Chapter 3
Application of Mossbauer Spectroscopy
in Earth Sciences

Robert E. Vandenberghe and Eddy De Grave

Abstract Iron being the fourth most abundant element in the earth crust, >’Fe
Maossbauer spectroscopy has become a suitable additional technique for the
characterization of all kind of soil materials and minerals. However, for that
purpose a good knowledge of the spectral behavior of the various minerals is
indispensable. In this chapter a review of the most important soil materials and
rock-forming minerals is presented. It starts with a description of the Mossbauer
spectroscopic features of the iron oxides and hydroxides, which are essentially
present in soils and sediments. Further, the Mossbauer spectra from sulfides,
sulfates and carbonates are briefly considered. Finally, the Mossbauer features of
the typical and most common silicate and phosphate minerals are reported. The
chapter ends with some typical examples, illustrating the use and power of
Mossbauer spectroscopy in the characterization of minerals.

3.1 Introduction

The discovery of the resonant absorption of gamma-rays in '*'Ir by Rudolf
Mossbauer in 1958 was a milestone in nuclear physics because it was formerly
assumed that such a phenomenon could never occur due to the large recoil
energies involved. The interest for this new finding was nevertheless still limited in
the first years, but, a real breakthrough emerged from the fact that many isotopes
showed a larger and much more sensitive effect. So, a new technique, called
Maossbauer spectroscopy, was born. The most important feature of this spectro-
scopic method is the extreme sharpness of the emission line which can easily be
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varied in energy by giving the source velocities of the order of cm/s. This enables
to study the different hyperfine interactions related to the electronic shells of the
Mossbauer active atoms in solids which, in a further stage, yield valuable infor-
mation about structural and magnetic properties of materials. Up to now, the
Mossbauer effect has been observed for nearly 100 nuclear transitions in about 80
isotopes, distributed over 43 elements. Of course, as with many other spectro-
scopic methods, not all of these transitions are suitable for practical studies and
about twenty elements remain for applications. However, it is a gift of nature that
the resonant absorption effect is easily achieved in the iron-57 isotope which has
an abundance of 2.14 % in natural iron. Considering the importance of the element
iron in many branches of science and technologys, it is obvious that since 1960, this
new spectroscopic technique has proven to be very useful in the study of all kinds
of iron-bearing materials. In particular, the abundance of iron in the earth’s crust
(4th element in wt %) renders this kind of spectroscopy extremely suitable for the
characterization of soil materials and minerals. Moreover, a major advantage of
Mossbauer spectroscopy is the fact that it probes the influences on the iron nucleus
locally. This means that, through the determination of the hyperfine parameters,
not only the different iron-bearing components in a sample can be distinguished,
but also the different “types” of iron present in a mineral can be detected. This
leads to a variety of applications in geology and soil sciences such as the quali-
tative and quantitative analysis with respect to the various mineralogical com-
pounds and the determination of the oxidation state and coordination of iron in
minerals.

From experimental point of view, the equipment for Mdssbauer spectroscopy
(MS) is nowadays relatively simple and not expensive. Especially, since the data
collection can be achieved by a compact electronic unit connected to a PC, the
latter not necessarily being of high performance, a complete Mdssbauer set-up
with low-temperature facilities is cheaper than say, an X-ray diffraction apparatus.
However, most of solid-state laboratories or particularly geological institutes in the
present case, do not possess Mossbauer spectrometers in their standard equipment.
This is often due to the severe rules which are enforced with radioactive source
acquisition and handling. Moreover, the relatively serious recurrent cost of sour-
ces, having a half-life time of 270 days in the case of >’Fe demands a permanent
operation of the spectrometer, which is not evident in case of limited need. Even
though the application for the characterization of soils and minerals does not
require a deep fundamental physical knowledge, MS is for all the aforementioned
reasons not so popular as a standard technique in the community of geologists and
soil scientists as it should be. Therefore, a sound and permanent cooperation
between Mdossbauer laboratories and institutes related to earth sciences is neces-
sary and should still further be promoted.

Another feature that lowers to some extent the general popularity of MS in
comparison with other techniques is related to the spectral analysis. Mossbauer
spectroscopy is not a so-called push-button technique, yielding directly consistent
results after each measurement. As in many techniques, the spectra need to be
refined using home-made or commercial computer programs. But, the analyzing
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procedure is not always straightforward leading often after trial and error to
uncertain results. This is particularly true for complex spectra of minerals and soil
materials exhibiting in many cases strongly overlapping absorption lines or
showing distributed hyperfine interactions. It is therefore imperative that the
Mossbauer spectroscopist uses the appropriate fitting procedures, has a good
insight in the various spectra that can occur, and relies if necessary on the results of
complementary techniques. This tutorial aims to introduce the reader into those
various aspects of the application of MS in earth sciences. Together with a
description of the spectral behavior expected for the most relevant minerals, a
number of examples shall be given, which illustrates the analytical power of MS.

3.2 Mossbauer Spectroscopy Applied to Earth Sciences

As already mentioned in the introduction, MS leads to applications in earth sciences
and particularly in mineralogy, which are very important with respect to qualitative
and quantitative analysis of the samples and the determination of the oxidation state
and coordination of iron in the involved minerals. Moreover, this technique
additionally provides in some cases a crude insight in the morphological and
chemical features of the minerals.

3.2.1 Qualitative and Quantitative Analyzing Power of MS

For qualitative analyses of rocks, soils, sediments, ores, etc., MS consists of the
recognition of typical “fingerprint” spectra of the various iron-bearing species
present in the sample. The standard fingerprint spectra are usually obtained from
pure natural or synthetic samples. The appearance of the typical spectra, defined
by their specific hyperfine parameters, enables in many cases to assign immedi-
ately the unknown components in the sample. The doublet spectra of non-magnetic
(paramagnetic or superparamagnetic) materials are defined by two hyperfine
parameters, i.e. the isomer shift dg. and the quadrupole splitting A. The sextet
spectra of magnetically ordered materials are defined by three hyperfine parame-
ters, i.e. the isomer shift Og,, the quadrupole shift 2¢ and the magnetic hyperfine
field B. Such spectra are particularly obtained in the case of oxides at RT and of
(oxy)hydroxides at lower temperatures. The hyperfine field is then a welcome
extra parameter for qualitative phase characterization. The magnetic transition
temperature at which the sextet is expected to change into doublet is often also of
prominent value.

However, one may not overestimate the direct qualitative analyzing power of
Mossbauer spectroscopy. Indeed, many situations occur in which the spectra do
not give such a decisive qualitative information. This is particularly true in the
cases where merely paramagnetic doublet spectra are obtained. For instance, many
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minerals have Fe** in octahedral environment which all yield similar doublets with
a quadrupole splitting in the range 0.4-0.8 mm/s and therefore they cannot be
unambiguously identified. Moreover, the hyperfine parameters can slightly be
altered by morphological and chemical influences or may show a distributive
behavior, which prevents a clear-cut assignment of the spectral components. As
will be shown further, many minerals with poor crystallinity or small-particle
morphology exhibit a range of hyperfine field values and the sextet spectra often
consist of asymmetrically broadened absorption lines. For all those cases it is
obvious that a more elaborated Mdssbauer analysis combined with results of other
techniques are necessary.

Quantitative information is obtained from the spectra through the relative area
of each subspectrum. This area is essentially proportional to the concentration of
each kind of iron with its valence in a specific environment. So, the distribution of
various types of iron among different sites in a mineral or the concentration of
different iron-bearing compounds in a multi-phase assemblage can in principle be
determined.

The area ratio A4/Ap of the spectra of two Fe species A and B is given by

AA _ FAR(TA)TA

Ag  TpR(Ts)Tp G-1)

where I' is the width at half maximum of the absorption peaks and R(7) is a
thickness reduction function due to saturation effects which depends on the
absorber thickness 7. The absorber thickness is not a real physical thickness, but a
scalar defined by T = nfo,, where n is the number of Mdssbauer active atoms per
cm? in the absorber, f the Mossbauer fraction (recoilless fraction) and o the cross
section at resonance equal to 2.35 x 107'® ¢cm? for >’Fe. If we set ', = ['g and in
a first approximation R(74) = R(Tp) the ratio N4/Np of the amount of iron atoms
of both types A an B can then be calculated from

Na _ma_JzAa
Np  ng  faAgp

The Mossbauer fraction f of each kind of iron species is mainly governed by the
lattice dynamics in the crystal. Therefore, f is dependent on the coordination and
can differ slightly from mineral to mineral. Moreover, the Mossbauer fraction is
particularly very sensitive to the valence state of iron and is for Fe** considerably
lower than for Fe**. Because of the relationship with lattice vibrations, f is also
strongly temperature dependent. This means that at RT a large difference in
fvalues is observed and only to a lesser extent at 80 K. The f values for some iron-
containing minerals, determined from the temperature dependence of the isomer
shift (second order Doppler shift), are listed in Table 3.1.

So far, we did not take into account any thickness effects. The aforementioned
formulas are only valid in the case of small thicknesses, because only in that case
the transmission integral function, which mathematically describes the spectrum,
can be replaced by a sum of Lorentzian lines. The latter profile can be considered

(3.2)
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to be reasonably valid up to T = 2. Taking f = 0.8 and knowing that natural iron
contains 2.14 % °'Fe, this thickness corresponds to a n value of 4.6 mg/cm? Fe.
This value can be a guide for absorber preparation for a single-line spectrum. For a
doublet spectrum the area is divided over two lines and this value may be doubled
(~ 10 mg/cm?) and for a sextet spectrum with (3:2:1:1:2:3)/12 it may be increased
fourfold (~20 mg/cmz) if we consider the outer lines. It is worth to remark that
the ideal n value for absorber preparation, based on 7y-ray absorption [1] or
determined from thickness considerations by Rancourt et al. [2] is similar and
leads to 5-10 mg/cm? of Fe as a rule of thumb.

However, in the case of a thin absorber without appreciable thickness effects,
there is still a deviation from the true ratio N4/Nz which comes from the thickness
reduction R(7). This function was called “saturation” function by Bancroft [3],
although the original saturation function L(7) was defined by Lang [4]. The latter
was the reduced thickness itself, and hence L(7) = R(T)T. Therefore, in our
concept, the reduction function R(7) tends to unity when the thickness is zero, but
decreases steeply with increasing thickness. If the amount of the different iron
species is similar, thus leading to similar thicknesses, the values of the
R(T) function are nearly equal and will therefore not lead to a significant error in
the value of N4/Ng. However, if one of the subspectra has a small area relative to
the other, the R(7T) value for the large area and thus with large thickness will
deviate more from unity than the one for the small area. Consequently this leads to
a substantial error in the determination of the relative amount of iron. From a
thorough numerical analysis based on simulated spectra, Rancourt [5] has calcu-
lated the overestimation of the area of a minority line as a function of the area
fraction which he represents in a graph for different thicknesses. To give an idea of
his results, the true ratio Ny/Ng = 0.2 with a nominal thickness 7= 1 will result
in an observed area ratio of about Aj/Ap = 0.22 (10 % overestimation) and
N4/Ng = 0.1 will resultin A4/Ag = 0.116 (16 % overestimation). Using these data
it is possible to correct for these effects.

In conclusion, MS has a great potential for determining the relative amount of
each kind of iron with its specific valence and with its specific environment if one
takes the aforementioned considerations into account. The relative amount of each
Fe-bearing mineral in multi-phase assemblages can be similarly calculated from
the relative areas. However, the main drawback resides in the analysis of the
spectra having strongly overlapping lines in most cases. It is therefore indis-
pensable that an appropriate fitting procedure is used providing the most adequate
description of the spectrum. Such a procedure demands often information from
other techniques and from Mossbauer measurements at different temperatures or
even in applied magnetic fields.
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3.2.2 Determination of the Oxidation State
and Coordination of Iron

The determination of the valence states of iron in minerals is of extreme impor-
tance in geology. In contrast to most of the other abundant elements, iron has in its
high-spin state predominantly two valence states which can easily transform from
one into another through oxidation or reduction. In this way the valence state may
be indicative for the geological history of the minerals (weathering, pressure and
temperature changes, ...) and even the color can be associated to the valence states
or to transitions between them. For the determination of the oxidation states of
iron, MS is commonly used because most techniques are not able to distinguish
between Fe*" and Fe*, and chemical analyses often result in unreliable results due
to oxidizing or reducing side effects. Among the hyperfine parameters, the isomer
shift is very sensitive to the valence and enables to discern readily the various
valence states of iron in minerals. Fe** usually shows a relatively small isomer
shift dpe in the range 0.3-0.6 mm/s whereas Fe>" covers the range 0.7-1.2 mm/s
(Fig. 3.1).

The quadrupole splitting, on the other hand, is generally large for divalent iron,
but depends also strongly on the coordination (Fig. 3.2). So, the combination of
both the isomer shift and quadrupole splitting values can give some idea about the
coordination of iron. Moreover, A in the case of Fe®* is merely determined by the
lattice contribution, and therefore the quadrupole splitting is also a good measure
for the local distortions in the lattice.

An important application in that respect is distinguishing cis and trans con-
figurations of an octahedral O4(OH), (or (OH),05) Fe* coordination, which quite
often occurs in mineralogical systems (Fig. 3.3). Simple point-charge calculations
show that the quadrupole splitting should follow the relation Agauns = 2Ags.

Although the ratio is in practice never exactly 2, due to other effects such as the
influences of more distant charges, the measurement of the quadrupole splitting
enables the direct determination of those two types of isomers. In the case of Fe?*,
the lattice contribution to the electric field gradient is usually opposite to the large
valence contribution of the iron cation itself yielding A ans < Acis.

In the case of magnetic spectra, the magnetic hyperfine field B is generally also
a direct indication of the oxidation state in addition to the isomer shift. Far below
the magnetic transition temperature the hyperfine field of Fe®* amounts to 45-55 T
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whereas it is usually much lower than 40 T for Fe** due to the reducing effect of
the orbital contribution in B which is generally more pronounced for Fe** than for
Fe**. However, the Fe?* magnetic spectra are often very complex due to the
perturbation of a relatively strong quadrupole interaction and/or to structural and
magnetic disorder effects.

3.2.3 Morphological Effects and Isomorphous Substitution

In soils, iron oxides and oxyhydroxides are commonly poorly crystallized and as such
occurring as agglomerates of ultra fine particles. In various techniques, such a
behavior becomes a perturbing factor in the characterization of iron minerals. In
X-ray diffraction, for instance, the line width of the reflections may increase con-
siderably, often inhibiting a clear-cut assignment and also hindering an accurate
determination of the other well-crystallized components. In MS the poor crystallinity
is mainly reflected by a superparamagnetic behavior, which results in a magnetic
transition (sextet-doublet transition), that occurs at much lower temperatures than in
the well-crystallized material. However, at very low temperatures the small-particle
system still reproduces to a large extent the hyperfine parameter values of the bulk
compound so that from the point of view of qualitative analysis the compound can
still be relatively well determined. The superparamagnetic fluctuations of the par-
ticles’ magnetic moments are described by a relaxation time given by

T = 19exp(KV /kT) (3.3)
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where KV is the energy barrier that has to be bridged in order to change the
direction of the magnetization, with K the effective anisotropy energy density,
V the particle volume and k7T is the thermal energy (k Boltzmann’s constant). The
factor 7, is of the order 10" s and is slightly dependent on the magnetization and
the anisotropy. From this relaxation formula, and taking 7 to be equal to the
Larmor precession time 1; of the nuclear spin in a local magnetic field, which is
approximately 107%s, the magnetic transition temperature, which is called
‘blocking temperature’ in this case, can in principle be related to the particle size.
However, due to all kinds of uncertainties, in particular regarding the value of the
anisotropy constant K, it remains difficult to determine this size quantity accurately
from the spectra. Nevertheless, the general spectral behavior observed at a few
different temperatures (e.g. room temperature and 80 K) may already be fairly
indicative for the degree of crystallinity of the compound. Moreover, the values of
the hyperfine parameters, in particular the magnetic hyperfine field, may give
similar information as well.

Another important feature of minerals is the isomorphous substitution for iron
by another element such as aluminum, calcium, silicon, etc. Such a substitution
may alter the hyperfine parameters to some extent and relationships can then be
established enabling an estimate of the degree of substitution from the hyperfine
parameters. Unfortunately, it often happens that both morphological effects and
substitution concurrently give rise to similar changes in the spectrum, thus leading
to ambiguous conclusions. In the next sections the possibilities of the morpho-
logical characterization by the Mossbauer effect will be discussed for some
particular minerals.

3.3 Characterization of Iron Oxides and Hydroxides

Iron oxides and hydroxides are the most important iron-bearing constituents of
soils, sediments and clays. To characterize the samples, i.e. the identification of the
different minerals present and the determination of their morphology and chemical
composition, a variety of standard techniques are commonly used such as X-ray
and electron diffraction, chemical analyses, optical and electron microscopy, infra-
red spectroscopy and thermal analysis (DTA, DTC,...). Most of these techniques
are further applied in conjunction with selective dissolution or other separation
methods in order to obtain more specific information about particular components
in the complex soil system. In addition to all those characterization methods, MS
has proven to be a valuable complementary technique for the study of these kinds
of materials and in particular for the characterization of iron oxides and hydroxides
which are usually poorly crystallized.

Most oxides and hydroxides in soils are indeed known to be less well or rather
poorly crystallized. This feature results in the first place in a lowering of the magnetic
transition temperature yielding a doublet at temperatures were normally a sextet is
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expected. Therefore, for characterization purposes, it is mostly recommended to
measure at different temperatures. For practical reasons, Mdssbauer spectra are
usually collected at two specific temperatures, i.e. room temperature (RT) and liquid
nitrogen temperature (~ 80 K) from which already valuable results can be obtained.
The more expensive low-temperature measurements down to 4 K or the time-
consuming detailed temperature scanning of the spectra are only necessary in those
cases where important additional information can be expected.

Secondly, the magnetic sextet spectra of these materials at lower temperature
exhibit usually asymmetrically broadened lines. Several mechanisms have been
suggested to explain this behavior, but that discussion would lead us far beyond
the scope of this paper. Fortunately, for characterization purposes, such spectra can
be adequately fitted by a few sextets or even more accurately by considering a
distribution of hyperfine fields [6-8]. In this case the spectra are no longer fitted
with a single sextet of Lorentzian lines but by a set of such sextets. A versatile
distribution fitting procedure which uses several tens of elemental sextets with the
necessary smoothing constraint, has been developed by Hesse and Riibartch [9]
and was further improved by Le Ca&r and Dubois [10] or extended by Wivel and
Mgrup [11] and has been combined in one analyzing method [12]. In this way a
much more accurate description can be obtained of partly overlapping sextets,
such as those occurring for goethite-hematite associations as for instance dem-
onstrated by the analysis of a Tunisian soil profile [8].

For characterization purposes, MS studies on natural soil samples usually rely
on the results of a variety of systematic studies on pure natural or synthetic
compounds. Such systematic studies provide a description of the spectral behavior
of the different Fe-bearing oxides and hydroxides and a determination of the
hyperfine parameters in relation to morphological and chemical features. Many
reviews on this subject are available in literature [13—19]. In what follows a brief
survey will be given of the spectral features of the various iron oxides and
(oxy)hydroxides in relation to their identification and characterization in natural
soil samples.

3.3.1 Goethite (a-FOOH)

Goethite is by far the most encountered Fe-bearing compound in soils, sediments
and clays, and has therefore been intensively studied in the past forty years. In its
most ideal mineral form it is antiferromagnetic with a Néel temperature
Ty = 400 K [20, 21]. The magnetic hyperfine field amounts to 38.1 T at RT,
50.0 T at 80 K and saturates to 50.7 T at 4 K. However, the well-crystallized form
is of rare occurrence and has only been found in particular sites such as the Harz
Mountains (Germany) and Lostwithiel (Cornwall, UK) due to the presence of the
required extreme hydrothermal formation conditions.

