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Arfiflf? history: Lunar impact melt deposits have unique physical properties. They have among the highest observed radar
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they are also observed in high-resolution optical imagery to be quite smooth at the meter scale. These
characteristics distinguish them from well-studied terrestrial analogues, such as Hawaiian pahoehoe and
‘a‘a lava flows. The morphology of impact melt deposits can be related to their emplacement condi-

Keywords: tions, so understanding the origin of these unique surface properties will help to inform us as to the
Earth circumstances under which they were formed. In this work, we seek to find a terrestrial analogue for
Impact processes well-preserved lunar impact melt flows by examining fresh lava flows on Earth. We compare the radar
Moon, surface return and high-resolution topographic variations of impact melt flows to terrestrial lava flows with a

Radar observations

Voleani range of surface textures. The lava flows examined in this work range from smooth Hawaiian pahoehoe
olcanism

to transitional basaltic flows at Craters of the Moon (COTM) National Monument and Preserve in Idaho to
rubbly and spiny pahoehoe-like flows at the recent eruption at Holuhraun in Iceland. The physical proper-
ties of lunar impact melt flows appear to differ from those of all the terrestrial lava flows studied in this
work. This may be due to (a) differences in post-emplacement modification processes or (b) fundamental
differences in the surface texture of the melt flows due to the melts’ unique emplacement and/or cooling
environment. Information about the surface properties of lunar impact melt deposits will be critical for
future landed missions that wish to sample these materials.

© 2016 Elsevier Inc. All rights reserved.

1. Introduction which vary with crater diameter (Cintala and Grieve, 1988). Co-
) ) . herent flows of melt are observed exterior to many craters on the

The formation of melt is a fundamental part of the impact cra- Moon, over a large range of diameters (Carter et al., 2012; Denevi
tering process. The high shock pressures experienced during im- et al., 2012; Stopar et al., 2014; Neish et al., 2014). In some cases,
pact causes the target rock to melt, forming a layer that lines  there js evidence for a complex post-emplacement history, includ-
the transient cavity (Melosh, 1989). Much of this material remains ing multi-stage influx of melt into flow lobes (Bray et al., 2010).
within the final crater, but some impact melt may be ejected from  The extent of melt movement has implications for the physical

thg crater or draped over the .rim. Indeed,. deposits of melted ma- properties of the melt, surface topography, and the timing of modi-
terial are often observed exterior to fresh impact craters on terres- fication in complex craters (e.g., Osinski et al., 2011). Thus, studying
trial planets (e.g,, Howard and Wilshire, 1975; Hawke and Head,  the properties of these deposits will lead to a deeper understand-
1977). These deposits have differing volumes and morphologies, ing of this important geologic process.

Lunar impact melt deposits have unique physical properties
* Corresponding author. compared to other lunar materials. Impact melt deposits have
E-mail address: cneish@uwo.ca (C.D. Neish). among the highest observed radar returns on the surface of the
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Moon (Campbell et al, 2010; Carter et al., 2012; Neish et al,,
2014). They commonly have S-Band (12.6 cm wavelength) circu-
lar polarization ratios near or exceeding one, a result consistent
with scattering from decimeter scale rock edges, cracks, or natu-
ral corner reflectors (Campbell, 2012). The only other materials on
the Moon with similar radar properties are ejecta blankets around
fresh craters, which are composed of rocks and boulders of differ-
ing sizes, found at the surface and within a fine-grained regolith
matrix (Campbell, 2012). However, when viewed in high-resolution
optical imagery, the lunar impact melt flows appear smooth at the
meter scale (Bray et al, 2010; Neish et al, 2014; Stopar et al.,
2014), unlike ejecta blankets, which remain ‘rough’ at these scales
(Ghent et al., 2010; Bandfield et al., 2011).

It may be possible to constrain the physical properties of im-
pact melt flows by comparisons to lava flows on the Earth and
other planets. Although they have different origins, impact melt
flows and lava flows are both composed of melted rock that flows
over a planetary surface under the influence of gravity, cooling and
crystallizing in the process. In many cases, the morphologies of im-
pact melt flows appear very similar to the morphologies of terres-
trial lava flows, although they also exhibit distinct features such
as erosional channels (Bray et al., 2010; Denevi et al., 2012). As
with lava flows, the morphology of impact melt flows can be re-
lated to their emplacement conditions and melt properties through
thermo-rheological models (cf., Gregg and Fink , 2000). For exam-
ple, initial measurements of the three dimensional structure of lu-
nar impact melts appear most consistent with superheated, low
viscosity flows (Denevi et al., 2012). Understanding the origin of
their unique surface properties will further inform us as to the
conditions at which they were emplaced.

However, the surface characteristics of lunar impact melt flows
- rough at decimeter scales and smooth at meter scales - are
unlike any terrestrial lava flows yet studied. Terrestrial pahoehoe
flows in Hawai‘i are smooth at both decimeter and meter scales
(Campbell and Shepard, 1996), and have low circular polarization
ratios (Campbell, 2002). ‘A‘a flows are rougher at both scales, but
have moderate circular polarization ratios that do not exceed one.
Blocky, andesitic flows have circular polarization ratios that do ex-
ceed one (Campbell et al., 1993), but they are typically rough at
meter scales, as measured by their root mean square height and
slope (Shepard et al., 2001).

Still, several types of terrestrial lava flows have not been ex-
tensively studied at radar wavelengths, and may prove to be bet-
ter analogues to lunar impact melt deposits than pahoehoe and
‘a‘a end-members. In particular, a variety of ‘transitional’ lava flow
types may develop if the surface of a pahoehoe-like flow is dis-
rupted. These flows produce ‘platy’ or ‘slabby’ lava flows consisting
of a series of large slabs or ‘rubbly’ lava flows if the slabs are dis-
rupted into smaller pieces (Keszthelyi et al., 2004). Rubble differs
significantly from ‘a‘a clinker in that it is not spinose due to vis-
cous tearing, but instead blocky due to mechanical fragmentation
of an already brittle crust (Guilbaud et al., 2005). As such, it likely
has different radar scattering properties than ‘a‘a flows and may
present a better analogue to lunar impact melt flows. Indeed, platy
lava flows have been identified by Keszthelyi et al. (2004) in the
Cerberus Plains on Mars, and many of these flows have high circu-
lar polarization ratios (Harmon et al, 2012), similar to lunar impact
melt flows.

There are only a few regions on Earth where transitional lava
flows have been imaged with synthetic aperture radar. One lo-
cation is the Craters of the Moon (COTM) lava field in Idaho
(Campbell et al., 1989; Khan et al., 2007). COTM is located in
Idaho’s Great Rift volcanic zone and is the largest dominantly
Holocene basaltic lava field in the contiguous United States, formed
over eight major eruptive events during the last 15,000 years
(Kuntz et al., 1992). This polygenetic lava field shows a great diver-

sity of volcanic features, including transitional lava types, such as
slabby and blocky flows (Hughes et al., 1999). Transitional lava flow
textures are also found in Iceland. Keszthelyi et al. (2004) found
examples of surfaces composed primarily of disrupted pahoehoe
on lava flows that were hundreds to thousands of years old. More
recently, the Holuhraun eruption generated a wide range of sur-
face textures, including spiny pahoehoe, rubbly and slabby lavas,
and ‘a‘a (Pederson et al., 2015; Hamilton, 2015).

