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ABSTRACT
Environmental scientists are increasingly returning to Mössbauer spectroscopy (MBS) to reveal details about iron (Fe)-bearing
phases in soils and sediments. MBS is particularly powerful at distinguishing between Fe(II) and Fe(III) and, given appropriate
background information, can offer exceptionally precise information on Fe speciation in compositionally complex environmental
samples. However, there are relatively few accessible guides for analyzing environmental samples by MBS. In this review, we
seek to distill the essential understanding of MBS for earth scientists and provide guidance on analysis, spectral fitting, and
interpretation for new practitioners and a consolidation of approaches for experienced users. As a rule, Fe phases in soils and
sediments aremore disordered and complex than synthetic or geogenic Feminerals.We cover themost successfulwaysMBS can be
applied to soils, including the determination of Fe(II)/Fe(III) ratios, characterization of Fe (oxyhydr)oxide crystallinity, and the use
of 57Fe isotope spikes, as well as highlighting how to avoid common pitfalls and arrive at Fe phase identification and quantification
by leveraging complimentary data and environment context. We outline procedures for sample preparation, analysis, and spectral
fitting using decision trees based on the analytical goals and sample conditions. The fitting and interpretation of magnetically
ordered ferrous phases at low temperature is lacking in the literature and so we offer an expanded discussion of approaches to
these challenging spectra. We provide a discussion and fitting guidance for the most common Fe phases in soils and sediments
organized around environmental contexts: young soils (and sediments derived from them) dominated by aluminosilicates, highly
weathered soils rich in Fe oxides, organic-rich soils, soils in sulfur-rich environments, and soils exposed to anoxia. For each context,
we describe expected Fe phases and their characteristic spectral features while emphasizing the importance of complementary
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analyses for reliable interpretation. Finally, we identify two critical needs in the field: improved theoretical frameworks for fitting
low-temperature ferrous octets and Fe–sulfur phases and a need for standardization of parameter reporting and data sharing
within the environmental MBS community. This review aims to both facilitate broader adoption of MBS in the environmental
sciences and advance the technique’s application to complex natural samples.

1 Introduction

Mössbauer spectroscopy (MBS) is a powerful technique that
can be used to determine the oxidation state of iron (Fe) and
structure of Fe-bearing solid materials. Shortly after Rudolf
Mössbauer discovered and proved the Mössbauer Effect in
1958 (Mössbauer 1962), MBS was rapidly deployed by physicists
and chemists to understand the fundamentals of solid-state
Fe. Within a decade, scientists began the foundational MBS
work on environmental minerals (Bowen et al. 1969) and
throughout the 1970s, 80s, and 90s, seminal work was carried
out using MBS on soils and sediments (Bigham et al. 1978;
Murad and Schwertmann 1980; Murad and Schwertmann
1982; Murad and Schwertmann 1984; Murad and Schwertmann
1988; Wagner et al. 1988; Wagner et al. 1990). Since the early
2000s, earth and environmental scientists are increasingly
leveraging MBS to understand environmental processes in soils
and sediments where Fe is ubiquitous and impacts ecosystem
biogeochemistry.

Fe is the fourth most abundant element by weight in Earth’s
crust, and after (alumino)silicate phases, Fe minerals are the
dominant minerals in soils and sediments. Present as large
structural phases as well as ubiquitous nanoscale coatings on
other minerals, Fe solid phases can influence soil colors and
can significantly contribute to a soil’s surface area (Cornell and
Schwertmann 1996). These solid Fe phases have large capacities
to sorb other metals, nonmetals, and organic compounds,
making Fe a key element governing the fate of nutrients and
contaminants alike. But Fe is also a potent electron acceptor and
donor, readily transitioning between an oxidized state (Fe(III),
or ferric) that is largely insoluble and a reduced state (Fe(II), or
ferrous) that is largely soluble at circumneutral pH. This redox
activity is unique among themajor rock-forming elements. These
redox transitions are regulated strongly by biological systems
yet can also occur abiotically. Fe redox dynamics occur in
response to changes in soil oxygen and are immediately evident
through Fe(III) concentrations and depletions in wetlands, tidal
sediments, at water-table boundaries, or in hydric soils, but they
also occur readily within organic-rich microaggregates in surface
soils.

Understanding Fe’s diverse forms and functions requires
analytical techniques that can probe nondestructively both
its oxidation state and mineral structure. MBS excels when
sensitivity, specificity, and detailed information is needed on
Fe in complex environmental matrices (Rancourt 1998). The
technique is isotope specific and can quantify the relative Fe solid
phase species in soils or sediments without influence from other
elements in mineral phases. The technique is nondestructive,

enabling analysis without alteration of the sample’s chemical or
physical state. MBS is among the best approaches to determine
Fe oxidation state, and it is the ideal technique to examine so-
called poorly crystalline minerals, which are highly reactive
Fe phases with small particle sizes (<30 nm) and high-
degrees of substitution (most appropriately and accurately
termed short-range-ordered (SRO) phases). MBS is especially
powerful when the results are combined with other analytical
techniques such as X-ray diffraction, electron microscopy,
chemical speciation, and/or synchrotron-based X-ray absorption
spectroscopies (XASs).

However, applying MBS to environmental samples presents
unique challenges that we address in this review. First, environ-
mental samples often contain amixture of Fe phases with a range
of crystallinities, requiring measurements at multiple tempera-
tures and careful spectral interpretation. Second, while MBS can
uniquely distinguish Fe(II) and Fe(III), this becomes extremely
difficult in soils containing large amounts of sulfur, where low-
spin ferrous–sulfur phases have similar MBS parameters to ferric
phases. Third, the interpretation of magnetically ordered ferrous
phases (presenting as octets in low temperature MB spectra) in
reducing environments remains particularly challenging and
poorly described in the literature (see Sections 3.4 and 4.5.2).
We also confront the practical challenges of sample preparation
and measurement conditions for environmental samples,
where maintaining the original Fe speciation can be crucial.
Finally, we address the need for standardization in parameter
reporting and data sharing within the environmental MBS
community.

The aim of this review article is to provide a starting point to
new practitioners considering MBS in their research. We focus
on practical aspects of applying MBS to soils and sediments
rather than the physics of MBS. Considering the large body
of information already available on MBS, we have chosen not
to repeat all the fundamental physics background but instead
provide a practical guide. Nevertheless, many of the concepts and
terms may be entirely new to the reader and so we first provide a
brief essential theoretical background, some of themost common
nomenclature, and key aspects of MBS encountered in analyzing
environmental samples (Section 2). Next, we describe methods
of sample preparation and decisions for the collection of spectra
that are most likely to be germane to environmental scientists
(Section 3). We follow this with a description of the Fe phases
expected in five broad categories of soil and sedimentary envi-
ronments (Section 4), with a particular emphasis onmagnetically
ordered ferrous phases. And finally, we close (Section 5) with a
perspective on the future direction of deploying MBS in soil and
sediment samples.
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TABLE 1 Hyperfine parameters used when fitting Mössbauer spectra. Additional parameters for describing octets are given in Section 3.3.

Term Symbol(s) Description Unit

Center shift or isomer shift CS, IS, δ Offset of the center of spectral component (i.e.,
doublet or sextet) with respect to the center of the

x-axis (0 mm/s)

mm/s

Quadrupole splitting QS, ΔEQ Distance between the two peaks that make up a
doublet

mm/s

Quadrupole shift ε Distance between the center of peaks 1 and 6 and
peaks 2 and 5 in a sextet. Related to quadrupole
splitting by 2ε = QS. In some literature, ε has

mistakenly been denoted as QS.

mm/s

Hyperfine magnetic field Bhf, H Width of magnetic field in magnetically ordered
samples. Older references typically report units of

kOe which is ×10 the value in T.

T

Linewidth w, HWHM, Γ Half width at half maximum. Theoretical
minimum of 0.097 mm/s. Measured during

calibration with α-Fe(0).

mm/s

Sigma σ Corresponds to Gaussian width of components
(for Voigt model) of either δ, QS, ε, or H.

mm/s,
or T

2 Fundamental Aspects of Environmental 57Fe
MBS

2.1 Essential Theoretical Background and
Definitions

Before presenting the essential theoretical background, we draw
attention to several excellent references that provide compre-
hensive theoretical background on MBS. From the perspective
of environmental samples, there are some notable contribu-
tions that summarize and incorporate the decades of seminal
MBS work on soils and sediments in the late 20th century,
including an excellent textbook by Murad and Cashion (2004).
Similarly, Dyar et al. (2006) offer a useful baseline of many
earth materials including a table describing some of the key
parameters (see Table 1). Gütlich et al. (2012) offer a suc-
cinct discussion of the fundamental physics and some broad
applications to Earth and space science, while Rancourt (1998)
considers fundamental aspects of MBS applied to clay minerals.
Yoshida and Langouche (2013) offer a more simplified sum-
mary, targeting practitioners in industry or entry-level students,
and the third chapter of this tutorial book by Vandenberghe
and De Grave (2013) is an excellent starting reference point
for investigating minerals that vary in crystallinity. Byrne and
Kappler (2019) focused on providing a starting point for geomi-
crobiology. Most recently, Grandjean and Long (2021) have
proposed a set of best practices for collection and interpre-
tation of Mössbauer spectra for broad applications, though it
is not focused on typical challenges experienced in soils and
sediments.

MBS is isotope specific, and 57Fe MBS detects only the 57Fe
isotope. 57Fe MBS detects the resonant absorption of gamma rays
by 57Fe nuclei in the sample. The gamma rays are generated by
a radioactive 57Co source (half-life 270 d), which decays to an
excited 57Fe nucleus, which then decays to its ground state and
emits the 14.4 keV gamma ray that is absorbed by 57Fe nuclei in the

sample. The Mössbauer spectrometer accelerates and decelerates
the 57Co source to generate slight differences in the gamma ray
energy (by the principle of Doppler energy shifting) that allow
MBS to resolve minute differences—on the order of one part in
1012, termed hyperfine—in nuclear energy levels, making MBS
the most precise physical measurement ever achieved (Rancourt
1998). The resulting spectrum reflects the electronic andmagnetic
environment of the 57Fe nuclei, providing detailed information
about oxidation state, coordination environment, and magnetic
properties of the Fe phases. This is due to the differences in the
configuration of electrons around ferrous and ferric Fe nuclei,
and whether they are low-spin (LS) or high-spin states (HS).

Three types of interactions (denoted “hyperfine” interactions)
are detected by MBS as the sample’s 57Fe nuclei are excited by
the gamma ray. These interactions give rise to distinct spectral
features, or parameters, in MBS (Figure 1 and Table 1). The
first is the measured center shift (CS), equivalent to the sum of
a small temperature-dependent second-order doppler shift and
the isomer shift (Rancourt 1998), which responds to differences
in electron density at the nucleus and the nuclear volume,
reflecting Fe’s chemical environment and oxidation state. The
second is the quadrupole splitting (QS), which occurs when an
asymmetric electric field gradient (EFG) at the nucleus interacts
with the nuclear quadrupole moment, creating two distinct
energy levels from what was previously a single excited state.
The third is the magnetic hyperfine splitting (Bhf, or H), where
the magnetic field at the nucleus interacts with the nuclear
magnetic moment, splitting both ground and excited states into
multiple energy levels. While the CS appears as a simple shift
of the entire spectrum relative to zero velocity, the QS creates a
characteristic doublet pattern, and magnetic splitting produces a
sextet pattern with six absorption peaks, or in specific situations,
an octet pattern (Figure 1). Sextets perturbed by an EFG exhibit
a type of quadrupole splitting, but this is mainly referred to
as the quadrupole shift (ε)—and sometimes erroneously also
labeled QS.
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FIGURE 1 Mössbauer spectra are characterized by sites which present as either singlets, doublets, sextets, or octets. The specific type of spectrum
is dependent upon the magnetic properties of the Fe atoms within a sample, that is, whether they exhibit diamagnetic, paramagnetic, or magnetic
ordering, and also spin, which can be low spin (LS) or high spin (HS). As magnetic properties are temperature dependent, some samples will present as
different types when measured at different temperatures. For example, ferrihydrite is paramagnetic above ∼77 K and appears as a doublet; however, at
close to liquid helium temperature, it presents as a magnetically ordered sextet. Environmental samples often contain one or more of these types of sites
which can be deconvoluted through fitting.

All atoms and ions are either diamagnetic or paramagnetic.
Diamagnetic Fe phases contain low-spin ferrous Fe with no
unpaired electrons. They present as singlets (single peaks) or
doublets (double peaks, in the case of pyrite) (Morice et al. 1969) at
all temperatures in Mössbauer spectra offset from zero according
to their CS or isomer shift (δ); pyrite (FeS2) and other Fe(II)–Sx
phases are the most common example in soils. The rest of the Fe-
bearing phases in soils are paramagnetic and can be in either a
paramagnetic state or magnetic state based on the measurement
temperature. Phases in a paramagnetic state have a net zero
magneticmoment because all their individualmagneticmoments
are randomly orientated and thus appear as a doublet (two
peaks separated by an energy difference QS) in MBS. All phases
with sufficient concentrations of paramagnetic Fe will eventually
magnetically order at a sufficiently low temperature, even if that
is nearly absolute zero (0 K) (Murad and Cashion 2004). Some Fe
minerals are already magnetically ordered at room temperature
and need to be heated before they become paramagnetic, pure
hematite is an example of such a phase. Many Fe phases in
soils require cooling below room temperature to magnetically

order. Magnetically ordered Fe(III) phases appear as sextets in
MBS, with six distinct peaks characterized by their hyperfine
field (Bhf or H). These magnetically ordered ferric phases can be
classified into three categories based on theirmagnetic properties.
Ferromagnetic Fe phases, such as elemental iron (Fe(0))—often
used to calibrate a Mössbauer spectrometer—have all magnetic
moments pointed in the same direction. In antiferromagnetic
minerals, sublattices of equal magnetic moments are aligned
opposite to one another, resulting in a net zero magnetization;
canted antiferromagnetism is a variant where slight misalign-
ment of sublattices results in weak magnetization, as observed
in hematite. Ferrimagnetic minerals possess multiple sublattices
with antiparallel alignment but unequal magnetic moments,
leading to a net magnetic moment; examples include magnetite
and maghemite. Alternatively, high-spin ferrous (Fe(II)) phases
can produce octets when they magnetically order because they
exhibit both large QS and large magnetic splitting. This strong
interaction between electrical field gradient and magnetic field
at the nucleus leads to complicated spectra (Figure 1) and their
detailed interpretation is provided in Section 3.3.

