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Abstract
We present an in-situ analysis of the albedo of Visible Near Infrared (VNIR) and the petrologic
texture of the surface of a glassy lava flow at Jordan Craters, OR. 10 of our collected samples, from
the surface and vent of our flow, had very low reflectance in the VNIR range 0.02 — 0.04 and textures
of mostly glass and phenocrysts of olivine and plagioclase. These dark samples were rapidly
guenched morphologies, like spatter and scoria. Samples that had brighter VNIR (33% of samples)
and had defined absorption bands at 500nm, 1500nm, 1900nm, and 2100nm also had devitrification,
alteration, or higher crystal content, and were collected along the margins of the flow. Alteration was
identified through the presence of specific absorption bands, e.g. 1900nm, while devitrification and
higher crystal content were differentiated based on the depth of the absorption bands, with higher
crystal content having the more well-defined absorption bands. We attribute these variations,
alteration and devitrification, to the presence of water both during emplacement and post-cooling. A
~0.03 change in albedo that correlated to a range of 28% to 81% glass content across the flow was
most clear from the in-situ measurements but was also broadly detectable from satellite ASTER data.
Our findings indicate that VNIR can be used to identify variations in petrologic texture across glassy
basaltic lava flows. In settings where in-situ study is not possible, such as on Mars, satellite data may
give insight to where quenched basalts occur. This has implications for estimating the distribution of
ancient water or ice on Mars and will allow for the better identification of locations for in-situ study

by rovers for looking for evidence of ancient life.
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Section 1: Introduction

During the Hesperian Period of Mars, a warming CO2-rich atmosphere could have been maintained
by volcanic recycling (McKay et al., 1992; Chassefiere et al., 2013). If the temperature was above
freezing, then it is possible that life could have flourished under these conditions (McKay and Stocker
1989; Postawko and Kuhn, 1986; McKay and Davis, 1991; McKay et al. 1992). However, Mars
would have begun to cool due to the solidification of its molten-iron core, thus limiting how much
microbial life could have survived as more and more liquid water was removed from the surface
(Carr, 1996; Cousins and Crawford, 2011). Searching for evidence of possible past life on Mars is rife
with challenges. All study thus far has been done remotely, because sending humans to Mars is not
yet feasible, and by either a rover or a satellite, which greatly limits the types of data that can be
gathered (Dyar and Schaefer, 2004; Young et al 2005; Navarro-Gonzalez et al.; 2006, Hecker et al.;
2010).

Places that were once ancient water sources are considered by many to have housed ancient life,
which makes them the best sites for searching for evidence of life on Mars (McKay et al. 1992; Fisk
and Giovannoni, 1999). On Mars, one hypothesis is that ancient water sources could have been
produced and protected by ice/lava interactions (Cousins and Crawford, 2011). On Earth, ice/lava
interactions create hydrothermal systems that promote and protect microbial life, if this holds true on
Mars, then these sites are ideal for the search for evidence of life on Mars (Cousins and Crawford,
2011; Martin et al., 2008; Jakobsson and Gudmundsson, 2008; Boston et al., 1992; Farmer, 1996;
Gulick, 1998; Payne and Farmer, 2001; Hovius et al., 2008). Ice rapidly quenches lava, producing
zones of volcanic glass and on Earth these glass rich zones have housed endolithic organisms, or
organisms that penetrate and live in stone. On Mars evidence of this same phenomena could be
preserved to this day (Cousins and Crawford, 2011). Glass from impact sites has also been known to
preserve these biosignatures (Howard et al.; 2013; Schultz et al., 2014) If theses biosignatures can be
identified then these glass rich zones both those caused by lava-water interactions and impact zones,

can hold evidence for past life (Cannon and Mustard, 2015).

Identifying Water on Mars:
Identifying areas of lava/water interactions has previously been done through either the visual
identification of surface structures such as rootless cones or by identifying substantial mineral
alteration through spectral data like VNIR (Greely and Fagents, 2001; Haskin et al., 2005; Bruno et
al., 2006; Fagents and Thordarson, 2007; Ehlmann et al., 2011; Hamilton et al. 2011). Hydrous
alteration occurs as water chemically breaks down and weathers the surface of the flow to create

minerals that are more stable at low temperatures. Hydrous alteration is dependent on the presence of



water and it produces new minerals on the surface like goethite or smectite some of which can be
identified with VNIR (Greenberger et al., 2012; Horgan et al., 2017; Yant et al., 2018).

Remote compositional data sets are produced using the Compact Reconnaissance Imaging
Spectrometer for Mars (CRISM) to look for evidence of hydrous alteration (Murchie et al 2009;
Brown et al. 2010). CRISM is sensitive to light within the wavelengths of 1 to 4 microns which
displays the unique spectral signatures of alteration minerals, such as smectite and kaolinite, making
it ideal for identifying them on the Martian surface (Brown and Storrie-Lombardi, 2006; Brown et al.,
2008a). The presence of hydrous alteration on Mars is well documented (Allen et al., 1981; Bell,
2008; Farrand et al., 2016b, Satre, 2019). The Spirit and Opportunity rovers found evidence of the
presence of hematite, Al- and Fe-smectites, and hydrated Mg-sulfates on Mars (Farrand et al., 2016b).

We know on Earth that these hydrous minerals won’t form if the interaction with water is brief or
seasonal (Fagents and Thordarsen, 2007). Rootless cones, a formation that can be used to identify
lava-water interactions, will not form if the ratio of lava to water is too low (Fagents and Thordarsen,

2007; Boreham et al., 2018). Thus, looking solely for the presence of hydrous alteration minerals or

rootless cones may exclude a large proportion of water-lava interactions.

Figure 1.1: A BSE image taken of a spatter sample from Jordan Craters flow. The image shows dark
plagioclase crystals with tails some outlined in orange for clarity, called swallow tail plagioclase. These

are indicative of rapid quenching.

