1000 µg/L) drainage. Therefore, the HA extraction data,
e.g., produced during ore exploration, can be utilized to preliminary screen the risks of sulfide related
element mobilities from waste rock material.

Keywords: mine waste characterization; ARD; NRD; aqua regia extraction; sulfide decomposition;
SEM mineralogy

1. Introduction

Sulfides are essential for the mining industry as important metal ore minerals [1].
However, sulfides are also the main source of contaminated rock drainage, acid (ARD)
or neutral (NRD), which are considered to be the main environmental concerns related
to mine waste management [2–6]. Sulfide minerals are prone to oxidization under the
influence of atmospheric oxygen and water, a process that creates sulfuric acid, affects the
pore water pH and Eh conditions and enhances the decomposition of other minerals [6,7].

For ore exploration purposes, a sulfide specific element extraction method is of impor-
tance because, besides being bound to sulfides, valuable elements may also be abundant
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in the less economic silicate plus oxide fraction of a sample [8,9]. Selective extractions
are also used to study the mobility of harmful elements from mine waste materials [10].
As sulfides are the primary sources of contaminants in mine wastes, a sulfide-specific
extraction method is useful in environmental studies to assess the mobility of harmful
elements [11]. It is important to characterize mine wastes and assess their behavior early
in a mining project, as designing appropriate waste facilities and drainage water manage-
ment systems is essential for mitigating the potential consequences of harmful drainage.
Short-term laboratory analyses, including geochemical extraction methods, are usually
good for preliminary investigation and screening, and the results can be used to select
suitable samples for more thorough kinetic testing, e.g., humidity cell testing [12].

Aqua regia (AR) extraction, a 3:1 mixture of hydrochloric acid and nitric acid [11,13], is
the most used extraction method in mineral exploration and mining environmental studies in
Finland. For example, AR extraction is the preferred method for evaluating whether mine
waste is inert [14]. AR dissolves elements bound especially to the sulfide fraction, but it
also decomposes all carbonates and secondary minerals, and partly some silicates [11,13]. In
general, the AR-extractable concentrations of waste rocks indicate well which contaminants are
most likely to be of concern in waste rock drainage [15–19]. For some circumneutral drainage
systems, the AR extraction might be too aggressive for drainage quality prediction [18].
Furthermore, as some minerals that are not likely to be soluble in natural waste rock systems
are relatively soluble in AR, the method can overestimate the mobility of elements primarily
bound to silicates and oxides, e.g., Al and Cr [18].

Other sulfide specific extraction methods, used mainly in ore exploration, include
the hydrogen peroxide ammonium citrate (HA) extraction [20], brominated water extrac-
tion [21], bromine-methanol extraction [22], brominated water-carbon tetrachloride [23]
and hydrogen peroxide-ascorbic acid extraction [9]. Although HA has been noted not to
leach sulfides completely [22,24], it is a straightforward and relatively efficient method,
and therefore commonly used especially in Ni and Co exploration [25–27]. According to
Karlsson et al. [18], a H2O2-based extraction method might be more selective for element
mobility assessment in circumneutral drainage systems compared with the more aggressive
AR extraction. It would be beneficial, if the same methods that provide data for exploration,
could be utilized in the environmental characterization of potential waste rocks already
early in the mining project.

The objectives of this study were to: (1) evaluate the sulfide specificity, leaching of
other minerals and the release of harmful elements in the HA extraction and (2) investigate
the functionality of the HA extraction for the preliminary assessment of harmful element
mobility from the waste rock material. To achieve these objectives, we compared the HA
extraction with the more investigated AR extraction, utilizing waste rock samples collected
from various Finnish mine waste sites representing different deposit types. Modern
mineralogical analysis methods were used to determine mineralogical changes in the HA
extraction. Furthermore, we compared the HA extraction results with the existing AR and
drainage data presented by Karlsson et al. [18].

2. Materials and Methods

For a detailed study of the HA and AR extractions, six waste rock samples (WR1-5b)
consisting of one piece of rock were collected from five different mine sites (Table 1). From
Mine 5, two separate samples were taken from the same waste rock type (WR5a and
WR5b). The samples from Mine 5 were collected directly from the production, thus being
fresh, un-weathered samples. The other samples were also relatively un-oxidized looking
pieces of rocks collected from the waste rock pile surfaces. Furthermore, HA extractions
were also applied to 10 powdered composite waste rock samples from Mines A to Mine
H. These samples were collected in a previous study by Karlsson et al. [18], where the
performance of the single-addition net acid generation (NAG) test leachate analysis and
the AR extraction in drainage quality prediction was studied. These composite waste
rock samples consisted of ≈15–20 kg of heterogeneous pieces of rocks with diameters of
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≈5–10 cm collected randomly from the surface of waste rock piles. The results for the AR
extraction from Karlsson et al. [18] were used in this study to evaluate the efficiency of the
HA extractions.

Table 1. The target mine sites and investigated waste rock samples WR1-5b for a detailed study of the HA and AR extractions.

Mine Sample Deposit Description Sulfides Related to the
Deposit

Waste Rock
Pile Active Reference

Mine 1 (Talc, Ni) WR1

Palaeoproterozoic (1.9 Ga),
mixed hydrothermal

deposit, closely associated
with a lens of massive

serpentinite, consisting of
magnesite pods, lenses

within talc-magnesite rock
and talc- rich schistose

soapstone.

