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The microcrystalline texture in basaltic lava, scoria, and spatter can vary widely from pure glass to hol-
ocrystalline due to complex cooling histories after eruption. How quickly a molten rock cools is a function of the
environmental surroundings, including water, ice, sustained heat source, and atmospheric conditions. Thus,
petrologic texture serves as an indicator of cooling history captured in the rock record. As basalt is a common
component of terrestrial bodies across the solar system, relating the abundance of crystalline components to
spectral character would allow for a more thorough understanding of the cooling history and emplacement
conditions on planetary surfaces. Visible/near-infrared (VNIR) reflectance spectroscopy has been used to
examine the absorptions associated with volcanic glass, however, the non-linearity of absorption features in this
spectral region requires complex spectral unmixing modeling to achieve modal percentages of minerals. Here we
present evidence that average reflectance from 500 to 1000 nm (referred to as Rsgg_1000) of solid surface samples
is indicative of the crystal texture and degree of glassiness of basaltic rocks. Several factors, such as sample
surface roughness, lichen cover, coatings, weathering, and chemical composition can affect the Rsgo-1000 of a
sample. However, our data indicate that these factors can be sufficiently controlled during sample selection to
attribute relative glassiness values to basaltic surfaces. This quick and straightforward method requires no
sample preparation or modeling and is demonstrated with training data from sixteen rocks from five basaltic flow
fields with differing mineralogy, surface qualities, and geochemistry across Idaho and Oregon, USA. We further
test our relationship with two published datasets of synthetic and natural basalts, as well as a subset of our own
data collected with our methods to examine the sensitivities of the correlation. This method has the potential to
broadly identify glassier basaltic lavas across planetary surfaces. This could be applied toward understanding
lava eruption temperatures, cooling rates, magma petrogenesis, paleoclimate reconstruction, and astrobiology
due to the involvement of water in quenching of lava.

1. Introduction may result in distinct microcrystalline textures and surface morphol-

ogies (Griffiths, 2000; Wall et al., 2014; Biren et al., 2020). Two main

1.1. The importance of bulk crystallinity

The crystal content and crystal texture of a volcanic rock provide
information about the cooling history of the lava (e.g., DeGraff et al.,
1989; Burkhard, 2002; Armienti, 2008; Bernard and de Maisonneuve,
2020). Cooling and crystallization occur in the magma chamber, during
magma ascent, and also during surface emplacement. The cooling rate
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factors that contribute to the cooling of volcanic rock ascending from the
(shallow) magma chamber include interaction with ice or water (e.g.,
Pupier et al., 2008), and surface cooling as lava flows further from the
vent (e.g., Cashman et al., 1999; Robert et al., 2014). X-ray diffraction
(XRD) results of explosive basaltic products (ash, cinder, scoria) from
numerous basaltic systems around the planet have shown that the
petrology and crystallinity can be related to the cooling rate during
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eruption, which in turn, is linked to the interaction of magma and water
during or shortly before eruption (Wall et al., 2014; McBride et al.,
2019). Therefore, segments of a basaltic lava flow with high proportions
of glass relative to mineral crystals are a result of faster cooling and are
associated with water-lava interactions (Mastin, 2007; Gregg and For-
nari, 1998; Keszthelyi and Denlinger, 1996). Knowing bulk crystallinity
is also an important factor in lava flow modeling and forecasting of
eruption dynamics (Woitischek et al., 2020; Morrison et al., 2020;
Conroy and Lev, 2020; Chevrel et al., 2018; Castruccio et al., 2010; Pioli
et al., 2008; Harris and Allen III, 2008; Harris and Rowland, 2001;
Smith, 1997; Dragoni and Tallarico, 1994). Further, constraining crys-
tallinity of igneous rocks is an important component of understanding
the petrogenesis of undersampled systems, such as non-terrestrial lava
flow fields. The spectral techniques presented here have been used quite
extensively in orbital remote sensing and robotic exploration of plane-
tary surfaces and thus much of the work conducted is in that context.

