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ABSTRACT

Raman spectra were collected for an extensive set of well-characterized tunnel-structure Mn oxide
mineral species employing a range of data collection conditions. Using various laser wavelengths, such
as 785, 633, and 532 nm at low power levels (30-500 uW), as well as the comprehensive database of
standard spectra presented here, it is generally possible to distinguish and identify the various tunnel
structure Mn oxide minerals. The Raman mode relative intensities can vary significantly as a function
of crystal orientation relative to the incident laser light polarization direction as well as laser light
wavelength. Consequently, phase identification success is enhanced when using a standards database
that includes multiple spectra collected for different crystal orientations and with different laser light
wavelengths. For the hollandite-group minerals, the frequency of the Raman mode near 630 cm™
shows a strong linear correlation with the fraction of Mn** in the octahedral Mn sites. With the com-
prehensive Raman database of well-characterized Mn oxide standards provided here (and available
online as Supplemental Materials'), and use of appropriate data collection conditions, micro-Raman
is a powerful tool for identification and characterization of biotic and abiotic Mn oxide phases from
diverse natural settings, including on other planets.
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INTRODUCTION

Manganese oxide/hydroxide minerals are found in a wide
variety of natural settings; they are important components of
many soils and sediments and are commonly found as coatings
on rocks and nodules, as well as oxidation products of Mn-rich
deposits. These phases can precipitate from solution as the result
of macro- or microscale changes in redox conditions, pH, or
composition; additionally, studies during the past few decades
have demonstrated that many Mn oxides in our environment
likely form as a result of biologically mediated processes (Tebo
et al. 2004; Santelli et al. 2011). Mn oxide minerals are chemi-
cally active, readily participating in redox and cation-exchange
reactions. They also adsorb a large variety of metal cations, even
if present in small quantities, because they commonly occur as
fine-grained coatings with large surface areas. As a consequence
of these properties, Mn oxides can control the metal concentra-
tions in water associated with soils and sediments (Le Goff et al.
1996; Post 1999; Manning et al. 2002; Feng et al. 2007; Lopano
etal. 2009; Kwon et al. 2013; Fleeger et al. 2013; Shumlas et al.
2016; Kong et al. 2019).

Natural Mn oxides are ubiquitous and reactive, and as a
result, there is a large body of research devoted to investigating
their structures and reactivities. An essential part of that work
requires identification of the particular Mn oxide phases and an
understanding of their behaviors to inform geochemical models
for basic reactions and interactions among minerals and biologi-
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cal systems within the Earth’s Critical Zone. Additionally, many
Mn oxides are essential materials used in batteries, catalysts,
molecular sieves, and numerous other industrial applications
(Ghodbane et al. 2009; Li et al. 2012; Nam et al. 2015). These
phases are also of interest to archeologists because of their roles
in pigments, ceramics, and as age-dating tools for certain sites
and artifacts (Caggiani and Colomban 2011). As a consequence
of these uses and interests, characterizing Mn oxide structures
and their properties under various conditions is critical.
Studies of Mn oxides are challenged by the sheer number of
these species; there are more than 30 known Mn oxide/hydroxide
minerals that commonly are fine-grained, poorly crystalline,
and occur in the color palette of gray to brown to black, and
consequently are difficult to distinguish visually in the field or
in hand specimens. This great diversity of Mn oxide minerals
in natural systems is in part because Mn occurs in three oxida-
tion states (+4, +3, and +2), and because the MnOg octahedral
building blocks can share edges, corners, or faces to construct
a large variety of tunnel and layer structures (Fig. 1). Natural
samples can occur as fine-scale intergrowths of two or more
phases that readily alter from one to another. In many cases,
X-ray diffraction (XRD) patterns exhibit broad peaks from
multiple disordered phases, making basic phase identification
difficult or impossible. Consequently, many researchers employ
other methods in addition to XRD to characterize natural Mn
oxides, such as X-ray absorption spectroscopy (XAS), Fourier
transform infrared spectroscopy (FTIR), transmission electron
microscopy (TEM), and combined energy-dispersive X-ray spec-
troscopy and scanning electron microscopy (EDS-SEM). These
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FIGURE 1. Polyhedral drawings of manganese oxide tunnel structures.

techniques also have experimental limitations and requirements,
such as special sample preparation methods, large sample sizes,
or synchrotron X-ray sources, and most cannot be applied to
fine-scale, in situ analyses.

Because of the difficulties of working with complex natural
Mn oxide samples, many researchers use synthetic phases that
are presumed to be suitable analogs of the minerals. Off-setting
the advantages of working with pure, relatively well-crystalline
laboratory-produced samples is the difficulty of assessing their
relevancy to natural phases or systems. Additionally, complexi-
ties and confusion introduced by the use of multiple synthesis
methods can cause problems comparing results among different
research groups.

Therefore, an improved capability to routinely identify and
characterize natural Mn oxide phases, even as poorly crystalline
mixtures, with minimal sample preparation, is an important step
for better understanding the role of Mn oxide minerals in the
environment, and for more accurate comparisons of laboratory
experiments to natural systems. Micro-Raman spectroscopy is
one approach that offers intriguing possibilities and is finding
increased application to the study of these phases (e.g., Bernard
et al. 1993; Julien et al. 2002, 2003, 2004; Hsu et al. 2011; Kim
and Stair 2004; Burlet and Vanbrabant 2015; Yang et al. 2015;
Bernardini et al. 2019; Boumaiza et al. 2019). During the past
few decades, numerous reports have described applications of
Raman spectroscopy to Mn oxides, primarily as an identifica-
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tion tool, but also for investigating changes in response to
certain redox, cation-exchange, and other reactions (Bernard et
al. 1993). Additionally, current plans for the next NASA Mars
lander include a Raman system, and one of the primary targets
will be black rock coatings that resemble rock varnishes on
Earth (Marnocha 2017). As Mn oxides in terrestrial varnishes
are thought to be biologically precipitated (McKeown and Post
2001; Northup et al. 2010; Marnocha and Dixon 2014), Raman
identification of similar Mn oxide minerals on Mars might be
interpreted as indicators of past or possibly current biotic pro-
cesses on Mars (Marnocha 2017). A comprehensive database of
high-quality Raman spectra from well-characterized Mn oxide
minerals will be critical to the success of such a Martian study.

The application of Raman spectroscopy to decipher Mn
oxides has been invigorated in part by advances in micro-Raman
technology that have resulted in wider availability of affordable
in-house Raman systems. Modern instruments typically offer
multiple laser options and high-sensitivity detectors that provide
a range of data collection conditions that can be optimized for
particular samples. Additionally, Raman spectrometers fitted with
high-quality microscopes permit rapid in situ interrogation of
samples with spatial resolution approaching 1 um. These micro-
Raman systems have the potential to provide phase identification
and structural information quickly and easily from discrete areas
on natural or synthetic Mn oxide samples. In particular, the
combination of Raman microscopy and analytical SEM provides
unparalleled insights into the micro mineralogy and chemistry of
complex samples. Moreover, high-spatial resolution mapping is
a standard capability in most new Raman instruments.

A primary advantage of the Raman technique is that the
spectra provide information about local atomic coordination
environments as well as longer-range structure, and therefore can
be a useful identification technique even for highly disordered
materials. Although Raman spectroscopy has long been used to
characterize Mn oxides, previous efforts revealed serious limita-
tions. Raman spectra from many Mn oxide phases are inherently
weak, and phase changes and structural alteration can be caused
by rapid heating of these opaque, dark, and highly absorbing
materials when using certain laser wavelengths (Julien et al.
2004; Bernardini et al. 2019). Some older investigations were
disadvantaged by the less robust technology available at the time,
while others were unaware of, or ignored, problems associated
with laser-heating induced changes in the samples. Several stud-
ies have reported Raman spectra for only a modest number of Mn
oxide phases and samples, many of which were not phase pure.
Even studies that emphasize the use of “low laser power” are
inconsistent in their determinations of the instrumental conditions
required to maintain specimen integrity. This issue is complicated
by the effects of different laser wavelengths, power densities, and
optics used for data collection. A recent overview by Bernardini
et al. (2019) of the application of Raman spectroscopy to Mn
oxides underscored the general promise of the approach, but this
study considered a relatively limited number of samples and data
collection conditions.