Pentlandite, pyrrhotite,
chalcopyrite, pyrite 2004– [28]

Mine 2 (Cu, Co, Zn,
Ni, Au) WR2

Palaeoproterozoic (1.9 Ga)
mafic-ultramafic mixed

hydrothermal VMS,
disseminated sulfide ore

hosted by quartz rock and
metacarbonate rock.

Pyrite, pyrrhotite,
chalcopyrite, sphalerite 2012– [29]

Mine 3 (Ni, Co) WR3

Palaeoproterozoic (1.9 Ga)
magmatic ultramafic

intrusion-hosted nickel
deposit, consisting of closely
spaced serpentinite massifs
surrounded by migmatised

mica gneiss.

Pyrrhotite, pentlandite,
chalcopyrite, vallerite,
mackinawite, cubanite

1970–1993 [30,31]

Mine 4 (Cu) WR4

Palaeoproterozoic (1.9 Ga)
mafic basinal hydrothermal

SedEx (sedimentary
exhalative) deposit, ore

appearing as brecciated and
disseminated in amphibole

host rock.

Chalcopyrite, cubanite,
pyrrhotite, with lesser

amounts of pyrite,
sphalerite, pentlandite,

mackinawite,
molybdenite, bornite,
and other Fe- and Cu-
containing sulfides.

1966–1984 [32–35]

Mine 5 (Ni, Cu,
PGE) WR5a, WR5b

Palaeoproterozoic (2.1 Ga)
mafic-ultramafic magmatic

deposit hosted within a
composite

ultramafic layered intrusion,
ore appearing in olivine

pyroxenite as disseminated
sulfides.

Pyrrhotite, pentandite
and chalcopyrite 2012– [36]

The rock samples were treated and analyzed in a laboratory of Labtium Oy/Eurofins
Labtium Oy, which has been accredited by FINAS (Finnish Accreditation Service, Helsinki,
Finland) in accordance with the ISO/IEC 17025 standard [37]. The samples were first
dried at <40 ◦C and then crushed (>70% <2 mm). For the laboratory analyses, the crushed
samples were split using a riffle splitter and/or the cone and quartering method, and
representative sub-samples were milled in a steel container. The total concentrations of S
were determined according to the ISO 15178 [38] standard, using a pyrolytic method (Eltra)
and infrared (IR) detection. Main and trace element concentrations were determined with
a hot AR extraction method and ICP-OES/MS techniques [11], using a modified version of
the ISO-11466 standard [39] to dissolve the samples.

The HA extraction method was conducted as a modified version of the method
described by Young [40]. The reagents included a solution made of 151 g of di-ammonium
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hydrogen citrate C6H8O7 • 2 NH3 dissolved in 2000 mL of H2O, and hydrogen peroxide
(30% m/V). To the solid samples of 0.30 g, 15 mL of ammonium citrate solution and 7.5 mL
hydrogen peroxide were added. The samples were shaken in 200 rpm for 2 h, after which
they were centrifuged in 2300 rpm for 20 min. The solutions were diluted and analyzed by
ICP-OES/MS techniques.

HA extraction was carried out as a parallel (HA1) and sequential (HA2) extraction
with AR extraction (AR1 and AR2, respectively). In the latter, the AR2 extraction was
carried out on the residue of the HA2 extraction. The AR2 results were adjusted for the
original sample mass by a correlation factor (mass of residue/mass of original sample). The
HA2 was conducted on a larger scale, to provide sufficient amounts of extraction residue
for the mineralogical studies and sequential AR2 extractions. For this larger scale (150-fold)
test, the amount of sample material was 45 g, with the amounts of reagents adjusted
accordingly. Parallel extractions were made for all waste rock samples, and sequential
extractions for the samples WR1-5b.

The quality of the geochemical waste rock analysis was assured by the accredited
laboratory by analyzing control samples and providing the quality control analysis results
along with the sample results. In addition, three parallel analyses were performed for
HA1. For geochemical data analysis, detector readings below the detection limit (DL) were
replaced by a value of 0.5 DL.

The mineralogical composition of the samples WR1-5b was studied before and after
the HA2 extractions from the powdered materials for geochemical analyses, and HA2
residue materials, respectively. Mineralogical analyses were conducted at the GTK Re-
search Laboratory by field emission scanning electron microscope (FE-SEM): JEOL (Tokyo,
Japan) JSM7100F Schottky combined with an Oxford Instruments (Abingdon, UK) energy-
dispersive X-ray spectroscopy (EDS) spectrometer X-Max 80 mm2 (SDD). The powdered
sample materials for the geochemical analyses, and the HA2 residue materials were used
to prepare mineralogical polished samples cast in epoxy and covered with graphite to en-
hance electric conductivity. To investigate the modal mineralogy, around 10,000 individual
mineral particles were analyzed from each sample utilizing INCA Feature software by
Oxford Instruments. The mineralogical composition results obtained by the FE-SEM-EDS
method are semi-quantitative and were normalized to 100%.

Minerals were identified by comparing the element composition obtained from the
EDS spectra with the mineralogical database of GTK. Specific identification of minerals is
not always possible, as e.g., carbon and OH and H2O groups are not shown in the EDS
spectra. This should be considered when examining the mineralogical results. To ensure
the quality of the FE-SEM-EDS analyses, the identification of the main mineral phases
was verified by X-ray diffraction (XRD) method utilizing Bruker (Mannheim, Germany)
D8 DiscoverA25 equipment. Further quality assurance measures included the routinely
monitoring of the mineral classifications based on the GTK mineral database, and the
manual checking of the analytical data that were left unclassified.