In soils goethite is usually obtained as a weathering product of Fe** silicates and to
a lesser extent of sulfides, carbonates, oxides, etc. This results in a poorly crystalline
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Fig. 3.4 RT Mossbauer spectra of poorly crystallized goethite fitted with two doublets (a) and a
relatively well crystallized goethite (b) with corresponding hyperfine field distribution (c)

form, consisting of conglomerations of small, usually needle-shaped crystallites.
Consequently, the spectral behavior is mainly governed by superparamagnetic
relaxation (Eq. 3.3) with an anisotropy constant K of the order 10° Jm ™. The spectra
of goethite exhibit simultaneously a sextet and doublet over a wide temperature
range, which can be attributed to the non-uniformity of particle morphology within
the goethite sample. A doublet spectrum is obtained at room temperature for mean
crystallite sizes smaller than about 15 nm. Such a doublet consists of somewhat
broadened lines (Fig. 3.4a) indicating the presence of a distribution in the quadrupole
splitting with an average value of about 0.55 mm/s (Fig. 3.8). This doublet resembles
that of many other paramagnetic or superparamagnetic Fe**-bearing species and is
therefore practically not useful for identification of goethite. However, the
magnetically split spectrum of poorly-crystalline goethite, commonly obtained at
lower temperatures, is usually recognized by its asymmetrically-broadened lines
(Fig. 3.4b). Moreover, its average hyperfine field B, is usually lower than that of
well-crystallized goethite and decreases with increasing temperature in different
ways depending on the particle size. Therefore its value at a certain temperature
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Table 3.2 Summary of hyperfine parameters for goethite
Crystallinity T (K) Spectrum B, (T) B, (T) 2¢ or A (mm/s) Ope (mm/s)

Very high RT S 38.1 38.1 —0.28 0.37
(e.g. Harz) 80 S 50.0 50.0 —-0.26 0.48
4 S 50.7 50.7 —0.26 0.49

Related high RT S 30-35 31-38 —0.26 0.37
80 S 4749 49-50 —-0.26 0.47

Moderate RT coll S 20-25 25-33 —-0.25 0.37
+D - - 0.55 0.36

80 S 4347 48-49 —-0.25 0.47

Poor RT D - - 0.55-0.6 0.36
+coll S <20 - —0.25(f) 0.36

80 S 4043 47-49 —-0.25 0.47

Very poor RT D - - 0.6 0.36
80 S 35-40 4748 —-0.24 0.46

+D (Fh?) 0.6 0.46

S sextet, Coll S collapsing sextet, D doublet, f value fixed in the fit

could roughly serve as a measure for the average particle size or crystallinity of the
goethite phase in a sample. A summary of the hyperfine parameters for goethite
obtained from own research is given in Table 3.2. The remaining doublet at 80 K is
in many cases most probably ferrihydrite. Examples of different spectra will be
shown in Sect. 3.7.

Unfortunately, similar field-reducing and distributive effects are also caused by
isomorphous substitutions which are frequently encountered in natural samples.
Because of the high abundance of Al in nature the substitution of Al for Fe in
goethite has attracted most attention and has been intensively studied [22-25].
Substitution by diamagnetic Al first of all lowers Ty so that a doublet is obtained at
RT for an Al substitution of 12 at % and larger [26]. Secondly, this substitution
reduces the supertransferred contribution to B, leading to a reduction and a dis-
tribution of B. From systematic studies on synthetic aluminous goethites an
average field reduction of about 0.05 T at 4 K and of about 0.14 T at 80 K per
at % Al has been derived. Because the degree of crystallinity plays a similar role in
the dependence of the hyperfine field, both Al concentration and a crystallinity
parameter have been introduced in various linear equations of the type,

B = By — o C(%Al) — BS(m*/g)or B/MCDy, (3.4)

where o and f are given coefficients. Either the specific surface area S from the
BET method or the mean crystallite diameter MCD;;, obtained from XRD
broadening of the [27] reflection has been taken as a measure for the crystallinity
[22, 24, 25].

These relationships were initially considered as promising complementary
means to characterize goethite in natural samples. From the most probable
hyperfine field B, or better, the average hyperfine field B,,, either the Al
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concentration or a measure for the crystallinity can in principle be determined if
the other parameter is known from complementary experiments. Although it has
been shown that these equations could be successfully applied to certain series of
well-characterized natural goethite samples [22, 24], they completely failed for
many other natural and synthetic sample series [28]. Friedl and Schwertmann [29]
investigated 33 natural goethite samples from different origins, which according to
their formation conditions could be divided into 24 samples from tropical and
subtropical soils and 9 samples from lake ores. Comparison of the observed
hyperfine fields at 4 K with the respective values calculated from the correlation
equations resulted in significant deviations, with a somewhat different general
behavior for the goethites occurring in the tropical soils than for those occurring in
the lake ores. This was corroborated by the linear regressions separately obtained
for the two kinds of samples, resulting in different coefficients for both the Al
content C and the crystallinity as reflected by the inverse MCD. From a thorough
study on well-defined samples of Al goethite, it has been shown that other
structural parameters, such as water content, excess hydroxyl AOH and structural
defects, all having some influence on the lattice parameters [30, 31], play also a
substantial role in the magnitude of the magnetic and electrical hyperfine
parameters [32-36]. These additional structural parameters are mainly determined
by goethite formation factors such as crystallization rate, temperature, OH con-
centration, etc., and are to some extent related to each other [30].

The situation becomes even more complicated if other elements are involved in
the goethite formation. In view of the similar structure of «-MnOOH (groutite),
Mn has also been found to substitute for Fe in goethite to a large extent [37, 38].
Because Mn’" is a paramagnetic ion the hyperfine field is less reduced than in the
case of Al [38]. Other elements such as Si and P show the tendency to adsorb to the
goethite crystallites rather than to substitute for iron in the structure [39—41]. This
surface “poisoning” not only opposes the crystal growth during the formation but
may also reduce B due to surface effects [28].

It can be concluded that MS is a very suitable tool with respect to the qualitative
and to some extent quantitative analysis of goethite in soils and sediments.
However, it is clear that MS is still far from being a “magic” analytical technique
that provides an in-depth knowledge of the morphological properties of goethite.
For the moment, if one compares goethites from a same soil profile, MS can yield
some crude indications with respect to crystallinity if equal isomorphous substi-
tutions are expected. Also, other techniques are not so powerful in that respect
because natural soil samples mostly contain goethite in more or less close asso-
ciation with other mineral species, likewise hampering to obtain accurate results.

3.3.2 Akaganéite (f-FeOOH)

Akaganéite as the second polymorph of iron oxyhydroxide is by far less abundant in
nature in comparison with goethite. In fact, akaganéite requires a small amount of
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Fig. 3.5 Mossbauer spectrum of a synthetic akaganéite sample at RT with two doublets (left)
and at low temperature (30 K) with three sextets (right) (after Ref. [306])

Table 3.3 Representative hyperfine parameters of oxyhydroxides, other than goethite

Mineral T (K) Spectrum B (T) 2¢ or A (mm/s) Ofe (mm/s)
Akaganeite RT D1 - 0.51-0.56 0.37
p-FeOOH D2 - 0.91-0.96 0.38
80 S1 ~47 ~—0.1 ~0.46
S2 ~44 ~—-0.5 ~0.47
4 S1 49.2 —0.10 0.49
S2 4717 —0.18 0.48
S3 47.2 -0.72 0.50
Lepidocrocite RT D1 - 0.55-0.70 0.37
y-FeOOH D2 - 1.0-1.2 0.36
4 S 44-46 ~0.02 0.48
Feroxyhite RT D - 0.69 0.37
¢’-FeOOH 4 S1 52.5 0.17 0.48
S2 50.8 0.07 0.48

chloride or fluoride ions to stabilize the structure. The mineral is an antiferromagnet
with a Néel temperature of about 290 K, the latter being often lower, depending on
the crystal water content [42]. The RT spectrum consists of a broad doublet with
typical asymmetric line shapes (Fig. 3.5). It can be considered as being composed of
two discrete doublets, one with dg, = 0.37 mm/s and A varying between 0.51 and
0.56 mm/s and the second one with dg, = 0.38 mm/s and A varying between 0.91
and 0.96 mm/s [43, 44]. At 80 K the spectrum exhibits a somewhat broad-lined
asymmetric sextet, which for analytical purposes should at least be adjusted with two
sextets whereas at lower temperatures three sextets are needed in order to adequately
describe the spectrum of akaganéite [45]. The hyperfine parameters are summarized
in Table 3.3.
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Fig. 3.6 RT Maossbauer spectrum of a lepidocrocite sample (/eft) and corresponding quadrupole
distribution (right)

3.3.3 Lepidocrocite (y-FeOOH)

The third oxyhydroxide, lepidocrocite, is an antiferromagnet with a magnetic
transition temperature T, of about 73 K [46]. The magnetic transition is usually
not sharp and exhibits a temperature range, often larger than 10 K, in which a
sextet and a doublet spectrum coexist. Although this would imply a superpara-
magnetic behavior [47], similar to other iron oxides and oxyhydroxides, a study of
synthetic lepidocrocites of various particle sizes revealed that surface effects play
in this case a more significant role, leading to a variety of Néel temperatures which
causes the broad transition range [48]. This behavior is probably associated with
the typical morphological features of lepidocrocite, which consists of small very
thin, raggedly structured platelets [47, 48].

The RT spectrum exhibits a somewhat broadened doublet (Fig. 3.6) with an
average quadrupole splitting between 0.55 and 0.7 mm/s, depending on the par-
ticle morphology. A more detailed analysis of the doublet yields quadrupole
splitting distributions which have more or less two maxima (Fig. 3.6) [47]. The
first maximum with A ~ 0.52 mm/s is attributed to the bulk part whereas the
second with A ~ 1.1 mm/s is believed to result from the surface species. At 80 K
both distributions are more broadened, so that the second maximum is less pro-
nounced. From diagnostic point of view, these features are not specific enough to
discern lepidocrocite from other oxides or oxyhydroxides and one has to rely on
magnetically split spectra far below 80 K. At 4 K the magnetic spectrum yields a
magnetic hyperfine field of about 44-46 T and a very small quadrupole shift 2¢ of
about 0.02 mm/s. This hyperfine field is somewhat lower than that of the other iron
oxides and oxyhydroxides, which makes lepidocrocite relatively well discernible
in complex iron oxide samples. However, a distinction between lepidocrocite and
ferrihydrite is much more difficult in view of the broad lines of the latter at low
temperatures. The range of the hyperfine parameter values are given in Table 3.3.

Similarly to goethite, lepidocrocite can also contain Al [49]. From a Mdssbauer
study on a series of synthetic Al-substituted samples [50] it could be confirmed
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that Al replaces Fe in the structure to a small extent. A reduction of the maximum-
probability hyperfine field B, with about 0.06 T per at %Al was observed.

3.3.4 Feroxyhite (6-FeOOH or §'-FeOOH)

0-FeOOH, which is isostructural with Fe(OH),, is the fourth polymorph of iron
oxyhydroxide and had initially no mineralogical name because it was not found in
nature. On the other hand, §’-FeOOH, which can be considered as a poorly ordered
variant of §-FeOOH with a somewhat different Fe>* arrangement, has been
identified as a rare mineral known as feroxyhite (originally written ‘feroxyhyte’ by
Chukhrov et al. [51]). Showing a typical Fe®* doublet at RT with d. = 0.37 mm/s
and A = 0.69 mm/s this mineral cannot be distinguished from other oxyhydrox-
ides. This is particularly true in soils where biogenic &’-FeOOH is often associated
with ferrihydrite [52], the latter possessing a similar doublet. Feroxyhite orders
magnetically only at very low temperatures and shows at 4 K a broad-lined sextet
[53, 54], which in fact is composed of two overlapping sextets (Table 3.3).
Nowadays, both the delta-oxyhydroxides are being called feroxyhite, because
¢'-FeOOH is considered to be nothing else than the poorly crystallized (super-
paramagnetic at RT) variant of 6-FeOOH, the latter being magnetic at RT.

3.3.5 Ferrihydrite

Ferrihydrite is an iron oxyhydroxide with a high surface water content having an
approximate composition FesO,Hg written as FesO3(OH)y or FesHOg.4H,O. The
most important feature of this mineral is its poor crystallinity, with particle sizes in
the range 2—7 nm. XRD patterns consist of 2—6 broad peaks which are not always
discernible due to the presence of broad lines of poorly crystalline goethite that
often accompanies ferrihydrite in soils. Different models have been proposed for
the structure [55-62] and the subject is still under discussion.

Both poor crystallinity and structural disorder lead to a very broad temperature
range in which the magnetic order develops and the nature of magnetic order is
still in doubt. For a so-called 6-XRD-line ferrihydrite sample the magnetic tran-
sition spans a temperature region from 35 to 110 K [63]. Ferrihydrites with less
than 6 XRD lines are still paramagnetic at 80 K. It is now believed that these low
magnetic transition temperatures result from a kind of superparamagnetic behavior
from interacting particles [64], whereas the real antiferromagnetic-paramagnetic
transition temperature of ferrihydrite is estimated to be of the order of 500 K [65].

It is obvious that the high degree of structural disorder in such a poorly crys-
talline system causes broad distributions of hyperfine parameters resulting in
broad-lined doublets and sextets. At RT a broad doublet is obtained (Fig. 3.7) with
average A in the range 0.7-0.9 mm/s. Though the spectra reflect in fact a broad
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Fig. 3.7 Mossbauer spectrum of ferrihydrite at RT fitted with two doublets (left) and at 4 K fitted
with a J-correlated hyperfine field distribution (right)

Fig. 3.8 Quadruple
distribution in a poorly
crystalline sample of goethite
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ferrihydrite
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distribution of quadrupole splittings (Fig. 3.8), they are usually satisfactorily
described by two doublets (Fig. 3.7) with parameters of about dg, = 0.37 mm/s,
A = 0.6 mm/s (FWHM I = 0.3 mm/s), and 0g. = 0.38 mm/s, A = 0.9 mm/s
(FWHM I = 0.4 mm/s). The intensity ratio of these doublets is strongly depen-
dent on the crystallinity and varies from 70/30 to about 30/70 for “better” to
poorly crystallized ferrihydrite, respectively.

Such a broad doublet is not only characteristic for ferrihydrite, but also for other
Fe* bearing minerals. Paramagnetic akaganéite, for instance, shows also a broad
doublet spectrum at RT, although it is in fact composed of two discrete spectral
components. Moreover, akaganéite is readily recognized by the appearance of a
magnetically split spectrum at temperatures far above the transition temperature of
ferrihydrite. Another compound showing the typically broad doublet at RT
with similar distribution is fully oxidized vivianite, often called oxykerchenite.
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Similarly, as for most of the ferrihydrites, the spectrum of oxykerchenite remains a
doublet down to 80 K [66].

At very low temperatures the sextet of ferrihydrite exhibits broad lines with a
rather symmetrical lineshape (Fig. 3.7). At 4 K the average hyperfine field amounts
to between 46 and 50 T [67], with a small quadrupole shift 2¢ between —0.02 and
—0.1 mm/s. The spectra are usually slightly asymmetric in which in particular the
6th line is less deep than the first one. This has been attributed to the presence of
additional tetrahedral iron sites [68], although this is still in doubt and correlation
effects between B in the distribution on the one hand, and A and/or é on the other
hand, which are normally expected in largely disordered structures, may similarly
produce such an asymmetry.

As in other iron oxyhydroxides, isomorphous substitution for Fe by Al is
expected in natural samples. A study of synthetic samples with Al substitutions by
[69] revealed an increasing asymmetry of the doublet lineshape at RT, pointing to
an increased average quadrupole splitting. At low temperatures, a decrease of the
average hyperfine field and a lowering of the magnetic transition temperature
region with increasing Al content is reported. All these features are quite similar to
crystallinity effects and are therefore not of practical use for characterization
purposes. Also silicon seems to play an important role in ferrihydrite. As in the
case of goethite, Si species can easily adsorb on ferrihydrite and thus prevents its
further growth [70]. Childs [57] claimed that ferrihydrite can contain up to 9 %at
Si, but the question remained if it is adsorbed or incorporated in the structure.
Campbell et al. [71] suggested that Si is structurally incorporated and demon-
strated the ability of Si to inhibit a transformation to more stable Fe** oxides or
oxyhydroxides.

However, several more recent works have resulted in a complete change in the
earlier, more-or-less contradictory ideas about ferrihydrite and its XRD and
Mossbauer behavior. Berqué et al. [72] report the possibility of synthesizing
Si-ferrihydrites with much better crystallinity. One of the authors’ ferrihydrites
shows even relatively sharp lines in the XRD pattern and its Mssbauer spectrum
even consists of a somewhat collapsed sextet at RT, but with no doublet contri-
bution. The spectrum of a natural sample, showing similarly seven, but somewhat
broadened lines in the XRD pattern, exhibits a collapsed sextet at 130 K, but
remains exclusively a doublet at RT.

On the other hand, it has recently been shown that some ferrihydrite species still
exhibit a magnetic-superparamagnetic transition at very low temperatures. In
particular, this seems to happen when ferrihydrite is closely associated to organic
carbon [73]. These so-called DOM (dissolved organic matter) ferrihydrites have a
lower hyperfine field and are even not completely magnetically ordered at 4 K (see
also Sect. 3.5.1).

In conclusion, the very poor crystallinity and the low superparamagnetic blocking
temperature in natural ferrihydrites hamper to some extent the characterization of
ferrihydrite with MS at standard measuring temperatures (RT, 80 K). From the point
of view of identification, ferrihydrite can be recognized by MS as long as it represents
the main constituent in soil samples. The broad quadrupole distribution (see Fig. 3.8)
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with its high average value is already quite indicative for the presence of ferrihydrite,
although, clear-cut evidence can only be obtained from the typical sextet spectrum
obtained at very low temperatures (<80 K). On the other hand, XRD may provide
more direct evidence through the characteristic broad-lines pattern which will be
discernible ifferrihydrite is present in sufficient amount in the sample. Unfortunately,
in many soils ferrihydrite occurs only as a minor fraction and no technique is able to
recognize it directly among the other interfering components such as poorly
crystalline goethite. In goethite-ferrihydrite associations, the doublet fraction which
persists down to 80 K may account for ferrihydrite as well as for very poorly crys-
talline and/or highly substituted goethite. However, if the 80 K spectrum exhibit a
goethite sextet with rather narrow lines, the remaining doublet can most likely be
attributed to ferrihydrite because goethite with two discrete and drastically different
crystallinities or substitutions are not commonly expected in the same sample. At
very low temperatures (4 K) the hyperfine fields of goethite and ferrihydrite are
comparable. Hence, these components cannot be separated merely by their difference
in quadrupole shift. Only the broader lines of the ferrihydrite sextet might be
indicative.

Another method which is helpful in the characterization of ferrihydrite is
selective dissolution in acid ammonium oxalate [74] followed by a so-called
differential X-ray diffraction (DXRD) [75], which consists of subtracting the
pattern of a treated sample from that of an untreated one, thus isolating and
enhancing the typical ferrihydrite diffraction pattern. In MS, this dissolution
applied to natural soil samples usually results in a decrease of the doublet at RT
and 80 K, and a narrowing of the sextet lines at lower temperatures. However, it
has been demonstrated that ammonium oxalate also dissolves organically bound
Fe, Fe from magnetite and from poorly crystalline lepidocrocite [76-79], and also
attacks vivianite, siderite [66] and even poorly crystalline goethite [80]. So, MS
applied in combination with such a treatment is not always decisive unless
information about the presence of the above interfering compounds is obtained
from other techniques.

3.3.6 Hematite (a-Fe,03)

Hematite is the most abundant iron oxide in soils and sediments. In comparison to
other iron oxides and hydroxides, hematite (a-Fe,O;) exhibits a non-common
magnetic behavior. In addition to the normal magnetic-paramagnetic transition at
Tn = 955 K, pure and well-crystallized hematite transforms at about 265 K from
a low-temperature antiferromagnetic (AF) to a high-temperature weakly ferro-
magnetic (WF) state, known as the Morin transition. This transition consists in fact
of a 90° spin reorientation from an antiferromagnetic spin configuration in the
¢ direction into the basal plane (perpendicular to the c-axis) in which the spins are
slightly canted resulting in a weak ferromagnetism (Fig. 3.9). This magnetic
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Fig. 3.9 Mossbauer spectra of hematite in the antiferromagnetic state at 80 K (/eft) and in the
weakly ferromagnetic state at RT (right)

Table 3.4 Representative hyperfine parameters of hematite of various crystallinity

Crystallinity T (K) Spectrum B,, (T) B, (T) 2& (mm/s) g (mm/s)
High RT S(WF) 51.7 =B, —0.19 0.36
80 S(AF) 54.1 =B,, 0.38 0.47
4 S(AF) 54.2 =B, 0.39 0.48
Medium RT S(WF) 50.0-51.0 ~B,y, —0.20 0.37
80 S(WF) 52.5-53.0 ~B,, —0.19 0.47
S(AF) 53.5-54.0 ~B,y, >0.10 0.47
4 S(AF) 54.2 =B, 0.38 0.48
S(WF) 53.3 =B, —0.20 0.48
Poor RT S(WF) 37.0-48.5 49.5-50.0 —-0.21 0.37
80 S(WF) 52.0-53.0 ~B,y, —0.20 0.47
4 S(WF) 53.2 =B, —-0.20 0.48

behavior is well reflected in the Mossbauer spectra. The hyperfine parameters of
hematite at different temperatures are given in Table 3.4.

