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ABSTRACT

Phosphate minerals, while relatively rare, show a broad range of crystal structure types with link-
ages among PO, tetrahedra mimicking the hierarchy of polymerization of SiO, tetrahedra seen in
silicate minerals. To augment previous Mdssbauer studies of individual phosphate species and groups
of species, this paper presents new Mdssbauer data on 63 different phosphate samples, and integrates
them with data on more than 37 phosphate species in 62 other studies from the literature. Variations
in Mossbauer parameters of different sites in each mineral are then related to both the local polyhedral
environment around the Fe cations and the overall structural characteristics of each species. The entire
aggregated Mossbauer data set on phosphate minerals is juxtaposed against parameters obtained for
spectra from the MIMOS spectrometers on Mars. This comparison demonstrates that signatures from
many different phosphate or sulfate mineral species could also be contributing to Mars Mdssbauer
spectra. Results underscore the conclusion that unique mineral identifications are generally not pos-
sible from Mossbauer data alone, particularly for paramagnetic phases, although combining Mdssbauer
results with other data sets enables a greater level of confidence in constraining mineralogy. This
study provides a wealth of new data on Fe-bearing phosphate minerals to bolster future analyses of

Maossbauer spectra acquired on Mars.
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INTRODUCTION

Phosphate minerals have tremendous economic importance
owing to their roles as components of fertilizer and animal feed
supplements, lending significance to the many minerals in this
class. Phosphorus (P) is also used in food products as a preser-
vative, stabilizer, and thickener, and phosphoric acid is used in
many carbonated drinks. Li phosphates are rapidly emerging as
excellent candidates for producing batteries for green energy
storage and transportation uses (e.g., Takahashi et al. 2002; Yang
et al. 2003; Deniard et al. 2004; Kang and Ceder 2009), so this
group of minerals has been increasingly studied in recent years.

From a more theoretical perspective, phosphate minerals
are significant for their broad array of crystal structures, which
are grouped by composition and designated on the basis of the
cation that occupies the tetrahedral sites. Thus by definition
(Huminicki and Hawthorne 2002), normal phosphates contain
P in 4-coordination with O (PO,), hydrated normal phosphates
have PO, as well as H,0, anhydrous phosphates contain PO,
and OH, while hydrated phosphates contain PO,, OH, and H,O.
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Finally, phosphate minerals are key indicators of rock paragenesis
because their variable oxidation and hydration states make them
valuable markers of oxidation/reduction and pH in geological
environments. The latter characteristic is particularly useful to
planetary explorations.

Phosphates commonly occur together with sulfates because
both mineral classes are based on tetrahedral anion groups of
similar size and high charge. There is ample evidence for the
presence of phosphate minerals on Mars, based on their presence
in martian meteorites, their identification in remotely sensed
data, and on the high levels of P seen in chemical analyses of
martian soils, float rocks, and bedrock. Knowledge of the spe-
cific minerals present will provide critical information about the
diverse environments in which they formed (e.g., acidic/alkaline,
hydrated/dehydrated, degree of oxidation, etc.). Sulfates are
widespread on Mars, hence, it is likely that phosphate minerals
will continue to be identified at many locations on Mars as well.

The authors of this paper are united in a broad research ef-
fort aimed at analyzing and characterizing a broad range of the
549 known phosphate mineral species, using a wide variety
of techniques including electron microprobe, X-ray diffrac-
tion, extended-visible/near infrared/midinfrared reflectance
spectroscopy, thermal emission spectroscopy, and Mdssbauer
spectroscopy. Such a complete study of phosphates will pro-
vide well-characterized sample spectra that will be critical for
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interpreting past and future data from Mars. The results of this
effort lay the necessary groundwork for future mission data and
meteorite data interpretation that will allow for the determina-
tion of which phosphates exist on Mars and for constraints to be
placed on their environments of formation.

This paper seeks to relate the Mossbauer parameters of
Fe-bearing phosphate minerals to both the local polyhedral
environment around the Fe cations and the overall structural
characteristics of each species. The foundation for these compari-
sons has been laid by the thorough discussion and classification
of phosphate minerals presented by Huminicki and Hawthorne
(2002). It seems logical to assume that minerals of the same
structure classes will have similar spectral features. Similarly,
mineral species that belong to the same hydration sequence might
also be assumed to have similar spectra. However, little work
has been done to explore or test this hypothesis. This project was
designed to examine general trends in Mdssbauer spectroscopy
of phosphate minerals at 295 K; Mars temperature measurements
have been acquired for some phosphates, but will be considered
in a future paper. Accordingly, this paper presents new data on 63
different phosphate samples, integrates them with data on more
than 37 phosphate species in 62 other studies from the literature,
and then places the entire data set in a crystal chemical context.

BACKGROUND

The primary motivation for this study was a desire to better
interpret Mdssbauer results from the Mars Exploration Rovers
Spirit and Opportunity (Klingelhofer et al. 2003). In support of
this objective, it is useful to review the existing lines of evidence
for the presence of phosphate minerals on Mars.

Phosphate minerals on Mars and from Mars

The presence of phosphate minerals on Mars is supported
by multiple lines of evidence: their presence in martian mete-
orites, experimental work to simulate the hydrothermal altera-
tion of P-rich precursors in basaltic environments, and data on
the high levels of P reported in martian soils, float rocks, and
bedrock by a particle X-ray spectrometers (APXS) on the Mars
Pathfinder (Rieder et al. 1997, 2003) and Mars Exploration
Rovers (Briickner et al. 2008; Campbell et al. 2009). Although
meteorite studies identify the specific species present in each
sample through direct study, the experimental and rover data
constrain but do not uniquely identify the likely phosphate
mineralogy. The latter problem results not only from assump-
tions made about bulk compositions in the experiments, but also
on the lack of available spectroscopic data on rare sulfate and
phosphate minerals. A companion paper to this one considers the
variations in Mdssbauer parameters of a wide array of sulfate
minerals to help address this issue. The current paper focuses on
S7Fe Mossbauer parameters of Fe-bearing phosphate minerals.
Knowledge of the specific minerals present will provide critical
information about the diverse environments in which they formed
(e.g., acidic/alkaline, hydrated/dehydrated, degree of oxidation,
etc.). To place this work in proper context, it is helpful to briefly
review the literature on proposed martian phosphate mineralogy.

Phosphates on Mars indicated by meteorites. Both primary
igneous and secondary phosphates have been identified through
direct observation of the Shergottite-Nakhlite-Chassignite

915

(SNC) meteorite suite that is thought to be derived from Mars
(Gooding et al. 1988; Gooding and Wentworth 1991; Gooding
1992; McSween 1994; Mittlefehldt 1994; Dreibus et al. 1996;
Treiman 1996; Mojzsis and Arrhenius 1998; McCoy et al. 1999;
Bridges and Grady 1999; Bridges and Warren 2003; Greenwood
et al. 2003; Bouvier et al. 2005; Greenwood and Blake 2006;
Hui et al. 2011; Stopar et al. 2013). Shergottites in particular
contain a wide variety of phosphate minerals. EETA79001 has
been extensively studied (Gooding 1992; Jull et al. 1995), and
contains an assemblage of secondary minerals that includes
carbonate, sulfates, and the phosphate minerals holtedahlite
[Mg,(PO;OH,CO5)(PO,4)s(OH,0)4], collinsite [Ca,(Mg,Fe)
(PO,),"2H,0], and anapaiite [Ca,Fe (PO,),"4H,0] (Gooding et al.
1988). Dofar 378 contains 1.4% Ca phosphate (Ikeda et al. 2006).

McSween et al. (1996) found 3.5 modal percentage of whit-
lockite [Cay(Mg,Fe)(PO,)s(PO;OH)] in QUE94201. Boctor et
al. (1998) and Greenwood et al. (2003) reported the merrilite
and chlorapatite [Cas(PO,);Cl] in Allan Hills 84001 and Los
Angeles, while McCoy et al. (1999) found whitlockite and
apatite in Zagami. Overall, Nakhlites and Chassignites to date
contain primarily apatite, while the Shergotittes exhibit much
more mineralogical diversity.

The assemblages of Ca- and Mg-phosphates identified
in martian meteorites commonly include Ca-carbonate and
Ca-sulfate minerals, which strongly imply alkaline formation
environments (e.g., Gooding 1992), akin to similar terrestrial
assemblages. As an example, the secondary mineral assemblage
in EET79001 suggests a low-temperature, saline fluid with a pH
above ~7 (Mojzsis and Arrhenius 1998). Although the mineral
assemblages in the meteorites imply the former presence of more
basic waters on Mars, the current remote-sensing observations
by the Mars Exploration Rovers (MERS) (see next section) have
implied that sulfates and phosphates observed directly on Mars
likely formed in acidic systems (e.g., Clark et al. 2005; Morris
et al. 2005; Tosca et al. 2005; Greenwood and Blake 2006).

The high-P content of the SNC meteorites (Banin et al. 1992)
relative to terrestrial rocks likely is due to a high-P abundance in
the martian mantle. Dreibus et al. (1996) and Winke and Dreibus
(1998) estimate that the mantle P abundance is ~10x higher than
that of the Earth, supporting the possibility for phosphates on
Mars being more common than for the Earth. The phosphates in
the martian meteorites are generally thought to be primary, late
crystallization, igneous minerals, with few exceptions (Gooding
and Wentworth 1991; Mojzsis and Arrhenius 1998). Dreibus et al.
(1996) also found that the phosphates in the Shergotty, Zagami,
and ALHA77005 SNCs are leached readily by diluted acids,
suggesting that if moderate to very acidic waters were present
on Mars, highly mobile primary phosphates would dissolve, and
low-temperature, secondary phosphate precipitation could be a
globally significant process.

Experiments that constrain phosphate mineralogy. Ex-
periments by Guidry and Mackenzie (2003) show increased
dissolution of terrestrial igneous and sedimentary apatites at
decreased pH. Tosca et al. (2004) evaluated simulated chemical
weathering of Mars-like basaltic rocks exposed to an acid-
fog environment and found that some Fe-phosphate minerals
precipitated from the fluids. Hurowitz et al. (2006) contrasted
experimental data with results from the Mars Exploration Rovers,
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and concluded that phases with high ratios of P,Os to CaO such
as monetite (CaHPO,), brushite (CaHPO,-2H,0), or merrilite
[Ca;gNa,Mg,(PO,) ;4] are among the species likely present on
surfaces in the Watchtower and Champagne localities.

Many workers have focused their attention on the Paso Robles
locality investigated by the Spirit rover. This locality has been
especially well-studied because it contains both phosphate-rich
soils and rocks interpreted to be the result of extensive altera-
tion of primary materials that were high in P (e.g., Gellert et
al. 2006; Ming et al. 2006; Yen et al. 2007). The rocks in this
locality were suggested by Ming et al. (2006) to contain either
fluorapatite [Cas(PO,);F] or brushite [Ca(HPO,)-2H,0]. Lane et
al. (2008) later used visible near-infrared reflectance, thermal
emission, and Mossbauer data to suggest that ferristrunzite
[Fe*Fed(PO,),(OH);-5H,0] or strengite (FePO, 2H,0) are pres-
ent there. These results were tested experimentally by Hausrath
et al. (2013), who suggested that ferrian giniite or hydrated
monocalcium phosphate [MCP; Ca(H,PO,)-2H,0] should be
observed at Paso Robles if their precursor was a Ca-phosphate
such as apatite. They support the idea that the alteration condi-
tions at Paso Robles were oxidizing, acidic, and hydrothermal,
but acknowledge that the Mdssbauer parameters of different Fe**
phosphates and sulfates might be indistinguishable.

Phosphates on Mars indicated by in situ observations.
Rocks and soils on Mars have indicated the presence of P that
is thought to reside in phosphates. In situ bulk element analyses
at the Viking, the Pathfinder (PF), and both MER landing sites
indicate that P is present in the typical martian soil at 0.36 wt%
P(e.g., Toulmin et al. 1977; Clark et al. 1982; Rieder etal. 1997,
2004; Dreibus and Haubold 2004; Foley et al. 2003; Gellert
et al. 2004, 2006; Schmidt et al. 2009; McGlynn et al. 2012).
Water-lain reworked sulfate-rich bedrock at the MER Meridiani
site is thought to contain a phosphate component as well (e.g.,
Rieder et al. 2004; Clark et al. 2005). Some float rocks in Gusev
crater, such as Wishstone, Champagne, and Watchtower, and
Ben’s Clod, have high-P contents, too, indicating the presence of
phosphates (e.g., Gellert et al. 2006; Hurowitz et al. 2006; Ming
et al. 2006; Usui et al. 2008). The highest values of P detected
to date have been measured in some soils on Mars including
undisturbed Crumble (at 0.6 wt% P), and a disturbed soil called
Paso Robles (PR, discussed further below) that exhibited a strong
phosphorus contribution (2.4 wt% P) [see Fig. 18 in Gellert et
al. (2006); Ming et al. (2006)].

Enriched and varying values of P (and S, Br, and Cl) indicate
alteration of basalts in an aqueous, acidic environment (e.g., Rieder
etal. 2004; Gellert et al. 2006; Tosca et al. 2005). Greenwood and
Blake (2006) note that the globally homogenized martian soil has
apositive correlation of P, S, and CI, which are all soluble compo-
nents of the soil. The S and Cl in the martian rocks and soils likely
originated through volcanic exhalations; however, the P may be a
product of acidic weathering of igneous Ca-phosphate minerals
in the plentiful martian basalts. Acidic water is indicated because
circum-neutral waters would contain less P in the resulting soils
due to decreased Ca-phosphate solubility. Greenwood and Blake
(2006) argue that because of the different sources, S and Cl vs. P,
the P/S and P/Cl ratios should be variable in the soils across Mars,
but generally are not, indicating mixing in a global acidic ocean
(although they state that the global soil could have originated
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in smaller, separate acidic waters or by localized acid-thin-film
or acid-fog alteration, but whose sediments subsequently were
transported by wind and globally mixed). Furthermore, aeolian
mixing would not explain the uniformly high-P content of the
ancient Meridiani Planum bedrock, which is better explained by
percolating acidic waters.

The key to understanding the phosphate history on Mars is to
first identify and determine phosphate mineralogy and chemistry,
and then to relate the identified stabilities and compositions to the
environment of formation and water chemistry. To date only a few
specific basic (alkaline) phosphate phases have been identified by
study of the martian meteorites (e.g., chlorapatite, whitlockite,
merrillite, holtedahlite, collinsite, anapaite, and possibly Mg-
phosphate pentahydrate), but the chemistry of the in situ secondary
phosphates in the martian soils (typical global soil, Paso Robles)
and bedrock (e.g., Meridiani) on Mars is still conjecture.

Phosphate crystal structures

Phosphate structures are commonly composed of PO3- tetra-
hedra bonded with (the vast majority of) cations in octahedral or
larger coordination polyhedra; tetrahedral Fe** occupancy (i.e.,
in P-deficient structures) is rare. Interpretation of the Mdssbauer
spectra of these structures is greatly simplified because it is
generally a matter of distinguishing among octahedral sites oc-
cupied by Fe*" and Fe?". These distinctions are described using
the positions of the peaks in doublets of a Mdssbauer spectrum
using the terms isomer shift (IS, 8, or sometimes center shift)
and quadrupole splitting (QS, AE, or A), expressed in velocity
units by convention in this field.

Isomer shift is caused by overlap between the nucleus and the
s-electron charge distributions that causes a shift in the nuclear
energy levels in the Fe atom. Isomer shift is most sensitive to
oxidation state and less sensitive to distortions in the surround-
ing site geometry. Isomer shift is measured as the offset of the
doublet’s centroid from zero velocity, and its value in silicates
is generally low (0.25-0.5 mm/s) for octahedral Fe** and much
higher (>1.10 mm/s) for octahedral Fe*". Its error is usually given
as £0.02 mm/s (Dyar 1984; Dyar et al. 2008).