3. Results
3.1. Mineralogical Results

Table 2 presents the mineralogical analysis results of the samples WR1-WR5b before
the HA2 extraction, and the mineralogy after the HA2 extraction. The detailed mineralogi-
cal analysis results are presented in Table S1. Backscattered electron images of before and
after the HA2 extraction are presented in Figures S1–S6.
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Table 2. Mineralogy of the samples before and after the HA2 extraction based on FE-SEM-EDS. Values presented as grams,
mineral masses calculated with the wt. % and the total mass of the sample (g).

Mineral
WR1 WR2 WR3 WR4 WR5a WR5b

Before After Before After Before After Before After Before After Before After

Silicates
Quartz 20.94 12.17 8.39 13.16 11.39 7.89 2.40 1.69 0.06 0.14
Biotite 4.97 5.56 7.58 12.31 9.53 15.86 0.55 0.66 0.75 0.85

Plagioclase (other than
albite) 3.01 2.04 12.31 5.86 4.35 3.97 20.72 16.56

Albite 0.67 0.60 1.96 0.80 2.18 1.03 0.79 0.44
Diopside 14.60 19.30 12.82 16.25
Tremolite 2.85 2.96 2.52 1.24 4.71 5.18 5.19 6.39

Talc 2.33 2.06
K-feldspar 0.68 0.24 0.69 0.38

Chlorite 0.40 0.86 0.36 0.60 0.48 0.68 0.98 1.13 0.43 0.46
Phlogopite 0.23 0.83 3.69 5.28 0.58 0.43
Muscovite 0.16 0.39 2.07 1.66 9.55 6.25

Hornblende 0.09 0.73 0.41 0.90 10.70 15.54 4.76 3.43 2.25 2.38
Olivine 1.47 1.53 1.56 1.44
Augite 5.16 3.88

Actinolite 1.62 2.04 5.50 2.52 7.35 4.32
Epidote 1.33 1.27

Anthophyllite 2.17 2.21 1.63 2.42
Serpentine 8.03 4.72 10.63 5.81
Cordierite 0.51 0.43

Cummingtonite/Enstatite 0.47 0.48 0.74 0.70
Kaolinite 1.22 1.03

Carbonates
Magnesite 4.61 1.68
Dolomite 1.33 0.14

Calcite 0.96 0.02 0.03 0.03
Sulfides

Pyrrhotite 1.66 0.31 0.31 0.22 3.15 1.15 0.05 0.00 0.26 0.20 0.32 0.41
Pyrite 0.29 0.05 4.50 0.08 0.07 0.00

Pentlandite 0.27 0.00 0.13 0.00 0.07 0.00 0.04 0.00
Chalcopyrite 0.11 0.00 0.07 0.00 0.22 0.00 0.25 0.00

Sphalerite 0.04 0.00
Oxidized Fe-sulfide 0.00 0.26 0.00 0.14 0.30 0.49 0.00 0.06 0.12 0.21 0.93 0.31

Other 0.59 1.40 0.21 1.86 0.37 1.43 1.58 1.40 0.83 0.70 0.87 0.93
Total 45.00 31.56 45.00 43.98 45.01 41.94 45.00 43.57 45.01 42.60 45.01 41.82

The masses of the samples decreased on average 9.1% in the HA2 extraction (Table 2).
Especially, the amount of fine-grained particles appeared to decrease during the HA
extraction (Figure 1 and Figures S1–S6) The highest decrease (29.9%) was observed for the
sample WR1, which lost 13.4 g out of the original 45.0 g. The sample WR2 had the lowest
mass decrease (2.3%); and of the original 45.0 g it lost 1.0 g.
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All detected sulfides were soluble in the HA2 (Table 2). Decomposition of pyrrhotite
(Fe1-xS) appeared to be incomplete in most samples. Backscattered electron images in-
dicated that several pyrrhotite grains had a goethite (FeO(OH)) rim after the HA2 (e.g.,
Figure 1). Pyrite (FeS2) did not completely decompose in the samples WR1 and WR2.
According to backscattered electron images (Figure 2, Figures S1 and S2), some pyrite
grains existed as inclusions inside quartz (SiO2) in these samples. The other detected base
metal sulfides pentlandite ((Fe,Ni)9S8), chalcopyrite (CuFeS2) and sphalerite ((Zn,Fe)S)
decomposed well in the HA2.
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Decomposition of different silicates in the HA2 extraction was variable (Table 2). De-
composition was detected for non-albite plagioclase ((Na,Ca)(Si,Al)4O8), albite (NaAlSi3O8),
talc (Mg3Si4O10(OH)2), K-feldspar (KAlSi3O8), augite ((Ca,Na)(Mg,Fe,Al,Ti)(Si,Al)2O6), ser-
pentine ((Mg,Fe)3Si2O5(OH)4), cordierite ((Mg,Fe)2Al4Si5O18) and kaolinite (Al2Si2O5(OH)4).
For quartz, tremolite (Ca2Mg5Si8O22(OH)2), phlogopite (KMg3AlSi3O10F(OH)), muscovite
((KAl2(Si3Al)O10(OH, F)2)), hornblende ((Ca,Na)2-3(Mg,Fe,Al)5(Al,Si)8O22(OH,F)2), olivine
((Mg,Fe)2SiO4), actinolite (Ca2(Mg,Fe)5Si8O22(OH)2) and cummingtonite/enstatite
((Mg,Fe2+)2(Mg,Fe2+)5Si8O22(OH)2/MgSiO3) decomposition was detected in some samples,
and quantitative increase in some samples. Quantitative increase was also detected for bi-
otite (K(Mg,Fe)3(AlSi3O10)(OH,F)2), diopside (CaMgSi2O6), chlorite
((Mg,Fe)5Al(Si3Al)O10(OH)8) and anthophyllite (Mg7(Si8O22)(OH)2).

