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Abstract The commonly observed enrichment of middle rare
earth elements (MREE) in water sampled in acid mine drain-
age (AMD)-impacted areas was found to be the result of
preferential release from the widespread mineral pyrite
(FeS,). Three different mining-impacted sites in Europe were
sampled for water, and various pyrite samples were used in
batch experiments with diluted sulphuric acid simulating
AMD-impacted water with high sulphate concentration and
high acidity. All water samples independent on their origin
from groundwater, creek water or lake water as well as on the
surrounding rock types showed MREE enrichment. Also the
pyrite samples showed MREE enrichment in the respective
acidic leachate but not always in their total contents indicating
a process-controlled release. It is discussed that most probably
complexation to sulphite (SO5") or another intermediate S-
species during pyrite oxidation is the reason for the MREE
enrichment in the normalized REE patterns.

Keywords Rare earth elements - MREE enrichment - Pyrite -
Acid mine drainage

Introduction

Rare earth elements (REE) are a group of elements with a high
potential as process indicators in the system rock or soil and
water. They are a group of f-block metals constituting the
elements of La through Lu, being often subdivided into light
REE (LREE; La to Pm), middle REE (MREE; Sm to Dy) and
heavy REE (HREE; Ho to Lu). In the last years, they have
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become of increasing importance in environmental studies
because of their release from a wide range of industrial pro-
cesses. Furthermore, a more detailed understanding of REE
cycles in the bio-geo-system is needed in times of their in-
creasing need in green technologies and times of securing
worldwide supply. Hence, it gets more and more important
to study REE patterns, their natural background and REE’s
geochemical behaviour in the system soil/rock and water. A
REE pattern is the plot of concentrations normalized to a
suitable standard (here: Post Archean Australian Shale =
PAAS; McLennan 1989). This normalization is important in
terms of interpretation since elements with even atomic num-
ber have a higher abundance than those with an odd one and
thus, without normalization the graph along the series of REE
would occur as zigzag pattern.

Acid mine drainage (AMD)-impacted areas often are fea-
tured by an enrichment in REE either in solution or in solids as
summarized by Grawunder and Merten (2012). A very abun-
dant phenomenon in AMD-impacted but also naturally acidic
areas are normalized concave-shaped REE patterns in water
indicating MREE enrichment, which has been widely
discussed by various workers (e.g. Gimeno Serrano et al.
2000; Garcia et al. 2007; Grawunder et al. 2010;
Johannesson and Lyons 1995; Johannesson and Zhou 1997;
Merten et al. 2005; Pérez-Lopez et al. 2010; Welch et al.
2009). Previous studies excluded organic colloids, REE phos-
phate complexes (Johannesson et al. 1996) and SO,*~ com-
plexation (Johannesson and Zhou 1999) to explain MREE
enrichment and suggested the dissolution of primary
and secondary minerals as a source. Amongst others,
sulphate efflorescent salts and poorly crystalline iron
oxyhydroxysulphates (Pérez-Lopez et al. 2010), secondary
Fe-Mn oxides/oxyhydroxides (Johannesson and Zhou 1999)
or phosphatic minerals such as apatite containing MREE
enrichment (Hannigan and Sholkovitz 2001) have been pro-
posed. Especially apatite and uraninite were found to be
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featured by MREE enrichment when referring to the total
contents (Grandjean-Lécuyer et al. 1993; Lécuyer et al.
2004; McLennan 1994; Reynard et al. 1999). Further, it was
maintained that the relative total content REE patterns of a
mineral species are almost similar due to the concept of
“crystallographic/mineralogical control” (Bau and Moller
1992; Morgan and Wandless 1980). Besides these numerous
approaches, literature shows that water having MREE enrich-
ment is varying in terms of host rocks from Silurian slates to
volcanic rocks to lignites (Bozau et al. 2004; Elderfield et al.
1990; Johannesson and Zhou 1999; Merten et al. 2005;
Smedley 1991). To summarize up, there remains uncertainty
over specific sources and processes causing widespread
MREE enrichment in AMD-impacted, but also naturally acid-
ic areas. Anyway, there are two main things nearly all AMD-
impacted areas have in common: (1) low pH together with (2)
the occurrence of sulphides like pyrite (FeS,), which is prob-
ably the most widespread sulphide mineral on Earth. As far as
known, the REE release from pyrite was never taken into
account, probably under the assumption that the release pat-
tern is similar to the total content pattern. A previous work by
Grawunder (2010) presented some first data on REE release
from pyrite, which are also included in this work for further
considerations. However, for the recent work only the MREE
enrichment in mining-impacted sites with acidic pH will be
taken into account. Buffering reactions leading to higher or
neutral pH such as for example in the Yorkshire Pennine
Orefield (Jones et al. 2013) would probably already have
caused fractionations among the REE, since REE do not
longer behave conservatively at higher pH (e.g. Verplanck
et al. 2004). Furthermore, for the recent work it is expected
that REE are, when talking about the solid phase, not only
contained in REE minerals like monazite, but rather in all
abundant minerals of a study site even though in lower con-
tent. As a first step of downscaling REE release in acidic areas
to the mineral scale this work will especially focus on pyrite
(FeS,). Based on three different mining-impacted areas, it is
shown that MREE enrichment occurs independently on geo-
logical background and water system (groundwater, river and
lake). Consequently, the idea of this study was to focus on the
release of REE from pyrite under acidic conditions to assess
whether pyrite is a possible and likely source of the widely
discussed phenomenon of MREE enrichment. A batch ap-
proach under acidic and high sulphate conditions and there-
fore mimicking AMD impact provides evidence that REE
patterns released from pyrite under these conditions are not
equal to the total content REE patterns in pyrite.

The field sites

Water was sampled from three mining-impacted field sites
within Europe in order to check if there MREE enrichment

is also a present feature. From two of them also pyrite could be
sampled (Germany and Romania). To increase the size of the
database, additional pyrite material was provided by the
Mineralogical Collection of the University of Jena and from
private collections.

Ronneburg, Germany (GTF)

The German site is a part of the former Uranium mining area
Ronneburg, East Thuringia. The sampling site, test site
“Gessenwiese”, was created at the remediated basement area
of the former leaching heap of Gessen. There, until 1989, low-
graded ore, which was mainly Silurian and Ordovician shale,
was leached for Uranium with acid mine drainage and
sulphuric acid (10 g L") (Wismut GmbH 1994). Below the
sealing of the heap Quaternary sediments of a limno-fluvial
environment can be found (Grawunder et al. 2009). After
remediation, in 2004 the test site Gessenwiese was installed
in this area aiming at the improvement of phytoremediation
strategies. Previous investigations found that the REE in the
sediments were not strongly enriched or depleted compared to
PAAS standard (Grawunder et al. 2009). However, REE con-
centrations in groundwater were very high with a total con-
centration of up to 8.15 mg L™ (Grawunder and Merten
2012). Samples for this work were taken in April 2012 from
five groundwater measuring points. Additionally, at this site a
piece of shale with spherical pyrite of about 1 cm in diameter
was sampled (samples l1a and 1b).