1.2. Spectral capabilities for detecting crystallinity

VNIR spectroscopic analyses of igneous rocks with variable glass
content by Cloutis et al. (1990) observed that reflectance from 300 to
2500 nm decreased with increasing glass content. Further, they
observed that the samples with lower glass contents and higher crys-
tallinity of minerals exhibited increased spectral reflectance and deeper
mineral bands. Similar trends were observed by Minitti et al. (2002) who
evaluated the degree of crystallization of synthetic basaltic glass sam-
ples, although the spectral brightness was not a focus of that study.
Evaluation of their data indicates that the spectral reflectance increased
in general from about 300 to 1500 or 2000 nm as the degree of crys-
tallization increased (see for example Fig. 7 in Minitti et al., 2002). The
presence of pyroxene bands in the 1800 to 2500 nm region added
complexity to the assessment of the reflectance at this wavelength re-
gion. An increase in spectral slope from 300 to 2500 nm (red-sloped
continuum) has been observed for glassy samples in several studies on
crushed samples (Cloutis et al., 1990; Minitti et al., 2002; Carli et al.,
2016; Farrand et al., 2016) and this slope increases for fine particle sizes
of glass samples (e.g. Minitti et al., 2002). This red-slope in spectra of
lunar impact glasses has been associated with impact melt on the Moon
(Tompkins and Pieters, 2010), but in this study reflectance did not
correlate well with glass content due to highly variable glass composi-
tions. Thus, it appears that VNIR spectral brightness is associated with
glass content for basaltic glasses when chemical composition does not
vary greatly.

VNIR reflectance spectra of Fe-bearing glasses contain a band near
1000 nm that varies with Fe content and can be distinguished from Fe
bands in other minerals (e.g., Adams and McCord, 1971; Burns, 1993;
Minitti et al., 2001; Tompkins and Pieters, 2010; Carli et al., 2016);
however, identifying glass by this feature in mixtures is difficult because
the Fe band in glass spectra occurs near 1100-1200 nm, which overlaps
with the broad olivine band (Burns, 1993, Bishop et al., 1993) and the
Fe-bearing plagioclase feldspar band near 1250 nm (Adams and Goul-
laud, 1978). The position and shape of the 1 pm band can be used to
identify Fe-bearing glass in VNIR spectra when compositional informa-
tion is available from other techniques as well (e.g., Horgan and Bell,
2012; Scudder et al., 2021; Henderson et al., 2021).

VNIR reflectance measurements provide a simple, widespread
method to analyze rocks in the field, and previous laboratory studies on
basalt particles have shown that VNIR spectroscopy can be used to
indicate glassiness of volcanic rocks, despite the non-linearity of the
relationship between absorption and crystal content (e.g., Hunt et al.,
1974; Adams et al., 1974; Dyar and Consolmagno, 1982; Cloutis et al.,
1990; Crisp et al., 1990; Minitti et al., 2002; Pompilio et al., 2007;
Minitti and Hamilton, 2010; Horgan et al., 2014; Carli et al., 2015; Carli
et al., 2016; Farrand et al., 2016; Scudder et al., 2021). Linear unmixing
can also be applied using least squares analysis with spectral endmem-
bers (e.g. Adams and Gillespie, 2006; Farrand et al., 2020). However,
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these studies note that overlap of absorption bands makes precise
petrologic analysis challenging. Nevertheless, abundances of mineral
phases can be evaluated through spectral unmixing, a more complex
modeling method that uses principal component analysis to coordinate
the proportion of endmember spectra to the pattern observed in a
sample (Keshava and Mustard, 2002). This technique is useful for
modeling percentages of all endmember phases, but requires fairly
extensive calculations, a thorough knowledge of spectral endmembers,
and confidence in the assumptions that go into the model (e.g. Horgan
et al., 2017; Cannon et al., 2017).

