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Article summary

The mid-infrared spectral Christiansen Feature is strongly dependent on a material’s SiO, content.
Here, we present a new calibration of this relationship with an R? = 0.957, based on an experimentally
extended and methodologically consistent dataset from glasses. The calibration is applied to remote
sensing data for the Moon to determine a global SiO, surface concentration map.

Abstract

The SiO, abundance on rocky planetary surfaces is a key indicator for planetary crust composition and
magmatic evolution. The Christiansen Feature (CF) in the mid-infrared provides a mineralogically
grounded proxy for the abundance of SiO,. Here, we present a new experimental calibration based on
synthetic glasses with SiO, concentrations from 0.5 wt.% to 97.6 wt.% SiO,. The CF position shows a
strong dependence on the SiO, concentration, best described by a second-order polynomial

(R? =0.957). To test the reliability of the new calibration we apply it to Diviner-derived CF data for the
surface of the Moon to produce a global map of SiO, on the lunar surface. The results reproduce the
mare-highland bimodality and agree well with independent constraints from all lunar sample-return
sites. We derive SiO, abundances in high-silica regions, including Gruithuisen, Hansteen Alpha, and
Lassell Massif with up to 76 wt.% SiO,. This is the first study that quantitatively derives the high SiO,
abundances expected in these high-silica regions with an independent compositional calibration.
Finally, the new calibration allows the determination of SiO, on the surface of Mercury. Using an
existing Earth-based CF measurement, we obtain a low abundance of ~37 wt.% SiO,. High spectral and
spatial resolution observations of Mercury by the Mercury Radiometer and Thermal Infrared
Spectrometer (MERTIS) on the BepiColombo mission will allow a global application of this new
approach, which may be extended to other planetary bodies in the future.
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Introduction

The SiO, concentration in planetary surface materials is a fundamental geochemical indicator used
to infer the nature and evolution of planetary crusts. It is a first-order measure of rock composition and
the definition of lithologies, correlates with key mineral assemblages, and serves as a proxy for mineral-
ogy and the degree of magmatic differentiation (Salisbury & Walter, 1989). However, the determination
of the SiO, concentration on the Moon and Mercury by remote sensing observations has proven chal-
lenging.

Previously, the Lunar Prospector used gamma-ray spectroscopy to map lunar surface composition
and obtained a spatial resolution of 2° per pixel. However, the Lunar Prospector SiO, data did not over-
lap with sample data, showing systematic shifts to lower values (Prettyman et al., 2006). More recently, a
machine learning approach based on SELENE multiband imager data and constrained by Chang’e-5 sam-
ple compositions was used to generate new compositional maps of the Moon (Yang et al., 2023). Ma et al.
(2022, 2023) used Lunar Reconnaissance Orbiter (LRO) Diviner data to determine lunar surface composi-
tion maps. A convolutional neural network based on data in the visible and mid-infrared spectral range
was used to obtain a lunar SiO, map with good agreement with previous gamma-ray observations, but
which fails to detect the high-silica regions (Chen et al., 2025). In this study we use a different approach
and present a new independently calibrated relationship of SiO, abundance and the Christiansen Fea-
ture (CF) in the mid-infrared spectral range.

For Mercury, the X-ray spectrometer on the NASA MESSENGER mission constrained the surface com-
position (Nittler et al., 2011, 2018, 2020). The instrument determined element ratios, which were then
used to calculate absolute concentrations of oxides including SiO,. Similarly, MIXS (Mercury Imaging X-
Ray Spectrometer) on the BepiColombo (Benkhoff et al., 2021) mission will primarily provide element ra-
tios for the surface of Mercury (Bunce et al., 2020). In addition, MERTIS (MErcury Radiometer and Thermal
Infrared Spectrometer) will map the surface of Mercury in the mid-infrared spectral range of 7 to 14 pm
and constrain the surface mineralogy of the planet, including measurement of the CF with high spectral
resolution (Hiesinger et al., 2020).

Here, we presentasignificantly improved calibration of anindependent measure for the SiO, concen-
tration in planetary silicate surface materials, based on the position of the CF in the mid-infrared spectral
range. The CF is defined as the reflectance minimum or emission maximum, and occurs where the re-
fractive index of a material reaches unity. The CF has previously been suggested to linearly depend on
the chemical composition of silicates (Conel, 1969; Cooper et al., 2002, Kumari et al., 2025, Pisello et al.,
2022, Weber et al., 2023).