The detected carbonates magnesite (MgCO3), dolomite (CaMg(CO3)2) and calcite
(CaCO3) were soluble in the HA2, but decomposed only partially (Table 2). In the WR4
sample the amount of calcite did not change in the HA2 extraction. In the WR1 sample,
two thirds of the magnesite (4.61 g→ 1.68 g) and most of the dolomite (1.33 g→ 0.14 g)
were decomposed. Calcite dissolution was the most efficient in the WR2 sample (0.96 g→
0.02 g), while in the WR4 sample the calcite content of 0.03 g did not change during the
HA2 extraction.

3.2. Geochemical Results

The parallel (HA1 and AR1) and sequential (HA2 and AR2) extraction results for Al,
As, Ca, Cd, Co, Cr, Cu, Fe, K, Mg, Na, Ni, S and Zn, including total S, of the samples WR1-
5b are presented in Table 3. The total S concentrations of the samples varied from 0.4% of
WR4 to 5.3% of WR3. In general, the sulfide associated elements As (0.2–95 mg/kg), Co (13–
166 mg/kg), Cu (92–4600 mg/kg), Ni (32–3210 mg/kg) and Zn (30–929 mg/kg) appeared
as elevated concentrations, while Cd concentrations were relatively low (0.1–6.6 mg/kg).
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Table 3. Total sulfur and the geochemical extraction results (mg/kg) of Al, As, Ca, Cd, Co, Cr, Cu, Fe, K, Mg, Na, Ni, S and Zn. AR = aqua regia, HA1 = H2O2-ammonium citrate extraction
with normal sample amount, HA2 = H2O2-ammonium citrate extraction with large sample amount. Three parallel analysis were performed for HA1, these values are presented as
averages of the three measurements ± standard deviation (n = 3). AR2 (which was made for the residue of the HA2) results were adjusted for the original sample mass by a correlation
factor (mass of residue / mass of original sample).

Sample Total S Extraction
Method Al As Ca Cd Co Cr Cu Fe K Mg Na Ni S Zn

WR1 22,500

AR1 19,150 95 10,300 0.9 38 240 92 57,100 11,650 46,350 453 666 22,300 145

HA1 256 ±
26 76 ± 9 3943 ±

21
0.6 ±
0.03 24 ± 0.7 6.5 ±

0.6 88 ± 0.5 2882 ±
946

319 ±
20

2262 ±
176 56 ± 28 525 ±

31
3722 ±

1520 68 ± 0.3

HA2 281 68 3960 0.5 25 6.8 87 3160 320 2480 54 535 4140 68

AR2 after
HA2 14,164 29 2756 0.1 6.3 175 1.6 35,024 8414 30,431 327 65 6510 36

WR2 41,800

AR1 30,700 60 28,000 6.6 29 80 242 67,000 15,700 24,200 1580 359 41,200 929

HA1 859 ±
67 28 ± 1.9 20,033

± 473
2.7 ±

0.4 13 ± 0.2 2.6 ±
0.3

239 ±
10

15,033
± 153

896 ±
67

979 ±
25

122 ±
21 252 ± 2 16,133

± 1358 642 ± 9

HA2 790 31 3940 1.9 13 1.8 243 14,700 842 1000 111 246 15,600 666

AR2 after
HA2 31,370 21 7984 0.4 8.9 112 2.4 38,015 15,929 27,168 1515 66 7173 90

WR3 53,100

AR1 20,900 1.7 1870 1.0 47 48 1680 96,000 11,000 18,200 469 2130 47,500 289

HA1 619 ±
129

1.0 ±
0.2

460 ±
79

0.9 ±
0.1 39 ± 0.8 1.3 ±

0.1
1640 ±

53
8500 ±

348
693 ±

19
486 ±

53
127 ±

21
1823 ±

32
10,947
± 1724 215 ± 6

HA2 818 1.1 406 0.9 40 1.4 1670 10,000 699 579 101 1880 14,300 222

AR2 after
HA2 18,919 1.3 1417 0.3 6.8 44 580 68,779 9786 16,589 399 240 23,019 67
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Table 3. Cont.