We extend these studies by investigating the relationship between
VNIR spectra and crystallinity in well-characterized basaltic rocks.
Although glass content has long been known to lower the overall VNIR
reflectance due to glass having very weak spectral absorption bands (e.
g., Cloutis et al., 1990; Minitti et al., 2002), this concept has not previ-
ously been tested on solid surfaces of natural lavas. Our study is designed
to fill this knowledge gap. We selected five basaltic flows to investigate
the influence of crystallinity versus glass content on the VNIR reflec-
tance from 500 to 1000 nm of sample surfaces for comparison with
planetary surfaces viewed from orbit or from a rover. We acknowledge
that a number of factors influence VNIR reflectance in addition to glass
content, including mineralogic composition and surface roughness, and
for this reason we characterized our samples in detail. We conducted
scanning electron microscope (SEM) analyses on young (<10,000
years), unaltered, and uncrushed basalt to identify the dominant mineral
assemblages and quantify glass content. These crystallinity estimates
from SEM were compared with the VNIR spectral properties in order to
test our hypothesis that the magnitude of the reflectance could be used
as an indicator for the microcrystallinity in the rock for basaltic lavas.

2. Materials and methods
2.1. Baseline site selection

To ensure a diverse range of petrologic textures common with
distributed basaltic volcanism, five field sites were sampled in a transect
across the desert region of the western interior of the United States
including Hells Half Acre and the Blue Dragon flow in Idaho, Diamond
Craters and Devils Garden and Four Craters in Oregon (Fig. 1). These
sites were chosen because of their relatively young age (<10,000 bp),
basaltic composition (<52 wt% SiO5 and NayO + K30 < 5 wt% whole
rock analysis), and low degree of alteration because of the dry climate.
Furthermore, there is little morphological evidence for lava/water or ice
interactions such as rootless cones, maars, tuff rings, pillow basalts, or
lava flows interacting with extensive fluvial networks. This suggests
these data can provide a good baseline for low-water emplacement
despite there being no record of the precipitation or moisture levels at
the time of eruption of these multi-thousand year old flows. The selec-
tion of these sites was guided by the desire to minimize factors that
confound VNIR reflectance (such as widely varying iron and silica
contents, alteration, and dust contamination), while providing a wide
variety of natural surfaces (ropey/spiney/shelly pahoehoe, vesicle
content) and glass contents that would be expected on basaltic lava flow
fields. In this first study, we did not investigate the impact of widely
varying bulk chemistry, trace element chemistry, very rough surfaces
(such as ‘a’a), or lava-derived sediment. These are future directions that
will be investigated.

Smooth (2-8 mm roughness), dust-free, intact lava flow surfaces
were selected to optimize the quality of the basaltic spectrum. We tar-
geted a range of natural surfaces without regard for crystal content since
that could only be determined after sample selection and instead
prioritized a variety of emplacement environments, eruption centers,
and surface textures within the category of young basalts to ensure
natural variability would be accounted for in our dataset. To obtain a full
range of crystallinity and glass abundances, we utilized data from pre-
viously published holocrystalline basalts and synthetic basaltic glass
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Fig. 1. Map showing field locations and images of analyzed lava flow surfaces from each site. Surfaces varied widely in texture and colour on the millimeter scale.
Location names are DG = Devils Garden, FC = Four Craters, DC = Diamond Craters, BD = Blue Dragon, HHA = Hell’s Half Acre. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)

samples. This is discussed further in section 2.5 below.

2.2. Spectral measurements

Measurements were collected in-situ in the field and in a more
controlled laboratory setting with an ASD TerraSpec® Halo portable
mineral identifier. This instrument captures continuous single reflec-
tance spectra in the visible near-infrared (extended visible: ~350-1000
nm) and near-infrared (NIR: ~1000-2500 nm) ranges. Samples are
illuminated with an internal Quartz Tungsten Halogen bulb with a spot
size of ~18 mm while the instrument is in contact with the sample. The
spectral resolution is 3 nm for wavelengths 350-700 nm, 9.8 nm for
700-1400 nm, and 8.1 nm for 1400-2100 nm. Each measurement is
comprised of 100 spectra averaged over ~20 s. Reflectance spectra are
measured relative to Spectralon and corrected for Spectralon absorption
irregularities as well as detector offsets (see Sehlke et al., 2019 for de-
tails). In the field, the flattest most unaltered exterior was chosen for
analysis, and the spectrometer was not moved between triplicate mea-
surements. For laboratory data, the same spot was used, however, the
instrument was rotated ~70° to capture the range of readings that could
result from a random orientation of the sample in the field due to uneven
surfaces (i.e., vesicles, surface flow textures). Three measurements
without rotating the sample returned nearly identical spectra, ensuring
no instrumental drift or time-dependent variations. The maximum
standard deviation between all laboratory readings represents the 1c
uncertainty reported for each sample.

