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Mars mapping with delay-Doppler radar
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Abstract. Mars radar imaging results from Arecibo 12.6-cm observations

are presented. The images were derived from delay-Doppler mapping using a
coded-long-pulse technique to mitigate the effects of echo overspreading. Images of
the depaolarized echo are used to identify regions of high decimeter-scale roughness.
Some of the strongest echo features are located on the major shield volcanoes
or on relatively young off-shield flows such as the Olympus and Pavonis lava
aprons. The shields themselves have highly irregular radar signatures suggesting
complex volcanic histories. Some Mars radar features have twice the depolarized
brightness of the roughest terrestrial lava flows, apparently due to higher levels of
multiple scattering from surfaces of spectacular roughness or from volume scat-
tering. Low-brightness (smooth) areas are associated with older surfaces such as
fractured and highland terra, as well as with terrain interpreted to be debris lobes,
ash flows, and aureoles; in particular, a close connection was found between the
12.6-cm counterpart of the “Stealth” feature and the Medusae Fossae Formation
(postulated to be deep ignimbrite deposits). Marte Vallis is anomalous in being the
only outflow channel showing strongly enhanced echoes, which supports the idea
that this channel and the Elysium Basin that it drained are filled with lava flows.
A weak radar feature was found for the south polar residual ice cap. Comparisons
with Goldstone 3.5-cm data show that the south polar enhancement is much weaker
at 12.6 cm than at 3.5 cm, indicating that the southern ice cap becomes optically

thin at the longer wavelength. A north polar enhancement has also been found,
which is comparable in strength to the 12.6-cm south polar feature.

1. Introduction

The surface of Mars shows extreme diversity in its
radar scattering properties [Simpson et al., 1992]. This
diversity is seen in both the quasi-specular and dif-
fuse components of the echo. (The quasi-specular echo,
which is completely polarized, is associated with mirror-
like reflections from superwavelength-scale surface un-
dulations; the diffuse echo, which is partially depo-
larized, is associated with wide-angle scatiering from
wavelength-scale roughness.) Early continuous wave
(CW) radar studies of the polarized echo revealed strong
spatial variations in quasi-specular reflectivity, indica-
tive of variations in effcctive surface dielectric constant
[Goldsiein, 1965; see also Jakosky and Muhleman, 1981].
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Numerous observations in the 1970s (both CW and
ranging-type) showed that there are also large spatial
variations in quasi-specular roughness [Simpson et al,
1978a, b]. In the early 1980s, dual-polarization CW
measurements of the full Mars echo showed evidence
for strongly enhanced levels of diffuse radar backscatter
from the major volcanic provinces [Harmon et al., 1982;
Harmon and Ostro, 1985]. These diffuse enhancements
show up particularly well in the depolarized component
of the diffuse echo because (1) the depolarized echo is
free from quasi-specular glare and (2) the degree of de-
polarization is higher in the enhancements. The natu-
ral conclusion was drawn that the depolarized enhance-
ments represent backscatter from lava flows which are
extremely rough on wavelength (decimeter) scales [Har-
mon et al., 1982; Harmon and Ostro, 1985; Thompson
and Moore, 1989]. However, these results were based
solely on CW Doppler spectra, from which only crude
spatial mapping information can be extracted. At that
time it was clear that further progress on the large-scale
radar mapping of Mars’ diffuse echo would require more
sophisticated radar techniques.

The most common radar-mapping technique is the
so-called “delay-Doppler” method. This approach has
been used with great success in Earth-based radar map-
ping of Venus [Campbell and Burns, 1980]. The stan-
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dard typc of delay-Doppler mapping involves coherent
spectral analysis using inter-pulse or inter-code sam-
pling. This requires that the target echo be “under-
spread,” i.e., that the time-bandwidth product of the
echo not exceed unity. Mars, unlike Venus, is grossly
overspread and therefore cannot be mapped with this
technique, although some topography and scattering in-
formation can be extracted from the leading edge of the
planet’s delay-Doppler echo [Downs et al., 1975, 1982].
One can alsc do a crude delay-Doppler mapping of Mars
using intrapulse coherent analysis [Dyce et al., 1967,
but the achievable resolution is too coarse to be of much
use.

The first true radar images of Mars were obtaincd in
1988 from X-band (3.5-cm wavelength) bistatic observa-
tions involving transmission at Goldstone and reception
at the Very Large Array (VLA) [Muhleman et al, 1991;
Butler, 1994; Muhleman et al, 1995]. The images were
formed directly using the VLA synthesized beam rather
than by delay-Doppler mapping. Besides locating the
sources of some of the major volcanic backscatter en-
hancements, the Goldstone/ VLA images produced two
major surprises: the detection of a very strong echo
from the south polar ice cap (reminiscent of the anoma-
lous echoes from the icy Galilean satellites) and the dis-
covery of a large radar-dark area in southern Amazonis
(dubbed “Stealth”).