In this work, we seek to identify a terrestrial analogue to lunar
impact melt flows, with a particular focus on transitional lava mor-
phologies. We characterize the roughness properties of transitional
lava flows for the first time and compare them to similar prop-
erties for the more extensively studied Hawaiian lavas. These in-
clude both pahoehoe and ‘a‘a flows in Kilauea and Maunu Ulu. We
determine the root mean square height, root mean square slope,
and Hurst exponent of the flows at a range of scales, using high-
resolution topographic profiles acquired in the field. We compare
these results to L-Band (24 cm wavelength) radar data acquired
over the same flows.

Finally, we compare the roughness properties of the lava flows
to the properties of impact melt deposits on the Moon. We use im-
ages acquired by the S-Band (12.6 cm wavelength) Mini-RF instru-
ment on board the Lunar Reconnaissance Orbiter (LRO) (Nozette
et al., 2010), the digital terrain models (DTM) produced from LRO
Narrow Angle Camera (NAC) images (Robinson et al., 2010), and
surface roughness properties derived from LRO Diviner Radiometer
measurements (Paige et al., 2010). In this work, we focus specifi-
cally on an impact melt flow emanating from a lunar crater on the
rim of Korolev X (located on the lunar farside at 0.56°N, 159.44°W)
(Osinski et al., 2011). There are only a handful of DTMs of lunar
impact melt flows that are publicly available through the Planetary
Data System, and of these, the melt flow at Korolev X is the largest
and best preserved example. By examining this representative melt
flow, we aim to identify appropriate terrestrial analogues for these
unusual materials, to help us understand their emplacement con-
ditions and evolution over time.

2. Surface roughness from topographic data
2.1. Technique

The roughness of a surface is typically defined by its topogra-
phy over horizontal scales of centimeters to a few hundred me-
ters. However, to compare the relative roughness of different sur-
faces, we need a standardized way to quantify this value. Shepard
et al. (2001) looked at the various methods used to quantify sur-
face roughness, and suggested a standard method for computing
relevant parameters. Following their recommendation, in this work
we report the root mean square (RMS) height and slope of the sur-
face at a variety of scales, as well as the scaling behavior of the
surface roughness as quantified by the Hurst exponent.

The RMS height, hyns, is the standard deviation of heights about
the mean (Eq. (1)):

12
1 < .
hrms: m;[z(xi)_z]z (1)

Here, n is the number of sample points, z(x;) is the height of the
surface at point x;, and Z is the mean height of the profile. Typically
the profile is detrended by removing the best-fit linear function
from the data. In this case, the mean height is zero. The RMS slope
can be determined from the Allan variance, v2 (Eq. (2)):

V(A0 = 13 [208) — 206 + A9 @
i=1
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Here, the topographic profile is sampled at every step Ax, and
the RMS difference in heights is calculated. From this, we can cal-
culate the RMS slope, sy, at a variety of step sizes (Eq. (3)):

V(AX
Srms = (AX ) (3)

Both the RMS height and the RMS slope are dependent on the
scales over which they are measured. Most natural surfaces can
be described by a ‘fractal’ or ‘self-affine’ scaling behavior (Turcotte,
1997), characterized by the Hurst exponent, H (Eqs. (4)-(6)).

H

ho() =Gi( 1) (4)
H
V(AX) = CS(AA:() (5)
H-1
_ov(Ax) AX
So(AX) = Ax/Axg) _CS<AX0> (6)

Here, L is the length of the profile, Ax is the step size, and C,
and Cs are the RMS height and slope at the reference scales L, and
AXo. The Hurst exponent ranges from zero to one. A Hurst expo-
nent close to zero indicates that the surface becomes smooth as
the scale increases (e.g., a grass lawn). A Hurst exponent close to
one indicates that the surface maintains its roughness (or smooth-
ness) as the scale increases. A surface is equally rough (or smooth)
at any scale at H = 1. A Hurst exponent of 0.5 is termed ‘Brownian’,
since Brownian motion will produce a surface of this form. Many
natural surfaces tend to cluster about this value (Shepard et al.,
2001). In many cases, this scaling behavior only works for a lim-
ited range of scales and there is a ‘break point’ in the scaling that
disconnects large-scale from fine-scale roughness. In these cases,
one must calculate the parameters on each side of the break point
(Shepard et al., 2001).

2.2. Topographic data

In this work, we acquired one-dimensional profiles with differ-
ential GPS (dGPS) over various lava flow surfaces in three locales:
two locations that exhibit ‘transitional’ lava flow textures (COTM
and the new lava flow at Holuhraun in Iceland), and one location
that exhibits the well-studied pahoehoe and ‘a‘a end-members
(Mauna Ulu). The profiles were typically tens of meters to over one
hundred meters long. The horizontal spacing varied from profile to
profile but was always less than 25 cm (see Table 1). The only ex-
ception was Profile A at COTM, which was conducted in manual
rather than continuous collection mode, and produced a spacing
of 26 + 12 cm. The profiles have a vertical accuracy of better than
2 cm and a vertical precision of 6-8 cm (based on the method of
Hamilton et al. (2010)). Roughness properties may have directional
biases (Morris et al., 2008), so when possible, we collected profiles
in perpendicular directions.

The topographic profile from each lava flow was detrended by
removing the best-fit linear function from the data. This was done
in order to replicate the technique used by Campbell (2002), so
that we could compare our results directly. The profiles were then
interpolated, and heights extracted at step sizes Ax ranging from
0.25 m to 12 m. The Allan variance was calculated for each step
size, and the Hurst exponent and RMS slope (at 1 m reference
scale) were determined from linear fits to the variogram. The Hurst
exponent is computed from the slope of the fit, and the RMS slope
is computed from the y-intercept of the fit (Eq. (7)).

log (v(Ax)) = log (Cs) + Hlog(Ax) (7)

Fits at two different scales were completed - one over the range
0.25 m to 2 m, and one over the range 2 m to 12 m. Ideally,
the profile length should be a minimum of 10 times the length

of the largest scale being investigated (Shepard et al., 2001), but
we found a better fits to the variogram if we included a 12 m
baseline (12% of 100 m) instead of stopping at a 10 m baseline.
In the latter case, a 2 m-long low pass filter was applied to aid
in comparisons with the lower resolution lunar data. This was ac-
complished by calculating the moving average of the topographic
profile, averaging runs of eight elements spaced 25 cm apart to
produce a smoothed 2 m profile. The results of these fits, as well
as the standard error of the fits, are reported in Table 1. In addi-
tion, the RMS height was calculated for each one-meter section of
the profile (with a horizontal spacing of 25 cm), and the average is
reported in Table 1.

In COTM, the profiles were collected over five distinct types of
lava flows (Figs. 1 and 2). The basalts at COTM have a range of
chemical compositions, and tend to have higher silica (SiO;) con-
tent than typical tholeiitic basalts in the surrounding monogenetic
lava fields (Hughes et al., 1999, 2004). This produces lava flows
with a range of different textures. The ‘billowy’ pahoehoe is char-
acterized by large lobes of smooth pahoehoe that typically have
elongated gas bubbles on the surface that form spines. The ‘lava
pond’ is a ponded section of the pahoehoe flow. Transitional lava
flow types are also present. The ‘slabby’ lava has a surface com-
posed of disrupted plates of broken pahoehoe crust, which are
decimeters to meters in size in the horizontal dimension and cen-
timeters in size in the vertical dimension. The ‘rubbly’ lava is sim-
ilar to the slabby lava, but the broken pieces of pahoehoe are
roughly the same size in all dimensions. The ‘blocky’ lava has a sur-
face composed of angular blocks, which tend to be several decime-
ters in dimension. Representative topographic profiles for each of
these lava flows are shown in Fig. 3, and example variograms are
shown in Fig. 4.

