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Abstract X-ray amorphous materials have been detected in all samples measured by the CheMin X-ray
diffractometer (XRD) on board the Mars Science Laboratory rover in Gale Crater, Mars. The origin(s) of
these materials are poorly understood, and there are significant uncertainties on their estimated abundances
and compositions. Three methods are used to estimate the bulk amorphous component abundance and
composition of Martian samples using XRD and bulk chemical data: (1) Rietveld refinements, (2) FULLPAT
analyses, and (3) mass balance calculations. We tested these methods against a quantitative XRD (internal
standard) method commonly used in terrestrial laboratories. Additionally, we tested for instrumentation
effects by measuring our samples on a laboratory XRD instrument (PANalytical X’Pert Pro) and the CheMin
test bed instrument (CheMin IV). We used three natural samples known to contain amorphous materials:
glacial sediment, Hawaiian soil, and a paleosol. Our methods resulted in nine amorphous abundances and
four amorphous compositions for each sample. For a single sample, amorphous abundance estimates and
amorphous compositions are relatively similar across all estimation methods. CheMin analog measurements
perform well in our tests, with amorphous abundances and compositions comparable to laboratory
quantitative XRD measurements, though slightly underestimated. This suggests that previous amorphous
component estimates for Martian samples are relatively accurate. This study highlights the usefulness of the
mass balance calculation method for characterizing amorphous materials in terrestrial samples, providing
important supplemental information to destructive and time consuming size separation and
dissolution procedures.

Plain Language Summary Natural soil and sediment samples on Earth and Mars are commonly
mixtures of crystalline and noncrystalline materials. X-ray diffraction techniques are frequently used to
quantify the abundance and composition of crystalline materials, and relatively recent developments in X-ray
diffraction data analysis methods allow noncrystalline materials to also be characterized. Noncrystalline
materials are studied using the following methods: (1) noncrystalline X-ray diffraction peaks modeled with
broad peaks, (2) noncrystalline peaks modeled with diffraction patterns of measured noncrystalline materials,
and (3) a mass balance calculation that combines chemical and X-ray diffraction data. However, it is uncertain
how accurate these methods are. Here we systematically test these three data analysis methods on
complex natural samples. We find that both modeling methods (1 and 2) are capable of providing relatively
accurate noncrystalline component abundances. Modeling noncrystalline peaks with patterns of
measured noncrystalline materials (method 2) provides the most accurate abundance results but does not
necessarily provide accurate compositional information, whereas the mass balance calculation provides
accurate noncrystalline material compositions, but not abundances. Our results suggest that a combination
of methods (either 1 and 3 or 2 and 3) should be used to more completely characterize the abundance and
composition of noncrystalline materials.

1. Introduction

X-ray amorphous materials have been detected at high abundances (~15–70 wt%) in all rock and soil samples
measured by the CheMin X-ray diffractometer (XRD) instrument onboard the Mars Science Laboratory (MSL)
rover in Gale Crater, Mars (Achilles, Downs, Ming, et al., 2017; Achilles, Downs, Rampe, et al., 2017; Bish et al.,
2013; Morris et al., 2016; Rampe, Ming, et al., 2017; Vaniman et al., 2014; Yen et al., 2017). X-ray amorphous
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materials lack long range crystallographic order and can be formed in a number of geologic settings, through a
variety of processes, including volcanic, impact, and aqueous alteration (e.g., Birrell & Fieldes, 1952; De
Mumbrum, 1960; Ishii & Mori, 1959; Mitchell & Farmer, 1960; Schwertmann & Fischer, 1973; Simas et al., 2006;
Sudo, 1954). In general, amorphous materials form during rapid processes such as quenching of magma in
water, rapid precipitation of solutes, or rapid pedogenic leaching (Ziegler et al., 2003). The amorphous materials
on Mars could be any combination of primary (e.g., glass) and secondary (e.g., silica and ferrihydrite) phases. In
order to constrain the types of geologic processes that have occurred on the Martian surface, it is necessary to
evaluate the techniques used by the rover to characterize their abundance and composition and to develop a
better understanding of the abundances and compositions of terrestrial amorphous materials in general.

The fluviolacustrine and eolian samples analyzed by CheMin contain a mixture of crystalline and amorphous
materials; however, the abundance of the amorphous component is difficult to constrain, because its pre-
sence is only expressed in XRD patterns by very broad and low-intensity peaks. For example, the amorphous
component of the Rocknest eolian soil sample has been estimated at 35 wt%, but with a relative uncertainty
of 15%, which gives a range of 20 to 50 wt% (Achilles, Downs, Ming, et al., 2017). Amorphous materials are
significant components of the surface in this region of Mars, and understanding their origin has important
implications for our understanding of the evolution of the Martian surface. One hypothesis to explain the pre-
valence of amorphous materials on Mars is that the geologic process (es) that form and/or preserve the X-ray
amorphous materials in Martian samples may be unique to Mars. Yet comparable fractions of amorphous
components have been reported in volcanic soils on Earth (e.g., Jones et al., 2000). This observation suggests
that similar processes may have also occurred on Earth, and we can investigate these ambiguous materials
using MSL characterization techniques and terrestrial analogs.

A number of techniques are used to quantify weight percent abundances in multicomponent samples on
Earth and Mars. For XRD data, full-pattern fitting methods alone (i.e., Rietveld refinements, FULLPAT) can
quantify absolute crystalline abundances if the sample does not contain an X-ray amorphous component.
However, if the sample does contain an X-ray amorphous component, as is the case on Mars, we must make
assumptions about the scattering power of the amorphous material (which is related to its composition and
structure) before we can quantify its abundance and obtain absolute crystalline abundances. In labs on Earth,
we can avoid making assumptions about the amorphous material by including a known amount of an inter-
nal standard in the sample during preparation (e.g., Alexander & Klug, 1948, Chung, 1974, Copeland & Bragg,
1958, Hooton & Giorgetta, 1977, Klug & Alexander, 1974). The XRD pattern of the sample and standard mix-
ture is then measured, and the ratio of the known to the modeled abundance of internal standard is used to
scale the modeled phase abundances to their actual abundance in the mixture. The crystalline abundances
are then summed, and any difference from 100% is attributed to an amorphous component. However,
because of limitations on sample preparation in the automated MSL sample delivery system, the CheMin
instrument on MSL does not include an internal standard in its samples, and so the amorphous abundances
remain dependent on assumed material properties.

X-ray amorphous abundances as well as compositions have been estimated from CheMin XRD data using a
mass balance calculation (MBC), which combines both the crystalline mineralogy derived from full-pattern
fitting analyses of CheMin data and the bulk chemical composition measured by the Alpha Particle X-Ray
Spectrometer instrument (APXS; Gellert et al. (2006, 2015)). In this method, the crystalline composition, calcu-
lated from the XRD-derived mineralogy, is subtracted from the bulk chemical composition, and the amor-
phous component is assumed to account for the difference (e.g., Dehouck et al., 2014, Morris et al., 2013,
Vaniman et al., 2014). Since this method relies on careful analysis of the crystalline components, any errors
in the fitting will propagate into the MBC estimates.

Methods that estimate amorphous abundances and compositions have not been rigorously tested on
natural samples using the CheMin test bed instrument. In this study, we test the accuracy of both
the full-pattern fitting XRD analysis methods (FULLPAT and Rietveld refinement) and the MBC method
for deriving amorphous abundances from samples without an internal standard by applying these
methods to three different Mars analog terrestrial samples known to contain amorphous materials.
For each method, we test how the estimated amorphous abundances and compositions vary with
and without an internal standard included in the XRD data acquisition and how the composition of
the sample affects the accuracy of the results. This information will help determine best practices for
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estimating the abundance and composition of amorphous components both in labs on Earth and with
MSL on Mars, including ideal instrument setup parameters, sample processing steps, and XRD data ana-
lysis and refinement techniques.

2. Background
2.1. Evidence for Amorphous Materials in MSL Data

The presence of an X-ray amorphous component can be inferred from XRD patterns by the appearance of a
low angle rise (<~10° 2θ) and/or broad peaks in the background at low to moderate 2θ angles (amorphous
humps; e.g., Achilles et al., 2013, Rampe et al., 2013, Warren, 1990). Because the peaks are broad and low, XRD
patterns of amorphous materials are significantly less distinct than for crystalline phases. However, slight var-
iations in peak positions can allow specific amorphous phases to be identified as possible candidates in the
pattern of a multicomponent sample. This is generally done through a full-pattern fitting analysis, which
involves using patterns of both crystalline and amorphous phases to fit the full diffraction pattern of a sample
(Chipera & Bish, 2013).