Multiple factors influence the CF position, including pressure environment, temperature, irradiation,
and grain size, with decreasing pressure and temperature shifting the CF to lower wavelengths, while
increased solar irradiation and smaller grain sizes (particularly 0-32 um fractions) shift it to higher wave-
lengths (Donaldson Hanna et al., 2017; Logan & Hunt, 1970; Logan et al., 1973; Henderson and Jakosky,
1997; Shirley & Glotch, 2019; Donaldson Hanna et al., 2012). The effect of space weathering on the CF
position remains debated (Kumari et al., 2024a), with Salisbury et al. (1997) and Lucey et al. (2017) re-
porting no significant correlation between the CF position and I/FeO, the standard measure for lunar
soil maturity defined as the abundance of nanophase iron relative to the bulk FeO content. Further-
more, simulated micrometeorite bombardment in experiments does not lead to a shift in the CF (Weber
et al., 2020). Since laboratory analysis of heterogeneous analogue material mixtures involves many pa-
rameters often counteracting each other, silicate glasses with broad compositional variations serve as
ideal analogues to isolate and calibrate the compositional dependence of the CF position specifically, as
no significant CF shifts are observed with varying grain size fractions or between different measurement
methods (Morlok et al., 2017; Morlok et al., 2021; Morlok et al., 2022).

Our new approach, therefore, involves an extension of the compositional range to extreme SiO, con-
tents, with the synthesis of glasses ranging from 0.5 wt.% to 97.6 wt.% SiO,. Glasses are ideal analogue
materials to study compositional variations on atmosphere-less planetary bodies such as the Moon and
Mercury. They are highly abundant on the lunar surface formed by pyroclastic and effusive volcanism,
impact processes, and space weathering (Morlok et al., 2021, Wilbur et al., 2025, Zhao et al., 2023).

Our approach allows a reliable compositional mapping for SiO, on the surface of the Moon, even
based on data with very low spectral resolution provided by the three narrow-band channels of the Di-
viner instrument on the Lunar Reconnaissance Orbiter (Lucey et al., 2021). With this new calibration,
the spectral measurement of the CF by MERTIS on the surface of Mercury will allow the independent
quantification of SiO, on the planet’s surface.
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Figure 1 | The CF position in um as a function of the SiO, wt.% concentration in the glasses. Grey circles represent
literature data. The black line with a grey error envelope represents the best fit second-order polynomial through all
dataincluding our new synthetic glasses and the literature values. Note that we use an internally consistent dataset
with only glass samples measured by reflectance micro-FTIR. The R? value of the best fit is 0.957.

Results and discussion

Calibration of the Christiansen Feature

The position of the CF shows the best resolved systematic spectral shift as a function of the SiO,
concentration (Fig. 1). The positions of the CF are listed in Table S1 and increase with decreasing SiO,
from 7.4 um at 97.6 wt.% to 9.9 um at 0.5 wt.% SiO,. Full FTIR and Raman spectra are shown in the sup-
plementary Figures S2 and S3 (see methods for details). For the calibration we include literature data
of CF positions measured for planetary analogue glasses, that were measured by micro FTIR specular
reflectance on polished surfaces (Haupt et al., 2026; Morlok et al., 2017, 2020, 2021). The data are cho-
sen for pure glasses without crystallization features, with the same spectral resolution. This guarantees
identical analytical conditions to avoid features that do not come from the compositional effect, which
we calibrate for. The best fit to the data in wt.% of SiO, is a 2" order polynomial:

CF = 1.28 x 10°4[Si0,]" - 3.55 x 102[Si0,] + 9.649

with the CF wavelength in um and an R? of 0.957 (Table S2). A linear fit, previously used to describe
the SiO, dependence of CF (Cooper et al., 2002) does not sufficiently account for the observations at
extremely low or high SiO, concentrations in the glasses. Cooper et al. (2002) obtained an R? = 0.772
for their dataset, whereas our internally consistent dataset has an R? = 0.926 when fitted with a linear
function. Finally, the best fit is achieved for the relationship of CF with the molar concentration of SiO,
in the glasses using a 2" order polynomial (R? = 0.966). From the scatter in our data, we estimate an
uncertainty for the calibration of + 3.4 wt.% SiO,.

