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Abstract
Temperature is a key parameter controlling the rheology of lava flows. However, the

unpredictable hazard of eruptions prevents direct measurements of hot volcanic bodies. Thus,
the temperature of lava products is mostly retrieved by remote sensing techniques (ground- or
satellite-based detectors) build on measuring infrared (IR) radiance. These well-established
techniques are however subjected to important errors related to the poor knowledge of one of
the most critical parameters, namely spectral emissivity. The aim of our study is to fill this
gap by exploring the emissivity—temperature relationship o~ three different basalts. We
performed in situ emissivity measurements at high temperatu. =< (up to 1800 K) over a wide
spectral range (350—-8000 cm ' 1.25-28.6 pum), using a 1n-contact IR apparatus. To unravel
the complex radiative behavior of the samples wiu. te-nperature, structural, chemical and
textural analyses using Raman spectroscopy, XX, DSC, SEM, EMPA and TEM were
systematically performed. Our results sh~w ‘ha. spectral emissivity varies with temperature,
wavenumber, and the sample degre~ of poiymerization combined with total FeO content.
Spectral emissivity is greatly affected vy the crystallization of Fe-Mg-rich crystals at the
micro-scale. Consequently, th’s ~tudy proves that spectral emissivity cannot be assumed
constant for a single magmatic composition. Finally, our laboratory-measured values of
spectral emissivity -'lo ved refining the remote sensing temperature of the 2014-2015
Holuhraun eruption (B..darbunga, volcano) by 50 K in average. These new insights will
ultimately reduce uncertainties in temperature estimates based on IR technology, information

that are crucial to improve hazard assessment in volcanic crisis.
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1 Introduction

Lava flows are one of the main hazards related to effusive basaltic volcanism as demonstrated
in recent eruptions at Piton de la Fournaise on La Reunion Island (2007-2021; Chevrel et al.
2021), Bardarbunga in Iceland (2014; Kolzenburg et al. 2017), Etna or Stromboli in Italy
(2021; Fornaciai et al., 2021; ; Plank et al., 2019), Kilauea on Hawaii island (2014, 2018;
Neal et al., 2019) and La Palma on Canary Islands (2021; Carracedo et al., 2022). For
minimizing their impact on surrounding locations, it is strictly necessary to continuously
monitor the propagation of the lava flows and accurately mouc: their surface evolution for
predicting their potential run-out distance (Harris et al., 20* 2\, Ty this end, temperature (T) is
one of the key parameters to be precisely determined, s.nce it strongly controls the rheology
of the progressing lava flow. This effect was well iac=ufied for the Bardanbunga eruption,

where small temperature variations of ~50 K, i1.7acr.d the change from a highly fluid flow to

a rheologically blocked lava (Giordano e al. 2007; Kolzenburg et al., 2018, 2017, 2016).

Lava temperature can be measuio1 directly by thermocouples or indirectly via remote
sensing (RS) instruments. Howe" .= .l.c low representativeness and spatial coverage of the
former along with the hazaracs and unpredictable behavior of eruptions ensue that lava
flows are more regularl; mc.aitored by ground-, air- and satellite-based remote sensing
techniques (pyrometers, thermal cameras, and satellites). These techniques measure the
emission flux (radiance) of the volcanic body at different wavelength ranges (Thermal
InfraRed range, TIR, 8-14 pm; Mid InfraRed range, MIR, 3—5 pm; Short-Wave InfraRed
range, SWIR, 1-2.5 um; Aufaristama et al., 2019; Blackett, 2017; Ramirez-Gonzalez et al.,

2019; Rogic et al., 2019a), which is later converted into temperature using Planck’s law.

Nevertheless, these well-established techniques are subjected to assumptions and
limitations that can propagate important errors from measurements to derived eruptive

parameters such as temperature (Harris, 2013; Thompson and Ramsey, 2021; Zaksek et al.,



2013). Measurements can be impacted by the variation of surrounding environment (e.g.,
atmospheric absorption, Gillespie et al. 1998; Harris 2013; Yang et al. 2020), and the constant
changes in temperature, composition and texture of the cooling lava (e.g., Ramsey et al.
2019). Even if the uncertainties of environmental and of thermal gradients can be reduced,
measuring emission flux, and determining temperature is ultimately challenging since today
the variation of radiative properties of lava flow with temperature is poorly understood (e.g.,
Gillespie et al., 1998). Thus, the radiative properties of lava appear as the greatest source of

inaccuracy for temperature retrieval (e.g., Zaksek et al. 2013).

In this framework, the aim of our study is to min.miz: the uncertainty in one of the
hitherto poorly known and oversimplified parameter:, (v <., Harris 2013; Rogic et al. 2019a),
namely the spectral emissivity (g). This parameter (s crucial to invert remotely sensed data
from lava flow’s emission flux and to retri~ve s temperature. To achieve this goal, we
measured the evolution of the radiative ;operties of three different basaltic compositions
using a direct IR emissivity measure™en. apparatus over a large range of temperatures (from
room temperature up to 1800 K> a..1 a wide spectral range (400-8000 cm ') covering TIR,
MIR and SWIR. We then ccmpre our results with the relevant literature and use them to
refine the temperature c: 'owuhraun lava flow (Bardarbunga volcano) derived by remote

sensing technique.

1.1 Background on laboratory measurements of rock-magma emissivity.
Spectral emissivity (¢) is the physical capacity of a material (e.g., lava flow) to emit heat

radiation. The inner microscopic and macroscopic structure of the body (i.e., degree of
polymerization; composition; presence of heterogeneities such as crystals and/or vesicles, and
surface roughness) exerts an important control on phonon propagation and emissive behavior.
Since magma composition and crystal content is strongly dependent on temperature (Andtjar

and Scaillet, 2012; Takeuchi, 2011), the progressive cooling and crystallization of an



evolving lava flow necessarily result in a continuous evolution of its radiative properties.

Hence,

to retrieve more precise temperature values using remote sensing techniques, it is

necessary to have precise knowledge on the magma spectral emissivity.

Figure 1 shows an example of a broadband emissivity spectrum of a basaltic FeO-rich

melted glass (Holuhraun eruption, Bardarbunga) recorded at 1787 K. For better clarity, the

part a) presents the characteristic spectral ranges: TIR-MIR-SWIR, and two specific bands:

10.9 um and 1.6 pm, commonly used in the remote sensing aoplication/community. Figure

1b shows three typical spectral regions that can be distingu'shc 1 1n the case of a dielectric

material (e.g. silicate glass or melt; Howell et al., 2015):

1-

The region <1500 cm™ (covering the TIR) veve. Is the main vibrations of a silicate
network (e.g., SiOy4 tetrahedra). Since thc bsorption coefficient (K) is very high, the
optical thickness (K x d, where d i~ <ai.>nle thickness, here d = 3 mm) is great and the
material appears opaque from the  ntical point of view in this spectral range. Two
specific spectral features car he easily distinguished in the spectrum: the broad
Reststrahlen band (centc ed «: 980 cm™ and corresponding to the minimum value of
emissivity) and Chris.'ansen wavenumber or Christiansen Feature (CF), defined as
the particular w: ven imber (or wavelength) at which a dielectric material behaves as
a perfect blackbo ly (¢ = 1). The CF is specific for a given material and is commonly
used for identification purpose (Ruff et al. 1997; Christensen et al. 2000; Cooper et
al. 2002; King et al. 2004; Hamilton 2010) and to precisely determine the object

temperature (Rozenbaum et al. 1999; De Sousa Meneses et al. 2015);

The spectral region between 1500 and 3500 cm™ (covering the MIR) is assigned to
multiphonon processes. Since the absorption coefficient decreases almost
exponentially in this region, a material appears semi-transparent from optical point of

view. This leads to the significant decrease of the emissivity above 2000 cm™ and is



observed by presence of a Transmissivity Front (TF; De Sousa Meneses et al., 2015;

Rozenbaum et al., 1999);

3- The spectral region >3500 cm™ (covering the SWIR and extended up to visible, VIS)
is related to electronic processes (Rozenbaum et al. 1999; De Sousa Meneses et al.
2006). In the electronic region, most of materials such as pure silica appear
transparent from an optical point of view. In the case of FeO-rich glass, the Fe’* or
Fe®* absorptions detected in this spectral region, are esponsible of high emissivity

values.

The radiative properties of an object measured in the o,20ue region (TIR) are exclusively
representative of its surface. On the contrary, th> raliative properties recorded in the
multiphonon and electronic regions (i.e. MIR i SWIR regions) are characteristic of the
probed volume, which depends on optical *-ic.ness and then an object absorption coefficient

(De Sousa Meneses et al. 2004).

Although ¢ is well studied at 1orn and low temperatures (<353 K), there is today an
apparent lack of spectral emiss'vii data for natural magmatic compositions recorded at high
temperature conditions. In volc..n0logy application, this lack of experimental data prompt to
the default approach ~f osinz a constant € value retrieved at room temperature for a given
rock family (Crisp et al. 1990; Thomson and Salisbury 1993; Oppenheimer 1993; Harris and
Thornber 1999; Calvari et al. 2005; Harris 2013; Chen et al. 2015; Ramsey et al. 2016;
Kaneko et al. 2021; Thompson and Ramsey 2021). However, recent works (Rogic et al. 2019;
Thompson and Ramsey 2020b; 2021) claim that this oversimplification neglects the effects of
composition or temperature on the radiative properties of lava flow. For instance, large
variations on emissivity (i.e., from 0.95 to 0.6) can under- or over-estimate the derived
effective radiation temperature and impact the modeled runout distance of the lava flow by

~40 % (Rogic et al. 2019b; Ramsey et al., 2019). They recommend a tightly constrain on the



e—T dependence for each magma composition over a wider spectral range (not only TIR) and
at relevant magmatic temperatures (up to ~1500 K) as to select ¢ values adapted to the

targeted volcanic material.