The Rocknest wind ripple sample from Gale Crater was comprised of loose, unconsolidated sediment (soil),
and an analysis of CheMin data using the full-pattern fitting analysis software FULLPAT (Chipera & Bish,
2002, 2013) indicated that the Rocknest sample contained both crystalline and amorphous components
(Achilles, Downs, Ming, et al., 2017; Bish et al., 2013). The crystalline component was consistent with a mafic
igneous origin and consisted predominantly of plagioclase, forsterite, augite, and pigeonite. Bish et al. (2013)
used patterns of a number of disordered materials (allophanes, ferrihydrite, aluminosilicate gels, and a syn-
thetic basaltic glass of Gusev Crater composition) to model the amorphous component and found the best
fit with basaltic glass and allophane patterns. However, the authors were careful to note that the amorphous
component was not unambiguously identified by this analysis, because there could be many amorphous
materials with similar XRD patterns. For example, they noted that allophane could be a surrogate for other
phases, such as the ferric silicate hisingerite, which is favored given the low Al content of the amorphous
component derived from mass balance calculations (Blake et al., 2013; Dehouck et al., 2014). The amorphous
component of the Rocknest sample was also assumed to contain 1.5 to 3 wt% H2O based off of low-
temperature H2O release measured by the Sample Analysis at Mars instrument (Leshin et al., 2013) and the
fact that the crystalline components of the Rocknest sample were nominally anhydrous (Blake et al., 2013).

Abundance estimates for the amorphous component in the Rocknest sample have varied depending on the
method of estimation. Bish et al. (2013) reported FULLPAT models from Rocknest scoops 4 and 5 containing
23 and 25 wt% Gusev composition basaltic glass, and 3 and 2 wt% allophane-like material, summing to totals
of 26 and 27 wt% amorphous component. When uncertainties (±50% relative) were taken into consideration,
the Rocknest sample contained an estimated range of 13 to 40.5 wt% amorphous abundance. After the Bish
et al. (2013) investigation, it became apparent that the sample cells on the CheMin sample wheel were offset
from their ideal diffraction position, and so a sample cell offset calibration method was developed (Morrison,
Downs, Blake, Prabhu, et al., 2018, Morrison, Downs, Blake, Vaniman, et al., 2018). Achilles, Downs, Ming, et al.
(2017) used this newmethod to revise the FULLPAT analyses of Rocknest data and determined that the amor-
phous component abundance was 35 ± 15 wt% (for a range of 20 to 50 wt%). MBCs (described in detail in
section 3.5) using Rocknest CheMin mineralogy and bulk chemistry measurements from APXS presented
varying results, but most fell within range of the abundances estimated by Bish et al. (2013): 36 wt%
(Morris et al., 2013), 45 wt% (Blake et al., 2013), and a minimum amorphous abundance of 22 wt% with values
less than 25 wt% considered unlikely (Dehouck et al., 2014).

The John Klein and Cumberland samples consisted of drill powder from the Sheepbed mudstone member of
the Yellowknife Bay formation (Grotzinger et al., 2014). These samples were also found to contain both crys-
talline and amorphous components based on the XRD patterns (Vaniman et al., 2014). Rietveld refinements
and FULLPAT analyses of CheMin data indicated that the crystalline component consisted predominantly of
plagioclase, smectite, pigeonite, augite, orthopyroxene, magnetite, and sanidine (Vaniman et al., 2014), sug-
gesting a mafic igneous provenance for the sediments (Grotzinger et al., 2014). Vaniman et al. (2014) calcu-
lated possible amorphous compositions using the bulk chemical compositions and the crystalline mineral
compositions in a mass balance equation and found that the amorphous component was a Si-poor material
enriched in Fe, S, Cl, and P.
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Vaniman et al. (2014) used FULLPAT and patterns of crystalline and amorphous phases to model amorphous
abundances in the John Klein and Cumberland samples and found they contained 28 and 31 wt%, respec-
tively. The MBC was used to constrain the minimum abundance of amorphous material in the Cumberland
sample to 15 or 18 wt% (depending on the composition of clay mineral used in the calculation) with propor-
tions below 21 and 24 wt% unlikely (Dehouck et al., 2014). CheMin has analyzed an additional 13 rock sam-
ples and two active eolian sediment samples to date. FULLPAT analyses and mass balance calculations of
these samples suggest amorphous materials comprise anywhere from 15 wt% of the sample (i.e.,
Windjana, Treiman et al., 2016) to 73 wt% of the sample (i.e., Lubango, Yen et al., 2017). MBC results suggest
that the amorphous composition is highly variable, with some amorphous materials enriched in Si (e.g.,
Buckskin, Greenhorn, and Lubango; Morris et al., 2016; Yen et al., 2017), some enriched in Fe (e.g.,
Windjana and Marimba; Achilles, Downs, Rampe, et al., 2017; Treiman et al., 2016), and some enriched in S
(e.g., Confidence Hills, Mojave2, Marimba, and Sebina; Achilles, Downs, Rampe, et al., 2017; Rampe, Ming,
et al., 2017).

2.2. Standard XRD and Amorphous Analysis Techniques on Earth

The mineral abundances of a strictly crystalline multicomponent sample can be derived from the measured
XRD pattern using a number of quantitative X-ray diffraction analysis techniques. Most common are full-
pattern fitting methods such as Rietveld refinement (e.g., Bish & Howard, 1988, Rietveld, 1969) and
FULLPAT analyses (Chipera & Bish, 2002).

Rietveld refinement programs fit the shape of the background and then calculate a model using the crys-
tal structures of the individual standard materials. A number of variables can be adjusted to improve the
model during a Rietveld refinement such as sample offset, scale factors, unit cell parameters, peak widths,
and preferred orientation (e.g., Bish & Howard, 1988, Rietveld, 1969). Refining the lattice parameters
allows for a more precise crystal chemistry to be calculated for solid solution phases (e.g., plagioclase
and pyroxene; Morrison, Downs, Blake, Prabhu, et al., 2018). Once an acceptable model is produced,
the phase weight percent abundances are calculated using the scale factors and densities of the
crystalline phases.

The FULLPAT program uses a least squares minimization to optimize the fit between library patterns and a
measured pattern, and the program allows for a restricted number of adjustments to the crystalline patterns
in order to better fit the measured pattern (Chipera & Bish, 2002). Once an acceptable model is produced, the
crystalline phase weight percent abundances are normalized so that they sum to 100%.

A number of additional steps must be taken during sample processing and data analysis to obtain accurate
crystalline and amorphous abundances when a multicomponent sample contains X-ray amorphous materi-
als. Commonly, the first step is to prepare the sample by adding a known abundance of a highly crystalline
and pure internal standard (usually corundum). The mixture is measured, and the crystalline and amorphous
abundances are estimated using a full-pattern fitting method.

The Rietveld refinement model for a crystalline and amorphous-bearing sample consists of: a background,
individual crystalline phase patterns, and one or multiple broad peaks representing amorphous materials
(but not necessarily corresponding to specific compositions) all of which are refined and scaled to match
the measured pattern. The calculated internal standard mass fraction is compared to the actual internal stan-
dard mass fraction, and all crystalline diffraction data are scaled to produce the actual mass fraction, instead
of scaling to 100% (e.g., Alexander & Klug, 1948, Chung, 1974, Copeland & Bragg, 1958, Hooton & Giorgetta,
1977, Klug & Alexander, 1974). As a result, precise phase quantities of crystalline phases are obtained, and the
difference from 100 wt% represents the abundance of amorphous materials.

The FULLPAT model for a crystalline and amorphous-bearing sample consists of a background, individual
crystalline material patterns, and individual amorphous material patterns. The crystalline and amorphous
material patterns are either measured or calculated so that they represent a mixture of the individual phase
and internal standard at the same ratio added to the bulk sample (Chipera & Bish, 2002). Each individual
library pattern is scaled using the known abundance of internal standard, and a least squares minimization
is used to optimize the fit between library patterns and a measured pattern (Chipera & Bish, 2002). Once
an acceptable model is produced, the crystalline and amorphous phase weight percent abundances are nor-
malized so that they sum to 100%.
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Adding an internal standard is not always desirable or possible because the sample becomes contaminated,
and the additional sample preparation task is not feasible for an automated process. If no internal standard is
included in the sample, amorphous component abundances estimated during full-pattern fitting remain
dependent on a number of assumptions. For Rietveld refinements, an average material density must be
assigned to the amorphous component, and then the weight percent abundance of the amorphous compo-
nent is calculated by dividing the refined scale factors for the broad amorphous peaks by the assigned den-
sity (described in detail in section 3.6). However, since the composition and structure of the amorphous
material is not known a prioi, we must make assumptions about its density, which could be a source of error
in the estimated abundance.