An indicator that more universally correlates with the rapid cooling that results from water/lava
interactions is a mineralogical ‘quench texture’ (Figure 1.1). Rapidly quenched basalt has fewer and

smaller crystals that are encapsulated in a glassy matrix when compared with basalts that cooled more



slowly via contact cooling and convection with the atmosphere (Szramek et al. 2006; Cashman, 1993;
Wall et al, 2014). Locating these glass-rich quench textures on a flow surface would identify potential
locations of ancient water (Hovius et al., 2008; Hamilton et al. 2011). However, a single basalt flow
can be texturally complex and heterogeneous depending on the conditions of the eruption, which adds
another layer of difficulty in identifying quench textures using remote sensing data, since the entire

flow will not have the same texture and textures can vary from surface to surface.

Textural Complexities in Basalts:
Examining the petrologic texture of glassy lava can help us distinguish if water was present on a
planet’s surface during or after eruption. The mineralogic texture of a basalt can be used to infer the
physical and chemical conditions of the magma system as well as the conditions under which the
basalt erupted (Lofgren, 1974; Ginibre et al., 2002; Bennett et al. 2019). Texture refers to the phases
present in the rock, the crystal size distribution and the shape of the minerals. Each of these
components can reveal details about the petrogenesis of the sample (Nelson and Montana, 1992; Pan
and Batiza, 2003; Ustunisik et al., 2014). There are four stages in the petrogenesis of a basalt that will

influence the final texture.

These stages are:

1) Conditions in the magma chamber (Bindeman, 2003; Cabane et al., 2005; Pupier et al. 2008)

2) Eruption phase (Cashman, 1993; Szramek et al., 2010; Wall et al., 2014)

3) Emplacement (Quench Textures) (Jafri and Charan, 1992; Carli et al. 2015; Bennett et al., 2019)
4) Post-cooling (Michalski et al. 2006; Horgan et al., 2017; Yant et al., 2018)

Each of these stages is part of the solidification process of the lava and represents a key portion of the
thermal history of the cooled lava. Because of this, each stage has an effect on the texture of the
basalt, and not all of these stages will have the same effect on the entire flow, particularly the last two
stages. The first stage, the conditions within the magma chamber, such as the temperature of the
chamber and the mineral assemblage within it, represents the beginning of the thermal history of the
magma (Pichavant et al., 2002; Donato et al., 2006). The more slowly a magma cools the more it will
favor the growth of existing crystals over the formation of new crystals (Cashman and Marsh, 1988;
Cashman, 1993). So slower cooling rates in the chamber will have, overall, larger crystals that are

less densely spaced when compared to magmas with a faster cooling rate (Bindeman, 2003; Cabane et

al., 2005; Pupier et al., 2008). For simple magma systems, a single eruption will begin with the



crystal size and distribution seen in the chamber. However, in the case of more complex systems,
magma mixing can abruptly change conditions in the chamber and result in eruptive material that is
distinct from the chamber. (Coombs et al., 2000; Salisbury et al., 2008). Regardless of this, the

erupting material’s texture will then be further affected during the second stage.

When external water interacts with lava during the second stage, eruption phase, the lava is cooled
more rapidly, producing differing eruption styles and textures. Eruptions styles that interact with
ground or surface water (also known as phreatomagmatic) will have rapidly cooled eruptive material
due to the presence of water, which based on the same principles of cooling rate affecting crystal size
and distribution, will result in less crystal growth and a higher glass content (at >40% groundmass
crystallinity), when compared to Strombolian or Plinian style eruptions, which have a groundmass
crystallinity of 30-40% (Cashman, 1993; Szramek et al., 2010; Wall et al. 2014).

The third stage is emplacement, which is defined by how and where a lava is erupted and cooled.
Different emplacement styles will have their own unique thermal histories and cooling rates, which
can vary greatly across a single flow, depending on the environmental conditions of the surrounding
area, such as the temperature and presence of water. As lava flows across a surface, it will begin to
cool, the speed of which will affect the morphology of the resulting flow, producing flows like
pahoehoe or a’a, depending on the cooling rate and the resulting viscosity changes (Sato, 1995).
These types of flows will have different surface and petrologic textures, with a’a flows having a
rougher surface texture and more glass due to rapid cooling when compared to the smooth surfaces of
pahoehoe (Hon et al., 1994; Sato, 1995; Cashman et al., 1999). Lava flowing in open channels will
cool more quickly than lava flowing through insulated tubes, which will further diversify the texture
of the basalt across a flow, as lavas that cool more rapidly will have more microlites and glass when
compared to slower cooling basalts that will have larger phenocrysts that are more spaced out
(Keszthelyi, 1995; Cashman et al., 1999). Lava emplaced near the vents can be thrown into the air
and rapidly quenched into scoria, or partially quenched and land as spatter (Valentine et al., 2007;
Cimarelli et al. 2010). Lava that is emplaced into water will be rapidly quenched, thus resulting in a
glassier texture than lavas that were cooled by air (Xu and Zhang, 2002; Perfit et al., 2003; Stevenson
etal., 2012).

The final stage, post-cooling, represents the effect of time upon the surface of a flow and is also
affected by the presence of water. Devitrification, a common part of the post-cooling stage often seen
in volcanic glasses on Earth, is the solid-state process in which glass is transformed into a more
structured material (Scott, 1971; Michalski et al., 2006; Horwell et al., 2013; Tornabene et al. 2013;

Schipper et al., 2015; Passarella et al., 2017). Altered or secondary minerals, such as smectites and



kaolinites, form due to the presence of water, as the water chemically alters the glass and primary
minerals on the lava flow surface into new minerals (Greenberger et al., 2012; Horgan et al., 2017;
Yant et al., 2018). On Earth, generally, smectites are best preserved on basalts when the water to rock
ratio is low, which can happen in areas with poor drainage or annual dry periods. Typically, basalts
will weather into smectite and then into kaolinite when there is a higher water-rock ratio (Jackson and
Sherman, 1953; Nesbitt and Young, 1989; Righi and Meunier, 1995).

All four stages produce a final basalt texture, with the fourth stage being on-going, that represents the
overall thermal history of the lava as well as containing evidence for lava/water interactions. Since
these textures are microscopic, they cannot be studied using the traditional methods of analyzing
satellite data, which generally has a spatial resolution too large to study surfaces that closely. So the
information about the petrogenesis of the basalt is not available for rocks on other planets. This means
that a new method needs to be created to identify these changes in texture using a remote sensing data
sets so that glass rich zones can be identified in places, like other planets, where in-depth sample
study is not possible.

