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Abstract

Obsidians found in silicic domes and rhyolitic tuffs are an ideal system to understand the formation conditions of
calc-alkaline felsic magmas. They have an unusual black to brown color. The optical absorption and Electron
Paramagnetic Resonance (EPR) spectroscopic data presented in this study demonstrate that Fe-speciation in
obsidians is different from that observed in other geological glasses (e.g., basaltic glasses) or in synthetic Fe-
bearing silicate glasses. Iron sites partly occur in mixed valence clusters, located outside the glass structure: EPR
data indicate the presence of superparamagnetic Fe-rich clusters. The absence of crystal field absorption bands
extending towards the visible part of the optical spectrum, explains the original color of these glasses that do not
show the blue, green or yellow hues that would be expected from the presence of Fe in the glass structure. The
temperature dependence of the optical absorption is consistent with the presence of magnetite-like domains that
give rise to original and efficient optical absorption processes. In particular, the optical spectra show a dramatic
intensification at low temperature, with an amplitude which is not observed in synthetic glasses. The smallest
magnetite-like clusters are transparent enough to contribute to the original absorption bands of obsidians,
intensified through exchange-coupled pairing and 'Fe?*-¥IFe®* and /or PIFe?"-LITi*" Inter-Valence Charge
Transfer (IVCT) processes. The largest ones will contribute to the black color of obsidians. The presence of Fe-
clusters in calc-alkaline obsidians reflects the last events of the magmatic history during emplacement and
cooling. This unusual Fe-speciation suggests that the Fe-redox states in obsidians cannot be considered as a

quenched witness of the initial magma.
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1. Introduction

Obsidians are aphyric volcanic rocks formed during explosive or effusive eruptions of viscous, silica-
rich magmas. They occur in rare silicic domes or as clasts in rhyolitic tuff flows, by contrast to the predominant
explosive character of the emplacement of most high silica magmas. In addition to their worldwide distribution,
obsidians serve as an ideal system to model volcanic processes (Stevenson et al., 1995) and to understand the
formation conditions of felsic magmas (Leonhardt et al., 2006; Rust and Cashman, 2007). Obsidians are also a
unique cultural heritage material, as they were long valued by ancient peoples as a raw material for producing
stone tools and ornaments. In this perspective, geochemical, magnetic and spectroscopic fingerprinting has been
much used to find the sources of obsidian archaeological materials (Shackley, 2005).

Obsidians have an unusual black to brown color in hand specimen. This color is different from the
specific color range of Fe-containing synthetic silicate glasses, showing a blue to green and yellow color as a
function of the redox conditions (Calas et al., 2020). In addition, obsidians show exotic optical effects such as
light diffraction and iridescence (Ma et al., 2001 and 2007). The color of obsidians is usually qualitatively
assessed by a visual observation, and the optical spectroscopic grounds of the dark brown to black color of
obsidian have received a limited attention (Ma et al., 2007). Spectroscopic studies of iron speciation in obsidian
include Mdossbauer and EPR spectroscopies (e.g., Regnard et al., 1981; Schmidbauer et al., 1986; Dulttine et al.,
2003) and, more recently, Raman microspectrometry (Di Genova et al., 2018). They show the coexistence of
diluted Fe" in the glassy matrix with magnetite nanolites and Fe-rich domains at the origin of the magnetic
properties of obsidians (Ferk et al., 2011). However, a relation between this diversified iron speciation and the
coloration of obsidian has not yet been established. In line with the diversity of Fe-surroundings, the presence of
nanometer-sized phases, referred to as nanolites, demonstrates the existence of a hano-scale organization in these
volcanic glasses (Sharp et al., 1996). Nanolites have been recognized in a broad range of volcanic products
through microscopic or spectroscopic approaches (Di Genova et al., 2017 and 2018; Mujin and Nakamura,
2020). Recently, they were suggested to play a significant role in volcanic processes, being suspected to affect
the transition from effusive to explosive regime (Caceres et al., 2020) by nucleating the growth of gas bubbles.

We use a combination of optical absorption and EPR spectroscopic measurements at room and low
temperature to show the incidence of the complex Fe-speciation in obsidians on their unique optical properties,
which are clearly distinct from those of synthetic Fe-bearing silicate glasses. Most Fe sites are not diluted in the
structure of the rhyolitic glass, but occur in mixed valence, magnetite-like clusters, responsible for the black

coloration of obsidians through electron hopping. As far as Fe speciation is concerned, the name of obsidian is
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not synonymous of rhyolitic glass. These well-defined molecular topologies may represent the precursors
(nuclei?) of the (ultra)nanolites detected in silicic volcanic glasses, being unique witnesses, at a molecular-scale,
of the undercooling associated to extensive degassing in the rising magma. However, such diversity raises

questions about the significance of redox values in these complex materials.

