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Abstract: Natural ferrihydrite (Fh), a poorly crystalline iron oxy-hydroxide with high concentrations of As, was investigated with
respect to its crystallinity in a remediated mining environment. The Fh crystallinity increases from proto-Fh to a better crystallized
2-line Fh (called better 2-line Fh), while the associated As contents decrease from 7.8 to 1.9 wt %, respectively. This evolution of
crystallinity correlated with decreasing As suggests that As is more likely coprecipitated in the Fh structure than adsorbed onto the
surface.

The evolution of Fh crystallinity is related to (i) aqueous transformations for samples continuously submerged and controlled by
water composition (pH, ionic strength and redox potential) and (ii) dry thermal transformations for samples in a seasonally humid
area with variations of temperature, humidity, agglomeration and compaction. The evolution of Fh crystallinity is more pronounced
during dry thermal transformation than during aqueous transformations. Although Fh evolution is observed on the field, no stable
form (goethite, hematite) is detected as usually noted during dry thermal transformation. This may be explained by incorporated
cations such as Siand Al that can inhibit the transformation of Fh to a more stable form. To understand this transformation in a natural
environment, the discussion in this study focuses on two main points: (i) the relationship between spatial mineralogical distribution

and As content and (ii) the importance of Fh evolution as a function of transformation processes observed in the field.
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Introduction

Ferrihydrite (Fh), an iron (III) oxide (formula SFe,05°9H,0;
Eggleton & Fitzpatrick, 1988), is typically encountered in
mine drainage environments with pH values exceeding 5
(Carlson et al., 2002). Fh is one of the most common sec-
ondary iron phases, along with its transformation products,
goethite and hematite, and it is generally classified accord-
ing to the number of X-ray diffraction lines (Cornell &
Schwertmann, 1996). Typically, the “2-line Fh”” shows two
broad peaks corresponding to a poorly crystalline material,
while the “6-line Fh” shows 6 finer peaks corresponding to
amore highly crystalline material (Cornell & Schwertmann,
1996; Jambor & Dutrizac, 1998). The least crystalline Fh,
also called “poorly 2-line Fh” or proto-ferrihydrite (Chuk-
hrov, 1973; Cornell & Schwertmann, 1996), generally pre-
cipitates first. The structural model of Fh still remains a mat-
ter of debate due to the poor crystallinity of Fh. It may corre-
spond to either (i) iron (III) sheets that are only octahedrally
coordinated (Manceau, 1995) or (ii) iron (III) sheets that are
both octahedrally and tetrahedrally coordinated (Eggleton
& Fitzpatrick, 1988; Drits et al., 1993).

Aqueous parameters such as pH, ionic strength and redox
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potential can prevent the evolution from poorly to more
highly crystalline Fh (Cornell & Schwertmann, 1979; Tor-
rent & Guzman, 1982; Vempati & Loeppert, 1989; Martinez
& McBride, 1999 and Jang et al., 2003). These parameters
can be responsible for the transformation of Fh to other crys-
talline iron oxides (goethite and hematite). Cations and or-
ganic anions present in the structure can also modify the Fh
properties (Schwertmann, 1979; Karim, 1984; Waychunas
et al., 1993 and Manceau, 1995). As an example, Zhao et al.
(1994) showed that the transformation of silica-bearing Fh
into hematite required higher temperature than for non sili-
ca-bearing Fh. Thus, all of the cited parameters are responsi-
ble for the dry thermal or aqueous transformation of Fh into
amore crystalline oxide, as discussed by Jambor & Dutrizac
(1998). Indeed, pH and ionic strength are involved during
the aqueous transformation of Fh, whereas dryness, ag-
glomeration and compaction are responsible for its dry ther-
mal transformation.

Fh particles have a large specific surface area
(> 220 m%g) and are therefore good adsorbents in aquatic
systems, playing a crucial role in the bioavailability and mi-
gration behaviour of trace elements (TE) (Appelo et al.,
2002; Fuller et al., 1993; Waychunas et al., 1993). Concern-
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ing arsenic, Fh shows properties that reflect a high sorption
affinity for both As (III) and As (V) (Appelo et al., 2002;
Bigham et al., 1996; Dold, 2003; Rancourt et al., 2001).
Consequently, Fh crystallinity is able to control As cycling
in natural environments. The relevance of this study con-
sists in observing the evolution of natural Fh precipitates ac-
cording to in situ conditions and the decrease in As content
downstream of a remediated mining site. This study allows
us to forecast the short- and long-term risks of potential As
pollution.