VNIR, Filling the Gap:
Visible Near Infrared (VNIR) spectroscopy is an important tool used to map the mineralogy of a
planet’s surface. For our study, we used the Advanced Spaceborne Thermal Emission and Reflection
Radiometer (ASTER) to gather VNIR satellite data on our study site, Jordan Craters, and the Terra
Spec Halo to gather in-situ VNIR analysis. ASTER data is collected to record the land surface
temperature, reflectance, and the elevation of surfaces on Earth. ASTER data sets contain sets of
spatial data where the albedo of VNIR can be quantified to see how albedo varies across a flow,
allowing for us to identify potential glassy zones. Similar data sets can be collected on Mars using
CRISM. The Halo can act as an analog for the equipment on the MSL because the rover’s ChemCam
spectrometer measures within the range of 350 and 2500nm, which matches the range the Halo
measures (Maurice et al., 2012; Black et al., 2016). The major difference between these two
instruments is that the MSL samples an area of 20 mrad of 1024x1024 pixels whereas the Halo

measures through contact with an area of 1 cm (Maurice et al., 2012; Black et al. 2016).

The light absorbed along this range of wavelengths creates absorption bands which reveal the
composition of the surface, e.g. the presence of water will cause absorbance bands at 1400 and 1900
pm. These absorption bands are caused by the two processes; electronic and vibrational. Electronic
features are produced by transitions in electron energy, creating features that are broad and found
closer to the ultraviolet and visible spectrum (400 to 1000nm). Vibrational features, in contrast, are

caused by the vibration of anion groups against the lattice structure of the mineral (Hunt and



Salisbury, 1970). Vibration features are generally found in the near and infrared spectrum, and are
sharper than those produced by electronic processes (Hunt and Salisbury, 1970). The presence of
these features is used to identify the composition of the surface. Both types of features seen in VNIR
are affected by the chemistry and structure of the material and the degree of ordering, which means
that in some circumstances absorbance bands of a mineral will not form despite containing that
mineral (Arnonson et al., 1966; Adams and McCord, 1969; Minitti et al., 2007; Carli et al. 2015).

The location and depth of an absorbance band in the VNIR spectra can reveal some information about
the mineral abundance of the surface, although this is complex because spectra are nonlinearly
influenced by the abundance of minerals, particle size, and mineral opacity (e.g., Pieters, 1983;
Mustard and Hays, 1997; Poulet and Erard, 2004; Bishop et al., 2014; Roush et al., 2015). This means
that correlations between VVNIR absorption bands and mineral abundance will be relatively uncertain
without the use of end-member spectra to compare with (Poulet and Erard, 2004). Methods like the
Modified Gaussian Model have been used to quantify relative mineral abundances while accounting
for the effect of grain size, while using end-member spectra found within the VNIR itself (Sunshine
and Pieters, 1993; Mustard et al., 1997; Poulet and Erard, 2004). Focusing on the overall albedo of
VNIR, however, could allow us to gather more information on mineral and volcanic glass abundance

using these same principles.

Albedo is measured on a scale from 0 to 1, with 0 representing a body that absorbs all light and 1
being a body that reflects all light (Coakley, J. A, 2003). Volcanic glass displays an overall reduction,
or darkening, in the VNIR’s albedo when compared to more crystalline samples (Adams and
McCord, 1971; Adams et al., 1974; Bell et al., 1976; McSween and Treiman, 1998; Minitti et al.,
2002; McSween et al., 2004; Tompkins and Pieters, 2010; Cannon and Mustard. 2015; Carli et al.
2015; Bishop, 2020). Since water/lava interactions produce petrographic textures that are glassier
than air/lava interactions, we hypothesize that water quenched lava can be distinguished from air
cooled lava using VNIR because of this effect crystallinity has on overall albedo. We tested this

hypothesis using an analog; Jordan Craters, Oregon.

The Analog:
Jordan Craters is a ~3000 years old basaltic lava flow field, with both air and water quenched margins
(Otto and Hutchison, 1977)(Figure 1.2). The eastern side of the flow was confined to a stream bed,
and quenched by interaction with water, while the western margin was cooled by the air (Otto and
Hutchison, 1977). Geochemical analysis indicates that Jordan Craters is an alkaline olivine basalt,
with high alumina and low potassium (Hart et al., 1983). Much of the surface of Mars is dominated

by similar basaltic compositions and mineralogy, with some samples from the Gale Crater measuring



as basaltic to low potassium basalt (Adams,
1968; Bandfield et al., 2000; Bridges and
Warren, 2006; Edwards et al. 2017). Due to the
young age and desert location of the eruption,
the flow is largely unaltered (Otto and
Hutchison, 1977; Hart et al., 1983). Jordan
Craters is part of a more complex volcanic
system but, on its own, is a relatively simple
basalt with no evidence for magma mixing

(Hart et al., 1983). Since all lava-water

interactions, both solid and liquid water, will

Figure 1.2: A satellite image of Jordan Craters.

roduce these glassy textures, we utilized . .
P glassy The sampling sites are represented by red dots

Jordan Craters as the first analog site to identi . . .
g fy with the vent labeled in the Northwest portion

these interactions. The varying emplacement L.
ying emp of the flow. The water quenched margin is

styles found at Jordan Craters and the lack of autlined in the yellow box and the sampled air

alteration allow us to focus solely on the effect - L
guenched margin is outlined in orange.

that the third stage, emplacement, can have on

the albedo of the flow. We will use the data gathered at Jordan Craters to determine if water-lava

interactions can be differentiated from air-lava interactions.



Section 2: Methodology

Figure 2.1: Images of
sampling locations at
Jordan Craters; Spatter
and scoria is labeled
‘A’, dry margin is ‘B’,
wet margin is ‘C’,
surface is ‘D’ and

interior is ‘E’.