4 Journal of Plant Nutrition and Soil Science, 2025
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2.2 Temperature-Dependency of Magnetic
Ordering and Spectral Parameters

Most pure (paramagnetic) Fe phases undergo transitions between
magnetic states as the collection temperature changes from room
temperature (298 K) to liquid helium temperature (4.2 K).
These transitions manifest in Mössbauer spectra as changes
from paramagnetic doublets to magnetically ordered patterns
(sextets for Fe(III) or octets for high-spin Fe(II)). We refer to
this transition temperature in general as the magnetic ordering
temperature, but inmany cases, more specific terminology can be
used. For instance, the Curie temperature (TC) is used to describe
the transition from paramagnetic to magnetically ordered state
in ferromagnetic or ferrimagnetic phases, one example being the
mineral goethite. Similarly, the Néel temperature (TN) signifies
the magnetic ordering temperature for antiferromagnetic phases,
such as hematite. When a phase remains paramagnetic below
its nominal magnetic ordering temperature because of its small
particle size (diameters typically less than 30 nm) or because
of crystal disorder, it is called superparamagnetic, and the
temperature at which it magnetically orders is called the blocking
temperature (TB), when 50% of the spectra is in the magnetically
ordered state and 50% is present as a superparamagnetic doublet
(Concas et al. 2017). Other specific temperature transitions
are defined for specific minerals. In the mixed valent mineral,
magnetite, the Verwey transition (TV) ranges between 80 and
125 K (Jackson and Moskowitz 2021) and leads to a structural
phase transition, with the spectrum exhibiting two sextets
above TV and up to five sextets below. Additionally, hematite
undergoes theMorin transition at approximately 260 K, reflecting
a significant shift in magnetic ordering. Understanding these
temperature-dependent transitions is crucial for phase identifi-
cation as many Fe phases appear identical at room temperature
but exhibit distinct magnetic ordering behavior at lower
temperatures. Moreover, in natural samples, these transition
temperatures are often shifted significantly by variations in
crystallinity including variations due to particle size and ion
substitutions.

In addition to magnetic ordering temperature, all hyperfine
parameters are temperature dependent, with CS and Bhf
generally increasing as temperature decreases until magnetic
saturation occurs. And finally, a central requirement for detection
by MBS is that the 57Fe nucleus must not move (or recoil) when
absorbing the gamma ray (Murad and Cashion 2004). At higher
temperatures, only a fraction of the 57Fe nuclei in the sample
do not recoil (termed the recoilless fraction, f-value or f-factor)
and this fraction increases uniquely for each Fe phase or site as
temperature decreases (Murad and Cashion 2004). Only when
each Fe site can be assumed to have equal recoilless fractions
will their spectral area match their atom abundance. In practice,
one can reasonably assume equal recoilless fractions for all
Fe phases at cryogenic temperatures, and often even at room
temperature for dry samples (Lalonde et al. 1998; Rancourt
1998). However, this should be considered by comparing Fe
in very different types of phases. When required, examples
of how to check the f-factor and correct for it are available
(Diamant et al. 1982).

2.3 Spectral Broadening and Crystallinity
Effects: Key Factors for Environmental Samples

2.3.1 Broadened Spectral Features

Spectral broadening is one of the key features distinguishing syn-
thetic Fe phases from environmental phases and understanding
it is important for interpreting spectra from soils and sediments.
Three types of broadening are relevant.

The first type of broadening (static or inhomogeneous broaden-
ing) affects all environmental samples and arises from variations
in the chemical and structural environments of individual Fe
atoms (Rancourt 1998). Each Fe atom experiences slightly dif-
ferent conditions due to variation in the amount or distribution
of foreign ion substitution, differences in particle size, crystal
defects, and how close the Fe atom is to the surface of themineral.
This variation creates a distribution of hyperfine parameters that
manifests as broadened spectral lines.

The second type of broadening is dynamic or homogeneous
broadening. This occurs when the measurement timescale of the
excited 57Fe nucleus is within an order of magnitude or two of
the timescale of the electronic transitions (Murad and Cashion
2004). The hyperfine parameters discussed above can be reliably
fitted when Fe phases are either fully magnetically ordered
(i.e., the nucleus experiences a static magnetic field) or fully
paramagnetic (the nucleus experiences a net zero magnetic field
because the electronic state is rapidly switching). However, as
the magnetic ordering temperature is approached, intermediate
conditions create a probability distribution of magnetic and
paramagnetic states. This leads to complicated spectra that show
a gradual transition between the paramagnetic and magnetic
states. This is particularly relevant for superparamagnetic phases
near their blocking temperature. And of course, in most natural
samples, homogeneous broadening will be superimposed on
inhomogeneous broadening, leading to a distribution of spectra
parameters as the sample is cooled (Chen and Thompson 2021).

The last type of broadening is slow paramagnetic relaxation,
which is a type of dynamic broadening in paramagnetic materials
(Murad and Cashion 2004). It is exceedingly rare in whole soils
and primarily relevant for samples with dilute (<1% total Fe),
uniformly distributed Fe, such as trace Fe substitutions in isolated
clay minerals or organic matrices where Fe atoms are well sep-
arated. Slow paramagnetic relaxation typically manifests below
13 K as a sextet-like feature with anomalously high hyperfine
field strengths (typically >55 T) (Kodama et al. 1988; Murad 1998;
Schwertmann and Murad 1988).

2.3.2 The Effect of Crystallinity onMB Spectra

While pure, bulk-crystalline Fe-bearing minerals have charac-
teristic magnetic transition temperatures and MBS parameters,
soil-derived Fe minerals are inherently disordered and therefore
have significantly modified spectra. Understanding how disorder
is expressed in the Mössbauer spectra is central to interpreting
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Fe phases in soils and sediments. Most pedogenic Fe phases
have substantially lower crystallinity—defined collectively as
having more ion substitution, decreased particle sizes, or other
defects—than their geogenic or synthetic counterparts. For the
most part, MBS can very precisely identify the net differences in
crystallinity between samples, but rarely can it pinpoint the root
cause. Fe phases exhibit low crystallinity primarily due to three
factors: (1) particle size effects, (2) isomorphic substitution, and
(3) aggregation/clustering effects (Berquó et al. 2007; Berquó et al.
2009).

When the dimensions of Fe-bearing particles decrease below
≈30 nm, they only exhibit ordering over short distances (they
are SRO) and superparamagnetic behavior will likely influence
the spectra. For instance, while bulk hematite and goethite
are magnetically ordered at 295 K, this ordering (blocking)
temperaturewill be suppressed below room temperature for small
particles of hematite (<8 nm) and goethite (<20 nm) (Janot
et al. 1973), even without any substitution. For goethite, hematite,
and magnetite nanoparticles, even small changes in the size or
nanoparticle shape can alter blocking temperature (Bødker et al.
2000; Murad and Schwertmann 1983b; Roca et al. 2007), with
most changes occurring below approximately 20 nm size (Janot
et al. 1973).

Similarly, isomorphic (metal-for-Fe) substitution is ubiquitous
and often quite substantial in soil minerals. For instance, Al can
substitute for Fe up to 33% in goethite (Schulze and Schwertmann
1984), up to 18% in lepidocrocite (Liao et al. 2020), and is present
in solid solution up to 5% in natural jarosite (Grigg, Notini,
et al. 2024b), and Si is commonly found in soil Fe minerals.
Such substitutions can suppress Bhf (Murad and Schwertmann
1983a; Murad and Schwertmann 1983b), alter the quadrupole
interactions (QS or ε) (De Grave et al. 1982; De Grave et al. 1996)),
and lower the magnetic ordering temperature in common soil
minerals (Grigg et al. 2024c; Murad and Schwertmann 1983b).
Isomorphic substitution may also change the distribution of
hyperfine parameters (Murad and Schwertmann 1988).

Finally, Fe (oxyhydr)oxide nanoparticles are commonly present
in soils as aggregates, as coatings on other minerals grains, or in
close associations with organic matter. The degree of aggregation
or clustering of Fe nanoparticles can alter the Mössbauer spectra.
For instance, Berquó et al. (2009) showed that as ferrihydrite (Fh)
nanoparticles aggregate they participate in interparticlemagnetic
exchange interactions that increase their blocking temperatures
compared with fully disaggregated particles. This effect can
partially counteract the suppression of ordering temperatures
caused by small particle sizes.

As expected, most SRO Fe phases are influenced by all three
of these factors simultaneously. The primary particles are often
much smaller than 20 nm, are highly substituted (usually with
Al and Si), and exhibit some degree of aggregation. The recent
emphasis on coprecipitation of organic matter with Fe (oxy-
hydr)oxide phases produces just such a scenario as the organic
compounds prevent crystal growth (decreasing primary particle
size), yet promote aggregation, while very likely facilitating ion
substitution (Chen and Thompson 2018; Eusterhues et al. 2008;
Mikutta et al. 2008; Schwertmann et al. 2005). These types of
combined effects make it untenable to extract precise particle

sizes or degrees of Al substitution from the measured Mössbauer
spectra for Fe phases in soil, although a novice practitioner might
well try this based on previous success for pure mineral phases
(Murad and Cashion 2004). In fact, ion substitution alone has
measurable effects on both particle size and aggregation, making
the separation of these effects challenging even in well controlled
experiments (Murad and Schwertmann 1983b). For these reasons,
often the most prudent approach for natural samples is simply
to carefully characterize differences in crystallinity, which is a
combined expression of all these factors (Winkler et al. 2018).
Soil Fe phases with lower crystallinity will have lower magnetic
ordering temperatures. As crystallinity decreases, the differences
between the individual mineral phase identities becomes much
harder to assign and perhaps much less meaningful (Thompson
et al. 2006), while the SRO nature of the Fe phases becomes
increasingly important.

2.4 Applications of MBS in Soils and Sediments

2.4.1 Common Effective Applications

There are several common types of research questionswhichMBS
is exceptionally well suited to address. These applications take
advantage of the isotope specificity of MBS to allow a detailed,
nondestructive analysis of Fe speciation, even within a complex
matrix such as a soil. Here we consider common successful
applications of 57Fe MBS.

Oxidation state of Fe [Fe(II) vs. Fe(III)]: MBS is among the best
approaches to determine precisely the valence of Fe in a solid
sample through nondestructive means, regardless of sample
matrix complexity (Joshi et al. 2024; Koeksoy et al. 2018). The
determination of oxidation state is most accurate if all the Fe is
paramagnetic and equal f-factors can be assumed at the mea-
surement temperature. In general, Fe(III) minerals have low CS
and QS values compared with high CS and QS for Fe(II) (orange-
and teal-colored ranges in Figure 2A, respectively). However, if
low-spin ferrous compounds (purple area in Figure 2A) such as
pyrite are present, their low CS is very similar to Fe(III) minerals.
Thus, users should assess the likelihood that low-spin Fe(II)
may be present and if so, make measurements across a range
of temperatures (Section 3.3.1) or include additional analytical
techniques to mitigate this issue.

Crystallinity of Fe oxyhydroxide phases:MBS is an ideal technique
to determine the distribution of magnetically ordered domain
sizes (e.g., crystallinity) among (oxyhydr)oxide phases in the sam-
ple. A hallmark of soil environments is the vast array of distinct
microsites and unique conditions within aggregates and variable-
sized pores,which promote a range of crystallinity amongmineral
precipitates (Mikutta et al. 2024). Even in synthetic preparations
of minerals there is the potential for significant variation in
crystallinity. Changes in crystallinity are reflected in the size of
magnetically ordered domains in the sample, the distributions
of which MBS can characterize in detail, particularly based on
analysis of the blocking temperature (Chen et al. 2020; Grigg
et al. 2024a) (see Sections 2.2 and 3.3.1). It is important to
recognize that several factors, including isomorphic substitution,
crystal size, and aggregation, can all influence the blocking
temperature and hyperfine parameters. While some studies have
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FIGURE 2 Typical ranges of Mössbauer parameters of (A) Fe(II)
and Fe(III) doublets in spectra collected at room temperature (figure
adapted from Dyar et al. 2006; Murad and Cashion 2004) with data
on FeS from (Schröder et al. 2020), and (B) Fe(III) sextets and Fe(II)
octets in spectra collected at 4 K (key: HS = high-spin; LS = low-
spin; Fe(III)–S = Fe sulfate minerals; Fe(II)Sx = nonstoichiometric
mackinawite, greigite; GR–Fe(III)/GR–Fe(II) = Fe(III)/Fe(II) in Green
Rusts; Lep. = lepidocrocite; synthetic reference materials with distinct
values are listed in the graph legend), based on references (Bronner
et al. 2023; Cashion and Murad 2012; Cornell and Schwertmann 2003;
Grigg, Notini, et al. 2024b; Häggström et al. 1969; Hohmann et al. 2010;
Larese-Casanova et al. 2010; MacKenzie and Bowden 1983; Murad and
Schwertmann 1980; Neiser et al. 2015; Ôno and Ito 1964; Ruecker et al.
2016; Schröder et al. 2020; Tennakoon et al. 1974; ThomasArrigo et al. 2017;
Ziganshin et al. 2015) as well as personal data from the authors (see Table
S4).

isolated the effect of individual factors in laboratory-synthesized
samples, this approach is not reliable for unknown samples or
soils and sediments. To compare mixed and unknown phases
in soils, a crystallinity index based on the ratio of sextet area
at two temperatures can be useful for describing differences in
crystallinity of Fe minerals between soils (Coward et al. 2018;
Winkler et al. 2018).

57Fe spiked samples:Fortuitous use of the specificity ofMBS for the
57Fe isotope, which is only 2.1% of natural abundance Fe (Taylor
et al. 1992), has allowed researchers to follow the transformations
of Fe phases added to complex samples. Fe isotope spikes can
be added as 57Fe(II)aq in soluble form (Amin and Arajs 1987;
Chen et al. 2020; Latta et al. 2012; Williams and Scherer 2004),
as 57Fe(III)aq if low pH or if organic ligands are used (Rea et al.
1994), or as a synthetic 57Fe mineral (Grigg et al. 2024c; Kubeneck
et al. 2024; Notini et al. 2023; Schulz et al. 2024).

Initial work with 57Fe spikes was carried out to quantify the
electron transfer (via MBS) and atom exchange (via Inductively
Coupled Plasma Mass Spectroscopy, ICP-MS) between soluble
and solid phase Fe (Grigg et al. 2024c; Handler et al. 2009;
Kubeneck et al. 2024; Larese-Casanova et al. 2010; Notini et al.
2023; Schulz et al. 2024; Tishchenko et al. 2015; Williams and
Scherer 2004). Adsorption of Fe(II)aq can trigger near complete
turnover of a mineral’s Fe atoms in pure, optimized conditions.
Many factors typical of natural systems (e.g., competitive adsor-
bates, ion substitution in the minerals, surface passivation by
newly formed Fe phases) can attenuate the extent of Fe(II)-
catalyzed recrystallization and limit its extent (Notini et al. 2019;
Tishchenko et al. 2015).