2. Materials and analytical methods

2.1 Samples

The studied obsidian samples were selected from two kinds of formations: silicic domes and obsidian clasts
from high-silica rhyolitic tuffs. The former include rhyolitic obsidians from (i) the top and the rim of the Panum
Dome, samples #1 and 2, respectively (part of the ca. 1340 A.D. eruption of the Mono Craters chain, Ca, USA;
Befus et al., 2015), (ii) the Roche Rosse Rhyolite on the northeastern coast of Lipari (Eolian Islands, Italy)
erupted at 730 A.D. (Bullock et al., 2018), (iii) Bombarda (Milos Island, Cyclades, Greece), dated at 1.47Ma
(Arias et al., 2006), (iv) Sierra de Guamani (Cordillera Real, Ecuador) (Santi et al., 2010) dated at 0.18 Ma
(Bellot-Gurlet et al., 1999). The latter, often named “Apache tears”, come from Cochiti, Kasha-Katuwe Tent
Rocks National Monument, located on the east side of the Peralta canyon, Bearhead Rhyolitic tuff, Jemez
volcanic field (NM, USA) and dated at ~6.75-7.0 Ma (Shackley et al., 2016). These aphyric obsidians are X-ray
amorphous (more than 95% glass) without indication of the presence of crystalline magnetite. Two Fe-bearing
synthetic glasses were used for comparison, a soda-lime silicate glass and a diopside glass, melted in air at1200
and 1450°C, respectively. Electron probe microanalysis was used to determine the obsidian composition using a
defocused beam of 15 pum (Cameca Camebax, Camparis platform, Sorbonne University, France). A 15 kV
voltage with a 40 nA beam current were used. X-ray intensities were corrected for dead-time, background and
matrix effects using the PAP correction procedure (Pouchou and Pichoir 1985). The composition of the samples

is given in Table 1.

2.2 Variable temperature optical absorption spectroscopy
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Optical absorption spectra were obtained using a double beam computerized Perkin-Elmer Lambda
1050 spectrophotometer (IMPMC spectroscopy platform) with a 4x4 mm beam size on thin sections polished
both sides, with a thickness of 1 to 3 mm size depending on the intensity of the color of the sample. The spectra
were recorded in transmission mode between 4,500 cm™ (2,200 nm) and 30,000 cm™ (330 nm) in the near UV-
visible-near IR range at ambient temperature (293K). A He-cryostat under vacuum (around 3.4x10 'mbar) was
used to record low temperature spectra (10K). After correction for reflection on the polished faces, the
absorption spectra were normalized to the sample thickness. The spectral resolution varies from 0.8 nm in the

UV region to 2 nm in the near IR - visible region.

2.3 Variable temperature EPR spectroscopy

EPR spectra were collected between room temperature and 80K at 9.4 GHz with a Bruker ESP300E
using a modulation amplitude of 1 G, a modulation frequency of 100 KHz, and a microwave power of 40 mW.
The comparison among the investigated samples is enabled by measurements being performed in calibrated
Suprasil® grade silica tubes and a constant filling factor of the cavity. EPR X-band spectra were normalized to

sample mass, gain, amplitude modulation and square root of microwave power (in mw).

3. Results

3.1 Characteristics of the investigated obsidians

The investigated calc-alkaline obsidians show a wide range of colors, from clear brown to black. The
samples from Lipari, Milos and Mono Craters are translucent, black in hand specimen and will be referred to as
black obsidians. The samples from Cochiti and Ecuador appear clear, transparent and slightly brown and will be
referred to as clear brown obsidians. Two other samples of clear brown and transparent obsidians from New
Mexico and Oregon have been used for comparison.

The polished slices of black obsidians, used for optical spectroscopic measurements, appear dark gray
and heterogeneous with micro- to millimeter size microlites of feldspar, pyroxene, quartz and cristobalite that are
dispersed in the vitreous matrix or concentrated in lines and bands of inclusions. Micrometric Fe oxide minerals

are highly reflective. The glassy matrix of all the samples is chemically homogeneous with numerous bubbles.
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By contrast, clear obsidians appear homogeneous and light brown. Obsidian chemistry is relatively constant
whatever the provenance. The total amount of alkalis, between 8 and 9 wt.%, and of aluminum, about 13wt.%,
indicates calc-alkaline compositions. The Fe-content of these glasses reported as FeO varies from 1 to 1.7 wt.%
in the black obsidians to a constant value of about 0.5% in the clear brown ones (Table 1). Raman spectra (using
a Renishaw InVia Raman microspectrometer equipped with 532nm and 785nm lasers) did not evidence the

characteristic contribution of magnetite at 670 cm™ (Di Genova et al., 2018).

3.2 Optical absorption spectra of obsidians

3.2.1  Presentation of the obsidian spectra

In silicate glasses, ferrous and ferric ions give rise to characteristic features in the UV-visible-near infrared
spectra, which have been much investigated due to their interest in domains ranging from the exploration of
Lunar and planetary surfaces (Bell et al., 1976; Cannon et al., 2017) to technological applications (Uchino et al.,
2000; Galoisy, 2006). As in minerals, the contribution of the two Fe redox states to the optical absorption spectra
occurs in different spectral domains, in the near infrared for Fe** and visible-near UV for Fe**, with a
transmission window in between that is responsible for the peculiar blue-green color of these glasses (Galoisy,
2006). Additionally, a charge transfer band causes an absorption rise in the UV above 27,000 cm™ (Uchino et al,
2000).