Quadrupole splitting results from interactions between the
nuclear quadrupole moment and the gradient of the surrounding
electric field, which cause the I = 3/2 level to split into two sub-
levels. QS is the separation between the two component peaks,
and is sensitive to both oxidation state and site geometry. As an
example, consider Fe*" in perfectly octahedral (sixfold) coordina-
tion. The electronic configuration of Fe*, 3d¢, is in general high
spin for minerals, i.e., #3,¢2. The sixth electron populates the three
degenerate (all the same energy) ,, levels equally, so spherical
symmetry is maintained and, ignoring lattice terms, there is no
quadrupole splitting. However, a distortion of the octahedral
environment lifts the degeneracy of the #,, levels, leading to
unequal occupancy of the d orbitals and a large contribution to A
from the electronic field. In high-spin Fe**, which has electronic
configuration #,e, the d orbitals remain equally populated even
when the octahedral environment is distorted, and the electronic
field remains spherical. Of course, in both cases, asymmetry
in the lattice field causes [“Fe*" and [“Fe*" to split the I = 3/2
level, but in general, A for Fe** (>1.5 mm/s) >> A for Fe** (<1.3
mm/s). In general, the larger the A value, the more distorted the
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coordination polyhedron surrounding the Fe atom (Burns and
Solberg 1990; Dyar et al. 2006). The error of A on fitted spectra
is usually given as £0.02 mm/s (Dyar 1984; Dyar et al. 2008).

Given that the parameters have wide ranges, it should be pos-
sible to assign certain ranges of parameters to particular types of
bonding environments or coordination polyhedra, which is one
of the goals of this paper. Thus this paper presents Mdssbauer
spectra of well-characterized phosphate minerals and seeks to
determine characteristic parameters for minerals with different
structure types. In some cases, these are the first Mdssbauer
measurements of Fe**/Fe?* ratios for these mineral species. Over-
all, the results shed light not only on variations of parameters
with structure types, but on stoichiometry and charge-balancing
substitutions in these phases and the breadth of parageneses and
redox environments in which these minerals form. The second
goal of this paper is to determine if the Mossbauer parameters of
phosphate minerals are distinctive enough to have been detected
by the Mars Exploration Rover Mdssbauer spectrometers.

EXPERIMENTAL AND ANALYTICAL PROCEDURES

Samples for this project (listed in Table 1 in order by Dana number) were
selected from the collections of the coauthors, purchased from collectors, or

TABLE 1. Samples studied

came from E. Cloutis (U. Winnepeg), the National Museum of Natural History
(Smithsonian), and the Harvard Mineralogical Museum. Diversity of samples from
multiple localities was sought so that compositional variability within each group
could be assessed. All samples were kept in dry air in a desiccator when not being
analyzed. Samples were first hand-picked to purify them, a step that was critical
because many of these phases occur as intergrowths with other minerals. This job
was made more difficult by the fact that many phosphates coexist with other phases
of the same or similar color, making it necessary to distinguish coexisting phases
on the bases of morphology and subtle hue and shade variations. However, it is
important to note that in some cases, individual species were mingled with other
species at such a small scale that it is unrealistic to expect that pure separates could
be created. In such cases, minor contributions in spectra from the impurities would
be expected and are noted in Table 1. One of the advantages of the current study is
that more than one example of most species was analyzed, and so the diagnostic
spectral characteristics that various samples have in common can be identified
despite the presence of potential impurities.

A majority of the separates was then analyzed by XRD to confirm their purity
and make unequivocal phase identifications. XRD analyses were conducted at
Franklin and Marshall College and Indiana University. Samples were then prepared
for Mossbauer spectroscopy by mixing the phosphates with sucrose, then gently
mixing them into a homogeneous powder to fill the sample holder. 295 K Mgssbauer
spectra were then acquired using a source of 100-40 mCi *’Co in Rh, which was
used on a WEB Research Co. (now See Co.) model W100 spectrometer. Run times
ranged from 12-96 h, and results were calibrated against o-Fe foil. Spectra were
not corrected for thickness effects because the goal of this study was to compare
peak positions rather than peak areas.

Dana Mineral Sample XRD results Locality
number species number
38.1.1.1 triphylite DD193-B triphylite, quartz, hureaulite, whiteite, Sandamab, Namibia
and minor tavorite and lipscombite
38.1.1.1 triphylite DD271-A 50% triphylite and 50% parascholzite Hagendorf, Bavaria, Germany
38.1.1.1 triphylite DD301B 75-80% triphylite and 15-25% jahnsite Tip Top pegmatite, Black Hills, South Dakota
38.1.1.1 triphylite DD305-A 50% triphylite, 50% parascholzite Serra Branca pegmatite, 12 km south of Pedra Lavrada,
Paraiba, Brazil
38.1.1.1 triphylite DD308-A 45% triphylite, 45% dolomite and Boqueirdozinho pegmatite, Parelhas,
10% hydroxylapatite Rio Grande du Norte, Brazil
38.1.1.1 triphylite DD308-T 65% muscovite and 35% triphylite Boqueiraozinho pegmatite, Parelhas, Rio Grande du Norte, Brazil
38.1.1.1 triphylite MDD7 55% triphylite and 45% muscovite Baviere, Germany
38.1.1.1 triphylite ML-P38 65% triphylite and 35% quartz Tip Top Mine, Custer Co., South Dakota
38.1.1.2 lithiophilite DD135 ferroan lithiophyllite Serra Branca pegmatite, 12 km south of Pedra Lavrada,
Paraiba, Brazil
38.1.2.1 maricite MDD14 80% maricite and 20% vivianite Big Fish River, Yukon, Canada
38.1.4.11  ferrisicklerite DD162-A 65-70% ferrisicklerite, with Les Moulins Mine, Saint-Luc, Anniviers Valley, Wallis, Switzerland
30-35% Li-rich alluaudite
38.2.3.2 hagendorfite DD184 50-60% hagendorfite, 25-30% Hagendorf, Bavaria, Germany
triphylite, and 10-20% wolfeite
38.2.3.2 hagendorfite DD237 70-75% hagendorfite, and 25-30% triphylite  Dyke Lode, Custer, Custer Co., South Dakota
38233 varulite DD321 70% poor crystallinity varulite, and 15% Varutrask, Sweden
each hureaulite and chlorapatite
38.2.3.5 ferroalluaudite ML-P14 allauadite Pleasant Valley Pegmatite, Custer Co., South Dakota
38.2.3.6 alluaudite ML-P40 (2) allauadite Helen Beryl Mine, Custer Co., South Dakota
38.3.3.1 graftonite ML-P24 75% graftonite and 25% triphylite Bull Moose Mine, near Custer, Custer Co., South Dakota
38.4.1.2 purpurite DD227 40-50% purpurite, 30-40% ferrisicklerite, Sandamab, Namibia
and 10-20% quartz
38.4.1.2 purpurite DD270 80% albite and 20% purpurite Sidi Bou Othmane, Jbilet, Marrakech, Morocco
39.2.1.1 hureaulite ML-P31-A 60% hureaulite and 40% pentamanganese Lavra da Cigana, Galileia, Minas Gerais, Brazil
40.2.2.1 fairfieldite DD171 No XRD data for this sample, but it is Hagendorf, Bavaria, Germany
from a known locality for this mineral.
40.2.2.2 messelite DD228 No XRD data for this sample, but Messel, Darmstadt, Hesse, Germany
itis from the type locality.
40.3.2.4 landesite ML-P26 No XRD data for this sample, but it Cigana Mine, Galileia, Brazil
from a known locality for this mineral.
40.3.5.1 ludlamite DD219 60-70% ludlamite, and 30-40% siderite Mina Colavi, Saavedra Prov., Potosi Dist., Bolivia
40.3.6.1 vivianite DD171 85-90% vivianite, and 10-15% triphylite Hagendorf, Bavaria, Germany
40.3.6.1 vivianite DD311 85-90% vivianite, and 10-15% Mina Huanuni, Cerro Morococala, Oruro Dept., Bolivia
sodium iron phosphate
40.3.6.1 vivianite DD312A 70-80% vivianite, and 20-30% barite. Ovidor, Catalao, Goias, Brazil
40.3.6.1 vivianite DD315A Vivianite Kertsch, Kazahkstan
40.3.6.1 vivianite DD323 50% siderite, 20% goethite, 20% Ovidor, Catalao, Goias, Brazil
vivianite, 10% dilithium silicate.
40.3.7.1 bobierrite MDD11 pure bobierrite Cross Cut Creek, Rapid Creek, Yukon, Canada
40.3.9.1 metavivianite DD319 60-70% natrolite, and 30-40% metavivianite ~ Hamilton, Victoria, Australia
40.4.1.2 strengite DD293-A 90% strengite, 10% goethite, and trace quartz ~ Kirunavaara, Kiruna, Lapland, Sweden
40.4.1.2 strengite ML-P16 60% plagioclase and 40% strengite Boa Vista Mine, Minas Gerais, Brazil

(Continued on next page)
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Spectra were fit with Lorentzian doublets using the MEX_FielDD program
acquired from the University of Ghent courtesy of E. De Grave. Isomer shifts (IS
or 3), and quadrupole splittings (QS or A) of the doublets were allowed to vary,
and widths (full-width at half maximum) of all peaks were coupled to vary in pairs.
All major Fe species were represented by well-resolved quadrupole pairs so the
fits were straightforward, though it was sometimes necessary to fit small doublets
representing impurities (Table 2').

RESULTS: MOSSBAUER PARAMETERS

Mossbauer parameters for all samples studied at room tem-
perature are given in full in Table 2'. To simplify the discussion,
minerals are discussed in alphabetical order. In cases where
several species constitute a group of similar structures, the dis-
cussion is grouped under a single group heading.

Crystal structures and related Mossbauer parameters

Alluaudite group. Minerals in the alluaudite group include
the species itself [NaCaFe?"(Mn,Fe*",Fe**,Mg),(PO,);], fer-

! Deposit item AM-13-517, Table 2. Deposit items are available two ways: For a
paper copy contact the Business Office of the Mineralogical Society of America
(see inside front cover of recent issue for price information). For an electronic
copy visit the MSA web site at http://www.minsocam.org, go to The American
Mineralogist Contents, find the table of contents for the specific volume/issue
wanted, and then click on the deposit link there.

TABLE 1.—CONTINUED

roalluaudite [NaCaFe?"(Fe?",Mn,Fe’",Mg),(PO,);], varulite
[NaCaMn(Mn,Fe?",Fe3"),(PO,);], and hagendorfite [(Na,Ca)
MnFe,(PO,);]. The basic structure has four large coordination
polyhedra, one of which is 8-coordinated in face-sharing chains
parallel to [001] (Moore 1971a; Moore and Ito 1979). The other
three are 6-coordinated polyhedra designated M1, M2, and
M3. The M1 and pairs of M2 polyhedra share edges and form
staggered chains parallel to the {101} plane, with the M1 site
being larger than M2 and highly distorted. The chains are con-
nected by PO, tetrahedra to form sheets, and channels between
the sheets parallel to the ¢ axis contain 8-coordinated X1 sites
and 4-coordinated X2 sites. Hatert et al. (2000) proposed three
additional “A” sites, also in the channels. This mineral group
has been very well-studied because synthetic materials with the
alluaudite structure have potential for the manufacture of bat-
teries because Li can fit into the channels.

Mossbauer parameters of the various species in this group
have already been characterized in a large number of syn-
thetic samples. In alluaudite, Korzenski et al. (1998) studied
NaFe;(PO,); and reported three doublets assigned to the
Fel, Fe2, and Fe3 sites. Subsequently Hermann et al. (2002)
measured samples spanning a range of x = 0, 0.25, 0.5, and
0.75 for Na, Li;MnFe,(PO,); and observed that & decreases

Dana Mineral Sample XRD results Locality
number species number
40.4.3.2 phosphosiderite ML-P22 phosphosiderite Stewart mine, near pala, San Diego County, California
41.6.1.2 triplite DD129 65-70% dolomite, 25% quartz, Boqueirdozinho pegmatite, Parelhas,
and 5-10% triplite Rio Grande du Norte, Brazil
41.6.1.2 triplite DD302 triplite Cérdoba, Argentina
41.6.2.1 wagnerite DD330 wagnerite Halsjoberg (Horrsjoberg), Sweden
41.6.4.1 satterlyite MDD18 satterlyite and vivianite Kulan Camp, Rapid Creek, Yukon, Canada
41.6.7.1 tarbuttite DD306 90% tarbuttite, 10% parascholzite Reaphook Hill. 40 miles south of Blinman,
Flinders Range, South Australia
41.7.2.1 arrojadite ML-P25 65% arrojadite and ~35% natrite Locality unknown (collection of Pierre Hanin (?))
41.7.4.1 lulzacite DD197 55% siderite, 35% lulzacite, and Bois-de-la-Roche Quarry, Saint-Aubin-
10% bonshtedtite des-Chéateaux, Loire-Atlantique, France
41.9.1.1 kulanite MDD16 kulanite Stonemane Camp, Rapid Creek, Yukon, Canada
41.9.1.1 kulanite ML-P32 kulanite Rapid Creek, Yukon, Canada
419.2.2 frondelite DD130 ~55% frondelite, 35% phosphosiderite, Boca Rica Pegmatite, Galiléia, Minas Gerais, Brazil
and 10% quartz
41.10.1.1 lazulite DD125 80% lazulite, with 10% each augelite and quartz Rapid Creek, Yukon, Canada
41.10.1.1 lazulite DD206 No XRD data for this sample Area A, Rapid Creek, Richardson Mountain
District, Yukon Territory, Canada
41.10.1.1 lazulite DD208 No XRD data for this sample Formacao Claim, Diamantina, Minas Gerais, Brazil
41.10.1.4 barbosalite DD134 50% barbosalite and 50% mitridatite Bull Moose Mine, Custer Co., South Dakota
41.10.14 barbosalite DD248-A 50% barbosalite, 40% pyrite, Bull Moose Mine, near Custer, Custer Co., South Dakota
and 10% phosphosiderite
41.10.2.1 lipscombite MDD9 90% poorly crystalline lipscombite Anloua, Adamaoua Plateau, Cameroon
with minor hydroxylapatite
41.11.1.1 trolleite DD157 trolleite with much amorphous material Sandamab pegmatite, Namibia
42.7.1.1 childrenite ML-P29 may be in solid solution with eosphorite Linopolis, Minas Gerais, Brazil
42.7.4.1 arsenocrandallite DD150 No XRD data for this sample, but the Méssbauer Dolores Propspect, Pastrana, Mazarrén-Aguilas,
parameters are consistent with what is Muricia, Spain
expected by comparison with jarosite
and the sample is from the type locality.
42.7.7.1 roscherite DD274 solid solution with eosphorite Laranjeiras Claim, Galiléia, Minas Gerais, Brazil
42.7.7.3 zanazziite DD337 No XRD data for this sample. Santa Maria, Jenipapo, Itinga, Minas Gerais, Brazil
429.1.2 dufrénite ML-P34-D dufrénite, pharmacosiderite, and hureaulite Lone Tree Mine, Humboldt County, Nevada
429.2.2 gormanite MDD13 pure gormanite Big Fish River, Yukon, Canada
429.34  chalcosiderite ML-P39 minor (~5-10%) dickite impurity Wheal Phoenix, Cornwall, Great Britain
42.11.3.1 whiteite DD329 90-95% whiteite with 5-10% synthetic tuite Area A, Rapid Creek, Richardson Mountain
District, Yukon Territory, Canada
42.11.9.1 strunzite HMM108175 strunzite Fitzgibbon Quarry, Alstead, New Hampshire
421193  ferristrunzite ML-P15 ferristrunzite + quartz Blaton Hainaut, Belgium
42.11.10.1 laueite DD210 No XRD data for this sample. Palermo Mine, North Groton, New Hampshire
42.11.10.7  ferrolaueite MDD20 ferrolaueite Monmouth County, New Jersey
435.11.1 lineburgite DD218 No XRD data for this sample, but it is from Bela Stena Mine, Piskanya, Balevats, Serbia, Yugoslavia

same locality studied by Sen Gupta et al. (1991).
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with increasing Li substitution. They report parameters of &
=0.41-0.47 mm/s and A = 0.50-0.90 mm/s for Fe** and 8§ =
1.1-1.3 and A = 2.0-2.8 mm/s for Fe*". That group continued
with studies of NaMn(Fe,_,In,),(PO,); alluaudite (Hatert et al.
2003), Na,(Mn,_Fe?"),Fe*(PO,); (Hatert et al. 2005) and several
Na-Mn-Fe-bearing alluaudites (Hatert et al. 2004). These latter
three papers develop a model in which Fe’* and Fe** occupy
only the M2 site (as first suggested by Moore 1971a) but there
are multiple Mossbauer doublets because there are several dif-
ferent next-nearest neighbors surrounding the M2 sites. This
model was used by Redhammer et al. (2005) to interpret the
single Fe*" doublet with of 8 = 0.43 mm/s and A= 0.52 in their
alluaudite spectrum.

