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stream sediment geochemical analyses, as well as other techniques such as sequential extraction,
Méossbauer spectroscopy, and X-ray diffraction. Ribeira da Agua Forte is a stream that drains the area of
the old mine dumps of the Aljustrel mine, which have for decades been a source of acid waters. This
stream flows to the north for a little over than 10 km, but mixes with a reduced, organic-rich, high pH
waste water from the municipal waste water pools of the village. This water input produces two different
results in the chemistry of the stream depending upon the season: (i) in the winter season, effective water
mixing takes place, and the flux of acid water from the mine dumps is continuous, resulting in the imme-
diate precipitation of the Fe from the acid waters; (ii) during the summer season, acid drainage is inter-
rupted and only the waste water feeds the stream, resulting in the reductive dissolution of Fe hydroxides
and hydroxysulfates in the stream sediments, releasing significant quantities of metals into solution.
Throughout the year, water pH stays invariably within 4.0-4.5 for several meters downstream of this mix-
ing zone even when the source waters come from the waste water pools, which have a pH around 8.4. The
coupled interplay of dissolution and precipitation of the secondary minerals (hydroxides and sulfates),
keeps the system pH between 3.9 and 4.5 all along the stream. In particular, evidence suggests that schw-
ertmannite may be precipitating and later decomposing into Fe hydroxides to sustain the stream water pH
at those levels. While Fe content decreases by 50% from solution, the most important trace metals are only
slightly attenuated before the solution mixes with the Ribeira do R6xo stream waters. Concentrations of
As are the only ones effectively reduced along the flow path. Partitioning of Cu, Zn and Pb in the contam-
inated sediments also showed different behavior. Specific/non-specific adsorption is relevant for Cu and
Zn in the upstream branch of Ribeira da Agua Forte with acid drainage conditions, whereas the mixture
with the waste water causes that the association of these metals with oxyhydroxide to be more important.
Metals bound to oxyhydroxides are on the order of 60-70% for Pb, 50% for Cu and 30-60% for Zn. Organic
matter is only marginally important around the waste water input area showing 2-8% Cu bound to this
phase. These results also show that, although the mixing process of both acid and organic-rich waters
can suppress and briefly mitigate some adverse effects of acid drainage, the continuing discharge of these
waste waters into a dry stream promotes the remobilization of metals fixed in the secondary solid phases
in the stream bed back into solution, a situation that can hardly be amended back to its original state.
© 2012 Elsevier Ltd. All rights reserved.

1. Introduction environmental problems related to metal pollution. The large accu-
mulation of mine wastes with minimal or no treatment results in

The Iberian Pyrite Belt (IPB) has a long mining history that has the development of acid-mine drainage (AMD), which is a major
resulted in several abandoned mines currently causing severe contamination source for groundwater, streams and rivers, soils,
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and sediments. AMD results from a process triggered by pyrite oxi-
dation, mostly aided by bacterial activity, producing acid waters
with pH around 2 or less, abundant colloidal Fe and high concen-
trations of transition metals, which were important constituents
in the exploited ores. A significant number of papers have de-
scribed this problem in the IPB, the majority of which have been
on the Spanish side of the IPB (Galan et al., 2003; Sdnchez-Espafia
et al., 2005, 2008; Pérez-Lopez et al., 2007, 2010; Hubbard et al.,
2009), largely because of the exposure of the mineralization and
common use of open-pit mining methods. The motivation for these
studies arose from the large tailings spill and associated AMD that
affected the Donafia National Park (Grimalt et al., 1999; Tovar-
Sanchez et al., 2006). In either case, all mining operations handled
massive amounts of waste rock that accumulated on the surface,
some near important populated areas and villages, such as
Aljustrel. These waste rock-piles, subjected to weathering, become
significant sources of acid-mine waters that rapidly disperse into
the drainage basin. AMD around Aljustrel has been a serious prob-
lem that affects several streams and results from decades of mining
with little regard for the environment. Most of the evidence of
environmental impact is still detectable in stream sediments but
ongoing remediation and better mining practices have reduced
the spread of acid drainage to many of these streams. However,
Ribeira da Agua Forte has remained an exception, mostly because
it receives drainage from mine dumps, old cementation pools,
and the acid-water pond that forms in the tailings site. Even
though the land has been subjected to reclamation in recent years
with the construction of water-diversion systems that tend to min-
imize waste rock-water interactions, the truth is that the major
problems in the streams are far from being mitigated. Studying
AMD systems is a challenging task because of the chemical com-
plexity of acid-mine waters and their interaction with stream sed-
iments, which includes the formation of secondary solid phases.
This work focuses on a specific situation where acid-mine waters
flowing along the Ribeira da Agua Forte are mixed with reduced,
organic-rich, high pH, waste waters in their path. Whereas the
immediate effects result in the rapid neutralization of the AMD
waters, this neutralizing capacity does not last for long, and the
waters readily return to a low pH around 4.0-4.5 within the next
hundreds of meters downstream. The situation does not vary much
seasonally, even in the drier season when the water flowing from
the mine wastes is temporarily interrupted. In order to understand
this geochemical system and its potential attenuation effects, a
survey of the mineralogy and metal partitioning among different
phases in the stream sediments was performed using X-ray
diffraction, Mossbauer spectroscopy, and sequential extraction
techniques.

Generation of acid-mine waters is known to be mostly due to
pyrite oxidation (e.g. Nordstrom and Southam, 1997; Nordstrom
and Alpers, 1999; Druschel et al., 2005), even if pyrite is only a
minor disseminated phase in the rock. The mechanisms that pro-
mote pyrite oxidation are generally described by

FeS, +3.50, + H,0 = Fe*" +2S0; +2H" (1)
and
FeS, + 14Fe*" + 8H,0 = 15Fe*" +2S0; + 16H". (2)

Reactions (1) and (2) reflect two oxidation mechanisms where
either atmospheric 0, or Fe** acts as the oxidant. It has been
widely demonstrated that reaction (2) is much faster and more
important (e.g., Nordstrom and Southam, 1997; Nordstrom and Al-
pers, 1999; and references therein), but is limited by the rate of
Fe?* oxidation. This oxidation step is the cornerstone of the whole
process and outlines the importance of Fe-oxidizing bacteria in
re-oxidizing the Fe?* produced in reaction (2), as opposed to the

sluggish process of O, diffusion towards the pyrite surface needed
to produce the same effect abiotically (Nordstrom and Southam,
1997). The resulting highly acidic solution from reaction (2) also
maintains the necessary conditions to keep Fe>* dissolved, at least
at the mineral surface (Bigham and Nordstrom, 2000). However
this only describes the initial steps of AMD development, and the
fate of reaction products, namely Fe** and SO is crucial to under-
stand the chemistry of both acid waters and stream sediments af-
fected by the continuous flow of acid-mine waters for tens of
kilometers. High Fe—SOf{ waters can be supersaturated with re-
spect to various sulfates, including jarosite and schwertmannite
(Bigham and Nordstrom, 2000). Ever since schwertmannite was
first described (Bigham et al., 1994), its importance has been
increasingly recognized in controlling the fate of trace metals
and maintaining acid conditions (Acero et al., 2006; Knorr and
Blodau, 2007; Peretyazhko et al., 2009). However, its proper recog-
nition is significantly hindered because it is normally poorly crys-
tallized, it is metastable, and it occurs commonly mixed with other
nano-scale Fe-bearing phases, especially poorly crystalline Fe oxy-
hydroxides (Bigham and Nordstrom, 2000). Demonstrating the
importance of these mechanisms and which other mechanisms
are operative in these systems, requires an integrated approach
to decipher not only the mineralogy, but also the chemistry of
waters and stream sediments, and with which phases the metals
in the sediment are associated.

Sequential extraction techniques are helpful to address this lat-
ter problem by providing an approximate picture on metal distri-
bution within sediments. These techniques have been widely
used as a way to quantify metal partitioning in different solid
phases, allowing a better understanding of the behavior of metals
in relation to their solubility, mobilization, and availability in sev-
eral environments (Morillo et al., 2002; Pérez-Lépez et al., 2008).
This approach is never fully accurate because it is well known that
sequential extraction techniques have several shortcomings, which
include nonspecificity of extractants and re-adsorption of metals
into other phases (Kheboian and Bauer, 1987; Bermond, 2001).
Additionally, the use of conventional sequential extraction proce-
dures published in the literature is inadequate for sediments from
AMD environments, especially because of the large amounts of Fe
oxyhydroxides. Therefore, a modified sequential extraction scheme
is proposed. The pioneering work of Tessier et al. (1979) triggered a
wealth of applications based on their method in spite of the recog-
nized shortcomings, which have been hotly debated in the scien-
tific literature. These limitations led to the proposal of alternative
methods, some with the aim of being standard reference methods
to be used by the scientific community (Quevauviller et al., 1994;
Sahuquillo et al., 1999). However, this goal remains unrealized be-
cause there is not a single method that can be equally applied to all
kinds of samples. In a much more modest perspective, several
authors have tried to introduce modifications specially designed
to meet their own requirements (e.g., Hirner, 1992, 1996; Breward
et al., 1996). This customization was the objective in the present
work and was achieved by incorporating the modifications pro-
posed by Hirner (1996) and Breward et al. (1996), and inverting
the sequence between the Fe oxyhydroxides and organic matter
steps. This modification is justified by the large amount of Fe oxy-
hydroxides present in the samples together with reduced solid
phases, mostly sulfides, that are easily oxidized and dissolved dur-
ing the organic matter step.

