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Abstract

The surface morphology and roughness of a lava flow provides insight on its lava properties and
emplacement processes. This is essential information for understanding the eruption history of
lava fields, and magmatic processes beneath the surface of Earth and other planetary bodies
such as the Moon. The surface morphology is influenced by lava properties such as viscosity,
temperature, composition, and rate of shear. In this work, we seek to understand how we can
interpret the emplacement processes and lava properties of lava flows using remote sensing
data. Craters of the Moon (COTM) National Monument and Preserve in Idaho hosts a suite of
compositionally diverse lava flows with a wide range of surface roughness making it the ideal
case study. Lava flows there have surface morphologies consistent with smooth pahoehoe,
slabby pahoehoe, hummocky pahoehoe, rubbly pahoehoe, "a’3, block-"a’a, and blocky textures.
The variation in surface roughness across the lava field reflects changes in lava properties
and/or emplacement processes over space and time. We investigate geochemical and
petrographic variations of the different lava flow morphologies and analyze how they relate to
airborne radar data. Results show L-Band (24 cm) radar circular polarization ratios (CPR)
distinguish the contrasting surface roughness at COTM, separating the smoother (primitive; low
SiO2 and alkali) and rougher (evolved; high SiO. and alkali) lava flows. However, ambiguities
are present when comparing the CPR values for rubbly pahoehoe and block-"a’a flow. Even
though their CPR values appear similar at the decimetre scale, they have distinct morphologies
that formed under different emplacement processes. Without ground-truth information, the
rubbly pahoehoe and block-"a’a lava flows could therefore be misinterpreted to be the same
type of flow morphology, which would lead to false interpretations about their lava properties
and emplacement processes. This is important when comparing these flows to lava flows on
other planetary bodies that share similar CPR values, such as the Moon. Thus, using terrestrial
analogues such as those at COTM can provide an improved understanding of the surface
morphology and emplacement processes of lunar lava flows. This will lead to more refined

interpretations about past volcanic processes on the Moon.
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1 Introduction

The lava properties and emplacement processes of volcanic features on Earth and other
planetary bodies are often inferred from their surface roughness (Griffiths and Fink, 1992; Crisp
and Baloga, 1994; Keszthelyi et al., 2004; Guilbaud et al., 2005; Khan et al., 2007; Campbell et
al., 2009; Harmon et al., 2012; Lawrence et al., 2013; Neish et al., 2017). The scale of surface
roughness can vary on a single lava flow and reflect multiple factors that may have influenced it
during an eruption (MacDonald, 1953; Gregg and Fink, 1995, 1996; Sehlke et al., 2014). Thus,
understanding the formation of surface roughness features at different scales can help justify
interpretations about lava properties (e.g., composition, density, viscosity) and emplacement
processes (e.g., mechanical fracturing, viscous tearing).

Lava flow surface roughness is defined at a range of scales. Centimetre scale
roughness (e.g. crescent ripples and folds) is produced when the lava encounters small
topographic obstacles and when a (plastic) crust of a few mm thickness is deformed during
cooling (Fink and Fletcher, 1978; Gregg et al., 1998). Smooth pahoehoe surfaces typically form
from lavas with low silica content and low viscosity, erupted at temperatures near the liquidus of
basalt (1200°C) (Tilley and Thompson, 1970). Changes in roughness at the decimetre scale
(e.g. clinker "a’a fragments) require extensive disruption of the lava flow crust. In contrast to
smooth pahoehoe, rough "a’a forms when lava is ruptured due to increasing viscosity or rate of
shear as the lava cools and degasses (Peterson and Tilling, 1980; Rowland and Walker, 1990;
Sehlke et al., 2014). Highly siliceous blocky lava flows (>55 wt% SiO,) disrupt their surfaces due
to creep fracturing, which typically form decimetre to metre-sized polyhedral blocks with smooth
faces (MacDonald, 1953). However, viscous rupturing and creep fracturing are not the only
mechanisms to produce rough flows. Rough lava can also form through the mechanical
fracturing of a solidified pahoehoe crust, producing a class of lava flows known as transitional

lava flows (Keszthelyi et al., 2004; Guilbaud et al., 2005). These flows often exhibit “rubbly” or
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90 “slabby” textures, with pahoehoe crust fragments ranging from tens of centimetres to metres in
91 size (Keszthelyi et al., 2004; Guilbaud et al., 2005; Hamilton et al., 2013; Robert et al., 2014;
92 Neish et al., 2017). Transitional pahoehoe lava flows studied in Iceland (Keszthelyi et al., 2000,
93  2004; Guilbaud et al., 2005), Idaho (Neish et al., 2017), Hawaii (Peterson and Tilling, 1980), and
94  India (Duraiswami et al., 2014) exhibit surfaces with metre-sized slabs of pahoehoe crust,
95 fractured by lava flow inflation (Keszthelyi et al., 2004). Rubbly pahoehoe textures can form in
96 sequence after slabby pahoehoe if the crust is extensively fragmented. In some cases where
97 lava flows have been degraded and/or buried, rubbly pahoehoe has been falsely interpreted as
98 "a'a (Bondre et al., 2004; Duraiswami et al., 2008). Their similarities in brecciated surfaces and
99  roughness scale can make them almost indistinguishable when eroded. Table 1 summarizes
100 the surface roughness and morphologies of lava flows documented in the field on Earth.
101 When field observations are not available, radar data can provide important information
102  about lava surface roughness at different scales. This is especially relevant for other planetary
103  bodies where ground truth is limited or non-existent. Radar data has been used to distinguish
104 and quantify the surface roughness of lava flows on planetary surfaces to interpret their lava
105  properties and emplacement processes. For example, Earth-based radar data has been used to
106  map and analyse the distribution of lava flows on the lunar surface. Morgan et al. (2016) and
107  other workers (Campbell et al., 2009, 2007) used Arecibo P-band (70-cm) radar to penetrate
108  through the lunar regolith and map the lava flow boundaries in lunar mare using same-sense
109 circularly polarized (SC) radar data. In Figure 1, circular polarization ratios (CPR) calculated
110  from returned Arecibo P-band radar data show the variations in metre-scale lava flow surface
111  roughness in the Mare Imbrium. Lava flows with moderate-high CPR (~0.5) indicate rough
112 surfaces while lava flows with low CPR (< 0.5) indicate smooth surfaces. These values can be
113  compared to radar data of terrestrial lava flows, to aid in the interpretation of the properties of
114  lunar lava flows. Thus, understanding the roughness characteristics of different surface
115  morphologies at a range of scales can help distinguish why some flow morphologies have
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similar CPR values, which can improve our inferences on the volcanic surface features on
planetary surfaces, and refine the interpretations made using remote sensing methods.
Depending on the remote sensing method used, the surface roughness values can vary,
which will ultimately influence interpretations about lava properties and emplacement
processes. On Earth, we can quantify surface roughness using a suite of in-situ, airborne, and
satellite remote sensing instruments. For example, remote sensing methods such as LIDAR
have been used to distinguish and quantify surface roughness of lava flows at different
resolutions and scales (Glenn et al., 2006; Glaze and Baloga, 2007; Rosenburg et al., 2011;
Whelley et al., 2014, 2017). However, for studying other planetary surfaces, radar is the only
remote sensing technique capable of quantifying roughness at the decimetre scale. Decimetre
scale surface features are too small to observe with presently available visible imagery; the
highest resolution cameras provide data at 0.5-1 m resolution (Chin et al., 2007; McEwen et al.,
2007). Thus, radar datasets are critical to infer the decimetre scale surface roughness of lava
flows on other planetary bodies (Campbell et al., 2009, 2010; Carter et al., 2012; Harmon et al.,

2012; Neish et al., 2014, 2017).
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Lava Flow
Morphology

Description

Surface Roughness Scale

Smooth Pahoehoe

A smooth lava flow with a thin, glassy crust
that may collapse due to inflation or strength
instability; cm-scale ropey textures form on
the surface while the flow is in motion.