2.3. Petrographic analysis

After in situ analysis, a hand sample of the surface was collected and
processed into a thin section for petrographic analysis. The rock was cut

with a water saw perpendicular to the analyzed surface and a thin wafer
was polished using standard methodology to a 30 pm thickness. This
mounting procedure ensures that the thin section provides the same
surface measured by the VNIR spectrometer in the field. Between eight
and ten SEM images of the upper surface of each sample were collected
to ensure a representative calculation (Suppplemental material). Two
SEM instruments were used including a Zeiss Supra 35 Variable-Pressure
FEG at the University of Idaho and a Hitatchi TM 3000 desktop scanning
electron microscope (SEM) with Bruker Q70+ silicon drift detector en-
ergy dispersive spectrometer (EDS) system at the APL Space Department
SRE meteorite lab. Back Scattered Electron (BSE) images were taken at a
working distance of 13-15 mm, with an acceleration voltage of
15-20.00 kV and a magnification of 100x to 300x depending on
complexity of mineralogical texture. Elemental maps of Ca, Mg, Fe, Na,
Al, and P were produced by scanning the rims using the BSE data for 30
min (Zeiss Supra) or 400 s (Hitachi) at high resolution to assist in
mineral identification and quantification. The BSE images are used to
calculate the modal abundance via pixel counting of the specific grey
scales corresponding to the present phases in the sample (e.g., olivine,
pyroxene, feldspar, oxides, and glass) by image processing software.
Only a 50 pm band along the top surface was measured as the pene-
trating depth of VNIR spectroscopy is typically <1.5 pm for opaque
samples (Boesche et al., 2015). Error estimates for the modal percent-
ages were calculated using the percentage of variability between five
counts of the same sample conducted by five different people. The modal
percentage varied by a 1o standard deviation of 7% of the total crystal
content, 5% for olivine and plagioclase, and < 1% for vesicles and
oxides.
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2.4. Spectral analysis

The magnitude of reflectance between 500 and 1000 nm (abbrevi-
ated as Rsgp_1000) Was calculated by averaging the values between 500
and 1000 nm for a single spectrum, thus quantifying the reflectance of a
sample (Fig. 2). The spectra between 350 and 500 were very noisy and
thus were excluded from the calculation. We also excluded the portion of
the spectra more affected by alteration products (>1000 nm).

2.5. Endmember samples

Finding holocrystalline and crystal-free basaltic glass in the same
flow in nature in a high enough quantity to be analyzed by the 1 cm
diameter window of the VNIR spectrometer is challenging. Thus, we
used synthetically prepared samples including two basaltic samples
fused at the Syracuse Lava Project (Rader et al., 2020) and a Shergotitic
composition (Sehlke et al., 2020) for glass endmembers. For crystalline
endmembers, we chose two natural basalts, one from the Columbia
River Flood Basalt province on the Lewiston, ID grade and another from
Payun Matru, Argentina (Carli and Sgavetti, 2011). Since most spectra
published have been measured of crushed and sieved samples, few
spectra in the literature are directly comparable to our data. These
samples were all measured as either a rough-cut surface or natural
surface, similar to our data set of natural lava samples.