This attenuated atom exchange has made it possible to follow
active Fe cycling in soils and sediments by adding 57Fe spikes.
For instance, additions of 57Fe(II)aq to soil slurries can effectively
“stain” the soil Fe phases most reactive toward electron
transfer and atom exchange, which is most prevalent with low-
crystallinity (i.e., SRO) Fe(III)–phase (Chen et al. 2023; Chen et al.
2018; Mikutta et al. 2009; Tishchenko et al. 2015). Subsequent
biogeochemical transformations of these more reactive phases
will then strongly bias the MBS signal to the reactive Fe phases
relative to the underlying, bulk Fe mineral components. An even
more powerful exploration of in situ Fe cycling can be made by
oxidizing the 57Fe(II) mixed with the soil as the resulting MBS
spectra will then largely reflect the recently precipitated Fe(III)
phases (Chen et al. 2020). In both cases, it is however important to
run parallel nonlabeled experiments with additions of naturally
abundant Fe(II) and subtract the resulting Mössbauer spectra to
account for any potential changes in the native Fe (see Supporting
Information section of Chen et al. (2018) for details and an R
script to process the data). Notini et al. (2023) have flipped this
approach and instead synthesized 57Fe phases and added them
to soils and sediments to track the behavior of discrete mineral
phases. Using this approach in mesocosms (Schulz et al. 2023)
and field experiments (Grigg et al. 2024a; Kubeneck et al. 2024;
Schulz et al. 2023), the authors have shown unique mineral
behavior that occurs in the presence of the soil matrix that
contrasts the transformation processes observed in experiments
with fully mixed mineral suspensions. Synthetic minerals can be
tailored to reflect naturalminerals that occur in soil. For example,
57Fe–organic matter coprecipitates have been synthesized and
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added to soil incubations to explore the effect of organic
matter on mineral transformation (ThomasArrigo et al. 2024;
Voggenreiter et al. 2025).

Phase identification:MBS is generally not a standalone technique
for mineral characterization. However, there are many examples
in which MBS has been used to constrain potential mineral
phases or fine-tune phase composition assignments when
other sample information is available. There are certain
phases that have very distinctive spectra, and their presence
or absence can often be uniquely diagnosed using MBS. For
example, MBS can often be used in a diagnostic sense for
hematite (Fe(III)2O3), magnetite (Fe(II)Fe(III)2O4) and ilmenite
(Fe(II)TiO3). Similarly, MBS is singularly suited to distinguish
between phyllosilicate clay minerals and even small amounts
of disordered Fe(III)(oxyhydr)oxides, which is essential for
understandingmechanisms of clay mineral reactivity (Zhou et al.
2022).MBS is alsowell suited for identification and quantification
of Fe (oxyhydr)oxide minerals at near single-digit percent levels
as a fraction of total Fe, often at levels well below detection
limits of XRD. Phase identification of Fe (oxyhydr)oxide minerals
is enhanced by their relatively well-defined sextets at low
temperatures with unique hyperfine parameters (see Figure 2B).

Despite the many studies in whichMBS has been used to identify
and quantify mineral phases, there are several limitations to
this approach. The true power of MBS for soils and sediments
comes with both an understanding of the environment and
contextual or complimentary analyses that constrain the
presence or absence of certain Fe phases. Section 4 of this review
is designed to demonstrate how an understanding of the sample
environment can aid interpretation and guide the spectral fitting
process.

2.4.2 Limitations and Challenging Applications

There are some samples or research questions for which MBS
is a poor choice or must be complemented by other analyses
(e.g., X-ray diffraction, synchrotron-based X-ray absorption,
FTIR) to provide meaningful data. Here, we outline the common
limitations and challenges in deploying MBS for natural
samples.

Low Fe mass and long runtimes: MBS is a bulk technique and
requires a minimum Fe mass in the sample (often termed
“absorber thickness” in the MBS literature). A minimum mass
of 50 µg of 57Fe is generally required for measurement, although
100 – 200 µg 57Fe is more typical. For natural abundance Fe, this
equates to a minimum of 2.5 mg and an ideal of 10 mg of Fe. The
practicalities of preparing the sample usually make it challenging
to run samples less than 1% natural abundance Fe by mass. This
is less challenging in matrices that do not absorb gamma rays
well (such as organicmatter), and harder whenAl concentrations
are high. For typical soils with >5% Fe by mass, measurement
times are upward of 16 h at each temperature and usually three
measurement temperatures are required. For lower abundance
samples or samples with high Al/Fe ratios, measurement times
extend intoweeks, evenunder ideal conditions, and lower gamma
source strength commonly extends necessary collection time.

Because of these limitations, judicious sample choice is often
necessary, and, in some cases, it may be impractical to collect
clean spectra within available instrument time.

Nonunique spectral parameters: Most Fe phases do not have
singularly unique Mössbauer spectral parameters, leading to
difficulties distinguishing some phases from one another without
information from other analytical techniques. This is especially
true if only room temperature (295 K) measurements are made
(Section 3.3.1), where often most of the Fe phases in soils are
in a paramagnetic or superparamagnetic state, producing a
doublet. Even at low temperature, the doublets of many phases
have overlapping hyperfine parameters—although the Fe(II)
and Fe(III) oxidation states can usually be separated—including
Fe in aluminosilicates (Dyar et al. 2006; Stanfield et al. 2024)
and organic complexes (Goodman et al. 1991), as well as the
sextets of some nonsilicate Fe(II) minerals such as white and
green rusts, vivianite, and siderite (Figure 2B). Although sextets
are often more easily separated than doublets, overlapping
spectra are fitted with increased uncertainty (Amarasiriwardena
et al. 1986). If contextual information or additional analytical
techniques can constrain the candidates, MBS fitting can likely
provide relative phase abundance, composition, or mineral
characteristics.

Complex spectra and phase mixtures: A fundamental
characteristic separating natural samples from pure Fe minerals
is the degree of natural variation and the range of potential Fe
site populations. MBS is exceedingly sensitive to changes in Fe
speciation, with even minor changes in crystallinity evoking
shifts in hyperfine parameters. This is a key advantage for
systems with constrained Fe site speciation but severely limits
MBS for soils of unknown origin. As Fe phase crystallinity
decreases, the ordering temperature and Bhf values decrease
and no longer match reference values. Most often, this requires
the spectroscopist to relax fitting precision relative to reference
compounds. For instance, pure ferrihydrite is most accurately fit
with two sextets (Byrne andKappler 2019), but typically one sextet
is used to fit ferrihydrite in soils. Similarly, magnetite should be
modelled with at least two sextets (more at low temperature, see
Section 4.5.1), while akageneite would ideally be fit with three or
four overlapping sites (Barrero et al. 2006). In soils and sediments,
these phases would likely be sharing spectral space with several
other Fe species and a simplified fitting approach becomes more
appropriate. Most often, we are interested in the abundance
of different Fe species in a sample, which necessitates spectral
fitting routines that can account for all the Fe in the sample,
even if the identification of those phases remains ambiguous.
This creates nonuniqueness and fitting trade-off challenges that
will increase uncertainty in the relative area of the target phases.
Furthermore, phase quantification is complicated by potentially
unequal recoilless fractions (f-factor) across different Fe species,
with Fe(II) often exhibiting lower f-factors than Fe(III) and
organically bound or adsorbed Fe exhibiting lower f-factors than
Fe in mineral phases. Fortunately, these differences are generally
eliminated in dry samples and at low temperatures (<77 K) (De
Grave and Van Alboom 1991; Rancourt 1989). Finally, certain Fe
phases produce spectra that are challenging to fit with general
fitting models (e.g., octets) requiring nonideal approximations
or specialized fitting approaches. Throughout this review, we
highlight these challenges and suggest strategies to address them.

8 Journal of Plant Nutrition and Soil Science, 2025
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FIGURE 3 Decision tree to guide users on whether their samples are suitable for being analyzed with Mössbauer spectroscopy, estimation of
sample mass needed, and general guidance on potential approaches to analyzing the sample. Created in BioRender. Notini de Andrade (2025); https://
BioRender.com/z20f870.

3 Sample Preparation and Analysis Methods

3.1 Analysis Method Selection and Sample
Preparation

Prior to measuring a sample with MBS it is important to consider
the potential phases in a sample to decide upon the appropriate
sample preparation pathway and the most appropriate choice of
measurement temperature(s). Figure 3 provides a useful decision
tree listing some key questions including “what do you wish to

learn from your sample?” Answering such questions will help
in planning the experiment and maximizing the benefits of the
measurement.

3.2 Sample Preparation Methods

Mössbauer spectrometers are mostly operated in transmission
mode, so the gamma rays need to move through the sample.
Common approaches for preparing a sample are outlined below
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and images of examples are given in Figure S1. Nearly always
the sample needs to be evenly dispersed over a few cm2, but
with little to no sample alteration required; MBS is considered
nondestructive.

1. Dry powders: The simplest way to run a sample is to load
dry material in a thin layer (a few millimeters). This layer
can in principle be sandwiched between two pieces of
Kapton tape inside a nylon disk or between two pieces of
gamma-ray transparent material. Most critical here is to
achieve a uniform thickness of the entire sample. If the
sample is moist, you may consider running it without drying
(frozen) to preserve the Fe’s valence if this is critical or
you have samples with an abundance of minerals (e.g.,
SRO or Fe(II) phases or clay minerals) that can be altered
during the drying process (Stucki et al. 2014). It is also
possible to prepare samples using dry powders loaded
into a pellet press, potentially with KBr or cellulose as a
matrix. These pellets have the advantage of being of uniform
thickness.

2. Samples collected on filters: Assuming the sample will be
measured below 273 K (freezing point of water), this routine
method can be used to measure hydrated samples such as a
sediment slurry, or a sample from a microcosm.

3. Wet pastes: This is the method of choice for samples that
may create/require high pressure during filtering (e.g., clay
minerals) or that may (partially) oxidize during contact with
plastic as required for collecting samples on filters. The solid
should be separated from the fluid via centrifugation and
transferred onto/into a holder that will be sealedwith Kapton
tape. For very wet, clay-rich samples, direct enclosure in
the Kapton tape could interfere with the tape’s adhesive
properties. Wet pastes require measurement temperatures
below freezing.

4. Oxygen sensitive samples: When samples are collected in an
anoxic environment or contain potentially anoxic microsites,
care must be taken if preservation of the original Fe valence
is important. Once the sample is in an oxygen-free space
(such as a glovebox), the simplest approach is often to
prepare the absorber (as described above, wet or dry) and
encase the absorber in heat sealed plastic (or carbon-based
mylar, no aluminum) to limit O2 diffusion (Kupper et al.
2023). The encased adsorber can be run directly on the
spectrometer. To ensure O2-free transport to the instrument,
the absorber can be frozen, sealed in a jar, or vacuumed
in a bag, and stored with an oxygen scavenger. In general,
drying the sample risks oxidation, even under an anoxic
atmosphere (Stucki et al. 2014) or when using a freeze-drier,
and should be avoided for sensitive samples unless absolutely
necessary.

3.3 Data Analysis and Interpretation

Once MBS spectra are collected, they must be interpreted, most
often through a process of fitting proposed Fe site populations
(unique or discrete Fe atom locations in the sample). The basic
workflow is highlighted in Box 1.

Workflow for Analyzing and Fitting Mössbauer Spectra

1. Run the sample
a. Collect sample spectra at one or more temperatures.
b. Collect α-Fe(0) standard on same instrument at 295 K.

2. Calibrate and fold the spectrum using measured α-Fe(0)
standard.

3. Choose software and appropriate lineshape model for
fitting.

4. Fitting/interpreting the spectra
a. Apply a measured α-Fe(0) linewidth to the Lorentzian

HWHM.
b. Visually decide if the spectrum contains doublets,

sextets, or perhaps octet features.
c. Add spectral sites one at a time with parameters close

to reference values (see below).
d. Float parameters one at a time or interactively to fit the

spectra.
e. Evaluate the fitted parameters against references and

reality. Consider improvements of χ2 value equally
with a visually appropriate fit. Overfitting is com-
mon and can lead to meaningless results. Less is
more.

5. Include all parameter values and the raw datafiles in any
report or publication.

3.3.1 Measurement Temperature

Selecting the appropriate measurement temperature is critical
for optimizing the analysis of Mössbauer spectra. If the primary
goal is to quantify the Fe(II)/Fe(III) ratio, room temperature
measurements (295 K) may suffice, provided there are no low-
spin ferrous compounds in the sample. However, for identifying
specific Fe phases, it is essential to collect spectra at temperatures
where the expected phases exhibit distinct and well-documented
spectral features. Commonly used temperatures include 295 K
(room temperature), 77 K (liquid nitrogen), 13 K, and 5 or 4.2 K
(liquid helium).

For samples containing a mixture of Fe phases, choosing the
appropriate measurement temperature can help distinguish the
phases more effectively. At certain temperatures, different phases
produce spectra with more distinct features, such as a sextet
and a doublet instead of two overlapping doublets, making them
easier to identify and quantify. However, some temperatures
may yield complex spectral features that are difficult to fit (e.g.,
magnetite splitting into five sextets or Fe(II)-bearing minerals
forming octets). If such complexities are irrelevant to the research
question, selecting temperatures that produce simpler spectra
should be preferred.

Information on magnetic ordering temperature (TB, TN, TC)
allows us to propose a simplified guideline for predicting the
expected Mössbauer spectral shape (sextet, doublet, octet, or sin-
glet) of various Fe phases as a function of temperature (Figure 4).
While the expected spectral shape can aid users in selecting ideal

10 Journal of Plant Nutrition and Soil Science, 2025
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FIGURE 4 Simplified representation of expected Mössbauer features (sextet, doublet, octet, or singlet) of various Fe phases at different
temperatures. Hatched areas represent temperatures in which we expect a mixture of the features with those colors. Letters refer to references listed in
the figure. (a) van der Zee et al. (2003), (b) Amin and Arajs (1987), (c) Byrne and Kappler (2019), (d) Murad and Schwertmann (1984), (e) Chambaere and
De Grave (1984), (f) Doriguetto et al. (2003), (g) Murad et al. (2002), (h) Rothwell et al. (2023), (i) Rusch et al. (2008b), (j) Forester and Koon (1969), (k)
Gonser and Grant (1967), (l) Miyamoto (1976), (m) Rancourt et al. (2005), (n) Grigg et al. (2024b), (o) Bigham et al. (1994), (p) Schröder et al. (2020), (q)
Choi et al. (2021), (r) Wan et al. (2017).

measurement temperatures, it is important to note that most of
these data are based on laboratory-synthesized samples. These
transition temperatures can vary significantly with particle size,
chemical substitutions, magnetic domain size, and crystallinity
and should be evaluated accordingly.