For FULLPAT, a major requirement is that the XRD pattern for each individual phase/material, including the
amorphous materials, has either been measured on a similar XRD instrument or been calculated using the
same instrument parameters as the samples being analyzed. However, because few amorphous materials
have been measured in general and because amorphous phases do not give definitive X-ray diffraction
peaks, other amorphous materials absent from the FULLPAT library may also fit the measured data.
Therefore, it is assumed that the selected amorphous standard pattern(s) are able to fully represent the amor-
phous component in the sample (Chipera & Bish, 2002); if they do not, the amorphous abundances could be
underestimated. Additionally, since the standard patterns are scaled to a known abundance of an internal
standard, the substitution of one amorphous phase for another with a different scattering power could also
cause an error in the estimated amorphous abundance

The MBC method is another method that can be used to determine the amorphous component abundance
(Blake et al., 2013; Dehouck et al., 2014; Jones et al., 2000; Morris et al., 2013; Vaniman et al., 2014). This
method requires bulk chemical analysis of the sample and uses a two-step process to (1) calculate the com-
position of the crystalline component of a sample using the mineral abundances determined through a full-
pattern fitting analysis of XRD data and (2) calculate the possible amorphous component composition by
subtracting the crystalline composition calculated in step (1) from the bulk sample composition (Blake
et al., 2013; Dehouck et al., 2014; Morris et al., 2013; Vaniman et al., 2014). In this process, it is sometimes
necessary to adjust the amorphous component abundance until nonnegative oxide weight percentages
are obtained (discussed in section 3.6), and so the MBC method provides another amorphous component
abundance estimate.

The internal standard, full-pattern fitting, and MBC methods utilize XRD data in different ways to quantify the
amorphous component abundance in a sample. It is not certain how the abundances derived from each
method compare for a single sample. Understanding potential differences is important to the interpretation
of amorphous abundances measured in the laboratories here on Earth and on the Martian surface.

Amorphous materials in terrestrial samples, and especially in soils, are commonly estimated using selective
dissolution methods, which are independent of XRD data (e.g., Borggaard, 1988, and references within).
Oxalate extractable soil material is thought to contain most of the amorphous materials in soils (Jackson
et al., 1986). In this method, samples are reacted with acid ammonium oxalate, and the difference in mass
between the final and initial sample is considered the mass of the amorphous phases. Jones et al. (2000) per-
formed the MBC technique on Hawaiian soil samples along with acid ammonium oxalate extractions. They
concluded that the acid ammonium oxalate extractions only determine the chemically active portion of
the amorphous fraction and that the MBC technique should be used to determine the total
amorphous content.

2.3. XRD Analyses on Mars (CheMin Instrument)

CheMin is a transmission XRD instrument with an energy-filtered cobalt (Co) X-ray source and an angular
range of 5° to 50° 2θ with<0.35° 2θ angular resolution (Blake et al., 2012). The CheMin instrument is outfitted
with a charge coupled device camer detector, which directly detects X-rays diffracted from the sample (Blake
et al., 2012). The instrument has a detection limit of ~1 wt% (Blake et al., 2012).

The CheMin XRD instrument was designed to accommodate a number of complications introduced by the
limitations of conducting automated analyses on another planet. First, the nominal powder sample prepara-
tion procedure of grinding the sample while wet is too complex for the rover. Instead, the instrument accepts
sieved (<150 μm) drill powders and scooped samples but vibrates the sample cells throughout the
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measurements using piezoelectric actuators so that the sample exhibits bulk convective movement (Blake
et al., 2012). Doing so ensures that grains are measured in random orientation over time.

It is not practical to prepare samples for quantitative analysis with an internal standard onboard the rover; this
process in terrestrial laboratories involves weighing known quantities of both sample and the standard and
then powdering them together to create a mixture of uniform particle size. Instead, CheMin data are analyzed
with full-pattern fitting methods that employ a library of mineral and amorphous material patterns. The indi-
vidual patterns are most often calculated from crystal structures using the proper CheMin instrument and
profile parameters but can also be measured on the CheMin test bed instruments (Blake et al., 2012).

2.4. Chemical Measurements on Mars-APXS Instrument

The APXS instrument on the MSL rover is capable of determining the chemical composition of rocks and soils
by X-ray spectroscopy. APXS combines the terrestrial standard methods of particle-induced X-ray emission
and X-ray fluorescence in order to measure major and trace elements from sodium to bromine (Gellert
et al., 2015). APXS has a spot size of 1.7 cm in diameter when the instrument is in contact with the sample
and averages over all mineral grains in its field of view (Gellert et al., 2015). It should be noted that APXS mea-
sures a different sample than CheMin; sieved samples are delivered to CheMin directly from a drill hole or
sample scoop, while APXS measures sieved fines that are dumped on the ground.

3. Methods
3.1. Samples and Processing Techniques for Bulk Measurements

Three samples from different Mars-like terrestrial settings were chosen for this study: mafic glacial sediment
from the Three Sisters volcanoes in Oregon (Scudder et al., 2016), a basaltic soil from the Big Island of Hawaii
(Chadwick et al., 1999), and a paleosol developed on intermediate composition pyroclastics from the John
Day Fossil Beds National Monument in Oregon (Retallack et al., 1999). These specific samples were selected
because they come from environments known or hypothesized to contain significant amorphous materials.
Ongoing work shows that subglacial and periglacial weathering of glacial flour produces amorphous materi-
als, which have been identified in glacial sediments (Scudder et al., 2017; Rampe, Horgan, et al., 2017). The
Hawaiian soil comes from a region on Hawaii where the weathering is dominated by infrequent monsoons,
and this rapid weathering has been shown to drive the preferential production of allophanic phases over
crystalline weathering products (Ziegler et al., 2003). The paleosol is from a portion of the Blue Basin member
in the John Day Fossil Beds that has undergone minimal diagenesis since burial. This sample is hypothesized
to be a fairly young glass-rich pyroclastic soil from a cooler and more arid climate, and both the high glass
content and cool climate are thought to enhance the production of amorphous phases during soil formation
(Horgan et al., 2017).

Soil and sediment samples were dried under a fume hood then sieved to<150-μm size fraction, because that
is the size fraction analyzed by the CheMin instrument. The<150-μm size fraction material will be referred to
as bulk sample in order to distinguish between these and the<2-μm size fraction materials discussed below.
The paleosol sample was broken down into pebble and sand-sized particulate using a rock hammer.

Powders were prepared with internal standards (spiked) by adding 20 wt% corundum (Al2O3) to the sieved or
particulate sample and then powdering the mixture under ethanol using a McCrone micronizing mill for
10min to achieve a particle size of ~25 μm. Powders without an internal standard (not spiked) were processed
using the same methods as above, but the corundum was omitted.

3.2. Sample Processing for Oriented Clay Measurements

Samples were prepared for XRD oriented clay mounts using the following methods pioneered by Moore and
Reynolds (1997): ~4 g of sample was placed in 250 ml beakers and the beakers were filled with deionized
water. The sample/water mixture was sonicated for 5 min, and the resulting liquid suspension was decanted
into centrifuge tubes. The liquid was centrifuged at 1,000 rotations per minute for 50 seconds (such that the
<2-μm particles were left in suspension), after which the supernatant fluid was decanted into Nalgene bot-
tles. A dropper was used to aliquot some of the supernatant fluid onto a zero background slide. The slides
were placed in an oven heated to 50 °C until the liquid was evaporated. The clay mounts were then spritzed
with a 10% glycerol solution, a molecule that, when solved, will extend the swelling phyllosilicate interlayers
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to d-spacings specific for each phyllosilicate structure, and were allowed to dry. The oriented clay mounts
were measured twice, once after the first drying and once again after the glycerol treatment.

3.3. X-ray Diffractometer
3.3.1. Laboratory XRD
All bulk powdered and oriented clay samples were measured using a PANalytical X’pert Pro MPD XRD at
either Johnson Space Center or at the Center for Agronomy Science at Purdue University; both instruments
are equipped with X’Celerator detectors. XRD patterns were collected under the following conditions: Co Kα
X-ray source, a Fe filter to reduce Kβ peak intensities, 45 kV, 40 mA, ½° antiscatter slit, ¼° fixed divergence slit,
and a beam knife to reduce low-angle scattering. Samples were measured from 2° to 80° 2θ with a 0.01067°
step size and 100 s/step. The powdered samples were dispersed into back-loaded sample mounts for
XRD analysis.
3.3.2. CheMin IV
The three bulk samples (not spiked) were measured using the CheMin IV test bed instrument located at
Johnson Space Center. The glacial and Hawaiian samples measured on the CheMin IV were sieved, not pow-
dered, akin to loose sediment samples collected by the MSL rover, while the paleosol rock sample was pow-
dered and is analogous to a drill-tailing sample delivered to the MSL rover. All samples were measured in
Mylar cells. The CheMin IV utilizes a microfocus energy-filtered Co Kα X-ray source to construct the patterns,
which removes X-ray fluorescence from the sample. CheMin IV also utilizes a transmission sample cell that is
piezoelectrically shaken during analysis in order to maintain a randomly oriented sample. The patterns were
collected from 4° to 56° 2θ with a <~0.35° step size, collecting five hundred 30-s exposures at 30 kV
and 0.30 mA.
3.3.3. Full-Pattern Fitting Data Analyses: Rietveld Refinements and FULLPAT
For this study, Rietveld refinements of XRD patterns were performed using the Materials Data, Inc. (MDI)
Jade analytical software. The backgrounds were fitted with a first-order polynomial curve, crystalline
phases were modeled using a Pearson-VII (exponent/Lorentzian) peak shape function, and amorphous
peak profiles were modeled using a pseudo-Voigt function. For patterns measured on the PANalytical, fits
were performed between 5° and 80° 2θ for the glacial sediment and Hawaiian soil samples and from 10°
and 80° 2θ (excluding the regions 22.3°–23.9° and 40°–40.8° 2θ) for the paleosol to exclude the largest
smectite peaks from the refinement. Fits were performed between 5° and 55° 2θ for all samples measured
on the CheMin IV. The scale factors, unit cell parameters, peak width, and shape for each mineral phase
were allowed to vary for refinements of both PANalytical and CheMin IV patterns. The
skewness/asymmetry of mineral peaks was allowed to vary in refinements of PANalytical patterns, but
not CheMin IV patterns because the transmission geometry in CheMin IV results in symmetrical peaks.
Specimen displacement was refined for patterns measured on the PANalytical, but not the CheMin IV,
because the fixed position of the sample in the CheMin IV prevents sample displacement. Atomic posi-
tions and occupancies and temperature factors were not refined for patterns measured on either instru-
ment. The peak position, height, full width at half maximum, and peak shape were allowed to vary for the
amorphous hump(s) in both PANalytical and CheMin IV patterns.

