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Abstract Estimates of radar attenuation in the shallow Martian subsurface are retrieved from RIMFAX
soundings along the Perseverance rover traverse. Specifically, analyzed data is from the Hawksbill Gap area
during the rover's first drives onto the Jezero Western Fan Front. The centroid frequency‐shift method is
employed to quantify attenuation in terms of the constant‐Q approximation. Results are then compared with the
amplitude decay method, which—in order to calculate attenuation—requires propagation velocities retrieved
from radargram analysis. By verifying that results from two separate analyses are consistent, we ensure that
quantified radar properties are well constrained. First estimate of constant‐Q is 78.8 ± 11.6. For a subsurface
propagation velocity of 0.113 m/ns, that equals an attenuation of − 2.1 ± 0.4 dB/m at the RIMFAX 675 MHz
center frequency. Results are consistent with dry sedimentary rocks, and are distinguishable from the magmatic
lithologies on Jezero Crater Floor.

Plain Language Summary This study presents first estimates of radar attenuation at the Jezero
Western Fan Front. Measurements were made with the RIMFAX payload instrument on the Mars 2020
Perseverance rover mission, acquired along the rover drive path. Results indicate low signal losses in the
subsurface that are consistent with dry sedimentary rocks, as observed on the surface by other payload
instruments. Maximum imaging depths increase compared to imaging over magmatic lithologies on Jezero
Crater Floor. By using separate methods of analysis (the centroid frequency‐shift method and the amplitude
decay method), we reliably quantify attenuation and maximum penetration depths at the Western Fan Front, and
observe differences to the Crater Floor lithologies.

1. Introduction
During sols 439–538 of NASA's Perseverance rover mission on Mars, the first drive was conducted onto
Hawksbill Gap, at the lower parts of Jezero Western Fan (JWF). Later on sol 698, departing from the same
location, the rover initiated its traverse across the JWF. The sedimentary fan succession has a distinct geo-
morphology compared to the magmatic lithologies present on the Crater Floor, and JWF had in fact been
identified as a prime scientific target prior to mission start (e.g., Stack et al., 2020). In previous literature, JWF has
also been referred to as Jezero Western Delta. The Radar Imager for Mars' Subsurface Exploration (RIMFAX;
Hamran et al., 2020) acquired measurements all along while the Perseverance rover drove on top of this sedi-
mentary deposit.

Analyzing attenuation in the radar soundings can disclose key subsurface properties of JWF that will be com-
plementary to principle radargram interpretations presented in Paige et al. (2024). It is also interesting to compare
attenuation estimates to those from the Crater Floor (Eide et al., 2022), and identify similarities and differences
between distinct terrains. It was observed during initial RIMFAX sounding over JWF, that imaging depths
increased compared to the Crater Floor (Paige et al., 2024). In this study we aim at quantifying the difference in
attenuation, focusing on the upper 5–7 m below the surface as recorded in the RIMFAX ShallowMode, operating
in the frequency range 150–1,200 MHz.

Ground‐penetrating radar (GPR) data is strongly affected by the frequency dependent attenuation mechanisms
that cause subsurface reflections to be weakened and broadened compared to the transmitted waveform. The
constant‐Q factor was originally used to describe similar behavior for seismic waves, due to cumulative atten-
uating effects in the ground (Richards & Aki, 1980), but it was also found applicable for electromagnetic
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propagation in natural soil and rocks over the GPR frequency range 0.1–1.0 GHz (Turner & Siggins, 1994). Many
radar studies assume that the constant‐Q model or equivalent is appropriate (Bradford, 2007; Campbell
et al., 2008; Irving & Knight, 2003; Lauro et al., 2017), and—in particular—it has gained recent interest in
planetary rover science (Chen et al., 2023; Ding et al., 2020; Eide et al., 2022).

Common notation for GPR make use of the generalized parameter Q* (Turner & Siggins, 1994), which can be
used to describe the attenuation constant α:

α =
ω

2Q∗v
[Np/m] = 8.69 ×

ω
2Q∗v

[dB/m]. (1)

The model assumes that the attenuation constant is linearly related the angular frequency ω. The variable v
represents the radar wave propagation velocity. Attenuation can alternatively be described in terms of the
“effective loss tangent” (tan δe = 1/Q*).

