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Abstract

Aquifer samples from the precipitation zone of an in situ iron and manganese removal plant
that was operated for ten years‘ were analyzed for iron and manganese minerals. Meélsure—
ments were performed by various chemical extraction techniques (SM HCI, 0.008 M Ti(I1I)-
EDTA, 0.114 M ascorbic acid), X-ray diffraction and Mossbauer spectroscopy. Chemical ex-
tractions showed that iron was precipitated as ferric oxides, whereas manganese was not oxi-
dized but deposited as Mn(II) probably within carbonates. The ferric oxides in particular ac-
cumulate preferentially in the smaller grain size fractions. This tendency was observed to a
lesser extent for manganese. X-ray diffraction and Mossbauer spectroscopy showed that the
ferric oxides were mainly crystalline (goethité, 50-100% of the iron). Ferrihydrite waé found
as well, but only as a minor fraction (£ 12 %). Pure manganese minerals were not found by X-
ray diffraction. The precipitated amounts of iron (5 to 27 pmol/g Fe as ferric oxidej and man-
ganese (1 to 4 pmol/g Mn) during ten years operation of the treatment plant agree with values
that were estimated from operational parameters (9 - 31 umol/g Fe and 3 - 6 umol/g Mn).
Considering the small amounts of precipitated iron and manganese, no long term risks of

clogging of the aquifer are expected.

Keywords:

In situ deferrization, demanganation, ground water, iron, manganese, oxidation, chemical
extraction, X-ray diffraction, Mdssbauer spectroscopy.

Introduction

The concentrations of iron and manganese in natural waters are controlled by the solubility of

the corresponding oxidic phases explaining their fow concentrations in most waters. In the ab-
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sence of oxygen, Fe-oxides and Mn-oxides' can function as electron acceptors; mostly biotip
| processes reduce Fe(III) and Mn(IIL, V) to the divalent ions that have a much higher solubil-
ity. These processes take place in lakes or in aquifer systems rich in organic matter where
oxygen is depleted and a whole series of reduction processes can occur (Cornell and
Schwertmann, 1996; Lovley, 1987; Lovley and Phillips, 1988; von Gunten and Zobrist,
1993).

If such reduced ground waters are used for drinking water production, iron and manganese
have to be removed before distribution. Even if these metals are of no toxicoklog‘ical concern,
iron and manganese have various undesired effects in drinking water: corrosion, precipitation
and clogging of pipes, étaining of laundry and in some cases a strong metallic téste. There-
fore, the World Health Organization (WHO) recommends removal of Fe and Mn when con-
centrations are higher than 0.3 mg/L and 0.1 mg/L, respectively (World Health Organization,
1996). Similar standards are adopted in different countries: 0.3 mg/L and 0.05 mg/L in the
USA (USEPA, 2001), and 0.2 mg/L and 0.05 mg/L in the European Union (European Union, |
1998).

In general iron and manganese are removed after pumping the ground water by oxidation
followed by filtration. The oxidation step is conducted either chemically by various oxidants
(CL, ClO,, KMnO,, O,) or microbiologically, using iron or manganese oxidizing microor-
ganisms (Mouchet, 1992). Frequently, separate treatment steps are nereded for ’chemical or
biological deferrization and demanganation because of the different reaction conditions for
the oxidation step. This leads to relatively high investment costs. In addition the filtration
produces large volumes of Fe- and Mn-sludge, which have to be disposed.

Alternatively, in situ treatment can be applied. where iron and manganese are precipitated di-

In the following “Fe-oxides and Mn-oxides™ mean iron(H-oxides and oxyhydroxides. and manganesetTLIV)

dioxides or oxyhydroxides. respectivels.

IJJ
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~rectly in the aciuifer after oxygenation. For this purpose air-saturated water is injected in the
aquifer. Compared to conventional treétmenf, this requires only a relatiyely simple iﬁfra~
structure. Other advantages of in situ removal of iron and manganese are significantly less
clogging of the supply well, no sludge disposal and no dosing of chemicals (Groth ez al.,
1988: Hallberg and Martinell, 1976; Mengis, 1984; Meyerhoff, 1995; Rey and Schindler,
1984). ‘Despite these advantages, in sifu treatment is applied with reservation: questions about
reaction mechanisms, efficiency and consequences for the aquifer are not entirely resolved.
Especially, the risk of clogging by the reaction products raises questions about the lifetirﬁe of
such installations.