The hyperfine field B in the AF state at 4 and 80 K are nearly equal which is
conceivable in view of the high Tx. In the WF state at RT a value of 51.7 T is
observed. At the Morin transition temperature 7,,, B changes abruptly. The drop of
about 0.8 T is explained by the influence of the spin reorientation on the orbital and
dipolar contributions to B [81]. The quadrupole shift 2¢, which is only slightly
temperature dependent, changes more drastically at 7,,. At 80 K a large positive
value of 0.38 mm/s is observed whereas the WF state has a negative value of
—0.19 mm/s at RT (indicated by arrows in Fig. 3.9). The relation between those two
values is consistent with the EFG principal axis lying in the direction of the c-axis. In
view of this large difference in 2¢ both the WF and AF phase can be separately
identified from the fitting, and therefore MS is an extremely powerful tool to study the
Morin transition. Moreover, because the latter is very sensitive to microcrystalline
effects, lattice imperfections and impurities, it is clear that this technique could offer
some possibilities for the characterization of hematite in natural samples.
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Pedogenic hematite consists mainly of small crystallites and, similar to goethite,
the spectral features are governed by superparamagnetic relaxation effects. However,
the effective anisotropy constant K of hematite is of the order of 10* J/m? [82],
yielding blocking temperatures which are higher than in the case of goethite. Con-
sequently, in most cases the spectra are still magnetically split at RT. Nevertheless,
due to microcrystalline effects, the lines may still be asymmetrically broadened. The
origin of the field distributive and reducing effects is similar to that of goethite,
although, the reduction of B caused by surface effects has been well established in
hematite by MS on *’Fe surface enriched hematite [83, 84] and by surface studies
with conversion electrons MS [85, 86]. For very small crystallite sizes with particle
dimension D < 8 nmadoubletisobserved at RT with a quadrupole splitting A in the
range 0.5-1.1 mm/s [87], apparently strongly dependent on the particle size.

Morphological effects such as particle size, lattice imperfections and the
presence of micro- and macropores have also a pronounced influence on the Morin
transition. First of all, the transition temperature lowers with decreasing particle
size [88-90] and for particle sizes smaller than about 20 nm the Morin transition is
even completely suppressed, resulting in a single WF phase down to 4 K [82].
Further, the normally sharp Morin transition becomes a temperature region with
the coexistence of the two phases in which the AF phase diminishes in favor of the
WF phase with increasing temperature. A typical spectrum in this transition region
is shown in Fig. 3.10.

This region broadens considerably with decreasing particle dimensions and
with increasing structural defects [91], and the coexistence of both the AF and WF
phase even can extend down to 0 K. Such a case is represented in Fig. 3.11 where
the relative areas (RA) and the quadrupole splitting do not change below 150 K.
The Morin transition temperature can then be defined as that temperature at which
the amount (RA) of AF phase is reduced to half of its initial value at low
temperatures.

The influence of the average particle size on the Morin transition temperature has
been mainly investigated for synthetic samples and is represented in Fig. 3.12. From
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Fig. 3.11 Temperature behavior of the transition region: relative area (a) and the quadrupole
shift 2¢ (b) for a small-particle hematite
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that picture it follows that this transition temperature is not solely dependent on the
particle size, but also differs according to the preparation method. Large defects and
the presence of hydroxyl groups (OH ™) probably cause the large fluctuations in T,
[92-94]. However, hematite samples prepared from lepidocrocite generally show the
highest transition temperatures [95-97] and it is believed that natural samples, which
are mostly formed from ferrihydrite will possess the same features. The shaded band
shown in Fig. 3.12 might be a reasonable analytical guideline for the relation
between T, and the average particle dimensions.

Isomorphous Al for Fe substitution in hematite is also a common phenomenon
and has been intensively studied [92, 96, 98—101]. Hematite can contain more than
15 at % Al and, similarly to goethite, this diamagnetic substitution has primarily a
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twofold effect on the magnetic properties, i.e. it lowers the magnetic transition
temperature and reduces the saturation hyperfine field. However, in view of the
high Néel temperature, the sextet-doublet transition still occurs at high tempera-
tures above RT and is therefore not of practical diagnostic use. The reduction of
the saturation value of B, which can already be observed at 80 K in view of the
very small variation of B between 80 and 4 K, is also rather small. At 80 K a
reduction of about 0.04 T per at % Al has been found, whereas at RT it amounts to
0.08 T per at % Al [92, 102].

Similarly as for goethite, a linear relationship of B as a function of Al content and
particle size has been proposed [102] which is valid at RT and for concentrations less
than 10 %Al. However, all these results are derived from synthetic samples, mostly
obtained from goethite. Therefore, particularly at RT, the magnetic hyperfine field
will still be largely influenced by morphological effects. Moreover, most preparation
methods, based on the decomposition of oxyhydroxides, result in inhomogeneous Al
substitution [96]. A more clear-cut picture for the dependence of the hyperfine field
on Al substitution is obtained for hematites prepared from oxinates [103] where a
reduction of 0.061 at RT and 0.032 at 80 K per at % Al is observed.

Somewhat more pronounced effect of Al substitution is reflected in the behavior
of the Morin transition. With increasing Al content the transition temperature 7},
decreases and the transition region becomes significantly broader [97]. Moreover
the Morin transition is completely suppressed at about 10at % Al in bulk hematite
[99] and even at somewhat lower concentrations (8 at %) for less crystalline
hematite [100]. On the other hand, the effect of Al on the Morin transition tem-
perature is smaller in the case of more homogeneous Al substitution in samples
prepared from oxinates [103]. Using the aforementioned definition, the Morin
transition temperature for as-such obtained hematite species decreases by 8 K per
at % Al. Because the spectral implications of Al substitution are quite similar to
those of morphological effects, the separation of both effects remains a major
problem and additional techniques are necessary for the characterization of natural
samples.

Another element which is a possibly abundant candidate for substitution of iron
in natural hematite samples is manganese [8]. Mn was substituted for iron up to
about 18 % in synthetic samples [104], but, it is believed that in natural samples
the substitution is much lower (<5 at %) [105]. In a study of some Mn-hematites
prepared from Mn-substituted goethites [106] a somewhat smaller decrease for the
hyperfine field of the WF phase at RT is observed in comparison with that of
similarly prepared Al-hematites, which is expected in view of manganese being a
magnetic ion. On the other hand, manganese reduces the Morin transition tem-
perature more rapidly, and already at about 4 at % Mn the transition is completely
suppressed [106]. A still more drastic effect on Tj, is caused by Ti substitution
which is also abundant in nature. Less than 1 at % Ti completely inhibits the
Morin transition [27]. However, Ti occurs rather in high concentration tending
more to the isostructural ilmenite (FeTiO3). Another important substitution ele-
ment could be silicon, although little information in that respect is found in the
literature. There are indications that silicon increases T, slightly. For example, an
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asymmetric spectrum at RT has been found for a Si-rich hematite sample from
Elba, pointing to the presence of the AF phase above 265 K [90].

In conclusion, the characteristic hyperfine parameters and the high magnetic
transition temperature 7y and blocking temperature T for hematite render MS
very suitable for the identification of this material in natural samples. Moreover,
when used in conjunction with other techniques, MS yields some indicative
information about morphological or substitutional properties through the deter-
mination of the magnetic hematite phases present in the sample. Although small-
particle effects are not so pronounced as in the spectra of goethite, the spectra of
hematite may still show asymmetric lines, particularly at room temperature.
Hence, appropriate fitting procedures such as the ones based on a hyperfine field
distribution are recommended, especially when the hematite sextet overlaps with
other sextets.

3.3.7 Fe-Ti Oxides

Related to hematite, ilmenite, FeTiOs, has a similar rhombohedral structure.
Alternating planes are occupied by Ti** and Fe®*, breaking down the strong
magnetic interactions that occur in hematite. It is therefore a weak antiferromagnet
with Ty = 55 K [107]. Although the whole range between hematite and ilmenite,
Fe,_,Ti, O3 can be synthesized, natural samples of ilmenite possess a relatively
high amount of Ti (0.75 < x < 0.95). Ilmenite with a higher degree of stoichi-
ometry was found in lunar samples [108]. At room temperature a doublet is
observed with a high isomer shift, g, = 1.1 mm/s and a low quadrupole splitting
A = 0.71 mm/s. These typical hyperfine parameters for ilmenite, make it rela-
tively easy to discern this oxide in the Mdssbauer spectrum. At 80 K the quad-
rupole splitting is larger and amounts to about 1.0 mm/s. At 5 K only a very low
magnetic hyperfine field (~4 T) is observed due a strong opposite orbital con-
tribution of Fe** [107, 109].

Deviation from stoichiometry implies the presence of Fe** which is clearly
observed in the spectra by an asymmetry, namely the left absorption line is broader
and deeper. The spectra can then be analyzed with two doublets: one from Fe*
having hyperfine parameters very close to those of pure ilmenite, and one from
Fe** with typical hyperfine parameters for trivalent iron [110] (see Table 3.5).

Another well-known mineral is pseudobrookite, which consists of a complete
solid solution series between ferrous FeTi,O5 and ferric Fe,TiOs. Also in this case,
the Mossbauer spectra reveal iron species that vary from Fe?* over mixed valences
to Fe’*. However, the structure contains two different sites (8f and 4c) where iron
can be present, resulting in two doublets for each iron valence. The hyperfine
parameters according to Guo et al. [111] are summarized in Table 3.5.
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Table 3.5 Representative hyperfine parameters for Fe—Ti oxides

Mineral T (K) Iron B (T) 2¢ or A (mm/s) Jfe (mm/s)
IImenite FeTiO5 RT Fe* - 0.71 1.1
Ilmenite (non-stoichiom) RT Fe* 0.65-0.70 1.0-1.1
Fe,Ti; _ O3 Fe** 0.3-0.5 0.3
Pseudobrookite (ferrous) RT Fe?* 8f 1.10 2.16
FeTi,05 Fe?* 4¢ 1.06 3.15
Pseudobrookite (Intermed.) RT Fe?* 8f 1.1-1.2 1.6-2.1
Fei,xTiy<O5 Fe?* 4c 1.04-1.06 2.8-3.1
Fe’* 8f 0.38-0.41 0.54-0.58
Fe** 4c 0.34-0.39 0.85-1.00
Pseudobrookite (ferric) RT Fe* 8f 0.38 0.57
Fe,TiOs Fe* 4c¢ 0.38 0.92

3.3.8 Magnetite

Magnetite (Fe;O,4) is a ferrimagnetic spinel oxide with a Néel temperature of
858 K. It naturally occurs often in a fairly crystallized form and its presence can
readily be recognized in a Mossbauer spectrum. Magnetite has the following
structural formula (Fe3+) N [Fe§‘5+]BO4 where the octahedral (B-site) ferrous and

ferric ions merge into Fe?>* due to a fast electron hopping in pairs above the
so-called Verwey transition (>125 K). Consequently, the RT spectrum of mag-
netite exhibits two partly resolved sextet patterns (Fig. 3.13) resulting from tet-
rahedral (A site) Fe** with B = 49.1 T, 2¢ = 0 mm/s, dg. = 0.28, and octahedral
(B site) Fe>>* with B = 46.0 T, 2¢ = 0 mm/s, dg. = 0.66 mm/s. The latter sextet
possesses a somewhat broader linewidth (I' ~ 0.5 mm/s) because it is in
fact composed of two B-site sextets with B =45.6T, 2¢ = 0.18 mm/s,
Ope = 0.66 mm/s, and B = 46.0 T, 2¢ = —0.05 mm/s, g, = 0.66 mm/s respec-
tively, as a result of two different possible directions of the magnetic hyperfine
field with respect to the local B-site EFG principal axes [112]. However, from the
ferric A-site component, magnetite is readily recognized by MS at RT and for
characterization purposes a two-sextet fitting is adequate. For ideal magnetite the
sextet area ratio S(B)/S(A) has to be 2:1. In practice, this ratio is somewhat lower
and amounts to about 1.8:1 at RT. This is related to the Mossbauer fraction f of the
Fe>>* on the B sites being somewhat lower than that of Fe** on the A sites.
However, deviations from this ideal ratio are often observed. The main reason
is that magnetite may partly be oxidized by replacing Fe>* by Fe** and introducing
vacancies. Because the electron hopping occurs in pairs, this oxidation does not
result in another intermediate Fe valence on the octahedral sites, but in a decrease
of the Fe*>* component and the appearing of a B-site Fe®* sextet for which the
hyperfine parameters do not appreciably differ from those of the A-site sextet.
Together with the introduced vacancies, a decrease of the Fe?* B-site sextet area
and an apparent increase of that of the A-site sextet are observed. Therefore, one
cannot speak anymore about one A-site and one B-site sextet—a mistake that is
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Fig. 3.13 Typical spectrum
of magnetite at RT with outer
Fe* and inner Fe®>" sextet

Velocity (mm/s)

Table 3.6 Representative hyperfine parameters of magnetite

Magnetite T (K) Spectrum B, (T) Ope (mm/s)
Pure Fe;0, RT Fe** A 49.0 0.28
Fe>>* B 45.9 0.66
130 Fe’* A 50.4 0.36
Fe>>* B 48.0 0.76
Oxidized Fes_ O, RT Fe*™ A 49.0 0.28
Fe’* B ~50.0 0.36
Fe?>* B 45.9 0.66

25+ gextet

often made—but instead should speak about one Fe>* sextet and one Fe
(Table 3.6).

The observed value for the S(Fe*>*)/S(Fe**) ratio of a magnetite phase can be
used to determine its degree of oxidation. Oxidized magnetite has the general
formula Fe; O, with 0 < x < 0.33. In that case one can expect the following
structural formula, (Fe’), [Fe3 ", Fed ! [1]504, where O stands for the vacan-
cies and where an equal amount of octahedral Fe** and Fe®" results in Fe*>.
Considering the ratio R = S(Fe2'5+)/S(Fe3+) to be about 1.8 for pure magnetite at

RT, one can write

1.8(1 — 3x)
R=—F"——+- 3.5
1+ 5x (33)
for oxidized magnetite, leading to
1.8—-R
= 3.6
Y541 5R (3.6

On the other hand, it has been claimed that in the case of oxidation of mag-
netite, the vacancies might be present on both lattice sites [113, 114]. Anyway,
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2% in both cases, the formula for

because of the same amount of octahedral Fe
x will not be altered.

However, caution should be taken in using the equation because part of the
deviation from the ideal ratio R = 1.8 might also be due to isomorphic substitution
for Fe by small quantities of other elements such as Al and especially Ti.

Titanomagnetite is the common name for the minerals with general formula
Fe;_,Ti,O4 arising from the solid solution between magnetite and the ulvospinel,
Fe"TiO4. These Ti-magnetites are very common in igneous rocks such as basalts
and have been of particular interest in connection with magnetism of the earth. In
these magnetites Ti*" substitutes Fe on the octahedral sites creating more Fe’*,
Many models have been proposed for the cation distribution (e.g. Pearce et al.
[115] and references therein). In most of the models the tetrahedral sites are fully
occupied with Fe** up to x = 0.2. This means that, apart from the Fe>* — Fe3™"
pairs giving Fe>>" there is an excess of octahedral Fe?*. This results in a two-
sextet magnetite-like spectrum with an additional inner shoulder on the Fe?>*
sextet belonging to a Fe?* sextet [116, 117]. However, natural samples which are
chemically inhomogeneous and frequently non-stoichiometric show often more
complex Mossbauer spectra.

Natural magnetite may also occur with a small particle morphology yielding a
Mossbauer spectrum with asymmetrically shaped lines. Due to the increased
overlap of the lines of both sextets in that case, it becomes difficult to determine
the ratio R = S(Fe***)/S(Fe®*) accurately.

At low temperatures, the spectrum of pure magnetite is very complex
(Fig. 3.14a) and may be described by at least five subspectra [118]. This is due to
the 3d electron localization below the so-called Verwey transition at about 125 K
leading to discrete Fe** and Fe* spectral contributions of the B sites. However,
this transition temperature is lowered in the case of substitution or partial oxidation
[119-121]. This is illustrated in Fig. 3.14b where oxidized magnetite (Fe; 94404)

(a) (b)
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Fig. 3.14 Spectra below the Verwey transition: a spectrum of stoichiometric magnetite at 100 K
with visible Fe?* lines (indicated by arrows), and b spectrum of non-stoichiometric magnetite
Fe, 04404 at 100 K with the two typical Fe** and Fe>”* sextets
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still shows the typical Fe>>* and Fe®* sextets at 100 K which is below the normal
Verwey transition for stoichiometric magnetite [35].

3.3.9 Maghemite

Maghemite, which is a fully oxidized form of magnetite, has the structural formula
(Fe") A[Fe§73D1 /3)504 where [J represents again the vacancies on the octahedral

sites. The corresponding Mossbauer spectrum consists of a somewhat broad-lined
Fe** sextet, which is in fact composed of two non-resolved sextets from Fe** in
tetrahedral and octahedral sites, respectively (Fig. 3.15a). Only by using an
external field, the hyperfine field and the isomer shift of both sextets could be
accurately determined [125] (see Sect. 3.6.4). Hyperfine parameter values are
given in Table 3.7.

Maghemite is commonly formed from oxidation of fine-course lithogenic
magnetite, although its abundance in tropical and subtropical regions can also be
explained by the conversion of for instance goethite through fires under reducing
conditions. Also fine-particle magnetite produced by bacteria may lead to
maghemite after spontaneous oxidation. In most of those cases, maghemite pos-
sesses a rather small-particle morphology leading to a superparamagnetic beha-
vior. Maghemite can then appear in the Mossbauer spectrum as a doublet at RT.
From the effective anisotropy constant of about 10 Jm ™ [123] a superparamag-
netic doublet is expected at RT for particle sizes smaller than about 5 nm. This
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Fig. 3.15 Mossbauer spectra of maghemite: well-crystallized maghemite at RT (a) and at 8 K
(b) fitted with A-site and B-site sextets according to parameters derived from external-field
spectra; poorly crystallized maghemite at RT (c) and at 80 K (d) (after da Costa et al. [122])
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Table 3.7 Representative hyperfine parameters of maghemite

Crystallinity T (K) Spectrum B,, (T) or A (mm/s) Ope (mm/s)
Good RT S Fe** A 49.9 0.24
S Fe** B 49.9 0.36
80 S Fe** A 49.9 0.36
S Fe** B 52.9 0.48
4 S Fe** A 52.0 0.36
S Fe** B 53.1 0.48
Medium RT S Fe** av 3040 0.28
80 S Fe** av 45-50 0.45
Poor RT D Fe** av 0.65-0.75 0.35
80 S Fe** av 30-45 0.45
D Fe** av 0.65-0.75 0.43
x=0.04 x=0.14
x=0.06 x=0.18
1 1 1 1 1 1 1 1 1 1
-8 4 0 4 8 -8 4 0 4 8
velocity (mm/s) velocity (mm/s)

Fig. 3.16 Evolution of the 80 K spectra of poorly crystallized Al-substituted maghemite,
y-Fe,_Al,O3 with increasing Al content (after da Costa et al. [126])

doublet exhibits an average A in the range 0.65-0.75 mm/s, which is somewhat
larger than that of other oxides or oxyhydroxides. At 80 K the spectra of such
particles are usually magnetically split (Fig. 3.15) with average hyperfine fields of
about 3045 T (Table 3.7). Pedogenic maghemite occurs often in association with
hematite [124]. The spectra of both phases possess a rather similar hyperfine field
(in particular when the latter is in the WF state) and differ only in the quadrupole
shift. This renders the distinction between both minerals rather difficult.

Al substitution is commonly found in soil-related maghemite. The spectra are
somewhat similar to that of Al-free maghemite, but the sextet is often accompa-
nied by a doublet (Fig. 3.16), the contribution of which decreases at lower tem-
peratures. This typical superparamagnetic behavior is a consequence of a
combined effect of particle size and diamagnetic substitution [125, 126].
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Titanomaghemites originating from oxidation of lithogenic titanomagnetite
show similar features in their Mdossbauer spectra, i.e. asymmetrically broadened
sextet lines accompanied by a central doublet [127, 128]. These maghemites seem
to have vacancies on both sites [127, 129].

3.3.10 Green Rust Related Minerals

Green rusts are mixed-valence iron hydroxysalts that have been extensively
studied for understanding the corrosion behavior of iron based materials and steels.
They are obtained by oxidizing metallic iron or Fe(OH), and are intermediate
compounds comprising ferrous and ferric ions. Several types have been synthe-
sized incorporating various anions such as CO5>~, C1~ or SO,>~ and were studied
by MS [130-133]. They all belong to the double layered hydroxide family (HDL)
where in the most stable one, i.e. with CO5>~, positive charged brucite-like layers

(Fefﬁl—"*e;*(OH)lz)2+ alternate with (CO3.3H20)27 interlayers, possessing a ferric
molar fraction x = Fe>*/Fe o = 1/3. Green rusts dissolve usually by oxidation
whereas a ferric oxyhydroxide precipitates such as ferrihydrite and/or goethite.
However, rapid oxidation under alkaline conditions (in situ deprotonation) keeps
the green rust structure essentially unchanged, leading finally to so-called “ferric
green rust” which has in fact an orange color [134].