Materials and methods

Study area

The Saint-Yrieix gold mining district, one of the most im-
portant in France during the last century, is located in the
northwestern part of the French Massif Central, near Li-
moges (Fig. 1). The mining of gold started in ancient times
with the Celts (500 BC), and continued intermittently up un-
til 2001, producing an estimated total of 55 metric tonnes of
gold (Nicaud, 2001). The mineralized veins crosscut ortho-
and paragneisses, and consist of quartz hosting arsenopy-
rite, pyrite, galena and sulpho-salts (Bouchot et al., 1989;
Cathelineau et al., 1989).

The study area is located in the flood plain of the Manau-
rie river in the Dordogne basin (Fig. 1). Mining activities fa-
voured groundwater circulation, leaching pyrite and arseno-
pyrite deposits coming from the quartz vein. The sampling
site corresponds to a recently precipitated ochreous deposit
covering 500 m?, which results from the resurgence of
groundwaters. The seepages of resurgent groundwater yield
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Fig. 1. Location of the studied area.

mean dissolved O, concentrations of 2.6 + 2.4 mg/l and pH
=5.9+0.3 (n=37), with calcium sulphate and dissolved As
concentrations ranging between 1.0 and 6.1 pM (this study).
Ochreous deposits are located (i) in a drain built by miners
to evacuate waters towards the local river and (ii) in 3—-5-cm
thick layers outside the drain (Fig. 2).

Sample collection and preparation

Ochreous deposits were collected along the main drain
(samples a, b and c, Fig. 2), in a seasonal pool area (sample
d, Fig. 2) and along the orthogonal drain (sample e, Fig. 2).
Samples were collected using a manual vacuum-pump sys-
tem, then acidified, placed in high-density polypropylene
bottles and stored at 4°C. The Eh, pH, conductivity, temper-
ature and dissolved O, levels of surface waters were mea-
sured every fifteen days during the study from October 2002
to May 2004. In the laboratory, precipitates were settled out
and dried overnight at 45°C. After manually removing
pieces of leaves and wood, the samples were disaggregated
in an agate mortar.

A core sample was collected using a liquid nitrogen core-
barrel system in the central main drain (sample b, Fig. 2),
and then stored in a freezer (—18°C) until analysis. The core
was cut into 2 cm slices and freeze-dried. The 2-cm thick
slices were pooled together into 3 samples for the analyses
in order to obtain enough material for chemical analyses and
physical characterization.

Analytical methods

Bulk chemical analyses were obtained on 300 mg of dried
representative sub-samples. The samples were digested in
Teflon beakers on a heating plate using LiBO,, and the resi-
dues were completely re-dissolved with HNO; before the
analysis. Major elements were analysed by ICP-AES, total
organic carbon (TOC) and total sulphur (TS) were deter-
mined using a LECO SC 144DRPC and trace elements anal-
yses were performed by ICP-MS. International certified ref-
erence materials were used to check the entire analytical
procedure, and detection limits are given in Table 1.
Powder X-ray diffraction (XRD) was carried out on a
Philips instrument at 40 kV and 40 mA using a monochro-
mator with CoK,, radiation, and scanning from 2.5 to 80.0
°20 with a 0.015° step and 9 s counting time per step. In or-
der to obtain more details about the 2-line Fh planes, XRD
was also carried out from 25.0 to 50.0 °20 and from 67.0 to
76.0 °20 , with a 0.01° step and 20 s counting time per step.
3TFe Mossbauer absorption spectra were recorded over
the range + 14 mm/s in 512 channels. The Mossbauer spec-
trometer was composed of a compact detector y-system for
high count-rates and a “Wissel” conventional constant ac-
celeration Mossbauer device. A °’Co (in Rh) source was
used with a nominal activity of 50 mCi. The spectra were
obtained at room temperature, specifically at 4 K to enhance
the 2" order Doppler effect, and then recorded on a multi-
channel Cambera analyzer coupled to a computer. The iso-
mer shift was recorded with respect to o-Fe metal. Accord-
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Fig. 2. Superficial and core sample location map. ~ Legend:
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used in the following figures: (a) Upstream main
drain; (b) Central main drain; (¢) Downstream
main drain; (d) Seasonal pool; (e) Orthogonal
drain.