In the two (natural) samples studied here (Fig. 1), alluaudite
ML-P40 is 100% Fe** in a single octahedral doublet (8 = 0.43
mm/s, A = 0.44 mm/s), and “ferroalluaudite” ML-P14 is 90%
Fe** (8 = 0.44 mm/s, A = 0.45 mm/s) and 10% Fe*" (6 = 1.27
mm/s, A =2.75 mm/s), both in 6-coordination. Given the con-
text established by the previous work, it is concluded that both
valence states of Fe occupy the M2 site.

Redhammer et al. (2005) acquired Mdssbauer spectra of a
hagendorfite sample from the type locality at Hagendorf, Bavaria,
Germany. In their sample, Fe*" is modeled with four doublets
representing the M2 site, with parameters of 6 = 1.19-1.24
mm/s and A = 1.40-2.94 mm/s at 298 K. Roughly 36% of the
total spectral area was a Fe’* doublet with § = 0.43 mm/s and
A= 0.53 mm/s at 298 K; this was also assigned to the M2 site.
In this study, samples DD237 from Custer, South Dakota, and
DD184, also from Hagendorf, were measured (Fig. 1). They
show the same pattern of three Fe*" doublets and one for Fe’*
with similar parameters (Table 21).

Finally, varulite DD321 (Fig. 1) also has four doublets, but
two are Fe** (6 = 1.29-1.42 mm/s and A = 2.34 and 1.12 mm/s,
respectively) and two are for Fe** (6 = 0.30 and 0.35 mm/s and
A=0.77 and 0.34 mm/s, respectively). However, these are again
likely to be in the M2 sites, though there is a possibility that the
& = 1.42 mm/s might represent Fe*" in one of the larger sites.

Anapaite. Anapaite [Ca,Fe*"(PO,),"4(H,0)] was first de-
scribed by Catti et al. (1979) as a framework structure of Ca
(8-coordinated), Fe (6-coordinated), and P (4-coordinated)
corner- and edge-sharing polyhedra. Each Fe is bonded to four
H,O molecules and two O* anions that are the corners of adja-
cent PO, tetrahedra. Eeckhout et al. (1999) present a thorough
multi-temperature study of anapaite from Bellaver de Cerdena,
Spain. Their sample displays a single doublet with § = 1.19
mm/s and A =2.49 mm/s at 300 K consistent with the single Fe
site in the structure.

Arrojadite. Arrojadite [KNa,CaMn3 Fe}; Al(PO,),,(OH,F),]
has an exceedingly complicated crystal structure (Moore et al.
1981) that has recently been revisited by Camara et al. (2006),
Chopin et al. (2006), and Yakubovich et al. (1986). It has 11
cation and anion sites with partial occupancies, with Fe in the
M1 (a distorted tetrahedron), M2 (a distorted 5-coordinated
square pyramid), M4, M5, M6 (all three are distorted octahedra),
and M7 (octahedral) sites. Its Mdssbauer spectrum is similarly
complicated, as first presented by Shinno and Li (1998). They
reported spectra with broad peaks to which they fit five quadru-
pole splitting distributions corresponding to M3, M4, M5, M6,

and M7 sites (Table 2').

In this study, arrojadite ML-P25 also has six Fe*” doublets,
again with a wide range of A from 0.97 to 2.98 mm/s (Table
2"). In general, the larger the A value, the more distorted the
coordination polyhedron surrounding the Fe atom (Burns and
Solberg 1990; Dyar et al. 2006). Although both Moore et al.
(1981) and Camara et al. (2006) suggested that Fe* is present
in the four-coordinated M1 site, the Mossbauer parameters do
not support this assignment. However, the other six doublets
likely correspond to the remaining six sites, M2-7. The M2 site
is 5-coordinated, and extremely distorted; this should result in
the lowest value of 6 but there is no clearly lower value for any
of the six doublets. The other sites may be distinguished on the
basis of the quadratic elongation parameter (), which provides
a quantitative measurement of polyhedral distortion

2
I
>\2271[f] /n (1)

where /; is the measured bond distance (where n = 6 for 6-co-
ordination) and /, is the bond distance in a perfect (undistorted,
equal volume) octahedron. Reported unitless octahedral A values
for the Rapid Creek sample studied by Camara et al. (2006) are
1.0139 and 1.0126 for M3a and M3b, 1.0319 for M4, 1.0483
and 1.0456 for M5a and M5b, 1.0337 for M6, and 1.0228 and
1.0548 for M7a and M7b. If A is truly and solely a function of
site distortion measured in this way, then the site assignments
would be as follows: A=3.21 and 2.72 mm/s would be the M7
and M5 most distorted sites, A = 2.13 and 2.15 mm/s would
represent M4 and M6, and A = 1.11 and 1.57 mm/s would
represent M3. Shinno and Li (1998) assigned these observed
features to Fe*" in specific sites in the structure on the basis of
distortion of their coordination polyhedra as represented by the
parameters of quadrupole splitting distributions used to model
them. Their assignments were not the same as those based on the
bond distortion parameters: the distribution with A=3.17 mm/s
was assigned to M3, A =2.77 mm/s to M6, A = 2.51 mm/s to
M7,A=2.07 mm/s to M4, and 1.52 mm/s to M5 (Shinno and Li
1998). These alternative methods for assigning spectral features
could be resolved through comparison of site occupancies from
single-crystal refinements, but this task is outside the scope of
the present work.

Barbosalite. Barbosalite [Fe?'Fe3 (PO,),(OH),] is the Fe-
rich member of the lazulite group of hydroxyl-phosphates; its
structure and spectra are discussed under the lazulite heading
below.

Baricite. Baricite [(Mg,Fe);(PO,), 8H,0] is a member of the
vivianite group and is discussed with that group below under the
vivianite heading.

Bassetite. Although no sample of the uranyl phosphate bas-
setite [Fe*(UO,),(PO,),"8H,0] was available for this study, it
has been previously analyzed by De Grave and Vochten (1988)
and Vochten et al. (1984). They find only a single doublet each
for Fe*" and Fe’* in partially oxidized samples. However, they
observe two distinct Fe?* doublets in reduced samples when mea-
sured at 80 K, despite the fact that the crystal structure has only a
single Fe site surrounded by PO, tetrahedra and UO, octahedra.
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FIGURE 1. Méssbauer spectra and Fe coordination polyhedra created using CrystalMaker software and data from the American Mineralogist
Crystal Structure Database, with citations to the crystal structure refinements from which the polyhedra were built following each mineral species
name. Dashed lines representing Fe?* in doublets with A = 1.43—1.99 mm/s are shown in green, A = 2.00-2.85 mm/s are light blue, A > 2.85 mm/s

are dark blue. Solid lines represent Fe** with A = 0.23-0.49 mm/s in red,

0.5-0.79 mm/s in orange, and A > 0.80-1.55 mm/s are purple. The fit

envelope for each fit is shown as a thin solid line in gold. Alluaudite (Moore 1971a) ML-P40 and “ferroalluaudite” ML-P14 (Corbin et al. 1986)
are predominantly Fe’* in the M2 site. Two samples of hagendorfite, DD184 and DD237 (Redhammer et al. 2005), and varulite DD321 contain
multiple doublets of Fe?" and Fe*', but as with the other alluaudite group minerals, all Fe is assigned to the M2 site. There is no crystal structure
refinement available for varulite, so the M2 polyhedron from Hagendorfite is illustrated there hypothetically. Arrojadite ML-P25 (Yakubovich et
al. 1986) contains multiple Fe** doublets but their assignments to specific sites are unclear. Childrenite (Giuseppetti and Tadini 1984) ML-P29 has
only one doublet corresponding to the Fe (M) site. In arsenocrandallite DD150 (Blount 1974), Fe** is substituting into the Al site, likely in polyhedra

with two different combinations of next nearest neighbors. (Color online.)

Bobierrite. Bobierrite [Mg;(PO,), 8H,0] has a structure that
is nearly identical to that of the vivianite group mineral species,
and is discussed under that heading below.

Chalcosiderite. Chalcosiderite [CuFes(PO,),(OH)s-4H,0] is
a member of the turquoise group; those structures are discussed
under the turquoise heading below.

Childrenite group. The childrenite group of hydrous phos-
phates includes the species childrenite [(FeMn)Al(PO,)(OH), H,0],
eosphorite [MnAl(PO,)(OH), H,0], ernstite [(Mn,_Fe,)Al(PO,)
(OH), ,0O,], and sinkankasite [H,MnAl(PO,),(OH), 6H,0]. In

childrenite, the Al octahedra [A10,(OH);(H,0O)] form a chain in
the ¢ direction, as do the more distorted, edge-sharing Fe octahedra
[(Fe,Mn)O,(OH)H,0]. The chains are linked together by sharing
H,O and OH groups, respectively as well as PO, tetrahedra to form
layers (Giuseppetti and Tadini 1984). The Mossbauer spectrum
of childrenite was studied by Alves et al. (1980), who reported a
single doublet with & = 1.13 mm/s (reported relative to sodium
nitroprusside) and A= 1.73 mm/s. In this study, sample ML-P29
(Fig. 1) also has only a single feature with & = 1.24 mm/s (relative
to Fe) and A= 1.66 mm/s.
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Crandallite. The crystal structure of crandallite,
CaAl;(OH)4[PO;(0.,(OH),,)];, is analogous to that of alunite,
with sheets made up of corner-sharing Al octahedra linked
into trigonal and hexagonal rings (Blount 1974; Schwab et al.
1991; Goreaud and Raveau 1980), and quite similar to that of
the phosphate mitridate (see below). Ca*" cations (like K'* in
alunite) occupy the distorted cavities inside the 12-coordinated
rings, close to four O* and four OH~ within the ring. If Fe**
substitutes into this structure it likely occupies the Al octahedra.

In this study, sample DD150 (Fig. 1) is from the documented
locality in Dolores Prospect, Pastrana, Mazarron-Aguilas, Muri-
cia, Spain, but the sample was so small that XRD results could
not be obtained. Its Mdssbauer spectrum has two 6-coordinated
Fe’* doublets with parameters of 6 = 0.39 and 0.40 mm/s and
A = 1.17 and 0.46 mm/s, respectively. The larger doublet is
indeed similar to what is observed in alunite, which is typically
fit with a single doublet at ca. 6 = 0.38 mm/s and A= 1.20 mm/s
(Hrynkiewicz et al. 1965; Afanasev et al. 1974; Rothstein 2006;
Kovacs et al. 2008; and many others). So it is likely that this
sample really is representative of the arsenocrandallite species,
even without XRD corroboration.

Dufrénite. Five different minerals share the dufrénite
structure and should have similar Mdssbauer parame-
ters: dufrénite [Fe*'Fe3’(PO,);(OH)s-2H,0], natrodufrénite
[NaFe(Fe,Al)s(PO,),(OH)s 2H,0], burangaite [(Na,Ca),(Fe,Mg),
Al(PO,)s(OH,0),,-4H,0], and matioliite [NaMgAls(PO,),
(OH)¢2H,0]. The framework structure includes four octahedral
sites; M1 and M3 share only corners, while M2 and M4 form
face-sharing trimers of M4-M2-M4 octahedra. There are also
two different types of PO, tetrahedra (Kampf et al. 2010). M1,
M3, and M4 are smaller and thus favored by AI** and Fe*; the
larger M2 site contains Fe*", Mn*", or Mg.

Sample ML-P34D in this study (Fig. 2) is the first published
Mossbauer spectrum of dufrénite. It is solely Fe** in two differ-
ent doublets with area ratios of 60:40: & = 0.38 and 0.38 mm/s
and A=0.54 and 0.96 mm/s. This suggests that the doublet with
the larger A represents Fe*" in M1 and M3, with the smaller A
doublet assigned to M4.

Fairfieldite. The crystal structure of fairfieldite [Ca,(Mn,Fe*")
(PO,), 2H,0] was first described in successive papers by Zanazzi
et al. (1969) and Fanfani et al. (1970). It is based upon chains
of alternating M>*O4(H,0), octahedra and pairs of PO, tetrahe-
dra (Huminicki and Hawthorne 2002), with the H,O in a trans
arrangement. The same geometry is found in the sulfate minerals
yavapaiite {K[Fe**(SO,),]}, krohnkite {Na,[Cu*(H,0),(SO,).]},
krausite [KFe*"(H,0),(SO,),], merwinite [Ca;Mg(SiO,),], and
brianite [Na,CaMg(PO,),].

Sample DD171 (Fig. 2) in this study is the first known
published Mdossbauer spectrum of this phase. It has two Fe**
doublets with & = 1.06 and 1.23 mm/s and A = 2.45 and 2.94
mm/s, respectively. The remaining 25% of the total area is in a
Fe** doublet with 8 = 0.41 mm/s and A= 0.94 mm/s. Presumably,
both Fe?" and Fe*" occupy the octahedral Fe site.

Farringtonite. Single-crystal studies of farringtonite,
[Mg;(PO,),] by Nord and Kierkegaard (1968) show that its struc-
ture is composed of MgOs square pyramidal 5-coordinated M1
sites, MgOs M2 octahedra, and PO, tetrahedra. The MgOj sites
share edges to form Mg,Og dimers (Huminicki and Hawthorne

2002) that link at the opposite ends to PO, and the M2 octahe-
dra. There are two M1 sites for every one M2. The Mossbauer
study by Nord and Ericsson (1985) presents spectra of synthetic
farringtonite in solid solution with Zn. Using site occupancy
arguments, they assign the doublet with 6 = 1.10-1.15 mm/s
and A = 2.51-2.94 mm/s to M1; the M2 site has 6 = 1.25-1.28
mm/s and A= 1.04-1.97 mm/s.

Ferrisicklerite. The ferrisicklerite species, Li(Fe,Mn)PO,, is
one of three pairs of solid-solution series minerals with the same
orthorhombic olivine-type structure (Huminicki and Hawthorne
2002): ferrisicklerite-sickerlite [Li(Fe,Mn)PO,-Li(Mn,Fe)PO,],
heterosite-purpurite (FePO,-MnPO,), and triphylite-lithiophilite
(LiFePO4,-LiMnPO,). Natrophilite (NaMnPO,) and simferite
[Li(Mg,Fe,Mn),(PO,),] also are similar. Ferrisicklerite can be
considered an intermediate between triphylite and heterosite and
sicklerite lies between lithiophyllite and purpurite (Huminicki
and Hawthorne 2002). All the structures are composed of chains
of edge-sharing LiOg or NaOy octahedra that run parallel to a.
These are flanked by (Fe**Mn?"0)Oy4 octahedra where O is a
vacancy, many of which are vacant. Their Mossbauer spectra
should be indistinguishable. Unfortunately, no sample of sick-
erlite was available for the current study, but other members of
this group are well represented (see heterosite and triphylite).
Literature data on ferrisicklerite support the presence of Fe only
in the Mn2 site. Liu et al. (2005) report Mossbauer parameters
of 8 =0.45 and 1.23 mm/s and A= 0.90 and 2.94 mm/s for Fe**
and Fe*', respectively. Sample DD162-A (Fig. 2) in this study
has two Fe** doublets (6 = 0.42 and 0.44 mm/s,A=0.47 and 1.44
mm/s) and one Fe** doublet (6 = 1.22 mm/s, A= 2.75 mm/s).

Ferristrunzite. Ferristrunzite [Fe**Fe3'(PO,),(OH); 5(H,0)]
is described with the strunzite group, below.

Ferrolaueite. Ferrolaueite [Fe?>'Fed(PO,),(OH), 8(H,0)] is
discussed with laueite, below.

Frondelite. Frondelite [MnFe,(PO,);(OH)s] is described
below as part of the discussion of the rockbridgeite group.

Giniite. The giniite [Fe?'Fe;*(PO,),(OH), 2H,0] structure
refinement by Corbin et al. (1986) suggests an open framework
structure with three different Fe octahedral sites. The basic
structural unit is a set of edge-sharing octahedra with Fe3 (three
corners shared with PO,) in the center and Fel (FeOg, with four
corners shared with PO,) and Fe2 (two corners shared with PO,)
at opposite edges. Of these sites, Fe3 is the most distorted, and
the Fel and Fe2 sites are quite similar.

Rouzies et al. (1994) report results on a synthetic giniite
sample with four Mossbauer doublets, two for each valence state.
Fe’* has parameters of 8 = 0.42 and 0.44 mm/s and A= 1.05 and
0.41 mm/s. Fe** features with 6 = 1.15 and 1.24 mm/s and A =
2.61 and 2.37 mm/s are described. The doublets for Fe*" and
Fe* with larger A have roughly twice the area of the smaller-A
features. Rouzies et al. (1994) do not assign their doublets to
specific sites. However, based on the Corbin et al. (1986) refine-
ment and the doublet areas, the features with larger A for both
Fe?* and Fe** can now be assigned to a combination of Fel and
Fe2, and the smaller doublets to Fe3.