These typical features are illustrated by the optical absorption spectra of Fe-containing diopside and soda-lime
glasses (Fig. 1). In these two glasses, the main Fe?* absorption band near 9,000 cm™ is broad, with a full width at
half maximum (FWHM) of about 6,000 cm™ (Calas and Petiau, 1983; Jackson et al., 2005), a value much larger
than in minerals (1,000-3,000 cm™: Burns, 1993). This means that Fe?* absorption extends beyond the range
observed for octahedrally coordinated Fe®* (Vercamer et al., 2016) and implies other coordination states. As in
most Fe?*-bearing glasses, this band shows an additional shoulder near 5,500 cm™, which has been interpreted as
arising from tetrahedral Fe®* (Calas and Petiau, 1983; Uchino et al., 2000; Jackson et al., 2005), though an
absorption at this position may also be an indication of 5-coordinated Fe** (Vercamer et al., 2016). By contrast,
the speciation of Fe** is different in these two kinds of glasses: as the spectrum of the soda lime glass shows the

characteristic absorption bands of tetrahedral Fe®" as in other soda-lime glasses (Vercamer et al., 2016), in the
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diopside glass, the Fe** optical transitions are hardly visible, being obscured by the oxygen to metal charge
transfer band, as in other Fe-bearing glasses (Bingham et al., 1999).

The obsidian spectrum is different from that of the Fe-bearing glasses (Fig. 1). The distinctive features
of the obsidian optical absorption spectra have been investigated in dark and clear obsidians, which show similar
features in terms of spectral background and peak position (Figs. 2a and 2b). In the near infrared, at 8,700 cm™,
the Fe?* absorption band is significantly narrower than that of Fe?* in silicate glasses, with a full width at half
maximum of 4,000 cm™. The feature near 4,500 cm™ is almost absent. In the visible domain, the transmission
window of the Fe-bearing glasses between 14,000 and 22,000 cm™ is obscured in the obsidian spectrum by a
broad absorption band around 18,000cm™, with two superimposed features at 18,100 and 20,500 cm™. Crystal-
field Fe** bands near 26 500, 24,000 and 22 500 cm™ are at the same position as in the soda lime glass, but with
a smaller relative intensity, in relation with different Fe-redox states. The high redox value of Fe (Fe*'/Fe™ =
0.8) in the soda-lime glass explains the high intensity of the Fe** absorption bands, relative to the more reduced

redox state of Fe in the Lipari obsidian ( Fe**/Fe® = 0.1) (Regnard et al., 1981; Spiering and Seifert, 1985).

3.2.2  The origin of the obsidian spectral features

The optical spectrum of obsidians exhibits a residual absorption at 5,000 cm™, responsible for the
characteristic grey to black color of obsidians. This background is lower for clear brown obsidians than for black
ones. Another cause of light absorption corresponds to a Rayleigh scattering increasing with increasing
wavenumbers. This light scattering by micro-heterogeneities (microlites, bubbles, fractures...) makes the
obsidian translucent and not transparent, by contrast to synthetic glasses. The abruptly changing slope of the
absorption beyond 25,000 cm™ illustrates the third kind of background absorption. It is due to the additional
background absorption by the low wavenumber tail of an intense Gaussian-shaped oxygen to metal charge
transfer (OMCT) band (O* —Fe** and O —Fe?*) similar to that observed in Fe-bearing silicate glasses (Uchino
et al., 2000; Vercamer et al., 2015). The absorption bands of obsidians superimposed to this background
absorption are more complex than in synthetic glasses and can be divided into four domains.

- First, the bands related to molecular water and hydroxyl groups may be seen in the near infrared at about 5,200,
4,500, and 4,050 cm*, superimposed on the tail of the fundamental OH stretching vibration band at 3,570 cm™.
These bands have been widely investigated in natural and synthetic glasses (e.g. Newman et al., 1986; Behrens

and Nowack, 2003; Balzer et al., 2020) to get information on the speciation of OH and H,O in magmas (Mysen
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and Richet, 2019). In the investigated obsidians, the total water content ranges between 0.46% in the Cochiti
marekanite up to 1.3% in the Panum Dome #2 obsidian. The peak at 4,500 cm™ is related to a combination mode
of stretching of Si-OH and Al-OH groups. The small peak at 5,200 cm™ corresponds to the combination of
stretching and bending modes of H,O molecules. The peak at 7,100 cm™, which represents the first overtone of the
OH-stretching vibration originating from both H,O molecules and Si-OH groups, is partly superimposed on the
Fe?" band of obsidians.

- Second, a symmetrical band is located at 8,700 cm™ and dominates the absorption spectra of obsidians. It has a
pure Gaussian shape in clear brown obsidians (Fig. S1), whereas a second minor Gaussian component must be
added to fit the band in the black ones (Fig.S2). Its intensity shows a qualitative variation with the Fe-content of
the sample and is higher in black than in clear brown obsidians. The full width at half maximum of this band is
constant in all spectra (about 4,000 cm™). This band may be related to a transition of octahedral Fe**. Its spectral
properties (mostly position and shape) are original relative to those observed in minerals (Burns, 1993). Such a
symmetrical shape is not observed in synthetic Fe-bearing glasses and will be further discussed in 4.1. The Lipari
and Milos obsidian spectra show a shoulder at 5,500 cm™ that is not observed in the other obsidian spectra. In
minerals, this position is usually indicative of tetrahedral Fe?* (Burns, 1993).

- Third, a large, weak and complex band extending between 13,000 and 22,000cm™ occurs in the spectra of both
types of obsidians, with small features superimposed at 18,100 and 20,300 cm™. The spectral bandwidth of this
band is large (about 6,000 cm™). As the 8,700 cm™ band, this original band at 18,300 cm™ is not found in synthetic
silicate glasses. Considering the width of this band, it can be attributed to a transition related to an Inter-Valence
Charge Transfer (IVCT) process (see 4.3).