In this study, we first derive subsurface radar attenuation through the centroid frequency‐shift (CFS) method
(Quan & Harris, 1997), and then assess the results with the amplitude decay (AD) method (Tonn, 1991). Whereas
relative change in spectral components by the CFS‐method provide a measure of attenuation without additional
presumptions, returned power estimates with the AD‐method require compensation of acquisition parameters and
input of the subsurface propagation velocity. Accordingly, we use returned power estimates to assess whether
retrieved radar properties are well constrained.

Sols 439–538 and 698–709 are analyzed in this study, covering the first drive onto JWF and the start of the larger
traverse across the whole fan unit, Figure 1. Only soundings from the Hawksbill Gap area are studied, while other
areas investigated by the Perseverance rover are not considered (including other parts of JWF and areas close to
the fan escarpment on the Crater Floor). Velocity estimates from the area are available in Paige et al. (2024),
acquired through radargram travel‐time analysis by hyperbolic fitting to diffractions. By conducting two separate
analyses (CFS and AD), attenuation estimates can reliably be quantified and any differences between JWF and the
Crater Floor can be assuredly detected.

2. Methods
2.1. Propagation Velocity Estimates

Estimates of propagation velocities over the Jezero Western Fan Front (JWF Front), are presented by Paige
et al. (2024), acquired through travel‐time hyperbolic fitting to point diffractions as in Casademont et al. (2023).
The analysis gives 0.113 ± 0.013 m/ns, based on 11 hyperbolas in the upper 12 m of the radargrams, with an
average diffraction depth of 3.12 m. Velocity estimates are based on RIMFAX Deep Mode operating in the
frequency range 150–600MHz, which we assume will also be valid for the ShallowMode soundings with the full
RIMFAX bandwidth analyzed in this study. The results can also be presented in terms of the relative permittivity
ɛʹ= c2/v2= 7.18± 1.32 (with “v” being the propagation velocity in the subsurface and “c” being the speed of light
in free space).

2.2. Attenuation Analysis With the Centroid Frequency‐Shift Method

The CFS method (Quan & Harris, 1997) is employed as in Eide et al. (2022). A single estimate of the Q*‐factor
can be derived analytically from the slope Δfc /Δt, which is a best‐fit to the change in center frequency fc in the
time‐frequency spectra of a recording:

Q∗ = − Cπ(
Δfc
Δt

)

− 1

, (2)

where Δt is a two‐way travel‐time (TWT) interval. The TWT range analyzed is 25–125 ns. A final Q*‐value for a
section of a radargram, is an averaged value of several statistically independent estimates. In this study, a Q*‐
value is estimated every 5 m along the rover track and—ultimately—the average from 100s of estimated Q*‐
values will be descriptive of an area.
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2.3. Attenuation Analysis With the Amplitude Decay Method

The amplitude decay (AD) method (Tonn, 1991) is employed to retrieve a Q*‐value by analyzing the change in
amplitude with travel‐time. Similarly to the CFS‐method, a Q*‐value is obtained for every 5 m along the rover
track, Figure 2a. The time‐domain radargram is generated from the recorded deramped data as described in Eide
et al. (2022): background removal; spectral enhancement; amplitude tapering; and Fast Fourier Transform. In (b),
the average power return for a 5 m radargram section is displayed.

The AD‐method then require correction for (i) acquisition gating used in RIMFAX and (ii) geometrical spreading.
(i) Acquisition gating is described in Hamran et al. (2020) and can be corrected for by multiplication of the
reciprocal of the resulting gating response, Figures 2c and 2d.