In the work presented here, we provide results from what we
believe is the most comprehensive analysis of the Raman spectra
for tunnel-structure Mn oxide phases to date. (Raman spectra of
layered Mn oxides will be treated in a parallel but separate study.)
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Raman spectra were collected from a large number and variety
of natural and synthetic samples, drawing from the Smithsonian
Institution’s extensive collection of Mn oxide specimens, and
additional samples, which in many cases have been characterized
in great detail using supplementary techniques. Raman spectra
were collected using multiple Raman systems with a range of
laser wavelengths to provide comparisons and determine optimal
data collection conditions. Additionally, we present representa-
tive spectra from different specimens, localities, and crystal
orientations. A major goal of this study is to provide a spectral
database that can be used for identifying the various Mn oxide
mineral phases, with an emphasis on natural samples. In turn,
this work has provided insights about Mn oxide composition,
crystal structure, symmetry, and in some circumstances Mn
oxidation states.

EXPERIMENTAL METHODS

Specimens

The tunnel-structure Mn oxide mineral samples used in this study are listed in
Table 1, including information about individual compositions. Structure symmetry
and factor group analyses (Fateley et al. 1972) for the various phases are presented
in Table 2. A variety of samples were included to represent variations in composi-
tion, structural disorder, and locality. All samples were checked by powder X-ray
diffraction (XRD) to confirm phase identification and purity. Energy-dispersive
X-ray spectroscopy (EDS) analyses and backscattered electron imaging were used
to determine composition and assess chemical homogeneity. Where possible, single
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crystals, or crystal fragments, were selected for Raman measurements; fine-grained
samples were lightly crushed, or in some cases, prepared as polished sections
that were also used for chemical analyses. For some Raman measurements, loose
sample grains were placed on glass slides without adhesive, which can introduce
strong luminescence.

X-ray diffraction (XRD)

Samples were characterized by powder XRD using a Rigaku [l D/MAX-RAPID
micro-diffractometer (Department of Mineral Sciences, Smithsonian Institution)
equipped with a graphite monochromator and a curved image plate area detector.
A Mo tube (50 kV, 40 mA) was used as the X-ray source with a 0.3 mm collima-
tor. Small (~1 mm) balls of powdered samples (with added super-glue as needed),
or fragments of fine-grained polycrystalline materials, were mounted on tips of
glass fibers. During exposure to X-rays, the sample was rotated at 1 °/min on ¢ to
minimize the effects of sample heterogeneity and preferred orientation. The full
set of Debye-Scherrer diffraction rings from the imaging plate data were integrated
using Rigaku-provided software, and interpretation of XRD patterns was performed
using the JADE 9 software package. Phase identifications were confirmed using the
ICDD PDF-4 Minerals database and an in-house collection of well-characterized
Mn oxide mineral standards.

Scanning electron microscopy

Uncoated samples (which then could also be used for Raman analysis) were
mounted on carbon tape adhered to an aluminum stub and analyzed with scanning
electron microscopy (SEM) using a field emission source (FEI Apreo) equipped
with an EDAX Octane Silicon Drift EDS detector (Department of Mineral
Sciences, Smithsonian Institution). Backscattered electron (BSE) images were
collected, and EDS analysis was used to determine the chemical composition
and homogeneity of the Mn oxide samples (with beam current of 1.6 nA). The
images were collected and analyses performed in low vacuum (0.31 torr) at an

TABLE 1. Specimens used for Raman spectroscopy
Mineral Specimen no. Locality Chemical formula
Pyrolusite 149941 Kamataka, India MnO,
114785-22 Amapa, Brazil
Sidirhal, Morocco
C7568 Halbinsel, Egypt
105572 Lake Valley, NM
Ramsdellite 120302 Pinal Co., AZ MnO,
Manganite 157872 Thuringia, Hartz Mtns. Germany MnOOH
Groutite R10087 Ironton, MN MnOOH
Bixbyite 151352 Postmasburg, South Africa Mn,0,
Hausmannite C6568-1 Hotazel, South Africa Mn,0,
Manjiroite Smaart Mi, South Africa (Nag.62Ko.40Ca0.08MJ0.08) (MN;.66Si0.10)O16
Cryptomelane 89104° Chindwara,India (Ko.94/Nag.25,570.13,B0.10MJ0,03) (MN&53,Mn3 o, Fed s, Ali5) 016
2236-1 Ironwood, Ml (Koso Bag,13Nag13)(Mn; 6,Al530S5i0,03)O16
Montreal Mi., WI (Ko54Ba0.49Pbi.0s) (MN7.61Al.39) O16(Bag 63Ko.44P00.00) (MN7.13Al,82510.05) O16
Virginia (Ko.g6) (M 68Al5,66Si0,23)O16nH,0
Hollandite 1271182 Ultevis, Sweden (Bag75,Pbo.16:Nag 10,Ko.04) (M5, FEIS,,MN3t,,Alg25) 016
93687 Michigan (Bap.oKo37)(MN;84Al011Si005)O16
Tower Mi, NM (Bag79K0.225r0,03)(MN7.61Al00)O16
Coronadite AMNH 23050 Bou Tazzoult, Morocco (Pb; 06Bag10)(MN;;Vo20Al005)O16
G17590 Broken Hill, Australia PbMngO;,4
104685 Bou Tazoult, Morocco Pb1.44(MN;73V16Al011)O016
106257 Broken Hill, Australia Pb; 56(Mn;5,Al515)046
10217 Broken Hill, Australia Pb; 40(Mn;6Al05ZNg0s)O46:1.55H,0
Romanechite R2232 Romaneche, France (Bage7,H2013IMns04
C1818 Schneeberg, Germany (Ba.66Cao.03Mdo.02Nap 1) (M, g3Alg 01Sin.06R0.04)O10'H201.20 R =W, Zn, Ni, Co, Cu
90593 Bonnet Hill, VA (BapsCan.03Koo1)(Mny.71Aly 16Si0.10)010H201 33
HU 97618 Van Horn, TX (Bao.52Nao,06Mgio.06Ca0.05Ko0a)MNsO16:H,01 30
Todorokite HU 126232° Smaart Mi, South Africa (Mdo.4sNap4,Cag15Ko.0)MN60,,-4H,0
118176-13 Brazil (Mgp37Nay25Cag.15K0.02)MNO;-4H,0
Poona, India (Mgos1Cap2s Nag13Ko03)Mne0;,-4H,0
106238 Cuba (Mgo,51N037Ca0.24K0.04Ba0.03Sr0.02)MN01-4H,0
105391 Todoroki Mi., Japan (Cag47 Mgy 13Nag 1,Ko.0s)MN60,,4H,0
Medford, MD (MJo35Cap34K0.08)MN60;4H,0
140503 Furnace Creek, CA (Nag5,Ca038Mo37K0.02) (MNs 91Aly 05)O4,-4H,0
Yakutia, Russia (N0.40Ca0.23M70.22550.10K0.00) (MN5 95Al 05)O12-4H,0
Woodruffite Mapimi, Mexico® Zn, s(Mng;,Mni%)0,4-9.5H,0
112992 Sterling Hill, NJ

2Post et al. 1982.
°Post et al. 2003a.
¢Post et al. 2003b.
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TABLE 2. Factor-group analysis (FGA) results of the tunnel structure-type Mn-oxides phases