2. Geological setting
The study area is located in the Aljustrel mining region, which

belongs to the IPB (Fig. 1), and comprises six massive sulfide
deposits within an approximate area of 12 km? totalling 250 Mt
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Fig. 1. Simplified geological map of the Aljustrel area (adapted from Schermerhorn et al. (1987)). The inset shows the Iberian Peninsula and the location of the Iberian Pyrite

Belt (IPB).

of reserves and putting it amongst the most important massive
sulfide deposits of the world (Carvalho, 1976; Barriga and
Carvalho, 1983; Carvalho et al., 1999). The main rocks cropping
out in the Aljustrel area are volcanic rocks, mostly rhyolites, cov-
ered by chemical sediments, which include jasper, constituting
the so called volcanic-siliceous complex (upper Devonian-lower
Visean) (Carvalho, 1976; Barriga and Carvalho, 1983; Barriga and
Fyfe, 1998). This complex overlies the more recent lithologies
belonging to the flysch group, an alternating sequence of schists
and greywackes (upper Visean), along its SE border, which is
marked by the major Aljustrel thrust fault (Oliveira, 1990). The
geological structure is folded and thrusted in a NW-SE direction
and later cut by a series of NNE-SSW dextral strike-slip faults,
events that took place during the different deformation phases of
the Variscan orogenic cycle. The NW-SE striking lithologies have
been offset by the left-handed strike-slip NW-SE Messejana Fault,
a major structure that cuts across the crust and extends for hun-
dreds of kilometers. The massive sulfide deposits are mainly com-
posed of pyrite FeS,, sphalerite (Zn,Fe)S, galena PbS, chalcopyrite
CuFeS,, and minor arsenopyrite FeAsS with average grades of 1%
Cu, 3.5% Zn, 1.2% Pb, 1 ppm Au and 35 ppm Ag (Barriga and Fyfe,
1998). Some of these deposits occur at shallow levels and have
been extensively oxidized forming a gossan with some Au concen-
trations that were exploited in Roman times.

3. Materials and methods
3.1. Sampling and samples preparation

Sampling included stream sediments and surface waters, and
was performed along one of the streams draining the mining area
of Aljustrel, Ribeira da Agua Forte, and from both the major mine
acid water dam where water and wastes from the mining process-
ing plant are retained and from the tailings acid water pond
(Fig. 2). Surface waters (sample reference AJTA) were collected in
June-July 2006 and March 2007, using two 2-L polyethylene bot-
tles for major ions. Water samples for major ion analysis were pro-
cessed within 24 h. All bottles used for sampling were previously
rinsed with a reagent grade acid solution and filled twice with
the water to be sampled before its collection. Smaller 100 mL bot-
tles were used to collect waters for trace metal analyses, which
were subsequently acidified with 0.5 mL HNOj3 (p.a.). The analyses
were performed at the Water Analysis Laboratory (Instituto Supe-
rior Técnico, Lisbon; all analytical procedures are certified by the
norm NP EN ISO/IEC 17025) for the major ions. The analytical tech-
niques included: Molecular Absorption Spectrophotometry
(NH*",NO;), lon Chromatography (ClI~,NO2~,S02"), Flame Atomic
Absorption Spectrometry (Ca%*, Mg2*), Flame Photometry (K*, Na*)
and Thermal Atomization Atomic Absorption Spectrometry (Fe?*).
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Fig. 2. Simplified map with the location of the sampling points for waters and sediments in the Ribeira da Agua Forte. Also indicated are the location of the acid mine water
dam (near the mining processing plant), the acid water pond (in the tailings area), the municipal waste water pools, and the flow path. The mineralogy identified by XRD and
Maossbauer spectroscopy is indicated near the corresponding samples. Mineral abbreviations follow, whenever possible, the Whitney and Evans (2010) rules and listing
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sediment samples are referenced as AJT.

Trace elements were analyzed at the Activation Laboratories (Can-
ada; certification ISO/IEC 17025) with Inductively Coupled Plasma
Mass Spectrometry (ICP-MS). Samples which were over the analyt-
ical range for specific elements were additionally analyzed by
Inductive Coupled Plasma-Optical Emission Spectroscopy (ICP-
OES). Electrical conductivity and temperature measurements were
made using the WTW LF91 conductivity meter with a WTW KLE 1/
T cell coupled with a calibrated temperature probe. Water pH and
Eh were measured with a WTW pH323 pH meter using a WTW
SenTix 50 Ag/AgCl electrode (pH), and an E56 Pt electrode with a
reference Ag/AgCl electrode (redox). Speciation calculations and

geochemical modeling were performed with PHREEQC using the
phreeqc.dat database with no modifications (Parkhurst and Appe-
lo, 1999).

The sediments were collected at the same sample sites as water
whenever accessibility was possible and sufficient sediment was
available for sampling (sample reference AJT). These sediments
represent the solid phases that interact with the aqueous phase
that percolated through the mine dumps. They include eight of
the 10 sample sites for water, selected in order to characterize
the AMD system at proximal and distal points. Surface sediment
samples were collected and stored in plastic bags and polyethylene
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bottles. Sediment samples with references AJT-14A and AJT-14B
were collected at the same spot and represent the surficial, up to
10 mm thick deposit of orange-red material (mostly Fe oxyhydrox-
ides in a floccy material) and the underlying dark sediment, respec-
tively. Samples AJT-16 and AJT-17 were both collected at the
location where acid waters and organic-rich waste waters mix.
Samples AJT-4, and AJT-5 are from the acid-water dam that col-
lects the water and wastes from the mining processing plant and
AJT-1 is from the tailings pond that feeds the Ribeira da Agua Forte.

Sediment samples were oven dried at 30°C for up to 48 h
depending on humidity. They were subsequently disaggregated
with a rubber-head hammer, homogenized, sieved (<90 nm), and
then divided into 10 g portions. Samples for the sequential extrac-
tion procedures were dried at 105 °C overnight in order to release
residual water. The chemical composition of these sediments was
determined at the Activation Laboratories (Canada) by Instrumen-
tal Neutron Activation Analysis (INAA) and ICP-MS, using a four-
acid (HF, HCIO4, HNO3 and HCI) digestion technique.

3.2. Mdssbauer spectroscopy and X-ray diffraction

A subset of the sediment samples was selected for Mdssbauer
spectroscopy, including sediments from low pH waters (~2), from
the mixing zone of acid waters with organic-rich waste waters,
and further downstream. The °’Fe Méssbauer measurements were
recorded between 295 and 4.2 K in transmission mode using a con-
ventional constant acceleration spectrometer and a 25-mCi °’Co
source in Rh matrix. The velocity scale was calibrated using an o-
Fe foil at room temperature. Isomer shift values are given relative
to this standard. Powdered samples were gently packed together
with Lucite powder into Perspex holders, in order to obtain homo-
geneous and isotropic Mossbauer absorbers containing about 5 mg/
cm? of natural Fe. Low-temperature measurements were per-
formed using a bath cryostat with the sample immersed in liquid
He for measurements at 4.2 K and in He exchange gas for tempera-
tures >4.2 K. The spectra were fitted to Lorentzian lines using a non-
linear least-squares method (Figueiras and Waerenborgh, 1997).
Relative areas and line widths of both peaks in a quadrupole dou-
blet and of peak pairs 1-6, 2-5 and 3-4 in a magnetic sextet were
constrained to remain equal during the refinement procedure. Dis-
tributions of quadrupole or magnetic splittings were fitted accord-
ing to the histogram method.

Powder X-ray diffraction (XRD) was performed with a Rigaku
MiniFlex II diffractometer, using CuKa radiation with an output
voltage of 30 kV and an output current of 15 mA, a graphite crystal
monochromator, and a detector with a Nal(T1) scintillator and a
Be window. Samples were scanned in the 3-90° range with steps
of 0.02° in continuous mode, at a rate of 0.40°/min. The same pow-
dered samples were also reacted with a mixture of oxalic acid and
ammonium oxalate for 4 h in the dark to dissolve poorly crystalline
Fe phases, and other metastable phases, and were reanalyzed by
XRD.

Mineral identification was done with the aid of the software
Identify (Carvalho, 1998), which assigns the diffraction peaks to
the reported peaks in the Powder Diffraction File from the JCPDS-
ICDD, ordering the minerals according to the number of peaks
matched relative to the number of peaks present. The analysis of
the diffractograms required careful post-processing to eliminate
spurious matches of mineral peaks and reduce the number of work-
able hypotheses to a reasonable number of minerals to work with.

3.3. Sequential extraction
The sequential extraction procedure was performed in dupli-

cate and the sequence was adapted to handle samples affected
by AMD, because of their large Fe content and the presence of

sulfides in some of them. A total of five sequential extraction
schemes were attempted, but only the last two were successful
and gave acceptable results. Due to the necessity of trying so many
attempts, the stock of samples AJT-14A and AJT-14B ran out and it
was necessary to collect more for the two last extraction schemes.
The samples were collected at the same place, but two years after
the first sampling; and because of the dynamic nature of this sys-
tem, chemical differences are expected. Furthermore the underly-
ing sediment (14B) was much more mixed with surface material
than it was during the first sampling survey. In the selected extrac-
tion sequence, the organic matter step is performed according to
Breward et al. (1996) and before the Fe-Mn oxyhydroxides step,
and this last step is split into two substeps in order to enhance
the recovery from the oxyhydroxide phases. The whole sequence
is summarized in Table 1. For each extraction sequence, 2 g of
sediment sample dried at 105 °C overnight was weighed. All exper-
imental procedures used reagent grade solutions and doubly-
distilled water. At the end of each extraction step or sub-step the
volume of the extraction solution used in each sample is measured
and the solution collected and stored in polyethylene bottles and
stored in a freezer at <4 °C for later analysis. In addition, the solid
residual phase from each extraction step or sub-step is washed
with distilled water and centrifuged. The liquid fraction is dis-
carded and the solid fraction dried at 105 °C for 24 h. The solid
fraction is weighed after drying to be used in the subsequent step.
The extraction steps comprised the following:

E1. Easily exchangeable (non-specific adsorbed): 16 mL of
ammonium nitrate (1 M) are added to the sediment and sha-
ken for 45 min in an orbital shaker. The solution is then cen-
trifuged at 4000 rpm for 30 min.

E2. Specifically adsorbed: 16 mL of ammonium acetate (1 M) are
added to the residue from the previous extraction, following
the same procedures as previously described.

E3. Bound to organics: this third step is divided in two sub-steps
(E3A and E3B). In sub-step E3A, 32 mL of NH,OH (1 M) are
added to the residue from the previous extraction and sha-
ken for 2 h. Then, the mixture is centrifuged at 4000 rpm
for 30 min. The volume of the supernatant is measured
and acidified to pH =1 with concentrated HCl (37 % v/v),
and reserved for 24 h. If a precipitate forms, the solution is
then centrifuged at 2000 rpm for 15 min and the precipitate
is collected for step E3B. The supernatant volume is collected
for analysis in polyethylene bottles. For sub-step E3B, a solu-
tion of 16 mL of H,0, (30 % w/v) acidified to pH =2 with
HNOs is added to the precipitate and placed in a tempera-
ture controlled water bath at 85 2 °C until it completely
dissolves. The solution volume is collected for analysis in
polyethylene bottles. The sediment residue of sub-step E3A
follows the general procedure to be used in step E4.