The spectral range of 7 to 14 um in the mid-infrared is sensitive to the SiO, concentration in sili-
cate glasses due to the dependence on Si-O bond vibrations, both in emission and in reflectance spec-
troscopy (Lee et al., 2010). This is of particular interest for remote sensing observations, where direct
in-situ measurements of chemical compositions are not possible or limited, such as the observation of
airless planetary bodies, including the surfaces of asteroids, Mercury, or the Moon. Here, we test the new
calibration of the SiO,-CF relationship by applying it to a lunar CF dataset and compare the outcome to
compositional data from returned lunar samples.

SiO, on the lunar surface

The Diviner spectrometer mapped the surface of the Moon with three narrow-band channels near
8 um, which allowed the calculation of the CF spectral positions (Donaldson Hanna et al., 2017; Green-
hagen et al.,2010; Lucey et al., 2017). Here, we use a global CF dataset for the Moon, which was corrected
for illumination, topography, geometry, and space weathering effects by Lucey et al. (2021) as shown in
their Figure 8 and openly available at http://doi.org/https://doi.org/10.5281/zenod0.4558194. The map
has a resolution of 32 pixels per degree, covering all longitudes and +70° latitude. Lucey et al. (2021)
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Figure 2 | Calculated SiO, wt.% surface abundance on the Moon with the Apollo, Luna, and Chang’e landing sites, from which these missions

returned samples.

noted that some artifacts remained at high latitudes (> 50°), which remain notable in the global map
of Si0, wt.% at > +50° latitude, calculated using the newly calibrated 2" order polynomial from Table
S2. Lucey et al. (2021) estimate an uncertainty of 0.02 um for their corrected CF wavelengths. In the
compositional range of mare basalts and anorthosites this translates to an uncertainty of 1 wt.% SiO,.

Comparison with returned samples from lunar missions

The calculated SiO, wt.% concentration on the surface of the Moon follows a bimodal distribution
(Fig. 2), which is well established due to the presence of lunar highlands and mare basalts. Here, the
concentration of SiO, quantifies this bimodality with mean mare terrain concentrations of 45.8 + 0.9
wt.% SiO, and the highland regions with 50.9 + 1.6 wt.% SiO,. To ground-truth our calibration we take
a closer look at the landing sites from which we have returned samles (Apollo, Luna, Chang’e). For each
landing site we calculate average SiO, concentrations over a circular area with a radius of 0.5°, averaging
over ~800 pixels per landing site (Table S3). A comparison of the calculated landing site compositions
and the returned samples is shown for the Apollo missions in the supplementary figure S4, and for the
Chang’e and Luna samples in S5.

The calculated average mare SiO, concentration is best represented by the landing sites of Apollo
11, 12, Luna 16, 24, and Chang’e 5, whereas the highland regions are best represented by the Apollo
16 landing site (Table S3, Figs. S4 & S5). Here, we make a comparison of our calculated regional land-
ing site SiO, concentrations and reported data for returned lunar samples from these sites providing
ground truth. The average reported soil composition of the Apollo 11 landing site has 42.0 + 0.3 wt.%
SiO, (Heiken et al., 1991) and average mare basalt compositions have 41.3 + 2.5 SiO, wt.% (Lunar Sam-
ple Compendium, 2012). Returned soil and basalt rock samples have similar SiO, concentrations and
are ~4 wt.% below those inferred for the Apollo 11 landing site radius based on our calculations (46.2 +
0.7 wt.%). However, we calculate average compositions over a much larger area of ~70°000 km? with a
radius of 0.5°. This larger region is likely influenced by higher SiO, abundances in the highland terranes
south of Mare Tranquilitatis. More than 30% of the SiO, in Apollo 11 regolith has elevated SiO, abun-
dances, including feldspathic upper crust and KREEP materials. Furthermore, the Apollo 11 landing site
is affected by crater rays from Theophilius crater 380 km south-south-east in highland terrane (Korotev
& Gillis, 2001).