Phase Space group: Point group FGA
Pyrolusite (MnO,) P4,/mnm (#136): 4/mmm Toptic = Arg + Ayg + Big + Byg + Eg + 2B, + 3E,
Tacoustic = A2u(2) + Eulxy)
Ramsdellite (MnO,) Pbnm (#62): mmm Toptic = 6Ag + 6B1g + 3By + 3B3g + 3A, + 2B, + 5B,, + 5B5,
Tacoustic = B1u(2) + Bay(y) + Bsy(x)
Manganite [y-MnO(OH)] P2,/c (#14):2/m optic = 12Ag + 12B, + 11A, + 10B,
Tacoustic = Au(2) + 2B, (xy)
Groutite [a-MnO(OH)] Pnma (#62): mmm Toptic = 8Ag + 4B1g + 8Byg + 4By + 4A, + 7B, + 3B+ 7B3,
Tacoustic = B1u(2) + Bau(y)+ B3u(x)
Hausmannite (Mn;0,) 14,/amd (#141): 4/mmm [optic = 2A1g + Ayg + 3B1g + Byg + 4E; + 2A,, + 4A,, + 2B, + 4By, + 6E,
[ acoustic = Azu(z) + Eu(xy)
Hollandite [Ba(Mn,Fe,Al)g(O,0H);] 12/m:2/m Toptic = 13A4 + 8B4 + 8A, + 16B,
Macoustic = Aulz) + 2Bu(xy)
Romanechite (Ba,H,0),Mns0;, C2/m:2/m [optic = 14A4 + 7B, + 8A, + 20B,
Tacoustic = Au(2) + 2B, (xy)
Todorokite P2/m:2/m [optic = 16A, + 8B, + 10A, + 20B,
(Na,Ca,K,Ba,Sr)ss.0,(Mn,Mg,Al)s0;,:3.2-4.5(H,0) [acoustic = Au(2) + 2B, (xy)
Woodruffite C2/c:2/m [optic = 32A4 + 19B, + 20A, + 34B,

Zno,(MngsMng)0,:0.7(H,0)

Tacoustic = Au(Z) + 2B, (xy)

Notes: [, includes Raman- and IR-active modes; three I, modes are indicated for each phase. The space group and point group of each phase are listed in

Hermann-Mauguin notation.

accelerating voltage of 15 kV. The data were processed using the Noran System
Six 3 (NSS 3) software.

Raman spectroscopy

Raman spectra were collected at 25 °C in back-scattering geometry using three
single-grating spectrograph—notch filter micro-Raman systems. The first system
(Smithsonian Institution, Department of Mineral Sciences) consists of a HORIBA
LabRam HR Evolution equipped with a Synapse back-illuminated deep depleted,
Peltier cooled 1024 x 128 element CCD camera. The spectra were collected using
combinations of 532 and 785 nm solid state lasers, as well as 300 and 600 gr/mm
spectrograph gratings, respectively, for spectral resolution near 4 cm™. An Olympus
100x or 50x objective was used to focus the incident laser light onto the sample.
The Si 520 cm™! line from a Si wafer was used for Raman frequency calibra-
tion. The laser power at the sample was measured using a Thorlabs power meter
(PM100USB) for the various combinations of microscope objectives and lasers.
Typically, spectra were collected using laser powers of 540 uW or less for the 532
nm laser and 350 pW or lower for the 785 nm laser. Some phases, e.g., pyrolusite,
groutite, and manganite, did not exhibit obvious spectral changes at laser powers up
to 2 mW, but those with larger tunnel structures, including hollandites, romanechite,
and todorokite, showed evidence of sample degradation or phase transformation
at laser power settings above ~500 uW. For the 532 nm laser, romanechite and
todorokite spectra exhibited changes at power values as low as 300 pW. The laser
power measurements are intensities at the sample, not power densities, which vary
depending upon the laser spot size, determined by the objective used, laser focus,
and certain other instrumental and sample surface characteristics.

The second system (Vitreous State Laboratory, Catholic University) consists
of a WITec alpha-300 RA+ micro-Raman system, where 633 nm solid state diode
and 532 nm DPSS lasers were used with a 600 gr/mm grating to disperse the Ra-
man scattered light on to a 1024 x 128 element Peltier cooled CCD camera (Andor
Technology Model DV401A-BVF-352). Zeiss objectives of 50x and 100x were
used producing a ~1 pm laser spot size on the sample. The spectra were frequency
calibrated to the Si 520 cm™' mode. The spectral resolution of the data produced
from these system configurations is near 6 cm™.

The third system (Vitreous State Laboratory, Catholic University) (Goncharov
and Struzhkin 2003) consists of a Melles-Griot Model 45 Ar* laser that provided
457.9 and 514.5 nm wavelength light that was guided through a long working
distance Mitutoyo 10x microscope objective and focused to a 10 um diameter spot
on the sample. The scattered light proceeded through holographic notch and super-
notch filters (Kaiser Optical Systems), which reduced the Rayleigh (or elastically)
scattered light intensity by 10 optical densities. The Horiba HR460 spectrograph
used a 1200 gr/mm grating (Richardson Grating Laboratory) to disperse the Stokes
scattered light from the sample on to a 2048 x 512 element Peltier cooled CCD
detector (Andor Technology Model DU440BV). Due to the relatively broad spectral
features for most samples measured, the spectrograph incident slits were set to
6 c! spectral resolution. The spectrograph was frequency calibrated using CCl,,
such that recorded Raman mode frequencies for all spectra are accurate to within
+1 cm™ of the published values. The laser power for this system was minimized
to <0.5 mW at the sample to avoid sample heating and alteration.

American Mineralogist, vol. 105, 2020

For each sample, initial data collection was performed using minimal laser
power, e.g., 30 uW; the power level was gradually increased until noticeable
changes occurred to the spectra, such as variations in peak intensities, the appear-
ance of new peaks, or broad band luminescence with evidence of sample darkening
or hole formation at the incident laser light position. Where possible, relatively flat
and smooth sample surfaces, as ascertained at 100x or 50x magnification, were
selected for data collection, using 5 to 60 s integration times per acquisition, with
two to 10 acquisitions per spot to improve signal-to-noise. Crystal orientation ef-
fects were apparent for most tunnel-structure Mn oxide phases. Fibrous samples
known to be elongated parallel to the octahedral chains or tunnels were placed
both parallel and perpendicular to the polarization vector of the incident laser
light for the series of unpolarized or polarized spectra collected. Polarized spectra
were gathered using an analyzer polarizer inserted in the scattered light path.
Polarized spectra were labeled vertical-vertical (VV) or vertical-horizontal (VH)
to describe collection conditions where the laser light polarization was oriented
parallel or perpendicular, respectively, to the polarization direction of the analyzer.
For comparison, unpolarized spectra also were collected without an analyzer in
the scattered light path between the sample and spectrograph.

Lattice dynamics calculations

To provide overall guidance for some general vibrational assignments to
the observed Raman features, preliminary normal coordinate valence-force lat-
tice dynamics (LD) calculations at zero wavevector (Dowty 1987, 2007) were
performed for the 2 x 2 tunnel hollandite structure as well as the 2 x 3 tunnel
romanechite structure. The models included Mn-O stretch as well as O-Mn-O
bend force constants to simulate the various bonding environments within the
linked MnOg octahedra. Tunnel cation-oxygen stretch force constants were also
included. The force constants were allowed to vary so that the calculated mode
frequencies best matched the set of observed mode frequencies from the Raman
spectra for each phase.

Overall, LD calculations indicate that Raman-active modes for these two
Mn-oxides can be divided into three frequency ranges. Above 500 cm™', modes
are dominated by Mn-O stretch as well as O-Mn-O bend motions within MnOg
octahedra. Modes between 100 and 500 cm™ are due to less localized mixtures of
MnOj translation, rotation, deformation, and shear displacements. Below 100 cm™,
modes are dominated by displacements of heavy cations within the tunnels, such as
Pb*" in hollandite and Ba>" in romanechite. Mixtures of these atomic displacement
types are found for calculated modes between 100 and 500 cm ™.

RESsuLTS

MnO,-pyrolusite and ramsdellite

Pyrolusite and ramsdellite are MnO, polymorphs, and in
natural samples they can occur as intergrowths (e.g., in the min-
eral nsutite) and as pyrolusite pseudomorphs after ramsdellite.
Pyrolusite has the rutile structure, i.e., Mn*'O; octahedra share
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edges to form chains, which share corners to form a tetragonal
structure having tunnels with square cross sections, measuring
one octahedron on a side (Fig. 1). The tunnels are too small to
accommodate cations, other than possibly H*, and therefore,
most natural pyrolusite samples are close to the ideal composi-
tion. Ramsdellite has the diaspore structure, where the Mn* Qg
octahedra share edges to form double chains, which link corners
to form tunnels with one octahedron by two octahedra cross-
sections (Fig. 1). Again, the small tunnels are mostly unoccupied,
except for H" in some samples.