E4. Bound to oxyhydroxides: the fourth extraction step is also
split into two sub-steps (E4A and E4B). In sub-step E4A,
40 mL of sodium citrate (0.3 M) and 5 mL of sodium bicar-
bonate (0.5 M) are added to the residue and shaken for
10 min, after which 1 g of sodium dithionite is added and
the solution is manually shaken for 1 min. The solution is
transferred in a temperature controlled water bath where it
is heated at 80 + 2 °C for 15 min. The mixture is then centri-
fuged at 4000 rpm for 30 min. In sub-step E4B, 80 mL of
Tamm'’s Reagent (a mixture of oxalic acid and ammonium
oxalate) are added to the residue and shaken in the dark for
over 4 h to attack poorly crystalline Fe oxyhydroxides. The
remaining procedures are performed as previously described.

E5. Residual: for the final extraction, 1 g of the sediment residue
from the last step is digested by dissolving it in a mixture of
15 mL HF and 15 mL HCIO, at high temperature until the
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Table 1
Summary of sequential extraction steps and general procedures.

Extraction Description Reagents Observations
steps
El Easily exchangeable/non-specific absorbed NH5NO5 (1 M) Continuous agitation (45 min); room temperature
E2 Specific absorbed NH40Ac (1 M) Continuous agitation (45 min); room temperature
E3 Bound to organic matter A Fulvic acid NH4OH (1 M); HCI (37% v/v)  Continuous agitation (2 h); room temperature
B Humic acid HNOs (0.02 M) Some agitation (10 min at 85 + 2 °C)
H,0, (30%, pH 2 with HNO3)
E4 Bound to iron oxyhydroxides A Fe-1 CsHgoNa30g (0.3 M); Continuous agitation (10 min + 1 min)
NaHCO5 (0.5 M) Some agitation (15 min at 80 + 2 °C)
N325204
B Fe-2 Tamm reagent
E5 Residue HF; HClO4; HCI (37% v/v)

solution evaporates completely. This procedure is repeated
three times. Afterwards, an additional 15 mL of HCIO, are
added to the residue and heated until it fully evaporates.
Finally, a volume of 20 mL of concentrated HCl (37 % v/v)
is added to dissolve the residue which is then diluted with
doubly distilled water and brought to a volume of 100 mL.

Analyses of the metal content (Cu, Zn, and Pb) in the solutions
obtained from the sequential extraction were carried out by Flame
Atomic Absorption Spectrophotometry (AAS) with a Varian SPEC-
TRAA FS 220. A calibration curve was constructed in each analytical
session with in-house standard solutions. Solutions with Tamm’s
reagent were previously subjected to an acid attack with aqua re-
gia at high temperature to decompose oxalate, removing the unde-
sirable signal depression from the metals in the analysis with AAS
caused by the oxalate complex.

4. Results and discussion

Surface waters flowing along the Ribeira da Agua Forte result
mainly from the interaction with the mine waste pile that existed
in the town of Aljustrel. Presently, only patches of the original pile
exist on-site since the site has long been reclaimed, but the mining
operation still continues to this day and the site remains partially
flooded forming a pond of acid water. The piles of waste rock
(mostly the sulfide mineralization host rocks) still remaining on
site continue to interact with surface waters, mainly from rainfall
but also from the site operation; even the minor disseminated sul-
fide in the waste rocks is sufficient to keep feeding acid waters to
the watershed. These waters flow northwards for approximately
10 km until they join the waters from the E-W Ribeira do R6xo
(Fig. 2). However, approximately 2 km from the source area of
the waste-rock piles the Ribeira da Agua Forte receives a continu-
ous input of municipal waste waters from the town of Aljustrel.
These waters result from the overflow of two collecting pools sev-
eral meters above the stream bed, which discharge into the Ribeira
da Agua Forte without treatment. Therefore, these organic-rich,
high pH, waters have the effect of neutralizing the acid-mine
waters that they encounter. The effects are immediately visible be-
cause the stream banks of the Ribeira da Agua Forte upstream are
barren and devoid of any plants or grass, a situation that changes
completely just after the mixing zone. Additionally, the flow condi-
tions are markedly different during the summer and the winter.
Summer conditions, due to low precipitation, are characterized
by very low water fluxes or even a dry stream bed between the
mine waste-rock piles and the mixing zone. In such a situation,
the overflowing organic-rich waste waters are the only source of
waters for the Ribeira da Agua Forte from that point onwards.
Under wetter conditions, the water flux coming from the mine
waste-rock site is continuous along the Ribeira da Agua Forte,
but oscillates in response to rainfall. These particular conditions

gave rise to a distinct pattern on the measured parameters and dis-
solved ions before and after the water mixing zone (Table 2; Fig. 3).

In the description that follows, results will be presented refer-
ring to the different segments of the Ribeira da Agua Forte, namely
from the source until the mixing with the waste waters (i.e., a “typ-
ical” AMD system), in the mixing zone, and from that point
downstream.

4.1. Mineralogy and geochemistry of the AMD system

The waters upstream of the mixing zone show that changes in
the elemental concentrations in summer or winter result from
concentration/dilution effects due to drier or wetter weather,
respectively. This is particularly evident in the conductivity mea-
surements (Fig. 3A). These effects also induce changes on the mea-
sured pH that rise from values just below 2 to around 2.5 on average
(Fig. 3B). Furthermore, elemental concentrations in the sampled
waters are within the same order of magnitude as in the source acid
pond that feeds the stream. Apart from the very high SO~ and Fe
content of the waters, most of which is in colloidal form in the very
acid waters, the transition metals and other trace elements, derived
from the sulfide-rich rocks in the waste piles have very significant
concentrations. Copper and Zn are the most abundant followed by
Co, Cd, As, Ni, and Pb (Fig. 3C-H; Table 2).

Trace element concentrations in sediments (Fig. 4 and Table 3)
are equally high, typically above 1000 ppm for Cu, Zn, As and Ba,
but Pb has values in excess of 5000 ppm. In contrast, Co, Cd, and
Ni have concentrations up to tens of ppm if not less. The discrep-
ancy between the magnitude of the concentration of metals such
as Pb, Ni, Co, Cd and Ba in the sediments compared to those in
the waters collected at the same sites is notable (Tables 2 and 3).
This difference immediately highlights the relative importance of
partitioning and uptake of these metals by the sediments, either
by mineral precipitation or by adsorption.

Stream sediments were sampled during the drier season when
the stream bed in this branch was commonly dry with scattered
small pools of stagnant acidic waters. The stream bed is also nor-
mally rocky and devoid of significant sediment accumulation but
the sediments patches occurring upstream towards the mine-
waste piles, which are the source of the AMD, are often above
the water level. The repeated sub-aerial exposure of these sedi-
ments and the high SO3~ concentrations of the waters are reflected
in the abundance of gypsum and jarosite group minerals in the
sediments. Also, minor quantities of pyrite and sphalerite have
been detected by XRD. Jarosite-group minerals that occur in the
sediments from the acid pond were identified by XRD as being
mostly natrojarosite (NaFeg*(SO‘;)z(OH)G) with the possible pres-

ence of plumbojarosite (PbFeé*(SO4)4(OH)12). Samples AJT-4 and

AJT-5 (from the acid-mine water dam) have mostly precipitates
from mine-water discharges, which are composed of gypsum
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Table 2

Composition of water samples along the Ribeira da Agua Forte. Samples are ordered by increasing distance from the source of the acid waters in the tailings area. Waters collected in each sampling campaign were assigned an extra label,
1 for the summer (June/July 2006), and 2 for winter (March 2007). The references for the sediments collected at the same spots are indicated as well. Sample AJTA-1 was collected only in the summer; resuming of mining operations
impeded the access to the spot in the winter. The gray strip on the table corresponds to the samples taken at the mixing zone. Sulfate concentration reported for sample AJTA-11-2 is most probably due to an unidentified laboratory

error.