Next, we compared the data collected in COTM to topographic
profiles acquired over basaltic lava flows in Hawai'i. Campbell
(2002) report the RMS height, RMS slope, and Hurst exponent for
ten profiles acquired on Kilauea Volcano, for horizontal step sizes
between 0.25 m and 2 m. Similar profiles were also obtained over
fresh and degraded pahoehoe lava flows in the distal SE margin of
the Mauna Ulu lava flow (Figs. 5 and 6). The Mauna Ulu eruption
initiated on 24 May 1969, and lasted until 24 July 1974. Basaltic
lava extruded from Mauna Ulu covers 61 km? and includes a wide
range of ‘a‘a and pahoehoe flow types (Swanson et al., 1979; Till-
ing et al., 1987; Byrnes et al.,, 2001). Of particular interest within
this study is the lava located in the medial to distal portions of the
SE flow branch, which is composed of dense, hummocky pahoehoe
that was fed by a network of internal pathways (i.e., lava tubes)
that transported lava beneath a stable crust that underwent sig-
nificant inflation (Peterson and Swanson, 1974; Walker, 1991). This
study area is located just to the south of the region investigated
by Byrnes et al. (2001). In that region, sheet-like pahoehoe flows
overlie similar pre-historic pahoehoe lava flows, and both flows ex-
hibit prominent inflation features such as tumuli. It is interesting
to note that evidence of broad-scale inflation has also been ob-
served in some lunar impact melt flows, including one at Giordano
Bruno (Bray et al.,, 2010), but localized inflation structures (e.g., tu-
muli) have not been observed within impact melts to date. Both
the modern and prehistoric lava flows were analyzed in the exact
same manner as the flows in COTM. The values for RMS height,
RMS slope, and Hurst exponent are reported in Table 1.

Finally, we determined the roughness properties for four differ-
ent regions on the fresh Icelandic lava flow at Holuhraun (Figs. 7
and 8). This eruption began on 31 August 2014 and lasted until
28 February 2015. The erupted lava had an olivine tholeiite com-
position with a minor abundance of phenocrysts and a ground-
mass containing silicate glass with plagioclase, clinopyroxene, and
olivine microlites (Gislason et al., 2015). The eruption generated 1.6
+ 0.3 km? of magma and produced a lava flow covering 84.1 + 0.6
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Roughness properties of lava flows at Craters of the Moon National Monument, the 2014-2015 eruption at Holuhraun in Iceland, Hawai'i Volcanoes National Park, a lunar
impact melt, and a lunar lava flow.

Profile Type of lava Profile length  Horizontal Vertical Cp (1 m) CsP () HP Cs€ () H¢
(m) spacing (cm)?  accuracy (cm)  (cm)

COTM - LP Lava pond 100 16 + 2 1.5 53 72 £02 0.42 + 0.04 51 £ 05 0.50 + 0.05

COTM - Alt Rubbly lava 40 16 + 2 1.5 13.3 15.1 £ 0.6 0.28 + 0.06 16 £ 6 0.0 £ 0.2

COTM - A Slabby lava 100 26 + 12 2 14.0 16.8 + 0.4 0.52 + 0.04 16 + 2 0.14 + 0.05

COTM - B Slabby lava 65 19+ 38 2 15.8 204 + 0.6 0.50 + 0.05 16 +3 03 £ 0.1

COTM - X1 Billowy 100 15+3 1.5 16.3 22.0 £ 0.7 0.52 + 0.04 17 £3 0.49 £ 0.09
pahoehoe

COTM - X2 Billowy 100 16 + 3 1.5 15.2 211 £ 05 0.53 + 0.04 16 + 1 0.61 + 0.04
pahoehoe

COTM - K2 Blocky lava 90 16 + 3 1.5 19.7 24 +1 0.45 + 0.06 18+ 6 03 £ 0.2

COTM - K3 Blocky lava 70 17+ 3 1.5 16.6 23 +1 0.46 + 0.07 25+ 7 01 + 0.1

Holuhraun - H2 Spiny pond 40 m+2 1 7.5 10+1 02 + 0.2 5.7 +£ 0.6 0.27 + 0.05

Holuhraun - H4 Spiny pahoehoe 40 10 +3 1 4.4 54 +0.2 0.24 + 0.06 42 + 05 0.30 + 0.06

Holuhraun - H5 Slabby lava 40 10 + 2 1 13.7 16.1 £ 0.5 0.41 + 0.04 1n1+3 03 +0.2

Holuhraun - H7 Rubbly lava 40 9+3 1 174 16.6 £ 0.5 0.18 + 0.04 6+2 05 + 0.2

Mauna Ulu - M5  Fresh, smooth 100 20 2 5.1 8.8 £ 0.2 0.70 + 0.03 8+1 0.76 + 0.08
pahoehoe

Mauna Ulu - M6  Fresh, smooth 100 20 2 7.3 133 £ 01 0.75 + 0.01 15+ 3 0.5 + 0.1
pahoehoe

Mauna Ulu - M7 Fresh, smooth 100 20 2 43 6.6 £ 0.1 0.72 + 0.02 6.4 + 0.8 0.40 + 0.07
pahoehoe

Mauna Ulu - M9 Fresh, smooth 100 20 2 31 5.0+ 0.1 0.72 + 0.02 5+1 0.8 + 0.1
pahoehoe

Mauna Ulu - P6 Degraded 100 20 2 49 76 £ 01 0.73 + 0.01 8+1 0.50 + 0.06
pahoehoe

Mauna Ulu - P7 Degraded 100 20 2 5.0 8.8 £ 0.1 0.77 + 0.03 81+03 0.72 + 0.02
pahoehoe

Mauna Ulu - P8 Degraded 100 20 2 42 71 £ 0.1 0.72 + 0.03 69 + 04 0.66 + 0.03
pahoehoe

Moon - Korolev X  Impact melt 100 200 1414 N/A N/A N/A 2.2+ 15°¢ 0.81 + 0.06°

(down flow)
Moon - Korolev X  Impact melt 100 200 141 N/A N/A N/A 2.2 + 15 0.85 + 0.05
(cross flow)
Ina D Lunar lava flow 100 200 141 N/A N/A N/A 15+ 0.7 0.8 £ 0.1

@ The errors reported here are the standard deviation of all step sizes.

b Cs and H were calculated for step sizes between 0.25 and 2 m. The errors reported here are standard errors from the fit.

¢ Cs and H were calculated for step sizes between 2 and 12 m. A low pass filter was applied to the COTM, Iceland, and Hawai'i data.

d The reported vertical precision error from SOCET SET is 1.41 m, meaning 95% of the elevation values in the DTM are internally accurate to within 1.41 m. See Henricksen
et al. (2016) for details.
¢ These values represent the average of all profiles analyzed in the area indicated in Fig. 11, with 1 sigma standard deviation given as error.
f These values represent the average of all profiles analyzed in the area indicated in Fig. 18, with 1 sigma standard deviation given as error.

Fig. 1. National Aerial Photography Program black-and-white image (ID: 04311336.NES.836351) of North Crater and Big Craters flows at Craters of the Moon National Mon-

ument and Preserve. White lines indicate the location of eight dGPS profiles analyzed in this work. U.S. Highway 26 is visible at top left, and North is up.
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Fig. 2. Lava flow types investigated at COTM and Hawai'i: (a) The lava pond at COTM, with backpack for scale, (b) billowy pahoehoe at COTM, with 18 cm long field
notebook in foreground for scale, (c) slabby lava, (d) rubbly lava, (e) and blocky lava at COTM, with ~1.75 m tall person for scale, and (f) prehistoric (P) and modern day

(MU) pahoehoe flows at Mauna Ulu.

km? (Gislason et al., 2015). This makes the 2014-2015 event the
largest flood lava eruption to have occurred in Iceland within the
last 230 years.