A considerable effort was made in the 1980s to perfect
techniques for dealing with the overspreading problem
in icnospheric radar observations. It was realized that
one technique in particular, the coded-long-pulse (CLP)
method, could be adapted to the delay-Doppler map-
ping of overspread planets. We therefore undertook a
series of Mars radar observations uging this technique at
Arecibo, the objective being to image the planet at a dif-
ferent wavelength and with a finer resolution than was
possible with the VLA. (The VLA image resolution was
limited by the 170-km diameter of the synthesized beam
at the distance of Mars). The first CLP observations
of Mars were made with the Arecibo S-band (12.6-cm
wavelength) radar during the 1990 opposition. Shortly
thereafter, the same technique was used to image Mer-
cury [Harmon and Slade, 1992; Harmon et al., 1994b;
Harmon, 1997a] and to range Ganymede and Callisto
[Harmon et al, 1994a]. A preliminary report of the
1990 Mars results [Harmon et al., 1992b] concentrated
on describing the unusual radar features in Elysium.
Since then, more observations have been made (during
the 19921993 opposition), and work has been done on
improving the quality of all the 1990-1993 images by
summing multiple observing runs. Of that work, thosc
results dealing specifically with the Chryse channcl re-
gion and spacecraft lander sites were recently reported
by Harmon [1997b] and will not be discussed further in
this paper. We will also not discuss the heavily cratered
highlands dominating the Sonthern Hemisphere, a re-
gion that appears as relatively weak and featureless in
our radar images. Although there is some evidence for
sorne slightly enhanced features in the south (c.g., from
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the llellas and Argyre basin rims}, the low echo strength
and sparser data coverage make for relatively poor im-
ages and less reliable N/S-ambiguity detection over this
region. Instead, we will limit ourselves here to making
a comprehensive presentation and geologic description
of the 1990-1993 CLP results for Mars’ major volcanic
provinces and polar ice caps.

2. Data and Analysis

2.1. Observations

2.1.1, Observing epochs. Limited system sensi-
tivity and the inverse-fourth-power distance dependence
for the echo strength restrict radar imaging of Mars to
a few months around opposition. Our first observing
campaign was conducted during the 1990 opposition.
The 1990 images shown in this paper were derived from
several nights of observation between November 5 and
December 16, 1990. During this period the sub-Earth
latitude changed from 4.8°S 0 12.1°S. Our second cam-
paign was conducted during the 1992-1993 opposition.
The data from that campaign that are used in this pa-
per were obtained on several nights between December
7, 1992 and January 28, 1993, during which time the
sub-Earth latitude changed from 12.2°N to 4.3°N.

2.1.2. Observing setup. The ohservations were
made with the S-band (2380 MHz, 12.6-cm wavelength)
radar on the 1000-foot Arecibo telescope. The transmit-
led power was typically about 400 kW. The transmit-
ted wave was biphase coded with baud lengths of ei-
ther 100 (1990) or 70 ps (1992-1993); it was this baud
length that determined the delay resolution of the data.
A circularly polarized wave was transmitted, and both
the same-sense (“SC” or “depolarized”) and opposite-
sense (“OC” or “polarized”) circular polarizations were
received. The transmitted code was a 23° — | maximal-
length shift register sequence, which, contrary to stan-
dard coding practice, did not repeat during the course
of an observing run. Since the code generator was a
noninitializable (free running) device, the replica code
for decoding was determined by sampling the transmit-
ter leakage signal during the transmit cycle.

Up to six observing “runs” were made on any given
night. A run consisted of a transmit period and a re-
ceive period, each with a duration of one round-trip
light travel time. The transmitter was shut off for the
last 2 min of the transmit period, providing 2 min of
echo-free noise at the end of the receive period for cali-
bration purposes. The receiver output was quadrature
mixed to base band and passed through a filter matched
to the baud. The matched-filtered signals were then
complex sampled once per baud and stored for further
processing.

2.2. Delay-Doppler Analysis

2.2.1. Decoding and spectral analysis. In the
standard delay-Doppler analysis the decoding is done
by cross correlating the received signal with the replica
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code. The decoding yields one sample of the complex
voltage for each lag (or delay bin) for each code repeti-
tion cycle. Decoding successive code cycles produces a
complex voltage time series for each delay. Taking the
Fourier transform and squared modulus (i.e., the power
spectrum) of these time series gives a single statistical
realization (or “look”) of the ccho power distribution
in delay-Doppler space. Successive realizations of this
“delay-Doppler array” are then summed incoherently to
reduce the rms noise fluctuation level.