Pq}{4+

CaZ+

Fe2+

Sediments Water Dist. pH Cond. Mg?* K* Na* HCO; clr NO2~ (mg/L) NO, o7
samples (km) (mS/cm) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
AJT-2 AJTA-1-1 0
AJT-10 AJTA-6-1 0.44 2.0 14.8 0.7 389 4800 973 2 24 126 12 0.3 33,000
AJT-12 AJTA-7-1 1.82 2.0 13.8 0.7 388 4900 831 2 42 160 12 03 31,000
AJT-15 AJTA-9-1 212 2.0 13.7 0.9 350 4900 802 2 44 162 12 0.3 31,000
AJT-17 AJTA-10-1 224 8.4 23 49 79 0.49 52 21 240 439 429 0.3 03 137
AJT-14 AJTA-8-1 4.26 4.0 4.0 52 112 170 104 22 211 381 1.0 0.01 1900
AJTA-11-1 6.82 3.9 3.4 49 111 55 86 22 243 437 0.6 0.01 1100
AJT-21 AJTA-12-1 8.02 3.9 3.8 49 138 40 87 20 242 446 1.0 0.01 1200
AJTA-13-1 9.38 4.0 3.9 41 203 43 96 19 226 420 1.0 0.01 1500
AJT-22 AJTA-14-1 10.69 4.1 3.6 31 230 14 83 16 229 443 1.0 0.01 1300
Water Dist. Cu Zn Pb Co Ni As Ccd Ba
samples (km) (pg/L) (pg/L) (pg/L) (pg/L) (pg/L) (pg/L) (pg/L) (pg/L)
AJT-2 AJTA-1-1 0 362,000 574,000 34.1 6330 1940 1770 1330
AJT-10 AJTA-6-1 0.44 432,000 711,000 72.7 7350 2400 9730 1640 5.0
AJT-12 AJTA-7-1 1.82 422,000 721,000 19.7 7190 2170 27,500 1560 1.0
AJT-15 AJTA-9-1 212 397,000 678,000 34.7 6690 2020 29,000 1480 1.0
AJT-17 AJTA-10-1 224 166 720 46 5.1 31 12.80 1.4 52.0
AJT-14 AJTA-8-1 426 14,900 37,300 520 384 212 79.50 70.1 51.2
AJTA-11-1 6.82 3710 16,700 25.0 160 140 8.89 25.5 19.1
AJT-21 AJTA-12-1 8.02 3620 16,600 233 153 176 5.99 26.4 13.5
AJTA-13-1 9.38 6660 28,800 27.5 291 211 10.50 52.1 16.9
AJT-22 AJTA-14-1 10.69 3630 17,700 10.6 144 167 5.80 40.4 12.2
Water Dist. pH Cond. NH* ca* Fe* Mg** K* Na* HCO;5 cl- NO%- NO, S02
samples (km) (mS/cm) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
AJT-10 AJTA-6-2 0.44 2.4 11.0 241 3900 394 5.9 38 83 16,000
AJT-12 AJTA-7-2 1.82 26 7.9 227 2100 356 10 48 83 14 12,000
AJT-15 AJTA-9-2 212 26 7.0 12 241 1800 280 10 48 75 53 10,000
AJT-17 AJTA-10-2 224 4.8 34 35 100 280 90 17 137 221 13 1900
AJT-14 AJTA-8-2 426 49 3.1 76 210 71 12 121 206 3 1500
AJTA-11-2 6.82 4.7 35 93 250 87 11 118 202 5 2
AJT-21 AJTA-12-2 8.02 42 33 106 180 83 9.5 120 217 5 1600
AJTA-13-2 9.38 4.7 3.9 128 160 80 9.4 121 219 6 1600
AJT-22 AJTA 14 10.69 45 3.1 120 120 77 8.6 124 229 6 1500
Water Dist. Cu Zn Pb Co Ni As Ccd Ba
samples (km) (ng/L) (ng/L) (ng/L) (ng/L) (ng/L) (ng/L) (ng/L) (ng/L)
AJT-10 AJTA-6-2 0.44 206,000 452,000 122 3670 1110 12,800 987 10
AJT-12 AJTA-7-2 1.82 130,000 355,000 4.0 2910 1350 5820 784 10
AJT-15 AJTA-9-2 212 110,000 308,000 109 2610 1160 5320 695 10
AJIT-17 AJTA-10-2 224 22,900 64,200 24.1 521 276 871 139 30
AJT-14 AJTA-8-2 426 15,500 42,800 25.3 535 159 210 87.3 21
AJTA-11-2 6.82 20,800 60,700 27.0 489 213 120 128 23
AJT-21 AJTA-12-2 8.02 17,700 50,200 22.7 404 195 41.6 103 20
AJTA-13-2 9.38 15,200 45,400 20.2 385 188 30.1 101 20
AJT-22 AJTA-14-2 10.69 14,100 41,800 17.8 332 167 18.2 85.9 15
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Fig. 3. Trace element and anion concentration and parameter profiles of water samples as a function of distance along the Ribeira da Agua Forte. Labeled numbers of the
samples (AJTA) are indicated near each plotted point. Distance is measured from the acid water pond in the tailings area in the Aljustrel village, and the vertical black line
marks the position of the mixing zone. The anomalously low SOi’ concentration reported is probably due to an analytical error.

(CaS04-2H,0) and epsomite (MgS0O,4-7H,0) (Fig. 5). The treatment
of these samples with the mixture of ammonium oxalate with oxa-
lic acid completely dissolved these minerals and promoted the pre-
cipitation of the oxalate crystals whewellite (composed of
Ca(C,04)-H,0) and glushinskite (Mg(C,04)-H,0). The mineralogy
of the clastic stream sediments (including the sediments from
the acid pond) reflects the nature of the basement rocks of the
Aljustrel volcanic complex, where quartz, muscovite and/or illite
are ubiquitous.

Along this branch of the Ribeira da Agua Forte, only sample AJT-
12 was analyzed by Mdéssbauer spectroscopy. However, due to the
presence of a large number of Fe-bearing phases in all the samples

analyzed, some of which have similar hyperfine parameters, spectra
were taken at different temperatures between 295 and 4 K in order
to distinguish some of these phases from one another. Therefore,
the analyses of the AJT-12 spectra will be discussed in detail. A sim-
ilar reasoning was followed for the remaining samples that are dis-
cussed below. The main features of the room temperature
Mossbauer spectrum of AJT-12 (Fig. 6) are two quadrupole doublets
with isomer shifts (IS) at 0.34 and 0.39 mm/s and quadrupole split-
tings (QSs) at 0.64 and 1.23 mm/s (Table 4). The doublet with lower
IS and QS is similar to those commonly observed in sediments or
soil samples, due to both Fe>* in phyllosilicates and small particle
Fe** oxides-oxyhydroxides (SPOs) with a superparamagnetic
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Table 3

behavior at room temperature and blocking temperatures in the
range 295-4 K (Coey, 1988; Murad, 1988, 1998; Vandenberghe
et al., 2000). SPO that occur in weathering environments may in-
clude microcrystalline hematite, hydroxyl-containing hematite
and goethite with different particle sizes where Fe** may be, in part,
substituted by other cations, commonly Al**, and ferrihydrite (Fes.
HOg-4H,0), the poorly ordered hydrous Fe oxide generally formed
by the rapid oxidation of Fe-bearing solutions (Murad, 1988,
1998). Pyrite is not only expected to be present but has also been
identified by XRD. Because it will contribute to the doublet with
lower IS and QS, low-temperature spectra are necessary to reach
a definitive answer. The parameters of the doublet with higher IS
and QS are similar to those reported for jarosite (Murad, 1998). In
particular, QS = 1.23 mm/s is characteristic of this hydroxysulfate
and significantly higher than the QS values of superparamagnetic
SPO (Murad, 1988, 1998). In the 295 K spectrum a small peak is ob-
served at approximately 2.35 mm/s suggesting a third quadrupole
doublet with much higher IS and QS typical of Fe?* in phyllosilicates
(McCammon, 1995; Murad, 1998). Finally small peaks at velocities
higher than 4 mm/s and lower than —4 mmy/s were also detected.
They indicate the presence of a sextet with estimated parameters

Stream sediment composition of major elements and selected trace elements. As in Table 2, samples are ordered by increasing distance from the source, and references for water
samples collected at the same spots are also indicated. The gray strip on the table corresponds to samples taken at the mixing zone.

Water Sediment sample Dist. (km) SiO, (%) Al,Os3 (%) Fe,O3 (%) MnO (%) MgO (%) CaO0 (%) NaO (%) KO0 (%) TiO, (%) Py0s(%) LOI(%)
AJTA-6  AJT-10 0.44 34.61 11.74 17.24 0.02 0.55 0.15 0.91 24 0.35 0.12 25.80
AJTA-7  AJT-12 1.82 46.24 13.72 12.85 0.01 0.56 0.14 1.20 253 0.53 0.13 18.30
AJTA-10  AJT-17 224 53.64 8.44 13.73 0.04 0.81 0.75 1.11 1.23 0.59 0.72 17.51
AJTA-8  AJT-14A 4.26 0.70 0.87 52.81 0.04 0.43 0.25 0.55 0.55 0.01 0.39 42.02
AJTA-8  AJT-14B 426 25.56 11.24 3227 0.07 0.69 0.56 0.66 1.53 0.39 1.00 25.13
AJTA-12  AJT-21 8.02 31.39 9.89 30.80 0.03 0.74 0.29 0.96 2.09 0.52 035 23.60
AJTA-14  AJT-22 10.69 4153 9.07 27.78 0.05 0.63 0.27 0.77 1.67 0.72 0.27 16.75
Dist. (km) ~ As(ppm) Ba(ppm) Cd(ppm) Co(ppm) Cr(ppm) Cu(ppm) Ni(ppm) Pb(ppm) S(%) Zn(ppm)
AJTA-6 AJT-10 0.44 2020 1110 4.5 20 26 1180 9 >5000 8.63 1410
AJTA-7 AJT-12 1.82 2140 1130 2.7 14 32 883 14 >5000 6.03 868
AJTA-10  AJT-17 224 1320 349 2.9 9 47 812 22 938 1.9 981
AJTA-8 AJT-14A 4.26 2000 42 3.0 14 15 3420 8 235 6.62 1400
AJTA-8 AJT-14B 426 2880 330 4.7 16 54 1370 29 542 279 1530
AJTA-12  AJT-21 8.02 1130 329 0.8 7 46 533 23 479 3.12 387
AJTA-14  AJT-22 10.69 1190 367 <0.5 9 76 608 25 555 2.06 260
5000 ‘
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Fig. 5. X-ray diffractogram (CuKo) of sample AJT-4; ammonium oxalate treated sample below, and untreated sample above shifted 1500 units. Minerals in sample AJT-4,
gypsum (gp) and epsomite (eps), were fully dissolved and precipitated as new oxalate phases, whewellite (wh) and glushinskite (gl).
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shown slightly shifted for clarity, corresponding to Fe atoms on different phases
(see text and Table 4).

similar to those of bulk hematite (Abreu et al., 1988; Murad, 1988;
Vandenberghe et al., 2000).

At 170 and 60 K, spectral contributions from jarosite, Fe?* in
phyllosilicates and bulk hematite are present with the same rela-
tive areas as at 295 K, confirming the reliability of the analyses per-
formed for this segment of spectra. The relative area, I, of the
doublet with IS = 0.39 mm/s and QS approximately 0.63 mm/s de-
creases and a sextet with average magnetic hyperfine field
Bne~43.5 T (170K), 48.7 T (60 K) appears. The I value of this sextet
increases with decreasing temperature and within experimental
error is equal to the decrease in I of the QS ~ 0.63 mmy/s doublet.
This confirms that at least part of the Fe contributing to this dou-
blet is due to SPO. The smaller SPO particles sizes correspond to
lower blocking temperatures, i.e., the temperature at which their
magnetic moments freeze relative to the Mossbauer effect obser-
vation time window giving rise to magnetic sextets in the spec-
trum. The spread in freezing temperatures may also be due to
variation in local chemical composition arising from different de-
grees of substitution of Fe** by a multitude of impurity elements.

