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ABSTRACT

Fe and Al precipitates play a very important hydrochemical and environmental role in aquatic

environments affected by acid mine drainage. Despite their great importance, the reliable
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characterization of these precipitates usually presents many problems due to the high
proportion of amorphous or poorly ordered mineral phases comprising these precipitates and
because the coexistence with intermediate to highly crystalline phases. To facilitate and
improve the characterization of poorly ordered Fe and Al phases, a coupled DXRD and
sequential extraction study was performed on a set of samples from an acid mine water
passive treatment system. By the use of these techniques, the presence of schwertmannite and
goethite was shown in the upper 5 cm of the passive treatment reactive material. Furthermore,
a progressive decrease of the SO4~ adsorbed to the schwertmannite surface also was suggested
by one of the sequential extraction steps. Concerning the Al precipitates, the presence of
hydrobasaluminite and gibbsite (as an aging product of the former) was also proposed on the
basis of sequential extraction analysis. These techniques also allow a quantitative estimation
of the proportion of each mineral. As a result, a complete study of the distribution of each
mineral throughout the reactive material profile and the role of each phase in removing metals
from the mine water can be obtained. This information is useful not only to improve the
reactive material design but also to understand the natural processes taking place in aquatic

systems affected by mining.

KEYWORDS

Sequential Extraction, DXRD, schwertmannite, hydrobasaluminite, gibbsite, acid mine

drainage, passive treatment system.

INTRODUCTION
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The hydrochemistry and mineralogy of waters affected by acid mine drainage (AMD) are
mainly controlled by SOs-Fe and SO4-Al systems at pH ranges between 1-5 and 5-6,

respectively (Bigham and Nordstrom, 2000).

Fe** hydrolysis tends to buffer AMD pH around 3.5 by the precipitation of schwertmannite

according to the reaction:

S8Fe&* + xS0/ + (16-2x)H>0 [1[1FesOs(OH)s.2:(SOy)x + (24-2x)H* (1)

where 1 <x < 1.86, as shown by after Bigham et al. (1996) and Yu et al. (1999).

In the same way, AI** hydrolysis, with a pK; = 5 (Alpers et al., 2008), and subsequent
precipitation of hydrobasaluminite, Al4(SO4)(OH)10-15H20, buffers AMD pH around a value

of 5. This hydrolysis reaction can be written as follows:

AP (4q) + SO (ag) + 25H200) 1) ALy(SO4)(OH) 19°15H0¢s) + 10H " (4 (2)

The mineralogical control that both phases have on AMD hydrochemistry is not only
restricted to pH buffering but also to some metal adsorption and coprecipitation processes.
Accordingly, schwertmannite has been observed to play an essential role in the adsorption of
As (Acero et al., 2006; Fukushi and Sverjensky, 2007) and also a main role in the adsorption
of Pb and Cu (Michel et al., 2007; Webster et al., 1998). Concerning hydrobasaluminite
adsorption processes, an important decrease in dissolved Cu and Cd have been reported in the

presence of this mineral (Sanchez-Espaiia et al., 20006).

Many studies have been developed using synthetic schwertmannite (Eskandarpour et al.,
2008; Loan et al., 2004) or pure natural schwertmannite especially collected from specific

AMD precipitates (Bigham et al., 1996; Kawano and Tomita, 2001; Yu et al., 1999).
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However, the appearance of isolated schwertmannite in natural precipitates (Regenspurg et
al., 2004) or in passive treatment systems (Gagliano et al., 2004; Rotting et al., 2008) has been

reported as quite uncommon.

Being a metastable phase, schwertmannite tends to transform by aging into goethite (Bigham
et al., 1996; Burton et al., 2007; Jonsson et al., 2005; Knorr and Blodau, 2007), jarosite
(Wang et al., 2006) or both minerals (Acero et al., 2006), which implies that all these minerals

are commonly found coexisting in mixed precipitates.

The distribution and greater intensity of jarosite and goethite diffractogram peaks compared to
those of schwertmannite leads to a serious problem when a mixture of these minerals has to
be characterized by XRD because schwertmannite peaks are hidden by those of jarosite and
goethite. To solve this problem, Differential X-ray Diffraction (DRXD) can be used (Dold,
2003b; Schulze, 1981; Singh et al., 1999). Nevertheless, this technique is not completely
reliable for examining very poorly crystalline schwertmannite and sometimes needs to be

supported by other analytical techniques.

Hydrobasaluminite is also a poorly crystalline phase, whose XRD diffractogram is difficult to
relate with the mineral itself (Kim and Kim, 2003). Thus, if this mineral belongs to a
polymineral precipitate with more crystalline phases it is very difficult to detect even with

DXRD.