To date, few laboratory works addressed this issue with relative success (Bouvry et al.,
2017; Lee et al., 2013; Lombardo et al., 2020; Rogic et al., 2019a; Thompson et al., 2021;
Thompson and Ramsey, 2020) and their results highlight the non-linear relationship existing
between emissivity and temperature (e-T). However, most of these works are performed on
crystals or synthetic glasses over a limited temperature and spec‘ral range (typically the TIR
region; Byrnes et al., 2007; Harris, 2013 and references hercin; Lee et al., 2013; Pisello et
al., 2019; Ramsey and Christensen, 1998; Rogic et al., .71a). Moreover, the use of different
apparatus having different set ups, sensibilities loadeu with synthetic compositions and
different textures (e.g., rock powders, glassy i aterials), results in the production of a variable
dataset of spectral emissivity values and . .ntrasting T relationships. For example, Abtahi
et al., (2002), Lee et al., (2013) Pisel'~ ev ~1., (2019) Rogic et al., (2019a, b), Thompson et al.,
(2021) showed a negative e-T relaonship. Based on their observation, these authors state
that the spectral emissivity ¢ molten lava is lower than its solid counterpart. In contrast, the
works of Bouvry et al., (.1/), Lombardo et al., (2020), and Li et al. (2021) show rather
constant or positive e-1 relationship over various spectral ranges, allowing the authors to
state the contrary. The principal parameters they used, and the main results of their work are
resumed in Table 1. This study shed light on the relation of spectral emissivity and

temperature using broad analytical techniques described in the following section.

2 Methods



2.1 Starting materials preparation
To assess the impact of mafic composition on the radiative properties, we selected three

representative materials from different geological settings (Fig. 2a):

1- Icelandic scoriae and decametric lava samples from the 2014-2015 Holuhraun
eruption (Bardarbunga volcano) that were collected and kindly provided by A. Hoskuldsson
(University of Iceland). The products from this event were selected since this eruption was
one of the largest effusive episodes of the recent historical record of Iceland and Europe
(Neave et al., 2019). At the same time, this was one of the first ex~eptional opportunity cases
where it was possible to continuously monitor the changes .. eruptive dynamic and temporal
evolution of the eruption by aerial/satellite and ground vosed Infrared techniques (Nadudvari
et al. 2020 and Aufaristama et al. 2018). Scoriae were etrieved at the crater site on October
14, 2014 and lava sample at ~1.1 km down flo - fruym the crater location, on September 29,

2014 during the channel-fed lava emplac :me at (Pedersen et al., 2017).

2- Basanitic scoriae from the hisw vical 1705 Fasnia eruption at Teide, Tenerife (named
hereafter as “Fasnia”) that were c.l'ec.od on the crater site in April 2017 (Albert et al. 2015).
3- Mid-Oceanic Ridge Basalt \.-amed hereafter as MORB) that was collected at the Juan de
Fuca ridge (Prouteau et a'. ?0C%). The basanitic and MORB samples were selected as to study
the effect of compositio. on the radiative properties of basaltic melts, since MORB closely
approaches the composition of Bardarbunga basalt whereas the basanitic one, strongly differs
from this for its alkaline rich-silica poor character (Table 2). Notwithstanding, since all the
above samples are natural products containing different proportions of minerals and vesicles,
all of them having specific radiative properties that will affect the sample’s overall emissive
response (Donaldson Hanna et al., 2012; Hamilton, 2010, 2000). In this study, all the samples
were initially melted for obtaining homogeneous crystal-free glassy equivalents, that allowed

us to strictly capture the effect of composition on € alone without having any interference of



the crystal cargo.

Remelted glasses of Bardarbunga (B-glass), Fasnia scoriae and Juan de Fuca MORB
were prepared as follows: between 30 and 50 g of material were ground with agate mortar
and pestle, and fused in a Pt crucible at 1720 K for 2h30 in open atmospheric conditions. The
whole set was quenched in water, crushed, grounded and fused again at the same temperature
for 1h30. The resulting melt was finally quenched in air. Fragments of the resulting starting
glass were embedded in epoxy resin, polished and initially rharacterized with a Scanning
Electron Microscope (SEM) to assess its homogeneity. Then the giasses were analyzed with
electron microprobe (EMPA) for determining their compc siticn and to ensure that no alkalis
or iron migration from the sample to the Pt crucible o.~uired. Meanwhile, the glasses were
drilled to recover cores with 10 mm diameter that were cut into 1.5+£0.1 mm thick slices with
parallel surfaces. The surface of each wafer >-as optically polished (Fig. 2b) to optimize the
sample response during IR experiments a. <1500 K (De Sousa Meneses et al. 2015). Note,
for IR measurements at higher tempe-atu.=s (>1500 K), wafers with 3+0.1 mm thickness and
10 mm diameter were instead propa-=a. Finally, to explore the radiative properties of natural
basaltic rocks and assess tho n.mact of crystals on spectral emissivity, additional 1.5 and
3.0 mm wafers from natui.' not treated Bardarbunga lava sample (named hereafter as “B-

Nat”) were prepared in th > same way.

2.2 Experimental apparatus and procedure
In order to determine the thermal radiative properties of the different basalts, two

complementary methods of emissivity measurements can be applied: direct and indirect.

In the direct method, the spectral emissivity (&) is defined as the ratio between the
normal spectral radiance of the sample (L) and that of the blackbody (L°) in the same thermal
(temperature, T) and optical conditions (angle of measurement 8), (Boltzmann, 1884; Stefan,

1879):



L(o,T,0
£(0,T,0) = ﬁ#(n

The indirect method is based on second Kirchhoftf’s law where the spectral emissivity
is indirectly derived from measurements of spectral reflectance (p) and spectral transmittance

(T), such as:

&(o,T,0) =1—p(0,T,0) —1t(0,T,0) #(2)

Note that for opaque materials with t = 0, ¢ relies exclusively on p measurement.

Both methods have important advantages and drawbacks. The direct method allows to
measure spectral emissivity up to very high temperature:, (i..., >2000 K; Rozenbaum et al.
1999), but at low temperatures (i.e., <500 K) only . i'miied spectral range, not exceeding
3000 cm™ (TIR-MIR), can be successfully meastied vy detector, Although, the indirect
method gives access to wide spectral range (up 0 8000 cm™, TIR-MIR-SWIR) at lower
temperatures (<1000 K), it is impracticai ~* temperatures >1000 K (Rozenbaum et al., 1999)
because of the sample self-emission tha: hinders the reflection measurements and saturates
the detector. Since the principal “awresc of this study is to measure the spectral emissivity of
volcanic rocks up to molten ~oun litions, we applied the direct method above 500 K. Indirect
method allowing to dezuce spectral emissivity from the transmissivity and reflectivity

measurements was used «‘ room temperature.

Evolution of € with temperature (from 500 K until 1800 K) was measured in sifu by using
a non—contact spectral emittance apparatus developed at CEMHTI laboratory (Conditions
Extrémes et Matériaux : Haute Température et Irradiation, Orléans, France) (De Sousa
Meneses et al., (2015). As shown in Figure 2d,e, the setup consists of a measuring chamber
maintained at 295 K and purged continuously with dry air linked to two Fourier Transform
InfraRed spectrometers (FTIR) set face-to-face. The chamber hosts a 180° rotating computer-

controlled turntable, within which the sample is placed in front of the blackbody reference.



The latter is a Pyrox PY8 LaCrO; furnace with an aperture of § mm maintained at 1273 K for
better stability. During measurements <1500 K, the sample is continuously heated with a 500
W CO; laser (Diamond K500, Coherent Inc.) which is divided into two equivalent beams as
to heat the entire sample (1.5x10 mm) from above and below. This configuration allows
creating a thermally homogeneous spot (no radial nor axial temperature gradients) on the
center of the sample of 4 mm in diameter (Fig. 2c). In order to measure € at T >1500 K, the
3x10 mm wafers were heated exclusively from above, since this configuration allows
creating a small “fusion pond” at the surface of the sample, wh:~h vorks as a “self-crucible”.
The use of the CO, laser as a heating source allows avoiriing thermal interferences that may
arise when the sample is heated with a classical #'rnoce. The only contribution is the
characteristic CO, laser emission detected at ~94% ci.™' (10.6 pm), which can be easily
identified and eliminated from the signal, en: u1.~7 that only the emittance of the sample is

considered.

The two face-to-face FTIR spect-rnmicters are respectively a Vertex 70 (Bruker) purged
with dry air and a Vertex 80v (Isrui-er) working under vacuum, set with multiple detectors
and beam splitters (De Sous> M.~neses et al. 2015) that allow to record the emittance in a
wide spectral range from. I IK to visible (50-20000 cm™). Such FTIR configuration allows
simultaneous measureme. t of the sample and blackbody emittance (and inversely in the next
rotation of the turntable) under the same environmental conditions. Note that in order to
eliminate interferences from the apparatus environment itself, the thermal flux of the ambient

background is also recorded.