For the not spiked samples, the amorphous abundance is calculated in Jade essentially by dividing the mod-
eled amorphous peak scale factors by the density of the amorphous material. Since the density of the amor-
phous material is not known a priori, one had to be assigned to the amorphous component. Rietveld
refinements of the not spiked patterns were run twice, each time using a different assigned density for the
amorphous materials: (1) a calculated density and (2) a default or nominal density. The calculated amorphous
material densities were derived from the Rietveld refinement of the spiked samples. During the refinement,
the Jade software calculates the amorphousmaterial density by adjusting the density value until the resulting
amorphous abundance (scale factor divided by density) is equal to the amorphous abundance calculated as
the difference from 100% (100—sum of crystalline components). The default or nominal density in Jade,
2.5 g/cm3, is close to an average density for silicate materials (e.g., opal ~2.0 g/cm3, basaltic glass ~3.0 g/
cm3) and would be comparable to that of an amorphous silicate with an intermediate (approximately ande-
sitic) composition. These two density values were tested in order to determine the effect of density on the
amorphous abundance and composition estimates. This is important for instances when it is not practical
to add an internal standard to the sample, as is the case for Martian samples. In this case, an amorphous mate-
rial density cannot be calculated.
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Because the TC-1 paleosol sample contains smectitic clay minerals, which tend to have complex and variable
crystal structures and compositions, the Rietveld refinement methods differ slightly from those of the other
two samples. Two different modeling methods were used in the refinements for each TC-1 sample
preparation/measurement style: (1) excluding all clay peaks so that clay and amorphous materials are
grouped together by modeling the pattern from 10° to 80° 2θ (excludes the 001 peak) and ignoring the range
between 22.3° and 23.9° 2θ (excludes the 02l peak) and (2) modeling clay abundances separately from amor-
phous by using individual smectite patterns as an overlay and assuming a reference intensity ratio of 1.
Because reference intensity ratios can be challenging to calculate for clay minerals, the results from the sec-
ond method are tenuous and are only shown in the supporting information for completion.

Plagioclase, pyroxene, and olivine mineral formulae were estimated by comparing the refined unit cell para-
meters to those in Morrison, Downs, Blake, Prabhu, et al. (2018; Table S3). These methods assume composi-
tions of Na-Ca for plagioclase, Mg-Fe-Ca for pyroxene, and Mg-Fe for olivine and do not include other
elements that might substitute in the crystal structure in minor abundances.

CheMin IV XRD data were also analyzed using a modified version of the FULLPAT program (Chipera & Bish,
2002). This version of FULLPAT is used by the CheMin team to determine the abundance of X-ray amorphous
phases in CheMin patterns (Bish et al., 2013; Morris et al., 2016; Rampe, Ming, et al., 2017; Treiman et al., 2016;
Vaniman et al., 2014; Yen et al., 2017). Patterns were fit from 5° to 55° 2θ with a library including a variety of X-
ray amorphous phases (basaltic glass, rhyolitic glass, ferrihydrite, allophane, and Al-Si gel), phyllosilicates,
crystalline minerals previously identified using Jade, and Mylar cell window and linear backgrounds.

3.4. Bulk Chemistry

Bulk samples (sieved to <150 μm for glacial sediment and Hawaiian soil samples) were sent to ActLabs for
chemical analysis. This analysis included X-ray fluorescence measurements of bulk samples to determine
Al2O3, CaO, Cr2O3, Fe2O3 (Fe Total), K2O, MgO, MnO, Na2O, P2O5, SiO2, and TiO2 abundances; infrared radia-
tion to measure SO3

2�; and instrumental neutron activation analysis to measure Cl�. FeO was also measured
using titration, and Fe2O3 was calculated as the difference between Fe2O3 (Fe Total) and FeO.

3.5. Mass Balance Calculation

The mass balance calculation used to estimate the abundance and composition of the amorphous compo-
nent in a sample is a two-step process: (1) calculate the compositions of the crystalline components using
the mineral abundances and unit cell parameters to constrain crystal chemistry (Morrison, Downs, Blake,
Prabhu, et al., 2018, Morrison, Downs, Blake, Vaniman, et al., 2018) and (2) calculate themost likely amorphous
component composition by subtracting the crystalline component composition from the bulk sample com-
position measured during chemical analysis. The calculations were performed using a Scilab 5.4.1 (Scilab
Enterprises, 2014) program developed by Dehouck et al. (2014) specifically for mass balance calculations
applied to Mars data. The two steps are summarized by the following equations:

ycryst ¼ ∑i yið Þ xið Þ; with ∑ixi ¼ 100

yamoph ¼ ybulk � ycryst
xamorph

þ ycryst

where y represents the abundance in weight percent of a given oxide in a given mineral (yi), the bulk sample
(ybulk), the crystalline component (ycrst), or the amorphous component (yamorph); xi represents the
amorphous-free abundances of crystalline phases; and xamorph is the proportion of amorphous component
(a free parameter as discussed below; Dehouck et al., 2014). The chemical compositions of the primary and
secondary minerals used in the calculations can be found in supporting information Table S1. APXS does
not measure the lightest elements, and so all mineral compositions used in the calculations are volatile
(H2O and CO2) and OH� free and normalized to 100%. The SciLab program also considers three different
abundances for each mineral: the best estimate, the maximum (the best estimate plus the associated uncer-
tainty), and the minimum (the best estimate minus the associated uncertainty; Dehouck et al., 2014).

When the MBC is applied to clay-bearing Martian samples, clay minerals are frequently grouped with the
amorphous component due to the difficulty of accurately quantifying and identifying clay minerals without
a number of additional laboratory procedures (e.g., Rampe, Ming, et al., 2017). In order to be consistent with
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CheMin results, we similarly grouped clay minerals into the amorphous component for the clay-bearing sam-
ple in this study (TC-1).

It is likely that the amorphous component of the terrestrial samples contains some volatiles. However, it is
uncertain how much of the loss on ignition component measured during elemental abundance measure-
ments can be attributed to the amorphous component. Therefore, we chose to subtract the loss on ignition
component of each sample and normalize all bulk elemental data to 100%. Doing so does not affect the rela-
tive weight percent oxide composition of the amorphous component but does affect the
absolute composition.

It is important to note a few limitations of the MBC method. First, the composition of crystalline phases that
are below the detection limit of XRD will, by default, be allocated to the amorphous component composition.
Second, crystalline minerals frequently contain minor elemental substitutions not reported in their ideal
structure formula. These compositions are not reflected in the XRD models, and so they are also allocated
to the amorphous component composition. Lastly, the composition of the amorphous component is a bulk
composition that very likely represents an unknown number of distinct and/or compositionally variable
amorphous phases present in each sample, rather than a single amorphous phase.

3.6. Amorphous Abundance

Amorphous abundances were estimated in four ways for each sample: (1) calculated as the difference
between 100% and the total crystalline material weight percent—the internal standard method, (2) modeled
in the Rietveld refinement of the XRD data using Jade, (3) modeled in the FULLPAT analysis of the CheMin IV
XRD data, and (4) adjusted as a free parameter in the MBC. Amorphous abundances were calculated from
XRD data of samples containing a known amount of internal standard (20 wt% corundum) by first estimating
crystalline component abundances using the Rietveld refinement analysis option in Jade. A scale factor was
calculated by dividing the actual internal standard mass fraction by the modeled internal standard mass frac-
tion, and the calculated scale factor was then applied to all of the components in the model to produce the
actual mass fractions of the crystalline components. The amorphous component abundance is assumed to
account for the difference between 100% and the total weight percent of the crystalline components. Of
all the amorphous abundance estimation methods employed in this study, the internal standard method
requires the fewest assumptions and is therefore considered the most accurate estimate.

