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[11 Ground penetrating radar (GPR) has been a useful geophysical tool in investigating a
variety of shallow subsurface geological environments on Earth. Here we investigate the
capabilities of GPR to provide useful geologic information in one of the most common
geologic settings of planetary surfaces, impact crater ejecta. Three types of ejecta are
surveyed with GPR at two wavelengths (400 MHz, 200 MHz) at Meteor Crater, Arizona,
with the goal of capturing the GPR signature of the subsurface rock population. In order to
“ground truth” the GPR characterization, subsurface rocks are visually counted and
measured in preexisting subsurface exposures immediately adjacent to and below the GPR
transect. The rock size-frequency distribution from 10 to 50 cm based on visual counts is

well described by both power law and exponential functions, the former slightly better,
reflecting the control of fragmentation processes during the impact-ejection event. GPR
counts are found to overestimate the number of subsurface rocks in the upper meter

(by a factor of 2—-3x) and underestimate in the second meter of depth (0.6—1.0x), results
attributable to the highly scattering nature of blocky ejecta. Overturned ejecta that is
fractured yet in which fragments are minimally displaced from their complement fragments

produces fewer GPR returns than well-mixed ejecta. The

use of two wavelengths and

division of results into multiple depth zones provides multiple aspects by which to
characterize the ejecta block population. Remote GPR measurement of subsurface ejecta in
future planetary situations with no subsurface exposure can be used to characterize those

rock populations relative to that of Meteor Crater.
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1. Introduction

[2] Ground penetrating radar (GPR) studies can yield
insight into the physical properties, rock-size distribution,
structure, and layering in the shallow subsurface, thereby
granting a three-dimensional view of the processes affecting
an area over geologic time. The broad motivation and impli-
cations of the present work relate to how GPR data from
terrestrial analogs can help constrain models for evolution
of the lunar and martian surface, aid in interpretation of
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orbital SAR or radar sounding data, and help predict what
might be encountered in the subsurface during future landed
scientific or engineering operations on the Moon or Mars.
[3] Broadly speaking, GPR data consist of radar pulses
returned from the subsurface, where two main factors
influence and modify the propagation of waves, contributing
their fingerprint to the final radargram: a material’s dielectric
properties (e.g., electric conductivity, magnetic susceptibi-
lity, typically linked to composition) and subsurface struc-
ture, or arrangement of different materials (e.g., layering,
discrete objects). Our goal is to characterize the structure of
the subsurface with GPR and to use this GPR characteriza-
tion to constrain geological process. While the determination
of subsurface dielectric can inform composition and per-
formance of GPR in one environment compared to another
(e.g., another planet’s surface) is dependent on relative
dielectrics, these aspects of study are not subjects of this
geologic-process focused work, although they are discussed
below. Our study’s approach draws on the rationale that
fundamentally different processes (e.g., impact ejection,
volcanism, fluival transport) produce characteristic deposits
with certain physical properties that are, in some way(s),
diagnostic of the process. Investigation and documentation
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Figure 1. Southern portion of Meteor Crater and surrounding
ejecta. (a) Background image from GoogleEarth. Light toned
lobes are low mounds of ejecta; darker reddish tones are gene-
rally intervening low areas more covered with fines and soil.
Bright white areas directly south are exposures of defunct silica
mine. (b) Geologic map based on Shoemaker [1960] as
reproduced by Kring [2007], with simplified legend of most
pertinent materials. Box outlines and white markers indicate
specific GPR study sites (numbered) which are enlarged in
Figures 4a—4c: Circles =Lobe ejecta sites; Triangles = Quarry
ejecta sites; Squares =Trail ejecta sites.

of the structure-dominated characteristics of the GPR signa-
ture produced by these different deposits in known settings
will aid recognition of such deposits in remote settings and
thus assist in the distinction between fundamental processes
that have influenced those settings.

[4] One of the major challenges in using GPR in geologic
investigations is the degree to which structures and features
of the subsurface can be uniquely, distinctly, and directly
identified. We recognize that the complexities of radar wave
interaction with intricate and unknown subsurface structures
and configurations of materials in the real world often result
in complex radargrams in which it may not be straight-
forward or possible to directly account for every feature
(“wiggle,” line, curve) in the radargram, or to identify or
pinpoint the precise subsurface structure or property causing
it. This is likely to be true especially in blocky, regolith-like
subsurfaces, in which the ideal case of an isolated object in
a homogeneous background producing “text-book” return
patterns may not be realized. Cognizant of this common
inherent limitation, we demonstrate that GPR can be used
to glean information on the subsurface that is nevertheless
useful in characterizing and interpreting the geologic envi-
ronment. As mentioned above, the basis for this approach is
that different geological processes produce deposits that are
inherently reflective of that process. If GPR can consistently

characterize the subsurface produced by a particular process,
then this characterization may serve as a signature by which
to distinguish these deposits from amongst GPR measure-
ments of deposits produced by other fundamental processes.
In recognition of the complexities imparted to real-world
radargrams by a subsurface with many object scatterers, the
GPR characterization, or signature, does not necessarily have
to illuminate the exact nature and configuration of objects
and materials in the subsurface. Rather, it must at least pro-
vide some metric deriving directly from the bulk properties
and configuration of the subsurface that is repeatable for that
type of deposit and different from deposits of other origin.
We directly link the GPR signature to the real subsurface
geology, in particular the volumetric density of ejecta blocks
in the subsurface, by comparing it with “ground-truth”
observations of subsurface exposures immediately adjacent
or subjacent to our GPR transects.

[5] In this work, we describe the characterization of the
GPR signature of a fresh terrestrial impact crater: Barringer
Meteorite Crater (hereafter Meteor Crater), Arizona, USA
(Figure la). Impact cratering is one of the dominant
processes in planetary surface modification, and, hence,
craters and their ¢jecta are perhaps the most prevalent feature
of the lunar and martian surfaces. Results of this study will
serve as a basis of comparison of GPR expression of impact
ejecta to that of other planetary analog terrains such as lava
flows, cinders, flood deps [e.g., Russell et al., 2012; Khan
et al., 2007].

[6] Most of our understanding of the Moon and Mars is
based on surface data collected by orbiter and landed
missions. Relatively little is known about the subsurface, as
missions focusing on digging and drilling have so far been
limited in extent on the Moon and prohibitively expensive.
Because GPR is an efficient, noninvasive tool with which
measurements over a wide area can be made relatively
quickly and easily (as compared to coring or excavation), it is
well suited to future exploration of the lunar and martian sub-
surface and could extend results from cores or outcrops over
much greater areas than otherwise possible. GPR is capable of
addressing a wide range of geological questions pertaining to
the near surface of terrestrial planets, as demonstrated over the
last several decades in scientific investigations and engineering
applications of both terrestrial [e.g., Mellet, 1995; Dominic
et al., 1995; Benson, 1995; Milsom, 2003; Mussett and Khan,
2000; Jol, 2009; Baker and Jol, 2007; Geophysical Survey
Systems, Inc.: www.geophysical.com/gssidocumentation.htm,
“Case Studies” tab] and planetary-analog [e.g., Paillou
et al., 2001; Fukui et al., 2008; Bristow et al., 2010; Grant
et al., 2004; Heggy and Paillou, 2006; Degenhardt and
Giardino, 2003; Khan et al., 2007; Grant and Schultz,
1994; Unrau et al., 2010; Dinwiddie et al., 2011; Hooper
et al., 2012] focus.

[7] GPR has not yet been employed on the surface of
another planet, but would assist in achieving a range of
science objectives set forth by the Mars and Moon
Exploration Analysis Groups [MEPAG, 2008; Shearer
et al., 2004; LEAG, 2009a, 2009b]. GPR instrumentation
has been explicitly pursued, discussed, and recommended
for inclusion in missions to Mars in the past [e.g.,
Berthelier et al., 2003; Grant et al., 2001; Grant et al.,
2003; Vannaroni et al., 2004; Leuschen et al., 2003a;
Olhoeft, 1998], has been tested in rover operations [Furgale
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etal.,2010; Graham et al., 2013], and is included in the cur-
rent instrument payload of the ESA’s ExoMars mission
[Water Ice Subsurface Deposit Observation on Mars
(WISDOM) GPR; Ciarletti et al., 2011]. Results from the
present study will also: (1) directly support ongoing
and future development of effective planetary GPR instru-
mentation, deployment, and field-campaign design; and (2)
contribute toward constraining the geology in the interpreta-
tion of data collected remotely from the Moon or Mars.

2. Background

2.1. GPR

[8] The GPR equipment employed in this study comprises a
400 MHz transceiver (an antenna that is both the emitter and
receiver of signal), a 200 MHz transceiver, an SIR-3000
GPR data control and recording system, and a survey wheel
for measuring distance, all from Geophysical Survey
Systems International (GSSI). Numerous sources review
GPR principles and operation [e.g., Jol, 2009; Conyers,
2004, Daniels, 2007; Baker et al., 2007], from which salient
topics are briefly introduced here. Impulse ground penetrating
radar involves sending pulses of electromagnetic radiation into
the subsurface and measuring the timing and strength of the
return signals. Sending hundreds or thousands of consecutive
pulses and waiting successively longer time intervals at which
to record the return power successively build up a 1-D vertical
scan trace from shallow to deeper depths. Repeating this scan
sequence as the antenna is dragged across the surface builds a
two-dimensional profile, or radargram, of time-depth scan
traces along the transect. To maximize the power transmitted
into and received from the subsurface, the antenna should be
in constant and uniform contact with the ground surface as it
is dragged along the transect. Propagating power is dissipated
along its path largely according to the material’s dielectric
permittivity, € (here understood to be relative to that of air),
resulting in an exponential decay of signal strength with depth.
Typically, for nonwet geological materials, e =~3—11. Higher
dielectric permittivity also decreases the speed of the waves
in the medium, shortening their effective wavelength. The
velocity of waves in the ground is:

ve =¢/Ve (1)

where c=speed of light, and v, =radar wave velocity in the
ground.
[9] The wavelength in the ground, A, is:

Ag = Vg/f ¢ 2

where f.=the GPR center frequency.