Sample Total S Extraction
Method Al As Ca Cd Co Cr Cu Fe K Mg Na Ni S Zn

WR4 3800

AR1 13,200 0.6 15,100 0.2 13.3 20 2280 17,700 1120 3500 1900 32 3690 30

HA1 249 ±
16

0.2 ±
0.04

1343 ±
90

0.1 ±
0.01

5.2 ±
0.3 <1 1863 ±

32
2090 ±

26 61 ± 5 111 ±
10

133 ±
21

9.4 ±
0.6

1607 ±
93 16 ± 1.1

HA2 271 <0.2 1290 0.1 5.0 <1 1920 2120 <50 127 118 9.8 1560 14

AR2
after
HA2

12,876 0.5 13,651 <0.04 7 21 89 14,425 1036 3301 1762 19 958 15

WR5a 15,400

AR1 8440 0.2 3210 0.1 124 296 2920 61,200 1810 59,000 465 2170 13,900 43

HA1 353 ±
35

0.2 ±
0.08

590 ±
81

0.1 ±
0.01 102 ± 1 8.3 ±

0.6
2747 ±

25
6120 ±

845 131 ± 5 3533 ±
448

151 ±
12

2007 ±
23

4647 ±
722 29 ± 1.2

HA2 443 <0.2 530 0.1 107 10.3 2840 7630 129 5160 140 2030 6120 28

AR2
after
HA2

8178 <0.08 2934 <0.04 22 310 133 50,547 1666 51,967 377 277 6039 19

WR5b 21,000

AR1 4990 0.2 3040 0.2 166 501 4600 76,500 881 60,400 417 3210 21,100 59

HA1 240 ±
15

0.2 ±
0.05

662 ±
104

0.2 ±
0.02 154 ± 3 13.4 ±

0.7
4643 ±

84
9050 ±

1518
38.4 ±

23
4510 ±

520 197 ± 5 3213 ±
25

7803 ±
1065 45 ± 2

HA2 284 <0.2 562 0.2 158 15.4 4620 11,000 50.5 6180 194 3200 9950 46

AR2
after
HA2

4860 0.1 2723 <0.04 20 523 122 63,560 840 52,595 279 281 8902 17
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The comparison of the HA1 and HA2 extraction results with the corresponding AR1
and AR2 extraction results is presented in Figure 3. As, Cd, Co, Cu, Ni, S and Zn were
readily leachable in the HA extraction (Figure 3). The leaching of Cu was the highest,
on average 94% (min 74% in WR3/HA2, max 100% in WR5b/HA1) compared with the
AR extraction results. Average leaching of Cd was 79% (min 41% in WR2/HA1, max
100 in WR5a/HA1 and WR5b/HA1), of Ni 77% (min 29% in WR4/HA1, max 100% in
WR5b/HA1), of Co 70% (min 39 in WR4/HA1, max 93% in WR5b/HA1), of Zn 67% (min
47% in WR1/HA1, max 88% in WR2/HA2), and of As 61% (min 17% in WR4/HA2, max
100% in WR5a/HA1 and WR5b/HA1).
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The average S leachability in the HA extraction was 42% (min 17% in WR1/HA1,
max 69% in WR2/HA2). Intense gas forming was observed for high-S samples (WR2 and
WR3) during the HA extraction. When comparing the S leachabilities in the HA1 and HA2
extractions, it can be noted that the leaching of S in the HA2 was proportionally higher in
comparison with the HA1 (Figure 3). Furthermore, the S concentrations in the AR1 were
1172–18427 mg/kg higher than the HA2 + AR2 S concentrations (Table 3).

Less elevated average leachabilities were measured for Ca, Na and Fe. Average
leaching of Ca was 28% (min 9% in WR4/HA2, max 72% in WR2/HA1), of Na 21% (min
6% in WR4/HA2, max 47% in WR5a/HA1) and of Fe 13% (min 5% in WR1/HA1, max 28%
in WR2/HA2).

Al, Cr, K and Mg were poorly leachable in the HA extraction. Average leaching of Al
was 3% (min 1% in WR1/HA1, max 6% in WR5b/HA2), of Cr 3% (min 2% in WR2/HA2
and WR4/HA2, max 4% in WR1/HA1), of K 5% (min 2% in WR4/HA2, max 7% in
WR3/HA2 and WR5a/HA1 and HA2) and of Mg 5% (min 3% in WR3/HA1 and HA2 and
WR4/HA1, max 11% in WR5b/HA2).

The HA extraction results of the samples Mine A–Mine H, together with the AR
extraction and drainage data obtained from Karlsson et al. [18], are presented in Table S2.
The HA- and AR-extractable concentrations of Al, As, Cd, Co, Cr, Cu, Ni, S, Zn and the
sums of As, Cd, Co, Cu, Ni and Zn in samples Mine A–Mine H and in the matching
drainage waters are also presented in Figure 4 to show the correspondence of extractions
with the observed drainage quality. It should be noted that in the cases of Mine A and
Mine C new, the water samples were taken from a pond, not from seepage streams as the
other water samples, which might be diluted by other water sources and, therefore, have
lower overall drainage concentrations [18].

In general, the HA-extractable As, Cd, Co, Cr, Cu, Ni, S and Zn corresponded to the
levels of drainage concentrations as shown in Figure 4. However, for Cd and Co the HA-
extractable concentrations of the Mine C old and Mine C new samples did not correspond
well with the drainage concentrations. In these cases, the HA extractable concentrations
were notably greater than the concentrations in the drainage waters. Similarly, for Cu the
HA-extractable concentrations of the Mine A sample did not correspond well with the
relatively low drainage concentration. For Ni, the elevated HA-extractable concentration of
the Mine C new sample did not correspond well with the relatively low drainage concentra-
tion. Either the lower HA-extractable Ni concentration did not reflect the elevated drainage
concentration in the Mine B 2016 sample. For Zn, the HA-extractable concentration of the
Mine A sample did not correspond well with the low drainage concentration, and the lower
HA-extractable concentrations corresponded with the elevated drainage concentrations in
samples Mine B 2016 and Mine H. The HA-extractable Al concentrations were in general
low and did not correspond to the drainage concentrations of Mine A, Mine B 2016 and
Mine H.