In previous studies of in situ treatment, both chemical and biological oxidation were proposed
as removal mechanisms‘. In the chemical pathway, iron or manganese is oxidized after prior
adsorption on natural surfaces (oxides, carbonates). Biological oxidatibn is mediated by iron
or manganese oxidizing microorganisms. In mos£ previous studies, optimﬁm operation cbndi—
tions were investigated with less emphasis on precipitation products (Appelo ef al., 1999;
Boochs and Barovic, 1981: Groth et al., 1988; Hallberg and Martinell, 1976; Kolle and
Schneider, 1992; Mengis, 1984; Olthoff, 1986; Rundell and Randtke, 1987; van Beek, 1985;
Zienkiewicz, 1984). Usually, the size of the precipitation zone is designed to be large enough
to ensure a lifetime of the treatment plant of at least one hundred years. This can be calcu-
lated. based on the dry bulk density and the porosity of the aquifer and the expected amount
of precipitated iron- and manganese-oxides (Hallberg and Martinell, 1976; Mengis. 1984
Rott and Meyerhoft, 1993). No reports of aquifer clogging under these conditions were found
in the literature. In a demonstration plant Olthoff (1986) found “hardly measurable changes of
permeability”. Jechlinger ef al. (1985) could not observe any major precipitates exceeding a
few percent of the pore volmﬁe. However. in both cases the systems were only operated for a

short time (up to two years), In some case aquifer material after in s/t treatment was ana-
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lyzed. Oxalate / dithionite extractions showed that half of the ferric oxides were poorly crys-
tallized. Additional X-ray diffraction showed traces of lepidocrocite (Olthoff, 1986). By mi-
croscopy, “hot spots” were found where ap to 12% of the pore volume was filled with Fe-
oxides in a 10 years old in situ deferrization plant. These spots were located at the interface of
well (sand and gravel) and less permeable layers (Kleefeldt, 1988).

Itis generally’accepted that for an efficient and long lasting in sifu treatment plant the pre-
cipitates should be crystalliné, which requires a smaller precipitation zone (filter volume) than -
amorphous, more voluminous products (Braester and Martinell, 1988; Olthoff, 1986; Seyfried
and Olthoff, 1985). It has been shown that, for the type of products formed by oxidation of

_ Fe(II) and subsequent precipitation of ferric oxides, reaction conditions have a high impact on .
product formation (Cornell and Schwertmann, 1996). |

In the present study we will focus on the precipitatés formed in an in situ removal plant in La
Néuveville (Switzerland). The following main questions were addressed:

e Can iron or manganese phases, produced by in sifu treatment, be identified?

'« What kind of minerals are precipitated?

e Are there preferential precipitation zones, sites or surfaces?

e Based on these findings, what is the risk of clogging the aquifer?

La Neuveville site

The site of La Neuveville is located in western Switzerland. At this site an alluvial deltaic ag-
uifer lies over limestone till (Rey and Schindler, 1984). The sediment material of the aquifer
is highly heterogeneous. and the water table is at a depth of ca. 2 m. At a depth of 18-19 m. an
impermeable layer of clay forms the bottom of the aquifer.

Ground water contains dissolved iron and manganese in concentrations o.f 0.3 to | mg/LL and
0.1-0.2 mg/L respectively: the dissolved oxygen concentration is below | mg/L. The pH of

the eround water varies between 7.0-7.3 and the temperature between 10 and 13 "Coithas a

D
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hardness of 25° fH (250 mg/L CaCO,). The ground water contains NO, (5 pg/L), NO; (0.5
mg/L), NH,* (0.8 mg/L), CI' (10 mg/L), the DOC concentration is 1.5 mg/L and thebconduc-
tivity is around 400 uS.

An in situ plant for iron and manganese removal from ground water, which is depicted in fig-
ure 1, was installed in La Neuveville in 1988. Grouﬁd water is pumped through two screened
parts of a water supply well at depths of 4.8-6.8m and 8.6-18.6m with a pumping flow rate of
2400 L/min. At a distance of 7 m from the supply well, there are five injection wells (satel-
lites), where air-saturated water is injected intermittently to regenerate the dxidation zone
(oxygen = 8 mg/L; iron and manganese < 0.2 mg/L). Injection periods last for about one day
(injection flow rate 480 L/min). To ensure a complete removal of iron and manganese the
treatment plant is designed to have overlapping oxidation zones around the satellites. The
precipitation zone comprises the entire volume of inflowing water. After the injection period
iron and manganese free water can be pumped from the supply well until concentrations of
the metal rise above drinking water standards (ca. 5-10 days). A continuous supply of drink-
ing water is only possible because the site is operated with two identical \;\/ell systems, which

are alternatively exploited and regenerated.

Materials and Methods

All solutions were made with deionized water (Q-H,O grade Barnstead nanopure). Chemicals
were at least reagent grade (Fluka or Merck): Titanium chloride 15% in HCI and Ferrozine,
Hydrochloric acid (32%), L-ascorbic acid. Ethylene-diamine-tetra-acetic acid disodium salt.
MnO, (pyrolusite) and acetic acid.