Lava flow appears smooth at km-
and m-scales.

Small features such as ropey and
spiney textures make the lava
appear rougher at cm- and mm-
scales.

Hummocky
Pahoehoe

Undulating pahoehoe lava comprising lava
toes, small lobes, and tumuli. The surface
morphology resembles a bulbous shape
where lava has risen by a few m to tens of m
and connected by steep troughs. Lava is also
referred as a 'bulbous' pahoehoe flow.?

Lava flow appears smooth at km-
scales.
Hummocks make the
lava flow relatively rough at m-
scales while the pahoehoe textures
described above make it rough at
cm-scales.

Rubbly Pahoehoe

A lava flow with a preserved flow base and
brecciated pahoehoe crust.? The surface
becomes fractured and brecciated due to
disruption from syn- or post-emplacement

processes. Common in flow fields with linear
volcanic vent systems.©

Lava flow appears roughest
at m and dm-scales.

Slabby Pahoehoe

Metre to kilometre-sized slabs of pahoehoe
crust, which were fractured, tilted, and carried
by an advancing or draining underlying lava.

Rough at m- and km-scales and
smooth at cm-scales
(notwithstanding ropey and spiney
textures described above).

‘A5

Lava flow with a rough clinkered surface
formed by the development of a yield strength
and increase in viscosity.? Interior becomes
viscously torn as it advances further from its
source.

Lava flow appears roughest at m
and dm-scale. Similar dm-scale
roughness to rubbly pahoehoe.

Blocky to High
Relief "a’a
(Block-"a’a)

Rough and jagged with occasional vesicular
(>70%) froth, and weakly conchoidal
fractures.

Conchoidal fractures and rough
jagged surface appear rough at m-
to dm-scale.

Blocky

Lava flows covered with a broken carapace of
decimetre to metre-sized fragments with
smooth faces and dihedral angles.

Lava is rough at dm- and m-scales.
Block surfaces smooth at cm-
scales.

Table 1. Descriptions and surface roughness scale of lava flow morphologies on Earth are
summarized from measurements of crustal material on their surfaces and notes taken in the
field. 2Kuntz et al. (2007), *Guilbaud et al. (2005) and Duraiswami et al. (2008), °Keszthelyi et
al. (2000), 9Sehlke et al. (2014). For more field descriptions and detailed discussions on the lava
flows surface morphologies refer to Kilburn (2000) and Harris et al. (2017).
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Figure 1. Mare Imbrium lava flows revealed using Earth-based radar: (a) Lunar Reconnaissance
Orbiter Wide-Angle Camera mosaic (100m/pixel) of the Mare Imbrium. (b) Arecibo P-Band radar
data (70 cm wavelength, 200 m/pixel) of the same region. The lava flows in the mare have large
variation in their CPR values, which suggests a range of surface textures. Flows with high CPR
are rough, while those with low CPR are smooth at the decimetre-scale. Highland and mare
material are labelled reference; the low CPR in the highlands is not indicative of the presence of
smooth lava flows.
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Generalized relationships between surface roughness, composition, petrographic
textures, and crystallinity in lava fields have been discussed for flows located in areas such as
Iceland (Keszthelyi et al., 2000, 2004; Guilbaud et al., 2005), Hawaii (Peterson and Tilling,
1980; Cashman et al., 1999; Robert et al., 2014; Sehlke et al., 2014), and Guatemala (Soldati et
al., 2016). These studies suggest that increasing microcrystallinity and decreasing temperature
with distance from the vent cause increases in viscosity and yield strength, which result in
increased surface roughness at the centimetre-metre scale. On the other hand, transitional lava
flow surface roughness formed by syn- or post emplacement processes such as changes in
effusion rates, pahoehoe crust inflation, and topographic variability, can produce similar surface
roughness for very different reasons. This may lead to misinterpretations about the style of
volcanism in regions where there is little or non-existent ground truth and where we must rely on
remote sensing data such as radar.

Our chosen field site, Craters of the Moon (COTM) National Monument and Preserve in
Idaho, is a 1650 km? polygenetic lava field with cinder and spatter cones, non-eruptive fissures,
lava tubes, and basaltic lava flows of varying compositions emplaced from 15-2 ka (Leeman et
al., 1976; Greeley and King, 1977; Kuntz et al., 1982, 1992; Kuntz, 1989; Hughes et al., 2002)
(Figure 2). The lava flows display blocky, block-"a’a, “a‘a, and rubbly, slabby, hummocky and
smooth pahoehoe maorphologies (Kuntz, 1989; Kuntz et al., 2007). The compositions of the
individual lava flows vary with respect to SiO;, MgO, FeO, TiO,, P.Os, and Th (e.g. SiO- ranges
from 45 wt% to 65 wt%) (Reid, 1995; Hughes et al., 1999; Putirka et al., 2009) with blocky and
block-"a"a lava flows exhibiting SiO content >55 wt% (Stout et al., 1994). Research conducted
by previous workers has proposed that fractional crystallization (Leeman et al., 1976; Hughes et
al., 2002), country rock assimilation (Leeman, 1982; Kuntz et al., 1986), and/or evolved magma
reservoirs (Kuntz et al., 1982; Kuntz et al., 1986) are responsible for the different compositions.
Hughes et al. (2016) described some of the northernmost lava flows as chemically evolved
latites (aka trachydacite) based on MgO and TiO- contents and suggested that their
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compositions reflect hybridized crystallization due to crustal contamination, magma mixing, and
long-term fractionation in crustal magma reservoirs. Extensive work on the geochemistry of the
lava flows at COTM has provided a general understanding of their magmatic origin and
processes, but to date, little work has focused on the diversity of their surface morphologies and

roughness.

In this work, we investigate the surface roughness of lava flows in the northernmost part
of COTM, to further our understanding of how surface roughness properties correlate to the
petrography and geochemistry of a lava flow, and whether these are distinguishable using radar
remote sensing data. We then use this information to discuss what interpretations can be made
if we are restricted to using radar data to infer the lava properties and emplacement styles of

lava flows on other planetary bodies.
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Figure 2. Overview of our field study area at Craters of the Moon National Monument and
Preserve, Idaho. National Agriculture Imagery Program (NAIP) data of COTM acquired in 2015.
The red box outlines the field area for this study. Field site coordinates: 43.2058° N, 113.5002°
W (see Figure 3).

