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Iron contents, its compounds and forms in topsoils of the volcanic Fogo island (Cape Verde)were studied by neu-
tron activation analysis, Mössbauer spectroscopy and X-ray diffraction. The topsoils were collected from all units
of the island in diverse geological formations — carbonatite, nephelinites, limburgite, pyroclasts, deposits, pre-
historic lavas and historic lavas. Fine materials from Mota Gomes volcanic crater (the most recent eruption
which occurred in 1995) were also sampled. The total iron content varies significantly from 1.7% (Fe2O3 weight)
in acid sulfate topsoils (pH= 3.9), up to between 9.9% and 20.6% in the other geological contexts (pH= 5.9 to
9.3).
The most oxidized topsoils from the pre-caldera formations are the oldest ones, as expected, while the reverse is
observed for the post-caldera topsoils. In the latter case fast weathering of the lava outer layers, which have a
higher glass component, may explain this observation. After erosion periods of 50–200 years significant amounts
of the highly oxidized small particles are removed. The inner part of the lava, less oxidized, is then exposed and
more slowly weathered than the former outer layers. Topsoils from pre-caldera formations derived from the
more weather-resistant inner layers are also strongly altered since they have been exposed for periods of time
several orders of magnitude longer than the post-caldera ones. In topsoils Fe2+ mainly occurs in pyroxenes,
phyllosilicates and pure or slightly oxidized magnetite. With increasing age the (Fe2+)/(total Fe) ratio of the
pre-caldera topsoils gradually decreases down to 4% indicating that the iron that is still incorporated in the sili-
cates structures is increasingly oxidized. Maghemite is detected instead of magnetite and hematite appears, be-
coming themain Fe-containing phase in the oldest materials. These results suggest that in a firstweathering step
Fe2+ is oxidizedwithin the silicates structure andwithinmagnetite which gradually evolves tomaghemite.With
the eventual decomposition of silicates Fe3+ is remobilized in hematite. As weathering proceeds maghemite is
also replaced by hematite. Goethite was not detected by Mössbauer spectroscopy, which may be explained by
the aridity of the island. Iron in jarosite was identified by Mössbauer spectroscopy in topsoils developed on vol-
canic conduits. The presence of this mineral in alkaline surficial environments may be explained by a hypogene
origin and stability over at least a few hundred years in the surficial environments of the semi-arid Fogo island.
Contents of Cr and As that are potentially harmful to health increase with the concentration of nanosized Fe
oxides. This correlation may be related to their high specific surface area.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Weathering and soil characteristics are controlled by the drainage
conditions of the profile and depend on the climate (rainfall and tem-
perature), topography, nature of rock (fissural system, texture and
lear, IST/ITN, Instituto Superior
ional 10, 2686-953 Sacavém,

).

ghts reserved.
composition), and influence of the biosphere (Chesworth, 1992;
Formoso, 2006; Gauthier-Lafaye et al., 1993; Holdsen and Berner,
1979; Marques et al., 2012; Meunier, 2003; Prudêncio et al., 2002,
2007, 2010, 2011). Mineral composition is of prime importance in
weathering. Some minerals, such as quartz, are very stable. In contrast
decomposition of olivine, plagioclases and pyroxenes starts almost as
soon as the rock is exposed to weathering agents. The texture of the
rock is also relevant since porosity and permeability facilitate exposure
to these agents. Temperature and precipitation, including the precipita-
tion distribution over time, runoff percent and evaporation rate, are the
chief climatic controls of weathering. The rate at which weathering
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processes decompose and break down a solid rock body depends also
on the surface area exposed to the atmosphere (Gordon and Dorn,
2005).

Volcanic rocks are fine-grained and minerals highly susceptible to
chemicalweathering, such as calciumplagioclases, olivine and pyroxene,
are often present in significant amounts; moreover glassy components
common in lava flows weather faster than crystalline phases. The sur-
faces of lava flows are generally vesicular and very porous, and the inte-
rior of the rock bodies is usually broken. Therefore lava flows are highly
permeable and susceptible to decomposition.

In general, the weathering rates of volcanic materials slow down
with increasing rock age. During weathering some elements are immo-
bile, tied up in secondary minerals such as clays and oxides or their
amorphous precursors. Amongmajor elements, iron has a conservative
behavior (immobile) along with Ti and Al (Carrol, 1970).

Most volcanic soils contain an abundance of iron which occurs in liv-
ing systems as a minor element. Iron is however an essential constituent
of these systems, in particular of a number of cellular enzymes, notably
those associated with respiration processes. The physiologies of living
organisms combinewith chemical, physical, and geological forces to con-
tinually redistribute iron between living and non-living reservoirs in pro-
cesses known as biogeochemical cycles. Among the elementswhich have
variable oxidation states, iron is the most important in weathering reac-
tions on earth (Berner and Berner, 1996; Summons, 1993). Oxidation is
thus especially important in the weathering of minerals that have high
iron content, such as olivine and pyroxene. When iron is oxidized, the
change in valence and ionic radius causes destabilizing adjustments in
the crystal structure of theseminerals, facilitating bond breakage. Iron ox-
ides are the main residual minerals of olivine and pyroxene weathering.
On the other hand oxidation of primary iron oxides like magnetite also
occurs and in the end hematite is expected to dominate particularly in
arid environments. Among iron-bearing mineral phases, iron oxides are
soil constituents of great interest in soil chemistry and relevance to
plant nutrition. They have significant effects on many processes such as
sorption and redox ones because of their high specific surface areas and
reactivity, particularly when present as micro and nanosized particles.
Furthermore, iron oxides are known to incorporate chemical elements
that can be a threat to health (O'Day, 2006; Vaughan, 2006).

A generally high total iron content (mean Fe2O3 = 14.1%; medi-
an = 14.3%) was found by Marques et al. (2012) in 63 topsoils of
Santiago island (Cape Verde). Spatial variations of features of these
topsoils were found to be significant in a small scale. A still higher
variation may be expected for Fogo island, the only volcanic island
of the Cape Verde archipelago which is presently active. In the pres-
ent work the iron content and speciation in topsoils of this island are
reported. The study is performed on whole sample (b2 mm fraction)
of topsoils developed on volcanic rocks of different ages including
surficial materials collected inside the Mota Gomes (MG) crater,
which corresponds to the most recent volcanic eruption (1995). In
order to evaluate the role of the iron forms, particularly iron oxide
particles, in the sorption of potentially harmful chemical elements,
chromium and arsenic contents were also determined.