When operating, the spectrometer diaphragms are set to 1 mm, which ensure a circular
measuring spot of 2 mm in diameter within the 4 mm homogeneous thermal spot (Fig. 2c¢).
The experimental configuration assures optimal measurement conditions in terms of

environmental stability and single optical paths for the acquisition of thermal fluxes from



ambient to extreme temperatures (Rozenbaum et al. 1999; De Sousa Meneses et al. 2006;
2015). The resulting thermal emission signals include the sample signature, the blackbody as
well as instrumentation and environment contributions that must be corrected. To eliminate
these contributions, the method of three interferograms described by De Sousa Meneses et al.,
(2015) and derived from Planck law is applied. In this experimental procedure, we recorded
three interferograms at each temperature, and then applied a Fourier transformation (TF) such

as:

_ TF(s —1g) Ly, — LY
CTF(Ipy —1,) 19— 19

#(2)

&

Where 1, I3, I are the interferograms (acquired wi» 64 scans) of the parasitic ambient

contribution, the blackbody emission and the samp'e (mission, respectively. Consequently,

L%, 19,, L% are the Planck functions of the ai.hi:nt, the blackbody and the sample. The
respective thermal fluxes were collectec ev.ry 50-100 K steps from 500 K to 1800 K (for a
total of ~25 steps) and the sample w.< quenched afterwards by shutting the laser power
down. Note that temperature is »~t ~taightforwardly set but is increased due to the laser
power increase. The temperatu. = vawue is then precisely radiometrically calculated (~98 % of
accuracy, Brun 2003; Eckes =t al. 2013) using the CF (Rozenbaum et al. 1999; De Sousa
Meneses et al. 2015, . e al. 2021). At this special wavenumber the FTIR spectrometer
works as monochromatic pyrometer. A comparison with emittance values acquired by direct
and indirect methods led us to estimate the standard uncertainty of € measurements to be of
1-2 % at the vicinity of the CF and 5 % above 2000 cm™ (del Campo et al., 2011). Each
measurement step takes ~15 minutes minimum, corresponding to the time necessary to
achieve thermal equilibrium and to record the fluxes at the different rotation positions of the
turntable. In consequence, the total duration of a single IR experiment can be estimated to

~8 h.



2.3 Additional sample characterization
In order to understand the processes beyond the observed radiative properties of investigated

basaltic samples, structural, textural, chemical, and thermal analyses were performed before
and after in situ high temperature emissivity measurements, using the following experimental

techniques.

2.3.1 Scanning Electron Microscope and Electron Probe Micro Analyzer

Prior to analyses, sample chips were embedded in Epoxy resin, polished, and carbon coated
(15-20 nm) under vacuum. Textural analysis was carried out v.*h a Merlin Compact ZEISS
Scanning Electron Microscope (FEG SEM) equipped with ~ GEMINI I column (15 kV,
10 mm working distance). Mineral and glass chemist. 7 analyses were performed with an
Electron Probe Micro Analyzer SXFive (EPMA) at IS <V and 8 nA current using focused
beam for minerals and 5, 10, 20 um defocusec Fean for glass. Mineral end-members were
calculated as in Deer et al. (2004) for oli/in¢ anu plagioclase, and as in Morimoto (1988) for

pyroxene.

2.3.2 Transmission Electron Mirros opy

Analysis of the experimental Ti-Gi~ss sample by Transmission Electron Microscopy (TEM)
helped in constraining the 1.-ner microstructure and composition after IR measurements. Two
pieces were precise!y »x.zted from the IR measuring area (Fig. 2c¢). Their cross sections
were glued with their surfaces facing each other and then cut again to form a rectangle of
~2.5x2 mm (the so-called ‘“sandwich” preparation; Ayache et al. 2007). The rectangular
sample was mechanically polished with a tripod and inlaid diamond discs until a 50 pm
thickness was reached. The resulting foil was finally obtained by argon ion milling (PIPS).
Imaging, Selected Area Electron Diffraction (SAED) and TEM spectroscopy analyses were
performed on a JEOL-ARM 200 Cold FEG transmission electron microscope operating at 80

kV, equipped with double spherical aberration correctors (TEM/STEM) and fitted with a



JEOL SDD CENTURIO EDS system and a Gatan Imaging Filter (GIF) Quantum ER. The
microstructures of the sample surface and core were imaged by TEM bright field and
Scanning Transmission Electron Microscopy — High Angle Annular Dark Field (STEM-
HAADF) modes. Sample compositions (core and surface) were obtained with STEM-EDS
(Energy Dispersive X-ray Spectroscopy) and STEM-EELS (Electron Energy Loss
Spectroscopy). Changes in bonding, coordination or valence state are associated with the
shape distribution of the energy-loss near-edge fine structure (ELNES) of core-loss edge like
the L, transition metal and O-K near-edge. The ELNES <~ta of our samples was then
compared to those of sample with known structure (Colliex e. al. 1991; Golla-Schindler et al.

2003, 2006).

2.3.3 Differential Scanning Calorimetry

Differential Scanning Calorimetry (DSC) analys < vvere carried out with a SETARAM Multi
HTC 1600 in order to measure the gl.ss transition temperature (T,), and eventual
crystallization events of synthesized gi~sses and natural basalts. Prior to the DSC analysis,
the apparatus was calibrated agai~st v.lting temperature of already known standards (gold,
silver, aluminum), at different. heaung rates with a precision of 1 %. The glass and natural
samples (500 mg of previou.'v crushed and dried) were separately put in platinum crucible
on the first thermocoup:~ veam, whereas the platinum crucible on the second beam remained
empty to work as a reference. Note that by definition, DSC measures the difference between
heat flow rates of a sample and a reference material. The apparatus was first purged with Ar
at a flow rate of 20 mL min_' and then, the predefined heating program was started (modified
from Applegarth et al. 2013). The first program step, i.e. isotherm at 423 K and 15 min of
equilibration, allowed eliminating oxygen/water traces from the furnace/sample and
achieving the constant signal. A heating ramp with a constant rate of 10° min™' was then

programmed to reach the temperature of 1723 K. Once this maximum temperature was



achieved, the cooling process with a constant rate 10° min™' allowed to decrease the T to 423
K. The sample was maintained at 423 K for 60 min in order to re-equilibrated the signal.
Finally, the second heating-cooling cycle was recorded. The resulting differential heat flow
curve showed the endothermic events as troughs, representative of temperature of the glass
transition (T,) and melting (T,,), and the exothermic events as peaks related to crystallization
(T¢). T, was determined by taking the temperature at the intersection between the heat flow
curve and the median line between both starting and ending glass transition temperatures.
Note that melting under Ar gas has been usually identified ‘== tw > endothermic events and
crystallization in two to three exothermic events (Burkbara, 2001). The area of a peak or
trough is directly proportional to the enthalpy of form~tic of each phase (Applegarth et al.,

2013).

2.3.4 Raman spectroscopy

Raman spectroscopy gives insights into .>e .ocal structural and chemical evolution of silicate
glasses that can occur with temperaturc ~hanges. Raman spectra were recorded ex sifu prior
and after IR experiments using, ~ ..omemade micro-Raman apparatus equipped with a
monochromatic 532 nm Cohe.~nt Genesis MX SLM laser as exciting source, a Nikon
ECLIPSE Ni-U microscey=. . Andor Shamrock 5001 spectrometer equipped with an Edge
filter cancelling intense ayleigh elastic scattering and Peltier cooled back illuminated CCD
Andor Newton detector. The use of long working distance Nikon objective (100%, N.A. 0.8)
allowed micro-scale analysis with lateral resolution down to 1-2 um®. A 600 lines/mm
grating was systematically used, providing spectral window spanning from 100 to 2700 cm.
For each analysis, acquisition time was set to 60 seconds and the laser power output varied
between 100 and 300 mW. Daily calibration of the Raman micro-spectrometer was performed

based on the 520.8 cm™ peak of silicon.



2.3.5 X-Rays Diffraction

In situ X-Rays Diffraction (XRD) measurements were performed in order to follow B-glass
sample evolutions with temperature increase and to identify the nature of the
crystalline/glassy phases present. High-temperature diffraction patterns were collected every
100 K from 873 K up to 1473 K using an Anton Paar oven chamber (HTK1200N model) in
the 20 range from 15 to 80° with a 0.021° step size and an acquisition time of 2 s per step. To
avoid any textural effect (preferential orientation) after HT-XRD experiments, the sample
was crushed and re-analyzed with the same parameters. Bragg neak identification for all
phases was carried out in comparison with an extensive or...>e uatabase (PDF-4 edition 2021

from ICDD, https://www.icdd.com/, last accessed 02/02,27).



3 Results

3.1 Petrography of studied samples
In order to retrieve the textural and chemical evolution of basalts after IR experiments, the

petrography of each sample was first characterized.