2 Methods
2.1 Field sampling

Field work was conducted in August 2016 and 2017 at COTM. A total of fifty-three hand
samples were collected from five lava flows: Big Craters (Rubbly pahoehoe), Blue Dragon

(Smooth pahoehoe), Highway (Block-"a'a), North Crater (Hummocky pahoehoe), and Serrate
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flow (Blocky) (Figure 3). Due to accessibility (many of the lava flows were difficult to traverse on
foot), the majority of the sampling was conducted 10 m to ~100 m from the lava flow margins; a
small number of samples were collected closer to the flow center where the terrain allowed for
easier access. As many samples as possible were collected in each studied lava flow. This was
done to look for any variations in the petrographic and geochemical data. For the petrography
and geochemistry of the samples to best represent the interior of the lava flow, sampling was
restricted to >5 cm below the lava crust. This is important because the geochemistry and
petrography of the quenched lava flow crust only represents the rapid cooling of the lava on the
surface and not the interior that remained molten for a longer period. In addition, the surface
roughness is less influenced by the petrography and geochemistry of the quenched crust, but
rather the mechanical processes disrupting it during flow emplacement. Comparing the
geochemistry and petrography of the crust to the remote sensing data would not provide insight

into how the lava properties of the lava flow influenced its surface morphology and roughness.

2.2 Petrographic and geochemical analyses

From the fifty-three hand samples, twenty-three polished thin sections were prepared for
petrographic analysis. Mineral mode (%), crystallinity (%), volcanic glass (%), vesicularity (%),
and mineral size (mm-cm) were estimated for each sample by point counting on a 1000-point
grid in each of the polished thin sections. Backscattered electron (BSE) images were used to
study the microlites in the volcanic glass, as well as to record petrographic textures that were
not observable with optical microscopy. Microlite compositions were determined by electron
probe micro-analysis (EPMA) (15 kV, 20 nA, 5 um spot size, standards: Albite — Si, Al, and Na;
Rutile — Ti; Fayalite — Fe; SanCarlos — Mg; Rhodonite — Mn; Anorthite — Ca; Orthoclase — K,
Celesite — Sr; Barite — Ba) using the JEOL JXA-8530F field-emission electron microprobe at the

University of Western Ontario.
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Thirty-eight of the fifty-three samples were prepared for X-ray fluorescence (XRF)
analysis to obtain bulk geochemical data. An additional twenty-nine XRF data points from 2014-
15 field deployments were included in the geochemical analysis. Samples were prepared by
removing surface weathering using a rock saw and then powdered using a steel rock crusher
and agate mill. During the powdering stage, the rock crusher and agate mill were cleaned
between each sample using ethanol to mitigate contamination. The powdered samples were
heated in a Katanax K2 Prime Fusion Machine with lithium metaborate to create fused glass
discs, which were analyzed using the XRF PANalytical PW-2400 model at the University of
Western Ontario to obtain major element geochemical data (SiO», TiO2, Al,Os, Fe;O3, MnO,

MgO, CaO, Na;0, K;0, and P,0s).
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Figure 3. Field site at COTM. Symbols mark the locations of the 53 samples studied in this
work. Red lines mark the lava flow margins from the Kuntz et al. (1989, 2007) geological map of
COTM. The image was taken from NAIP data acquired in 2015. Labels of the lava flows provide
a generalized surface roughness description (some flows show localized changes in surface
roughness).

2.3 Surface roughness determination using radar datasets

To differentiate the surface roughness of lava flows remotely, we used previously
processed Airborne Synthetic Aperture Radar (AIRSAR) L-Band (24 cm wavelength, 10 m/pixel
resolution) datasets (Evans et al., 1986; Khan et al., 2007), which are sensitive to surface
roughness at the decimetre scale (Carter et al., 2011; Neish and Carter, 2014). A low-flying
aircraft collected the AIRSAR L-Band data in March 2003. We utilized circular polarization ratio
(CPR) maps described in Neish et al. (2017) to quantify the surface roughness of the lava flows.
A CPR value represents the ratio between the returned radar signal with the same circular
polarization as transmitted (SC) to the returned signal with the opposite circular polarization

(OC). Smooth surfaces produce single bounce backscatter, which flips the polarization of the
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radar signal returning more data in the opposite polarization. Rougher surfaces produce
multiple-bounce backscatter returning an approximately equal number of OC and SC returns.
Thus, low CPR (<0.5) indicates smooth surfaces, while moderate to high CPR (0.5-1) indicates
rough surfaces. CPR values can exceed unity (>1) when double-bounce radar backscattering
occurs on surfaces with natural corner reflectors, rock edges, and cracks (Campbell, 2012).
Pahoehoe flows typically have low (<0.5) CPR, "a’a and transitional lava flows typically have
moderate to high (0.5-<1.0) CPR, and blocky flows typically have CPR greater than one (Neish
et al., 2017).

Radar signals also have the ability to penetrate the surface and scatter off subsurface
interfaces and materials such as voids or clasts (Carter et al., 2011; Neish and Carter, 2014). To
determine if the radar scattering was produced by surface scattering or subsurface interfaces,
the degree of linear polarization (DLP) was also calculated. The DLP provides subsurface
scattering information, which indicates the presence of material and/or lithological boundaries
beneath the surface. When the circular polarized radar signal penetrates the surface, it changes
to an elliptical signal, adding a linear component and therefore increasing the DLP. For
example, a lithological contact is dominated by a quasi-specular subsurface scattering that
returns high DLP (>0.3), while buried boulders are dominated by diffuse subsurface scattering
that returns moderately high DLP (0.1 — 0.3) (Carter et al., 2011, 2006, 2004). Low values of
DLP (<0.1) are consistent with subsurface layered materials where the dielectric constant only
gradually increases with depth or lithological contacts are present that are deeper than the
penetration depth (Carter et al., 2006). A combination of CPR and DLP is useful to understand
the structure of the surface and subsurface of planetary surfaces. For example, low CP and high
DLP indicates a smooth surface with a subsurface interface, while high CPR and low DLP
indicates a rough surface with no subsurface interfaces (Neish and Carter, 2014).

The AIRSAR data has been made available in compressed Stokes matrix format, so we
used the Stokes matrix (W) to calculate the DLP (Campbell, 2002).

14
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DLP = |W12|/W11 (Equation 1)

W11 and W2 are elements in the Stokes matrix, W, which is a symmetrical real matrix
representing the polarimetric backscatter properties of the SAR data (Zebker et al. 1990). To
compare the radar data to the geochemical and petrographic results, we extracted mean CPR
and DLP values from areas of the lava flows where samples were collected. To ensure the
extracted mean CPR and DLP values are representative of the general surface roughness of
the region, the resultant shape files covered multiple sample locations (not individual points). In
addition, they did not include areas where vegetation and volcanic ash deposits were present.
We then used the zonal statistics tool in ArcGIS to measure mean CPR and DLP and standard
deviation for each representative area. From the sixty-seven samples, sixty, were within one of

the representative areas.

