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Abstract Bolar earths deposits from Mt Amiata
(Central Italy) consist of nanosized pseudo-spherical
goethite, with average crystal size of 10-15 nm (as
determined by X-ray powder diffraction and trans-
mission electron microscopy observations), possibly
associated to amorphous silica and minor sheet sili-
cates, quartz and feldspars. Chemical analyses revealed
high As contents (up to 7.4 wt% As,0Os), thus indi-
cating the occurrence of a potentially dangerous con-
taminant. Arsenic doesn’t occur as a specific As phase,
but it is strictly associated with goethite nanocrystals.
Eh and pH measurements suggest that As occurs as
arsenate anions (H,AsOjz and HAsOﬁ_), which are
easily and strongly adsorbed to goethite surfaces. The
high specific surface area, resulting from goethite
nanosize, and the absence of competitive anions ex-
plain the extremely efficient adsorption of arsenate and
the anomalously high As content in bolar earths.
Overall physical/chemical data suggest stable arsenate
adsorption, with very limited risk for As release to the
environment.
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Introduction

Arsenic is a widespread contaminant, dangerous to
metabolic processes and responsible for serious health
risks in case of high-level exposures (Smedley and
Kinniburgh 2002). Arsenic concentrations exceeding
the standard limits (10 pg/l As in drinking waters,
according to the World Health Organization) may
arise from rocks/minerals dissolution under weathering
and hydrothermal conditions, geothermal activity, and
several anthropogenic sources including mine wastes,
smelter drainage waters, coal ash and arsenical fertil-
izers or pesticides (Manning et al. 1998; Garcia-San-
chez et al. 2002).

In natural systems, arsenic may occur in four oxi-
dation states (-3, 0, +3 and +5). Prevalent species in
soils and groundwaters are arsenate and arsenite,
usually with the latter more mobile and toxic than the
former. Arsenate is stable in a wide range of pH and
Eh conditions (Smedley and Kinniburgh 2002), thus
representing the most common species in natural
environments.

Arsenate has strong affinity for iron oxides/hydrox-
ides surfaces, such as hematite, goethite and ferrihy-
drite, that are important constituent of soils and
sediments (Hiemstra and Van Riemsdijk 1999; O’Re-
illy et al. 2001). The adsorption mechanism on iron
(hydr)oxide surfaces mostly depends on pH, which
controls both the kind of anions in the solution (e.g.
H,AsOj; and HAsO7 ", able to bind to surface groups by
ligand exchange reactions), and the attractive/repulsive
electrostatic interactions with the charged (hydr)oxide
surfaces (Dzombak and Morel 1990; Hiemstra and Van
Riemsdijk 1999; O’Reilly et al. 2001; Dixit and Hering
2003). Arsenic oxidation state, coordination number

@ Springer



1366

Environ Geol (2007) 52:1365-1374

and other bonding details have been determined by
different spectroscopic investigations (e.g. IR and
EXAFS; Waychunas et al. 1995; Sun and Doner 1996;
Fendorf et al. 1997; Grossl et al. 1997; Sherman and
Randall 2003).

Sediments and soils, hence, play an important role in
arsenic cycling acting as either sources or sinks,
depending on the prevailing geochemical environ-
mental conditions (pH, redox potential, presence and
type of adsorbing surfaces and competing anions;
Grife et al. 2001). Arsenic is a minor but persistent
constituent of other geogenic occurrences, such as
volcanic gases and geothermal waters throughout the
world, as well as a major constituent of sulphides and
arsenides (Smedley and Kinniburgh 2002; Webster and
Nordstrom 2003). However, high levels are usually
associated with anthropogenic sources, such as mine-
tailing ponds and acid mine drainage waters (Carlson
et al. 2002); in these cases, sorption onto iron (hy-
dr)oxides is fundamental in controlling As solubility,
leaching and possible release.