The scheme just described works well if the time-
bandwidth product BT of the planet’s delay depth r
and rotational Doppler bandwidih B is less than unity.
In this case one can set the code repetition period to
some value > 7 and stifl satisfy the Nyquist condition
for critically sampling the Doppler spectrum. If the
target is “overspread” (Br > 1), then one cannot aveid
some aliasing of the delay-Doppler array in either de-
lay or Doppler. However, in some cases one can still
make useful estimates of the full delay-Doppler array if,
instead of eross correlating (i.e., summing lagged prod-
ucls of) the data and replica code, one Fourier trans-
forms the lagged products directly without the correla-
tion summing [Sulzer, 1986, 1989; Hagfors and Kofman,
1991]. In this case the sampling rate for the spectral
analysis is the raw data sampling rate (typically once
or twice per baud) rather than the code repetition rate,
so the Nyquist frequency can be much higher. The price
paid for not cross correlating is the addition of a clut-
ter component to the spectrum for each delay. This
clutter comes from the product of the replica code with
the echo signals from all of the other {“wrong”) de-
lays. However, if a nonrepeating code is used instead
of the usual repeating code, then the clutter contribu-
tion reduces to an additive noise component that only
lowers the signal-to-noise ratio. This is the essence of
the “coded-long-pulse” method used in incoherent scat-
ter radar measurements of the ionosphere [Sulzer, 1986,
1089). We will adopt the name coded long pulse for the
equivalent method used in this paper, even though our
S-band radar employs continuous transmission rather
than the pulsed transmission commonly used by the
lower-frequency ionospheric radars.

We adopted Sulzer’s [1986] method for the delay-
Doppler analysis of our received signal. First, the vari-
ons lagged-product time series were formed by multiply-
ing the complex receive signal by the transmitted code.
Then the lagged-product time series (for a given delay
bin) was partitioned into n length transform buffers,
where n—512 for the 1990 data and n=1024 for the
1992-1993 data. The power spectrum was computed
for each buffer, and the spectra from successive buffers
were summed over the integration period. This pro-
cess was applied to each delay bin (lag), giving a raw
delay-Doppler array with 260 delays and 512 frequencies
{(for 1990) or 360 delays and 1024 frequencies (for 1992-
1993). The Nyquist frequencies of the spectra were £5
kHz {1990) or £7.14 kHz (1992-1993). The delay and
Doppler resolutions were 100 us and 19.53 Hz (for 1990)

14,067

o

(]

Delay (ms)

Frequency (kHz)

Figure 1. Delay-Doppler array of Mars echo power
from one run on December 1, 1990. The mean receive
time is 0334 UT and the integration time is 6 min, 10 s.
Darker shading corresponds to higher eche power. The
dominant echo feature behind the leading edge is [rom
the Elysium Basin and Marte Vallis.

or 70 ps and 13.95 Hz (for 1992-1993). The echo re-
ceive period {(the round-trip time minus the 2-min noise
period) for each observing run was divided into two in-
tegration periods of about 4-min duration each.

The next stage of the analysis involved subtraction of
a noise baseline level from each lag of the delay-Doppler
array. Since the signal was sampled once per baud, the
total noise spectrum (the sum of true system noise and
clutter) is flat, so that the noisc was easily subtracted
by estimating the baseline level using the frequencies
outside the echo band. An example of a delay-Doppler
array with noise subtracted is shown in Figure 1. The
percentage contribution of the clutter to the total noise
level was found to be precisely as expected (see next
section), varying between 15% and 71%, depending on
the cpoch. However, in addition to the random compo-
nent, the clutter was also found to contain some nonran-
dom ripples associated with spurious zero-mean oscilla-
tions in 8 out of the first 260 delay bins of the delay-
Doppler ambiguity function. Test simulations showed
that this nonrandomness is caused by a combination of
small system phase errors and the peculiarities of the
two-feedback-tap implementation of the 2% — 1 code.
This ripple problem had a negligible elfect on the SC
images shown this paper but is clearly noticeable in the
delay-Doppler arrays of the OC echo owing to leakage of
the strong specular echo from the subradar point. Sim-
ulations showed that this problem can be avoided in the
future by using shift-register codes with four instead of
two feedback taps.

2.2.2. Calibration. After subtraction of the noise
baseline, the delay-Doppler array for each integration
period was converted into an array of radar cross-section
estimates. First, the array was normalized to true echo
power., This was done by multiplying the array values
by kT Af/N, where k is Boltzmann’s constant, 1" is the
system temperature, Af is the Doppler resolution, and
N is that portion of the baseline level due to system
noise and not clutter. We estimated N in two different
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ways, comparing the results for consistency. The first
way was to determine N from the level of the spectrum
of the 2-min echo-free (hence clutter free) period at the
end of the run. The second method involved using the
delay bins in front of the echo to estimate a level that
included system noise plus a clutter contribution from
the entire echo, then subtracting a clutter level esti-
mated by summing the echo power from all delays and
spreading that power evenly over the full spectral band-
width. The N cstimatcs from the two methods gave ex-
cclicnt agreement (typically better then 5%). The final
step in the reduction was to convert the delay-Doppler
array from power values to radar cross-section values.
This was done by dividing by the radar-equation factor
PG?)? /(6472 R*), where P is transmitter power, G is
antenna gain, A is radar wavelength, and R is the Mars
distance.