As presented in Karlsson et al. [18], in general the increase in the AR extractable As,
Cd, Co, Cu, Ni and Zn concentrations followed that in the drainage concentrations. For Al,
As, Cd, Co, Cu and Ni the elevated AR extractable concentrations did not correspond to
elevated drainage concentrations in some circum-neutral water samples. Furthermore, the
AR-extractable Cr concentrations were high in many cases and did not correlate with the
low drainage concentrations.
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4. Discussion
4.1. Mineral Decomposition in the HA Extraction

The mineralogical analyses showed that the Fe-sulfides pyrrhotite and pyrite did not
completely dissolve in the HA extraction. Especially pyrrhotite dissolution rates were
relatively low, ranging from total dissolution in the WR4 sample (0.05 g→ 0 g) to apparent
increase in WR5b (0.32 g→ 0.41 g). Based on the results, the dissolution of pyrite was more
efficient than that of pyrrhotite. In contrast, other base metal sulfides such as pentlandite,
chalcopyrite and sphalerite were observed to dissolve efficiently.

Incomplete sulfide decomposition in the HA extraction has also been noticed in
previous studies [24], as well as for other H2O2 based extraction methods, for example in the
H2O2-ascorbic acid extraction [41], and in the single-addition NAG test [18,42–44]. Several
reasons for this have been proposed. For example, the peroxide decomposition can be
enhanced by metal ions released during sulfide oxidation [45]. Furthermore, the pyrrhotite
micro-textures or mineral associations may control oxidation [46,47]. Furthermore, the
precipitation of secondary minerals on sulfide surfaces may reduce the available surface
area for oxidation [48].

Our results suggest that the incomplete dissolution of pyrite in the HA extraction
could be partly caused by its occurrence in inclusions inside quartz, which can be observed
in the backscattered electron images of the samples WR1 (Figure 2 and Figure S1) and WR2
(Figure 2 and Figure S2). Other sulfide species were not observed to occur in quartz inclu-
sions. However, the precipitation of secondary minerals on pyrrhotite surfaces seems to
play a major role in the incomplete pyrrhotite decomposition in the HA extraction. Several
goethite rimmed pyrrhotite grains were observed in the backscattered electron images after
the HA2 extraction (Figures S1, S2 and S4). Other sulfide species with secondary mineral
coatings were not observed. Since larger amounts of sulfides were decomposed in the
samples WR1–WR3 than in the sample WR5b which had only a few sulfides and minor
pyrrhotite decomposition, the decomposition of peroxide seems to be less significant in the
HA methods inefficiency e.g., than that of the NAG test.

The comparison of the HA results with the AR results showed that the chalcophile
elements As, Cd, Co, Cu, Ni, S and Zn leached efficiently in the HA extraction in contrast to
other elements (Al, Ca, Cr, Fe, K, Mg, Na). This supports the finding from the mineralogical
results that the base metal sulfides oxidize and decompose effectively during the HA
extraction. Especially the efficient leaching of Cu in HA compared with AR supports this
finding since Cu occurs mainly in sulfides and rarely in silicates [49]. The fact that Cd, Co,
Ni, Zn and As showed a high leaching rate in HA, but yet clearly smaller than that of Cu, is
due to their occurrence in both sulfides and in other poorly soluble/weatherable minerals.
For example, Cd, Co, Ni and Zn also occur in mafic silicates, e.g., olivine, pyroxenes,
amphiboles and biotite [3,49], which are partially leachable in AR [11,13]. Furthermore,
some Ni and Co can occur in pyrrhotite and pyrite [50,51], which decomposed incompletely
in HA and, therefore, decreased their total extractability.

Based on our geochemical results, significant amounts of S appear to be lost during
the HA extraction (Table 3). This can be observed by the fact that the initial S concentrations
in the AR1 were clearly higher than the sum of S concentrations of the sequential HA2 and
AR2 extractions. For example, in the cases of the samples WR1 and WR2, the HA2+AR2
S concentrations were only around half of the AR1 S concentrations. As the Fe-sulfide
dissolution processes can produce H2S [52,53], it can be assumed that the S was lost due to
gasification during the extraction.

The mineralogical results showed that the carbonate minerals identified as magne-
site, dolomite and calcite, decomposed only incompletely in the HA extraction (Table 2).
This finding is in accordance with the results by Parbhakar-Fox et al. [43] who reported
incomplete decomposition of carbonates in the H2O2-based NAG test.

Both the mineralogical and geochemical results showed that decomposition of certain
silicates occurred in the HA extraction, but the decomposition is clearly less complete than
in the AR extraction. Furthermore, the extent of the decomposition in HA varies between
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different silicates and different samples. Of the silicate minerals, the Ca and Mg bearing
serpentine and non-albite plagioclase had notable (decrease of >4 g) decomposition in
the HA2 extraction in some samples and minor decomposition in the rest of the samples
(Tables 2 and 3). According to a minor decrease (>1 g) in mass and the HA solution
analysis (especially Na concentration), albite and augite also appeared to experience slight
decomposition in the HA extraction. Backscattered electron images showed that augite
(see Figure S4), biotite (Figures S1 and S2), muscovite (Figure S3), plagioclase (Figures S3
and S4) and tremolite (Figure S1) were partially decomposed in the HA solution. Partial
decomposition of silicates in the HA extraction has also been reported by Klock et al. [24].
However, according to the backscattered electron images the silicate decomposition is
mainly etching of the mineral surfaces. This is supported by the fact that the silicate related
element concentrations in the HA extraction are clearly lower in comparison with the AR
extraction concentrations (Figure 3, Table 3).