3.3.2 Calibration

Mössbauer spectrometers record a count rate that continually
increases as the sample is run, typically for either 512 or 1024
channels. Analysis requires calibration—most often using a 7 µm
thick α-Fe(0) foil—and conversion to velocity (mm/s). Most
software packages have calibration routines, which also fold the
spectra to combine the left and right-hand sides into a single
spectrum.

3.3.3 Software

Within the Earth science Mössbauer community, recoil is one
of the most used software for fitting Mössbauer spectra (Lagarec
and Rancourt 1998). Recoil was first published almost 30 years
ago and, despite several limitations, performs robust fitting using
many different models which can suit different applications.
Nevertheless, commercial and free alternatives are available
including MossA, WinNormos (Brand 2002), and MossWinn
(Prescher et al. 2012). New approaches are, however, needed, for
example those which include links to databases and potentially
machine learning, for example including genetic algorithms (de
Souza Jr. 1999). We discuss this in Section 5.

3.3.4 Selection of Spectral Lineshape Model

In cases where single mineral phases are being evaluated and
compared with references, it may be sufficient to apply the
simplest of models, the Lorentzian lineshape, which follows a
characteristic bell-shaped curve. Doublets are constructed from a
superposition of two individual Lorentzian peaks, while sextets
are constructed from six. Theoretically, all Mössbauer spectra
should conform to a Lorentzian lineshape (Murad and Cashion
2004), but in most minerals—especially in complex soil and
sediment samples—each Fe nucleus resides in one of a range
of different atomic environments due to differences in particle
size, the degree of ion substitution, magnetic domain size, and so
on. Thus, even in a single natural mineral, these slight variations
in nuclear environment create a distribution of slightly different
Lorentizian MBS lineshapes (nonhomogenous line broadening;
Rancourt and Ping 1991). For this reason, most Earth science
Mössbauer spectroscopists use Voigt-based lineshape models,
which are implemented in the recoil fitting software. The Voigt
lineshape is mathematically complex and is formed by the
convolution of Gaussian and Lorentzian lineshapes. There is
no analytical solution to the Voigt line, however a simplistic
approximation is often used (Rancourt 1989; Rancourt and Ping
1991). One of the advantages of using Voigt is that it effectively
creates a sumof Lorentzian lineswith a probability distribution (σ
values in recoil) around the parameter values (see Table 1). Such
an approach has clear advantages for soil and sediment samples
where Fe is present in many different binding conditions leading
to a distribution of parameter values around an average. This
distribution can provide important information about the sample
(see Section 4.2.1).
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In high-spin Fe(II) phases, at temperatures below 40K, forbidden
nuclear energy transitions can occur and manifest as an octet,
that is, eight peaks in the Mössbauer spectrum (example in
Figure 1). As octets reflect complex interactions between the
EFG and the hyperfine magnetic field (z), the fitting of octets is
not trivial. A simple Lorentzian or combination of Lorentzian
(i.e., Voigt) lineshapes can no longer be used to fit the data
and instead the full Hamiltonian equation must be solved to fit
the exact lineshape (see Kündig 1967). This requires the use of
more parameters than just CS, QS, and H, that is, the asymmetry
parameter for the EFG (η), and the angles describing the spatial
relationship between the direction of EFG and z (φ, ϑ). This
makes the fitting especially challenging, and it is often simply
avoided in Earth science literature (Kupper et al. 2023). Despite
the challenge of fitting octet phases, there are several recent
examples where full Hamiltonian fitting was used to gain insights
into the behavior of soils and sediments (e.g., Notini et al. 2023;
Rothwell et al. 2023).

3.3.5 Fitting Mössbauer Spectra

A Mössbauer spectrum may contain a mixture of singlets, dou-
blets, sextets, and octets (Figure 1). Below, we lay out approaches
for fitting spectral features (sub-spectra) with special emphasis
on fitting octets as they are relatively less studied. The accuracy
of the fit, and thereby of the interpretation of the results, depends
on (1) the research question, (2) the model used, and (3) the
quality (signal-to-noise) of the data. Determining the oxidation
state is the most straightforward analysis (if no low-spin Fe(II)
minerals such as pyrite (FeS2) are present) and is less sensitive to
the type of model or data quality. Higher quality data are needed
for relative abundance information and extra care is needed
in choosing a fitting model (and note, MBS only considers the
relative number of Fe atoms, and not the individual minerals or
phases).

Spectral analysis programs often provide a goodness-of-fit
measure. In the case of recoil, this is the reduced χ2 value
that indicates the match between the model and the data
(Lagarec and Rancourt 1998; Murad and Cashion 2004). From a
purelymathematical point of view, the value of reduced χ2 should
ideally be equal to one. However, a good, realistic fit toMössbauer
spectra is not dependent only on the mathematical best fit but
also on realistic hyperfine parameters of the modeled spectral
sites and the environmental context. Lower quality data will
return a better reduced χ2, which all should agree is not the same
as a better fit. We recommend the reduced χ2 value be used as an
indicator while fitting the spectrum along with inspection of the
residual.

Fitting singlets: Singlets are relatively rare in Mössbauer spectra.
A phase that exhibits a singlet is relatively straightforward to
fit (allow the computer to iterate and optimize the value, often
described as “floating”) as it only has a CS and no QS. In a Voigt-
based fitting (VBF)model, one would set the QS value to zero and
then fit the CS and a σ value to account for any distribution of
linewidth across Fe site population.

Fitting doublet and sextets: Doublets and sextets are commonly
observed inMössbauer spectra. Based on the (a)symmetry and the

width of the peaks, it is useful to initially estimate howmany dou-
blets are present and then add that number of dia/paramagnetic
sites (QSD site in the VBF model within recoil). Depending on
whether the doublet appears wide or narrow, initial values for
the parameters for Fe(II) or Fe(III) should be entered using those
given in Figure 2 and then the fit optimized.

To model sextets, the approach is similar to fitting doublets; in
the case of the VBF model, the quadrupole shift (ε) must be
specified instead of QS, and themagnetic field strength (Bhf) must
be specified along with its Gaussian width (σ). If the extended
VBF (xVBF) model is used, the σ value for all parameters must be
specified. Often it is challenging to decide which is most appro-
priate: (a) a single sextet with a broad σ value (see Section 2.3.1)
or (b) a single sextet with multiple components or (c) multiple
sextets. The interpretation of the first two are similar, reflecting
a distribution of Fe across similar phases, whereas fitting with
multiple sextets is most appropriate if assigning them to distinct
Fe phases or known contributions of one phase (e.g., magnetite
usually exhibits two sextets). Generally, if one can see distinct
peaks, then multiple sextets should be included. Otherwise, it is
up to the spectroscopist’s interpretation. Generating multiple fits
for a spectrum (reflecting different potential interpretations) is
often a good approach (Thompson et al. 2006; Tishchenko et al.
2015).

In a scenario with both doublets and sextets, the positions of the
peaks generally provide some guidance for fitting. The outermost
peaks of the sextet can first be fit independent of the central
doublets. Next, as the Fe(II) doublet has a higher QS (usually
>2 mm/s), the peak on the right is clearly seen and can be
used to constrain a doublet site with Fe(II) parameters. For
example, the Fe–Ti mineral ilmenite is often easiest to identify by
the unique position of its high line (right peak) near 1.4 mm/s
(Thompson et al. 2011). If peaks remain around 0.4 mm/s that
are unaccounted for, a doublet with parameters in the Fe(III)
range should be added. After all peaks seen in the spectrum have
been accounted for (irrespective of whether the spectral area is
covered), the spectrum should be fit using the VBF or xVBF
model.

Fitting collapsed sextets: It is challenging to fit phases transitioning
between their paramagnetic and magnetic states (near TB) at the
collection temperature, but for natural soil and sediment samples
this is an essential component of almost all spectra. These spectra
may exhibit a shape that is wider than a doublet but does not
show any distinct peaks (Latta, Bachman, et al. 2012; Notini et al.
2018), referred to sometimes as “collapsed sextet” or colloquially,
a “potato.” A collapsed feature should be fit by adding a magnetic
site (HSD). The CS should be manually entered between 0.4 and
0.6mm/s tomatch the expected full sextet CS,with the ε value and
Bhf values fixed to zero and the σ value of the Bhf floated, or set to a
fixed value between 18 and 30 T.We recommend including as few
parameters as possible to decrease the likelihood of overfitting.
Therefore, when using xVBF, set the σ of the quadrupole shift to
zero (to match the settings of a VBF fit). We also recommend that
the σ value be restricted to less than 30 T; at higher values, the fit
may become meaningless as the collapsed feature approaches a
flat line. It might be useful to fix the fit for the collapsed feature
while tuning details in other phases; however, the fitting should
be stable even when all (or most) parameters are floating. There
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is always a fitting trade-off between the collapsed sextet and
other sites used to fit the spectrum, as the collapsed sextet is an
approximation.

3.3.6 Interpreting Mössbauer Spectra

Once a fit appears to have been completed to a satisfactory level
(i.e., reasonable χ2 and the residual does not possess obvious signs
of under fitting), a quick comparison of the hyperfine parameters
of each site against correlation plots (CS vs. QS and Bhf vs.
CS) will reveal whether the parameters are within acceptable
limits. If a site is a doublet comparing CS and QS against a
relevant correlation plot (e.g., Figure 2A) can indicate both the
oxidation state of the doublet, and also whether the parameters
are reasonable. For example, a doublet with CS = 0.0 mm/s and
QS = 3.5 mm/s clearly falls outside of any of the accepted values
for different Fe oxidation states or coordination environments and
can therefore be considered incorrect. A similar approach can be
made for sextets to identify reasonable fits.

Depending on the main research question, it may be of interest
to the user to identify the mineral(s) present in their samples.
This is best done through comparison of CS, QS, ε, and Bhf
against publications, or reference databases. For Fe bearing
minerals, tables in Dyar et al. (2006), Murad (2010) as well as
Cornell and Schwertmann (2003), provide a useful starting point,
though these lists are not exhaustive. The most comprehensive
database for Mössbauer hyperfine parameters is maintained by
the Mössbauer Effect Data Center (https://www.medc.dicp.ac.
cn/index.htm), which was set up with the purpose of collecting
Mössbauer parameters and can be accessed through a subscrip-
tion fee. An older version of this database is available as the
MössbauerMineralHandbook (Stevens et al. 2002). Alternatively,
parameters indicated in Section 4 of this publication for specific
minerals are also of use.

3.4 When and How to Approach Fitting Ferrous
Octets

Although fitting singlets, doublets, and sextets using the fitting
models described in Section 3.3 is nowwell established, the fitting
of octets, particularly in environmental samples, is less common.
However, due to the increased availability of 4 – 5 K capable
cryostats, octets are being recorded and interpreted more widely.
In this section, we will outline a suggested workflow to identify
and fit octets.

3.4.1 Identifying Octets

When assessing spectra of puremineral phases, octets can usually
be identified based on the much smaller energy difference
between the outer peaks (i.e., the “apparent magnetic hyperfine
split”) compared with Fe(III) sextets (Figure 2B). Octets may
appear “collapsed,” meaning that not all eight peaks are visible
(Figure 1), and the spectra of pure minerals containing Fe(II) in
more than one coordination environment may comprise more
than eight peaks, which may vary in sharpness.

In samples containing mixtures that also include high-spin
Fe(II) phases, the identification of an octet is more complex.
For example, in spectra containing a mixture of ferrihydrite
and octet-forming ferrous phases, the octet may appear as
broadening in the spectra that cannot easily be distinguished
from broad, collapsed sextets formed by Fe (oxyhydr)oxides near
their blocking temperature. In this instance, it can be useful to
measure the same sample at several temperatures. Measuring
at a higher temperature (e.g., 77 K) as a starting point will be
useful to determine the Fe(II)/Fe(III) ratio of a spectrum. It may
also be useful to measure at intermediate cooler temperature
steps, around the ordering temperature of minerals of interest.
For example, if octet ordering appears below 38 K, then it is
an indication that siderite is present, and the ordering is the
emergence of the siderite octet (Figure 4). Finally, measuring at
≤5 K is useful to ensure that magnetic ordering is fully developed.
If at this temperature it is still unclear if the broad, ordered area is
due to collapsed Fe(III) or octet Fe(II), it may be a useful exercise
to compare the Fe(II)/Fe(III) ratio of the higher temperature
spectrum to the low temperature spectrum. To do this, fit the
well resolved doublets and/or sextets in the spectrum (using VBF,
see above) and do not fit the broadened area. If extra Fe(II) is
required to match the higher temperature Fe(II)/Fe(III) fit, then
this suggests that an octet is indeed present. Note, as pyrite or
other Fe sulfides containing ferrihydrite Fe(II) are challenging
to distinguish from paramagnetic Fe(III) (Figure 2A) and do not
order magnetically, they can be included in the Fe(III) pool for
the purpose of determining if an octet is present. Note also that
this approach assumes that the recoilless fraction f of Fe(II) and
Fe(III) components in the sample changes in the same pattern
and magnitude with changes in temperature.

3.4.2 Approach to Fitting Octets

Once the presence of an octet/octets in the spectrum has been
established, the challenging task of fitting can begin. The first task
here is to think about potential octet-forming ferrous minerals
that are likely to be present in the sample. For example, if
working in phosphate-rich conditions, vivianite could be a likely
candidate. Again, a temperature profile of measurements can
be useful to separate likely mineral phases by their ordering
temperatures (Figure 4). Before attempting any fitting, it can
also be useful to overlay spectra of pure reference minerals on
spectra with unknown phases(s), to determine if any peaks align,
suggesting that the reference phasemay be present in the sample.
Once potential minerals have been identified to include in the
octet fit, the FSH (Full-Static Hamiltonian) fitting mode in recoil
can be used to fit the spectra.

3.4.3 Executing the Fit of Octets in Complex
Environmental Samples

Due to the large number of parameters required to fit octets,
care must be taken to avoid overfitting the spectra. When floating
so many parameters, it can be easy to achieve a fit that visually
appears good but with parameters that make little physical sense.
A suggestedworkflow for identifying and fitting octets is provided
in Figure 5.
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FIGURE 5 Suggested workflow for identifying the presence of a high-spin Fe(II) octet in a sample and fitting the Mössbauer spectra. Created in
BioRender. Notini de Andrade (2025); https://BioRender.com/s96s175.