In soils Fe is distributed among a variety of different species of main-
ly very small particle size which escape detection by XRD, particularly
when it is performed in the b2 mm fraction as in the present study.
Chemical analysis is also generally insufficient to an unambiguous de-
termination of the individual Fe forms, as the species are only minor
constituents within the very complex soil matrix. Combined with XRD
and chemical analysis, 57Fe Mössbauer spectra of the natural Fe species
supply the best solution to the problem. Spectra are generally unique
and characteristic for each individual chemical form. The parameters
that allow the identification of the different Fe oxides are related to
their magnetic properties. When the particle size of these oxides is
very small these properties are only observed in the Mössbauer spectra
at very low temperatures. This methodology was therefore adopted in
the present study.
The main goals of this work are evaluating (1) the iron distribution
inmineralogical phases of topsoils developed on volcanic rockswith dif-
ferent ages (from ~5 Ma down to a few decades) of the Fogo island
(Cape Verde); (2) the ratio of Fe3+/FeT (where FeT stands for total Fe)
within and between the different geological units; and (3) the particle
size of iron oxides and its correlationwith potentially health harmful el-
ements such as Cr and As. This study is part of a broader project, for the
establishment of an environmental geochemical atlas of the Cape Verde
archipelago (Cabral Pinto, 2010; Marques et al., 2012).

2. Geological setting

Fogo island is the fourth largest island (476 km2 area) of the Cape
Verde archipelago (Fig. 1a), and is located in the south-western part of
this archipelago, some 800 km off the Africa coast. Fogo is one of the
youngest (~5 Ma) and seismically most active island in Cape Verde
(Le Bas et al., 2007). This island is described as a relatively simple
volcano-island, corresponding to an active volcanowith amaximum al-
titude of 2829 m. All the archipelago origin is associated to the volcanic
activity of an underlying mantle plume (Madeira et al., 2008).

The climate of Fogo island ranges from tropical to semi-arid with an
average temperature of 25 °C. However, in Chã das Caldeiras the temper-
ature may be as low as 0 °C in December and January (Mota Gomes,
2006). A high annual variability in precipitation may occur. The humid
region (N600 mm/a) is located in the north-east, and arid regions
(~160 mm/a) are in the south-west part of the island. Above 1300 m, a
lower rainfall occurs due to the trade wind inversion (Olehowski et al.,
2008). Several studies have been done in Fogo island concerning the vol-
canic activity (Brum da Silveira et al., 1996; Figueiredo et al., 1997, 1999;
Heleno da Silva et al., 1999; Heleno et al., 2006), geomorphic and struc-
tural studies (Brum da Silveira et al., 2006; Day et al., 1999; Madeira
and Brum da Silveira, 2005), geo-ecological studies (Olehowski et. al,
2008), and the geochemistry and mineralogy of topsoils and paleosols
(Marques et al., 2010, 2011a,b).

The pre-caldera formations of Fogo island include two stratigraphic
units: (i) a carbonatite unit exposed in fluvial valleys and (ii) nephelin-
ites and associated lavas (hereafter referred to as nephelinites) with
layers of scoria or tuffs, previous to the formation of the caldera. The
post-caldera formations (the third stratigraphic unit) include pre-
historic or non-identified sequences aswell as several historic eruptions
(Madeira and Brum da Silveira, 2005;Madeira et al., 2005) and contem-
poraneous deposits. Lahar and slope deposits are also post-caldera for-
mations although their precise age is not known. The remaining
pyroclastic deposits are dated in Torres et al. (1998).

The grain size distribution of topsoils of Fogo varies significantly
from coarse materials to silty-loam soils with no cohesion and a higher
susceptibility to wind erosion.

3. Materials and methods

In 2009/2010 field work was performed in the Fogo island (Cape
Verde) with the purpose of collecting surficial soil/regolith samples of
the three stratigraphic units referred above in the geological setting sec-
tion: two precaldera (carbonatite and nephelinite units) and the post-
caldera formations. For this work 18 topsoil samples were selected
(Fig. 1b, Table 1): five topsoils developed in rocks of the pre-caldera for-
mations— one carbonatite, three nephelinites and one limburgite; and
13 topsoils developed in the rocks of the post-caldera formations
(basanites, tephrites, phonotephrites, pyroclasts and deposits) — nine
lavas and pyroclasts from historic eruptions, two pyroclasts non dated
(pre-historic or historic eruptions previous to 1721) and two deposits
contemporaneous of thepost-caldera episodes corresponding to torren-
tial or lahar (Table 1, Fig. 2). It should be noted that two of the post-
caldera formations include the surficial materials collected inside the
Mota Gomes crater, which corresponds to the most recent volcanic
eruption (1995): one red (7.5R/3/8) and one yellow (2.5Y/8/4) topsoils
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Fig. 1. a) Location of Fogo island (Cape Verde). b) Sampling location of 18 selected topsoils of the Fogo island, Cape Verde.
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(Munsell, 1998). In general the topsoils from the pre-caldera formations
are finer than those from the post-caldera.

The whole sample of the topsoils was obtained by sieving through a
2 mmaperture nylonmesh sieve. All the sampleswere air-dried and the
pH was determined in a 5:1 water/soil suspension, by a pH meter scan
25 CW.

The topsoil sampleswere grounded in agatemortar formineralogical
and chemical analyses. The mineralogical composition of the whole
sample was determined by X-ray diffraction (XRD) of randomly orient-
ed specimens using a Philips diffractometer, Pro Analytical, with Cu Kα
radiation at 45 kV and 40 mA, a step size of 0.5° 2θ/min from 3° to 70°
2θ. Mineral identification was done according to Brindley and Brown
(1980).

