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Abstract

The lunar surface evolves over time due to space weathering, and the visible-near-infrared spectra of more mature (i.e., heavily
weathered) soils are lower in reflectance and steeper in spectral slope (i.e., darker and redder) than their immature counterparts.
These spectral changes have traditionally been attributed to the space-weathered rims of soil grains (and particularly nanophase
iron therein). However, understudied thus far is the spectral role of agglutinates—the agglomerates of mineral and lithic
fragments, nanophase iron, and glass that are formed by micrometeoroid impacts and are ubiquitous in mature lunar soils. We
separated agglutinates and non-agglutinates from six lunar soils of varying maturity and composition, primarily from the 125-250
um size fraction, and measured their visible—near-infrared reflectance spectra. For each soil, agglutinate spectra are darker, are
redder, and have weaker absorption bands than the corresponding non-agglutinate and unsorted soil spectra. Moreover, greater
soil maturity corresponds to darker agglutinate spectra with weaker absorption bands. These findings suggest that agglutinates
(rather than solely the space-weathered rims) play an important role in both the darkening and reddening of mature soils—
at least for the size fractions examined here. Comparisons with analog soils suggest that high nanophase iron abundance in
agglutinates is likely responsible for their low reflectance and spectrally red slope. Additional studies of agglutinates are needed,
both to more comprehensively characterize their spectral properties (across size fractions and in mixing with non-agglutinates)

and to assess the relative roles of agglutinates and rims in weathering-associated spectral changes.
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Key Points:

e \We measured reflectance spectra of agglutinates and non-agglutinates separated from six
lunar soils of varying composition and maturity.

e Spectral comparisons suggest that spectral reddening of mature soils is expressed mainly
via agglutinates (for the size fractions measured).

e These findings reframe our understanding of the relative spectral roles of agglutinates and
soil grain rims in weathered lunar soils.
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Abstract

The lunar surface evolves over time due to space weathering, and the visible-near-infrared
spectra of more mature (i.e., heavily weathered) soils are lower in reflectance and steeper in
spectral slope (i.e., darker and redder) than their immature counterparts. These spectral changes
have traditionally been attributed to the space-weathered rims of soil grains (and particularly
nanophase iron therein). However, understudied thus far is the spectral role of agglutinates—the
agglomerates of mineral and lithic fragments, nanophase iron, and glass that are formed by
micrometeoroid impacts and are ubiquitous in mature lunar soils. We separated agglutinates and
non-agglutinates from six lunar soils of varying maturity and composition, primarily from the
125-250 um size fraction, and measured their visible—near-infrared reflectance spectra. For each
soil, agglutinate spectra are darker, are redder, and have weaker absorption bands than the
corresponding non-agglutinate and unsorted soil spectra. Moreover, greater soil maturity
corresponds to darker agglutinate spectra with weaker absorption bands. These findings suggest
that agglutinates (rather than solely the space-weathered rims) play an important role in both the
darkening and reddening of mature soils—at least for the size fractions examined here.
Comparisons with analog soils suggest that high nanophase iron abundance in agglutinates is
likely responsible for their low reflectance and spectrally red slope. Additional studies of
agglutinates are needed, both to more comprehensively characterize their spectral properties
(across size fractions and in mixing with non-agglutinates) and to assess the relative roles of
agglutinates and rims in weathering-associated spectral changes.

Plain Language Summary

In scientific study of the Moon, one key focus is surface processes: how do physical and
chemical properties of the Moon’s surface change over time due to weathering (e.g.,
bombardment by micrometeoroids and by particles from the Sun)? Such investigations provide
valuable insights into the Moon’s history (such as the ages of impact craters) that are often
deduced from measurements of reflected light; as a soil is weathered it reflects light differently,
which manifests visually as a progressive darkening of the soil. This phenomenon had primarily
been attributed to weathering-associated development of rims on individual soil grains, but in
this work we explored an alternative cause: soil particles known as agglutinates (misshapen,
vesicular agglomerates of mineral fragments, iron, and glass that form due to weathering
processes). We isolated agglutinates of six soil samples from the Moon and measured how they
reflect light. We find that they reflect light in patterns reminiscent of how the Moon’s surface
does when weathered. These findings suggest that agglutinates play a more important role than
previously thought in determining the light-reflecting properties of the Moon’s surface, thus
warranting greater and more nuanced consideration in future studies of how the Moon’s surface
changes over time.
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1 Introduction

The lunar surface evolves over time, gradually changing as it endures a continual
bombardment by micrometeoroids and the solar wind—chief among processes that are
collectively known as space weathering. These weathering processes impart observable changes
onto lunar soil that alter how it reflects light. At visible—near-infrared (Vis—NIR) wavelengths,
mature (i.e., heavily weathered) lunar soils are lower in reflectance, have a steeper (redder)
spectral slope, and have weaker crystal field absorption bands than their less-weathered
counterparts (e.g., Adams & McCord, 1970, 1971a, 1971b, 1973; Pieters et al., 1993; Taylor et
al., 2001a, 2001b). It is an ongoing effort dating back many decades to link these spectral
changes to physical and chemical changes in the lunar soil and, in turn, link the physical and
chemical changes to specific causative processes.

The physical and chemical changes that have the largest spectral effects include the
comminution of rocks into a fine particulate, the conversion of crystalline minerals into less
ordered and glassy materials, and changes in the oxidation state of iron (e.g., the reduction of
ferrous iron (FeO) to metallic iron (Fe°)) (e.g., Hapke, 2001; Lucey et al., 2006; Pieters & Noble,
2016). All three of these processes are observed at the individual lunar soil (regolith) particle
level. A single regolith particle is on average ~70 um in size (Carrier, 2003) for mature soils, the
result of long-term impact bombardment and regolith gardening. Each particle in a mature soil
typically has an amorphous rim or surficial coating up to ~200 nm thick (Keller et al., 2021).
This rim can either be due to damage to the crystal structure caused by energetic charged-particle
radiation (largely sourced from the Sun, i.e., the solar wind), or can be depositional, from
condensation of impact-generated vapor or solar-wind ion sputtering (see overview in Denevi et
al., 2023). While differences in grain size and crystallinity have modest effects on spectral
reflectance, the depositional rims have been the focus of many studies because they contain
small (<10 nm) spherules of iron (Keller & McKay, 1993, 1997) that increase in abundance with
maturity and cause substantial changes in reflectance (e.g., Hapke, 1973; Hapke et al., 1975;
Cassidy & Hapke, 1975; Hapke, 2001; Pieters et al., 1993). This population of small iron grains
is often called nanophase iron (npFe or npFe®) or submicroscopic iron (SMFe). While this iron is
typically reduced, metallic iron (Fe®), it can be found in a range of oxidation states (Fe°, Fe**, or
Fe**) (Keller and Clemett 2001; Thompson et al., 2016; Burgess and Stroud, 2017; Burgess and
Stroud, 2018), so in this work we use the terms nanophase iron or npFe (rather than npFe®).

While the depositional rims containing npFe have been the most recent focus of attention
in terms of causing spectral changes (e.g., Pieters et al., 1993; Christoffersen et al., 1996; Keller
et al., 2021), another soil particle plays an important role: agglutinates. Agglutinates are
misshapen, vesicular agglomerates of mineral and lithic fragments, bound together by glass
(Figure 1). They form when an impact event melts regolith, which incorporates clasts of other
regolith grains and releases trapped solar wind volatiles to create vesicles (Basu et al., 2002 and
references therein). Agglutinates range in size from ~tens of microns to mm-scale, and in mature
soils they can comprise up to 60% of the soil volume (McKay et al., 1991). Their abundance and
the fact that they are so visually dark suggests that agglutinates have a substantial influence on
spectral reflectance. Initially their dark brown appearance was attributed to the glass itself (e.g.,
Conel & Nash, 1970; Nash & Conel, 1973; Adams & McCord, 1971a), but subsequent work
showed that glass melted in a vacuum is not inherently low in reflectance (\Wells & Hapke,
1977). Instead, the spectral properties of agglutinates are strongly affected by their substantial
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population of npFe. This iron is found within the flash-melted glass (Figure 1). Some of the npFe
may be from the npFe-rich rims on soil grains that have been incorporated into the melt. It is not
known whether melting/vaporization alone results in the creation of additional npFe via the
reduction of FeO to Fe (with O lost as a volatile species; e.g., Hapke, 1975, 2001; Keller &
McKay, 1993, 1997) or whether implanted solar wind H™ aids in the reduction process (forming
OH™ or H,0; Housley et al., 1972, 1974; Morris, 1977, 1980; Taylor & Cirlin, 1985; Denevi et
al., 2023).

However it is formed, the abundance of npFe in agglutinates is so high that agglutinates
can be separated magnetically from most other soil components (e.g., Adams & McCord, 1973;
Via & Taylor 1976a, 1976b), and the npFe spans a much larger range of sizes than in
depositional rims (mean size 120 nm vs. 3 nm; James et al., 2002, Keller & Clemett, 2001),
possibly because npFe grains grow with repeated thermal shocking (Thompson et al., 2017). The
spectral effects of npFe are now known to vary with abundance and size (Noble et al., 2007);
greater abundance and larger size can both lead to lower reflectance and a shallower spectral
slope. Large grains (greater than ~40 nm; sometimes referred to as microphase Fe) are thought to
“darken without reddening” and agglutinates have often been described as only lowering the
overall reflectance of a soil, without changing its spectral slope due to their large average npFe
grain size (e.g., Britt & Pieters, 1994; Keller et al., 1998; Noble et al., 2007; Pieters & Noble,
2016).

Although agglutinates are a major component of mature soils, their spectra have not been
extensively studied. In fact, agglutinate reflectance spectra have only been published for a single
lunar soil, the high-titanium Apollo 11 sample 10084 (Pieters et al., 1993; Keller et al., 1998).
The lack of in-depth spectral studies of agglutinates is somewhat surprising, until one learns just
how tedious it is to separate agglutinates from lunar soil (see Section 2.2). Still, given the dearth
of comprehensive studies of agglutinate spectral properties thus far, there remain many open
questions regarding the basic nature of these particles. For example, do all lunar agglutinates
have comparable spectra, or do they differ significantly based on the composition of the regolith
from which they were produced? And, while it is well-documented that agglutinates increase in
abundance as soils are progressively weathered (e.g., Taylor et al., 2001a, 2001b, 2010), do the
agglutinate particles themselves evolve with increasing maturity? What is the overall spectral
contribution of agglutinates vs. depositional rims to lunar spectra?

Here we have extended the existing characterization of agglutinates and contributed to
answering these questions by measuring the spectral properties of (primarily 125-250 pum)
agglutinate and non-agglutinate particles isolated from six different Apollo lunar soil samples:
14259, 15041, 61141, 62231, 67461, 79221. We have similarly measured each soil after sieving
(e.g., to 125-250 um) but prior to sorting into agglutinate and non-agglutinate separates, and we
henceforth refer to this soil as the unsorted soil. By comparing the reflectance spectra of
agglutinates, non-agglutinates, and unsorted soils of varying composition and maturity, we seek
to contribute to the effort to understand how space weathering proceeds on the Moon and how to
interpret spectral changes related to maturity.
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2 Methods

2.1 Lunar soil selection

In order to characterize agglutinates, we selected six lunar regolith samples (<1 mm
fines) for this study: 14259, 15041, 61141, 62231, 67461, and 79221 (Table 1). These samples
were chosen for their wide range in soil composition and maturity, and because they have been
extensively characterized by previous studies in terms of mineralogy, chemistry, maturity, and
spectral properties (Taylor et al., 2001a, 2001b, 2010; Morris, 1978; Pieters et al., 2002).