Aquifer‘sample selection

All samples in this study were taken ﬂ‘o;n anew bore hole (18.8 m deep) drilled in the pre-
cipitation zone between two injection wells (Fig. 1). Samples from the depths of 4-5 m. 7.5-8

nL L3-S mL 12.5-13 mand 17-17.5 mwere analyzed. The sample from 4-5 m epresents a
6
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reference above the precipitation zone, similar to the aquifer before the installation of the
~ treatment plant. To normalize the concentrations to reproducible quantities of aquifer mate-
rial, measurements were partly performed with sieved samples. Thev samples wefe dried for 1
hour at 100° C and then sieved dry with metallic sieves to separate the fractions of different
grain size. This treatment does not transform amorphous Fe-oxides into more crystalline
forms (Weidler, 1997). The grain size fractions < 0.063 mm, 0.063-0.09 mm, 0.09-0.125 mm,
0.125-0.25 mm and 0.25-0.5 mm were investigated; they représent a large fraction of the spe-
cific surface area and are expected to be coated with fresh precipitates. Four other samples
‘were analyzed without sieving: these are the stones P1 and P20, found at 16.1 and 17.1 m, as
well as samples P22 and P24, consisting of gravelly material from the dépths 6.4 mand 9.0
m. P1 is a calcite stone with a diameter of about 15 cm, coated with an orange-brown layer.
P20 consists of several orange-brown stones (diameter ca. 3-5 cm), mostly aggIOmeréted sand
of quartz and calcite. Pl‘ and P20 were fi;st air dried, then material was scratched from the
surface of the colored spots and grmmd with an agate mortar for measurements. Samples P22
and P24 were frozen under argon atmosphere and then freeze dried, with only the most col-
ored material chosen for analysis.

Analytical methods

Metals were measured with flame atomic absorption spectroscopy (Perkin Elmer 5100 PC):
Detection limits for Fe and Mn were 0.03 mg/L and 0.01 mg/L, respectively. Ferrous iron
(Fell) was measured separately with the Ferrozine method with a detection limit of approxi-
mately 3x10” M ina | cmcuvette (Gibbs. 1976; Stooléey, 1970).

Chemical characterization of Fe- and Mn oxides

The following dissolution methods were used to characterize the iron and manganese miner-
als in the aquifer: acid dissolution with 5 M hydrochloric acid. reductive dissolution with

ascorbic acid (0. 114 M) at pH 8 and an EDTA complex of titanium HI(0.008 M) at pH 7
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(TiEDTA). The methods were described and applied previously (Amirbéhman etal., 1998;
Heron et al., 1994; Kostka and Luther III, 1994). Reductive dissolution methods are widefy
used to characterize Fe-oxides; in the present study we used the same methods for the identi-
fication of Mn minerals. However, for the latter, additional test experiments on synthetic Mn-
oxides had to be performed (see below). Beéause of the metal binding character‘ of the buffers
used in reductive extractions, dissolution experiments were also conducted without a reducing
agent to correct the results for this blank. All of the concentrations given below are mean val-
ues of three measurements, the indicated error is the standard deviation of these vmea;sure—
ments.

For all dissolution experiments, aliquots of a sample (0.2-1g) were equilibrated with the rea-
gents for 24 hours, and suspensions were filtered through 0.45 um filters (Saﬂorius, cellulose
nitrate) and analyzed for the metal concentrations.

In the present study dissolution in SM HCl is defined as yielding total manganese (Mn,, ) and

iron (Fe,, ) contents of the aquifer material. TIEDTA extraction has been shown to dissolve

ot
most of the Fe- oxides except magnetite. Therefore, it corresponds to the total content of fer-
ric oxides (Felll(TIEDTA)). Ascorbic acid only dissolves the amorphous fraction of Fe-oxide
(Felll(AscA)). Thus the difference between the dissolved iron from TIEDTA and ascorbic
acid yields the crystalline ferric oxides.

Additional test experiments on Mn-oxides dissolution allow the following conclusion: 5M
HCl treatment dissolves MnO, almost entirely (> 87%). Reductive methods were not as se-
lective for crystalline (pyrolusite. Merck) and synthesized amorphous manganese dioxide
(Murray. 1974) as for the Fe-oxides. The reduction by ascorbié acid dissolved both the crys-
talline and the amorphous MnO.. However, the citrate buffer already completely dissolved the

amorphous MnO,. It dissolves Mn(ID-containing carbonates as well. and thus does not differ-

entiate between Mn(I) and Mn(HLIV)oxides. TIEDTA reduced all the amorphous and half of
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the crystalline MnO,. Therefore, the TIEDTA method is more specific for Mn- oxides than
the other treatment and is used here to quantify the fraction of Mn-oxides.