3.1.1 Bardarbunga sample

The composition of lava from Holuhraun eruption is basaltic with 48.91 wt. % SiO, and
2.73 wt. % alkalis (Mg# = 0.80) (Table 2). Bardarbunga sample is vesicular and phenocryst-
poor (crystals >1 mm and up to few cm), and contain mic-rphenocrysts (0.1-1 mm) of
plagioclase (Ang;.g7) as the dominant phase and lesser amc mts of clinopyroxene (Woss.49
Engg Fsja16, Mg#t = 0.70-0.85 defined here as cat’ns —#), olivine (Fogg 76), and
titanomagnetite (Fe,TiO3). The sample contains numc ous microglomerocrysts of anhedral
clinopyroxene, plagioclase, minor subhedral ¢'vire and skeletal Fe-Ti oxides, and small
vesicles (0.2—0.5 mm) set in a microl:chic groundmass consisting of the same previous
mineral assemblage. The identified tc~tural and mineralogical features is similar to that of

typical Icelandic tholeiites associatec with the Bardarbunga volcanic system as observed in

Geiger et al. (2016) Kolzenbur« et .'. (2017), and Halldérsson et al. (2018).

3.1.2 Juan de Fuca MOP.R

The composition of the basalt from Juan de Fuca mid-oceanic ridge (Table 2) is similar to
that described in Prouteau et al. (2001) and Mottl et al. (1994; Mg# = 0.59-0.73). This
sample, called hereafter MORB, is very fine-grained, with crystal size <150 pm. Following
the description of Mottl et al. (1994), olivine microphenocrysts morphology varies from
partially rounded to euhedral with composition of Fo77_s¢. Plagioclase microphenocrysts
(~0.1 mm) are euhedral columnar crystals and have compositions ranging from Angg to Angs.
Clinopyroxene microphenocrysts are sub-euhedral and rounded, and are included in radiating

aggregates with plagioclase. Fe-Ti oxides are skeletal individual and small (~0.01 mm), and



are associated with plagioclase and ferromagnesian grains (Mottl et al. 1994).

3.1.3 Fasnia sample (Tenerife, Canary Islands)

The composition of Fasnia eruption products can be classed as basanitic (Table 2) and is
similar to those studied in Albert et al. (2015) and Jiménez-Mejias et al. (2021). Fasnia
sample contains euhedral phenocrysts (13 wt. %; Albert et al., 2015) and microphenocrysts of
olivine (Fog7.79), clinopyroxene (Wous.so Enss.a; Fsip-14, Mg# =72-78), Fe-Ti oxides of
variable composition and plagioclase (Ango.s;), the latter occurring only as microphenocrysts.
The whole assemblage is set in a porphyritic texture w’.. a fine-grained groundmass

consisting of the same previous mineral assemblage and g'ass ‘Albert et al. 2015).

3.2  &T relationship for Bardarbunga glass
Figure S1 shows the temperature evolution of all recoru~d emissivity spectra for B-glass. As

it can be clearly seen, five characteristic tem»e. ‘tr.e intervals, in which the e-T evolutions
are very similar, can be distinguished. C »ns.quently, for better readability Figure 3a (and all
further Figures with spectral emissivii, data of B-Nat (Fig. 3c), Fasnia (Fig. 4a) and MORB
(Fig. 4c) presents the most represectoiives spectra from every characteristic temperature

regions.

Figure 3a shows the p<~tial emissivity evolution with temperature for B-glass in the full
investigated spectral rang > (TIR-MIR-SWIR, 400-8000 cm™") whereas Figure 3b is the zoom
of the grey rectangle area visible in Figure 3a, and focuses on the TIR (400-2000 cm™)

spectral range.

Below 1020 K (see the spectrum at 888 K in Figure 3a,b; Fig. S1), ¢ slightly varies with
increasing temperature. In the spectral region <1500 cm™, the Reststrahlen bands reveals the
vibrations of Si and Al-based tetrahedra of the disordered glass structure (Crisp et al. 1990;
King et al. 2004). The CF is located at 1230 cm’ at ambient temperature while decreases to

1210 cm™ at 1020 K. The temperature evolution of the CF position is shown in Figure S2.



With the temperature increase (from 520K to 1020 K, Figure S1), ¢ minimum located at
980 cm™ slightly increases from 0.79 to 0.82, which is the expected evolution with
temperature. Note that emissivity values retrieved in 917 cm™ (RS band 10.9 pm) and 6250
cm” (RS band 1.6 pm) in all measured temperature steps are plotted in Figure S3. This
behavior, comparable to that observed in pure silica (Rozenbaum et al., 1999), is related to
the increasing dampening of the glass structure vibrations owing to the rise in anharmonicity
and local structure reorganization. In the multiphonon region (between 1500-3500 cm™), the
sample shows a transmissivity front (Fig. 1 and Fig. 3a) demz~su ting that B-glass behaves
as a semi-transparent material above CF. Therefore, the ~on.-ibution of transmittance is not
negligible, and the most commonly used method *~ (<timate spectral emissivity based
exclusively on reflectance measurements, i.e. "1-R" {(h«+ris 2013), cannot be applied for B-

glass and at any temperature.

Between 1020 and 1097 K (see 1.~ spectrum at 1097 K in Figure 3a,b; Figure S1),
above the glass transition temperatur~ ti.~ € markedly increases with temperature (from 0.94
close to unity, at 2400 cm™), mexn.> e transmissivity front indistinguishable. This rapid &
raise in multiphonon and ele-tro.~ic regions corresponds to an opacification phenomenon (Li
et al., 2021 and refercaccs therein). In consequence, the material changes its optical
properties from semi-traisparent (€ is driven by volume scattering) to opaque (¢ is driven by

surface scattering only).

Between 1097 K and 1350 K (see the spectrum at 1264 K in Figure 3a,b, Figure S1),
the temperature increase induces important changes in the € behavior of the sample. In the
TIR region, the wide Reststrahlen band splits into two distinct absorption peaks at ~850 cm’
and ~1030 cm™. These bands can be related to the presence of clinopyroxene crystals that
have similar absorption bands at 900 and 1060 cm™ (exact band positions are affected by

composition and slight difference in contribution of glass matrix). The CF shifts towards



smaller wavenumbers (i.e., from 1210 cm™ at 1097 K to 1080 cm™ at 1350 K, Figure S2)
until it becomes undistinguishable above 1350 K. In the multiphonon and electronic regions
(>1500 cm™), ¢ steadily decreases first and then oscillates between 0.90-0.94 in the
temperature range 1200-1350 K (Fig. S1). These oscillations are related to the presence of
large parabolic absorption bands that appear first at high wavenumbers and move towards
lower wavenumbers as temperature increases. Such behavior, observed already in other
materials (del Campo et al. 2008) reveals the presence of a layer of Fe-Mg-rich oxides

demixing with the melting glass and clinopyroxene.

Between 1350 K and 1560 K (see the spectrum at 1569 K in Figure 3a,b, Figure S1)
in the multiphonon and electronic regions, the tempe’ aw. "¢ increase causes the collapse of the
entire € spectrum from ~0.93 to an almost invariabl: € value of ~0.87 and the loss of the CF
(Figs. S1-S3). Such significant modificatior. ot wne emissivity points out to the complete
segregation of the Fe-Mg-rich oxides to ti.~> sample surface. These Fe-Mg-rich oxides, having
different optical properties than tb~ g.~ss, dominate the radiative response of B-glass.
Because of the peculiar &-T rel sticnsnip observed at T >1350 K, the determination of the
sample temperature using the (I wavenumber is no longer possible. Consequently, in order
to retrieve the sample te.uny ~rature, we assumed a flat spectrum having an emissivity level
equivalent to that of reti ctance spectrum measured after IR experiment on a sample which
reached this temperature and was then cooled down before melting. Note that this method of
temperature retrieval is not as much precise as that one based on the CF and can give T errors

of £30 K.

At 1654 K and above (Fig. 1, Fig. 3ab, Fig. S1), the spectral signature is
characterized by the presence of a broad Reststrahlen band in the opaque region (Rozenbaum
et al., 1999) with a minimum at 980 cm™, and CF at 1210 cm™ (Fig. S2). It also shows a well-

marked transmissivity front and almost constant € value of ~0.87 in the electronic region.



These modifications reveal the complete melting of Fe-based oxides and ¢ is representative of

B-glass molten state.

3.3 &-T relationship for Baroarbunga natural
Figure 3c,d shows the spectral emissivity evolution with temperature for B-Nat. Note that

vesicles strengthen the surface scattering and induce an € increase in the opaque region

compared to vesicle-free glass sample (Rozenbaum et al., 2009).

In the region of network vibrations (see the representative spectrum at 863 K in
Figure 3c,d), one minor and two major absorption bands are i ated at ~530 cm‘l, and ~920
and ~1080 cm’ respectively. These bands can be related to the presence of clinopyroxene and
plagioclase since these phases have characteristic Lo tions at 515, 910 and 1070 cm '
(Donaldson Hanna et al., 2012; Hamilton, 2000) With .>mperature increase, the absorption
bands slightly shift to 910 and 1050 cm™ (a. 1255 K) before forming a single broad band
above 1256 K, while their respective € m.»i".aum increases from 0.80 to 0.86 and from 0.82 to

0.87. This overall behavior is the exp.-ted variation with temperature. Moreover, the CF

initially located at 1246 cm™ at 8¢2% | Lnifts to 1191 cm™ at 1648 K (Fig. S2.).