FeO Tio Agglutinate
Soil Soil type Provenance® (Wt%)" (wt%z)b Is’FeQ°  Maturity  abundance
(%)°
Low-Fe Fillet of boulder,
67461 . rim of North Ray 4.2 0.4 25 Immature 25
highlands
Crater
Low-Fe 30m from rim of
61141 highlands Plum Crater 4.8 0.6 56 Submature 50
62231  ow-Fe Rimof Buster 4 g4 o1 Mature 50
highlands Crater
Top 1cm of soil,
14259 Moderate-Fe o0 estof 95 18 85 Mature 61
nonmare
lunar module
15041 Low-Timare 'oPOftrenchdug .o 4o 91 Mature 51

near Station 8
Top 2cm of trench
79221 High-Ti mare dug near Van 14.0 6.4 81 Mature 47
Serg Crater

Table 1. Lunar regolith samples examined in this study.

aMeyer (2005); reports for soils 67461, 61181, 62231, 14259, 15030, 79221. ® Taylor et al.
(2001a, 2001b, 2010); weight percent in <45 um size fraction. ¢ Morris (1978); Is/FeO for <250
um size fraction. ? Taylor et al. (2001a, 2001b, 2010); modal (volume) abundance of agglutinitic
glass in the 2045 pm size fraction.

The range in lunar soil composition is represented by samples that are of comparable
maturity, but that originate from low- and high-titanium mare (15041 and 79221, respectively),
nonmare (14259), and highlands (62231) regions. This range of compositions expands beyond
previous published work, which focused only on agglutinates from a high-titanium mare region
(sample 10084, in Pieters et al., 1993).

The suite of Apollo 16 soils (67461, 61141, and 62231) represent the range of soil
maturity found on the Moon. The maturity of lunar samples is commonly quantified as Is/FeO:
the ferromagnetic resonance intensity (Is) of the soil’s <250 um size fraction normalized to its
FeO concentration (Housley et al., 1973, 1974, 1975; Morris, 1976, 1978). The normalization of
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Is to FeO is necessary because the Is signal is produced by nanophase iron (npFe) particles in the
diameter range of 4-33 nm (Housley et al., 1976, Morris, 1980), and the concentration of npFe in
the soil depends both on the degree of surface exposure (which reduces Fe?* in the soil to Fe®) as
well as on the concentration of FeO in the soil (which is the source of the Fe®*). By normalizing
Is to the FeO concentration in the soil, the maturity of soils of differing composition can be
compared (Housley et al., 1973, 1974, 1975).

Lunar soils are categorized based on Is/FeO value as immature (Is/FeO < 30), submature
(30 < Is/FeO < 60), or mature (Is/FeO > 60). Sample 62231, like the samples used here from
Apollo 14, 15, and 17, is mature (Table 1). Sample 61141 is submature and 67461 is immature.
All three samples are from the highlands, although each is from the rim of a different crater at
the Apollo 16 landing site, allowing for an assessment of if/how agglutinate spectral properties
vary with maturity.

Note that the Is/FeO values cited in Table 1, from Morris (1978), are based on
measurements of a broader size fraction (<250 um) than the size fraction of the separated
agglutinates (125-250 um). This means that the Is/FeO values may not directly correspond to the
physical properties of the soils in our study, but they are still a valid tool for comparing soils to
one another and considering relative differences in maturity, under the assumption that, for any
two soils, a soil with greater Is/FeO value for the <250 pum size fraction also has greater Is/FeO
value for any other size fraction.

2.2 Separating agglutinates

In past work, a variety of methods have been used to isolate agglutinates from regolith
samples. Separation of particles based on magnetic susceptibility is effective to some degree, as
demonstrated by Adams and McCord (1973), since the iron-metal-rich agglutinates tend to be the
most magnetic particles in the soil. However while magnetic separation can yield an agglutinate-
rich separate, it may contain 10-20% non-agglutinates that are highly magnetic while excluding
agglutinates that are less magnetic (ranging from <5% to >20% of the remnant soil) (Via &
Taylor, 1976a). Pieters et al. (1993) bypassed this issue in their study of sample 10084 by hand
picking individual agglutinates, which, while time-intensive, presumably produced a purer
agglutinate separate.

In this work, we used two different methods of separating agglutinates and compared
their effectiveness. In both cases we first isolated the 125-250 pm size fraction of each regolith
sample by sieving and then rinsing with ethanol to remove any clinging fines. This size fraction
was the smallest we found to be practicable to manipulate with tweezers (as static causes smaller
particles to jump and stick to tools). For each sample we started with an initial mass of 2 g, with
the 125-250 um size fraction constituting ~15% of the total sample mass. We obtained two 2-g
splits of sample 62231, in order to test both agglutinate separation methods on the same material
(see below). We also requested a second 2-g split of sample 67461 because the agglutinates
make up a smaller fraction of this immature sample, and the mass of agglutinates separated from
the initial split was too small for the acquisition of reflectance spectra with the setup used.
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The first agglutinate separation method was manual, similar to the method of Pieters et al.
(1993), wherein we selected individual agglutinate particles from the sample using tweezers. To
do so, we poured a small portion of the sieved regolith sample into a dish. We then observed the
sample under a binocular microscope and identified agglutinates based on their appearance:
irregular shape, vesicular, typically brown in color, and a surface texture that varies from rough
to glassy, interspersed with mineral fragments (Figure 2). All other particles were deemed “non-
agglutinates”. We took care to gently grip the agglutinates with the tweezers, as the friable
particles were liable to break apart if gripped too strongly, and moved them to a separate
container. These particles constituted the manually separated agglutinates, and we sorted through
the remainder of the soil until the point of diminishing returns (i.e., continued searching revealed
few additional agglutinates). This remainder of the soil was the non-agglutinates. We refer to this
first separation method as the manual method.

We note that there is some ambiguity in whether a given particle is an agglutinate or not.
Because agglutinates include mineral and lithic fragments bound by impact melt glass, there are
some regolith particles that appear to be, e.g., largely a mineral fragment with only a small
portion of the particle having the characteristic shiny surface and irregular shape that results from
impact melt glass. There are also a number of particles that may best be described as dark, glassy
melt breccias, and that appear to contain a smaller portion of glass and have angular shapes.
These particles have sometimes been referred to as “dark matrix breccias” or lumped together
with agglutinates as “fused soil components” (e.g., Adams & Charette, 1975; Vaniman & Papike,
1977). Thus, when performing the manual separation, we took pains to be consistent in what was
included as an agglutinate and what was excluded as a non-agglutinate (Figure 2).

The second separation method began with magnetic separation. We poured the sieved
regolith sample into a Frantz magnetic separator where the particles flowed down a chute (25°
forward angle, 15° side angle) past a magnet. The magnet current was held at 0.5 A for all
samples except the immature sample 67461, which required a stronger current of 1.0 A to
effectively separate agglutinates. We used vibration pulses of the feed and chute to ensure that
most particles fell into the two bins at the end of the chute, and we considered everything that
went down the chute to be the low-agglutinate remnant (i.e., Figures 3A, 3D combined with
Figures 3B, 3E). The most magnetic particles were held suspended in the chute by the magnet;
after setting aside the low-agglutinate remnant we gathered the magnetically suspended particles
after slowly reducing the current to zero. These particles constituted our agglutinate-rich separate
(Figures 3C, 3F). We found that this agglutinate-rich separate contained ~15-45% agglutinates
(poorer than the 80-90% purity obtained by Via and Taylor (1976b) using a hand magnet) while
the low-agglutinate remnant contained >90% non-agglutinates (comparable to the 80-95% purity
of Via and Taylor (1976b)). We then employed the manual separation method to improve the
purity of the agglutinate-rich separate, both removing any non-agglutinates from the separate and
also recovering agglutinates from the low-agglutinate remnant to leave just non-agglutinates
(Tables S1, S2). We refer to this second separation method as the magnetic—manual method.

Note that the magnetic separation step in our magnetic-manual method differs from that
used by Adams and McCord (1973). While we poured our regolith samples down the chute of
the magnetic separator, they poured their samples down an ethanol-filled pipette attached to their
magnetic separator. We initially tried their method, but had difficulty achieving successful
separation; the process was time-intensive, the soil particles tended to get stuck on the pipette
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valve, and the agglutinate-rich separate yielded by this method still included a substantial
number of non-agglutinates (particularly, dark, glassy melt breccia particles). Given these
difficulties of using the pipette, we opted for a simpler magnetic separation step using the
magnetic separator chute instead of a pipette, as already described.

The magnetic—-manual method does not resolve all ambiguity in determining what is an
agglutinate or not. The current selected for the magnet affects which regolith particles end up on
either side of the dividing line, and the existence of the intermediate population of regolith
particles (Figures 3B, 3E) suggests again there is not a clear cut-off. Further, because the
magnetic separation is imperfect, one must still manually inspect and decide on whether or not
each particle is an agglutinate. This is unfortunate as it is this manual separation step that makes
both methods time-intensive (taking tens of hours to separate out ~50 mg of agglutinate
particles). However the magnetic—manual method was still noticeably faster than the manual
method; by initially concentrating agglutinates via the magnetic separation step, far fewer
particles needed to be separated during the manual separation step.

The two separation methods were independently applied to soil 62231. This yielded two
agglutinate separates: one separated using the manual method and one using the magnetic—
manual method. Measurements of these two 62231 agglutinate separates, identical except for
sorting method, allow us to compare the effectiveness of the two separation methods.

2.3 Collecting reflectance spectra

We collected reflectance spectra of the samples at the Reflectance Experiment
Laboratory (RELAB) at Brown University (Milliken et al., 2016). A bidirectional spectrometer
(Figure S1, Table S3) was used to gather Vis—NIR spectra from 0.32-2.55 um at a sampling
interval of 10 nm (under ambient environmental conditions) and an FT-IR spectrometer was used
for 2-25 pm at a sampling interval of 4 cm™ (in a dry-air purged environment). In this work we
focus solely on the Vis—NIR reflectance spectra, but the FT-IR data are available to interested
readers (see Open Research section). Twenty samples were measured: unsorted soil, magnetic—
manual separated agglutinates, and magnetic—manual separated non-agglutinates from each of
the six samples, as well as manually separated agglutinates and non-agglutinates from soil
62231. The spectra were gathered with an incidence angle of 30° and an emission angle of 0°
(i.e., a phase angle of 30°).

For the bidirectional spectrometer measurements, the sample was placed in a black
Teflon-coated sample dish that rotated as the measurement was taken, averaging out any
rotational asymmetries in the sample. Nearly all measurements were made using a 5 mm
diameter sample dish holding ~14-19 mg of sample mass and illuminated by a 9 mm diameter
beam (Table S4 and Figure S2). For a few samples, additional measurements were taken in a
larger 9 mm diameter dish (Figure S3) or using a narrower 4 mm diameter beam to test whether
altering these parameters substantially altered the measured spectra (they generally did not, as
described in Text S1 and Figures S4-S8).

Spectra were collected of each sample and of a Spectralon calibration target at the same
geometry over four distinct wavelength regions defined by the source lamps and detectors (Table
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S3). The ratio of sample measurement to Spectralon measurement was recorded as the sample
reflectance spectrum, and the four spectra for the different wavelength regions were stitched
together to form a single, continuous spectrum. A correction was then applied to this spectrum to
account for Spectralon’s nonideal behavior; it is not perfectly reflective at all wavelengths of

interest (with absorption bands beyond ~2.14 um) and it is not a perfectly Lambertian surface
(Yang et al., 2019; Bruegge et al., 2001; Zhang et al., 2014).