[10] For example, while a 400 MHz antenna produces a
wavelength of 0.75m in air, the wavelength would become
38 cm in material with e=4 and 25 cm in material with £=9.
Transmitted signal is reflected when it encounters a change in
dielectric permittivity of the subsurface through which it is
traveling. Such interfaces may come in the form of layers,
material transitions, or an embedded object, due to changes in
density, porosity (filled with air or water), salinity, acidity, or
composition, for example. The presence of groundwater, clays,
sulfates, or carbonates greatly attenuates radar signal passing
through them due to the contribution of their conductive
properties to a higher dielectric permittivity. Highly conductive

materials, such as metals and salt water, appear highly
reflective and effectively prohibit the passage of GPR signal.
Iron-bearing minerals or soils affect a material’s magnetic
permeability, which also increases signal attenuation and
decreases velocity. Thus, the components of the subsurface
significantly control the propagation of radar waves and the
maximum depth of penetration. It is generally considered that
the absence of liquid water in planetary near surfaces, within
subsurface pore space or as films on regolith grains, could
result in vastly improved propagation performance over that
typical on Earth. However, several studies have indicated that
the presence of iron-bearing phases in grains, dust, and rocks
on Mars may dampen such expectations and deserve close
consideration [e.g., Paillou et al., 2001; Heggy et al., 2001;
Stillman and Olhoefi, 2008; Williams and Greeley, 2004;
Pettinelli et al., 2006]. In addition, some knowledge of sub-
surface dielectric properties is necessary to convert the timing
of a return in a scan trace to depth (length) units.

[11] The wave transmitted from a GPR antenna is propagated
into a volume of subsurface over which the strength of signal
varies with direction, with a nadir-focused central cone of
highest power and side lobes of significantly less importance.
The angular width of the central beam concentration at half
maximum power of our antenna is roughly 60° in air (GSSI
personal communication), but the divergence decreases as the
signal travels through materials of higher dielectric permittivity.

[12] The measured returned signal is the integrated power
returned to the antenna from all directions at a given time.
Because the sampled volume of subsurface extends along a
transect both ahead and behind nadir as well as to the sides,
the GPR “sees” a reflection caused by a buried object further
ahead in the transect before being positioned directly over the
object. As the GPR advances along the surface transect, the
direct-line distance to the object ahead decreases, reaching
a minimum when the GPR is directly over it. This scenario
produces an apparently rising reflector in the 2-D data profile
being gathered, as the reflected returns are detected sooner
during approach as the straight-line distance decreases. The
opposite geometric progression unfolds as the GPR moves
away along the transect having passed over the object, pro-
ducing an apparently descending reflector in the radargram.
The result is a return in the shape of a convex-up hyperbola,
with the actual location of the buried object at its apex.

[13] GPR is characterized as an ultra-wideband radar, in
which the ratio of the bandwidth to center frequency is close
to one, i.e., a 400 MHz GPR has a bandwidth of ~400 MHz,
producing a signal with frequencies from 200MHz to
600 MHz with the most emitted power concentrated around
400 MHz. The temporal pulse width, 7, is the inverse of the
bandwidth, 2.5ns for a 400 MHz GPR. The resolution of
GPR in the along-propagation direction, Ar, is generally
considered to be the ground separation distance of two bound-
aries equivalent to a temporal separation of one half of the pulse
width in the data, closer than which the two returned signals
would be indistinguishable. If two pulses are ©/2ns apart in
the two-way travel time data, the interfaces that produced them
are the equivalent of 1/4 ns apart in the ground, so:

Ar = v,7/4 3)

which, for a 400 MHz GPR, is 19 cm in air, 9 cm with =4,
and 6 cm with € =9. In order to distinguish laterally separated
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objects at a given depth, d, by 1/2 ns in the radargram requires
a lateral resolution, Al, of:

Al = \/vydz/2 4)

which, for a 400 MHz GPR at a depth of 1 m, is 61 cm in air,
43 cm with £=4, and 35 cm with ¢=9. Equation 4 is also the
formula for the radius of the radiation footprint of the
descending radar waves (actually more elliptical than
circular) as represented by the cross-sectional area of the first
Fresnel zone around a propagating wave, generally taken to
be an approximation of the area of radar illumination at a
given depth. Objects at or above the scale of one quarter of
this area (half of the length) are likely to contribute signifi-
cantly to the return signal; objects much smaller than this
are likely not to be well registered by the passing waves.

[14] Because radar waves propagate into a volume of the
subsurface, the radargram is not a true 2-D profile—it reflects
a zone of subsurface along the transect that has some width.
The width of this zone increases with depth but at a de-
creasing rate. We take the width represented by a scan trace,
constant along the 2-D profile, to be one Fresnel radius on
either side of nadir. Integrating width over depth, the area
of this transect-perpendicular slice is multiplied by the
transect length to obtain the transect volume from which
the GPR returns are registered.

[15] While the above estimations of GPR behavior such as
propagation, reflection, resolution, and sample volume are
based on ideal physical situations, they enable geologic
interpretations to be made. The physical characteristics of
the natural subsurface are often too heterogeneous and
complex to precisely reconstruct with GPR.

2.2. Meteor Crater

[16] Meteor Crater is chosen as an analog because it is an
accessible, fresh crater and has been used in planetary analog
studies for decades [e.g., Shoemaker, 1960, 1963; Roddy
et al., 1975; Kumar et al., 2010]. Meteor Crater is a ~1.2 km
diameter basin excavated by the impact of an iron meteorite
into the relatively smooth surface of flat-lying Permo-
Triassic sedimentary rocks of the Colorado Plateau Sequence
[Barringer, 1905; Shoemaker, 1960, Figure 1b]. The general-
ized stratigraphy of units intersected by the crater and present
in its ejecta comprises the ~220m thick Permian Coconino
sandstone, the ~80 m thick Permian Kaibab dolomite, and
the ~9m thick Triassic Moenkopi sand- and siltstone. The
Coconino is a bright white, very pure (~97% silica) sandstone
characterized by aeolian cross-bedding, the laminae of which
are often visible in ejecta blocks. The Kaibab is a light yellow,
generally microcrystalline, fossiliferous marine dolomite with
interspersed beds of higher-silica calcareous sandstone. The
Moenkopi contains more lithologic variety due to its origin
as a coastal floodplain, including sandstones, siltstones, and
occasionally shale. The unit contains fossils and tracks in-
dicative of the depositional environment. The bulk of the
sediments are moderately silicious and calcareous and are
stained strikingly rust-red as the result of a significant iron
content. For further detail on the geological and historical
context of Meteor Crater, see the excellent review by Kring
[2007] and references therein.

[17] The ejecta deposits of Meteor Crater have been
mapped and studied extensively [e.g., Shoemaker, 1960,

1963; Shoemaker and Kieffer, 1974; Roddy et al., 1975;
Kring, 2007]. The continuous overturned ejecta blanket
extends ~1.3—1.9 km from the crater rim [Roddy et al., 1975]
while individual blocks have been found up to 6km away
[Gilbert et al., 1896]. The raised crater rim slopes outward at
just under 20° for ~100 m, of which the entire present surface
is ejecta material. Exterior to this, the current surface exposure
of ejecta, sloping at an average of ~5°, becomes more
discontinuous, in the form of low mounds, or lobes, of ejecta
among intervening areas of smooth, postimpact alluvium and
colluvium. Ejecta fragments at lobe margins that have moved
downslope may be interfingering with the alluvium. Net
erosion on the upper rim has been estimated at ~9m
[Nishiizumi et al., 1991] and up to 20m [Shoemaker and
Kieffer, 1974]. GPR-derived relationships of ejecta and
surrounding sediments on the lower rim were used by Grant
and Schultz [1994] to verify postimpact erosion [Grant
and Schultz, 1993] of ~<1 m, with local concentrated erosion
of 2-3m.

3. Approach and Methods

[18] Our primary goal is to characterize the subsurface struc-
ture of impact ejecta at Meteor Crater with GPR. The metric we
use is the apparent number, or volumetric density, of blocks
apparent in the radargrams. By comparing these radargram
counts with visual measurements of block number, size, and
depth at an adjacent, preexisiting outcrop exposure, we obtain
the relationship between the apparent block distribution in the
radar data and the actual, outcrop-derived block population.
Collecting data at two frequencies (200 MHz and 400 MHz)
allows assessment of how GPR detections (e.g., number and
depth) vary with the wavelength of the antenna employed,
giving two aspects to the metric with which to characterize
the radar block distribution. Comparison of future GPR data
from impact settings where no subsurface exposure is available
with results from Meteor Crater will allow estimation of the rel-
ative (to Meteor Crater) near-surface blockiness at those sites.