A green rust related mineral in soils was first discovered in a so-called gleysol
at Fougeres (Brittany, France) and has therefore been named fougerite [135]. The
Mossbauer spectrum, usually measured at lower temperatures (78 K) to avoid
oxidation, is typical for green rust, consisting of one or two Fe** doublets with
0 ~ 1.25mm/s and with A ~ 2.60-2.90 mm/s and a Fe’* doublet with
0 ~ 0.48 mm/s and with A =~ 0.50-0.70 mm/s. The spectrum from the first
measured sample is shown in Fig. 3.17a. For different fougerite samples, the ferric
molar fraction x turned out to be between 1/3 and 2/3 [136]. A study in depth with
a miniaturized Mossbauer spectrometer showed that fougerite is more ferric in the
upper horizons and variations are consistent with the fluctuations in the water table
and thus with aerobic and anaerobic conditions [137]. Those in situ experiments
yield spectra and thus hyperfine values close to RT (283 K). They are
0 ~ 1.05-1.08 mm/s and A =~ 2.7 mm/s, 0 ~ 0.75-1.00 mm/s and
A ~ 2227 mm/s both for Fe**, and § ~ 021-030 mm/s and A =~
0.6-0.8 mm/s for Fe’*.

In contrast to the permanently waterlogged soils of a continental aquifer with
green rust related minerals with values of x within the (1/3, 2/3) range as firstly
extracted in Fougeres, similar minerals being still more ferric with x values within
the (2/3, 1) range occurs in gley from the schorre of a maritime marsh, as was
firstly extracted in Trébeurden (Brittany, France) [138]. The spectrum of a typical
Trébeurden sample with x &~ 0.75 measured at 78 K and fitted with 3 doublets is
shown in Fig. 3.17c. Similar spectra were recorded from samples extracted from
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Fig. 3.17 Mossbauer spectrum of a Fougerite sample at 78 K (a) compared with the spectrum of
a synthetic oxidized green rust sample with the same Fe®* molar fraction x (b) Mdssbauer
spectrum of a green rust related sample from Trébeurden (c¢) and the spectrum of a similar sample
from the Mont Saint Michel (d) (adapted from Ref. [307])

the bay of Mont Saint Michel (Normandy, France) [138] as can be seen from the
example shown in Fig. 3.17d.

Structural studies on synthetic samples [133] suggest that long ranger order
appears for x = 1/3, x = 2/3 and x = 1 which is confirmed by magnetic mea-
surements showing a ferrimagnetic behavior for x = 1/3, x = 2/3 with Néel
temperatures of 5 and 20 K respectively and being ferromagnetic for x = 1 with a
Curie temperature around 80 K [139]. From these findings together with the
appearance of typical doublets in the Mossbauer spectra Génin et al. [138] suggest
that the intermediate samples consist in fact of topotaxically mixed domains of the
ordered definite compounds. Therefore the natural green rust related minerals must
be considered as a mixture of three basic minerals:

Fe2"Fe3™(OH),,C03.3H,0 (x = 1/3);
Fe5"Fe}™(OH),,0,C03.3H,0 (x = 2/3) and
Fe} " (OH)304C0;.3H,0 (x = 1).

They suggest to redefine the first one as fougérite, whereas in the case of x = 2/3
and x = 1, the new mineral names “trébeurdenite” and “mossbauerite” are
respectively proposed [138].
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3.4 Sulfides, Sulfates and Carbonates
3.4.1 Sulfides

The most abundant and widespread sulfides are pyrite and marcasite. They both
have the formula FeS, but the former crystallizes in a cubic structure whereas the
latter is orthorhombic. They both contain divalent iron which is in a non-magnetic
low spin state (Fe''). Consequently the Mdssbauer spectra (Fig. 3.18.) consist of a
doublet with low isomer shifts and moderate quadrupole splittings [130].

Although the hyperfine parameters of natural marcasites and pyrites vary
somewhat from sample to sample, probably due to chemical impurities, they can
be unambiguously distinguished from their spectra. However, more problematic is
to recognize the presence of these minerals among Fe**-containing clay minerals
because of the similar range of hyperfine parameter values. Other marcasites exist
with S replaced by Se or Te. They show hyperfine parameters comparable to those
of the sulfides (Table 3.8). Lollingites (FeAs, and FeSb,) and mispickel FeAsS, on
the other hand, exhibit larger quadrupole splittings. Both the presence of formal
Fe" and the very distorted structure are responsible for the high quadrupole
splitting observed.

Another class of iron sulfides is Fe;_,S which crystallize in a hexagonal
structure. Stoichiometric FeS, called troilite, is an antiferromagnet with
Tn = 595 K. At RT the spectrum shows a hyperfine field of about 30.8 T and a
positive quadrupole shift of 2¢ =~ 0.3 mm/s [144].

Most of the monosulfides, however, are not stoichiometric and natural samples
consist often of a mixture of compounds with compositions between triolite, FeS
and FeS,, namely Fe;;S;» (x = 0.083), Fe(S;; (x =0.091), and FeoS;o

1

Pyrite \ \ f Marcasite *
!

{ i

velocity (mnvs) velocity (mmvs)

Fig. 3.18 RT spectrum of pyrite and marcasite (adapted from Evans et al. [130])
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Table 3.8 RT hyperfine parameters of FeS, and related minerals

Mineral Formula Ope (mm/s) A (mm/s)
Pyrite FeS, 0.31 0.61
Marcasite FeS, 0.27 0.50
Marcasite (Se) FeSe, 0.40 0.58
Marcasite (Te) FeTe, 0.47 0.50
Lollingite (Sb) FeSb, 0.45 1.28
Lollingite (As) FeAs, 0.31 1.68
Mispickel FeAsS 0.26 2.10

Table 3.9 Representative hyperfine parameters at RT of various sulfides

Mineral Formula Fe; _ ,S B (T) 2¢ or A (mm/s) Jpe (mm/s)
Triolite FeS 30-32 -0.3 0.7-0.9
Intermediate Fe 1S12; Fe1oS11 FeoSig 22.0-23.5 0.05 0.55
pyrrhotite (x = 0.83; 0.091; 0.100) 25.5-26.5 0.05 0.55

27.5-31.5 0.10 0.55
Pyrrhotite Fe,;Sg (x = 0.125) 22.9 0.08 0.77
monoclinic 26.7 0.03 0.79

31.1 0.15 0.79

34.5 —-0.09 0.81
Smythite FeoS | (x = 0.182) 224 0.33 0.58

259 0.04 0.58

30.3 0.17 0.47
Greigite Fe3S, (x = 0.250) 31.3 0.0 0.17

31.3 —0.08 0.42
Mackinawite Fe, 1S — Fey 7S (0.02) 0)
Pentlandite FeoSg 0.36 0.30-0.37

0.60-0.68 0

(x = 0.100), These intermediate pyrrhotites all have a hexagonal structure based
on NiAs exhibiting different kinds of ordering of the vacancies [110, 141, 142].

Concerning the magnetic properties the compounds close to FeS still exhibit an
antiferromagnetic behavior, but from x = 0.08 on the presence of ferrimagnetism
has been observed. It has been shown that from about that composition on, these
sulfides undergo a 90° spin-flip resulting in a antiferro-ferrimagnetic transition,
comparable to the transition in hematite [143, 144]. The Mossbauer spectra are
usually complex and mainly consist of three to four overlapping sextets with
subsequent hyperfine fields within ranges 22.0-23.5, 25.5-26.5 and 27.5-31.5 T
which can be attributed to the various sites in the ordered structure [145, 146].

Pyrrhotite Fe;Sg (x = 0.125) is normally monoclinic and exhibits a ferrimag-
netic behavior. The Mossbauer spectrum consists apparently of three overlapping
sextets at RT, but at 80 K four sextets could be well resolved (see Table 3.9) with
intensity ratio 2:1:2:2 according to the occupation in the structural model of
Bertaut [139]. Similar hyperfine parameter values are obtained for a synthetic and
a natural sample by Jeandey et al. [147].
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Fig. 3.19 RT spectrum of a
natural greigite-smythite
sample

greigite
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Smythite is a hexagonal iron sulfide with composition close to FeqSy;
(x = 0.182). There is still considerable doubt about the exact composition and
whether it should be included as a separate phase in the iron-sulfur system. The
Mossbauer spectra taken for some natural samples, containing other sulfides as
well, reveal more or less three sextets [148] for the smythite phase, which are quite
similar to three of the four sextets of pyrrhotite. Hoffmann et al. [149] also found
three to four sextets but the one with the highest hyperfine field and nearly zero
quadruple shift might be a sextet of greigite because the samples were from the
same origin.

Greigite (FesS4, x = 0.250) is the sulfide analogue of magnetite and crystallizes
in the cubic spinel structure. The RT spectrum exhibits an asymmetric sextet
(Fig. 3.19) which is composed of two sextets: one arising from the A sites and one
from the B sites with nearly equal hyperfine fields but different isomer shifts
[148, 150] (Table 3.9). In contrast to magnetite, greigite does not show a Verwey
transition [ 148, 151]. Because at higher temperature greigite transforms to pyrrhotite
and FeS, the magnetic transition temperature cannot be determined, but lies above
480 K [148]. However, the magnetic properties are strongly dependent on the grain
size [152].

Mackinawite, Fe S, with (x = 0.01-0.07) is a tetragonal iron sulfide with
excess of iron. Morice et al. [153] reported a complex Mossbauer spectrum con-
sisting of at least three sextets with hyperfine fields 29.8, 26.2 and 22.8 T and small
quadrupole shifts of about 0.09, 0.06 and 0.09 mm/s respectively. On the other
hand, only a singlet spectrum, even down to 4 K, has been observed by Vaughan
and Ridout [154]. Probably the concentration of Co and Ni found to be present in
the involved natural samples is decisive for the different magnetic behavior.

Pentlandite, (Fe,Ni,C0)9Sg, has a face-centered cubic structure with iron and other
metal atoms such as Ni and Co distributed among tetrahedral and octahedral sites. At
RT the Mdssbauer spectrum appears as an asymmetric doublet consisting of a
quadrupole doublet with g, = 0.36 and A = 0.30-0.37 mm/s and an additional
singlet with g, &~ 0.6 mm/s, which is responsible for the asymmetry [155, 156].
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3.4.2 Sulfates

Sulfates are known in nature as a series of minerals that are formed by oxidation of
sulfides. Depending on the environment of formation they possess a different stage
of hydration. Iron sulfates often accompany coal and are indicative of the
weathering of the latter. Recently, a renewed interest for these minerals has been
evoked in connection with the mineralogy on Mars, prospected by the Mars
Exploration Rovers (MERs).

In recent years, the structural classification of the sulfates has been well
established [157]. Sulfates consist predominantly of a polymerization of MOg
octahedra, where M represents divalent or trivalent cations such as Fez+, Fe** and
Mg?*, Mn**, Zn**, AI**, etc.) and TOy, tetrahedra where T stands for hexavalent or
pentavalent cations such as S®* and Mo®*, P>+, V77, etc.

The most common iron sulfate is szomolnokite, FeSO,.H,O. Other sulfates are
the ferrous species rozenite, FeSO4.4H,0, and melanterite, FeSO4.7H,0, and the
ferric species kornelite, Fe,(SO4);.7H,O, and coquimbite Fe;(SO4);.9H,0.
Sulfates of mixed valence between ferrous melanterite and ferric kornelite are known
as romerite. Another well-known mixed valence sulfate group is voltaite with for-
mula KzFe§+Feg+Al(SO4)12.18H20, but containing a large variety of substituting
elements. A diversity of anhydrated sulfate minerals exists with general formula
MFe;3(SO,)3(OH)s where M = Na*, K, ... being catalogued as jarosites.

Distortions of polyhedra are a common phenomenon in sulfates and result in
different stereographic environments. Moreover, natural samples contain a diver-
sity of cations other than iron, which also influences the local environment of the
latter. Therefore, the Mossbauer spectra of iron sulfates usually exhibit one or
more predominant doublets and some additional smaller doublets. Such spectra
can either be fitted with discrete doublets or by quadrupole distributions
(Fig. 3.20).

Szomolnokite Voltaite

" L 1 L " L L L 1 L 1 i L L

-4 -2 0 2 44 -2 0 2 4
Velocity (mm/s) Velocity (mm/s)

Fig. 3.20 RT spectra of some sulfates: szomolnokite (adapted from Van Alboom et al. 2009
[162]) and voltaite (adapted from Ertl et al. [161])
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Table 3.10 Representative hyperfine parameters at RT of some iron sulfates

Mineral Formula Fe site Ope (mm/s) A (mm/s)
Szomolnokite FeSO,.H,0 Fetoct 1.18-1.27 2.67-3.07
(Fe?* tetr) 0.23 0.69
(Fe** oct) 0.55 0.38
Rozenite FeSO,4.4H,0 Fe* oct 1.27 3.33
(Fe?* oct) 0.37 1.15
(Fe?* tetr) 0.20 0.48
Melanterite FeSO,4.7H,0 Fe* oct 1.25-1.27 2.7-35
Kornelite Fe,(S0,);.7H,0 Fe>* oct 0.47 0.45
Fe?* oct 1.18-1.32 1.57-1.62
(Fe?* tetr) 0.21 0.67
Coquimbite Fe,(S04);.9H,0 Fe** oct 0.46-0.48 0.33-0.36
(Fe™* tetr) 0.1 0.67
Romerite FeSO,4.Fe,(SO4);5.14H,0 Fe* oct 1.27-1.30 3.31
Fe* oct 1.25-1.28 2.71-2.75
Fe** oct 0.39-0.43 0.35-0.39
(Fe** tetr) 0.1 0.66-0.84
Voltaite K,FegAl(SO,)».18 H,O Fe?* oct-M2 1.20 1.56-1.62
Fe>* oct-M1 0.50 0.13-0.18
Fe** oct-M2 0.36 1.06-1.18
Jarosite KFe5(SO4)5(0OH)g Fe>* oct 0.38 1.23

Table 3.10 summarizes representative hyperfine parameters for a number of
sulfate minerals. The data are taken from various authors as collected by Stevens
et al. [158] and from others [159-162].

Apparently, four kinds of doublets may be encountered in sulfates: one or two
Fe?* doublets with hyperfine parameters in the range dp. = 1.1-1.3 mm/s and
A = 2.6-3.3 mm/s; one Fe?*" doublet with dg, ~ 0.2 and A = 0.65-0.70 mm/s;
one Fe** doublet with dp. = 0.3-0.5 and A = 0.4-0.5 mm/s and one Fe** doublet
with 0g. = 0-0.1 and A = 0.6-0.8 mm/s.

3.4.3 Carbonates

Siderite, FeCOs, has a rhombohedral structure and contains divalent iron in the high
spin state. The magnetic structure is antiferromagnetic with a low Néel temperature
of 38 K. Atroom temperature as well as at 80 K a doublet is observed with hyperfine
parameters Op, = 1.2 mm/s, A =179 mm/s at RT and g, = 1.36 mm/s,
A = 2.04 mm/s at 80 K. In contrast to X-ray diffraction the Mdssbauer spectra are
not distinctively influenced by substitution of Mg and Mn for Fe [163], although there
are indications that Ca®>" provokes an asymmetry in the lineshape, pointing to a
second doublet with larger quadrupole splitting [66]. The siderite spectra are mostly
asymmetric, namely, one line is deeper than the other one, whereas the widths are the
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Fig. 3.21 RT Mossbauer spectra of siderite (a) and ankerite under the magic angle (b) (after De
Grave and Vochten [166])

same (Fig. 3.21a). This feature was firstly explained as due to the so-called Gol-
danskii-Karayagin effect [164] being an anisotropy in the Mossbauer fraction.
However, measurements under the so-called “magic angle”, i.e. the absorber placed
under an angle of 54 degrees with the gamma ray direction [165], yielded nearly
equal intensities for both doublet lines pointing to texture effects as the reason for the
asymmetry. At very low temperatures the magnetic transition is not sharply dis-
played in the Mdssbauer spectra because of relaxation effects [166].

Ankerite, CaFe(CQOs3),, has a similar rhombohedral structure as siderite but with
calcium and iron in alternate positions. In natural ankerites the composition deviates
always from the ideal one through the presence of considerable amounts of Mg and
Mn. The magnetic transition temperature is much lower than for siderite and in a
range of more than 10 K below the transition complicated spectra are observed due to
spin—lattice relaxation [167, 168]. Anyway, a long-range order was not observed
down to 1.7 K [169]. The spectra at RT and 80 K consist similarly to siderite of a
single doublet (Fig. 3.21b), which is mostly asymmetric, most probably also as a
result of preferential orientation of the crystallites in the absorber. The isomer shift is
about the same as for siderite, but, the quadrupole splitting is somewhat smaller and
amounts to 1.44-1.48 mm/s at RT, depending on the composition [170].

3.5 Silicates
3.5.1 Introduction

Silicate minerals are all structurally derived from the tetrahedral bonding of silicon
to oxygen. For a relatively small group of these minerals, the structure consists of
discrete orthosilicate anions SiO447, but, in the vast majority, the SiO, tetrahedra
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are joined by oxygen sharing into chains or sheets. Apart from the silicon, they all
further contain monovalent, divalent and trivalent metal ions of which a substantial
amount of Fe** and Fe** can be present. Therefore, Mossbauer studies in silicate
mineralogy have already been started in the early days of the application of the
Mossbauer effect. The power of the Mossbauer technique resides in the ability to
determine qualitatively and quantitatively the iron in the different lattice sites with
their specific valence and the distortion of their environments. This has been well
demonstrated in the numerous publications of G.M. Bancroft, Roger.G. Burns, M.
Darby Dyar, Stefan S. Haffner, Georg Amthauer, Victor A. Drits... and their
respective co-workers. Dyar et al. [150] have composed a comprehensive list of
the hyperfine parameters of a large variety of silicates.

Commonly, silicates are only magnetic at very low temperatures and hence
their MS recorded at RT and at 80 K generally consist of doublets. Moreover, the
divalent and trivalent iron cations are in the high spin state yielding comparable
hyperfine parameters for a given Fe?* or Fe*™ site in various minerals. This means
that distinct doublets due to a particular valence, if present in a given spectrum,
may strongly overlap and are sometimes difficult to resolve. Furthermore,
absorbers from silicates that are crystallized in chains or sheets may be subject to
texture effects resulting in a different intensity of the two lines of a given doublet
component. All this makes MS not so powerful as far as direct identification of
silicates is concerned and one has to rely on the results of other techniques such as
X-ray diffraction. Nevertheless, a better resolution for the Fe** doublets in par-
ticular can often be obtained from measurements at several temperatures because
of the divergent variation of the quadrupole splitting with temperature for the
different ferrous sites. Further, asymmetry in the doublets can be avoided by a
suitable absorber preparation eliminating texture effects to a large extent. If nec-
essary, measurements under the so-called “magic angle”, i.e. with the absorber at
54 degrees with respect to the direction of the y-ray, may also be helpful in that
respect.

From the spectral data of silicates some general rules can be put forward:

e the Fe?* and Fe’* oxidation states are usually easily distinguished

e the isomer shift for Fe** ions in silicates depends both on coordination number
and symmetry in the following order: d (square planar) < ¢ (tetrahedral) < o
(octahedral) < 6 (dodecahedral); 6 shows a linear relation with bond distance
and bond strength

e the quadrupole splitting of octahedral Fe** is very sensitive to site symmetry and
generally decreases with increasing distortion, due to the lattice contribution
being opposite to the dominant valence contribution.

According to the way of stacking the SiO, tetrahedra, the silicates are usually
divided into different classes (Fig. 3.22): nesosilicates (single tetrahedra), sorosi-
licates (double tetrahedra), cyclosilicates (tetrahedra joined to rings), inosilicates
(tetrahedra joined to single or double chains), phyllosilicates (sheets of tetrahedra)
and tektosilicates (three dimensional stacking of tetrahedra). This classification
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Fig. 3.22 SiO, stacking in silicates (only O atoms are shown): a Nesosilicates, b sorosilicates,
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will henceforward be adopted for further discussion of the specific silicate
minerals.

3.5.2 Nesosilicates

Nesosilicates is the class of silicate minerals in which the structure is built up by
independent tetrahedra of SiO,4. This class contains some mineral groups like the
olivines, the silicate garnets, the epidote group and some separate minerals.

