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Silicate glasses with igneous compositions can be an important constituent of planetary surface material
via effusive volcanism or impact cratering processes. Different planetary surfaces are mapped with
hyper-spectrometers in the VNIR, and in this spectral range crystal field absorptions are useful in discrim-
inating iron bearing silicate components. For these reasons studying glassy materials, and their optical
constants, is an important effort to better document and understand spectral features of Solar System sil-
icate crusts where glasses are present, but may be difficult to map. In our work we present a set of four
different synthetic glasses, produced under terrestrial conditions, with variable composition and in par-
ticular an increasing amount of iron. The VNIR spectra show, for all the compositions, two absorptions are
present near 1.1 and 1.9 um but reflectance, slope and absorption shape varies with composition. We
measured the reflectance of different particle sizes of the samples and used radiative transfer models
to estimate the optical constants as a function of wavelength. We used the retrieved optical constants
to estimate the particle size from the measured reflectances and the results fall within the known sieve
range. We qualitatively discuss the effect of the shape and distribution of particles on the application of

the model.

© 2015 Published by Elsevier Inc.

1. Introduction

One of the principal products of extrusive volcanism and impact
cratering is glassy material, which can be an abundant component
and significantly influence the VNIR reflectance spectral signature
of a surface region. The spectral information of those regions will
be not only characterized by the crystalline silicate absorption fea-
tures but by any presence of the glass (e.g. Carli and Sgavetti, 2011;
Carli et al., 2015; for examples relate to effusive rocks case).

Different type of glasses have been proposed and identified, in
particular on the lunar surface, where the returned samples per-
mitted a detailed analysis. The wide compositional variations of
effusive products and of the different terrains affected by impact
processes result in glassy materials having a wide range of compo-
sitions. Moreover the different environmental conditions present
on the different bodies can result in important variation in the
glasses. Previous research has shown that different FeO/TiO, ratio

* Corresponding author.
E-mail address: cristian.carli@iaps.inaf.it (C. Carli).

http://dx.doi.org/10.1016/j.icarus.2015.10.032
0019-1035/© 2015 Published by Elsevier Inc.

and/or change in oxygen fugacity can affect the spectral informa-
tion at VNIR wavelengths. In this spectral range the glasses are
generally characterized by two crystal field (CF) absorptions near
1 and 2 pm attributed to Fe?* absorptions (e.g. Adams and
McCord, 1971; Dyar and Burns, 1981; Burns, 1993; Tompkins
and Pieters, 2010) and variable reflectance levels and slope.

Lunar glasses are generally the most characterized type of
glasses in the VNIR (0.4-2.5 um) range. They are described as
material with different colors, e.g. brown, red, orange, yellow,
green, and, generally, they correspond to glasses with high iron
content and variable amounts of titanium (Dyar and Burns, 1981;
Gillis-Davis et al., 2007, 2008). This variation in compositions is
manifested spectrally as a change of reflectance and slope, partic-
ularly in the visible, whereas the spectra in the near-IR always
exhibit absorption bands near 1 and 2 um (e.g. Tompkins and
Pieters, 2010). In some studies of lunar glass analogs focusing on
high Fe and Ti concentrations, different abundances of dark glasses,
relative to the crystalline silicates, were shown to reduce the inten-
sity of silicate absorption bands (e.g., Adams and McCord, 1971;
Cloutis et al., 1990; Tompkins and Pieters, 2010).
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Glasses with different compositions, composed with different
abundance of other major elements (e.g. Cr, Al, Mg, Ca, Na) were
not extensively explored using VNIR spectroscopy, or only margin-
ally, as typical olivine or pyroxene stoichiometric composition
glasses (Jager et al., 1994; Dorschner et al., 1995). A few other stud-
ies explored the influence of different oxygen fugacity during melt-
ing (i.e. Bell et al., 1976) but did not measure the reflectance of the
materials as would be obtained from remote sensing observations.

In fact, Bell et al. (1976) measured the VNIR transmission, and
determined the absorption coefficients of several synthetic glasses
produced using different oxygen fugacity with a composition sim-
ilar to an Fe-Ti basalt by varying the amount of FeO and TiO, from
iron-free to titanium-free end-members. This study, developed to
determine oxygen fugacity, iron and titanium content both in lunar
samples and on Moon’s surface, showed that, at ambient terrestrial
conditions, the spectrum of Ti-free sample show a strong shoulder
in the VNIR caused by Fe3* charge transfer transition towards the
ultraviolet. Fe®* is also probably responsible for a weak 0.545 um
absorption (i.e. spin forbidden), whereas the Fe-free glass shows
no Ti*" absorption in this region. With decreasing P(0,), the Fe*"
disappears as well as its absorption, but titanium became Ti>* with
the appearance of an absorption at 0.5 pm. At this lower oxygen
fugacity the 1 and 2 pm bands are always present (Bell et al,,
1976).