The resulting lava flow consisted mainly of ‘a‘a and ‘shelly
pahoehoe’ near the vent and ‘spiny’ to ‘rubbly’ lava in the me-
dial to distal portions of the flow. Spiny lava is characterized by
a network of interconnected lobes that form inflated sheet-like
flow units with rough spinose surfaces. The millimeter-scale spines
on the surface of these flows resembles the texture of ‘a‘a, but
the flow surfaces are generally continuous and are not decom-
posed into clinker. In some locations, the surface of the spiny
lava has been disrupted into large (meter to tens of meter-scale)
plates with banded inter-plate material resembling the ‘toothpaste’
lava described by Rowland and Walker (1987). ‘Rubbly’ lava also
forms inflated lobes and sheet-like units, but its surface consists of

decimeter-scale blocks of fragmented pahoehoe-like crust, which
exhibit evidence of brittle facture along their surfaces. This for-
mation mechanism contrasts with the development of ‘a‘a clinker,
which involves continuous viscous tearing of the lava surface.
Spiny lava units are the dominant flow type along most of the flow
margins, except near the NE margin of the flow, where rubbly lava
units are locally more common in regions where the lava was con-
fined by the east bank of a tributary to the Jokulsd & Fj6llum river.
Rubbly lava units within the Holuhraun lava flow are distinct from
those within the COTM lava in that the rubble is slightly larger
in scale and is more angular. These lava flows were analyzed in
the manner described above, and the values for RMS height, RMS
slope, and Hurst exponent are reported in Table 1.

We then determined the Hurst exponent and RMS slope for an
impact melt flow emanating from a lunar crater on the rim of
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Fig. 3. (top) Eight topographic profiles representing five different lava types at
North Crater and Big Craters flows in Craters of the Moon National Monument and
Preserve. Labels correspond to the profile lines in Fig. 1. From bottom to top, the
lava types represented are lava pond (LP), rubbly (Alt), slabby (A, B), billowy (X1,
X2), and blocky (K2, K3). The best-fit linear trend has been removed from each
profile, and they have been offset from each other for clarity. (bottom) The two re-
gions outlined in black above are plotted to show the centimeter scale roughness
of the lava pond (left) and the slabby lava flow (right).
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Fig. 4. Variogram plots for each of the five different lava types found at North
Crater and Big Craters flows. Points are plotted every 25 cm between 0.25 and 2
m, and every 2 m between 2 and 12 m. The y-intercept is related to the RMS slope
of the flow. Thus, the lava pond has the lowest RMS slope and the blocky lava has
the highest RMS slope.

Korolev X (Osinski et al., 2011; Denevi et al., 2012; Neish et al.,
2014). High resolution (2 m per pixel) digital terrain models (DTM)
can be produced using LRO NAC data, and a handful of DTMs over
lunar impact melt flows have been made publicly available through
the Planetary Data System. Of the publicly available DTMs of im-
pact melt flows, the melt flow at Korolev X is the largest and
best preserved example (Fig. 9). This melt flow has radar proper-
ties typical of melt flows around other fresh craters on the Moon
(Neish et al., 2014), making this an excellent type example for this
study. However, in the future, comparisons between DTMs of im-
pact melt flows in a range of degradation states are needed.

Mauna Ulu
Lava Flows

P6

i

Prehistoric
Lava Flows

Fig. 5. Image showing a portion of the Mauna Ulu lava flow and adjacent prehis-
toric lavas within the Hawai‘i Volcanoes National Park. Yellow lines indicate the lo-
cation of the dGPS profiles analyzed in this work. These profiles all sample inflated
and hummocky pahoehoe flows. The margin of the Mauna Ulu lava flow is outlined
by the thin white line. The image is centered on 19°17'16.51”N, 155° 8'38.46"W
(Google Earth Imagery Date: 1/22/2013).
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Fig. 6. Seven topographic profiles representing two different lava types at the
Mauna Ulu lava flow in Hawai‘i Volcanoes National Park. Labels correspond to the
profile lines in Fig. 5. From bottom to top, the lava types represented are Mauna
Ulu pahoehoe (M5, M6, M7, M9) and prehistoric pahoehoe (P6, P7, P8). The best-fit
linear trend has been removed from each profile, and they have been offset from
each other for clarity.

The analysis of the surface texture of the impact melt flow dif-
fered from that of the terrestrial lava flows, since we had a two-
dimensional DTM rather than a one-dimensional topographic pro-
file. In this case, we extracted a series of one-dimensional 100
m long profiles from the DTM, in two perpendicular directions -
down flow and cross flow (see two example profiles in Fig. 10).
From each profile, we removed the best-fit linear function, calcu-
lated the Allan variance at 2 m intervals for step sizes between 2
m and 12 m, and determined the Hurst exponent and RMS slope
from fits to the variogram. These calculations were repeated, us-
ing a starting point that increased by one pixel, until we reached
the end of the first row (or column, for the perpendicular direc-
tion). At that point, we moved to the next row (or column), and
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Fig. 7. Lava flow types investigated in Iceland: (a) a spiny lava pond and (b) spiny lava, with 2 m tall dGPS rover for scale, (c) slabby spiny lava, with ~1.75 m tall person

for scale, and (d) rubbly lava, with ~1.5 m tall person for scale.
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Fig. 8. Four topographic profiles representing four different lava types at the 2014-2015 Holuhraun lava flow in Iceland. From bottom to top, the lava types represented are
ponded spiny pahoehoe (H2), spiny pahoehoe (H4), slabby spiny lava (H5), and rubbly lava (H7). The best-fit linear trend has been removed from each profile, and they have

been offset from each other for clarity.

repeated the procedure, until each pixel had an associated Hurst
exponent and RMS slope. We ran the completed image through a 9
x 9 median filter, and calculated the average Hurst exponent and
RMS slope for the region indicated in Fig. 11. We found similar
Hurst exponents and RMS slopes in both directions, with an aver-

age H = 0.85 + 0.05 and Cs = 0.039 + 0.027 (or 2.2°) for the cross
flow direction and an average H = 0.81 & 0.06 and C; = 0.039
+ 0.026 (or 2.2°) for the down flow direction. The RMS slopes and
Hurst exponents for all lava flows and impact melt flows examined
in this work are plotted in Fig. 12.
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Fig. 9. (a) LRO NAC mosaic of the impact melt flow at Korolev X, overlain on the global WAC mosaic. The white rectangle shows the location of (b). (b) View of the impact
melt flow, seen at higher solar incidence angle (NAC_DTM_IMPACTMELT2_M145664820_2 M.IMG). (c) Digital terrain model (DTM) of the impact melt flow, produced at a
resolution of 2 meters per pixel (NAC_DTM_IMPACTMELT2_E010N2010.IMG). (d) Close-up of the region indicated by the white box in (b).
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Fig. 10. Two randomly selected topographic profiles from the impact melt flow at
Korolev X, taken in two perpendicular directions: down flow, and cross flow. The
best-fit linear trend has been removed from each profile, and they have been offset
from each other for clarity.

3. Surface roughness from radar data

Surface roughness can also be assessed using synthetic aper-
ture radar (SAR) images. Imaging radars typically operate at wave-
lengths of centimeters to decimeters, so they are sensitive to sur-
face roughness at a similar scale. There are many regions in the
solar system (including the Earth) for which centimeter scale to-
pography is difficult to obtain. Thus, linking radar backscatter to
the high-resolution topographic profiles described in Section 2 is
key to understanding the structure of various geologic units and
how different surfaces originate and evolve with time.