The total contents of Fe, Cr and As were obtained by instrumental
neutron activation analysis (INAA). Two reference materials were
used in the estimation of concentrations by INAA: soil GSS-4 and sedi-
ment GSD-9 from the Institute of Geophysical and Geochemical
Prospecting (IGGE). Reference values were taken from data tabulated
by Govindaraju (1994). The samples and standards were prepared for
analysis by weighing 200–300 mg of powder into cleaned high-density
polyethylene vials. Irradiations were performed in the core grid of the
Portuguese Research Reactor (Sacavém) (Dung et al., 2010). More
Table 1
Sample references, parent rock, chronology, pH, total iron (as oxide), chromium and arsenic con
the post-caldera formations samples are according Torres et al. (1998).

Reference Parent rock Date

Post-caldera formations 73-CF Deposit (de/lahar) Conte
post-c72-CF Deposit (de/lahar)

55-CF Y Pyroclasts (MG crater) 1995
55-CF R Pyroclasts (MG crater) 1995
55-CF Pyroclasts 1995
54-CF Lava 1995
44-SF Lava 1995
68-CF Lava 1951
50-CF Lava 1951
64-CF Pyroclasts 1852
75-CF Lava 1799
53-CF Pyroclasts (volcanic conduit) Before
52-CF Pyroclasts Before

Pre-caldera formations 20-RI Limburgite –

33-AF Nephelinites –

67-CF Nephelinites –

11-SF Nephelinites –

6-SF Carbonatite ~5 Ma

n.d. — non detected.
details of the analytical method are given in Dias and Prudêncio
(2007), Gouveia et al. (1992), Gouveia and Prudêncio (2000) and
Prudêncio (2009).

The 57Fe Mössbauer measurements were recorded at 295 K and
4.2 K in transmission mode using a conventional constant acceleration
spectrometer and a 25-mCi 57Co source in Rh matrix. The velocity
scale was calibrated using an α-Fe foil at room temperature. Isomer
shift values, IS, are given relative to this standard. Powdered samples
were packed together with lucite powder into perspex holders, in
order to obtain homogeneous and isotropic Mössbauer absorbers con-
taining about 5 mg/cm2 of natural iron. Measurements at 4.2 K were
performed using a bath cryostat with the sample immersed in liquid
He. The spectra were fitted to Lorentzian lines using a non-linear
least-square method (Waerenborgh et al., 2003).

4. Results

4.1. pH and chemical composition

The water/soil suspension pH found in topsoils varies in general
from slightly to strongly alkaline (Table 1), except in the Mota Gomes
crater materials. The pH values of the topsoils from the pre-caldera
tents of the studied topsoils of the Fogo island (Cape Verde). The dates and parent rock of

pH Fe2O3T (%) Cr (mg/kg) As (mg/kg)

mporaneous of the
aldera episodes

7.9 12.2 15.8 n.d.
7.7 14.0 77.8 n.d.
3.9 1.7 11.2 13.5
6.2 14.5 77.9 n.d.
5.9 10.5 59.3 n.d.
9.3 12.9 55.2 n.d.
9.3 9.9 19.2 n.d.
6.8 12.5 75.9 n.d.
8.7 12.8 47.8 n.d.
8.2 13.4 53.2 n.d.
8.8 11.0 51.6 n.d.

1721 8.0 13.9 125 1.4
1721 8.2 13.4 99.1 n.d.

7.8 18.5 382 0.709
7.2 20.6 253 2.77
7.4 14.2 176 4.87
7.6 17.0 197 1.95
9.1 12.1 41.1 0.838
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formations are slightly alkaline (pH= 7.2–7.8) with the exception of
the carbonatite topsoil which is very strongly alkaline (pH= 9.1). In
the post-caldera formations, the pH range is 6.8–9.3, with the main dif-
ference found for the fine materials of the MG crater, where the pH
values are acidic, even extremely acidic (pH= 3.9) for the yellow 55-
CF Y sample.

The chemical results obtained for Fe, Cr and As in the studied top-
soils of Fogo island are given in Table 1. Despite the high Fe and Cr con-
tents found, the values are within the range referred for soils
throughout the world (Bowen, 1979). Arsenic contents are low, except
in the yellowmaterials collected inside the MG crater. Some significant
differences were found concerning the Fe contents, the highest value
occurs in the pre-caldera formations (topsoil 33-AF, nephelinite) and
the lowest content in the yellow sample collected in MG crater (post-
caldera formations). The Cr contents vary significantly and the highest
values were found in the pre-caldera topsoils (176–382 mg/kg), with
exception of the carbonatite (41 mg/kg); in the post-caldera forma-
tions a high content of Cr occurs in the topsoil of the older volcanic
conduit studied (53-CF, before 1721). The same tendency occurs
for arsenic: the higher contents of this element were detected in
the pre-caldera formations; in the post-caldera formations the As is
not detected by INAA in the majority of the topsoils, except in the
sample 53-CF (volcanic conduit, before 1721). The yellow pyroclastic
material from MG crater behaves differently, where the highest As
content was observed in spite of the low Cr content.

4.2. Mineralogy

The low crystallinity and the presence of a vitreous component in the
whole sample of the topsoils from Fogo island, observed as a bulge in the
diffractogram baselines, make it difficult to determine the mineralogical
composition by XRD. The results indicate that the most abundant
minerals in the crystalline phase are pyroxenes (augite), particularly in
the post-caldera formations (Table 2). The topsoil developed in the
carbonatite unit is mainly composed by calcite, as expected in this kind
of material. Also quartz, fluorapatite, phyllosilicates, K-feldspars, anatase
and rutile occur. One of the topsoils developed in the nephelinites (33-
AF, the samplewith the highest FeT content) shows a distinctmineralog-
ical composition, with the hematite as dominant mineral. In this sample
in addition to pyroxenes and quartz, phyllosilicates were also detected.
The limburgite topsoil (20-RI) has a different mineralogy with the pres-
ence of olivines asmainmineral. Traces offluorapatite, alongwith pyrox-
enes, phyllosilicates and quartz also occur.

In the post-caldera formations, a variety of mineralogical assem-
blages occurs, pyroxenes being the dominant mineral. However, in the
MG crater samples, where evaporate minerals were found, gypsum



Table 2
Sample references and mineralogical associations obtained by XRD of the studied topsoils of the Fogo island (Cape Verde).