The calibration was checked by comparing depolar-
ized albedos &y (the full-disk SC cross section divided
by the projected area wR? of the planet) estimated from
our CLP delay-Doppler arrays with values estimated
from older CW Doppler spectra. This Fy is a useful
parameter for consistency checks of this kind because
of its relatively slow variation with sub-Earth position.
Figure 2 shows a comparison of our CLP albedos with
CW albedos obtained at Arecibo from 1980-1990; here
the CLP values have been multiplied by a 3/2 factor to
correct for the fact that the integral under the triangle-
squared delay response function {(or “ambigunity funec-
tion”) is 2/3. This figure shows good agreement be-
tween our new CLP results and the older, more easily
calibrated CW results. These Arecibo CW values are
themselves in good agreement with depolarized albedos
obtained with the Goldstone radar at the same wave-
length [Thompson and Moore, 1989; Moore and Thomp-
son, 1991].
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2.3. Mapping

2.3.1. Mapping algorithm and images. The
mapping algorithm converts the delay-Doppler arrays
(which give radar cross section in delay-Doppler space)
into images of SC specific cross section ¢y, in plane-
tary (longitude-latitude) coordinates. The images are
466 % 708 raster arrays with each pixel measuring about
0.1° on a side. A raw image (or “snapshot” ) was formed
for each half-run (= 4 min) integration period. The
snapshots from between three and five runs (6-10 in-
tegration periods) were then averaged to increase the
signal-to-noise ratio. This was a weighted average that
included a cos'® @ factor in the weighting to account
for the expected falloff in the scattering law o2.(#) with
increasing incidence angle ¢. The averaged image was
then smoothed over boxes of 7 x 7 pixels to give the
final image. The 7 x 7 smoothing corresponds to an ef-
fective resolution cell measuring about 0.66° on a side.
For comparison, the intrinsic longitude resolution in a
snapshot (determined mainly by the longitude smear-
ing from planet rotation during the 4-min integration
period) is abont 1.0°, or about 3 times the width of a
Doppler strip. The intrinsic latitude resolution, set by
the band length, is about (0.25° at the poles, becoming
coarser by a factor of 1/sin(lat) owing to geometrical
projection as one approaches the equator. The delay
(hence latitude) resolution cell also stretches somewhat
with increasing Doppler shift owing to increasing cutoff
from the matched filter. This effect, which comes into
play when the target bandwidth is a substantial frac-
tion of the sampling bandwidth, can be mitigated in
future observations by combining a wider (unmatched)
filter with a higher (more than once per baud) sampling
rate.

The reflectivity image is normalized to give specific
cross section ¢f,, which is defined as the radar cross
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Figure 2. Full-disk depolarized albedo & versus sub-Earth longitude for the Arecibo 1990-1993
coded-long-pulse (CLP) delay-Doppler data (squares) and Arecibo 1980-1990 continuous wave

(CW) data (crosses).
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section per unit surface (not projected) area. For the
normalizing area we use the mapped area of the delay-
Doppler cell multiplied by the 3/2 factor mentioned
in the last section. Although each delay-Doppler cell
includes the echoes from conjugate points north and
south of the Doppler equator, we have normalized by
the surface area of one rather than both points. This
gives a better estimate of the o2, for any strong fea-
ture whose contribution overwhelms that from its conju-
gate point. The alternative would have been to normal-
ize by the area of both conjugate points, which would
have resulted in a large underestimation of the abso-
lute strength of those very bright features in which we
are most interested. The absolute calibration of the
mapping algorithm was tested by comparing the total
cross sections computed by summing over whole blocks
of range gates in the delay-Doppler arrays with sums
over the corresponding delay annuli in the final planet
maps. The comparisons showed good agreement.
2.3.2, Mapping ambiguity. The aforementioned
N/S mapping ambiguity can be a major complication in
the interpretation of delay-Doppler radar images. This
ambiguity can be resolved to some extent by observing
the same part of the planet at different sub-Earth lati-
tudes and comparing the images. In principle, one can
construct an unambiguous image by combining snap-
shot images using a rigorous analytic algorithm; in prac-
tice, such methods are very complex and often produce
degraded images because of their sensitivity to noise,
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calibration error, and scattering-law assumptions. For
this paper we have simply inspected pairs of images
taken at different sub-Earth latitudes in order to dis-
tinguish real features from those which are associated
with (or significantly corrupted by) foldover from the
conjugate hemisphere. Our data set was well suited for
these comparisons because of the large range of sub-
Earth latitudes covered over the two oppositions. Any
prominent radar feature that is mentioned in the next
section has been checked for fold-over by such visual
inspection. Those features in our images (Figures 3,
4, and 7) that were found to be fold-over artifacts or
to have significant fold-over confusion are identified by
crosshatching in the accompanying sketch maps.