To quantify roughness on different surfaces, we use the circu-
lar polarization ratio (CPR). This is defined as the ratio of the radar
backscatter in the same polarization that was transmitted (SC) to
the opposite polarization (OC) (i.e., CPR = SC/OC). For example,
if a left circularly polarized wave was transmitted, SC would be
the signal received in left circular polarization (LL) and OC would
be the signal received in right circular polarization (LR). CPR is a
useful indicator of surface roughness. When a circularly polarized
radar wave is backscattered off an interface, the polarization state
of the wave changes. Flat surfaces, dominated by single-bounce re-
flections, tend to have high OC returns and low CPR values. Rough

surfaces, on the other hand, are dominated by multiple-bounce re-
flections. They tend to have approximately equal OC and SC re-
turns, with CPR values approaching one.

Rarely, CPR values can exceed one. Circular polarization ra-
tios greater than one have been observed in rocky areas such as
Maxwell Montes on Venus (Campbell et al., 1999), blocky lava
flows on the Earth (Campbell et al, 1993), lava flows on Mars
(Harmon et al., 2012), and fresh ejecta blankets on the Moon
(Campbell, 2012). Circular polarization ratios up to 2 can be pro-
duced via multiple reflections from rock edges and cracks, while
scattering from natural corner reflectors (dihedral scattering) can
produce an average CPR up to 3-4 (Campbell, 2012).

We examined L-Band (24 c¢cm wavelength) AIRSAR images of
North Crater and Big Craters lava flows in COTM (Fig. 13). AIR-
SAR was a fully polarimetric imaging radar operated by NASA/JPL
that flew on a DC-8 aircraft from 1988 through 2004 (Evans et al.,
1986). It operated simultaneously at C-Band (5.6 cm), L-Band (24
c¢m), and P-Band (68 c¢m). In this work, we examine L-Band data
acquired at COTM on March 31, 2003 (Khan et al., 2007).

The radar data was processed and calibrated using the AIRSAR
data processor version 6.38 on May 27, 2004, and made available
in compressed Stokes matrix format. The calibration corrected for
channel gain imbalance, and the measured and corrected HV/VH
power ratio for this scene is 1.012. The HV and VH phase differ-
ence was also measured, and used in the phase calibration of the
compressed Stokes matrix pixels. We used the Stokes matrix (W)
to reconstruct the SC (LL) and OC (LR) radar returns (Eqs. (8) and
(9)) (Campbell, 2002). The circular polarization ratio is slightly dif-
ferent if RR and RL returns are used instead, but previous work has
reported LL and LR returns, so that is what we report here.

ol =Wyt +2Wig + Wi (8)
Ok =Wy — Wy (9)

In addition to surface roughness, factors such as vegetative
cover may have affected the radar returns obtained in 2003. How-
ever, the vegetative cover on the COTM lava flows is sparse to non-
existent, and no obvious changes in the vegetative cover have oc-
curred between the time of the AIRSAR data collection in 2003 and
the fieldwork conducted in 2014 (S. Hughes, personal communica-
tion). Thus, we deem this to be a negligible effect. Radar returns
are also sensitive to the incidence angle of the radar. The look an-
gle varied across the scene from 30.8° in the near range to 63.8°
in the far range. The lava flows of interest were in the range of
38-44¢°, similar to the look angle of Mini-RF, 48°.
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Fig. 11. Roughness properties of the impact melt flow at Korolev X. (a) LRO NAC image of the impact melt flow (NAC_DTM_IMPACTMELT2_M145664820_2 M.IMG). (b)
Hurst exponent and (c) root mean square slope (C;), calculated in the cross flow direction. (d) Hurst exponent and (e) root mean square slope, calculated in the down flow
direction. Average properties of the impact melt flow were calculated from the region outlined in white. North is up.

Table 2
Radar properties of representative lava flows and a lunar impact melt.
Lava Type Incidence ~ Wavelength (LL)/(LR) (LL/LR)
angle (°)
COTM Billowy 38-44 L-Band 0.31 0.44
COTM Rubbly 38-44 L-Band 0.43 0.59
COTM Blocky 40-42 L-Band 0.66 0.91
Holuhraun Rubbly 50-53 L-Band 0.47 0.51
Kilauea 4 (billowy pahoehoe)® 44 C-Band 0.29 -
L-Band 0.29 -
Kilauea 5 (‘a‘a) 40 C-Band 0.37 -
L-Band 0.49 -
Kilauea 10 (smooth pahoehoe) 41 C-Band 0.14 -
L-Band 0.18 -
Impact melt at Korolev X 48 S-Band 1.1 13

2 Kilauea results reported in Fig. 6.10 and 6.11 in Campbell (2002). The data re-
ported there was a ratio of the mean LL return to the mean LR return (B. Campbell,
personal communication).

For each region of interest, we determined the mean SC and OC
return, as well as the mean CPR (Table 2). The (SC)/(OC) values
(a ratio of averages) are slightly lower than the (CPR) values (an
average of ratios), because a few large numbers influence the latter
calculation more than the former calculation. Thus, the (SC)/{OC)
value tends towards the mode of the (CPR) distribution, providing
a complementary way of calculating the average CPR of the regions
of interest. The AIRSAR data used had a pixel size of 5 m, and each
pixel had N = 9 looks. The approximate uncertainty is 1/N'/2 for
each pixel, or 33% (Campbell, 2002). We reduced the resolution by
a factor of four (thus reducing speckle noise to 8%) and found no
difference in the mean values reported here.

We also examined an L-Band UAVSAR image of the 2014-2015
Holuhraun eruption (Fig. 14). UAVSAR is a fully polarimetric air-

borne radar run by NASA/JPL that became operational in 2009
(Hensley et al., 2005). The image of the Holuhraun flow was ac-
quired on May 30, 2015, just three months after the end of the
eruption. We used the ground range projected files to calculate the
Stokes matrix (Eqgs. (10)-(12)) (Zebker and Lou, 1990):

1
Wi = é_l[shh S + S - Sy + 2Sh - Siy | (10)
Wia = —22[Sp - Siu] = 2 2[Sh - i) (11)
=5 [Shn - Si] 5L 3hw + Sw
1 s 1 s
Was = 5Shw - Shy = 5 RIShn - Suw] (12)

Here, R and Z represent the real and imaginary parts of the
scattering matrix elements, respectively. We then used Eqgs. (8) and
(9) to calculate the LL and LR returns. The ground projected files
used in this work are calibrated complex cross products projected
to the ground in simple geographic coordinates. The image had a
pixel spacing of 5.556 x 10> degree per pixel (latitude) and 1.1111
x 10 degree per pixel (longitude). There were N = 3 looks in the
range direction and N = 12 looks in the azimuth direction, and the
incidence angle ranged from 46° at the toe of the flow to 65° near
the vent. We determined the mean SC and OC return, as well as
the mean CPR, in a region of rubbly lava outlined in Fig. 14 (Table
2). We visited the region in August 2015, less than three months
after the acquisition of these radar images, so any changes that
may have occurred due to weathering are minimal.