Attempting to understand the composition of three lunar pyro-
clastic deposits Wilcox et al. (2006) described a way to calculate
the optical constant of glassy material and how to apply the radia-
tive transfer modeling (e.g. Hapke, 1981, 2001; Hapke et al., 1993).
They consider absorption coefficients of synthetic glasses mea-
sured by Bell et al. (1976), converting the absorption coefficient
(o) in the imaginary refractive index, k, with the following relation-
ship o =47k//, and they determined the real part, n, using the
equation of Church and Johnson (1980) that relates n to the chem-
ical composition. Wilcox et al. (2006) evaluated how the k-value
was related to FeO +x « TiO,. They validate the methods fitting
an Apollo15 green glass, allowing the particle size and submicro-
scopic metallic iron amount (SMFe) to vary in order to determine
the best match with the known iron and titanium composition.
They found that the model fit the spectra quite well for wave-
lengths >0.7 um. For shorter wavelengths the model yields a dar-
ker spectrum than what was measured. The best fit was found
with a grain size of 18.7 um, close to the normalized size frequency
distribution, and no SMFe, compatible with the immaturity of the
sample. Then they fit the lunar spectra of the three regions and
infer a specific composition for each region. They found a good
fit with glassy materials rather than the presence of black beads
(dark devitrified material in pyroclastic deposits), except for one
region where the fit with a mixture of glass and black beads give
a value only marginally worse. They suggest that further measure-
ments of optical constants and their variation with composition
would be useful in, particular for the short wavelength range.

Here, we present a study of VNIR bidirectional reflectance spec-
tra of synthetic glasses produced from four basic rock composi-
tions. The chosen compositions extend from relative low to high
iron contents (i.e., from high plagioclase, anorthositic, to high
mafic, basaltic, glasses compositions). In an effort to extend the
laboratory measurements to other grain sizes, or even mixtures,
we estimated the complex refractive indices, commonly referred
to as optical constants, of the glass samples using radiative transfer
models. In Section 2 we describe our methodology in preparation
and characterization of the samples. In Section 3 we present the
approach used to estimate the average complex refractive indices
of each glass and use these to assess how well the known particle
size can be estimated using these values. We follow with a
discussion of the results in Section 4 and provide a summary in
Section 5.

2. Methods
2.1. Sample preparation

Four different rock samples were used to produce glasses
(Table 1): an anorthosite, two gabbronorites (Carli et al., 2014b)
and an hawaiitic basalt (Pasquaré et al., 2008). The sample choice
was principally driven by: (a) basic igneous material, having com-
positions which, in theory, could be genetically related; (b) vari-
ability of iron content; and (c) low amount of secondary
alteration. The rock samples were cut and ground, producing a thin
section representative of the original rocks for optical and mineral
chemistry analyses and coarse powder material to be melted. A
portion of the coarse powder was ground to finer sizes for chemical
analysis of the rocks as a comparison with the glasses composition.

The rest of the coarse powders were melted in a high tempera-
ture furnace (Nabertherm HT17/16) at 1500 °C for an hour and then
quenched in air. The furnace operates at oxidizing terrestrial condi-
tions. Glasses were then ground and reduced to powder for chemi-
cal analysis and for spectral measurements. The <250 um sieve
fraction was subsequently ground and dry sieved, by repeatedly
shaking, into several particle size separates of 250-224, 224-200,
200-180, 180-150, 150-125, 125-100, 100-75, 75-50, and
50-20 um.

2.2. Sample analysis

2.2.1. Rock and glass compositions

Preliminary evaluation by optical microscope revealed that the
rock samples have a low amount of hydrate alteration, resulting in
a low amount of loss during melting. We also confirmed the homo-
geneity of the glasses and absence of inclusions. Chemical analysis
of samples performed to document the bulk rock composition via
X-ray fluorescence (XRF) measurements on both rock and glass
samples (Table 1). It is evident that bulk rock composition is
unchanged after the melting.