- The fourth component, above 22,000 cm™, is related to the local environment of Fe** in the glass and comprises
the intense cutoff due to the (Fe-O) OMCT (Uchino, 2000; Vercamer et al., 2015). Weak contributions are
observed above 22,000 cm™, being well-defined in the spectra of black obsidians, but only faintly visible in the
spectra of the clear brown ones. These bands are related to spin-forbidden crystal-field transitions of tetrahedral
Fe®* at 26,500 cm™ (field-independent °A, - *E, (*D) transition) and at 24,000 and 22,500 cm™ (split *Ayq - “Tyy,
4Eg (“G) transition). Similar transitions of tetrahedral Fe** are observed in soda lime glasses and other Na-bearing
silicate glasses (Vercamer et al., 2015). The small additional peaks at 18,100 and 20,300 cm™ may be also related
to tetrahedral Fe**, Their intensity seems to be correlated to the evolution of intensity of the small tetrahedral Fe®"

contributions at 22,500 and 24,000 cm™ as in orthoclase (Hofmeister and Rossman, 1984).
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3.2.3 Low T spectra

The 8,700 cm™ band and the background absorption remain unchanged between ambient T and 10K. But the
optical absorption spectra exhibit in the visible and UV domains two major changes at low temperature (10K)
(Fig. 3). The intensity of the complex structure between 14,000 and 22,000 cm™ in the spectra of the black
obsidians increases dramatically (Fig. 3a), reaching ~1/3 of the intensity of the 8,700 cm™ band in the Panum
Dome #2 obsidian. In the spectra of the clear brown obsidians, this increase results in a higher absorbance than
that of the 8,700cm™ band (Fig. 3b). The shape of the band changes too, with a maximum at 18,300cm™ in both
types of obsidians. Considering the large width of this band and the wavenumber value of the IVCT that is
higher than the 12,000-16,000 cm™ range of the Fe** <> Fe** IVCT in minerals (Rossman and Ehlmann, 2019),
the additional contribution of a Fe>*<Ti*" IVCT may be suspected. At the same time, the UV absorption edge
shifts towards higher wavenumbers at low temperature, a more pronounced shift in black than in clear brown
obsidians. Though the absorption edge retains the same slope, this may indicate a difference in the nature of the

OMCT (Figs. 3a and 3b).

3.3 EPR spectroscopy

Electron Paramagnetic Resonance (EPR), also called Electron Spin Resonance (ESR), provides unique
information on the local structure of glasses containing paramagnetic ions diluted in the glass matrix and the
associated ferro- and ferri-magnetic phases and crystalline or amorphous superparamagnetic clusters (Calas,
1988). EPR is essentially sensitive to Fe** and Mn?*, as Fe? * has a too short magnetic relaxation time to be
detected. Due to the great variability of the shape of the spectra, EPR is used to trace the source of obsidian
artifacts (Duttine et al., 2003 and 2008).

Early EPR studies of obsidians (Regnard et al., 1981; Calas and Petiau, 1983) recognized the presence of several
species including superparamagnetic Fe-clusters and paramagnetic isolated Fe* ions. These spectra (Fig. 4) are
different from those of synthetic glasses obtained by melt quenching showing the presence of Fe** ions diluted in
the diamagnetic glass, with signals at 850, 1500 and 3200 G (Vercamer et al., 2015). In synthetic glasses, three
Fe** contributions are observed (Fig. 4), the relative intensity of which depends on the rhombic or axial nature
and intensity of the distortion of the Fe®" site (not discussed here). At room temperature, the EPR spectra of

obsidians are characterized by a broad and intense signal linked to superparamagnetic and other magnetic
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clusters corresponding to Fe-concentrated domains, above which are superimposed weaker narrow signals of
paramagnetic (isolated) Fe** (Fig. 5) The shape of these EPR signals remains similar in the various obsidians,
with the noticeable exception of Panum Dome #2 obsidian (see below). In addition, their intensity does not vary
much among the samples, the Lipari obsidian showing the highest relative concentration of paramagnetic Fe**,
despite it having the lowest Fe** content.

The EPR data obtained at low temperature (down to 77K) are markedly different. In all obsidians
samples, the super-paramagnetic contribution decreases sharply at low temperature, indicating the presence of
nanoscale magnetic domains (Figs 5 and 6a). Indeed, the superparamagnetic domains adopt a ferro- or ferri
magnetic behavior at low temperature, the temperature of transition from superparamagnetism to
ferro/ferrimagnetism depending on the size and nature of these clusters. The spectacular variations between the
spectra recorded at room and low temperature underline the importance of magnetic couplings involving Fe**
ions in obsidians. By contrast, the intensity of the isolated Fe*" signals increases with decreasing temperature T,
following a Curie's law in T that characterizes their paramagnetic behavior.

The superparamagnetic contribution largely dominates the EPR spectrum of the Panum Dome #1 of the
Mono Crater, which gives a spectrum different from the other obsidian from Mono Crater, Panum Dome #2;
however, the EPR spectrum of the glass obtained by quenching this obsidian melted at 1200 ° C for one hour
shows the disappearance of these domains and the concomitant increase of the intensity of the diluted Fe** signal
(near 1500 G) (Fig. 6b). This observation indicates that these clusters are characteristic of a slow cooling:
remelting the glass easily dissolves the superparamagnetic clusters and the corresponding signals loose intensity.
This behavior is the same as that of nanolites, showing that the formation of these clusters results from the fact
that melt diffusivity decreases in a cooling dehydrated melt, as observed in silicic melts (Mujin et al., 2017).