Finally, we examined an S-Band (12.6 cm wavelength) Mini-RF
image of the impact melt flow at Korolev X (Fig. 13). Mini-RF was
a hybrid dual-polarimetric radar, which transmitted in left circular
polarization and received two coherent orthogonal linear polariza-
tions (H and V) (Raney et al., 2012). The full Stokes vector [Sq, S;,
S3, S4] was determined from the total power received in the H and
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Fig. 12. Root mean square (RMS) slope at 1 m reference scale versus Hurst exponent for terrestrial lavas, a lunar lava flow, and a lunar impact melt flow over two different
ranges of step size - 0.25 m to 2 m (top), and 2 m to 12 m (bottom). The data presented here are from Hawaiian lavas reported in Campbell (2002) (Kileaua), Hawaiian lavas
studied in Mauna Ulu, transitional lava flows at COTM, the new lava flow at Holuhraun in Iceland, a lava flow at Ina D, and the impact melt flow at Korolev X.

V channels and the real and imaginary parts of their complex con-
jugate, HVx (Raney, 2006). Mini-RF had a fixed look angle of 48°
(similar to the incidence angles in the AIRSAR and UAVSAR regions
of interest), and the Mini-RF images were calibrated and processed
with a pixel size of 7.5 m, each with an effective number of looks
equal to N ~ 7. The data was reduced to a pixel spacing of 15 m
before analysis, giving speckle noise of 1/N'/2 ~ 19% for each pixel.
We determined the mean SC = S; - S4 and OC = S; + S4 return,
as well as the mean CPR, in a region of the impact melt at Korolev
X (Table 2). The CPR values observed at this crater are similar to
those observed for impact melt deposits around other lunar craters
(Campbell et al., 2010; Carter et al., 2012; Neish et al., 2014).

The results are summarized in Table 2, along with CPR val-
ues for three sites in Kilauea that were discussed in Section
2 (Campbell, 2002). The transitional basaltic lava flows at COTM
and Holuhraun generally have larger mean CPRs than the Hawai-
ian lavas, but only the blocky lava approaches the CPR value of
the impact melt deposit, which generally exceeds one. However,

caution should be exercised when comparing the radar returns of
AIRSAR and UAVSAR to those of Mini-RF. The CPR values cannot
be directly compared, since the wavelengths differ by a factor of
two (12.6 cm vs. 24 cm). However, an average of C- and L-Band
backscatter can be used to give a simulated S-Band value (Shepard
et al., 2001). We find only modest differences in CPR for the C-
Band and L-Band data reported in Campbell (2002) for the sites in
Kilauea: the CPR for Site 4 is 0.29 at C-Band versus 0.29 at L-Band,
the CPR for Site 5 is 0.37 at C-Band versus 0.49 at L-Band, and the
CPR for Site 10 is 0.14 at C-Band and 0.18 at L-Band. No usable C-
Band data is available over Holuhraun, and work is ongoing to de-
termine the differences in response at C-Band and L-Band at COTM
(Zanetti et al., 2016). If the behavior is similar to that reported for
the sites in Kilauea, the L-Band data should be a reasonable proxy
for the S-Band returns from the Moon, although it will be sensitive
to roughness of a slightly larger scale than the Mini-RF data.
Another issue that may complicate comparisons between ter-
restrial radar data and Mini-RF data is that the S-Band CPR
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Fig. 13. (a) National Aerial Photography Program black-and-white image (ID: 04311336.NES.836351) of North Crater and Big Craters flows at Craters of the Moon National
Monument and Preserve. Representative areas of rubbly (r), billowy (b), and blocky (bl) lava types are outlined. (b) AIRSAR L-Band image of the same region. Colorized
circular polarization ratio is overlaid on a total radar backscatter (S1) image. (c) LRO NAC mosaic of the impact melt flow at Korolev X, overlain on the global WAC mosaic.
An area of impact melt (m) is outlined. (d) Mini-RF S-Band image of the same region. Colorized circular polarization ratio is overlaid on a total radar backscatter (S1) image.
North is up in all images.

Fig. 14. (a) UAVSAR L-Band total radar backscatter (S1) image of the lava flow produced during the 2014-2015 Holuhruan eruption in Iceland. The center coordinates are
64.9°N, 16.6°W, and north is up. (b) Colorized circular polarization ratio (CPR) overlaid on the total radar backscatter image. The locations of the four transects are marked
(see Table 1). An area of rubbly lava is outlined in red, and the average circular polarization ratio is reported in Table 2.
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Fig. 15. (a) A portion of a NAC image of a lunar impact melt flow
(NAC_DTM_IMPACTMELT2_M145664820_2 M.IMG), showing the data at 2 m/pixel
resolution. (b) The same data set reduced to 6 m/pixel and (c) 10 m/pixel
by applying a lowpass filter. (d) A shaded relief image of the NAC DTM
(NAC_DTM_IMPACTMELT2_E010N2010.IMG), using the same illumination conditions
as the original image. Features marked in white circles in (a) and (b) are observed
in (d) but not (c), while features marked in red circles are obvious in (a), difficult to
observe in (b) and (d), and not present in (c). This suggests an effective resolution
less than 2 m, but more than 10 m. (e) When the dGPS profiles are reduced in res-
olution to 6 m, they tend to produce results with higher Hurst exponents and lower
RMS slopes. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

values obtained from Mini-RF are observed to differ from those ob-
tained from ground based S-Band radars. The Mini-RF CPR is con-
sistently lower than those obtained from the bistatic combination
of the Arecibo Observatory radar transmitter and the Green Bank
Telescope (GBT) receive system, even when acquired at similar in-
cidence angles (Carter et al., 2014). The reason for this discrepancy
is not presently known, but is probably a combination of factors in-
cluding compression errors, differences in the transmit axial ratio,
and the choice of transmit and receive basis for the compact po-
larimetry. Indeed, the reconstruction of certain scattering parame-
ters from a dual-polarimetric radar (e.g., Mini-RF, Arecibo/GBT) can
vary depending on the choice of transmit and receive basis (Nord
et al., 2009). These concerns will be addressed in future work [e.g.,
Carter et al., 2016).

However, we can say that impact melt flows have higher values
of CPR than most other lunar materials (except for fresh impact
crater ejecta), and this is true for observations made by both Mini-
RF (Carter et al., 2012; Neish et al., 2014) and Arecibo (Campbell et
al., 2010). The increased CPR may be a result of either a large num-
ber of wavelength-sized cracks or a large number of wavelength-
sized blocks. (If the block sizes are significantly larger or smaller
than the radar wavelength, they have qualitatively lower values
of CPR (Bulmer et al., 2005; Campbell et al., 2009a).) Meter scale
cracks are observed in many lunar impact melt flows (see Fig. 9d),
so it is reasonable to assume that smaller, decimeter scale cracks
may also be present. Scattering from cracks can produce CPR of
one for single scattering, and up to two for multiple reflections
(Campbell, 2012). However, larger increases in CPR (up to 3-4) re-
quires scattering from natural corner reflectors (the dihedral mech-
anism), formed by pairs of rock faces (such as you might find in a
blocky flow). Campbell (2012) judge that only the dihedral mech-
anism is capable of producing the highest CPR values observed on
the Moon. This is consistent with observations of lava flows on
Earth - the only terrestrial lava flows with CPRs that exceed one
have a blocky texture, like SP Flow in Arizona (Campbell et al.,
1993), or the blocky flows studied in Idaho (Fig. 13). Many terres-
trial lava flows have decimeter-scale cracks, but show no associ-
ated increase in circular polarization ratio (see, for example, the
billowy lavas in Fig. 13). Therefore, one reasonable interpretation
of the Mini-RF data is that lunar impact melts have a surface or
near-surface texture that consists of decimeter scale blocks.