Mossbauer analyses were performed to evaluate the oxidation
state of the iron in the glasses. Transmission Fe Mdssbauer spectra
were obtained on a few milligrams of powdered sample at room
temperature using a Co-57(Rh) thin source. The spectrometer
operated in constant acceleration mode with a symmetric velocity
ranging between +4 mmy/s. The velocity was calibrated against a
standard o-Fe. Fitting of spectra has been performed using the soft-
ware Recoil (Lagarec and Rancourt, 1998), using doublets of Lor-
entzian line shape. Refined parameters for each sample are given
in Table 2. The Mossbauer spectra of all glasses are shown in
Fig. 1a. It is clear that three samples have the same absorptions,
with variable intensity related to the total iron content, only
St18g, the most Fe-poor, shows a slightly different spectrum with
less prominent absorption at ~1 mmy/s. Fig. 1b shows an example
of how the principal peaks are fitted using two Lorentzian dou-
blets: the one with largest QS can be assigned to Fe?*, while the
other band is indicative of Fe3*,

2.2.2. Density

We measured the density of our samples both for rocks and
glasses using an industrial gas pycnometer (Ultraphyc1200Q,
Quantachrome®) weighing a representative piece of bulk sample
and then purging the chamber of the pycnometer with a gas
(He). The results are summarized in Table 3 where it is clear that
glass samples, despite analogous bulk rock composition (Table 1),
have lower density values. Similar behavior was seen also by
Karamanov and Pelino (1999) and Fowle (1921) for different sili-
cate glasses. This density difference increases linearly with the iron
content in samples.
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Table 1
10 XRF analysis of major elements of rocks and synthetic glasses. Fe;03¢ = FeO + Fe;05. L.O.I = loss on ignition.
Ol-basalt Gabbronorite Gabbronorite Anorthosite PY7MMg ST8g ST14g ST18g
PY7MM ST8 ST14 ST18
SiO; 48.67 51.10 50.41 48.70 47.68 50.96 49.53 48.18
TiO, 1.91 0.15 0.14 0.09 1.88 0.15 0.14 0.08
Al,03 16.36 16.83 21.07 29.44 16.10 16.34 20.72 29.36
Fe;030t 11.30 7.06 4.45 1.79 11.28 7.19 4.46 1.78
MnO 0.17 0.13 0.09 0.03 0.17 0.14 0.09 0.03
MgO 7.15 12.40 7.71 2.05 7.05 12.84 7.61 1.92
Cao 9.16 10.70 15.46 15.92 9.06 10.96 15.32 15.85
Na,O 3.65 1.11 1.48 2.25 3.56 1.14 1.46 2.24
KO0 1.33 0.08 0.13 0.08 1.30 0.08 0.12 0.08
P,05 0.45 0.01 0.01 0.01 0.45 0.01 0.01 0.01
Tot 100.15 99.57 100.95 100.36 98.53 99.81 99.46 99.53
LO.L 0.73 1.23 0.92 1.60 0.30 0.28 0.26 0.23
Table 2 of spectral resolution in the visible and 10-12 nm in the near-

207
208
209
210
211
212
213
214

215
216
217
218

Mossbauer parameters for Fe, Mg end-member. IS = isomeric shift; QS = quadrupole

splitting; FWHM = full width at half maximum. %2 = reduced chi-square.

2

infrared. These are resampled by the spectrometer software to a
spacing of 1 nm. Reflectance measurements were obtained with
incident (i) and emission (e) angles of 30° and 0°, respectively. A
light source was a QTH (quartz-tungsten-halogen) lamp produc-
ing an illuminated spot of ~0.5 cm?. The calibration of the spec-
trometer was performed with a 99% reflectance Spectralon
(Labsphere®) and the spectra were corrected for the Spectralon

2.2.5. Particle size and shape

Sample  Assignment IS (mm/ QS (mm/ FWHM (mm/ Area x
s) s) s) (%)

St18g Fe?* 1.023 1.914 0.641 49.2 1.333

Fe** 0.305 1.323 0.785 50.8
Stl4g Fe?* 1.047 1.918 0.562 40.5 1.347

Fe3* 0313 1.313 0.668 59.5 reflectance.
St8g Fe?* 1.042 1.913 0.572 38.7 1.421

Fe** 0.304 1.304 0.601 61.3
Py7MMg Fe?* 1.050 1.916 0.570 40.0 1.829

Fe3* 0.304 1.248 0.546 60.0

2.2.3. Real part (n) of the refractive indexes

The real part of the refractive index was calculated measuring
the Brewster angle (0g), where 0 = arctg (n2/n1), where the two
media are the glass (n2) and the air (n1). We assumed that the
imaginary index for silicate material is ~ five orders of magnitude
smaller in the VNIR, so the real part can be, to first order, consid-
ered equal to n2 and constant in the VNIR. The calculated values
are shown in the last column of Table 3.

2.2.4. Reflectance

We measured bidirectional reflectance spectra from 0.35 to
2.5pm at ambient conditions with a Field-Pro Spectrometer
mounted on a goniometer. The spectra were acquired with 3 nm
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We determined the particle size and shape variation of the
50-20 and 250-224 pm size separates, by SEM imaging. Carbon
tape with adhesive on both sides was place on a SEM sample stage
and then particles of each sample were sprinkled onto the exposed
tape. The sample stage was placed into a Hitachi model 4000 SEM
operating at 15 kV and images were typically obtained at magnifi-
cations of approximately 50, 100, 250, 500, 1000, and 2000. Fig. 2
illustrates the typical nested sequence.