Recently some studies of poorly and moderately crystallized sulfate and oxide minerals have
been developed using new techniques like Visible Near-Infrared Reflectance (VNIR) (Alpers,
2008; Bishop, 2008), synchrotron XRD and XRF (Michel et al., 2007; Root et al., 2007) or X-
ray Absorption Near-Edge Structure (XANES) (Alpers et al., 2008; Bishop, 2008) and

Extended X-ray Absorption Fine Structure (EXAFS) (Alpers et al., 2008; Chen and Jiang,
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2008). These studies determine not only the mineralogy of the sample but also the site
occupied by the different elements in the mineral structure. However, these techniques are not
easily available, thus it is desirable to have a previous general study of the samples for an

efficient use of the beam time.

Sequential Extraction procedures (SE) are accessible and reliable techniques allowing a
quantitative and qualitative mineralogical analysis of the sample but also a first insight into
the elements distribution in the mineral structure. In this respect, the ability of many different
sequential extraction procedures to elucidate the availability and general metal distribution on
different mineral phases have been reliably demonstrated (Dold, 2003b; Fanfani et al., 1997,
Pueyo et al., 2008; Rodriguez et al., 2008; Terzano et al., 2007). On the other hand, although
some reported works have related the specific Fe-precipitate mineralogy with the different
amounts of dissolved iron and sulfur obtained by sequential extraction procedures (Dold,
2003b; Fanfani et al., 1997; Hall et al., 1996; Li et al., 2007), it still remains necessary to
perform new studies focused not only on Fe-oxide and Fe-sulfate minerals but also on Al-

sulfate minerals.

Traditionally, studies about the interaction between AMD and passive treatment systems are
focused on inflow and outflow water quality, paying no attention to detailed mineralogy
developed inside the reactive material (Cocos et al., 2002; Jarvis et al., 2006; Johnson and
Younger, 2006; Kalin, 2004; Kalin and Caetano Chaves, 2003; Laus et al., 2007; Sapsford et
al., 2007; Shin et al., 2008). The objective of the present work is to test the applicability of a
specific sequential extraction procedure and DXRD for the mineralogical characterization of
AMD precipitates mainly formed by poorly ordered iron and aluminum oxides and sulfates.

The Monte Romero passive treatment system (Rotting et al., 2008) was chosen as the best
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place to carry out this study because inside its reactive material schwertmannite and
hydrobasaluminite precipitate, and the former ages to goethite. Within the passive treatment
system, it is possible to find all the intermediate steps between different hydrochemical

conditions during AMD neutralization.

MATERIALS AND METHODS
Field Site and Sampling Description

All samples used for this study were collected inside the reactive material of the Monte
Romero pilot scale passive treatment system in July 2006. At that time the system comprised
a cylindrical 3m? reactive tank connected in series with three decantation ponds with an
approximate volume of 6m? each. Dispersed Alkaline Substrate (DAS) (Rétting et al., 2008)
was used as the treatment reactive material. This substrate was prepared by mixing 25% (v/v)

calcite sand with 75% (v/v) pine wood chips.

The AMD emerging from one shaft of the Monte Romero underground mine was partially
collected and channelled to the reactive tank by polyethylene pipes. Prior to the treatment
operation, the AMD had a pH near 3.3, a net acidity of 1400-1600 mg/L as CaCOs3
equivalents and mean concentrations of 315 mg/L Fe (97% Fe(1l)), 310 mg/L Zn, 270 mg/L

Ca, 75 mg/L Al, 20 mg/L Mn, 1.5 mg/L Cu and 3200 mg/L sulfate (R&tting et al., 2008).

During the vertical gravity flow of the AMD across the reactive material some hydrochemical
changes occur. Calcite dissolution causes a rise in pH and the subsequent precipitation of
schwertmannite (pH between 3 and 4.5) and Al-hydroxysulfates (at pH 5 to 5.5). The

precipitation of schwertmannite in the decantation pond consumes the excess of alkalinity,
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produce by calcite dissolution inside the reactive material, also lowering water pH to values

around 3-3.5, according to the reaction (1).

For the solid sampling, water flow was stopped and a 90cm cross section was dug to have a
view of the different precipitate layers developed inside the reactive material. Six levels were
macroscopically detected by visual changes in color, shape and texture of the precipitates: 1) a
friable reddish-dark brown level from 0 to 1 c¢cm, 2) a dark orange level from 1 to 3 cm, 3) a
light orange-yellowish zone from 3 to 5 cm, 4) a white-pinkish cemented zone from 5 to 15
cm, 5) a yellowish zone from 15 to 30 cm and finally 6) the apparently unreacted substrate

from 30 to 90 cm.

In accordance to that, seven samples were taken to characterize not only the precipitates but
also the transition zones between the main precipitate layers. The selected depths were: 0-1,

1-3, 3-5, 5-15, 15-20, 20-30 and 30-40 cm.

Analytical Methods

As a first approach to the constituent mineralogy of the samples an X-ray diffraction (XRD)
study of randomly oriented powder samples was performed using a Bruker D5005 X-ray
Diffractometer with Cu Ko radiation. Diffractometer settings were: 40 kV, 30 mA and a scan

range of 3—70° 26, 0.05° 26 step size and 20-s counting time per step.