In the multiphonon a. 1 <'ectronic regions, € shows high values at low temperatures
(e.g., ~0.97 at 2400 cm™ an' 863 K) and no transmissivity front is observed. These spectral
features differ from that o “ B-glass showing semi-transparent optical properties, implying that
B-Nat is already opacified at low temperatures. This can be related to the initial organization
of the silicate structure and the presence of Fe-Mg-rich crystals (= Fe-Mg-rich oxides +
clinopyroxene) at ambient temperature. Their size (>500 nm) along with their high electric
conductivity result in an important increase on sample € despite their low concentration. With
further temperature increase (T>1474 K), the sample becomes semi-transparent and the
spectral emissivity plummets from ~0.98 (863 K) to ~0.85 (1648 K) in the multiphonon and

electronic regions. As for B-glass, such progressive € evolution can be associated with the



disorganization of B-Nat silicate structure through melting of the crystals and glass. Both

samples, once fully molten (=1550 K), behave identically.

3.4 &T relationship for Fasnia and MORB

In order to unravel the effect of composition on radiative properties of basalts, the &-T
relationship of Bardarbunga glass (Table 3) was compared with those gained on a MORB
from Juan de Fuca ridge and a basanite from Fasnia eruption (Tenerife, Canary Island) and
gathered in Figure 4. Compared to B-glass radiative properties, MORB ¢ behaves similarly
due to its close compositions (49.65 wt. % SiO,, 3.04 wt. % a'l-2l1, Table 2). On the contrary,
e—T behavior of Fasnia is slightly different in agreement -viu. its distinct composition (Table
2): Fasnia is more alkaline (44 wt. % SiO3, 5.23 wt. ° aii-alis,) and has a lower FeO content
(12.44 wt. %). The chemical differences are also ~on.rmed by the CF values: 1228 and
1230 cm™ for MORB and Bardarbunga respeciiy Is vs. 1215 cm™ in the case of Fasnia (Figs.
3.4, Fig. S2). This is in good agreement vit', the general statement that the more evolved the
composition, the more polymerized the ~tructure, and the shorter the wavelength at which the
CF is observed (Pisello et al. 2010}

The temperature range, ‘n which the opacification phenomenon appears, is the major
difference between basalte ai..1 vasanite glasses. In the case of MORB, ¢ jumps from 0.89 to
0.96 in the multiphono. region between 910 K and 990 K whereas Fasnia basanite is already
opacified (with € >0.95 in the multiphonon region) below 900 K. This difference was already
observed in Bouvry et al. (2017) for other basaltic compositions. Note that MORB
opacification occurs at lower temperature than B-glass (1020-1097 K).

With the temperature increase, MORB and Fasnia glasses show very similar &-T
evolution to B-glass (Fig. 4): first, they undergo crystallization of Fe-Mg-rich oxides and then
their segregation from the silicate melt, The molten state is progressively reached at >1500 K.

Spectral € values do not notably vary from one sample to another at a given temperature (Fig.
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4 Discussion

4.1 High temperature radiative properties of basalts and origin of the
opacification phenomenon

The three basaltic glasses (B-glass, MORB, and Fasnia) studied in this work display similar
emissivity evolution with temperature increase (Fig. 3 and Fig. 4). The main difference
between their radiative behaviors is related to the temperature interval at which the
opacification phenomenon is activated and thus when the optical properties change from
semi-transparent to opaque. Opacification phenomenon is the characterized by very high
values of spectral emissivity (>0.95) in the multiphonot. ard electronic regions. This
thermally activated process, appearing as a jump-like ¢mi.z.vity increase has already been
observed in our previous study on Fe-rich phonoliw.< (J.i et al. 2021) and attributed to the
presence of Fe-ion clusters. Based on the resu's presented here for basalts, we further
explored by means of complementary a-.a.7sc. (FTIR, SEM, EMPA, TEM, DSC, ex situ
Raman spectroscopy and in situ XRD) the suuctural modifications (crystallization) which are
responsible for the opacification ph¢ nrn.Znon.

All experimental aneiy-es reveal that starting B-glass is crystal-free and
compositionally homogeneous (Fig. 5a). However, after the in situ & measurements
performed at T <1550 K the )resence of crystals is confirmed in SEM and TEM (Fig. 5b and
Fig. 6). In the sample c~.e, there are <2 um cubic Fe-rich oxides (bright phase in Fig. 5 and
dark phase in Fig. 6a) along with early forms of clinopyroxene (augite) and plagioclase (light
and dark grey, respectively, in Fig. 5b), set within a dark glassy matrix. In addition, the B-
glass surface is characterized by the exolution of a newly formed Fe-Mg-rich crystalline layer
of ~2 um thick (Fig. 5b). Different Selected Area Electron Diffraction patterns in zone axis
(SAED, insert in Fig. 6a) were indexed for several crystals at the sample surface and core in
order to determine their structure in agreement with the chemical composition (Fig. 6b).

Those at the surface can be classified as magnesioferrite [Mg(Aly, Fe''|4 ),04], with a cfc



(Fd-3m) structure and the cell parameter a of ~8.3 A. Core crystals can be classified as iron
oxides with a cfc (Fd-3m) structure (confirmed with XRD diffractograms) and the cell
parameter a of ~8.4 A. According to the ELNES fingerprints of the L,; Fe edge, the core
crystals exclusively contain Fe’" in their structure whereas the surface crystals contain Fe®*
and Mg. Moreover, the ELNES fingerprint of the O—K edge of the core crystals corresponds
to that of v-Fe,O; (maghemite), confirming the presence of this phase in the core of the
sample.

In Fig. 7, the DSC heating—cooling cycles reveal th.: acove temperature of glass
transition, (T, = 939 K), two crystallization events cin o= identified with temperature
increase in good agreement with ex sifu Raman and “~ s..# XRD results. A first exothermic
peak (T,) at 1132 K can be related to the crystallizat’on < f clinopyroxene and Fe-rich oxides,
as suggested for Hawaiian basalts by Burkharc: (- 1). The second and less intense event (T,)
detected at 1370 K, points to further -tr.cture reorganization through crystallization of
plagioclase. Raman spectra (Fig. 8a) clearly show the transformation of B-glass from
homogeneous (glass only at 300 '~ bc“ure IR experiment) to heterogeneous (glass + crystals
after IR experiment at 1780 kK, staie with the temperature increase. The new Raman peaks
observed at 210, 287, 33" a1, 380 cm'], as well as more intense at 670 cm™ and 700 cm’
confirm the presence ¢ clinopyroxene and Fe-Mg-rich oxides (Céceres et al., 2021; Di
Genova et al., 2018, 2016; Giordano et al., 2021; Gonzalez-Garcia et al., 2021; Huang et al.,
2000; Lalla et al., 2016). The band at 700 cm'], assigned to the vibration of Fe3+—O, 18
attributed to the formation of either Fe-Mg-rich oxides (Di Genova et al., 2020, 2017;
Giordano et al., 2021), ferrite spinel or maghemite (y-hematite, metastable; D’Ippolito et al.,
2015; Zinin et al., 2011). In situ XRD analysis (Fig. 8b) allowed clarifying the presence of
clinopyroxene (augite) and Fe-Mg-rich oxides (Mg[Al,, Fe’'1,]0s, magnesioferrite)

between 973 K and 1073 K; clinopyroxene being the dominant phase with higher absolute



intensity. The increasing intensity of Bragg peaks with temperature (Cullity, 1978) suggests
that the Fe-Mg-rich oxide content progressively increases; hence its segregation towards the
surface to form the crystalline layer is also progressive. It also concurs with the temperature
at which the Fe’’~O Raman band (700 cm™) becomes the dominant spectral feature
(T>1360 K). The XRD diffractogram at 1473 K (Fig. 8b) is largely modified due to textural
effects (e.g., preferential orientation) created by the coexistence of B-glass molten state and
crystals. Raman spectroscopy and XRD analysis confirm the micro-scale crystallization of
Fe-Mg-rich oxides and clinopyroxene, and their evolutiz~ \jrowing + fusion) with
temperature increase.

Based on the above results, we can propose a <~aunce of events that accounts for the
opacification phenomena in basaltic B-glass (Table 2). ie progressing heating of the sample
above T, induces the silicate glass anharmonicit, ircrease and promotes the mobility of ions.
This leads first to the microstructure re organization, then, above the glass transition
temperature, to crystallization and grow *h of Fe-Mg-rich crystals and consequently ensues the
sample opacification. It should be ~tr.<.ed that any temperature difference for crystallization
and fusion events between the various techniques (IR, DSC, Raman, XRD) are related, on
one side, to the starting ma.~v.al texture (powder vs. glass) and, on the other side to the
heating history specific “r each analytical device (furnace vs. laser, constant rate vs. quench).
Nevertheless, the characteristic temperatures determined for each event agree within a
reasonable interval (50-100 K).