Among the investigated obsidians, the EPR spectrum of marekanite shows only a minor variation of the
superparamagnetic contribution at 77K, which indicates a low blocking temperature of these domains due to
their small size. This is consistent with a faster quenching in rhyolitic tuffs than in effusive domes. Finally, the
Panum Dome #2 sample shows an original spectrum different from what is expected in the case of Fe** ions in
glasses. In particular, the signal at 1,500G is quite symmetrical, which is not observed for Fe*" in silicate glasses.
The similarity of the spectra obtained at room temperature and at low temperature indicates a low content of
magnetic / superparamagnetic clusters involving Fe**. This original spectrum indicates a partial location of Fe**
in an organized local structure with a low concentration of Fe* ions, making it possible to preserve the

paramagnetic character of Fe** ions. The EPR spectra of some Fe**-doped spinels (Pathak et al., 2014) show

10
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some similarities with the Panum Dome #2 obsidian spectrum. It is interesting to note in a few samples
(marekanite, obsidians from Ecuador and New Mexico) the presence of Mn?* diluted in the vitreous matrix,
recognizable thanks to a characteristic hyperfine structure. In the other samples, the absence of this characteristic

structure indicates that Mn?* is incorporated in the magnetic clusters.

4, Discussion

4.1 Evidence of an ordered Fe?* environment linked to magnetite clusters

The optical spectra of Fe-containing synthetic glasses show an intense, broad, non-Gaussian and
asymmetric band, with a maximum at 9,000-10,000 cm™ (Fig. 1) arising from Fe?" sites diluted in the glass
structure. This band has a large full width at half maximum (FWHM), about 8,000cm™, and extends over a large
part of the visible spectrum. The shape of this asymmetric band is a result of a Fe?" site distribution between 4-
and 5-coordination, with only a minority of 6-fold coordinated Fe** (Jackson et al., 2005, Rossano et al., 2008).
This site distribution depends on glass composition and explains the variability of the optical properties of Fe** in
glasses. By contrast, all obsidian spectra show a well-defined Fe** band at the same position, 8,700 cm™. This
band has a constant FWHM of about 4,000 cm™, i.e. half the width of the Fe** band in synthetic glasses (Uchino et
al., 2000). This band remains unchanged at low temperature. Its shape is Gaussian in the light brown obsidians,
but it incorporates a minor component on the high wavenumber in dark obsidians (Figs. S.1 and S.2).

Such a peculiar absorption band has not been observed in silicate glasses. The low temperature optical spectra do
not support an IVCT, which exhibits a strong temperature dependence (see 4.3). In addition, Fe**-Fe** IVCT
transitions occur at higher wavenumbers and give broad absorption bands (Burns, 1993). By contrast, the 8,700
cm™ band is narrower than the crystal field transitions of Fe?* in glasses. Thus, the only alternative is a crystal-
field transition of Fe®* with a limited site distribution. The presence of just a single, unsplit Fe** absorption band
indicates a regular or slightly distorted octahedral site. Any site distortion will result in split Fe** optical
transitions, as observed in minerals (see Burns, 1993; Rossman, 2014; Vercamer et al., 2016). In addition, as Fe?*
is a d® ion, it is subject to a dynamic Jahn-Teller effect that will also split the main optical transition of octahedral
Fe?* (Burns, 1993; Vercamer et al., 2016). This splitting may be observed if the dynamic distortion, which goes

along with the Jahn-Teller effect of octahedral Fe?", is possible, as for [Fe(H,0)s]** complexes or by a coupling

11
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with the vibration modes of the matrix, as for Fe**-bearing MgO. Otherwise, the absence of splitting will result in
only one crystal-field related transition.

The optical properties of magnetite- like clusters are at the origin of a Fe?* absorption band similar to that
which dominates the optical spectra of obsidians. In magnetite, Fe?* occupies slightly distorted octahedral sites,
which are not oriented along the vibration modes of the spinel structure. Fe?* gives rise to a crystal field transition
at 7,200 cm™ with a minimal absorption near 12,500 cm™ and a bandwidth of about 4,000 cm™ (Wang and Qu,
2013; Taketomi et al., 1991). It retains a temperature independence of both the band position and intensity. The
position of the absorption band is sensitive to the size of the nanomagnetite particles, shifting slightly towards
higher wavenumbers with decreasing particle size in the nm range (Taketomi et al., 1991). The 1,500 cm™
difference with the value observed in obsidians would indicate the presence of magnetite-like clusters rather than
magnetite nanolites. The unusual intensity of this octahedral Fe** band, also detected in the magnetite-chromite
spinel solid solution, has been suggested to result from exchange-coupled pairing (Scafetta et al., 2020). In
Madssbauer spectroscopy, these magnetite-like clusters give a symmetric quadrupole doublet characteristic of a
superparamagnetic behavior, as shown by 7 nm-size magnetite nanoparticles (Si et al., 2004). By contrast, larger
(i.e. > 15 nm) magnetite particles give rise to a magnetically separated sextet often observed in the Mdssbauer
spectra of obsidians at room or at low temperature (Regnard et al., 1981; Spiering and Seifert, 1985; Stewart et al.,
2003). This is consistent with a 20 nm lower limit of the size of superparamagnetic magnetite (Wang and Qu,
2013).