ing to Rancourt et al. (1993), the absorber sample thickness
for oxy-hydroxides can be approximated at around 100 mg
of mineral per cm?. Powders were finely ground under ace-
tone and placed in a Plexiglas sample holder. Lorentzian
line shapes were assumed for the deconvolutions, based on
least-squares fitting procedures. %? was used to measure the
quality of the computer fit. Magnetically split spectra were
fitted using hyperfine field distributions.

Differential thermal analyses (DTA) were performed us-
ing a Netzsch Thermal Analyser STA 409 EP, with the tem-
perature range set at 25—1000°C and data acquired at a heat-
ing rate of 10°C/min in an ambient atmosphere. A 20-mg
sample was used with alumina as the reference material.

Scanning Electron Microscope (SEM) was used at an ac-
celerating voltage of 20 kV and with a focal distance of 10
mm on carbon-coated thin sections prepared from powder
samples in hardened epoxy resin.

Results and discussion

Spatial evolution of iron oxide deposits

The median bulk chemical composition of the collected
ochreous deposits is presented in Table 1. Samples are cha-
racterised by high Fe,O; contents ranging from 29.2 to
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57.2 wt %. They also contain high amounts of SiO,, ranging
from 1.7 to 33.4 wt %, Al,O; (ranging from 0.2 to 9.8 wt
%), TOC (up to 3.35 %), TS (up to 4.69 %) and As (ranging
from 1 to 10 wt %). Arsenic contents in the solid fraction
strongly depend on the sample location. Along the main
drain, the median content decreases from 7.8 wt % for sam-
ple ato 1.2 wt % for sample c. Median contents for samples
dand e (1.8 wt % and 1.9 wt %, respectively) are slightly
higher than for sample c (see Fig. 2 for location).

The mineralogy of these ochreous deposits, determined
by XRD, is dominated by Fh with traces of inherited miner-
als (mainly quartz, feldspar and clay minerals, Fig. 3) as in-
dicated by the SiO, and Al,O; contents (Fig. 3). The XRD
patterns of Fh agree with those described by Cornell &
Schwertmann (1996). The diffractogram of samples collect-
ed upstream (sample a, Fig. 3i) shows two very broad peaks
near 1.49 A and between 2.80 and 2.55 A. These peaks cor-
respond to the (300) and (110) planes of poorly crystalline
2-line Fh, called proto-Fh. The XRD pattern of samples col-
lected downstream of the main drain (sample c, Fig. 3i)
shows an additional weak peak at 1.97 A. These samples can
be called “poorly 2-line Fh” because they are better crystal-
lised than proto-Fh (sample a). This indicates an increase of
the mineral crystallinity from upstream to downstream
along the main drain. An evolution can also be observed in
the Fh crystallinity inside and outside the drain. Better crys-
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Table 1. Bulk chemical compositions (ICP-MS and AES) of samples collected in the five studied areas, and also for core sample (see Fig. 2

for location).

pH SiO, AlLO; Fe,0, MnO MgO CaO Na,0O K,0 TiO, P,0; TOC TS As
wt% wt% wt% @ wt%h  wt% Wt  wt%  wt%  wth wt% % % wt%

Upstream Median 5,7 5,1 2,6 40,9 0,1 0,2 0,39 0,1 0,6 0,11 0,37 0,12 192 78

main drain 20 0,1 7,6 2,7 8 0 0,1 0,37 0,03 0,26 0,06 0,18 0,02 1,05 1,7
(a) n 3 3 3 3 3 3 3 3 3 3 3 3 3 3

Central  Median 6 6 2,8 45,9 0,2 0,2 0,48 0,31 0,36 0,09 0,2 0,32 244 3,1
main drain 20 0,1 6,5 2,1 6,4 0,7 0,2 0,36 0,23 0,45 0,03 0,08 1,28 1,6 1,1
(b) n 11 11 11 11 11 11 11 11 11 11 11 11 11 1