Hanes, Romania (RZ)

Hanes belongs to a big ore field close to Zlatna, where a vein
of the Larga deposit, which is rich in Cu, Zn, Pb and Ag, was
mined until the mid-1990s (Cook and Ciobanu 2004; Cook
et al. 2009). Furthermore, pyrite lenses and the occurrence of
sphalerite (ZnS) are described (Cook and Ciobanu 2004).
Generally, ore deposits in the South Apuseni Mountains are
associated with volcanic and subvolcanic rocks (Neubauer
et al. 2005). During the screening in 2010, the small creek
collecting the water from the Hanes mine (creek Almasel,
Duma 2009; RZ4, 5, 6) and a mine adit (RZ2) from Mina
Hanes were sampled. At this site, two pyrite samples were
taken (samples 11a and 11b).

Kvarntorp, Sweden (SP)

A small acidic non-stratified lake, Lake Pdlen (Karlsson et al.
2012), was sampled in the Kvarntorp district, about 20 km in
the south of Orebro, Sweden. It belongs to a series of former
open pits where Cambrian alum shale was mined and
processed for the recovery of hydrocarbons (Karlsson et al.
2012). This shale is described in literature to contain amongst
others quartz, micas (muscovite, biotite and chlorite), calcite
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veins as well as thick lenses of pyrite, which also occurs in
microscopic and submicroscopic crystals (Assarsson and
Grundulis 1961). Indeed, this acidic lake receives water from
groundwater and shale residues (Karlsson et al. 2012), and not
directly from a mine such as the Romanian site. Water samples
were taken from the lake in June 2011 from 1 and 2.5 m depth
(SP1 and SP2, respectively). No pyrite could be sampled.

Materials and methods
Equipment

Clean bottles used for water sampling in field were rinsed
twice with sample. For the preparation of the chemicals ap-
plied in the following ultrapure water (0.055 1S cm™'; Purelab
Plus, USF Seral) was used. The used pH measuring unit (pH
meter + pH electrode) was calibrated at each measuring day
using pH 4.01 and pH 7.00 standards (WTW).

Water sampling and analytics

Physicochemical parameters of the water samples were mea-
sured in situ using a portable instrument Multi 3401 (WTW)
with TetraCon 325 (Electrical Conductivity, EC), Schott
BlueLine 31 Rx (3 M KCI; Eh), WTW SenTix 81 3 M
KCI, pH and temperature). Eh was corrected to temperature
and rounded to the nearest tens. Samples for anions (except for
HCOj3") and elements were filtered using glass fibre prefilters
(Sartorius) and cellulose acetate filters (0.45 pwm, Sartorius).
Water samples for element analysis finally were acidified with
HNO; (65 %, subboiled) to pH<2 for stabilization. All sam-
ples were kept at 6 °C until analysis.

HCO5; was determined by titration of total alkalinity
(Titrino 716 DM, Metrohm), whereas Cl , F and SO427 were
measured by means of ion chromatography (DX-120,
Dionex). For water samples, digestion solutions and leaching
solutions, the elements Al (for GTF samples and total diges-
tions), Ca, Fe, K, Mg, Mn, Na, Zn (only for RZ samples), as
well as S only for elution solutions were determined using
inductively coupled plasma-optical emission spectrometry
(ICP-OES; Varian 725 ES). Inductively coupled plasma-
mass spectrometry (ICP-MS; X-Series II, ThermoFisher
Scientific) was used for analysing the elements Al (for all
other samples), As, Cd, Co, Cu, Ni, Pb, Zn and REE (La,
Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb and Lu).
Solutions were measured three times and tested for outliers by
the method of Grubb (for N=3 and P=90 %). Given values are
mean values.

Samples for dissolved organic carbon (DOC) were filtered
in field to 0.45 pm (glass fibre prefilters, Sartorius; cellulose
acetate filters, Sartorius) into 40 mL glass bottles and analysed

@ Springer

later by using a TOC Analyser (multi N/C 2100, Analytik,
Jena).

All diagrams have been created with either Origin 8.5.0G
(OriginLab Corporation) or MS Excel (2010) and graphically
formatted with CorelDraw X5 (Corel Corporation).

Mineralogy, geochemistry and leaching

Solid samples were dried at 35 to 40 °C and ground subse-
quently depending on the amount either by using a centrifugal
ball mill for low amounts (MM400, grinding jar and ball
zirconium oxide, Retsch) or a vibration grinding mill for
higher amounts (HSM 100A, agate grinding vessels,
Herzog). Only for samples with strongly weathered surface
(la and 1b sampled at the German site; Table 1) 35 % HCl
(Suprapur, Roth) was used to clean the surfaces before
grinding.

X-ray diffractometry (XRD) of all samples was carried out
using a Bruker D8 Advance DaVinci diffractometer with
Cu k, radiation, 40 kV and 40 mA, a step size of 0.02° 20
within the range of 5-80° 26 and a measuring time of 0.5 s.
Mineral phases were identified using the software package
Diffrac.suite EVA v1.4 (Bruker AXS, with database ICDD
PDF-2 release 2011). The identified samples were proven to
be pyrite or in three cases to contain pyrite within a
polymineral sample (samples 7, 10 and 17; Table 1).

For total digestion, 100—-150 mg of each ground sample
were digested in a pressure digestion system (DAS,
PicoTrace). Therefore, the ground material was put in TFM
vessels and 2 mL 65 % HNO; (subboiled), 3 mL 40 % HF and
3 mL 70 % HCIO, (both Suprapur, Merck) were added. This
mixture was then heated up to 180 °C within 6 h. After
maintaining the temperature for 12 h the samples were cooled
down. For evaporating the acids, the system was heated up
again to 180 °C for 4-5 h in a special evaporating hood
maintaining the temperature again for 12 h. The remaining
solids were dissolved again after adding 2 mL HNO;
(subboiled), 0.6 mL HCI (Suprapur, Roth) and 7 mL ultrapure
water (Purelab Plus, USF Seral) at 150 °C within 8 h. The
cooled samples were transferred to calibrated 25 mL flasks
(PMP, Vitlab) and replenished to 25 mL by addition of
ultrapure water to determine the total contents of Al, As, Ca,
Co, Cu, Fe, Mg, Mn, Ni, Pb, Zn and REE by ICP-OES and
ICP-MS as described above. This method is well suited for
measuring of metals, but S, which is of special relevance when
working with pyrite, can partially escape from the vessel
because of its volatile behaviour. In the following, results from
bulk chemistry analysis are labelled with “TY...”. Digestion
results for samples 1-5 were taken from Grawunder (2010).