[19] Our study is concerned with GPR-based geologic
interpretations, differing from field studies focusing on
specific terrestrial conditions that most fully replicate a
particular planetary dielectric environment or aim to deter-
mine geophysical parameters of analog subsurface materials
[e.g., Paillou et al., 2001; Thomson et al., 2012; Heggy
et al., 2006a, 2006b]. Planetary dielectrics can be estimated
based on knowledge of earth materials but are hard to predict
for specific local planetary sites. Furthermore, on Earth, it is
rare to get a good natural field analog to dielectric properties
of planetary surfaces, due to prevalence and varying states of
water, clays, evolved (e.g., granitic) and biogenic and water-
derived (e.g., carbonate) lithologies. In fact, the site of
Meteor Crater is likely to be a poor dielectric analog to the
lunar or martian surface, where surfaces are largely vol-
canically derived, due to the prevalence of carbonate and
quartzite lithologies. Therefore, we are not measuring, or
using as an analog, the dielectric properties at our site to gain
direct knowledge of planetary dielectric properties, nor are
we comparing the dielectric properties of our sites directly
against those of planetary surfaces.

[20] Inany environment, the representation of the subsurface
medium with a single dielectric value clearly oversimplifies the
dielectric variability. The value of subsurface dielectric used,

1918



RUSSELL ET AL.: GPR FIELD STUDIES OF METEOR CRATER

Table 1. GPR Data Collected at Each Numbered Site Within Three
Ejecta Types Along Southern Rim of Meteor Crater®

GPR Data Transects Collected

Site Field Seasons Transect Lines 400 MHz 200 MHz
Lobe Ejecta

1 J,0,A 12 17 7

2 (0] 3 6 6

3 J 1 3 2

Quarry Ejecta

4 (0] 2 6 4

5 (6] 2 6 3

6 J 1 2 2
Trail Ejecta

7 A 1 3 4

8 A 1 4 4

“Individual transect lines depicted in Figures 4a—4c; in many cases, multi-
ple data-collection passes were made with the GPR along each Transect
Line. J=January 2010, O =October 2010, A =August 2011.

and any uncertainty, will affect estimated wave velocity, and
estimated penetration depth. We therefore perform a time-
depth calibration whenever possible and discuss what actual
variability from this measured dielectric estimate may be.
While dielectric of the subsurface is important in any radar
wave study, we are primarily interested in documenting and
measuring subsurface structure. The contributions of sub-
surface structure to the measured radargrams can still be char-
acterized and compared from place to place with imperfect
encapsulation of the subsurface dielectric. If we reasonably
estimate the dielectric at our field site, then the results of
apparent block detections per cubic meter may be compared
with those obtained from a remote site at which the dielectric
is also reasonably estimated.

3.1. Field GPR Methods

[21] All of our individual study sites at Meteor Crater are
within the limits of the continuous ejecta blanket, ~200—450 m
to the south of the rim. For purposes of this study, we classify
our eight individual sites into three types of ejecta (detailed in
following section). Many of the sites contain multiple GPR
transect lines, along which multiple measurement runs are
made (Table 1). Individual transects are (in most cases) mea-
sured with both 400 and 200 MHz antennas (Figure 2).

Frequency-cut filters applied during data collection
were nominally 100-800 MHz for the 400 MHz antenna and
50-600 MHz for the 200 MHz antenna. With each of the two
antennas, transects are repeated at multiple depth ranges,
typically of 30-80ns and 60-160ns two-way travel times,
respectively. Returns are sampled and quantized into 512 or
1024 samples per scan trace, or column, by the GPR. GPR
transects and visual counts of rocks in preexisting excavations
into the ejecta are done within areas of contiguous similar
geology, as close to each other as possible. GPR transects
are slightly set back from these existing ground-truth pits
because the vertical air-outcrop interface would produce
returns if the transects were positioned along the very rim of
the pits. Data collection in October 2010 and August 2011
involves a survey wheel to ensure precise 2 cm (occasionally
1 cm) spacing of subsurface scans. In January 2010, marks
every few meters are entered manually in the field while
pulling the radar in continuous scan mode. Postcollection
distance normalization adjusts for sections where the radar
was not being pulled at a constant rate.

[22] Atmost sites, measurement of a metal plate buried at a
known depth (~30-50cm) serves to estimate the local,
subsurface radar wave propagation velocity and dielectric
constant, using the relationships in equations 1 and 2.
Dielectric values obtained in this way (~3.5-5.2) are consis-
tent with the range of values obtained from ejecta materials
(4.0-5.3) by Grant and Schultz [1994]. Independent,
postcollection estimates of bulk subsurface dielectric values
derived by fitting hyperbolas to reflectors in the radargrams
typically yield values of € (~4-8) similar to or higher than
those determined in the field with the buried metal plate
target. As the hyperbola-fitting sampled depths greater than
possible with the metal plate, the larger dielectric values are
likely the result of increasing soil moisture at depth. No
indications of a sudden change in dielectric over the whole
of a transect (e.g., significant geological horizon, water table)
appear in the data. The possibility of higher dielectric at
depth means that counts per meter of depth may be slightly
underestimated at greater depths (e.g., the second or third
meter below the surface). In calculations, we use the plate-
derived values of €, which are likely low by up to a factor
of <2 (recall that most parameters scale by \e) for depths
~1 m. Measurements of the dielectric are typically made in

Figure 2. Ground penetrating radar (GPRO field deployment, including orange antenna dragged directly on
the ground, trailing odometry wheel, and hand-held SIR-3000 control unit. (a) 400 MHz antenna at Site 1,
looking NNW toward the crater rim. (b) Site 2, 200 MHz antenna, looking SW toward low mound of Site 1.

1919



RUSSELL ET AL.: GPR FIELD STUDIES OF METEOR CRATER

Figure 3. Examples of apparent block counts (white dots)
and features which are not counted. (a) One particularly
good, near-ideal hyperbola exists at right, while other counts
are rounded apexes with at least one hyperbola-like tail.
Features just left of and below good hyperbola are generally
too small and/or pointed to include in counts. Site 2,
400 MHz. (b) Prominent upward-pointing “V” pattern
throughout the mid and lower sections, which begins to re-
semble a crisscrossing “X” pattern when several adjacent
“V”s interfere with each other (white circle). These and other
sharp apexes are not counted. Site 2, 400 MHz. (c) Example
of'arounded-apex form that is uncharacteristically narrow for
its depth (white circle) and of two instances at which an
abrupt vertical shift in a group of scans can be recognized
up and down most of the height of the radargram (arrows).
Site 2, 200 MHz.

only one transect per site; this value is then used for all tran-
sects within the site, as well as for any nearby sites of the
same ejecta material if no measurement was made at that site.
The dielectric is not assumed constant over different field
seasons, i.e., dielectric measurements are only applied to
transects taken in the same field season, primarily due to
concerns with current local soil moisture content, which
can significantly affect radar wave velocity. There had been
some recent rain before the August 2011 field season.
October 2010 was quite dry. During January 2010, there
was patchy snow on the ground but any melt appeared to
evaporate quickly. The upper several decimeters were dry
to only very slightly moist in all field seasons.

3.2. GPR Data Processing

[23] Postcollection processing is done using GSSI’s
RADAN"™7 software. The goal is to enhance returns by
increasing contrast and sharpness of the data, while removing
noise and background; absolute signal amplitude is not
rigorously tracked in this study. A time-zero correction
adjusts the vertical time scale to be relative to the surface.
Persistent horizontal bands in the data are removed with a
201 or 401 column-wide moving boxcar filter. High-pass
and low-pass filters are effective in sharpening the data in
some profiles and have little effect in others. In general, there
is little high frequency or speckle noise in the down-column
direction above ~45-80ns, depending on antenna and site
(discussed further below). A moving-average filter three to
five columns wide softens some of the abrupt offsets and
distortions from one column to another (or between sets of
columns). Many along-profile contrasts and discontinuities
in amplitude, lateral continuity, and vertical penetration,
likely caused by variable antenna-ground coupling due to
the antenna bumping and tilting over the rough terrain, could
not be removed. It is sometimes possible to follow returns

through such an area with the eye; in a few cases, the disrup-
tion is bad enough that those columns of the profile are
excluded from counting and the profile length. Manual
and automatic exponential gains are applied so as to try to
achieve a fairly uniform overall brightness and contrast over
the whole depth and length of the radargram.

3.3. GPR Radargrams and Block Detections

[24] The inherently blocky nature of crater ejecta at our
sites often leads the ejecta volume as a whole to appear
highly scattering to radar waves, hence yielding cluttered
radargrams (Figure 3) that make certain identification of indi-
vidual blocks in the radargrams difficult. As stated above, we
seek the GPR characteristic signature of a rock population
that is known from visual counts. It is accepted that GPR
counts are not going to equal the exact number of blocks in
the subsurface, for reasons detailed below. Rather than
expecting a one-to-one correlation of detections and exact
block locations, we note that the radargram was produced
from the entire existing block population and distribution
and through the net interactions (single and multiple) of radar
waves, and thus, that the counts of “apparent blocks” do
reflect the actual radar signature of the block population.
Determining whether the GPR counts yield values above or
below the actual number of blocks, and by how much, is
one of the goals of the study. The main focus of our study
is comparing apparent detections with actual subsurface
counts in order to link GPR results to geologic process. We
do not explicitly investigate how the convolution of radar
waves and reflections responds to and develops from a
particular configuration of rocks to produce the individual
corresponding features in a radargram. Significant prior
work, using various simulation techniques, has investigated
this latter topic with planetary considerations [e.g.,,
Soldovieri et al., 2009; Valerio et al., 2012; Leuschen et al.,
2003b; Pettinelli et al., 2007].