For Apollo 12, Apollo 14, and Apollo 15 we obtain very good agreements between the calculated
SiO, concentrations at the landing sites (Table S3, Fig. S4) and average soil compositions with 46.3 wt.%
(Apollo 12), 48.1 wt.% (Apollo 14), and 46.8 wt.% (Apollo 15) respectively (Heiken et al., 1991). On the
other hand, we obtain a regional SiO, concentration at the Apollo 16 site of 51 + 0.9 wt.%, which is signif-
icantly higher than the average soil returned by Apollo 16 at 45 wt.% SiO, (Heiken et al., 1991). However,
local highland basalts (67559, 67747, 67945) at the Apollo 16 site have elevated SiO, contents with an
average of 47.2 + 2.2 wt.% (Lunar Sample Compendium, 2012). The high calculated SiO, concentration
derived for the Apollo 16 landing site region and the highland regions in general, suggests that previous
models may have underestimated the abundance of high-Mg suite lithologies such as norites in these
terranes. The Apollo 17 landing site shows the largest compositional diversity in calculated SiO, and
we determine 48.5 + 1.5 wt.% (Table S3). This is also reflected by the compositional variability of the
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returned Apollo 17 samples, with an average soil composition of 43.2 wt.% SiO, (Heiken et al., 1991)
compared to an average basalt composition of only 38.9 + 1.2 wt.%, based on samples compiled in the
“Lunar Sample Compendium” (2012). However, abundant impact melt breccias have higher SiO, con-
tents of 46.6 + 1.6 wt.%. The returned samples also include norites with 49.4 + 1.8 wt.%, contributing to
the compositional spread and the higher SiO, abundance at the landing site, which we determined.

The newly determined SiO, abundance at the Luna 16 landing site, with 45.7 + 0.6 wt.%, is similar
to Apollo 11, and falls in the range of compositions reported for Luna 16 fragments, including igneous,
microbreccia and lithic fragments (Keil et al., 1972). The Luna 20 landing site region has a SiO, con-
centration of 49.7 + 0.8 wt.% typical for highland terranes, whereas Luna 24 has 45.6 + 0.7 wt.% and is
representative of average mare terranes and in excellent agreement with average Luna 24 bulk litholo-
gies at 45.7 + 1.5 wt.% (Taylor et al., 1978). For the Chang’e 5 landing site area we obtain 45.9 + 0.6 wt.%
SiO,, which is higher than reported soil compositions of 42.2 + 0.3 wt.% (Li et al., 2022) or 41.3 + 1.5 wt.%
(Zongetal.,2022), butin the range of mare basalt fragments with 41.8 £ 2.3 to 44.5 + 3.8 wt.% SiO, (Boschi
etal,, 2023; Che et al., 2021) and pyroclastic glasses with 46.8 + 0.5 wt.% SiO, (Wang et al., 2024). Finally,
for Chang’e 6 we obtain 47.0 + 0.7 wt.% SiO, (Table S3), in the range of soil compositions reported for
the returned samples at 45.6 to 46 wt.% SiO, (Li et al., 2024) and significant contributions of non-mare
noritic ejecta with 46.9 £ 0.2 wt.% SiO, (Wang et al., 2025).

Here, we compare our new calibration and calculated SiO, abundances on the Moon with other lit-
erature approaches (Fig. S6). First, we applied the linear CF-SiO, relationship from Kumari et al. (2025)
to the same CF dataset by Lucey et al. (2021) to which we applied our new calibration. This approach
yields a narrower bimodal distribution of SiO, compared to our calibration, with mare terrain SiO, con-
centrations of 48.3 £ 0.5 wt.% SiO, and the highland regions with 50.7 + 0.7 wt.% SiO,. The comparison
with returned lunar samples shows that the linear CF-SiO, relationship from Kumari et al. (2025) re-
sults in systematically overestimated SiO, abundances for mare terrains in particular (Fig. S6). Second,
we compare our calculated SiO, abundances to the model by Ma et al. (2025). The histograms show
that their calculated SiO, concentrations are affected by model artefacts and do not show natural dis-
tributions, which fail to reproduce lunar sample compositions and underestimate SiO, concentrations
(Fig. S6).