Reference Mineralogical association Vitreous component

Post-caldera formations 73-CF Pyroxenes N Hematite N Phyllosilicates≫ Quartz +
72-CF Pyroxenes N Hematite N Phyllosilicates N Fluorapatite N Analcime −
55-CF Y Gypsum⋙ Quartz≫ Plagioclase (traces) −
55-CF R Gypsum≫ Pyroxenes N Jarosite N Hematite N Phyllosilicates −
55-CF Pyroxenes≫ Hematite≈ Jarosite N Olivines NMaghemite/magnetite N Quartz ++
54-CF Pyroxenes≫ Hematite N Fluorapatite N Rutile (traces?) +
44-SF Pyroxenes≫ K-Feldspars N Hematite N Fluorapatite NMaghemite–Phyllosilicates (traces) +
68-CF Pyroxenes≫ Hematite N Quartz N Phyllosilicates N Fluorapatite NMagnetite/Maghemite? +
50-CF Pyroxenes N Hematite NMagnetite/Maghemite N Olivines N Phyllosilicates (traces) ++
64-CF Pyroxenes N Phyllosilicates≥ Quartz≫ Hematite (traces) NMagnetite/Maghemite? +
75-CF Pyroxenes≫ Quartz≥ Hematite N Phyllosilicates +
53-CF Pyroxenes N Quartz N Phyllosilicates N Hematite NMaghemite N Jarosite (traces) +++
52-CF Pyroxenes N K-Feldspars N Maghemite N Fluorapatite (traces) ++

Pre-caldera formations 20-RI Olivines N Pyroxenes N Phyllosilicates N Quartz N Fluorapatite (traces) +
33-AF Hematite N Pyroxenes≫ Quartz N Phyllosilicates +
67-CF Pyroxenes≫ Plagioclase N Hematite–Quartz and Phyllosilicates (traces) +
11-SF Pyroxenes N Hematite≫ Phyllosilicates N Quartz −
6-SF Calcite≫ Quartz N Fluorapatite N Phyllosilicates≈ K-Feldspars N Anatase N Pyroxenes≈ Rutile −
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predominates. In the yellow topsoil (55-CF Y) quartz and traces of pla-
gioclasewere also identified by XRD. In the red topsoil (55-CFR) jarosite
was found in addition to hematite and phyllosilicates. This mineralogi-
cal composition, particularly the presence of hypogene jarosite is
expected due to the most recent volcanic eruption with the occurrence
of sulfur-rich fumaroles (Kula and Baldwin, 2011). Jarosite was also de-
tected by XRD in sample 53-CF (volcanic conduit, before 1721).
4.3. Iron speciation

Mössbauer spectra (selected examples in Figs. 3–5) were fitted to
sextets and doublets each corresponding to an Fe containing phase or
to a set of unresolved contributions from Fe-bearing phases. Further-
more, assuming similar recoil-free fractions at 4 K, the relative area of
each doublet or sextet is proportional to the amount of Fe contributing
to it.
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Fig. 3.Mössbauer spectra of 6-SF topsoil (parent rock: carbonatite with ~4 Ma) of Fogo is-
land (Cape Verde), taken at 295 and 4 K.
In all spectra taken at room temperature (Figs. 3–5) doublets with
isomer shift IS ~ 0.35–0.42 mm/s and quadrupole splitting QS ~ 0.56–
0.97 mm/s are observed (Table 3). They are typical in soil spectra corre-
sponding to Fe3+ in silicates, namely phyllosilicates and pyroxenes
(McCammon, 1995), and nanoparticle oxides which are superparamag-
netic at 295 K (Coey, 1988; Murad, 1998; Vandenberghe et al., 2000). In
samples 53-CF (volcanic conduit, before 1721) and 55-CF R (MG crater,
1995) an additional Fe3+ doublet with QS (1.14–1.19 mm/s), significant-
ly larger than those of the silicate and nanoparticle Fe3+ oxides is ob-
served. This doublet reveals the presence of jarosite (Gracia et al., 1990;
Maia et al., 2012; Murad, 1998) in agreement with XRD data. The dou-
blets with the highest IS = 1.03–1.14 mm/s and QS, characteristic of
high-spin Fe2+ are also found and are attributed to ferrous iron in silicate
phases, namely phyllosilicates and pyroxenes (McCammon, 1995). Sex-
tets corresponding to microcrystalline Fe oxides (particles large enough
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Fig. 4.Mössbauer spectra of 52-CF topsoil (parent rock: pyroclasts before 1721) of Fogo is-
land (Cape Verde), taken at 295 and 4 K.
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Fig. 5. Mössbauer spectra of 55-CF R topsoil (parent rock: pyroclasts of Mota Gomes
crater — 1995 eruption) of Fogo island (Cape Verde), taken at 295 and 4 K.
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to give rise to a magnetic hyperfine splitting at 295 K) are also observed.
Those with IS = 0.36–0.39 mm/s and quadrupole shift, ε ~−0.20 mm/s,
are typical of hematite. For a few post-caldera topsoils additional sextets
with lower IS and ε ~ 0 mm/s which may be due to maghemite are also
observed. Three spectra (samples 64-CF, 50-CF and 68-CF, post-caldera
1852–1951) showed a third sextet with IS = 0.64–0.66 mm/s and
magnetic hyperfine field Bhf = 46.1–47.6 T, characteristic of Fe2.5+ in
magnetite.

In order to estimate the fraction of Fe in oxides, measurements at
temperatures as low as 4 K were performed for most samples. Such a
low temperature is necessary to ensure that the relaxationof themagnet-
ic moments of all the oxide particles, no matter how small, slows down
below the Larmor precession rate of the 57Fe nuclei (3.7 × 107 Hz). In
this case the oxide particles are below their blocking temperature and
will give rise to a magnetic sextet in the Mössbauer spectra instead of a
superparamagnetic doublet, which cannot be resolved from the contri-
bution of paramagnetic Fe3+ in silicates. In the 4 K spectra this doublet
is still present but with a lower relative area. For each sample the differ-
ence in the relative areas of this doublet between 295 and 4 K is, within
experimental error, equal to the increase in the relative area of the hema-
tite and/or maghemite sextets. Hematite sextets keep ε ~−0.20 mm/s
showing that this oxide contains impurities and does not undergo
the Morin transition keeping the ferrimagnetic state down to 4 K
(Vandenberghe et al., 2000). 55-CF R (MG crater, 1995) is the only sam-
plewhere awell resolved sextet with ε ~ 0.4 mm/s is observed, typical of
hematite in the antiferromagnetic state. For some samples hematite sex-
tets have very broadpeaks and ε ~ 0 mm/s. These sextetsmay result from
hematite with different crystallinity degrees and impurity contents;
some of the particles may have undergone the Morin transition and an
average ε is observed. Broadmaghemite sextet peaks may also be attrib-
uted to different defect or impurity concentrations.