However, the additional presence of Fe*" in a glassy environment cannot be excluded, in particular when
considering the Mdssbauer spectroscopy of some black obsidians here investigated, as Lipari and Milos, which
show low Fe**/total Fe values, 7-9% and 9.5%, respectively (Regnard et al., 1981; Spiering and Seifert, 1985;
Schmidbauer, 1986; Stewart et al., 2003). Although the fitting procedure did not take into account the Fe?* site
distribution that has been demonstrated in silicate glasses (Levitz et al., 1980; Rossano et al., 1999 and 2008),
these spectra show the contribution of a broad and asymmetric doublet, which is characteristic of Fe?* in glasses
(Rossano et al., 2008). As discussed above, the contribution of superparamagnetic magnetite clusters is a doublet,
even at low temperature, due to their small size. The low velocity component of the Mdssbauer signal of these
doublets will merge. The high velocity component indicates that Fe** occupies different kinds of sites, some Fe?*
occurring in the glassy matrix (Spiering and Seifert, 1985). The M&sshauer spectra of Lipari and Milos obsidians

show Fe to be in a valence state intermediate between Fe?* and Fe** (Schmidbauer et al., 1986).
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Reconciling the apparently contradictory results from optical absorption and Mdssbauer spectroscopy
needs to take into account the absorption coefficients of Fe?*. The diversity of Fe?* speciation in obsidians
precludes the calculation of this parameter, but the nature of the acting optical processes is very different. In the
case of isolated Fe?* in a glass, the crystal field transitions are dipole forbidden and will remain of low intensity, as
in minerals and glasses (Burns, 1993). By contrast, in the case of magnetite clusters, the optical transitions are
enhanced by exchange-coupled pairing between the neighboring Fe-sites and are expected to dominate the optical
spectrum.

Magnetite clusters seem to be the main actors in the Fe®* optical signature of obsidians. Indeed, the
efficient light absorption by magnetite precludes the magnetite micro- and nanolites to contribute to this Fe?*
signal: light transmission through a magnetite thin film 85 nm thick, drops down to 20% (Baghaie Yazdi et al.,
2011). At 5 nm thickness, transmission raises to 80%, which means that only the smallest ultrananolites and the
magnetite-like clusters will contribute to this Fe®* absorption band in obsidians. The same reasoning holds for the

IVCT discussed in 4.3.

4.2 The Fe** environment

The optical spectra of obsidians show the optical transitions of diluted tetrahedral Fe** (Vercamer et al.,
2015), even in the most reduced obsidians such as Lipari and Milos. As in minerals (Hofmeister and Rossman,
1984), tetrahedral Fe*" gives rise to a relatively intense band at 26, 500 cm™, with a characteristic double
absorption feature at 24,000 and 22,500 cm™ and two weaker bands at 20,000 and 18,000 cm™. By contrast,
diluted octahedral Fe*" has a diagnostic absorption band at 22,500 cm™, which coincidently superimposes to one
of the contributions of tetrahedral Fe®*. As the relative intensity of the 24,000 and 22,500 cm™ transitions does not
change among obsidians and the optical transitions are more intense for tetrahedral Fe** than for dilute octahedral
Fe®*, the optical spectra are consistent with diluted Fe** being in tetrahedral coordination. This does not exclude
some octahedral Fe** to be present in the mixed valence clusters responsible for the IVCT of obsidians, in which
charge-transfer processes hide crystal-field transitions. The fact that the weak bands at 20,000 and 18,000 cm™ are
not blurred by disorder effects, contrary to what is observed in glasses (Fig. 1), does not indicate the glassy matrix
to be the only host of Fe®". This contribution of isolated Fe** also contributes to the EPR spectra. It is of interest
that the Panum Dome #2 sample, showing an EPR spectrum partly arising from an ordered surrounding of Fe**,

shows the best resolved contribution of Fe** on the optical spectra.
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4.3 The mixed-valence, Fe-rich domains: magnetite-like clusters?

One of the key properties of the optical spectra of obsidians is the presence of the broad band near 18,000
cm™. This band shows a complex shape, indicating the presence of different optical transitions. The spectacular
intensity enhancement at low temperature demonstrates that it arises from an intervalence charge transfer (IVCT)
between Fe?* and Fe**. Such exceptional property has not been described previously in silicate glasses and defines
a unique property of volcanic glasses relative to synthetic glasses. An IVCT necessitates an electron hopping
between two cations in neighboring octahedral sites sharing edges. These clusters may correspond to clusters with
a spinel structure hosting Fe** and Fe®* as discussed in 4.1. Such Fe**-Fe*'IVCT transitions have been observed in
synthetic spinels at all compositions of the spinel-hercynite solid solution, indicating the presence of ordered
clusters within the spinel structure (Halenius et al., 2002).

Magnetite and magnetite-hercynite spinels show a [/Fe?*-?IFe®* I\VCT transition near 14,500-15,500 cm™
(Fontijn et al., 1999; Halenius et al., 2002; Seki et al., 2005). In obsidians, the wavenumber at which the IVCT is
observed is higher by 3,000 cm™ than this value. Similarly, the crystal-field transition of Fe?* in obsidian occurs at
a position higher by 1,500 cm™ than the value observed in magnetite (Taketomi et al., 1991). These differences
show that the magnetite-like clusters do not possess the optical properties of magnetite, but may act as magnetite
nuclei. These clusters were not detected on the Raman spectra of these obsidians using their signature at 670 cm™
(Di Genova et al., 2018), as the population of ultrananolites with a true magnetite structure may be too small to be
detected in these Fe-poor obsidians. Such ordered nanoclusters are independent of the glass structure. They are
responsible for the broad superparamagnetic EPR signal, characteristic of magnetic interactions within clusters,
but not between clusters. The upper size limit of the superparamagnetic properties of magnetite particles is about
20 nm (Wang and Qu, 2013).