Gladiusite. Gladiusite [Fe*"(Fe?",Mg),(PO,)(OH), H,0] was
first described by Liferovich et al. (2000) based upon a sample
from the Kovdor complex in the Kola Peninsula, Russia. There
are six octahedral M sites: M1, M3, and M5 contain only Fe**



922

DYAR ET AL.: MOSSBAUER PARAMETERS OF IRON IN PHOSPHATE MINERALS

_ 100.0
&
- 99.5
2
1
e 99.0-
2
) 4
. 98.5
g6 Dufrénite 98.0
g /MP34D 00 |gsPOt
100.0 ; 100.0+ -
& 99,54 99.5-
§ 99,04 99.0
- -
2 985 90:5
s 98.0
& 98.01 97.5-
97.5- 970
Ferrisicklerite ’
97.0 96.5
DD162-A
96.5 r . . . . . : 96.0
100 1—y 100.01
£ 99
g 984 99.54
s 974
g gg_ 99.0
-] T 98.5-
< 944
gZ' Graftonite® M2 98.01 Hureaulite ‘
A - ML-P31-A ! ! M2
91 ML P 24 . . . : : . 97.5 . . . , . . :
100.0 100
99.5 .
X 99.01 98-
c 98.5 ]
2 9801 91
5 97.5 941
2 97.0- 1
. Zg'g' Whiteite 921 Laueite
~1DD329 1
95.5 : . ; . . ' 90 DD2.10 . . . ' .

4 3 2 1 0 1 2 3
Velocity (mm/s)

4 3 2 1 0 1 2 3 4
Velocity (mm/s)

FIGURE 2. Mgssbauer spectra and Fe coordination polyhedra, with citations to the crystal structure refinements from which the polyhedra were built.
In dufrénite (Moore 1970), the Fe’* doublet with the larger A represents Fe’* in M1 and M3, with the smaller A doublet assigned to M4. In fairfieldite
(Herwig and Hawthorne 2006) DD171, all three doublets represent occupancy in the single Fe site. Ferrisicklerite (Alberti 1976) DD162-A contains
Fe** only in the Mn2 site. Gormanite (Le Bail et al. 2003) MDD13 is dominated by a Fe** doublet representing occupancy in the Fe site. Graftonite
(Nord and Ericsson 1982) ML-P24 has Fe*" in three different sites as indicated. Hureaulite (Moore and Araki 1973) ML-P31-A has Fe*" only in the
M2 and M3 sites. Whiteite (Gray et al. 2010) DD329 is the first published Mdssbauer spectrum for this species, and both Fe** and Fe?* are assigned to
the M2 site. Laueite (Moore 1965) DD210 shows Fe** and Fe** occupancy of the M1 site, with a small Fe** doublet representing M2. (Color online.)

and Fe?*, M2 and M4 are occupied by Fe**, Fe*", and Mg (as well
as Mn in M2), and M6 has Fe*” and Mg. M1 and M2 octahedra
alternate and share trans edges to form a chain in the ¢ direction.
The chains also share edges with like M1/M2 chains to form
“ribbons.” M3/M4 and M5/M6 also form analogous ribbons that
link through corner-sharing and phosphate groups.

Sokolova et al. (2001) detail the structure and Mdssbauer
spectra of that sample. They model one Fe*" and two Fe*" doublets
(designated Fel and Fell) with parameters of 6 =0.33, 1.11, and
1.19 mm/s and A= 0.45, 2.45, and 1.39 mm/s, respectively. The
narrow width of the Fel doublet suggests that it represents a single
site or a group of highly uniform sites, while the larger width of
Fell implies contributions from multiple sites with varying ge-

ometries. However, given the complex distribution of Fe among
sites in this structure, it is not possible to assign the Mdssbauer
doublets to specific sites on the basis of this single sample.

Gormanite. Gormanite [Fe3"Al,(PO,),(OH)s-2H,0] forms a
solid-solution series with souzalite [Mg;Al,(PO,),(OH), 2H,0],
and was first described by Sturman et al. (1981). Le Bail et al.
(2003) refined the structure using synchrotron power diffraction
data, and observed three distinct Al sites, one Mg site, and one Fe
site. Sturman et al. (1981) reported wet chemical data that sup-
ported the presence of Fe?* only in gormanite. However, optical
spectroscopy (Chandrasekhar et al. 2003) reveals the presence of
both Fe*" and Fe** in a sample from the Yukon Territory.

In this study, the Mossbauer spectrum of sample MDD13
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(also from the Yukon Territory) has four doublets (Fig. 2), three
representing Fe*" (8 = 1.19, 1.22, and 1.04 mm/s and A = 2.02,
2.54, and 2.98 mm/s, respectively) and one Fe** (6 = 0.31 mm/s
and A=1.22 mm/s). Of the total Fe, 77% is in the Fe?* site with the
lowest A, so that likely represents the Fe site in the structure. The
other doublets, which are relatively small, cannot be assigned.

Graftonite. The crystal structure of graftonite [Fe3*(PO,),]
was determined by Calvo (1968). The M1 is 6- or 7-coordinated
and can accept considerable Ca’" (Wise et al. 1990). Smaller
divalent cations (Fe, Mn, Mg) occupy a 5-coordinated site (M2)
and a 5- or 6-coordinated site (M3). The smaller polyhedra form
edge-sharing chains parallel to the ¢ axis while the larger sites
occur in edge-sharing pairs that also share corners to make sheets
in the b-c plane.

Nord and Ericsson (1982) used Mdssbauer spectroscopy to
study the cation distribution in nine synthetic graftonite samples
covering the solid solution between graftonite and beusite
[Mn2"(PO,),]. Their results show three doublets. At 295 K, Fe*" in
the M1 site has § =1.13-1.22 mm/s and A= 1.93-2.10 mm/s. Fe**
in the M2 site has = 1.10-1.12 mm/s and A= 1.55-1.61 mm/s.
Fe*” in the M3 site has = 1.16-1.17 mm/s and A = 2.35-2.38
mmn/s. In the current study, sample ML-P24 (Fig. 2) was fitted
with four doublets, one of which (6 = 1.23 mm/s and A = 2.99
mm/s) is a triphylite impurity. Based on the previous work, the
doublet with 6 = 1.12 mm/s and A = 1.59 mm/s represents M2,
the doublet at 6 = 1.16 mm/s and A = 2.38 mm/s represents M3,
and the feature at 8 =1.35 mm/s and A=2.19 mm/s is the M1 site.

Hagendorfite. Hagendorfite [(Na,Ca)MnFe,(PO,);] is
discussed with the other alluaudite group phases under the al-
luaudite heading above.

Heterosite. The structure of heterosite, (FePO,), which occurs
in solid solution with purpurite (FePO,-MnPO,) is discussed in
detail under the listing above for ferrisicklerite. Unfortunately, no
sample of heterosite was available for the current study, but other
workers have characterized its Mossbauer characteristics. Aldon
et al. (2010) finds ~300 K parameters for Fe*" in heterosite of &
=0.41 mm/s and A= 1.54 mm/s. Andersson et al. (2000) reports
nearly identical values for § = 0.42 mm/s and A = 1.52 mm/s
for Fe*" in heterosite. Fehr et al. (2010) finds two Fe** doublets
in heterosite with slightly lower & (0.36 and 0.33 mm/s) and A
=1.63 and 0.69 mm/s values that average to those reported by
the previous workers. They could find no explanation for the
presence of the two doublets.

Hureaulite. Hureaulite [Mn%"(H,0),(PO,H),(PO,),] is based
upon five edge-sharing Mn**-bearing octahedra that share corners
to create a sheet of octahedra parallel to (001) (Huminicki and
Hawthorne 2002). There is only one M1 site and two each of M2
and M3. The groups of five linked octahedra also link through
POj tetrahedra to form slabs parallel to (001).

Mossbauer spectroscopy of hureaulite has been thoroughly
studied by two different groups. Nomura and Ujihira (1982)
studied seven samples in the Mn-Fe?* solid-solution series. They
assigned the most intense peak with the largest A to M2, with
parameters of 6 = 1.24—1.26 mm/s and A=2.47-2.52 mm/s. The
least intense doublet was assigned to M1, with 6 = 1.23-1.25
mm/s and A= 1.48—1.70 mm/s, and the remaining doublet to M3,
with 6 = 1.23-1.24 mm/s and A= 1.20-1.32 mm/s.

Bustamante et al. (2005) report both a structure refinement

and Mossbauer data for a synthetic sample. They calculated that
the quadratic elongation A is 1.0242, 1.0179, and 1.0617 for the
M1, M2, and M3 sites. Bond angle variances (c?) of those sites
are 81.7, 59.2, and 187.3. Angular variance (o) was calculated
using the expression:

o=>"1(0,-6,,) /(n—1) @)

where 6; is the measured angle in the crystal structure (there are
n =12 angles in a six-coordinated site) and 0,,, is the bond angle
for a perfect octahedron (all angles are 90°). In other words, the
M3 site is significantly more distorted because its bond angles
show the most variation. This information, along with peak areas,
then informs the assignment of Mdssbauer doublets because
A, in particular, tends to increase with increasing polyhedral
distortion. So Bustamante et al. (2005) revised the assignments
of the three doublets from those of Nomura and Ujihira (1982)
suggesting that their doublet with A = 1.29 is M2, A= 1.38 is
M1, and A= 2.53 mm/s is M3.

In this study, hureaulite sample ML-P31-A (Fig. 2) contains
solely Fe?" but only in two different doublets with & = 1.22 and
1.23 mm/s, and A = 1.23 and 2.37 mm/s, respectively, for M2
and M3 occupancy. XRD analysis suggested that this sample
has a pentamanganese impurity but it may have a closely re-
lated structure. This sample could not be fit with three doublets,
suggesting that its composition may be more Mn-rich than the
synthetic samples previously studied.

Jahnsite. Jahnsite [CaMnFe,Fe,(PO,),(OH), 8(H,0O)] con-
tains chains of Fe**-OH-Fe** corner-sharing octahedra parallel to
the b-axis that are also linked to [PO,4]*" tetrahedra. Other chains
that alternate Ca-O and Mn*"-O octahedra also run in the b direc-
tion forming slabs with the Fe chains. The slabs are bridged by
[PO,J* tetrahedra that link to MgO octahedra (Moore 1974a).
Jahnsite forms a solid solution and is isostructural with whiteite,
(Mn*",Ca)(Fe* Mn*")Mg,AL(PO,),(OH), 8(H,0) (Moore and Ito
1978). It is also related to both the childrenite-eosphorite and
laueite-pseudolaueite structures.

Although no jahnsite was included in this study, Hochleitner
and Fehr (2010) reported the Mossbauer parameters for the Fe*
end-member, keckite, for four Fe** doublets and one Fe?*" doublet
as follows: §=10.41-0.51 mm/s and A= 0.81-0.86 mm/s for Fe**
in the M1 site; 6 = 0.37-0.48 mm/s and A = 1.22—-1.26 mm/s
for Fe*" in the M2 site; & = 0.39-0.50 mm/s and A = 0.30-0.54
mm/s for Fe*" in the M1 site; 8 = 0.41 mm/s and A= 0.55 mm/s
for Fe*" in the M2 site. The first published spectrum of whiteite
DD329 (Fig. 2) has Mdssbauer parameters of 8 =0.24 and 1.21
mm/s and A=0.74 and 2.12 mm/s for Fe*" and Fe*', respectively.
Based on the fact that the Mn site is very distorted (A = 1.0745)
compared to the M1 site [A = 1.0076 and 1.0016 from Grey et
al. (2010)] and the parameters are consistent with relatively
symmetrical sites, both Fe** and Fe?" are assigned to the M2
site. The very low value for 8 of Fe**, which might be assigned
to a 4-coordinated site in a typical silicate phase, must in this
case be assigned to an octahedral site. Perhaps the low-6 value
arises from a highly distorted steric 6-coordinated environment
in which four O atoms are significantly closer to the cation than
the other two.

Kaulanite. Kulanite [BaFeisMn3 Mg, ,Al,(PO,);(OH);] is the
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only member of the bjarebyite group of minerals obtained for
this (or any other) Mdssbauer study. As described by Cooper
and Hawthorne (1994), the kulanite structure contains chains
of edge- and corner-sharing Al (M2) octahedra along the y axis
direction that are cross-linked through Fe (M1) octahedra as
well as 10-coordinated Ba (X) polyhedra and PO, tetrahedra.
They refined Al and Fe** in the M1 site and Fe*", Mn?*", and Mg
in the M2 site.

This study includes two different kulanite samples, MDD16
and ML-P32 (Fig. 3), from the type locality at Rapid Creek in
the Yukon Territories of Canada for which the first Mdssbauer
spectra are reported. Parameters are somewhat similar for both
samples. Each contains three Fe?" different doublets with § =
1.20-1.26 mm/s and A = 1.35—1.95 mm/s that should all be as-
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signed to M2 per Cooper and Hawthorne (1994). Fe** in these
samples is represented by a doublet with 6 = 0.36-0.39 mm/s
and A = 0.47-0.56 mm/s, presumably in the M1 site.

Landesite. Landesite [(Mn,Mg),Fe3*(PO,);(OH);-9H,0] is
a member of the phosphoferrite group and is described under
that section below.

Laueite. The laueite structure is based on an infinite chain
of corner-sharing, Fe**-bearing octahedra parallel to the ¢ axis.
The chains cross-link via PO3" tetrahedra to isolated octahedra
containing Mn** (Moore 1965). This structure is analogous
to that of vivianite, in which the Fe**-bearing octahedra are
edge-sharing rather than corner-sharing. In laueite and fer-
rolaueite, there are three distinct transition metal cation sites,
M1 corresponds to Mn?" or Fe?* in the [Mn?"(H,0)4(PO,)]
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FIGURE 3. Mossbauer spectra and Fe coordination polyhedra, with conventions as in Figure 1. Kulanites (Cooper and Hawthorne 1994) MDD16
and ML-P32 are both dominated by doublets from Fe?" in varying permutations of the M2 sites, likely caused by different next nearest neighbors.
Five lazulite group minerals were studied here. Barbosalites (Redhammer et al. 2000) DD134 and DD248-A were modeled with three doublets:
two for Fe*" in the trivalent M*" site and one for Fe?* in the divalent octahedron. Three lazulites (Lindberg and Christ 1959), DD125, DD206, and
DD208, also contained a combination of both valence states and were assigned as for barbosalite. Lipscomite (Vencato et al. 1989) MDD9 has
only two doublets, both Fe**, occupying the M1 and M2 sites. (Color online.)



DYAR ET AL.: MOSSBAUER PARAMETERS OF IRON IN PHOSPHATE MINERALS

octahedron, M2 to the [Fe*(OH),(PO,),] octahedron, and M3
to the [Fe**(H,0),(OH),(PO,),] octahedron. The M1 octahedron
does not link to another octahedron, but M2 and M3 link to form
corner-sharing octahedral chains through bridging (OH)" ligands.
As aresult its formula can be expressed as (Mn**,Fe*")(H,0),Fe3*
(H,0),(OH)»(PO,), 2H,0.

The Mossbauer spectrum of ferrolaueite was published by
Segeler et al. (2012), who describe ferrolaueite from Monmouth
County, New Jersey, that was rerun and refit in this study. Its
spectrum shows one Fe?* doublet in M1 (6 = 1.25 mm/s and A=
3.13 mm/s) and two Fe** doublets with nearly identical areas at &
=0.42 and 0.38 mm/s and A=1.27 and 0.71 mm/s, respectively,
assigned to some combination of the M2 and M3 sites. In this
study, laueite DD210 (Fig. 2) shows parameters similar to the
ferrolaueite just discussed (Table 2').

Lazulite group. The lazulite mineral group includes the
lazulite species [MgAl,(PO,),(OH),], scorzalite [(Fe*,Mg)
Al,(PO,),(OH),], barbosalite [Fe*'Fe3*(PO,),(OH),], and
hentschelite [Cu®*Fe3"(PO,),(OH),]. All have very similar
structures (Lindberg and Christ 1959) so they will be discussed
together here. These minerals have face-sharing Fe3"Fe** Og(OH),
octahedral trimers forming chains along the c-axis with every
fourth octahedron vacant (Redhammer et al. 2000). The resultant
triplets were designated as A-clusters by Moore (1970) and are
also found in many other phosphate minerals. Lipscombite is a
related structure (see below) in which the vacancy is disordered
among the face-sharing octahedra. Between those chains are
corner-sharing Fe**O,(OH), octahedra that share two corners
with bridging phosphate tetrahedra; these run parallel to the
[101] direction.