At 4 K jarosite is magnetically ordered. Sextets with IS, Bhf and ε
(Table 3), typical of jarosite (Bigham and Nordstrom, 2000; Murad,
1998; Vandenberghe et al., 2000) are thus observed in the spectra of
53-CF (volcanic conduit, before 1721) and 55-CF R (MG crater, 1995).
The relative areas of these sextets are within experimental error equal
to those of the jarosite doublets observed at 295 K.
Sextetswith IS = 0.75–0.77 mm/s and Bhf = 47.6–49.1 T, character-
istic of Fe2.5+ are also observed in samples 64-CF, 50-CF and 68-CF
(post-caldera 1852–1951). These may be explained if magnetite identi-
fied in the 295 K spectra of these samples is partially oxidized, which is
not surprising, and do not undergo the Verwey transition. In fact
according to Bowen et al. (1993) the Verwey transition disappears
below 4 K for Fe3 − xO4 when x N 0.09. Doublets with IS = 1.20–
1.26 mm/s and with relative areas similar, within experimental error
to those estimated for the ferrous Fe doublets at 295 K are also observed.
QS of these doublets at 4 K are higher than at 295 K as expected for
high-spin Fe2+. The IS of all sextets and doublets increases as the tem-
perature decreases according to the second order Doppler shift.

5. Discussion

5.1. Pre-caldera formations

Mössbauer results show that in topsoils from the pre-caldera forma-
tions Fe incorporated in silicates is strongly oxidized and hematite is
the only Fe oxide present. Furthermore hematite occurs from poorly to
well crystallized, i.e. from nano-oxides which only give rise to a sextet
in the spectra at 4 K to bulk hematite whose sextet is clearly observed
at 295 K (Table 3). The well-crystallized hematite is mainly detected in
carbonatite (6-SF) and nephelinite topsoil samples (33-AF and 67-CF).
Limburgite and nephelinite topsoils present the highest total Fe contents
of all the studied samples (Table 1). They also present the highest degrees
of Fe oxidation (Fig. 6) andhematite contents curiously similar to those of
the topsoils of the 1995 eruption. The fact that the oldest topsoils are the
most oxidized is consistent with their longer exposure to weathering. As
already deduced from a study of a paleosol profile developed on volcanic
ashes under a semi-arid climate in Fogo island (Marques et al., 2011a,b),
oxidation appears to be the major chemical weathering mechanism. The
evolution of Fe speciation in thewhole sample (b2 mm fraction) through
the profile suggests that primary magnetite, when present, is first oxi-
dized tomaghemite and finally to hematite. No Fe oxyhydroxides are de-
tected. In a first step Fe2+ in the primary silicates is partially oxidized to
Fe3+ preserving their structure. Eventually, as oxidation proceeds, Fe3+

is partly released from the silicate minerals and remobilized as hematite.
In this work it is found that the oldest, most weathered, pre-caldera
topsoils are also those with the highest total Fe content as expected
considering that Fe3+ is a conservative element while many others
were leached away during the long weathering process (Fig. 6). The Fe
content of fresh rock samples from the pre- and post-caldera formations
here studied is similar (Marques et al., in preparation) except for the
carbonatite where the Fe2O3T is the lowest (app. 1%). The iron enrich-
ment during weathering is thus particularly significant in the topsoil de-
veloped on this carbonatite. This topsoil also shows an Fe3+ fraction close
to 90%, within the highest range of observed values.

5.2. Post-caldera formations

In contrast to the older topsoils where the only Fe oxide detected is
micro and nano-crystalline hematite, in several post-caldera topsoils
maghemite is observed and in both of the most recent ones, from
1852 and 1951 events, magnetite is also detected. A few topsoils of
the pre-historic and historic volcanic conduits (53-CF, 55-CF R) and a
pyroclast sample from the 1995 event (55-CF) have jarosite in addition
to Fe oxides and Fe containing silicates. Sulfates result largely from the
introduction of sulfur-bearing magmatic gases into meteoric water in
the upper levels of the volcanoes. In supergene conditions soluble Fe
hydroxysulfates, particularly jarosite-group minerals are formed in
low-pH surface environments. The presence of jarosite in alkaline top-
soils of Fogo island developed on volcanic conduit materials suggests a
hypogene origin of thismineral. Hypogene jarositemay be stable at sur-
face environments over decades up to at least a fewhundreds of years as
in the case of sample 53-CF (volcanic conduit, before 1721). In fact



Table 3
Estimated parameters from theMössbauer spectra of the topsoil samples fromFogo island (CapeVerde) taken at 295 K and4 K. IS (mm/s) isomer shift relative tometallicα-Fe at 295 K;QS
(mm/s) quadrupole splitting. ε= (e2VzzQ/4) (3cos2θ− 1) (mm/s) quadrupole shift estimated for the sextets. Bhf (Tesla) magnetic hyperfine field; I relative area. Estimated
errors≤ 0.02 mm/s for IS, QS, ε, b0.2 T for Bhf and b2% for I.