3. Results
3.1. Petrology

The petrology of our samples varies sufficiently in feldspar, olivine,
and alteration to test these parameters in comparison with the spectral
properties. The 2-D percentage of glass in the 17 samples ranged from 27
to 83% (Table 1). All samples contained plagioclase (11-56%) and
vesicles (0.5-17%). All but one sample contained olivine (1-16%) and
nine samples contained Fe-oxides (0.1-9.1%). Three samples contained
small amounts of apatite (0.2-0.6%). Samples were categorized by the
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abundance of mineral phases in the order of iron oxide, olivine, and then
plagioclase in the following decision tree

3.2. Spectral classification

Spectral absorption bands are present at a combination of wave-
lengths that are indicative of primary minerals and phases (e.g., feld-
spar, iron-oxides), as well as clay minerals produced by chemical
weathering and lichen (Salehi et al., 2017, Fig. 2). Despite olivine
phenocrysts being present in all but one sample, olivine signatures were
not strong in the spectra, which is consistent with other findings that
olivine is typically difficult to detect at abundances below ~20-25% in
mixtures (e.g., Singer, 1981; Cloutis et al., 1986; Parente et al., 2011).

Reflectance values, which were averaged over the spectral range
500-1000 nm, varied from 0.039 to 0.136 (field) and 0.049 to 0.127
(lab) with most spectra having a maximum standard deviation of <1%
between replicates (n = 9). Four spectra had an error of <10%, three
with <15%, one with an error of 20%, and one with an error of 57%
within the triplicate set. The largest variability was found for the labo-
ratory measurements when samples were rotated and represent the
maximum variation possible, which is reported in Table 1. This may
have been due to an increase in specular reflectance when rotating some
of the glassy samples. Most samples (n = 14) have reflectance values
between 0.04 and 0.1 over the entire range of wavelengths in both
laboratory and field spectra, however, reflectance values tended to be
higher in the laboratory analyses (Fig. 3). Glassier samples also tended
to have lower reflectance and contain fewer spectral features compared
to more crystalline samples.

4. Discussion
4.1. Effects of glass content on the R5pp_1000 value of whole rock surfaces

Unlike previous studies on powdered samples, rock surface analyses
do not exhibit the spectral feature associated with mafic glass, a broad

0.005
500 700 900 1100 1300 1500 1700 1900 2100 2300 2500
Wavelength (nm)
—BD19-20-S3 -+--- BD19-12-S2 ==-HHA19-6-S2= -DC19-13-S2 ----DC19-10-S3 —DC19-5-S3 ----- BD19-19-S1

—DG19-6-S2 ==-DG19-9-S2 = -DG19-10-S2----DG19-2-S3 ——FC19-5-S3 ----- HHA19-4-S3=-=-DC19-4-S3

HHA19-4-S2 —SLP18-2 —SLP18-4

—SHG-glass

18LI1-01 Alkali Basalt

Fig. 2. Average lab and field spectra for the 16 natural samples included in Fig. 4 as well as the endmember spectra in brown and yellow colors. Colour corresponds
to the vol% of glass in the sample with darker purple = more glass, fewer crystals, lighter green = less glass and more crystals. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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Table 1
Summary of VNIR and phases of the averaged spectra for each sample. Alkali basalt endmember spectra from Carli and Sgavetti (2011).
Modal abundance of phases (%) Rs00-1000