3 Results

The six studied lava flows at COTM and their surface morphologies and roughness are
shown in Figure 4. The descriptions of each lava flow are based on field observations; while
lava flow morphologies vary somewhat across the flow, we are specifically interested in the
dominant characteristics that are associated with the samples we collected. Blue Dragon is a
smooth pahoehoe lava flow with localized areas of inflated pahoehoe crust and collapsed lava
tube ceilings (Figure 4a). The lava flow name derives from its unique blue, titanium magnetite-
rich crust (Faye and Miller, 1973).Serrate flow (Figure 4b) is a blocky latite lavas (Kuntz, 1989;
Kuntz et al., 2007), composed of decimetre to metre-sized polyhedral blocks with smooth faces
and dihedral angles. North Crater is a hummocky pahoehoe lava flow with a faint blue colour

similar to Blue Dragon (Figure 4c). Big Craters is a transitional lava flow with a rubbly pahoehoe
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surface (Figure 4d). The rubbly surface is comprised of centimetre to decimetre-sized fragments
of pahoehoe crust, with no evidence of viscous disruption. Highway Flow, a latite, is described
by Kuntz et al. (1988, 2007) as a blocky-"a’a morphology, which is consistent with our field
observations describing the surface as very jagged, sharp, and vesicular with conchoidal

fracture features (Figure 4e).

3.1 Geochemical analysis

We categorized the lithology of each lava flow using the standard TAS volcanic
classification (Na2O + K20 vs. SiO) scheme (Figure 5). A total of sixty-seven samples were
studied. Twenty-nine of our sixty-seven samples were collected from 2014-15 field
deployments. Figure 5 shows that each lava flow falls into one of two major categories with a
few outliers: (1) basalt, trachybasalt, and basaltic trachyandesite, and (2) trachyandesite, and
trachyte/trachydacite. The basalt and trachybasalt categories include the majority of the smooth,
hummocky and rubbly pahoehoe samples, although a few rubbly pahoehoe samples plot as
basaltic trachyandesite. Blocky and block-"a’a lava flows have higher SiO, (>55 wt%) and alkali
contents (7—10 wt%), classifying the lava flows as trachyandesite and trachyte/trachydacite. A
few blocky samples plot as basaltic trachyandesite; these samples are randomly located in
Serrate flows. Blocky and block-"a’a flows are evolved, with relatively high SiO; (55-65 wt%),
Naz0 (3.7-5.1 wt%) and KO (4.0—4.9 wt%) contents, and low TiO (0.6—1.5 wt%), Fe,03 (8.0—
15.5 wt%), CaO (2.8-4.9 wt%), and MgO (0.2—-1.3 wt%) (Figure 6) Primitive smooth,
hummocky, and rubbly pahoehoe flows are low in SiO; (48-52 wt%), Na,O (2.75-4.3 wt%) and
K20 (1.9-2.3 wt%), and high in TiO (2.5-3.05 wt%), Fe,0s (15-17.7 wt%), CaO (6.3—7.2 wt%),
and MgO (2.3-4.2 wt%) (Figure 6). Despite having an evolved composition, the blocky Serrate
flows yielded a few samples that plot as a third group, between the primitive and evolved lava

flows. We focus on SiO in this study because it influences silicate melt properties (e.g.,
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increased polymerization of the silicate network), which in turn influences the lava viscosity

affecting the surface roughness (Lejeune and Richet, 1995; Campbell et al., 2009).
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341

Figure 4. Lava flow morphologies and textures observed and studied at COTM (symbols in top
right corners represent the flow texture): (a) Smooth pahoehoe texture at the Blue Dragon lava
flow in the southern region of the field site (triangle). (b) Blocky textures at the Serrate lava flow;
image was taken close to the Serrate lava flow margin (triangle_down). (¢) Hummaocky
pahoehoe textures at the North Crater lava flow with the distinctive blue colouring on its surface
(circle). (d) Big Craters lava flow with a rubbly pahoehoe surface (square). (e) Blocky to "a’a
textures at the Highway flow (diamond).
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344  Figure 5. Volcanic Total Alkali Silica (TAS) diagram comparing COTM lava flows from our study
345 area using alkali (Na,O+K>0) and silica (SiO,) compositions. COTM lavas show a range of
346  volcanic types from basalt to trachyte/trachydacite.

19



20— <—===Z - <

- s 2.0 RABY VRN
\
16 'l- “ & © : ) l 4 © !
1
5 v .' / —~ 15 ‘| l' u t
& \ 7 R ~ -
) — N 7 ~ -
2 7N S< - s 4 T===T
=129 \ =" =10
\ T
Q 1 Q
Q I 1 Q
&g , os Flow Textures
1 ' /’ \\ 0 Block - "a’a
\ /7
N7 \ ’ ! \/  Blocky
4= T T T T 0.0 tae z T T T T O Hummocky Pahoehoe
0 1 2 3 - 5 0 1 2 3 4 5
MgO (wt %) MgO (wt %) [] Rubbly Pahoehoe
35 8 = A Smooth Pahoehoe
————— 77N
20 S VS , \ Lava Flow
4 A g ) \ l\ ! [ Blue Dragon
‘ 1 6 [ Big Craters
- 2.5 \ m ' . — \ /I I Highway
$ So -, e Se - B North Crat
- _- & ol rater
g 204 TS ===- § ,—"‘x\ Hl Serrate
- 24 // N ---- Primitive Lavs
ON 1.5 % I ‘ \ —— Intermediate Lava
= , -~ o \ /’ —---- Evolved Lava
1.0 \ S .
1 f \ 2 S -
I _—-
0.5! 1
U
N\ 7
0.0 == T r T T 0 r T T T
0 1 2 3 4 5 1 2 3 4 5 6
MgO (wt %) K20 (wt %)

347

348  Figure 6. Major element XRF data from COTM. Oxides of Mg, Fe, P, Ti, K and Ca plotted to
349  show the similarities and diversity between composition and surface roughness. The surface
350 roughness described in the field are clustered as two separate groups, with a few data points
351 from the blocky lava flows (Serrate) plotted in an intermediate zone. Black dashed outlines
352 highlight the primitive lava compositions, red dash outlines highlight the more evolved lava
353  compositions, and the solid black circle highlights samples with intermediate compositions.
354  Legend above applies to all of the graphs.