Field Work:
To examine the textural variability that can develop during emplacement (stage 3), six morphologies
were targeted for study. They are, in order from hypothesized fastest to slowest cooling rate; spatter,
scoria, wet margin, dry margin, surface, and interior (Figure 2.1). We selected surfaces that were flat,
glassy, and visibly free of alteration and lichen to isolate the reflectance of the glass and to control for
the effects of the post cooling stage i.e. devitrification and alteration. Jordan Craters had mostly flat,
pahoehoe flows, and the other, rougher morphologies like scoria and interior samples were done on
the flatter, more vesicle free surfaces, to ensure sampling of all identified morphologies. These
samples provide the control for the maximum crystallinity for comparison, since the interior samples
would have cooled the slowest. The spatter and scoria samples were meant to represent the most
rapidly cooled (and theoretically glassiest) samples. We took samples from both the air quenched and
water quenched margins to compare these two environments and determine if they could be

differentiated between the vent samples, the spatter and scoria, and the surface samples.

We collected VNIR spectra using an ASD TerraSpec Halo on 95 surfaces and 14 interiors. For most
interior samples we looked for interior surfaces that were open to the air, such as those found in

collapsed tubes, other interior surfaces, such as those along the margins, sampled had to be broken



since no lichen or dust free surfaces could be
found. Breaking open the samples revealed
fresh surfaces for the Halo to scan. Each of
these surfaces was done in triplicate to
account for instrument error, and when
measurement was being done the surface
was shaded from the sun to control for light
pollution. The Halo is a portable contact
spectrometer that measures reflected light
from between 350 to 2500 nm, with a 6nm
band resolution and measures an area with a
diameter of 1 cm (Halo Manual, 2015). 15
hand samples were collected at sampling

sites to allow for later thin section analysis.

Compositional data was collected using a
Bruker Tracer-1V SD portable X-ray
fluorescence (pXRF) spectrometer. The
pXRF used a 2 W Rh anode X-ray tube and
a 10 mmz2 Silicon Drift Detector to collect
secondary electrons. The pXRF had a
voltage of 40 kV with an applied 44 mA
probe current. The spot size of the pXRF

was 3 mm in diameter which created a total

excitation area of ~7 mm2 into the sample.
The scanning time was set to 30 seconds per
analysis, which was done three times on
each surface. The same spot on surfaces was
used for both VNIR and pXRF analysis.

Figure 2.2: Image showing the image analysis

process where first modes are identified and
Partway through our field expedition the outlined (plagioclase in blue, olivine in green,
glass plate protecting the pXRF broke, oxides in pink, glass in white, vesicle in black),
rendering the Bruker unusable for the rest of ~ then astrip 50 microns thick along the rim is cut
the trip and resulting in a partial data xrf data ~ and the pixel counts of each mode are counted

set.
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Lab Work:
The 15 collected hand samples were cut and polished into thin sections. Each thin section had a
portion of the outer rim of the samples, these rims were imaged in a Zeiss Supra 35 Variable-Pressure
FEG SEM, using Back Scatter Imaging (BSE). Images were taken at a working distance of ~13mm,
with an acceleration voltage of 20.00 kV and a magnification of 100x to 300x depending on the
complexity of mineralogical texture. We took 10 images per sample, along the entire length of the
outer rim which represented ~20 to 40 mm of length depending on the shape of the sample. Elemental
maps were produced by scanning the rims using the BSE data for 30 minutes at high resolution to
identify where iron, magnesium, aluminum and calcium were present within the image, as these

elements are the most relevant to basaltic compositions.

First for each image, the glassy rim was identified and then a strip ~50 microns was cropped using the
program software along the rim. This was done to better reflect what the Halo measured in the field,
as the Halo can only penetrate ~10 microns into the surface. Based on the magnification of our
images, we could only accurately resolve down to the 50-micron strip. Then, we identified six modes;
plagioclase, olivine, glass, vesicle, oxide, and devitrification, using GIMP (GIMP 2.10.12) software,
an open source photoshopping program (Figure 2.2). Devitrification was identified based on the
presence of dendritic or geometric patterns in the glass that had a composition similar to the glass.
The mineral phases were identified based on composition and mineral shape. In each image, these
modes were isolated and outlined and then the pixel counts for each were recorded. The recorded

pixel counts of each image were averaged to produce the overall modal percentages for each sample.

The pixel counts of each mode were then recounted and averaged to compare the overall crystallinity
of each sample. The VNIR data was sorted based on morphology, and the albedo values for each were
averaged. In this study, the albedo of each of these samples was compared to the calculated modal
percentages of the images. Then the overall crystal content (olivine, plagioclase, and oxide) was

plotted against the albedo.

Remote Sensing:
ASTER data was collected from the ASTER Volcano Archive (AVA), where remote sensing data for
volcanoes is stored and made publicly available. The ASTER data for Jordan Craters was taken
during the day on July 10th, 2017 and has a resolution of 15 x 15 meters (Abrams et al., 1999). Using
R, first the Digital Numbers (DN), which is how ASTER radiance is recorded, was converted to ‘At-
Sensor Radiance’ and then to Top of Atmosphere Reflectance (TOA) to allow for the quantifiable
study of albedo. This conversion was done using the following equations (taken from Abrams et al.,
1999 and Landsat 7 Users Manual):



Radiance = (DN — 1) * ucc
% Lo+ d®
ESUN.. * cos(8.)

DN = Digital Number
uce = Unit Conversion Coefficient

PToAy =

Proa~ = Top of Atmosphere Reflectance
L., = Top of Atmosphere Radiance
d? = Earth-Sun Distance
ESUN., = Mean Solar Exoatmospheric Irradiance

f, = Solar Zenith Angle

Each of the three VNIR bands (Band 1, 2 and 3,

which measure wavelengths 520-600, 630-690, and

780-860 respectively) were converted to TOA and

then the three bands were stacked and averaged in R
to get the average albedo for Jordan Craters. The
averaged TOA was then mapped to display the
variations in albedo across the flow.