Concentration of aquifer samples

X-ray diffraction (XRD) measurements showed a high content of calciie in the aquifer mate-
, rial (=30%). To concentrate the samples with respect to Fe- and Mn-oxides, the caicite was
selectively removed by shaking 1 g of the sample in 10 ml of a 20% (v/v) solution of acetic
acid during 24 hours (Mahapatra ef al., 1996). The resulting suspensions were then centri-
fuged for 10 minutes at 8000 rpm and finally stabilized by freezing; for spectroscopic meas-
urements they were freeze dried. The method was tested on synthetic ferrihydrite (prepared
according to Schwertmann and Cornell, 1991) as well as with amorphous and crystalline
rﬁanganese dioxide (same materials as above). Only the amorphous manganese dioxide was
dissolved entirely. The other synthetic oxides were not affected by this treatment. To check
the influence of the acetic acid pretreatment on chemical extractions, they were :epeated after -
acetic acid pretreatment. For the chemical extraction methods, the resulting concentrations
were the same for treated and untreated samples, because the analyzed iron or manganese
fractions were always related to the initial dry weight of the sample before calcite was re-
moved. Spectroscopic results, however, refer to the remaining sample mass free of calcite.
X-ray Diffraction (XRD)

X-ray diffraction allows the determination of crystalline minerals in natural samples as long
their concentration is larger than a few percent (w/w). XRD-measurements were performed
with Samples from the smallest grain size fraction of the sieved samples (<0.063 mm) and
with specially collected samples P1. P20, P22, P24, which were hand ground in an agate
mortar with ethanol (with acetone in the case of samples treated with acetic acid). The XRD
measurements were performed on a Scintag XDS 2000, (Bragg-Brentano geometry) with a

CuKo X-ray radiation wavelength (A =0.15418 nm) and a solid state lithium-silicium detec-

9
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tor. Some measurements were performed in continuous scan mode (0.5 and 1°/minute) over a
20 range of 2-70°. The samples which were quantified by Rietveld refinement as well as the
seciments pretreated in dilute acetic acid were measured in the step scan mode between 10° <
7@ < 70° with an interval of 0.025°/ 4 seconds. The diffractograms were interpreted by Riet-
veld refinement using the multiphase Rietveld package WYRIET (Schneider, 1989; Schheider
and Dinnebier, 1991). This is a least square fit of variables combining a crystallographic da-
tabase, the optics of the apparatus and the peak shape (Weidler et al., 1998).

Maossbauer spectroscopy

Re Mossbauer spectroscopy is the most proficient method to characterize the iron species in
solid phases. Mossbauer spectra can reveal the presence of minute amounts of Fe- oxides as-
sociated with phyllosilicates, Eut moreover, they enable an unequiﬂ/ocal identification of these
minerals and their quantification down to 1% w/w ratio of mineral to total sediment mass
(Murad and Wagner, 1994). The Mssbauer spectra were measured by means of a constant
acceleration spectrometer with a 50 mCi source of ’Co in Rh. The spectrometer was cali-
brated with a 25 um foil of o.-Fe at room temperature. The products were analyzed at low
temperature (12 K) to distinguish goethite, ferrihydrite and phyllosilicates. The cryostat con-
sisted of a closed M@ssbauer cryogenic workstation With a vibration insulation stand manu-
factured by Cryo Industries of America®. Computer fittings were done using Lorentzian-

shape lines with variable widths for taking into account spectral asymmetry.

Results and Discussion

Grain size distribution of the aquifer material
The grain size distribution of the sieved samples is shown in Fig. 2. Two types of aquifer
material can be distinguished: a sand type and a gravel type. The samples from a depth of 7.5-

8.0 mand 11.3-11.8'm containing around 10% of clay and silt (fraction <0.063mm) as well as
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50 to 70% sand (fraction 0.063-2mm) are referred to as sand type. Samples from a depth of
4.0-5.0 m, 12.5-13.0 m and 17.0-17.5 m consist merely of gravelly material (fraction > 2mm

is larger than 50%).

Extraction by SM HCI (Fe,,,, Fe(Il), Mn,,)

(i) [ron

The results from the acid extractions are shown in Fig. 3. Figure 3a shows the concentration
of Fe,, for each grain size fraction at various depths. Fe,, is significantly higher in all four
samples situated below the reference sample. The specific Fe,, content increases with de-
creasing grain size and is usually twice as high in the smallest grain size compared to the
largest. This difference in Fe,, distribution among the grain size fractions is not seen in the
reference sample (4—5 m), which indicates that the deeper samples have been altered by fhe in
situ deferrization.

’( ii) Manganese

Th/e same representation is shown for Mn,, in Fig. 4. In a similar way there is more Mn,, in
the samples from the precipitation zone (> 5 m, 4-9 umol/g) than in the reference sample (4-5
m, 3 to 4 pmol/g). In the sample from a depth of 4-5m there is almoyst no grain size depend-
ence, whereas the other samples show a higher content in the smaller grain sizes, but not as
pronounced as for Fe,,.