Although we are primarily interested in how the spectral properties of lunar soils differ
by separate type (unsorted, non-agglutinates, agglutinates) and by maturity, the reflectance
spectra obtained at RELAB could also be affected by additional factors related to the
measurement process: the use of a depolarizer on the illumination source, the size of the sample
dish, the width of the illumination beam, and the specific soil particles that end up at the
measured sample surface (i.e., sample heterogeneity). We examined each of these factors
individually (see details in Text S1) and found that all were small compared to the largest source
of variation: sample heterogeneity. Because the volumes of our agglutinate and non-agglutinate
separates were small, we typically used a 5 mm dish, and thus the surface area of a soil sample
prepared for spectral measurement consisted of a layer of only a few hundred soil particles. We
collected spectra of each sample multiple times, with the sample emptied from and returned to
the sample cup between each measurement to randomize the soil particles present on the surface.
We found that this was the dominant source of variability in the spectra (as seen in the spread in
individual spectra in Figure 9).

2.4 Characterizing reflectance spectra

Following conventions used for Moon Mineralogy Mapper (M®) data (Mustard et al.,
2011; Nettles et al., 2011), we characterize the reflectance spectra in terms of their spectral
contrast and spectral slope using four parameters: integrated 1 um band depth, integrated 2 um
band depth, continuum ratio, and albedo (Table 2). We define these parameters in a manner
similar to the M? analyses, but with adjustments to wavelengths to better match the features in
our spectral data.

The 1 and 2 um integrated band depths are measures of spectral contrast, defined here as

75 93

IBD. = Z 1 R(770 + 10n) p IBD B z 1 R(1570 + 10n)
1um = R, (770 + 10m) " 2um = R.(1570 + 10n)

n=0 n=0

where R(4) refers to reflectance at a given wavelength 1, R¢(4) is the continuum reflectance
(defined as a straight line across the absorption band) at wavelength 4, and n is the number of
wavelength intervals to be integrated over. Wavelength is specified here by the starting
wavelength (770 or 1570 nm) and the wavelength interval of the spectral data (10 nm). In other
words, the integrated 1 um band depth is calculated from spectral data for 770-1520 nm, while
the integrated 2 um band depth is calculated similarly for 1570-2500 nm.

The continuum ratio is a measure of spectral slope and is defined here as R1550/R750
(the ratio of reflectance at 1550 nm and at 750 nm, on either side of the 1 um band). The albedo
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parameter is a measure of overall visible—near-IR brightness and is defined as R1550, since 1550
nm is a wavelength at which the spectral influence of the 1 and 2 pm absorption bands is
minimal.

3 Results
3.1 Sorted particles

3.1.1 Agglutinate abundance

We estimate agglutinate abundance as the mass percentage of an agglutinate separate
relative to the mass of the soil from which it was separated (i.e., the 125-250 pm size fraction of
the given soil) (Figure 4). Note that this metric does not account for incorrectly sorted particles
within a grain-size separate (Table S2). In comparing these agglutinate abundances to soil
maturity (as given by Is/FeO values from Morris (1978)), mature soils generally have more
agglutinates. This is as expected, since agglutinates are a product of the weathering processes
that create mature soils. Notably, though, soil 15041 (Is/FeO = 94; 41% abundance) has a
substantially higher agglutinate abundance than the other soils, even compared to the similarly
mature soil 62231 (Is/FeO = 91; 13% abundance).

We also see a notable difference in agglutinate abundance for 62231 between the sample
that was separated by the magnetic—manual method (62231.58) versus the sample that was
manually separated (62231.52). A comparison of these separation methods is presented in
Section 3.1.2, but, in short, this discrepancy in agglutinate abundance is likely due to the lower
effectiveness of the manual separation method: the manual separation method results in
substantial contamination of the (nominally) agglutinate separate with non-agglutinate particles,
and this additional mass artificially inflates the calculated agglutinate abundance (see estimated
purity of the agglutinate and non-agglutinate separates in Table S2).

3.1.2 Impact of sorting method (manual vs. magnetic—manual)

We compare the effectiveness of the two sorting methods—manual and magnetic—
manual—using microscopic images of the agglutinate separate yielded by each method (Figure
5). Most of the particles in both agglutinate samples show the telltale markers of an agglutinate:
irregular shape, vesicularity, a brown color, and a surface texture that varies from rough to
glassy, interspersed with mineral fragments. However, we see that not every particle in either
separate is an agglutinate, indicating that neither was perfectly sorted.

To quantify how successful each sorting method was, we calculate the sample purity (i.e.,
the ratio of correctly sorted particles to total particles) by counting the number of agglutinate
particles and non-agglutinate particles in microscope images where a representative sample of
~50 particles are present (not shown). We find that the magnetic—manual sorting method yielded
a higher-purity 62231 agglutinate separate than the manual method did (95% vs. 75%). We
similarly calculate the purity of the 62231 non-agglutinate separates resulting from the two
methods and find both to have a purity of about 90%. We also calculate purities for the other
samples (all magnetic—manual separated), which yields purities comparable to those for the
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magnetic—manual separated 62231: on average about 95% agglutinate purity, 85% non-
agglutinate purity.

Based on these observations we conclude that the magnetic—manual method is more
effective than the manual method at producing a pure agglutinate separate. Therefore, in the
following sections we include only results from the magnetic—-manual separated 62231 sample
when discussing soil 62231, omitting the manually separated sample data (available in
Supplemental Material: Text S2, Figures S9 and S10).

3.1.3 Variations in agglutinate and non-agglutinate appearance with composition
and maturity

Four of the agglutinate samples—14259, 62231, 15041, and 79221—have comparable
maturity (Is/FeO values ranging from 81 to 94), but differ in composition (Table 1). As expected
based on their iron and titanium content, the non-agglutinate particles are visually distinct based
on composition, ranging from an overall brighter appearance for the highland soil to darker for
the ilmenite-rich high-Ti mare soil (Figure 6). Although the agglutinates from all of these soils
appear morphologically similar, there is also a noticeable darkening of the particles in going
from highlands to non-mare to mare soil (Figure 7). Hence, despite vitrification and a large
population of opaque npFe, agglutinate appearance and reflectance are not the same from site to
site, but depend on local composition.

There is also a substantial difference in agglutinate appearance across soils 67461, 61141,
and 62231 (Figures 8A, 8C, 8E). These soils are similar in composition owing to their shared
highlands origin at the Apollo 16 landing site, so differences in appearance are primarily a result
of differing maturity: soil 67461 is immature (Is/FeO = 25), 61141 is submature (Is/FeO = 56),
and 62231 is mature (Is/FeO = 91). The morphology of the agglutinates is generally comparable
across the three soils, but the agglutinates of the immature soil 67461 appear to have a more
abundant population of high-reflectance clasts visible at their surface (see Figures 8A vs. 8C and
8E). Overall, the agglutinates from the more mature soils 61141 and 62231 are noticeably darker
by eye than the agglutinates from the immature soil 67461 (a qualitative observation that is
quantified in Section 3.2). The trend of darkening with maturity also holds true for the non-
agglutinates from each soil (Figures 8B, 8D, 8F).

3.2 Vis—NIR reflectance of agglutinates and non-agglutinates

Here we compare reflectance properties of the 125-250 um agglutinate and non-
agglutinate separates by examining the reflectance spectra (Figures 9, 10) as well as the
calculated spectral parameters defined in Section 2.4 (Table 2, Figure 11). We similarly analyze
reflectance spectra of 75—125 um separates in Section 3.2.3, in which we consider the effects of
particle size. Although we calculated four spectral parameters—integrated 1 um band depth,
integrated 2 um band depth, continuum ratio, and albedo—the two band depth parameters are
highly correlated (Table 2). Therefore, we can adequately characterize the spectra with only
three parameters, and we omit mention of the integrated 2 pm band depth hereafter.
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Note that the reflectance of each 125-250 pum unsorted soil, at any given wavelength,
should be intermediate to that of the 125-250 um agglutinate and non-agglutinate separates
(since the agglutinate and non-agglutinate separates together constitute the unsorted soil).
However, this is only true for two soils: 67461 and 62231. The other four soils have wavelength
regions where the mean agglutinate and non-agglutinate spectra are both lower in reflectance
than the mean unsorted soil spectrum (Figure 9). As described in Section 2.3 (and discussed in
greater detail in Text S1), we explored the causes of variance among spectra collected multiple
times of the same sample, and found it was dominantly the result of heterogeneity within a soil
and the small number of grains seen by the spectrometer at a time. This was recognized as
differences in reflectance when the sample was emptied from and then returned to the sample
dish, thereby randomizing which particles were on the surface. In particular, the largest
variations were observed for the absolute reflectance of the unsorted and non-agglutinate spectra,
which are inherently more heterogeneous (e.g., Figure 2B), whereas the agglutinate spectra were
highly consistent (more uniformly dark particles, e.g., Figure 2A). To convey this variance,
Figure 9 shows not only the average spectrum for each sample, but also the individual spectra
that constitute each average.

3.2.1 General spectral patterns

While the reflectance spectra of each soil’s agglutinate and non-agglutinate components
exhibit nuances related to maturity and composition (discussed below), there are general spectral
patterns that are present across all six soils. Marked differences in continuum slope, absorption
band strength, and albedo distinguish agglutinates and non-agglutinates from each other and
from the unsorted soil.

In general, the spectral slope is predicted moreso by the separate type (agglutinate, non-
agglutinate, unsorted) than by the composition of the bulk soil (highlands, nonmare, low-Ti
mare, high-Ti mare) (Figure S11). For every soil, agglutinates are reddest in spectral slope
(continuum ratios of 1.47-1.64), non-agglutinates are bluest (1.11-1.24), and unsorted soils are
intermediate (1.13-1.39) (Table 2, Figures 10, 11).

The 1- and 2-pum absorption bands, due to FeO-bearing minerals and glass, also display
variations by separate type (Table 2, Figure 11). For each soil, the agglutinates have weaker
absorption bands than both the unsorted soil and non-agglutinates, with the integrated 1 um band
depth for agglutinates being on average 25% (13-41%) smaller than for the unsorted soil and on
average 41% (23-58%) smaller than for non-agglutinates (Table 2).

For each soil, the albedo parameter is comparable for the non-agglutinate and unsorted
separates (Table 2, Figure 10), but lower for the agglutinates: the albedo parameter for
agglutinates is on average 19% (10-38%) less than for the unsorted soil and on average 20%
(10-38%) less than for non-agglutinates (Table 2). Moreover there is a distinct impact of soil
composition on this parameter; it distinguishes the separates of the highlands (Apollo 16) soils
from the separates of the nonmare (Apollo 14), low-Ti mare (Apollo 15), and high-Ti mare
(Apollo 17) soils, as visually evident in the two-parameter space of albedo vs. integrated 1 um
band depth (Figure 11).
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487 These three parameters—continuum ratio, integrated 1 pm band depth, and albedo—

488  broadly differentiate the reflectance spectra of agglutinates, non-agglutinates, and unsorted soil.
489  Notably, in the two-parameter space of continuum ratio vs. integrated 1 pm band depth, the

490 agglutinate spectra form a cluster distinct from the unsorted and non-agglutinate spectra due to
491  their high continuum ratio (red slope) and small integrated 1 um band depths (weak absorption
492  bands) (Figure 11). The non-agglutinate and unsorted clusters are not as well-separated, and their
493  overlap is attributable to the effects of soil maturity: the immature 67461 soil has non-agglutinate
494  and unsorted separates that are close together in this space (i.e., they are similar in both

495  continuum ratio and integrated 1 um band depth).