3.5.2.1 Olivines

Olivines consist of independent SiO, tetrahedra surrounded by six-coordinated
metal cations in two distinct sites M1 and M2. Mdssbauer studies of the forsterite-
fayalite (Mg,Si04-Fe,SiO4) and fayalite-tephroite (Fe,SiO4—Mn,Si0,) series all
revealed at RT a simple doublet with a quadrupole splitting A in the range
2.80-3.02 mm/s and an isomer shift g, = 1.16—1.18 mm/s [171]. The doublet is
often asymmetric with different line widths and depths indicating the presence of
two doublets, one arising from M1 and the other one from M2 sites [172].
However, these doublets overlap to such a large extent that they can hardly be
separated in the spectrum analysis. At high temperatures (1000 K) a separation of
both doublets can be possible. Fayalite itself orders antiferromagnetically below
66 K, and becomes towards forsterite at a lower composition-dependent temper-
ature a canted antiferromagnet [173—-175]. At very low temperatures two distinct
magnetic patterns are observed with B of 12.0 and 32.3 T [176, 177].

A mixed-valence iron olivine is laihunite (ferrifayalite) with ideal composition
Fe?*Fe*(Si0,),. In this olivine species Fe** occupies M1 sites, alternated with
vacancies, whereas Fe*™ occupies the M2 sites. Due to the difference in oxidation
state two well resolvable doublets are observed with Jg. = 0.39 mm/s and
A = 0.91 mm/s for Fe** and dp, = 1.13 mm/s and A = 2.75 mm/s for Fe** [178].
Ferrifayalite often occurs as an intergrowth of fayalite and laihunite [179]
(Table 3.11, 3.12, and 3.13).
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Table 3.11 Representative hyperfine parameters at RT for some olivines
Mineral Formula Fe site Op. mm/s A (mm/s)
Fayalite (Fe®),Si0y Fe>* MI,M2 117 2.81
Fayalite-forsterite-tephroite  (Fe?*,Mg,Mn),Si0,  Fe’* MI,M2  1.16-1.18  2.80-3.02
Laihunite (Fe**, Fe*,),Si0, Fe?* M1 1.13-1.16  2.75-2.83
Fe** M2 0.37-043  0.85-0.91
Table 3.12 Representative hyperfine parameters at RT for some garnets
Mineral Formula T (K) Fe site Jpe (mm/s) A (mm/s)
Almandine (Fe?)3A15(Si04); RT  Fe** dodec 1.28 3.51
77 1.43 3.66
Pyrope-almandine (Mg,Fez+)3A12(SiO4)3 RT Fe?* dodec 1.20-1.30 3.47-3.70
77 1.33-1.44 3.47-3.70
Spessartine (Mn,Fe?*);A1,(Si0,); RT  Fe** dodec 1.28 3.52
77 1.42 3.64
Andradite Cas(ALFe*")5(Si0,)3 RT Fe*oct 041 0.5-0.6
77 0.50 0.5-0.6
Almandine-grossular (Ca,Fe*");(ALFe*"),(Si0O,); RT  Fe?* dodec 1.20-1.30 3.47-3.70
77 Fe**oct  0.35-045 0.29-0.75
Fe?* dodec 1.33-1.44 3.47-3.70
Fe** oct  042-0.52 0.26-0.64
Titano-andratite Cas(Fe*,Ti,51)(Si04)3 RT Fe*ter 020 1.15
77 Fe**oct 040 0.75
Fe** tetr  0.30 1.15
Fe** oct  0.50 0.75
Table 3.13 Representative hyperfine parameters at RT for some other nesosilicates
Mineral Formula Fe site Ope (mm/s) A (mm/s)
Epidote Ca,(Fe**,Al);O(OH)(Si,0-)(Si0O4) Fe** M3 0.34-0.36 1.9-2.1
Piemontite  Cay(Fe®*,Mn,Al);O(OH)(Si,0,)(SiOy) Fe** M3  0.34-036  2.05-2.10
Fe’* M1 0.29-0.33 0.9-1.1
Allanite (Ca,RE),(Fe** Al);O(OH)(Si,0,)(Si04)  Fe** M3 0.37 1.97
Fe** M1 0.29 1.33
Fe>* M3 1.07 1.66
Fe>* M1 1.24 1.93
Staurolite (Fe,Mg,Zn),Aly(Si,Al)40,0(OH)4 Fe?* tetr 0.98 (av) 2.45 (av)
Fe?* tetr  0.98 (av) 2.10 (av)
Fe** tetr  0.97 (av) 1.6 (av)
Fe** tetr  0.15 (av) 0.7 (av)
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3.5.2.2 Garnets

The most important iron and silicon containing garnet minerals are the pyrope-
almandine series (Mg,Fez+)3A12(SiO4)3 and andradite Ca3(A1,Fe3+)2(SiO4)3. When
Mg is replaced by Mn the garnet is called spessartine (Mn,Fe®*);Al5(SiOy)s. The
garnet structures contain SiO, tetrahedra with commonly trivalent cations in
6-coordination and divalent cations in §-coordination.

Members of the pyrope-almandine series exhibit a doublet at RT with an isomer
shift g, = 1.2-1.4 mm/s and a very large quadrupole splitting A in the range
3.47-3.70 mm/s [180]. An additional doublet of Fe* due to the six-fold coordi-
nated Al site is observed with dg. = 0.35-0.45 mm/s and A = 0.29-0.75 mm/s
when going from almandine towards andradite. These intermediate minerals are
often called grossular. Pure almandine orders magnetically around 10 and at 4 K
an Fe?* octet is observed with a hyperfine field of 23—24. 5 T [181]. The typical
large quadrupole splitting in garnets is shown in the spectrum of spessartine in
Fig. 3.23.

Andradite possesses at RT the typical Fe>* hyperfine parameters, namely
Ope = 0.39-0.41 mm/s and A = 0.5-0.6 mm/s [180]. The latter is, however,
strongly dependent on the composition. It orders magnetically below 11 and at 4 K
the hyperfine field amounts to 51.9 T [182]. Actually, the spectrum is asymmetric
and can be analyzed with two sextets having different quadrupole shifts 2¢ = 0.32
and —0.16 mm/s, due to a complex spin structure with different orientations with
respect to the EFG principal axis. In some garnets such as titanium andradite,
Cas(Fe,Ti,S1)5015, Fe** also occupies partly the tetrahedral Si sites, exhibiting
very low isomer shifts and rather high quadrupole splittings [183].

Fig. 3.23 RT spectrum of
spessartine showing the
predominant Fe®* doublet
with the typical large
quadrupole splitting for
garnets. The spectrum shows
an additional small doublet
from octahedral Fe** (after
Eeckhout et al. [308])

-
=
-
-




3 Application of Mossbauer Spectroscopy 133
3.5.2.3 Epidote Group

Epidote has the chemical formula Ca,(Fe,Al);O(OH)(Si,07)(SiOy4). The structure
is mainly monoclinic and consists of Al oxide and hydroxide chains linked by
single-tetrahedra SiO, and double-tetrahedra Si,O,. Because of the presence of the
latter the epidotes can also be placed under the class of sorosilicates. The Fe** is
mainly located in a very irregular polyhedron called M3 site and hence, unusually
large quadrupole splittings in the range 1.9-2.1 mm/s are observed for Fe'*,
whereas the isomer shifts 0.34-0.36 mm/s clearly reflects the trivalent state
[184—-187]. Epidotes have a large variety in chemical composition and trivalent
iron has also been found to be present in the more regular octahedral M1 and M2
sites. Also, Ca can partly be substituted by trivalent rare earth elements (RE), such
as Ce*, with simultaneously Fe®* substituting for Al** to make up the charge
balance. Such minerals are called allanites. In the latter some part of Fe** occupies
the M1 sites, whereas also Fe®* is present on both sites yielding four doublets
[185].

3.5.2.4 Staurolite

Staurolite belongs to the so-called subsaturate group of nesosilicates because it has
in its structure additional oxygen ions to those forming the SiO, tetrahedra. The
chemical composition is rather complex and can be written as (Fe,Mg,Zn),Alg
(S1,A1)40,0(OH),4. It crystallizes in a monoclinic structure with Fe?* located in
different tetrahedral coordinations, having average hyperfine parameters:
Spe & 098 mm/s and A ~ 2.3 mm/s [184, 188]. Fe>* was found to be present
with g, &~ 0.20 mm/s and A = 0.60 mm/s [188]. However, a more thorough
analysis revealed the appearance of up to six doublets in the spectra [189].

3.5.3 Sorosilicates

Sorosilicates consist of double tetrahedral Si,O- units and are relatively uncommon.
Representative minerals in this class are the melilites and ilvaite.

3.5.3.1 Melilites

Melilites with chemical formula (Ca,Na)Z(Mg,Fez+,Fe3+,Zn,Al)(Si,Al)zO7 possess
a tetragonal structure. It consists of tetrahedral layers with cations (Ca, Na)
halfway between adjacent layers. The layer modulation is incommensurate (Seifert
et al. 1987). Well-known examples are gehlenite (Ca,Al(AlSiO7)), dkermanite
(Ca,Mg(Si,07)) and hardystonite (Ca,Zn(Si,05)). Calcium occupies a dodecahe-
dral site, whereas the other cations are distributed among two kinds of tetrahedral
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sites T1 and T2, the latter being the normal silicon site. Fe** enters the melilites
mainly the T1 site. The hyperfine parameters are 0g. & 0.2 mm/s, A ~ 0.9 mm/s
for Fe** and dp. ~ 1.00 mm/s, A & 2.3 mm/s for Fe**. Although it was sug-
gested that a small amount of Fe** enters also the T2, it is finally found in ferric
melilites that Fe** actually occupies two differently distorted T1 sites with
Ope ~ 0.19 mm/s, A = 0.75 and 1.04 mm/s [190].

3.5.3.2 Ilvaite

Tlvaite with chemical formula CaFe}™Fe*"(Si,0;)O(OH) has an orthorhombic
structure. Technically spoken, it can be considered as a subsaturated sorosilicate in
view of the additional O*~ and OH™ groups. The structure can be described as
ribbons of double rows of edge-shared octahedra consisting of five oxygens and
one hydroxyl anion and designated as M1(8d) sites. Above and below the ribbons
are octahedral M2(4c) sites with solely oxygen surrounding. It was later found that
low-impurity ilvaite possesses a slightly monoclinic structure with two M1 sites,
MI11 and M12, and becoming orthorhombic with increasing substitution (e.g. by
Mn2+) and temperature [191]. Iron enters all the octahedral sites. The Mossbauer
spectra show globally three absorption peaks (Fig. 3.24) which can essentially be
analyzed with 3 doublets, one for Fe** in M11 site, one for Fe®* in M12 site and
one for Fe®* in M2 [192, 193]. Representative hyperfine parameters are listed in
Table 3.14.

On the other hand, two additional doublets are sometimes introduced to account
for Fe**—Fe>* electronic relaxations [194, 195], in particular for Mn-rich ilvaites
[196]. The appearance of only two doublets in Mn-rich ilvaites at higher tem-
peratures indicates a collapse to Fe?>* in the M1 site, so that in the intermediate
temperature region a relaxation process occurs which significantly broadens the
central absorption peak [197].

Fig. 3.24 Typical RT
spectrum of ilvaite (adapted
from Dotson and Evans
193
[193]) \
\\
1 1
0 1

2 -1

velocity (mm/s)
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Table 3.14 Representative hyperfine parameters at RT for some sorosilicates

Mineral ~ Formula Fe site Ope (mm/s) A (mm/s)
Melilite  (Ca,Na),(Mg,Fe** Fe**,Zn,Al)(Si,A]),0; Fe** TI,T2  ~1.00 23
(Ca,Na),(Mg,Fe")(Si,07) Fe** T1, 0.19 0.75
Fe** T1, 0.19 1.04
Tlvaite  CaFe2*Fe* (Si,07)O(OH) Fe’* M2 ~1.05 2.30-2.50
Fe?* M11 ~1 2.10-2.20
Fe** M12 0.55 1.1-1.3

3.5.4 Cyclosilicates

The most common structural motif in the group of cyclosilicates is the six-membered
SigO,g ring, as been found in beryl and tourmaline. The Mossbauer spectra of these
minerals present a number of features that have remained incompletely understood
for a long time.

Beryl has a hexagonal structure composed of a stacking of rings forming
channels parallel to the c-axis. These columns are linked by AI** and Be** in six-
and four-fold coordination, respectively. The ideal formula is Be3Al,;SigO;g. The
iron contents in these minerals are small and usually less than 1 wt %. In general,
the Mdssbauer spectrum consists of a broad peak near zero velocity and a sharp
line near 2.5 mm/s. This particular spectral behavior has been attributed to an
unspecified relaxation process. At low temperatures two well resolved ferrous
doublet spectra are observed. At 4 K the hyperfine parameters are g, = 1.3 mm/s,
A = 2.7 mm/s and Jg. = 1.0 mm/s, A = 1.5 mm/s, respectively [198]. The first
doublet has been assigned to octahedral Fe** whereas the second less intense one
represents substitutional Fe®* in the highly distorted Be®* tetrahedral sites.
Additionally, small amounts of Fe* are located in the octahedral AI** sites. In a
sample of deep-bleu beryl a fourth doublet has been resolved and assigned to Fe**
in the channels [199].

Cordierite with ideal formula Al3(Fe2+)2(AISi5)018 is structurally similar to
beryl. The principal octahedral cations are Fe** and some Mg instead of Al. The
spectra of both magnesium and iron cordeirites exhibit spectra consisting of a
predominant ferrous doublet with dg, = 1.15 mm/s and A = 2.3 mm/s. A second,
much weaker, ferrous component is observed which was attributed to channel iron
[200]. However, this second has also been interpreted as being due to Fe?*
replacing Al, whereas Na enters the center of the rings [201].

Tourmalines have a complex structure which includes SigO;g rings, BO;
groups, spiral chains of AlOs(OH) octahedral (C) sites and edge-sharing clusters of
three MgO4(OH), octahedral (B) sites. The ideal formula would be
X(Y3Z6)(Sig013)(BO3);(OH);(OH,F) with X = Na, but also K, Ca or vacancies,
Y = Mg, but also Fe, Mn, Al, Fe, Cr, Ti and Z = Al, but also Cr, and V. Due to
the large variety of cations in this structure a wide variety of spectra have been
reported. The most common tourmalines are within the elbaite-schorl series
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Fig. 3.25 RT spectra of some tourmalines from the English Lake District which needed to be
fitted with 2 to 4 doublets (adapted from Eeckhout et al. [207])

Table 3.15 Representative hyperfine parameters at RT for cyclosilicates

Mineral Formula Fe site Ope (mm/s) A (mm/s)

Beryl BesALSigO1g Fe®* oct  1.16 2.70
(Fe** oct) 0.59 0.86

Cordierite Aly(Fe**),(AlSi5)O;g Fe** 1.15 23

Tourmaline Ca(Fe?*);]Al6(Sig015)(BO3);0H);(OH) Fe?* Y1 1.08-1.10 2.50

(schorl) Fe>* Y2 1.07-1.10 2.20-2.35

Fe* Y3 1.07-1.10 1.40-1.70
+ other D

[Na(Lig sAlg 5)3-Ca(Fe**)3]Alg(SigO15)(BO3);(OH);(OH)- and the dravite-schorl
series [Na(Mg)s- Ca(Fe**)3]Alg(SigO;5)(BO3)3(OH)3(OH).

The spectrum of tourmaline consists basically of a quadrupole doublet with
Ope = 1.1 mm/s and A = 2.46-2.48 mm/s originating from Fe?* on the B (Y)
sites. Although this doublet is dominant in most of the spectra in tourmalines, other
doublets are clearly observed which have been attributed to Fe®*, Fe** and
intermediate Fe™* (from electron exchange processes). Additional iron in C (Z)
sites and a cis—trans isomerism in B (Y) sites may render the spectra rather
complicated leading up to five or even seven components to be used in the fits
[202-207]. RT spectra of some tourmalines are displayed in Fig. 3.25
(Table 3.15).

3.5.5 Inosilicates

The inosilicate minerals are built up by chains of SiO,4 tetrahedra. They can further
be divided into two subclasses: the pyroxenes with single-stranded chains, having
an overall composition SiO5*~ and the amphiboles with double-stranded chains of
Si,0,,%” stoichiometry.
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3.5.5.1 Pyroxenes

Pyroxenes have the general formula X(Y)(SiOs),. They crystallize in a monoclinic
(clinopyroxenes) or orthorhombic (orthopyroxenes) structure. The Y cations are
located in the M1 sites which are moderately distorted octahedra whereas X
represents cations in highly distorted sites with six-, seven- or eight-fold coordi-
nation according to the kind of mineral. Generally, the structure is orthorhombic
when X is Mg or Fe** and is monoclinic when X is Ca or Na.

Orthopyroxenes have compositions close to the enstatite-ferrosilite MgSi,Og—
FeSi,Og tie line. The spectra consist of two ferrous doublets, which can be clearly
resolved (Fig. 3.25). The one with the small quadrupole splitting (see Table 3.16)
can be assigned to the distorted M2 sites [208]. In the (Mg,Fe)Si,Og¢ series this
doublet remains rather intense evoking the preference of iron for the M2 sites. [209].

A larger variety of crystal chemistry is possible in the clinopyroxenes. Besides
the compositions on and close to the diopside-hedenbergite CaMgSi,O¢-CaFe-
Si,0g tie line (augites) there exist sodium pyroxenes such as jadeite NaAlSi,Og,
aegirine NaFe3+Si206 (also called acmite), kosmochlor NaCrSi,Og and jervisite
NaScSi,0g, lithium pyroxenes as spodumene LiAlSi;Og, monoclinic forms of
enstatite and ferrosilite (clinoenstatite and clinoferrosilite) and of course all
compositions between them of which some received mineral names like ompha-
cites (Ca,Na)(Fe**,Fe** Mg,A1)Si,O¢ and pigeonites (Ca,Fe?* Mg)(Fe,Mg)Si»O.
Ca-free clinopyroxenes along the MgSiO5;-FeSiO; tie line only exist under high
pressure in the earth crust [210] (Fig. 3.26).

The Mossbauer spectra of the diopside-hedenbergite series are straightforward
and predominantly consist of a ferrous doublet (Fig. 3.27a) for which the quad-
rupole splitting A varies between 2.30 and 1.85 mm/s (Table 3.16), decreasing on
going from hedenbergite to diopside. [211-213]. Deviations from stoichiometry
introduce a small amount of an Fe?* doublet from M2 sites and a weak Fe**
doublet. Because the quadrupole splitting of the M1 doublet is strongly temper-
ature dependent whereas the one of the M2 doublet remains invariant at about
2.0 mm/s, measurements at various temperatures are usually necessary to resolve
both doublets. Trivalent iron can also be introduced to some extent in diopside,
thus substituting for Mg and Si.

Table 3.16 Table Representative hyperfine parameters at RT for some pyroxenes

Mineral Formula Fe site Ofe (mm/s) A (mm/s)
Ferrosilite Fe,Si,Og¢ Fe?* M1 1.17 2.48
Fe?* M2 1.13 1.93
Enstatite- ferrosilite (Mg,Fez+,Mn)ZSiZO(, Fe?* M1 1.15-1.18 2.35-2.69
Fe?* M2 1.12-1.16 1.91-2.13
Hedenbergite CaFe®*Si,04 Fe?* M1 1.19 2.20
(Fe**M1) 0.34 0.68
Diopside-hedenbergite Ca(Mg,Fe2+)Si206 Fe** M1 1.19 1.85-2.30

Aegerine (Na,Li)Fe**Si,0¢ Fe** M1 0.39 0.30
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Fig. 3.26 RT Maossbauer
spectra of synthetic samples
of the enstatite-ferrosilite
series showing a gradual
increase of Fe?* on M1 sites
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(from Dyar et al. [209])

¥

[) L]
12 ot “ \
11} 810 \ o f \ !

-—
o
J
[
N
[=]
e
P _'_'.'
m)’

% Absorption

N w [$,] (o)) ~ o0 [(e]
m m m
ow w 0‘1’,
2 af g
--""P-
gl LI

-

j

o«

~

w

-’
T
< l.<:

SN

21

31 Y A
-4 Lo M2y i
51 M1 W M2 v M1
-6 t ; t t
2 -1 0 1 2 3
Velocity (mm/s)

Ca—Fe pyroxenes with compositions between hedenbergite and clinoferrosilite
(Ca,Fez+)(Fez+)SiQOG show structure in their spectra which requires more than two
ferrous doublets for an adequate fit [214]. The observed subspectra may arise from
the different numbers of iron and calcium neighbors on the three M3 sites. Even a
more distinct structure is observed in the omphacites in which the distribution of
the charges among the neighboring M2 sites (Ca>* and Na®) has a large effect on
the Fe?* located in the M1 sites [215].

Aegirine NaFe®*Si,Oq shows a ferric doublet with g, = 0.39 mm/s and
A = 0.30 mm/s (Fig. 3.27b). Replacing Na by Li causes a change in coordination
number from eight to six for M2 sites, but has no effect on the hyperfine
parameters. Systematic studies of solid solutions of aegirine with diopside,
hedenbergite, kosmochlor and LiFeSi,Og showed that neither é nor A changes
markedly as long as the valences of the neighboring cations of Fe remain unal-
tered. Whenever ions of different valences are mixed on the same site electron
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Fig. 3.27 RT spectra of hedenbergite (a) and aegirine (b)

hopping occurs [197, 216] and consequently the quadrupole splitting depends
strongly on the composition.