355 3.2 Petrographic analysis

356 The primitive lava flows exhibit similar mineralogical and petrographic properties, with
357 elongate and partially tabular plagioclase crystals (0.1-0.2 mm, 32-55 vol%) and fine-grained
358 anhedral to subhedral fayalite and augite crystals (0.05-0.1 mm, 4-15 vol%) (Figure 7a-b). The
359 crystals are all encased within a quenched, black, opaque glass matrix. The lava flows all

360 contain large vesicles, some reaching diameters >1 cm, with most within the range of 0.1-0.5

361 cm. Larger vesicles reaching sizes >5 cm were observed in the field (summarized in Table 2).
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Plagioclase crystals in the hummocky and rubbly pahoehoe flows become oriented sub-
parallel to the local flow direction further from the volcanic vent (Figure 7c). Along with the
orientation, the average plagioclase crystal size slightly decreases from 0.2 mm to 0.1-0.05
mm. The amount of black, opaque glass matrix also decreases with distance from the lava flow
source. Crystallinity increases from ~40% at the vents to 60% at a down-flow distance of 1.6 km
(Table 2). Distinct orientation of plagioclase crystals is not observed in most smooth pahoehoe
samples, but the plagioclase crystals are 0.5-1 mm larger than the crystals in hummocky and
rubbly pahoehoe. When plagioclase orientation is present however, it is not well defined. The
orientation of plagioclase crystals and change in crystallinity shows a transition from
hypocrystalline to trachytic textures with distance from vent. The smooth pahoehoe lava flow
does not show changes in petrographic texture. The lava flow maintained a hypocrystalline
texture, except close to the flow margins where cooling was slightly faster and produced a more
glass-rich texture. The textural changes observed in rubbly pahoehoe flow was not associated
with a change in surface roughness, unlike the hummocky pahoehoe, though both flows were

geochemically and petrographically similar (Figure 6 and 7b+c).
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Lava Surface Pl Ol | Cpx | Op | Ano Ap Glass | Crystallinity | Vesicles
Sample No. Flow Coordinates Roughness Textures (%) | (%) | (%) | (%) | (%) (%) (%) (%) (%)
Big 43°28'0.76"N, Rubbly Hypocrystalline-
COTM16009 | Craters | 113°32'53.37"W Pahoehoe Trachytic 30 10 5 2 - Trace 52 47 30
Big 43°27'48.48"N, Rubbly Hypocrystalline-
COTM16011 | Craters | 113°32'48.61"W Pahoehoe Trachytic 40 5 3 2 - Trace 50 50 30
Big 43°27'49.35"N, Rubbly
COTM16012 | Craters | 113°32'50.87"W Pahoehoe Hypocrystalline 40 | 10 5 7 - Trace 38 62 50
Big 43°28'4.65"N, Rubbly
COTM16031 | Craters | 113°32'30.96"W Pahoehoe Hypocrystalline 50 2 1 2 - - 45 55 50
Big 43°27'56.02"N, Rubbly
COTM16034 | Craters 113°31'42.78"W Pahoehoe Trachytic 55 5 5 3 - 2 30 70 40
Big 43°28'15.33"N, Rubbly
COTM16035 | Craters | 113°31'17.86"W Pahoehoe Trachytic 50 3 2 2 1 Trace 42 58 55
Big 43°28'13.62"N, Hummocky
COTM16036 | Craters 113°31'20.39"W Pahoehoe Trachytic 40 5 2 2 - 1 50 50 20
Blue 43°27'46.74"N, Smooth
COTM16001 | Dragon | 113°29'57.68"W Pahoehoe Hypocrystalline 50 3 1 4 1 1 40 60 40
Blue 43°27'35.52"N, Smooth
COTM16007 | Dragon | 113°30'16.86"W Pahoehoe Hypocrystalline 32 3 1 3 - 1 60 40 20
Blue 43°27'43.12"N, Smooth
COTM16016 | Dragon | 113°29'51.00"W | Pahoehoe Hypocrystalline | 45 10 3 4 1 - 37 63 35
Blue 43°27'50.46"N, Hummocky
COTM16020 | Dragon | 113°29'52.47"W Pahoehoe Hypocrystalline 40 5 5 4 - Trace 46 54 40
Blue 43°27'19.31"N, Hummocky
COTM16027 | Dragon | 113°31'17.54"W Pahoehoe Hypocrystalline 39 5 3 3 - Trace 50 50 30
Blue 43°28'6.01"N, Hummocky
COTM16033 | Dragon | 113°31'47.31"W Pahoehoe Hypocrystalline 45 3 3 3 - 2 44 56 30
Highway | 43°27'48.01"N, Blocky —
HF16001 Flow 113°34'16.90"W ‘a’a Holohyaline - - - - - - 100 0 80
Highway | 43°27'48.06"N, Blocky —
HF16002 Flow 113°34'16.89"W ‘a’a Holohyaline 2 - - - - - 98 2 >80
Highway | 43°27'47.82"N, Blocky —
HF16003 Flow 113°34'17.26"W ‘a’a Holocrystalline 55 3 5 1 2 2 32 68 50
Highway | 43°27'47.75"N, Blocky — Vitrophyric -
HF16004 Flow 113°34'17.33"W ‘a’a Holohyaline - - - - - - 95 5 65
North 43°28'0.91"N, Smooth
COTM16010 Crater 113°32'54.46"W Pahoehoe Hypocrystalline 50 5 5 3 - - 37 63 20
Serrate 43°27'44.79"N,
COTM16013 Flow 113°29'50.85"W Blocky Trachytic 50 3 3 2 2 Trace 40 60 45
Serrate 43°27'44.37"N,
COTM16014 Flow 113°29'50.72"W Blocky Trachytic 50 3 1 4 2 - 40 60 50
Serrate 43°27'47.83"N,
COTM16017 Flow 113°29'43.84"W Blocky Trachytic 50 3 1 3 1 - 42 58 80
Serrate 43°27'50.73"N,
COTM16018 Flow 113°29'52.48"W Blocky Trachytic 50 10 3 5 - - 32 68 60
Serrate 43°27'50.68"N,
COTM16019 Flow 113°29'52.00"W Blocky Trachytic 50 10 5 4 - - 31 69 20
386
387 Table 2. Mineral modes, textures, and vesicularity of thin section samples from COTM lava
388 flows. The table summarizes the texture and mineralogy in the lava flow samples. Opaque’s
389  (Op) comprises Ulvospinel and magnetite crystals. Mineral abbreviations: Olivine (Ol),
390 clinopyroxene (Cpx), apatite (Ap), plagioclase (PI), and anorthoclase (Ano).
391
392 The chemically evolved blocky lava flows exhibit more crystal orientation than the less
393  evolved lava flows and have a finer grained (<50 um to 1 mm) groundmass. Plagioclase crystals
394  are slightly more acicular than tabular. Subhedral to anhedral fayalite and augite crystals
395  ranging in size from 0.05-1 mm are encased in a deep brown volcanic glass matrix. Also, within
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the glass matrix are vesicles with an average diameter of 0.5 mm with some larger vesicles >1

cm in diameter.

Crystallinity in the evolved lava flows is greater than the primitive lava flows (60-70% vs
40-60%). Close to the volcanic vent, the blocky flows exhibit aphanitic textures (Figure 7d) that
transition to micro-trachytic textures. The glass content remains unchanged during this
transition, remaining between 35-40%. Progressing further from the vent the texture becomes
more trachytic, with slightly coarser (increasing from <50 pum-1 mm to 0.5 mm-1.5 mm) and

more oriented plagioclase crystals.

The Highway block-"a’a lava flow, although classed as evolved lava, exhibits different
petrographic properties. The vesicularity ranges from ~30% to >80% in localized patches in the
field. The surface has a holohyaline texture, with very fine-grained crystals that are not
observable under optical microscopy, is very vesicular (Figure 7e), and comprises a deep

orange glass matrix. The interior of the flow, however, is porphyritic (Figure 7f).