496

497

Spectral Parameter

Int. 1 um Int. 2 um Continuum
Separate Type  Soil Name Band Depth Band Depth Ratio Albedo
67461 4.45 511 1.13 0.29
61141 3.06 2.17 1.28 0.16
62231 3.38 2.59 1.18 0.18
Unsorted 14259 3.75 4.79 1.34 0.10
15041 4.89 491 1.39 0.10
79221 4.23 3.51 1.33 0.09
Average 3.96 3.85 1.27 0.15
67461 4.32 5.55 1.11 0.29
61141 3.61 291 1.19 0.16
_ 62231 3.47 3.04 1.13 0.19
Non-agglutinates
14259 491 7.18 1.22 0.10
15041 10.07 10.88 1.24 0.10
79221 6.54 5.59 1.23 0.09
Average 5.49 5.86 1.19 0.15
67461 3.31 1.74 1.55 0.18
61141 2.42 0.88 1.64 0.14
Agglutinates 62231 1.99 0.76 1.55 0.14
14259 3.28 2.49 1.60 0.09
15041 4.25 3.59 1.47 0.08
79221 2.80 1.41 1.56 0.08
Average 3.01 1.81 1.56 0.12

498 Table 2. Spectral parameters calculated for the mean reflectance spectra of the 125-250 um
499  unsorted, non-agglutinate, and agglutinate separates. Integrated band depths are defined over
500 770-1520 nm (for the 1 um band) and 1570-2500 nm (for the 2 um band). Continuum ratio is
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defined as R1550/R750. Albedo is R1550. See Section 2.4 for more detailed definitions of these
parameters.

3.2.2 Effects of varying maturity

The three Apollo 16 soils have similar highlands composition (Taylor et al., 2010) and
thus their spectral differences (Figure 12) are largely attributable to variations in maturity.
Namely, we see notable differences in albedo and absorption band strength—and minor
differences in continuum slope—that set the immature soil (67461) separates apart from those of
the submature (61141) and mature (62231) soils. While previous studies have presented similar
results to those detailed below for unsorted soils (e.g., Taylor et al., 2001a, 2010; Noble et al.,
2001) here we also explore the spectral changes related to maturity for the non-agglutinate and
agglutinate separates, as well as their relative spectral contributions to the unsorted soil.

The spectrum for each immature separate has a higher albedo than the corresponding
submature and mature separate (Figure 11, Figure 12 left), which aligns with the visually
brighter appearance of the immature particles (Figure 8). This higher albedo is most striking for
the unsorted soils (albedo parameter of 0.29 for immature vs. 0.16 for submature and 0.18 for
mature) and for the non-agglutinates (0.29 vs. 0.16 and 0.19), and evident to a lesser extent for
the agglutinates (0.18 vs. 0.14 and 0.14) (Table 2). Agglutinates are thus low in albedo regardless
of the level of maturity of the associated soil, but the albedo of non-agglutinate separates
decreases substantially from immature to mature. We note that for the non-agglutinates, it
appears that there is a larger fraction of moderate-albedo breccia fragments in the submature and
mature samples than in the immature sample (Figure 8). These dark, glassy melt breccias were of
higher abundance in the moderately magnetic particles of each sample (Figures 3B, 3E).

For each separate type (i.e., unsorted, non-agglutinates, agglutinates), the absorption
bands are stronger (i.e., the integrated 1 um band depth is greater) for the immature sample than
for the submature and mature samples (Figures 11, 12). For the unsorted separates, the immature
sample’s integrated 1 um band depth is 45% greater than for the submature sample and 32%
greater than for the mature sample. For the non-agglutinates these band depth differences are
more modest, with the immature sample’s band depth being 20% and 25% greater than for the
submature and mature samples, respectively. For the agglutinates these band depth differences
are much larger, with the immature sample’s band depth being 37% and 67% greater than for the
submature and mature samples, respectively.

The continuum slope shows the smallest differences attributable to maturity (Figures 11,
12). For the unsorted separates, the immature sample’s continuum ratio is 12% less than for the
submature sample and 4% less than for the mature sample. For the non-agglutinates these
continuum ratio differences are smaller, with the immature sample’s band depth being 7% and
2% less than for the submature and mature samples, respectively. For the agglutinates these
continuum ratio differences are even smaller, with the immature sample’s continuum ratio being
6% and 0% less than for the submature and mature samples, respectively. Thus, while the
agglutinates overall have a substantially redder slope than the non-agglutinates, this red slope is
largely consistent among immature, submature, and mature agglutinates.
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For the submature (61141) soil, we observe a peculiarity in the spectra. One might expect
the submature separates to have spectral characteristics intermediate to those of the immature
and mature soil separates. Yet the spectra for the submature separates have steeper continuum
slopes and lower albedos than the corresponding spectra for the immature and mature soils (one
exception: the submature agglutinates have an albedo comparable to that of the mature
agglutinates). These results for the submature soil are in contrast to expectations based on
maturity, but they are congruent with the spectral measurements of Taylor et al. (2010), who
observed spectra of some size fractions of submature soil 61141 to be lower in reflectance than
the corresponding spectra of the more mature soil 62231 (unlike spectra of another submature
soil (67481) and another mature soil (64801), which were higher in reflectance than the
corresponding spectra of 62231; see Figure 5 in Taylor et al., 2010). Given these observations,
the unexpected spectral properties of soil 61141 seem to be characteristic of that soil itself (rather
than being representative of submature agglutinates, non-agglutinates, or unsorted soil in
general). Therefore the spectral differences we observe between separates of submature soil
61141 and of mature soil 62231 do not necessarily have broader implications for how the
spectral properties of agglutinates and non-agglutinates change as a given soil matures.

3.2.3 Effects of particle size

For sample 62231, we explored one additional variable: particle size. Differences in
particle size are associated with changes in composition and reflectance (e.g., Taylor et al.,
2001a, 2001b, 2010; Noble et al., 2001), and the reflectance spectra of smaller particle size
separates (i.e., 10-20 and 2045 um) tend to be most similar to the bulk soil (Pieters et al., 1993;
Fischer, 1995). This motivates an analysis of spectral properties for smaller particle sizes, but our
magnetic—manual method of concentrating agglutinates is only practical for particle sizes larger
than ~125 pum, as smaller particles cling to tweezers and other tools. Thus we performed a
magnetic-only separation on the 75-125 um size fraction of sample 62231. Unfortunately,
without changes to procedure (e.g., using the ethanol-filled pipette method of Adams and
McCord (1973), as described in Section 2.2), magnetic separation of even smaller size fractions
is not feasible—particles cling to the magnetic separator and do not flow easily down its chute.

The magnetic separation yielded three distinct 75-125 pum separates: the agglutinate-
rich/highly magnetic particles (hereafter referred to as aggl-rich (high-mag)), the low-
agglutinate/moderately magnetic particles (low-aggl (mid-mag)) and the no agglutinate/least
magnetic particles (no aggl (low-mag)) (Figure 3). Recall that these same three separates were
yielded by magnetic separation of the larger 125-250 um size fraction as well, but in that case
we combined the low-aggl (mid-mag) and no aggl (low-mag) separates and then manually sorted
them into the agglutinate and non-agglutinate categories. In contrast, for the 75-125 um size
fraction we have no subsequent manual separation, so we retained the three magnetic groups.
This discrepancy complicates direct comparisons between the 75-125 um and 125-250 pm
separates, but we can still draw some comparisons, as follows.

The 75-125 pum aggl-rich (high-mag) separate is comparable to the 125-250 um
agglutinate separate, but has lower purity of agglutinates: it is missing some less-magnetic
agglutinates and includes some highly magnetic non-agglutinates. Yet when we consider the
spectra for these separates (the dotted yellow and dotted dark yellow spectra in Figure 13), we
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find that they are almost identical in both absolute and normalized reflectance, despite the
differences in particle size and purity between these samples. We might have expected the 75—
125 pm agglutinates to have higher reflectance than the 125-250 um agglutinates based on their
smaller particle size as well as their lower purity (i.e., a higher percentage of the brighter non-
agglutinate particles).

The 75-125 pm low-aggl (mid-mag) and no aggl (low-mag) separates (dashed medium
blue and light blue spectra in Figure 13), if mixed together, would be most comparable to the
125-250 um non-agglutinate separate (dashed dark blue). However this mixture would have
lower purity of non-agglutinates, as it would be missing highly magnetic non-agglutinates and
would include some less magnetic agglutinates. WWhen we consider the spectra for these
separates, we find that the 75-125 um low-aggl (mid-mag) is similar in absolute reflectance to
the 125-250 um non-agglutinates, albeit with lower reflectance at wavelengths shorter than 2.0
um. Meanwhile the 75-125 um no-aggl (low-mag) absolute reflectance is far greater at all
wavelengths than for all of the other separates. The normalized reflectance spectra show a
different pattern, where the 75-125 um no-aggl (low-mag) separate and the 125-250 um non-
agglutinates have a similar slope (that is also similar to the 125-250 pwm unsorted soil), while the
75-125 pum low-aggl (mid-mag) has a redder slope (similar to the 75125 pum unsorted soil).

Looking to the unsorted soil spectra (solid gray and black spectra in Figure 13), we see
that the 75-125 pm spectrum is almost identical to the 125-250 um spectrum at the UV and
visible wavelengths, but has higher reflectance and a redder slope in the near-infrared. This
matches the spectral patterns observed for the same size fractions of soil 10084 by Pieters et al.
(1993).

4 Discussion

4.1 Defining an agglutinate

Agglutinates constitute a key component of lunar soils, both in terms of abundance (in
mature soils) as well as spectral impact. Yet there is ambiguity in how the literature defines what
is and isn’t an agglutinate. Here we discuss the nuances of defining an agglutinate and how
differing definitions of agglutinates impact comparison of our results to those of prior agglutinate
work.

In an abstract, conceptual sense, agglutinates are agglomerates of mineral and lithic
fragments bound together by impact-generated glass. However in practice it is challenging to
distinguish individual soil particles as agglutinate or non-agglutinate. For example, is a particle
still an agglutinate if it contains a minimal, but nonzero amount of agglutinitic glass? Should the
distribution of the glass within the particle also be considered (e.g., if the particle is composed of
an agglutinitic glass-rich half fused with a glass-free mineral fragment half)? There is no clear
agreement on this matter, with the literature of agglutinate analyses using a myriad of definitions
of an agglutinate.

Some studies, as ours, have identified agglutinate particles on the basis of visual
appearance (McKay et al., 1972; Heiken & McKay, 1974; Basu et al., 1982). This approach is
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effective for particles that are clearly agglutinate or non-agglutinate, but relies on the judgment
of the observer for the numerous cases that are difficult to classify (e.g., distinguishing
agglutinates from dark, glassy melt breccias). In our study an additional element of variance is
introduced to visual identification by our preprocessing step (i.e., our magnetic separation step
that concentrated agglutinates), as one’s perception of whether a given particle is or isn’t an
agglutinate may be influenced by characteristics of the surrounding particles (e.g., one’s
threshold for “agglutinate” may be more stringent when the sample’s particles are difficult to
categorize and require a high level of scrutiny). In contrast to the visual identification approach,
other studies have used quantitative definitions based on particle chemistry and morphology
(Simon & Papike, 1981; Taylor et al., 1996, 2001a, 2010). For example, in Taylor et al.’s study
of the 90—150 um size fraction of mare soils, agglutinates were defined as particles with 30-80%
Al-rich glass and >100 pm? total void (vesicle) area (Taylor et al., 1996).