To obtain the release of REE from the pyrite and
polymineral samples, they were ground as described above
to get a comparable grain size. This powder was leached with
10g L' H,S0, (made of H,SO4, 95-97 %, p.A., Merck) in
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Table 1 Origin of the pyrite and polymineral samples and their mineralogical composition. Furthermore, bulk REE contents (=TY) and respective Eu
anomalies are given, as well as the calculated values for pyrite dissolution (pyriteg;ss) and R

Sample no. Sampling location, geology; habitus Mineralogical composition pyritegiis SD R SD  YREE bulk Euw/Eu*
[%] lnge ]
la Ronneburg/Germany, black shale; spherical aggregates pyrite, (quartz) (0.78 0.02) 1.1 0.2 20.1 1.0
1b Ronneburg/Germany, black shale; spherical aggregates pyrite, (quartz) (0.66 0.01) 1.17 0.03 172 1.0
3 MCJ: China, geology unknown; cubes pyrite 0.326 0.006 0.29 0.03 663 0.8
4 MCJ: China, marl; pentagonal dodecahedrons pyrite 0.40 0.01 0.127 0.006 64.3 1.0
5 MCJ: Lehesten/Germany, slate; broken crystals pyrite 0.82 0.01 020 0.08 193 2.5
7 PC: Sweden, geology unknown; massive pyrite pyrite, chlorite-serpentine  nc nc 232 2.0
8 MCIJ: Peru, geology unknown; massive pyrite pyrite 0.93 0.05 1.41 0.02 13.1 32
9 MCIJ: Algeria, Rocher de Sel de Djelfa, geology pyrite 1.465 0.004 1.04 0.01 (1.5 nc
unknown; pentagonal dodecahedrons
10 PC: Sweden, geology unknown; massive pyrite pyrite, (+unknown) nc nc 4.36 0.9
12 PC: no information available; massive pyrite pyrite 1.70 0.01 249 0.01 290 42
13 PC: Kostere/ Turkey, vulcanoclastics; cubes pyrite 2.33 0.03 1.06 0.01 3838 1.1
14 PC: no information available; fine-grained material (<2 mm) pyrite 0.74 0.01 175 0.05 531 6.1
15 PC: Sudbury Mine/Canada, geology unknown; fine pyrite 0.344 0.003 198 0.02 6.61 1.4
grained material (<2 mm)
17 PC: Sweden, geology unknown; massive pyrite pyrite, clinochlore, nc nc 19.9 1.0

dolomite, calcite, talc

MCJ Mineralogical Collection of the Friedrich Schiller University, Jena/Germany, PC private collection, R is the molar ratio of dissolved S to dissolved
Fe calculated from the acidic batch tests (NV=3), SD indicates the standard deviation

The amount of dissolved pyrite (pyritey;ss) Was calculated based on the Fe concentration; results for samples 1a and 1b are in brackets due to presence of
low amounts of quartz. Calculations were not carried out (n2¢) for polymineral samples. Sum of bulk REE for sample 9 is given in brackets representing a
sum, where at least one REE was below detection limit. Bulk REE and Eu/Eu* data as well as additional information for samples 1a, 1b, 3,4 and 5 are

taken from Grawunder (2010)

50 mL tubes (Greiner bio-one) for 24 h by shaking end-over-
end (ELU, E. Biihler) in triplicates. Additional blanks (just
acidic solution) were prepared the same way. H,SOy, in this
concentration was chosen for batch leaching for the following
reasons: (1) acidic conditions and high SO4>~ concentrations
are typical for AMD-impacted areas; (2) at the first sampled
site (Germany), 10 g L' H,SO, were formerly used for heap
leaching (Wismut GmbH 1994). The amount of solid material
used in the leachings was ranging between about 1 to 5 g,
depending on the available sample amount. The liquid/solid
ratio during the experiments was 10:1 (10 mL per 1 g). Results
for leachings of Y1 to Y5 at a liquid/solid ratio of 9:1 have
been taken from Grawunder (2010). After elution, samples
were centrifuged (15 min at 3,000 rpm; Multifuge 3L,
Heraeus), then the solution was filtered to 0.45 um (Y1-5:
cellulose acetate filters, Sartorius; all others: GHP acrodisc,
PALL), acidified with one drop HNO; (65 %, subboiled) for
stabilization and stored cool until analysis by ICP-MS and
ICP-OES as described above. Additionally, directly after 24 h
of leaching, pH was measured (WTW pH 330 with WTW
SenTix 81; 3 M KCl) in the supernatant of the elutions. In the
following, leaching results are labelled with “Y...”.
Calculations estimating the dissolved amount of pyrite
were carried out based on bulk Fe and dissolved Fe content

under the assumption that the samples are almost exclusively
pure pyrite. Hence, for these calculations only pyrite samples
were taken into account not being part of a polymineral
sample as previously identified with XRD (compare
Table 1). [S]so) representing the sulphur from pyrite dissolved
in solution was calculated by subtraction of the blank, which is
only the acid, from the concentration measured in the elution
solution after 24 h of batch experiment. [Fe]s, was measured
by ICP-OES, as described above, representing the dissolved
Fe. Both were used as molar concentration to calculate the
factor R=[S]so1/[Felso1 according to Ichikuni (1960) and
Descostes et al. (2004). When the R value is 2, the dissolution
is stoichiometric. Lower values indicate non-stoichiometric
dissolution, which is the expected range under acidic condi-
tions (Ichikuni 1960; Descostes et al. 2004). Only pyrite
samples being not part of a polymineral sample were taken
into consideration for calculations of R (compare Table 1).

Rare earth elements: ratios and anomalies, evaluation of
MREE enrichment

Among the REE, Ce, Eu and Gd can occur with either positive

or negative anomalies what is mainly due to different geo-
chemical behaviour or anthropogenic influence. For the
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calculation of Ce and Eu anomalies the following Eqs. 1 and 2
(Bau and Dulski 1996) are applied using PAAS (McLennan
1989) normalized values indexed with “paas”. Resulting
values <0.8 indicate a negative anomaly, values >1.2 a posi-
tive one following the standard deviations calculated for the
Eu anomalies in the leaching solutions.