Differential X-ray diffraction (DXRD) is a suitable technique for determining the presence of
poorly crystalline minerals in samples that contain a mixture of poorly to highly crystalline
minerals. This technique involves the subtraction of a treated sample diffractogram from the

diffractogram of the same sample prior to treatment (Schulze, 1981). The selective dissolution
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of minerals changes the relative concentration of the remaining phases in the treated sample,
therefore an intensity correction factor (k-factor) is applied to normalize both diffractograms

during the subtraction.

The qualitative analysis of the different diffractograms obtained during this study was
performed using XPowder (Version 2004.03), a software package for powder X-ray

diffraction analysis.

In addition to the XRD and DXRD study, some gold coated samples and carbon coated
polished sections were examined with a JEOL JSM-5410 scanning electron microscope
(SEM) to observe the morphology of the constituent minerals. Energy dispersive spectrometry

(EDS) was used to obtain a semi-quantitative compositional analysis of single crystals.

The metal concentrations of the different extractants obtained at each step of the sequential
extraction were determined by Inductively Coupled Plasma Atomic Emission Spectrometry
(ICP-AES Yobin-Ybon Ultima2). Every ten samples standards were used to check the
accuracy. Due to the mineralogical approach of this study only Fe, Al, S and Ca will be
presented, although some other metals were also measured. The detection limit for these four

elements was always lower than 0.1 mg/L.

During the sequential extraction study some samples were duplicated in order to evaluate the

procedure reproducibility.

Sequential Extraction Procedure

The four essential factors defining a sequential extraction procedure are: chemicals employed

for the extractants, sample-extractant volume ratio, time and nature of the contact between the
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solid sample and the extractant and environmental conditions during each step of the

extraction sequence.

For almost all the minerals concerning this study (gypsum, calcite, schwertmannite and
goethite) appropriate selective extractants and careful studies of experiment environmental
conditions have been conducted (Dold, 2003b; Fanfani et al., 1997; Hall et al., 1996,
Sahuquillo et al., 2003; Stumm and Sulzberger, 1992). However, to successfully apply these
studies to samples with high concentrations of iron oxides and iron oxyhydroxysulfates (e.g.
AMD Fe-stromatolites or Fe-precipitates from passive treatment systems) some changes to

the sample-extractant volume ratio and the time and nature of contact are needed.

No previous studies of hydrobasaluminite selective extractants have been reported. Therefore,
it was decided to subject the samples hosting this mineral to the specific sequential extraction

steps designed for Fe(IIl) minerals.

The different sequential extraction steps conducted in this study with the type and amount of
extractant, the amount of sample and the experiment environmental conditions are
summarized in Table 1. A more detailed explanation of the selected experimental conditions
and a brief description of the expected information offered by each step of the sequential

extraction is presented here.

1) Water soluble fraction: due to the importance of secondary sulfates and other salts in AMD
environments, an initial water extraction step is essential for a complete understanding of
these environments. This step has a double function, on the one hand the water composition
after dissolution of secondary sulfates and other salts reflects the portion of easily available

contaminants, on the other hand these minerals usually appear as well-crystalline phases
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which is a problem if coexisting poorly crystalline phases are to be detected by XRD (the

most intense diffractogram peaks of the former mask the weaker peaks of the latter).

To ensure complete dissolution of all water-soluble minerals present in our samples, a twelve-

hour shaking period was selected.

2) Sorbed and exchangeable fraction: This step has an important role in the study of samples

with carbonate minerals (Fanfani et al., 1997; Hall et al., 1996; Tessier et al., 1979) because
the complete dissolution of calcite and other carbonates takes place during NHa-acetate leach.
Due to the high crystallinity of these minerals a complete dissolution of them is necessary if a

DXRD for the study of poorly ordered phases is to be conducted.

This step also extracts elements that are adsorbed to mineral surfaces (Dold, 2003b; Hall et
al., 1996). This knowledge is essential to understand the distribution of some elements (e.g. S
as SO47) in the structure of some minerals (schwertmannite, goethite and hydrobasaluminite

in our study), and is important to characterize the availability of some metals.

In this step the 1M NHs-acetate solution was buffered to pH 4.5 by the addition of acetic acid.
To have an idea of the effect of reaction time on schwertmannite stability, two different
reaction times were employed during the sequential extraction calibration study: two hours for
sample Al and one hour for samples A2-A5 (Fig.1). As can be observed, the reduction of the

reaction time implies a significant decrease on the dissolved iron for this step.

3) Poorly ordered Fe (Ill) oxyhydroxides and oxyhydroxysulfates: the specificity and well

documented behavior (Dold, 2003b; McCarty et al., 1998; Stumm and Sulzberger, 1992) of
0.2M NHy-oxalate for schwertmannite dissolution makes this extractant the best candidate for

the study of our samples.
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A deep and exhaustive study of the dissolution kinetics of schwertmannite and a proposal for
two different sequential extraction steps focusing on the specific dissolution of
schwertmannite and goethite can be found in Dold (2003a and b). Therefore, it was decided to
use the proposed steps for schwertmannite and goethite selective dissolution; however, a
preliminary study of the sample-extractant volume ratio was necessary to adjust that

procedure to pure schwertmannite or samples with high schwertmannite content.