An example of natural geogenic deposit with
anomalously high As contents is represented by bolar
earths, i.e. fine-grained, goethite-rich deposits from Mt
Amiata (Central Italy). In particular, previous studies
on samples from the Natural History Museum of the
Accademia dei Fisiocritici of Siena revealed arsenic
contents as high as 10.9 wt%, with average value of
5.6 wt% As,Os (Manasse and Mellini 2006). Bolar
earths thus represent one of the most efficient natural
sink for As, formed in favourable physical and geo-
chemical conditions. In order to understand the possi-
ble genetic mechanism and the reasons for such a high
As content, we have performed a detailed field study,
focussing both on bolar earth deposits and on possible
still active deposition sites.

Geological background and arsenic distribution

Mt Amiata is a volcanic complex formed in two dif-
ferent phases dated back to 300 and 200 ky (Fig. 1); the
first volcanic phase corresponds to the emplacement of
a basal trachydacitic complex, whereas the second
phase corresponds to trachyte-latite domes and lava
flows with progressive episodes from SW to NE (Fer-
rari et al. 1996). After the main volcanic activity, Mt
Amiata underwent hydrothermal activity, still active
today at both ends of the SW-NE main fissure, with the
geothermal fields of Bagni S. Filippo and Bagnore. The
geothermal fields of Bagnore and Piancastagnaio
(Fig. 1) are currently drilled and exploited by the
ENEL Company (Minissale et al. 1997; Brogi 2004).
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Several heavy metals (in particular, Hg and As)
were mobilized during hydrothermal activity, produc-
ing important metal/sulphide mineralizations; among
these, mercury and cinnabar, associated with minor
realgar (AsS) and orpiment (As,S;), were widely
exploited in the twentieth century (Cuteri and Mascaro
1995).

Therefore, Mt Amiata may host As or As-bearing
phases in sediments, soils, air, drinking waters and
groundwaters, arising from both anthropogenic and
geogenic sources. For instance, some cold springs have
arsenic amounts close to the limit value of 10 pg/l
(Minissale et al. 1997; Mantelli et al. 1999; Tamasi and
Cini 2004). Geochemical maps of heavy metals in
stream sediments (Protano et al. 1998) indicate several
arsenic anomalies in the southern and eastern sides of
Mt Amiata (Fig. 1); these anomalies have been inter-
preted as due to anthropogenic pollution from the
nearby mining sites of Abbadia S. Salvatore and Pi-
ancastagnaio, exploited for Hg-rich mineralizations.
Similarly, As traces in air are due to ENEL geothermal
power plants (Loppi 2000).

Notwithstanding the preferential occurrence of As-
bearing mineralizations in the eastern mining district,
the highest arsenic anomalies in stream sediments
(up to 500 ppm; Protano et al. 1998) have been de-
tected at the opposite side of the volcano, close to
three historically important quarries of bolar earths
(Fig. 1). These sediments were formed by precipita-
tion from iron-rich fluids (Lotti 1910; Manasse 1915),
outflowing at the contact between porous trachyte
and underlying impermeable clays; the iron-rich flu-
ids flooded into topological depressions, with sub-
sequent iron (hydr)oxides flocculation, possibly
assisted by biological processes (Lotti 1910; Manasse
1915).

Bolar earths deposits and samples description

Bolar earths quarries (“Cava delle Mazzarelle,”
“Cava della Sega” and “Cava del Pino”’; hereafter
CM, CS and CP, respectively) were extensively
exploited in the nineteenth and twentieth centuries
for the production of yellow raw sienna and red
burnt sienna pigments (Manasse 1915; Manasse and
Mellini 2006). The CM quarry is now completely
filled by spring water, thus avoiding any possible
recognition of the originary deposit. Before exploi-
tation, the deposit was up to 13 m thick and con-
sisted of yellow-brown layered iron oxyhydroxides
(Lotti 1910). Present samples have been collected on
the lake banks; CM1 and CM2 are homogeneously
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Fig. 1 Simplified geological
map of the Mt Amiata
Volcano, showing main
mining sites, active
geothermal fields, diatomite
deposits and As distribution
in stream sediments. CM, CP
and CS are bolar earths
quarries. Geological sketch
modified from Brogi (2004);
arsenic distribution from
Protano et al. (1998)
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deep-yellow and coherent, whereas CM3 is poorly
coherent, with deep-yellow grains intermixed to other
sediments, probably arising from trachyte weathering.