Table 2.1 is a summary chart displaying all data
collected using these methods. It is ordered based on
the time required to complete the analysis for each

method.
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Data Type Description

15 hand samples; 10
BSE images and 5

Hand Samples
elemental maps per

sample
ASD Halo WNIR| 220 flat surfaces
measured in situ
Bruker pXRF S sur_face_:s
measured in situ
ASTER 1 Albedo map of

entire flow

Table 2.1: A summary of all data collected at
Jordan Craters, both in- situ and in the lab.
These data sets are ordered from most time
consuming to collect to least, with hand
sample and image analysis taking weeks to
complete and the ASTER map only 1-2 hours.
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Section 3: Results

Textures and Observations:
We found four major groups with distinct petrographic textures at Jordan Craters. The first group of
textures is simple, with mostly phenocrysts of plagioclase and olivine, and glass (Figure 3.1a). There
are some vesicles in these samples but not many, and there is little to no devitrification. There are
some microlites of plagioclase and olivine, and they are generally well formed. These samples are

mostly seen on glassy surfaces, and they represent the lava that was cooled by air.

Figure 3.1: BSE SEM images of samples taken from Jordan Craters. Each image displays a unique
texture from the flow, with labels. Plagioclase will be outlined in circles, olivine will be outlined in
dotted lines, oxides will be outlined in squares, devitrification will be outlined in dashed lines and
swallowtail textures will be outlined triangles. The rim of each image is labeled. Sample A is a
surface sample, sample B is a water quenched margin, sample C is a spatter sample, and sample D is

an interior sample.

The second group is defined by quench textures, while these samples also have phenocrysts of olivine
and plagioclase (Figure 3.1b), the plagioclase crystals have swallowtail ends, indicative of rapid

guenching. There are also microlites that are thin with sharp tips, also indicative of rapid quenching.
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Some of the samples were vesiculated as well. There is some devitrification in the samples, which is
most often seen between the swallow tails of the plagioclase crystals.

The third group are surfaces that have a visible glazed texture in hand sample, meaning that the
samples were put under heat after cooling. These samples were found in vents and in tubes (Figure
3.1¢). The most distinctive characteristic of this group is the presence of well-formed oxide crystals.
Some of these samples are red in hand sample, due to the increased amount of Fe-Oxide crystals. The
samples also have phenocrysts of olivine and microlites and phenocrysts of plagioclase. There is
some devitrification present in the glass of these samples. The final group is defined by large amounts
of devitrified glass (Figure 3.1d). These groups, like all previous groups, have phenocrysts and
microlites of olivine and plagioclase, but a majority of the measured rim is composed of devitrified
glass. The devitrified glass often has a feathery or dendritic texture, which spread out from
phenocrysts of plagioclase.

VNIR Findings:
We found absorbance bands at 400nm, 500nm, and 670nm (Figure 3.2). These electronic features
represent iron impurities found at Jordan Craters, with the 670nm likely coming from iron within the
Mg-rich olivine. We also found vibrational features at 1400nm, 1660nm, 1720nm, 1900nm, 2100nm,
2300nm, and 2400nm (Figure 3.2). The bands at 1400nm and 1900nm are caused by the presence of
liquid water within the surface, which we believe was caused by water within the plagioclase crystals.
The 2300nm band is caused by molecular water, which we attribute to water within the structure of
the olivines. The 2100nm and 2400 nm bands are caused by the vibrations of OH-, the location of this
pair of bands is indicative of an Al-rich material with a dioctahedral shape. Thus, we believe that
there was the presence of kaolinite dust on some of the surfaces we scanned. The 1660nm and
1720nm bands, which were mostly seen predominately in the spatter and interior morphologies, and

are caused by the bending of Al-H-O groups, which also supports the presence of kaolinite dust.

Albedo:
Surface samples had the highest overall albedo and scoria samples had the darkest. The VNIR of the

spatter and wet margins were generally flat with little to no visible absorption bands (Figure 3.3,



Table 3.1). Figure 3.3
shows the VNIR spectra
of each morphology
without offsetting each
spectra to show the
groupings of albedo. We
found that the scoria,
spatter, and wet margin
morphologies had the
lowest albedo, the surface
and dry margin
morphologies had the
next highest albedo and
that the interior
morphology had the
highest albedo overall.
We also see that the
lowest albedos also
contained the least
amount of absorbance
bands. With spatter being
the exception, a majority
of bands found on the
spatter have been
attributed to the presence
of dust on measured
samples rather than any

inherent textural changes
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Morphology Average VNIR Comparison

—e— Spatter
Scoria
Surface
Wet Margin

—o—Dry Margin

Albedo

—e—Interior

350 550 750 950 1150 1350 1550 1750 1950 2150 2350
Wavelength

Figure 3.2: VNIR graph showing the average spectra of each
morphology. The error of the spectra is shown in gray. The spectrum

are offset for clarity, each identified band is shown in black.

(Figure 3.2). Generally we saw that spectra with higher albedos had more distinct bands than darker

spectra. When we averaged the albedos for each morphology we found that the 109 measured

samples of spatter, scoria, surface, wet margin, dry margin, and interior surfaces had average albedos
of ~0.041 + 0.004, ~0.044 £ 0.007, ~0.056 + 0.004, ~0.044 + 0.002, ~0.060 * 0.002, and ~0.072 £
0.012 respectively (Table 2.1, Figure 3.4).
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Morphology Average VNIR Comparison

0.1
0.09
0.08 —e— Spatter
-% 0.07 Scoria
ﬁ 0.06 Surface
0.05 ‘ _ Wet Margin
0.04 u‘ : —e—Dry Margin
0.03 —e—Interior
350 550 750 950 1150135015501750195021502350
‘Wavelength

Figure 3.3: A graph showing the average VNIR of each morphology to compare the change in

absorbance band size depending on how the sample was quenched or cooled. The spectra are not

offset.
Average Morphology Albedo
0.09
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B Spatter
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= T | Surface
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= 0.057 0.056 © Wet Margin
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Figure 3.4: Box and Whisker Plot showing the average albedo of each morphology. With Spatter

having the lowest measured albedo and the interior surfaces having the highest.