Ce/Ce* = [Ce]PAAS/(O'S [La|pyys +0.5 [P”]PAAS> (1)

Eu/Eu" = [Eu) s/ (0.67 [Smlpyys +0.33 [TB]py5)  (2)

For comparison of the subgroups of light, middle and
heavy REE, ratios of PAAS-normalized representatives, that
means La for LREE, Tb for MREE and Lu for HREE, are
calculated ([Tb/La]PAAs, [LU./LEI]PAAS and [LU/Tb]PAAs).
Values higher than 1.2 indicate enrichment; values below 0.8
indicate depletion of a subgroup relative to another one. This
classification follows the standard deviations calculated for
the ratios in the leaching.

In aqueous samples, MREE enrichment can be overlain by
LREE or HREE enrichment, e.g., due to mixing of waters as
demonstrated for two samples A and B at different mixing
ratios in Fig. 1. Of course, such a “mixed pattern” occurs not
only after mixing of two waters, but can also occur during
release of different REE patterns from different minerals that
occur together in a host rock. Thus, the release pattern of a
rock sample finally represents the mixed release patterns of
different single minerals. For this model, under acidic condi-
tions strong fractionations e.g. by formation of secondary

oA —a—20:80
s A:B 4 —=—50:50
—4--B —e—80:20
2
2
w )
L A
X |
> ”
S /p/
/‘/

La Ce Pr NdPmSmEu Gd Tb Dy Ho Er TmYb Lu

Fig. 1 Sketch illustrating the change in the REE pattern at different mixing
ratios of two aqueous samples 4 and B. Assuming that 4 and B are mixed
according to the different mixing ratios, the resulting REE pattern will have
a stronger or weaker pronounced MREE enrichment, which especially for
release from polymineral samples in this study could be of importance. For
this model REE are considered to behave conservatively
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minerals are neglected, since REE behave conservatively in
acidic sulphate waters as e.g. reported by Verplanck et al.
(2004) for water with pH below 5.1. Figure 1 is only to clarify
that the calculation of REE ratios as well as the optical
impression of a REE pattern can lead to a non-consideration
of a present MREE enrichment during release due to its
weaker appearance.

Hence, considering mixing of different REE release pat-
terns especially for minerals within the polymineral samples,
as “MREE-enriched patterns”, patterns will be termed that
have either a [Tb/La]ppas ratio >1.2, a [Lu/Tb]paag ratio
<0.8, or both of them. This includes also the effect of pattern
mixing due to sample impurities by other mineral species.

Statistical analysis

To check if the intensity of MREE enrichment is related to the
release of other elements from pyrite, a principle component
analysis (PCA) with Varimax rotation was carried out using
SPSS 19.0.0 (IBM). Therefore, released contents of REE (La-
Lu), As, Al, Ca, Co, Fe, Mg, Mn, Ni, Pb and Zn were
implemented to the software. Eu was excluded due to its
anomalous behaviour. Cu was excluded because of four
values being below detection limit. Further the samples 7,
10 and 17 were excluded, since all of them contain mineral
impurities. Also sample 1b was excluded due to its high
similarity to la. The MREE enrichment was taken into ac-
count as a variable calculated with PAAS-normalized values
for La, Tb and Lu in a similar way than the anomalies.

Results
Water samples: general hydrochemistry

All water samples show an acidic pH in the range of
2.9 to 5.6, and EC values between 1.3 and 13.9 mS cm !
(Table 2). The Eh values indicate oxidizing conditions (450—
750 mV) for all the samples in this study. The dominating
anion in all water samples is, as expected for mining-impacted
environments, SO,>". All waters have as dominating cation
Mg, Ca or both of them (referred to meq L™ concentrations).
For samples RZ2 and RZ4 quite high Fe concentrations of
0.54 and 1.50 g L', respectively, have been measured.

Further, Al is an important metal for all sites with concen-
trations attaining values up to 237 mg L', Ni occurs espe-
cially in the German site in high concentrations up to
55 mg L' (Table 2). Extreme values of Zn were analysed at
the Romanian site (up to 193 mg L™"). The DOC is in the
range of 0.3 to 7.6 mg L.
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Table 2 Hydrochemical results of the water samples taken at different European sites
Germany Romania Sweden
GTF7 GTF13 GTF16 GTF25 GTF41 RZ2 RZ4 RZ5 RZ6 SP1 SP2
T [°C] 10.6 10.7 10.7 10.7 12.6 18.4 223 24.1 25.1 20.0 20.2
EC [pS em™ '] 2,560 7,270 5,930 6,750 13,870 4,440 5,940 2,540 1,264 2,210 2,210
pH 4.8 4.8 5.6 3.8 4.4 3.0 3.0 29 3.6 32 32
Eh [mV] 640 620 450 530 520 640 600 670 600 750 750
mg L
Ca 405 391 405 404 391 386 402 246 145 396 398
Fe 0.01 <0.02 3.7 57.8 21.1 538 1,499 119 15.6 6.3 6.3
K 2.1 4.8 13.8 1.7 6.2 7.0 11.5 37 5.0 10.0 9.8
Mg 193 1,346 987 1,139 3,050 141 88.3 60.1 30.9 574 57.2
Mn 14.2 296 150 93.4 500 338 114 119 46.1 52 52
Na 124 25.6 29.0 17.3 22.0 17.5 299 10.4 9.2 21.5 214
Cr 34 196 163 126 416 3.8 11.7 3.1 3.0 15.7 15.7
F 2.8 <7 35 21.7 48.7 3.73 13.7 <4 0.82 <0.8 <0.8
HCO;~ 5.0 9.8 22.7 dl dl dl dl dl dl dl dl
S0 1,745 6,548 4,916 5,957 14,428 3,721 6,033 1,604 716 1,284 1,271
DOC 1.6 29 7.6 2.9 6.3 2.0 2.6 1.4 1.5 0.3 0.3
ngl
Al 4,010 11,600 4,270 88,200 234,450 74,827 236,750 37,537 14,160 1,095 1,077
Cd 16.6 119 42 63 265 218 307 93.3 37.1 0.4 0.5
Co 416 5,135 1,796 3,023 12,360 197 336 84.2 329 20 19.7
Cu 81 76 54 1,397 2,112 389 188 233 102 2.7 4.0
Ni 4,465 21,437 9,909 17,297 55,037 472 500 199 76 69.5 69.4
Pb 0.4 <0.1 <0.1 0.5 2.3 43.7 772 43.8 152 1.7 1.2
Zn 465 2,976 1,509 4,431 12,490 90,400 193,000 39,200 15,600 55 80
SREE g L] 73 284 321 1,513 4,742 380 1,582 219 88 35 35
[Tb/Lalpans 8.4 16.1 5.0 18.2 19.1 5.8 7.1 54 5.1 5.0 48
[Lu/Tb]paas 0.6 0.6 0.5 0.9 0.8 0.6 0.6 0.6 0.6 0.5 0.5
Ce/Ce* 1.2 22 1.9 1.7 35 1.0 1.0 0.9 0.9 0.9 0.9
EwEu* 1.1 1.1 1.1 1.1 1.1 1.6 1.1 1.4 1.4 1.0 0.9