The CS quarry still shows large amounts of pure
bolar earths, as well as several traces of different in situ
treatments (e.g. drying areas, sieving pools, filters for
raw materials sorting, ovens for the yellow-goethite to
red-hematite transformation). Sample CS1 is pale-yel-
low, incoherent, CS2 corresponds to a dark-brown
layer, whereas CS3 has been collected within a
homogeneous deep-yellow, coherent layer. Preserved
bolar earths are definitely rare in the CP quarry; CP1,
CP2 and CP3 correspond to mixed samples, with yel-
low-brown grains associated with abundant sediments
arising from trachyte weathering.

In order to check the possible occurrence of present-
day deposition sites, we also sampled the reddish
springs from Bagnoli (Fig. 1; Wg; and Wpg,), the
stream water flowing towards CM (Wcy) and the
springs at CS and CP (W¢s and Wcp, respectively).

Finally, we remark the common occurrence of
diatomite (“‘farina fossile”” in Italian), i.e. pure white
sediments consisting of silica-rich fossil shells of dia-
toms (main deposits in Fig. 1); actually, there are no
evident chronological-genetic relationships between
bolar earths and diatomite, but they are often spatially
associated.

For sake of simplicity, we will use the term “bolar
earths” for all CM, CS and CP samples, even for the
goethite-poor ones.

Analytical methods

Chemical and mineralogical analyses were performed at
the Dipartimento di Scienze della Terra, University of
Siena. Mineral phases have been determined by X-ray
powder diffraction (XRPD), using an automated Philips
PW1710 Bragg-Brentano diffractometer equipped with
post-diffraction monochromator, CuKa radiation (4 =
1.5418 A), from 5° to 70° 20 (0.04 20 step size and 2 s
time per step).

Whole-rock chemical analyses were obtained by a
Philips PW1414 X-ray fluorescence (XRF) spectrom-
eter on 7 g pressed-powders, using international XRF
standards. Major elements data were integrated by loss
of ignition (LOI) determinations; total iron expressed
as Fe,Os; wt%.

Scanning electron microscopy (SEM) was performed
using a Philips X130, operating at 20 kV and equipped
with an EDAX-DX4 energy dispersive spectrometer
(EDS). SEM observations have been obtained both in
secondary electrons and in back-scattered electrons
(BSE) on powders and filtered flocs, deposited on
supporting stubs and homogeneously covering the stub
surface. EDS analyses (counting rates close to 2,000
2,500 cps) were performed using a beam raster
50 x 50 um wide, thus reproducing whole-rock compo-
sitions, comparable with XRF data. Raw data were
corrected using ZAF approach.

Transmission electron microscopy (TEM) has been
carried out by a JEOL 2010 microscope, working at
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200 kV, with LaBg source, ultra-high resolution pole
pieces and 0.19 nm point resolution. The microscope is
equipped with an ultra-thin window EDS (ISIS Ox-
ford). TEM-EDS analyses were obtained using large
beam spots (approximately 100 nm in diameter), and
counting rate between 500 and 1,000 cps; EDS data
were treated according to Cliff and Lorimer (1975) and
Mellini and Menichini (1985), using standardized J
factors. TEM specimens were prepared by depositing
the powders on Cu mesh grids, previously covered by a
carbon film.

pH and Eh values have been measured by an Eutech
Instruments pH-meter (XS pH 6) in waters (in situ)
and solids, using a Hamilton ORP electrode. Mea-
surements of pH and Eh in solid samples were ob-
tained following the method described by Mascaro
et al. (2001); in particular, fixed aliquots of solid sam-
ples were mixed with deionized water at the 1-2.5
weight ratio; pH of the supernatant solution was
measured after 20 min centrifugation.

Results
Mineral phases by XRPD

Table 1 reports the XRPD data for CM, CS and CP
samples, always consisting of goethite with minor sheet
silicates. In particular, CM and CS samples correspond
to almost pure goethite, with minor siderite and sheet
silicates. In contrast, CP samples reveal large amounts
of quartz, sheet silicates (biotite) and feldspars, asso-
ciated with minor goethite; this evidence confirms that,
at least today, the CP deposit is highly contaminated by
other sediments, arising from the nearby trachydacite
complex.