Part of the decomposition of the silicates during the HA extraction was evidently
additionally caused by the increase in the acidity of the solution due to sulfide oxidation.
This is in accordance with the observations made in previous investigations, that the
sulfuric acid produced by sulfide oxidation reactions during the H2O2-based extractions
may lead to partial decomposition (i.e., etching) of silicates [22]. In addition, e.g., according
to Dold [54], pyrite oxidation can produce high amounts of sulfuric acid. The silicate
decomposition due to increased acidity as the results of sulfide oxidation was especially
observed in the WR2 sample (total S 4.2%), where relatively high decomposition rates for
albite, plagioclase and calcite were detected (Table 2). Furthermore, the amount of biotite
in the high-S samples WR2 and WR3 appeared to increase relatively much, suggesting that
acidic conditions might enhance biotite sheet separation. On the contrary, the WR4 sample
with a relatively low amount of total S (0.4%) consisting of less acid liberating chalcopyrite
and pyrrhotite [54], had no observable calcite decomposition.

Changes in the amounts of quartz in the HA2 extraction indicate that the interpretation
of the mineralogical results is not unambiguous. It is expected that quartz does not
decompose in HA. Nevertheless, the quantitative amounts of quartz had decreased in three
samples (Table 2), notably much in the WR1 sample (20.94 g → 12.17 g). Furthermore,
the quantitative amount of quartz had increased in two samples, especially in the WR2
sample (8.39 g→ 13.16 g). This indicates that the mineralogical results before and after the
HA2 extraction might involve some bias, which might be due to e.g., sorting of the sample
material at some stage of the analyses. Furthermore, the decrease of fine-grained particles
during the HA extraction, either by decomposition or sorting bias, might affect the relative
proportions of some minerals. Furthermore, when considering the mineralogical results of
this study, it must be noted that the SEM analysis after the HA2 was not done for exactly
the same sample material as the SEM analysis before the HA2; the samples were parallel
sub-samples of the larger powdered waste rock samples. Although the powdered samples
are supposed to be relatively homogenous, some small variation might exist. To verify the
mineralogical results, further investigations including several repetitions of the larger-scale
HA2 extractions should be conducted.

4.2. HA Extraction in the Preliminary Element Mobility Assessment

The comparison of the HA and the AR extraction results with the drainage quality data
shows that the HA extraction data can be useful to preliminary assess the element mobility
from the waste rock material. In the previous study by Karlsson et al. [18] it was shown that
data from the waste rock AR extraction reflect element contents that occur in waste rock
pile drainage water though it over-predicts Al, As, Cd, Co, Cu and Ni concentrations in
some circum-neutral drainages, and Cr concentrations in general (Figure 4). Furthermore,
if the AR-extractable sum of As, Cd, Co, Cu, Ni and Zn is >1000 mg/kg, it may indicate an
elevated risk for high-metal (>1000 µg/L) drainage [18] (Figure 4).

Similar to the AR extraction, the concentrations of chalcophile elements As, Cd, Co, Cu,
Ni, S and Zn analyzed in the HA extraction solution appear to predict elevated drainage
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concentrations (Figure 4). In contrast to AR, the HA extractable Cr concentrations were
low, corresponding well to the low drainage concentrations. For Al, the HA extractable
concentrations were generally low, and they cannot be used to predict possibly elevated
Al concentrations in acidic drainage systems. In general, the HA extractable element
concentrations were below the corresponding AR concentrations. Based on the results, it
can be generalized (Figure 4) that if the HA extractable sum of As, Cd, Co, Cu, Ni and Zn
is >750 mg/kg, there is a high risk for high-metal drainage (the sum of harmful metals
and metalloids >1000 µg/L, as in Plumlee et al. [55]). As discussed above in Section 4.1,
HA is a more sulfide specific extraction method compared with the more aggressive AR
extraction. The fact that HA dissolves less silicate bound elements, indicates that it might
be more accurate in drainage quality assessment compared with the AR method.

In addition, the HA extraction seems to perform well in the assessment of element mo-
bilities, if compared with the single-addition NAG test leachate analysis. Karlsson et al. [18]
investigated the performance of the H2O2-based single-addition NAG test leachate analysis
in the drainage quality prediction. Based on their results, the NAG test method was also
useful for assessing the mobility of Al, Cd, Co, Cr, Cu, Ni and Zn. However, in some
high-metal NRD cases the prediction underestimated the drainage concentrations due to
the precipitation of most of the contaminants during the test when the NAG test leachate
pH was above 3–6 [18]. According to our results, the performance of the HA method is
similar, excluding Al, but the HA extraction performs well also for NRD cases.

Other extraction methods have also been shown to be sulfide specific, e.g., brominated
water extraction, bromine-methanol extraction, brominated water-carbon tetrachloride and
hydrogen peroxide-ascorbic acid extraction [24], but these methods have downsides when
compared with the HA extraction. For example, due to the risks related to work safety,
the handling of bromine-based solutions in laboratory demands additional caution [56].
Some methods are more time consuming, e.g., hydrogen peroxide-ascorbic acid extraction
requires heating on a steam bath for 18 h [24].