Thesignificantly improved reproducibility of compositional ranges at landing sites for which returned
samples are available, based on our new calibration, allows us to discuss the SiO, abundances in other
lunar regions and surface features more reliably. For example, the pyroclastic Orientale ring dark mantle
deposit (Weitz et al., 1998) is clearly apparent with lower SiO, concentrations relative to the surround-
ing highlands, south-west of the Orientale basin (Fig 2). We also find calculated SiO, abundances in
the South Pole-Aitken basin (SPA) that are lower compared to the average highland terranes. This is
in contrast to Chen et al. (2025) who find highest SiO, concentrations of up to 50 wt.% in the SPA. No-
tably, their observations for the SPA are also elevated relative to their Chang’e 6 reference. However,
our comparison with Chang’e 6 samples suggest a very good agreement with our own model. The SPA
is of particular petrological interest due to the thin lunar crust (Wieczorek et al., 2013) and potentially
exposed lunar mantle lithologies (Moriarty et al., 2021). Due to the high southern latitude of the SPA
the CF dataset is increasingly affected by remaining artefacts (Lucey et al., 2021), which is evident in the
apparent topographic features of the SiO, map at latitudes > + 45° (Fig. 2).

SiO, in highly silicic terranes

The calculated SiO, map reliably highlights highly silicic compositions in the central mare region,
which were previously identified based on low wavelength CF (Glotch et al., 2010, Kumari et al., 2024b),
shown in Figure 3. Based on the CF positions (Glotch et al., 2010) we obtain 49.7 wt.% SiO, for Hel-
met, 54.7 wt.% for Southern Montes Riphaeus, 60.0 wt.% for Hansteen Alpha, 62.5 wt.% for Gruithuisen
Domes (y), 74.2 wt.% for Aristarchus Crater, and 76.0 wt.% for the Lassell Massif. For the first time, we ob-
tain quantitative SiO, concentrations for these exceptionally silicic localities. They are generally also de-
pleted in FeO and TiO, and rich in Th (Hagerty et al., 2006). The silicic domes have received increased at-
tention in the past years and have been suggested to be analogous features to terrestrial rhyolite domes
(Ashley et al., 2016; Boyce et al., 2017; Glotch et al., 2021; Gullikson et al., 2016; Hawke et al., 2003; Qiu
et al., 2022, 2023, 2025; Ravi et al., 2025). The highly silicic localities were not yet directly sampled by
a mission, but there are examples of SiO,-rich, even granitic grains and clasts in returned breccias with
up to 75 wt.% SiO, (Rutherford et al., 1976; Seddio et al., 2013, 2014; Valencia et al., 2024; Warren et al.,
1983).

The compositional variability in the samples of a given landing site have shown that a calibration of
the SiO, abundance on these samples alone, for the extrapolation to the entire lunar surface via spectral
observations (Chen et al., 2025; Ma et al., 2022; Yang et al., 2023) is not sufficiently reliable and require an
independent calibration of the SiO, concentration on the CF position. The present study is the first that
reliably quantifies the high-silica regions with compositions expected based on returned lunar granitic
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Figure 3 | Calculated SiO, concentration map over the central mare region with highly silicic localities identified by
Glotch et al. (2010). These silicic domes and craters exhibit SiO, concentrations of up to 76 wt.% at Lassell Massif.

breccias, and which is independently validated via the returned samples suites (Figs. S4, S5). For ex-
ample, the inversion models by Chen et al. (2025) and Ma et al. (2022), both partially based on the CF
map from the Diviner mission, fail to reproduce the high SiO, abundances at Aristarchus, Gruithuisen
Domes, Lassell Massif, and Hansteen. On the other hand, observations by the gamma-ray spectrome-
ter on the Lunar Prospector had insufficient spatial resolution to detect these regions, and also failed
to resolve SiO, in the South Pole-Aitken basin (Prettyman et al., 2006). Finally, the estimates of the SiO,
distribution will strongly benefit in the future from CF measurements at high spectral resolution over the
spectral range from 7 to 10 um, and are an important constraint for future landed missions to the Moon,
including human exploration and in-situ resource applications (Anand et al., 2012).

Implications for Mercury

The MERTIS instrument on the BepiColombo mission to Mercury provides such a high spectral res-
olution of up to 90 nm (Hiesinger et al., 2020; Hiesinger & Helbert, 2010). The measurement of SiO, on
Mercury with the MERTIS instrument relies on our new calibration, since no reference samples are avail-
able. We will apply the calibration to global data of Mercury following the start of the science phase of
the BepiColombo mission in 2027.