The Raman spectra for pyrolusite and ramsdellite are shown
in Figures 2 and 3, respectively. The prominent vibrational
modes with frequencies in the range 450 to 760 cm™ are com-
mon features for most Mn oxides; they have been interpreted by
various researchers as Mn-O stretch and bending modes arising
from the Mn*O; octahedra (Julien et al. 2004; Bernardini et al.
2019, and others). As Mn*'Oy is the basic building block of most
Mn oxide phases, these Raman lines can be diagnostic for many
of the Mn oxides, but as the Mn*"O4 bonding environments are
similar in many of these structures, these Raman modes alone
might not be diagnostic of a specific phase. The overall structural
symmetry, and that of the octahedral Mn site, determines the
number, frequencies, and relative intensities of the vibrational
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FIGURE 2. Raman spectra for pyrolusite (India no. 149941) using a
532 nm laser with crystals (elongated along tunnels) oriented parallel (top)
and perpendicular (bottom) to laser light polarization. Spectra labeled VV
and VH were collected using parallel and crossed polarization conditions,
respectively. (Color online.)
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modes in this frequency range, as does the Mn oxidation state,
particularly in the case of Jahn-Teller distorted Mn**O, octahedra.

Pyrolusite and ramsdellite spectra collected using 532,
633, and 785 nm lasers are generally similar for a given phase,
although Raman intensities collected with the 785 nm laser are
significantly weaker. These phases also are relatively robust in
terms of withstanding different laser power levels; for 532 and
785 nm lasers, there were no significant changes observed in the
Raman spectra until incident laser powers exceeded 2 mW at the
sample. Above these thresholds, the appearance of a strong mode
at 630 cm™' indicates a phase transformation to a hausmannite-
like phase (Fig. 4). Although the overall Raman spectrum for the
laser altered phase resembles that of hausmannite, the position
of the major peak at 630 cm™ is shifted from that of 655 cm™!
observed for our standard hausmannite (Fig. 5). This difference
suggests that the laser-heated pyrolusite might transform to a non-
stoichiometric hausmannite, or possibly, the frequency shift is
due to small crystallite sizes of the hausmannite (Xu et al. 2005).

The spectra in Figures 2 and 3 for pyrolusite and ramsdel-
lite, respectively, were collected from individual crystals where
fibers (elongated parallel to the octahedral chains) were aligned
parallel or perpendicular to the polarization of the incident laser
beam. Internal MnOy octahedral Mn-O stretch and O-Mn-O bend
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modes, above 500 cm™!, show significant intensity changes at
these different crystal orientations. With respect to these ori-
entation effects, it is important to note that natural pyrolusite
samples commonly occur as euhedral acicular crystals, such
that Raman spectra from “powder” samples using focused laser
spots approaching 1 pum actually represent individual crystals,
or oriented crystal bundles. Consequently, at these collection
conditions, relative intensities of some spectral features can be
quite variable due to crystal orientation.

Porto et al. (1967) determined that for rutile, which is iso-
structural with pyrolusite, there are four Raman-active phonon
modes predicted by factor-group analysis (FGA): 4,4, Bi,, By,
and E,. Our pyrolusite Raman spectra look similar to those
shown by Porto et al. (1967), and by analogy to rutile, we have
assigned these modes in the pyrolusite spectra in Figure 2. Lan
etal. (2012) carried out molecular dynamical simulations for the
rutile structure and determined that the sharp, lowest frequency
B, mode was related to a rotating motion of the four nearest-
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FIGURE 4. Raman spectra (532 nm) for pyrolusite (Brazil no. 114785-
22) at power levels on the sample of 2, 4, and 10 mW.
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168527). Spectra labeled VV and VH were collected using parallel and
crossed polarization conditions, respectively. (Color online.)
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neighbor oxygen atoms around the Ti atom (Mn in pyrolusite),
and that the 4,, mode arose from metal—oxygen stretch motions
perpendicular to the c-axis, and the £, mode from metal-oxygen
stretch motions parallel to ¢. The Raman spectra for pyrolusite
(Fig. 2) using parallel and crossed polarization conditions con-
firm that the 535 cm™' peak must correspond to the asymmetric
E, mode and the intense band at 664 cm™ to the 4,, mode. The
highest frequency mode calculated by Porto et al. (1967) for rutile
is B,,, a metal-O stretching mode that presumably corresponds to
the Raman peak observed for pyrolusite at 740-760 cm™. This
mode is most obvious when the pyrolusite c-axis is oriented
perpendicular to the incident laser light polarization direction
and therefore arises from Mn-O stretch motions perpendicular
to the tunnel direction, i.e., axial octahedral bonds. Because the
Mn-O octahedral bond distances (1.882—1.894 A) are shorter
(and stiffer) than those for Ti-O (1.965 A) (Shannon 1976), the
A, and E, Raman-active modes for pyrolusite are shifted to
higher frequencies relative to those for rutile.

Bernardini et al. (2019) observed for pyrolusite an additional
Raman peak at 585 cm ™! that appeared at increased power using
green laser light, which was attributed to the transformation of
pyrolusite to bixbyite (Mn,0;). Our Raman spectra for bixbyite
(Fig. 6), however, did not exhibit any strong features near
585 cm™'. We observed weak to moderate intensity peaks at
~575 cm™! for some of our pyrolusite samples, but the appear-
ance and intensity of the peak did not change with increased laser
power. One explanation is that the peak arises from intergrowths
of ramsdellite, which has a strong peak near 575 cm™ (Fig. 3).
Powder XRD patterns for natural pyrolusite commonly show
small amounts of ramsdellite.

Factor-group analysis (Fateley et al. 1972) for the ramsdel-
lite structure (space group Pnma) indicates 18 Raman modes
(Table 2), consistent with the more complex ramsdellite Raman
spectrum (Fig. 3), relative to that of pyrolusite. In particular, the
larger number of peaks in the internal octahedral MnO4 (Mn-O
stretch and O-Mn-O bend) mode region reflect the lower sym-
metry of the Mn-O octahedral environment (four unique Mn-O
distances, vs. only two in pyrolusite). DFT modeling of the
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FIGURE 6. Raman spectra (633 nm) for bixbyite (S. Africa no.
151352). Spectra labeled VV and VH were collected using parallel and
crossed polarization conditions, respectively. (Color online.)
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diaspore (AIOOH) structure (Delattre et al. 2012) revealed that
the Raman peaks below 1000 cm™ are lattice modes, involving
the deformation or relative displacement of A1O; octahedra; this
implies similar lattice modes for MnOy, in ramsdellite within this
frequency range.

Mn(OOH)-manganite and groutite

Manganite is isostructural with pyrolusite, and groutite with
ramsdellite, but in each case with Mn** instead of Mn*, and OH~
replacing one-half of the O atoms. The Jahn-Teller Mn** cation
gives rise to greatly distorted Mn*'Og octahedra for both phases
and lower overall symmetry for manganite (P2,/c) compared with
pyrolusite (P4,/mnm). Upon heating, both phases transform into
pyrolusite, and natural samples of manganite commonly contain
pyrolusite.

The Raman spectra for manganite and groutite are shown in
Figures 7 and 8, respectively. The spectra were collected from
individual crystals for which the tunnel directions were aligned
parallel or perpendicular to the polarization direction of the laser
beam. These spectra show significant intensity changes with dif-
ferent crystal orientations for some of the Raman lines, particularly
in the internal octahedral MnOg4 mode region, above 500 cm™.

Group theory predicts 12 4, and 12 B, modes for manganite,
and Figure 7 shows the more complex Raman spectrum for man-
ganite relative to pyrolusite (Fig. 2). Manganite has six Mn-O
octahedral distances, compared with two for pyrolusite (1.88 and
1.89 A), and the Jahn-Teller distortion yields a range of distances
from 1.88 to 2.34 A. The internal octahedral MnOg mode region
between 500 and 760 cm™' for manganite shows at least four
modes that are shifted to lower frequencies with respect to the
pyrolusite Raman modes, reflecting the longer average Mn-O
distances relative to pyrolusite.