The original images were edited in Photoshop® to remove arti-
facts attributable to the carbon tape, eliminate grains not com-
pletely present in the image, and eliminate duplication of
counting grains in a nested sequence. We used Image] (Abramoff
et al., 2004; Schneider et al., 2012; Rasband, 2014) to determine
particle sizes from the edited SEM images. A threshold was deter-
mined for each image to isolate grains from the background. An
example is shown in Fig. 3. Particle size information was extracted
from each image using the Image] analyze particles function. The
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Fig. 1. (a) Room temperature Mdssbauer spectra for the four glasses. The spectra show clearly the presence of both Fe?* and Fe**. (B) Example of fitting components for
Py7MMg sample, in blue the doublet representing the Fe**, in green the one representing the Fe?". (For interpretation of the references to color in this figure legend, the reader

is referred to the web version of this article.)
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Table 3

Density values of both rock and glass samples and refractive indexes obtained by
measuring the Brewster angle (a red light, 635 nm, was used). This is the real index
value (n) used as first approximation with Hapke model (see text for more details).

Rock samples Glass samples n

Density (g/cm®) St.dev. (£) Density (g/cm®) St.dev. (£)

St18 2748 0.002 St18g 2.704 0.001 1.58
St14 2914 0.005 Stldg 2.736 0.001 1.60
St8  3.009 0.005 St8g  2.796 0.001 1.60
Py7 3.009 0.005 Py7g 2790 0.005 1.62

results were displayed with an outline around each grain for con-
firmation. The properties recorded and subsequently used to deter-
mine the particle size variation include, for each grain, the grain
number, area (square pixels), and the major and minor axes (pix-
els) of the fit ellipse. These values, along with the stated image
length of the scale bar and the number of pixels comprising this
length, are saved in an ASCII file.

The parameters from the image analyses were used to calculate
the diameter of each grain via two pathways. The first used the
recorded area (A) to determine the equivalent spherical particle
diameter, d, via: A = mr?, where the sphere radius, r, is '4d. The sec-
ond calculated the diameter from the elliptical area as, A = nab,
where a and b are the semi-major axes of the ellipse and are '
the values recorded from the image analyses files. Thus, the equiv-
alent spherical diameter is given by: nr® = nab, yielding r = (ab)”
and hence, d =2(ab)”. For the two representations we find that
the resulting distributions are statistically indistinguishable for
each particle size bin. So we only use the diameter of the equiva-
lent spherical grain. The results for shape and size variations are
discussed in Section 4.4.

3. Analytical approach
3.1. Retrieving the imaginary part of the refractive indices

Several papers in the last two decades have used the Hapke
model (Hapke et al., 1993; Hapke, 2012) to determine the imagi-
nary part (k) of the refractive index for minerals from reflectance
spectra (e.g. Roush et al., 1990; Lucey, 1998; Roush et al., 2007;
Warrel and Davidsson, 2010; Carli et al., 2014a). Here we provide
a brief summary of this approach and an interested reader is
referred to those papers and to Hapke et al. (1993) and Hapke
(2012) for more details of the mathematical formalism. We ini-
tially assumed n to be constant at all wavelengths and equal to
the measured value given in Table 3. Using this fixed value for n,
k is calculated by minimizing the differences between the calcu-
lated and measured reflectance. Following Roush (2003, 2005)
and Roush et al. (2007) we used a subtractive Kramers-Kroning
(sKK) analysis to determine n as function of the wavelength. Using
this wavelength dependent n, we return to the estimate a new k
from the reflectance. We iterate between the reflectance model
and sKK calculations until differences between subsequent values
of n and k are essentially zero.

Assuming that the composition is not a function of particle size,
we can better constrain the calculated refractive indices by
determining the values for different particle sizes and averaging
the different k-values. The particle size value used for each of the
nine ranges is the average between the two sieves (e.g. for
2505224 pm we used 237 pm). Recently, Roush et al. (2014)
showed that for a narrow size range the k-values retrieved using
an average value is consistent with those retrieved by using a more

Fig. 2. SEM images of St18g samples, 250-224 um, (a) x 100, box indicates where image b is located, (b) x500, box indicates where image c is located, (c) x1000, (d) x2000,
(e) x2000, (f) x2000. For these exact magnifications, a single pixel in the 512 x 512 image corresponds to 4, 2, 0.75, 0.33, 0.2, and 0.1 um, respectively. However,
magnifications were close to these values, with pixel scales determined by the scale bar on each image.
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100x

(c)

500x

Fig. 3. SEM images of St18g samples, 50-20 pum. (a) Original image, artifacts due to
the double-sided carbon tape are clearly recognizable. (b) Image a, after editing. (c)
Image b, after applying a threshold and this image is used for particle size
determination. Grains contained in the higher magnification images were elimi-
nated from the lower magnification images.

complex areal or volumetric representations of the particle size
distribution.