Overall, we see that the dry margin samples were brighter than the wet sample margins. Since the wet

margin measurements had little to no bands visible and the dry margin measurements did, we
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attribute this change of albedo to changes in crystallinity caused by emplacement style. With the dry
margin being more crystalline due to slower cooling when compared to the quenched wet margin.

Modal Percentages of Collected Samples:
The four collected spatter samples had an average glass content of 64%, 10% of which has since
devitrified and a crystal percentage of 37%, with plagioclase being the dominant crystal mode at
~28%, and a vesicle percentage of 2% (Figure 3.5, Table 3.1). The two scoria samples had a glass
content of 72%, with 9% of the glass being devitrified, the samples had a crystal content of 28%, with
plagioclase being the dominant mode at 18% and a vesicle percentage of 7%. The three surface

samples’ glass content was 75% with no devitrified glass, and a crystal content of 24% with

Modal Percentaces of Jordan Craters Morphologies

1

Dry Margin —  — — |

Scoria _ A — .

0 10 20 30 40 50 60 70 80 20 100
Percent

H Glass ®Devitrification ™ Plagioclase m Olivine Oxides mVesicles

Figure 3.5: A bar graph showing the average modal percentages of the samples taken from Jordan
Craters, organized by morphology. Samples are ordered from highest glass content (surface samples)
to lowest (interior samples). Glass and devitrified glass are colored in dark red and red to show change
on glass content over time, crystal modes are colored in blue to compare overall crystal content to

glass content and vesicles are black.
plagioclase being the dominant crystal phase at ~18% and a 1% vesicle mode.

The one wet, or water quenched margin, sample had a glass content of 62%, with 34% of it being
devitrified, and a crystal content of 27%, with plagioclase being the dominant crystal mode at ~24%
and a vesicle percentage of 1%. Because only one wet margin sample was collected, there is a level of
uncertainty about how representative this sample is for the entire wet margin. Further sampling is
needed to have a statistical certainty about how the wet margin compares to other morphologies. We

found that the two dry, or air quenched, margin samples had a glass content of 60% with ~32% of the



glass having devitrified, and a crystal content of ~33% with the dominant crystal mode being
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plagioclase at ~25% and a vesicle percentage of 3%. The two interior samples had a glass content of

65% with 8% of the glass being devitrified, and a crystal content of 39% with plagioclase being the

dominant crystal mode.

Spatter Scoria Surface Wet Margin Dry Margin Interior

Minimum 0.034 0.038 0.048 0.041 0.056 0.049
Lower Quartile | 0.038 0.039 0.053 0.042 0.058 0.062
Median 0.041 0.040 0.056 0.043 0.060 0.078
Upper Quartile 0.045 0.046 0.061 0.045 0.061 0.081
Maximum 0.051 0.057 0.065 0.048 0.065 0.087
Average 0.041 0.044 0.056 0.044 0.060 0.072
Standard Dev. 0.004 0.007 0.004 0.002 0.002 0.012

SiO2 48.52 49.22 49.62 - - 45.93
Na20O 1.93 2.18 2.35 - - 1.85
MgO 9.87 8.95 9.15 = = 9.71
AI203 13.24 14.06 15.00 - - 17.09
P40O6 0.48 0.45 0.71 - - 0.55
K20 0.78 0.70 1.53 = = 0.76
CaO 8.66 9.01 8.33 - - 9.71
TiO2 2.32 2.19 1.67 - - 1.83
MnO 0.18 0.19 0.20 - - 0.20
FeO 14.02 13.06 11.45 = = 12.36

Table 3.1: Table showing the statistical data for the spectra 114 spectra taken in triplicate at

Jordan Craters. This data correlates to the data displayed in Figure 3.2 and is organized based on

the designated morphology of the sample. Table also shows average collected values from the

pXRF, organized based on morphology. Due to instrumentation failure, no data was gathered for

the wet or dry margins




Sample | A B 3 4 5 b TA B § 9 0 1 12 13
Morphology ~ Scora ~ Spatter ~ Spatter  Spatter  Scoria  Surface  Surface Interior - WetMargn DryMargn DryMargn Interior  Surface  Dry Margin - Spatter

Glass 1168 00 R4 B B2A 0 02 B BT BDH 0 B8 BN DB 88l 610 | %6l

St. Dev 85 1049 48 U0 90 0 138 949 9% | 918 | 108 1D 1009 806 22 @ 86

Devitrification 000~ 000 000 23 8% | 000 000 MM BB | NN B3AL 230 00 | 00 | 294

St Dev 000 000 000 | 91 | 1009 000 | 000 | 1019 969 . 1705 | 1659 | 459 000 000 @ 9%

Plagioclase 971 | 2067 | 1676 3L BN | 2 U6l 4T B | ABH 0 25 V0 BY | 06 4%

St Dev 504 93 49 A4 T WM T4 B 16 180 4% 946 8% 918 13X

Olivine 18 4L 7% 80 4% T8 T Ue 20 R¥% 0 24 1B 38 KB 56

St. Dev 16 52 3R L% 4 700 60 831 46 AL 4N 14 A B 69

Oxides 000 000 003 306 807 000 005 046 086 02 04 0% 000 00 @ 580

St Dev 000 000 007 212 416 0 000 0L 08 15 | 004 0% 06 000 006 @ 44

Vesicle 068 160 340 o0 42 080  0& 1M 0% 3 19 0 0R 0% | 160 0%

St Dev o6 169 1% 0 44 LD 1M 18 10 2 4% 0 08 2% 0

Albedo 004 007 003 003 04 010 005 006 0 | 006 004 0038 004 007 @ 005

ASTER 02 0l 01 0l 0l 01 00 02 0l o 013 013 010 009 0 012 013

Table 3.2: Table showing the modal percentage for each collected sample. These modes include; glass, devitrification, plagioclase, olivine,
oxides, and vesicles with the corresponding standard deviations. Along with the modes there is the measured albedo taken from the ASD Halo
and the ASTER data calculated from the satellite imagery from the AVA.