Beside the clino- and orthopyroxenes there exists a group of minerals with
similar chemical compositions of pyroxenes called pyroxenoids. There structures
are based on twisted chains of silica tetrahedra. An example is rhodonite
(Mn,X)Si03 (X = Fe, Ca, Mg), which contains five different sites: three moder-
ately and one strongly distorted octahedral sites and one seven-fold coordinated
site. Spectra of rhodonite and fowlerite (Zn-rich rhodonite) needed to be adjusted
with five doublets showing Fe** to be present in all the available sites [217, 218].

Other minerals, which are structurally similar to pyroxenes except that the
octahedral strips form zigzags, are carpholites, (Mn, Fe?") ALy (Si,06)(OH),. In
these mineral species the ferrous iron is found to be in a M2 position that is
virtually undistorted. Consequently a very large quadrupole splitting of 3.20 mm/s
is observed [209, 210].

3.5.5.2 Amphiboles

The amphiboles consist structurally of double Si4O;; chains parallel to the
orthorhombic or monoclinic ¢ axis. The general formula of the amphiboles is
W, X5(Y5)(Si4011)>(OH), in which Y represents the octahedral M1, M2 and M3
sites, X denotes the cation in the irregular M4 site, similar to the M2 site in
pyroxenes, and W is the cation in the ten- to 12-fold coordinated A site which
resembles the interlayer sites in micas. The A site is often empty. Similarly to the
pyroxenes the M4 site can accommodate Ca, Na, Li, Mg and Fe?* and the M1-M3
sites are occupied by Fe?*, Mg, Fe**, Al, Mn,... The A site, if occupied,
accommodates large monovalent ions such as Na or K. The relative abundances of
the various sites M1:M2:M3:M4:A is 2:2:1:2:x with 0 < x<1.
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The iron end member of the amphiboles is monoclinic grunerite Fe;SigO,,(OH),
with Fe* filling the M1-M4 sites. The spectra consist of two doublets, an intense one
with somewhat broadened lines arising from three non-resolvable doublets corre-
sponding to iron on the M1-M3 sites and the other one to iron on the M4 sites. The
hyperfine parameters are dg. = 1.16 mm/s, A = 2.82 mm/s and g, = 1.10 mm/s,
A = 1.8 mm/s, respectively [184].

Anthophyllite, (Mg;)[Mg7](SigO2,)(OH),, is orthorhombic and when substitu-
tuted with iron shows similarly two resolved doublets for M1-M3 and M4 sites,
respectively, with most of the iron occupying the latter. From the degree of Fe/Mg
disorder the rock’s cooling rate can be determined [219]. The solid solutions
between grunerite and anthophyllite are monoclinic up to 70 % anthophyllite. The
members of the monoclinic cummingtonite-grunerite series, (Fe,Mg,Mn);.
Sig0,,(OH),, all show double doublet spectra with hyperfine parameters similar to
those of grunerite [220].

Gedrite is an orthorhombic amphibole obtained from anthophyllite by substi-
tution of some Mg and Si by Na and Al. The ideal formula is Nags(M-
g5.5,Al1 5)(SigAl,)O0,,(OH), with Na entering the A sites. The spectrum of ferrous
iron in gedrites exhibits a broadened doublet because the M1, M2 and M3 sites
have no longer similar distortions from octahedral symmetry [221, 222]. The
spectra can be fitted with three Fe?* components and a weak Fe** component, but
it remains difficult to assign unambiguously the subspectra to the different sites.
Although there is a miscibility gap between anthophyllite and gedrite [223], some
Al may substitute in the former and the main effect is to reduce A and increase the
linewidth of the M1-M3 doublet with increasing Al content.

Holmquistite is another orthorhombic amphibole obtained from anthophyllite
by substitution of some Mg by Li and Al, the lithium entering the M4 site. In a
sample containing 1.44 iron atoms per formula unit two ferrous doublets could be
resolved with g, = 1.13 mm/s, A =28 mm/s and Jg = 1.11 mm/s,
A = 2.0 mm/s which were attributed to Fe** in M1 and M3 sites, respectively.
Fe** and Al enter the M2 sites [224]. Holmquisite has also a monoclinic variant,
which has a similar spectrum with comparable hyperfine parameters.

The calcic amphiboles, actinolites, are close to the tremolite-ferroactinolite,
Ca,MgsSig0,,(OH),—Ca,FesSig0,,(OH),, tie line. Ferrous iron is mainly present
in the M1 and M3 sites yielding A = 2.8-2.9 mm/s, but is also found in the M2
sites with A = 1.7-1.9 mm/s [225]. However, the latter doublet with low A value
has been assigned by Goldman [226] to Fe®* at the M4 sites, whereas this author
introduced an additional doublet with an intermediate A = 2.0 — 2.4 mm/s for
Fe?* in the M2 sites. Ferric iron, if present, enters also the M2 sites.

Similarly to actinolites a solid solution series of sodic amphiboles exists along
the line from glaucophane, Na,Mg;Al,Sig0,,(OH),, to riebeckite, Naz(Fe2+)3
(Fe>*),Sig0,,(OH),. The spectra are rather different from those of the actinolites in
that the M1 and M3 subspectra are better separated and that a substantial contri-
bution of an Fe** doublet is observed. The involved Fe** is believed to be mainly
present in the M2 sites [227, 228] (Table 3.17).
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Table 3.17 Representative hyperfine parameters at RT for some amphiboles

Mineral Formula Fe site Ope (mm/s) A (mm/s)
Grunerite Fe-Sig0,,(OH), Fe** M1 1.16 2.82

Fe?* M4 1.10 1.8
Cummingtonite- (Mg,Fe** Mn)-Sig0,,(OH), Fe’* MI-M3 1.16 2.81

grunerite Fe>* M4 1.10 1.5-1.8

Anthophyllite (Mg, Fe®);Sig04,(OH), Fe?* M1-M3 1.12 2.6

Fe?* M4 1.10 1.8
Riebeckite Na(Fe?*);(Fe>*),Sig0,,(OH),  Fe** M1 1.14 2.83

Fe?* M3 1.11 2.32

Fe** M2 0.38 0.43
Holmquistite (Li,Fe**,Mg,Fe™*),Sig0,,(OH), Fe** M1 1.13 2.8

Fe?* M3 1.1 2.0

Fe** M2 0.38 0.3
Ferroactinolite Ca,FesSigO.,(0OH), Fe* M1,M3 1.15 2.81

Fe?* M2 1.14 1.85-2.1

(Fe®* M4)  1.10 <1.8
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Fig. 3.28 Spectrum at 80 K of a natural riebeckite sample, fitted with quadrupole distributions
(a); resulting quadrupole distribution for Fe>* showing three peaks (adapted from Van Alboom
and De Grave [221])

It is worth to mention that the analysis of the spectra of pyroxenes has not always
been successful by using discrete doublets. Already in the early days of Mossbauer
investigations of pyroxenes, Bancroft [3] argued that the shortcomings of the until-
then commonly applied fitting procedures are the result of the non-uniform chemical
environment for both iron sites requiring rather a set of doublets for each site. The use
of shape-independent quadrupole distributions seem to be more appropriate in that
case [229] and has indeed been successfully applied to the analyses of the spectra of
pyroxene minerals such as aluminium diopsides [230] and magnesian hedenbergites
[211] and of amphiboles such as riebeckites [231] (Fig. 3.28).
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3.5.5.3 Other Chain Silicates

There exist a number of other chain silicates for which the chains are not linked in
the way as they are in pyroxenes or amphiboles. A first example is babingtonite in
which two chains of SiO, tetrahedra are joined by groups of four edge-sharing
octahedra. The ideal formula of the iron member is Ca,Fe**Fe**SisO,4(OH) in
which Fe** and Fe** each occupy a distinct site. Calcium occupies two types of
large interstices. The spectra are consequently quite simple, consisting of narrow
ferric and ferrous doublets [232]. Another particular chain silicate is deerite which
has a structure based on a hybrid single-double SicO;; chain. There is a strip of
edge-sharing octahedra with nine crystallographically distinct sites, which are
classified into three groups of each three sites. The ideal formula is
(Fez+)6(Fe3+)3O3Si6Ol7(OH)5. The spectra are complicated by the effects of
electron hopping [233]. There are signs of a preference of Fe** for M1 and M3
positions and of Fe>* for the others.

3.5.6 Phyllosilicates

Phyllosilicates are the most important minerals of the silicate group. They are
either inherited from parent rocks (detrital minerals), reflecting a chemical relation
to their environment, or they are secondary minerals. i.e. modified by strong
external conditions or transported from other places. Species from the latter group
usually show a rather small-particle morphology and are accordingly divided into
silt (>2 pum) and clay (<2 pm) fractions. Particularly the clays have ever since
ancient times been important minerals for industrial uses. Microcrystalline phyl-
losilicates were formerly referred to as “clay minerals”, but nowadays also fine-
grained oxides and oxyhydroxides occurring in soils and sediments are also termed
as clay minerals.

The phyllosilicates are composed of sheets of SiO, tetrahedra, which can be
divided into two groups: the 1:1 layer and the 2:1 layer minerals. The 1:1 layer
silicates are composed of alternating tetrahedral Si4O;o and octahedral Al4(OH);,
layers. The octahedra are formed by two oxygen and four hydroxyl anions
(Fig. 3.29). The layers themselves are electrically neutral and the stacks are held
together by van der Waals or hydrogen bonding. The repeat distance is about
0.7 nm. The general formula is (M3"or M3")Si>Os(OH),. According to the filling
of the octahedra the silicate can either be dioctahedral with 2/3 of the octahedral
sites filled or trioctahedral in which all octahedra are filled.

The basic block of a 2:1 layer silicate is a sandwich layer of one octahedral
sheet between two tetrahedral ones. The octahedral sheet contains now two apices
of two sheets of tetrehedra, so four of the ligands are now oxygen and two are
hydroxyl ions (Fig. 3.29). The hydroxyls may be at opposite or adjacent corners of
the octahedron, giving trans and cis coordination, respectively, mostly denoted as



3 Application of Mdssbauer Spectroscopy 143

empty pyrophyllite, talc
@ KCa,.. illites.
water
+ smeclites
calions
waler layers
+ vermiculites
cations
; chlorites

1:1 layer silicates 2:1 layer silicates

Fig. 3.29 Stacking of octahedra and tetrahedra in phyllosilicates

M1 and M2. The basic blocks may either electrically neutral such as in pyro-
phyllite or talc, but more frequently there is a charge deficiency which must be
compensated. In the micas the substitution of AI** for a quarter of the Si** is
compensated by a 12-fold coordinated large K* ion in the interlayer position. In
the so-called brittle micas two silicons are replaced by aluminum and the interlayer
cation is divalent. The repeat distance of the layer is close to 1 nm. The smectites
and vermiculites contain water or water layers with cations in solution. In the
former the repeat distance is variable according to the water content. Because
vermiculites are usually better crystallized the charge deficit is higher which
makes them difficult to expand. Their normal state is a double layer of water giving
the characteristic 1.4 nm spacing. In chlorites the interlayer is occupied by a
brucite (Mg,Al)3(OH)¢ sheet which compensates for the charges. The ionic
bonding between the brucite sheet and the talc layers also prevents the chlorites to
expand. Similar to 1:1 layer silicates, 2:1 layer species can be dioctahedral or
trioctahedral.

3.5.6.1 1:1 Layer Silicates

Kaolinite is the basic dioctahedral 1:1 layer silicate. The ideal formula is
Al,Si,05(0OH),. It tends to contain very little iron and it has been shown that ferric
iron can substitute for Al to a very small amount. Murad and Wagner [234] sum-
marized the published Mssbauer data giving on the average og, = 0.34 mm/s and
A = 0.52 mm/s for the ferric doublet. These hyperfine parameters are also repre-
sentative for superparamagnetic iron oxyhydroxides and oxides which are com-
monly associated with kaolinite. Therefore spectra at very low temperatures
(below the blocking temperatures of the oxides) are necessary to distinguish the
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associated oxides from lattice iron. At 4 K kaolinite still shows a doublet with
Ope = 0.48 mm/s and A = 0.52 mm/s. In some cases a small percentage (<10 at %)
of Fe?* can be detected with Ope = 1.1-1.3 mm/s and A = 2.4-2.9 mm/s at RT.

The trioctahedral analogue of kaolinite is the group of serpentine minerals
based on antigorite Mg;Si,O5(OH), with polymorphs chrystolite and lizardite.
Small amounts of iron in those serpentines yield hyperfine parameters of
Spe = 1.14 mm/s, A = 2.68-2.76 mm/s for Fe** and g, = 0.37-0.42 mm/s, and
A = 0.65-0.85 mm/s for Fe** [235, 236]. The iron-rich serpentine is cronstedtite
with formula Fe3"Fe*' (SiFe’")Os(OH),. The RT spectrum of cronstedtite is
rather complicated due to the electron hopping on the octahedral sites [237].
Tetrahedral and octahedral Fe** are best distinguished in the magnetically split
spectrum at 4 K for which hyperfine fields of 40.6 and 46.7 T are found respec-
tively. The ferrous end member of the serpentines is greenalite with formula
Fe§+SiZO5 (OH),. Its ferrous doublet is well defined with O, = 1.15 mm/s,
A = 2.75 mm/s [238]. For the intermediate members, the berthierines (not to be
confused with chamosite, which is a 2:1 silicate), the quadrupole splitting A falls
within the range 2.62-2.68 mm/s [239].

3.5.6.2 2:1 Layer Silicates

The basic 2:1 dioctahedral silicate is pyrophyllite with formula Al,Si4O;¢o(OH),. In
muscovite, KAly(SizAl)O,¢(OH),, interlayer K compensates electrically for the Al
replacement for Si. Illites have a more variable composition with a general formula
(H30,K),Al»(SisAl)O19(OH),. Nontronite is the iron-rich dioctahedral silicate
with general formula M*Fe3" (Sis_,Al,)O19(OH),.

Although, Mossbauer spectra of the various silicates turned out so far to be
reasonably analyzable in a relatively unambiguous way, this is surely not the case
for 2:1 layer silicates. In all these silicates AI’* is partly replaced by Fe>* resulting
in one or two ferric doublets, which can be interpreted by the Fe-for-Al substi-
tution on trans and cis sites. This is the basic spectrum for all the 2:1 dioctahedral
silicates. The quadrupole splitting of the inner doublet (cis) is found to increase in
the sequence ferripyrophyllite, nontronite, glauconite, montmorillonite, illite,
muscovite (Table 3.18), which in some sense corresponds to increasing distortion
of the octahedral [240]. The presence of small amounts of Fe>* possibly introduces
two additional doublets similarly attributed to cis and trans arrangements. A third
Fe** doublet with very small quadrupole splitting can be assigned to iron in the
tetrahedral sites. (see Johnston and Cardile [241] and references therein). How-
ever, in general there is still a lack of common approach for the analysis of the
spectra. This is clearly illustrated in the published Mossbauer results for illites and
nontronites [242]. Hence, only a fit with two broad-lined doublets or by quadru-
pole splitting distributions, one for each Fe** and Fe®*, can provide some
straightforward insight in the iron behavior in the structure of these minerals [243].
The iron-rich variants of illite are glauconite and celadonite. In glauconite there is
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Table 3.18 Representative hyperfine parameters at RT of some phyllosilicates

Mineral Site Ope (mm/s) A (mm/s)

Mineral Site Jpe (mm/s) A (mm/s)

1:1 dioctahedral

Kaolinite Fe* 0.48 0.52
Fe* 1.1-1.3 24-29

1:1 trioctahedral

Antigorite Fe?* 1.14 2.68-2.76
Fe** 0.37-0.42 0.65-0.85

Greenalite Fe?* 1.15 2.75

Berthierine Fe* 1.15 2.62

2:1 dioctahedral

Muscovite Fe**(M2) 0.40 0.72
Fe>*(M2) 1.13 3.00
Fe?*(M1) 1.12 2.20

Tllite Fe3*(M2) 0.33 0.59-0.73
Fe>*(M1) 0.38 1.21
Fe?*(M2) 1.14 2.75

Nontronite Fe**(M2) 0.36-0.39 0.24-0.27
Fe>*(M1) 0.37-0.40 0.59-0.68

Glauconite Fe3+(M2) 0.34 0.33
Fe>*(M1) 0.32 0.69
Fe?*(M2) 1.1 2.68
Fe?*(M1) 1.1 1.7-1.9
Fe**(interlayer) 0.50 0.5-0.8

Celadonite Fe**(M2) 0.35 0.39
Fe?*(M2) 1.12 2.64
Fe?*(M1) 1.12 1.76
Fe**(DSS) 0.39 1.16

2:1 trioctahedral

Talc Fe?*(M2) 1.13 2.6

Biotite Fe?*(M2) 1.12-1.14 2.57-2.63
Fe?*(M1) 1.07-1.15 2.12-2.22
Fe**(M2) 0.39-0.44 0.37-0.66
Fe**(M1) 0.39-0.49 1.16-1.24

Vermiculite Fe3+(M2) 0.29 0.57
Fe>*(M1) 0.37 1.10
Fe?*(M2) 1.11 2.58

Chlorite Fe?*(M2) 1.12 2.68
Fe?*(M1) 1.12 2324
Fe?*(brucite) 1.16-1.20 2.67-2.70
Fe**(?) 0.38-0.46 0.5-0.75

a much more significant replacement of Si by Al or Fe’" in the tetrahedra than in
celadonite, for which the substitution is considered to be 20 at % or less. The
Mossbauer spectra of glauconites can be consistently fitted with two ferrous
doublets (cis and trans), two ferric doublets (cis and trans) and a third ferric
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Fig. 3.30 RT spectra of two natural glauconiet samples fitted with three (a) or five doublets
(b) (adapted from De Grave and Geets [309])

Fig. 3.31 RT spectrum of a . e (M2)
natural celadonite sample f Fe" Fe’' (M1)
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fitted with four doublets 1 e (M2)
(adapted from Bowen et al.
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doublet (Fig. 3.30). De Grave et al. [244] assigned the latter to interlayer Fe’*,
whereas Johnson and Cardile [241] analyzed with a third ferric doublet with rather
small A which they attributed to tetrahedral Fe>*.

The spectrum of celadonite can be adjusted with two ferrous doublets and one
ferric doublet, the latter assigned to M2 sites (cis) [245]. A second weak Fe**
doublet with relatively large quadrupole splitting (A ~ 1.1-1.2 mm/s) (Fig. 3.31)
has been ascribed to iron in dehydroxylated surface sites (DSS) [246, 247].

The basic mineral of the 2:1 trioctahedral silicates is talc with formula
Mg;Si4O1¢(OH),. It is obvious that for this silicate Fe?* will be the most abundant
valence of iron and consequently the spectra consist predominantly of ferrous
doublets [246, 248]. Similarly, this is also the basic spectral appearance for all
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trioctahedral silicates. The spectra of biotites show consistent peak positions for
Fe?* in M2 sites and for Fe** in M1 sites with broader variation in hyperfine
parameters for the latter [247, 249]. Additional Fe®* components that appear in the
spectra are resolved as two distinct doublets with hyperfine parameters repre-
senting the M2 and M1 sites [249, 250].

Chlorites exhibit the main features of biotites. Well-known representatives of
the chlorite group are clinochlore, (Mg,Fe2+)5A1(Si3A1)O10(OH)8 and its iron-rich
variant chamosite. The major Fe** doublet in the spectra of chlinichlore and
chamosite has the typical values dg, = 1.13 mm/s and A = 2.70 mm/s whereas a
minor Fe’* doublet gives dp. = 0.39 mm/s and A = 0.67 mm/s [243]. A third
doublet is observed at lower temperatures, but has nearly the same hyperfine
parameters as the M2 ferrous iron at RT. This doublet might be attributed to
substitutions in the brucite layer [251]. The hyperfine parameters of trioctahedral
micas obtained in about fifty studies of these silicates are summarized in a review
by Dyar [250].

Finally, Table 3.18 presents a survey of og. and A values that have been
reported so far in the literature for a number of selected phyllosilicate species. It is
obvious from these data that the interpretation of the Mdssbauer spectra of micas is
not straightforward, the more so nature has provided us with such silicates with an
enormous variety in chemical composition.