Five different ratios of solid sample: liquid extractant were selected (in mg/ml): 50:1, 10:1,
5:1,2.5:1 and 1:1. The results of this calibration study (Fig.1) clearly show that the ratio 50:1
is too high to achieve the complete dissolution of schwertmannite during sequential extraction
step three, with some schwertmannite remaining after the final digestion step. Although all
the other ratios tested lead to the complete dissolution of schwertmannite in the third step of
the sequential extraction, the total amount of extracted iron decrease observed with the
solid:solution ratio. For this step of the extraction sequence, a ratio of 10:1 was selected to
conduct the study of Monte Romero precipitates. Thirty minutes reaction time was selected,

based on previous studies (Bigham et al., 1996; Dold, 2003b).

4) Highly ordered Fe (III) hydroxides and oxides: the study of more crystalline iron

precipitates (goethite in this case) was carried out using a sequential extraction step presented
previously by Dold (2003b). As in step 2 the extractant used was 0.2M NHs-oxalate but in

this case the samples were exposed to light and heated to 80°C in a water bath.

During the different sequential extraction experiments carried out for this study, it was
observed that the complete dissolution of goethite took place after thirty minutes of digestion.
Therefore, the sample-extractant contact time for this step was set to one hour to ensure

complete goethite dissolution.



243
244
245
246
247
248
249

‘250

251
252
253

254

255

256
257
258
259
260
261

262

263
264

265

5) Residue digestion: after the first four sequential extraction steps, the samples used in this

study consist almost completely of residual organic material (wood chips) with no expected
mineral remaining, with the possible exception of a small residual fraction of detrital and
atmospheric particulate (quartz and clays). In accordance to that, the digestion procedure
developed for the total digestion of samples with organic and inorganic compounds were
selected (Querol et al., 1996). The different acids used at this digestion were HF, to ensure the
complete dissolution of the inorganic materials, and HC1O4 and HNOj dissolving the organic

material.

RESULTS AND DISCUSSION
Mineralogical characterization of the reactive tank

As explained above, six different levels were visually detected during the sampling of Monte

Romero DAS-reactive material.

Layer 1: (0-1 cm, friable, reddish-dark brown) this thin layer is developed at the contact
between the supernatant AMD and the DAS-reactive material, where the solution pH is
between 3 and 4 (Rétting et al., 2008). At this pH range and with the metal composition of
this water it is reasonable to assume that schwertmannite is the main precipitate mineral.
Another important observation was the complete absence of wood chips in the precipitates
that suggests an upward growth of this layer (from the surface of the reactive material to the

supernatant water).

The first XRD approach to the mineralogical composition of this layer showed a very weak
diffractogram with a broad peak centered at 35° 211 and a clearer 4.18 A goethite peak (Fig. 2,

raw sample). To resolve the different peaks belonging to this 35° centered broad peak, the
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samples were submitted to all the steps of the sequential extraction procedure taking away a
subsample for XRD analysis at steps 2 and 3. As shown in figure 2, after NHg-acetate attack
(step 2) the diffractogram pattern of the sample remained unaltered. However, when the
sample was treated with oxalate (step 3) the diffractogram pattern was substantially altered,

and a clear and well-defined goethite diffractogram appears.

To determine which phases were dissolved in the sequential steps, a DXRD study was
conducted using diffractograms of the raw sample and that after S.E. step 3. A K-factor of
0.8 was applied to the step-3 diffractogram to normalize the relative mineral concentration of
both samples. The resulting diffractogram is shown in left upper part of Fig. 2 where the

presence of schwertmannite was revealed by a well-defined 2.54 A peak.

Although this observation seems to reliably determine the presence of schwertmannite, it is
not completely conclusive because 2-line ferrihydrite has its main diffractogram peak at 2.54
A and is selectively dissolved by NHs-oxalate as well (Dold, 2003b). To resolve this issue, a
SEM-EDS analysis of the sample was carried out where both images of the characteristic
“pincushion” or “sea-urchin” morphology of schwertmannite and semi-quantitative chemical

analysis were obtained (Fig. 2).