Further complicating any definition of agglutinates is their evolution over time. Exposure
of surface soils to space weathering processes not only increases agglutinate abundance, but also
alters the composition, spectral properties, and appearance of the agglutinates themselves. We
observed this phenomenon in the Apollo 16 soils of varying maturity, with the agglutinate grains
from more mature soils being significantly darker in appearance owing to their higher iron metal
content. However these observations were only for Apollo 16 (highlands) soils, so what remains
to be seen is how this evolution path of maturing agglutinates varies according to the
composition of the bulk soil.

The soils studied here were chosen because they have been characterized by previous
studies in terms of mineralogy, chemistry, maturity, and spectral properties (Taylor et al. 1996,
20014, 2001b, 2010; Basu et al., 1982; McKay et al., 1972; Heiken & McKay, 1974; Simon &
Papike, 1981; Morris, 1978; Pieters et al., 2002). By comparing our agglutinate abundance
results to those of prior studies (Figure 14), which differ in agglutinate definitions, we can assess
how this ambiguity in defining agglutinates can impact measurements of their abundance. For
the soils we studied, we calculated agglutinate abundance as a weight percentage based on the
masses of the agglutinate and non-agglutinate separates. McKay et al. (1972), Heiken and
McKay (1974), and Basu et al. (1982) counted the percentage of agglutinate particles. Simon and
Papike (1981) and Taylor et al. (1996) gathered modal abundance (i.e., a volume percentage) of
agglutinate particles. The Lunar Soil Characterization Consortium (Taylor et al., 2001a, 2010)
also gathered modal abundance, but agglutinitic glass was distinguished based on its chemistry at
the sub-particle level (glass within an agglutinate was included and mineral fragments within an
agglutinate were excluded, rather than categorizing whole particles as agglutinate or non-
agglutinate); impact glasses were also lumped with agglutinitic glass.

Yet despite these differences in how agglutinate abundance is measured, we see a fairly
consistent overall trend of decreasing abundance for larger size fractions (barring the data for soil
15041 from Basu et al. (1982), where there isn’t a clear correspondence between agglutinate
abundance and particle size). Our agglutinate abundance results for the 125-250 um soils match
this trend, but are noticeably on the low end of agglutinate abundance. These low values may
indicate a difference in particle mass density between agglutinates and non-agglutinates, as we
measured abundance based on mass whereas others used the number or volume of agglutinate
particles. Another possible cause may be differences across studies in how often non-agglutinate
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particles were incorrectly counted as agglutinates and vice versa (particularly when there are
similarities in visual appearance and magnetic properties, as for dark, glassy melt breccias).

4.2 New insights into agglutinate reflectance spectra

The agglutinate spectra presented here provide new insights into the spectral variability
of agglutinates with respect to soil composition and maturity. These soil characteristics appear to
control spectral albedo and band depth (Figure 11). In terms of albedo—measured here as 1550
nm reflectance—the Apollo 16 (highlands) agglutinate spectra are all higher in albedo than the
Apollo 14 (non-mare), 15 (low-Ti mare), and 17 (high-Ti mare) agglutinate spectra.
Furthermore, among the Apollo 16 agglutinate spectra, albedo (and band depth) decreases with
increasing soil maturity. However, albedo and band depth do not distinctly separate the
agglutinate spectra from the non-agglutinate and unsorted spectra; there is overlap in the range of
these parameter values for the agglutinate spectra versus for non-agglutinate and unsorted
spectra.

The patterns in albedo and band depth highlight the complexity of agglutinate spectral
properties and can inform future spectral modeling of lunar soils, an area in which agglutinates
have historically been modeled simplistically for lack of comprehensive spectral data. For
example, some work has simply treated agglutinates as glass, ignoring the effects of their npFe
(e.g., Warell & Davidsson, 2010). Some have used the agglutinate spectrum of Pieters et al.
(1993) as representative of all agglutinates, despite its high-titanium mare composition (e.g., Li
& Li, 2011). Many efforts have used empirical parameters to represent agglutinates (Shkuratov
etal., 1999; Clark et al., 2001; Hapke, 2001; Poulet et al., 2002; Poulet & Erard, 2004; Lawrence
& Lucey, 2007; Denevi et al., 2008; Nimura et al., 2008). This current work has shown, though,
that agglutinate spectra vary substantially across soils of different bulk composition, highlighting
that the bulk soil properties must be taken into account for accurate spectral modeling of
agglutinates.

Moreover, agglutinate spectra vary with maturity—at least for the specific immature,
submature, and mature soils of this study—suggesting the existence of an agglutinate “life cycle”
over which its spectral properties change due to progressive weathering (more specifically due to
changes in npFe, such as the increasing npFe abundance indicated by increasing Is/FeO values of
the bulk soil). However, since the soils of different maturities studied here were all (Apollo 16)
highlands soils, we cannot yet surmise how this agglutinate life cycle might vary across soils of
different composition—will non-highlands agglutinates show different maturing trends, perhaps
due to differences in the bulk soil’s iron abundance? It may also be enlightening to study other
highland soils to better characterize the robustness of these maturing trends (particularly since
the submature soil 61141°s properties may be atypical, such as having a lower albedo than the
more mature soil 62231). These are areas for future investigation via study of other immature
and submature lunar soils.

A parameter in which the agglutinate spectra are generally comparable is spectral
slope—quantified in this work as the continuum ratio of 1550 nm reflectance to 750 nm
reflectance. Unlike albedo and band depth, this continuum ratio distinctly separates the



725
726
727
728
729
730
731
732
733
734
735
736
737
738
739
740
741
742
743
744
745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766
767
768
769

manuscript submitted to Journal of Geophysical Research: Planets

agglutinate spectra from the non-agglutinate and unsorted spectra, which all have smaller
continuum ratios (Figure 11).

The spectral slopes of the agglutinate spectra also provide new insight into a question that
has persisted in the literature of lunar soils: what causes the characteristic spectral changes
(darkening and reddening) of maturing soils? Historically these changes have primarily been
attributed to two sources—agglutinates and depositional rims—both of which form and
accumulate in the lunar soil as it is exposed to space weathering processes. Agglutinates are
typically considered to darken rather than redden the unsorted spectra due to the large npFe
within agglutinate particles (e.g., Britt & Pieters, 1994; Keller et al., 1998; Noble et al., 2007;
Pieters & Noble, 2016). Meanwhile, reddening is typically attributed to the small npFe found in
the rims of all weathered particles (both agglutinates and non-agglutinates) (e.g., Hapke, 1973;
Hapke et al., 1975; Cassidy & Hapke, 1975; Hapke, 2001; Pieters et al., 1993). Yet the
agglutinate spectra in this study are all quite steep (red) in slope (Figure 10), suggesting that it is
the agglutinates (and potentially their depositional rims), rather than the npFe-rich rims of non-
agglutinates, that primarily contribute to reddening of the unsorted soil spectra. These results
reframe our understanding of the relative spectral roles of agglutinates and rims: agglutinates
play a greater role in weathering-associated spectral reddening than previously thought.

Admittedly we cannot isolate this reddening impact of agglutinates with further
granularity—to what extent are these spectral effects attributable to an agglutinate grain’s own
depositional rim versus its interior? Given that rims can vary in microstructure and chemistry
(Keller & McKay, 1997), it is conceivable that the depositional rims that form on agglutinates
are fundamentally different from those that form on non-agglutinates, leading to spectral
reddening that is attributable to the agglutinate component of the soil, but is driven specifically
by the rims of the agglutinates.

To better understand why agglutinates have such steep spectral slopes despite the large
sizes of npFe grains within them, we compared the agglutinate and non-agglutinate spectra to
spectra of npFe in silica gel from Noble et al. (2007). These npFe spectra represent a range of
average npFe sizes (8 nm, 15 nm, 35 nm, and 40 nm) and weight percentage abundances. Here
we consider only the normalized spectra, focusing on how well the agglutinate and non-
agglutinate spectra match the npFe spectra in terms of spectral slope (Figure 15).

The closest spectral matches for both agglutinates and non-agglutinates are npFe with
average sizes of 15 nm and 35 nm. However, npFe abundance is a critical parameter in fitting the
spectra as well. The agglutinate and ~15 nm npFe spectra match best for npFe abundance of
about 0.13 wt%. For matching the agglutinate and ~35 nm npFe spectra, neither the 0.02 wt%
nor the 0.20 wt% spectra are truly good fits, with the former being too shallow in slope and the
latter too steep. Therefore one might expect an intermediate abundance (between 0.02 wt% and
0.20 wt%) of ~35 nm npFe to produce a spectrum that fits the continuum slopes of the
agglutinate spectra. In contrast the non-agglutinate spectra are fit best by smaller abundances of
~15 and ~35 nm npFe (about 0.07 wt% and 0.02 wt%, respectively) (Figure 15). These spectral
comparisons suggest similar average npFe sizes within both the agglutinates and non-
agglutinates, but greater npFe abundance in the agglutinates. Given that increasing npFe
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abundance in silica gel yields a steeper spectral slope (Figure 15), the abundance of npFe appears
to play a key role in causing the steep spectral slope of agglutinates.

An important caveat here is that this spectral comparison does not provide a constraint on
the size distribution of npFe within agglutinates, which can also have a spectral impact (e.g.,
Lucey & Riner, 2011). The range of npFe sizes can be quite wide for agglutinates—larger npFe
is typically found within the agglutinate particle interior, while smaller npFe spherules occur in
the particle rims. James et al. (2002) estimated an average npFe size within agglutinates of 120
nm with a standard deviation of 20 nm, while Keller and Clemett (2001) estimated an average
npFe size of 3 nm in the depositional rims (of all lunar soil particles, not only agglutinates).
However these estimates themselves have uncertainties; the scanning electron microscopy used
by James et al. is limited in its ability to resolve—and therefore tends to underestimate—the
smallest sizes of npFe (<10 nm), while the transmission electron microscopy used by Keller and
Clemett images smaller spatial areas and therefore has greater difficulty sampling a
representative number of particles (sampling ~1300 npFe particles compared to the ~9600 of
James et al.).

These spectral comparisons motivate future work on the spectral impact of npFe within
agglutinates. While npFe size is an important parameter, npFe abundance plays a prominent role
as well. Moreover, Arnaut et al. (2021) found that the density and distribution of npFe particles,
rather than just their size or abundance, may have distinct effects on spectral slope due to
interparticle interactions when the npFe particles are arranged in layers or clusters. The spectral
impact of npFe is complex, with nuances that have yet to be fully understood. Future work
analyzing SEM and TEM image data of individual agglutinate grains can elucidate this matter.

4.3 Contribution of agglutinates to bulk reflectance spectra

Our new insights into the spectral properties of agglutinates come with an important
caveat: they only strictly hold for the 125-250 um size fraction that we studied. However for
applications such as spectral modeling of lunar soils, one would rather understand agglutinate
spectral signatures as they exist in situ, across a range of size fractions and mixed within the bulk
soil. Therefore we still have two lingering questions: (1) how well do the 125-250 pm size
fraction spectra (investigated in this study) represent the spectral properties of bulk agglutinates
(across size fractions), and (2) how well does spectral mixing of agglutinates and non-
agglutinates in the 125-250 um size fraction translate to the same spectral mixing in the bulk
soil? While definitively answering these questions will require further study, here we discuss
what we know based on the findings of this study and the existing literature.