Sample T Fe state IS, mm/s QS, ε, mm/s Bhf, Tesla I

6-SF (carbonatite) 295 K Fe3+ silicates/spo 0.37 0.65 – 67%
Fe2+ silicates 1.08 2.47 – 15%
Fe3+ α Fe2O3 0.36 −0.18 50.8 19%

4 K Fe3+ silicates/spo 0.49 0.72 – 59%
Fe2+ silicates 1.39 2.89 – 12%
Fe3+ α Fe2O3 0.43 −0.18 50.6 16%
Fe3+ α Fe2O3 0.47 −0.01 53.7 13%

67-CF (nephelinite) 295 K Fe3+ silicates/spo 0.37 0.70 – 69%
Fe2+ silicates 1.09 2.01 – 10%
Fe2+ silicates 1.11 2.80 – 7%
Fe3+ α Fe2O3 0.36 −0.23 50.3 14%

4 K Fe3+ silicates/spo 0.49 0.90 – 12%
Fe2+ silicates 1.23 2.80 – 14%
Fe3+ α Fe2O3 0.50 −0.06 44.4 22%
Fe3+ α Fe2O3 0.48 −0.14 49.4 46%
Fe3+ α Fe2O3 0.51 −0.09 53.6 6%

11-SF (nephelinite) 295 K Fe3+ silicates/spo 0.37 0.71 75%
Fe2+ silicates 1.07 2.02 – 6%
Fe2+ silicates 1.10 2.85 5%
Fe3+ Fe2O3 relaxation 0.36 −0.07 50.2 8%
Fe3+ Fe2O3 relaxation 0.36 −0.04 44.2 6%

4 K Fe3+ silicates 0.50 0.74 – 36%
Fe2+ silicates 1.25 2.75 5%
Fe2+ silicates 1.28 3.13 4%
Fe3+ α Fe2O3 0.47 −0.04 50.4 55%

33-AF (nephelinite) 295 K Fe3+ silicates/spo 0.37 0.71 – 50%
Fe2+ silicates 1.14 2.82 – 7%
Fe3+ α Fe2O3 0.38 −0.23 52.0 43%

4 K Fe3+ silicates 0.51 0.70 – 5%
Fe2+ silicates 1.25 3.04 – 5%
Fe3+ α Fe2O3 0.48 0.02 47.6 60%
Fe3+ α Fe2O3 0.50 −0.18 53.8 30%

20-RI (limburgite) 295 K Fe3+ silicate/spo 0.38 0.71 – 80%
Fe2+ silicates 1.14 2.91 – 20%

4 K Fe3+ silicates 0.50 0.74 – 60%
Fe2+ silicates 1.33 3.13 – 16%
Fe3+ α Fe2O3 0.48 −0.15 49.5 24%

53-CF (pyroclasts volcanic conduit 1721) 295 K Fe3+ jarosite 0.40 1.19 – 19%
Fe3+ silicates/spo 0.41 0.78 – 33%
Fe2+ silicates 1.06 1.92 – 16%
Fe2+ silicates 1.05 2.61 – 20%
Fe3+ γ Fe2O3 0.29 −0.07 49.5 5%
Fe3+ α Fe2O3 0.40 −0.20 51.9 7%

4 K Fe3+ silicates/spo 0.50 1.07 – 21%
Fe2+ silicates 1.15 2.03 3.2 18%
Fe2+ silicates 1.16 2.80 – 19%
Fe3+ γ Fe2O3 0.41 0.00 48.0 5%
Fe3+ jarosite 0.49 −0.19 47.4 19%
Fe3+ α Fe2O3 0.50 −0.18 52.9 18%

52-CF (pyroclasts 1721) 295 K Fe3+ silicates/spo 0.42 0.83 – 35%
Fe2+ silicates 1.04 1.93 – 53%
Fe2+ silicates 1.07 2.66 – 12%

4 K Fe3+ silicates 0.51 0.85 – 9%
Fe2+ silicates 1.20 2.18 – 50%
Fe2+ silicates 1.24 2.81 – 10%
Fe3+ γ Fe2O3 0.33 0.00 48.9 6%
Fe3+ α Fe2O3 0.50 −0.07 51.6 25%

75-CF (lava 1799) 295 K Fe3+ silicates/spo 0.42 0.80 – 35%
Fe2+ silicates 1.02 1.96 – 51%
Fe2+ silicates 1.07 2.66 14%

72-CF (deposit/lahar post-caldera) 295 K Fe3+ silicates/spo 0.41 0.94 – 28%
Fe2+ silicates 1.14 2.11 – 40%
Fe2+ silicates 1.14 2.62 18%
Fe3+ α Fe2O3 0.37 −0.20 44.2 9%
Fe3+ α Fe2O3 0.36 −0.20 50.2 5%

4 K Fe3+ silicates 0.52 0.78 – 14%
Fe2+ silicates 1.24 2.68 42%
Fe3+ α Fe2O3 0.48 −0.11 49.6 25%
Fe3+ α Fe2O3 0.49 −0.09 53.1 19%

73-CF (deposit/lahar contemporaneous) 295 K Fe3+ silicates/spo 0.41 0.88 – 39%
Fe2+ silicates 1.07 1.68 – 16%
Fe2+ silicates 1.09 2.29 28%

(continued on next page)
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Table 3 (continued)

Sample T Fe state IS, mm/s QS, ε, mm/s Bhf, Tesla I

Fe3+ α Fe2O3 0.39 −0.22 48.9 9%
Fe3+ α Fe2O3 0.41 0.18 47.1 8%

4 K Fe3+ silicates 0.52 0.90 – 24%
Fe2+ silicates 1.25 2.06 – 13%
Fe2+ silicates 1.25 2.81 – 27%
Fe3+ α Fe2O3 0.47 −0.10 52.5 9%
Fe3+ α Fe2O3 0.51 −0.12 48.5 27%

64-CF (pyroclasts 1852) 295 K Fe3+ silicates/spo 0.35 0.85 – 59%
Fe2+ silicates 1.09 2.04 – 16%
Fe2+ silicates 1.11 2.73 5%
Fe3+ γ Fe2O3 0.31 −0.07 49.3 7%
Fe2.5+ γ Fe2O3 0.64 −0.04 46.1 13%
Fe3+ α Fe2O3 0.39 −0.22 51.4 2%

4 K Fe3+ silicates 0.47 0.96 – 54%
Fe2+ silicates 1.19 2.22 – 10%
Fe2+ silicates 1.21 3.04 – 10%
Fe3+ γ Fe2O3 0.41 −0.15 51.1 7%
Fe2.5+ γ Fe2O3 0.75 −0.22 49.0 14%
Fe3+ α Fe2O3 0.49 −0.22 53.6 5%

68-CF (lava 1951) 295 K Fe3+ silicates/spo 0.41 0.81 – 28%
Fe2+ silicates 1.05 1.90 – 21%
Fe2+ silicates 1.08 2.58 13%
Fe3+ γ Fe2O3 0.35 −0.09 47.9 15%
Fe2.5+ γ Fe2O3 0.66 −0.19 43.2 19%
Fe3+ α Fe2O3 0.40 −0.15 50.5 4%