3. Results by Region

This section is devoted to a (largely qualitative) de-
scription of the imaging results on a regional basis.
Here our implicit working assumption will be that areas
giving strong radar backscatter correspond to surfaces
with relatively high decimeter-scale roughness. A more
quantitative discussion of the implications of the strong
echoes from the volcanic regions is deferred to section
4. The polar ice caps echoes, which are special cases,
will be treated separately in section 5.

In this discussion we will make reference to Mars ge-
ologic units as defined in the geologic maps in the U.S.
Geological Survey I-1802 series [Scott and Tanaka, 1986;
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Plate 1. Simplified geologic map of Mars, adapted from the maps of Scott and Tanaka [1986]
and Greeley and Guest [1987]. Letter labels correspond to geologic terrain units mentioned in
the text: Aop, Olympus Mons Formation plains member; Aos, Olympus Mons Formation shield
member; Ats, Tharsis Montes Formation member 5; Achu, channel and flood plain (Elysium Basin
and Marte Vallis); Aas, Arcadia Formation member 3; AHef, Ceraunius Fossae Formation; Nf,
older fractured material (Ceraunius Fossae); Hf, younger fractured material (Ulysses Fossae and
Fortuna Fossae); and As, slide material (Tharsis volcano debris). All these units are of Amazonian
age, except for unit Hf (Hesperian) and unit Nf (Noachian). Other Hesperian units are denoted
by the purple shade (mostly ridged plains or Syria Planum Formation). Other Noachian units
are denoted by the brown shade (mostly plateau sequence of the cratered highlands).
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Plate 2. Color-coded radar images of depolarized radar cross section ¢, for selected regions
superimposed on Viking visible image mosaics. (a) Northern Tharsis, including the shields of
Pavonis Mons (bottom left) and Ascreaus Mons (top right). (b) Southern Tharsis and Daedalia
Planum, including the Arsia Mons shield (top right); the box gives the location of the Viking
image of east Daedalia shown in Figure 5a. (¢) Olympus Mons region with the Olympus Mons
shield visible just left of center; the box gives the location of the Viking image of the Olympus
lava apron shown in Figure 8a. (d) Elysium region, including the Elysium shields (top left); the
boxes give the locations of the Viking images of Elysium Basin and Marte Vallis shown in Figures
11a and 11b. The color bar has a linear scale with max = 0.211, 0.363, 0.254, and 0.209 for Plates
2a, 2b, 2c, and 2d, respectively. The zero point for Plates 2b and 2d is as shown on the color
bar; for Plates 2a and 2c the zero points are at 9% max and 13% max, respectively.
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Greeley and Guest, 1987]. A simplified composite of
these geologic maps is shown in Plate 1. The radar-
mapping results are presented in several regional-scale
images and their accompanying sketch maps (Figures 3,
4, 7, and 10) as well as in Plate 2 (which shows color-
coded images of selected areas overlayed on Viking im-
age Imosaics).

The images (Figures 3, 4, 7, and 10) are represented
on a gray scale, with darker shades corresponding to
higher specific eross section .. The quoted cross sec-
tions are given both as regular numbers as well as on the
logarithmic decibel (dB) scale used commonly in Earth
remote sensing, where o2.(dB) = 10 log,q0l. The ef-
fective incidence angle varies across any given image, 8o
that the relative intrinsic strength of any two features
on a given image cannot necessarily be determined by
direct comparison of shade. Some information on the
ranges of incidence angles is given in the figure cap-
tions, and the incidence angles # {or some of the more
prominent features are given in the text.

In this section and the rest of the paper we will
use the terms “bright” (or “radar bright”) and “dark”
(or “radar dark”) as a shorthand to describe regions
with relatively high radar cross section (strong echo) or
low radar cross section (weak echo), respectively. The
reader is cautioned to keep in mind while studying the
images that our gray-scale rendering denotes radar cross
section with stronger shading, so that “bright” features
correspond to darker shading,.

3.1. Tharsis/Olympus

Earlier CW radar observations indicated that the
Tharsis region gives the strongest depolarized echoes
from Mars and presumably contains the highest con-
centration of decimeter-scale roughness on the planet
[Harmon and Ostro, 1985; Thompson and Moore, 1989].
This was confirmed by the VLA radar images [Muh-
leman et al, 1991; Bufler, 1984]. Our images show
that the radar appearance of this region is complex and
nonuniform. The only large, uniform expanse of en-
hanced depolarized echo is the east Tharsis plains. To
the west, on the Tharsis ridge axis and Olympus Mons,
the echo features are more distinct and localized. Al-
though all of the major shields show radar-bright fea-
tures or are the source of bright flows, they do not con-
form to any sort of regular or characteristic form in the
radar images.