FIGURE 6 Mössbauer spectra of amixture of ferrihydrite and green rust fit using (a) the xVBFmodel allowing the ferrihydrite shape to be captured,
and (b) the FSH mode allowing the green rust Fe(II) octet to be fit. Data reproduced with permission and re-analyzed with modified fitting from Notini
et al. (2023).

Although octets can be fit using the FSH fittingmodel, this model
does not capture the lineshapes of Fe(III) (oxyhydr)oxides well.
For example, the broadening usually observed in ferrihydrite
sextets that can be fit using a Voigt based lineshape is almost
impossible to capture using the FSHmode (Figure 6B). Therefore,

when faced with a complex sample containing both Fe(II) octet
and Fe(III) (oxyhydr)oxide sextet phases, a user must decide
which fitting protocol is best to use. If the priority is to fit the Fe
(oxyhydr)oxide well, the shape of an octet can be approximated
using the extendedVBF fittingmode (Figure 6A). This is achieved

14 Journal of Plant Nutrition and Soil Science, 2025
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FIGURE 7 Expected Fe phases as a function of soil conditions.

by adding a probability distribution (i.e., σ) to theQS, as explained
in Section 3.3.5. Alternatively, if the priority is to quantify and
identify the Fe(II) octet phase, then the FSH mode is preferable,
which allows the octet phase to be well fitted (Figure 6B) at the
expense of the Fe(III) sextets. Although the two fits are in good
agreement for the Fe(II)/Fe(tot) ratio (40% for xVBF vs. 37% for
FSH; Tables S2 and S3), the speciation of Fe(III) is quite different.
As the xVBF fit for Fe(III) closely resembles the ferrihydrite
starting material before the reduction of this sample, we propose
that this is likely the best fit for the Fe(III) phases. However, to be
certain, one could employ alternative characterization techniques
such as Fe XAS to confirm. Often, fitting the spectrum using both
modes, or in combination with another technique, can yield the
most information (see data in Tables S2 and S3 for the example
in Figure 6). However, literature values for parameters used in
FSH fitting of octets are comparatively rarer than parameters to
fit other Mössbauer spectral lineshapes.

4 Fe Phases Commonly Explored by MBS in Soils
and Sediments

Environmental conditions strongly influence Fe speciation in
soils and sediments. For example, in young or intermediate aged
soils, most of the Fe is likely in secondary aluminosilicates phases
and other primary silicate minerals (Figure 7); whereas in more
highly weathered soils, Fe (oyxhydr)oxide phases are more likely
to dominate. As discussed above, contextual data (e.g., sample
description, information from other analytical techniques or
chemical assays) that helps constrain the likely Fe phases is often
essential for interpreting Mössbauer spectra. For environmental
samples, the parent material of the soil or sediment and the
dominant conditions are a powerful first step. For this reason, we
describe six broad groupings of Fe phases organized around the
type of soil/sediment environment in which they are commonly
found (Figure 7).

4.1 Young or Intermediate-Aged Soils

Young/intermediate-aged soils, or sediments derived from them,
typically have considerable fractions of their total Fe in primary
minerals (those formed at high temperature and pressure), such
as micas, pyroxenes, and olivines, and their initial weathering

products. These include clay mineral phases such as 2:1 layer
phyllosilicates, for example, illite or smectite, and 1:1 layer phyl-
losilicates such as kaolinite or serpentines. These soils are often
strongly influenced by parent material type, so consideration of
the underlying geology is often helpful.

4.1.1 Aluminosilicates

The most abundant layered aluminosilicate phases (phyllosili-
cates) found in soils and sediments can contain Fe as isomorphic
substitutions in both their tetrahedral and octahedral sheets.
The octahedral binding environment is amenable to substantial
incorporation of both Fe(III) and Fe(II), up to 40 wt%, although
the majority of soil-forming phyllosilicates have low Fe content.
In contrast, substitution of Fe(III) into the tetrahedral (silicate)
sheet is limited to 10% of total mineral Fe (Kaufhold et al. 2017),
and the existence of tetrahedral Fe(II) in phyllosilicates is still
debated in the literature (Baron et al. 2016; Finck et al. 2019;
Kaufhold et al. 2017).

The hyperfine parameters for Fe in phyllosilicates are generally
very similar and cannot be used to identify or distinguish
specific phyllosilicate minerals, as shown in Figure 8 (Coey 1980;
Murad 2010). Phyllosilicate octahedral Fe(III) exhibits typical
hyperfine parameters (Figure 2A), with larger QS values usually
assigned to more distorted octahedral binding environments.
These parameters also overlap with many other high-spin Fe(III)
phases likely present in soils and sediments, making analyses
of young and middle-aged soils using MBS alone particularly
challenging (Murad 1998).

However, in phyllosilicates with low total Fe content or with Fe
in its fully oxidized state, the high-spin Fe(III) remains present
as one or more doublets even at low measurement temperatures
(4.2 or 5 K) (Ballet and Coey 1982). This property has been used
to identify the presence of Fe in phyllosilicates (and/or bound
to organic material, see Section 4.3) in natural soils (Thompson
et al. 2011). Structural Fe(II) in phyllosilicates largely presents
as a doublet with a large QS value (2.5–3.0 mm/s) (Ballet et al.
1979; Dyar et al. 2006) indicative of high-spin Fe(II) (Figure 2A).
The presence of this clay mineral Fe(II) is easy to identify and
quantify, particularly based on the high energy peak at around
2.7 mm/s (Neumann et al. 2013; Schaefer et al. 2011). In most
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FIGURE 8 Center shift (CS) versus quadrupole splitting (QS) for
common paramagnetic Fe(III) in soils and sediments. Data are taken from
Murad (1988) (ferrihydrite, lepidocrocite, akaganéite, jarosite, schwert-
mannite) and Morice et al. (1969) (pyrite). Green rust chloride, sulfate,
and carbonate were synthesized and measured by A.N. (see Supporting
Information).

phyllosilicates with low Fe content—which is the majority in
soils and sediments—the Fe(II) doublet is also observed down
to measurement temperatures of 4.2 K (Ballet and Coey 1982).
Hence, measurements of phyllosilicate-rich soils at 4.2 K allow
the determination of the reduction extent of phyllosilicate Fe. If
phyllosilicates with very low Fe are physically separated from the
soil, there is a potential for slow paramagnetic relaxation of the
spectra to occur, resulting in an anomalously wide (>55 T) sextet
feature (Murad and Cashion 2004; Stucki et al. 1988).

Fe(II)-rich (phyllo)silicates with high total Fe content: Very few
low-Fe content phyllosilicates have been reported to show Fe(II)
ordering due to slowparamagnetic relaxation at low temperatures
(Murad et al. 2002). In contrast, the higher the Fe content in
phyllosilicates, the higher the likelihood of interactions between
neighboring Fe atoms and hence partial or complete ordering at
low temperatures. In primary silicates, the formation of octets
has been reported, for example, in the spectra of annite (Christie
et al. 1992), fayalite (Lottermoser et al. 1995), and hedenbergite
(Eeckhout and De Grave 2003) at low temperatures. In Fe(III)-
rich smectite minerals such as nontronite, reduction to Fe(II)
leads to more extensive ordering and/or the presence of Fe(II)
results in ordering at lower total Fe contents (Rothwell et al.
2023)—a detailed discussion on how to analyze Mössbauer
spectra with (partially) ordered Fe(II) components is given in
Section 4.5.

4.2 Highly Weathered Soils and Sediments

Highly weathered soils—which have an accumulation of Fe
and Al relative to silicon (typically ultisols and oxisols in the

Soil Taxonomy system)—or sediments derived from them, have
Fe site populations typically dominated by Fe (oxyhydr)oxide
phases. When aluminosilicate minerals are present, they are
often 1:1 layer clay minerals, such as kaolinite, which do not
incorporate much Fe into their structures. Well crystalline Fe
(oxyhydr)oxide minerals (i.e., easily detectable by X-ray diffrac-
tion) are often quite straight forward to identify based on their
distinct hyperfine parameters. In many cases even trace levels of
crystalline Fe (oxyhydr)oxide phases can be detected and quanti-
fied in mineralogically complex systems. Hematite in particular
is easily discernible owing to its large hyperfine field which is
typically larger than any other Fe (oxyhydr)oxide (Bhf > 50 T
at 295 K; Bhf ≈ 54 T below 77 K; see Figure 2B), and relatively
large negative quadrupole shift (ε = –0.2 mm/s). Similarly,
stoichiometric magnetite is also quite distinctive owing to the
presence of two overlapping sextets corresponding to octahedral
and tetrahedrally coordinated mixed-valent Fe. Such phases are
abundant in samples formed under geologic (high temperature
and pressure) conditions. However, Fe oxides formed in soils or
sediments (pedogenic) are generally of much lower crystallinity.

Pedogenic Fe oxides typically exist as small particles and com-
monly incorporate substitutions of elements such as Al and Si,
or form in association with organic compounds. These features
lower their crystallinity and influence their magnetic properties,
requiring careful consideration during spectral interpretation
(Murad 1998). The phenomena of superparamagnetism (dis-
cussed above) are particularly relevant for soil Fe (oxyhydr)oxides
as nearly all soils have prominent SRO Fe phases present. For
instance, while bulk hematite and goethite are magnetically
ordered at 295 K, this ordering temperature will be suppressed
below room temperature for small particles of hematite (<8 nm)
and goethite (<20 nm), even without any substitution (Janot
et al. 1973). With ion substitution, the crystallinity of these Fe
(oxyhydr)oxide phases, particularly goethite, can decrease still
further such that the ordering temperature of nano-crystalline
goethite is suppressed below 13 K. As crystallinity decreases,
the differences between the individual mineral phases become
much harder to identify unambiguously and perhaps much less
meaningful (Thompson et al. 2011).

In this section, we briefly describe some of the most common
Fe minerals found in highly weathered soils and sediments, with
particular attention focused on Fe (oxyhydr)oxides (ferrihydrite,
goethite, lepidocrocite) and Fe oxides (hematite and magnetite).

4.2.1 Fe(III) (Oxyhydr)Oxides

Ferrihydrite: Ferrihydrite is a SRO Fe(III) mineral with two
recognized structures based on XRD analysis: 2-line and 6-line
ferrihydrite (Figure 9). These two structures exhibit differences
in their respective blocking temperatures (TB) with 2-line ferrihy-
drite ordering between 5 – 77 K and 6-line ferrihydrite ordering
between 77 and 295 K.

Well aboveTB, the respective doublets of both types of ferrihydrite
have CS values of ≈0.5 mm/s and QS values of ≈0.48 mm/s.
Pure, magnetically ordered ferrihydrite is likely best fit with
multiple sextets, with Byrne and Kappler (2019) suggesting two,
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FIGURE 9 Mössbauer spectra of 2-line ferrihydrite left (A) and 6-
line ferrihydrite (B) at room temperature, 77 and 5 K reproduced from
Byrne and Kappler (2019) with permission of American Mineralogist.

based on potential tetrahedral and octahedral Fe(III) sites, in
agreement with (Maillot et al. 2011; Michel et al. 2007). In this
case, 2-line ferrihydrite was fit with sextet A (CS = 0.49 mm/s;
ε = 0.00 mm/s; H = 50.1 T) and sextet B (CS = 0.42 mm/s;
ε = –0.01 mm/s; H = 46.8 T), while the 6-line ferrihydrite was
fit with sextet A (CS = 0.50 mm/s; ε = –0.03 mm/s; H = 50.2
T) and B (CS = 0.40 mm/s; ε = –0.05 mm/s; H = 47.1 T). In
soils or complex environmental samples, a single sextet is more
often used (Sun et al. 2018) as several other (oxyhydr)oxide phases
are often present and most phases (including ferrihydrite) are
highly substituted by Al or coprecipitated with organic matter
(Chen et al. 2018). In addition, discerning ferrihydrite from other
oxyhydroxide phases when high degrees of substitution and low
crystallinity are present can often be challenging (Thompson et al.
2011) and instead one can learn more by focusing on differences
in crystallinity between samples (Chen et al. 2019). Thus, one
might at best refer to similarities between reference 2-line or
6-line ferrihydrite and ferrihydrite in a natural soil sample.

Goethite: Goethite is the most common Fe(III) mineral in soils.
The Mössbauer spectrum of goethite is highly dependent on its
crystallinity.Well crystalline goethite has a TN of≈400 K (Forsyth
et al. 1968; van der Woude and Dekker 1966) and appears as a
magnetically ordered sextet from 5 K up to room temperature. At
77K the spectra ofwell-ordered goethite are defined by a relatively
low hyperfine field Bhf below 50.0 T and ε of about –0.25 mm/s
(Vandenberghe et al. 2000). However, typically most goethite
in soil is SRO, often termed micro-crystalline or nano-goethite,
and is superparamagnetic (presenting a doublet) at 295 K (CS
of ≈0.5 mm/s and QS of ≈0.4 mm/s). Goethite sextets often
show wide and asymmetric features, which can be used in their
identification (Murad 1982). At 5 K, laboratory prepared nano-

goethite has similar CS (0.5mm/s) andBhf (≈50.0 T) values towell
crystalline goethite, but can have ε values similar to bulk goethite
(≈–0.22 mm/s; Larese-Casanova et al. 2010) or less negative (–
0.12 mm/s; Joshi and Gorski 2016) and more similar to soil-borne
phases suspected to be nano-goethite (Chen et al. 2018). Goethite
can also be highly substituted by other cations. For example,
up to 33 mol% of the Fe(III) in goethite can be substituted by
aluminum, resulting in decreased TN and magnetic ordering at
lower temperatures (Fleisch et al. 1980; Fysh and Clark 1982;
Golden et al. 1979; Goodman and Lewis 1981; Hogg et al. 1975;
Janot et al. 1968).

Distinguishing nano-goethite from ferrihydrite in soils is quite
challenging and often offers only marginal additional knowledge
(Thompson et al. 2011). One approach is to note differences
in the quadrupole shift (ε) for nano-goethite (–0.12 mm/s) and
ferrihydrite (–0.03 mm/s) in sextets observed at low temperature
(Figure 10). In most cases, SRO Fe (oxyhydr)oxides in soils are
intermediate between published parameters for laboratory pre-
pared goethite and ferrihydrite. Separating them can be helpful in
some instances (Chen and Thompson 2021), but these differences
are not likely indicative of distinctive environmental behavior.
This is not surprising as these phases are often highly substituted,
or coprecipitated with organic compounds.