A closer investigation of the black opaque and deep brown glass matrix using BSE
imagery revealed an array of quench textures. In the black glass, skeletal fayalite nucleated
around the margins of the elongate and partially tabular plagioclase crystals (Figure 8a). Augite
crystals grew around the tips of the plagioclase, creating a feathered texture. In the deep brown
glass, the quenched textures are not as well defined. Skeletal fayalite and feathered augite are
not as abundant, and most of the matrix is composed of single quenched glass matrix with no

microlites (Figure 8b).
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Figure 7. Petrographic images from COTM lava flows. (a) Elongate plagioclase laths encased in
volcanic glass from smooth pahoehoe Blue Dragon flow. (b) Black opaque glass matrix
encasing elongate plagioclase, subhedral clinopyroxene, and fine-grained olivine crystals from
rubbly pahoehoe Big Craters (red circles highlight olivine and clinopyroxene crystals). (c)
Elongate plagioclase crystals are orientated sub-parallel to the lava flow direction. Sample is
from Big Craters flow. (d) Deep brown glass matrix in an aphanitic texture. Sample is from the
blocky flow. (e) Plagioclase phenocryst with partially consumed crystal margins. Sample is from
blocky to “a’a Highway flow. (f) Porphyritic texture with olivine and plagioclase phenocrysts with
no zonation patterns. Sample is from blocky to "a‘a Highway flow.

Figure 8. Quenched skeletal fayalite and feather-like augite observed using backscatter electron
(BSE) imagery. Augite crystallized on the margins of the elongate tabular plagioclase crystals.
The textures in the left image (a) are from lava flows with smooth and rubbly pahoehoe samples
(primitive), and the right image (b) are from blocky lava flows (evolved).
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3.3 Radar properties

Ten polygons were traced on the AIRSAR L-band dataset over areas where thirty of the
fifty-three samples were collected. These were used to calculate the mean and standard
deviation CPR, which is representative of the surface roughness of the associated lava flow
(Table 3). The size of all the polygons are not uniform because they were traced to fit clustered
samples, and avoid vegetation, degraded lava surfaces and volcanic ash deposits. A low pass
filter was applied to the AIRSAR L-Band dataset to reduce the speckle noise in the image,
which scales as 1/N*¥2, where N is the number of looks in each pixel. The low pass filter
averaged the CPR over a 3x3 pixel area, increasing the number of looks per pixel from 9 to 81
(hence reducing the speckle noise from 33% to 11%). The zonal statistics tool in ArcGIS was
applied after filtering to calculate the mean CPR for each region of interest (Table 3). The
smooth pahoehoe surface returned values of 0.34 + 0.11, consistent with single bounce
backscattering (quasi-specular). The blocky surfaces returned values between 0.91-1.14 +
0.19-0.2, consistent with double bounce backscattering (Neish and Carter, 2014). The block-
‘a’a lava flow returned a value of 0.69 + 0.25, almost identical to the rubbly pahoehoe flow, 0.73
+ 0.24, and is consistent with multiple bounce backscattering (diffuse). The “Humm_Blocky”
polygon is not its own lava flow but the rubbly and smooth pahoehoe flows overlying a blocky
flow (Figure 9). The polygon’s mean CPR value (0.65 + 0.34) is less than the block-"a’a and
rubbly pahoehoe but greater than the hummocky pahoehoe surface from North Crater (0.48 +
0.19) and Big Craters (0.56 + 0.21). The large standard deviation calculated from the
Humm_Blocky polygon is likely due to the presence of two different surface roughness textures

in this region (Section 4.2, Figure 11).

In addition to surface scattering, radar has the capability to penetrate through the

surface to any underlying clasts, voids, or interfaces (e.g., lithological contacts). The penetration
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depth (d) of a radar signal is dependent on the illumination wavelength (A), the loss tangent of

the substrate (tand), and its real dielectric constant (¢’) (Equation 2).

d = A/ (2m(€)tand) (Equation 2)

For example, Neish et al. (2014) calculated the penetration depth of a 19 cm radar signal
into lunar impact melt flows (estimated 2.5 g/cm? density) to be within a range of 20-500 cm
(calculated using dielectric constant values from Ulaby et al. (1988)). Basaltic lava flows exhibit
a bulk density of 3 g/cm?®. Using real (&' = 1.96°¢3%) and imaginary (¢”) dielectric constant
values from volcanic rocks within this density range (¢” = 0.11-0.18 from Ulaby et al. (1988)) we
calculated the loss tangent (tand = £’/ £). With these values, we calculated a penetration depth
for the 24 cm L-band radar from 60-100 cm. Since the penetration depth is no larger than a
metre we would not expect much subsurface scattering in the AIRSAR data within the COTM
field site.

In order to determine if the radar returns were the result of surface or subsurface
scattering, we calculated the DLP of the lava flows (Neish and Carter, 2014) using the Stokes
Matrix (Section 2.3, Equation 1). A lowpass filter was applied to the DLP dataset to reduce
speckle noise, and quantified values were calculated using zonal statistics. The lava flows
returned low DLP values of 0.18 — 0.2 + 0.05 — 0.06 (Table 3), compared to areas in the
northern and western part of the field site, which returned DLP values of 0.25 + 0.06 (Figure 10).
These regions of higher DLP are covered in ash deposits, where one would expect more
subsurface scattering from buried lava flows. In our study area, the smooth pahoehoe lava flow
has a mean CPR of 0.34 and mean DLP of 0.18. With a low CPR and DLP, this suggests a
smooth surface with little subsurface scattering (Carter et al., 2011). The rest of the lava flows
exhibit moderate to high CPR and low DLP. This suggests a rough surface with little subsurface

scattering.
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479

Polygon Raster ID Surface Roughness Lava Flow CPR g?g DLP STD
Block_‘a'a (1) Block-'a’a H'gﬂ)"\)’vay 0.69 0.25 0.20 0.06
Blocky 1 (2) Blocky Serrate 1.1 0.35 0.20 0.05
Blocky 2 (3) Blocky Serrate 0.91 0.30 0.19 0.05
Blocky 3 (4) Blocky Serrate 1.05 0.34 0.20 0.06
Blocky 4 (5) Blocky Serrate 1.14 0.32 0.19 0.05
Hummocky_Pahoehoe_1 (6) Hummocky Big Craters 0.56 0.21 0.18 0.05
Hummocky_Pahoehoe_2 (7) Hummocky North Crater | ¢ 48 0.19 0.20 0.06
Blue Dragon
Humm_Blocky (8) Hummocky over Blocky covering 0.65 0.34 0.19 0.05
Serrate
Rubbly_Pahoehoe (9) Rubbly Big Craters 0.73 0.24 0.19 0.05
Smooth_Pahoehoe (10) Smooth Pahoehoe Blue Dragon 0.34 0.11 0.18 0.05

480

481  Table 3. The above table contains the CPR, standard deviation and DLP values of the traced
482 lava flow polygons (bracketed humbers are the polygon labels, see figures 9 and 10). The

483  polygons covered areas of the lava flows where samples were collected to allow for

484  comparisons between the remote sensing, geochemical, and petrographical data. CPR values
485  show differences and similarities between the surface roughness descriptions but DLP remains
486  relatively homogeneous at 0.18-0.20.