[25] Given the high concentration and dense packing of
variously sized rocks around and below the radar wave-
length, the classic hyperbola pattern produced by an isolated
object in a contrasting, uniform matrix, as described above, is
seldom ideally developed (Figure 3a). We here develop the
criteria by which a GPR detection is counted as an apparent
block in a radargram. In the instance of this study, it is gener-
ally more effective to count blocks in unmigrated data.
Migration is a data-processing technique by which hyperbola
tails are “collapsed” to the location of the source object; the
return power in the tails is concentrated at the nose of the
hyperbola, thus emphasizing point reflectors and interfaces
and deemphasizing the detection effects inherent to the
moving GPR. It is difficult to tell in migrated data which
brighter points are due to buried blocks and which are
likely products of the complexly cluttered subsurface and
the disruptions caused by pulling the GPR over rough
ground. In contrast, the presence of any hyperbola-like
features in unmigrated data is used to advantage in counting
blocks (Figure 3a).

[26] Many reflections off multiple objects often lead to a
crisscrossing pattern of narrow, upward-pointing (i.e.,
upside-down), overlapping, interfering, sharp-tipped “V”’s
(Figure 3b). These are frequently traceable up to the very
near surface (0—15 cm deep). The prevalence of these near-
surface origins and the apparent persistence of the “V” tails

1920



RUSSELL ET AL.: GPR FIELD STUDIES OF METEOR CRATER

Figure 4. Study sites with individual GPR transect ground
tracks (yellow) at each site (areas enlarged from boxes in
Figure 1a). Small dark dots and larger blobs are shrubs and
trees. (a) Lobe ejecta, Sites 1-3. White dots are preexisting
pits with subsurface exposures; (b) Quarry ejecta, Sites 4-6.
Blue lines are traces of quarry scarps; (c) Trail ejecta, Sites
7-8, along an abandoned jeep track.

to depth (actually an indication that the origin point is visible
to the antenna while the antenna is some distance away)
suggest that the GPR may be picking up blocks embedded
in and just below the surface very effectively, relative to
blocks at depth. In contrast to these “V”s, a rounded,
convex-up arc resembling a hyperbola-like nose is con-
sidered a possible detection and is counted as such if at least
one tail descends from it in a fashion that is nonparallel to any
immediately adjacent upside-down “V” tails or other local
patterns (Figure 3a). Any sharp, nonrounded apex is
excluded. In effect, the type and extent of criteria for
counting an apparent block are similar to what they would
be in a sparse subsurface with a few well-defined objects:
picking hyperbola-like forms out from the background sig-
nal. In this case, however, there is likely to be distortions or
additional interference convolved with any hyperbolic form.

[27] Typical types of interference, noise, and artifacts are
also excluded. With depth, the hyperbola associated with an
object is expected to widen. Any rounded-apex forms at
depth that are significantly narrower than hyperbola-like
noses typical of shallower depths, within a given radargram,
are excluded (Figure 3c). The vertical offset of a group of
successive scan traces relative to neighbors or the rise and fall
of a group of near-horizontal bands sometimes appears to
create hyperbola-like forms. Due to the stacked nature and
parallel behavior of such patterns, shifting abruptly up or
down in the along-column direction, they can be linked to
variability in the location and coupling of the antenna
over nonuniform ground, and hence excluded (Figure 3c).
Possible detections consisting of hyperbola forms that
are directly below, and the same shape as, such forms
above them are likely multiples of the upper return and are
also excluded.

[28] All radargrams are adjusted to the same on-screen
horizontal and vertical scale before counting, to maintain
relative shape within all radargrams. The task of counting is
accomplished within GSSI’s RADAN"7 software and
involves placing a single “pick” at the nose of the detection,
thus recording its horizontal location and vertical time-depth
below the surface (e.g., Figure 3a). These values are exported
for each transect for analysis. While the depth below the
surface of each detection can be easily gleaned by applying
the local dielectric to the time-depth profile, the size of blocks
cannot be easily determined with the GPR if they are too
small to produce a significant flattening of their signature in
the radargram. Given the resolution estimates in section
1.2, it is expected that the 400 MHz will register returns from
blocks ~18 cm in diameter at 20 cm depth, 35—43 cm across
and larger at ~1 m depth, and ~50—-60 cm across at ~2m
depth. The 200 MHz should pick up returns from blocks a
factor of V2 wider at the respective depths.

[29] Besides number and depth of block detections, the
length and depth of the counting zone are needed to
compute counts per m> or per m>. The first and last meter
of transects are excluded from counting and from transect
total length, as are regions directly below the signal of the
buried metal calibration plate. A maximum depth range, in
ns, is determined individually for each transect by the point
at which returns become indiscernible. All time ranges are
converted to depths using the dielectric constant from the
most applicable plate-calibration site, as described above.
The upper 20 cm, for the 400 MHz antenna, or 40 cm, for
the 200 MHz antenna, is also neglected in each transect,
for several reasons. While there are apparently frequently
many detections in this upper surface, as mentioned above,
variation in the clarity of this upper zone between transects
would have the potential to heavily skew results and
comparisons among transects. This zone may also be
difficult to separate from the dominant antenna direct wave
and surface return, the latter of which also varies with
surface roughness and degree of antenna-ground coupling.
Finally, the ejecta surface is susceptible to deposition
of fines amongst blocks and/or concentration of blocks in
a surface lag due to vertical erosion; estimates of such
erosion of Meteor crater ejecta are estimated to be, on
average, < 1 m [Grant and Schultz, 1993]. For analysis of
block counts with depth, results are binned by depth,
nominally in 1 m increments down to 3 m. The shallowest
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Figure 5. Preexisting outcrop exposure into the Lobe
ejecta subsurface at Site 1 in a preexisting prospecting
pit. Nongrayed portions are examples of areas within
which blocks were counted and measured in the visual
“ground-truth” block counts. Horizontal black bars repre-
sent 20 cm increments along tape measure.

zone begins at 20 or 40 cm, and the maximum depth for
any transect is the actual observed maximum depth of
penetration, not the nearest or next-greatest, whole number
of meters.

3.4. Visual Methods

[30] The “ground-truth” visual rock counts take advantage
of preexisting prospecting pits and quarries so as not to
further disturb the intact ejecta environment. Exposure walls
are digitally photographed in the field. A known, graduated
length scale, such as a measuring tape, is included in the
images to account for changing pixel scale over the field of
view. These photos are then digitally mosaicked together,
changes in the length scale are accounted for, and a section
of the wall is delineated, before the blocks in that section
are counted and measured in terms of long axis and depth.
Using the area of the wall section, an areal density of blocks
of a given size is calculated, which is then converted to an es-
timate of volume density (by raising the number of blocks per
m? to the power of 3/2) for direct comparison to radar results.

4. Field Sites

[31] Our eight sites cover three areas of ejecta to the south
of the crater, designated for purposes of this paper as the
“Lobe,” “Quarry,” and “Trail” ejecta sites (Figure la and
Figures 4a, 4b, and 4c, respectively). The dominant lithology
of blocks observed at GPR site locations is consistent with
the geologic map of Shoemaker (1960, Figure 1b), although
blocks of all three lithologies are often present at the surface.

4.1. Lobe

[32] Sites 1-3 are spread over three low mounds of Lobe
ejecta (Figure 4a and Table 1). At these sites, blocky lobes
of ejecta are composed of mixed clasts from several cm up

to ~1.5 m across. Views into the subsurface are afforded by
small preexisting prospecting pits that had been dug near
the crest of the ejecta lobes. In the subsurface, blocks are
subangular to angular with a closely packed matrix of smaller
clasts and finer grains (Figure 5). In the immediate near sur-
face, the matrix is a loose, dry, silt-rich soil, likely reflecting
incorporation of eolian fines [ Grant and Schultz, 1993a and b].
Weathering has rounded the edges of Kaibab and friable
Coconino blocks at the surface. Site 1 (Figures 6a and 6b) is
on a low, isolated mound of ejecta ~450 m from the SE crater
rim, dominated by blocks of Kaibab. Two nearby surface
boulders are ~2.5 m across. The pit on this mound, roughly
2 x2 m square and ~2.5 m deep, represents one of the most
extensive views of the subsurface ejecta at Meteor Crater.

Figure 6. Photos of surfaces and context of Lobe ejecta
sites. (a) Site 1, mound of ejecta. Preexisting pit in Figure 4
is located in front of large ~2.5 m ejecta block. Orange flags
indicate two roughly perpendicular transect lines. (b) Site 1,
surface rocks dominated by Kaibab. Preexisting pit is off im-
age by clump of grass at right edge. Orange flags same as in
Figure 6a. Ridge of ejecta of Site 2 visible between 400 MHz
antenna GPR system and distant crater rim in upper right.
Knob of ejecta of Site 3 visible at upper left. (c) Site 2, mound
of ejecta primarily Kaibab with some Coconino at lower left.
Standing person and scattered orange flags mark parts of
three transects. (d) Site 3 surface at top of Kaibab-dominated
ejecta ridge. Yellow tape runs along transect. Shallow
preexisting pit is directly off image to right. Foreground,
200 MHz antenna.
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LR

Figure 7. Preexisting outcrop exposures into the Quarry
ejecta subsurface in the north quarry wall below Site 4. (a—b)
Two sections of wall exposing fractured and pulverized
Coconino. Nongrayed portions are examples of areas within
which blocks were counted and measured in the visual
“ground-truth” block counts. Yellow staff in Figure 7a is
~1.8 m; tape in Figure 7b is ~2.4 m.