Reductive dissolution experiments

(i) Iron:

The total Fe- oxide concentrations (Felll(TIEDTA)) determined by the TIEDTA extraction
are shown in Fig. 3b. A comparison with Fig. 3a shows that ferric oxides account for the ma-
jor fraction of iron (50-80% of Fe ) in the analyzed grain size fractions. There is again sig-

nificantly more Fell TIEDTA) in the deeper samples than in the reference sample (4.0-5.0

[
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m). The distribution of the ferric oxides is strongly grain size dependent. The largest differ-
ence between the background sample and the othexr samples is observed for the smallest grain -
size fractions, whereas in the 0.25-0.5 ‘mm fraction, the Fe(Il)-oxide contents are similar in
the sample from 4-5 m and in the lower samples (30-35 pmol/g). Amorphous ferric oxides,
determined by dissolution with ascorbic acid Felll(AscA), make up a very small fraction of
the ferric oxides, slightly higher in the reference sample (8-12%) than in the deeper samples
(< 6%) (data not shown).

Figure 3¢ shows the concentrafion distribution of the difference between Fe,, and
FellI[(TiEDTA). No large difference is found for the various grain size fractions, demonstrat-
ing that the pattern of Fe,, dependence on the grain size in the samples below 5 m is due to
the ferric oxides. This is an evidence that most of the Felll[(TIEDTA) fraction is p;‘oduced by
the in situ treatment. Ferrous iron, which was measured from the SM HCI extracf, does not ‘
account entirely for the nc;n—reducible Fe fraction, additional forms of iron are present which
are not reducible by TiEDTA. The striking pattern of the Fell[(TIEDTA) distribution among
grain sizes suggests that precipitation of Fe-oxides is related to the available surface area. The
specific surface area (SSA, m*/g) is larger for small particles and can be calculated from their
radius aﬁd th§: density of the aquifer sediment (2.6 g/cm’). In Fig. 5 Felll(TiEDTA) concen-
trations are plotted versus the calculated specific surface area and show a good linear correla-
tion. The straight line for the samples below the reference sample (< 5m) have a higher slope
than the straight line for the reference. The origin is about the same for all samples including
the reference and amounts to 21-28 pmol/g.

In addition to the sieved samples. the stones Pl and P20 as well ;15 the samples P22 and P24
were measured for Fe, . FellUTIEDTA) and Felll{(AscA). The samples Pl and P20 are en-
riched in ferric oxides: they contain at least ten times move than the sieved samples. For P22

and P24, the Fe-concentrations are similar to the concentrations in the sieved samples. but the

12
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ferric oxide fraction is more important, 90—100% of the iron dissolved by 5 M HCl is reduci-
ble by TiEDTA. In samples P1, P20, P22 and P24, the Fe-oxides are crystalline to an extent
of over 95%.

(ii) Manganese:

[n the sieved samples reductive reagents extracted only small amounts of manganese, infer-
ring that most of the manganese (Mn,,, Fig. 4) is present as Mn(II). The samples P1, P20, P22
and P24 contained two to three times more Mn,, than the sieved samples and Mn was mostly
reducible by TiIEDTA (60 to 80% of Mn,,). These are the oﬁly samples containing significant
Mn-oxide concentrations, which occur together with the largest crystalline Fe-oxide fraction.
The oxygenation of manganese(Il) is much slower than the oxygenation of iron(Il) (Stumm
and Morgan, i996). At pH 7 and in the absence of microorganisms the oxygenation of Mn(I)
has a ha’lf-life time of in the order of years (Diem and Stumm, 1984), and ferric oxides are
known to enhance its oxidation ( Davies and Morgan, 1989). Therefore, the association of Mn-
éxides with Fe-oxides is not surprising and suggests a Fe-oxide catalyzed mechanism.
Additional information can be gained from sieved samples by comparing extraction results
for the Mn fractions, Mn,,, and Mn(IILIV)(TiEDTA), with and without pretreatment with
acetic acid (for selective calcite removal), ‘in Table 1. No significant manganese concentra-
tions were found by reductive dissolution (Mn(IILIV)(TIEDTA). At least 50% of the total
manganese of the sieved samples is soluble in acetic acid solutions (HAc). Thus it s likely
that the mostly bivalent manganese is incorporated in the calcite matrix or even present as
manganous carbonate (rhodocrosite). Solubility calculations indicate that the system is satu-
rated with respect to MnCO, (K, = 2.5x10"". I =0.02, T = 15°C) under the chemical condi-
tions found in the grdund water of La Neuveville with a hardness of 5mM HCO, . a pH of 7.2
and 0.2 mg/L Mn(Il). These ground water parameters indicate a CO, partial pressure. which is

50 times higher than the atmospheric partial pressure. The air-saturated ground water, which

o
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is injected back into the aquifer, has lost its excess of carbon dioxide, which leads to a higher
‘pH (calculated pH 8.8). Therefore it will be oversaturated with respect to the carbonate min-
erals CaCO,, MnCO, and FeCO,. Hence, from a thermodynamic point of view, rhodocrosite
is likely to precipitate. Only in sample P20, the amount of Mn,,, remaining after pretreatment
with acetic acid is equivalent to the reducible fraction (Mn(TiEDTA)), indicating the presence

of crystalline Mn- oxides (Table 1).