Further the total concentrations of REE in water samples as well as fractionation ratios and anomalies are given. The index “paas” indicates that for
calculation of the ratios PAAS-normalized values were used (PAAS after McLennan 1989)

EC electrical conductivity, DOC dissolved organic carbon, d/ indicates values below detection limit

Water samples: rare earth elements

In this study, the maximum total REE concentration was mea-
sured for GTF41 (4.7 mg L™'; Table 2). The PAAS-normalized
REE patterns of all working areas show a typical MREE en-
richment ([Tb/La]paas-range=4.8—19.1; [Lu/Tb]paas-range=
0.5-0.9; Fig. 2; Table 2). The occurrence of anomalies differs
from site to site. Samples from the German site show a positive
Ce anomaly (Ce/Ce*=1.2-3.5) and most of the the Romanian
samples a positive Eu anomaly (Ev/Eu*=1.1-1.6; Table 2).

Total contents and leaching of the sulphides

Besides Fe (323 to 472 mg g_l) and REE, for all samples
chemical impurities have been taken into account (Table 3).

For the pyrite samples especially Al (up to 11.4 mg g '), As
(upto2.8mgg '), Ca(upto5.5mgg "), butalso Co, Cu, Mg,
Mn, Ni, Pb and Zn were found in high total contents. For the
polymineral samples, Cu was with 13.6 and 13.5 mg g ',
respectively, especially high in TY7 and TY10. Furthermore,
for the polymineral samples TY7, TY10 and TY17 also high
contents of Ca (3.4-26.2 mg g ') and Mg (5.8-42 mg g ')
were measured underlining the presence of other minerals
such as dolomite or calcite (compare Table 1).

The released element contents from the pyrite samples
(Table 3) are especially high for Fe (1.5-9.8 mg g ') and Ca
(0.8-6.1 mg g "), as well as Al (0.02-0.83 mg g "), Mg (0.01—
0.97 mg g '), Mn (3.5-712 pg g ') and partly Zn (0.7
285 pug g ). For Mg (up to 10 mg g ') and Zn (up to
1,719 pg g ") again the polymineral samples Y7, Y10 and

@ Springer



Environ Sci Pollut Res (2014) 21:6812-6823

6818
1
g —=—SP1
—a—-SP2
O 0.1+
m ——GTF7
n'd 0.01 ——GTF13
’ —=—GTF16
—o—GTF25
0001 —+—GTF41
——RZ2
0.0001 —Oo-Rz4
—~—RZ5
LREE MREE HREE —0—-RZ6
0.00001 +——

La Ce PrNd PmSmEuGd Tb Dy Ho Er TmYb Lu

Fig. 2 PAAS-normalized REE patterns of water sampled at the different
mining sites. All of them show a typical clear MREE enrichment
(highlighted with grey background), partially overlain by a
HREE enrichment. Furthermore, German samples show a distinct posi-
tive Ce anomaly, some Romanian samples a positive Eu anomaly. The
two Swedish samples are almost identical and overlay each other. GTF
Germany, RZ Romania, SP Sweden

Y17 exceed these values. Furthermore, it is remarkable that
Ca for samples la, 1b, 5, 8, 10, 12, 13 and 14 as well as Mn for
sample 5 is in the leachate in a range of 100+10 % of the total
content indicating complete dissolution. Al, As, Co, (Cu), Fe
and Ni release is with <33 % comparably low (Table 3).

The total REE contents of the pyrites were in the range of
about 1.5in TY9 to 66.3 ug g ' in TY3 (Table 1). The PAAS-
normalized total content REE patterns are slightly different for
all samples (Fig. 3). Some are enriched in HREE (e.g. TY3,
TY4,TY10,TY12,TY13, TY14 and TY15), others in MREE
(e.g. TYlaand b, TY7 and TY8) and yet others have positive
Eu anomalies (TYS5, TY7, TY12 and TY 14) or slightly neg-
ative ones (TY3). The Romanian pyrite samples (11a and 11b)
will not be taken into account since most REE in total and
leached contents were below detection limit. No statement on
MREE enrichment is possible for those samples.

The pH in the leaching solution of the samples (Table 4)
did change only up to 0.2 pH units compared to the initial
elution agent (10 g L' H,SOy, pH 1.0) and was still in a very
acidic range of pH 1.0 to 1.2. The only exception was sample
Y17, were the pH was with 5.0 to 5.1 much higher, most
probably due to carbonate dissolution (calcite and dolomite)
occurring together with the pyrite in a polymineral sample
(Table 1). Based on the Fe concentrations in solution, the
amount of dissolved pyrite is generally low with a highest
dissolution 0f 2.3 % of the weighted start material (sample 13;
Table 1).

The leaching mobilized about 0.84 to 88 % of REE from
the samples, what is 0.33 to 11.6 pg g ', respectively
(Table 4). The 88 % were calculated for sample 8§, what is
rather an exception among the samples from which generally
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below ~30 % of REE were mobilized during leaching
(Table 4). The PAAS-normalized patterns of most of the
leaching samples show a common feature which is more or
less pronounced (Fig. 3): a clear MREE enrichment with [Tb/
La]paas ratios in the range of 1.1£0.1 to 69.5+1.1 and [Lu/
Tblpaas ratios of 0.041+0.003 to 0.89+0.02. A striking
MREE enrichment for example occurs in Yla and b, 3, 4, 5,
7,8,12,13, 14 and 15. Y9 and 10 are more flat or differ a bit
due to additional LREE or HREE enrichment. The
[MREE]paas value (Table 4), which was calculated to be
implemented into PCA is equal or higher than 1.5 for all
considered samples and with 1.5 lowest in Y9 and with 33.5
highest in Y 1a. [Lu/La]pa s ratios are except for Y9 and Y10
always higher than 1.4 indicating a HREE enrichment com-
pared to LREE during release from pyrite. Eu anomalies occur
after leaching for samples, which already had a Eu anomaly in
the normalized total contents (Fig. 3).