Even if the proportion of Ti*" in obsidians is low (Table 1), the ®ITi**-¥lFe?" VCT needs to be
considered. From the Mdssbauer spectroscopy data on Lipari obsidian (Regnard et al., 1981), it can be deduced
that they contain only about 0.1% Fe®". This is not so different from the Ti-content (0.058%) if one considers that
Fe®* is also present in diluted sites of the coexisting glass structure. The Ti-Fe IVCT is often observed near 20,000
cm'®, which may explain the large width (6,000 cm-1) of the complex band around 18,000 cm™. However, a
detailed variable temperature investigation is necessary to understand this complex IVCT structure, which is of

great significance as it is present in all the calc-alkaline obsidians investigated.
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A mixed-valence character is also revealed by a doublet characteristic of a Fe valence state intermediate
between Fe®* and Fe** in the Mdssbauer spectra of Lipari and Milos obsidians (Schmidbauer et al., 1986). The
pioneering studies of Regnard et al. (1981), based on low temperature Mdssbauer spectra including in presence of
an external magnetic field, demonstrated the presence of ultrafine (<5 nm) clusters of magnetite Fe;O, in Lipari
obsidians. These clusters constitute, together with dilute Fe** and Fe**, 74% of the total absorption. They may be a
precursor of magnetite nanolites at the molecular scale. However, early Fe K-edge EXAFS data on the Lipari
obsidian (Calas and Petiau, 1983) demonstrated the presence of only a Fe-O contribution at 2.04A, close to the
average Fe-O distance in magnetite (2.05 A: Henderson et al., 2007), without any evidence of the presence of a
second shell: the size of these Fe-based clusters in obsidian is not large enough to allow detection of a magnetite-

like structural organization.

44 The Fe-clustering process

Ferric iron plays an important role in the glass structure. For instance, neutron diffraction and numerical
modeling show direct evidence of Fe clustering in glasses of jadeite-acmite composition even at 5 at.% Fe
concentration (Weigel et al., 2008). If the majority of Fe** is in tetrahedral coordination, randomly distributed in
the alumino-silicate network, some Fe®" and most Fe?" are 5-coordinated and cluster through preferential edge-
sharing; this local organization allows intervalence charge transfer and electron hopping between neighboring Fe*
and Fe**. Fe*" may be stabilized in tetrahedral coordination only if appropriate charge compensation is available,

I** is ensured. This demonstrates that the sites needed to build a

once the local charge balance of tetrahedral A
spinel structure are already present within the glass.

The transition to a (proto)crystalline organization may be considered using a model suggesting that Fe** is
involved with local charge balance of neighboring tetrahedral Fe®** (Spiering and Seifert, 1985). In the glass
structure, the presence of edge-sharing chains with Fe?* and Fe** will be a precursor of a spinel structure based on
edge-sharing octahedral chains interconnected by corner-sharing tetrahedra. This requires that Fe®* and Fe®*
change from 5- to 6-coordination. It has been speculated that a 5-coordinated site is a frustrated octahedron (Calas
et al., 2014 and 2020), which can hardly exist in glasses as a result of the atomic motions that characterize silicate
melts. In silicic melts, all O atoms are linked by strong Si-O covalent bonds to silicate tetrahedra. The viscous

flow and atomic diffusion at high temperature will cause the motion of silicate groups, which will weaken bonds

to cation sites. The connection of these cationic units to the incipient Fe-rich, mixed valence clusters described
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above will progressively hinder such permanent local reorganization of the Fe-sites, which will be able to retain an
octahedral coordination. These clusters may reflect a starting ordered structural organization around Fe, probably
based on a limited Fe site population, being sufficiently optically active to be easily detected. They indicate a local
rearrangement of the glass, and these clusters may be seen as precursors of a future nucleation/crystallization of
magnetite (ultra)nanolites in this type of glasses. Their size is large enough to imply sufficient Fe-sites in the
electron hopping processes that are at the origin of an efficient light absorption over all the visible range,

responsible for the black color of obsidians.

45 Why are calc-alkaline obsidians black?

All obsidians show an important residual absorbance, in addition to the various optical absorption
processes, as crystal-field transitions and intervalence charge transfers, above discussed. This minimal
absorbance varies among the samples even from the same location. It can be evaluated to be between 0.2 and 3.6
cm™ in the 5,000 cm™, a region outside the main absorption bands and in which light scattering is minimal (but
still contributes). These values correspond to a "grey level”, characterizing obsidian darkness without any hue, as
the absorbance is constant over the entire visible spectrum.

Magnetite has been recognized as a major phase constituting microlites and nanolites in volcanic
glasses (Sharp et al., 1996; Di Genova et al., 2018; Mujin and Nakamura, 2020; Allabar et al., 2020). It is among
the most efficient light absorbing minerals in the visible domain, owing to the small energy barrier of electron
hopping from octahedral Fe?* to neighboring octahedral Fe** that is comparable with the energy of the optical
band gap, 0.2 eV or 1600 cm™ (Liu and Di Valentin, 2017). For this reason, the presence of magnetite has been
qualitatively suspected for decades to give obsidians their black color, based on simple visual observations
without any firm optical spectroscopic grounds. It is possible to evaluate this contribution by reference to
transparent Fe;O, thin films (Baghaie Yazdi et al., 2011). An overall thickness of 85 nm corresponds to an
absorbance of 0.7. As discussed in 4.1, particles of this size or larger will absorb most of the incident light. This
means that only magnetite microlites and nanolites and the large ultrananolites will contribute to the black color
of obsidians.