First, we consider how bulk agglutinate spectra may compare to the 125-250 um
agglutinate spectra gathered in this study. Recall that the 125-250 um size fraction was chosen
for this study owing to practical considerations (feasibility of manual separation) rather than any
particular spectral relevance. In fact, Fischer (1995) found smaller particle size separates (10—-20
and 20-45 pum)—rather than larger size fractions like 125-250 um—to be most spectrally similar
to the bulk (<1 mm) soil. If this pattern holds true within the agglutinate portion of the soil as
well, one expects smaller agglutinates to better represent the spectral properties of agglutinates as
a whole.
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This spectral dominance of smaller size fractions motivated our analysis of the 75-125
um size fraction of soil 62231, which aimed to identify patterns of spectral changes as particle
size decreases (Section 3.2.3). Although comparisons between the 75-125 um and 125-250 um
size fractions are complicated by their different separation methods—the former magnetic-only
and the latter magnetic—-manual—our results suggest that agglutinates for the two size fractions
are spectrally quite similar.

Given the spectral similarity between the 75—125 pm and 125-250 um agglutinates, can
we assume similar agglutinate spectra for smaller size fractions? Our evidence from just two size
fractions seems too limited to draw any strong conclusions. However there is some evidence that
agglutinates of varying size fractions are at least similar in composition (per the findings of
Taylor et al. (2001a, 2001b, 2010) that agglutinitic glass composition is relatively invariant to
particle size across the <10 um, 10-20 um, and 2045 pum size fractions). Yet even if agglutinate
composition (and associated spectral properties) is invariant to particle size, the particle size
itself will influence the spectrum (i.e., smaller particles tend to have higher reflectance).

Second, let’s consider how spectral mixing of agglutinates and non-agglutinates might
differ for the bulk soil versus for the 125-250 pm size fraction. We get some insight into this
from our analysis of the 75125 um and 125-250 um size fractions of soil 62231. For these two
size fractions, the unsorted soil spectra are comparable at visible wavelengths, but diverge at
longer wavelengths due to the 75-125 um spectrum’s redder near-IR slope (Figure 13). This
redder slope in the smaller size fraction may be due to increased agglutinate abundance (as this
abundance tends to increase for smaller size fractions; Figure 14). If so, we would expect the
unsorted soil spectra for even smaller size fractions to be comparable to our unsorted spectra at
visible wavelengths, but even redder at longer (near-IR) wavelengths. We would then expect
similar of the bulk soil spectra, since smaller size fractions best spectrally represent the bulk.

Striking, though, is how closely the 75-125 um unsorted spectrum is tracked by the
spectrum of the low-aggl (mid-mag) separate (Figure 13). This separate consists of moderately
magnetic particles, including many dark, glassy melt breccias and a very small number of
agglutinates (Figures 3B, 3E). We did not consider this separate in our other analyses, where all
non-agglutinates were lumped together, yet it appears that these moderately magnetic particles
may warrant further study as an important contributor to the unsorted soil spectrum.

The highly influential work of Pieters et al. (1993) also considered the relative
contributions of agglutinates and space-weathered rims to the bulk spectra of weathered soils. In
that work, agglutinates were also separated from two size fractions (250—500 um and >500 pum)
of sample 10084. The spectra of these agglutinates were compared to spectra of the <250 pm
fraction of bulk soil and smaller size fractions, and the fact that these agglutinates were not as red
was interpreted to mean that the agglutinates were not the cause of the bulk soil’s red spectral
slope. However, the 250-500 um agglutinates were redder than the >500 um agglutinates, and
these agglutinates were not compared to like size fractions.

To test whether the finest fraction of soils (<25 um) was strongly affected by
agglutinates, Pieters et al. measured the reflectance spectrum of an unsorted 45-75 pum size
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separate from an agglutinate-rich soil, ground down to a size of <25 um, and found that it was
too bright and its slope was shallower compared to the <25 pum soil fraction. This spectral
difference was attributed to the physical difference in the ground sample: its particles had
exposed interiors, minimizing the spectral impact of the particle rims. This result, combined with
other work suggesting that agglutinate abundance decreases with decreasing particle size
(Labotka et al., 1980; Simon et al., 1981), led to the argument that the rims of soil grains in the
finest fraction are responsible for the spectral changes associated with space weathering, rather
than agglutinates. However, grinding would expose fresh mineral fragments from within the
agglutinates, in which glass constitutes only ~30% of the non-vesicle area (Baker et al., 2020).
Thus, this ground soil is likely not an appropriate test of the nature of the spectral properties of
the finest fraction of agglutinates. Moreover, since that time we now know that agglutinates
increase in abundance with decreasing particle size rather than decrease (Figure 14 and
references therein), and now, we also know that agglutinates cause spectral reddening. Thus,
agglutinates may indeed play an important role in defining the spectra of the finest fraction of
soils, and the relative contributions of space-weathered rims and agglutinates to the overall bulk
spectra of mature soils remains an important open question.

These questions regarding the in situ spectral signature of agglutinates could be clarified
with further work on separating smaller size fractions of agglutinates. However this would
require a different agglutinate/non-agglutinate separation methodology than the one presented
here, as we noted that the fine particles (<75 um) do not easily flow down the magnetic separator
chute used in our method. An alternative method that may work for such fine particles is
described by Adams and McCord (1973), wherein soil was passed through a column of ethanol
attached to a magnetic separator, yielding agglutinate separates from a <250 um lunar soil
sample. Yet, as described in Section 2.2, this method has its own unique challenges to overcome,
including the unintended separation of highly magnetic non-agglutinates alongside the
agglutinates.

4.4 Unaddressed questions on non-agglutinates

This work’s primary focus has been on the agglutinate portion of lunar soils. To simplify
discussion we have referred to the remainder of the soil as the “non-agglutinates”, but this catch-
all term belies the heterogeneity of these particles and their resulting spectral complexities—
itself a valuable topic of study for better understanding the reflectance spectra of bulk lunar soils.
Although a thorough spectral characterization of the many types of non-agglutinates is beyond
the scope of this work, our findings provide insights into and provoke questions on this subject
that we broach here as a starting point for future work.

In particular, questions arise from the soil separates we obtained from magnetically
separating the 75—125 um size fraction of the mature soil 62231 (Figure 3). The no aggl (low-
mag) separate is far brighter than the unsorted soil it was derived from (Figures 3A, 13), which
suggests that, if the particles in this separate have space-weathered rims, these rims do not have a
strong spectral impact on the bulk soil. On the other hand the low-aggl (mid-mag) separate is
much darker (Figures 3B, 13) and is spectrally similar to the unsorted soil (Figure 13). What
makes these two separates—both primarily consisting of non-agglutinates—so visually distinct?
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What are the features of the non-agglutinate particles in the low-aggl (mid-mag) separate that
make it so dark in appearance?

Whereas the no aggl (low-mag) particles are largely homogeneous, each composed of
uniformly high-reflectance mineral fragments (Figures 3A, 3D), the low-aggl (mid-mag)
particles appear to contain a large population of more heterogeneous particles—dark, glassy melt
breccias—that are intermediate in reflectance (Figures 3B, 3E). In our manual separation, most
of these particles would not have been included as agglutinates because they have more angular
margins and less glassy texture (see Figure 7). Further study of this population of particles within
the low-aggl (mid-mag) separate is needed to determine the nature of their low reflectance and
their significance for understanding space weathering processes. Characterizing the spectral
properties of these particles and the abundance and nature of their npFe could provide greater
insight into how regolith evolves as it is weathered.

5 Conclusions

By isolating and characterizing agglutinates from a suite of lunar soils, we aimed to
develop a comprehensive understanding of agglutinate properties across the lunar surface. The
six soils in the suite represent the diversity of the sampled sites, spanning both a range of soil
compositions (highlands 62231, non-mare 14259, low-Ti mare 15041, high-Ti mare 79221) and
of soil maturities (immature 67461, submature 61141, mature 62231). While we primarily
studied the 125-250 um size fraction of these soils, we have also considered the impact of
particle size by characterizing 62231 agglutinates from the 75-125 um size fraction as well.

Regarding methodology, we find that separating out 125-250 um agglutinates is most
effective using a two-step magnetic—manual separation technique rather than either magnetic
separation or manual separation alone. This magnetic-manual method yielded sample purities of
~95% for agglutinate separates and ~85% for non-agglutinate separates. However the manual
part of this method makes it both time-intensive and limited to large particles; magnetic
separation alone may still be the more appropriate method for some applications, such as
investigations of fine (<125 um) particles, and there is certainly still unexplored potential for
improving the magnetic separation method (e.g., by optimizing the magnetic separator settings).

Notably, the reflectance spectra of the agglutinate/non-agglutinate separates and the
unsorted soil show similar spectral patterns across all six soils: for each soil the agglutinate
spectrum is redder in slope than the unsorted spectrum from the same soil while the non-
agglutinate spectrum has a shallower (bluer) slope. Additionally, each agglutinate spectrum is
lower in overall reflectance and has weaker absorption bands than the corresponding non-
agglutinate and unsorted soil spectra. The consistent pattern in spectral slope is particularly
intriguing, suggesting that it is the agglutinates (rather than the non-agglutinates) that contribute
to reddening of the unsorted soil—at least for the studied size fractions of 125-250 um and 75—
125 pm.

Among the Apollo 16 soils of varying maturity, we find that the agglutinates from the
immature soil are noticeably higher in reflectance and have weaker absorption bands than the
agglutinates from submature and mature soils, but they do not differ substantially in spectral
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slope. This novel finding suggests the existence of an agglutinate “life cycle”; the weathering of
a lunar soil entails not only an increase in agglutinate abundance, but also alteration of the
physical and spectral properties of said agglutinates.

The npFe within weathered rims of soil grains and agglutinates is generally considered
the driver of reddening and darkening of lunar soils, with smaller npFe (<10 nm) primarily
reddening and larger npFe (>40 nm) primarily darkening (Noble et al., 2007). Based on
comparison to spectra of npFe in silica gel from Noble et al. (2007), we find that the abundance
of npFe may be particularly relevant as well for agglutinate-associated reddening, with the best
spectral matches between agglutinates and npFe being at higher npFe abundances than the best
matches between non-agglutinates and npFe. However this analysis does not constrain the
distribution of npFe sizes within each agglutinate particle. Future studies of the agglutinate
separates may provide a more robust estimate of npFe abundance and size distribution, providing
greater context for the agglutinate spectral characterization presented in this study.

Our work here begins to illustrate the spectral complexities of lunar agglutinates. In
particular, our findings suggest that agglutinates play a different spectral role in the weathering
of lunar soils than previously thought, contributing not only to the darkening of mature soils, but
also to their reddening. Yet there is still much to be done to comprehensively characterize the
spectral properties of lunar agglutinates, and numerous avenues of future work are motivated by
the myriad questions that remain. For instance, how might agglutinate spectra differ across grain
size fractions, beyond the 125-250 um size fraction that we primarily focused on in this study
(and particularly for the smaller size fractions that may better represent the spectral properties of
the bulk soil)? How do agglutinate and non-agglutinate particles spectrally mix, and how do non-
linearities in this mixing process impact the spectrum of the bulk soil? And, complicating the
debate on the spectral role of agglutinates versus the space-weathered rims on soil grains, to what
extent can the spectral properties of agglutinates be attributed to space-weathered rims on the
agglutinate grains themselves? Perhaps these questions and more will be answered by future
studies of lunar agglutinates, further refining our understanding of the lunar surface and its
weathering over time.
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Open Research
Materials used in and produced by this work can be located as follows.