At 50 K, whereas the doublet with smaller QS ~ 0.63 mm/s is
still present, it is clear that the doublet with QS ~ 1.2 mm/s disap-
pears and a sextet with very broad peaks appears instead. This con-
firms the assignment of the QS ~ 1.2 mm/s doublet to jarosite. The
reported magnetic ordering temperatures, the Neel temperature
(Tn), of this hydroxysulfate are within the range 54-60 K (Murad,
1998; Bigham and Nordstrom, 2000). Therefore, the doublet ob-
served in the paramagnetic state vanishes below 60 K, giving rise
to a magnetic sextet. The fact that jarosite may have impurity cat-
ions replacing Fe** and defects in the crystalline structure, is re-
flected in slightly different relaxation times of the Fe** magnetic
moments close to the Ty, which explain the broad magnetic peaks
observed for the corresponding sextet, which are difficult to re-
solve from those of the other sextets due to SPO.

Finally at 4 K all the Fe** magnetic moments in jarosite are set.
The same happens for practically all Fe** magnetic moments in SPO

(Murad, 1998). This is consistent with the magnetic sextet peaks
being significantly sharper than at 50 K. Because the magnetic
hyperfine field, By, of jarosite at 4 K (~47-48 T) is close to those
of most SPO (Murad, 1998; Bigham and Nordstrom, 2000; Vanden-
berghe et al., 2000) the contributions of these phases are not re-
solved. The doublet with QS =0.64 mmy/s is clearly observed and
has a reasonably high I(~22%). As referenced above, most SPO par-
ticles should have their magnetic moments set at 4 K giving rise to
a magnetic sextet in the spectrum. It is also unlikely that such a
high fraction of the total Fe (~22%) is due to paramagnetic Fe*"
incorporated in phyllosilicates, because Fe3* is not a major constit-
uent of these phases and the amount of phyllosilicates detected by
XRD is vanishingly small. Considering further that QS = 0.64 mm/s
and IS = 0.43 mm/s at 4 K are within experimental error the values
reported for pyrite (Finklea et al., 1976; Cheetam et al., 1981), it is
reasonable to assume that the corresponding doublet observed at
4 K is essentially only due to Fe in this sulfide.

The sequential extraction results for the set of samples in this
branch of the Ribeira da Agua Forte show that adsorption is the
main scavenging mechanism for Zn (Table 5 and Fig. 7). Typically,
non-specific adsorption (or easily exchangeable) of Zn is higher in
the sediments of this branch, where it can account for up to 70% of
the Zn in the sediment. Copper is also highly variable and non-spe-
cific adsorption generally contributes between 20% and 30% of this
element in the sediment. Lead, in turn, is basically absent as an ad-
sorbed phase, which is not surprising because of the highly dis-
crepant values of Pb in the sediments and in the waters. Other
major phases to which metals are associated include Fe oxy-
hydroxide and residual phases. Lead is mostly extracted (>80%)
in the last sequential extraction step, whereas the amount of Cu
recovered in this step is between 50% and 70%. All three elements
were extracted from the Fe oxyhydroxide phases in quantities
ranging from 10% to 20%. However, the extreme richness in Fe oxy-
hydroxide phases of these sediments restricts the extraction effi-
ciency achieved in these steps (Maia, 2010), so most probably an
uncertain amount of these metals released in the last step may
have been originally associated with the Fe oxyhydroxides, and
this observation is equally valid for the remaining samples along
the Ribeira da Agua Forte that will be considered next.

4.2. Mineralogy and geochemistry of the mixing zone

In this zone, the Ribeira da Agua Forte receives input from un-
treated municipal waste water throughout the year. This constant
input maintains flow in the stream from this point downstream
during the dry season. This water was analyzed during the dry sea-
son at the discharge point in the stream bed (AJTA-10-1). Chemi-
cally, the municipal waste water is low in all constituents in
comparison to the AMD waters (Table 2; Fig. 3), with the exception
of NHs, K, Na and Cl. The measured pH is 8.4 in striking contrast
with the values around 2 for the waters upstream, and the same
is verified for conductivity. The streambed sediments in this zone
are black in color, in part due to the presence of organic matter.
As noted before, this zone is also characterized by the presence
of flourishing grassland near the margins and on the stream banks.

In the wet season the mixture of waters leads to less dramatic
changes in the profile of elemental concentrations along the stream.
Most of these changes may be related to dilution effects because, as
noted before, the waste water has very low concentrations of all of
the main metals that characterize the AMD. The pH rises to 4.8 and
the conductivity decreases to 3.4 mS/cm. In relation to the metals
(Table 2), their concentrations decrease on average by an order of
magnitude. To further unravel the reason for this decrease, the
trends in the major anions and cations in the stream path in both
seasons should be considered (Table 2), where some show conser-
vative behavior. Among these, Cl is conservative, but also Na and
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Table 4
Estimated parameters from the Mossbauer spectra of the Ribeira de Agua Forte sediment samples taken at different temperatures T.
Sample T(K) IS (mmy/s) QS or ¢ (mm/s) By (tesla) 1(%) Fe species
AJT-12 295 0.34 0.64 - 43 Py + SPO
0.39 1.23 - 51 Jrs
117 2.39 - 3 Fe?* phyllosilicate
0.34 -0.18 51.2 3 o Fe;05
170 0.40 0.63 - 30 Py + SPO
0.45 1.19 - 52 Jrs
1.23 2.93 - 3 Fe?* phyllosilicate
0.38 -0.14 43.5 12 SPO
0.38 0.27 53.6 3 o Fe,03
60 0.43 0.63 - 27 Py + SPO
0.48 1.19 - 49 Jrs
1.25 2.93 - 4 Fe?* phyllosilicate
0.47 -0.21 48.7 17 SPO
0.46 0.32 54.1 3 o Fe;05
4 0.42 0.64 - 22 Py
0.5 ~0.16 494 76 Jrs +SPO + o Fe,03
1.26 2.86 - 2 Fe?* phyllosilicate
AJT-16 295 0.34 0.62 - 60 Py + SPO + Schw?
0.38 1.2 - 32 Jrs
1.16 2.57 - 7 Fe?* phyllosilicate
4 0.42 0.66 - 31 Py
0.5 -0.14 48.5 60 Jrs + SPO + Schw?
1.27 2.91 - 9 Fe?* phyllosilicate
AJT-14A 295 0.37 0.68 - 81 SPO + Schw?
0.38 1.21 19 Jrs
Surface layer 4 0.49 -0.19 45.3 63 SPO + Schw?
0.5 -0.09 494 21 SPO
0.49 -0.22 47.3 16 Jrs
AJT-14-B 295 0.37 0.69 - 73 SPO + Schw?
0.36 -0.11 253 22 SPO
1.02 2.51 - 5 Fe?* phyllosilicate
4 0.48 1.05 - 4 Fe>* phyllosilicate
0.48 -0.18 48.7 93 SPO + Schw?
1.21 2.85 - 3 Fe?* phyllosilicate
AJT-21 295 0.38 0.55 - 61 SPO + Fe>* phyllosilicate
0.38 1.18 - 37 Jrs
1.2 2.55 - 2 Fe?* phyllosilicate
4 0.48 0.73 - 4 Fe>* phyllosilicate
0.49 -0.22 50.0 95 SPO +Jrs
1.28 3.02 - 2 Fe?* phyllosilicate

IS isomer shift relative to metallic a-Fe at 295 K; QS and ¢ quadrupole splitting and quadrupole shift estimated for the doublets and sextets, respectively. By magnetic
hyperfine field; I relative area. Estimated errors <0.02 mm/s for IS, QS, <0.2 T for By and <2% for I. Fe species: Py pyrite, Jrs jarosite, Schw? schwertmannite (unsure), SPO Fe**

in small particle size oxides-oxyhydroxides, o Fe,O3 bulk hematite.

K display the same behavior. These elements may be used to quan-
tify the relative amount of mixing between the waters (acid drain-
age water and waste water). A major drawback is that the waste
water has only been properly analyzed in the dry season (AJTA-
10-1); nevertheless both sources of waters, the feeding acid water
pond and the municipal waste water pools, occupy similar areas
and thus a reasonable approach could be to consider that the dilu-
tion factor for the waste water in the wet season is similar to the
dilution factor estimated for the acid-drain waters in the same sea-
son. Thus, using Cl as reference, the acid water from the wet season
shows a 0.4 dilution factor relative to the same water collected in
the dry season, and applying this same factor to the concentrations
in AJTA-10-1, the water at the mixing zone in the wet season could
be the result of a mixture of 80% waste water and 20% acid water.
This almost balances the resulting concentration in Cl in the mixed
water sample (AJTA-10-2) but overestimates the Na concentration
by about 9%. However, it matches quite remarkably the concentra-
tions in Cu, Zn, Pb, Co and Cd with deviations of 3.5% for Cu and Zn,
and less than 1% for the remaining metals. For Ni, the deviation def-
icit is 18%. For Fe and As, the concentrations are overestimated by
29% and 143%, respectively. The reason for these results will be later
discussed while presenting a synthesis of the geochemical system
of the Ribeira da Agua Forte (Section 4.4).

The sediment collected and analyzed at this site (AJT-17) has
similar concentrations of major elements as other samples, which
reflects the nature of the bedrock. However, it shows a general de-
crease in most trace metals, but not as pronounced (Table 3; Fig. 4).
As discussed above this stream has drained acid-mine waters for
decades, and only more recently has it received this waste water
input. Therefore, the stream sediments are likely to result from
the inherited characteristics of acid drainage sediments, thus rein-
forcing the smaller differences observed. Also, the results of
sequential extraction were not significantly different (Table 5 and
Fig. 7). In spite of a greater input of organic matter in this zone
from the waste water, only Cu was significantly extracted in the
corresponding extraction step.

The mineralogy is also not significantly different from that pre-
viously observed, but the presence of distinctive peaks of pyrite in
the XRD traces is worthy of note. The analysis of the 295 K and
4 K Mossbauer spectra of AJT-16 (Figs. 8 and 9) shows that in this
sample pyrite and jarosite are present although the fraction of Fe in
the hydroxysulfate is lower than in AJT-12 (Table 4). No bulk
hematite is detected and most of the Fe is present as Fe>* in SPO.
The broad peaks of the sextet observed in the 4 K spectrum, which
could only be fitted with a distribution of By, result from the unre-
solved but slightly different contributions of this Fe** in SPO.
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Table 5

Analytical results of the solutions from each sequential extraction step (see Table 1), for Zn, Cu, and Pb. Concentrations are in ppm. Uncertainty in the total concentrations is
typically between 10% and 20%. Extraction sequence was repeated twice for each sample (explanation in methods section) and the final column shows the relative difference
between the totals from each of these extraction sequences. Blank cells mean that in the corresponding solutions the metal concentrations are below detection limits.