Whereas the diffraction peaks of siderite, quartz and
sheet silicates are narrow, those of goethite are always
broad, suggesting a constant low crystallinity, inde-

Table 1 Mineral phases in CM, CS and CP bolar earths from
XRPD data

Goethite  Siderite  Sheet Quartz  Na,
silicates K-feldspars
CM1 xx Traces
CM2 x X X
CM3  xx X
CS1 XX XX Traces
CS2 X Traces
CS3 XXX Traces
CP1 XX XX X
CP2 X XX XXX XX
CP3 X XXX XXX XX
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pendently from sampling site. Mean crystal size of
goethite has been determined by the Scherrer formula
MCS = Ka/bpyy cos Oy (Where 4 = X-ray wavelength,
b = full width at half maximum for the diffraction peak
at 0; K = shape factor, assumed to be 0.91), measuring
the three most intense reflections of goethite (i.e. 1 1 0,
111 and 2 2 1). Crystal size estimates are reported in
Table 2 for five representative CM, CP and CS sam-
ples. Mean crystal size is constant from deposit to de-
posit, ranging from 9 to 17 nm, with recurrent values of
11-13 nm; size determinations on the basis of reflection
2 2 1 could be slightly biased, due to low intensity and
poor peak/background ratio.

Chemical compositions of bolar earths and filtered
flocs

Bolar earths

Table 3 reports bolar earths compositions, as obtained
by XRF and SEM-EDS (average values of at least four
50 x 50 um raster analyses). Specimens mostly consist
of Fe,O3 or SiO,, in variable amounts, from almost
pure iron-rich (e.g. CS1) to silica-rich compositions
(e.g. CM2). In agreement with XRPD data, iron-rich
samples consist of abundant goethite (and possible
siderite, as in the case of CS1), whereas there are no
relationships between silica contents and quartz, sug-
gesting the occurrence of amorphous silica (expected
to be particularly abundant in sample CM?2).

Minor, variable amounts of Al,O3 depend on the
possible occurrence of minerals other than goethite and
quartz; for instance, all CP samples are systematically
characterized by high Al,Oj; contents, in agreement
with XRPD revealing sheet silicates and feldspars.

Arsenic has been detected in samples from CM (up
to 7.4 wt% As,Os in CM1), in CS3, whereas it has not
been revealed in the CP samples. Thus, arsenic appears
to be heterogeneously distributed among the different
deposits and also within the same deposition site, as in
the case of the CM quarry, where As-poor samples
coexist with the As-richest ones. Chemical data are in
agreement with pioneer determinations by Manasse
(1915), performed on yellow-dark and brown CM and
CS bolar earths (from 0.6 to 9.0 wt% and up to
1.5 wt% As,Os, respectively). As a general trend, iron-
rich bolar earths are As-enriched as compared to the
silica-rich ones.

Filtered flocs

Flocs obtained by filtering of selected water samples
(Wg; and Wp, from Bagnoli; Wep; and Wep, from
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Table 2 Mean crystal size (nm) of goethite in CM, CS and CP
samples, as determined by Scherrer formula

Reflections

110 111 221
CM1 12 13 13
CM3 9 11 15
CS1 11 11 10
CS3 12 11 13
CP1 12 13 17

Cava del Pino) have been analysed by SEM-EDS
(Table 4; average data on at least five analyses for each
sample, obtained following the same procedures used
for solid bolar earths). Wy flocs have constant com-
positions, mostly consisting of Fe,O; and SiO,, with
mean values of 61.6-66.9 and 26.3-26.9 wt%, respec-
tively; in contrast Wcp flocs have more variable, com-
plex compositions, characterized by the systematic
occurrence of Al,Os;, in agreement with CP bolar
earths composition. Arsenic has been detected in Wg
(up to 1.9 wt% As,0Os), whereas it is absent in Wcp
waters.