487

488

489
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Figure 9. The AIRSAR data covering the COTM field site. Locations of lava flow shape files
traced in ArcGIS, overlain on a NAIP visual image with lava flow margins marked with red lines
(top). Sample locations are indicated by white symbols (see Figure 3). AIRSAR CPR data set
(~12 m/pixel) after a 3x3 lowpass filter has been applied (bottom). The CPR values within each
polygon raster were averaged using zonal statistics. Some samples were not incorporated
because they are in areas with vegetation and volcanic ash deposits.
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Figure 10. Degree of linear polarization (DLP) pixels calculated from AIRSAR L-band data. Lava
flow margins are marked with red lines, and shape files are marked with black lines. The lava
flows show low DLP values indicating little backscatter from subsurface interfaces and material.
Red-orange areas (20.3) represent ash deposits, lapilli, and aeolian sediments. Their greater
values are most likely indicating subsurface scattering from older buried lava flows.

4  Discussion

Lava flows on Earth and other planetary surfaces can exhibit similar surface
morphologies when analysed using remote sensing data (Campbell and Shepard, 1996;
Campbell et al., 2010; Harmon et al., 2012; Neish et al., 2017), making it difficult to infer their
differing lava properties and emplacement processes. To help address this issue, the
overarching goal of this study was to investigate whether there was any correlation between the

geochemistry, petrography, and radar data of a diverse range of lava flows at COTM. This will
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allow us to understand the extent to which we can predict the lava properties and emplacement

processes of a lava flow using only a remotely derived measure of decimetre scale roughness.

4.1 Radar statistics compared to surface morphology

Our results show that the blocky lava flows returned CPR values reaching and
exceeding unity while the smooth, hummocky and rubbly pahoehoe lava flows returned values
<0.75. The smooth pahoehoe surfaces have a CPR of 0.34 £+ 0.11, indicative of single bounce
backscattering, common for smooth surfaces. The blocky surfaces returned values between
0.91-1.14 (x0.25-0.35), suggestive of double bounce backscattering from natural corner
reflectors. The rubbly pahoehoe surfaces have a CPR of 0.73 £ 0.24, which implies the surface
scattered the radar signal in multiple directions (diffuse scattering). The hummocky flow
overlying the blocky flows also returned similar CPR values, 0.65 + 0.34 (“Humm_Blocky” in
Figure 10). Even though this does not represent an individual flow, it may be difficult to
distinguish rough lava flows from smooth lava flows overlying older rougher lava flows in remote
sensing data. The block-"a’a flow has a CPR of 0.69 % 0.25, which is also similar to the rubbly
pahoehoe. The block-"a’a lava flow was anticipated to return a CPR value greater than the
rubbly pahoehoe flow because of its jagged, sharp, vesicular surface, and conchoidal fracture
features. However, the surface of the block-"a’a flow must lack the natural corner reflectors
required for double bounce backscattering. Thus, when observed with L-band radar (Figure 9),
the block-"a'a and rubbly pahoehoe lava flows appear analogous. It would be difficult to
distinguish them as different surface morphologies without in situ data. Hawaiian "a’a lava flows
also have CPR values similar to rubbly pahoehoe (Campbell, 2002) complicating the matter

further.

In addition, our results show that lava flows exhibiting similar CPR values also have

contrasting petrographic textures. The rubbly pahoehoe transitions from holocrystalline to
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trachytic textures while the block-"a*a exhibits holohyaline and porphyritic textures. It is not
surprising that these two lava flows exhibit different petrographic textures since both formed
under different processes. The rubbly pahoehoe formed via mechanical fracturing of a
qguenched pahoehoe crust while the block-"a*a flowed over the surface in a creeping-motion in
response to its high SiO and viscosity, and an increase in rate of shear. On the other hand, the
rubbly pahoehoe and hummocky pahoehoe lava flows are easily distinguishable in the field and
in the radar data (Figure 9). Their geochemistry and petrography, however, are
indistinguishable, both exhibiting similar major elemental content (Figure 5 and 6, Section 3.1),
and hypocrystalline and trachytic textures (Table 3, Section 3.2).

Without ground-truth information, our interpretations of the lava flow properties and
emplacement processes using radar data are therefore limited. However, the diverse surface
roughness and morphology of the studied COTM lava flows provides a wide selection of
examples to compare to lava flows in other volcanic regions on Earth and other planetary

surfaces, aiding in our understanding of their origin and emplacement.

4.2 Radar statistics compared to SiO2 content

The SiO; of the lava flows varies across the northern area of COTM (45-65 wt%). With
such a wide variation in SiO; content, and with composition being a property that influences
surface morphology and roughness, we might expect to observe some correlation between SiO;
and the CPR values. To test this hypothesis, we plotted SiO- versus mean CPR for each lava
flow studied (Figure 11). Only samples that were within the boundaries of the polygons traced in
Figure 9 were included in this plot. Using Pearson’s correlation coefficient, we calculated the
strength of the relationship between SiO; and CPR. Pearson’s correlation coefficient formula
determines whether a correlation exists between two variables (Egghe and Rousseau, 1990). A

positive correlation will return values 20.5-1 while a negative correlation will return values <-0.5
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—-1. Coefficient values close or equal to zero indicate a weak or hon-existent correlation
between the variables. A calculated value of 0.63 indicates the CPR and SiO; have a positive
correlation. However, we observed some exceptions to this correlation. The smooth, hummocky
and rubbly pahoehoe lava flows showed an increase in CPR as expected, but the SiO, did not
change. This is because the rubbly pahoehoe surface forms from mechanical fracturing, rather
than viscosity changes related to increasing SiO,. The block-"aa flow also does not follow the
upward trend in CPR with SiO». Although it is as siliceous as the blocky flows, the block-"a’a
lacks natural corner reflectors on its surface so it is unable to return CPR values above unity.
The emplacement of the block-"a’a flow may be more akin to an "a’a flow than a blocky flow
and may have not been emplaced under the creep fracturing movement associated with blocky
lava eruptions (MacDonald, 1953). In addition to the similarity between the block-"a’a and rubbly
pahoehoe lava flow, the standard deviations of most of the studied COTM lava flows overlap.
Without ground-truth information to confirm the surface morphology and roughness, most lava
flows could be misidentified using radar remote sensing data. Clear distinctions however can be
made between smooth pahoehoe and blocky lava flows as the data does not overlap. Smooth
and very rough lava flows can easily be distinguished, however intermediate rough (e.g., block-