Sample Extractions Extractions
E1l E2 E3a E3b E4a E4b E5 Total E1l E2 E3a E3b E4a E4b E5 Total Diff. %

Zn

AJT-2 743 17 2 2 72 46 76 958 744 58 1 85 44 166 1098 12.8
AJT-10 695 27 3 2 96 81 94 998 719 48 5 3 197 31 851 1854 46.2
AJT-12 130 5 2 6 83 39 934 1199 129 5 4 1 79 885 1103 8.0
AJT-15 788 58 7 3 138 95 802 1891 719 16 4 122 61 820 1742 7.9
AJT-17 612 65 5 6 129 197 206 1220 516 39 5 2 190 752 384
AJT-14A 34 172 41 4 505 2656 1784 5196 27 68 4 2027 727 2277 5130 13
AJT-14B 173 165 34 3 224 1388 1003 2990 95 28 2 1085 702 976 2888 34
AJT-21 206 1 3 2 114 183 509 346 1 6 1 78 58 490 3.7
AJT-22 69 1 4 6 50 165 295 45 10 1 88 49 162 355 16.9
Cu

AJT-2 114 2 6 2 2 93 467 686 121 4 7 2 1 130 456 721 49
AJT-10 316 4 15 5 8 214 654 1216 317 8 23 17 1 331 664 1361 10.7
AJT-12 125 6 24 6 5 138 527 831 115 4 19 5 1 154 526 824 0.8
AJT-15 369 10 18 3 1 234 591 1226 379 5 13 2 1 262 558 1220 0.5
AJT-17 174 21 46 10 58 166 370 845 174 14 30 4 80 213 340 855 1.2
AJT-14A 2 46 104 15 87 614 982 1850 16 20 135 10 382 447 661 1671 9.7
AJT-14B 1 18 74 23 16 391 63 586 1 3 76 8 50 479 1246 1863 68.5
AJT-21 19 1 11 3 100 208 263 605 16 1 8 4 154 112 290 585 33
AJT-22 27 2 8 4 91 128 142 402 27 1 7 4 90 117 167 413 2.7
Pb

AJT-2 10 9 3 13 1067 7467 8569 5 8 1 131 144 1358 7489 9136 6.2
AJT-10 3 2 7 2 68 1271 10,997 12,350 3 2 12 21 234 858 11,488 12,618 2.1
AJT-12 211 2 9 34 45 1277 8376 9954 103 5 3 50 153 1672 7735 9721 23
AJT-15 2 0 17 3 97 1329 11,106 12,554 1 1 2 9 265 2162 10,844 13,284 5.5
AJT-17 4 2 3 96 590 356 1051 2 2 5 178 818 379 1384 241
AJT-14A 0 15 343 395 753 1 0 3 1 94 231 382 712 5.4
AJT-14B 1 2 21 562 460 1046 0 0 0 128 823 489 1440 274
AJT-21 1 44 316 256 617 0 85 457 253 795 224
AJT-22 0 1 33 154 162 350 1 98 152 176 427 18.0

4.3. Mineralogy and geochemistry of the mixed system downstream

Considering that in the dry season only the waste waters feed
this branch of the stream, it is remarkable that the differences in
water chemistry beyond the mixing zone in both seasons are less
pronounced than would be expected (Fig. 3). Elemental concentra-
tions in the waters are very similar in the first sampling point be-
yond the mixing zone for both seasons. However, there are slight
differences that will be outlined briefly. In the dry season, element
concentrations tend to be slightly lower, with the exception of
SO%~ where a difference is not as evident. As the water moves to-
wards the confluence with Ribeira do Roxo the chemical trend ob-
served is also very similar in both seasons. There is a gentle
decrease in the concentration of As, and for Fe a similar trend is
only clearly evident in the dry season. The unique case of As con-
centrations, apart from falling continuously in both seasons, is that
in the summer they reach a value at the end of the path that is low-
er than its highest concentration past the mixing zone. Besides
these slight differences, conductivity measurements remain con-
stant in both seasons, and the pH tends to remain around 4 in
the dry season and between 4.5 and 4.9 in the wet season, which
is also a peculiar feature of the system.

The concentrations of the principal metals in the sediments, de-
crease to half or less of the initial, values with the notable exception
of samples AJT-14A and AJT-14B for metals such as Cu and Zn. How-
ever, Pb values decrease one order of magnitude. As is also shown,
most of these surficial sediments have high contents of Fe,03, in
particular both AJT-14 samples, but all samples beyond the mixing
zone have Fe contents that are higher than samples collected closer
to the mine waste piles, a feature that is worthy of note.

The major difference in sediment mineralogy downstream of
the mixing zone is the absence of sulfide minerals, notably pyrite,

a mineral still identified in the mixing zone. Few minerals are
detectable by XRD apart from the detrital phases derived from
the basement rock; hydroxysulfates dominate, especially jarosite,
as shown by XRD. Nevertheless, hydroxysulfates commonly form
hard crusts over dried rock surfaces exposed to the air during the
summer. The XRD results suggest that sample AJT-21 may have
Pb-jarosite, but its identification is ambiguous.

The continuous flow of municipal waste waters into the Ribeira
da Agua Forte delivers a mass of turbid grayish waters that turn into
turbid yellowish waters a few tens of meters downstream. The sur-
face of sediments and boulders typically becomes stained orange-
red due to Fe oxyhydroxide precipitation. Some Fe oxyhydroxides
are deposited over a frothy material, which evolves from an organic
filamentous polymer probably resulting from dead biological mate-
rial where strains of Fe-oxidizing bacteria were identified (Gongal-
ves et al., 2007; Pinto, 2007). This material is actually the major
constituent of sample AJT-14A. These oxyhydroxides are mostly
amorphous and thus none were detected in the diffractograms,
but their importance can easily be seen in the chemical analyses.
The diffraction pattern of sample AJT-14A is noisy and this is attrib-
uted to the presence of amorphous and poorly crystallized phases;
the treatment of the sample with oxalic acid and ammonium oxalate
improved the diffraction pattern considerably (Fig. 10). The identifi-
cation of schwertmannite is a difficult task, and the treatment with
ammonium oxalate is known to dissolve schwertmannite (Bigham
and Nordstrom, 2000). Most peaks for schwertmannite (Bigham
et al., 1994) appear in the diffractogram and both the broad 2.55 A
and 1.66 A reflections are absent in the treated sample. Peaks at
5.11, 3.34 and 2.55 A are compatible with the schwertmannite dif-
fraction pattern presented by Bigham and Nordstrom (2000). It is
worth noting that the diffraction pattern of the treated sample not
only improved considerably but also has newer and sharper peaks
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Fig. 7. Cumulative extraction (%) of Cu, Zn and Pb in the different steps for the set of
samples up to the mixing zone. The sediment samples (labeled as 1 and 2) are put
side-by-side for comparison as they represent the repeated extraction procedure of
the same sample. Sediments are ordered as a function of distance from the mine
waste rock piles along the Ribeira da Agua Forte.

mostly being attributable to hydronium jarosite. Unlike samples
AJT-4 and AJT-5, where dissolved sulfates reacted to produce crystal-
line oxalates after treatment with the oxalate solution, peaks of
hydroxysulfate minerals, most of them attributable to hydronium
jarosite (and jarosite in the untreated sample), were enhanced.
The appearance of several new peaks in the oxalate treated sample
suggests, as it happened with samples AJT-4 and AJT-5, that new
phases have re-precipitated from a less stable, Fe-rich, poorly crys-
talline hydroxysulfate phase (schwertmannite). Also, the lack of
any significant K in the sample suggests that the newly formed
phase is most probably hydronium jarosite. Finally, the abundant
presence of Fe oxyhydroxides and other Fe-bearing phases and their
proper identification cannot be resolved with XRD alone.

In agreement with the XRD and geochemistry data, pyrite is not
detected in the AJT-14A Mossbauer spectra (Fig. 8 and 9). The
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Fig. 8. Mossbauer spectra of sediment samples taken at 295 K. The lines over the

experimental points are the sum of doublets, shown slightly shifted for clarity,
corresponding to Fe atoms on different phases (see text and Table 4).
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Fig. 9. Mossbauer spectra of sediment samples taken at 4 K. The lines over the
experimental points are the sum of sextets or doublets, shown slightly shifted for
clarity, corresponding to Fe atoms on different phases (see text and Table 4).

295K spectrum may be fitted with two doublets indicating the
presence of jarosite in addition to the main contribution due to
SPO. The 4 K spectrum is the sum of unresolved magnetic sextets.
In this case it was not possible to analyze it as a single B¢ distribu-
tion. An attempt to fit this spectrum with three magnetic sextets
with different IS, By and quadrupole shifts led to the estimated
parameters summarized in Table 4. A tentative assignment of these
sextets can be proposed. The estimated parameters of the sextet
with Bps~47.3T are close to those reported for jarosite at 4 K
(Murad, 1998; Bigham and Nordstrom, 2000) and the relative area
is similar to that deduced for the jarosite doublet at 295 K. The
remaining sextets may be attributed to SPO.

As in the case of AJT-16 the broad peaks of the magnetic sextets
observed in the AJT-14B spectra at 295 and 4 K (Figs. 8 and 9) were
fitted with a distribution of By In contrast to AJT-14A, in AJT-14B
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no jarosite is detected. Most of the Fe is Fe** in SPO. The parame-
ters of the doublet with small QS observed at 4 K show that it
may not be assigned to pyrite. It may be consistent with Fe3* in
phyllosilicates. The Fe?* in these phases is also identified. Because
S-containing compounds are expected in the sample it may be
tempting to attribute to schwertmannite, at least in part, the con-
tributions with By lower than 46 T (Murad, 1998; Bigham and
Nordstrom, 2000) in the distribution of magnetic hyperfine fields
fitted to the 4 K spectrum. A similar assignment could be proposed
for AJT16 and AJT14A where sextets with B,s<46 T are also pres-
ent. These contributions may be due to ferrihydrite (Bigham and
Nordstrom, 2000), which is also likely present and even to domi-
nate in these samples. Nevertheless, considering that XRD data
strongly suggests the presence of schwertmannite in AJT-14A, sex-
tets with B¢ <46 T are at least in part due to this hydroxysulfate.