For the Rietveld refinements of the not spiked samples using Jade, the abundance of the amorphous compo-
nent is calculated by dividing the refined scale factors for the amorphous peaks by the assigned density of
the amorphous component. Since the Rietveld refinement process uses only broad peaks to represent amor-
phous scattering, a density (or composition) must be assigned to the amorphous material. As stated above in
section 3.3.3, we used both a nominal density of 2.5 g/cm3 and a density calculated using the spiked sample.

For the FULLPAT analyses, the amorphous component is modeled with patterns of specific amorphous mate-
rials, and the abundance of the amorphous component is the sum of the weight percent for each individual
amorphous material used in the model.

The MBC method assumes that the full-pattern fitting methods provide only relative abundances for crystal-
line phases, which allows the abundance of amorphous components to be an input parameter. Initially, we
input the amorphous abundance estimated from the full-pattern fitting method and then adjusted the abun-
dance until we reached the lowest percentage of amorphous material needed to ensure nonnegative weight
percent oxide solutions for the amorphous component composition (Dehouck et al., 2014). In this way, this
method was used to constrain the lower limit for the abundance of amorphous material present.
Therefore, the abundances derived from the two approaches are not necessarily expected tomatch perfectly;
nonetheless, the abundance derived from the MBC should always be less than or equal to the value derived
from the full-pattern fitting methods.

4. Results
4.1. Bulk Sample Mineralogy

XRD patterns and associated Rietveld refinement fits of the three terrestrial samples are shown in Figure 1.
Crystalline mineral abundances modeled using full-pattern fitting of XRD patterns of all spiked and not
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spiked bulk samples are shown in Figure 2 (values can be found in Table
S4). The refined unit cell parameters can be found in supporting informa-
tion Table S2, and the crystal chemistry for the refined minerals can be
found in supporting information Table S3. Because of sample heterogene-
ity, each spiked and not spiked sample wasmeasured a number of times in
order to obtain patterns similar to each other. As a result, the modeled
assemblages for each sample are relatively consistent across measure-
ments, including with or without an internal standard and measured using
the PANalytical versus CheMin IV instruments. The variations in mineral
abundances between measurements are consistent with minor heteroge-
neity in the samples (Figure 2). This suggests that in most cases, the pre-
sence or lack of an internal standard should not drastically affect the
relative crystalline mineralogy of a sample.

The glacial moraine sediment sample (160814X) mineralogy consists pri-
marily of plagioclase, pyroxene, and olivine, with small abundances of
hematite (~2 wt%) and magnetite (~1 wt%; Figure 2). Thus, this sample
appears to be volcanic sediment with minimal additional crystalline altera-
tion phases. The largest discrepancies in mineralogy between the different
160814X patterns are in the modeled abundances of feldspar (standard
deviation of 4.5) and pyroxene (standard deviation of 1.2).

The Hawaiian soil sample (2-Laupahoehoe) mineralogy is dominated by
magnetite, olivine, and pyroxene (Figure 2). Similar high abundances of
magnetite have been documented in other Hawaiian soil samples (Van
Dam et al., 2008). The two most apparent discrepancies in mineralogy
between 2-Laupahoehoe PANalytical patterns is that pyroxene is modeled
in abundance ~10% higher in the spiked sample than all other samples.

The paleosol sample (TC-1) mineralogy is dominated by plagioclase, zeo-
lite, and quartz (Figure 2), and clay minerals are estimated at ~38 wt%
using FULLPAT (Table S4). Thus, the sample is consistent with a highly
weathered volcanic parent lithology. The paleosol (TC-1) was the only sam-
ple with XRD evidence for clay minerals, so this was the only sample for
which an oriented clay mount was prepared. In the bulk patterns for TC-
1, the phyllosilicate 001 peak is located at 12.5 Å for the not spiked sample
and 15 Å for the spiked sample (Figure S1). This difference in position likely
represents differences in hydration states of the clay in each sample,
potentially due to different environmental conditions (e.g., relative humid-
ity) during measurement. When fully hydrated using the glycerol treat-
ment, the oriented clay mount pattern has a 001 peak positioned at
18 Å, consistent with smectite (Figure S1). There is also a shoulder posi-
tioned at 10 Å that is likely associated with mica or illite. The smectite
can be further distinguished by the position of the 06l peak. For TC-1, this
is located at 1.507 Å, which is more consistent with montmorillonite 06l
peak positions (~1.492–1.504 Å) than nontronite 06l peak positions
(~1.521 Å) or saponite 06l peak positions (~1.53–1.54 Å), but this slightly
shifted peak may suggest some Fe substitution in the Al-smectite
(Moore & Reynolds, 1997). These interpretations are consistent with
evolved gas analysis for this sample (Figure S2).

4.2. CheMin IV Mineralogy

As shown in Figure 2, the mineralogy derived from the full-pattern fitting of data collected on the CheMin IV
instrument is similar to the mineralogy derived from the refinement of data collected on the PANalytical XRD.
The FULLPAT results for TC-1 shown in Figure 2 exclude clay abundances in order to be comparable to
Rietveld refinement results. Slight variations in mineral abundances between measurements are consistent

Figure 1. Measured XRD patterns (black) with corresponding Rietveld mod-
els (gray) for 160814X (a), 2-Laupahoehoe (b), TC-1 (c). Plots compare pat-
terns for samples measured on the PANalytical instrument with and without
an internal standard (PAN spiked and PAN unspiked, respectively) and on the
CheMin IV instrument without an internal standard (CheMin IV). Corundum
(internal standard) peaks are labeled C.
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with minor heterogeneity in the samples (values can be found in Table S4). Two major exceptions are the
presence of pyrite modeled in the CheMin IV data for the 2-Laupahoehoe sample but not in the
PANalytical data, and the quartz and clay mineral abundances modeled in the CheMin IV data for the
160814X sample. Pyrite is used to model small peaks at 2.7, 2.4, and 2.2 Å in the CheMin IV data for sample
2-Laupahoehoe. The same small peaks are visible in the PANalytical data but were modeled using ilmenite
in the refinement, along with a peak at ~64° 2θ (CoKα), which is beyond the range of the CheMin IV
instrument. Therefore, it is more likely that pyrite is substituting for ilmenite in the FULLPAT analysis of this
sample. Quartz and clay are modeled at very low abundances in 160814X (0.1 and 0.5 wt%, respectively;
Table S4) and could represent heterogeneity in the sample.

4.3. Amorphous Component Abundance

Amorphous component abundances for each sample based on full-pattern fitting and best case MBCs (i.e.,
the minimum amorphous abundance calculated without mineral abundance uncertainties) are shown in
Figure 3. In general, the abundances derived from full-pattern fitting (both Rietveld refinements and
FULLPAT) of not spiked data (solid bars, Figure 3) are close to those derived using the internal standard
method (solid gold bars, Figure 3). For nonclay-bearing samples (160814X and 2-Laupahoehoe), the mini-
mum amorphous abundances estimated using MBCs (hatched gold bars in Figure 3) are almost always lower
than those estimated with the Rietveld refinements (solid gold bars in Figure 3). This is because the Rietveld
refinement amorphous abundances produce chemically realistic amorphous compositions so that the amor-
phous abundances must be lowered in order to obtain an unrealistic amorphous composition. Chemically
realistic here means that when scaled with the amorphous abundance, the chemical composition of the bulk
crystalline component modeled from the Rietveld refinement does not predict any oxide in the amorphous
component at an abundance that is less than zero. So in this case, the minimum amorphous abundance
values from the mass balance method are the least abundance of amorphous component that will still allow
for a chemically realistic amorphous composition. This indicates that the MBC method can readily be applied
to nonclay-bearing samples.

For the clay-bearing paleosol sample (TC-1), the values shown in Figure 3 are combined amorphous + clay
abundances. This is the only sample in our set where the amorphous (+clay) estimate from the Rietveld
refinement of spiked data (solid gold bars, Figure 3) does not produce a chemically realistic composition

Figure 2. Best estimate mineralogy from Rietveld refinements of quantitative (spike) and non-quantitative (no spike) gla-
cial sediments (160814X), Hawaiian soil (2-Laupahoehoe), and mafic paleosol (TC-1) measured on the PANalytical and
CheMin IV instruments. Also shown in comparison is mineralogy derived using FULLPAT analytical techniques for CheMin
IV data. TC-1 CheMin IV analyses shown here are normalized to 100% after subtracting clay abundances. (i) The Rietveld
refinement was performed using the nominal density, and (ii) the refinement was performed using the calculated density.
Individual minerals have been grouped for clarity. See supporting information for full mineral details.
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when used as an input for the MBC. In fact, for almost all of the TC-1 samples, the amorphous abundance
estimates from the MBCs (hatched bars, Figure 3) are higher than the estimates from the Rietveld
refinements (solid bars, Figure 3), indicating inaccuracies with the Rietveld refinement models. The only
exception for this sample is the Rietveld refinement amorphous + clay estimate from the CheMin IV data,
which does produce a chemically realistic amorphous component. Therefore, the MBC must be used
carefully when a sample contains clay minerals.