4 K Fe3+ silicates 0.52 0.95 – 13%
Fe2+ silicates 1.26 2.00 – 19%
Fe2+ silicates 1.27 2.97 13%
Fe3+ γ Fe2O3 0.39 0.03 50.2 9%
Fe2.5+ γ Fe2O3 0.77 −0.11 47.6 12%
Fe3+ α Fe2O3 0.49 −0.15 53.2 34%

50-CF (lava 1951) 295 K Fe3+ silicates/spo 0.41 0.79 – 42%
Fe2+ silicates 1.01 1.93 – 2%
Fe2+ silicates 1.03 2.48 13%
Fe3+ γ Fe2O3 0.34 −0.12 47.0 24%
Fe2.5+ γ Fe2O3 0.64 0.11 42.7 9%
Fe3+ α Fe2O3 0.39 −0.24 49.6 10%

4 K Fe3+ silicates 0.51 0.87 – 20%
Fe2+ silicates 1.23 2.81 – 16%
Fe3+ γ Fe2O3 0.41 −0.06 51.3 24%
Fe2.5+ γ Fe2O3 0.77 −0.13 45.8 10%
Fe3+ α Fe2O3 0.51 −0.20 53.5 30%

54-CF (lava 1995) 295 K Fe3+ silicates/spo 0.41 0.82 – 34%
Fe2+ silicates 1.03 2.59 – 13%
Fe3+ α Fe2O3 0.38 −0.21 49.2 53%

4 K Fe3+ silicates 0.50 0.92 – 24%
Fe2+ silicates 1.23 2.76 – 13%
Fe3+ α Fe2O3 0.49 −0.18 53.2 63%

44-SF (lava 1995) 295 K Fe3+ silicates/spo 0.41 0.79 – 37%
Fe2+ silicates 1.01 2.54 – 13%
Fe3+ α Fe2O3 0.37 −0.20 49.0 50%

4 K Fe3+ silicates
Fe2+ silicates
Fe3+ α Fe2O3

55-CF Y (pyroclasts MG crater, 1995) 295 K Fe3+ silicates/spo 0.37 0.80 – 90%
Fe2+ silicates 1.02 2.28 – 10%

55-CF R (pyroclasts MG crater, 1995) 295 K Fe3+ silicates/spo 0.28 1.14 – 41%
Fe3+ jarosite 0.40 1.16 – 21%
Fe2+ silicates 1.16 2.26 – 5%
Fe3+ α Fe2O3 0.37 −0.23 51.2 33%

4 K Fe3+ silicates 0.43 1.29 – 40%
Fe3+ jarosite 0.49 −0.17 47.5 18%
Fe2+ silicates 1.25 2.49 – 6%
Fe3+ α Fe2O3 ferri 0.48 −0.18 53.5 17%
Fe3+ α Fe2O3 af 0.48 0.40 54.4 19%

55-CF (pyroclasts 1995) 295 K Fe3+ silicate/spo 0.36 0.64 – 31%
Fe3+ jarosite 0.37 1.18 – 27%
Fe2+ silicates 1.08 2.06 – 24%
Fe3+ α Fe2O3 0.38 −0.24 50.5 18%

Spo superparamagnetic Fe oxides.
Fe3+ silicates and Fe2+ silicates, Fe3+ and Fe2+, respectively, in the silicates structure.
Fe3+ α Fe2O3 ferri and Fe3+ α Fe2O3 af–Fe3+ in hematite in the ferrimagnetic and in the antiferromagnetic state, respectively (see text).
Fe3+ Fe2O3 relaxation–Fe3+ in small sized hematite grains, larger than spo already showing broad magnetic peaks at 295 K but not yet large enough to give rise to a well defined sextet
with sharp peaks.
Fe3+ γ Fe2O3, Fe3+ jarosite–Fe3+ in maghemite and jarosite, respectively.
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Fig. 6. Total Fe content vs. Fe3+ (%) of topsoils of Fogo island (Cape Verde).
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jarosite was already found in a Pleistocene aged volcanic ash layer al-
tered under saline-alkaline conditions (lacustrine deposit, Tanzania)
far from the accepted stability field for this mineral (McHenry et al.,
2012).

It is noteworthy that in general the Fe oxidation degrees of post-
caldera formations in topsoils increase from the older to the younger
ones (Fig. 6) where they are comparable to those of the pre-caldera for-
mations. Why are the more recent regolith materials the most oxidized
surficial samples of the post-caldera formations? SinceMössbauer spec-
tra of the preserved solidified lava samples confirm that the parent rocks
have similar oxidation degrees (Waerenborgh et al., in preparation), one
possible explanation is the following sequence of events: (i) the outer
part of the lavas have a higher glass component which may decompose
more rapidly; (ii) Fe is readily oxidized forming small or nanosized
particles which may be removed essentially by the wind and other
Fig. 7. Chromium content vs. total Fe3+ oxides (
weathering agents; (iii) after erosion periods of 50–200 years significant
amounts of the highly oxidized small particles are removed; and (iv) the
inner part of the lava (where Fe is mostly present as Fe2+ in silicates
such as pyroxenes) is exposed later and more slowly weathered than
the former, outer glassy layers. Thus the topsoil of more recent lavas,
namely those from 1995, is more oxidized than the topsoils of the ex-
posed inner parts of older historical lavas. Topsoils from pre-caldera for-
mations, although derived from themoreweather-resistant inner layers
are also strongly weathered since they have been exposed for periods of
time several orders of magnitude longer than the post-caldera ones.

Among post-caldera formations differences in total Fe and Fe3+ con-
tents due to different exposures toweathering agents are also evidenced
(Fig. 6). The significant differences in the two lahar topsoils (72-CF and
73-CF) may also be explained by differences in thematerial transported
downstream during torrential episodes.
%) of topsoils of Fogo island (Cape Verde).
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Fig. 8. Chromium content vs. nano Fe3+ oxides (%) of topsoils of Fogo island (Cape Verde).
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The oxidation degree of the exposed volcanic conduit of Monte
Losna where jarosite is found (53-CF, volcanic conduit before 1721) is
higher than in the steep slope around the conduit (52-CF, pyroclasts be-
fore 1721) where the rain water runs freely instead of accumulating.