For the sequential extraction analysis, a summary of Fe, Al, S and Ca concentrations for each
sample, obtained at the different sequential extraction steps, is presented in Fig. 3. More than
a 75% of the total iron was released in step 3. Schwertmannite probably is the mineral phase
responsible for most of the iron removed from this layer. Examination of the S released
throughout the sequential extraction steps revealed that 72% of the schwertmannite S was put
into solution in step 2, while the 28% remaining was released during step 3. Taking into

account this observation and similarity of the diffractograms of raw and step-2 samples, it can
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be reliably assumed that no crystalline phase was dissolved during step 2. The amount of S
extracted in step 2 suggests that 72% of schwertmannite compositional S is adsorbed to the
mineral surface while only 28% is strongly fixed within the crystal structure. This double
distribution of S (as SO4%°) at the surface and in the inner structure of schwertmannite has
been previously reported (Bigham et al., 1990; Jonsson et al., 2005; Webster et al., 1998),
however, the amount of adsorbed S reported by them ranged from 30-35% (Bigham et al.,
1990; Jonsson et al., 2005) to as high as 60% (Webster et al., 1998), but not as high as the
72% found here. The adsorption of SO4~ also has been reported to take place at the surface of
goethite, but always at nearly insignificant levels when schwertmannite is present (Fukushi

and Sverjensky, 2007; Webster et al., 1998).

The (Fe/S)molar ratio of schwertmannite present in the different representative samples of the
iron precipitation zone and the resulting schwertmannite compositional formula for each
sample are shown in Table 2. The (Fe/S)molar ratio of 4.44 and the schwertmannite
stoichiometry, FesOs(OH)44(SOa4)13, obtained for this sample are identical to the values
obtained for the precipitates forming in terraces surrounding the Monte Romero shaft (Acero
et al., 2006). Schwertmannite sulfate stoichiometry of this sample is higher than the one
proposed by Bigham et al. (1996), but in good agreement with the range of 1.74-1.86

suggested by Yu et al.(1999).

Layer 2: (1-3 cm, dark orange-brown) this level was the first one developed inside the DAS-
reactive material. The XRD analysis for the raw sample (Fig.4) clearly showed the presence
of goethite and also suggested the presence of gypsum whereas almost no peaks of

schwertmannite were detected. But, subsequently, when the DXRD analysis was performed
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using sample 1-3 cm after step 2 (to avoid the presence of gypsum) and after step 3, with a K-

value of 0.85, the occurrence of schwertmannite was revealed (Fig.4).

The sequential extraction analysis for this sample revealed a very similar schwertmannite
composition compared to the schwertmannite from layer 0-1 cm (Fig.3), showing 75%
adsorbed SO4~ and a (Fe/S)molar ratio of 4.15 (Table 2). On the basis of released S and Ca in
step 1, gypsum can be assumed as a new mineral phase appearing at this level. This
observation is supported by the previously reported presence of this mineral in the raw sample
diffractogram and by the disappearance of this peak in the 1-3 cm diffractogram following

sequential extraction step 1.

Layer 3: (3-5 cm, light orange-yellowish) according to the hydrochemical profile and the
reactive transport model reported previously (Rotting et al., 2008) this layer corresponds to a
hydrochemical transition zone between Fe-rich and Al-rich precipitates, thus any of the
mineral phases found in this study could be present in this layer. Initial XRD analyses of the
constituent mineral phases of this layer (Fig. 5) revealed the unequivocal presence of goethite,
gypsum and calcite, although no peaks of schwertmannite or hydrobasaluminite were

observed even with DXRD.

Although the presence of schwertmannite could not be confirmed by the used of X-ray
techniques, the amount of iron released in step 3 (Fig.3) suggested the presence of a small
amount of this mineral. Examination of released S in step 2 revealed an important decrease of
adsorbed SO4~ compared to the concentrations found in the upper levels of the reactor. If
schwertmannite occurs in this layer, the (Fe/S)molar ratio (9.33) and the stoichiometry
(FesOs(OH)s.28(SO4)0.86) are different in this level than elsewhere in the reactor. This is the

first level in which the presence of calcite has been reported (Fig.5). Taking into account this



334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

observation, it is reasonable to assume that due to the presence of this calcite the pH of the
AMD at this point is higher compare to layer 2. As a result of this pH increase, the surface of
schwertmannite was partially occupied by OH™ anions, which compete for adsorption sites

with SO4~ (Langmuir, 1997).

Examination of the aluminum concentrations obtained in the sequential extraction revealed, as
expected, a small increase of this element in this layer (Fig.3). Due to the great variety of
minerals precipitated in this level and the small amount of Al-precipitates present, a
determination of the specific mineral phases responsible for the Al removal was impossible
even with sequential extraction data. However, on the basis of the hydrochemical data of a
previous study (Rétting et al., 2008) and according to the literature (Bigham and Nordstrom,
2000; Nordstrom, 1982; Sanchez-Espana et al., 2006; Sanchez-Espana and Trevor, 2007)

hydrobasaluminite is shown as the most probable Al-phase precipitated within this layer.

Layer 4: (5-15 cm, “cemented”, white-pinkish) when this layer was sampled, a significant
amount of white-pinkish precipitates filling substrate pores and on surfaces of calcite and
wood chips was observed. The presence of these precipitates cemented the reactive material

in the DAS layer.