Downstream Median 6 31,1 5,5 30,1 0,4 0,4 0,7 0,86 1,7 0,1 0,17 1,88 0,15 1,2
main drain 20 0 3,3 0,9 0,6 0 0,1 0,07 0,13 0,14 0,04 0,04 0,06 0,04 0,1
(©) n 2 2 2 2 2 2 2 2 2 2 2 2 2 2

Seasonal Median 6,3 8,2 2,7 41,2 0,4 0,2 0,5 0,22 0,48 0,13 0,17 0,21 33 1,8
pool (d) 20 0 3,6 1,6 4,6 0,1 0 0,56 0,08 0,2 0,03 0,25 0,08 0,67 1,1

n 5 5 5 5 5 5 5 5 5 5 5 5 5
Orthogonal n=1 6 3,4 1,4 57,2 0,2 <dl. <dl <dl 0,13 <dl 0,05 0,21 2,15 19
drain (e)

Core 0-8 cm* 6 6,2 2,7 51,1 0,2 <dl. 045 <dl 0,28 0,05 0,18 2,39 0,24 1,1

sample 8-16cm — 12,1 49 45 0,3 0,3 0,38 0,16 0,61 0,11 0,22 3,05 0,18 0,9

16-22cm - 14,3 5,7 42,1 0,3 0,3 0,35 0,15 0,78 0,13 0,23 3,35 0,17 0,7

d.l. 0,1 0,2 0,1 0,1 0,1 0,1 0,01 0,05 0,05 0,05 0,05 0,01 0,01 0,1

20: standard deviation, n: number of samples, —: not analysed, d.l.: detection limit, * values in cm correspond to the sample depth from the

surface. Letters in () correspond to sample location (see Fig. 2).
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Fig. 3. (i) X-ray diffractograms of superficial samples collected in

the 5 studied areas (a to e); (ii) and (iii) correspond to the (110) and

(115) planes of Fh, respectively. Q=quartz; dashed lines and arrows

correspond to the 6- and 2-line Fh positions, respectively. (See text

for analytical conditions).

tallized Fh, called “better 2-line Fh”, is observed in seasonal
pools (sample d , Fig. 3i) with an additional weak peak at
197 A corresponding to the (113) plane. The best crystal-
lised Fh sample, also called “better 2-line Fh”, is observed in
the orthogonal drain (sample e, Fig. 3i). It is characterized
by sharpened peaks and additional small broad peaks at 2.19
and 1.97 A (Fig. 3i). The (110) and (115) reflections for
sample e are sharper than for sample a, corresponding to the
Fh crystallinity increase (Fig. 3ii and 3iii). No other iron
oxide (goethite or hematite) was identified.

For samples located in the main drain (b and ¢, n=13), a
significant correlation (r> = 0.90) was observed between Fe
and As in the solid fraction (Fig. 4). Arsenic concentration is
highly dependent on Fe concentration, indicating that As is
either adsorbed onto the Fh surface as complexes and/or co-
precipitated in the Fh structure. X-ray elemental distribu-
tions obtained by SEM on thin sections show that Fe and As
are located on the same particles, whereas S is strongly dis-
persed, indicating the absence in the material of any sulphi-
dic As-bearing phases such as pyrite and arsenopyrite (Fig.
5). This observation confirms the affinity between Fe and
As, but it provides no additional information about As co-
precipitation and/or adsorption onto Fh. Specific attention is
required for samples located in the upstream main drain
(samples a in the grey-shaded domain, Fig. 4) since they do
not follow the As-Fe correlation. In fact, these samples (cat-
egory a; n = 3) contain higher amounts of As than samples b
and c for a similar Fe content, according to the described
correlation. This could be related to the crystallinity of the
Fh: the least crystalline Fh has the highest As content (sam-
ple a, Fig. 3). In some cases, Fh crystallinity depends strong-
ly on the elements in its structure such as As (Karim, 1984;
Saleh & Jones, 1984; Eggleton & Fitzpatrick, 1988; Krause
& Ettel, 1989; Drits et al., 1993; Carlson et al., 2002 and
Schwertmann et al., 2004). With decreasing As content in
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Fig. 4. Correlation of Fe (wt %) and As (wt %) for superficial sam-
ples. Open circles: samples (a), filled squares: samples (b), filled tri-
angles: samples (c), open diamonds: samples (d), open stars: sample
(e), (see Fig. 2 for sample location).