The highest value for the R factor (Table 1), 2.49+0.01,
was found for Y12 indicating that more S was released or Fe
was retained. An R value of 2 (1.98+0.02) indicating stoi-
chiometric dissolution was calculated for Y15. In Y14, R was
1.75+0.05. For all the other samples R was always <1.4. In
detail, for samples Yla and b, Y8, Y9 and Y13 R values
between 1.0 and 1.4 were calculated, for Y3, Y4 and Y5 much
lower values of 0.1 to 0.3. In all cases these values hint on a
non-stoichiometric dissolution of pyrite.

Effect of element impurities in pyrite on MREE release

The PCA carried out with released element contents (Table 3)
as described above resulted in five factors with eigenvalues
higher than 1 explaining in total 94.2 % of variance. The
included elements split after Varimax rotation into the follow-
ing factors: F1—all REE, Al; F2—Co, Ni, [MREE]paas;
F3—Mg, Mn; F4—Pb, Zn and F5—As, Ca and Fe. Detailed
values are given in Table 5. According to Einax et al. (1997),
only coefficients with values of 0.7 or higher are considered.

The REE all belong together with Al to F1 due to their high
geochemical similarity. Further, it becomes obvious that the
intensity of MREE release ((MREE]pa a5) seems connected to
the simultaneous release of Co and Ni, since all these items
can be found in factor F2.

Discussion

The water samples taken in the mining-impacted areas are
featured by MREE enrichment and in case of the German site
a positive Ce anomaly, whereby the latter one is expected to be
the result of groundwater interaction with Ce-enriched
Mn-(hydr)oxides (Grawunder et al. 2010). The MREE enrich-
ment in the water samples, regardless of whether it is ground-
water (GTF), creek/river water (RZ) or lake water (SP), is a
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Table3 Bulk (TY...) and sulphuric acid-released (Y...) contents of most abundant elements measured for the pyrite and polymineral samples. For REE

just the representatives La, Tb and Lu are shown

—1 -1

mg g Mg g ngg

Al Ca Fe Mg As Co Cu Mn Ni Pb Zn La Tb Lu
TYla 11.4 1.1 370 1.3 1,262 599 77.9 52.0 378 181 32 3,540 133 45
Yla 0.42 1.1 2.89 0.26 28 154 1.5 94 9.9 10.4 29 49 69 1.6
TYIb 10.5 1.1 372 1.2 1,055 591 76.6 61.1 367 174 34 2,770 138 48
Y1b 0.39 1.1 2.46 0.21 22 16.1 1.3 12.9 10.2 12.0 1.9 45 64 1.6
TY3 5.8 1.2 461 0.69 2,832 148 5.6 30 486 26.4 315 13,190 360 195
Y3 0.10 0.89 1.50 0.14 72 0.49 dl 17.8 1.4 7.5 3.1 48 10.9 2.0
TY4 1.5 24 463 1.3 133 946 30.4 177 384 5.5 52 12,560 319 203
Y4 0.04 1.7 1.84 0.71 1.2 1.8 dl 103 1.8 1.6 0.70 235 15.5 3.8
TYS 1.1 3.8 458 1.2 198 121 29.0 733 48.4 48.1 69.3 3,260 123 51
Y5 0.07 34 3.74 0.82 2.6 2.5 0.02 712 1.1 10.7 8.7 119 30 5.9
TY7* 11.8 44 417 5.8 1,257 4.1 13,640 123 20.8 75 4,535 2,970 248 76
Y7* 1.1 1.6 278 0.55 24 0.12 911 25 1.0 22 1,090 758 82 13.0
TY8 1.0 32 472 0.62 101 0.75 5.5 4.6 34 15.6 3.8 603 193 34
Y8 0.19 3.1 437 0.19 10 0.03 dl 35 0.19 8.7 1.9 512 173 14.4
TY9 0.38 1.1 468 0.40 0.43 76.1 2.1 5.8 184 0.84 1.4 337 dl dl
Y9 0.12 0.82 6.85 0.15 0.14 1.1 dl 43 2.9 0.45 0.75 105 23 0.61
TY10* 4.1 34 323 42 287 36.3 13,488 220 1.2 472 350 706 45 28
Y10* 0.26 3.6 1.26 1.2 1.6 0.07 257 105 0.06 27 46 643 16.4 8.2
TY12 0.17 5.5 448 0.02 237 4.0 1,937 12.3 1.3 32 37.1 370 51 16
Y12 0.02 6.1 7.64 0.01 48 0.09 419 6.5 0.07 2.7 19.5 89 8.6 1.8
TY13 7.1 39 419 1.3 35 68 234 339 3.7 24.1 31.1 5,330 358 272
Y13 0.83 42 9.77 0.97 7.4 1.8 0.04 246 0.28 6.5 18.2 1,598 139 313
TY14 0.55 1.1 461 0.07 140 10.8 1,087 20.7 11.1 52 874 840 37 21
Y14 0.05 1.2 3.40 0.02 12.5 0.12 209 10.1 0.15 24 216 31 5.5 1.8
TYI5 0.66 23 458 0.23 655 14.5 1,448 49.5 10.8 2,441 3,579 456 155 48
YIS 0.07 2.0 1.57 0.09 15.6 0.10 82 18.3 0.19 36 285 78.3 30 5.4
TY17* 55 26.2 340 29.3 432 0.26 1,454 506 0.52 1,874 61,708 4,100 71 33
Y17* 0.03 45 227 10.0 1.0 0.01 dl 357 0.02 30 1,719 166 26 12.1

Alto Mg are given inmg g, Asto Zn in pg g and La to Lu in ng g . Data for bulk contents of samples 1a, 1b, 3, 4 and 5 and the respective REE

leaching data are taken from Grawunder (2010)