Scanning electron microscopy—-BSE observations
reveal that W flocs mostly consist of fine aggregates of
iron-rich tiny fibres. Furthermore, we remark the
common occurrence of diatoms shells associated with

the iron-rich fibres (Fig. 2), possibly suggesting pres-
ent-day diatomite deposition.

Distribution of As at the nanoscale

Transmission electron microscopy investigation has
been performed on selected As-bearing samples from
CM and CS§, in order to determine the actual size of
goethite crystals, the possible occurrence of minor As
phases (undetected by XRPD and SEM-EDS) and the
nanotextural-nanochemical relationships between
goethite crystals and As distribution.

Samples consist of a fine, poorly crystalline associa-
tion of pseudo-spherical goethite nanocrystals, amor-
phous silica and minor sheet silicates, in variable
amounts. Goethite nanocrystals range from 5 to 20 nm
and from 10 to 40 nm in size (samples CS3 and CM1,
respectively); they can be isolated (even if closely
associated, as in Fig. 3a) or coalesce, giving rise to
elongated, rod-shaped particles up to 60 nm (Fig. 3b).
Rounded isolated and rod-shaped particles may coexist
in the same sample.

Selected area (e.g. Fig. 4, sample CM1) and nano-
beam electron diffractions give weak, diffuse, ring-
shaped patterns, with d-spacings typical of goethite
(most intense reflections at 4.2, 2.4 and 1.7 A, corre-
sponding to dy19, di11 and dyyq; arrows in Fig. 4); dif-

Table 3 X-ray fluorescence and SEM-EDS compositions (wt% oxides) of CM, CS and CP bolar earths; XRF As,Os values in ppm

cM1 cM2 CM3 cs1 Cs2 CS3 CP1 CP2 CP3
XRF

Na,O 0.1 0.0 0.4 0.0 0.0 0.0 02 02 02

MgO 0.5 0.0 0.7 0.1 03 0.0 0.4 05 0.5
ALO; 0.6 0.4 8.9 0.7 1.0 0.6 6.3 63 8.1

SiO, 16.9 81.6 36.4 2.1 471 6.8 31.4 30.5 355
P,0s 02 0.0 0.1 0.0 0.0 02 02 0.1 0.1

KO 0.1 0.0 2.1 0.0 0.0 0.0 1.4 13 1.6

CaO 1.0 0.1 0.9 1.1 15 0.1 0.4 0.4 0.4

TiO, 0.0 0.0 0.6 0.0 0.0 0.0 0.4 05 0.6

MnO 0.1 0.0 0.1 0.1 0.0 0.1 0.0 0.1 0.0
Fe;0301) 713 13.0 431 80.3 44.4 80.0 51.4 534 46.1

LOI 9.3 48 6.8 15.6 5.7 122 7.9 6.7 6.9
As,Os (ppm) 10,942 499 1,601 33 145 1,236 599 619 480
SEM-EDS

Na,O - - 15(04) - - - - - -

MgO - 09(03) 0906 1001 0602 - 15(01)  1.5(02)
ALO; 1.0(04)  03(01)  140(08) 23(08) 24(04) 16(02) 17(05)  48(14) 103 (2.1)
Si0, 220 (04) 909 (25) 474 (14) 83(0.7)  573(15) 152(0.1) 224 (76) 215(3.1) 382 (65)
SO; - - - - - - 08 (02) 1.0(02)  12(03)
K,O 04(0.1) - 60(02) 01(0.1) - - - 05(02)  1.5(04)
CaO 14(03)  02(01) - 12(03) 1501 - - 04 (02)  05(0.1)
MnO - - - 04 (02) - - - - -
Fe;0301) 687 (28) 86(1.5)  312(1.6) 878(21) 388(19) 81.9(03) 751(82) 719 (48) 483 (8.9)
As,0s 65(13) - 14 (04) - - 13(03) - - -

SEM-EDS data are average values over at least four 50 x 50 mm raster analyses; standard deviations are reported in brackets
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Table 4 SEM-EDS average analyses (wt% oxides) on filtered
flocs from the Bagnoli springs (Wg; and Wpg,) and Il Pino springs
(Wcp1 and Weps)