The assumptions considered here within the Hapke formalism
(Hapke, 2012; and references therein) are discussed in
Eqs. (1)-(6) of Roush (1994) and Egs. (1)-(4) of Cruikshank et al.
(1997). Briefly, here, we assumed isotropic scattering, the width

of the opposition surge is assumed to be 0.05, because measure-
ments were not obtained at multiple viewing geometries, and Hap-
ke’s internal scattering is set at 0, forcing the absorption coefficient
to account for all the spectral behavior (see also Roush et al., 2007).
Geometric conditions are known with i = 30° and e = 0°. Similar to
Warrel and Davidsson (2010) and Carli et al. (2014a) we do not
account for porosity, introduced in Hapke (2008), in order to
reduce the number of free parameters. Porosity can mainly influ-
ence the reflectance of samples, several laboratory studies (e.g.
Kaasalainen, 2003; Ndrdnen et al., 2004; Shepard and
Helfenstein, 2011) have shown that compacted powders (low
porosity) have in general greater reflectance than loose ones.
In summary the approach is:

1. Estimate k by applying the Hapke model to each spectrum using
mean sieve particle sizes of 237, 212, 190, 165, 137.5, 112.5,
87.5, 62.5, and 35 pm, for the nine different size ranges, respec-
tively. Assuming n, derived from the Brewster angle measure-
ment, is constant over the entire wavelength region. After this
initial calculation we have ng(constant), ko(4) for each size, of
each sample.

. Use the ko values in a sKK analysis to determine n(1).

3. Recalculate k using n(4) value, yielding n,(1), k;(1) both as func-

tion of wavelength.

4. Iteratively perform these calculations to get subsequent n(/)’s

via the sKK analysis, and then k(1)'s via the Hapke model.

N

The resulting refractive indices are discussed in Section 4.3.

3.2. Fitting the particle sizes

Once the average final refractive indices were determined, they
were used to investigate how well they describe the reflectance
spectrum of each particle size separate. This involved fitting the
laboratory spectrum using the derived refractive indices. The same
mathematical model, used to determine the refractive indices, was
used in a forward calculation. In this approach, all the parameters
discussed for the model above were the same, except particle
diameter which was the sole parameter permitted to vary during
the iterative calculations. The best fit to the measured reflectance
was determined using a y2-criterion. The downhill simplex
method described in Press et al. (1992), specifically the amoeba
routine, was used to search grain diameter parameter space, with
only a single grain diameter to represent the particle size in the
models. For each glass and sieve fraction, the model was investi-
gated with an initial diameter estimate. These estimates were
chosen to be as far as possible from the fitted size fraction
(e.g. for 50-20 pm we used 250 pum, and vice versa we initially
used 20 pm for the coarsest size). Each time a reflectance was cal-
culated, the current grain diameter and y2-value was recorded. As
illustrated in Fig. 4, this permits an evaluation of the parameter
space explored during the fitting process. The sharpness of the >
minimum defines how unique the solution is, and for the example
in Fig. 4 the minimum is clearly <#5 pum. The results for all sam-
ples, and comparison to the sieve size fractions, are discussed in
Section 4.3 below.

4. Results
4.1. Reflectance spectra variation

As seen in Fig. 5, spectra of the synthetic glasses are character-
ized by absorptions near 1.1 and 1.9 pm commonly associated
with Fe?* absorptions (e.g. Adams and McCord, 1971; Dyar and
Burns, 1981; Burns, 1993; Tompkins and Pieters, 2010). The four
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slope vary with particle size (Fig. 5). Band position is almost
unchanged with respect to the size variations (with a range from
a ¥4 nm to +10 nm, from iron-poor St18g to iron-rich Py7MMg,
for both 1.1 and 1.9 um absorptions), whereas band intensity
(band depth) varies with both composition and particle size
(Fig. 6). Band depth is calculated as the difference between the con-
tinuum and the band center reflectance after the division with the
continuum (Clark and Roush, 1984). The continuum is a linear seg-
mented upper hull joining the reflectance maxima in the spectrum
(Clark and Roush, 1984). Considering the four different composi-
tions, the 1.1 pm band has low variability in depth for a fixed size,
whereas the 1.9 pm band shows a stronger difference with compo-
sition; very weak for St18g and becoming deeper with increasing
the total iron (see Fig. 6¢). For all compositions both the band

6 C. Carli et al./Icarus xxx (2015) Xxx—-xxx
° St18g
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grain diameter, um

Fig. 4. Example of determination of the particle size using the derived refractive
indices for sample St18g, the 250-224 um sieve size fraction. The exhibits a clear x>
minimum at 245 5 pum.