Soil samples:
Apollo lunar soils were obtained from the NASA Johnson Space Center. The sample IDs for the
soils are: 67461.168, 67461.45, 61141.5, 62231.52, 62231.58, 14259.136, 15041.47, 79221.158.

Reflectance spectra:

All spectral data gathered for this study (of agglutinate/non-agglutinate separates and of unsorted
soils) can be downloaded from the RELAB Spectral Database within the PDS Geosciences Node
Spectral Library (https://pds-speclib.rsl.wustl.edu/search.aspx?catalog=RELAB). The Specimen
IDs are LS-BWD-[xxx], where [xxx] ranges from 140-165 (e.g., LS-BWD-140).

These spectra are also available directly from the RELAB Spectral Database
(https://sites.brown.edu/relab/relab-spectral-database/).

The spectra of nanophase iron in silica gel from Noble et al. (2007) can be downloaded from the
RELAB Spectral Database within the PDS Geosciences Node Spectral Library (https://pds-
speclib.rsl.wustl.edu/search.aspx?catalog=RELAB). The Specimen IDs are SN-CMP-[xxx],
where [xxx] is 016, 019, 021, 023, 027, 032, 037-040, 045-050, 054060, 062, 064, 066, 068,
069, 074-129, 139-145 (e.g., SN-CMP-016). Note that in this study we plotted the silica gel
spectra measured over 300-2600 nm (rather than the 300—880 nm spectra that are also found
under the same Specimen IDs).

These spectra are also available directly from the RELAB Spectral Database
(https://sites.brown.edu/relab/relab-spectral-database/).

Software:

Microscope images were edited (contrast stretching for Figure 1; white balancing for Figures 2,
5-8) and all figures were formatted using Adobe Photoshop.

Data analysis and plotting were done using Python v3.9.16 (Python Software Foundation, 2022)
with additional packages matplotlib v3.7.1 (Hunter, 2007), pandas v1.5.3 (The pandas
development team, 2023), numpy v1.23.5 (Harris et al., 2020), and tabulate v0.8.10 (Astanin,
2022).
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Figure Captions

Figure 1. Scanning electron microscope images of agglutinates from the 125-250 um size
fraction (contrast stretched for clarity). Top row: whole grains from two soils ((A) 67461, (B)
79221) illustrate their three-dimensional structure as misshapen agglomerates of glass, mineral,
and lithic fragments. Bottom row: polished carbon-coated grain mounts from two soils ((C)
67461, (D) 79221) highlight the vesicular internal structure.

Figure 2. Microscope images of (A) magnetically separated 125-250 um agglutinates from
sample 62231 and (B) the corresponding non-agglutinates. The images have been color corrected
to approximate appearance under white light.

Figure 3. Soil separates produced by the magnetic separator (soil 62231, 75-125 pm size
fraction), imaged (top row) on weighing paper and (bottom row) under a binocular microscope.
(A, D) The least magnetic particles, which fell down the chute and into the bin further from the
magnet, are visually bright and contain largely mineral fragments and no agglutinates; (B, E) the
moderately magnetic particles, which fell down the chute and into the bin closer to the magnet,
are intermediate in brightness and contain mineral and breccia fragments with few agglutinates;
and (C, F) the highly magnetic particles, which were suspended in the chute by the magnet, are
visually darkest and are rich in agglutinates.

Figure 4. Estimated agglutinate abundance vs. soil maturity for the lunar soils. All agglutinates
were magnetic—manual separated except for the manually separated 62231.52 (denoted by a
triangle marker, and likely overestimated due to substantial contamination of the agglutinate
separate with non-agglutinate particles). Note that, while the agglutinate abundance values
measured in this study are for the 125-250 um size fraction, the soil maturity values from Morris
(1978) are for the <250 pm size fraction.

Figure 5. Microscope images of the 125-250 um agglutinate separates from soil 62231, yielded
by (A) the magnetic—manual method and (B) the manual sorting method, showing the former’s
higher purity (fewer non-agglutinate particles). The images have been color corrected to
approximate appearance under white light. Particles we categorize as non-agglutinates are circled
in blue. Note that categorizing particles as either agglutinates or non-agglutinates is an
oversimplification, albeit a necessary one. For example, the circled “non-agglutinate” particle in
(A) is categorized as such due to its predominantly smooth texture, but it does have a small
amount of rough-textured agglutinitic material fused onto its upper side.

Figure 6. Microscopic images of 125-250 um non-agglutinate separates from four mature soils
of different composition: (A) 62231 (highlands), (B) 14259 (non-mare), (C) 15041 (low-Ti
mare), and (D) 79221 (high-Ti mare). Here and in Figures 7 and 8, each image was collected
with the same illumination conditions and is shown with the same relative contrast stretch. The
images have been color corrected to approximate appearance under white light.

Figure 7. Microscopic images of 125-250 um agglutinate separates from four mature soils of
different composition: (A) 62231 (highlands), (B) 14259 (non-mare), (C) 15041 (low-Ti mare),
and (D) 79221 (high-Ti mare). Here and in Figures 6 and 8, each image was collected with the



1348
1349
1350
1351
1352
1353
1354
1355
1356
1357
1358
1359
1360
1361
1362
1363
1364
1365
1366
1367
1368
1369
1370
1371
1372
1373
1374
1375
1376
1377
1378
1379
1380
1381
1382
1383
1384
1385
1386
1387
1388
1389
1390
1391
1392

manuscript submitted to Journal of Geophysical Research: Planets

same illumination conditions and is shown with the same relative contrast stretch. The images
have been color corrected to approximate appearance under white light.

Figure 8. Microscope images of 125-250 um agglutinate separates (left) and non-agglutinates
(right) from Apollo 16 soils of different maturities: (A, B) immature soil 67461 (Is/FeO = 25),
(C, D) submature soil 61141 (Is/FeO = 56), and (E, F) mature soil 62231 (Is/FeO = 91). Here
and in Figures 6 and 7, each image was collected with the same illumination conditions and is
shown with the same relative contrast stretch. The images have been color corrected to
approximate appearance under white light.

Figure 9. Reflectance spectra of the 125-250 um unsorted, non-agglutinate, and agglutinate
separates for the six soils. Each separate’s mean spectrum (thick dark line) is the average of
multiple individual measurements (thin faint lines). The number of measurements contributing to
each mean is indicated in parentheses.

Figure 10. Same as Figure 9, but showing the mean reflectance spectra normalized to their
values at 0.7 um. The number of measurements contributing to each mean is indicated in
parentheses, but these individual measurement spectra are not shown.

Figure 11. (top) Continuum ratio vs integrated 1 um band depth and (bottom) albedo vs
integrated 1 pm band depth for the mean reflectance spectra of the 125-250 pm unsorted, non-
agglutinate, and agglutinate separates. Continuum ratio is defined as the ratio of 1550 nm
reflectance to 750 nm reflectance, while albedo is measured by 1550 nm reflectance. Soil names
are indicated by the annotations: 16i (67461, immature), 16s (61141, submature), 16m (62231,
mature), 14 (14259), 15 (15041), 17 (79221). Dotted gray lines connect each soil’s three
separates: agglutinates, unsorted, non-agglutinates.

Figure 12. Reflectance spectra of the 125-250 um unsorted, non-agglutinate, and agglutinate
separates from the three Apollo 16 (highland) soils: immature soil 67461 (Is/FeO = 25),
submature soil 61141 (Is/FeO = 56), and mature soil 62231 (Is/FeO = 91). (left) Mean spectra
and (right) the same spectra normalized to their values at 0.7 um. The number of measurements
contributing to each mean is indicated in parentheses, but these individual measurement spectra
are not shown.

Figure 13. Reflectance spectra for two size fractions (125-250 um and 75-125 pm) of unsorted,
non-agglutinate, and agglutinate separates from the 62231 soil. (left) Mean spectra and (right)
the same spectra normalized to their values at 0.7 pm. The number of measurements contributing
to each mean is indicated in parentheses, but these individual measurement spectra are not
shown.

Figure 14. Agglutinate abundance of soils in this study, as measured using different methods and
for different size fractions. Data points are plotted at the average value of the measured size
fraction, while the errors bars show the range of the size fraction. Note that ranges shown to
extend down to 1 pm indicate finest fractions (e.g., <10 pm, not 1-10 um). Data source
abbreviations are as follows: LSCC = Lunar Soil Characterization Consortium (Taylor et al.,
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2001a, 2010); B82 = Basu et al., 1982; T96 = Taylor et al., 1996; M72 = McKay et al., 1972;
HM74 = Heiken and McKay, 1974; SP81 = Simon and Papike, 1981.

Figure 15. Comparison of reflectance spectra for 125-250 um agglutinates (solid colored lines;
this study) and npFe in silica gel (dashed/dotted black lines; Noble et al., 2007). Spectra are
normalized to their reflectance values at 0.55 um. Each of the four panels shows the same
agglutinate spectra, but plotted alongside spectra of npFe with differing average size (8, 15, 35,
40 nm). Annotations next to each npFe spectrum denote npFe abundance (as a weight
percentage).
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Separation of agglutinates and non-agglutinates

Step 1: After magnetic separation

Step 2: After manual refinement

Soil (% mass) (% mass)
Low-aggl remnant Aggl-rich separate Non-agglutinates Agglutinates
(less magnetic) (highly magnetic)
67461 87 13 96
61141 80 20 93 7
62231 77 23 87 13
62231 -- -- 79 21
14259 64 36 75 25
15041 57 43 66 34
79221 63 37 87 13
Table S1. Mass fractions of soil separates after each step of magnetic-manual separation.
Italics indicate the 62231 sample that was only manually separated.
Non-agglutinate purity Agglutinate purity
Soil Ratio of correct to Percentage Ratio of correct to Percentage
total particles (nearest 5%) total particles (nearest 5%)
67461 43/46 95 45/50 90
61141 62/70 90 43/44 95
62231 51/58 90 43/45 95
62231 60/67 90 50/65 75
14259 66/78 85 46/48 95
15041 53/62 85 61/66 90
79221 45/54 85 55/58 95

Table S2. Purity of non-agglutinate and agglutinate separates. Purity estimates are based
on counting a sample of particles in a microscope image of each separate and categorizing
the particles as non-agglutinate or agglutinate. Italics indicate the 62231 sample that was
only manually separated.



Spectroscopy apparatus: Reflectance Experiment Laboratory (RELAB)

Figure S1. The RELAB bidirectional reflectance spectrometer system at Brown University.



Wavelength region (um) Lamp Detector

0.32-0.44 Xenon PMT
0.40-0.88 Halogen PMT
0.86-1.80 Halogen InSb
1.78-2.55 Halogen InSb

Table S3. RELAB bidirectional reflectance spectrum wavelength regions. While spectra for
the four regions are measured and calibrated against Spectralon separately, the spectra
are then stitched together to form a single, continuous spectrum.

. . Detector Detector Estimated
Dish diameter . . .
aperture size field of view sample mass
(mm) .
(mm) (mm) (mg)
5 4 14-19P
9 7.2 --¢

Table S4. RELAB measurement parameters corresponding to each sample dish size.
Spectra were gathered using the 5 mm sample dish for all samples, while for a few
samples (non-agglutinate separates of soils 14259, 61141, 67461, and 79221) additional
spectra were gathered using the 9 mm sample dish.

*Detector field of view is 80% of aperture size.