Lepidocrocite: Lepidocrocite is commonly found in soils, for
example, redoximorphic soils (Schwertmann 1988) and consists
of octahedrally coordinated Fe (Ewing 1935). Lepidocrocite is
paramagnetic at room temperature, exhibiting a single Fe(III)
doublet (Hirt et al. 2002). Well-crystalline lepidocrocite typically
magnetically orders into sextets between 73 and 77 K (TN) (John-
son 1969; Murad and Schwertmann 1984), but this can be 50 K
for nanocrystalline SRO lepidocrocite (Murad and Schwertmann
1984) or lower when coprecipitated with organic matter (Chen
and Thompson 2018). At 5 K, lepidocrocite has been fitted by a
sexted feature with a CS of ≈0.5 mm/s, an ε of 0.2 mm/s and a
Bhf of ≈43 T (Cornell and Schwertmann 2003; Larese-Casanova
et al. 2010; ThomasArrigo et al. 2017). The low hyperfine
field normally provides a useful diagnostic to help distinguish
lepidocrocite from other Fe(III) oxyhydroxides (see Figure 2B),
but exceptions can occur for very low crystallinity phases
(Whitaker et al. 2021).

4.2.2 Fe Oxides

Hematite: Hematite occurs in warm climates and is the most
common Fe oxide in soils and sediments (Vandenberghe et al.
2000)—note that goethite (an oxyhydroxide) is themost common
Fe mineral—and is also prominent in banded Fe formations (Li
et al. 2017). Well crystalline hematite has a TN of 950 K (Ruskov
et al. 1976) and typically exhibits a magnetically ordered sextet
from 5 K to room temperature. Even in soils, most often hematite
is fully ordered at 295 K, although lower crystalline hematite
(sometimes termed microcrystalline) that orders below 295 K
is also common (Thompson et al. 2011). At room temperature,
the hematite sextet has a Bhf of ≈50 T (Vandenberghe et al.
2000), which increases above 50 T below 77 K (Cornell and
Schwertmann 2003; Murad 1996; Ruecker et al. 2016). This high
Bhf compared with other Fe (oxyhydr)oxides is thus a useful
parameter for distinguishing hematite in samples from natural
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FIGURE 10 Reproduced from Thompson et al. (2011) with permis-
sion from Elsevier for Fe-(oxyhydr)oxide sextets at 4.2 K from soils along
the Maui Climate Gradient along with reference values from van der
Zee et al. (2003). (a) Most probable hyperfine field, Hpeak, vs. average
quadrupole shift, ε (Fh, ferrihydrites; Gt, goethites; Hm, hematites; Lp,
lepidocrocites). (b) Average hyperfine field,Bhf, vs. the sigma-HFD,which
is a measure of line width, for the soils and reference ferrihydrites and
goethites. The arrows indicate the trend in the reference Fh’s and Gt’s
from higher to lower crystallinity.

environments (see Figure 2B), while CS varies across typical
values expected for Fe(III), between 0.4 and 0.5 mm/s (Byrne
et al. 2014). Hematite can undergo the ‘Morin Transition’ in
which the mineral will transition from being ferrimagnetic to
fully antiferromagnetic as the temperature is lowered. In well
crystalized hematite, the Morin transition is near 240 K and
corresponds with a shift in ε values from ≈–0.2 mm/s above the
transition to as high as 0.4 mm/s below the transition (Murad
and Cashion 2004). However, as with goethite, Fe in hematite can
also be substituted by other cations, with up to 16 mol% Fe(III)
substituted by Al (Muan and Gee 1956; Schwertmann et al. 1979).
With increasing Al content, the TN decreases, and the Morin
transition occurs over a larger temperature range (Srivastava
and Sharma 1972). In soils, ion substitution, small particle size,
or formation routes most often effectively suppress the Morin

transition to below 4.2 K and thus ε values for soil-borne hematite
are nearly always in the ≈–0.1 to –0.2 mm/s range (Chen et al.
2019).

Maghemite:Maghemite (γ-Fe2O3) is an Fe(III) oxide with a cubic
spinel structure and TN about 950 K (Murad 1996). Maghemite is
a fully oxidizedmagnetite (see Section 4.5.1), with Fe(III) situated
in both tetrahedral and octahedral sites. TheMössbauer spectra of
maghemite are characterized by two sextets, which are, however,
very similar to each other and do not show the distinct offset
that the magnetite sextets show (Da Costa et al. 1994). In Murad
(1996), typical hyperfine parameters of maghemite are presented:
at room temperature, both hyperfine fields are close to 50 T,
while the respective CSs are at 0.23 and 0.35 mm/s, increasing
to near 0.5 mm/s at 5 K along with a Bhf value near 53 T (Cornell
and Schwertmann 2003). In practice, this makes soil maghemite
challenging to separate from hematite at low temperature as the
Bhf values are both quite high. Distinguishing them is possible
using the QS value, which is near zero or slightly positive for
maghemite, assuming hematite has not passed through theMorin
transition. Maghemite also has a much larger magnetic sus-
ceptibility (i.e., property describing magnetization in an applied
magnetic field) than hematite (Torrent et al. 2006), and this has
been effective in helping to separate these mineral phases in
complex soil samples (Thompson et al. 2011).

4.3 Organic-Rich Soil and Sediments

Soils and sediments rich in organic matter include most soil
O-horizons, histic and spodic horizons, histosols (inclusive of
peat-rich bogs and fens), some lake sediments, and near-shore
marine sediments. Fe speciation in these environments is likely
the only natural system where monomeric Fe-organic phases
(consistent with a single Fe atombonded through an oxygen atom
to a carbon, nitrogen, or any atom other than Fe) are likely to
be prevalent enough to contribute to bulk Mössbauer spectra.
Conceptually, we can divide the types of association between Fe
and organic matter into three categories (Kleber et al. 2021): (1)
the sorption of organicmatter to the surface of Feminerals, (2) the
complexation of Fe ions by organic matter, and (3) environmental
transitions involving coprecipitation or coformation of a mixture
of solid phase organic matter and Fe mineral phases. However,
soils are not pure systems, and all of these types of interactions
are intermingled; thus, soil spectra reflect combinations of each of
these associations. We briefly mention these idealized categories
below and their appearance in Mössbauer spectra followed by
suggested interpretation in soil and sediment systems.

4.3.1 Sorption of Organic Matter to Fe Minerals

Dissolved organicmatter often sorbs to the surface of Feminerals.
As this association does not involve a significant portion of the
mineral Fe forming Fe–OM bonds, it should theoretically not
affect the Mössbauer spectrum of the Fe mineral (Schwertmann
et al. 2005; Fritzsche et al. 2021; Voggenreiter et al. 2024). We
are thus unlikely to detect differences due to organic matter
adsorption in the Mössbauer spectra of any bulk crystalline
mineral phases with particle sizes >30 nm. However, most of
the Fe mineral surface area in soils is dominated by SRO Fe(III)
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(oxyhydr)oxide phases because their small particle size confers a
very high specific surface area (Cornell and Schwertmann 1996;
Kleber et al. 2021). For these small particles, organic matter
can significantly influence the aggregation process and suppress
the degree of interparticle magnetic coupling, decreasing the
blocking temperature for superparamagnetic phases, as shown in
the model ferrihydrite system (Berquó et al. 2009).

4.3.2 Complexation of Fe Ions with Organic Matter

In principle, monomeric organically complexed Fe(II) and Fe(III)
should exhibit doublets at all measurement temperatures, con-
sistent with the isolation of the Fe atoms from one another
preventing the spin–spin coupling necessary for magnetic order-
ing. In the case of Fe(II), monomeric organic complexes may
occur: organically complexed Fe(II) (using POM) has been shown
to exhibit a doublet down to liquid helium temperatures with
CS = 1.24 mm/s and QS = 2.72 mm/s (Joshi et al. 2024) and Fe(II)
sorption to cell walls exhibited a doublet with higher QS values
(CS = 1.15 to 1.30 mm/s, QS = 3.1 to 3.4 mm/s) (Rancourt et al.
2005).

However, in the case of Fe(III), monomeric complexes with
organic matter are likely less common. Even in Fe(III)–citrate
complexes—which are often used in XAS as a standard represent-
ing organically-complexed Fe(III)—Fe(III) is present in trimers
when prepared at equal molar ratios with citrate (1:1 Fe:citrate)
(Gautier-Luneau et al. 2005; Gracheva et al. 2024). Only when
citrate is present in excess (1:20 Fe:citrate or 1:>20) domonomeric
Fe–carboxylate complexes become dominant (Gracheva et al.
2024). The MBS spectrum of trimeric Fe(III) in complexation
with citrate is not a doublet at 5 K, but rather a collapsed sextet
indicative of nascent magnetic ordering (Gracheva et al. 2024).
True monomeric Fe(III)–organic complexes (and likely even
dimers; Zhu et al. 2013) would remain paramagnetic at 5 K and if
sufficiently diluted and isolated from the soil, they would likely
undergo slow paramagnetic relaxation, resulting in an anoma-
lously wide sextet at 5 K consistent with a dilute paramagnet
in relatively uniform distribution (Murad and Cashion 2004).
Application of an external magnetic field can potentially help
distinguish these paramagnetic components from superparamag-
netic phases and this unique spectral relaxation is often used to
identify monomeric Fe in laboratory solutions (Gracheva et al.
2024). However, slow paramagnetic relaxation of monomeric
Fe organic complexes is highly unlikely to be observed in soils
because the condition of uniform distributions of Fe throughout
organic matter is often not satisfied. Schwertmann and Murad
(1988) were able to use the presence of Fe(III) doublets and the
development of slow paramagnetic relaxation to identify Fe(III)
organic complexes in a peat soil, but only after treating the
soil with pyrophosphate and removing the colloidal Fe phases
via dialysis and analyzing the dialysate that leaked into the
solution. When the whole peat was analyzed directly, Fe(III)
sextets dominated the spectra, with only 14% of the spectral area
present as a doublet at 4.2 K. For these reasons, identification
of organic Fe(III) complexes via a low temperature doublet is
challenging in soils and instead a significant portion of organi-
cally complexed Fe(III) is likely present in some polymeric form,
which should exhibit a broad collapsed sextet at 5 K (Mikutta et al.
2024).

4.3.3 Coprecipitation of Organic Compounds with Iron
Phases

The majority of synthesis literature examining Fe organic matter
associations with MBS focuses on coprecipitation, that is, when
organic matter is present during Fe(III) hydrolysis or coupled
Fe(II) oxidation and hydrolysis to form a solid phase. The source
of organic matter may be DOM analogs such as those supplied
by the International Humic Substances Society (IHSS) (Mac-
Carthy 1976), organic matter extracted from soils or sediments
(Eusterhues et al. 2008; Schwertmann et al. 2005; Voggenreiter
et al. 2024), or specific classes of organic molecules such as
polysaccharides (Mikutta et al. 2008). Collectively, Mössbauer
studies of coprecipitated Fe (oxyhydr)oxides find that themineral
crystallinity—inclusive of particle size—decreases with increas-
ing organic matter (Chen and Thompson 2018; Noor and Thomp-
son 2022), resulting in a decrease in blocking temperature and
often Bhf (Chen et al. 2015; Eusterhues et al. 2008; Schwertmann
et al. 2005). The extent of this blocking temperature suppression
also depends on the composition of the coprecipitated organic
matter and the degree of other substitutions in the Fe phases (e.g.,
Al in goethite, see above).

4.3.4 Interpretation of Fe Phases in Spectra of
Organic-Rich Soils and Sediments

The interpretation of Fe phases in spectra in which association
with organic matter is expected depends on the environmental
conditions and the presence of Fe clays and sulfur-bearing
minerals. In the case of Fe(II), complexation of aqueous Fe(II) by
organic matter (dissolved and particulate) is likely the dominant
pathway for association. Organically complexed Fe(II) may be
identified as a doublet with parameters similar to other forms
of Fe(II) when spectra are collected at liquid helium tempera-
tures. However, if the sample contains Fe(II) in phyllosilicates
or significant Fe(II) adsorbed to non-Fe mineral surfaces, the
distinction between organically complexed Fe(II) and clay or
mineral-adsorbed Fe(II) is difficult. Therefore, assessing if clay
Fe(II) or other Fe(II) phases are likely major components in the
sample is essential.

In the case of Fe(III), unambiguous identification of Fe associ-
ation with organic matter is more complicated. Often, organic
matter coprecipitates with Fe(III) oxyhydroxides which are often
superparamagnetic and thus have low blocking temperatures.
Depression of blocking temperature could occur due to sorption
and/or coprecipitation with organic matter and likely co-occurs
withAl or other ion substitution that also depresses blocking tem-
perature. This distinction is likely immaterial to the interpretation
of an environmental sample spectrum. If an Fe(III) doublet is
observed to persist down to 5 K, the standard interpretation in
a system without sulfur-bearing phases (see Section 4.4) is that it
can be assigned to either adsorbed Fe(III) or Fe(III) in silicates
or organic complexes (Thompson et al. 2011; Wilmoth et al.
2018).

We suggest that organically complexed Fe(III) is not evidenced
by a doublet at 5 K alone but rather a mix of doublet and
broad sextet (Joshi et al. 2024; Mikutta et al. 2024). In addition,
nanoparticulate Fe is widespread in soils and sediments, leading
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to similar spectral patterns. Even within biological materials,
such as plant, microbial, and fungal cells, most of the Fe is
present as clusters of very SRO nanoparticles (Bauminger et al.
1980; Kadir et al. 1991; Spartalian et al. 1975) rather than in
monomeric complexes. All organisms use some type of ferritin
protein to tightly manage Fe inside nearly all their cells, as
spurious oxidation of Fe(II) can generate dangerous free radicals
via Fenton chemistry. Fe is stored in ferritin as nanoparticles
resembling ferrihydrite, typically between 50 and 4000 Fe atoms
depending on the Fe nutrition status of the organism. These
structures will manifest as a sextet at low temperature—although
often cooling below 4.2K is required to seemagnetic ordering that
would likely go undetected in some analyses. This is supported
by several studies that have combined Fe K-edge XAS with
MBS to evaluate Fe in soils or sediments. In all known cases
(Giannetta et al. 2022; Ginn et al. 2017; Joshi et al. 2024; Mikutta
et al. 2024; Whitaker et al. 2021), the quantitative assignments
of monomeric Fe(III) complexed to organics is larger in XAS
(typically assigned based on linear combination fitting using a
Fe(III)–citrate or catechol standard) than in MBS (represented
as a doublet at 5 K or lower). This likely reflects differences
in the length scales of the two analytical techniques and also
suggests Fe(III) organic complexes are more likely polynuclear
than monomeric (Mikutta et al. 2024). We thus suggest that most
of the Fe in organic-rich (or any) soils is contained in some form
of Fe cluster or nanoparticle, or in larger minerals. For many
earth scientists, this observation comes as a surprise because
of the strong influence and early prevalence and application of
pyrophosphate extractions to approximate organically complexed
Fe in soils and sediments (McKeague 1967). Yet nearly 40 years
ago (Parfitt and Childs 1988) illustrated that pyrophosphate also
extracts SRO and colloidal mineral phases.