‘a’a and rubbly) lava flows will present more difficulty.
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From the data, we observe a general increase in CPR with silica content, if this
correlation was applied to interpret the surface morphology and roughness of lava flows on
other planetary surfaces, incorrect interpretations could arise. Highly siliceous lava flows will not
always return high CPR values if they lack the natural corner reflectors necessary for double
bounce backscattering. They would appear indistinguishable to transitional lava flows such as
rubbly pahoehoe flows or Hawaiian “a’a flows (Campbell, 2002). Similarly, lava flows with lower
silica content that have been mechanically fractured will show an increase in CPR unrelated to

their composition, as we see for the rubbly pahoehoe at COTM.
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Figure 11. CPR vs SiO, content for each lava flow type studied in this work, including our data
collected from field deployments in 2014 and 2015. The data points represent the different
surface roughness descriptions of the lava flows. Number of data points: Block-"a’a (18), blocky
(22), hummocky (9), hummocky-blocky (3), rubbly (5), and smooth (3).
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4.3 Using radar statistics to reconstruct lava emplacement
mechanisms

To infer lava properties and emplacement processes on other planetary surfaces and
remote locations on Earth where fieldwork is not possible, we must rely on morphological and
surface roughness studies from remote sensing data sets (Campbell, 2012; Campbell et al.,
2010, 2009; Carter et al., 2006; Harmon et al., 2012; Morgan et al., 2016; Patterson et al., 2017;
Shepard et al., 2001). From our results, we show that radar data cannot always distinguish lava
flows with different surface morphologies. The similar mean CPR values from the block-"a’a and
rubbly pahoehoe flow would lead to ambiguous interpretations about their emplacement
conditions and lava properties if one were to rely on radar data alone. The difference in CPR
between the siliceous blocky and block-"a’a demonstrates that not all siliceous lava flows exhibit
double-bounce backscattering and return CPR values 21.0. In some cases, visible imagery
might be able to distinguish the lava flows and aid in interpreting the emplacement styles, but
only if the resolution is high enough. For example, in high-resolution (1 m/pixel) optical images,
the hummocky pahoehoe flow can be seen covering the blocky flows, providing evidence that it
is a younger flow overlying an older, rougher flow. In many instances though, such high-
resolution imagery is not publicly available, or its scale is too coarse to highlight centimetre -
decimetre scale roughness differences. In planetary science, the highest-resolution optical data
available, notably the 0.25 m/pixel HIRISE instrument on the Mars Reconnaissance Orbiter
(McEwen et al., 2007) and the 0.5 m/pixel Lunar Reconnaissance Orbiter Camera instrument
(Chin et al., 2007) can observe some surface features such as metre-sized pahoehoe slabs.
However, surface features such as clinkered "a’a and rubbly pahoehoe cannot be observed.

As a result, CPR coupled with high-resolution optical imagery is insufficient to
differentiate all lava surfaces at our study site in COTM. Without ground-truth information (field
observations, and geochemical and petrographic data), misinterpretations about the lava
properties and emplacement processes of the COTM lava flows would have been made. The
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lava flows may have been presumed to be emplaced under similar conditions, leading to false
interpretations about their volcanic eruption history and magmatic origin. However, the use of
radar for understanding lava flow emplacement and properties should not be disregarded
because of these results. In fact, a general trend of increasing in CPR with increasing SiO: is
observed. Instead, we suggest that caution needs to be taken when interpreting remote sensing
data. For example, a study by Kolzenburg et al. (2018) raises the concern that rheological
inferences on lava flows using remote sensing data may be over exaggerated because inflation
after the cessation of flow-front advance may continue to change the surface morphology and
roughness. However, with no magma flux, lava flow morphology is unlikely to change, with the
exception of mechanical fracturing of surfaces due to lava drainage.

Note that the AIRSAR data was at 24 cm wavelength and is only sensitive to surface
features of that scale. Smaller radar wavelengths such as C-Band (5.6 cm wavelength) may
have revealed different discrepancies between the lava flow surfaces if centimetre scale
features were detected. The same would apply if longer radar wavelengths (e.g. P-Band, 70 cm)
were used. L-Band data was used in this study because it best discriminated the lava flow
surface roughness types at COTM (Zanetti et al., 2018).

In summary, radar remote sensing data provides important information about lava flow
emplacement, but still has its limitations and ambiguities, especially when studying lava flows on
other planetary surfaces where ground-truth information is not available. Until extensive ground-
truth data becomes available for planetary bodies, when interpreting radar data, we should
consider multiple lava flow types that can produce a common CPR value. For example, Arecibo
P-band CPR data of Mare Imbrium lava flows are similar to CPR values for terrestrial lava flows
(Campbell et al., 2007; Morgan et al., 2016). Radar bright mare flows with a CPR of 0.6 match
values for terrestrial “a’a, hummocky, and slabby pahoehoe at L-Band. These wavelengths
differ by more than a factor of two (24 cm vs. 70 cm) and the SAR spatial resolutions differ
drastically (12 m/pixel vs. 200 m/pixel), so we cannot exactly compare the results. The P-band
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641  data will be sensitive to roughness at a slightly larger scale than that of the L-band data. Lava
642  flows at Mare Serenitatis and Mare Crisium may exhibit CPR values similar to Mare Imbrium
643 and COTM. Additional work could investigate the roughness of lava flows from other lunar

644  maria, including Eratosthenian-aged lava flows in the S-SW region of Mare Imbrium with

645  analogous flow and surface morphology to flood basalts (Schaber, 1973).

646 Most lunar maria are proposed to have formed from the development and growth of
647 compound lava flows, with multiple layers of lava flows stacking around the eruption source
648 (Head and Wilson, 2017). The compound lava flow deposits formed from moderate effusion rate
649  (10* - 10° m® s?) eruptions emplacing cooling-limited flows (Head and Wilson, 2017). These
650 compound lava flows are most analogous to the basalt plain volcanic setting at COTM since
651 they comprise multilayered flows, with flow concentrations adjacent to the vents. With such a
652  wide range of potential surface morphologies on the Moon, only in-situ measurements can

653  provide clarification regarding their emplacement style. Until future missions return to the Moon
654  to provide ground truth information about the mare lava flows, more than one type of surface

655  morphology could explain the radar remote sensing data.

656 5 Conclusions

657 The goal of this work was to establish a relationship between the geochemistry,

658  petrography, and surface morphology/roughness of lava flows to improve predictions on their
659 lava properties and emplacement processes using remote sensing data. Geochemically the lava
660 flows were divisible into two major groups and one intermediate group. Each lava flow exhibited
661  a variety of petrographic textures from hypocrystalline, porphyritic, aphanitic, trachytic, and

662  holohyaline. The COTM lava flows exhibit a range of morphologies including smooth,

663  hummocky and rubbly pahoehoe, block-"a’a, and blocky flows. The AIRSAR L-Band data

664  revealed that rubbly pahoehoe and block-"a’a lava flows exhibit similar CPR values, making
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them appear almost indistinguishable in AIRSAR data. If ground-truth information were not
obtained both lava flows could have been interpreted to be the same type of flow, which would
have led to ambiguous interpretations about their emplacement and lava properties. Lava flows
with different surface morphologies that exhibit similar mean CPR values can impede our
interpretations on the lava properties and emplacement processes of lava flows on other
planetary bodies, where no such ground truth data is available. We recommend that caution
needs to be taken when studying the surface roughness and morphology of lava flows on other
planetary bodies such as the Moon. By being conservative, we can begin to improve our
understanding of volcanic surfaces on the Moon, which can be applied to future lander/rover

missions with the objective to study lunar volcanism.
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