The Mdssbauer parameters of these related minerals have
been well-studied by previous workers, including Mattievich et
al. (1979), Amthauer and Rossman (1984), Rouzies and Millet
(1993a), Millet et al. (1995), Schmid-Beurmann et al. (1997),
Redhammer et al. (2000), and Grodzicki et al. (2003). All of them
report parameters covering the same ranges of 6 = 0.31-0.43
mm/s and A= 0.39-0.71 mm/s for Fe** and § = 1.04-1.17 mm/s
and A= 2.08-3.54 mm/s for Fe**. Up to five highly overlapping
doublets are typically fit to the spectra of these minerals. Millet et
al. (1995) also report a mixed valence site in lipscombite, with &
=0.70 mm/s and A= 1.97 mm/s, that is not present in barbosalite
despite the close distances between the face-sharing octahedra.

Lazulite and scorzalite were studied by Amthauer and Ross-
man (1984), Grodzicki et al. (2003), and Schmid-Beurmann
et al. (1997). These two minerals form a solid solution with a
miscibility gap between 30 and 60 mol% (Duggan et al. 1990)
so their Mossbauer parameters are identical. Amthauer and Ross-
man (1984) studied a natural lazulite with 6 = 1.12 mm/s and A
= 3.32 mm/s. Schmid-Beurmann et al. (1997) report values for
synthetic scorzalite as 8 = 1.14 mm/s and A = 3.22 mm/s and
=0.40 and 1.13 mm/s and A = 0.47 and 3.30 mm/s for natural
samples. In this study, the two barbosalite samples, DD134 and
DD248-A (Fig. 3), each was modeled with three doublets: two
for Fe*" and one for Fe?, with parameters within the ranges of
previous workers with one exception. Sample DD134 contains
a Fe** doublet with a slightly larger A value of 1.21 mm/s.

Lazulite samples (DD125, DD206, and DD208; Fig. 3) in the
current study were similar. All contain Fe** (§ =0.27-0.35 mm/s
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and A = 0.64-0.77 mm/s) in the smaller Al/Fe’* site and Fe*" in
the M?* site (6 = 1.12-1.22 mm/s and A = 1.76-3.29 mm/s). In
summary, the lazulite group minerals share both structures and
indistinguishable Mdssbauer parameters.

Leucophosphite. Leucophosphite [KFe3"(PO,),(OH)-2H,0)]
was first described by Simpson (1931-1932), Axelrod et al.
(1952), Lindberg (1957), and Simmons (1964). It forms in
sedimentary rocks associated with bird guano and in pegmatites.
Its structure was refined by Moore (1972a), and consists of two
octahedral sites in an edge-sharing dimer (Fe2), which links by
corner-sharing to two other Fel octahdra by PO, tetrahedra,
forming a five-membered cluster in a structure similar to that
of the sulfate mineral amarantite [Fe,(SO,4),0-7H,0]. K cations
occupy channels between clusters of octahedra. The Mossbauer
parameters of synthetic leucophosphite were reported by de
Resende et al. (2008). They observed two doublets with & =
0.41 and 0.41 mm/s and A = 0.84 (tentatively Fel) and 0.55
(Fe2), respectively.

Lipscombite. The structure of lipscombite [(Fe?",Mn)
Fed (PO,),(OH),] is closely related to mineral species in the
lazulite group described above. All these minerals have chains
of corner-sharing Fe**O,(OH), octahedra that share two corners
with phosphate tetrahedra and run parallel to the [101] direction.
What distinguishes lazulite from lipscombite is the occupancy of
the other chains, which are face-sharing Fe’” and Fe*" octahedra
running along the x direction. Every fourth octahedron is vacant
in barbosalite (Redhammer et al. 2000), but in lipscombite the
location of the vacancy is disordered, with the Fe3 site fully oc-
cupied by Fe** and the Fel and Fe2 sites partially occupied by
Fe?* (Rouzies and Millet 1993a; Rouzies et al. 1995). Thus the
Mossbauer spectra of lipscombite typically include up to two Fe?*
and two Fe?" doublets (Vochten and De Grave 1981; Vochten et
al. 1983; Rouzies et al. 1993a, 1995; Yakubovich et al. 2006;
Chukanov et al. 2007). For example, Vochten and De Grave
(1981) give parameters of d = 0.44 and 0.45 mm/s and A= 0.32
and 0.51 mm/s for Fe** in the M1 and M2 sites, respectively, and
d=1.11 and 1.17 mm/s and A = 3.54 and 2.53 mm/s for Fe*" in
the M1 and M2 sites, again, respectively. Sample MDD9 from
this study (Fig. 3) was fit to only two doublets, both Fe**, with &
=0.41 and 0.40 mm/s and A= 0.44 and 0.85 mm/s, respectively,
likely occupying the M1 and M2 sites.

Lithiophilite. Lithiophilite, LiIMnPO,, forms a solid solu-
tion with triphylite (LiMnPO,-LiFePO,), and has quite similar
Mossbauer parameters in the sample studied here, which is a
ferrolithophilite. It structure is based upon two chains parallel
to the ¢ axis: one consisting of M1 otahedra occupied by Li'
cations and vacancies, and the other of M2 sites containing Fe
and Mn (Hatert et al. 2012). The spectrum of DD135 (Fig. 4)
includes one small (6% of the peak area) Fe** peak in the M2 site,
like those seen in purpurite (see discussion below), with 6 =10.35
mm/s and A = 0.62 mm/s. However, the spectrum is dominated
by Fe** in a doublet (94% of the total peak area) also in M2. Its
parameters are & = 1.24 mm/s and A =2.97 mm/s.

Lomonosovite group. The lomonosovite [NasTi,0,(S1,0,)
(PO,)] group of minerals includes eight alkali-rich Ti-bear-
ing silicates, murmanite, epistolite, innelite, vuonnemite,
B-lomonosovite, quadruphite, polyphite, and sobolevite. Lo-
monosovite was described by Khalilov et al. (1965) and sub-
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FIGURE 4. Mossbauer spectra and Fe coordination polyhedra, with conventions as in Figure 1. Lithiophilite (Losey et al. 2004) DD135 contains
a small amount of Fe** but its spectrum is dominated by Fe*"; both are in the M2 site. The spectrum of ludlamite (Abrahams and Bernstein 1966)
DD219 has a small siderite impurity as well as doublets from Fe?" and Fe** assigned to the M2 site. Lulzacite (Léone et al. 2000) DD197, although
dominated by siderite, has two Fe?” doublets assigned to M1 and M4. Liineburgite (Sen Gupta et al. 1991) DD218 has a distinct Fe*" doublet with
& more typical of tetrahedral Fe*', but are more reasonably attributed to M1 and M2. Maricite (Le Page and Donnay 1977) MDD 14 contains both
Fe?" and Fe" in the Fe site. In messelite (Fleck and Kolitsch 2003) DD228, Fe is only in the Fe site. In metavivianite (Chukanov et al. 2012) DD319,
Fe*" is distributed between two octahedral sites and Fe*” occupies only one site, though it is unclear if it is Fel or Fe2. In landesite (Moore et al.
1980) ML-P26, three doublets represent Fe** in Fel, Fe** in M2, and Fe?" in M1, respectively. (Color online.)

sequent workers (Khalilov and Makarov 1966; Rastsvetaeva
1971; Rastsvetaeva et al. 1971; Belov et al. 1977; Sokolova et
al. 1987; Ercit et al. 1998). All the structures are based upon
nets of TiO4 octahedra and Si,0, groups with Na atoms in the
net voids (Massa et al. 2000). Only a single Mdssbauer spectrum
of any of the minerals in this group has been published. Camara
et al. (2008) fitted two doublets, one for Fe?" and one for Fe*”,
to a Fersman Mineralogical Museum sample of lomonosovite.
Parameters were § = 0.31 and 1.15 mm/s and A= 0.70 and 2.54

mm/s. Presumably both occupy the Fe site in the structure.

Ludlamite. Ludlamite [Fe3 (PO,),(H,0),] has been found
at many localities (e.g., Glass and Vhay 1949; Wolfe 1949). Its
crystal structure was described by Ito and Mori (1951), Abrahams
(1966), Abrahams and Bernstein (1966), and Forsyth et al. (1990)
among many others. The structure contains Fe in two different
octahedral sites, Fel with four PO, and two H,O and Fe2 with
three PO, and three H,O.

Mossbauer spectra of ludlamite were published by Chandra
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and Hoy (1967) and Mattievich and Danon (1977). The former
study focused on magnetic properties, but Mattievich and Danon
(1977) analyzed a natural and a synthetic sample at room tem-
perature. Each was a single doublet with 6 = 1.18 mm/s and A=
2.41 mm/s, the same parameters for both samples. In this study,
sample DD219 (Fig. 4) also has the same doublet at 6 = 1.23
mm/s and A=2.42 mm/s, along with a Fe** doublet with §=0.29
mm/s and A= 0.65 mm/s. A third doublet (6 = 1.27 mm/s and A
= 1.87 mmy/s) likely shows Fe*" in the siderite impurity. Paster et
al. (1990) also reported 4 K parameters of 6 = 1.34 mm/s and A=
2.56 mm/s for Fel and 6 = 1.34 mm/s and A=2.37 mm/s for Fe2.

Lulzacite. Lulzacite [Sr,Fe?*(Fe*",Mg),Al,(PO,),(OH),,] was
first described by Mog€lo et al. (2000) and Léone et al. (2000) to
contain five octahedral sites, one Fe?" (M4), one containing Fe?*
and Mg (M1), and three sites occupied by AI** (M2, M3, and
MS). Trimers of Al-(Fe,Mg)-Al form alternating rows, and chains
of Fe and Al sites run parallel to a. The fifth type of octahedron
(Al) cross-connects the rows and chains.

Sample DD197 (Fig. 4) from the type locality at Bois-de-la-
Roche Quarry, Saint-Aubin-des-Chateaux, Loire-Atlantique,
France, was studied here; it is important to note that some
siderite remains in the sample despite careful handpicking. Its
Mossbauer spectrum consists of three octahedral Fe?* doublets
with & = 1.24, 1.12, and 1.21 mm/s and A = 1.78, 2.03, and
2.58 mm/s, respectively. The first of these is likely siderite (see
ludlamite), but the other two represent the two Fe sites (M1 and
M4) in lulzacite. Because the M1 site is slightly more distorted
(Léone et al. 2000), it likely corresponds to the site with higher A.

Liineburgite. The crystal structure of liineburgite
{Mg;(H,0)s[B,(OH)4(PO,),]} was determined by Sen Gupta
et al. (1991) from a sample from Bela Stenam Serbiam Yugo-
slavia and described later by Ewald et al. (2005). It consists of
two types of Mg octahedra, M1 and M2, along with B and P
tetrahedra that are ordered in a tetrahedral pair (Sen Gupta et
al. 1991). The fundamental structural unit is a sheet of M2-B-P,
with M1 sites in between. The M1 octahedra are more distorted,
with A = 1.005 and ¢? = 3.9. By comparison, A = 1.002 and ¢?
= 6.5 for the M2 site.

Sample DD218 (Fig. 4) studied here is from the same locality
analyzed by Sen Gupta et al. (1991). It was modeled with four
doublets: two containing Fe?* with = 1.14 and 1.22 mm/s and
A=2.63 and 1.85 mm/s and two containing Fe*" with & = 0.42
and 0.12 mm/s and A = 0.85 and 0.63 mm/s. The Fe*" doublets
are easily assigned to M1 for the A=2.63 mm/s doublet and M2
for the A = 1.85 mm/s feature. It is more difficult to assign the
Fe** doublets. The lower 6 doublet is typical of Fe** in tetrahedral
coordination, but that seems unlikely in this mineral. The other
Fe’* doublet could be in either of the M sites.

Maricite. The structure of maricite (NaFe*'PO,) was
described by Le Page and Donnay (1977) and Bridson et al.
(1998) as a framework of distorted Fe**O, octahedra and PO,
tetrahedra around 10-coordinated Na'* cations. In this study,
sample MDD14 (Fig. 4) comes from the same Big Fish River
locality studied by Le Page and Donnay (1977); it is known
from XRD to contain a small fraction of vivianite impurity. Its
Mossbauer spectrum contains a doublet with 6 = 0.31 mm/s
and A = 0.90 mm/s for Fe** and two doublets for Fe**: § = 1.17
and 1.21 mm/s and A = 3.01 and 2.21 mm/s; all of these must
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occupy the Fe site. These doublets are nearly identical to those
found for vivianite (see description below and Table 2'). This
suggests that the environments around the Fe polyhedra in these
samples are quite similar.

Messelite. The crystal structure of messelite [Ca,(Fe?,Mn)
(PO,),-2H,0] from the Messel oil shale near Darmstadt, Germany,
was refined by Fleck and Kolitsch (2003). It consists of a densely
packed framework of 8-coordinated Ca*", 6-coordinated Fe?*, and
PO, tetrahedra. The Fe octahedra have two corners that share with
H,0 and four that share with PO, tetrahedra. Five corners of the Ca
polyhedra are shared with PO,. In this study, a Mdssbauer spectrum
of messelite DD228 (Fig. 4), from the same locality was analyzed
for the first time. It consists of a single doublet with 6 =1.20 mm/s
and A = 3.17 mm/s, presumably in the Fe site.

Metavivianite. Rastsvetaeva et al. (2012) presented the most
complete refinement and characterization of the structure of
metavivianite [Fe3',Fe} (PO,),(OH), (8-x)H,0] with an update
by Chukanov et al. (2012). The structure has sheets of alternat-
ing edge-sharing Fe2 octahedra that share apices and alternate
with Fel octahedra. Fel is occupied by Fe*', and Fe**, Mg, and
remaining Fe?* occupy the smaller Fe2 site. A metavivianite was
included in the study of Dormann and Poullen (1980), who fit-
ted six doublets to its spectrum but interpreted them as different
distributions on the Fel and Fe2 sites only. Five-doublet fits of a
different metavivianite by Rodgers and Johnston (1985) included
two Fe?" doublets with = 0.99 and 1.22 mm/s and A=2.87 and
2.94 mm/s for Fel and Fe2, respectively, and three Fe** doublets
with 6 =0.43, 0.40, and 0.42 mm/s and A= 0.42, 0.70, and 1.06
mm/s for Fe2a, Fel, and Fe2b, respectively.

In the current work on sample DD319 (Fig. 4), there are three
Mossbauer doublets: one for Fe*" in Fel, one for Fe?" in Fe2, and
one for Fe’* in Fe2. Because the average bond length is slightly
longer for Fel, the doublet with the larger QS (5 = 1.21 mmm/s
and A=3.03 mm/s) is assigned to that site in contradiction of the
assignments of Dormann and Poullen (1980). The remaining two
doublets (6 =0.43 and 1.23 mm/s and A= 0.77 and 2.70 mm/s)
represent the Fe2 site.

Phosphoferrite group. The phosphoferrite group includes
the species [(Fe?",Mn);(PO,),"3H,0], along with landesite
[(Mn,Mg)yFei (PO,)s(OH); 9H,0], kryzhanovskite [MnFe,(PO,),
(OH), 'H,0], garyansellite [(Mg,Fe*");(PO,),(OH,0)-15(H,0)],
and reddingite [Mn;(PO,),"3H,0]. These structures have been
described in a series of papers by Moore (1964, 1971b, 1974b;
Moore and Araki 1976; Moore et al. 1980). The group includes
kinked chains of edge-sharing octahedra that linked together by
corners to form sheets. PO, tetrahedra lie between the sheets and
link them by corner-sharing into a rigid octahedral framework
(Moore and Araki 1976) There are two distinct octahedral sites,
Fel and Fe2, and they are linked into trimers in the order Fel-
Fe2-Fe2-Fel-Fe2-Fe2, so there are twice as many Fe2 sites as Fel
(Moore 1974b). Different species in the group are distinguished
on the basis of cation ordering, with smaller cation in the M1
site (Moore 1971b). For example, in kryzhanovskite, Fe** fills
the Fel site while Mn?*, Ca, and Mg occupy Fe2. Moore et al.
(1980) demonstrated that the average M-O distance is high and
nearly identical in landesite and phosphoferrite and much lower
in kryzhanovskite. These differences ought to be manifested in
Mossbauer data of this mineral group.
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Mattievich and Danon (1977) synthesized phosphoferrite with
Fe?*" in two different sites with area ratios of 2:1. At 295 K, Fe**
in M1 has parameters of § = 1.18 mm/s and A=2.37 mm/s, while
for M2, 6 =1.19 mm/s and A= 1.55 mm/s. Moreira et al. (1994)
studied the low-temperature spectra of synthetic phosphoferrite,
and Moreira et al. (1996) followed the successive oxidation of
phosphoferrite with heating. In this study, landesite ML-P26
(Fig. 4) has three doublets with 6 =0.26, 1.22, 1.23 mm/s and A
=0.79, 1.59, and 2.38 mm/s. These would represent Fe*" in M1,
Fe?" in M2, and Fe?* in M1, respectively.