WB] WB2 wCP] WCPZ
Na,O 0.8
MgO 6.3
ALO; 0.8 7.1 113 4.8
SiO, 26.9 26.3 383 152
SO, 0.5 103
P,Os 13 3.0
K,O 4.0 03
CaO 1.6 0.8 14 03
TiO, 22
MnO 03
Fe; 0301 66.9 61.6 362 69.1
As,05 1.6 13 0.0 0.0

Fig. 2 SEM-BSE image of filtered flocs from the Bagnoli spring.
Two elongated diatoms shells are associated to Fe-rich tiny fibres

fraction patterns indicate low crystallinity, indepen-
dently from sampling site and whole-rock composition.
Figure 5a, b shows randomly oriented, rounded nano-
crystals of goethite, with regular lattice fringes (sam-
ples CS3 and CMI, respectively); nanocrystals are
homogeneous, without inner contrast.

TEM-EDS data for CM and CS samples (Table 5)
confirm the chemical trends observed by XRF and
SEM-EDS, revealing Fe,O; and SiO, as the main
components. Arsenic is abundant in CM1 (average value
4.8 wt% As,Os, up to 8.1 wt%), whereas it occurs in
lesser amounts in CS samples (from below detection
limit to 4.0 wt% As,Os; mean value 1.1 wt%).

Finally, TEM observations revealed that arsenic is
strictly associated with goethite nanocrystals, whereas
it is absent in the coexisting amorphous silica; X-ray
maps performed on nanosized goethite aggregates
show perfectly matching Fe and As distributions
(Fig. 6). No specific As-phase has been detected.
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pH, Eh and temperature measurements

Table 6 reports pH and Eh data for CM, CS and CP
bolar earths as well as for water samples at CM, CS, CP
and Bagnoli. As regards pH determinations, all solid
samples gave similar results, ranging from 4.2 to 8.0,
with slight differences from deposit to deposit. In
particular, CS samples display a higher variability
(from 4.7 to 8.0) than the CM ones (6.0-6.7), whereas
CP samples give the lowest pH values. Eh measure-
ments range from 250 to 400 mV, increasing with
solution acidity.

Temperature, pH and Eh were also measured in situ
in waters at CM, CS, CP and Bagnoli (Table 6). All
water samples are close to neutral conditions (6.5-7.7
pH), with constant temperature of 19-21°C; Wg1, Wcs
and Wcp are slightly more acidic (pH = 6.5-6.7) than
Wenm. Eh measurements show slightly negative values
for spring waters (ranging from -8 to -30 mV),
whereas positive values have been obtained for Wy
stream water (194 mV).

pH and temperature measurements at Bagnoli and
Il Pino match previous data by Minissale et al. (1997),
suggesting poorly variable conditions through time; in
contrast, Eh values (=10 mV for Wg;, -8 mV for Wg,
and -10 mV for W¢p) deviate from reference data (203
and 303 mV, respectively).

Discussion and conclusions
Goethite crystal size and As adsorption

Crystal size is one of the most critical parameter in
determining kinetic and thermodynamic behaviour of
minerals (e.g. reaction mechanisms and rates in the case
of dissolution, dehydroxilation, interaction with sor-
bents and solutions); the smaller the crystal size, the
higher the specific surface area and the higher the phase
reactivity. This feature is of particular interest in the
case of goethite, whose surface represents a highly
reactive site for adsorption processes. A survey on 256
natural goethites indicates mean crystal size of 15—
20 nm (Cornell and Schwertmann 2003), with estimated
specific surface area ranging from 80 to 200 m?/g.
Bolar earths from Mt Amiata consist of goethite
crystals, typically 10-15 nm in size, matching the values
reported for other natural occurrences. Crystal size
determinations based on XRPD and TEM are slightly
different (i.e. 9-17 nm vs. 5-40 nm, respectively), due
to obvious differences in the two analytical approaches;
in particular, XRPD estimations correspond to the
actual size of coherent diffracting domains, whereas
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Fig. 3 Transmission electron
microscopy images of sample
CM1, showing closely
associated, but isolated
goethite nanocrystals (a) vs.
coalescent nanocrystals
producing elongated, rod-
shaped particles (b)