4.4 Sulfur Bearing Environments

In environmental systems that are abundant in sulfur (S), the
(trans)formation of Fe–S minerals strongly influences the bio-
geochemistry of the system. Marine environments have a high
proportion of reduced sulfur bearing minerals, particularly pyrite
(FeS2) and mackinawite (FeS). Indeed, the global sedimentary
pyrite pool is 1021 g (Schlesinger and Bernhardt 2013). These
Fe(II)–Sx minerals are formed due to microbial respiration in the
sediment where oxygen may only penetrate a few centimeters
deep (Canfield et al. 2005), resulting in sulfate (SO4

2−) reduc-
tion. Sulfide (HS−), produced by sulfate reduction, reacts with
Fe(II) present in the porewater to form mackinawite (FeS). In
addition, HS− may also reduce Fe(III) in Fe (oxyhydr)oxides
and form polysulfides (Rickard and Luther 2007; Wan et al.
2014) that further results in the formation of pyrite. These
reactions have been extensively studied in marine systems but
the formation of mackinawite also occurs in many terrestrial
wetlands and floodplain sediments (Hansel et al. 2015; Kwon
et al. 2014; ThomasArrigo et al. 2016). In addition to mackinawite
and pyrite, a mixed Fe(II)–Fe(III) phase, greigite (Fe3S4), can
also form by the reaction of Fe and HS− (Rickard and Luther
2007).

Sulfide-bearing Feminerals in sedimentary or geological deposits
can become exposed to Earth’s atmosphere and oxidize when
wetlands are drained or duringmining excavations. The oxidation

of reduced S produces large amounts of acidity, and, therefore,
environments that are strongly impacted by sulfur oxidation are
identified as acid sulfate soils, acid mine drainage environments,
or acid rock drainage environments, depending on the source of
reduced S (Karimian et al. 2018; Simate and Ndlovu 2014). Usu-
ally, these environments are defined as having pH values below 4,
although a pH below 2 is possible in extreme cases. Under acidic
conditions, in the presence of elevated concentrations of S and
Fe, a suite of hydroxysulfate minerals may be formed. Among the
most thermodynamically stable and commonly observedmineral
products are jarosite-type minerals including K-, Na-, or H3O-
jarosite (AFe3(SO4)2(OH)6, where A is mostly K, Na, or H3O,
respectively). Less thermodynamically stable Fe hydroxysulfate
minerals are also commonly observed, including schwertmannite
(Fe8O8(OH)8–2x(SO4)x⋅nH2O) (Schoepfer and Burton 2021), an
SRO mineral first described in the 1990s (Bigham et al. 1994),
as well as efflorescent Fe sulfate minerals such as copiapite
(Fe(II)Fe(III)4(SO4)6(OH)2⋅20H2O) and rozenite (FeSO4⋅4H2O)
(Basallote et al. 2019; Fanning et al. 1993).

Sulfur-bearing Feminerals have received relatively little attention
from the environmentalMBS community comparedwith other Fe
minerals such as Fe (oxyhydr)oxides. Below, we briefly describe
the spectral parameters for the most common sulfur-bearing
Fe minerals, followed by the challenges of analyzing samples
containing these minerals.

4.4.1 Minerals Containing Reduced Sulfur and Fe

Mackinawite (FeS) is the first formation product of the reaction
between Fe(II) and HS−. Due to its symmetrical, undistorted
tetrahedral coordination, mackinawite that is purely stoichio-
metric, that is, the molar ratio of Fe to S is 1:1, is unique in
appearing as a singlet at 77 and 5 K. At 5 K, the CS is ≈0.5 mm/s
and QS is 0 mm/s (Schröder et al. 2020; Vaughan and Ridout
1971).

Although mackinawite synthesized in the laboratory may exhibit
this characteristic singlet, Mössbauer spectra of soil/sediment
samples rarely show this property, likely due to nonstoichiometry.
The Mössbauer spectrum of nonstoichiometric mackinawite
(sometimes referred to as “FeSx”) does not have the same symme-
try and exhibits a collapsed sextet. In laboratory studies, the Bhf
has been reported as ≈27 T (Schröder et al. 2020; Wan et al. 2017).
However, it is unknown how the deviation from stoichiometry
affects this collapsed sextet feature. In light of this knowledge
gap, a few studies have assigned collapsed sextets to FeSx under
sulfidic conditions, irrespective of the strength of the hyperfine
field (Bronner et al. 2023; Kubeneck et al. 2024; Morice et al.
1969). Further, differentiation between FeSx and other phases
that might result in collapsed sextets (e.g., very poorly crystalline
Fe(III) (oxyhydr)oxides; Chen et al. 2015) is difficult, resulting in
nonunique fits. While analyzing samples that may contain FeS,
we recommend first ascertaining its presence qualitatively based
on color and smell upon the addition of weak acid. It is also help-
ful to quantify the mass of FeS based on the acid volatile sulfide
(AVS) method (Rickard and Morse 2005); however, note that the
quantification of Fe based on AVS depends on the assumption of
stoichiometry.
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Greigite (Fe3S4) is the thio-spinel form of Fe, analogous to
magnetite. The spectrum contains two sextets that represent
tetrahedral sites (CS ≈ 0.37 mm/s, ε ≈ 0 mm/s, Bhf ≈ 30 T) and
octahedral sites (CS≈ 0.7mm/s, ε≈ –0.015mm/s,Bhf ≈ 32T) (Wan
et al. 2017). As the hyperfine fields of greigite are weaker than
that of Fe (oxyhydr)oxides, greigite is relatively straightforward to
distinguish from well-ordered Fe (oxyhydr)oxides and magnetite
(Figure 2B), especially if magnetic properties are confirmed.

Pyrite (FeS2) is a low-spin Fe(II) mineral that exhibits a doublet at
all temperatures owing to its diamagnetism. Typical parameters
are CS ≈ 0.4 mm/s and QS ≈ 0.6 mm/s (Morice et al. 1969;
Wan et al. 2017). While the perpetual doublet distinguishes
pyrite from other minerals that may magnetically order at low
temperatures in laboratory studies, the parameters of pyrite are
similar to those of Fe(III) in phyllosilicates (Figure 8). Thus,
pyrite and phyllosilicate Fe(III) cannot be reliably distinguished
in Mössbauer spectra. Similarly, a pyrite doublet may also be
obscured by an Fe(III) phase that is partially ordered even at
5 K, for example, very poorly crystalline Fe(III) (oxyhydr)oxides
(Chen et al. 2015). Therefore, we recommend complementing
Mössbauer analysis with XRD, where possible, to determine if
pyrite exists in the sample. In addition, Fe K-edge XAS may be
useful to distinguish between pyrite, Fe(III) in phyllosilicates, and
partially ordered Fe(III) (oxyhydr)oxides. It may also be advisable
to quantify the pyrite Fe using a sequential HCl and HNO3
extraction and constrain the pyrite doublet based on this value
(Huerta-Diaz and Morse 1990). The application of an external
magnetic field may also help to distinguish between pyrite and
clay Fe(III), as Fe(III) would be expected to order under the
influence of a magnetic field while the pyrite doublet is expected
to be unaffected as it is diamagnetic. We know of no studies so far
that have attempted this.

4.4.2 Minerals Containing Oxidized Sulfur and Iron

Jarosite (KFe3(SO4)2(OH)6) and related minerals are often iden-
tified by their yellow color and may form as large mottles in
acid sulfate soils (Grigg et al. 2024a; Trueman et al. 2020).
Jarosite exhibits a doublet (CS ≈ 0.38 mm/s and a wide
QS ≈ 1 mm/s) at room temperature (Ruecker et al. 2016) and a
sextet (CS ≈ 0.48 mm/s, ε ≈ –0.08 mm/s, H ≈ 47 T) at 5 K (Grigg,
Notini, et al. 2024b). The ordering temperature occurs between 35
and 60 K, with substitutions for Fe reducing the ordering of the
mineral (Grigg, Notini, et al. 2024b). Substitutions for potassium
and sulfur are known to alter the QS of doublets and increase the
number of Fe sites with unique parameters.

Schwertmannite (Fe8O8(OH)8–2x(SO4)x) is a poorly crystalline
mineral with a high surface area. At room temperature, schwert-
mannite exhibits an asymmetric doublet (fit with two doublets:
(1) CS ≈ 0.39 mm/s, QS ≈ 0.89 mm/s, (2) CS ≈ 0.37 mm/s,
QS≈ 0.62mm/s) (As et al. 2024; Cashion andMurad 2012). At 5 K,
schwertmannite exhibits a sextet, with the ordering temperature
reported to be between 120 and 60 K (Bigham et al. 1994; Cashion
and Murad 2012; Eneroth and Bender Koch 2004).

The spectra of jarosite and schwertmannite are not identical but
may be difficult to effectively distinguish from one another when

both are above or below the blocking temperatures. The dis-
tinction between the spectra of the two hydroxysulfate minerals
may be clarified by comparing themineral blocking temperatures
within the range of 120 – 60 K. However, in the sulfur oxidizing
environmentsmentioned previously, Fe (oxyhydr)oxidesmay also
be present in addition to schwertmannite and jarosite, which
complicates an unambiguous fit (Grigg et al. 2024a). For example,
nanoparticulate goethite has been reported to order between
225 and 77 K, and by some reports, 4 K (Bhattacharyya et al.
2022; van der Zee et al. 2003), indicating that spectra collected
between 120 and 60Kmay contain collapsed sextets that represent
both schwertmannite and nano-goethite. A similar problem may
arise at temperatures <60 K, depending on the ordering tem-
perature of jarosite (Grigg, Notini, et al. 2024b) and ferrihydrite
(Eusterhues et al. 2008). In cases where these minerals may
be present, complementary techniques such as XRD should be
used to detect the presence of jarosite, schwertmannite, and
goethite (ferrihydrite does not create distinct reflections in XRD
patterns). Further, SEM analyses may indicate the presence of
ferrihydrite, although only as aggregates. We also recommend
doing temperature profiles of the sample: for example, spectra
collected at (1)>120 K, (2) 77 K, (3) 30 K, and (4) 5 K can constrain
different (oxy)hydroxide and hydroxysulfate phases present in the
sample.

4.5 Low Oxygen and Reducing Environments

Freshwater-influenced environments, that is, those lacking dis-
solved S species, can also experience fluctuating oxidizing and
reducing conditions, and examples include wetlands and rice
paddy soils. These environments are particular hotspots for
redox-driven element cycling, and MBS can be useful to charac-
terize the Femineralogy of these environments (Borch et al. 2010).
In the absence of sulfide or sulfide-producing conditions, nonsul-
fidic Fe(II)-bearing or mixed-valence (Fe(II)/Fe(III)-containing)
minerals may form upon reduction of Fe (oxyhydr)oxides. In
contrast to Fe sulfides that contain Fe(II) in the low-spin state,
most other ferrousminerals tend to contain high-spin Fe(II), with
the important exception of the mixed-valent Fe oxide magnetite.

4.5.1 Magnetite

Magnetite is a magnetic Fe(II)/Fe(III) oxide with the chemical
formula [Fe(II)Fe(III)2O4], which appears as a black, cubic,
ferrimagnetic mineral. Identification of magnetite in a complex
environmental sample through MBS can prove difficult when
done without additional information. Best practice is to confirm
the presence of magnetic minerals using magnetic susceptibility
measurements coupled with X-ray diffraction or another com-
plimentary technique. Magnetite exists in the environment as
a result of both abiotic and biotic processes, in addition to its
nature as an accessory mineral in rocks. For example, Fe(III)-
reducing bacteria such as Geobacter sulfurreducens reduce SRO
phases such as ferrihydrite to magnetite under anoxic conditions
(Lovley et al. 2011). It can also occur in various sediments, soils
and rocks, including riverbeds (Sphar 1962), semiarid wetland
soils (Auerswald et al. 2001), in banded Fe formations (Li et al.
2017), and due to anthropogenic activities (Usman et al. 2018).
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FIGURE 11 Mössbauer spectra of nanomagnetite (left) and powdered single-crystal magnetite (right) at 140 K with two sextets characteristic of
octahedral Fe2.5+ and tetrahedral Fe3+. Below the Verwey transition, the 13 K spectrum is made up of multiple sub-spectra; here it is fit with five sextets
according to Berry et al. (1998). The figure is reproduced with permission from American Minerologist and fit from data in Gorski and Scherer (2010).

The unit cell of stoichiometric magnetite contains eight Fe(II)
atoms in octahedral coordination, eight Fe(III) atoms in octahe-
dral coordination, and eight Fe(III) atoms in tetrahedral coordina-
tion. An unpaired electron on octahedral Fe(II) rapidly exchanges
between octahedral Fe(II) and Fe(III) and gives rise tomagnetite’s
uniquemagnetic properties and also gives rise to its characteristic
Mössbauer spectra. Typically, when measured above the Verwey
temperature (see below) the magnetite spectrum is characterized
by two sextets corresponding to octahedrally bound Fe(II) and
Fe(III) that give rise to an “Fe2.5+ sextet,” and tetrahedral bound
Fe(III) respectively (Figure 11).

The hyperfine parameters of magnetite depend upon temper-
ature; however, for a spectrum collected at 140 K (Figure 11)
the octahedral site is defined by: CS = 0.72 mm/s, ε = –
0.04 mm/s, Bhf = 47.4 T. The corresponding tetrahedral site has:
CS = 0.38 mm/s, ε= 0.00 mm/s, Bhf = 50.2 T. The relative areas of
each sextet in the magnetite Mössbauer spectrum equal 66% for
the octahedral site, and 33% for the tetrahedral site (Gorski and
Scherer 2010).

The stoichiometry (x = Fe(II)/Fe(III) ratio) of magnetite can
be determined by comparison of the relative areas of each
sextet (Gorski and Scherer 2010), though this cannot distinguish
between the effects of cation substitution and oxidation.