8T
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ASTER Map:
We created a map of the average of the three VNIR bands of Jordan Craters (Figure 3.6, Table 3.1).
The average of the ASTER albedo at the sampling sites for spatter, scoria, surface, wet margin, dry
margin, and interior were 0.12 + 0.00707,0.12 £ 0, 0.1 £ 0.0082, 0.12 £ 0, 0.127 £ 0.0047, and 0.11 £+
0.01 respectively. The albedo for each morphology was determined by recording the calculated
albedo of the sampling sites on the ASTER map and averaging them. Surface samples showed the
darkest albedo on ASTER, with a range of 0.09 to 0.11 while margin samples, both dry and wet, had
ranges from 0.12 to 0.13. Vent samples had similar albedo levels to margin samples, with a range of

0.11 to 0.13, and were distinguishable solely by looking at the location.

Average Albedo of Jordan Craters

g — -

©» o4 _ - ' 0.13
E _

= e 0.11
8 = 7 st

= B 0.09
D o - e i A 0.07

I I T I — I
118 -117 116 115 114 113 112
UTM Longitude
Figure 3.6: An albedo map of Jordan Craters, with the brightest albedo represented in green and

the darkest in pink. The vent is outlined in a square, the western dry margin in a circle and the

wet margin is outlined in a dotted lines. A bright patch in the center of flow is outlined in white,

that represents a collapsed tube. Bright albedo in the south east is due to plant growth.
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pXRF Results:
We found that the 7 sampled surfaces at Jordan Craters had a SiO2 content of ~46% to 53% (Figure
3.7, Table 3.1). We were only sampled 7 surfaces due to equipment failure while in the field, leaving
this data set incomplete. Overall, the composition of the flow was mafic with a FeO and MgO content
of 10-15% and 5- 16%, respectively.

There was a strong negative correlation between CaO and SiO2 with an r value of -0.839 and Al203
and SiO2 with an r value of -0.815. There was a weak negative correlation between P406 and SiO2
with an r value of -0.343 and TiO2 and SiO2 with and r value of -0.367. There was no correlation
between MgO and SiO2, with an r value of -0.262 and FeO and SiO2 with an r value of 0.233. While
there was a weak positive correlation between MnO and SiO2 with and r value of 0.406. Both Na20
and SiO2 and K20 had a moderate positive correlation with r values of 0.612 and 0.553 respectively.
We believe the variations in composition taken in the field was due to the accuracy of the Bruker. The
accuracy of the Bruker is sensitive to the distance, angle, and time that the instrument is held to the
surface (Sehlke et al, 2019), with increasing distance and changes in angle causes variations in the
results. Figure 3.7 shows how the pXRF results match to lab data collected by Hart et al., which

shows that for many of our oxides the variation across the flow is minimal.
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Figure 3.7: Harker Diagrams of geochemical data taken at Jordan Craters. The data shows
various trends between oxides and silica and represent the overall change in composition across
the flow. Sample morphologies are labeled. The published XRF values from Hart et al., 1983 are
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Section 4: Discussion

In-Situ Findings:
At Jordan Craters we found that overall, when looking at the Halo VNIR data, crystalline samples
have much higher albedos and more well-defined absorption bands than glassy samples, The lack of
prevalent alteration minerals in the spectra makes sense as this flow is relatively young and we
avoided visibly altered surfaces. Water bands could be identified on the more crystalline or devitrified
samples, whereas they were not visible on the glassy samples, with only some phenocrysts, since they
had almost no absorption bands at all, displaying only flat dark lines (Figure 3.3). This means that the
crystallinity of a flow can be broadly differentiated between using only VNIR data. The water
guenched margin sample might initially have had glassier textures than air cooled surfaces, however,
the presence of devitrification decreased the amount of volcanic glass of the sample during the post-

cooling stage, which likely had a brightening effect on the albedo.

The average albedo of the surface samples, the ones with the highest modal percentage of non-
devitrified glass, is less than samples that cooled to have less glass, such as the interior samples.
Which means that the darkest zones across Jordan Craters end up being the glassy surfaces where
there is little to no devitrification and alteration occurring. We theorize that the post-cooling stage has
the most effect the measured albedo at Jordan Craters with devitrification being the biggest
contributor, to this change. All morphologies had similar amounts of phenocrysts and microlites, but
the albedos of these morphologies still varied. The morphologies that had devitrification generally
had higher albedos than those that did not. So we believe that the major factor of this change in
albedo is due to the presence of devitrification. Based on the amount of measured devitrification, we
see that the wet margin sample could originally have had ~72% glass on the surface, which is more
measured glass than the glassiest surface samples. This means that before the devitrification occurred

the wet margin could have had similar, or even brighter, albedo compared to the surfaces.

At Jordan Craters, we found the most devitrification occurred along the margins, with the wet margin
sample having the highest amount at ~33%. Since only one wet margin sample was taken, we cannot
be certain if this amount of devitrification is representative for the entire wet margin. We also found
that the three dry margin samples had high amounts of devitrification, only ~2% less than the wet
margin sample, which is not a significant difference. Our original hypothesis was that the rate of
devitrification would be controlled by the presence of water, however there was no visible water
along the western (dry) margin, so the high rate of devitrification of both the wet and dry margins

could be caused by emplacement location rather than the presence of liquid water. The margins, when
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compared to surface or vent samples, would be the portion of the flow most exposed to weathering
processes. The brightest samples overall, were the most crystalline, interior samples.

The spectra of partially devitrified samples lie between crystalline interior samples and glassy surface
samples, with VNIR signatures that are less distinct and bright than the more crystalline samples.
Because the amount of devitrification in a sample has this positive effect on the albedo of the sample,
partially devitrified glass on Mars could be identified by comparing the albedo of the sample to more
crystalline and more glassy samples, on the same flow, as well as studying the shape and size of the

absorption bands.

The existence of partially devitrified glass on Mars has been suggested based on thermal spectral
evidence (Torabene et al., 2013; Canon and Mustard, 2015; Farrand et al, 2016). It was found that
partially devitrified basaltic glass rinds had VNIR signatures that more closely resemble the
signatures found on Mars than pure glass samples, with absorption bands occurring in similar
locations (Farrand et al., 2016). Since the rate of devitrification of glass is controlled by the glass
viscosity, which is a function of water content and temperature (Friedman and Long, 1984) it is likely
that basalts on Mars will have devitrification present, especially those glasses that interacted with

water.