Identification of Fe- oxides by XRD

The sieved samples studied by chemical extraction metﬁods (above) as well as samples P1,
P20, P22 and P24 were analyzed by XRD. The sieved samples as well as P22 and P24 did not
show reliable signals of any iron or manganese containing minerals. The iron and manganese
content of these samples was below the detection limit of this method (1—2 %, wiw FeOOH,
resp. MnOz). However, samples P1 and P20, which were found in the same bore core and
contained brown-orange coatings, showed significant amounts of goethite. Also, in these
samples, no manganese minerals could be AGtected by XRD. By selectively removing calcite
with acetic acid we could concentrate the iron fraction of the samples. The aquifer samples
P1, P20, P22 and P24 as well as the three sieved samples from a depth of 4.0-4.5 m, 11.3-11.8
m and 17.0-17.5 m corresponding to the smallest size fraction (<0.063mm) were pretreated
with acetic acid and then measured by XRD. |

To check the influence of the acetic acid treatment on the Fe-oxides. chemical extractions
were repeated after this pretreatment. The corresponding results are shown in Table 2. The re-
sults for Fe,, and Fell(TIEDTA) before (&) and after pretreatment (HAc) agree within éO%
for almost all of the samples. The largest differences were observed for sample P20 with re-

" spect to the fraction Fe, . FelllITIEDTA) and Felll(AscA). This may be due to the inho-

mogeneity of the samples taken from the surface of the stone. Among the sieved samples the
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largest differencés relate to the fractiQns Felll(AscA) and Fe(Il). For Felll(AscA), the differ-
ence can be related to the small absolute concentrations of this fraction which result in a large
relative error. Fe(Il) is partly incorporated in the calcite matrix which is dissolved by acetic
acid explaining why there is less Fe,, in the pretreated than in the untreated samples.

Figure 6 shows diffractograms of sample P22 with (lower) and without (upper) pretreatment
with acetic acid. After pretreatment, calcite disappeéred and dolomite remained. The domi-
nant peaks of goethite located at 20 equal to 21.2° > 36.6° > 33.2° > 53.2° > 34.7° > 59.0°
(decreasing intensities) become stronger as indicated by the assignments in the lower diffrac-
togram. The presence of goethite becomes evident by the appearance of the peaks at 21.2° and
53.2°. The diffractograms were quantified by the Rietveld refinement method. The results for
samples P1 and P20 without (&) and with acetic acid pretreatment (HAc) are shown in Table
3. For the other samples goethite concentrations were too low to be detected and Rietveld re-
finementé were performed with the pretreated samples only. The goethite concentration for
the initial samples (without pretreatment) was then calculzited by multiplication with a con-
centration factor (numbers with * in Table 3). This factor was derived from the calcite con-
tent, which was determined by XRD (Pl and P20) or by analyzing the calcium concentrations
in the acetic acid extract.

The fraction of calcite in the samples P1 and P20 was between 30 and 70 % (w/w), respec-
tively. Thus a concentration factor of 4 and 1.6 is expected compared to the untreated.sample.
The Rietveld refinement method indicated 18% and 36 % (w/w) of goethite in the untreated
Samples P1 and P20, respectively. After pretreatment. goethite concentration amounts o 80
and 75%, respectively, corresponding to the expected concentrations for Pl (factor of 4) and
P20 (factor of 2). In the pretreated samples P22 and P24, the goethite amounts to approxi-
mately 5 %. With a calcite content of 50% in both samples. this yields an estimate of 2-3%
goethite in the initial samples. The fraction of goethite in the'sieved samples (<0.063mm)
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from depths- 11.3-11.8 mand 17.0-17.5 m is very low, and was determined to be a few per-
cent in the pretreated samples. Because other minerals (not identified) are present in larger
amounts in these samples, results from Rietveld refinement are rather qualitative. Their cal-
cite content is 35 % (sample 11.3-11.8 m.) and 40% (17.0-17.5 m). Thus, the initial samples
contain eirouhd 1 % goethite. The analyzed material of the sieved samples is less concentrated
than P22 and P24, which were selected based on their color.