Site 2 (Figure 6¢) is located on the crater-distal side of a low
ridge of ejecta that runs discontinuously E to W, ~400 m from
the S/SE crater rim, facing Site 1. The surface hosts both
Kaibab and Coconino blocks. A large fairly intact chunk of
Coconino, with undeformed internal bedding, is present at
the south end of the site. No subsurface pit was available at
Site 2. Due to proximity, it is here linked with Site 1 for
purposes of dielectric determination and ground-truth pit
block counts. Site 3 (Figure 6d) is on the discontinuous ridge
of Site 2, further along to the W, and is dominated by
Kaibab blocks. A shallow preexisting pit also ~2 x 2 m square
but only up to ~0.5 m deep is located on the ridge top.

4.2. Quarry

[33] Sites 4-6 are located within the Quarry ejecta
(Figure 4b and Table 1), composed predominantly of
overturned Coconino that has been heavily fractured and in
some areas has had its constituent pure, bright silica sand
grains pulverized into a floury texture. Good 2-3 m high
exposures of this material are laterally extensive along the
boundaries of a defunct silica quarry ~200-300 m from the
S/SW crater rim. On an outcrop scale, pulverized areas are
interspersed with concentrations of fracture-permeated,
more coherent sandstone (Figures 7 and 8). While the
fractures define individual blocks on the scale of 10s of

cms, these blocks often have maintained their position
relative to their neighbors from which they were fractured
apart (Figure 8a). Internal bedding is sometimes still visible
within blocks (Figures 8b and 8c). The boundaries between
coherent blocks and pulverized material range from sharp
and distinct, to gradual and diffuse (Figures 7b and 8d).
Overall, the deposit appears as a uniform-composition mate-
rial that has been physically affected to differing degrees by
emplacement. The immediate surface of the pulverized
outcrops is littered with loose blocks of Coconino (typically
tabular and <30cm) which may have been disturbed by
human activity. Site 4 is on the crater-ward rim of the eastern
quarry pit (Figure 9a). Site 5 is on the eastern rim of the
eastern quarry pit (Figure 9b) where the surface hosts small
clasts of all three rock types, mostly scattered across, but
occasionally embedded in, the fine-grained silica-sand
surface matrix. Site 6 is on the crater-ward rim of the western
quarry pit. It crosses a slight depression in the surface, which,

Figure 8. Details of Quarry ejecta subsurface. (a) Example of
Coconino sandstone blocks within quarry walls that have been
heavily fractured yet minimally displaced from their fragment
complement(s). (b) Small-scale example of preserved bedding
within fragments of Coconino in quarry wall. (c) Fractured
yet minimally displaced block of Coconino exposed at surface,
with excellent preserved parallel- and cross-bedding. (d)
Example of small-scale inhomogeneity of physical alteration
within overturned Coconino, ranging from pulverized zones
to fractured blocks, also apparent in Figure 7b.
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Quarry Ejecta Site 4

Figure 9. Photos of surfaces and context of Quarry
ejecta sites. (a) Site 4, thin disturbed Coconino rubble
above north quarry wall. Edge of wall scarp runs diago-
nally across upper right quadrant of image. Orange flags
mark transect. (b) Site 5, thin disturbed mixed-lithology
rubble above east quarry wall. Edge of wall scarp runs
along right of image. Edge of wall scarp runs diagonally
across upper right quadrant of image. Orange flags and
tape mark transect. (c) Site 6, located above and along
northwest quarry wall (transect not visible, over and be-
hind scarp lip), as seen from quarry floor. Bright wall ma-
terial is fractured and pulverized Coconino, but note
apparent mixed-lithology material filling depression in
Coconino wall material and concentrated directly below
at foot of scarp.

seen in cross section in the quarry wall, appears to reflect a
gouge in the upper surface of the fractured and pulverized
ejecta that is filled with blocks of mixed lithologies and
matrix (Figure 9c).

4.3. Trail

[34] The Trail ejecta (Figure 4c and Table 1) is cut by a
jeep trail which provides a convenient, relatively smooth sur-
face over which to drag the GPR antennas (Figure 10), in
contrast to the blocky, and consequently bumpy, surfaces at
the other sites. The less rugged surface of the trail is tested
to see how it would affect returned data in terms of possible
clutter and disruption. The more subdued ejecta lobes here
are visibly eroded, with more soil development and grass
cover, as well as more rounded surface blocks, primarily
Kaibab. The primary views to the subsurface are two shallow
stream cuts, revealing blocks of all three lithologies, both
loose and firmly embedded in the substrate. Upslope are rilles
cut into the steeper ejecta rim. This ejecta has, at least at the
surface, likely been affected by alluvial and colluvial trans-
port and/or burial [Grant and Schultz, 1993]. Sites 7 and
8 are along the soil- and gravel-covered jeep trail running
roughly NW-SE, ~ 300 m from the S/SW crater rim. The trail
gently cuts through low lobes and over shallow swales and is
adjacent to one of the field sites of Grant and Schultz [1993].

5. Results

5.1. Visual Ground-Truth Block Counts

[35] The number, size, and depth of blocks in existing
exposures of the subsurface are measured from photos as
“ground truth” for the subsurface rock size-frequency
distribution. At Site 1, exposures in the four walls of the
preexisting ~2.5m deep pit are counted to characterize the
block population in Lobe ejecta (Figures 4 and 11a). The same
is done at Site 4 for five sections of the ~2.5 m high northern
wall of the defunct quarry to characterize the bock popula-
tion in the Quarry ejecta (Figures 8 and 11b). Counts at
both sites fall off steeply with increasing block diameter,
although there is variation in the rate at each individual
exposure. There are few blocks larger than ~50 cm at either
site and the maximum size is 108 cm in the pit and 125 cm at
the quarry. The limited size of subsurface exposures over
which blocks are counted limits not only the number of large
blocks likely to be counted, but the largest size of block as
well. Individual exposure counts are summed and divided by
total exposure area to get an average count per m? at each site.

Figure 10. Photo of surface and context of Trail ejecta.
Placement of transect along one of the tracks provided a
smooth dragging surface for antennae. Trail crosses low
lobes with higher surface ejecta-block concentration
(midground) as well as shallow swales (foreground,
background).
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Figure 11. Visual “ground-truth” block-count results. (a, b) Plots of size-frequency block counts per m?
for each individual section within the Lobe ejecta pit and the Quarry ejecta walls. Plotted in 5 cm bins
against block long axis. (c, d) Plots of total (sum of individual sections) cumulative size-frequency block
counts per m> for the Lobe ejecta pit and the Quarry ejecta walls. Results can be fit reasonably well with
either power (equation 5) or exponential (equation 6) curves; power fits are slightly better over this size
range. Diamonds: measured visual counts; dotted line: power fit; dashed line: exponential fit. Curve fits
for Lobe ejecta have a=0.077, b=2.23, R;,,=0.99 (equation 5) and k=19.7, q=8.66, R¢y, =0.97
(equation 6). Curve fits for Quarry ejecta have a=0.088, b=-2.35, R,,,,=0.99 (equation 5) and

k=30.1,g=9.11, Rex, = 0.97 (equation 6).

These data are expressed in terms of the cumulative number of
blocks above a given diameter per square meter, N(D), plotted
against bins of diameter, D, in meters (Figures 11c and 11d).
Due to the paucity of large blocks in our sample area, we only
use those size bins of 50 cm (blocks with max diameter of
55 cm) and smaller in fitting a function to describe data trends.
These data can be described very well with either a power or
an exponential least squares fit, represented, respectively, by
equations in the following form:

N(D) =aD™" ®)

N(D) = ke ©)

[36] Power fits yield exponents, b, of 2.23 for rocks at the
Pit and of 2.35 for rocks at the Quarry, while exponential fits
yield exponent coefficients, q, of 8.66 and 9.11, respectively.
Populations of rocks produced by explosion craters, terres-
trial and lunar impact craters, and martian surface processes
are found to be well described by power law distributions,
thought to be a result of the degree of fragmentation
experienced [Melosh, 1989; Moore and Keller, 1990,
1991]. However, rock populations on terrestrial and martian
landscapes affected by a wide range of geologic processes
have also been found to well approximate exponential func-
tions, explained by theories of fracturing based on pervasive

material flaws and due to transport processes [Golombek and
Rapp, 1997, and references therein]. It is important to note
that the Meteor Crater counts (e.g., Figure 11) are for the
subsurface whereas many published counts in the planetary
literature are for areas of the surface, at which different
postemplacement processes may have affected the popula-
tion (discussed further below).

5.2. GPR Block Counts

[37] Typical maximum penetration depths with the GPR
are 50ns two-way travel time (~3.5m) in the Pit ejecta,
65ns (~5m) in the Quarry ejecta, and 40ns (~3 m) in the
Trail ejecta with the 400 MHz antenna, and 70 ns (~4.5m)
in the Pit ejecta, 80ns (~6m) in the Quarry ejecta, and
60 ns (~4.5 m) in the Trail ejecta with the 200 MHz antenna.
Greater penetration in the Quarry material is likely due
to the pure, well-drained silica sand and large clusters of
fractured blocks of the same composition that have been
minimally displaced from their complement fragments, while
lower penetration at the Trail sites is likely due to the
presence of more matrix, weathered soil, and possibly
damper ground at depth, given their location downslope from
eroded ejecta ravines.