Theoretically, the electric field strength amplitude E of the received signal after gating corrections can be
written as:

E =
E0

2r̃
× exp(−

ω(t − ts)
2Q∗ ). (3)

The reference field strength E0 is at the point of radiation. TWT is denoted t, and ts is the surface reflection delay in
TWT. The apparent target range is written r̃, while 2r̃ is the apparent traveled distance. The word “apparent” is
used to incorporate a geometrical effect: For an air‐coupled antenna elevated off the ground to an height h0, a
depth dependent gain will be caused by refraction at the surface. For an idealized homogeneous subsurface with
propagation velocity v, and c being the speed of light, the apparent range and TWT is related by the far‐field
optical solution:

Figure 1. Map view over RIMFAX soundings acquired in the Hawksbill Gap area during sols (i) 439–538 and (ii) 698–709. The first drives on top of JezeroWestern Fan
(JWF) was made during (i), while (ii) was the start of the longer traverse across it. Sol numbering indicated on the map are ”end of drive” locations. The basemap is a
Mars 2020 Science Team colored HiRISE mosaic. Inset figure on lower left is a false‐colored HiRISE mosaic and indicates with a black outline the location of the study
area (annotated “H.G.”). Also indicated is the Crater Floor site used for testing the analysis that is presented in Figure 3 (annotated “C.F./Figure 3”).
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2r̃ = 2h0 + 2z(
v
c
) = 2h0 +

v2 (t − ts)
c

. (4)

This correction is in accordance with the “refraction gain” (or “lensing effect”) in radioglaciology (Bogorodsky
et al., 1985), or—similarly—the “divergence effects” in reflection seismology (Newman, 1973). Whereas
negligible refraction gain would yield the range r as r = h0 + z = h0 + v(t − ts)/2. In this study, refraction gain is

Figure 2. Example of returned power analysis for RIMFAX ShallowMode from sol 474. (a) Radargram superimposed by a rectangular selection outlining data analyzed
per Q* estimate (5 m along track distance). Horizontal axis is in soundings, taken 10 cm apart along the rover drive path. Vertical axis is in TWT, or—alternatively—
depth below ground. (b) Power return for all individual soundings in selection (gray) and the average (blue). The averaged power return has also been applied a median
filter for smoothing. Delay times for “antenna,” “surface” and “instrumented range” are added for reference (see Hamran et al. (2020) for their description). (c) The
gating response in blue (multiplied with 100 for display purposes) and the reciprocal correction function in red, with a cut off gain at +20 dB. (d) Comparison of power
in radargram before and after gating correction. (e) Returned power before and after correction for geometrical spreading. A single attenuation estimate is included for a
40 ns two‐way travel‐time (TWT) interval between t1 and t2, yields Q*= 88.8. (f) Histogram plot for estimating Q* for 40 ns TWT intervals, where several estimates are
obtained by sliding the TWT interval at 2 ns increments, between 50 and 150 ns. (g) Q* estimates for TWT intervals between 10 and 80 ns in gray, with uncertainties
described in terms of the semi‐IQR. Marked in a thick black line is Q∗

all, the median of all TWT interval Q* estimates, which is the final result from the attenuation
analysis of the selected radargram section.
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assumed according to Equation 4 and is in‐fact consistent with assumptions made during derivation of the
propagation velocities in the travel‐time analysis (Casademont et al., 2023).

Geometrical spreading is furthermore assumed similar to nadir sounding and reflection at planar layers, contrary
to point scatterers commonly used in power calculations with, for example, the “radar equation.” Therefore,
geometrical spreading for two‐way propagation and reflection is approximated with 2r̃ instead of r̃2 (Ulaby &
Long, 2014), as found suitable for describing power return in nadir subsurface sounding (e.g., Eide et al., 2021).

For a recording where the signal amplitudes have been corrected for (i) gating and (ii) geometrical spreading, the
corrected electrical field strength Ẽti at a TWT ti, is written in terms of its apparent traveled distance 2r̃i:
Ẽti = Eti × 2r̃i. Attenuation can then be obtained directly from looking at the amplitude decay over a TWT in-
terval Δt between t1 and t2 (Tonn, 1991):

Q∗ = πfcΔt(ln
Ẽt1

Ẽt2
)

− 1

. (5)

In Figure 2e the amplitudes are plotted in dotted line before geometrical correction, and solid line after. A single
Q*‐estimate is also illustrated over a TWT interval.