Maossbauer Spectroscopy

Mossbauer spectroscopy was applied to further characterize the Fe- oxide fractions in the
samples. The results are given in Table 4 as fractions of the iron species relative to the total
iron in the sarhple (in pércent). Removing calcite; should not affect the relative concentration,
‘but improves the quality of the background. The samples with higher concentrations of iron,
P1 and P20, were measured without pretreatment (&), whereas the others were pretreated
with acetic acid (HAc). The sample 17-17.5 m (< 0.063mm) was measured before () and
after acetic acid pretreatment (HAc). The results for both méasurernent;s agree witiiin a few
percent, which confirms the observation that the pretreatment does not affect the iron miner-
als in the sarhples.

The Fe-oxides goethite and ferrihydrite were identified. In addition, there were other Fe(lI)
and Fe(IIT) species. The Mossbauer data of these species correspond to iron in phyllosilicates
(is\omer shifts of 1.2-1.31 mmy/s for Fe(Il) and 0.48-0.52 mm/s for Fe(Ill) and quadrupole
splitting of 2.81-2.84 mm/s and 0.54-0.6 mm/s. respectively). Goethite 19 the most abundant
iron phase in all the samples. accounting for 40 to 100 % of the total iron. The highest frac-
tion of goethite is found at the surface of the stones P1 and P20, accounting for 100 and 84 %
of the total iron, respectivvely. The unsieved samples P22 and P24. follow with 72 and 62%
coethite. This is 150 to 200% of the goethite fraction found in the sieved samples (40-50% of

the iron fraction). [n all samples ferrihydrite represented only a minor fraction of <8 % of the
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total iron.
“Comparison of the results from the different analytical methods

Generally a fairly good agreement betwezn the different methods can be observed. Table 5
shows a comparison of the results from chemical extraction and XRD. The fraction
Felll(AscA) being negligible, the concentrations of Fell[(TIEDTA) were transformed from
umol/g Fe to weight percent FeOOH using the molecular weight of FeOOH, which allows a
comparison with the goethite concentrations from XRD. Similar results for samples P1 with
concentrations of goethite between 16 and 18% were observed with chemical extractions and
XRD, respectively. In sample P20, chemical extractions found only half the content measured
by XRD, a result possibly d_ue to inhomogeneous sampling. For the samples P22 and P24 the
chemical extraction yielded 1%, whereas XRD indicated 3 % goethite. For the sieved samples
from a depth of 11.3-11.8 and ’17.0-17.5 m chemical extractions resulted in about 1%
goethite, the same as was measured by XRD.

The relative concentrations of Fe-species calculated from the extraction results agree well
with the results from Mdssbauer spectroscopy in Table 4: 50 to 80% of Fe is found by chemi-
cal extraction to be ferric oxides (Felll(TIEDTA)), compared to M&ssbauer indicating 50 to
100%; the amorphous fraction (Felll(AscA)) makes up £ 9% of the iron (Mdssbauer < 8%).
Among the sieved samples it was found by chemical extraction that the refefence sample
contains slightly more Fell[(AscA) thdn the lower samples. This could not be verified with
Maéssbauer ép‘ectroscopy.

Accumulation of iron and manganese in the aquifer

After 10 years, 9 to 31 pmol/g of iron and 3 to 6 pmol/g for manganese are expected in the
precipitation zone. These concentrations are based on an estimate for the last 10 years of op-
eration of the treatment plant and are slﬂown in Table 6. The estimates were calculated from

the operational parameters of the plant assuming a homogencous precipitation of the metals in
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a cylindrical precipitaiion zone defined by the injection wells (radius 7 m, depth 15 m; see
Fig. 1). The estimate was made with a range of iron and manganese concentrations in the
ground water, since these varied over time.

The estimates can now be compared with the measured concentrations from the chemical dis-
solution of the sieved samples: iron was mostly precipitated as Fe-oxide, and thus
FellI(TiEDTA) is used, whereas for manganese Mn,, is used. From these, net or “accumu-
lated” concentrations are calculated, which are the differences between concentrations of the
lower samples and the reference sample for each grain size (i.e. cofrection for the background
iron and manganese)f The “accumulated” concentrations are then multiplied by the fraction of
the corresponding grain size (see grain size distribution, Fig. 2) and summed. The results are -
shown in Table 7 and represent accumulated Fe-oxide and manganese concentrations for the
sample fraction < 0.5 mm; these can be considéred as minimum accumulated concentrations.
For the other fractions > 0.5 mm of the samples, it can be assumed from the resullts (Figs 3
and 4) that they contain less, or at most equal, iron and manganese. Thus the maximum pre-
cipitated concentrations Wiu be twice to five times these values, since the fraction < 0.5mm
makes up 18 to 50% of the sample. Our calculations yield a minimum range of 5 to 9 pumol/g
and a maximum range of 11 to 27 umol/g (Table 7). These numbers can be compared to the
estimated 9 to 31 wmol/g. For manganese, a minimum of | pmol/g (Mn,,) and a maximum of
2 to 4 umol/g were found, which can be compared to the estimated 3-6 umol/g manganese.
The comparison of the calculated (Table 6) and measured (Table 7) concentrations shows
good agreement.