Taking all estimation methods and measurement techniques into account, the glacial sediment sample
(160814X) has an average estimated abundance of amorphous component of ~35 wt% with a standard
deviation of 5.5. As stated above, all minimum abundances from the MBC method (Figure 3, hatched bars)
are less than those derived from the refinements (Figure 3, solid bars), and the oxide that determines the
minimum abundance of amorphous component (the limiting oxide) in all cases is CaO. The amorphous abun-
dances derived from the Rietveld refinements of not spiked PANalytical data are slightly overestimated com-
pared to the internal standard method, regardless of assigned amorphous material density (nominal and
calculated; 2.5 and 2.3 g/cm3, respectively). Whenmeasured on the CheMin IV instrument without an internal
standard, the amorphous abundance from the Rietveld refinement (31.7 wt%) is slightly less than values
derived from the refinements of samples measured on the PANalytical instrument (36.1, 39.6, and
41.6 wt%). The amorphous abundance derived from the FULLPAT analysis of CheMin IV data (34.2 wt%) is
very similar to that derived from the refinement of spiked XRD data (36.1 wt%).

The Hawaiian soil sample (2-Laupahoehoe) has the highest average amorphous abundance across all esti-
mation methods and measurement techniques estimated at 86.7 wt% with a standard deviation of 6.4. For
all 2-Laupahoehoe samples measured on the PANalytical instrument, the minimum abundances from the
MBC method (Figure 3, hatched bars) are less than those derived from the refinements (Figure 3, solid bars),
and the oxide that determines the minimum abundance of amorphous component (the limiting oxide) for
all PANalytical data is CaO. When measured without an internal standard on the CheMin IV instrument, the
amorphous component abundance from the refinement model (76.4 wt%) is significantly less than that
derived from the internal standard method (93.1 wt%) and must be increased to 87.5 wt% in order to
obtain a chemically realistic result using the MBC method, with SO3 as the limiting oxide. In this case,

Figure 3. Abundance of amorphous materials calculated using the internal standard method compared to estimates
modeled using Rietveld refinements (best estimate mineralogy), mass balance calculations, and FULLPAT analyses for
the glacial sediments (160814X), Hawaiian soil (2-Laupahoehoe), and mafic paleosol (TC-1). Rietveld models were calcu-
lated for patterns of samples with (spiked) and without (no spike) internal standards on a PANalytical instrument. No spike
samples were also measured on the CheMin IV test bed instrument. Error bars on Rietveld-derived abundances represent
percent uncertainties in the models.
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the amorphous component is used to dilute the sample by increasing the amorphous abundance until
potentially negative SO3 abundances in the amorphous component are forced to zero abundance. For
not spiked 2-Laupahoehoe samples measured on the PANalytical, the amorphous abundance is underesti-
mated when calculated using the nominal density (2.5 g/cm3) and slightly overestimated when calculated
using the calculated density (1.34 g/cm3). The amorphous abundance derived from the FULLPAT analysis of
CheMin IV data (90.4 wt%) is very similar to that derived from the refinement of spiked XRD data (93.1 wt%).

Taking all estimation methods and measurement techniques into account, the paleosol sample (TC-1) has an
average estimated abundance of amorphous + clay component of ~51 wt% with a standard deviation of 9.2
(Figure 3). The limiting oxide in all MBCs using PANalytical data is CaO, whereas the limiting oxide for the sam-
ple measured on the CheMin IV instrument is Na2O. When the calculated amorphous density is used in the
refinements, the amorphous + clay abundance for the not spiked TC-1 sample (51.5 wt%) is close to that
derived from the spiked sample (47 wt%). When using the nominal density, the estimated amorphous + clay
abundance (54.4 wt%) is slightly overestimated when compared to the abundance from the internal standard
method (47 wt%). The FULLPAT analysis of TC-1 measured on the CheMin IV instrument without an internal
standard estimates an amorphous + clay abundance of 52.3 wt%, which is consistent with results from the
other estimation methods.

4.4. Amorphous Component Composition

Calculated compositions for the crystalline and amorphous portions of all samples are shown in Figure 4.
These compositions were calculated using the best case mineral abundances (i.e., assuming nomineral abun-
dance uncertainties) and the unit cell parameter derived plagioclase, pyroxene, and olivine compositions
found in supporting information Table S3. The proportion of amorphous component (xamorph) used for the
MBC is either the value from the Rietveld refinement (if it produces a chemically realistic composition) or
the minimum abundance needed for a chemically realistic result (see Table S5 for values used).

Regardless of sample preparation method (internal standard or not) and instrument (PANalytical or CheMin
IV), the amorphous components have relatively similar SiO2, Al2O3, FeTotal, and TiO2 abundances within each
sample (values found in Table S6). K2O, Na2O, CaO, and MgO abundances are much more variable. Results
regarding minor oxides/elements (Cr2O3, MnO, P2O5, SO3, and Cl�) should be taken with care: these oxides
are absent from the mineral compositions used for the MBC method (Table S1), so they are systematically
included in the amorphous component. Since they represent only a small proportion of the bulk (~0.5, 1.5
and 0.3 wt%, respectively), they do not significantly influence the minimum abundances given above. In gen-
eral, these results show that the composition of the amorphous component derived from CheMin data is gen-
erally comparable to that calculated from a traditional quantitative XRD analysis.

For the glacial sediment sample, mass balance calculations yield similar amorphous component composi-
tions regardless of sample preparation or instrumentation (160814X; Figure 4a). The most notable difference
is in the compositions of the sample measured with an internal standard on the PANalytical instrument, for
which the calculated amorphous component composition has slightly more CaO than the other twomethods
(Figure 4a). This is due to a lower abundance of Ca-augite and Ca-feldspar modeled in the refinement for the
sample with an internal standard (Table S4). All of the TiO2, Cr2O3, MnO, K2O, P2O5, SO3, and Cl are calculated
to reside in the amorphous component. Additionally, the amorphous component has slightly elevated SiO2

and FeTotal abundances when compared to the crystalline component. Using FULLPAT, the majority of the
amorphous material is modeled with basaltic glass (33.4 wt%) with very low abundances of ferrihydrite
(0.8 wt%, Table S4).

For the Hawaiian soil sample, mass balance calculations yield very similar amorphous component composi-
tions regardless of sample preparation or instrumentation (2-Laupahoehoe; Figure 4b). The amorphous com-
ponent of the Hawaiian soil sample (2-Laupahoehoe) has the highest Al2O3 abundance out of all the samples
regardless of the dataset used to derive the composition (Figure 4b). Compared to the crystalline component,
the amorphous component has elevated Al2O3, similar TiO2 and SiO2, and lower FeTotal. Using FULLPAT, the
amorphous material is modeled with various allophane compositions (69.3 wt% total) and ferrihydrite
(21.1 wt%, Table S4).

The amorphous + clay component composition for the paleosol sample (TC-1) is essentially the same
whether the sample contained an internal standard or not when measured on the PANalytical
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instrument (Figure 4c). The amorphous + clay component composition for the sample measured on the
CheMin IV instrument has lower SiO2 and higher CaO abundances than the components of samples
measured on the PANalytical. The SiO2 discrepancy is mostly a result of a lower amorphous abundance
(xamorph) used in the MBC for the CheMin pattern. If we use an amorphous abundance closer to that of

Figure 4. Composition of crystalline (best estimate mineralogy) and amorphous components calculated using the mass
balance equation for the glacial sediment (160814X; a), Hawaiian soil (2-Laupahoehoe; b), and paleosol (TC-1; c) samples
using data from the different measurement techniques. PAN refers to samples measured on the PANalytical instrument,
while CM IV refers to samples measured on the CheMin IV instrument. (i) The Rietveld refinement was performed using the
nominal density, and (ii) the refinement was performed using the calculated density found in Table S5. Amorphous com-
position for TC-1 includes clay minerals. Abundances for each component (amorphous or crystalline) are normalized to
100%. See Table S5 in the supporting information for numerical results and equation input details.
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the PANalytical not spiked data (56 wt%), the SiO2 is increased to levels similar to the PANalytical MBC
results. The CaO discrepancy is due to the different plagioclase (andesine) compositions used in the
MBCs (Table S3). Overall, the amorphous + clay component has lower Al2O3 and CaO and similar SiO2

to the crystalline component, but all of the FeTotal, TiO2, MgO, and K2O are found in the amorphous com-
ponent. Using FULLPAT, the amorphous material is modeled with basaltic glass (5.6 wt%), allophanes
(7.9 wt% total), and ferrihydrite (0.6 wt%, Table S4).