Groutite has the same symmetry as ramsdellite (Pnma), but has
six more Raman active modes due to the additional OH (Table 2);
the internal octahedral MnO4 modes are shifted to lower frequen-
cies because of Mn*'. Also, the ramsdellite spectra show peaks
between 740 and 760 cm ™! that are absent for groutite (Figs. 3 and
8). The groutite spectra collected under parallel and crossed po-
larization conditions reveal that the Mn-O stretch modes between
500 and 650 cm ! are 4, modes (symmetric), and those at 97, 385,
and 485 cm ! are B, modes (asymmetric) (Fig. 8). Presumably, the
mode at 1065 cm™! in the groutite spectra, but absent for ramsdel-
lite, is related to OH™ in groutite. This interpretation is consistent
with studies of the Raman spectra for the isostructural disapore
(AIOOH) (Delattre et al. 2012) that noted OH bending modes
at 1045 and 1188 cm™'. As this band is strongest when groutite
crystals are oriented such that the tunnel direction is parallel to
the polarization direction of the incident laser light, we conclude
that this mode represents OH bending with motion in the tunnel
direction. XRD studies (Kohler et al. 1997) confirm that the OH
bond is perpendicular to the tunnel direction; and therefore, an
Mn-OH stretch mode would be most prominent for a crystal fiber
perpendicular to the incident laser light polarization.

Hollandite-group minerals

Minerals with the hollandite structure are constructed of
double chains of Mn-O octahedra, as in ramsdellite, but the
chains link corners to form a structure containing tunnels with
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and (b) (633 nm) with crystal oriented with tunnels parallel (top) and
perpendicular (bottom) to laser light polarization; spectra labeled VV and
VH were collected using parallel and crossed polarization conditions,
respectively. (Color online.)
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square cross-sections that are two octahedra on a side (Fig. 1).
These large tunnels can accommodate various uni- and divalent
cations as well as some water molecules, where the charges on
these tunnel cations are offset by substitution of lower valence
cations, typically Mn3*, AI**, and Fe*, for the Mn*" in the octa-
hedral framework. The predominant tunnel cation determines
the particular mineral: hollandite (Ba®"), cryptomelane (K%),
strontiomelane (Sr**), coronadite (Pb*), and manjiroite (Na*), but
pure end-members are rare in nature so that most samples contain
mixtures of two or more types of tunnel cations. The chemistry
of these minerals is also complicated in that they typically have
Mn in two oxidation states along with other cations in the oc-
tahedral sites. In natural hollandite-like phases, the fraction of
Mn*/Mn*" generally ranges from 0.10 to 0.25, depending on the
charges and quantities of tunnel cations, as well as the presence
of other lower valence cations in the octahedral sites. There are
two distinct Mn sites, one with Mn*" and the other with Mn*".
Most hollandite minerals are pseudo-tetragonal with monoclinic
symmetry (12/m).

The Raman spectrum for a cryptomelane from India, used for
the single-crystal X-ray diffraction study by Post et al. (1982), is
shown in Figure 9. As all hollandite-group minerals have the same
basic octahedral framework, their Mn-O bonding environments,
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FIGURE 9. Raman spectra (532 nm) for cryptomelane (India no.
89104) with crystals (elongated along tunnels) oriented parallel (top) and
perpendicular (bottom) to laser light polarization. Spectra labeled VV and

VH were collected using parallel and crossed polarization conditions,
respectively. (Color online.)

and therefore corresponding Raman modes, will be comparable,
with minor variations caused by the fraction of Mn**/Mn*" and
accompanying Jahn-Teller distortions, substitutions of other
octahedral cations, replacement of some O* by OH", and to a
lesser degree by influences of the types and numbers of tunnel
cations. Not surprisingly, then, the Raman spectra are similar for
the various hollandite minerals (Fig. 10). The spectra in Figure 9
were collected from individual prismatic cryptomelane crystals
for which the tunnel directions were aligned parallel or perpen-
dicular to the polarization direction of the incident laser beam.
They show significant intensity changes for some of the Raman
lines, particularly in the internal octahedral MnO, mode region.
Similar variations of intensity with orientation were observed
for the other hollandite phases. At laser powers above 2 mW, a
peak appears at ~650 cm™, likely corresponding to hausmannite
as the cryptomelane structure is transformed by the laser heating.

Lattice dynamic calculations for the hollandite structure
(Fig. 11) indicate that modes above 100 cm™ are due to motions
within the MnOy octahedra as well as longer range motions
among linked octahedra that form the 2 x 2 tunnels. Therefore,
the spectral similarities for all the hollandite phases are not
surprising. Calculated modes due to tunnel cation motions at or
below 100 cm™ may not be easily observed in some spectra con-
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sidering the low frequency cut-offs of notch or edge filters typi-
cally used in Raman systems as well as possible strong Rayleigh
scattering amplitudes commonly seen at these low frequencies.
Therefore, it is also not surprising that earlier studies mentioned

2 x 2 Tunnel Structures
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only subtle effects from the tunnel cations in the Raman spectra
of these phases (Gao et al. 2008; Polak et al. 2017).

Romanechite

Romanechite is a hydrated Ba manganese oxide that consists
of double and triple chains of Mn-O octahedra that link corners to
form large tunnels with rectangular cross sections that measure two

5 Unpotarzed by three octahedra on the sides (Fig. 1). Most botroyoidal, compact
4 natural Mn oxide mineral specimens labeled “psilomelane” are
romanechite. The tunnels are filled with an ordered arrangement
| Maniiroite (Na) of Ba?* cations and water molecules in a ratio of 1:2. Romanechite
2 ' y samples exhibit little compositional variation, with only minor
é L m substitution of K*, Na*, Ca*", and Mg?* for Ba*". The charges on
LN N N the tunnel cations are offset by Mn’** replacing approximately
500 T S T ‘M 27% of the Mn*". Single-crystal XRD studies of the romanechite
g / ‘2% structure confirmed the C2/m space group and indicated that the
v Ay kS o~ "‘*\ ! o larger Jahn-Teller Mn** cations concentrate in the octahedra at the
= S . Coronadite (Pb“") . .
R edges of the triple chains (Turner and Post 1988).
L L L Raman spectra for romanechite are shown in Figure 12. As
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FIGURE 10. Raman spectra (532 nm) for manjiroite (S. Africa),
cryptomelane (no. 2236-1), hollandite (NM), and coronadite (no.
106257). The crystal elongation directions were oriented parallel to the
incident beam polarization.

the romanechite octahedral framework is similar to that of the
hollandite-group minerals (both have the same C2/m symmetry
but with 2 x 3 rather than 2 X 2 tunnels), their Mn-O bonding
environments and corresponding Raman modes are comparable.
In particular, the Raman spectra in the internal octahedral MnOg
mode region above 500 cm™! are similar to those of the hollandite
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FIGURE 12. Raman spectra (633 nm) for romanechite (France no.
R2232) with crystals (elongated along tunnels) oriented parallel (top) and
perpendicular (bottom) to laser light polarization. Spectra labeled VV and
VH were collected using parallel and crossed polarization conditions,
respectively. (Color online.)

minerals (Figs. 9 and 10). The spectra in Figure 12 were col-
lected from individual prismatic romanechite crystals for which
the tunnel directions were aligned parallel or perpendicular to
the polarization direction of the laser beam. They show intensity
changes for some of the Raman lines, particularly in the internal
octahedral MnOg mode region, but to a lesser degree than for the
hollandite phases. Figures 13 and 14 show Raman spectra for
several natural romanechite specimens from various localities,
and compare romanechite spectra collected at 458, 532, 633,
and 785 nm laser wavelengths. The major differences among the
spectra are apparent for the 785 and 633 nm laser wavelengths,
where the intensity ratio for the 635 and 577 cm™ peaks is re-
versed and the intensity of the 730 cm™ peak is diminished for
the 633 nm wavelength. Raman spectra collected successively
from the same sample spot using the 532 nm and then the 785 nm
lasers confirm that the differences in the spectra are not caused
by laser induced sample changes, but rather are due to different
Raman responses from the various laser wavelengths.