3.1.1. East Tharsis plains. 'I'he volcanic plains
between Ascraeus Mons and Lunae Planum appear as a
rather uniform expanse of moderately enhanced radar
brightness (Figure 3; see also Harmon [1997b, Figure
14]). The eastern edge of the enhancement is well
defined and coincides with the boundary between the
Tharsis Montes voleanic plains (mostly unit Atg; see
Plate 1) and the older (Hesperian) ridged plains of Lu-
nae Planum. The brightest part of this boundary is lo-
cated in the volcanic plains adjacent to the chaotic ter-
rain at the head of Kasei Vallis. The radar-bright plains
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extend on to the south, forming a peninsular feature em-
baying Echus Chasma. The southern boundary west of
Echus Chasma coincides fairly closcly to the boundary
between the Tharsis plams and the older Syria Planum
and fractured terra to the south (compare with Plate
1). Within the Tharsis plains is a radar-dark region
corresponding to Fortuna Fossae, an island of fractured
terra (unit Hf; see Plate 1). The northern limit of the
bright east Tharsis plains lies close to the 20°N latitude
line, south of the Uranian shields. The Uranian shields
themselves do not show bright radar features, except for
a small bright area on the southwest flank of Uranius
Patera. The extreme northeast corner of the Tharsis
plains shows faint horn-like features from Kasei Vallis
{see Harmon [1997b, Figure 14]).

3.1.2. Ascraeus Mons. On the western edge of
the radar-bright east Tharsis plains lies a very bright
oval feature associated with the Ascraeus Mons shield
(see Figure 3 and Plate 2a). This [eature is offset toward
the southcentral part of the shield and has a radar-dark
center that includes the caldera. The brightest part of
this feature (g2 = 0.211 = —6.38 dB at 4 = 30°), lo-
cated at 103.7°W, 9.1°N, is also the brightest point in
Figure 3. The shield also shows a very bright feature in
the Goldstone/VLA radar images [Butler, 1004; Muh-
leman el al, 1995]. Running south of the shield is a
bright “tail” that lies along the eastern edge of the vol-
cano’s southern flow fan. There is also a bright band
extending northeast from the shield. The lower western
side of the shield, as well as an extensive area west of the
volcano, is radar dark. There is apparently a strong di-
chotomy between rough terrain on the east flank of the
volcano and smooth terrain on the west flank. The cen-
ter of the radar-dark side coincides with a young debris
apron {unit As), which may be obscuring older radar-
bright flows, although the mapped debris apren is much
smaller than the dark area. Alternatively, the dark area
may be associated with an effusive late-stage lava flow
from the western flank of Ascraeus Mons [Zimbelman
et al., 1996] or the most northern of the volcanic ash
deposits left by a late sequence of pyroclastic eruptions
from the west flanks of all three Tharsis shields [Edgett
et al., 1996, 1997)].

3.1.3. Pavonis Mons. The shield of Pavonis
Mons is almost entirely radar dark. A faint summit
ring of bright material around the caldera can barely
be seen in Figures 3 and 7. The entire northern side
of the shield, as well as the plains extending north and
northwest of the shield, are radar dark. Part of the
dark region northwest of the shield may represent ob-
scuration of rougher surfaces by a debris apron (umnit
As in Plate 1), although the proposed west flank ash
eruptions [Edgett ef al, 1996, 1997] may also be re-
sponsible, The lower eastern flank of the shield, along
with plains to the east and northeast, make up a bright
teardrop-shaped feature that corresponds to the Pavo-
mis “east lava apron” discussed by Hodges and Moore
[1994] (see Figure 3 and Plate 2a). This radar feature
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Figure 3. (a) Radar image of northeast Tharsis and environs. Darker shading corresponds to

higher specific cross section ¢2..

The peak ¢f. in the image is 0.211 (on the southern part of

the Ascracus Mons shield). The image is a weighted average of images from five observing runs
obtained on three separate dates between November b and December 16, 1990 (sub-Earth latitude
= 4.8°5-12.1°8). The range of mean incidence angles is 6°-66° across the image. (b) Skctch
map of the image showing the dominant features and their names. Edges of the major shields
are indicated (thick lincs). Areas with significant fold-over from the N/S ambiguity effect are

identified (diagonal hatching}.

is also prominent in the Goldstone-VLA images [But-
ler, 1994; Muhleman et al, 1995]. The Pavonis east
lava apron is apparently one of the largest expanses of
rough lava surface on Tharsis. It is also a relatively
young feature; Hodges and Moore [1994] place it as
younger than the Pavonis Mous shield and contempora-
neous with the Qlympus Mons shield. From the north
end of the teardrop runs a narrow, chanunel-like feature
that merges with other bright features to the north and

separates the dark region north of Pavonis Mons from
the dark region west of Ascraeus Mons. The norih-
ern teardrop and “channel” coincide with mapped lava
flows [Hanley and Zimbelman, 1995; Mouginis-Mark et
al., 1982] that flow north in a broad S curve out of the
east lava apron.