Fh, the XRD-peak corresponding to the (110) plane shifts
from 2.80 to 2.53 A, indicating a higher crystallinity of Fh
(arrows in Fig. 3) as already shown by Krause & Ettel
(1989) and Carlson et al. (2002). These samples (a, b and c¢)
exhibit an evolution of crystallinity from proto-Fh upstream
to poorly 2-line Fh downstream of the main drain. This evo-
lution takes place by aqueous transformation (Jambor &
Dutrizac, 1998; Cornell & Schwertmann, 1996) because the
samples are always submerged, with an As decrease from
7.8 to 1.2 wt % (in the bulk solid composition, Table 1) as
observed in the correlation (Fig. 4).

Samples located outside the drain and in the orthogonal
drain (samples d and e, respectively, Fig. 2) do not belong to

the correlation. These samples (dashed field, Fig. 4) contain
less As for a similar range of Fe and are subject to a marked
crystalline evolution (better 2-line Fh) compared to samples
located in the main drain (samples b and c). The different
states of crystallinity can be accounted for essentially in
terms of As concentrations (Carlson et al., 2002) and Fh
transformation (Jambor & Dutrizac, 1998; Cornell &
Schwertmann, 1996). These samples, located outside the
main drain, are subject to dry episodes, with agglomeration
and compaction, which explain why their evolution occurs
by dry thermal transformation. Although samples d and e
are the best crystallised samples, they contain higher As
concentrations than expected in view of the crystallinity of
samples b and c. However, since these samples are trans-
formed during dry episodes, dry thermal transformation can
be considered to have a weaker impact on the decrease of As
in the solid. The observed decrease in As as a function of the
increase in Fh crystallinity implies that As is coprecipitated
in the Fh structure rather than adsorbed on the Fh surface.
Mossbauer spectroscopy was used in order to obtain in-
formation about the Fh chemical bonding (particle size,
crystallinity, efc.). Mossbauer spectra of Fh show consider-
able variation due to different crystallinity or impurities
(Cornell & Schwertmann, 1996). The Mossbauer spectra of
the studied samples show a paramagnetic doublet at room
temperature (291 K) and at 80 K (not shown). At 4 K, all
spectra are completely magnetically split and appear as sex-
tets, indicating that the Fe (III) spins are completely frozen

Fig. 5. Backscattered scanning electron microscope images of Fh powder in epoxy resin (thin sections coated with C) and associated elemen-
tal X-ray mapping for Fe, As and S of a sample collected in the central main drain (b).



192 J. Gautier, C. Grosbois, A. Courtin-Nomade, J.P. Floc’h, F. Martin

Relative transmission

Rl

J4 iz io 8 -6 -; -; 6 2 4 é 8 0 12 14
Velocity (mm/s)
Fig. 6. Mossbauer spectra at 4 K of samples (a) to (e). Dashed lines
indicate the increase of Fh crystallinity with the increase in the calcu-
lated B Hyperfine Field.

even in the most disordered oxide (Fig. 6, sample a). The
isomer shift (IS) values range from 0.28 to 0.36 mm/s,
which correspond to proto-Fh and better 2-line Fh respec-
tively (Table 2). IS average values (with a mean of 0.33 mm/
s) for the natural studied samples are similar to values for
natural and synthetic Fh obtained by Murad & Schwert-
mann (1980).

The low quadrupole splitting (QS), less than 0.1 mm/s
(average QS = -0.030 mm/s at 4 K, Table 2) and magnetic
hyperfine field (Bhf) are characteristic of Fh (Cornell &
Schwertmann, 1996). Moreover, IS and QS values corre-
spond to a particle size less than 10 nm, which can be ex-
pected for natural poorly crystalline Fh (Carlson & Schwert-
mann, 1981; Schwertmann & Fisher, 1973; Schwertmann et
al.,2004). The adsorption of any species depends on the par-
ticle size, which determines the surface area of the adsorb-
ing substrate. Jambor & Dutrizac (1998) determined the par-
ticle size of Fh aggregates to be 3—10 nm, with a high specif-
ic surface area ranging from 200 to 720 m?%g. Due to the
small size of the particles analysed by Mdssbauer spectros-
copy, a significant fraction of the bulk composition of Fh al-
ways represents the stoichiometry of the surface rather than
the stoichiometry of the inner Fh structure. This could ex-
plain why As is not only coprecipitated in the Fh structure as
assumed, but also forms part of the As adsorbed onto the Fh
surface.