samples, despite the similarity (1.090%0.005um and
1.908 £ 0.005 pm, excluding few outlier points) in band positions
(band center), show spectra with different reflectance levels. The
reflectance decreases with increasing iron content, whereas the
slope in the infrared generally increases with increasing iron con-
tent. Each sample shows that both the spectral reflectance and

depths increase, almost linear, with the particle size, from 50-
20 pum to 250-224 pum (see Fig. 6a and c). A few outliers are pre-
sent, in particular for the band around 1.1 pm of the iron-rich
Py7MMg. The trend of the depth for particle sizes bigger than
200-180 pum flattens and the positions are shifted to longer wave-
length (towards 1.2 pm, see Fig. 6). This behavior could be
explained with a band saturation effect due to the very low reflec-
tance in the visible range (see Fig. 5).

4.2. Imaginary part of the refractive indices

We considered here the reflectance spectra from 0.4 to 2.4 pm
to avoid the extremes of the wavelength range where QTH lamp

0.7 = = 0.7 = St14¢ 15 04 FaQ
(a) St18g - 1.8 % FeO,, St14g ‘ FeO.: (b)
06 = 0.6 =
Q 05+ 05
c | .
s
9 04 = 04 =
% E -
o
03 o 03 o
02 = 02 o
0.1 o 0.1 o
00 LJ * L} - L} - L - L 00 L} = L} - L} i L g L
07a 05 10 1.5 2.0 25 .05 1.0 15 20 25
! 250-224 s 224200 s 200-180 e 180-150 s 150-125
o (c) e 125100 s 100-75 s 7550 s 50-20 CY)
] St89-71%FeO, - Py7MMg - 11.3% FeO,,
04 o

Reflectance

0.3 =

02 =

0.1 =

0.0 =

L]
0.5 1.0 15 20
Wavelength (pm)

05 1.0 15 20 25
Wavelength (pm)

Fig. 5. Measured reflectance spectra of the four glasses at nine different particle sizes. (a) St18g (1.8 wt.% FeOyq); (b) St14g (4.5 wt.% FeOyor); (c) St8g (7.1 wt.% FeOyoy); (d)

Py7MMg (11.3 wt.% FeOyq). Particle size increases from high to low reflectance.
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Fig. 6. Band depth and center vs. the particle size. (a and b) Band I parameters, it is evident the linear trend for the band depth (except for biggest sizes of iron richest sample
Py7MMg), whereas no trend is present for the position of the band center (for biggest size of Py7MMg also the band center show an anomalous behavior). (c and d) Band II
parameters show clear trend for the depth and no trend for the center, moreover band depth shows a clear variation with the iron content. To avoid the noise influence for the
band at 1.9 pm we applied, for this spectral region, a smoothing function base on a Fast Fourier Transform algorithm using 50 data points, without significant effect on the

diagnostic band center position. See text for more details.

has a low output and where the spectrometer sensitivity is
decreased. All the spectra presented in Fig. 5 are used to retrieve
the refractive indices, in this wavelength range. Using the approach
described in Section 3.1 we find that after two iterations, there
were no variations of n and k from the previous values. We consid-
ered these as our optical constants for each sample, and particle
size. Because we assumed that the composition is not a function
of particle size, we calculated a single mean, and associated stan-
dard deviation, from k-values obtained for each particle size and
the resulting mean (avel) is shown in Fig. 7 (white line), along
with the standard deviation (gray vertical error bars). We show
in Fig. 7 also the k-values for each sample and size. All the individ-
ual particle size k-values lie within or closer to one standard devi-
ation, except for the two finest grain sizes. In particular, the k of
finest size of iron-poor St18 g (panel a) shows a discrepancy at long
wavelengths, whereas of 50-20s iron-rich Py7MMg (panel d)
shows a high error in the visible. Because the finest particle sizes
are not always within one standard deviation error we considered
an alternative k averaging all particle sizes except the finest one
(ave2). Fig. 8 shows that the 50:20 pwm size only weakly influences
the averages. The two average k-values (avel, black, and, ave2, red
lines) are almost superimposed, only the standard deviations are
influenced by including (grey area) or not including (orange area)
the finest size fraction.

4.3. Fitted particle size

We evaluate the ability of such average refractive indices being
used to estimate particle size for an “unknown” measurement. As
described in Section 3.2, we used the average (i.e. avel) refractive
indices to determine a particle size for each sample and size via a
forward calculation of the Hapke model. Fig. 9 compares the parti-
cle sizes determined by fitting the spectra using to median sieve
values. For all samples and sieve fractions the fitted particle sizes

are within the sieve range (black lines), with only one exception,
the coarsest size of St8g (7.1% FeOyy). For the particle sizes
between 50 and 200 um the fitted values lie close to the median
values (grey line). Fig. 10 shows that the relative error is generally
<10% for 32 of the possible 36 cases. The exceptions are the finest
size of St18g (1.8% FeOy,) and St14g (4.5% FeOyo), and the 75-50
and 250-224 pum sizes of St8g (7.1% FeOyq). The relative error
seems to have no correlation with the composition variation of
our glasses.