3.1.4. Arsia Mons. Arsia Mons and southern
Tharsis are covered by the images in Figure 4 and Plate
2b. The Arsia Mons shield has an extremely bright col-
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Figure 4. {a) Radar image of southern Tharsis and environs. The peak o2, in the image is
0.363 (on the northern part of the Arsia Mous shield). The image is a weighted average of images
from five observing runs on December 27, 1992 (sub-Earth latitude = 9.3°N). The range of mean
incidence angles is 8% 65°. (b) Sketch map corresponding to this image. Edges of the major
shields are indicated (thick lines). Areas with significant fold-aver from the N/S ambiguity effect

are identified (diagonal hatching).

lar around the northern side of the caldera. With a
peak 0. of 0.363 (=—4.4 dB at § = 19°) at 118.4°W,
7.6°8, this is the brightest feature that we have found on
Mars. The caldera and southern half of the shield are
much darker. QOther areas around the shield, including
a debris apron, are radar dark. Just to the southwest
of the shield is a bright featurc that corresponds to the
south lava fan. A similar feature just northeast of the
shield may be coming from the north lava fan, although
here there is some confusing fold-over from the Cerau-
nius Fossae Formation. South and southwesi of Arsia

Mons is a vast radar-bright feature occupying Daedalia
Planum. This is also the most prominent bright feature
in the Goldstone/VLA images [Muhleman et al.,, 1991;
Butler, 1994]. The brightest portion of the Daedalia fea-
ture in the Arecibo image is centered near 120°W, 20°5;
we label this the “east Daedalia feature” in Figure 4b.
The lava flows in this area have a very distinctive ap-
pearance in the Viking images, showing strong albedo
streaks (Figure 5a) and well-defined flow fronts (Figure
5b). The eastern edge of the east Daedalia feature is
very well defined and coincides precisely with the point
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Figure 5. (a) Viking medium-resolution visible image mosaic of a western portion of the “east
Daedalia” feature. The location is given by a box in Plate 2b. The entire image is located within
unit Ats of the Tharsis Montes Formation. Note the prominent albedo streaking associated with
lava flows. (b) Viking high-resolution visible image of the region inside the box shown in Figure

5a. Note the prominent lava flow fronts.

where radar scattering profiles show a dramatic increase
in quasi-specular roughness [Schaber, 1980]. Appar-
ently, this region is very rough on a wide range of spa-
tial scales. Most of the Daedalia feature (including east
Daedalia) is mapped as lava flows of the Ats unit (Plate
1). Figure 6a shows a histogram of ¢2. computed from
the entirety of the south Tharsis image (Figure 4), as

well as from that portion of the image (south of 10°3
latitude) that is designated as unit Ats in the geologic
map. This shows a very high average radar brightness
of #8.=0.21 (—6.8 dB) for this unit.

3.1.5. Other Tharsis features. The region of
northern Tharsis between the Tharsis ridge and Olym-
pus Mons shows complex radar-bright structure (Figure
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Figure 6. Histograms of ¢, for the following areas: (a) the entire image in Figure 4a (solid line)
and the portion of that image (south of 10°S latitude) classified as unit Atg {dashed line); (b) the
entire image in Figure 7a (solid line) and the portion of that image classified as unit Aop (dashed
line); (¢) the entire image in Figure 10a (solid line) and the portion of that image classified as
unit Achu (dashed line). The vertical scales refer to the solid lines; the dashed lines have been
scaled up by a factor of 10 in Figures 6a and 6c and by a factor of 5 in Figure 6b.

3). Due north of Ascracus Mons is a large circular fea-
ture (centered near 104°W, 20°N) that butts up against
Ceraunius Fossae to the north. This bright basin con-
nects with the bright Tharsis plains to the southeast
and with sinuons curved features to the sonthwest (onc
of which comes out of the Pavonis lava apron). Since
the lava flow directions in these features are toward the
north, it is possible that the feature south of Ceraunius
Fossae is a catch basin for north flowing lavas, although
grabens and fissures in the center of the feature may
also be local sources of radar-bright lavas. The higher,
older fractured terra (unit Nf; see Plate 1) of Cerau-
nius Fossae is radar dark, as are the plains and shields
to its east. North of Ceraunius Fossae is a bright fea-
ture that coincides with the Ceraunius Fossae Forma-
tion (unit AHef, see Plate 1), a region of many small
volcanic shields and fissure-fed flows [Scott and Tanake,