Sample name Plagioclase Olivine Glass Vesicles Oxides Apatite % Crystal 1s Field Lab Average Max s Category
BD19-12-S2 11 1.6 78 7.9 0.6 0.2 22 2 0.056 0.062 0.059 0.0003 glass
BD19-20-S3 14 2.4 82 1.5 1.6 0.4 18 2 0.062 0.076 0.069 0.003 glass
BD19-19-S1 15 4.6 69 7.9 2.5 0.6 31 3 0.064 0.055 0.059 0.0002 glass
DC19-11-S3 16 0.7 83 0.5 0 0 17 2 0.054 0.065 0.059 0.006 glass
HHA19-6-S2 16 2.8 76 5.1 0 0 24 2 0.072 0.054 0.063 0.01 glass
FC19-5-S3 27 6.5 49 17 0 0 51 5 0.088 0.125 0.107 0.0009 olivine
DG19-10-S2 31 8.8 58 1.3 0.4 0 42 4 0.075 0.094 0.085 0.0006 olivine
DG19-2-S3 36 5.6 56 21 0 0 44 4 0.061 0.108 0.084 0.03 olivine
DC19-4-S3 46 9.2 38 6.7 0 0 62 6 0.105 0.101 0.103 0.008 olivine
DG19-11-S3 49 16 34 0.5 0.5 0 66 7 0.115 - 0.115 0.006 olivine
HHA19-4-S3 42 8.0 39 2.1 8.6 0 61 6 0.136 0.097 0.117 0.0007 oxide
HHA19-4-S2 56 2.6 27 5.2 9.1 0 73 7 0.106 0.127 0.117 0.001 oxide
DC19-10-S3 20 3.8 71 5.0 0.1 0 29 3 0.052 0.049 0.051 0.0002 plagioclase
DC19-13-S2 21 2.6 74 2.2 0 0 26 3 0.057 0.049 0.053 0.0004 plagioclase
DC19-5-S3 21 0 71 8.3 0 0 29 3 0.056 0.055 0.056 0.0003 plagioclase
DG19-6-S2 23 3.2 68 5.2 0.1 0 32 3 0.057 0.062 0.059 0.0003 plagioclase
DG19-9-S2 26 2.5 58 14 0 0 42 4 0.039 0.070 0.054 0.006 plagioclase
Alkali Basalt - - 0 - - - 100 0 - 0.143 - - crystalline endmember
18LI-01 - - 0 - - - 100 0 0.159 - - 0.008 crystalline endmember
SLP18-02 0 0 100 0 0 0 0 0 - 0.027 - - glass endmember
SLP18-04 0 0 100 0 0 0 0 0 - 0.034 - - glass endmember
SHG-glass 0 0 100 0 0 0 0 0 - 0.013 - 0.0007 glass endmember

Data summary showing the modal abundance of each phase identified in each sample, the Rspo_1000 Value of field, lab, and average VNIR data, and the spectral

classification.

Iron oxide >5%? —> No | Olivine >5%?

v £

Yes — Oxide category Yes — Olivine category

absorption band between the wavelengths of 1.08-1.18 pm (Carli et al.,
2015). Instead, we found absorption bands at wavelengths characteristic
of the observed primary minerals (except for olivine) and increased
Rs00-1000 values with increasing crystallinity (Pearson correlation co-
efficient of 0.7). The mineralogy of a fresh basalt is fairly limited to
olivine, plagioclase, Fe-oxides, and occasionally pyroxene, making the
spectral classification simple enough to use the Rsgp_1000 value as a
proxy for glass content. However, this trend may not hold for all lava
compositions or mineralogies. Several samples in our data set also
included minor amounts of apatite, which did not affect the relationship
between crystallinity and Rspo_1000. Based on these results, glassier ba-
salts have lower reflectance from 500 to 1000 nm relative to more
crystalline basalts.

To estimate crystal content, we assumed a linear relationship be-
tween modal crystal content and the Rsgg_1000 value (Table 1). The
following equation allows for the prediction of the crystallinity/glassi-
ness of basaltic samples as a function of reflectance at 500-1000 nm
with a 8.4 vol% standard error at the 95% confidence level:

Vol%Crystal = —16.1(£4.1) + (725( £49)*Rs00-1000 )

Errors on parameters for this linear relationship (r? of 0.92) are given
in parentheses. Exceptions include samples with very rough surfaces,
which in contact probes can cause protrusions to be closer to the de-
tector and appear brighter than other samples with a different crystal-
linity. On the other hand, “spectral darkening” (lower reflectance) may
be a consequence of the formation of a fragile thin layer of glazed glass.
This layer can be lost during sample preparation (evidence for this in our
samples was seen as cracked and missing glassy rinds in SEM imagery)
leading to crystallinities that appear higher than what the spectrometer
originally detected, as the outer layer was primarily glass when first
analyzed. Differences in Rsgo_1000 between the rough and glazed

»No —»

Plagioclase >20%? —No — Glass Category

v

Yes — Plagioclase category

samples due to crystalline components may be up to 20% and likely
constitutes the majority of the variability between modeled and actual
glass abundance and warrants further study (Fig. 4). Despite having the
ability to shift Rsgp_1000, glass content played a stronger role than sur-
face characteristics for the majority of the natural samples, suggesting
this method is robust enough to overcome the natural variablility that
occurs in basaltic lava flow fields.