[38] Asdiscussed in section 3, the cluttered nature of many
radargrams produced in response to a cluttered subsurface
precludes that every apparent block detection in GPR data
will directly represent an actual block in the subsurface, nor
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Figure 12. GPR radargrams with apparent block counts
(white dots). (a) Site 1, 400 MHz; (b) Site 1, 400 MHz; (c)
Site 1, 200 MHz. High-frequency noise visible at depth; (d)
Site 4, 200 MHz. Black square in upper left denotes metal
plate buried for time-depth calibration, done for each site
according to local dielectric as described in text.

will every actual subsurface block be counted as a detection.
By using the visual block counts in ejecta exposures as
ground truth for the real block population, the relation of
actual to GPR-derived block counts can be determined.
Documentation of the resulting bias toward over-counting
or under-counting relative to the actual population will yield
a scaling factor relating the GPR counting metric to actual
block population.

[39] The number and layout of GPR transects and their divi-
sion amongst the eight sites and three ejecta types are summa-
rized in Table 1 and Figure 4. Radargram count results are
broken down by ejecta type in which they are located, antenna
used during collection, and depth zone within the radargram.
Figure 12 illustrates typical radargram examples for both the
400 MHz and 200 MHz antennas from Lobe and Quarry sites.
Lobe 400 MHz radargrams are typically the most crowded,
while the 200 MHz tends to smooth over much of this, leading
to fewer detections but perhaps a clearer picture of the strongest
reflectors (e.g., Figure 12d). Counts for each individual transect
are shown in Figure 13a—13f, in which each of the six plots
contains results for a different combination of the three ejecta
types and two antennas. Table 2 summarizes these ejecta-type
— antenna groups by average, standard deviation, and range.
The values reported here, unless otherwise indicated, are
radargram block counts per m?, having been normalized to
the volume of the subsurface sampled along the given transect
and depth zone, as described above. The greatest number of
GPR transects was taken in the Lobe ejecta, especially at Site

1, at which the large ground-truth pit provides the best oppor-
tunity for visual block counts. With the 400 MHz antenna
(Figure 13a and Table 2), the average transect count is
1.6m~ (standard deviation, SD, 26%) in the upper 0.2 to
1 m of the subsurface and 0.3 m ™~ (SD 38%) within the second
meter of the subsurface (from 1 to 2m deep). Counts in the
Quarry ejecta (Figure 13c¢ and Table 2) are similar (1.4m™>
in the upper depth zone, SD =26%, and 0.4 m " in the second
meter, SD=58%), whereas counts in the Trail ejecta
(Figure 13e and Table 2) are lower and consistently exhibit
the least transect-to-transect variability of any ejecta type
(1.1m~? in the upper depth zone, SD=15%, and 0.3m > in
the second meter, SD=36%). Corresponding counts for the
200MHz data (Figures 13b, 13d, and 13f) can be read
from Table 2.

[40] In all ejecta-type — antenna groups, all transects but two
(Site 1, 200 MHz, Transects #6 and #7, Figure 13b) have
counts that are higher in the uppermost depth zone than in the
1-2m zone. Counts below 2 m are infrequent and vary more
erratically from transect to transect than those at shallower
depths. Data points for the 2-3 m depth zone are included in
Figure 13 for thoroughness but are minimally discussed due
to sparse data. Counts from 1 to 2 m deep are usually similar
to or higher than the 2-3 m counts, but are more regular and
consistent between transects in an ejecta-type — antenna group.

[41] Within the upper-most meter, detections with the
200 MHz antenna are always lower than those with the
400 MHz antenna for each transect in the same ejecta-type
— depth-zone group. In the second meter of depth, this rela-
tionship between antenna types is less pronounced, with
counts in the second meter of Trail ejecta being very similar
in the 200 MHz and 400 MHz data. Indeed, a pervasive
characteristic of all ejecta types (for the upper meter
anyways) is that the range of 400 MHz counts is exclusive
of the range of 200 MHz counts. Counts at the Lobe and
Quarry ejecta are similar to each other within each respec-
tive antenna-depth zone, in terms of both average and range.
In the Trail ejecta, counts are lower than in the Lobe or
Quarry ejecta with the 400 MHz antenna, but quite similar
to the other ejecta types in the 200 MHz data. Counts in
the Trail ejecta also consistently exhibit the least transect-
to-transect variability of any ejecta type, reflected in sig-
nificantly lower standard deviations.

6. Discussion

[42] Size frequency distributions of rocks in populations
created by different geological processes, yet that in some
way involve fragmentation, have been found in numerous
studies to follow power law or exponential distributions [e.g.,
Melosh, 1989; Moore and Keller, 1990, 1991; Golombek
and Rapp, 1997]. The visually counted cumulative block
populations in the Lobe and Quarry subsurface ejecta have
similar power law exponents, 2.23 and 2.35. This distribution
is within the range that may be expected from previous
observations of fragmented rocks, produced by both natural
processes and experiments [Turcotte, 1992, and refs therein]:
populations with a power law exponent of 2.1 to 2.9 include
those produced by fragmentation of igneous rocks, coal, and
ice, by nuclear and chemical explosions, by laboratory high-
velocity impacts, by the cumulative processes that created
and modified asteroid populations, and by fracturing within
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Figure 13. GPR radargram block-count results from individual radargram transects. GPR counts are by
their nature cumulative of all sizes. (a) Lobe ejecta results from Sites 1-3 with the 400 MHz antenna and
(b) 200MHz antenna; (c) Quarry ejecta results from Sites 4—6 with the 400 MHz antenna and (d)
200 MHz antenna; (e) Trail ejecta results from Sites 7-8 with the 400 MHz antenna and (f) 200 MHZ
antenna. Horizontal axis labels indicate individual transect run number within the given site (400 MHz
and 200 MHz numbered independently); site data demarcated by dashed lines. Vertical axis values are
per m® within the given depth zone. Black diamonds: counts from depths of 0.2m (0.4 m for 200 MHz)
to 1 m; hollow squares: counts from depths of 1 m to 2m; grey triangles: counts from depths of 2m to
3 m. Averages and standard deviations are given for each data series in Table 2.

fault zones (fault gouge). The applicable scale range for
power law relationships is often limited by the physical
nature of the material itself, such as the scale of the largest
initial block radius or layer thickness (prior to onset of the
fragmentation process), and the scale of the heterogeneities
along which the fracturing may occur, e.g., grain or crystal
size [Turcotte, 1992].

[43] Surface observations of ejecta from experimental,
terrestrial, and lunar craters typically yield power law
distributions with exponents (b) of 2.4 to 2.7 (converted to
length from mass; [Melosh, 1989]). These values are gene-
rally more indicative of multiple fragmentation than single

fragmentation, for which b ~1.2—1.8 (Melosh). Surface ejecta
at Meteor Crater has previously been reported to follow a
power law size distribution [Shoemaker and Kieffer, 1974].
The largest block within impact ejecta is also expected to
scale with the crater size [Gault et al., 1963; Bart and
Melosh, 2007], an example of the initial-size limitation
mentioned above. Our subsurface measurements of b of
2.23 and 2.35 are slightly below the above range reported
for impact craters, yet clearly indicate the dominance of
multiple over single fragmentation. These values are similar
enough to impart confidence that the ejecta population is
reasonably accurately captured by our observations.
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Table 2. GPR Block-Count Summary Statistics®

Ejecta Type Antenna Depth Zone® Averageb Std. Dev.® SD% Rangeb
Lobe 400 MHz 02-1 1.6 0.4 26% 1.0-2.7
1-2 0.3 0.1 38% 0.1-0.6

200 MHz 04-1 0.3 0.1 44% 0.1-0.5

1-2 0.2 0.07 43% 0.0-0.3

Quarry 400 MHz 02-1 1.4 0.4 26% 09-2.1
1-2 0.4 0.2 58% 02-1.0

200 MHz 04-1 0.3 0.15 48% 02-1.0

1-2 0.15 0.04 27% 0.1-0.3

Trail 400 MHz 02-1 1.1 0.2 15% 08-1.3
1-2 0.3 0.1 36% 02-0.5

200 MHz 04-1 0.3 0.07 22% 02-0.5

1-2 0.2 0.04 22% 0.1-0.3

*Values in m. ,
®Values in count perm’.

“Each row corresponds to an ejecta type — antenna — depth zone data group plotted in Figure 10.