As shown in Fig. 5, only gypsum and calcite were detected by XRD in this layer. The fact that
a large amount of aluminum was removed from solution in this level (Rotting et al., 2008)
suggests that some poorly ordered or amorphous Al-phases must be present. This hypothesis
is also supported by SEM-EDS observations (Fig.6), where gypsum and an Al-hydroxysulfate
were seen to be closely precipitated around calcite grains. In some cases, it appears that
excess Ca due to calcite dissolution promotes gypsum precipitation at its surface (Booth et al.,

1997; Rotting et al., 2008) with a later Al-hydroxysulfate precipitation on top (Fig.6 A-B). By
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contrast, direct precipitation of Al-hydroxysulfate on calcite surfaces (Fig.6 A) has also been
observed, suggesting that both Al-hydroxysulfate and gypsum can precipitate directly on the

calcite surface.

In the sequential extraction of this sample, an important amount of Al was released during
step 3. The molar ratio of aluminum to sulfur in this level was as high as 16 while the
theoretical Al/S molar ratio for hydrobasaluminite is 4. This result suggests the presence of at
least two Al-phases. Some studies have reported the coexistence of basaluminite and gibbsite
(Nordstrom, 1982) and the presence of gibbsite as an aging product of other metastable Al-
phases (Berkowitz et al., 2006; Berkowitz et al., 2005; Nordstrom, 1982; Sims and Ellis,
1983). In addition, the presence of amorphous to microcrystalline gibbsite also has been
reported in different environments (Berkowitz et al., 2005; Bigham and Nordstrom, 2000;
Nordstrom, 1982; Nordstrom and Ball, 1986). These results, combined with the long
treatment period during which schwertmannite ages to goethite, also suggests that

hydrobasaluminite could be aging to gibbsite in this level.

Assuming the coexistence of hydrobasaluminite and gibbsite, Al distribution in these phases
was calculated (Table 3), wusing theoretical formulas of hydrobasaluminite,
Al4(SO4)(OH)10- 15H>0, and gibbsite, AI(OH)s. The proportion of Al in hydrobasaluminite,
was calculated as four times the amount of S released in steps 2-3 S (according to
hydrobasaluminite stoichiometry). Aluminum in gibbsite was calculated as the remaining

amount after subtracting hydrobasaluminite Al from total Al.

Layer 5: (15-20 cm and 20-30 cm, yellowish) this layer was selected based on its color and
texture as a different precipitate layer, however XRD and sequential extraction analysis

revealed that, this layer represents the progressive transition from the upper part of the Al-
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precipitates level to the unreacted material. As in layer 4, the presence of gypsum and calcite
was detected by XRD (Fig. 5) and the appearance of hydrobasaluminite and gibbsite is
suggested by the sequential extraction analysis (Fig. 3 and Table 3), although in this case the
amount of precipitates decreases dramatically from the top of this layer towards the unreacted

material below.

Layer 6. (30-40 cm, apparently unreacted substrate) as expected, this layer corresponds to the
unreacted original material where only the presence of calcite was detected by XRD (Fig. 5)

and sequential extraction analysis (Fig. 3).

General distribution of the precipitates inside the reactive tank

The distribution of precipitates and the role of each mineral in metal removal is synthesized in
Fig. 7. The right side of this figure shows the amount of total Fe, Al, S and Ca obtained by
each step of the sequential extraction. The left side of the figure shows the concentration
(weight %) of the different minerals found in each level. Inspection of these metal and
mineralogical profiles (Fig. 7) clearly shows the presence of two distinct Fe and Al

precipitation levels with a coexisting gypsum level.

Detailed inspection of the Fe level (0-5 cm) shows that although the amount of goethite in the
samples was considerably greater than that of schwertmannite, the latter was the mineral
phase responsible for most of the iron removal, because each mg of schwertmannite has eight
times more iron than a mg of goethite due to each mineral stoichiometry. This mineral
proportion also was observed in the XRD analyses for sample 0-1, 1-3 and 3-5 cm (Fig. 2, 4
and 5), where detection of schwertmannite prior to DXRD analysis was impossible due both

to the lower crystallinity and concentration of schwertmannite with respect to goethite. The



403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

amount of precipitated iron progressively decreased from the top to the bottom of the Fe level.
Another important result of the sequential extraction study of the iron levels (Fig. 3) was the
progressive decrease of SO4~ adsorbed onto schwertmannite with depth. This cannot be

displayed in Figure 7b because SO4~ adsorption is overprinted by gypsum precipitation.

Gypsum was found throughout the reactor system, however, a detail inspection of the
analyses showed that this mineral formed almost an independent level superimposed on the
Fe and Al levels. From the results of S dissolved in step 1 of the sequential extraction (Fig. 3),
the concentration of gypsum increases throughout the Fe level until reaches its maximum at

the boundary between the Fe and Al level, and it decreases downward through the Al level.