3.6 Phosphates
3.6.1 Introduction

A large variety of phosphate minerals are found on Earth. Among these, apatite,
Cas(PO,);(F,OH,Cl), is the most abundant one and consequently serves as the
major source from which other naturally occurring phosphates originate by diverse
transformational processes. The structure of apatite can accommodate numerous
metal cations that substitute for Ca. By far most of the phosphates exhibit a
structure that is based on a polymerization of (PO,) tetrahedra and (Mdg) octa-
hedra, with ¢ = 0>~ or OH™. As such one distinguishes structures with finite
clusters of (PO,) tetrahedra and (Mdg) octahedra (e.g. anapaite), structures with
infinite chains of tetrahedra and octahedra (eosphorite), structures with infinite
sheets of tetrahedra and octahedra (strunzite, vivianite), and finally structures with
infinite frameworks of tetrahedra and octahedra (triphylite, heterosite, leu-
cophosphite). Iron, both as a divalent or trivalent cation, is a common substituent
and even complete solid solutions may be encountered. As a particular iron
phosphate generally occurs in low concentrations and as fine-grained material in
association with other mineral species, including other phosphates that may or may
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not contain iron, it is often a pain-staking task to collect a sufficient amount of
uncontaminated sample to derive a sound and diagnostic Mossbauer-spectroscopic
fingerprint for that given Fe phosphate. This drawback is possibly one of the
reasons why in the past Fe-bearing phosphates, compared to silicates, have less
frequently been studied by the Mossbauer effect. In what follows a few Fe
phosphates are selected and their MOssbauer characteristics as observed from their
paramagnetic spectra (mostly room temperature) are presented.

3.6.2 Anapaite

The ideal chemical formula of anapaite is CazFeZ+(PO4)2‘4HZO. It has the triclinic
structure. The Ca and Fe cations exhibit an eight- and a six-fold co-ordination
respectively. The iron is bound to four basal water molecules and two apical
oxygen atoms, which belong to a phosphate tetrahedron. The Fe octahedron shares
two edges with the Ca dodecahedron. Hence, there is only one type of octahedral
site available for the Fe>* cations with coordination O,(OH,),. Consequently, the
Maossbauer spectrum (see Fig. 3.32a) consists of a sharp quadrupole doublet with
parameters as indicated in Table 3.19. The mineral remains paramagnetic down to
a temperature as low as 4.2 K. From the temperature dependence of the quadru-
pole splitting, combined with external-field spectra, it is concluded that the Fe
octahedron is subjected to a tetragonal compression [252]. Oxidation treatments in
solutions with various H,O, concentrations up to 20 % and subsequent Mdssbauer
experiments at room temperature, have revealed that the anapaite structure is
unusually highly resistant against oxidation since eventually only a small amount
of Fe?* (~6.5 %) is converted into Fe®* (see Fig. 3.32b). The Fe** doublet
parameters are not affected by this partial oxidation.

(@ (b)

an

velocity (mm/s) velocity (mm/s)

Fig. 3.32 Mossbauer spectra of anapaite at 11 K (a) and of oxidized anapaite at 80 K (b)
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Table 3.19 Representative hyperfine parameters at RT of some iron-bearing phosphates

Mineral Formula Fe site Ope A
(mm/ (mm/s)
s)
Anapaite CayFe?* (PO,),.4H,0 Fe?*0,(OH,), 1.19 249
Eosphorite Mn?*+AIPO, (OH),.H,0 Fe?*0,(OH), 125 1.74
Manganostrunzite Mn”Fe;*(PO4)2(OH)2~6(H20) Fe>*0,(0OH,), 0.42 0.61
Fe3*05(OH,)(OH), 0.41 0.79
[Fe(1)] 041 0.63
Fe’*03(OH,)(OH),
[Fe(2)]
Ferristrunzite Fe%*(PO4)2(OH)2-[(H20)5(OH)] Fe3+02(OH2)3(OH2) 0.40 0.64
Fe**O5(OH,)(OH), 0.39 0.89
[Fe(1)]
Fe**0;(0OH,)(OH), 0.39 0.74
[Fe(2)]
Ferrostrunzite® Fe”Fe%* (PO4),(OH),-6(H,0) Fe?*0,(0OHy), 1.33 2.65
Fe?*0,(OH,), 133 3.06
Fe3*05(OH,)(OH), 0.52 0.85
[Fe(1)] 0.52 0.64
Fe’*05(OH,)(OH),
[Fe(2)]
Vivianite Fel* (PO,),.8H,0 Fe’*0,(OH,), 119 248
[Fe(1)]
Fe?*04(OH,), 122 296
[Fe(2)]
Ox. vivianite Fel* Fel* (PO,),.(8 — q)H,0q(OH) Fe*05(OH,), 123 2.48-2.39
[Fe(1)]
Fe?*0,(OH,), 122 3.00
[Fe(2)]
Fe**0,(OH,), 041 0.91-1.01
[Fe(1)]
Fe>*0,(OH,), 042 044
[Fe(2)]
Triphylite LiFePOy4 Fez+06 [M2] 1.22 296
Heterosite Fe>*PO, Fe>* 04 [M2] 041 1.63
Leucophosphite ~ KFe,(PO,4),(OH).2H,O Fe3+05(OH2) 041 0.84
[Fe(1)]
Fe3*04(OH), 041 0.55
[Fe(2)]

% data at 50 K

3.6.3 Eosphorite

The manganese phosphate eosphorite, Mn**AIPO4(OH),.H,0, has the orthorhombic
symmetry. The structure consists of alternating chains of MnO4(OH), octahedra and
AlO,(OH),(H,0), octahedra that run parallel to the c-axis. The strongly distorted
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Mn octahedra share opposite O—O edges, while the more regular Al octahedra share
opposite H,O corners. The two types of chains are linked to one another by sharing
their OH corners, thus forming parallel sheets that are held together by phosphorous
species in a tetrahedral O, co-ordination. Eosphorite is isomorphous with childrenite,
FeAIPO4(OH),.H,0, and the two mentioned minerals form the end members of a
complete solid-solution series. Naturally occurring eosphotites usually exhibit a
substantial Fe-for-Mn substitution. It is generally accepted in the literature that only
Fe?* is present in the structure of iron-substituted eosphorite, (Mn,Fe)Al-
PO4(OH),.H,O. This belief is corroborated by its Mdssbauer spectrum, which
consists of a relatively narrow ferrous doublet at temperatures as low as ~35 K. At
RT the relevant hyperfine parameters are as listed in Table 3.19 [253].

3.6.4 Strunzite

Three distinct variants of strunzite are known to occur in nature: manganostrunzite,
Mn?*Fe3* (POy4),(OH),-6(H,0), ferristrunzite, Fe3" (PO4),(OH),- [(H,0)5(OH)],
and ferrostrunzite Fe>*Fe3" (POy),(OH),-6(H,0), respectively. Ferristrunzite may
be regarded as the fully oxidized form of ferrostrunzite. The strunzite structure is
triclinic and consists of infinite chains of octahedral ferric sites along the ¢ axis which
are linked one another by sharing hydroxyl groups and by PO, tetrahedra. The latter
also bind adjacent chains, thus forming slabs that are connected to each other by Mn
octahedra between remaining PO, vertices. Within the chains two ferric sites Fe(1)
and Fe(2) alternate, both having an octahedral O3(OH),(OH,) coordination. The
Fe(1) is somewhat more distorted than Fe(2) as indicated by a slight difference in
average Fe—O bond length and average O—Fe—O bond angle. The crystallographic
unit cell contains two iron octahedra of each type and two Mn octahedra with
coordination O,(OH,),4. In ferristrunzite the manganese is substituted by Fe**, in
ferrostrunzite by Fe**. In the first case the charge balance is re-established by sub-
stitution of OH by H,O at a non-bridging vertex of the Mn octahedron. Mossbauer
spectra (MS), both for these three mineral species have been reported [254-256]. The
spectrum of manganostrunzite recorded at ~ 60 Kisreproducedin Fig. 3.33a. It was
decomposed into three ferric quadrupole doublets. This model was imposed by the
results at 4.2 K at which temperature the sample is magnetically ordered and clearly
three distinct sextet components are recognized. Obviously, there is no indication
whatsoever that Fe>* would be present in the structure of this manganostrunzite
species. The doublet hyperfine parameters observed at RT are included in
Table 3.19. The presence of three spectral components implies that the manganese
sublattice is partly substituted by Fe** and from the relative spectral area of the
corresponding doublet (A = 0.61 mm/s), i.e. ~12 %, it is inferred that the Fe-for-
Mn substitution is around 25 %, which is in accordance with the results of the
chemical analysis [255]. The two other ferric doublet components are assigned to the
Fe(1) and Fe(2) sites on the basis that the former sites exhibit a somewhat higher
distortion and hence are expected to produce the larger quadrupole splitting. The
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Fig. 3.33 Mossbauer spectra of manganostrunzite at 60 K (a) and of ferrostrunzite at 50 K (b)

paramagnetic spectra of the ferristrunzite variant are very similar to those of
manganostrunzite, the major distinction being the higher relative contribution of the
first doublet (A = 0.64 mm/s), i.e. ~30 %, which is due to Fe* cations on the Mn
sites. The ideal value for a complete Fe-for-Mn substitution would be 33 %. The
small deviation is ascribed to the presence of Al cations in the structure to an amount
of approximately 0.1 p.f.u., as derived from the chemical analysis. A spectrum of
ferrostrunzite is shown in Fig. 3.33b and refers to a temperature of ~60 K. Clearly
two ferrous components are present in addition to a dominant ferric doublet. The
latter was decomposed into two contributions which were assigned to Fe(1) and Fe(2)
sites, respectively (see Table 3.19). Rationally, the two ferrous doublets were
attributed to the Mn sites. However, the reason why two distinct Mn sites appear has
remained unexplained. Moreover, the ferrous-to-ferric concentration range was
found to be 0.36, which is significantly smaller than the value 0.5 for ideal
ferrostrunzite.

3.6.5 Vivianite

Ideally, the chemical formula of vivianite is Fe3"(POy),.8H,0. As such the
mineral is colorless. In soils vivianite species are commonly fine-grained and
easily oxidize in the air, the color becoming pale blue. There are no structural
changes observed upon oxidation and oxidized vivianite can be represented as

Fe(y  Fe)"(PO4),.[(8 — ¢)H20g(OH)]. The unit cell of (oxidized) vivianite is

monoclinic. The structure consists of single and paired octahedra bound together
by PO, tetrahedra, thus forming infinite sheets parallel to the (010) plane. The
single octahedron has a O,(OH,), coordination with the oxygens in trans position,
and is denoted as the Fe(l) site. The paired octahedra form the group Og(OH,),
and share two O®~ anions along their common edge. For both octahedra of the
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Fig. 3.34 Mossbauer spectra
of non-oxidized vivianite at
room temperature

velocity (mm/s)

paired unit the two other O*~ anions are in a trans position. The two octahedra are
identical and are henceforward referred to as the Fe(2) sites. There are twice as
many Fe(2) sites in the vivianite structure than there are Fe(l) sites.

MS for a single crystal of non-oxidized vivianite were reported by [257-259].
The spectrum at RT as presented in the latter work is reproduced in Fig. 3.34 and
concerns a species from Anloua, Cameroon. It was recorded under a geometry
whereby the incident y-ray was perpendicular to the crystallographic ac plane and
had therefore to be analyzed by a superposition of two asymmetric quadrupole
doublets arising from Fe®* at the Fe(1) and Fe(2) sites respectively. The asym-
metry is due to texture effects as a result of the EFG’s principal axis being non-
randomly oriented with respect to the incident y-ray direction. Such a situation
leads to a quadrupole doublet of which the two composing absorption lines have
unequal spectral areas. Fitting the spectrum of Fig. 3.34 yielded a line-area
asymmetry of 0.64 for both doublets, which is consistent with the conclusion of
Forsyth (1970) that for both Fe sites the EFG’s principal axis is lying in the ac
plane. The hyperfine parameters are given in Table 3.19. Both Gonser et al. [257]
and De Grave [259] observed a significant deviation of the area ratio of the two
subspectra from the ideal value of 1:2 and ascribed this feature to the pronounced
effective thickness of the single-crystal absorber.

Partly oxidized vivianites, commonly as powders, have been studied by
Mossbauer spectroscopy by De Grave et al. [260], McCammon and Burns [261],
and Dormann et al. [262]. Various oxidation degrees g have been considered. Two
room temperature spectra are reproduced in Fig. 3.35 referring to ¢ = 0.31 and
q = 0.14, respectively, as derived from the analyses of the spectra using two
ferrous and two ferric doublets. The assignment of the various doublet components
to the Fe(1) and Fe(2) sites is specified in Table 3.19, together with their respective
Ore and A values. It was found that the quadrupole splitting for the Fe** and the
Fe* cations at the Fe(2) sites is not affected by the oxidation degree g. On the
other hand, for the Fe(l) sites both the ferrous and ferric A decrease with
increasing ¢. It was further noticed that the oxidation of Fe** to Fe** preferably
takes place at the Fe(1) octahedra so that the fraction of total iron as Fe?* at the
Fe(2) sites does not exceed 0.05 in the range q < 0.32.
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Fig. 3.35 Mossbauer  spectra at  room  temperature of  oxidized  vivianites,
Fe3” Fe)" (PO4),.(8 — ¢)H,0g(OH), with (a) ¢ = 0.31 and (b) ¢ = 0.14

3.6.6 Triphylite

Lithium-iron phosphate, LiFePO,, has received ample attention in recent years
because of its potential application as electrode active material for rechargeable
lithium batteries (see [263] and references therein). It occurs in nature and as such is
known as the mineral triphylite. It has an olivine- type crystallographic structure in
which the ferrous cations occupy strongly distorted corner-sharing octahedral M2
sites, which form zig-zag chains running parallel to the c-axis. A second type of edge-
sharing octahedral sites, M1, forms linear chains that are also directed along the c-
axis and are occupied by lithium cations. Each M10g¢ octahedron shares edges with
two adjacent M10g octahedra, with two M2Og octahedra and with two PO, tetra-
hedra. The M20g octahedron has common edges with two M10g octahedra and one
PO, tetrahedron. Mossbauer spectra of both naturally occurring and synthetic tri-
phylites have been reported by several authors (Van Alboom et al. [264] and refer-
ences therein). Below ~52 K the material is antiferromagnetically ordered. At
higher temperatures the Mossbauer spectrum consists of a narrow doublet with a
relatively high quadrupole splitting (see Table 3.19).

3.6.7 Heterosite

This mineral, ideally Fe3+PO4, possesses the same structure as triphylite, however,
with all M1 sites being vacant. Actually, the two mentioned minerals are the end
members of a complete solid solution. Heterosite also forms a solid solution with
purpurite, MnPO,4. The Mdssbauer spectrum recorded at 80 K for a natural
Mn-substituted heterosite species (Buranga, Rwanda) is reproduced in Fig. 3.36
and very similar spectra were observed for all temperature higher than ~60 K
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Fig. 3.36  Mossbauer
spectrum at 80 K of a natural
Mn-substituted heterosite
species
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(unpublished results). Clearly the spectra consist of an outer doublet component
and an inner much broader doublet, and are most adequately analyzed with a
superposition of two quadrupole-splitting distributions. The maximum-probability
A values at RT were calculated to be 1.63 mm/s and 0.40 mm/s, respectively. On
the basis of the isomer shifts both doublets are attributable to ferric cations.

A value of 1.63 mm/s for the quadrupole splitting is unusually high for Fe**
species and is ascribed to a strong deformation of the M2 octahedra as a result of
the presence of Mn>* cations, which are Jahn—Teller active. The appearance of two
distinct spectral components is not consistent with the availability of only one type
of site for the cations. Yamada and Chung [265] reported MS at RT for synthetic
(MnyFe, . \)PO4 compounds, showing indeed only one doublet with A increasing
with increasing Mn content from 1.53 mm/s for y = 0, to 1.65 mm/s for y = 0.5.
Therefore, it is likely that the inner doublet in the MS of the Buranga heterosite is
due to a second Fe-bearing phase. This suggestion is corroborated by the obser-
vation that the inner doublet remains to be present at temperatures as low as 15 K,
at which the heterosite is magnetically ordered and produces a well-resolved sextet
(unpublished results).

Considering the substantial fraction of total iron that is present in this second
phase (~40 %), it is puzzling that this phase was not detected in the X-ray
diffractogram. A possible explanation could be that the involved impurity concerns
an amorphous iron phosphate. It should be noted that recently Fehr et al. [266]
reported the Mossbauer spectrum of a naturally occurring Mn-substituted heterosite
(Sandamab, Namibia). In addition to the heterosite doublet with A = 1.63 mm/s, the
authors found an inner doublet having A = 0.69 mm/s. They concluded that this
inner doublet is due to an associated iron-phosphate mineral.

3.6.8 Leucophosphite

Leucophosphite is an iron-potassium phosphate with ideal composition given as
KFe,(PO4),(OH).2H,0. It is often found in guano deposits, in pegmatite deposits
and in lateritic crusts. The crystal structure of leucophosphite is triclinic. The
atomic arrangement is based on an octahedral tetramer involving an edge-sharing
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Fig. 3.37 Mossbauer
spectrum at room temperature
of synthetic leucophosphite

velocity (mnvs)

dimer (hereafter called Fe(2) sites) which further links by corner sharing to two
other octahedrons (Fe(1) sites). The edge-sharing octahedrons possess two OH™
groups in cis position along the shared edge. The two other octahedrons each have
a water molecule at the corner that is in cis position with respect to the shared
corner. The K ions and one water molecule per formula unit are located in
channels that run parallel to the [010] and [001] crystallographic axes.

The Mossbauer spectrum for a synthetic leucophosphite at RT is reproduced in
Fig. 3.37 [267]. It is adequately fitted with two ferric quadrupole doublets, which
are assigned to the Fe(1) and Fe(2) sites (see Table 3.19) on the basis that the Fe(1)
are expected to exhibit the largest AEq value since the ferric species in these sites
experience the largest charge asymmetry for their closest co-ordination shell.
Within error limits the area ratio of the two doublets is 1:1, but the Fe(1) doublet
has a slightly broader linewidth.

3.7 Examples
3.7.1 Goethite-Hematite-Ferrihydrite Associations

Most weathered mineral or soil-related samples contain simultaneously goethite,
hematite and ferrihydrite. As a general rule, hematite occurs more frequently in
places below 40° latitude whereas ferrihydrite is mostly found above that latitude
[124]. In such composite samples, hematite exhibits nearly always a sextet with
asymmetric lines at RT and remains predominantly weakly ferromagnetic down to
80 K. On the other hand, the spectrum of goethite is strongly dependent on the
crystallinity and at RT can vary from a doublet for poorly crystallized goethite
over a largely collapsed spectrum to a sextet with strongly asymmetric lines for
relatively well-crystallized goethite. Due to the asymmetry of the absorption lines
in the latter case, the involved subspectrum was often fitted with a few sextets with
consecutively decreasing intensity. However, an adequate fit is only obtained if a
distribution of hyperfine fields is considered.
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Fig. 3.38 Mossbauer spectrum at RT and at 80 K of a hematite-rich sample containing hematite
and goethite

A first example concerns a sample from a weathered boulder in a granite
outcrop in Sungai Ringit (Malaysia), which is relatively rich in hematite. The
spectra at RT and at 80 K are displayed in Fig. 3.38.

The RT spectrum is composed of a sextet with asymmetric lines having a
relatively high hyperfine field and a negative quadrupole shift, which is typical for
hematite. The hyperfine parameters are collected in Table 3.19. The center of the
spectrum shows a doublet that corresponds to Fe**, but can in principle not directly
be assigned to a particular mineral. Further, close inspection learns that the
spectrum exhibits a slightly curved bag-like shape, which has been accounted for
by including in the fit a B-distributed sextet component in the low hyperfine-field
region (5-35 T). Although the latter adjustment is not always theoretically correct
because of the comparable strength of the quadrupole and the magnetic interaction
[268], it adequately describes the overall spectral shape. This collapsed spectrum
can usually be considered as originating from that fraction of the goethite particles
that exhibit the highest degree of crystallinity.