4.4. Image analysis of particles

The measured particle size distribution of the two sieve sepa-
rates, 250-224 and 50-20 pm, is shown in Figs. 11 and 12. We
view this as a qualitative distribution of these materials. A more
complete and accurate distribution would require sampling many
more particles. While this can be achieved with commercial sys-
tems, these typically require grams of material that are unavailable
for these samples. Alternatively, additional SEM imaging, and asso-
ciated image analyses could be undertaken, but they are not read-
ily automated making them very time consuming and are beyond
the scope of the current study.

Nonetheless, the qualitative results provide some insight into
the nature of the particles within these two sieve fractions. We
have recast the numerical distributions (Fig. 11) into percentages
of each particle size and the results are shown in Fig. 12a and b
for the 250-224 pum size fraction. The percentage of very fine par-
ticles is 80-90%. However, as shown in Fig. 2, the fine grains only
sparsely cover the surface of the larger particles. Moreover it is evi-
dent that several particles are bigger than the nominal sieve size
range. Using the elliptical axes lengths suggests that the particles
are not spherical. In fact the ratio major axis/minor axis is always
>1, and occasionally approaches 3. This indicates that the particles
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Fig. 8. k values for the two extreme composition considering the average of all the relative k (Ave1l, black line, with grey area representative of the one standard deviation) or
without 50-20 pm range (Ave2, red line, orange area is the one standard deviation). (For interpretation of the references to color in this figure legend, the reader is referred to

the web version of this article.)

are irregular and elongated and during the sieving process the
small grain axis could pass through the sieve.

Considering the 50-20 pm we can see that roughly 60-90% of
particles are in the sieve size range (Fig. 12c). A notable exception
is Py7MMg, the most Fe-rich, which has ~40% of the particles with
diameters >50 pum size and the lowest percentage of fine particles.
Conversely, sample St18g, the most Fe-poor, has the highest per-
centage of fine particles (>50%) and lowest percentage (4%) of large

particles. While this is an intriguing relationship with Fe-content,
the other two samples, St8g and St14g, fall in between these
extremes, but apparently do not define a trend with Fe-content.

5. Discussion

In this work we have measured spectra of glasses with four dif-
ferent basic igneous compositions, dominated by varying amounts
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Fig. 10. Relative error for each fitted size with respect to the sieve average value.

of iron, and variable amount other major elements (like titanium,
and calcium, alumina, see Table 1). The spectral variability
between different samples is consistent with the different abun-

dance of absorbing elements (i.e. iron) in the VNIR, despite the
almost constant band center. In particular, increasing the amount
of total iron results in the spectra becoming darker, flatter in the
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Fig. 11. Number of counted particles versus the re-calculated particle size. (a) All
the particles for the 250-224 um particle size (grey box indicate the range
considered in image b). (b) Largest particle distribution, enlarged from box in panel
a. (c) Particles counted for the 50-20 um size range.

visible, and redder towards the infrared, despite the Fe?*/Fe>" ratio
being almost constant for all the samples (see Table 2). The
increase of both Fe?** and Fe** seems to affect the visible region,
until the 0.8 pm shoulder of the CF absorption around 1.1 pm.
Increasing the particle sizes also darkens the spectra, but maintains
the spectral shape. Both the band depths vary linearly with the size
but Band I depth is almost constant for the four composition.

We have retrieved the wavelength dependent real and
imaginary parts of the refractive index via Hapke modeling
(e.g. Hapke, 2012), and a sKK analysis. The k-values obtained for
each of the 9 sieve size fractions are very close to falling within
one standard deviation. So we calculated an average value for each

0 20 50 80 100
particle size (um)

Fig. 12. Percent of counted particles versus the re-calculated particle size. (a) All
the particles for the 250-224 um particle size (grey box indicate the range
considered in image b). (b) Largest particle distribution, box in panel a, recalculated
to 100%. (c) Particles counted (as %) for the 50-20 um size range.

sample (as done in several work in the literature, e.g. Lucey, 1998;
Roush et al., 2007). We found that only the finest size fraction,
specifically for the two extremes of Fe composition, have k-values
falling outside of one standard deviation. This discrepancy is great-
est at shorter wavelengths in the most Fe-rich sample, and at
longer wavelengths in the most Fe-poor glass. Anyway these dis-
crepancies do not significantly affect the average values (see Fig. 8).