Commonly-used methods to assess the element mobility from mine waste include
sequential and parallel extraction procedures [57]. These methods are based on partitioning
the solid sample material into specific fractions by a sequential or parallel series of selective
extractions, with an aim to simulate the release of elements in various environmental
conditions. For example, a sequential extraction method for Cu-sulfide mine wastes has
been developed by Dold [10], and a parallel selective extraction method for Ni and Cu
mine tailings by Heikkinen and Räisänen [3,58]. These procedures include the use of,
among others, NH4-oxalate extraction for e.g., Fe precipitates, NH4-acetate extraction
for e.g., exchangeable element fraction, and H2O extraction for water soluble fraction,
together with stronger extractions for sulfide bound elements (e.g., AR) and silicate bound
elements (e.g., HNO3-HF-HClO4-HCl digestion) [10]. However, the sequential and parallel
methods are usually applied to investigate the already existing and weathered mine wastes,
as especially the results of the weaker extractions reveal how the elements are currently
bound, not how e.g., a fresh rock material will behave in future.

Based on the results, the HA and AR leachable concentrations do not unambiguously
measure the actual concentrations of contaminants in drainage water, but merely predict
their potential mobility caused by the sulfide oxidation and acid generation. The small-scale
laboratory tests such as the HA and AR extractions are useful for preliminary screening in
the drainage water quality assessment of waste rocks, but more thorough investigations,
e.g., including kinetic testing and geochemical modeling, among others, should still be
carried out to evaluate the drainage quality and the long-term behavior of extractive waste.

According to the previous studies, waste rock characterization and drainage quality
predictions utilizing data from small-scale laboratory tests have limitations related e.g.,
to small sample size, crushing of the samples, mineral assemblage and surface area, rock
texture and mineral impurities that might affect the weathering rate [54,59–62]. Further-
more, sampling is also one key issue in the test. The waste rock samples used in this study
were composite samples collected from the surface of waste rock piles, which should be
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considered when interpreting the results. In addition, drainage water samples represented
only one sampling event. A longer lasting monitoring campaign is recommended, as the
contaminant concentrations in mine waste drainage may display wide annual and seasonal
fluctuations [63–66]. Our results related to element mobility assessment should be verified
by a more thorough and longer lasting investigation.

5. Conclusions

The HA extraction provides a viable method for the characterization of extractive
waste, being a more sulfide-specific method than the AR extraction. Sulfide minerals, espe-
cially base metal sulfides pentlandite, chalcopyrite and sphalerite, decomposed efficiently
in the HA extraction. Fe-sulfides pyrrhotite and pyrite decomposed only incompletely.
Especially the pyrrhotite dissolution rates were relatively low, which might be due to the
precipitation of goethite on pyrrhotite surfaces.

The HA extraction also partially leached silicates and carbonates, but in general the AR
extraction decomposes many minerals more efficiently. Especially, the Ca and Mg bearing
minerals serpentine and non-albite plagioclase appear to be relatively decomposable in
HA. Furthermore, only some minor decomposition of albite, augite, biotite, muscovite
and tremolite was detected. The carbonate minerals calcite, dolomite and magnesite
decomposed also incompletely in the HA extraction. The decomposition of silicates and
carbonates is related to both the use of H2O2 in leaching and the amount of acid producing
sulfides in the sample. The sulfuric acid produced by sulfide oxidation during the extraction
enhances the partial decomposition of silicates and carbonates. This should be noted
especially for the samples with high amounts of sulfides.

The study showed that the HA extraction results are useful in the preliminary assess-
ment of the element mobilities. Based on the results, if the HA-extractable sum of As, Cd,
Co, Cu, Ni and Zn is >750 mg/kg, there is an increased risk for high-metal (>1000 µg/L)
drainage. In general, the elevated As, Cd, Co, Cu, Ni, S and Zn leachability in the HA
extraction appears to predict elevated drainage concentrations. For Cr, the HA extraction
predicted more realistic drainage concentrations compared with the AR extraction, which
results in too high a Cr concentration. The HA extractable concentrations of Al were low
and, therefore, they do not reveal the potential Al contamination in acidic drainage systems.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/min11070706/s1: Figure S1. Backscattered electron images before (upper) and after (lower)
the H2O2 ammonium citrate extraction (HA2) of the sample WR1. Figure S2. Backscattered electron
images before (upper) and after (lower) the H2O2 ammonium citrate extraction (HA2) of the sample
WR2. Figure S3. Backscattered electron images before (upper) and after (lower) the H2O2 ammonium
citrate extraction (HA2) of the sample WR3. Figure S4. Backscattered electron images before (upper)
and after (lower) the H2O2 ammonium citrate extraction (HA2) of the sample WR4. Figure S5.
Backscattered electron images before (upper) and after (lower) the H2O2 ammonium citrate extraction
(HA2) of the sample WR5a. Figure S6. Backscattered electron images before (upper) and after (lower)
the H2O2 ammonium citrate extraction (HA2) of the sample WR5b. Table S1. Mineralogy of the
samples before and after the HA2 extraction based on FE-SEM-EDS. The identification of the main
mineral phases verified by XRD. Mineral masses calculated by wt. % and the total mass of the sample.
Table S2. Waste rock aqua regia (AR) and H2O2 ammonium citrate extraction (HA) results (mg/kg),
and corresponding waste rock pile drainage data (µg/L) from several Finnish mine sites. Mine site
descriptions, and drainage and AR data from Karlsson et al. [18].
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