For now, CF data for the surface of Mercury is very limited. However, Earth-based observations pro-
vided an estimate for the CF at ~8.5 um (Sprague, 2000). Based on our model this would equate to 37.4
wt.% SiO,. This is significantly lower than previous estimates for the SiO, concentration on the surface
of Mercury in the range of 49 to 60 wt.% SiO, (Vander Kaaden et al., 2017). These numbers were calcu-
lated from element ratios measured by the X-spectrometer and Si abundance measurements from the
gamma-ray spectrometer on the MESSENGER mission (Evans et al., 2012; Nittler et al., 2018; Weider et al.,
2015). Given the high uncertainty on the absolute Si abundances measured by gamma-ray spectrome-
try (24.6 + 7 %), 25% have been used and oxide concentrations were then calculated based on assumed
valence states (Nittler et al., 2011, 2018; Vander Kaaden & McCubbin, 2016; Weider et al., 2012, 2014).
However, this approach does not account for the observed low O/Si ratio, which requires some of the Si
to be hosted as a metallic or carbide phase (lacovino et al., 2023; McCubbin et al., 2017). Our determined
low SiO, abundance is in line with the hypothesis that significant amounts of Si are present in a reduced
metallic or carbide phase. The X-ray spectrometer MIXS (Mercury Imaging X-ray Spectrometer) on Bepi-
Colombo will produce global chemical maps of Mercury, but these data will also primarily be elemental
ratios (Bunce et al., 2020; Fraser et al., 2010; Martindale et al., 2023). Here, the new calibration of the CF
will provide an independent quantification of the SiO, abundance on Mercury. Finally, the relationship
between the CF and SiO, abundance will allow direct compositional constraints of terrestrial exoplan-
ets with exposed rocky surfaces, following a recent analysis that suggested the measurement of CFs of
exoplanets with the James Webb Space Telescope (First et al., 2025).
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Methods

Glasses were synthesized from reagent grade oxides (SiO,, TiO,, Al, 05, Fe,05, and MgO) and CaCOs,
ground and mixed in ethanol. The mixtures were decarbonated at 1000 °C for 6 h in air, and reduced in a
1-atm CO-CO, gas-mixing furnace (Gero GmbH, Germany) in the experimental petrology laboratories at
the University of Mlnster in Al, 03 crucibles at 1000 °C one logf O, unit above the Iron-Wiistite (IW) buffer
to ensure that all iron was present as FeO in the mixtures.

The powders were mounted in a Ni holder and placed in vacuum (~6x107 mbar) for the glass synthe-
sis with a 50 W CO, laser focused to <1 mm? on the powder mixtures. The laser system allowed heating
above 2000 °C, which was required for the extreme glass compositions (Table S1). The laser was oper-
ated at only 7% of its power and targeted at the powders for ~30 s. These parameters were optimized in
multiple attempts to obtain sufficient melting of the samples. The obtained beads have diametersin the
orders of 500 um and show variable degrees of quench crystallization (Fig. S1). However, the samples
were sufficiently glassy to allow the measurements of the chemical compositions, Raman, and micro-
FTIR (Fourier Transform Infrared Spectroscopy) measurements of homogeneous glass areas.

The obtained beads were mounted in epoxy resin and polished to a 1/4 um finish and imaged with a
JEOL JSM-IT510LA Analytical Scanning Electron Microscopy at the Max Planck Institute for Solar System
Research (MPS). Back-scattered electron images were obtained to document the samples and test for
the presence of quench crystals and homogeneous glassy areas. Here, we present the seven successful
samples with sufficient homogeneous glass. Raman spectra were measured with a WiTec alpha300 AR
Raman microscope (50x objective) equipped with a 532 nm laser at the MPS. Spectra were accumulated
for 1 s integration time and 30 repetitions at a laser power of 1 mW.

The chemical compositions of the glasses were measured with a JEOL JXA 8530 F Hyperprobe in
wavelength-dispersive mode at the Institute for Mineralogy, University of Miinster. Measurements were
conducted at an acceleration voltage of 15 kV, a probe current of 10 nA, and a beam diameter of 10 um, to
minimize Na-loss. Both synthetic and natural standards were used for WDS. Hypersthene (Si), rutile (Ti),
kyanite (Al), fayalite (Fe), San Carlos olivine (Mg), and diopside (Ca) were used as reference materials.