Asterisks mark polymineral samples, d/ indicates values below limit of detection

very abundant phenomenon in AMD-impacted but also natu-
rally acidic areas as shown in this study and in literature (e.g.
Gimeno Serrano et al. 2000; Johannesson and Lyons 1995;
Merten et al. 2005). The source of this feature recently was
still under debate. The results of the present study clearly
indicate a pronounced MREE release from pyrite under acidic
conditions. It is assumed that the release is process controlled,
since the total content patterns are not identical to the release
patterns in an acidic environment and also calculations have
shown that pyrite is only partly dissolved under the applied
conditions. For pyrites studied in this work the total REE
contents were in a wide range (1.5 to 66.3 pg g ') and also
the amount of REE released from the pure pyrites (Tables 1
and 4) is in a large range from below 1 to almost 90 %, what is
a clear indication for the fact that the incorporation of REE
into pyrite might differ from sample to sample. Unfortunately,

there is only little knowledge on REE incorporation into
pyrite. Up to now, it was assumed to be a result of fluid
inclusion reflecting the fluid composition the pyrite formed
from (Mao et al. 2009) or of crystal defects (Zhao and Jiang
2007). Both hypotheses are in agreement with the total diges-
tion results, where the total content REE patterns differ from
one sample to the next due to the formation conditions and
formation environment of the pyrite as far as known. REE also
can be contained in nanoparticles included in the pyrite crys-
tals as found for other trace metals (Deditius et al. 2011). The
pyrite in the recent study originated from different geological
environments. For instance, pyrite samples la and 1b were
sampled in the Ronneburg area. The abundance of pyrite and
marcasite in the local Palaeozoic rocks was described to vary
between 0.5 to 7 % (Lange et al. 1991). Samples la and b, as
well as 5, were all found in black shale and slate settled under
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Table 4 Given are the pH values in the acidic solution (pHy,) after 24 h of leaching, the leached REE amounts (REE ;s; N=3) in micrograms per gram
and in percent of total REE content, as well as fractionation ratios and Eu anomalies

Yla YIb Y3 Y4 Y5 Y7 Y8 Y9 Y10 Y12 Y13 Y14 Y15 Y17
PHsol 1.1 1.0 1.0 1.0-1.1 1.1 nm 1.1-1.2 1.1 1.1 1.0 1.2 1.0 1.1 5.0-5.1
REEgiss 1 2.07 1.93 0.55 1.55 178 6.25 11.57 0474) 32 0.582 12.7 0.335 149 1.85
SD[ug ¢! 0.06 0.06 0.01 0.05 0.03  0.03 0.08 (0.009) 0.1 0.005 0.1 0.008  0.01 0.07
REEg;ss [%] 2.3 2.5 0.84 2.4 9.2 27 88 nc 74 20 33 6.3 22 9.3
[Lw/Lalpaas 29 3.20 3.6 1.434 4.4 1.52 2.49 0.52 .12 1.8 1.73 5.0 6.04 6.4
SD 0.2 0.07 0.1 0.005 0.2 0.02 0.02 0.07 0.04 0.1 0.02 0.4 007 0.2
[Lu/Tb]paas 0.041 0.046 0325 0.439 035 0283  0.150 0.48 0.89  0.38 0.401  0.59 032 0.83
SD 0.003  0.002  0.007  0.007 0.02  0.002  0.003 0.08 0.02  0.03 0.003  0.06 0.01  0.02
[Tb/Lalpans 69.2 69.5 11.1 3.36 126 54 16.6 1.1 126 4.8 4.30 8.6 191 7.7
SD 3.8 1.1 0.2 0.06 0.2 0.1 0.2 0.1 0.06 0.2 0.01 0.3 0.8 0.4
[MREE]paas 335 30.8 4.5 2.6 43 nc 9.0 1.5 nc 33 3.0 2.6 49 nc
Euw/Eu* 1.15 1.161 1.19 1.306 295 143 3.19 1.1 062 3.8 1.38 4.6 1.78  1.38
SD 0.01 0.001  0.02 0.005 0.02  0.03 0.02 0.1 0.02 0.2 0.01 0.3 0.02  0.01

[MREE]paas gives the intensity of MREE enrichment released from pyrite. Values in brackets for Y9 represent a sum, where at least one REE was below
detection limit. Ratios ([Lu/La]paas, [Lu/Tb]pass and [Tb/La]pa as) and Eu anomaly data for samples 1a, 1b, 3,4 and 5 are taken from Grawunder (2010)

SD indicates the standard deviation (N=3), nc not calculated
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Table 5 Eigenvalues (A;), their percentage of variance (Var%) and
Varimax rotated loadings of the five factors (F1-F5) resulting from PCA

F1 F2 F3 F4 F5
Ai 13.258 3.534 2.438 1.929 1.437
Var% 55.241 14.727 10.157 8.037 5.988
La 0.796 —0.103 0.444 —0.069 0.276
Ce 0.896 —0.102 0.326 —0.100 0.201
Pr 0.964 —0.104 0.163 —0.120 0.122
Nd 0.980 —0.085 0.023 —0.153 0.040
Sm 0.950 —0.008 —0.117 —0.171 —0.058
Gd 0.961 0.126 —0.050 —0.158 —-0.010
Tb 0.976 0.131 —0.039 —0.011 0.011
Dy 0.977 0.106 0.007 —0.136 0.047
Ho 0.993 0.021 0.056 —0.024 0.080
Er 0.979 —0.048 0.126 —0.092 0.113
Tm 0.921 —0.134 0.192 0.233 0.135
Yb 0.919 —0.128 0.307 —0.049 0.182
Lu 0.832 —0.154 0.382 0.254 0.208
Al 0.695 0.386 0.409 0.018 0.256
As —0.163 0.307 —0.482 0.092 0.768
Ca 0.256 —0.274 0.083 —0.118 0.823
Co —0.022 0.993 0.070 —0.068 —0.016
Fe 0.379 —0.161 0.202 —0.294 0.697
Mg 0.343 0.025 0.881 —0.199 —0.021
Mn —0.014 —0.086 0.790 —0.089 —0.001
Ni —0.145 0.952 —0.030 —0.176 —0.137
Pb —0.054 —0.027 —0.119 0.965 —0.154
Zn —0.169 —0.200 —0.158 0.937 —0.048
[MREE]paas 0.105 0.964 —0.198 0.008 —0.046

[MREE]paas represents a measure for strength of MREE enrichment.
According to Einax et al. (1997), only coefficients with values of 0.7 or
higher are considered (here marked bold)

marine conditions and enriched in MREE already regarding
the total content. This MREE enrichment in pyrites formed
under marine conditions can be explained with the model for
recent MREE-enriched pore waters by Haley et al. (2004) to
some degree. They stated that with increasing depth, oxygen
consumption results in reducing conditions and
Fe-(hydr)oxides in the sediments, which are enriched in
MREE, become unstable (Haley et al. 2004). Consequently,
the bound REE are released to the pore water. The formation
of sulphides, including pyrite, could take over the REE pattern
of the pore water. A similar statement was made by Zhao and
Jiang (2007) for sulphides formed hydrothermally. In this
context, another clear indication for different formation con-
ditions is the positive Eu anomaly occurring only in some
samples (e.g. TYS, TY7, TYS, TY12 and TY14). Eu anoma-
lies, generally, can be explained by the predominant occur-
rence of Eu”" under reducing conditions, or at temperatures
above 250 °C and elevated pressure and thus, its higher
abundance e.g. in feldspars (e.g. Nagasawa 1971;

Sverjensky 1984) or even pyrite. To sum up, depending on
the formation environment, the total REE patterns of pyrite
can vary. However, this all might explain the different total
content REE patterns, but not the similarities during the re-
lease under acidic conditions.