Magnetite has a specific temperature transition, the Verwey
temperature (Tv), which usually occurs at≈121 K. Below Tv, mag-
netite undergoes a transition from cubic to monoclinic structure,
which causes a relatively steep step change in the magnetization
of magnetite and a strong decrease in conductivity (García and
Subías 2004; Walz 2002). Below Tv, the Mössbauer spectra of
magnetite are much more complicated. Proposed fits of low-
temperature magnetite spectra range from four (Řezníček et al.
2017), to five (Hargrove and Kündig 1970), or even to up to nine
sextets (de la Figuera and Marco 2019) (Figure 11). Furthermore,
Tv is dependent on the stoichiometry of the magnetite particles
which can further compound the complexities of interpreting
low temperature Mössbauer spectra (Özdemir et al. 1993). Fitting
and interpretation of low temperature magnetite spectra require
more research, but at the current state of knowledge, we suggest
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FIGURE 12 Common high-spin ferrous phases in soils and sed-
iments exhibit doublets with high values of center shift (CS) and
quadrupole split (QS) inMössbauer spectrameasured at 77 K. The param-
eters for white rust, green rusts, reduced smectites, and sorbed Fe(II)
cluster together and are almost impossible to distinguish. Vivianite and
siderite can be identified based on the CS/QS values of one of their Fe(II)
doublets. Data are taken from Rothwell et al. (2024) (siderite), Kubeneck
et al. (2025) (vivianite), this manuscript measured by Neumann (white
rust and green rust), Vasilopanagos et al. (2022) (illite IMt–2), Rothwell
et al. (2023) (nontroniteNAu–1), Latta et al. (2017) (montmorillonite SWy–
2), Schaefer et al. (2011) (nontronite NAu–2), and Neumann et al. (2013)
(sorbed Fe(II)). Green and white rust, and vivianite measured by A. N.
(Table S4). All samples were measured at 77 K with the exception of the
SWy–2 and NAu–2 samples, which were measured at 13 K.

measurement at 140 K, especially if determination of oxidation
state is a priority. If considerable quantities of magnetite are
present in a sample, the complex nature of the low-temperature
magnetite spectrum will overlap other SRO Fe (oxyhydr)oxide
components.

Finally, the magnetite Mössbauer spectrum is also dependent
upon purity. For example, transitionmetal dopants such as cobalt
or zinc can result in changes to the octahedral and tetrahedral
sites depending upon the preference of the substituting cation
(Byrne et al. 2014; Byrne et al. 2013). The consequence is
stoichiometry and the presence of impurities can alter the sample
similarly.

4.5.2 High-Spin Fe(II)-Containing Phases Forming
Octets

At most measurement temperatures, high-spin Fe(II) is param-
agnetic and forms doublets with high CS and QS values relative
to paramagnetic Fe(III), making it easy to identify the presence
of Fe(II) in the sample (Figure 2A). Although simple to fit, these
doublets are often not unique andmay be challenging to interpret.
For example, sorbed Fe(II), phyllosilicate Fe(II), and Fe(II) in
green rust are generally impossible to distinguish (Figure 12). Due
to the uniquely narrow (siderite) or wide (vivianite) QS of one of
their doublets, siderite and vivianite can, with care, be identified

in their paramagnetic state. However, due to the nonuniqueness
of the second doublets, it can still be difficult to quantify these
phases in samples containing complex mixtures of Fe(II)-bearing
phases.

At low temperatures, these high-spin Fe(II) phases order mag-
netically into octets (see Section 2.1). While this may, at first
sight, not simplify the interpretation of the spectra as it does for
Fe (oxyhydr)oxides, octets can be identified and fit, which can
add valuable insights for sample characterization that cannot be
gained from other techniques.

White rust (ferrous hydroxide, Fe(OH)2) precipitates in very reduc-
ing conditions and pH values greater than 7.5, depending on
the aqueous Fe(II) concentration (Culpepper et al. 2018). In
natural environments, this mineral is rare as other anions such
as carbonate will outcompete OH– and form siderite (see below),
and its oxidation to magnetite is rapid. White rust prepared in
the laboratory has been investigated and provides the easiest case
of a magnetically ordered Fe(II) octet phase. When measured
at 77 K, its Fe(II) shows typical high-spin Fe(II) hyperfine
parameters (CS ≈ 1.2–1.3 mm/s, QS ≈ 3.0 mm/s; Figure 2A)
(Entwistle et al. 2019). At low temperatures (<34 K; Miyamoto
1976), the Fe(II) in white rust becomes magnetically ordered
and usually presents 4 distinct peaks (Figure 13A). The FSH fit
parameters include the CS (1.48 mm/s); the electrical quadrupole
interaction e2qQ/2, which usually is of similar magnitude as QS
but of a negative value (–3.1 mm/s); and the hyperfine magnetic
field Bhf with a value of around 20 T. To correctly describe
the measured spectrum, the relative orientation between the
hyperfine field and the electrical field gradient need to be input.
For white rust, this is done by setting the polar angle (ϑ) to 90◦
(Miyamoto 1976).

Siderite: The ferrous carbonate mineral siderite (FeCO3), occurs
commonly in anoxic, nonsulfidic environments, often forming
as a result of microbial Fe reduction producing both aqueous
Fe(II) and alkalinity (Suess 1979). In its paramagnetic state,
the Mössbauer spectrum comprises a doublet with parameters
CS ≈ 1.2 mm/s and a characteristically narrow QS ≈ 2.0 mm/s
(Figure 12). However, a second doublet is also commonly
observed, with more typical Fe(II) parameters of CS ≈ 1.2 mm/s
and QS ≈ 2.6 mm/s. The origin of this second doublet is
unclear and is suggested to be a result of either the presence
of chukanovite Fe2(CO3)(OH)2, or due to SRO ferrous carbonate
at the mineral surface (Rothwell et al. 2025). The TN of siderite
is reported as 37 K (Frederichs et al. 2003), and the Mössbauer
spectrum of siderite below this temperature forms an octet.
This octet is challenging to fit and to our knowledge only one
published study has done so with parameters CS = 1.35 mm/s,
Bhf = 18.4 T, e2qQ/2 = 2.02 mm/s, η = 0, φ = 0◦, and ϑ = 0◦
(Ok 1969). However, we found for our data that similarly to the
presence of a second doublet to fit the paramagnetic spectrum, a
second octet is required for a satisfactory fit of the magnetically
ordered spectra (Figure 13B). We present this fit here for the
first time for the siderite spectra presented in (Rothwell et al.
2025) with the second octet comprising approximately 20% of the
spectral area and fit parameters listed in Table S4.

Vivianite: Vivianite is a ferrous phosphate mineral
(Fe3(PO4)2×8H2O) that may play an important role in the
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FIGURE 13 Example spectra of (A) white rust (Fe(OH)2); sample from Entwistle et al. (2019), (B) siderite (FeCO3). Reproduced from Rothwell
et al. (2024) with permission from the Royal Society of Chemistry, (C) vivianite (Fe3(PO4)2 . 8H2O, sample from Paskin et al. (2023), and (D) green rust
chloride ([Fe(II)3Fe(III)(OH)8]Cl) collected at 4 K and fit using the FSH approach. Mössbauer parameters resulting from the fits are listed in Table S4.

global phosphorous cycle, acting as a sink for phosphate under
anoxic conditions and a phosphate source upon oxidation (Rothe
et al. 2016). Vivianite contains Fe(II) in two octahedral sites
with one Fe atom occupying an isolated octahedral position
(FeA), while the other two Fe atoms are located in a double
octahedral position (FeB) (Mori and Ito 1950). At a measurement
temperature of 77 K, the FeA and FeB sites can be distinguished in
samples of pure vivianite with fit parameters CS ≈ 1.3 mm/s and
QS ≈ 2.6 mm/s (FeA) and CS ≈ 1.3 mm/s and characteristically
wide QS ≈ 3.2 mm/s (FeB), respectively (Dyar et al. 2014). This
allows, for example, the location of isomorphic substitution
(Kubeneck et al. 2023) to be identified and for vivianite to be
quantified in samples containing mixed Fe phases (Kubeneck
et al. 2025). At measurement temperatures below 12 K, both
Fe(II) sites in vivianite form octets. As for siderite, fits of the
vivianite octets are rare in literature and to our knowledge only
two published fits exist (Gonser and Grant 1967). However, we
did not find these parameters provided a satisfactory fit for our
data (of a sample from Paskin et al. 2023), and we present here an
optimized fit based on the hyperfine field gradients proposed by
Forsyth et al. (1970) and Gonser and Grant (1967). TheMössbauer
parameters for the fit in Figure 13C are given in Table S4.

Green rusts: Green rusts are Fe(II)-rich minerals with the molar
fraction x of trivalent cations (i.e., Fe(III)), typically ranging from
0.25 to 0.33. The general formula of these layered double hydrox-
ide minerals [Fe(II)1–xFe(III)x(OH)2]x × [(x/n)An−,mH2O]x− also
indicates the presence of structural water and intercalated
anions (An−). The most common associated anions are sulfate,
carbonate, and chloride (Usman et al. 2018). Although green
rust can be an important material as a redox-active sorbent
for contaminants, it is thought to be metastable in soils and
sediments. However, various recent studies have found green rust
forms as a result of Fe (oxyhydr)oxide transformation in soils and
may be more widespread than previously anticipated (Lefebvre
et al. 2024; Notini et al. 2023). Its unambiguous identification in
complex samples containing a combination of mineral phases is
challenging though, because in its paramagnetic state, green rust
Fe exhibits typical hyperfine values found for high-spin Fe(II) and
Fe(III) (Figures 12 and 8, respectively) that are independent of the
type of intercalating anion and nondistinct from other phases.

Hyperfine parameters obtained from fitting the Mössbauer spec-
tra of synthetic samples obtained at 4 K can aid the identification
of green rusts in natural samples. Ordering of Fe(II) and Fe(III)
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occurs only at very low temperatures, below 10 K (Rusch et al.
2008a), which in itself might be used as an indicator for the
presence of green rusts. As an example, the spectrum of green
rust chloride is shown in Figure 13D, demonstrating the presence
of Fe(II) octets and Fe(III) sextet with an additional nonordered
Fe(II) component present as a doublet. From our FSH fits, values
of CS, e2qQ/2, and Bhf were obtained and, again, do not differ for
the different intercalating anions (Table S4). Similar towhite rust,
the polar angle (ϑ) between the hyperfine field and the electrical
field gradient was set to 90◦. The characteristic combination of
hyperfine field value and polar angle could be used to identify
green rusts. The Fe(III) sextet instead has hyperfine parameters
that are similar to many Fe (oxyhydr)oxides, with CS = 0.49 –
0.58 mm/s, e2qQ/2 = –0.35 to –0.06 mm/s, and Bhf = 49 – 51 T and
is thus not relevant for unambiguously identifying green rust. Its
absence, however, indicates the presence of a different high-spin
Fe(II) phase.

5 Calls to the Scientific Community

The application of MBS to environmental samples continues to
expand and there are several growing needs for our community.
Many Earth scientists come to MBS without the deep funda-
mental training in physics necessary to develop theory related to
the unique spectral features we see in environmental samples.
Future expansion of Mössbauer techniques to environmental
samples can benefit greatly from more collaborations between
condensedmatter physicists andEarth scientists. Potentially such
collaborations could be used in automating Mössbauer analysis
that may further encourage its uptake (de Souza Jr. 1999). We
also need to work as a community to establish protocols and
conventions for data reporting and sharing of Mössbauer spectra
in the environmental science literature.

5.1 Development of the Technique in
Environmental Samples

Several common phases found in environmental samples remain
difficult to identify and fit in Mössbauer spectra, and many have
been identified in this review. In particular, octets formed by
high-spin ferrous compounds remain challenging to fit. Current
best practice relies on the application of a full static Hamiltonian
model as implemented in recoil (Lagarec and Rancourt 1998);
however, this cannot also effectively model the Voigt line shape
that is often most appropriate to model other phases in the
sample. Increasingly, research into reducing soil environments is
demonstrating that these compounds are common in the envi-
ronment. Further theoretical support is required to improve the
interpretation of low-temperature spectra containing high-spin
ferrous compounds.

There is also a need to further investigate Fe compounds con-
taining sulfur. Currently, there is no consensus regarding the
structure and formation processes of the FeSx minerals that are
identified in some natural samples. FeSx minerals have been
identified as sextets at 5Kwith awide range of values forBhf (Thiel
et al. 2019; Wan et al. 2017). It also remains unclear why FeSx
mineralsmay form in the environment rather than stoichiometric
mackinawite, which produces a distinctive singlet in Mössbauer

spectra. By improving our understanding of FeSx phases, it should
be possible to increase the amount of environmentally relevant
information that can be extracted from theMössbauer fits of these
phases.

5.2 Reporting of Mössbauer Data in
Environmental Science Literature

The fitting of Mössbauer spectra of environmental samples is
often performed to identify the hyperfine parameters of the
phases contained in the sample, including the CS, QS or ε, and
Bhf. However, themodeling of the spectra is based on several other
fundamental parameters that should also be reported to ensure
comparability of the results in the literature. Some guidelines
for reporting of parameters have been established previously
(Grandjean and Long 2021), andmany of these recommendations
are particularly important for the comparison of environmental
samples. The line broadening is essential to producing a reliable
fit and can provide useful information about a phase in its
geochemical context. In a Voigt-based model, the width of the
lines is based on both the Г (associated with the width of
the Lorentzian component of the Voigt model and normally
associated with instrumental broadening) and the σ of the QS
or Bhf (associated with the width of the Gaussian component of
the Voigt model and normally associated with the distribution
of Fe sites within the fitted phase). The distribution of other
parameters in an extendedVoigt-based fit should also be reported.
Furthermore, asymmetry of spectra is often modeled with the
addition of several components with identical CS and ε but
different Bhf and σ of Bhf. The fitting error associated with all
parameters is important information to help assess theMössbauer
parameters. The reduced χ2 value should be reported for the
fit along with the hyperfine parameters; however, we strongly
recommend against comparing values between sample sets as this
value is dependent on the data quality, the extent of absorption,
and the model used.

When Mössbauer spectra or fitting parameters are published, the
data of the unfitted (but folded) spectrum is of great value to
other researchers who wish to check alternative fitting models
or compare previous measurements with new experimental data.
These objectives can only be achieved if the spectral data are
available, but currently a large amount of published data are not
available in a format that can be accessed by other researchers.
Plotted data or fitting parameters are not sufficient for this
purpose. We call on the community to consider always making
spectral data available along with the publication of new work
that is based on MBS by uploading folded spectral data to
appropriate repositories or databases.
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