In AJT-21 (Fig. 8 and 9) there is a significant amount of jarosite.
No sulfides were detected. The quadrupole doublet with smaller
splitting present at 4 K has IS and QS significantly higher than
those of pyrite at 4K and closer to those of octahedrally coordi-
nated Fe* in phyllosilicates (McCammon, 1995; Murad, 1998).
The Fe?* in phyllosilicates is also detected and most of the Fe is
again present as Fe** in SPO.

In summary, the overall results from Mdssbauer spectroscopy
assert that the amount of jarosite gradually decreases from AJT-
12 to AJT-16 and AJT-14A, is not detected at AJT14B, below the sur-
face, then rises again at AJT-21. Pyrite is significant in AJT-12 and
AJT-16 but is no longer detected at AJT-14 or AJT-21. The Fe?" in
phyllosilicates is always present but in small amounts. In all sam-
ples, Fe>* in Fe oxides-oxyhydroxides dominates, except in AJT-12,
where the highest fraction of Fe is present in jarosite.

Sequential extraction results show two major aspects of metal
partitioning in this branch of the Ribeira da Agua Forte (Fig. 11 and
Table 5). Firstly, Cu is the only metal whose association with or-
ganic matter is significant, ranging from 2% to 8% of total metal
content in the sediment, and in fact the high affinity of Cu for or-
ganic ligands is well known as extensively documented in waste
waters and other environments (Cabaniss and Shuman, 1988; Ra-
mos et al,, 2002; Alvarez-Puebla et al., 2004; Gongalves et al.,
2004). In both AJT-14 samples, the amount of Cu extracted with
organic matter was highest, and of the same magnitude as in sam-
ple AJT-17 collected at the mixing zone. This shows the peculiarity
of the AJT-14 sediments, where the underlying darker sediment
(AJT-14B), with no indication of having any sort of Fe sulfides as

shown by Mossbauer spectroscopy and XRD, has a color that must
be due to the accumulation of organic material, probably from the
successive burying of the uppermost Fe-covered organic frothy
material. Secondly, Fe oxyhydroxides are one of the most impor-
tant phases for metal scavenging, an aspect which is clearly docu-
mented for the elements under study, and as the Mdssbauer and
XRD results seem to document the increase in the relative
amounts of metals associated with Fe oxyhydroxides increase
downstream of the mixing zone, being on the order of 60-70%
for Pb, 50% for Cu, and 30-60% for Zn. Even considering that some
hydroxysulfate minerals may also be dissolved in these steps, the
much lower amounts in the samples do not affect the results in
any significant way. As has been stressed before, these sediments
have significant amounts of Fe oxyhydroxides, and it is extremely
difficult to dissolve all these phases. For most sediments both
steps for Fe-oxyhydroxide extraction were not fully efficient, and
some sediments still showed their orange-yellow characteristic
color (with a paler tone) after extraction steps E4A and E4B. The
sequential extraction schemes used and published in the literature
were optimized for samples with much less Fe than these samples,
thus greater amounts of extractant solution must be used but with
the undesirable effect of increasing the uncertainty in the final re-
sults. The use of multiple oxyhydroxide removal steps barely in-
creases the extraction efficiency by more than 20%, as it was
shown for very Fe-rich samples (Maia, 2010). Metal extraction
from the residual phases showed some variations, but decreased
in this branch of the stream. Again, Pb is very regular and the
extraction pattern clearly differentiates the sediments collected
upstream of the mixing zone from those collected downstream.
However, because of the unknown extraction efficiency of Fe oxy-
hydroxides, the amounts extracted in the residual phases are
merely indicative.

4.4. The chemical system of Ribeira da Agua Forte

Acid-mine drainage in Aljustrel is still a serious problem for the
Ribeira da Agua Forte, because this stream receives effluent from
the ancient mine dumps where the abandoned mine workings,
the cementation pools and the acid-water pond are located. In
spite of several remediation attempts in the past decade, the
stream still shows its characteristic red color and very low pH.
Ribeira da Agua Forte is among the few streams that do not dry
out completely along its length in the summer. Even though this
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Fig. 11. Cumulative extraction (%) of Cu, Zn and Pb in the different steps for the set
of samples downstream of the mixing zone. The sediment samples (labeled 1 and 2)
are put side-by-side for comparison as they represent the repeated extraction
procedure of the same sample. Sediments are ordered as a function of distance from
the mine waste rock piles along the Ribeira da Agua Forte.

characteristic results from human intervention, it is particularly
useful for learning about the impacts of AMD in the area. As previ-
ously described, this AMD system can be separated into different
segments in the path along the Ribeira da Agua Forte, marked by
the place where untreated municipal waste waters discharge into
the stream and mix with the acid waters. Upstream of this mixing
zone the stream behaves as typical acid drainage with waters of
low pH (1.5-2.5), high Fe and SO~ content, fairly high Ca and
Mg, and a high load in trace elements such as Cu, Zn, As, Co, Cd,
Ni and Ba. These waters show seasonal chemical variations as a
consequence of changing rainfall frequency, resulting in dilution
of the acid waters during the winter season. However, in the sum-
mer the stream dries up in this segment to the point when the acid
water flow disappears except for several stagnant pools. As a con-
sequence, metals concentrate in solution to the limit that induces

the precipitation of several secondary minerals, such as gypsum
and jarosite. These repeated cycles of flooding and dryness lead
to the accumulation of these hydroxysulfates in the upper layers
of the sediments, locally as crusts. The more soluble minerals are
redissolved during the wetter season, but jarosite is less soluble
and is known to be stable at a pH less than 3 and high SOf{ concen-
trations (Peretyazhko et al.,, 2009), thus remaining in the sedi-
ments. These cycles appear to be necessary for the accumulation
of hydroxysulfate minerals and precipitation of Fe oxyhydroxides
(identified as SPO by Mossbauer spectroscopy) in the sediments
because even with the high element concentrations, the acid
solution remains undersaturated in most sulfate minerals and
amorphous Fe(OH);. These phases, and especially the Fe oxyhy-
droxides, are important metal scavengers but the high acidity of
the waters is an inhibiting factor to cation adsorption because un-
der such pH conditions most mineral surfaces are predominantly
positively charged reducing considerably the number of surface
sites where cations can bind. This is particularly critical for oxyhy-
droxides because the pH of their point of zero charge (pHp,c), when
the number of positive and negative surface charges is balanced, is
typically around 8, but less so for most silicate surfaces with pHp,
lying in the range between 2 and 5. Nevertheless, the amount of
easily exchangeable Zn is significant in striking contrast with Cu,
whereas the amount of Pb is negligible. Among the pool of ele-
ments, As may be an exception because it occurs predominantly
as H,AsO, species under these conditions favoring its adsorption.
On the other hand Ba is probably fixed in the very insoluble barite
although this mineral has not been detected by XRD. The remain-
ing metals do not partition into the sediments in any significant
way. Additionally, the high ionic strength of these waters also re-
duces the adsorption capacity of mineral surfaces. Therefore, under
acid drainage conditions the capacity of natural system to mitigate
these effects is low. Only Pb has comparatively low concentrations
in the waters in spite of having very high concentration in the sed-
iments. Along this segment of the Ribeira da Agua Forte there is
abundant pyrite that results from the transport of the very fine
grained material from the mine dumps, and it remains unaltered
buried in the sediments. No other sulfide minerals were detected
apart from sphalerite in sample AJT-10.

The introduction of the organic-rich municipal waste waters di-
rectly into the Ribeira da Agua Forte stream 2 km away from the
mine dumps changes the chemistry of the system. However, this
must be discussed in two different contexts because the mixture
of the waters occurs only in the wetter rainy season.

4.4.1. Wet season

Under these flow conditions the pH of the acid waters after mix-
ing with the waste waters is changed to 4.8 and the gradient of the
waste-water source makes the mixing process turbulent. Sample
AJTA-10-1 corresponds to this reduced, organic-rich water end
member, having a pH of 8.4 when collected in the summer. These
reduced conditions are able to preserve pyrite in the sediments, as
shown in sediment samples AJT-16 and AJT-17, but there is no evi-
dence of Fe sulfide precipitation under these conditions in this
sample; the Mdssbauer data detects only a minimum in the
amount of jarosite in the sediments. Samples collected in this zone
(AJT-16 and AJT-17), as in all other sites, were in accessible places
that are normally under water only during the wetter season. The
central and deeper part of the stream has not been sampled, and
the extensive grassland area that develops some meters down-
stream may possibly develop the required conditions for reduced
metal precipitation. However, knowledge of such processes in this
zone is at present nonexistent. If there were significant metal sul-
fide precipitation under these conditions at the site of water sam-
pling, the pH should not have dropped as much when the acid
waters mix at this point.
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As previously mentioned in Section 4.2, the resulting water in
the mixing zone can be viewed as a mixture of sample AJTA-9-2
with a water mass whose composition should approach the com-
position of sample AJTA-10-1 (but more dilute). Inverse models
were tested in order to obtain the composition of water sample
AJTA-10-2 from the two previous samples. However, because the
uncertainties used were rather large the results should be consid-
ered with caution. Nevertheless, it is remarkable that the most
consistent models, which considered a range of 10 to 40% dilution
of sample AJTA-10-1 with water in equilibrium with the atmo-
sphere, indicate that a mixture of about 80% of the municipal waste
water with 20% of the acid water, jointly with Fe oxyhydroxide
precipitation and hydroxysulfate dissolution is required to grossly
match the chemical composition of sample AJTA-10-2. Iron oxyhy-
droxide precipitation is very likely under these mixing conditions,
because the Fe concentration in the acid water is substantial, and
the sudden mixing with the high pH waste water immediately re-
sults in a solution supersaturated with amorphous Fe hydroxide.
Such mixture volumes were not measured in the field but the flux
of municipal waste water when it was sampled in March 2007
greatly surpassed the flux of acid water coming from the mining
waste piles along the Ribeira da Agua Forte. What these calcula-
tions show is that the concentration pattern that is observed can-
not be solely explained considering a simple mixture of waters.
Therefore, the agreement with the previous calculations using con-
servative elements is highly supportive of such mixing ratios
which seem appropriate to describe the flow water system in Ribe-
ira da Agua Forte at the time of sampling. Additionally, both Fe
oxyhydroxide precipitation and their surface affinity to adsorb As
in these conditions may also explain the overestimation of Fe
and As concentrations in the resulting mixture (Section 4.2). A gen-
tle attenuation of metal concentration in solution, that has limited
impact in the range of concentrations observed, occurs down-
stream. However, the continuous decrease in As concentration
means that adsorption of As, especially on Fe oxyhydroxides sur-
faces must be an important mechanism at work, and Fe concentra-
tion is also reduced by more than 50%, unlike SO2~ which remains
more or less constant. Waters are normally undersaturated relative
to most important minerals, with the exception of barite and gyp-
sum, thus suggesting the importance that the successive wet/dry
cycles have on mineral precipitation and accumulation in the
sediments.