4. Discussion

In this work, we sought to identify terrestrial lava flows that
possess analogous surface properties to lunar impact melt flows, in
terms of having similar radar polarization ratios, Hurst exponents,
and root mean square slopes. We examined lava flows that ranged
in texture from smooth Hawaiian pahoehoe to blocky and slabby
transitional basaltic lava flows at COTM to rubbly and spiny lava at
Holuhraun in Iceland. At the decimeter scale, lunar impact melts
look most like blocky lava flows, but at the meter scale, they ap-
pear most like smooth Hawaiian pahoehoe. No terrestrial analogue
yet studied appears to have the same small-scale roughness cou-
pled with large-scale smoothness observed in lunar impact melt
deposits. The closest analogue observed to date is the months old
rubbly lava at Holuhraun. This lava flow is observed to have both
(a) moderate values of CPR and (b) comparable values of root mean
square slopes at the meter scale. However, even this lava flow does
not have similarly large values of the Hurst exponent (H = 0.5 +
0.2 vs. average values of H = 0.8 £ 0.1) or the extreme values of
circular polarization ratio (~0.5 vs. > 1) observed in lunar impact
melt flows.

How, then, do we reconcile the unusually ‘rough’ radar returns
of lunar impact melt flows at decimeter scales with the ‘smooth’
appearance at meter scales? Why are the surface properties of lu-
nar impact melt flows unlike any terrestrial lava flow yet studied?
We explore several different explanations below, which roughly
cluster into three groups: (1) differences in data processing, (2) dif-
ferences in post-emplacement modification processes, and (3) fun-
damental differences in the surface texture of the melt flows due
to the melts’ unique emplacement and/or cooling environment.

4.1. Differences in data processing

The observed differences between lunar impact melt flows and
terrestrial lava flows may be a consequence of our chosen method
of data processing. It is possible our results were artificially biased
by the manner in which we chose to downsample our terrestrial
data to mimic its lunar counterpart. To determine the sensitivity of
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Fig. 16. Two hypotheses to explain the observed physical properties of lunar impact melt deposits (shown in dark gray). The regolith development (shown in light gray)
represents a ~500 Myr old crater. Younger melt flows would have less regolith, and older melt flows would have more. (a) Impact melt flows originally have a surface
texture similar to terrestrial lava flows. The surface is disrupted through impact gardening to produce an abundance of decimeter scale blocks. The blocks cause double-
bounce backscatter, leading to high CPR. (b) Impact melt flows are formed with an unusual surface texture, blocky at the decimeter scale but smooth at the meter scale,
producing high CPR returns at S-Band. Impact gardening would disrupt these deposits as well, exposing additional blocky terrain below, but the products of the disruption

are not required to be predominantly decimeter scale blocks.

the results to the choice of low pass filter used, we computed the
Hurst exponent and RMS slopes for profiles that were subjected
to different low pass filters. In addition to the moving average of
eight elements spaced 25 cm apart, we also computed the mov-
ing median of eight elements, and two successive moving averages
of four elements. These gave the same results as those computed
with the original low pass filter, within errors.

We also investigated the sensitivity of the results to the length
of the low pass filter. Henricksen et al. (2016) found that the hori-
zontal uncertainty of NAC DTMs is consistently less than the pixel
size of 2 m. However, the effective resolution may be slightly lower
than 2 m due to artifacts of the algorithm used to generate the
DTM. To determine the effective resolution of the DTM, we gener-
ated images of the melt flow with reduced resolutions (using the
‘lowpass’ application in the ISIS 3 software package), and compared
them to a shaded relief image of the DTM, produced with identi-
cal illumination conditions. Qualitatively, we found that we could
identify features in the shaded relief image with the same accuracy
as we could in the image reduced to a resolution of 6 m/pixel.

In general, we find that reducing the effective resolution of the
resulting topographic profiles (a) increases the derived Hurst ex-
ponent and (b) decreases the RMS slope (Fig. 15e). However, even
if we use an effective resolution of 6 m, in only a few cases did
the results overlap with those observed for the lunar impact melt
flow, and the majority of these are smooth pahoehoes with dis-
tinct radar returns to the melt flows. The most intriguing ana-
logue remains the rubbly lava from the recent eruption in Ice-
land (although here too the measured CPR is considerably less than
that observed for melt flows on the Moon). Photoclinometry based
on the original, higher resolution NAC image would provide to-
pographic profiles more comparable to the terrestrial profiles ac-
quired in the field, and an analysis of this type would be worth
exploring in future studies.

4.2. Differences in post-emplacement modification processes

Terrestrial lava flows and lunar impact melts are also sub-
ject to very different post-emplacement modification processes,
which may account for their observed differences. For example,
the erosional environment on the Moon is quite different than
that encountered on the Earth. The surface of the Moon is pri-

marily altered through impact gardening, while the surface of the
Earth is subject to a wide range of landscape modification pro-
cesses, including fluvial degradation and aeolian infilling. How-
ever, the erosion of lava flows on the Earth is unlikely to be
the sole cause of the observed roughness differences. For exam-
ple, a pristine, months old lava flow in Iceland failed to repli-
cate all of the observed characteristics of lunar impact melt flows.
In addition, the lava flows at COTM are much rougher than the
younger lava flows in Iceland and Hawai‘i, suggesting that smooth-
ing through erosion has only a secondary effect on decimeter
and meter scale surface roughness over these timescales (at least
in the unvegetated environments encountered in the three study
regions).

Alternatively, the radar may be sensing the disrupted surface of
the melt flow, broken apart by impact gardening and covered with
regolith (Fig. 16a). The buried blocks would be visible to a radar,
which can probe the near subsurface (up to ~10 times the radar
wavelength in lunar regolith), but not to an optical or infrared
camera, which is only sensitive to the top few microns of the sur-
face. Shallowly buried blocky crater ejecta can remain undisturbed
for long periods of time (Ghent et al., 2016), so the same may be
true for disrupted melt flows.

The presence of a nearly uniform regolith cover is supported
by an analysis of the Diviner brightness temperature data over
the melt flow at Korolev X. Large temperature differences be-
tween spectral channels indicate a large variety of temperatures
in the Diviner field of view, which typically indicates increased
surface roughness at the ~0.5 cm scale (Fig. 17; see Bandfield et
al. (2015) for a detailed description of this technique). This effect
is most pronounced when the sun is low to the horizon, before
1000 H or after 1400 H local time. Fig. 17 hints that the temper-
ature difference over the melt flow is similar to typical highlands
terrain. This implies that the Korolev X melt flow surface has a
broadly similar surface texture compared to other lunar surfaces
at the centimeter scale (~20° RMS slope distribution (Bandfield et
al., 2015)). In addition, the Korolev X melt flow has low rock abun-
dance values consistent with a surface dominated by regolith cover
(Bandfield et al., 2011). The average rock abundance in the melt
region shown in Fig. 17 is an order of magnitude lower than the
highest rock abundance in the area (~1.3% vs. ~29.8%). The lat-
ter values are more typical of boulder-sized rocks exposed at the
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typically represent increased surface roughness. (b) Diviner rock abundance data overlaid on a LRO WAC DEM shaded relief image. White outlines define the regions used to
derive surface roughness for the ‘Korolev X Melt’ and ‘Off Melt Terrain’ shown in (a). The ‘Highlands Terrain’ region is described in Bandfield et al. (2015). (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)

surface. The low rock abundance over the melt flow thus suggests
the presence of a fine particulate layer.