The distribution of Al precipitates has a number of similarities to the distribution of Fe
precipitates. In both cases, a mineral produced on aging (gibbsite or goethite) is more
abundant than the metastable phase (hydrobasaluminite or schwertmannite). Also in both
cases, the amount of metal removal progressively decreased from the top to the bottom of the
layer (Fig. 7). However, an important difference between the Fe and Al layers is that more Al
is present in the stable phase (gibbsite) whereas more iron is present in the metastable phase

(schwertmannite; Table 3).

Another important observation offered by the sequential extraction analysis was the amount
of calcite consumed in the different depths of the reactive material. Inspection of the amount
of Ca released during the second step of the sequential extraction (Fig. 3) revealed that almost
all the calcite was consumed in the Fe level (0-5 cm) while an important amount of calcite
remained undissolved in the Al level. The distribution of calcite in the Al level showed the
same decreasing tendency from 15 to 30 cm as shown by the Al precipitates. This fact could

be explained by a calcite passivation process as the precipitation of Al-bearing minerals
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shields the calcite surface, rendering it inaccessible to the solution. This passivation

hypothesis is also supported by SEM-EDS results (Fig. 6) previously discussed.

CONLUSIONS

A combined use of sequential extraction and differential x-ray diffraction (DXRD) to study
poorly ordered Al and Fe phases has been tested on precipitates formed inside the reactive
material of the Monte Romero passive treatment system in southwestern Spain. This passive
treatment system is being tested as a possible remediation method for acid mine drainage. The
presence of schwertmannite and goethite was detected in the upper level of the treatment
system, based on coupled sequential extraction and DXRD analyses. The stoichiometry of
schwertmannite changed throughout the Fe level, and the amount of SO4~ adsorbed to
schwertmannite decreased progressively downward through the Fe level, as determined from

the sequential extraction results.

Gypsum distribution throughout the reactive material was determined on the basis of S
released in the first step of the sequential extraction. Gypsum was present throughout the
entire precipitation profile and it coexisted with both the Fe and Al levels (with gypsum
precipitation maximum coincident with the boundary between the Fe and Al levels). This
gypsum distribution could be the result of gypsum formation by combination of Ca increase

by calcite dissolution with SO4~ in the acidic mine drainage.

The mineral concentrations interpreted from the sequential extraction facilitate an
understanding of the general distribution of each mineral phase that forms within the reactive

material and also to quantify the importance of each mineral on metal removal. These results
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also can be used to infer the hydrochemical processes occurring inside the reactive material,

which is essential to improve the system quality and efficiency.
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TABLES

TABLE 1. Sequential extraction procedure developed for this study.

TABLE 2. Comparison between schwertmannite formula and (Fe/S) molar ratio proposed in the

literature and schwertmannite formula and (Fe/S) molar ratio obtained in this study.
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TABLE 3. Deduced distribution of Al between hydrobasaluminite and gibbsite on the basis of
steps 2-3 S and total Al.

FIGURE CAPTIONS
Figure 1. Iron concentration obtained in the different steps of the sequential extraction

calibration study carried out for the 0-1 cm sample. Solid:extractant ratios in mg/ml.

Figure 2. Mineralogical characterization of sample 0-1 cm by XRD, DXRD and SEM-EDS.

Gt = Goethite, Sch = Schwertmannite.

Figure 3. Distribution of Fe, Al, S and Ca concentrations throughout the sample profile on the

basis of the sequential extraction study.

Figure 4. Mineralogical characterization by XRD and DXRD of sample 1-3 cm. Gt =

Goethite, Sch = Schwertmannite, Gyp =Gypsum.

Figure 5. XRD diffractograms for samples from 3-5 cm and 30-40 cm. The most important
peaks for the different mineral phases found in each sample have been labelled. Gt =

Goethite, Gyp = Gypsum, Cc = Calcite.

Figure 6. A) SEM image of a calcite grain surrounded by hydrobasaluminite (gray) and
gypsum (bright white) precipitates. B) Euhedral crystals of gypsum (centre) and amorphous

precipitates of hydrobasaluminite (lower-right corner of the image). At the bottom of these
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two images three EDS elemental spectra (calcite = “cc”, gypsum = “gy”, and

hydrobasaluminite = “hyb”) obtained for some of the detected minerals are shown.

Figure 7. Metal (right diagram) and mineral (left diagram) distribution across the Monte
Romero reactive tank profile. Gt = Goethite, Sch = Schwertmannite, Gyp =Gypsum, Hybas =
Hydrobasaluminite, Gibb = Gibbsite, Cc = Calcite. The different areas drawn on the right

diagram correspond to the amount of each element attributed to the individual mineral phases.
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TABLE 1. Sequential extraction procedure developed for this study