Phosphosiderite. Phosphosiderite [Fe*'PO,(H,0),] and
its dimorph strengite have similar structures to variscite
[AIPO,(H,0),] and its dimorph metavariscite. The structure was
described by Taxer and Bartl (2004). The Fe octahedron has two
corners that are H,O and two that bridge to PO, tetrahedra. The
Mossbauer spectrum of sample ML-P22 (Fig. 5) in this study
has two Fe*" doublets with 6 = 0.43 and 0.45 mm/s and A =
0.47 and 0.23 mm/s, likely representing two slight geometrical
modifications of the same Fe site.

Plimerite. Plimerite [ZnFei (PO,);(OH)s] is a Zn analog of
rockbridgeite described by Elliott et al. (2009); it is discussed
with the other rockbridgeite minerals under that heading below.

Purpurite. The structure of purpurite, MnPO,, which occurs
in solid solution with heterosite (MnPO,-FePO,) is discussed in
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detail under the listing above for ferrisicklerite. Its Mdssbauer
characteristics have been well described. Li et al. (1986) and
Li and Shinno (1997) find three Fe** doublets in the M2 site of
purpurite, with 6 =0.27, 0.40, and 0.29 mm/s and A=1.69, 0.96,
and 0.56 mm/s. They interpret the different doublets to represent
varying populations of next nearest M2 neighbors such as Mn?',
Mn*, Fe?*, and Fe*. Liu et al. (2005) fit quadrupole splitting
distributions to purpurite spectra to test this hypothesis. They find
no Fe in the vacant M1 sites of purpurite, but two Fe** doublets
with & = 0.48 and 0.46 mm/s and A= 1.71 and 0.83 mm/s, quite
similar to those of the earlier workers. In this study, purpurite
DD270 (Fig. 5) also has two Fe** doublets with & = 0.43 and
0.40 mm/s and A= 1.71 and 0.74 mm/s, while the Fe*" doublets
in DD227 (Fig. 5) have 6 = 0.43 and 0.48 mm/s and A = 1.48
and 0.58 mm/s.

Pyrophosphate. Although all the other minerals in this paper
are based on isolated PO, tetrahedra, pyrophosphates such as the
mineral canaphite (CaNa,P,0;-4H,0) do exist in nature, albeit
very rarely (Rouse et al. 1988). However, the diphosphates have
been well studied because they are synthesized in all organisms,
including the human body, in large amounts (Russell 1976).
Baran et al. (2004) report a single doublet with & = 0.45 mm/s
and A= 0.45 mm/s for BaFe,(P,05), and two Fe** doublets each
in PbFe,(P,0;), (6 = 0.44 and 0.42 mm/s and A= 0.84 and 1.07

100
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mmV/s, respectively) and SrFe,(P,0;), (6 = 0.43 and 0.41 mm/s
and A = 0.90 and 1.14 mm/s). These parameters are consistent
with those in the orthophosphates, suggesting that the environ-
ment surrounding the Fe octahedra in these structures is little
affected by the type of phosphate that is present.

Rockbridgeite group. There are three minerals in the rock-
bridgeite group: the species (Fe,Mn)Fe,(PO,);(OH)s, frondelite,
MnFe,(PO,);(OH)s, and plimerite, ZnFe,(PO,);(OH)s. First de-
scribed by Moore (1970), these structures consist of face-sharing
octahedra in Fe2-Fel-Fe2 clusters connected to Fe3 octahedra by
corner sharing. There is one Fel site for every two Fe2 and Fe3.
P10, tetrahedra share corners with all three Fe sites, while P20,
tetrahedra share only with Fe2 and Fe3. The Fel site is occupied
only by Fe*" and its bond length closely resembles the Fel site in
barbosalite (Redhammer et al. 2000). The Fe2 site is larger and
compares to the Fe2 site in barbosalite, so it is favored by Fe?*;
its distortion is attributed to partial occupancy by the smaller
Mn?* cation (Redhammer et al. 2006). The Fe3 site is only half
occupied; it is less distorted than the Fel site as represented by
A and o?, and also is favored by Fe’*.

Mossbauer spectra of rockbridgeite were first described by
Amthauer and Rossman (1984); at 295 K they report two Fe**
doublets [6 =0.38 and 0.46 mm/s, A=0.48 (Fel) and 0.75 (Fe3)
mm/s] and two Fe?* doublets [ = 1.11 and 1.05 mm/s, A=2.77
(Fe3) and 3.05 (Fe2) mm/s]. However, they acknowledge that
their site assignments do not agree with the crystal structure re-
finements by Moore (1970). In Rouzies et al. (1994), parameters
for Fe’* assigned to M1, M2, and M3 are given as 6 = 0.42, 0.43,
and 0.44 mm/s and A =0.99, 0.66, and 0.38 mm/s, respectively,
based on areas and site distortion as represented by A. Redham-
mer et al. (2006) report five doublets but assign them differently
based on peak area arguments: Fe** has § = 0.52, 0.45, and 0.41
mm/s and A = 0.87 (Fe2), 0.72 (Fel), and 0.44 (Fe3) mm/s, re-
spectively. Both Fe?* doublets must occupy the Fe2 site, but they
likely have two different populations of next nearest neighbors: &
=1.12 and 1.07 mm/s and A=2.73 and 3.01 mm/s, respectively.
These are hypothesized by Redhammer et al. (2006) to arise from
Fe?*-Fe*" and Fe?*-Mn neighbors in the clusters.

Elliott et al. (2009) describe the crystal structure and Mdss-
bauer spectrum of plimerite, the latter with three doublets as-
signed to Fe*" (6 =1.10 mm/s, A= 3.44 mm/s), Fe** in the M3 site
(6=0.40 mm/, A= 0.35 mm/s), and Fe*" in M1 (8 = 0.38 mm/s,
A=0.92 mm/s). In this study, frondelite has similar parameters
but for Fe** only: 8 =0.40 and 0.41 mm/s with A=0.76 and 0.26
mm/s, respectively for DD130 (Fig. 5).

Roscherite group. The hydrous beryllophosphate group of
minerals is represented in this study by specimens of roscherite
[Ca(Mn,Fe);sBe,(PO,)s(OH),-6H,0] and zanazziite [Ca,(Mg,Fe)
(Mg,Fe,Al,Mn,Fe),Be,(PO,),(OH),-6H,0]. The crystal structure
of roscherite was first described by Fanfani et al. (1975), with
other specimens described by Fanfani et al. (1977), Clark et al.
(1983), and Rastsvetaeva et al. (2005). The sample studied here
is from the Minas Gerais locality of Lindberg (1958). Several
species related to roscherite have subsequently been identified,
including greifensteinite (Rastsvetaeva et al. 2002), atensioite
(Rastsvetaeva et al. 2004), footemineite (Atencio et al. 2007a;
Rastsvetaeva et al. 2007), Fe**-rich ruifrancoite (Atencio et al.
2007b), Zn- greifensteinite (Barinova et al. 2004), and the Mg-
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rich zanazziite (Fanfani et al. 1975, later renamed by Leavens
et al. 1990; see also Rastsvetaeva et al. 2009). Minerals of this
group are composed of chains of BeO, and PO, tetrahedra that run
in the [101] direction (Huminicki and Hawthorne 2002). These
crystal structures all contain two octahedral sites designated M 1
and M2; M1 is slightly larger but because it is distorted, tends
to be occupied by smaller cations (Al and vacancies) than the
smaller but less distorted M2 site that generally contains Mg and
Fe** (Rastsvetaeva et al. 2005).

In this study, roscherite DD274 (Fig. 5) and zanazziite DD337
(Fig. 5) show both Fe*" and Fe?**. For roscherite, there are two
Fe?" doublets with = 1.14 and 1.30 mm/s and A= 1.77 and 1.69
mm/s, respectively, and one Fe** doublet with 8 =0.35 mm/s and
A = 0.84 mm/s. According to Rastsvetaeva et al. (2005), Fe**
in roscherite occupies both larger M1 and smaller M2 sites, so
the doublet with A = 1.77 mm/s may represent M1 and the A =
1.69 mm/s doublet M2. Fe** likely follows Al, which is found
in the M1 site. For zanazziite, the sole Fe?* doublet has 8 = 1.23
mm/s and A = 2.13 mm/s, while Fe** is represented by 6 = 0.43
mm/s and A= 0.95 mm/s. Both Fe?" and Fe*" occupy the M2 site
(Fanfani et al. 1975).

Rosemaryite. Members of the wyllieite group have the same
basic structure as the alluaudite group described above, based
on the original descriptions by Moore and Ito (1973) and Moore
and Molin-Case (1974). However, wyllieite group minerals have
significantly more cation ordering. The M2 site in alluaudite is
split into M2a (occupied by Fe?*) and M2b (AI*"), creating an
ordered edge-sharing chain of octahedra. Alkali elements also
order in the wyllieite group: Na'* occupies the X1a site, with Mn?*
and Ca?" in X1b. The X2 site is only partially occupied by Na'*.

Rosemaryite, NaMnFe3*Al(PO,);, and ferrorosemaryite,
NaFe>Fe**Al(PO,)s, are the only members of the wyllieite group
[general formula of X2 X1a X1b M1 M2a M2b (PO,);] of miner-
als for which Mdssbauer data have been reported (Hatert et al.
2005, 2006). According to Moore and Ito (1973), Fe** occupies
the M2b site and Fe?" is in M 1. The 80 K Mdssbauer parameters
from Hatert et al. (2005) include three Fe’* doublets (8 = 0.54,
0.51, and 0.53 mm/s and A = 1.03, 0.52, and 0.74 mm/s) as-
signed to M1, M2a, and M2b, respectively. Fe*" occurs in only
two doublets (6 =1.37 and 1.37 mm/s, A=1.37 and 3.28 mm/s)
assigned to M2a and M 1. Based on those assignments, Hatert et
al. (2006) report 6 = 0.41 and 0.40 mm/s and A= 0.57 and 0.77
mm/s for Fe’* in M2a and M2b, respectively, and § = 1.23 and
1.24 mm/s and A= 2.18 and 2.88 mm/s, for Fe*" in M2a and M1,
respectively, in 295 K spectra of rosemaryite.

Sarcopside. Although the formula of sarcopside, Fe3"(PO,),
resembles those of the graftonite group, its structure is a deriva-
tive of olivine with ordered vacancies, related to those of triphyl-
lite and related minerals (Huminicki and Hawthorne 2002; Moore
1972b). The M1 sites share two edges with adjacent M2 sites and
two edges with PO, tetrahedra. Every second M1 site is vacant.
Each PO, tetrahedron also shares an edge with an M2 octahedron.
The Fe atoms thus occupy the same positions as Li and Mn in
the lithiophilite structure, so their Mdssbauer spectra should be
similar; two Fe?" cations and an ordered vacancy substitute for
four Li'* cations in triphylite-lithophilite (Moore 1972b).

Mattievich and Danon (1977) include the first published
Mossbauer spectra of sarcopside, with only a single doublet hav-
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ing 6 =1.19 and A = 2.92 mm/s that was not assigned to either
M1 or M2. However, Ericsson and Khangi (1988) reported that
Massbauer parameters of both M1 and M2 sites were very similar
at 295 K though they resolved two doublets with & = 1.18 and
1.24 mm/s and A = 2.87 and 2.93 mm/s. These are indeed quite
similar to those reported by Sklute et al. (2006) for two-doublet
fits to 295 K olivine spectra.

Satterlyite. The satterlyite [(Fe*",Mg),(PO,)(OH)] structure
is built on pairs of face-sharing, distorted (Fe,Mg)O¢ octahe-
dra linked by edge-sharing to form double chains along [001]
(Kolitsch et al. 2002). Each double chain shares corners with
six other double chains to produce a framework with three dif-
ferent PO, tetrahedra linked by sharing corners with (Fe,Mg)
O, octahedra. There are two unique (Fe,Mg)O; octahedra that
are characterized by different occupancies; Fe partitions into
the M1 site slightly more than in M2 (Evans and Groat 2012).
Although the nominal formula includes only divalent cations,
Chandrasekhar et al. (2003) investigated satterlyite by EPR and
observed both Fe** and Fe*'.

This study reports the first Mossbauer spectrum of satterlyite
(Fig. 5). Although sample MDD18 from Rapid Creek, Yukon,
Canada, has a minor vivianite impurity, its spectrum is dominated
by Fe?*, which has parameters of = 1.20 and 1.20 mm/s and A
=1.03 and 2.26 mm/s. On the basis of areas, the A=1.03 mm/s
doublet must be M2 and the A=2.26 mm/s doublet is M1. These
parameters are too low for vivianite, so they must represent satt-
terlyite. A small Fe* doublet with only 2% of the total Fe is also
observed with parameters suggestive of tetrahedral coordination
at 0 =0.19 mm/s and A= 0.73 mm/s.

Scorzalite. Scorzalite [(Fe*",Mg)AlL,(PO,),(OH),] results are
discussed with the other species in the lazulite group under the
heading for barbosalite, above.

Strengite. Strengite (Fe* PO, 2H,0) is the only member of
the variscite group [M(PO,)(H,0),, where M = Al or Fe** and P
may be P or As] for which Mossbauer data were obtained; none
has been published previously. This mineral group has structures
with alternating corner-sharing octahedra and tetrahedra (Moore
1966). Each octahedron has two cis H,O corners and four corners
shared with PO, (Taxer and Bartl 2004).

In this paper, two strengites were analyzed with slightly dif-
ferent parameters: § = 0.42 and 0.39 mm/s and A=0.30 and 0.55
mm/s for ML-P16 (Fig. 6) while § = 0.45 and 0.42 mm/s and A
=0.33 and 0.34 mm/s for DD293-A (Fig. 6). Both contain solely
Fe’* as expected. The two doublets likely represent different dis-
tributions of next nearest neighbors around the octahedral sites.

Strunzite. The structure of strunzite, MnFe,(PO,),
[(OH),]-6H,0, is composed of three types of octahedra: Fel and
Fe2 octahedra [FeOs(OH)] alternate in corner-sharing chains
along the z direction, and chains of Mn(H,0),0, octahedra are
linked to them by PO, tetrahedra (Fanfani et al. 1977; Vogel and
Evans 1980). Ferristrunzite was studied by Vochten and De Grave
(1990), whose preferred fit included three doublets: Fel (6 =0.39
mm/s, A= 0.89 mm/s), Fe2 (6 =0.39 mm/s, A=0.74 mm/s), and
D3/Mn (& = 0.40 mm/s, A = 0.64 mm/s). Reported parameters
for mangano-ferristrunzite from Vochten et al. (1995) were Fel
(6 =0.30 mm/s, A= 0.79 mm/s), Fe2 (6 = 0.30 mm/s, A= 0.63
mm/s), and Fe substituting on the Mn site (6 = 0.31 mm/s, A=
0.61 mm/s). Finally, Van Alboom and De Grave (2005) analyzed
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three strunzites at 4.2 K; their results support the assignment of
the third doublet in the 295 K spectra to the Mn site. In this study,
sample HMM 108175 (Fig. 5) from the Harvard Mineralogical
Museum has three small Fe?* doublets at 6 = 1.16, 1.12, and
1.21 mm/s and A=2.36, 2.75, and 3.19 mm/s representing some
distribution between M1, M2, and the Mn site, but is dominated
by Fe** in M2 at § = 0.40 mm/s and A = 0.65 mm/s.