[44] Since the early days of robotic exploration, such
power laws have been fit to and used to describe surface rock
populations on the Moon [e.g., Shoemaker and Morris,
1969] and Mars [e.g., Binder et al., 1977]. Rock counts of
the surrounding area from Viking Lander 1 & 2 data suggest
b=2.66 for block sizes > 0.1 m [Moore and Keller, 1990,
1991]. However, Golombek and Rapp [1997] show that,
while this power fit (in the form of equation 5) does well for
sizes ~0.1-0.2m up to ~0.5-0.8 m, sizes above and below,
over a greater total range, are better fit by an exponential
function in the form of equation 6. According to the theory that
omnipresent, preexisting flaws, or cracks, inherent within a ma-
terial (e.g., crystal or grain boundaries, voids, micro fractures)
control fragmentation, the likelihood that a flaw exists that is
weak enough to cause failure in a particle of a given size de-
creases with the size of the particle, leading to the exponential
size distribution of resulting fragments [Griffith, 1921; Gilvary,
1961; Gilvary and Bergstrom, 1961; Brace, 1960; Inglis, 1913;
Weibull, 1939; Steacy and Sammis, 1992]. Numerous terres-
trial surface results [ Golombek and Rapp, 1997] and additional
Mars surface results from Pathfinder Lander [Golombek et al.,
2003], MER Spirit Rover [Golombek et al., 2006; Grant et al.,
2006], and the Phoenix Lander [Golombek et al., 2012] also re-
flect the tendency for populations to be reasonably described
by a power law over some subrange within or overlapping
0.1 to 1.0m, but to be generally better described by an
exponential fit over the entire range of these surface counts
(Figure 14). Orbital size-frequency counts of surface rocks
using HiRISE data confirm that populations from ~1m to
several meters in size closely follow an exponential distribu-
tion at Viking Lander 1 & 2 sites, the final four proposed land-
ing sites for MSL Opportunity, the Phoenix Landing site, and
the northern plains of Mars in general [Golombek et al., 2008,
2012; Heet et al., 2009]. The range of block sizes over which
we fit our data is determined by the range in which block
counts are most robust: 0.1 — 0.5 m. That both power and ex-
ponential expressions fit our data well is consistent with all
of the above findings because of the overlap of this robust-
count range with the submeter range discussed above. As the
power law fits our data slightly better (both visually and from
Rpwr=0.99 vs. Rey, =0.97) over this range, we will use it
when interpolating within this range.

[45] Comparing variations in size-frequency distribution
curves for different sites and populations is useful because
they reflect the net effects of all geological processes that

have fragmented and otherwise operated on the population
(e.g., Figure 14). The lesser falloff of block frequency at
increasing size in our subsurface measurements compared
with the multiple-fragmentation exponents or exponential
fits found by other studies, above, may be due to better
preservation of large blocks in the subsurface than in surface
environments. In the case of Meteor Crater, our counts
represent a subsurface ejecta that is very fresh, both in
absolute age and in terms of weathering and transport, being
largely covered and stationary for the ~50K years since
emplacement [Nishiizumi et al., 1991]. At the surface, over
time, further weathering and erosion may reduce the size of
the larger blocks, favoring exponential distributions for
exposed surface populations, including those listed for
Mars, above. In contrast, subsurface fault gouge, fresh
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Figure 14. Visual block counts (cumulative counts per m?)
from the subsurface at Meteor Crater (MCP: Lobe ejecta pit;
MCQ: Quarry ejecta wall; diamonds: measured visual counts;
dotted line: power fit; dashed line: exponential fit) compared
with surface counts from Mars landers at their respective landing
sites (faded colors, from Golombek et al., 2012, with data from:
VL1 & 2: Viking Lander 1 & 2 [Moore and Keller, 1990, 1991];
MPF: Pathfinder [Golombek et al., 2003]; CMS, Leg, Bon:
Spirit  sites Mission Success, Legacy, and Bonneville
(Golombek et al., 2006); PHX: Phoenix [Heet et al., 2009]).

1928



RUSSELL ET AL.: GPR FIELD STUDIES OF METEOR CRATER

a Ejecta Pit Blocks b Quarry Wall Blocks
& 100 @ 100
£ § E k.
X & X
£ & 2 R
z L =4 <
o RN @ S
1S - 1S N
3 10 s 3 10 e
<] N (] N
2 AN > DY
@ ", N ) LN
=8 RN a N
€ RN € o
> N =} AN
o 14 " @ Q1 iy
(& o [&] 400 MHz: 0.66 Y
[ 400 MHz: 0.46 - ° >
2 o = o
3 . © 200 MHz: 0.22 ~9
> 200 MHz: 0.16 N > \
= ’ E
O o1 [SRA

e
o

Block long axis (m)

0.5 1

o
o

0.5 1
Block long axis (m)

Figure 15. Visual “ground-truth” block count results from Figure 11 displayed as equivalent cumulative
size-frequency block counts per m® for (a) the Lobe ejecta pit and (b) the Quarry ejecta wall. Diamonds:
measured visual counts; dotted line: power fit; dashed line: exponential fit. Interpolating from this plot
allows estimation of how many blocks are present at a given size. Annotations show estimations for the
approximated minimum resolutions of the 400 MHz and 200 MHz antennas. See also Table 3.

laboratory and experimental crushing and cratering products,
and atmosphere-less lunar crater ejecta, cited as examples of
power law distributions above [Turcotte, 1992; Melosh,
1989], may share with subsurface Meteor Crater ejecta the
characteristic of being relatively unaltered by secondary
processes and maintain relatively more larger blocks. More
definite interpretations and extrapolations of the behavior of
larger block sizes are necessarily limited because, although
blocks up to ~1.2m are present in our observations, the
limited size range over which our data are fit is well charac-
terized by both power law and exponential distributions, as
is typical for other populations [e.g., Golombek and Rapp,
1997]. Our subsurface block size-frequency distributions
are dependent upon the isolated, spot sampling afforded by
preexisting exposures into the subsurface. In comparisons
with craters elsewhere or in the literature, it should be noted
that all of these locations are ~200-450m from the crater
rim (~0.2-0.5 crater diameters). In comparing with whole-
ejecta blanket counts or counts at other distances, consi-
deration should be given to how block size may vary radially
from the crater [e.g., Bart and Melosh, 2010].

[46] Inthe GPR data, the detection of more apparent blocks
in the 400 MHz data than in the 200 MHz data (within the
upper 2 m) may be expected for two reasons. First, the
shorter-wavelength antenna detects smaller blocks as well
as the larger blocks to which the longer-wavelength
200 MHz is limited. Second, there are many more of these
smaller blocks than there are larger blocks, given the power
law size distribution. While the 200 MHz antenna does not
reveal more blocks than the 400 MHz at depths between 1
and 3 m, it allows more useful data to be collected to greater
depths, reaching up to 4 or 5 m. These depths are beyond the
observed < 3m range of useful data collected with the
400 MHz antenna. Thus, the 200 MHz adds information not
available solely from the 400 MHz, showing that occasional
large blocks do exist at depth. There is a severe drop off in
block counts with depth in the radargrams, even though the
ejecta in which they were collected shows no trend in
decreasing number of blocks with depth in visual data. This
disparity suggests that the ability of the radar waves to
propagate down and back coherently enough to “see” a block
at depth is impeded not only by dielectric losses to the

medium through which they are traveling, but also due to
complex, multiple reflections and scattering of the radar
signal by the observed dense structural packing of blocks in
the ejecta. In such an environment, where postreflection
waves may be disrupted before returning to the transceiver,
larger objects have a better chance of returning a coherent
radargram feature. These results augment suggestions that
GPR waves in planetary volcanic terrain may suffer
composition-dependent attenuation [Paillou et al., 2001;
Heggy et al., 2001; Stillman and Olhoeft, 2008; Williams
and Greeley, 2004; Pettinelli et al., 2006] by demonstrating
that penetration may be limited at least as severely by
near surfaces crowded with structural scatterers. Similar
conclusions have been drawn based on poor radar returns at
depth recorded from beneath impact-crater breccia at
Haughton impact crater [Unrau et al., 2010], due to fractured
bedrock at small impact craters in the Egyptian desert [Heggy
and Paillou, 2006], and in the heterogeneously welded
Bishop Tuff [Grimm et al., 2006].

[47] Conversion of the cumulative visual areal block
counts to an equivalent cumulative volumetric or density
value allows the visual ground-truth population and the

Table 3. Comparison of GPR Average Results to the Value
Interpolated From the Power Fit to the Cumulative Visual Counts
(per Unit Volume) Corresponding to a Diameter Equal to the
Estimated GPR Resolution (400 MHz: ~40 cm, 200 MHz: ~55 cm,
Both at 1 m Depth)®

Ejecta GPR GPR Depth GPR Visual
Type Antenna Zone® Count® Count®
Lobe 400 MHz 02-1 1.6 0.46
1-2 0.33 0.46
200 MHz 04-1 0.28 0.16
1-2 0.16 0.16
Quarry 400 MHz 02-1 1.4 0.66
1-2 0.39 0.66
200 MHz 04-1 0.31 0.22
1-2 0.15 0.22

*Values in m.

"Values in (cumulative) count per m’.

“Interpolation at this size allows comparison of visual and GPR counts at
the size the GPR is likely “seeing.”
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GPR apparent population to be linked directly. Assuming that
the GPR is seeing blocks of a minimum size equivalent to its
lateral resolution (~40cm for the 400 MHz antenna and
~55 cm for the 200 MHz antenna, at depths of ~1 m), we can
compare the GPR count with the visual count at that size, in
order to determine the relationship of the GPR counts to the
ground-truth counts. To determine the true abundance of rocks
with a given minimum size, we fit the cumulative visual counts
per unit volume with a power law, which in turn is used inter-
polate to the GPR’s “resolution size” (Figures 15a and 15b).
The following comparisons are also displayed in Table 3. For
the Lobe ejecta, our visual block counts predict that there
should be 0.46 blocks m—>>~40 cm across; GPR counts yield
1.6m > in the upper depth zone and 0.33m > in the second
meter measured with the 400 MHz antenna. For the 200 MHz
antenna, visual counts suggest that there should be
0.16m>> ~55cm across, and GPR counts yield 0.28 m~>
and 0.16m ™~ in the upper two depth zones, respectively. For
the Quarry ejecta, visual block counts predict that there
should be 0.66 blocks m™>> ~40cm across; GPR counts
yield 1.4m™ in the upper depth zone and 0.39m > in the
second meter measured with the 400 MHz antenna. For the
200 MHz antenna, visual counts suggest that there should be
0.22m 3> ~55cm across, and GPR counts yield 0.31 m—>
and 0.15 m~ in the upper two depth zones, respectively.