Bhf values are calculated using the distances between the
external peaks of Mdssbauer spectra, which show a weak in-
crease from 45.4 to 46.8 T with increased crystallinity
(Fig. 6 and Table 2). Due to the high As content of natural
Fh, the Bhf determined in the studied samples is a little low-
er than the values obtained by Cornell & Schwertmann
(1996). Similarly, other incorporated elements such as Si re-

T Exothermic
peak

Endothermic

280

(; l(;O 200 300 400 5(;0 6(;0 7(;0 ) 8(;0 9(;0 10‘00 1 1‘00
Fig. 7. Differential thermal analysis curves of superficial samples (a)
to (e). Dashed lines indicate endothermic and exothermic peaks.

sult in a decrease of the Bhf at 4.2 °K from 49.4 t0 46.7 T as
the Si content rises from 11.7 to 74.7 g/kg (Schwertmann et
al.,2004). High concentrations of Si and Al in the bulk anal-
yses (Table 1) explain the observed slight Bhf increase in the
studied samples. Half-widths and maxima of sextet exterior
peaks, characterised by dashed lines in Fig. 6, shift to higher
values as the particle size and crystallinity decrease. Due to
the nanoparticle size distribution, the peaks are asymmetric.
This indicates that the crystallinity of Fh increases with in-
creasing Bhf. Spectra are characterised by asymmetric sex-
tets towards lower velocities showing a range of hyperfine
fields (Fig. 6), as shown by Zhao et al. (1994). Because Si,
Al and C do not cause significant distortions of the Fe** en-
vironments (Rea et al., 1994; Rancourt et al., 2001), As can
also be responsible for the QS increase and associated
changes in the Fe3* local environment (Fig. 6 and Table 2).
Thermoanalysis gives information about the Fh transfor-
mation and weight loss during heating. The obtained differ-
ential thermograms for the samples are typical of Fh (Fig. 7)
as observed by Schwertmann & Fischer (1973) and Carlson
& Schwertmann (1981). The thermal dehydration and dehy-
droxylation reactions of the different forms of oxy-hydrox-
ides take place over a wide range of temperatures, usually
depending on the nature of the compounds, the crystallinity
and the chemical impurities. In this study, Fh spectra show
an intense endothermic peak near 100°C, which results from
a decrease in the high amount of adsorbed water contained
in Fh (Fig. 7; Cornell & Schwertmann, 1996). The endother-
mic peak for better 2-line Fh (95°C) is broader than for pro-
to-Fh (115°C), which is in agreement with Eggleton & Fitz-

Table 2. Mossbauer parameters measured at 4 K for the selected superficial Fh.

Locality Oxide crystallinity Isomer shift* Average quadrupole splitting B Hyperfine field
(mm/s) (mm/s) (T)
Upstream main drain (a) Proto-Fh 0,28 -0,03 454
Central main drain (b) Proto-Fh 0,29 -0,03 45,5
Downstream main drain (c) Poorly 2-line Fh 0,3 -0,03 45,5
Seasonal pool (d) Better 2-line Fh 0,29 -0,03 45,8
Orthogonal drain (e) Better 2-line Fh 0,36 -0,03 46,8

* referred to aFe metal
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patrick (1988) who observed that 6-line Fh looses water
more readily than less porous 2-line Fh. The As enrichment
of proto-Fh causes a delayed release of water explaining the
shift of the endothermic peak towards higher temperature
(Fig. 3 and 5). Zhao et al. (1994) confirmed this process,
showing that the adsorbed anions inhibit both the release of
chemisorbed water molecules at low temperature (110°C)
and the formation of hematite. The occurrence of As can al-
so have an inhibiting effect at higher temperature when in-
terfering with Fh formation during chain-building process-
es, as has been mentioned by Waychunas et al. (1993) and
Manceau (1995). Such chain-building processes correspond
to the polymerization of the octahedrally-coordinated iron
(IIT) sheets, which induces the transformation to hematite
(Carlson & Schwertmann, 1981).