We can compare the calculated densities of amorphous materials to densities of the amorphous materials
modeled in the FULLPAT analyses. The amorphous materials used in the FULLPAT models are basaltic glass
(3.0 g/cm3), ferrihydrite (>~3.0 g/cm3; Eggleton & Fitzpatrick, 1988), and allophane (~2.7 g/cm3; Wada &
Wada, 1977). Using the above densities, sample 160814X would have an average amorphous material density
of 3.0 g/cm3, compared to the calculated density of 2.3 g/cm3. Using FULLPAT amorphous materials, 2-
Laupahoehoe would have an amorphous material density of 2.8 g/cm3, compared to the calculated density
of 1.34 g/cm3. The density of clay minerals can vary with composition, but using an average density for mon-
tmorillonite (~2.7 g/cm3; Wada & Wada, 1977), the FULLPAT amorphous + clay component for sample TC-1
would yield a density of ~2.7 g/cm3, which is slightly lower than the calculated density of 3.05 g/cm3.

5. Discussion
5.1. Effects of Mineralogy on the Estimated Abundance of Amorphous Components

Since the outputs of Rietveld refinements (amorphous and crystalline abundances and crystalline composi-
tion) are used as inputs for the mass balance calculations, the MBC results (amorphous abundance and com-
position) can serve as a check on the quality of the Rietveld refinement. For example, the abundance of
amorphous component in the 2-Laupahoehoe sample is underestimated in the Rietveld refinement of the
sample measured without an internal standard on the CheMin IV instrument. Yet when the relative mineral
abundances and compositions from the refinement are used as inputs in the mass balance calculation, the
amorphous component abundance is much closer to that estimated with an internal standard. There are
two major ways that the refinement quality can affect the calculated or modeled amorphous abundance:
the accuracy of (1) the full-pattern fitting outputs (modeled mineralogy) and (2) the model input/refined
parameters associated with the amorphous component and background. Section 5.2 will discuss the poten-
tial effects of model inputs/refined paramters on the amorphous component.

Amorphous abundances derived from the MBC method are driven by the crystalline mineralogy (both com-
position and abundance) modeled in the full-pattern fitting analysis. Chemically realistic amorphous compo-
nent compositions are obtained by increasing the amorphous abundance until all oxides in the amorphous
component have positive abundances. Doing so adjusts only the absolute abundances of the crystalline
minerals, assuming that their relative abundances and compositions are correctly modeled in the refinement.
If there is an oxide that is in low abundance in the bulk sample, but modeled in high abundance in the crystal-
line component, the crystalline material must make up a smaller fraction of the sample as a whole. For exam-
ple, pyrite (FeS2) is modeled at ~1 wt% in the refinement of the 2-Laupahoehoe sample measured on the
CheMin IV without an internal standard. However, the abundance of SO3 in the bulk sample is very low
(0.16 wt%), so in order to have an amorphous component composition with SO3 ≥ 0 wt%, the amorphous
component fraction must be increased significantly. In contrast, when sing the modeled mineralogy of the
2-Laupahoehoe sample from patterns measured on the PANalytical instrument, the calculated amorphous
abundances are driven by the amount of CaO in the crystalline component. As stated above, pyrite is most
likely substituting for ilmenite as a result of the restricted angular range of the CheMin IV instrument, so that
an important ilmenite peak is not measured. Thus, a large discrepancy between the Rietveld and MBC esti-
mate can elucidate an error in the refinement.

5.2. Effects of Model Parameters on the Estimated Abundance of Amorphous Component

Differences in amorphous abundance between measurements cannot always be easily attributed to differ-
ences in modeled crystalline mineralogy. For example, when measured on the PANalytical instrument, the
relative mineral abundances modeled for the glacial sediment sample (160814X) using Rietveld refinements
are similar whether the sample was measured with or without an internal standard. However, the amorphous
abundancemodeled in the refinement of the data without an internal standard is higher than the abundance
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determined from the internal standard method. This indicates that there is a factor other than mineralogy
affecting the amorphous abundance modeled in the refinement.

Here we show that the model parameters that have the greatest effect on the estimated amorphous abun-
dance are (1) the amorphous material properties (assigned density when using Jade and scattering power
when using FULLPAT), (2) the modeled amorphous peak area, and (3) the modeled background. When no
internal standard is included in the measurement, the amorphous abundance remains inversely dependent
on the assigned density (or scattering power) of the amorphous material, because peak intensity is directly
proportional to the density (or scattering power). Thus, assuming too high of a density (or scattering power)
will cause the amorphous abundance to be underestimated. Unfortunately, it is not possible to know the cor-
rect density to use when no internal standard is included in the sample, when the amorphous phases have
not been definitively identified using other techniques such as transmission electron microscopy or when
the amorphous component is a complex mixture of materials. Furthermore, unlike crystalline phases, the
densities (and scattering powers) of X-ray amorphousmaterials are poorly studied and not well characterized.

Given the same amorphous material density, a larger modeled amorphous peak will produce a greater mod-
eled abundance of amorphous material; however, the size of the amorphous peak is also dependent on the
modeled background. The background in an XRD pattern is mostly a result of scattering caused by incoher-
ent radiation, fluorescent radiation, temperature-diffuse scattering, and apparatus-dependent factors (e.g.,
incident beam and air scatter; Van der Gaast & Vaars, 1981). Amorphous and poorly crystalline materials also
produce a significant amount of diffuse scattering because they lack periodic atomic distribution; so unfortu-
nately, broad amorphous peaks are sometimes difficult to distinguish from the background (Rowe & Brewer,
2018). Thus, if the background were overestimated, the amorphous abundance could be underestimated.

The amorphous abundance calculated for the not spiked 160814X sample using the nominal density
(2.5 g/cm3) is overestimated when compared to the internal standard method. The nominal density is slightly
higher than the calculated density of 2.3 g/cm3, but this should cause the amorphous abundance to be under-
estimated. Additionally, the areas above the background are relatively similar (25.2% for the not spiked sample
and28.3% for the spiked sample; Table S6). Thus, it ismore likely that there is a difference in themodeled amor-
phous peak area. In fact, the amorphous peak area for the not spiked sample is much greater (37.0%) than the
amorphous peak area for the spiked sample (27.3%; Table S6). When the calculated density is used to deter-
mine the amorphous abundance in the refinement of the not spiked sample, we should expect an amorphous
abundance similar to the internal standard method, but they are not similar. The amorphous peak area mod-
eled in the refinement of the not spiked sample (36.6%; Table S6) is much higher than that of the spiked sam-
ple, and so the amorphous abundance is overestimated. Thus, in this case, the discrepancies in Rietveld-
derived amorphous abundances are mostly due to the differences in modeled amorphous peak areas.

It is muchmore difficult to determine the source of the amorphous abundance discrepancies across all meth-
ods for the Hawaiian soil sample (2-Laupahoehoe). This could be due to the fact that this sample is modeled
with two distinct amorphous peaks (~30° 2θ and ~45° 2θ) to account for the two prominent broad peaks seen
in allophane patterns (e.g., Rampe et al., 2013). More free parameters allows more discrepancy betweenmod-
els, and the amorphous peak areas and areas above the backgrounds are highly variable between refine-
ments (Table S6). For example, the areas under the amorphous peaks using the calculated density for the
not spiked PANalytical data are much higher than for the spiked sample (56.0% and 80.1% versus 33.2%
and 58.4%), which should also produce much higher amorphous abundance values. However, the area above
the background for the not spiked sample (4.1%) is approximately half that of the spiked sample (8%), and so
it is possible that a higher modeled background for the not spiked sample helped reduce the effect of the
amorphous peak areas (Table S6). Ultimately, the amorphous abundance derived using the calculated density
for the not spiked PANalytical data is very similar to that found using the internal standard method, so these
effects appear to even each other out. Instead, the discrepancies in Rietveld refinement-derived amorphous
abundances in this case appear to be due to differences in the assigned amorphous material density, as the
nominal density (2.5 g/cm3) is much higher than the calculated density (1.34 g/cm3). For both not spiked
PANalytical pattern refinements, the modeled amorphous peak areas are the same (56.0% and 80.1%), but
when the amorphous abundance is estimated using the calculated density, the value is much closer to that
of the internal standard method. Thus, the discrepancies in Rietveld refinement-derived amorphous abun-
dances in this case are most likely due to differences in the assigned amorphous material density.
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Both of the unspiked paleosol (TC-1) refinements of the pattern measured on the PANalytical overestimate
the abundance of amorphous + clay material when compared to the internal standard method, regardless
of density used. Additionally, all PANalytical data are modeled with similar backgrounds. Thus, the overesti-
mationsmust be due to themodeled areas of the amorphous peaks. Indeed, the amorphous peak areas mod-
eled in the not spiked data are much higher (44.3% using nominal density and 46.2% using calculated
density) than the amorphous peak area modeled in the spiked sample (24.4%). When the calculated density
(3.05 g/cm3) is used, the amorphous + clay abundance is slightly closer to the internal standard method, as
would be expected.

For the nonclay-bearing samples, the bulk amorphous material densities from FULLPAT analyses (3.0 g/cm3

for 160814X and 2.8 g/cm3 for 2-Laupahoehoe) are higher than the densities calculated from the Rietveld
refinements of spiked data (2.3 g/cm3 for 160814X and 1.34 g/cm3 for 2-Laupahoehoe). Sincematerial density
is directly proportional to scattering power, we would expect that amorphous abundances calculated from
too high of densities would be underestimated when compared to the internal standard method, and this
is indeed the case for FULLPAT models of 160814X and 2-Laupahoehoe. The amorphous + clay material den-
sity estimated from the FULLPAT analysis of TC-1 (~2.7 g/cm3) is slightly lower than the calculated density
(3.05 g/cm3), which results in an overestimate of amorphous + clay abundance when compared to the inter-
nal standard method.