42824 1.7

Fig. 4 Ring-shaped SAED pattern of goethite nanocrystals in
sample CM1; arrows show the three most intense reflections of
goethite (corresponding to dyyo, di11 and dy,)

Fig. 5 Transmission electron
microscopy lattice images of
randomly oriented goethite
nanocrystals in sample CS3
(a) and CM1 (b)

TEM may reveal larger grain size, possibly resulting
from nanocrystals coalescence. Anyway, bolar earths
goethites are expected to have high specific surface
area (in the 80-200 m?/g range) and high reactivity for
generic ions over several surface functional groups.

The goethite/water interface is commonly repre-
sented as a hydroxyl layer, that, depending on pH
conditions, can protonate or deprotonate, forming
surface complexes with metals and ligands. When pH
is lower than pzc (point of zero charge), the surface
results in a net positive surface charge, whereas when
it is higher, the surface results in a net negative
surface charge. Experimental studies on natural and
synthetic goethites indicate pzc of 9.0-9.3 pH (Antelo
et al. 2005); lower values (between 7.5 and 9 pH)
have been recorded only for goethites contaminated
by carbonates or other anions (Lumsdon and Evans
1994). Thus, in most common natural systems, goe-
thite surfaces are expected to bind anions rather than
positive ions.

10 nm
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Table S TEM-EDS average analyses on CM1, CS1, CS2 and
CS3 samples

Table 6 pH, Eh and temperature measurements of bolar earths
and waters

CM1 CS1 CS2 CS3 Bolar earths pH Eh Waters pH Eh T (°C)
ALO; - 11 0.5 - 1 oMl 65 285 a Weu 77 194 20
SiO, 16.5 5.8 45.7 11.5 2 CM2 6.7 300 b Wcs 6.7 30 21
CaO 2.4 0.9 1.3 0.5 3 CM3 60 320 ¢ Wcep 65 -10 19
Fes05000) 76.3 93.3 51.9 87.6 4 CSl 80 250
As,05 48 0.0 11 05 5 CS2 60 290 d Wi, 65 -10 21
6 CS3 47 350 e Wg; 69 -8 21
7 CP1 56 375
8§ CP2 42 400 f 1 Pino® 6.7 303 16
pH also affects the kind of As species occurring in 9 CP3 44 400 g Bagnoli® 6.8 203 21

the solution (usually, AsO3~, HAsOF, H,AsO; and
H;AsOY). Experimental models (Smedley and Kinni-
burgh 2002; Garcia-Sanchez et al. 2002) indicate that,
under oxidizing conditions and for pH between 2 and 6,
H,AsOy is the stable form in aqueous solutions, while
the anion HAsO3~ occurs at higher pH (between 7 and
11); for pH between 6 and 8, both species may coexist,
whereas H3;AsO, and AsO3~ occur only in extremely
acidic and alkaline conditions, respectively (Fig. 7,
modified from Smedley and Kinniburgh 2002). Fig-
ure 7 also reports Eh and pH measurements for bolar
earths and water samples from CM, CS, CP and
Bagnoli, suggesting that in CM, CS and CP bolar earths
and CM stream waters, As is able to bind to goethite
surfaces as arsenate anions (both HyAsOy; and HAsOj3~
depending on pH value). In contrast, Eh values for
waters collected immediately close to the spring out-
flows (Bagnoli, CS and CP) are slightly lower than
those for corresponding solid samples and stream wa-
ters, possibly suggesting the local occurrence of neutral
H;AsOY in the solution. In this neutral form, arsenic
(IIT) might be mobilized, representing a possible risk
for the environmental system. However, Eh values
reported by Minissale et al. (1997) for Bagnoli and 1l
Pino sites (203 and 303 mV, respectively), suggest that
the occurrence of neutral H;AsO$ in the solution is

Fig. 6 X-ray maps of Fe and
As in goethite aggregates
(sample CM1); note the
perfectly matching
distribution of Fe and As

@ Springer

Numbers and letters (in columns 1 and 5) reported in Fig. 7
? Data adapted from Minissale et al. (1997)

time- and space-limited, thus allowing the As(III)-
As(V) transformation.