At 80 K the doublet has almost completely disappeared in favor of a sextet with
strongly asymmetrical line shape. The hyperfine parameters of this sextet point to
goethite. This change is clearly the effect of super paramagnetism in which the
sextet increases at the expense of the doublet by lowering the temperature as a
result of a distribution of particle sizes. Because the hyperfine fields in the derived
goethite field distribution are tending to low values, it can be expected that the
remaining doublet at 80 K is due to that part of the goethite with the poorest
crystallinity. The moderate quadruple splitting of that doublet (0.57 mm/s) points
indeed in that direction because ferrihydrite, the presence of which cannot be
excluded a priori, has usually A > 0.6 mm/s. The sextet lines of hematite at 80 K
are sharp and only slightly asymmetric. However, the spectrum itself is asym-
metric in the sense that the first line is significantly deeper than the sixth one,
whereas the it is opposite is noticed for lines 2 and 4. This feature is typical for the
presence of the two magnetic hematite phases (cfr. Fig. 3.9). Introducing a weak
AF hematite component indeed improved the fit significantly.
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Table 3.20 Hyperfine parameters for the goethite-hematite sample of example 1

T B, (T) B, (T) 2¢ or A (mm/s) Ope (mm/s) RA (%) Assignment

RT 48.3 49.7 —0.20 0.36 63 Hematite (WF)
20 - —-0.2 0.36 10 Goethite (coll.)
- - 0.57 0.35 27 Goethite (SP)

80 K 52.4 52.9 —0.20 0.47 52 Hematite (WF)
53.5 53.9 0.20 0.47 6 Hematite (AF)
39.7 48.0 —-0.24 0.48 39 Goethite (AF)
- - 0.56 0.46 3 Goethite (SP)

The relative spectral areas RA (see Table 3.20) provide an indication of the
amount of Fe species in the different components. However, the relative area of
hematite derived from the RT spectrum (63 %) is not the same as that observed at
80 K (52 % + 6 %). This quite strong reduction (about 8 %) cannot be attributed
to the relative change in the Mossbauer fraction of hematite with respect to that of
goethite on decreasing the temperature from RT to 80 K. This difference is rather
an artifact of the distribution fitting applied to sextets where there is strong overlap
of the broad goethite sextet with the low-field tail of the hematite sextet. So, the
relative area is most accurately determined from the RT spectrum in which the
goethite appears as a doublet and consequently the sextet of hematite is well
resolved.

In a second example it is demonstrated that Mossbauer spectroscopy is helpful
in determining the relative change in the amounts of the different Fe phases present
in samples taken at different depths from a so-called Griffin Farmhill soil profile in
South Africa [269]. The RT spectra show a dominant doublet together with a
hematite sextet of which the intensity increases in the sequence C1 to C6, i.e. with
increasing depth along the profile (Fig. 3.39). The 80 K spectra reveal a similar
increase of goethite, leaving only a small amount of doublet for C6. It was found
that the remaining doublet at 80 K for sample C1 possessed a large quadrupole
splitting of 0.68 mm/s (Table 3.21) pointing to ferrihydrite. In order to verify the
latter, spectra of sample C1 have been taken at lower temperatures.

The spectrum at 4 K shows three sextets: one of hematite, one of goethite and
one of ferrihydrite (Fig. 3.40). However, there is still a doublet present at 4 K. At
15 K the spectrum shows that the contribution of this doublet has increased at the
expense of the ferrihydrite sextet. This means that the doublet arises from
ferrihydrite species behaves superparamagnetically at temperatures as low as 4 K.
This feature can be explained by the presence of so-called DOM ferrihydrite [73]
in view of the high carbon content in the topsoil samples.

The evolution of the relative spectral areas for the different iron-bearing phases
as a function of depth is represented in Fig. 3.41, which thus provides an idea of
the transformation of ferrihydrite to goethite and hematite in the different horizons.
From this picture is clear that in the deeper layers ferrihydrite is nearly completely
transformed to goethite and hematite.
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Fig. 3.39 Mossbauer spectra at RT and 80 K of samples from a Griffin Farmhill soil profile

3.7.2 Hidden Doublets

Relevant doublets of weak intensity are often largely hidden under other, more
intense doublets or inner lines of sextet components and their presence will gen-
erally not be recognized although they have hyperfine parameters that deviate from
the predominant doublets. In order to overcome this shortcoming to some extent, it
is always advisable to throw a closer look at the central part of the spectrum.
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Table 3.21 Hyperfine parameters of sample C1 at different temperatures
T(K) B, (T) B,(T) 2¢A (mm/s) Jp (mm/s) RA (%) Assignment

300 37.0 49.1 —0.17 0.35 22 Hematite

- - 0.62 0.34 78 Goethite + Ferrihydrite
15 52.4 52.5 —0.17 0.47 23 Hematite (WF)

479 49.1 —0.20 0.47 32 Goethite

29.7 37.7 —0.06 0.46 19 Ferrihydrite

- - 0.69 0.44 26 Fe** doublet (Fh)
4 52.5 52.5 —0.17 0.47 27 Hematite (WF)

48.6 49.3 —0.19 0.47 34 Goethite

37.2 42.7 —0.06 0.42 32 Ferrihydrite

- - 0.67 0.41 7 Fe** doublet (Fh)
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Fig. 3.40 Mossbauer spectra of C1 at 4 and 15 K
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Fig. 3.41 Evolution of the relative spectral areas representing Fe in the different iron-bearing
components as a function of depth

Figure 3.42a represents the full RT spectrum of one of the soil samples from
Cameroun, which were investigated by MS in the framework of a soil mapping
project. The spectrum shows the typical hematite sextet together with the
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Fig. 3.42 RT Mossbauer spectrum of Cameroun soil sample (a) full spectrum, b central part—
the shaded doublet represents the ilmenite subspectrum

non-resolved doublets of superparamagnetic goethite and ferrihydrite. However,
the central part of that spectrum has been analyzed more carefully with conven-
tional doublets (Fig. 3.42b). The overlapping long tails of the distributed lines of
the goethite and hematite sextets can be considered as contributing to a constant
non-resonant background in the central part. It was thus attempted to fit this part
with two Lorentzian lines to account for the inner lines of the hematite sextet and
two doublets for goethite. It was found, however, that an additional doublet was
needed to obtain a reasonable fit. This extra doublet with g, = 1.02 mm/s and
A = 0.8 mm/s corresponds to ilmenite which was not detected by any other
technique. So, it clear that a closer inspection of the central part of the spectra
might reveal the presence of some minor amounts of Fe-bearing minerals which
would not have been found by a quick standard fit.

Another example concerns the Mossbauer measurement of iron-containing
nodules in a planosol from the S—W Ethiopian highlands [270]. The RT Mossbauer
spectrum of the nodules in the vertic horizon as well as that of the accumulated
nodules consists of a single doublet at RT, which converts partly into a goethite
sextet at 80 K (Fig. 3.43). The remaining Fe** doublet with a quadrupole splitting
of 0.60 mm/s might be attributed to ferrihydrite.

At this point, one might conclude that no other iron-bearing phases are present
unless another spectral component in addition to the one of goethite/ferrihydrite
would be hidden in the Fe** doublet. However, if the doublet at RT is analyzed witha
quadrupole-splitting distribution an extra maximum is found around 1.1 mm/s in
addition to the expected one for goethite/ferrihydrite at about 0.5-0.6 mm/s
(Fig. 3.44). The second sample showed the same features. The RT spectra were then
accordingly reanalyzed with two doublets. The second doublet with g, = 0.37 mm/
sand A = 1.1 mm/s appeared indeed in the fit (Fig. 3.44) and could be identified as
the main doublet of bixbyite (FeMnO;) [271, 272], the presence of which was
detected by XRD. The other bixbyite doublet with a lower quadrupole splitting of 0.6
mm/s coincides with the main goethite/ferrihydrite doublet.
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Fig. 3.43 Mossbauer spectrum at RT (left) and 80 K (right) of an iron nodule in a planosol

1
0 02 04 06 08 1 1.2

Velocity (mm/s) Velocity (mm/s)

Fig. 3.44 Quadrupole distribution (leff) from the RT spectrum of the nodule and the spectrum
refitted with 2 doublets (right)

In conclusion, also the use of quadrupole-splitting distributions may reveal the
presence of minor doublet fractions in multi-phase Mossbauer spectra.

3.7.3 Magnetic Mineralogy

Many soil or rock samples contain magnetic minerals other than hematite, such as
magnetite, titanomagnetite and maghemite, which are often only present in small
amounts. These magnetic compounds appear then as vague sextets in the
Maossbauer spectra and as-such can hardly be analyzed. Magnetic separation is
then the pre-eminently solution to bring this interesting magnetic mineralogy on
the foreground. A strong hand magnet can already be used for that purpose, but a
more sophisticated magnetic separator is obviously more efficient.
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Fig. 3.45 RT spectra of topsoil and underlying loess
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Fig. 3.46 RT spectra of magnetically separated topsoil and underlying loess

As a first example, a sample from the topsoil and one from an underlying loess
of a paleosol-loess sequence at Xiadong in the Jixian loess section (China), will be
considered. The RT Mossbauer spectra of soil and loess show a series of central
doublets, which can be attributed to illite. Apart from these doublets the sextet
typical for soil hematite is observed (Fig. 3.45).

However, it is well known that these soils, which possess an even higher magnetic
susceptibility than the underlying loess, contain other magnetic components such as
magnetite and maghemite. Apparently, their spectra fall below the detection or
analyzing limit of MS. After the sample was submitted to a wet magnetic separation
in a Franz isodynamic separator a totally different picture appeared in the Mossbauer
spectra (Fig. 3.46). The sextets of magnetite, maghemite and of a more course-
grained hematite could be adjusted to the spectrum of the soil, whereas for the loess
sample only the sextets for magnetite and hematite were resolved. This was the first
time that the magnetic components of loess and paleosol were visualized in a direct
way [273, 274].
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Fig. 3.47 Spectra at 130 K of magnetically separated topsoil and underlying loess

The samples were also measured at low temperature i.e. at 130 K in order to
remain above the Verwey transition of magnetite (Fig. 3.47). In these spectra the
AF and WF phase of hematite were simultaneously present demonstrating a better
crystallinity for this hematite phase than for the hematite observed in the total soil
and loess sample, for which at 80 K only the WF state was revealed.

This procedure of separation has also been applied to a series of samples from a
paleosol-loess sequence section in Huangling (China). From the corresponding
Maossbauer spectra and particularly from the relative spectral area ratios, interesting
conclusions could be drawn with respect to the origin of the enhanced magnetic
susceptibility of the soils in comparison with that of the loess [275]. A similar method
was applied and concurrent results were obtained in a series of samples from a section
in the north-eastern area of the Buenos Aires province [276].

A second example of magnetic separation concerns a study of fresh dolerite
samples from Berg en Dal, 90 km north of Paramaribo in Suriname, in which MS
was utilized as an additional characterization technique of the samples [277].
Apart from several doublets, the RT spectrum shows two weak sextets that can be
assigned to magnetite. In order to study more carefully the magnetic components
the sample has been subjected to a magnetic separation yielding a magnetic and a
non-magnetic fraction. The RT spectra of both fractions are depicted in Fig. 3.48.

The spectrum of the magnetic fraction shows clearly the two sextets of mag-
netite and no other sextets were visible at first sight. In order to fit the spectrum
adequately in the complex central part of the spectrum, those hyperfine parameters
were used that were obtained from the fit of the spectrum of the non-magnetic
fraction, which is not disturbed by inner sextet lines. The ratio of the relative areas
for magnetite, S(Fez'5+)/S(Fe3+), turned out to be 2.2 which is by far larger than 1.8
as expected for pure magnetite. Because oxidation or substitution lowers the
amount of Fe>>* pairs and thus the relative area of the Fe>>* sextet, there must be
another sextet component present, which overlaps to some extent with the latter.
This can hardly be another Fe** oxide component because this low field would
correspond to a small particle morphology, which would lead to a rather bag-like
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Fig. 3.48 RT spectrum of non-magnetic (a) and magnetic (b) fraction of a dolerite sample

shape of the spectrum. A sextet with low hyperfine field (B = 42 T) and high
isomer shift (0, = 0.71 mm/s) could be added pointing to a Fe®* sextet as
expected for a titanomagnetite (Fig. 3.48b).

3.7.4 The Strong Means: External Magnetic Fields

The question often arises to what extent one can resolve sextets in a Mossbauer
spectrum. Of course there is no general answer. If sextets strongly overlap, it will
be very difficult to resolve them in a correct way. Moreover, if they possess a
hyperfine-field distribution, it will be practically impossible to discern the different
components, even if other hyperfine parameters like the quadrupole shift or the
isomer shift are significantly different. Only when the lines exhibit distinct
shoulders one can expect another sextet component to be present because strong
anomalies in hyperfine field distributions for the same iron species are rare.

In some cases, Mossbauer measurements with the sample in a high external
field might be a welcome solution to improve the resolution of sextets. Ferri-
magnetic compounds have the advantage that their magnetic moments align in a
more or less strong external magnetic field. Consequently, the external field is
added to the hyperfine field of the site with the smallest magnetic moment and
subtracted from that of the site with the strongest magnetic moment because the
hyperfine field is opposite to the magnetic moment.

A typical example is maghemite with its strongly overlapping sextets of A and
B sites. This spectrum can be simply fitted with 2 sextets, but the resulting hyperfine
parameters will depend on the initial values used in the fit. This ill-posed problem can
only be solved by performing measurements in an external magnetic field, where the
outer sextet from the A sites is well separated from that of the B sites (Fig. 3.49),
yielding accurate values for both isomer shifts and hyperfine fields.



3 Application of Mdssbauer Spectroscopy 165

(b)

J

i o el

1 1 1 1 1 1 1 1 1 1 L 1 1 1 1 1 1 1 1 L 1 1

<10 8 6 4 -2 0 2 4 6 8 10 108 6 4 -2 0 2 4 6 8 10
velocity (mmv/s) velocity (mm/s)

Fig. 3.49 External-field (6 T) spectra at RT of well-crystallized (a) and poorly crystallized
(b) maghemite. Note the presence of lines 2 and 5 as an indication of spin canting

Jw‘ia AR

.3 $
AEE R |

¥
R BRSO o

AP I AR T AR !

D
‘e Voo
t

3
.

6T | PoasT % 3T N
04 ~
PR I IR R | ‘. | - PR PR U SR I .. 1 PO PR IPU P I L4

1 L .81
84 6 4 -2 0 2 4 6 8 6 4 -2 0 2 4 6 8 6 4 -2 0 2 4 6 8
velocity (mm/s)

Fig. 3.50 Mossbauer spectra of the greigite-smythite sample at 80 K in different external
magnetic fields showing the separation of the greigite lines

A mineral-related example was the use of external field measurements in the
study of greigite [148]. The RT spectrum of a greigite-smythite sediment sample
has been reproduced in Sect. 3.4.1 (Fig. 3.19). This spectrum has been fitted with
two sextets from greigite, three sextets from smythite and a siderite doublet. As
shown, the spectrum fit seems at first sight to be straightforward, but that was not
at all the case. At that moment, the hyperfine fields on tetrahedral and octahedral
sites of greigite were not well known and the purpose of that study was to
determine the temperature behavior of the hyperfine fields. The only way to tackle
the problem consisted of measuring the sample at 80 K in applied fields of various
strengths. Because greigite is ferrimagnetic the external field separates its A- en
B-site spectrum (Fig. 3.50), whereas the lines of smythite, being ferromagnetic
shift more to center of the spectrum. Extrapolation for the different fields yielded
the values of the hyperfine fields at 80 K and the respective isomer shifts.
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Repeating this procedure for a few other temperatures and analyzing the zero-field
spectra in a consistent way a complete picture of the hyperfine fields of greigite
and smythite could be determined.

Other examples of the application of external-field MS to improve the spectral
resolution in the characterization of soils are described by De Grave et al. [278].

3.7.5 Extraterrestrial Samples

Although the title of this chapter refers to applications of MS in earth sciences, one
cannot exclude to mention briefly the MS investigations of soils and rock materials
which are not strictly connected to the planet Earth.

First of all, a lot of extraterrestrial material has reached the Earth by means of
meteorites. These meteorites are in 85 % of the cases so-called chondrites, which
contain predominantly particles or chondrules that are composed of silicate min-
erals, such as olivine and pyroxene, and that are surrounded by some glassy or
crystalline feldspathic material. Sulfides such as triolite are also present. However,
the most interesting meteorites are the iron meteorites containing Fe—Ni alloys
[279, 280]. In this kind of meteorite 1:1 crystallographically ordered Fe—Ni alloys
(tetrataenite) have been discovered [281, 282], which has never been observed for
terrestrial variants. In that respect, the Ni-rich Santa Catharina meteorite, which
was found in Brazil in 1875, received special attention and has been thoroughly
examined by MS [283, 284] and by MS in applied magnetic fields [285]. The
central singlet, manifestly present in the RT spectrum, has been shown to exhibit a
small hyperfine field at low temperatures (Fig. 3.51). It has in a later stage been
assigned to a low-spin Fe—Ni phase as an intergrowth of low-spin y-Fe(Ni) and
tetrataenite and has been proposed as a new mineral, called antitaenite [286].

Secondly, different space programs for the exploration of the Moon were ini-
tiated in the sixties of the former century. During the American manned Apollo

Fig. 3.51 RT spectrum of a
sample of the Santa Catharina
meteorite showing the sextets
of ordered 50-50 Fe—Ni (dash)
and disordered 50-50 Fe—Ni
(dots) and the singlet of the
paramagnetic 28 %

Ni phase (adapted from [284])

0
velocity (mm/s)
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lunar missions between 1969 and 1972 almost 400 kg of material have been
brought to earth. Also, the Russian Luna program succeeded in 1970 in returning
lunar samples to the Earth. All those regolith samples have been investigated by
MS, showing the spectra of Fe-bearing phases, such as olivine, glass, pyroxene,
ilmenite, triolite, iron metal and Fe-Ni alloys [287-291]. Figure 3.52 shows a
collection of RT spectra of impact-derived regolith samples, i.e. surface dust less
than 1 mm depth, collected at different lunar locations, illustrating ilmenite and
pyroxene to be the dominant crystalline phases in mare samples, whereas pyroxene
and olivine are the dominant crystalline phases in highland samples.

Two Mars exploration rovers (MER) both equipped with a miniaturized
Mossbauer spectrometer (MIMOS), developed by Gustar Klingelhdfer and
coworkers [292, 293], were launched in 2003. The first Mossbauer spectrum was
transmitted to Earth in January 2004 and was undoubtedly the most exciting event
for every Mossbauer spectroscopist. Since then both spectrometers have collected
more than thousand spectra during 5 years. The spectrometer on the Opportunity
(MER-B) is still operating in 2011, although the collecting time has increased
considerably due to the weak source, whereas since March 2010 the other rover,
the Spirit (MER-A), is not responding anymore.
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All the Mossbauer spectra recorded on Mars have been publically released so
that every research group could dispose of them freely. Together with each
sampled spectrum, a spectrum of a reference absorber was collected and also the
recorded error signal of the driver is provided. As expected, the spectra are not
linear in the velocity scale, which causes some calibration difficulties. Agresti et al.
[284] calibrated the spectra by considering the o-Fe lines in the reference target,
combined with the error signal of the drive.

The many Mdossbauer investigations of the spectra taken by the MERs on soils and
rocks along their pathways showed olivines and pyroxenes as the main silicates
[294-296]. Most interesting was the obvious observation of a jarosite spectrum,
inferring the former presence of water on Mars [297]. This was also corroborated by
the identification of goethite in the spectra from some locations [298].

Concerning the magnetic spectra, hematite and magnetite were found as the
predominant iron oxides. Unfortunately, those spectra with relatively high
hyperfine fields were not so well defined due to significant deviations from line-
arity experienced in the highest velocities, which are not covered by the sextet
lines of metallic Fe in the calibration spectra. The direct use of the hematite and
magnetite in the reference target for calibration was initially not simple because
along with the strongly overlapping spectral lines, hematite showed the two
magnetic phases in the temperature windows of the measurements. By determining
the hyperfine parameters of the five sextets of Fe metal, hematite and magnetite in
a laboratory sample consisting of the same reference target material measured at
the appropriate temperature windows, the spectra of the reference target could be
calibrated [299]. With this calibration method, several magnetic spectra recorded
on Mars at different temperature windows could be accurately analyzed [299, 300]
(Fig. 3.53).

For instance, magnetite could be fitted without parameter constraints. From the
fit there was also a strong indication that goethite exhibits two maxima in the
hyperfine field distribution inferring two different goethite formations. It was
further demonstrated that the Mars hematite measured in different temperature
windows between 210 and 260 K showed both the AF and WF phase giving an
idea about its morphology. Some spectra are shown in Fig. 3.53. Similar results
were recently obtained by Agresti et al. [301], using a simfit method consisting of
the simultaneous analysis of 60 spectra with multi-spectrum constraints. However,
the latter results were interpreted by the presence of two kinds of hematites, i.e.
one showing the Morin transition and another remaining in the WF phase.

Finally, it is worth to mention that the Opportunity came across several
meteorites on the surface of Mars [302]. The first one was found in Meridiani
Planum [303]. The recorded Mossbauer spectra showed this meteorite to consist
mainly of kamacite, having about 7 wt % Ni [304, 319]. No taenite spectrum was
observed indicating that this iron-nickel phase probably occurs in the meteorite
only in a very small amount below the detection limit of the spectrometer.

Further extraterrestrial Mossbauer measurements are planned using an
improved version of the MIMOS [319]. Phobos, one of the moons of Mars, is the
next target for Mossbauer investigations during the Phobos-Grunt mission by the
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Fig. 3.53 Analyzed Mossbauer spectra taken on Mars by the Spirit at different spots in the
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Russian Space Agency. A joint ESA-NASA project aims to send two new rovers,
both again equipped with a MIMOS, to Mars in 2018.
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