Above 1150 K, the nucleation and crystallization of clinopyroxene occur along with
the growth and the segregation of Fe-Mg-rich oxides from the melting glass towards the
sample surface to form a Fe-rich micrometric layer (~2 pm; Fig. 5). Similar thin surface layer
was already observed in del Campo et al. (2008) in the case of Fe-rich samples. They

assigned the parabolic bands observed in emissivity spectra to the segregation between the



liquid and the forming iron-rich oxides. Moreover, they observed that the parabola maxima
shift towards lower wavenumbers as the layer thickness grows. Thus, following their method,
the oxide layer thickness in B-glass was estimated to be 0.3—1 um depending on temperature,
which is in accordance with SEM and TEM observations. Such crystal-melt segregation is
also in good agreement with the works of Berger et al., (2019); Giuliani et al., (2020);
Manylov et al., (2013). These authors claim that the heat treatment of basalt glass in air leads
to complete iron oxidation and growth of magnesioferrite, which act as nucleation sites for
pyroxene. Giordano et al., (2021); Gonzalez-Garcia et al., (22?1,, Mujin et al., (2021) also
show the formation of Fe nanometric oxides and silicates it 1220—1320 K for rhyolitic melts.
Cook et al. (1990) further demonstrate that oxidatior oc~urs by the divalent cations (Fe*")
diffusion from the interior of the glass to the free su’ facc where they subsequently react with
environmental oxygen to form a micrometric (. fe!Fe’"],0,) crystalline layer which covers
the (divalent cation-depleted) glass. Th. <, *ae sample radiative properties are first a mixed
response from two distinct componen..* the near-molten glass and the Fe-Mg-rich oxides.
With the temperature increase, *"is “,rming Fe-Mg-rich layer progressively controls the
emissive behavior of B-glass sample. Moreover, once formed with irregular shape and
thickness, it is responsible o, *t.e radical modification of IR spectra in the temperature range
1350-1550 K: an overa:' tail of € values with no CF. This is due to the fact that Fe-Mg-rich
oxides, with a high refractive index (~2) and behaving as electric conductors, have distinct
radiative properties compared to those of the silicate melt and crystals (both dielectric). Their
radiative properties do not involve a CF because the energy of their conduction electrons is
more intense than that of the phonons (Howell et al., 2015). Therefore, Bardarbunga radiative
properties, driven by surface scattering, are exclusively governed by the Fe-Mg-rich oxides.
Finally, starting from 1550 K the spectral signature of the Fe-Mg-rich oxides decreases

significantly because of their melting, allowing the detection of typical spectrum of molten



silicate with characteristic CF. DSC and Raman results (Fig. 7, and Fig. 8) attest the melting
of the Fe-Mg-rich oxides >1550 K.

In order to determine the effect of composition on the radiative properties of basaltic
rocks, the B-glass results were then compared with those of MORB and Fasnia (Fig. 3,
Fig. 4). The &-T relationship of MORB is very similar to that of B-glass. Fasnia, instead,
shows distinct radiative behavior. As it can be clearly seen in Figure 4, Fasnia glass is already
opacified in the lowest measured temperatures whereas the opacification of MORB, similarly
to the B-glass, is observed above T, (note T, temperatures: ®24 «1d 939 K for MORB and
Bardarbunga respectively vs. 944 K for Fasnia; in gocd « reement with Bouhifd et al.,
(2013); Giordano et al., (2005); Robert et al., (2014) Tn:~ is supported by Raman spectrum
recorded at 300 K through the presence of the peak ut ~<70 cm™', meaning that the Fe-based
clusters already exist at room temperature. It sho. '3 be stressed that since Fasnia FeO content
is lower than that in two other basalts (1.' 44 wt. % vs. >13 wt. %, Table 2), it cannot be fully
responsible of the early opacification. . ~aring in mind the chemical analysis in Table 2), it is
clear that Fasnia is depleted in Si ~nc. <ariched in alkalis (Na+K) compared to the two other
basaltic counterparts. This me. s that basanitic sample silicate glass-melt network is initially
more depolymerized in ~o.-rarison with more evolved, polymerized Bardarbunga and
MORB. In consequenc. rasnia initial silicate structure allows faster ion diffusion, which
makes the Fe-iron cluster formation much easier. To achieve similar microstructural state in
the case of MORB and B-glass, high temperature activation is necessary. These results show
clearly that the opacification phenomenon occurs in the magmatic rocks with high FeO
content (>5 wt. %; Li et al. 2021) and changes their optical behavior (from semi-transparent
to opaque). However, this process is enhanced by the degree of depolymerization of the
system. This clearly indicates the high complexity of sample radiative properties and the

necessity of careful lab-based measurements.



4.2 The effect of crystals on spectral emissivity: B-glass vs. B-Nat.
We demonstrated that the spectral emissivity of crystallized natural basalt slightly differs

from its glassy counterpart (Fig. 3). Since the natural sample (B-Nat) is a heterogeneous
mixture of glass, crystals, and vesicles, each component exhibits specific radiative properties
that will affect the sample’s overall emissive response. It was previously demonstrated that
small change in composition such as in mineral solid solution can give radically different
radiative responses (Donaldson Hanna et al., 2012; Hamilton, 2010, 2000). Thus, the basalt
radiative properties will differ depending on the crystal ce.nosition, size, content and
distribution. Accordingly, they become more complex as more ~o-aponents are considered.

At low temperature (Fig. 3), the main differenc> beoween the emissive behavior of
Bardarbunga B-glass and B-Nat samples is related to *he presence (or not) of a transmissivity
front. Glass sample reveals the semi-transpar :n’ cptical behavior whereas the crystalline
counterpart shows opaque optical beha 10, (1..., high emissivity) since the opacification
phenomenon is already activated at these cunditions. The presence of Mg-Fe-rich crystals
(oxides + clinopyroxene) already a. ..nbient temperature in the crystalline sample are
responsible of such high emiss’vi.;7. Their size (>5 um) along with their proportion (B-Nat is
richer than B-glass) resul* in ‘he opacification phenomenon, as previously described. In
contrast, the glassy ~ounterpart reaches similar emissivity values at higher temperature,
conditions at which cry..als are formed with higher proportion than B-Nat as to compensate
their smaller size (~2 pm). Moreover, at high melt fractions and low crystal proportions, the
sample radiative properties would be dominated by the liquid even if small number of
crystals are still present in the system (Fig. 5).

Another difference between both Bardarbunga samples is the lack of segregation
phenomenon in the case of B-Nat. This is evidenced by the fact that B-Nat sample never lose
its CF, compared to B-glass at equivalent temperature range. This can be explained by the

different kinetics and dynamics of the same processes (and similar emissivity value): B-glass



experiences crystallization whereas B-Nat experiences melting with temperature increase.
This is why B-glass and B-Nat samples show relatively similar but not identical &-T
relationships.

Furthermore, we suggest that, although present in B-Nat matrix, other crystals (such
as plagioclase and olivine) with lower emissivity in MIR-SWIR spectral regions (~0.20;
Donaldson Hanna et al., 2012; Eckes et al., 2013; Ferrari et al., 2014) have smaller
contribution to the sample radiative properties and are more sensible to volume scattering
than crystals with high emissivity (e.g., augite ~0.80; Ferrari ~t a:, 2014; Hamilton, 2000).
For instance, the presence of Mg-Fe-rich oxides in basalts te. ds to increase the emissivity in
the MIR-SWIR (opaque behavior) whereas the preser~e  f olivine crystals tends to decrease
the emissivity in MIR-SWIR (semi-transparent be..~vior. Consequently, the radiative
properties of olivine-rich lava (e.g., the 2007 } o7 de la Fournaise lava flow, La Réunion
Island) will differ greatly from that of B« ~da- ounga lava.

In conclusion, the presence ot .rystals and their composition, relative proportion to
melt / crystal phase exert an im~~rt.~. control on the emissive response of basaltic lavas.
Thus, the radiative properties of 1nagmatic crystals are crucial to further understand the

important differences in radia’*~ e properties in MIR-SWIR spectral regions.

4.3 Comparison witn. vrevious works
Prior to this work, only uandful studies investigated the high temperature radiative properties

of basalts (Abtahi et al., 2002; Bouvry et al., 2017; Lombardo et al., 2020; Pisello et al.,
2019; Rogic et al., 2019b, 2019a; Thompson et al., 2021). One of the most important
achievements of our study is that the spectral emissivity of three different basaltic magmas
was successfully recorded up to melting conditions and over a wide spectral range whereas
previous works considering much lower temperatures were focused only on TIR spectral
range. Although, we observed a similar &-T relationship in multiphonon and electronic

regions (MIR and SWIR) as Bouvry et al. (2017) and Thompson et al., (2021), the most



striking difference in respect to previous works is related to the evolution of emissivity with
temperature in opaque region (TIR). Abtahi et al. (2002) and (Lee et al., 2010; Rogic et al.,
2019b, 2019a; Thompson et al., 2021) determined high € values (>0.8) for their basalts, but
contrary to our results, they showed that spectral emissivity decreases with increasing
temperature in TIR (Table 1). This negative &-T relationship allowed the authors to state that
the emissivity of molten lava is lower than that of their rock equivalent. It should be stressed
that their conclusions were based on measurements performed at relatively low temperatures
(900-1323 K). These authors did not attain full melting and e¥*-ap.'ated to high temperatures
the emissivity values obtained at low temperatures, putt'ag nto question their assumption,
and hence its applicability to real volcanic systems. M~re. ver, this assumption was later used
by Ramsey et al. (2019) to study the effect of spe.tra! emissivity on Tolbachik lava flow
using PyFlowGo model (Chevrel et al., 2018). V. ith.out constrained data at high temperature,
spectral emissivity have drastic impact ™n 'ava retrieved temperatures (and ultimately have
important consequences on the final .~odeled distance-to-run of the flow (Ramsey et al.,

2019; Rogic et al., 2019b).