The weak and broad exothermic peak near 280°C for pro-
to-Fh is sharpened and resolved into two peaks (250 and
280°C) for better 2-line Fh (Fig. 7). The peak at 280°C shifts
slightly at lower temperature with the increase of Fh crystal-
linity. The second exothermic peak at 250°C, not observable
for proto-Fh, increases with even stronger intensity for bet-
ter 2-line Fh. The twin exothermic peaks (250 and 280°C)
are interpreted as the crystallisation of hematite (Schwert-
mann & Fischer, 1973; Schwertmann, 1979; Colombo & Vi-
olante, 1996; Cornell & Schwertmann, 1996). These peaks,
generally observed between 300 and 350°C for pure Fh,
shift to 280°C with increasing amount of Al (Colombo &
Violante, 1996). Some of the following possibilities could
explain the occurrence of this twin exothermic peak in the
better crystallized 2-line Fh: (i) due to the presence of ele-
ments such as Si and Al, the first exothermic peak at 250°C
is attributed to the transformation of highly disordered he-
matite, and the second, at 280°C, to the formation of better-
ordered hematite (Cornell & Schwertmann, 1996); (ii) the
first peak could be the result of maghemite growth and the
second represents the conversion to hematite (Eggleton &
Fitzpatrick, 1988); (iii) it could be attributed to a two-step
crystallisation of hematite due to the presence of two differ-
ent types of Fh crystalline structure present in the collected
samples. However, Eggleton & Fitzpatrick (1988) observed
this twin exothermic peak at 350 and 465°C, so the second
possibility can be ruled out. Due to higher As contents in
proto-Fh, the third possibility is more appropriate than the
first one. Thus, the conversion to ordered hematite by re-
crystallisation is less rapid compared to a better 2-line Fh.
The exothermic peak at 390°C shifts from 360 to 415°C
with decreasing Fh crystallinity, indicating a transformation
from Fh to maghemite as described by Eggleton & Fitzpa-
trick (1988). The shoulder near 390°C observed by
Schwertmann & Fischer (1973) cannot be attributed to TOC
content (Table 1), because TOC content does not correlate
with the increase of the shoulder.

Weak and sharp exothermic peaks at 670 and 770°C were
only observed in samples collected upstream of the main drain
(Fig. 7). The first exothermic peak seems to be due to transfor-
mation of the poorly crystalline Al-associated Fh to hematite
as consequence of high Al content (Table 1; Carlson &
Schwertmann, 1981; Schwertmann, 1979). The exothermic
peak at 770°C is caused by Si that prevents transformation to
hematite, resulting in an elevated conversion temperature

(Carlson & Schwertmann, 1981; Cornell & Schwertmann,
1996). This is because part of the H,O is replaced by Si to
form stronger Fe-O-Si bonds, thus delaying Fh transforma-
tion (Zhao et al., 1994). The weak endothermic peak at 573°C
(Table 1 and Fig. 3) corresponds to the transformation of a-
quartz to B-quartz (Klimesch & Ray, 1997).

As discussed above, two kinds of Fh transformation can
occur: (i) aqueous transformation for samples a, b and c (Tor-
rent & Guzman, 1982; Schwertmann & Murad, 1983; Mance-
au & Drits, 1993) and (ii) dry thermal transformation for sam-
ples d and e (Carlson & Schwertmann, 1981; Eggleton & Fitz-
patrick, 1988; Zhao et al., 1994; Stanjek & Weidler, 1992).
These transformations account for the observed different
states of Fh crystallinity and its As content in the main drain.
The occurrence of Si, delaying the Fh transformation, could
explain why the range of As contents for samples outside the
main drain is higher than the expected range.

Vertical evolution of iron oxide deposits

To study the vertical evolution in Fh chemistry and crystallini-
ty, a core sample was collected in the main drain (Fig. 2). The
As content decreases from 1.1 to 0.7 wt % with increasing
depth from 0 to 22 cm (Table 1). This decrease in As correlates
with the decrease of Fe,0; and S, ranging from 51.1 to 42.1
wt % and from 0.24 to 0.17 wt %, respectively. The simulta-
neous increase of other major elements (mainly SiO,) is con-
firmed by the presence of silicate minerals (Fig. 8).