4.2. Ideal wavelengths for crystallinity proxy

Whereas reflectance tends to increase with crystal content over a
wide range of wavelengths, we chose to use the range of 500-1000 nm
because this range encompasses most of the absorptions related to the
primary mineralogy common in basalts (olivine, glass, clinopyroxene,
plagioclase, Fe oxides), while excluding effects of alteration and lichen
seen at longer wavelengths. Beginning at 500 nm also has the advantage
of excluding any variation at shorter wavelengths due to standard cali-
bration, lighting, scattering, or instrument effects. Altered samples
exhibiting more prominent hydration bands also tended to have higher
reflectance between 1100 and 2500 nm, which could skew an average of
the reflectance that includes these higher wavelengths. Including
reflectance values in this longer wavelength range causes a disjointed
dataset instead of a more linear relationship and thus we chose to
exclude higher values from our calculation. However, we tested selected
reflectance values at specific wavelengths to determine if the observed
trends still hold. The reflectance of single values at 700, 1200, and 1700
nm, were evaluated for a subset of the data and show the same corre-
lation observed for the reflectance across the range 500-1000 nm,
although the slope of the best fit line shifts slightly (Supplemental ma-
terial). Similarly, a spectrometer in a controlled lab setting with
improved stability at lower wavelengths may provide suitable data
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Fig. 3. Crystal abundance determined by SEM images compared to the
Rso0-1000 value. The inner shaded region is the region of correlation that would
match the data set at a 95% confidence level. The outer shaded region is the
region of likelihood at a 95% confidence that would contain any future data
points. Symbol colour indicates the mineral characterization. Blue is glass, grey
is plagioclase, orange is oxide, green is olivine, black is crystalline endmembers
and white is glass endmembers. The variance bars for some samples are less
than the size of the symbol. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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the reader is referred to the web version of this article.)
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down to 300 nm. Different planetary atmospheres may have different
spectral windows and thus, this method can be adapted to the wave-
lengths that are optimal for a given planetary body. Similarly, if absolute
reflectance can not be obtained, a comparison of the relative reflectance
of different outcrops may allow for relative crystallinity within a flow or
region of flows.

4.3. Comparison to crushed, sieved, or broken interior samples

The method of in-situ natural surface measurements differs greatly
from the standard VNIR spectral collection which typically includes
crushing and sieving samples. Changing the particle size of a granular
sample affects the Rsog_1000 value with smaller particle sizes increasing
both the reflectance and the strength of absorption bands (Carli et al.,
2016). Similarly, crushing and sieving a sample, or using synthetic
material with no vesicles removes the variability due to surface rough-
ness (Leight, 2020). Thus, we cannot directly compare absolute values or
slopes of datasets collected in different ways, however, we observe that
overall reflectance does increase with increasing crystallinity (Fig. 5).
Synthetic glass and crystalline mixtures of basaltic compositions crushed
and sieved to 75-500 pm published by Minitti et al. (2002) shows a very
clean trend (r? = 0.97) with a lower slope than the natural data. Simi-
larly, the positive correlation between Rsgg-1000 and crystallinity is
visible (r2 = 0.74) in a series of 19 basalt samples published by Sears
et al. (2017) however the slope is slightly shallower than our data. The
Sears et al. samples were collected for geochemistry purposes and thus
contained only broken surfaces of clean interior lava flows which were
less rough than the natural surfaces. To ensure accurate modeled crystal
abundances, samples should be analyzed on the same type of surface as
the data used to create the relationship, be it crushed and sieved, broken
or cut surface, or a natural surface of similar roughness. Thus, for ana-
lyses of lava flows, using natural lava surfaces provides the best analog.