Figures 2f and 2g furthermore present a more robust algorithm for estimating Q*, by averaging over a combi-
nation of TWT intervals. In (f), Q* has been estimated for 40 ns TWT intervals, in the TWT range from 50 to
150 ns. A Q* value is calculated for every 40 ns interval, at 2 ns steps. Valid results (0 < Q* < 200) are plotted in a
histogram and show the spread in obtained values. In (g), the median and semi‐interquartile range (semi‐IQR) for
TWT intervals between 10 and 80 ns are plotted. The final result from analyzing the 5 m wide radargram se-
lection, is described in terms of the median of all the TWT‐interval results.

Assumptions in the AD analysis are that reflections will be evenly distributed in the recording, and that the
respective targets will have equal reflectivity (i.e., the same “radar cross section”). Then the decay in returned
power over a time interval will be an effect of attenuation alone, after having corrected for acquisition and
geometrical spreading. By a statistical approach, we try to meet these assumptions. In Figure 2b, the power return
is averaged over many neighboring soundings making a smooth returned power with travel‐time curve.
Furthermore, averaging is done over many estimates: for each TWT interval as in (f), and between a range of
intervals as in (g). It can be seen how the final result is a combination of averages with outliers being removed at
each step.

2.4. Assessing Estimates of Radar Attenuation and Propagation Velocity From Jezero Crater Floor

We chose a well‐studied area along the Perseverance traverse as a test site for comparing results from the CFS and
AD methods. We focus on the Eastern part of the Crater Floor containing traverses from sols 15–135 and 354–
379, Figure 3a. RIMFAX data from this area has been interpreted in Hamran et al. (2022), and quantification of
radar attenuation has already been done with the CFS‐method (Eide et al., 2022). Velocity estimates are available
in Casademont et al. (2023). For both subsurface parameters, however, there are great variation in the estimated
values, so the average of many estimates are considered representative for the area.

In Figure 3b are the obtained estimates from the CFS‐method (Q* = 71.9 ± 8.3). In (c) are velocity estimates
(v = 0.108 ± 0.023 m/ns), which differ slightly from those published for the whole Crater Floor
(v = 0.10 ± 0.02 m/ns). Estimates by the AD‐method is presented in (d), employing the average propagation
velocity and comparing different geometrical corrections. The difference between the corrections
r̃ = h0 + z(v/c) and r = h0 + z, is quite small and within the uncertainty of the analyses. Both assume nadir
sounding and reflections from planar layering. The r2 correction is typically employed in geometrical corrections
for point scatterers, however, from the Q*‐estimates, it is apparent that approximation for planar layers is more
appropriate in this analysis.

In (e), employing the geometrical correction from Equation 4, a comparison is done for Q*‐estimates using
different velocities (the average, and one standard deviation above and below). Using the average velocity, the
AD‐method yields Q* = 69.1 ± 5.5. For a velocity one standard deviation above the mean, the AD‐method yield
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Q*= 71.3± 5.7 and is in‐fact even closer to the CFS results. For a velocity one standard deviation below, the AD‐
method yield Q* = 65.5 ± 5.1 and is significantly less than the other estimates.

We observe that using the appropriate geometrical spreading correction during the AD analysis is crucial for
retrieving a correct Q*‐estimate. Varying the velocity affect the retrieved power return and the calculated
attenuation, but the method is not sensitive to small changes. However, when employing a reasonable velocity, the
AD‐method can assess whether results obtained with the CFS‐method are valid. In this comparison for the Jezero
Crater Floor, we observe that the averaged subsurface parameters are well constrained. In terms of the relative
permittivity and effective loss tangent, the parameters can alternatively be described by ɛʹ = 7.7 ± 4.8 and
tanδ = 0.014 ± 0.002, respectively.

3. Results and Discussion
Attenuation estimates are done every 5 m along the rover traverse at the Jezero Western Fan Front (JWF Front).
Results form the CFS analysis are Q* = 78.8 ± 11.6, Figure 4a. That equals tan δe = 1/Q* = 0.013 ± 0.002, in
terms of the effective loss tangent. The Q*‐value is higher compared to the results form the Crater Floor (indi-
cating lower attenuation). The spread in estimated values is substantial, as seen in the histogram and from the
standard deviation, but this is similar to what observed over the Crater Floor.