The pronounced MREE release from the samples is
expected to be a result of the pyrite oxidation process.
However, a facilitated release of MREE due to their ionic
radius is unlikely; even if it was likely to substitute for Fe or
S, either LREE or HREE would be released preferentially due
to their especially large or small size. Redox-controlled pro-
cesses also can be neglected, since only Ce and Eu would be
affected to a higher extent. During pyrite oxidation, sulphate
forms, which already was precluded by Johannesson and
Zhou (1999) to cause MREE enrichment by complexation.
Actually, sulphate is the final S-species in the pyrite oxidation
process. In between, S occurs in form of various other S-
species. At this point, the results of this study together with
results from literature hint on a mobilization by solution
complexation with another, intermediate metastable S-
species, such as sulphite (SO5>") or thiosulphate (S,05>"). In
fact, thiosulphate was found to be the first oxidation product
of S,>~ for pyrite, but e.g. also for sphalerite (Luther 1987;
Moses et al. 1987). Moses et al. (1987) also discussed that at
pH<S5 thiosulphate decomposes to other S-species what later
was studied by Xu and Schoonen (1995). They also attributed
a key role in sulphur cycle to thiosulphate decomposing in the
presence of pyrite via different pathways to sulphite and
tetrathionate which depends amongst others on the pyrite
surface concentration (Xu and Schoonen 1995). It is expected
that even if these S-species are rather short-lived they might be
important in the actual process of REE mobilization during
pyrite dissolution. Unfortunately, to best knowledge, there is
little information on REE complexation to these ligands, e.g.
in form of speciation constants.

Previously, it was found that generally pyrite oxidation
below pH 3 is a non-stoichiometric dissolution with a deficit
in aqueous sulphur that is expected to precipitate as S° or to
degas as SO, under acidic conditions (Descostes et al. 2004).
However, the approach of Descostes et al. (2004) had a
different experimental setting, using a higher liquid to solid
ratio and HNO; and HCIO, as elution agents with pH values
around pH 2, what finally resulted in a R=[S]s,/[Felso Of
about 1.6. They assigned this lower ratio to the disproportion
of $,05%", being the first S-species in pyrite oxidation, to the
formation of S° and S404> . Descostes et al. (2004) also
observed R>2 as calculated in this work for Y12 discussing
that R is time dependent with a first interval of R >2 which can
last between just one up to several hours. If now neglecting the
different liquid to solid ratios and the used acids, the elution
solution used in the present work is more acidic (pH 1) leading
to R values below 1.4. Descostes et al. (2004) discussed that at
R values below 1.6 sulphite (SO5>) forms, which is stable
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under acidic conditions as SO, with the option of partial
degassing. Based on this information, the preferential MREE
mobilization might be a result of either complexation to 820327,
the first S-species in pyrite oxidation, or one of its decomposi-
tion products such as SO;”".

However, besides AMD-impacted or naturally acidic areas,
MREE enrichment is described to occur in other environments
such as pore waters in seafloor sediments (Haley et al. 2004).
Indeed, the model of Haley et al. (2004) supports the hypoth-
esis of complexation to a S-species different from SO, since
it describes MREE-enriched pore water solutions in the anoxic
zone, where sulphate-reducing bacteria are present (e.g.
Jorgensen and Bak 1991) which also can produce ligands
among the S-species causing MREE enrichment. In that case
not the dissolution of MREE-enriched Fe-(hydr)oxides (Haley
et al. 2004) but complexation to a S-species could cause
MREE enrichment.

Finally, impurities in the pyrite samples should be taken
into account. Cruz et al. (2001) stated that also the occurrence
of impurities such as other sulphide minerals affects the pyrite
reactivity. The pyrite samples in this study, neglecting the
polymineral samples (samples 7, 10 and 17), have thoroughly
non-negligible contents of Al, As, Ca and Mg, but also Co, Ni
and Pb, whereby Co, Cu, Ni and Zn are in a comparable range
as data presented by Descostes et al. (2004). To get an idea on
the influence of the release of impurities such as Al, As, Ca,
Co, Mg, Mn, Ni, Pb and Zn on the strength of MREE enrich-
ment, a PCA was carried out. In general, the resulting factors
comprise elements with similar geochemistry or geochemical
distribution. For example, F1 includes the trivalent elements
(REE and Al), or F4 Pb and Zn that often occur together as
ores such as e.g. in the Montevecchio-Ingurtosu mining dis-
trict in Italy (Medas et al. 2012). However, the more interest-
ing part was the relation of Ni, Co and MREE enrichment, all
included in factor F2. As previously found by Lehner and
Savage (2008) working with Co and Ni doped synthetic
pyrites, these two elements increase the oxidation rate of
pyrite slightly under acidic conditions (pH 2). Thus, factor
F2 seems to comprise items and elements having a connection
with the oxidation rate of pyrite. Since also [MREE]paas
belongs to this factor this can be seen as a hint that the strength
of MREE enrichment is connected to the oxidation rate as
well. As discussed above, a metastable S-species is expected
to cause MREE enrichment in general. A higher oxidation rate
due to impurities such as Ni or Co (Lehner and Savage 2008)
might also increase the release of MREE by higher concen-
trations of this metastable S-species.

Conclusions

Based on the recent data the occurrence of MREE enrichment
in AMD-impacted areas is assumed to be most probably
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connected to complexation to an intermediate S-species dur-
ing pyrite oxidation. Calculation of molar [S]s,/[Fels, ratios
indicate non-stoichiometric dissolution and the presence of
SO5%, but based on the current data also other S-species such
as S,05%~ influencing the REE release cannot be excluded.
The strength of the MREE enrichment most probably can be
traced back to different oxidation rates of pyrite, due to its
impurities. Complexation constants for REE and intermediate
S-species in pyrite oxidation were not determined up to now,
but this complexation with such a species might probably be
the missing link to explain MREE enrichment in AMD-
impacted but also naturally acidic areas.
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