The SEM image analyses, in addition, show how the finest par-
ticles (<20 wm, but generally within 1-5 pm) are abundant, even
for the largest sieve size fraction. However, they sparsely populate
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the surfaces of the big particles. This is important because it is the
cross section area that has the greatest impact in reflectance spec-
tra and in our calculation. The reflectance measurements clearly
show that the relative abundance of these finest particles do not
significantly affect the reflectance. This implies that they do not
significantly impact the retrieval of the complex refractive indices.
Moreover we observe irregular shaped particles and typically <10%,
by number, of the particles bigger than the nominal sieve size frac-
tion, with the notable exception of the Fe-poor sample where it is
40%. In spite of this, we observe only a general monotonic behavior
in the reflectance measurements as a function of sieve size fraction.
This may be due to the random distribution of the particles in the
sample holder. As a result we do not perceive the presence of these
coarser grains introduce any residual error in the calculation of k-
values. This perception is supported by the fact that, generally, all
the k-values of individual particle size separates were within one
standard deviation of the average. This suggests that interpreting
the average sieve size as the diameter of the equivalent sphere is
a reasonable approximation of the irregular particles randomly
oriented.

Using the average refractive indices we applied a forward calcu-
lation of the Hapke model, to assess the ability to determine the
particle size from the measured reflectance spectra. The result of
this analysis showed that grain size associated with the best fit
of the measured spectra always lies within the known sieve size
ranges (Fig. 9). The relative errors (Fig. 10) associated with these
analyses are always within a 10% of the sieve size mean values.

The capability to detect spectrally a surface glass component
from remote sensing data is an important, largely under-studied,
goal. In fact glassy material can be an important component of
extrusive volcanism, and all the inner planets are mainly composed
of effusive material, as well as a product of impact craters, and all
the planetary bodies are characterized by these features. Here we
have considered a range of compositions that span from plagio-
clase rich type, i.e. anorthositic, to more femic type, i.e. basaltic.
We found that band center positions are almost unchanged despite
the variable iron amount, and Band I is always in a different posi-
tion compared to mafic minerals and iron bearing plagioclase,
becoming diagnostic to the identification for an iron-bearing glass.
The optical constants can be considered as analogs to glasses
related to lunar Highland and basaltic compositions (e.g. lunar
Maria, Martian lavas). In this study we considered glasses pro-
duced under terrestrial environmental conditions, and further dis-
cussion on the influence of oxygen fugacity on VNIR reflectance
spectral characteristics is needed. Future efforts will investigate
these samples as well as other compositions analogs to inner plan-
etary bodies formed at different oxidizing conditions to strongly
define the more appropriate optical constants for bodies having
different oxidation conditions.

6. Conclusions

In this paper we have measured the visible and near-infrared
spectral reflectance of synthetic glass samples, produced under ter-
restrial atmospheric conditions from rocks with different basic
igneous compositions. We have seen that:

(1) Glass samples have the same composition of original bulk
rock, in terms of major elements, Fe?*/Fe" is almost con-
stant for all the samples, the glasses density is lower of the
corresponding original sample density.

(2) Reflectance spectra are always characterized by two absorp-
tions with band centers close to 1.1 and 1.9 pm, with a small
shift in position. With increasing particle size the spectra
generally decrease in albedo. Increasing the iron content of

the glass also produces a reduction in albedo, and a flatten-
ing in the visible region, with the 0.8 pum shoulder that
almost disappearing. The spectral slope in the near infrared
increases with the iron content. Moreover the band intensity
varies linearly with the size for both the absorptions. But the
1.1 um band depth shows very little difference varying com-
position. In contrast, the 1.9 um depth increases with
increasing iron content.

(3) The imaginary refractive indices were retrieved using the
mean sieve value for each size of each glass sample. An aver-
age imaginary refractive index was calculated for each sam-
ple from the individual particle size results. For all samples,
with a couple of exceptions, we found that the individual
particle size imaginary refractive indices were all within
one standard deviation of the mean value.

(4) Measured spectra were fit using the average complex refrac-
tive indices for each sample to model the particle size using
a y2-criterion. Almost all the retrieved sizes are within the
sieves range, and generally the relative errors do not exceed
10%.

(5) Despite the irregular and elongated shape of particles, as
seen by SEM image analysis, spectral reflectance characteris-
tics do not exhibit unusual trends, and as a result the associ-
ated retrieved complex refractive indices appear to be
unaffected. Additionally, the fitted size results remain con-
sistent with the nominal sieves range. This suggests that
for powders with random orientation and narrow distribu-
tion ranges the averaged sieves size is a reasonable approx-
imation of the effective cross section of the particles.

The reflectance spectra and the retrieved optical constants used
in this paper are reported as online material.
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