Todorokite

Todorokite is a hydrated manganese oxide that consists of
triple chains of Mn-O octahedra that link corners to form large
tunnels with square cross sections that measure three octahedra
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FIGURE 14. Raman spectra for romanechite (Germany no. C1818)
collected using four different laser light wavelengths. (Color online.)

on a side (Fig. 1). Todorokite is a common phase in ocean man-
ganese nodules, oxidized zones of Mn-rich ore deposits, and in
dendrites, as well as in rock varnishes (McKeown and Post 2001).
The large tunnels are filled with various cations, including Mg*",
Ca?*, Na*, K*, and Sr*, as well as water molecules. The charges
on the tunnel cations are compensated by Mn** replacing approxi-
mately 25-33% of the Mn*" in the tunnel walls, depending upon
the charges and quantities of tunnel cations. Powder XRD studies
of the todorokite structure confirmed the P2/m space group and
indicated that the larger, Jahn-Teller distorted Mn3* octahedra
concentrate at the edges of the triple chains (Post et al. 2003b).

The Raman spectra for todorokite from South Africa, used for
the XRD study by Post et al. (2003b), are shown in Figure 15.
As the todorokite octahedral framework is similar to those in
romanechite and hollandite-group minerals, the nearest—neigh-
bor Mn-O bonding environments, and corresponding Mn-O
stretch and O-Mn-O bending Raman modes above 500 cm™,
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are comparable (Figs. 9, 12, and 15). The spectra (Fig. 15) were
collected from individual prismatic todorokite crystals for which
the tunnel directions were aligned parallel or perpendicular to
the laser light polarization direction. Raman spectra for natural
todorokite specimens from various localities that represent a
range of tunnel cation compositions (Fig. 16 and Table 1) are
similar, with major differences being peak broadening due to
structural disorder (primarily with respect to chain-widths) in
some of the samples. Spectra collected at 532, 633, and 785 nm
(Fig. 17) reveal that even at very low laser power (<30 pW),
the 532 nm spectrum peaks in the 500 to 750 cm™! interval are
broadened and the 740 cm™' peak intensity is greatly diminished
or absent, presumably as a result of laser heating-induced struc-
tural degradation, or possible effects of resonance enhancement
by the longer wavelength laser light. Spectra collected above
350 pW using the 785 nm laser show significant changes; most
obvious are broadening of features between 550 to 700 cm™' and
reduced intensity for the 740 cm™ peak.

Woodruffite

Woodruffite is a hydrated zinc manganese oxide that con-
sists of triple and quadruple chains of Mn-O octahedra that link
corners to form the largest known (3 X 4) tunnels of any natural
Mn oxide with rectangular cross sections (Post et al. 2003a).
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F1GURE 15. Raman spectra (633 nm) for todorokite (S. Africa no.
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Woodruffite is associated with oxidized zones of Zn- and Mn-rich
ore deposits. The large tunnels are filled with Zn*" and water
molecules, where charges on the tunnel cations are offset by
Mn* replacing approximately 40% of the Mn*". Single-crystal
XRD studies of the woodruffite structure confirmed the C2/m
space group and indicated that the larger Mn®* cations concentrate
in Jahn-Teller distorted octahedra at the edges of the quadruple
chains (Post et al. 2003a).

Raman spectra collected using the 532 and 633 nm incident
wavelengths for woodruffite from Mapimi, Mexico, used for
the XRD study by Post et al. (2003a), are shown in Figure 18;
the 785 nm incident laser light data suffered from luminescence
and are not included here. As with todorokite, the octahedral
framework is similar to that of romanechite and the hollandite-
group minerals; and as a result their nearest-neighbor Mn-O
bonding environments and corresponding Raman modes are
comparable. The spectra in Figure 18 were collected from
individual prismatic woodruffite crystals for which the tun-
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HU126232) with crystals (elongated along tunnels) oriented parallel (top)
and perpendicular (bottom) to laser light polarization. Spectra labeled VV
and VH were collected using parallel and crossed polarization conditions,
respectively. (Color online.)

F1GURE 17. Raman spectra for todorokite (S. Africa no. HU126232)
collected using 532 (0.03 mW), 633 (<0.1 mW), and 785 (0.11 mW) nm
laser light. (Color online.)
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FiGURE 18. Raman spectra (633 nm) for woodruffite (Mexico)
with crystals (elongated along tunnels) oriented parallel (top) and
perpendicular (bottom) to laser light polarization. Spectra labeled VV
and VH were collected using parallel and crossed polarization conditions,
respectively. (Color online.)

nel directions were aligned parallel or perpendicular to the
polarization of the laser beam. They show significant intensity
differences for some of the Raman lines, particularly for the
736 cm! peak. Raman spectra for woodruffite collected at 532
and 633 nm laser wavelengths also show significant variations,
where one major difference is the relatively lower intensity of
the 734 cm™! peak in the 532 nm spectrum.

DiscusSION

In a recent study that explored the application of Raman spec-
troscopy for identification of Mn oxide phases, Bernardini et al.
(2019) observe that “Raman spectroscopy, although widely used
for the recognition of MnO, can offer ambiguous results because
of literature data that are often conflicting and contradictory.”
Additionally, they conclude that “proper identification of the
Mn-species in the sample only based on Raman spectroscopy is
clearly difficult.” For example, these authors assert that Raman
spectroscopy cannot distinguish todorokite from cryptomelane,
nor hollandite from romanechite. Indeed, unambiguous identi-
fication of many Mn oxides using Raman spectroscopy can be
challenging because most phases have similar Mn-O octahedral
building blocks. The Raman stretch-bending modes arising from
the central octahedral Mn and the six coordinating O atoms will
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be similar for many of the phases (Julien et al. 2004). The posi-
tions and relative intensities of some of these modes, however,
are affected by the Mn oxidation state, which not only changes
the average Mn-O distance [Mn*-O = 1.88 A; Mn*-0=2.04 A
(Shannon 1976)], but also the octahedral distortion, for example,
in the case of Jahn-Teller effects associated with the Mn** cation.
Additionally, the polymerization of the octahedra into single,
double, and triple chains, and differences in long-range structural
symmetry, give rise to variations in the Raman spectra that can
be valuable for phase identification.

Based on our observations, we argue that it generally is
possible to identify most unknown Mn oxide tunnel structures,
at least to the level of the particular structure type (e.g., 2 x 2
vs. 2 x 3 tunnel dimensions) when using high-quality reference
spectra collected under properly constrained conditions. Good
signal-to-noise ratios in Raman spectra can be obtained for
these phases using laser powers less than 300 uW. Although we
obtained serviceable spectra for pyrolusite, manganite, rams-
dellite, groutite, and most hollandite-group phases using laser
wavelengths of 532, 633, and 785 nm, the stronger Raman signal
produced with the 532 and 633 nm wavelengths significantly
reduced the data collection times. Choice of laser wavelength,
however, also depends upon minimizing sample luminescence,
if present.

Care must be taken to account for spectral differences for the
same phase based upon incident laser light energy. For example,
the spectra collected for romanechite, todorokite, and woodruffite
using the 532 nm laser typically exhibited fewer and broader
peaks, suggesting structural disordering from laser heating, even
when the laser power was as low as 30 uW, or a weaker Raman
response for that laser wavelength. The more detailed spectra
for these phases obtained with the 633 nm, and especially, the
785 nm laser wavelengths can assist with phase identification.

In addition, crystal orientation effects can dramatically change
the relative intensities of specific Raman modes for many of these
phases. The positions of the lines generally remained constant,
but the appearance of some modes depended upon crystal orien-
tation relative to the laser light polarization. These effects were
most significant for highly crystalline samples. The use of lower
resolution gratings (e.g., 300 gr/mm) can reduce the magnitude
of the orientation effect for some samples, and generally yield
higher intensities and adequate resolution for most Mn oxides.
Collecting reference spectra for multiple crystal orientations,
and to low frequencies (~100 cm™), can greatly assist with the
identification of certain phases. We discuss below some of the
more useful identifying spectral features for different Mn oxide
phases based on our study.