[48] In both ejecta types, the 400 MHz GPR measurements
of blocks in each of the upper two depth zones bracket the
visual count at block sizes appropriate for 400 MHz resolu-
tion at 1 m depth (>~40 cm). GPR detections, 200 MHz, of
blocks in the upper two depth zones of both ejecta types also
bracket the visual count at block sizes appropriate for
200 MHz resolution at 1 m depth (>~55cm), although the
visual counts are at the low end of this bracket in the Lobe
ejecta. Thus, according to both GPR frequencies used, the
true population in the upper depth zone is overestimated by
the GPR counts and that the population in the second meter
of the subsurface is underestimated. Specifically, overestima-
tions are 3.5x (400 MHz) and 1.8x (200 MHz) in the Lobe
ejecta and 2.1x (400 MHz) and 1.4x (200 MHz) in the
Quarry ejecta. Within the 400 MHz data, GPR detections
are higher relative to their respective visual counts in the
Lobe ejecta than are the GPR counts relative to their
respective visual counts in the Quarry ejecta. In other words,
because the ratio of upper depth-zone GPR counts to visual
counts is higher in the Lobe ejecta (~3.5) than in the
Quarry ejecta (~2.1), the overestimation of GPR counts is
more in the Lobe ejecta. This relation also holds in the
200 MHz data (overestimation of ~1.8 in Lobe and ~1.4 in
Quarry). GPR detections at both frequencies underestimate
(by a factor of 0.6—1.0, 1 being in agreement with) the blocks
in the second meter, yet again GPR detections relative to
visual counts are higher in the Lobe ejecta (0.7 and 1.0, with
400 and 200 MHz, respectively) than in the Quarry ejecta
(0.6 and 0.8), i.e.,, the GPR underestimates are less in
the Lobe ejecta.

[49] The behavior of the GPR in detecting subsurface
blocks in ejecta can be understood in the context of field
observations of the subsurface, with the relations established
here working toward characterizing the GPR signature of
Meteor Crater ejecta. Down to depths of 1m, there are
typically an abundance of apparent block detections in GPR
data, which are here found to overestimate the true block

population. The likely reason for the overestimate is excess
block-like detections due to the nature of the medium:
densely packed with clasts of varying size and shape, which
complicates the propagation and reflections of the radar
waves. While interaction of these waves may create excess
apparent block features in the data in the upper meter, the
same effects of this highly scattering material reduce the abil-
ity to pick out blocks at greater depths, both by reducing
power and contorting or masking block signatures.

[s0] The greater overestimation of GPR counts in the Lobe
ejecta compared with the Quarry ejecta reflects the field
observations of the constituents and nature of fracturing of
the two ejecta types. In the Lobe ejecta, blocks of multiple
lithologies are present in a matrix of clasts of ever decreasing
size, the result of fragmented blocks being completely
separated from their neighbors and mixed with other
fragments during the syn-impact ejection process. The
Quarry ejecta is closer to the crater rim and is a more intact,
coherent section of the overturned ejecta blanket, in which
single-lithology large blocks are heavily fractured yet the
fragments in the majority of cases remain in close contact
with their parent neighbors. These individual fragments were
counted in the visual size-frequency results. However, a
fractured cluster may more likely appear to the GPR as a
single block than a collection of fragments in the Lobe ejecta
because the Quarry fragments are the same composition with
little to no separation, displacement, or matrix fill between
neighbors. Blocks are less well resolved from their back-
ground by GPR in the Quarry, due both to compositional
homogeneity of the Coconino here and to gradational
transitions in physical integrity of the blocks and pulverized
sandstone, leading to fewer apparent detections and likely
also fewer and weaker multiple reflections.

[s1] The above relations between apparent GPR detections
and ground-truth counts allow the GPR signature of
the Meteor Crater ejecta population to be linked to the
actual ejecta population. More concretely, comparison with
actual subsurface block counts allows a scaling factor
to be estimated from the ratio of GPR counts to visual
counts. Specifically, we find that GPR detections within
the upper meter are ~2.1-3.5x higher at 400 MHz and
~1.4-1.8x higher at 200 MHz. GPR detections in the second
meter are ~0.6—1.0x of actual block counts. In a remote
setting, a GPR radargram with no apparent layering, few ideal
hyperbolic features, but clustered with concave-up features
(as illustrated in Figures 3 and 12) likely represents a highly
scattering subsurface. Counting the apparent block detections
with similar methods as here will allow comparison to the
apparent blocks per cubic meter determined consistently for
Meteor Crater impact ejecta here (Figure 13 and Table 2),
which represents a population of blocks derived from
multiple-fragmentation processed, as described by the power
exponents in Figure 11. Our data lend a metric to qualitative
comparisons that may be made to determine if the remote
subsurface also represents such a population. Additionally,
applying scaling factors to the GPR counts, which are apparent
detections within the complex, net radar response to the
subsurface, can yield a closer estimate to the actual number
of structural reflectors, or blocks. In ejecta materials that are
expected to be of similar composition (e.g., entirely within a
lava field, as opposed to at a geologic contact), it is likely more
appropriate to use the Quarry scaling factors.
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[52] As discussed in the introduction and methods, the
dielectric of the remote surface will affect the measured
GPR radargrams in terms of the meters of depth represented
by 1 ns and the total penetration depth. Meteor Crater
measurements reported here are obtained in a limestone-
and quartzite-rich medium with dielectric of 3.5-5.2, which
likely increases with depth. Much of planetary surfaces are
volcanic basalts in which dielectric could easily be above 7,
and iron-rich materials on Mars could push it up to 15
[Paillou et al., 2001; Olhoeft, 1998; Heggy et al., 2001,
Stillman and Olhoeft, 2008; Williams and Greeley, 2004;
Pettinelli et al., 2006], although extremely dry conditions
may help to mediate this. Such conditions could restrict pen-
etration depths at these wavelengths to 2—3 m, and in extreme
cases down to ~1 m. Due to the highly scattering nature of the
Meteor Crater ejecta subsurface, we observed few detections
below 3m and enough to discuss only above 2m. This
limited penetration in ejecta- and crater-related terrain may
be expected, and also common on heavily cratered planetary
surfaces [e.g., Unrau et al., 2010; Heggy and Paillou, 2006].
However, it means that only the upper meter or two may be
useful in assessing block population, at 200400 MHz wave-
lengths, and that a higher dielectric may not exclude the most
useful depths. On the other hand, using longer wavelengths
in such planetary cases would help mediate the problem of
the high dielectric, albeit limiting the detection sensibility
to a higher size range of blocks.

[53] GPR is beneficial in investigating crater ejecta charac-
teristics, yet interpretation is challenging. There is a trade-off
between attempting to detect a greater fraction of the popula-
tion of rocks by using shorter wavelength GPR, and the
increased scattering that occurs in the more subsurface objects
is visible to the radar at shorter wavelength. In order to reduce
such clutter, the use of a longer wavelength may serve to filter
out the presence of the smaller blocks causing much of the
clutter by effectively making them part of the background
medium. This also has the advantage of greater depth penetra-
tion. The advantage of employing two antennas with different
detection and penetration capabilities is that it provides two
facets of characterization of a block population.

7. Conclusions

[54] Our work quantifies the GPR character of the Meteor
Crater ejecta as reflected in the apparent distribution of
blocks in the near surface. This GPR signature is linked, or
ground truthed, to the actual block population by direct pit-
wall observation, establishing a link between a radargram
metric and a population of blocks produced by fragmentation
during an impact ejection event. We find that GPR over-
estimates block counts in the upper meter, likely due to the
clutter caused by scattering from the many closely spaced
blocks typical of ejecta. In the upper meter, overestimation
ranges from a factor of ~3.5 in a well-mixed ejecta, to ~2 in
a lithologically homogeneous, less disrupted overturned
ejecta; in the second meter, apparent GPR detections are
0.6—1.0x visual counts. In addition to attenuation with depth,
the amount of scattering in the upper meter is likely the cause
of lower than expected detections in the second and third
meters. While the 200 MHz antenna made fewer detections
than the 400 MHz, it may be better at filtering out the clutter
caused by the many blocks at smaller sizes, due to its reduced

resolution. In environments with higher dielectrics, expected
in volcanic terrains and on Mars, longer wavelength GPR
would be preferable. Use of two wavelengths and division
into three depth zones provides multiple aspects of this char-
acterization metric for Meteor Crater ejecta. With this study,
GPR signatures of ejecta and other blocky environments for
which no ground truth is available, as on the Moon or
Mars, can be compared to these GPR results from Meteor
Crater (i.e., Figures 11 and 13), thereby enabling relative
inferences to be made about the actual size and depth distri-
bution of blocks in the remote ejecta, relative to that of
Meteor Crater. In addition, the consistent characterization
of crater ejecta by its GPR apparent block metric serves as
a comparative basis in recognizing remote populations of
ejecta blocks and distinguishing them from products of
fundamentally different geologic processes.
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