Sequential extraction step Preferentially Dissolved phases Elements released
dissolved minerals (in this study) to the solution

on: -
1) Water soluble fraction: 200 mg of sample into 20 ml Secondary sulfates

—— 2
deionizied water, shake for 12 h at room temperature (RT) and other salts Gypsum Ca and SOx
2) Sorbed and exchangeable fraction: 20 ml of 1 M NHs- .
acetate (4.5 pH buffer), shake for 1 h at RT Calcite apd some Calcite Ca and adsorbed
clay minerals elements
3) Poorly ordered Fe (III) oxyhydroxides and Mainly _ Schwertmannite,
oxyhydroxysulfates: 20 ml of 0.2 M NHas-oxalate (3 pH Schwertmannite hydrobasaluminit Fe. Al and SO
buffer) 30 minutes shake in darkness and at RT and 2-line ydrobasaluminite & ¢
. . and gibbsite
ferrihydrite
4) Highly ordered Fe (I11) hydroxides and oxides: 20 ml of Goethite, jarosite,
0.2 M NHas-oxalate (3 pH bufter) 80 °C water bath for 1h 6-line ferrihydrite Goethite Fe
and hematite
5) Residue digestion: 3 ml of HNOs + 7.5 ml of HF + 2.5 ml
of HC104 Silicates Residue (wood chips)  Organic elements
665
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g;? FIGURE 1. Iron concentration obtained in the different steps of the sequential extraction calibration study carried out for the 0-1 cm sample.
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736

TABLE 2. Comparison between schwertmannite formula and (Fe/S) molar ratio proposed in the literature

137 and schwertmannite formula and (Fe/S) mor ratio obtained in this study.

738 Sample Fe; t(:}:;n;- lég) Ss(t:;::gl_g;) X value Mineral formula (Fe/S) motar ratio
Schwertmannite 1*<x<1.86" Fes03(OH)s.2(S0y)x 4-8%

739 0-1cm 5.562 1.253 1.80 F8303(Of1)4.39(S04)143 4.44
1-3cm 3.576 0.861 1.93 Fe303(011)4,15(s04)1_93 4.15
3-5cm 2.110 0.226 0.86 FesOs(0OH)g.25(504)0.36 9.33

740 X value correspond to the possible values of (SO4) and (OH) in the schwertmannite compositional formula.

* (Bigham et al., 1996)
# (Yuetal., 1999)
741 § (Bigham and Nordstrom, 2000)

742

743

744

DXRD Sch 254
745 DXRD)|

(5.18) (3.33)

(1.66)

746

40 50 60

747 ”

Sample after step3
748
Sample after step2

fa T O

Raw Sample

749

750 o

751 S/ A A R

1-3cmn

752 Degree 20 Cu Ka Radiation

753

754 FIGURE 4. Mineralogical characterization by XRD and DXRD of sample 1-3 cm. Gt = Goethite, Sch = Schwertmannite, Gyp =Gypsum.
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FIGURE 5. XRD diffractograms for samples from 3-5 cm and 30-40 cm. The most important peaks for the different mineral phases found in

each sample have been labelled. Gt = Goethite, Gyp =Gypsum, Cc = Calcite.
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TABLE 3. Deduced distribution of Al between hydrobasaluminite and

gibbsite on the basis of steps 2-3 S and total Al.

S (mmol/g) Al (mmol/g) Al (mmol/g) Al (mmol/g)

Sample steps 2-3 total hybas* gibbsite #
5-15¢cm 0.127 2.026 0.507 1.519
15-20cm 0.041 0.910 0.164 0.746
20-30cm 0.018 0.498 0.071 0.427

* Al concentration calculated assuming all S from steps 2-3 corresponds to
hydrobasaluminite SO44™.

# Gibbsite Al concentration calculated by subtracting hydrobasaluminite Al
concentration from total Al
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809 FIGURE 6. A) SEM image of a calcite grain surrounded by hydrobasaluminite (gray) and gypsum (bright white) precipitates. B) Euhedral

810 crystals of gypsum (centre) and amorphous precipitates of hydrobasaluminite (lower-right corner of the image). At the bottom of these two
811 images three EDS elemental spectra (calcite = “cc”, gypsum = “gy”, and hydrobasaluminite = “hyb”) obtained for some of the detected
812 minerals are shown.

813

814



A Solid Sample B Solid Sample
Mineral Concentration (w%) Metal Removal (mg/g)
100 90 80 70 60 50 40 30 20 10 0 0 50 100150200250300350400450
0-1cm
Sch :
Gt 1-3em  Lyes P
Gyp M Fe
Sch 3 Al
| 3-Sem s
A [ Ca
s T,
515cm 2o N
Hybas | | | | | | w !
- HEEEEEELY g i
o, SIS s-200m .
| P 1 b : : o
B S ' o
NI S S S S S 2 .
Cc.  MIRIHINIINININITININNN| 20-30cm 1
SR A ! \ o
A A A
H o : R T - I R A : PN
... seem |
816 FIGURE 7. Metal (right diagram) and mineral (left diagram) distribution across the Monte Romero reactive tank profile. Gt = Goethite, Sch
817 = Schwertmannite, Gyp =Gypsum, Hybas = Hydrobasaluminite, Gibb = Gibbsite, Cc = Calcite. The different areas drawn on the right
818 diagram correspond to the amount of each element attributed to the individual mineral phases.
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