Paige et al. (2024) present velocity estimates of 0.113 ± 0.013 m/ns from radargram analysis over JWF,
Figure 4b. These estimates are slightly higher than what Casademont et al. (2023) observed over the Crater Floor
(0.10 ± 0.02 m/ns). In terms of the relative permittivity, ɛ′ = 7.18 ± 1.32 over JWF while ɛ′ = 8.9 ± 3.2 over the
Crater Floor.

Figure 3. Assessment of Crater Floor estimated properties with the AD‐method. (a) Traverse during sols 15–135 and 353–379. (b) Attenuation estimates from the
centroid frequency‐shift method. (c) Propagation velocity estimates derived from travel‐time analysis (Casademont et al., 2023). (d) Attenuation estimates from the AD‐
method comparing different geometrical corrections, with the propagation velocity equal the mean value of 0.108 m/ns. (e) Attenuation estimates from the AD‐method
comparing different propagation velocities (the mean and one standard deviation below and above). The geometrical correction used is according to Equation 4.
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We then employ available velocity estimates in the amplitude decay (AD) analysis, to assess whether it can
reproduce similar attenuation as the CFS analysis. In Figure 4c, AD analysis yields Q*= 78.3± 11.1 for the mean
velocity value. Comparison with one standard deviation below and above yield similar results, though differences
are sightly larger toward lower velocities.

Attenuation over JWF is − 2.1 ± 0.4 dB/m for calculations at the RIMFAX 675 MHz center frequency, with the
average velocity of 0.113 m/ns. Both the CFS and the AD methods yield similar losses in dB. Differences to the
Crater Floor are seen in Q*‐estimates, but they are further enhanced when calculating the attenuation constant
from Equation 1, because the areas have different average velocities. On the Crater Floor, Q* = 70.4 ± 7.7 and
α = − 2.6 ± 0.3 dB/m.

As in Eide et al. (2022), there are large variations in acquired CFS Q*‐estimates. For AD estimates, we have
assumed a single constant velocity to be valid over the whole area, which do not account for local variations that in
turn would affect estimates of Q*‐values. But the fact that the two distinct analyses provide similar Q*‐estimates
on average, ensures that quantified results are reasonable and that the observed difference between JWF and the
Crater Floor is reproducible and statistical significant, despite large and overlapping variances for estimated
values.

The constant‐Q attenuation model is assumed to be valid over the whole RIMFAX bandwidth, that is, that the
attenuation constant has a linear dependency with frequency. There are however other studies (e.g., Harbi &
McMechan, 2012) that investigate the frequency dependent attenuation in more detail. That should be interesting
for future RIMFAX studies, but is out of scope for this investigation. Nevertheless, since results from both CFS
and AD methods are consistent for the areas studied, we conclude the validity of the constant‐Q model is still a
useful assumption for studying bulk attenuation over the full RIMFAX bandwidth.

3.1. Depth of Penetration

With the System Dynamic Range (Hamran, 2010) assumed the same for RIMFAX soundings over JWF and the
Crater Floor, the amount of power loss at maximum depth of penetration (zmax) will be equal in the two areas.
Therefore, the sum of attenuation αzmax and geometrical spreading loss L− 1 will be constant:

2αcf zmax
cf + L(2r̃max

cf )
− 1 = 2αjwfzmax

jwf + L(2r̃max
jwf )

− 1 . (6)

Geometrical spreading is represented by the free‐space propagation loss (Ulaby & Long, 2014), but utilizing the
apparent target range r̃:

Figure 4. Attenuation estimates for the rover traverse in Figure 1: (a) from the centroid frequency‐shift method; (b) propagation velocities from Paige et al. (2024); and
(c) attenuation estimates by the AD‐method. Mean and standard deviations are listed for each histogram. For the AD analysis in (c), comparison is done between
analysis made with the mean velocity, and one standard deviation below and above.
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L(r̃)− 1 = 20log10(
λ0
4πr̃

), (7)

where λ0 = 2πc/ω. Calculations are done for the RIMFAX center frequency, and the relationship between r̃ and z
is as in Equation 4.