Mn oxides and hydroxides

Bernardini et al. (2019) concluded that pyrolusite, manganite,
hausmannite, and manganosite have sufficiently characteris-
tic Raman spectra as to make identification of these phases
straightforward, assuming the spectra are collected under low
laser power conditions. We would add groutite, ramsdellite, and
bixbyite to that list. Pyrolusite and manganite commonly occur
together in mineral specimens, as do groutite and ramsdellite,
but these phases are easily distinguished by their Raman spectra
(Figs. 2 vs. 7, and 3 vs. 8).
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Hollandite-group minerals

Raman spectra for several hollandite-group minerals are
shown in Figure 10. As noted above, the spectra for hollandite,
cryptomelane, and coronadite are similar, and they share several
features that can be used to distinguish this structural group from
other tunnel geometries without ambiguity: (1) a moderately strong
peak at ~182 cm™ is a marker for hollandite-group phases; compa-
rable peaks occur in spectra for romanechite and todorokite, but at
~150 and 130 cm™, respectively; (2) three octahedral MnO4 modes
near 631,579, and 515 cm™, with the 579 peak being most intense;
(3) a moderately intense peak at 386 cm™'; and (4) a moderate to
weak peak at ~738 cm!. Polék et al. (2017) and Polverejan et al.
(2004) attributed the 182 cm™ mode to translational motion of the
MnOq octahedra; we concur from observation and preliminary
lattice dynamics calculations that this mode is a longer-range
structural vibration, and suggest it arises from flexing of the overall
octahedral framework, as the position and intensity of this peak is
relatively insensitive to the tunnel cation composition or the frac-
tion of octahedral Mn*". This assignment is also supported by the
presence of similar Raman peaks for romanechite and todorokite
at discrete and constant frequencies for these particular phases, and
the observation that the frequencies of these peaks decrease as the
tunnel sizes increase. Presumably the larger tunnel structures are
less rigid with relatively weaker bonding, and as a result, associ-
ated atomic displacements have lower frequency Raman modes.

Although the Raman spectra for hollandite-group minerals are
generally similar, close inspection of the spectra for hollandite,
cryptomelane, and coronadite reveals subtle but distinct differ-
ences that might be used to identify the particular species. It is
also important to note that the Raman spectra for several samples
from different localities for each of the three phases were virtually
identical to each other, indicating that the differences observed in
Figure 10 are characteristic of the particular minerals (and com-
positions) and not simply random variations arising from different
sample textures, crystallite sizes, or preparation methods. For
example, the intensity of the 631 relative to the 579 cm™ peak in
the cryptomelane (and manjiroite) spectra is consistently greater
than the intensities of those equivalent features in the hollandite and
coronadite spectra. Polverejan et al. (2004) and Gao et al. (2008)
similarly suggested that the relative intensities of these peaks can
be used to characterize tunnel species.

Due to the substitution of Mn*" for up to 25% of the Mn*" in
hollandite-group Mn oxides, the octahedral double chains will
have both Mn** and Mn*" octahedra, which have different Mn-O
distances and distortions. Additionally, Mn*" octahedra adjacent to
aMn®*" octahedron will be distorted differently than one with only
Mn*" nearest neighboring octahedra. Consequently, the Raman
internal octahedral MnO, modes will reflect contributions from
the different Mn octahedral environments, affecting the widths and
intensities of the associated Raman peaks. Substitution of other
trivalent cations, such as A", Fe**, and V**, into these octahedral
sites will also influence the peak position and broadening. In
Figure 10, the peak near 631 cm™ is shifted to lower frequencies
for hollandite and coronadite, compared with cryptomelane. We
propose that the frequency of this mode correlates with the fraction
of Mn*" in the framework octahedral sites; the larger Mn** cation
causes longer average Mn-O distances and Jahn-Teller distortions
of the MnOy octahedra, primarily lengthening the axial, relative
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to the equatorial, Mn-O distances. The fact that the position of the
580 cm™ peak is the same for all of the hollandite-group phases
suggests that the 631 cm™ peak arises primarily from axial Mn-O
stretch vibrations, and that its frequency decreases as the Mn**/Mn**
fraction increases.

K* is the dominant tunnel cation in cryptomelane, although
natural samples invariably contain quantities of other cations, such
as Ba?", Na", and Sr**. Chemical analyses of synthetic and natural
cryptomelanes typically show tunnel site occupancies of 1 to 1.5
cations (nominally K*) per eight octahedral sites, resulting in a total
tunnel cation charge of approximately +1 to +1.5 (or slightly greater
if Ba*" and/or Sr** are present) (Table 1). The tunnel cation charge
is typically offset by substitution of the necessary amount of Mn’*
(with possibly some Al**, Fe**, etc.) in the octahedral sites. The
Mn*/Mn,, value for a cryptomelane with 1.0 K* per unit cell will
be 0.125, and with 1.5 K* per unit cell this ratio will be 0.188. The
Mn**/Mn,, values calculated (from analyses to charge balance tun-
nel cations) for our cryptomelane samples ranged from 0.10to 0.17
(Table 1). For hollandite (Ba) and some coronadite (Pb) samples,
analyses indicated approximately 1.0 tunnel cation per unit cell;
this limit for hollandite is imposed by the charge repulsion between
neighboring Ba?* tunnel cations that requires Ba to be spaced every
other unit cell along the tunnels. Therefore, total tunnel cation
charges for hollandites and some coronadites is +2, such that Mn®*/
Mn,, is ~0.25 to offset the positive charge. Our analyses revealed
that some coronadites contain up to 1.5 Pb** per unit cell (Table 1);
Pb*" is significantly smaller than Ba?*, and structure refinements
(Post and Bish 1989) show that Pb displaces away from the cation
site at (000) along the tunnels to permit greater occupancy. For these
high-Pb coronadite samples, Mn*"/Mn,,, is ~0.34. In the present
study, the position of the ~631 cm™ peak exhibited a near-linear
dependence on the Mn**/Mn,, ratio for all hollandite-type phases
(Fig. 19), suggesting that the position of this peak may be used to
estimate the Mn** content in 2 x 2 tunnel structures.

Romanechite

As compositions of natural romanechite samples depart only
slightly from the ideal formula with tunnel sites having %3 Ba** and
% H,0 (Turner and Post 1988), the Raman spectra likewise are simi-
lar for mineral samples from different localities. Additionally, the
dependence of the Raman spectra on crystal orientation was mini-
mal compared with that observed for the hollandite-group minerals.
Consequently, a single Raman reference spectrum (e.g., Figs. 12 and
13) should suffice to identify romanechite. One caveat, however, is
that the Raman peak intensities in spectra collected using a 785 nm
laser differed significantly from those generated by 458, 532, or
633 nm laser wavelengths (Fig. 14). The peak frequencies were the
same, but the relative intensities of the 580 and 634 cm™ peaks were
reversed. Additionally, the 785 nm spectrum showed a moderate
to strong peak at 729 cm! that is weak in the other spectra shown
in Figure 14. All romanechite spectra, however, exhibited a peak
at ~147 cm! that can serve as an identifying marker to distinguish
this phase from hollandite-group and todorokite minerals. Other
useful spectral features for identifying romanechite include: (1) the
moderately intense 729 cm™' peak (using 785 nm laser light), which
is very weak for hollandite-group phases but very strong (typically
at 740 cm™) for todorokite; and (2) a strong peak near 290 cm™.

In romanechite, the overall charge from the ~0.67 Ba*" tunnel
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cations per unit cell is offset by substitution of approximately
27% Mn*" into the framework octahedra. Therefore, similar to the
hollandite phases, the romanechite structure offers multiple MnO,
octahedral environments, and the potential for Mn’* substitution
into either double and triple octahedral chains, makes the situation
even more complex. The single-crystal XRD study by Turner and
Post (1988) revealed three symmetrically distinct Mn sites in ro-
manechite: (1) Mn octahedra at the edges of the triple chains where
they corner link to double chains, with Mn-O distances ranging
from 1.91 to 2.12 A; (2) octahedra in the middle of the triple chains
with Mn-O distances from 1.90 to 1.92 A; and (3) Mn octahedra
in the double chains, which corner link to the triple chains, having
Mn-O distances from 1.87 to 1.93 A. The range of bond distances
within the octahedral sites at the edges of the triple chains indicates
a Jahn-Teller distortion, revealing that ~50% of those octahedra are
occupied by Mn*". Any remaining Mn** is randomly distributed in
the octahedra making up the double chains. The shorter and more
regular bond distances observed in the octahedra in the middle
of the triple chains indicate that these sites contain only Mn*".
Therefore, as with the hollandite spectra, the many Mn octahedral
environments in romanechite affect the widths and intensities of
the Raman modes internal to the MnOj octahedra.