The maximum concentrations shown in Table 7 indicate up to more than twice the iron and
manganese in the two iower (12.5 mand 17 m deep) than in the upper samples (7.5 m and
I'1.3 m). This trend can also be seen in Figs. 3 and 4. and these observutioﬁ can be related to

the hydraulic conductivities of the samples. The two lower samples. which were characterized
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based on their grain size distribution as gravel type, allow a larger flow rate than the upper
sandy samples (see grain size distribution and Fig. 2).

Most of the goethite was fouﬁd in samples with very high calcite or mixed calcite and dolo-
mite contenti P1 contains 70% calcite, P20, 36% calcite and 33% dolomite. The question is
whether these carbonate minerals favor Fe-oxide precipitation and the formation of goethite.
Ongoing laboratory studies about adsorption and heterogeneous oxidation on calcite will help

to develop an understanding of the formation of these coatings.

Risk of clogging

The dimensions of the treatment plant were calculated to be large enough to remove the iron
and manganese from the ground water. It is assumed that iron is precipitated as crystalline Fe-
oxide (like goethite) and an adequate volume for the precipitation is foréseen. This approach
was verified in the present study, with gobd agreement between measured and expectéd iron
concentratib'ns. Also Fe-oxides were mainly found to be goethite. Manganese could not be
identified as Mn-oxide or another predominant mineral (e.g. MnCO,). Thus it is more difficuit
to estimate a volume of precipitated manganese, but at least its amount can be estimated. The
solubility of carbonates can be affected through pH variations caused by the aeration of the
gfound water.

From this study the highest amount of precipitated iron and manganese is expected on the

smallest particles of a coarse aquifer layer.

Conclusions

The study of aquifer samples from the in situ deferrization and demanganization plant in La
Neuveville allows the following conclusions:

e There is a net increase of solid iron and manganese in the precipitation zone. Fora 10

years operation time of the plant. the increase of the metals doubles the background con-
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centration of the aquifer. In some hot spots associated with carbonate minerals, a high en-
richment in Fe- and Mn-oxides was found.

The iron was mainly deposited as ferric oxide with a large crystalline fraction, which con-
sists of 50~100% of goethite. This was confirmed by XRD and Mdssbauer spectroscopy.
Manganese was found essentially as Mn(II), probably in associatibh with calcite or as -
MnCO,. Exceptions are the samples with the highest Fe-oxide content (P1, P20), where
Mn-oxides were found by chemical extraction.

Chemical extraction, XRD and Mdssbauer yielded similar concentrations of Fe- oxides.
This shows that chemical extraction methods are useful tools for the characterization.of
small contents of Fe- and Mn-oxides.

The largest accumulations of Fe and Mn are found in the samples of coarser materiaI,
which permit a better flow rate. In the same sample the smallest grain size fractions were
always more concentrated, with ferric oxides essentially retained in the smaﬁ fracti.ons (<
0.09 mm).

The amount of precipitat’ion calculated from the treatment plant parameters (dimensions,
pumping rate, iron and manganese cdncentration) and the measured concenfrations
(chemical extraction) in the precipitation zone are of the same order of magnitude. There-
fore, this calculation is a useful tool to dimension the precipitation zone.

If the heterogeneity of the aquifer in La Neuveville is taken into account, the spots highly

concentrated in iron or manganese are far smaller than the volume of some impermeable lay-
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Figure Caption
Fig. 1. Schematic representation of the iron and manganese in situ removal plant of La Neu-
veville.
Fig. 2. Grain size distribution of the five sieved samples. Arrow depicts range of analyzed
fractions.
Fig. 3. Specific concentrations in the fine fractions (<0.5mm) of the sieved sarﬁples at differ-
ent depths of the aquifer a) Fe,, (5M HCI), b) ferric oxides (Felll(TIEDTA)) and ¢) non re-
ducible Fe from the difference Fe - Felll(TiEDTA).
Fig. 4. Specific concentrations Mn,, (SM HCI) in the smallest grain size fractions (<0.5mm)
of the sieved samples at different depths of the aquifer.
Fig. 5. Correlation between ferric oxide concentrations in the sieved samples
(Felll(TiEDTA)) and their respective specific surface area, which was calculated from the ra-
dius of the particles and avdensity p=26g/cm.
Fig. 6. Diffractograms of sample P22. Upper curve: untreated sample, with peak positions of
calcite (“c”). Lower curve: same sample after pretreatment with acetic acid, the peak positions

of goethite are indicated as “gt” (“dol” = dolomite, “qz” = quartz).
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