4.4.2. Dry season

The situation that develops in the dry season is very important
because even though the metal input from the acid waters is inter-
rupted, metal concentrations in the waters downstream of the
mixing zone rapidly rise to values not much different from those
obtained during the wetter season. The jump in concentration in
all elements is quite remarkable from sample AJTA-10-1 to AJTA-
8-1, especially for Fe and SO . This suggests that the highly
reduced, organic-rich, and high pH municipal waste waters are dis-
tinctly out of equilibrium with the secondary mineralogy in the
sediments, especially Fe oxyhydroxides and hydroxysulfate miner-
als. Unlike the previous situation, there is no mixing of waters and
coupled dissolution/precipitation of these phases in response to
changing chemical conditions is very likely. As a result, transition
metals adsorbed or incorporated on the phases being dissolved
are immediately released. The association of Zn, Cu, and Pb with
oxyhydroxide phases has been demonstrated and supports the
plausibility of this mechanism. Even Co, Cd and Ni, which appar-
ently seem to interact very little with the sediment mineral phases
must be associated with this secondary mineralogy, otherwise it
would be hard to explain their slight increase in concentration.
The sediments in this zone show the presence of pyrite, jarosite
and small Fe** oxyhydroxide (SPO) particles. Furthermore,

schwertmannite can be formed at a pH between 3 and 4 (Bigham
et al., 1994). Minerals from the jarosite group are less soluble than
most other Fe sulfates, which allow them to be preserved in the
sediments. However, jarosite can become increasingly unstable
under high pH low Eh environments due to reduction of Fe** as
is observed in inundated acid sulfate soils (Keene et al., 2010). Iron
hydroxysulfate minerals also play a fundamental role in AMD sys-
tems, because both their precipitation and dissolution followed by
transformation into more stable Fe hydroxide releases acidity, a
phenomenon well documented in several AMD systems (Bigham
and Nordstrom, 2000; Peretyazhko et al., 2009). Considering the
reaction of schwertmannite dissolution:

FegOg(OH),(SO,) + 22H" = 8Fe*" + SO%™ + 14H,0, (3)

the Fe3* released is immediately precipitated from solution by the
reaction:

Fe’" 4+ 3H,0 = Fe(OH), + 3H". (4)

The net effect is an increase in acidity. Sulfur content in the sedi-
ments immediately upstream and downstream of the mixing waters
zone is in the order of 6 wt.%, and in sample AJT-17 is only 2 wt.%.
Therefore, it is very likely that SO4 reductive dissolution is occurring
in this environment and jarosite is the best candidate because of its
abundance in these sediments. As mentioned above in Section 4.3,
the turbid waters rapidly turn a yellowish color, which results from
Fe3* in the suspended load that gradually settles along the stream
until they become clear at about 2.5 km further downstream. The
best evidence obtained for the presence of schwertmannite is ob-
served downstream on this path in sample AJT-14A. Bigham et al.
(1990) reported the formation of a poorly crystallized Fe oxyhydr-
oxysulfate, later identified as schwertmannite (Bigham et al,
1994), by Fe oxidizing bacteria in a pH range of 3-4.5. Such Fe oxi-
dizing bacteria have been identified in this site (Gongalves et al.,
2007; Pinto, 2007) and pH values in the drier season were around
4 at the site of AJT-14A sample. Furthermore, the S content of the
sample is in the order of 6.5 wt.%. Therefore, in spite of Mdssbauer
spectra being inconclusive, the XRD data supports the existence of
schwertmannite in this sample and most likely in the stream sedi-
ments between the mixing zone and this site. Mdssbauer data also
show that sulfate minerals (jarosite) are no longer detected in sam-
ple AJT-14B, and Fe*" is mostly attributable to SPO. This suggests
that, because of the transient nature of the Fe hydroxysulfate in sam-
ple AJT-14A, it gradually transforms into Fe oxyhydroxides during
the burial of the sediment, a feature well documented for schwert-
mannite (Bigham et al., 1994, 1996; Knorr and Blodau, 2007; Burton
et al., 2008; Peretyazhko et al., 2009). Sulfur content is also clearly
lower than in sample AJT-14A, but equivalent to AJT-21, where jaro-
site is detected again. Because Mdssbauer hyperfine parameter val-
ues of schwertmannite are within the range of those of SPO, this
supports the plausibility of schwertmannite presence in these sam-
ples. Therefore, the coupled interplay of reactions (3) and (4) can
generate the acidity that is required to lower the pH from the 8.4
measured in the waste water to 4 at the site of samples AJT-14,
and to 3.9 in the site of sample AJT-21, almost 6 km distant from
the mixing zone. In these sediments, SPO dominates and jarosite in-
creases in AJT-21. The abundant small particles of Fe>* oxyhydrox-
ides control metal (Cu, Zn and Pb) content in the sediments,
especially Pb, even if important amounts of these metals have been
shown to be extracted in the residual phase step. As was previously
observed, the amounts of SPO in the samples make it difficult to
quantify the efficiency of the corresponding sequential extracting
steps. Nevertheless, the SPO seems to be responsible for the slight
decrease of these metals in solution, even for the elements Co, Ni
and Cd. However, none of these metal concentrations in solution
actually recover from the initial release of chemical elements that
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takes place with the input of the waste water. The notable exception
is As. All other elements thus enter the Ribeira do R6xo stream still
having very high concentrations in solution.

5. Conclusions

The chemical characteristics of the Ribeira da Agua Forte along
its flow path, both from the flowing waters and stream sediments,
reveal a system from which some lessons can be learned with re-
spect to the impact of AMD and potential mitigation procedures.
After decades of intense mining, the impacts are visible every-
where. Recent intervention and reclamation over the main mine
tailings near the town of Aljustrel have helped to minimize some
impacts but have not remedied the persistence of AMD conditions
along the Ribeira da Agua Forte. The current reality is that the mu-
nicipal waste waters collected in pools overflow throughout the
year towards the Ribeira da Agua Forte inducing geochemical pro-
cesses that have not been controlled since it started. None of these
processes has been properly studied and assessed, and thus, little
was known about the chemistry and mechanisms that operate in
this system. The results obtained in this study help shed light on
these processes. Therefore, the geochemical processes taking place
along the Ribeira da Agua Forte are summarized as follows:

1. Typical AMD conditions develop along the first 2 km in the
Ribeira da Agua Forte and chemical variations in the stream
waters are primarily controlled by seasonal cycles of flooding
and drying of the stream bed. The flowing waters are corre-
spondingly diluted and concentrated, inducing the precipita-
tion of efflorescent sulfate minerals and amorphous Fe
oxyhydroxides in the dry season. Less stable secondary min-
erals are redissolved but some, such as jarosite, accumulate
in the stream sediments. Despite active weathering condi-
tions prevailing in the system, pyrite (and minor sphalerite)
are preserved in these same sediments.

2. At the time of sampling in the mixing zone, an estimated vol-
ume of 20% acid water mixed with 80% municipal waste
water in a turbulent process. Whereas most element concen-
trations in the mixed water can be explained by a conserva-
tive mixing process (no gains and/or losses), Fe and As
behave differently because Fe oxyhydroxide precipitation
occurs with subsequent As adsorption. Furthermore, a sim-
ple conservative mixture would require a different acid
water to waste water mixing ratio (1:3) to match the mea-
sured pH, and such a mixing ratio does not fit any of the
inverse models calculated.

3. In the wet season, the flowing water downstream of the mix-
ing zone does not change its chemistry significantly. The Fe
concentration is slightly reduced along the flow path while
As maintains its decreasing trend until it reaches a minimum
concentration of tens of pg/L in solution. The attenuating
mechanisms are the same as discussed earlier.

4, The dry season is characterized by totally different condi-
tions because the waste water is the only water input for
the Ribeira da Agua Forte from the mixing zone downstream.
This reduced, organic-rich, and high pH water promotes the
reductive dissolution of both Fe oxyhydroxide and hydroxy-
sulfates of the stream sediments in the mixing zone. Conse-
quently, metals and other trace elements are released into
solution up to a level equivalent to the concentrations
observed in the next sampling point during the wet season
with the contribution of the acid-drainage waters.

5. There is significant Fe oxyhydroxide precipitation in the dry
season, revealed by the clear reduction of Fe in solution
along the flow path, and by the occurrence of greater

amounts of small particle Fe oxyhydroxides in these sedi-
ments. Additionally, evidence was gathered of schwertman-
nite formation in sediments downstream of the mixing zone
for a few kilometers. Both Fe hydroxide precipitation and
schwertmannite transformation sustain the reduction of
the pH from the initial 8.4 to 3.9 - 4.2 downstream, values
that are even lower than in conditions when both waters
mix during the wet season.

6. Metals in solution show the same trend as during the wet
season with only little differences. Like all other elements
As is released into solution at the mixing zone but it is the
only element whose concentration is reduced to levels below
its initial value along the stream path.

7. Distribution of Cu, Zn and Pb in the sediments is heteroge-
neous, but they are predominantly associated with Fe oxyhy-
droxides and/or residual phases. Despite this association, the
capacity of the newly formed phases to reduce the concen-
tration of these metals in solution is limited.

The final outcome of these processes throughout the year is
high metal concentrations in the waters arriving at Ribeira do
R6xo0 at best varying within only an order of magnitude between
the wet and dry seasons. It is misleading to consider the waste
water input as a mitigating mechanism because this reduced high
pH water represents a reacting medium that is in disequilibrium
with the stream sediment secondary mineralogy. Therefore, a per-
manent metal-releasing mechanism to the stream is sustained,
developing an equally deleterious situation that is difficult to
remediate.
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