Arsenate adsorption may also have influenced goe-
thite crystal size, favouring the flocculation of nano-
sized particles. In fact, the adsorption of arsenate
anions on the positively charged goethite surfaces may
result into a poisoning effect, leading to negatively
charged outer shells capable of inhibiting further out-
ward growth of goethite.

Competitive anions, As desorption behaviour
and arsenate stability

Positively charged goethite surfaces may also adsorb
anions different from arsenate, thus giving rise to a
competitive adsorption process. For instance, phos-
phate strongly competes with arsenate because of
similar binding behaviour of PO3"; phosphate adsorp-
tion has been described as a faster process, but arse-
nate adsorption seems to be stronger (Grossl et al.
1997; O’Reilly et al. 2001; Gao and Mucci 2001). Ar-
senic adsorption to iron hydroxides may also be ham-
pered by other competitive substances typical of
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natural soils, such as aqueous silica, alumina and sol-
uble organic matter (humic, fulvic and citric acids;
Grife et al. 2001).

The high As amounts in bolar earths suggest sub-
stantial absence of strong competitive anions in the
depositing aqueous solutions, despite the observed
occurrence of abundant amorphous silica, reasonably
co-precipitated with goethite. Thus, we may conclude
that, at least under the physical/chemical conditions at
which bolar earths precipitated, silica was less com-
petitive than arsenate, in terms of adsorption on goe-
thite surface.

Once adsorbed on goethite surface, arsenate is not
easily desorbed or removed, unless pH conditions
severely change. Experimental studies on arsenate
adsorption and desorption kinetics in goethites at pH 4
and 6 (O’Reilly et al. 2001) show that the surface
complex is very stable for extended time. Hence, under
the observed aerobic and acidic to near-neutral con-
ditions (pH from 4.2 to 8, as reported in Fig. 7), arse-
nate adsorption on goethite is expected to be stable,
suggesting low risk for arsenic desorption; bolar earths
thus represent an example of natural self-remediating,
stable As-trap.

1200

HA50°\
3 4

800 |-

400 | 89, 7

Ehmv)

-400

-800

Fig. 7 Eh vs. pH diagram (modified from Smedley and Kinni-
burgh 2002) with data for CM, CS, CP solid samples and for
water samples from CM, CS, CP and Bagnoli springs (numbers
and letters as in Table 6)

Nature of bolar earths depositing fluids and possible
present-day deposition site of As-rich goethite

Bolar earths consist of As-rich goethites often inter-
mixed to amorphous silica; accordingly, they should
have been formed by precipitation from iron-silica rich
fluids (Lotti 1910; Manasse 1915), characterized by
relatively high As contents. Slight variations in physi-
cal/chemical parameters of fluids could have favoured
pure goethite or goethite + silica precipitation.

The origin of these iron-silica rich fluids is quite
uncertain, due to the chemical variability of hydro-
thermal fluids and to the possible mixing with meteoric
waters. Minissale et al. (1997) reported three main
geological reservoirs in the Mt Amiata region, char-
acterized by low Fe content and Ca—-HCO3, Ca-SO, or
Na—-Cl rich compositions; most thermal and cold
springs in the area are consistent with these composi-
tions. Thus, the occurrence of Fe-rich fluids should be
related to time-limited episodes, to locally different
geological reservoirs or to specific physico-chemical
processes, involving local dissolution of country rocks
by slightly acidic waters (Minissale et al. 1997).

Actually, Fe-rich solutions may locally occur (e.g.
the cold springs at Putizza Rondinaia and Galleria
Nuova Italia; Minissale et al. 1997), but they are As-
free. At present, the only probable site for As-rich
goethite deposition is represented by the Bagnoli cold
springs, characterized by As content of 0.036 mg/l, high
Si + Fe and low HCOj; + Ca compositions, sharply
differing from other nearby geothermal sources (Min-
issale et al. 1997). This hypothesis is confirmed by the
presence of As in the Fe-rich filtered flocs from Wy (up
to 1.9 wt% As;0s).
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