We can test the hypothesis that Mini-RF is sensing the dis-
rupted surface of melt flows through comparisons to young mare
lava flows. If the radar return is produced by the formation of
decimeter scale blocks through impact gardening, lunar lava flows
of similar ages (i.e. Copernican and Eratosthenian) should show
similar behavior. They do not. The youngest mare surfaces have
lower CPR than the oldest mare surfaces, and the mare in general
have lower CPR than highlands terrain (Cahill et al., 2014). There
are rough mare lava flows observed in P-Band (70 cm wavelength)
radar images of the Moon (Campbell et al., 2009b), but these tend
to be buried such that they are not visible to S-Band radars. It is
unclear why only older, buried lava flows would show high CPR.
It may be that the higher TiO, abundance in the mare attenuates
the S-Band radar wave before it reaches the boundary between the
flows and the regolith. Since the older mare generally have low
TiO, and the younger mare generally have higher TiO,, it is pos-
sible the relation is simply due to radar attenuation, not the flow
texture (Campbell et al., 2014).

However, even the youngest mare lava flows on the Moon,
some of which may be as young as tens of millions of years old
(Braden et al., 2014) have low CPR (Carter et al., 2013). This sug-
gests that at least some mare flows have different surface prop-
erties than impact melt flows. An interesting analogue site is the
Ina D depression, located at 18.66°N and 5.30°E on the near side
of the Moon (Fig. 18). This feature has been interpreted to be an
extremely young, irregular mare patch with a crater retention age
of 33.2 + 2 Myr (Braden et al., 2014). Thus, although it has a sim-
ilar age to impact melt flows around young, fresh craters, it was
likely formed through volcanic processes rather than impact re-
lated processes. A high-resolution (2 m/pixel) DTM is available for
Ina, which we analyzed using the same techniques applied to the
DTM for the impact melt at Korolev X. For one prominent lava flow
(marked by a white box in Fig. 18), we found a mean Hurst ex-
ponent H = 0.8 £ 0.1 and a mean RMS slope of Cs = 0.027 +
0.013 (or 1.5°). (The results were the same for both perpendicu-
lar directions shown in Fig. 18.) These characteristics suggest Ina
D has similar physical properties to the flow profiles taken at Ko-
rolev X (i.e., smooth at the meter scale). However, when viewed
at radar wavelengths (Fig. 18c and d), Ina D looks similar to the
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Fig. 18. (a) LRO NAC mosaic of  the Ina D depression
(NAC_DTM_INACALDERA_MOSAIC_2 M.IMG). (b) Digital terrain model of
the irregular mare patch, produced at a resolution of 2 meters per pixel
(NAC_DTM_INACALDERA_E190N0050.IMG). (c) Mini-RF S-Band total radar backscat-
ter (S1) image of the same region. The black region was not imaged by Mini-RF. (d)
Colorized circular polarization ratio (CPR) is overlaid on the S1 image. (e, f) Hurst
exponent (H) and (g, h) root mean square slope (Cs) for this region, determined in
two perpendicular directions. (In (e) and (g) the profiles go from left to right, in (f)
and (h) the profiles go from top to bottom.) The white box shows the area used
to characterize the mean physical properties of one lava flow, as described in the
text. North is up in all images.

surrounding regolith. It thus appears to have roughness properties
at the decimeter scale that differ from those of lunar impact melt
flows. Thus, we think it is unlikely that the unusual physical prop-
erties of impact melt flows can be simply attributed to the impact
gardening of a solid melt on the lunar surface.

4.3. Fundamental differences in the surface texture

A final, more speculative explanation is that impact melt flows
have a fundamentally different surface texture than lava flows
on Earth, due to their unique emplacement or cooling conditions
(Fig. 16b). Unlike terrestrial lavas, the emplacement temperatures
of impact melts can be much higher than the liquidus. Studies of
glasses from the Ries impact structure in Germany (Horz, 1965; El

Goresy, 1965; Grieve et al., 1977) support the assumption of super-
heating by several hundred degrees Celsius. There is also evidence
for superheating in lunar impact melts. By examining clast diges-
tion in lunar melt rocks, Simonds et al. (1976) suggest tempera-
tures upwards of 1450 °C, for a liquidus of 1310°C. Thus, impact
melts may be emplaced at much higher temperatures than lava
flows, which typically have temperatures just above the liquidus.
Due to the higher temperatures, impact melts will have lower vis-
cosities than terrestrial lava flows, and the onset of microlite for-
mation may be delayed until the liquidus temperatures are reached
(although fine clasts may act as nucleation sites). This may only
occur after the flows have travelled considerable distances. Impact
melts will also include clastic material not found in terrestrial lava
flows (Grieve et al.,, 1977).

Given these considerations, cooling an impact melt may be a
much different process than cooling a lava flow, and result in dif-
ferent surface textures. For example, impact melt deposits may be
composed of more glassy material. Evidence of glass is observed
in some lunar impact melt deposits (Smrekar and Pieters, 1985;
Dhingra et al., 2013). Lava flow experiments conducted with super-
heated lunar simulants (similar to those described in Lev et al.
(2012)) coupled with thermo-rheological models are needed in or-
der to shed light on the unusual rheology of impact melt flows
and the resulting surface textures. We note that impact gardening
would still affect these flows, so any blocky impact melts would
have to be sufficiently thick to allow exposure of additional rough
terrain under the original flow surface (Fig. 16b). We estimate that
the flows would have to be more than several meters thick to sur-
vive billions of years of exposure, as lunar regolith production is
estimated to be 10 cm per 100 Myr (Melosh, 1989).

Lunar impact melt flows will also experience different surface
cooling conditions than terrestrial lava flows. Surface cooling is
quite sensitive to the efficiency of convective cooling by the at-
mosphere (Keszthelyi and Denlinger, 1996), and will likely dif-
fer under vacuum conditions. Thus, cooling an impact melt flow
through convection in an atmosphere may produce different sur-
face textures than cooling an identical impact melt flow through
radiation in a vacuum. Although we have yet to identify a terres-
trial analogue for lunar impact melt flows, there may be analogue
lava and/or impact melt flows on other planets. The lower atmo-
spheric pressure on Mars may affect the cooling of lavas compared
to the Earth, resulting in different surface textures. Indeed, many
lava flows on Mars have circular polarization ratios that exceed
one (Harmon et al.,, 2012). On the other hand, initial results sug-
gest that impact melt deposits cooled by convection on Venus have
lower circular polarization ratios than impact melt deposits cooled
through radiation on the Moon (Dong and Carter, 2014). This ob-
servation supports the idea that the atmosphere (or lack thereof)
could play an important role in impact melt texture. Future com-
parisons to lava and impact melt flows on other terrestrial planets
may help to identify new analogues to lunar impact melt flows.

5. Conclusions

We compared the roughness properties of lunar impact melt
flows to a variety of terrestrial lava flows, including ‘slabby’ and
‘rubbly’ transitional basaltic lava flows. The surface texture of im-
pact melt flows is unlike that of any terrestrial lava flow yet in-
vestigated. Blocky lava flows have similar decimeter-scale radar re-
turns to lunar impact melt flows, but tend to be rougher at the me-
ter scale. Hawaiian pahoehoe lava flows have similar meter scale
roughness characteristics, but are much smoother at the decimeter
scale. The closest analogue yet identified is a rubbly lava flow from
the recent Holuhraun eruption in Iceland, although even this flow
lacks the extreme values of circular polarization ratio (~0.5 vs. >
1) observed in lunar impact melt flows.
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The differences between terrestrial lava flows and lunar impact
melt flows may relate to (a) differences due to post-emplacement
modification through impact gardening and/or erosion or (b) fun-
damental differences in the surface texture of the melt flows due
to differences in their emplacement and/or cooling environment.
Future work is needed to better understand how these unique ma-
terials were formed and altered with time. Characterizing their sur-
face properties will be crucial for any robotic or human explorer
wishing to sample these materials.
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