Our results show that amorphous abundances are highly dependent on the modeled area of the amorphous
peaks, the fit of the background, and the amorphous material density. In particular, a possible pitfall is assum-
ing a nominal density for amorphousmaterials in not spikedmeasurements, as the range in possible densities
is large enough to potentially affect the calculated amorphous abundance. But this may be unavoidable
when working with unspiked and poorly constrained samples, and the effect is generally small enough that
the results are still useful. In most cases, Rietveld refinements of samples measured without an internal stan-
dard on common XRD (PANalytical) instruments provide amorphous abundances (within ~15% error of the
spiked sample). In general, we find that FULLPAT does a good job of quantifying the amorphous abundance
of samples measured without an internal standard (within 5% error of the spiked sample)

5.3. Effects of Parent Material and Weathering Environment on the Compositions of
Amorphous Materials

CaO and MgO abundances show significant variations when comparing amorphous material compositions
calculated for a single sample. This potentially highlights difficulties in modeling accurate Ca- and Mg-
bearing phases in a Rietveld refinement analysis, especially in mafic terrains where these elements are con-
centrated. Care should be taken when these phases are present.

General compositional trends for the amorphous and crystalline counterparts are consistent with the expec-
tations for the locations and weathering environments for each sample. The amorphous and crystalline com-
ponents for the glacial sediment sample (160814X) have similar compositions, indicating either a significant
volcanic glass component with chemistry similar to the bulk composition, which would be consistent with
FULLPAT results, or weathering with little preferential loss of ions from the system. The slightly elevated
SiO2 and FeTotal abundances in the amorphous component could be evidence for the later.

The Hawaiian soil sample (2-Laupahoehoe) is from a relatively young lava flow (20 kyr) in a region of high
rainfall (2,500 mm/year) that has been shown to result in initial weathering to allophane (Chorover et al.,
2004; Ziegler et al., 2003). The amorphous composition of the sample is enriched in Al2O3 with some
Fe2O3, consistent with high abundances of allophane and moderate ferrihydrite, as is modeled in the
FULLPAT analysis.

FULLPAT results suggest that the composition of the amorphous + clay component of the paleosol sample
(TC-1) is dominated by the clay component; clay minerals (modeled as montmorillonite and saponite) com-
bine to a total of 38.2 wt% out of the 52.3 wt% amorphous + clay abundance, leaving only 14.1 wt% amor-
phous material. Overall, the amorphous + clay component composition is very similar to the composition
of the amorphous component of the glacial sample (160814X), but unlike the glacial sample, very little vol-
canic glass is modeled in the FULLPAT analysis of TC-1 (5.6 wt%). No Fe-bearing phases are modeled in the
crystalline component of TC-1 despite the intermediate nature of the parent material (andesitic pyroclastic
deposit; Retallack et al., 1999). The clay mineral most likely contains some of the iron in the sample, but
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the rest is in the amorphous component, potentially as hisingerite or ferrihydrite. Overall, these results indi-
cate that the amorphous component composition can be reasonably estimated using the MBC method, but
that determining the actual amorphous assemblage present most likely requires more in depth investiga-
tions like transmission electron microscopy.

5.4. Implications for the CheMin Instrument on Mars

For complex natural samples, FULLPAT analyses of CheMin IV data are generally capable of providing good
mineral and amorphous estimates when compared to traditional laboratory XRD methods, despite not using
an internal standard in the sample preparation. These results are consistent with those from Blake et al. (2012)
who tested CheMin IV against laboratory XRD methods for a handful of natural samples including one
amorphous-bearing Hawaiian tephra sample. In addition, FULLPAT analyses appear to produce more accu-
rate results than Rietveld refinements for CheMin IV data. It is unclear why Rietveld refinements of CheMin
IV data do not always produce amorphous abundance estimates similar to that of the samples measured
on the PANalytical instrument without an internal standard. Major differences in instrumentation include
the following: CheMin measures a sample in transmission (Debye-Scherrer) geometry while PANalytical mea-
sures in reflective (Bragg-Brentano) geometry; PANalytical has a finer angular resolution (0.02° versus 0.3° for
CheMin); CheMin (IV) has a smaller angular range of measurement (~2°–55° 2θ) than PANalytical (~2°–150°
2θ); CheMin (IV) instrumentation constantly vibrates the sample, while the sample is stationary during the
PANalytical measurement so that preferred orientation of minerals may affect patterns measured on
the PANalytical.

Since CheMin measurements do not include an internal standard, it is possible that amorphous abundance
discrepancies could occur if care is not taken with regard to the density of the amorphous materials and
the background and amorphous peak areas used during Rietveld refinement. For example, the amorphous
abundance modeled in the Rietveld refinement of 2-Laupahoehoe CheMin IV data is much lower than that
derived from the Rietveld refinement of all samples measured on the PANalytical instrument. Additionally,
while a basaltic glass composition is relatively consistent with the calculated amorphous + clay composition
for TC-1 (Figure 4c), it seems unlikely that basaltic glass is a significant component of an ancient soil due to its
relative instability under surface conditions on Earth. Thus, the basaltic glass modeled in the FULLPAT analysis
might be substituting for another amorphous material. Until the patterns of a wide range of amorphous
materials are measured on the CheMin IV, it is recommended to use both the full-pattern fitting and the
MBC methods to estimate the amorphous component abundance and composition. Doing so could illumi-
nate potential inaccuracies with the mineralogy models and/or the assumed amorphous material properties.

6. Conclusions

Three methods are commonly used to estimate the abundance of the amorphous component of samples
from XRD patterns: (1) Rietveld refinement, (2) FULLPAT, and (3) mass balance calculations (MBCs). In this
study we have tested the accuracy of these methods by comparing derived amorphous abundances and
compositions across techniques and instruments.

The results from this work show that the MBCmethod can be very useful in determining the bulk amorphous
abundance and composition, gauging the accuracy of the XRD models, and adjusting for problems in the
refinements. This method is used regularly for characterizing the amorphous component in Martian samples
but is infrequently used for terrestrial samples. Terrestrial studies of natural amorphous materials more fre-
quently rely on selective dissolution methods, which are limited in only characterizing the chemically reactive
portions of the amorphous component. Our results indicate that terrestrial studies could be improved by also
applying the MBC method.

Additionally, our results highlight the importance of using an internal standard in laboratory XRD analyses
when the sample contains amorphous phases. In most cases, when samples are measured with an internal
standard, the crystalline and amorphous abundances estimated using Rietveld refinements produce chemi-
cally realistic amorphous compositions using the MBC method, suggesting that these refinements are accu-
rate. When samples are measured without using an internal standard, the overall crystalline mineralogy
determined via Rietveld refinement is still accurate, but the Rietveld refinement will either overestimate or
underestimate the amorphous abundance because of inaccurate assumptions of amorphous material
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density or problems with the fit of the amorphous hump(s) and/or background. We find that FULLPAT ana-
lyses of patterns without an internal standard produce reasonable amorphous abundances, but the types of
amorphous materials identified with FULLPAT may not be reasonable because of the limited number of
amorphous patterns in the library. Thus, if it is not possible to include an internal standard in laboratory
XRD analyses of samples containing amorphous phases, we recommend using both the full-pattern fitting
and the MBC methods together to constrain the amorphous component abundance.

Regardless of whether or not an internal standard is included in the sample, the composition of the calculated
amorphous component is generally consistent across analyses and techniques. However, the accuracy of the
amorphous composition in all techniques is negatively affected by inaccuracies in the modeled crystalline
mineralogy. The amorphous composition ends up taking in leftover elements that were improperly excluded
in the crystalline assemblage, due to either incorrect mineral compositions or minerals that were not included
in the models because they are present below detection limits.

Overall, CheMin analog measurements perform well in our tests of samples, and amorphous abundances
from the Rietveld refinements and FULLPAT analyses are comparable to laboratory quantitative XRD mea-
surements, even though they do not include an internal standard, although Rietveld refinements of
CheMin IV data tend to underestimate amorphous abundances. This suggests that previous estimates of
amorphous component abundances and compositions derived for Martian samples are relatively accurate
though abundances derived from Rietveld refinements might be underestimates, and large discrepancies
between Rietveld and MBC abundances should be regarded with some skepticism. The presence of clay
minerals in our terrestrial sample does not significantly affect the amorphous + clay abundance or composi-
tion, and so we can assume that amorphous abundances and compositions for Martian clay-bearing samples
are also relatively accurate. However, since CheMin does not include an internal standard in the sample pro-
cessing, it is possible that inaccurate amorphous abundances could result if care is not taken with regard to
identifying the correct amorphous materials, because of the effects of material density.
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