4.4  Refining Holuhraun la "a flow temperature
We explore here the impac* of .missivity measured in the laboratory on the RS retrieval of

field temperature. A* *he *ir.e of eruption, few authors have constrained the temperature of
the 2014-2015 Holuhraun lava flow field by applying different methodologies. Kolzenburg et
al. (2017) estimated an average temperature of 1368 K (results range from 1355 to 1401 K) at
the lava flow front during emplacement using thermocouple measurements. Simultaneously,
they measured temperatures of freshly exposed lava using a FLIR T650 thermal camera (7.5—
14 pm; 1353-1398 K) which are in good agreement with the direct thermocouple
measurements, though no information was provided on spectral emissivity values used to
determine temperature. Kolzenburg et al. (2017) also estimated the range of eruption

temperature at the primary vent from 1420 to 1473 K, which concurs with Nadudvari et al.



(2020) high temperature calculation (1323—-1333 K) using satellite images (Landsat-8 OLI in
SWIR and ETM+ in NIR, SWIR) and multiple emissivity values (1.00, 0.93, and 0.80).
Aufaristama et al. (2018) compared the results derived from satellite images (Landsat-8)
using constant spectral emissivity (0.97) with field measurements. They show that these two
temperature estimates agree for the molten component of the lava flow: satellite images yield
temperature of 1369 K, whereas retrieved field measurement is 1320 K.

However, since these temperature estimates were retrieved by considering a constant €
value, in this section we use the &-T relationships gained on *e .*-Nat data as to refine the
previous temperatures using RS techniques. The results “ron. this sample were preferred to
those from B-glass, since the emissivity of the latter i=na>ted by the segregation of iron-rich
oxides, rendering data between 1350 and 1500 K umrsau!= for modelisation (Fig. 3). In detail,
we use our data to refine the pre-existing mo ie: ~f Aufaristama et al. (2018) at two spectral

bands of interest for RS: SWIR (1.6 um; anc TIR (10.9 um) (Fig. 9; Biren et al. 2021).

In the previous case, the »th. . calculated the radiance of a given pixel on the TIR

and SWIR regions as:
L(A —Lp(1
W = [L(Aswir) — Lr(Aswir)] H#(4)
T EswIR
And
L(A —Ly(4
Ry = [L(AriR) ul TIR)]#(S)

T ETIR

where Rgy g ir are the corrected spectral radiances at wavelength Agyr/7ir
respectively, L(/lSWIR /T,R) are the spectral radiances at the sensor, L is the atmospheric

upwelling radiance, Ly is the atmospheric reflected radiance, t is atmospheric transmissivity,

and ¢ is the surface emissivity. Then, as shown in Figure 9 we have mathematically regressed



the e-T evolution of B-Nat obtained in this study at 1.6 and 10.9 pm to derive equations that
consider the temperature and wavelength dependency of spectral emissivity (Fig. 9):
gqwir = 0.586 + 7.123 10™* X T — 3.084 10~ 7#(6 )
and
er;p = 0.826 —8.235107° X T + 7.818 1078#(7)

these expressions replace the constant & parameter in the radiance equation of
Aufaristama et al 2018 and are solved for retrieving a new T value.

In regard to our results (spectral emissivity varies v..» wmperature in broad band
between 0.80-1.00), the assumed constant value of 0.7 can be considered as an
overestimation of the real spectral emissivity of the la=~ tiow. If the spectral emissivity of the
lava flow is overestimated, then so too is the derived surioce temperature measured by remote
sensing techniques. By solving the above eauat.c+s, the temperature we obtained using the
refined model for the molten componen. ‘s ,lightly lower (1325 K) than those determined by
(1375 K) of Aufaristama et al. (2018) ~nd (1420 K) of Kolzenburg et al. 2017. When the
models of Aufaristama and ours .."= «ompared, the average absolute temperature difference
for molten lava in the lava cha.nel is ~50 K (Biren et al., 2021). Such temperature variation
can infer great consequer~=s -.1 lava rheology as suggested in Andtjar and Scaillet, (2012);
and Kolzenburg et al., (2918). Accordingly, lab-based IR results when confronted to the field
IR data help in increasing accuracy in temperature retrieval by Remote Sensing techniques.
Moreover, these observations imply that lava is less likely to lose heat radiatively compared
to the common use of constant emissivity (0.97). Consequently, lava flow takes longer time
to dissipate its heat allowing longer distances to be reached. The latter modification increases
ultimately the associated hazard, which is of utmost importance in the case of lava flow

inundating inhabited area (e.g., the recent eruption at La Palma, Spain). Consecutively, our



new insights will help reduce the error related to thermo-rheological models of lava flows and

support hazard assessment during effusive volcanic crisis.



5 Conclusion

Satellite or ground-based remote sensing techniques are key tools to monitor thermal
anomalies associated with active lava flows and evaluate their risks on the environment. They
rely however, on a not-well-known parameter that controls temperature retrieval, namely
spectral emissivity.

This work is an ongoing research that fills the knowledge gap outlined above. Here,
we focus on measuring the spectral emissivity at high temperature of natural basaltic
compositions and analyzing their chemical, structural, and textu. ! variation before and after
IR experiment. Using an IR emission apparatus develrp~a «t CEMHTI laboratory, the
spectral emissivity up to molten state and wide sp~ctral range (TIR-MIR-SWIR) of
homogeneous basaltic glasses is retrieved for the firs: ume. This work shows that spectral
emissivity is highly sensible to any change i1 1emperature, wavelength, and primarily
depends on sample composition, mircos!ucture, and texture. Results show that the
emissivity—temperature relationship ior basaltic glass is complex: they are affected by iron
clustering, micrometric Fe-Mg-rich rvstals crystallization and segregation from the melt
towards the surface with incressing temperature. It results in a combined signal between melt
and the dominating oxides. "The cffects of crystals, composition and degree of polymerization
on the emissivity—t..ocare relationship, introduced here for basalts, are crucial to
understand the complete thermal evolution of natural lava emissivity, especially in SWIR—
MIR ranges where emissivity varies the most. In all compositions investigated, spectral
emissivity increases in TIR and decreases in MIR and SWIR with increasing temperature,
contrasting with what is commonly found in the literature. We demonstrated that the use of a
constant emissivity value for a given rock family without considering these parameters is not

a good assumption for temperature retrieval. Finally, we use our laboratory-based emissivity



data to refine Holuhraun lava field temperatures by ~50 K with an improved version of
Aufaristama et al., (2018) model.

The ultimate goal of this research is to understand the radiative properties of volcanic
molten rocks and hence, better refine temperature measurement from remote sensing
radiance data. In turn, it will lead to more accurate lava flow modeling with appropriate
rheological information, thus improving hazard assessment in volcanic systems. Despite that
measuring spectral emissivity for fully melted magmatic rocks remains difficult to achieve,
this work has to be more systematically carry out, as it iz cr.zial for volcanology and

geothermal research.
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Table 1: Review of spectral emissivity measurements at relevant magmatic conditions.

Sample Preparation T, | Wavele | Instrument &-T behavior Reference
x ngth
(K) | (um)
Puu ‘0% no mention 132 | 1.25-15 | hemispheric ¢ decreases with T in TIR Abtahi et al.
(Hawaii) 3 reflector and field 2002
basalt
Rhyolite synthetic glass 177 | 6-15 FTIR Nicolet ¢ decreases with T in TIR Lee et al.
powder, 20-80 3 Nexus 670 2013
um
alkaline + synthesized 873 | 7-14 FTIR Brucker ¢ decreases with T in TIR Pisello et al.
subalkaline glasses, powder Vertex 80v 2019
series <25 um
Basalt (Etna) powder, 1000— 900 | 5-15 FTIR MIDAC ¢ decreas < with T in TIR Rogic et al.
3000 um M2000, Brucker 2019, 2019b
Vertex 80v
Basalt powder, 100— 157 | 2.5-20 | FTIR Nicolet = dec ‘eases with T in TIR, Thompson
(Kilauea) 350 um 3 Nexus 670 MIR and Ramsey
| 2021
Basalt (Etna) powder, 100— 137 | 2.17-21 | Nicolet Nexus «?/J—| ¢ decreases with T in TIR, Rogic et al.
350 um 3 FTIR MIR, SWIR 2022
Basalt (Etna) granulate 157 | 1.5-2.5 | Spect or. Aic neter | No significant variation of ¢ Lombardo et
3 ASD ,TeldSpec (>0.9) in SWIR al. 2020
Pro
Phonolites (El | polished 160 | 1-25 F 1R Brucker ¢ increases with T in TIR, Lietal
Teide, Erebus) | glasses, 1.5mm | 0 Vertex 80v et 70 variable in MIR, SWIR 2021
thick
7 polished, 3.0 127 | 725 = | FTIR Brucker ¢ increases with T in TIR, Bouvry et al.
Mediterranean | mm thick 3 Vertex 80v et 70 constant in MIR, SWIR 2017
Basalts ‘
Mg-O rich powder, 63-250 1001 1-16 FTIR Brucker ¢ increases with Tin TIR for Mueller et
carbonatite um [N Vertex 80v Jjolite and € constant for al. 2013
and ijolite carbonatite

w9




Table 2: Chemical composition (EMPA) before and after IR experiments for the studied
samples: B-glass, B-Nat, MORB, and Fasnia.