We assume attenuation estimates obtained for RIMFAX Shallow Mode, are also valid for the radar configuration
used when imaging down to maximum depth of penetration utilizing long integration times and the full instrument
bandwidth. For the Crater Floor, we assume αcf = − 2.6 dB/m (Eide et al., 2022) and zmax

cf = 15 m (Hamran
et al., 2022). For JWF, αjwf is − 2.1 dB/m. Solving Equation 6 with respect to zmax

jwf , we obtain a maximum depth of
penetration of ∼18 m. Consequently, imaging depth should increase by about 3 m over JWF, compared to on the
Crater Floor. These quantified differences in attenuation and maximum depth of penetration are consistent with
processed radargrams from the areas (Hamran et al., 2022; Paige et al., 2024).

3.2. Implications for Regolith Composition

Surface rocks analyzed by the Perseverance rover at JWF, indicate distinct formation compared to on the Crater
Floor. Whereas the latter was mainly concluded to have magmatic origin (Farley et al., 2022), JWF is found to
represent a sedimentary fan deposit (Stack et al., 2024). The difference in radar propagation velocities between the
Crater Floor and JWF, is consistent with change from magmatic lithologies to sedimentary. Furthermore, in
general, sounding over sedimentary rocks tend to be less affected by attenuation than sounding over volcanic
terrain. The observed lower attenuation in RIMFAX data over the sedimentary rocks of JWF, is therefore
consistent with general observations on Earth (e.g., Ulaby & Long, 2014) and observations from orbital sounding
of Mars (Campbell et al., 2008). Attenuation is, however, not a direct indicator of composition, and sounding over
different regions of sedimentary origin would be expected to yield a large variation in the results.

Comparing RIMFAX results directly with orbital radar measurements has to be done with care: While Campbell
et al. (2008) analyze SHARAD data acquired during orbital sounding with a 20 kHz center frequency and a km‐
wide spatial footprint, RIMFAX is operating at the surface with a 675 MHz center frequency. Nevertheless,
assuming the Constant‐Q model is valid over the whole frequency range, their results can still be related.
Therefore the relationship between attenuation and composition is only indicative, and additional observations are
needed to identify or distinguish regolith composition.

In general, low attenuation is associated with dry rocks, because saturation of rocks on Earth typically increases
attenuation. Moreover, saturated rocks would also lower the propagation velocity substantially, below that
observed in acquired RIMFAX data. As a consequence, this study is consistent with dry sedimentary rocks
constituting the regolith of JWF.

Phyllosillicates have been identified at the JWF, both in orbital visible/near‐infrared hyperspectral images (e.g.,
Horgan et al., 2020) and during surface operations by the Perseverance rover (Dehouck et al., 2023). Such
minerals may contain bound water, and it has been hypothesized as a potential reason for high losses in orbital
sounding elsewhere on Mars (Stillman & Grimm, 2011). But there is no indication of increased losses in the
RIMFAX results from the Hawksbill Gap area, and therefore no indications of substantial amounts of bound
water in phyllosilicates located in the upper 5–7 m of the regolith.

4. Conclusions
Attenuation in RIMFAX soundings from sols 439–538 and 698–709, acquired over the Jezero Western Fan Front
(JWF Front), is estimated to Q*= 78.8± 11.6. That equals − 2.1± 0.4 dB/m at the 675MHz center frequency, for
an average subsurface velocity of 0.113 m/ns. Results are a first look at the Hawksbill Gap area alone, and do not
consider other parts investigated on JWF or nearby on the Crater Floor along the fan escarpment. Quantified
attenuation estimates retrieved from the CFS method, are assessed and verified by comparing with the amplitude
decay method. Results show that radar attenuation in the sedimentary deposits analyzed at JWF, is lower than over
the magmatic lithologies investigated during sols 15–349 on the Crater Floor (where Q* = 70.4 ± 7.7 and
α = − 2.6 ± 0.3, with v = 0.1 m/ns). As a result, the maximum imaging depth increases by about 3 m at JWF.
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Furthermore, the analysis does not indicate substantial amounts of brine or bound‐water bearing minerals in the
shallow subsurface, which would have increased attenuation and lowered the Q*‐factor significantly.

Data Availability Statement
The data used in this work are available at the NASA PDS Geosciences Node (https://pds‐geosciences.wustl.edu/
missions/mars2020/rimfax.htm) (Hamran & Paige, 2021).
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