4.4. Implications for interpreting ancient eruptions on earth and other
planets

The purpose of this study was to determine if data collected in a
similar way to field measurements with a contact VNIR probe and nat-
ural lava flow surfaces would show a clear relationship between
Rsoo-1000 and glass/crystal content. Whereas laboratory studies on
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Fig. 5. Glass content compared to overall reflectance between 500 and 1000
nm of comparison datasets. Data from this paper (black dots) show a steeper
trend than data collected on smoother surfaces (Sears et al., 2017 in white) or
crushed and sieved samples (Minitti et al., 2002 in grey).
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prepared and sieved samples result in a more tight relationship, it also
increases the time and cost of analysis. This method could be employed
immediately to start estimating glass contents of basalt surfaces of
similar roughness in field settings without collecting samples for anal-
ysis. This has practical applications in volcanology and planetary science
because of the role that cooling rate has on glass abundances.

Natural surfaces may be altered in numerous ways which may affect
the basic relationship between Rspo_1000 and crystallinity. However,
surfaces cleared of dust/regolith by wind, or a rover, or flow surfaces
exposed inside of lava tubes or in crater rims, or extremely young flows
such as those on Io would be prime candidates for this type of analysis. If
clean or fresh surfaces are exposed, this technique could inform geologic
processes that lead to high or low contents of glass and crystalline
minerals. For example, a lava flow’s cooling rate dictates the abundance
of glass and thus several analyses from a flow field may indicate the
presence of water in the environment in which the lava was emplaced
(Wall et al., 2014; Mastin, 2007; Gregg and Fornari, 1998; Keszthelyi
and Denlinger, 1996). Thus, lava that interacted with water or ice would
cool faster and have fewer crystalline minerals. These water/ice-
triggered rapid cooling events may be evident from low spectral
reflectance values. Further work on flow fields with documented water-
lava interactions is planned. Additionally, further work on differing
tectonic settings such as hotspot volcanism (including Iceland and
Hawaii), as well as subduction-related basalts found in the Cascade arc
may enable extrapolation of these results to a wider range of lava types.
However, the differences in chemistry between these settings (pre-
dominantly trace elements) are unlikely to influence the reflectance
value over the range 500-1000 nm and thus we believe these results can
be more widely applied to other basaltic systems.

Broad crystallinity estimates of lava flows could also provide insight
into magma generation, storage, transport, and eruption dynamics in
unsampled volcanic systems all across planetary surfaces (e.g. Marsh,
1981; Cashman and McConnell, 2005; Woitischek et al., 2020). While
crystallinity may be measured through direct sampling using other
systems on the Martian rovers currently, they require sample prepara-
tion that takes time and energy. This novel method of estimating crys-
tallinity would be simpler, faster, and require fewer resources.

5. Conclusions

The magnitude of reflectance over the 500-1000 nm spectral range
of basaltic lava surfaces is lower for higher glass contents given similar
surface roughnesses. This pattern is demonstrated through spectroscopic
analyses of 17 samples from five basaltic flow fields in the northwestern
USA and compared to two published datasets. Using the Rsgg_1000 value,
the total crystallinity can be estimated within 8% for most samples, with
outliers resulting from sample preparation and surface roughness vari-
ability. Similar findings regardling surface roughness of basalt can be
found in Sehlke et al. (2019). Smoother or broken surfaces and crushing
the sample result in higher overall reflectance for glassier samples.
Within the natural variability of basalt flows, iron content does not
interfere considerably with this relationship, however it would likely
need to be considered when comparing basalts to other lava composi-
tions. Highly vesiculated basalt with phenocrysts and microlites may
show spectral absorptions consistent with glass and thus might be mis-
interpreted as highly glassy without the inclusion of the Rspg_1900 value
to approximate the quantity of crystals. The ability to determine the
crystallinity of basaltic lava flow surfaces using a handheld VNIR spec-
trometer would enable the exploration and characterization of larger
areas during extravehicular activities of planetary surfaces compared to
robotic assets.
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