Mid-infrared reflectance spectra were measured with a dry-purged Hyperion 3000 FTIR microscope
coupled to a Bruker Vertex 80v spectrometer in the Infrared & Raman for Interplanetary Spectroscopy
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Laboratory (IRIS) at the Institut fiir Planetologie, University of Miinster (Weber et al., 2025). Spectra were
collected over areas limited by a knife-aperture with 25 x 25 um to 40 x 40 um, and a N,-cooled MCT
detector. Spots of pure glass were chosen based on the electron microscopy images and Raman spots, as
well as the reflectance mode of the Hyperion microscope. A flat gold mirror was used as the background
reference. For each measurement 512 spectra were averaged and collated over the spectral range of 2.7
to 16.7 um (3900 to 600 cm™) at a spectral resolution of 4 cm*.

Characterization of experimental samples

We synthesized seven glass-bearing samples with compositions ranging from 0.5 to 97 wt.% SiO,. In
Figure S1 we show backscattered electron images of the samples with the areas in which we measured
the spectral propertiesindicated in colored boxes. All samples show crystals, for example from unmolten
oronly partially molten starting material surrounding the beads. In addition, the low SiO, and high Al, 04
glasses (D6 and D5) show extensive quench crystallization. However, in all samples we identified suffi-
ciently extensive areas that are chemically homogeneous and fully glassy without any quench crystals
that allowed chemical and spectroscopic characterization of glasses with extremely high and extremely
low SiO, contents. The electron microscopy images show no crystalline features in the indicated areas,
where we measured the MIR reflectance and Raman spectra.

The compositions of the glass areas indicated in Figure S1 are shown in Table S1 for the major el-
ement oxides. We obtain systematically low totals around 97 wt.% for the glasses with very low SiO,
contents. This is likely due to unusual matrix properties of these materials. Nevertheless, we do not
normalize the concentrations and use the measured SiO, wt.% concentrations in the discussion. The
compositional range spans from 97.6 wt.% SiO, to 0.5 wt.% SiO,. The silica poor samples are in turn rich
in CaO with up to 33 wt.% (D5) and Al, 05 with up to 58.5 wt.% (D6). The samples C1 and C3 are similar
in Si0, content (64.1 and 59.4 wt.%, respectively), but vary substantially in Al,05, FeO, MgO, and CaO
(Table S1).

The glassy nature of the sample areas investigated is confirmed by Raman spectroscopy, with the
spectra shown in Figure S2. All spectra are characteristic for purely glassy materials, without any sharp
Raman lines indicative for crystalline phases. The spectrum of C2 shows the characteristic features of
pure SiO, glass. The minor peaks at 494 cm™ and 601 cm™, referred to as defect lines D; and D, and
interpreted as 3- or 4-member SiO-ring structures, whereas the broad intensity maximum at 430 cm!
corresponds to bond bending, the broad peak at 820 cm™ to vibrations in the Si-O bond network, and
the small and very broad band above 1000 cm™ to the fully polymerized network of SiO;~ tetrahedra
(Geissberger & Galeener, 1983; Little et al., 2008). The broad bands at 800 to 1200 cm in the spectra
C1, C3, D7, C8b, D6, and D5 are assigned to Si-O and Al-O stretching in the SiO, and AlO, tetrahedra
with contributions from different degrees of polymerization, whereas bands at lower wavenumbers are
related to inter-tetrahedral and rocking vibrations in the network (McMillan, 1984).

The mid-infrared spectra of the glasses, including the CF positions, are shown in Figure S3. The spec-
tra show broad bands expected for glasses and similar to the Raman spectra. The reflectance maxima,
referred to as main bands are also compositionally dependent. The maxima range from 8.2 um for the
silica glass C2 to >12.1 pum for the Si-poor glasses D7, C8b, D6, and D5. The observed band positions
in the mid-infrared can be assigned to spectral units (Dalby & King, 2006). In the high SiO2 range the
main bands at ~ 9.1 um correspond to a fully polymerized network of tetrahedral units. In contrast, main
band positions at ~ 12 um are due to depolymerized SiO;™ units (v; symmetric Si-O stretch), observed
in the low SiO, glasses. The spectra were processed using Python open-source packages (Hunter, 2007;
Virtanen, 2020). The CF was identified by determining the position of lowest reflectance by finding the
low-point in a given spectrum using the Pandas data analysis library (McKinney, 2010). The measured
positions of the CFs are listed in Table S1.
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