The 0—8-cm layer corresponds to proto-Fh, similarly to
superficial samples taken in the central main drain (Fig. 3,
b). With increasing depth, no vertical evolution in crystallin-
ity could be observed by XRD (Fig. 8). The core sample lo-
cated in the main drain was always submerged, and dry ther-
mal transformation did not occur. Moreover, the parameters
involved in the aqueous transformation (pH, ionic strength)
do not vary significantly, which explains the lack of vertical
evolution in Fh crystallinity. DTA curves of Fh core samples
are similar to superficial samples taken in the main drain
(Fig. 9). The endothermic peak near 100°C, which characte-
rises proto-Fh, is broader in the core sample than in superfi-
cial samples collected at the same location (Fig. 9). There is
no observable shifting of the twin exothermic peaks (close
to 270°C) with increasing temperature (Fig. 9). Moreover,
the first of the two exothermic peaks for Fh near 270°C does
not change with depth in the core samples. This is similar to
the superficial samples and expresses the lack of Fh evolu-
tion. This observation characterises a proto-Fh that can be
transformed into highly-disordered hematite by heating, as
seen in the thermal analyses of all the superficial samples.
However, these three samples correspond to bulk samples
and not to single samples, which may average out the shift-
ing. This also explains the presence of only one exothermic
peak rather than the two peaks observed for the superficial
sample taken at the same location. Moreover, the vertical
evolution is less marked and the Fh core samples contain
less As than the superficial samples (decreasing by a factor
of 2 from 10510 to 6450 ppm in the core, and by a factor of
10 from 77970 to 6898 ppm in the superficial samples).
Thus, the shoulder near 370°C for the core samples does not
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shift as observed in the superficial samples, so it corre-
sponds to the transformation from Fh to maghemite. The
exothermic peak near 770°C increases with depth and de-
pends on the Si content of the Fh (Fig. 9). The endothermic
peak at 573°C characterises the occurrence of quartz in
these samples (Klimesch & Ray, 1997), which is more abun-
dant in the deeper samples (Fig. 8).

Summary — Conclusions

Fh deposits of different crystallinity were observed depending
on the in situ conditions. In the main drain, Fh evolution from
proto-Fh to poorly crystallized 2-line Fh occurs due to aque-
ous transformation, which is mainly controlled by water com-
position (pH, ionic strength, and redox potential). In the or-
thogonal drain and in the seasonal pool, dry thermal trans-
formation is responsible for the formation of a better crystal-
lized 2-line Fh than the Fh located in the main drain. This dry
thermal transformation is linked to variations of air tempera-
ture, humidity, agglomeration and compaction. The evolution
of crystallinity due to dry thermal transformation is more pro-
nounced than in the evolution by aqueous transformation.

correspond to the 6- and 2-line Fh positions, respectively.

Furthermore, during the study, no stable Fe (III) oxide such
as hematite or goethite was noted in the field. The weak evolu-
tion in crystallinity of 2-line Fh is related to the high As con-
tents in the collected samples. Arsenic acts as an inhibitor of
the transformation of Fh into more stable forms, which ex-
plains the absence of better crystallized iron oxide. According
to the thermal analysis results, there are probable traces of Si
and Al associated with the Fh, which could also account for
the inhibition of Fh transformation into these stable forms.

In addition to the variable inputs of dissolved As accord-
ing to the correlation, the As content (up to 10 wt %) in the
solids seems to be related to (i) Fh crystallinity, with the bet-
ter 2-line Fh tending to contain lower solid As concentra-
tions; and (ii) Fh evolution by aqueous or dry thermal trans-
formation, the latter producing a less marked decrease in As.
The evolution of Fh crystallinity as a function of decreasing
As suggests that it may be coprecipitated within the Fh
structure. However, due to its small particle size and its high
specific surface area, part of the As could also be adsorbed
onto the Fh structure.

Although Fh contains high amounts of As, the methods
used in these investigations yield insufficient information
about the relationship between As and Fh. To provide addi-
tional information, TEM and EXAFS spectroscopy studies
are in progress on the crystallographic structure of Fh, to ad-
dress the short-term risks of potential As contamination due
to As release into the environment.
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