Tarbuttite. Finney (1966) and Cocco et al. (1966) described
the crystal structure of tarbuttite [Zn,(PO,)(OH)], in which Zn
is 5-coordinated in two different sites; it is a member of the
paradamite group (Bennett 1980; Hawthorne 1979). Znl sites
form edge-sharing chains in the y direction, while Zn2 sites also
share edges but along the [111] direction. Sample DD306 (Fig.
6) in this study from the Reaphook Hill locality in the Flinder
Range of South Australia, the first published Mdssbauer spec-
trum of this mineral, has two Fe*" doublets with parameters of
6=0.37 and 0.37 mm/s and A = 0.48 and 0.71 mm/s. Based on
the distortion of the polyhedra in this mineral (62,; = 1.1651 and
67, = 1.1428), the higher A doublet is assigned to Zn1 and the
doublet with lower A to Zn1.

Tinsleyite. Tinselyite [KAl(PO,4),(OH)-2(H,0O)] has the same
structure as leucophosphite, described above, and the sulfate
mineral amarantite (Moore 1972a). There are two edge-sharing
(AL, Fe*")Os M1 octahedra and a second type of (Al,Fe’")O, M2
octahedra between them sharing corners with PO, (Dick 1999).
Tunnels in the structure accommodate K'* cations.

Massbauer spectra of tinsleyite were reported by Da Costa
and Viana (2001). At 293 K, there are two Fe** doublets with &
=0.37 and 0.39 mm/s and A=0.57 and 0.88 mm/s. Although the
authors do not assign these doublets to specific sites, the later
work of de Resende et al. (2008) on leucophosphite suggests that
the doublet with higher A is M1 and the smaller A doublet is M2.

Triphylite. Triphylite (LiFePO,) forms a solid solution with
lithiophilite (LiFePO,-LiMnPO,), and has the same structure as
ferrisicklerite-sickerlite [Li(Fe,Mn)PO,-Li(Mn,Fe)PO,], het-
erosite-purpurite (FePO,-MnPO,), natrophilite (NaMnPO,), and
simferite Li(Mg,Fe,Mn),(PO,),. Many studies have examined
Maossbauer spectroscopy of triphylite because this substitution
has implications for extraction and insertion of Li in recharge-
able batteries.

Aldon et al. (2010) finds ~300 K parameters for Fe?* in
triphylite to be 6 = 1.22 mm/s and A= 2.97 mm/s while Anders-
son et al. (2000) reports nearly identical values of 6 = 1.22 mm/s
and A=2.96 mm/s. Liu et al. (2005) resolved two doublets, one
with 8 = 1.28 mm/s and A = 2.97 mm/s assigned to the M2 site
and one with 8 = 1.29 mm/s and A= 1.77 mm/s for the M1 site.
Fehr et al. (2007) report Fe** in M2 parameters of 6 = 1.15 mm/s
and A =2.95 mm/s. Finally, a detailed study of the temperature
dependence of Mossbauer spectra of triphylite by Van Alboom
et al. (2011) reports a single 295 K doublet with 6 = 1.22 mm/s
and A=2.93 mm/s.

In the current study, we examine eight triphylite samples
(Fig. 7), many of which contain both Fe*" and Fe**. For example
sample DD193-B has Fe** features with = 1.21 and 1.26 mm/s
and A =2.98 and 1.35 mm/s and Fe’* doublets at § = 0.47 and
0.41 mm/s and A= 1.23 and 0.43 mm/s, resembling those for Fe**
in purpurite and ferrisicklerite (Liu et al. 2005). Other samples
studied, such as DD301, have solely Fe*": § = 1.09 and 1.23
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FIGURE 6. Mossbauer spectra and Fe coordination polyhedra, with conventions as in Figure 1. Strengites (Taxer and Bartl 2004) ML-P13 and
DD293-A contain Fe** only in the Fe site. Tarbuttite (Genkina et al. 1985) DD306 is solely Fe** distributed among the Zn1 and Zn2 sites. Both
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ML-P39, a member of the turquois family, has Fe’* distributed among M1, M2, and M3 sites. (Color online.)

mm/s and A = 3.49 and 2.97 mm/s. A Fe*" doublet with lower
A is found in the spectra of samples MDD7 (8 = 1.23 mm/s
and A = 1.68 mm/s) and DD308 (6 = 1.11 and 1.24 mm/s and
A=1.66 and 2.25 mm/s, respectively). These doublets must be
relatively undistorted to have such low-A values, and they likely
represent variations in the next nearest neighbor environment
around the M2 site. Finally, samples DD193-B and DD271-A
are unusual in that they contain predominantly Fe’*. This sample
has a known impurity of paraschulzite, which does not contain
Fe’*, so DD271A may well be an ozidized version of triphyllite
worthy of additional future work.

Triplite-triploidite group. Waldrop (1969, 1970), Rea and
Kostiner (1972), and Tadini (1981) described the crystal struc-
tures of triplite, (Mn,Fe),FPO,, and triploidite, (Mn,Fe?"),(PO,)
OH; zweiselite and wolfeite are related due to their similar

structure. Wagnerite, (Mg,Fe*"),(PO,)F, is also related (Ren et
al. 2003). In the b direction, isolated PO, tetrahedra share cor-
ners with MO,F, octahedra, which are then linked into chains
by shared edges. In the a direction, M2 octahedra similarly link
to PO,. Fe and Mn are distributed into both M1 and M2 sites.

Kostiner (1972) studied triplite with Mdssbauer spectroscopy
and reported parameters of 6 = 1.27 and 1.23 and A=2.01 and
2.70 mm/s for Fe** in the M2 and M1 sites, respectively.

In this study, triplites DD129 and DD302 (Fig. 6) are from
different localities (Table 1) but share similar Mdssbauer char-
acteristics. DD302 has the same two Fe*" doublets, with 6 =
1.25and 1.23 and A=1.93 and 2.76 mm/s. In DD129, 7% of the
total Fe is octahedral Fe** (8 = 0.31 mm/s and A = 0.94 mm/s)
but the remaining two Fe?" doublets resemble those of the other
samples, with 6 = 1.24 and 1.25 mm/s and A = 1.74 and 2.89
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mm/s. Kostiner (1972) also reported Mdssbauer parameters for
triploidite (6 = 1.20 and 1.19 mm/s; A=1.78 and 2.15 mm/s for
M2 and M1, respectively), wolfeite (6 = 1.16 and 1.16 mm/s; A
=1.76 and 2.22 mm/s for M2 and M1), and zweiselite (6 = 1.29
and 1.24 mm/s; A= 1.95 and 2.62 mm/s for M2 and M1). They
note that § values for the F-bearing minerals are systematically
higher than those for OH, likely resulting from the effectiveness
of F, with its high electronegativity, and pulling s-electron density
away from the Fe nucleus. F also has an effect on the electric
field gradient, causing differences in A.

Finally the M&ssbauer spectrum of wagnerite DD330 (Fig. 6)
is published here for the first time. Two of its three Fe?" doublets
match the others in this group, with 8 = 1.23 and 1.24 mm/s and
A =1.83 and 2.64 mm/s. A smaller (6% of the total area) Fe**
doublet at 6 = 1.14 and A = 3.21 is observed, along with 17%
of the total area in a Fe** doublet with & = 0.20 mm/s and A =
0.88 mm/s. Given the complexity of the wagnerite structure (e.g.
Tadini 1981; Ren et al. 2003), it is unclear which sites each of
these doublets represents.

Triploidite. Triploidite [(Mn,Fe*"),(PO,)OH] is the OH-
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bearing equivalent of triplite, and is discussed above under that
heading.

Trolleite. The trolleite [Al,(PO,4);(OH);] structure is close to
that of lazulite (Moore and Araki 1974; Huminicki and Haw-
thorne 2002; Yakubovich 2008). All and Al2 octahedral sites
share faces to form dimers that link by sharing OH™ corners to
form double chains in the [001] direction. PO, tetrahedra bridge
the chains, creating a very dense structure. The All octahedra
are slightly bigger than Al2.

Data presented here for trolleite DD157 represent the first
published Mossbauer spectrum of this mineral (Fig. 6). It has two
Fe** doublets with §=0.21 and 0.52 mm/s and A= 0.90 and 0.90
mm/s. Because the Al2 site is smaller and slightly more distorted,
it may be represented by the & = 0.21 mm/s doublet, leaving & =
0.52 mm/s to be assigned to the All site. Attempts to re-fit this
spectrum with two doublets having more similar isomer shifts
were unsuccessful. Parameters of lazulite spectra in the current
study were indeed similar to trolleite, with parameters for Fe** of
8 =0.27-0.35 mm/s and A = 0.64-0.77 mm/s and for Fe** with
6=1.12-1.22 mm/s and A = 1.76-3.29 mm/s.
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Turquoise group. The turquoise group includes the
species turquoise [CuAls(PO,),(OH)s-4H,0], coeruleo-
lactite [(Ca,Cu)Als(PO,),(OH)s 4H,0], faustite [(Zn,Cu)
Aly(PO,)4(OH)s-4H,0], chalcosiderite [ CuFes(PO,),(OH);4H,0],
aheylite [(Fe,Zn)Al4,(PO,),(OH);-4H,0], and planerite
[Al4(PO,),(PO;0H),(OH);-4H,0]. Members vary by occupancy
of the A-site (O, Cu, Zn, Fe*", Ca) and the B-site (Al or Fe*),
with vacancies in the A-site charge-balanced by protonation of
the PO, tetrahedra (Foord and Taggart 1998). The structures of
turquoise and chalcosiderite were determined by Cid-Dresdner
(1964, 1965), Giuseppetti et al. (1989), and Abdu et al. (2011).
Four octahedral sites include the M1-M3 B sites and a larger X
site (corresponding to B in the formula) containing the larger
divalent cations. Two tetrahedral sites are occupied by P. The
structure includes pairs of edge-sharing M1 and M2 octahedra
that share corners with tetrahedra forming chains in the b direc-
tion. The chains also share corners with M3 octahedra and edges
with X octahedra. The M1 and M2 sites are very similar (Abdu
et al. 2011) and therefore should have the same Mossbauer
parameters, while the M3 is very different.

The first Mdssbauer study of turquoise by Sklavounos et al.
(1992) reported two doublets with 6 = 0.39 and 0.35 mm/s and
A=0.52 and 1.09 mm/s, respectively. Based on site geometry,
they assigned the lower A doublet to M3 and the larger A doublet
to M1 and M2. This assignment was supported by the combined
single-crystal structure refinement and Mdssbauer study of
Abdu et al. (2011). They resolved two Fe** quadrupole splitting
distributions, with the same site assignments, with the smaller
A=0.48-0.61 mm/s doublet to M3 and the larger A=1.10-1.14
mm/s doublet to M1 and M2. In this study, chalcosiderite ML-
P39 (Fig. 6) had the same two doublets (6 =0.41 and 0.38 mm/s
and A= 0.43 and 1.09 mm/s, respectively.

Varulite. Varulite [NaCaMn(Mn,Fe?*,Fe*"),(PO,);], is dis-
cussed with the other alluaudite group phases under the alluaudite
heading above.

Vivianite group. The vivianite group of hydrated phos-
phates includes the species vivianite [Fe;(PO,),-8H,0], baricite
[(Mg,Fe);(PO,), 8H,0], erythrite [Co;(AsO,), 8H,0], annaber-
gite [Ni3(AsO,), 8H,0], kottigite [Zn;(AsO,),8H,0], parasym-
plesite [Fe;(AsO,),"8H,0], hornesite [Mg;(AsO,),-8H,0], arupite
[(N1i,Fe);(PO,), 8H,0], and pakhomovskyite [Co;(PO,),-8H,O].
The vivianite structure as first described by Mori and Ito (1950)
has two different octahedral sites. The Fel sites are Fe?*O,(H,0),
octahedra where the trans O* corners are the apices of PO,
tetrahedra. The Fe2 sites are Fe?*O,(H,0), octahedra that share
edges in pairs; two of the O* corners of each are the PO, groups
that link to the Fel octahedra, forming chains that link in the
a direction to form sheets (e.g., Fejdi et al. 1980). Bobierrite
[Mg;(PO,),8H,0] has the same structure with slightly different
linkages between sheets.

Although Fe probably substitutes to some extent in all these
phases, only vivianite and baricite have previously been char-
acterized with Mossbauer spectroscopy. However, vivianite is
perhaps the best-studied of all the phosphate minerals. A partial
list of relevant papers includes Hrynkiewicz and Kulgawczuk
(1964), Gonser and Grant (1967), Lerman et al. (1967), Janot et
al. (1968a, 1968b), Takashima and Ohashi (1968), Mattievich and
Danon (1971), Shinno and Takada (1971), Mattievich and Danon

933

(1977), Vochten et al. (1979), Burns et al. (1980), De Grave et
al. (1980), Dormann and Poullen (1980), McCammon and Burns
(1980), Nembrini et al. (1983), Amthauer and Rossman (1984),
Waerenborgh and Figueiredo (1986), Hanzel et al. (1990a,
1990b), Rouzies and Millet (1993b), and Rodgers et al. (1993).
Parameters from a subset of these papers are given in Table 2'.

Spectra from this study for vivianite and bobierrite (Fig. 8)
are very similar. There are generally two Fe?* doublets in vivi-
anite with 6 = 1.17 and 1.22 mm/s and A= 2.47 and 2.93 mm/s
assigned to M1 and M2, respectively. Fe** is modeled by Mc-
Cammon and Burns to occupy the M2 site. Bobierrite MDD11
has two Fe*" doublets at 8 = 1.21 and 1.18 mm/s and A = 3.24
and 2.41 mm/s, respectively. It has one Fe** doublet at = 0.26
mm/s and A= 0.85 mm/s. Five vivianite samples were examined.
Their Mdssbauer spectra were somewhat variable but generally
resemble those of bobierrite (Fig. 8). All have at least two Fe**
doublets, one with A~ 2.5 mm/s [assigned by McCammon and
Burns (1980) to the Fel site] and a second with A = 3.0 mm/s
(Fe2 site). The Fe*" doublet has 8 = 0.31-0.37 mm/s and A =
0.65-0.86 mm/s. These fits and assignments are consistent with
those in the literature listed above.

No sample of baricite could be obtained for the current
study, but Yakubovich et al. (2001) provides Mossbauer data
on a sample from its type locality in the Big Fish River area in
the NE Yukon Territory of Canada. Their work demonstrates the
preference of Mg for the M2 site, while the M1 site is mostly
occupied by Fe. Their Mdssbauer results are quite similar to
those from this and previous studies of vivianite: § = 0.31 and
1.18 mm/s and A= 0.47 and 2.46 mm/s for Fe** and Fe*" in the
M1 site, respectively, and 6 = 0.29 and 1.21 mm/s and A=1.11
and 3.26 mm/s for Fe*" in M2.

Wagnerite. As described by Ren et al. (2003) and Coda et al.
(1967), the structure of wagnerite [(Mg,Fe*"),(PO,)F] makes it
part of the triplite/triploidite group of minerals, so it is discussed
under that heading above.

Whiteite. Whiteite [(Mn?",Ca)(Fe?",Mn*)Mg,Al,(PO,),
(OH),-8(H,0)] forms a solid solution with jahnsite and so is
discussed under that heading above.

Wolfeite. Wolfeite [(Fe**,Mn),(PO,)OH] is related to the
triplite-triploidite group and is discussed with that group above.

Zanazziite. Zanazziite [Ca,(Mg,Fe)(Mg,Fe,Al,Mn,Fe),Be,
(PO4)s(OH), 6H,0] is a member of the roscherite group and is
discussed under that heading above.

Zwieselite. Zwieselite [(Fe?",Mn),(PO,)F] is related to the
triplite-triploidite group and is discussed with that group above.

Summary of results

Site assignments for phosphate doublets. Parameters
from all samples studied are shown in Figure 9, where they are
compared against data from the literature, as well as Mdssbauer
results for sulfates (Dyar et al. 2013), silicates, and oxides (Burns
and Solberg 1990). The sulfate data set includes only samples
(many different species and multiple specimens of some)
analyzed by Dyar et al. (2103), while the Burns and Solberg
(1990) data deliberately only show one set of doublets for each
mineral species, so that plot is more sparse. Several trends are
apparent here.