As the linear residual absorbance of dark obsidians ranges from 4 to 6 cm™ (Fig. 2), this corresponds to
an overall thickness of the magnetite clusters ranging from 485 to 730 nm for a 1 cm thick obsidian. This gives a

crude estimate of the relative volume of absorbing magnetite of 5.10° to 7.10™. By considering the density of
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magnetite and rhyolitic glasses (5.1 and 2.3, respectively), we obtain a guess of 100-150 ppm Fe participating to
the black coloration of obsidians. This assessment relies on a random distribution of nanomagnetites. However,
this low concentration illustrates the exceptional optical properties of magnetite, showing that even minute

guantities exert a dramatic influence on the aspect of these original materials.

5. Conclusion

Obsidian is not just a glass, as illustrated by the complex Fe-speciation revealed by spectroscopic
studies: indeed, Fe®* and Fe** ions are largely located outside the glass structure forming clusters that partly
inherit some optical properties of hano-magnetite domains. This explains the unusual color of obsidians that do
not show the diverse hues expected from the presence of Fe?* and Fe** in glasses. The optical absorption in the
visible increases dramatically at low temperature, with an amplitude that is not observed in synthetic silicate
glasses. They indicate exchange-coupled pairing and ®IFe®*-FIFe" and /or ¥IFe?*-IITi** |VCT processes. The
EPR spectra show the presence of superparamagnetic domains in addition to minority paramagnetic Fe**. Optical
and EPR spectroscopic data are consistent with the presence of ordered clusters. However, much remains to be
understood about these clusters, concerning their structure, quantitative importance or links with the
(ultra)nanolites. The smallest magnetite-like clusters are transparent enough to contribute to the original
absorption bands of obsidians. The largest ones will contribute to the formation of nanolites giving obsidians
their black color. This study shows also that Fe-speciation in calc-alkaline obsidians does not reflect a magmatic
history. Most Fe is not located within the glass structure and does not show a local topology that is quenched
from the magma. This unusual Fe-speciation has implications regarding the significance of the redox state of
iron in obsidians, in presence of several Fe-speciations inherited from different stages of the obsidian formation.
Obsidians cannot be considered as quenched witnesses of the initial magma, at least as far as Fe is concerned.

On the small-sized side of the size distribution of crystal-like heterogeneities, from microlites to
nanolites and ultrananolites, the ordered clusters evidenced in this study represent a precursor (nucleus?)
between glass structure and magnetite ultrananolites. They demonstrate a progressive organization of Fe-based
units, which reflects the cooling and degassing processes that occurred during magma emplacement followed by
post-magmatic structural and chemical changes. The quantification of the spectroscopic characteristics of these

unusual spectra will provide useful tools to model the emplacement of these silicic magmas.
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Figure Captions

Figure 1. Comparison of the optical absorption spectra of the Lipari obsidian (in black), a soda-lime glass (in
red) and a diopside glass (blue dashed). Vertical lines indicate that the weak Fe** transitions in the near-UV

occur at the same position and that the Fe?* absorption band in the near-IR is different in both glasses.

Fig. 2. (a) Black obsidians; (b) Clear brown obsidians. The obsidian samples present similar optical spectra in
terms of band position, intensity and width. In the two types of obsidians, the absorption minimum is located at a
remarkably constant position, 14,000 cm™ and 13,000cm™ for the black and clear obsidians, respectively. This
explains the constancy of the observed color. In (2), the true absorbance of the black obsidians has been kept. In
(b), the spectra of Cochiti, New Mexico and Oregon obsidians have been shifted for clarity, retaining the same

relative absorbance (the scaling of 1cm™ is indicated for reference).

Fig. 3. Optical absorption spectra of Panum Dome #2 obsidian, black, and Cochiti, clear brown, obsidians at
ambient T and 10K. The broad band centered at 18,000 cm™ is sharply intensified at 10K in both types of

obsidians.

Fig. 4. Room temperature X-band EPR signal of Fe*" in New Mexico obsidian and a Na-Ca silicate glass. The
sharp signal near 1,500 G in the two glasses corresponds to diluted Fe**. The obsidian spectrum is characterized
by a broad signal covering most of the magnetic field investigated, indicative of the presence of

superparamagnetic clusters.

Fig. 5. Comparison of EPR spectra of obsidians recorded at room temperature and liquid nitrogen temperature
(77 K). The broad contribution that affects the spectra at room temperature is much attenuated at low
temperature, indicating of a superparamagnetic behavior created by Fe-rich clusters. The variability in the shape
of the spectra arises from differences in the size and shape of these clusters. All spectra have been normalized to

facilitate their comparison.
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Fig. 6. EPR spectra of the Panum Dome #1 obsidian at room temperature and 10K (a) and after remelting in air

(b). The spectrum of the remelted obsidian shows an enhancement of the diluted Fe** signal (near 1,500 G) and

the disappearance of the superparamagnetic signal.

Table Caption

Table 1. Elemental composition of the obsidians investigated.
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