In agreement with the higher oxidation degree found for the wetter
emplacements of Monte Losna pyroclasts when compared to the drier
ones, both 1951 samples show that the emplacement where the annual
precipitation is higher (50-CF), iron is more oxidized than in a sample
(68-CF) collected in the drier site (Olehowski et al., 2008).

Both topsoil samples (54-CF and 44-SF) of the 1995 lava flow are the
most oxidized. The corresponding pyroclastic material on the top of the
Mota Gomes crater (sample 55-CF) has a lower degree of oxidation
probably due to its higher permeability and therefore shorter time pe-
riods where it is in contact with water. Conversely the red pyroclastic
material from the inner crater (sample 55-CF R) is the most oxidized
material found which may be attributed to its smaller particle size as
well as to the hydrothermal activity.

5.3. Cr and As correlation with nanosized Fe oxides

Considering that the total Fe contents of the topsoils do not vary
within a large range of values (except for 55-CF Y, the yellow surficial
material inside theMGcrater), the relative areas of the Fe subspectra cor-
responding to bulk and nanosized oxides, deduced from the Mössbauer
spectra, may be used as a good qualitative estimate of the concentration
of these phases. Significant correlationsmay be found between Cr andAs
contents and the concentration of Fe oxides (Table 1, Figs. 7 and 8). The
highest Cr content is found in limburgite topsoil (20-RI)which is certain-
ly related to the nature of the parent rock namely its high olivine content
(De Hoog et al., 2010). Excluding the limburgite topsoil, Cr content in-
creases with the concentration of nano Fe oxides of the samples
(Fig. 8). This tendency is already observed, although less clearly, when
all iron oxide particle sizes are considered (Fig. 7). Despite the eventual
influence of the Cr content of the parent rock, the correlation between
Cr content and iron oxides, particularly the nanoparticles, in the studied
topsoils of Fogo island is evident. This may be explained by the fact that
the adsorption of Cr or even the incorporation of Cr3+ substituting for
Fe3+ in lattice positions should be significantly higher in nanosized
than in bulk oxides due to their high specific surface area (Manceau
et al., 2000). Therefore the Cr content is much better correlated with
the nanosized oxides than with the bulk ones. It should be noted that
nephelinites (11-SF, 33-AF, 67-CF) with the highest Fe fraction in
nanosized oxides also have the highest Fe contents. Therefore the in-
crease of the concentration of nanosized oxides relative to the post-
caldera samples is actually slightly higher than the Fe fraction in
nanosized oxides shown in Fig. 8.

The present results show that Cr content in Fogo island topsoils is
not correlated with the grain size. Nevertheless this element is more
concentrated in topsoils where iron is more oxidized and remobilized
to iron oxides, particularly as nanosized particles of hematite. Marques
et al. (2012) found that chromium also occurs in high amounts in top-
soils of Santiago (another island of Cape Verde archipelago) indepen-
dent of the granulometry.

The post-caldera formation topsoil 53-CF (volcanic conduit, before
1721) has a higher Cr concentration than expected considering their
nano Fe oxides contents alone. While in the 11-SF (nephelinites, pre-
caldera) case referred above thismaybe associatedwith a differentmin-
eral composition of the parent rock, in the 53-CF case another explana-
tion is necessary. Jarosite is observed in theMössbauer spectra of sample
53-CF. A large fraction of Fe3+ is incorporated in jarosite. If this fraction
is added to that in the nano Fe oxides this sample will join the trend ob-
served for the other topsoils. In fact several percent Cr3+ substitution for
Fe3+ in potassium and sodium jarosites may be achieved at tempera-
tures lower than 100 °C (Dutrizac and Chen, 2005). Considering that
sample 53-CF has the highest amount of vitreous material, these results
suggest that the amorphous phase precipitates rapidly and that partial
replacement of Fe3+ by Cr3+ (in the order of magnitude of mg/kg)
may take place in jarosite-group compounds.

Like chromium, arsenic is more concentrated in the pre-caldera top-
soils (Table 1). In the post-caldera formations the amount of arsenic is in
general nondetectable, except in the volcanic conduits such as in sam-
ple 53-CF from Monte Losna and particularly inside the Mota Gomes
volcanic crater (55-CF Y, 1995 event) where As concentration reaches
13.5 mg/kg, certainly due to sulfate precipitation following hydrother-
mal activity (AsO4

3− replacing SO4
2−) (Fernández-Martínez et al.,

2008; Paktunc and Dutrizac, 2003).
This study has shown that iron phases which may occur in signifi-

cant amounts in topsoils of Fogo island can play an important role in
the retention of other metals. Such a role may also be inferred from
the Cr and As behavior observed in topsoils of another island of the
Cape Verde archipelago, Santiago island (Marques et al., 2012). The ad-
sorption of a significant fraction of Cr by iron oxides may at least
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partially explain the low percentage (~30%) of Cr that was extracted by
aqua regia from the Santiago island topsoils. Higher arsenic concentra-
tions were found in the finer grain-size fractions of these topsoils. How-
ever arsenic was less available in these finer fractions as inferred from
aqua regia extraction experiments.

6. Conclusion

The detailed Fe speciation performed in topsoils with different
granulometry and developed in volcanic materials dated from ~4 Ma to
1995 in the Atlantic Fogo island (Cape Verde archipelago) under semi-
arid climate showed the evolution of iron behavior during weathering.
Oxidation is a major weathering mechanism. Magnetite is gradually ox-
idized to hematite. Fe2+ in primary pyroxenes and/or olivine is oxidized
to Fe3+. When the silicate structure is disrupted Fe3+ is remobilized as
hematite. No goethite is observed by Mössbauer spectroscopy most
probably as a consequence of aridity. The presence of jarosite, the only
hydroxide detected in the whole sample of the studied topsoils, may
be explained by its hypogene origin and its stability under alkaline sur-
face environments over long periods of time (at least hundreds of
years)Nanosizedhematitewas found to be of great importance in the re-
tention of Cr andAs thatmight be a threat to the environmental health in
the volcanic Fogo island.
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