In the silicate mineral groups, both & and A vary consider-
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ably within doublets of each valence state, and d is a sensitive
indicator of coordination number. For example, Fe*" in silicates
produces 6 = 0.90—1.05 mm/s for 4-coordination, 1.05-1.19
mm/s for 6-coodination, and >1.20 mm/s for 8-coordination and
larger sites. The vast majority of Mdssbauer spectra of silicates
with Fe?* doublets show octahedral coordination with § in that
middle range ca. 1.14 mm/s. In phosphates and sulfates, Fe*" in
octahedral coordination in phosphate minerals also varies little,
but the typical § value is slightly higher, averaging 1.21 mm/s in
the samples studied here. With one possible exception, there are
no examples in this paper or in any of the reviewed literature in
which there was unequivocal justification for assigning Fe** to a
site in a phosphate mineral with a coordination number >6. The
exception is a small (16% of the total area) peak in the varulite
spectrum with & = 1.42 mm/s that, if real, might indicate Fe**
occupancy in the 8-coordinated Ca/Na site.

Figure 9 also shows that phosphate minerals have a wide
range of isomer shift values. In silicates, values of 6 = 0.30 mm/s
and lower are generally interpreted to represent tetrahedral Fe*'.
However, the SiO, tetrahedra that form the building blocks for
silicates are sometimes Si-deficient, so substitution of AI** and
Fe’* is relatively common. However, as noted above, tetrahedral
Fe®* occupancy in phosphate structures is rare because phos-
phates commonly contain only stoichiometric PO3" tetrahedra.
Thus the low values for 6 (e.g., d = 0.21 mm/s for trolleite and
0.31 mm/s for doublets in gormanite, lazulite, lomonosovite, and
maricite) reported in this paper must represent 6-coordinated
sites. Either these are poorly resolved doublets with small areas

or they represent highly distorted sites, such that four corners
of the octahedra are significantly closer to the central cation
than the other two.

Electron delocalization. As has long been known, there
is a fairly clear distinction between the groups of data for Fe**
and Fe?'. Doublets with & values below 0.5 mm/s are assigned
to Fe¥, and those above 0.90 mm/s to Fe?'. The few mineral
species that lie beteen those values are usually interpreted to
be “Fe*¥*” with electrons delocalized (ED) or shared between
Fe** and Fe** in adjacent sites. Their Mdssbauer parameters
fall between the typical ranges for each. This phenomenon is
observed in magnetite, deerite, ilvaite, conrdtedtite, etc. (Burns
1981; Amthauer and Rossman 1984) but apparently does not
occur in either phosphates or sulfates. ED is activated by ther-
mal exchange, and is related to the optically activated effect of
intervalence charge transfer of electrons in electronic absorption
spectra. Amthauer and Rossman (1984) cite vivianite as a type
example of intervalence charge transfer (IVCT) between isolated
Fe**/Fe’* pairs, so ED is certainly possible in phosphates. There
is one report in the literature (Moreira et al. 1996) of ED in the
phosphate mineral phosphosferrite. However, that paper does not
give parameters for the ED doublets, and there is no sign of an
ED feature in the landesite ML-P26 studied here. However, none
of the phosphates studied here (nor any of the sulfate minerals in
Dyar et al. 2013) shows evidence for Fe*** doublets.

This lack has been noted by previous workers (Vochten et
al. 1979), even in the phosphate minerals with structures where
octahedra share both edges or sides, bringing the Fe in those

1001 1001
991 98
g %89 961
< o7
€ 94+
S 96+
=3 924
2 95-
9 94- \ J 90+ :
o - . | i .. . / '
< 934 Vivianite ' f‘( 887 Vivianite { ‘
924 DD171 i M2 861 DD311 v
84 —_—
100
99+
g o]
S 96
e 95-
] 94+
3 A ‘ 93{
< 96 Vivianite V 924 Vivianite /

DD312

911 DD315 K

S

: 1

8 "

2 - "

] ‘:( :

2 &‘ i }

2 884 vivianite l 96 Bobierrite \'M o
861 DD323 1 MDD11 ¥ ”
84 — 95 — S

4 3 2 4 0 1 2 3
Velocity (mm/s)

4 3 2 1.0 1 2 3 4
Velocity (mm/s)

FIGURE 8. Mdssbauer spectra and Fe coordination polyhedra, with conventions as in Figure 1. Vivianite group spectra of vivianite (Fejdi et al.
1980) and bobierite (Takagi et al. 1986). Fe?* occupies both the M1 and M2 sites while Fe** is in M 1. (Color online.)



DYAR ET AL.: MOSSBAUER PARAMETERS OF IRON IN PHOSPHATE MINERALS 935
16 16 = FIGURE 9. Mdssbauer parameters of
14 A ° o o 144 D phosphates measured in this study (a), compared
T 12- o G ° 1] to paranjleters for sulfa.tes (b, from Dyar et al.
£ *% % 2013), silicates, and oxides (Burns and Solberg
£ 1.0 o8 og 1.0 . .
et ° 1990). All these data are superimposed in d,
s 0.8 1 ° ° 081 with close-ups of ranges corresponding to Fe**
g 06 1 ° ’ 0.6 - and Fe?" in e and f, respectively. (Color online.)
2 i 3 ] © Phosphates (literature)
2 04 ° % PhosPhates 04 @ Phosphates (this study)
0.2 rid © Literature 0.2 4 A Sulfates
L4 @ This Study = Silicates+Oxides
0.0 T T T 0.0 T T T
0.0 1.0 2.0 3.0 40 00 10 2.0 3.0 4.0
16 - 0.8
i B ‘ Lasa, 0.7 <
- . WYY
g a2y &“A “A“{‘“{““A ] os
£ 104 to : 0.5 °
& % o
= 0.8 4 0.4 4
'v=$ & a B 4 % [ ]
3 4 4
g 0.6 1 44, 4 o £ . 03 .
£ s {H0 - 024" .
, N 3+
0.2 1 A N Sulfates | 017 Fe
0.0 r T r 0.0 T T T
1.0 2.0 3.0 40 00 05 1.0 15 20
16 16 "
14 C 1.5 F
g 1.2 . N :r“_ " 14
E10] _° . _'_- 13 4
& . "
£ os . 1.2 4
g 06+ 1.1 4 .
- .
2 o4 T2 I Slicates | 104
0.2 4 b LI . t+Oxides | . | .
0.0 r T ; 0.8 +—— : T T
0.0 1.0 2.0 3.0 40 00 10 2.0 3.0 4.0

Quadrupole Splitting (mm/s)

adjacent cation sites close enough to exchange electrons (Fig.
10). Close inspection shows that edge-sharing chains in phos-
phates, such as those in graftonite and rosemaryite, have slightly
longer Fe-Fe distances between neighboring cation sites, above
the longest ED distance observed in silicates. However, in the
face-sharing octahedra that occur in phosphates, the cation-cation
distances are close enough to allow ED, but yet it still does not
occur. Amthauer and Rossman (1984) postulate that electron
exchange is seen in Mossbauer spectra only in minerals with
structures involving infinite chains of structural units. Apparently
the dimer, trimer, and tetramer linkages common in phosphates
are simply too short for ED to occur. There are examples of
infinite chains of octahedral sites in the phosphate group, such
as graftonite shown here, but the cation-cation distances are
apparently too long (Fig. 10).

RELATIONSHIPS AMONG COORDINATION POLYHEDRA
GEOMETRIES AND MOSSBAUER PARAMETERS

As noted earlier, Mgssbauer parameters are related to the
geometries of the individual coordination polyhedra surrounding
the Fe cations in each site. In particular, distortion of the octahedral
environment may lead to unequal occupancy of the d orbitals and
a large contribution to A from the electronic field. Thus, it should
be possible to directly correlate Mossbauer parameters with the
characteristics of the octahedral sites in each mineral studied. This
analysis was attempted by Burns and Solberg (1990) for oxide and
silicate minerals, but their results only showed that Fe** and Fe** in

Qdadrupole Sblitting (mrﬁ/s)

sites with different coordination numbers could be distinguished.
They concluded that “correlations between the various crystal
structure parameters and Mossbauer spectral data are not good.”
However, their survey included a wide variety of silicate and oxide
minerals with very dissimilar structures. As an alternative, the
phosphate minerals, with only a single coordination number (6),
might provide a more tractable subject for this analysis.

For this comparison, single-crystal structure refinements
(SREF) of phosphate minerals were collected from the American
Mineralogist Crystal Structure Database using data from the same
species (though not the exact same samples) studied here. Refer-
ences to the SREF studies employed are given in captions to Fig-
ures 1 to 8. Using those crystal structure data and the CrystalMaker
software package, parameters describing the six-coordinated sites
in each of the phosphates studied were evaluated. On the basis of
the atomic coordinates, calculated mean bond length, mean octa-
hedral quadratic elongation (1), and angular variance (o) of each
cation site where Fe may reside in these minerals were calculated.
These structural data were compared with Mdssbauer parameters
for the samples studied here. Refinements where the composition
was low in Fe were not used, because those site characteristics are
more reflective of the other cation than of Fe occupancy.

As noted by Burns and Solberg (1990), & should be affected
most by oxidation state, increased covalent bond character, and
shortened bond distances. Thus they expected cation-oxygen dis-
tances to be reflected in § values. However, none of the following
parameters yielded any kind of correlation to &: polyhedral volume,
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ilvaite lazulite

FIGURE 10. Crystal structures of ilvaite, rosemaryite, graftonite, and
lazulite, showing distances between cations in adjacent sites. Ilvaite is
a classic example of a mineral in which infinite chains of edge-sharing
octahedra allow electrons to be exchanged between adjacent sites,
resulting in a Mossbauer spectrum with a doublet of averaged 8 values,
assigned to Fe?*". This type of electron delocalization (ED) does not
occur in any of the phosphate minerals studied here, despite the common
occurrence of edge- and face-sharing octahedral dimers, trimers, and
tetramers like those in rosemaryite and lazulite shown here. Amthauer
and Rossman (1984) suggest that because these chains are discontinuous,
ED is inhibited. There are examples of infinite chains of octahedral sites
in the phosphate group, such as graftonite shown here, but the cation-
cation distances are likely too long. (Color online.)

mean bond length, A, mean bond angle, or . For the same set of
crystal structure characteristics, A is not correlated with any of
these except possibly mean bond length, where longer bonds sug-
gest higher quadrupole splitting (Fig. 11). This is the same result
found for Fe** in sulfate minenals in a parallel study. So it appears
that the best (albeit poor) predictor of quadrupole splitting is the
size of the coordination polyhedron in any given mineral species.

IMPLICATIONS: WHERE IS THE PHOSPHORUS ON
MARS?

Results from the a particle X-ray spectrometer (APXS) on
the Spirit and Opportunity rovers provided more than 200 P,0O5
analyses for rocks and soils on Mars. Phosphorus was uniformly
assumed to be present as Ca-phosphates, likely apatite and/or
brushite (e.g., Ming et al. 2006), in keeping with their presence
in martian meteorites. However, remote sensing data suggest that
many of the rocks containing Ca-phosphates and Ca-sulfates also
contain various types of Mg-sulfates formed through aqueous
processes and not found in meteorites. This raises the possibility
(likelihood?) that Mg or even Fe-phosphates might also occur on
Mars, albeit in small abundances. If the MIMOS II Mossbauer
spectrometers on the Mars Exploration Rovers had measured
samples including Fe-containing phosphate minerals, what would
their MGssbauer signatures look like?

Morris et al. (2006a) summarizes the Mossbauer evidence
from the 95 targets acquired during Opportunity rover’s traverse
across Meridiani Planum, while Morris et al. (2006b) provides
a parallel analysis of 82 spectra from the Spirit rover, which
landed at Gusev crater and traveled to the Columbia Hills. Using
these data and correlations with APXS data, Opportunity and
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Spirit found an overlapping set of minerals: olivine, pyroxene,
ilmenite, nanophase oxide, Fe*" sulfate, jarosite, magnetite,
goethite, and hematite. Setting aside the magnetic phases, the
average parameters reported for these phases at Gusev were 6 =
1.15 mm/s and A = 2.99 mm/s for olivine, 6 = 1.16 mm/s and A
=2.14 mm/s for pyroxene, 6 =0.37 mm/s and A=0.91 mm/s for
nanophase oxide, 6 = 1.07 mm/s and A= 0.80 mm/s for ilmenite,
and 6 =0.43 mm/s and A= 0.58 mm/s for Fe** sulfate. Parameters
for the olivine, pyroxene, and nanophase oxide were similar at
Meridiani, and also included a second pyroxene site (6 = 1.18
mm/s and A= 2.21 mm/s) as well as a doublet interpreted to be
jarosite with  =1.07 mm/s and A=0.80 mm/s. Note that because
these data were acquired at an average temperature of 220 K,
their 295 K equivalents would have A values roughly 0.02—0.07
mm/s lower (Klingelhofer et al. 2004; Rothstein 2006). If Fe-
containing phosphate minerals were present, would they have
been distinguishable from the other minerals present on the basis
of these parameters?

Figures 12 and 13 show close-ups of Figure 9 with the posi-
tions of the doublets detected on Mars as reported by Morris et
al. (2006a, 2006b) superimposed. As noted in Dyar et al. (2013),
jarosite has a fairly unique set of Mdssbauer parameters among
sulfate minerals, and there are few phosphate minerals that
would produce those parameters (Fig. 10). Figures 12 and 13
demonstrate that there is complete overlap between phosphates
(and sulfates) and the regions surrounding the Mars doublets
interpreted to result from sulfate, pyroxene, olivine, and nano-
phase oxide. Given the 26 standard deviations from Morris et al.
(20064, 2006b) and shown in Figure 13, it would be impossible
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4FIGURE 12. Mossbauer spectra and Fe coordination polyhedra in
phosphates (purple diamonds are literature data; purple circles are data
from this study), sulfates (orange triangles) from Dyar et al. (2013), and
silicates and oxides (green squares) from Burns and Solberg (1990). Large
red dots indicate the positions of doublets in Mdssbauer spectra reported by
Morris et al. (2006a, 2006b). These plots demonstrate the non-uniqueness
of mineral identifications based on Mossbauer spectra alone. (Color online.)

to unequivocally assign any of the Mars doublets to specific
phases on the basis of Mossbauer data alone. Of course, the team
benefitted from the additional chemical data and images to make
their assignments, which are very reasonable.

This conclusion illustrates why Mdssbauer spectroscopy is
rarely used in terrestrial applications for the purpose of mineral
identification in paramagnetic minerals. Similarities among
coordination polyhedra in naturally occurring minerals and the
limited range of & and A values for Fe’* and Fe?' result in so
much overlap between parameters that it is difficult to distinguish
contributions from coexisting minerals on the basis of Mdssbauer
spectra alone. Spectra of commonly occurring rock-forming
minerals such as pyroxene, amphibole, and mica with octahedral
sites will be generally indistinguishable because the structures are
all so similar. In other words, the number of mineral species is
large and the range of hyperfine parameters is limited, such that
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FIGURE 13. Close-up of Figure 12 showing phosphate minerals near reported positions of doublets in spectra from Mars. Errors on isomer shift
and quadrupole splitting are ideally £0.02 mm/s but may be slightly higher for A because its temperature shift varies with mineralogy and is thus
poorly constrained. Mars data are plotted as average values with 26 standard deviations from Morris et al. (2006b). (Color online.)
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phases, because the absolute range of Mssbauer parameters for
Fe* in any coordination number is so small.

On Mars, the MIMOS spectrometers were used for valence
state determinations and mineral identification in conjunction
with bulk chemical results from the a particle X-ray spectrometer
instrument and deductions based on phase equilibria of likely
martian assemblages. The success of the MER missions owes
much to constraints placed on mineral identification by the
Massbauer spectrometers based on comparisons to contemporary
databases of spectra. However, interpretations of Moéssbauer
data are such that phases can only be excluded, and unequivocal
species identifications are extremely difficult for paramagnetic
phases (like silicates, phosphates, and sulfates), particularly in
rocks where there are multiple Fe-bearing phases.

The true strength of the Mdssbauer technique lies in its abil-
ity to measure valence states and site occupancies of Fe and
identify magnetic phases. Highly reproducible spectra can be
acquired under a range of conditions and instrument geometries
from transmission to backscatter mode, in the laboratory or
on the surface of Mars. However, spectral parameters can be
only qualitatively related to the geometries of the individual Fe
coordination polyhedra. This study shows that Mossbauer data
remain difficult to relate to specifics of the local environment
around the Fe polyhedra in phosphates; the same conclusions
were reached by Burns and Solberg (1990) for silicates and Dyar
et al. (2013) for sulfates. Data from other techniques are still
needed to facilitate accurate identifications of specific phases
from Mdssbauer spectroscopy of paramagnetic materials. This
study provides a wealth of new data on Fe-bearing phosphate
minerals to bolster future analyses of Mdssbauer on Mars.
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