The other major factor that did, somewhat, affect Jordan Craters and would likely affect Martian
basalts is dust. As seen in Figure 4.1, the samples that had evidence of kaolinite dust on the spectra
had much higher albedos but not significantly higher measured crystallinity. These samples had a
significantly higher albedo, 0.06 - 0.1, than samples that were glassy, 0.03 - 0.04, while still having

similar crystallinity measurements (Figure 4.1).

During our work, any dusts, like kaolinite, that would have been on the surface, were likely washed
away during the thin section making process, revealing the unaltered surface below. This meant that
the in-situ VNIR samples were brighter, but the crystallinity measurements did not reflect that
brightness in the way we hypothesized. The presence of dust is known to increase albedo and so in

future work, samples should be cleaned to avoid this effect.
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Surface color variations were present at Jordan Craters. Two of our collected spatter samples were red
in color due to the presence of Fe-oxide crystals, which were visible in samples that had absorbance
bands at 1900 nm. Sample 13 and sample 2A, both spatters with some coloration, had higher albedos
than the spatters that were black, with average albedos of 0.046 and 0.068 respectively. The other two
spatter samples, 2B and 3, were black in color and had albedos of 0.035 and 0.029. One of the black
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Figure 4.1: Diagram showing the three major groupings of the hand samples found at Jordan
Craters, with the measured glass content and it’s measured overall albedo. These groupings can

be used to roughly estimate the glass content of the surfaces measured using only the Halo.

spatters and one of the colored samples had around ~20% devitrified glass while the other two had no
measured devitrified glass. This means that the change in albedo is likely due to this color difference
rather than any textural variations caused by devitrification.

Remote Sensing Findings:
The resolution of the ASTER data is 15m x 15m, which allows us to look at the entire flow in a way
that we could not using the Halo, but at the cost of losing some spatial resolution. We found that the
variations in albedo from the ASTER data matched the changes in crystallinity found in the measured
modal percentages of our collected samples. The glassiest areas along the surface, had measured
albedos of 0.09 - 0.11 (Table 3.1). There was also an area on the albedo map there were patches on
the center of the flow that matched areas of tube collapse (Figure 3.5). Abrupt changes in elevation
seem to increase the measured albedo in that area. This is likely due to the angle of the collapsed tube

allowing for more light to be reflected back at the sensor than would have been reflected from a flat
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surface (Landsat 7 User’s Manual). However, understanding how these changes in elevation can

affect fully albedo will require more data from flows with more complex topographies.

Using this method of analyzing ASTER data alone we can differentiate broad changes in crystallinity.
We can found that the vent and margins had similar albedos but could be differentiated based on
shape, with the vent having darker spots of albedo in the center. We cannot yet differentiate between
water quenched and air quenched margins. The brightness of both margins on the albedo map is
similar enough that we cannot quantify how the margins were quenched, only that they are more
crystalline than the glassy surfaces. We could potentially differentiate between these two margins by

adding on other remote data sets to help clarify more information about Jordan Craters.

Application on Mars:
Using this method on a rover, which would replicate our in-situ analysis, can provide enough data to
differentiate between glassy, dusty, and devitrified basalts. Based on our observations at Jordan
Craters we may see a similar effect on Martian basalts, with devitrification and dust increasing
albedo. All three of these types of basalts are going to be on Martian flows. Jordan Craters, due to its
young age, is most likely less oxidized, devitrified, and dusty than what might be found on a Martian
basalt, so more work is needed to fully understand the effect post-cooling can have on albedo (Figure
4.1). This means all four of these ‘dusty’ basalts can be differentiated using VNIR data collected in-
situ, based on the presence of minerals like kaolinite. Differentiating between a devitrified basalt and
a crystalline one will be done by comparing overall albedo as well as studying the shape and size of
absorption bands. Zones defined by lack of hydrous minerals, flat spectra, and low albedo can be
defined as unaltered glassy basalts and can then be graphed in a diagram like Figure 4.1 to give a

rough estimate of the glass content.

Using remote sensing data sets on Mars should allow us to broadly identify changes in crystallinity
across an entire flow, but without the same level of accuracy as in-situ analysis. These data sets for
Mars are produced using instruments like CRISM, which measures a broader range of light than
ASTER, with ASTER measuring between 520 and 860nm and CRISM measuring 410 to 3920nm.
This broader measured range will likely have its own effect on average albedo that will need to be
studied in a future work. Despite this, spatial VNIR data sets will likely be a good first step in
identifying zones of lava/water interactions since these data sets can help show relative crystallinity
as well as the presence of hydrous minerals on the surface, which could be used to broadly identify
glassy, unaltered zones. However, more data sets are needed to confidently differentiate between

varying emplacement styles across a flow.
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Section 6: Conclusion and Further Study

The goal of this study was to quantify the potential correlation between mineralogical texture and
measured albedo of the surface and how this correlation could be used to identify changes in mineral
abundances across a lava flow. This correlation could be used to identify lava/water interactions since
these interactions produce textures unique from other morphologies on the same flow. Based on our
findings at Jordan Craters, identifying lava-water interactions in basalts using this method is possible.
Syn-emplacement water-lava interactions had average albedos of ~0.044 and glass percentage of <38.
Post-emplacement water interactions had glass modal percentages ranging from 32-58 and albedos of
0.041 to 0.06.

We also found that these changes in albedo were broadly visible using satellite ASTER data, with the
margins and vent having brighter albedo than the surface of the flow where the least amount of
alteration and devitrification occurred. Our ASTER data was also affected by changes in elevation,
which darkened the albedo of a zone without the correlating change in crystallinity. More work needs
to be done before we can confidently differentiate between wet and dry margins of flows. If this same
method is repeated on many other basalt flows of varying complexity, a refined basalt regime
diagram can be created, which can then be used to differentiate between altered, devitrified, and
glassy basalts using only VNIR or ASTER data. Once this refined regime diagram is created then this

method can be utilized to identify lava/water interactions on the Martian surface.
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