®The range of sample masses in the 5 mm dish for separates of soils 14259, 15041,
61141, and 79221. Other sample masses for the 5 mm dish were not measured.
‘Sample masses for the 9 mm dish were not measured.
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Figure S2. RELAB sample dishes (5 mm diameter) filled with 125-250 um non-agglutinate
separates (described in the image as “low agglutinate remnant”) of soils 14259, 61141,
67461, and 79221. Sample dishes are coated with black Teflon.
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Figure S3. RELAB sample dishes (9 mm diameter) filled with 125-250 um non-agglutinate
separates (described in the image as “low agglutinate remnant”) of soils 14259, 61141,
67461, and 79221. Sample dishes are coated with black Teflon.



Sources of RELAB spectral variability

Text S1.

In this work we are primarily interested in how spectral properties of lunar soils vary
according to separate type (unsorted, non-agglutinates, agglutinates) and maturity.
However the reflectance spectra we obtained using RELAB's bidirectional reflectance
spectrometer could also be affected by additional factors related to the measurement
process:

(1) the use of a depolarizer on the illumination source,

(2) the size of the sample dish,

(3) the width of the illumination beam, and

(4) the specific soil particles that end up at the measured sample surface (i.e., sample
heterogeneity).

Most of our measurements use a consistent set of the first three factors: a calcite
depolarizer over the wavelength range of 0.32-1.80 um, a 5 mm wide sample dish, and a
9 mm wide beam. However there are potential tradeoffs in these choices (e.g., using a 9
mm wide beam with a 5 mm wide sample dish ensures that all of the sample surface is
illuminated, but does the light reflected off of the area around the sample dish add an
unwanted signal to the measured reflectance spectrum?). Moreover, we cannot control for
the fourth factor of sample heterogeneity, which may impact reproducibility of the
measured spectra.

To test these tradeoffs and assess the reproducibility of our findings, we measured
reflectance spectra of the same samples with different sets of measurement factors.
Although it was not feasible to measure a sufficient number of spectra for a rigorous
statistical assessment (due to the time-intensive nature of the spectral measurements), we
were able to broadly assess the relative spectral impact of each measurement factor. We
find that, of these four measurement factors, sample heterogeneity is generally the
dominant source of spectral variability for our samples.

Given that the spectral variability due to sample heterogeneity seems to overshadow
variability due to the other three measurements factors, our analyses in the main text use
spectral averages that are calculated based on almost all the measured spectra (i.e., spectra
with different depolarizer setups (except the no depolarizer setup), sample dish sizes, and
beam widths).

Our assessment of the four measurement factors is described in further detail below.



(1) Depolarizer setup

The RELAB bidirectional spectrometer (wavelength range 0.32-2.55 pm) uses a
monochromator that polarizes light. To better simulate (unpolarized) sunlight, a calcite
depolarizer was placed between the monochromator and the sample over the
wavelength range of 0.32-1.8 um. However, the depolarizer was removed over the
range of 1.8-2.55 um due to calcite’s absorption features in this wavelength regime.
This depolarizer setup (which we henceforth call LowDep to indicate the low
wavelength coverage of the depolarizer) was used when gathering nearly all spectra
presented in the main text.

To assess the spectral impact of using the depolarizers, we compared reflectance
spectra gathered for four samples with four different depolarizer setups (Figures S4,
S5). These depolarizer setups were as follows:

¢ NoDep: no depolarizer was used

e LowDep: the calcite depolarizer was used over the wavelength range of 0.32-

1.80 pm

¢ FullDep: the calcite depolarizer was used over 0.32-2.55 um

e 2Dep: the calcite depolarizer was used over 0.4-1.8 um while a quartz

depolarizer was used over 0.32-0.4 pm and 1.8-2.55 pm.

The 2Dep setup is RELAB's most recently implemented depolarizer setup The
quartz depolarizer was added to the setup because it better transmits UV light than
the calcite depolarizer and also has no absorption band in the 1.8-2.55 pm wavelength
regime (but is less effective at depolarizing light in the 0.4-1.8 um regime where the
calcite depolarizer is still used). However we started gathering spectra before the 2Dep
setup was implemented and when the LowDep setup was the norm so, to maintain
consistency, almost all of our spectra were gathered using the LowDep setup.

Among our measured spectra for different depolarizer setups (Figures S4, S5),
some are repeat measurements between which the sample was poured out and back
into the sample dish. With these repeat measurements we assess whether spectral
differences can be attributed to the depolarizer setup or might simply be variance
arising from sample heterogeneity (i.e., due to different soil particles being at the
measured sample surface).

Comparing these spectra, there is significant overlap in the spread of individual
spectra using each depolarizer setup (e.g., for the spectra of the 79221 agglutinates
separate, the set of two FullDep spectra and the set of two LowDep spectra show more
differences within each set rather than between them). Given this, the sensitivity of the
measured spectrum to the depolarizer setup seems to be negligible compared to the
sensitivity to sample heterogeneity. Therefore in the main text, when we speak of mean
spectra, we are averaging together the spectra that used the LowDep setup alongside



the ones that used the 2Dep and FullDep setups (but omitting spectra gathered with
the NoDep setup, as it is not a typical measurement setup used by RELAB).

Spectral variability test:
Depolarizer setup
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Figure S4. Reflectance spectra of four soil separates using four depolarizer setups:
(LowDep) calcite depolarizer for 0.32-1.80 um; (FullDep) calcite depolarizer for the full
wavelength range of 0.32-2.55 um; (2Dep) calcite depolarizer for 0.4-1.8 pm and quartz
depolarizer for 0.32-0.4 um and 1.8-2.55 pm; and (NoDep) no depolarizer.
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Depolarizer setup
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Figure S5. Same as Figure S4, but with reflectance normalized to its value at 0.7 pm.

(2) Sample dish size

RELAB offers multiple sample dish sizes for spectral measurements, with larger
dishes offering more sample surface (and therefore more soil particles contributing to
the measured spectrum), but requiring more sample mass to fill. We used the 5 mm
diameter sample dish (~14-19 mg) as our standard dish size for measurements, as it
was the largest dish that could be filled with the agglutinate separates. However, for
four of the non-agglutinate samples we also used a 9 mm diameter dish and compared
the resulting spectra to the spectra measured when using a 5 mm diameter dish.

In comparing the spectra (Figures S6, S7), we find that the measurements made
using the 9 mm dish are comparable to those made using the 5 mm dish. This suggests
that the spectral variability due to dish size is negligible compared to the variability
due to sample heterogeneity. Therefore in the main text, when we speak of mean
spectra, we are averaging together the spectra that used the 5 mm dish size alongside

the ones that used the 9 mm dish size.

Wavelength [pm]
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Spectral variability test:
Dish size
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Figure S6. Reflectance spectra of four soil separates using two sample dish sizes: 5 mm
and 9 mm diameter.
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Figure S7. Same as Figure S6, but with reflectance normalized to its value at 0.7 pm.
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(3) Beam width

For most of our RELAB spectral measurements the sample was illuminated with a
9 mm diameter beam (but note that the spot size on the sample dish is elongated by
a factor of 1/cos(30°) = 1.15 due to the 30° incidence angle). This beam width, when
used with the 5 mm diameter sample dish, ensures that the entire sample surface is
illuminated. However this also means that the beam illuminates an area around the
sample dish, which could add an unwanted signal of reflected light to the measured
spectrum. The sample dish (and the area around it) is coated with black Teflon to
minimize such reflected light (as seen in Figures S2, S3), but given the low reflectance
of some of our samples we tested whether this additional signal substantially
influenced the measured spectra. To do so, we compared spectra for three samples
when measured using the 9 mm diameter beam versus the 4 mm diameter beam
(which did not illuminate any area outside of the 5 mm sample dish).

In comparing the spectra (Figure S8), we find that the measurements made using
the 4 mm beam are generally comparable to those made using the 9 mm beam. The
exception is the 15041 unsorted sample, for which the spectrum measured using the
4 mm beam was noticeably higher in reflectance than the spectra measured using the
9 mm beam. Given the variance in the spectra due to sample heterogeneity—note the
spread in the spectra measured using the 4 mm beam—it is conceivable that the
spectral differences when using the 4 mm beam could be due to sample heterogeneity
rather than due to the beam width. Moreover, if the beam width did affect the
spectrum, we would have expected the reflectance when using the 4 mm beam to be
lower, not higher (since there would be less signal contributed by the area surrounding
the sample dish). This suggests that the spectral variability due to beam width is
negligible compared to the variability due to sample heterogeneity. In the main text,
when we speak of mean spectra, we are averaging together the spectra that used the
9 mm beam width alongside the ones that used the 4 mm beam width.

(4) Sample heterogeneity

As already discussed in the three sections above, the choice of depolarizer setup,
sample dish size, and beam width do not seem to have as much of an impact on the
measured spectra as does sample heterogeneity.

Note that we assume all spectral variability that cannot be attributed to depolarizer
setup, sample dish size, or beam width is attributable to sample heterogeneity. We
assume this because we find no other potential source of the spectral differences that
we see when measuring a sample, pouring it out of the sample dish and back in, and
remeasuring it. For example, the instrumental error of the spectrometer is less than
0.25% in reflectance, which is too small to explain the variability we attribute to sample
heterogeneity.
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Figure S8. (left) Reflectance spectra of three soil separates using two beam widths: 9 mm
and 4 mm. (right) The same spectra, but with reflectance normalized to its value at 0.7

um.
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Manual vs. magnetic-manual separation (reflectance spectra)

Text S2.

For two of the soils, 62231 and 14259, we have additional spectra for separates
obtained using the manual separation method (as opposed to the magnetic-manual
method used for all other spectra) (Figures S9, S10). For 62231 the manually separated
agglutinate spectrum is bluer in slope and darker than the magnetic-manual separated
agglutinate spectrum, while the manually separated non-agglutinate spectrum is brighter
than the corresponding magnetic-manual separated spectrum. In contrast, for 14259, the
manually separated and magnetic-manual separated agglutinate spectra are nearly
identical.

Soil 62231 (mature, highlands) Soil 14259 (mature, nonmare)
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Figure S9. Reflectance spectra of the unsorted, non-agglutinate, and agglutinate
separates for (left) soil 62231 and (right) soil 14259, including those yielded by manual
separation. Each separate’s mean spectrum (thick dark line) is the average of multiple

individual measurements (thin faint lines). The number of measurements contributing to
each mean is indicated in parentheses.
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Figure S10. Same as Figure S9, but showing the mean reflectance spectra normalized to
their values at 0.7 um. The number of measurements contributing to each mean is
indicated in parentheses, but these individual measurement spectra are not shown.
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Soils of varying composition (reflectance spectra)
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Figure S11. Reflectance spectra for the four mature soils: 62231 (highlands), 14259 (non-
mare), 15041 (low-Ti mare), and 79221 (high-Ti mare). (left) Mean spectra and (right) the
same spectra normalized to their values at 0.7 um. The number of measurements
contributing to each mean is indicated in parentheses, but these individual measurement
spectra are not shown.

17



	Article File
	Figure 1 legend
	Figure 1
	Figure 2 legend
	Figure 2
	Figure 3 legend
	Figure 3
	Figure 5 legend
	Figure 5
	Figure 6 legend
	Figure 6
	Figure 7 legend
	Figure 7
	Figure 8 legend
	Figure 8
	Figure 4 legend
	Figure 4
	Figure 9 legend
	Figure 9
	Figure 10 legend
	Figure 10
	Figure 11 legend
	Figure 11
	Figure 12 legend
	Figure 12
	Figure 13 legend
	Figure 13
	Figure 14 legend
	Figure 14
	Figure 15 legend
	Figure 15