Todorokite and woodruffite

The todorokite structure is constructed of triple Mn-O octa-
hedral chains similar to those found in romanechite. A structure
refinement by Post et al. (2003b) showed that, as with romanechite,
the MnQg octahedra at the edges of the triple chains have longer
average Mn-O distances than those in the middle of the chains,
and these edge octahedra exhibit Jahn-Teller distortions consis-
tent with the presence of Mn*". The chemical formulas for the
various todorokite samples used in this study typically include
an assortment of tunnel cations: Ca?*, Mg*", Ba*, K*, Na', and
sometimes Sr**, where the total tunnel cation charge ranges from
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+1.3 to +2. Similar to romanechite and the hollandite minerals, the
tunnel charges are primarily offset by substitution of Mn’* into the
framework octahedra, perhaps with some AI**. The Mn*" makes
up approximately 28% of the total Mn. Todorokite, then, has three
different Mn octahedral environments: (1) Mn*" in the middle of
the triple chains (33%), (2) Mn*" at the edges of the triple chains
(39%), and (3) Mn*" at the edges of the triple chains (28%). As
above, Mn*"O; octahedra at the edges of the triple chains will be
different if they are adjacent to Mn** rather than Mn*". Additional
variations are likely caused by substitution of OH™ for some of
the framework O atoms and H-bonding between tunnel water
molecules and framework O atoms.

Previously reported Raman spectra for todorokite collected
using 532 or 633 nm laser wavelengths (even at relatively low
laser powers such as 0.5 mW) characteristically are dominated by
asingle broad peak or envelope near 630 cm ™, thereby challenging
the utility of this technique in the identification of todorokite (e.g.,
Julien et al. 2004; Bernardini et al. 2019). Julien et al. (2004) col-
lected Raman spectra with 10 mW 532 nm laser light; the 532 nm
spectrum in Figure 17 collected at ~30 wW shows additional weak-
to-moderate intensity peaks near 735 and 130 cm™. When using 785
nm laser light, these peaks were more prominent, and numerous
additional peaks appeared (Figs. 15-17), offering a more diagnostic
spectrum for positively identifying todorokite. In particular, the
peak near 720 cm™! in the 785 nm laser light spectrum exhibited
weak-to-moderate intensities using 532 nm laser light (and was
absent when the 532 nm laser power was greater than 30 uW), but
has approximately equal intensity to that of the 630 cm™' peak for
the 785 nm laser light spectrum. The 633 nm spectra for todorokite
(Fig. 15) show little polarization dependent behavior, except for
mode near 410 cm™'. Raman spectra were collected for six natural
todorokite samples from different localities (Fig. 16) and with a
range of tunnel cation compositions and crystallite sizes (as indi-
cated from powder XRD) (Table 1). The overall similarities of the
spectra support the idea of a unique “standard” Raman spectrum
that can be used to identify todorokite phases.

A comparison of the Raman spectra of crytomelane,
romanechite, and todorokite revealed several characteristic fea-
tures for todorokite (Fig. 20). In the 785 nm laser light spectra,
the intensity of the peak near 740 cm™' was nearly equal to that of
the peaks centered near 635 cm™'. The romanechite spectra have
a similar peak, but the intensity was typically about 4 of that for
the 635 cm™ peak, and was shifted to ~725 cm™'. As noted above,
the longer-range structural mode peak near 125 to 132 cm™ dis-
tinguished todorokite from the romanechite and hollandite-group
minerals, which have comparable peaks at higher frequencies; this
peak was clearly observed in all todorokite sample spectra (e.g.,
Fig. 16), and it also was evident in spectra collected using 532 or
633 nm laser light at low power (below 0.1 mW). Furthermore,
internal MnO, modes at 635 and 610 cm™ were displaced to lower
frequencies relative to comparable peaks in the hollandite and ro-
manechite spectra. Todorokite commonly is difficult to differentiate
from layered Mn oxides on the basis of powder XRD patterns, but
a peak in the range between 725 and 740 cm™ (Figs. 16 and 20) is
not observed for birnessite-like phases, or other layer Mn oxides
(unpublished results). Moreover, this peak was weak to absent
in the hollandite-group spectra, and when present, merged into a
high-frequency shoulder on the peak near 645 cm™. In the 785 nm
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laser light romanechite spectra, this mode appeared as a moder-
ate intensity peak near 725 cm!, but its intensity never exceeds
5 of that of the 645 cm™ peak. Weak to moderate features in this
same frequency range were observed in spectra for pyrolusite and
ramsdellite, but not for manganite and groutite.

This ~730 cm™' peak is the highest frequency internal MnO,
mode measured, likely arising from the shortest and strongest
Mn*-O bonds. As mentioned in the Results section, Porto et al.
(1967) assigned a comparable peak for rutile as a B,, metal-O
stretching mode that presumably corresponds to the peak observed
for isostructural pyrolusite at 742 cm™'. The assumption that this
mode is related to Mn**-O stretch vibrations in MnQOg octahedra is
consistent with its presence in spectra for pyrolusite and ramsdellite,
which contain only Mn*". This Mn valence dependent assignment
also was supported by the absence of this peak in the isostructural
Mn?** phases manganite and groutite. Additionally, the intensities
of the peaks correlate with the fractions of Mn** octahedra that are
located in the centers of the triple chains, i.e., 0% for hollandite
minerals, 20% for romanechite, and 33% for todorokite. Structure
refinements (Turner and Post 1988; Post et al. 2003b) show that
these central octahedra have the shortest Mn-O distances, con-
sistent with occupancy by Mn*". Mode assignments for this and
other Raman modes await confirmation by DFT or other lattice
dynamics simulations.

Not surprisingly, the Raman spectra for the 3 x 4 tunnel struc-
ture woodruffite are similar to those for todorokite. The triple
and quadruple Mn-O octahedral chains in woodruffite consist of
five different octahedral environments: Mn**Oy (centers of triple
chains), Mn**Og, and Mn*"Oy (edges of chains), and Mn****O, in
centers of the quadruple chains. The shortest Mn-O distances are
in octahedra at the centers of the triple chains (Post et al. 2003a).
Similar to todorokite, the spectra for woodruffite (Fig. 18) show
little polarization dependent behavior, except for modes near 164
and 419 cm!. Figure 21 shows spectra for todorokite compared with
those for woodruffite specimens from Mexico and Sterling Hill,
New Jersey. Powder X-ray diffraction patterns and high-resolution
transmission electron microscope images (unpublished results)
show that the Sterling Hill woodruffite is significantly more disor-
dered than the Mexican specimen. The todorokite and woodruffite
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spectra can be roughly distinguished by frequency distributions of
modes, especially under 300 cm! (see Figs. 15, 16, 18, and 21).

IMPLICATIONS

We present here a comprehensive study of Raman spectra
for tunnel Mn oxide phases collected from a large assortment of
well-characterized natural samples, using various data collection
conditions (Fig. 22). We have demonstrated that when using
multiple lasers, especially at 785 and 633 nm wavelengths, and at
low incident powers (30-500 pW, depending upon the laser light
wavelength and the sample), we are able to identify tunnel Mn
oxide phases for most samples. With the comprehensive Raman
database of well-characterized Mn oxide standards, provided here
and as supplementary' data with the American Mineralogist, and
use of appropriate data collection conditions, micro-Raman is a
powerful tool for identification and characterization of biotic and
abiotic Mn oxide phases from diverse natural settings (including
on other planets), and thereby can provide new insights into the
roles of these phases in our environment.
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