Oxide | B-glass B-glass | B-Nat- MORB- | MORB- | FASNIA- | FASNIA-
wt. % | BeforeIR | AfterIR | AfterIR | BeforeIR | AfterIR BeforelR AfterIR
Glas | S. | Gla| S. |Gla|S. |Glas| S. | Gla | S. | Glas | S. | Glas | S.
S D. ss | D.| ss |D. S D. ss | D. S D. S D.
# 34 - 79 | - | 19 | - | 25 - 35 - 15 - 15 -
analys
is
SiO, [ 489 (05501 2. | 51.|1. 1496 |0.6|508 | 1. | 44.1 | 03|474 0.5
1 8 9 |01 | 65 |87] 5 9 3 15 9 2 0 3
TiO, | 201 [0.1[1.87]0.]19 0. |245]01]2261 v. |3.71 |0.1]392]0.1
9 13| 8 |24 4 | 23 4 5
ALO; | 13503 [ 137 0. | 13. | 0. [ 13.7 |02 [ "5 0. ] 151 {02 | 154 |0.6
8 8 1 |33 10 |39 1 8 S |68 0 2 4 6
FeO | 136 08126 1. | 11. | 1. |13.0 |03 'l.6| 1. | 124 |03 | 872 |04
tot 9 7 4 |07 32 |30 1 ' | 6 |63 4 4 7
MnO | 024 [0.0/020] 0. |02 ]0.,020/|¢C.0:022]0.10.19 |0.0]|0.14 0.0
9 071 5 |10 6 08 7 8
MgO | 695 |03695| 0. 7.0 |0. €57 TJ.O 629 0. | 785 00| 67103
6 34| 1 |45, |7 41 9 3
CaO | 11.8 102|116 0. | 11. \‘#10.9 0.111.2] 0. | 104 |00 | 11.5]0.3
5 9 2 (4518 |79, 7 0 4 |75 2 7 6 6
Na,O | 250 [0.0{242] 0. | 24 ;9. [ 278 [0.0]282] 0. ] 362 0.13.69]0.1
9 21 ?_+’2 9 23 0 5
KO [023(00/021]0.|2210./026/(00|026|0. | 1.61 |0.1]1.46]0.1
4 04, 3 |07 6 06 0 1
Cr,O3 | 0.01 | 0.0[001]0.'00|0.]00100]|009]| 0. 0.04|0.0]0.01]0.0
1 0! 1 |02 2 14 3 2
P,0;5 - - - o 0210 1]040({02]036]0.| 084 |0.1|091 0.1
N 2 09 3 32 2 8
NiO | 0.02 | 0.0 |0.x?] 0. - - - - - - - - 10.04 0.0
4 09 8
Total | 100. | - | 100.| - | 100 | - | 100. | - |100.| - | 100. | - | 100. | -
% 00 00 .00 00 00 00 00




Table 3: Interpretation of the physical processes for Bardarbunga glass observed with
temperature increase in agreement with DSC, XRD, and Raman analyses.

Temperatur | Main IR Spectral Features Physical Process
e (K)
<1020 Wide Reststrahlen band and CF | Radiative response of semi-transparent
in TIR, homogeneous glass
€>0.9 in MIR but presence of
TF
1020-1150 jump-like increase of € >0.95 in | Opacification due to the formation of Fe-
MIR/SWIR Mg-rich clusters
1150-1350 New thin absorption bands in Crystallization of Fe-Mg-rich oxides in the
TIR, melting glass
Wide bands in MIR, SWIR _
1350-1550 Overall ¢ decrease, loss of CF Phase segrez-*io.: melt + Fe-rich oxides
layer in su1 “ace
Radiativ e response of Fe-rich oxides layer
exclusive'y
>1550 Wide Reststrahlen bands in TIR, | Rad*~t1\ » response of homogeneous melt
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Figure 1: Example of emissivity spectrum of melted Bardarbunga sample (recorded at
1787 K, 3 mm thickness) with clearly marked: a) characteristic spectral ranges: TIR, MIR,
SWIR and bands 1.6 um and 10.9 um commonly used in Remote Sensing applications. Note
that the bands at 1.6 and 10.9 um are further used to refine Holuhraun lava flow
temperature;, b) Physical spectral regions of interest: network vibration, multiphonon and
electronic regions together with spectral features such as CF: Christiansen Feature, and TF:

Transmissivity Front.



Before IR ~ After IR Sample
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Figure 2: a) Scoriae of lapilli size from the 2014—20. 5 {oluhraun eruption used as starting
material. b) Pictures of the polished glass samrp.es before and after IR experiment. c)
Schematic view of the 10 mm diameter sample v it'1 t1e 2 mm measuring area within the 4 mm
homogeneous heating area. d) Schematic of t"= In emission apparatus (De Sousa Meneses et
al. 2015). e) Schematic of the apparatu: cr.amuver interior: bb as the blackbody reference;
V70 and 80v optical paths from the samp.- to the respective FTIR spectrometers, the sample
holder on a 180° rotary turntable; *he CO, laser as the heating source (schematics d,e,
courtesy of Philippe Melin).
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Figure 3: Spectral emissivity evo.ution with temperature and wavenumber for a,b)
Bérdarbunga glass, and c,d) B. rdarounga Natural (thickness: 1.5 mm, and 3.0 mm at ~1650
K). b), d) Zoom on TIR rang> (8—12 um). Note the limited spectral range for the spectra
recorded at lower temperatu.= oecause of the insufficient radiation achieving detector. CF:
Christiansen Feature.
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Figure 4: Spectral emissivity ~v.'ution with temperature and wavenumber for a,b) Fasnia
and c,d) MORB (thickness: 1.5 um, and 3.0 mm at ~1650 K). b), d) Zoom of TIR spectral
range (8—12 um). Note the u.1ited spectral range for the spectra recorded at lower
temperature because of .2 wnsufficient radiation achieving detector. CF: Christiansen
Feature.
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Figure 5: a) SEM picture,  * pardarbunga glass (B-glass) and Bardoarbunga Natural (B-Nat)
before IR (above) r~d aft:r IR measurements (below); the surface and the core are
distingushed after IR. B-lass shows a distinct iron-rich oxide layer at the surface (insert: Fe
chemical map obtaine. with EMPA). Insert in bottom right; remnant olivine mostly
transformed into Fe-rich oxides. Ox-oxide, Pl-plagioclase, Px-pyroxene, Ol-olivine, Gl-glass.
b) Interpretation sketch of forming Fe-Mg-rich oxide layer formation at T >1150 K during IR
experiment (not on scale).
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Figure 6: a) Bright-field TE,! micrographs illustrating the microstructure after IR of
Bardarbunga glass (B-glaz<) sv.face (left) and core (right). Inserts show example of SAED
patterns in zone axis [0.1,] and [112] for crystals situated at the surface and in the core,
respectively. b) STE 1-t44 DF images associated with STEM-EDS elemental maps of Si
(vellow), Mg (blue) and "e (green). Note the contrast inversion in STEM-HAADF image for
B-glass surface due to ti.c sample thickness.



Figure 7: DSC heating (plain lines) and coolin> (dotted lines) curves of Bardarbunga glass
(B-glass) and Bardarbunga Natural (B-N.*). Glass transition (917-939 K), and two
crystallization events (1100—1132 K and "271'—-1570 K) occur before melting (1416—1442 K).
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Figure 8: Ex situ Raman spectra of Bardarbunga glass (B-glass) before (300 K, initial state)
and after IR experiments (post mortem analysis at temperatures at which sample was
quenched). Note that the two major bands at 670 and 700 cm™ are related to the vibration of
Fe—O and the crystallization of clinopyroxene and Fe-Mg-rich oxides in the glass structure.
The Raman spectra shown in raw state (arbitrary units) and stacked manner.

b) In situ XRD diffractograms of B-glass microstructural evolution with temperature. The
principal phases augite and magnesioferrite crystallize between 973 K and 1073 K. Note at
low 26 angles the characteristic feature of glass structure; Platinum (Pt) sample holder.



1.00

-5
a N.i-\.
0.95 4
z
2
2 0.90
g
m
s
S 0.85-
(=5
w2
0.80 +
B 1.6 um (6250 cm™) SWIR R2=0.904
= Fitting B-Nat
0.75 . . . :
600 800 1000 1200 110 1600
Temperature (K)
1.00
H 109um@©17cm) TIR R>=0.968
|=——"Fitting B-Nat
0.95
2z
=
? 0.90
it N
E =
3 0.85-
A
0.80 a ]
|b
0.75 S

200 A7 6(I)O S(I)O IOIOO 12IO() 14I00 1600

Temperature (K)
Figure 9: Temperature e soi.*ion of spectral emissivity values in a) SWIR band 1.6 um and b)
TIR band 10.9um fo: 24r>~: bunga Natural basalt that allows retrieving the equations of e~T
relationship at a given wc velength. Note that the sample must first reach higher temperature

before emitting in SWIK, thus explaining the limited number of experimental data compared
to TIR.
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Highlights
. Spectral emissivity data for basalts ranging from room temperature to 1800 K.

. Spectral emissivity data for basalts ranging from 350 to 8000 cm-1 (TIR-MIR-SWIR).
. Spectral emissivity increase with temperature in TIR and decreases in SWIR-MIR.
. Complex radiative properties due to crystallization and phase coexistence.

. Baroarbunga—Holuhraun lava field temperature are refined by ~50 K.