1986; Hodges and Moore, 1994]. The Ceraunius Fossae
Formation is relatively young; Hodges and Moore [1994]
place it as contemporaneous with late-stage volcanism
from the main Tharsis shields. The feature connects
with the Olympus lava apron to the west (Figure 7).
The region north of the Ceraunius Fossae Formation
is relatively dark, with no obvious radar feature seen
coming from Alba Patera (see the NE corner of Figure
7a). Butler [1994] noted a similar lack of an Alba Pat-
era feature in the VLA images, which he attributed to
degradation of volcanic roughness over the age of this
relatively old volcano. Finally, there is a very prominent
feature at 118°W, 13°N (midway between Ascraeus and
Olympus Mouns) that butts up against Ulysses Fossae to
the west. 'This feature curls around from the south in a
manner suggesting it is a catch basin for north flowing
lavas, which would be consistent with the flow direc-
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Figure 7. (a) Radar image of the Olympus/Amazonis region and environs. The peak of in
the image is 0.254 {at the western end of the “Olympus lava apron”). The image is a weighted
average of images from five observing runs on December 6, 1990 (sub-Earth latitude = 10.7°5).
The range of incidence angles is 7°-70°. (b} Sketch map corresponding to this image. Edges
of the major shields are indicated (thick lines). Areas with significant fold-over from the N/S
ambiguity effect are identified (diagonal hatehing)

tions deduced by Mouginis-Mark et ¢l {1982]. This
same feature can be seen in the Goldstone/VLA images
[Butler, 1994; Muhleman et al., 1995]. Ulysses Fossae
itself (see Figure 7), like Ceraunius Fossae, is a topo-
graphically high, radar-dark region of fractured terra
{(unit Hf; see Plate 1).

3.1.6. Olympus Mons. The Olympus Mons re-
gion is covered by the images in Figure 7 and Plate 2c.
The dominant bright feature in the Olympus Mons area

is not the shield itself but, rather, a crescent-shaped fea-
ture that wraps around the southern and eastern sides
of the shield and which we will refer to informally as the
“Olympus lava apron.” This feature corresponds very
closely to unit Aop, the Olympus Mons plains member
{see Plate 1). The brightest part of this feature is lo-
cated at 138.4°W, 13.9°N (62, = 0.254 = —6.0 dB at

g = 27°). The histogram in Figure 6b shows the Aop
unit to have an average ol of 0.14 (—8.6 dB). This unit
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Figure 8. (a) Viking medium-resolution visible image
of the Olympus lava apron (see location box in Plate
2c). This terrain is primarily of unit Aop, with some
unit Aos in the NW corner. {b) Viking high-resolution
visible image of the region insice the box shown in Fig-
ure 8a, Note the prominent lave flow fronts.

contains the youngest lava flows in the Olympus Mons
region. These Sows show numerous well-preserved flow
fronts, examples of which can be seen in the Viking
image in Figure 8. This contrasis with the more sub-
dued appearance of surrounding oider umits, Part of
the radar apron feature also includes offeshield flows of
unit Aos (the QOlympus Mons shield member}. Much
of the shield itself is dark by comparison, although two

14077

bright knots can be seen near the suinmit and on the
iower southern flank. It is interesting to note that at
least part of the caldera is radar bright, in contrast to
the Tharsis calderas. The eastern, northwestern, and
southwestern parts of the shicld appear dark and are
presumably smoother than other areas of the volcano,
The aureole north and west of the volcano is almost
uniformly radar dark; 2 small island of aureole material
can even be seen as a dark patch inside the bright lava
apron due east of the shield. The aurecles apparently
have a much smoother smali-scale texture than do the
vounger apron and shield fows, despite their chaotic
appearance in orbiter images.

3.2. Amazonis

3.2.1. Amazonis bright areas. CW observations
indicated that there is a depolarized enhancement at
the Amazonis Jongitudes between Tharsis and Elysium
[Hermon and Ostro, 1985;, and the VLA maps con-
firmed the existence of 2 feature in northern Amazonis
[Muhleman et al, 19911 The Amazonis enhancement
shows up well in Figure 7 (see also Figure 10). This
feature coincides closely with the unit Aag fows of the
Arcadia formation {Plate 1. The Amazonis feature ac-
tually appears to be made up of northern and south-
ern sections, which are connected near 1539°W, 23°XN.
The northern section merges with the Marte Vallis out-
flow channel feature. It has been suggested that the
north Arnazonis flows represent lavas that debouched
from Marte Vallis [Plescia, 1990; Harmon et al., 1992b].
This is in apparent contradictionr with the age sequence
of Scott and Tancke [1986], who place the Aagz forma-
tion (rmid-Amazonian) as older than the channel (late
Amazonian). Also unclear is whether the northern and
southern paris of the Arnazonis feature are related or
are merely contiguous. Support for separate origins
comes from (1) the narrowness of the contact between
the northern and southern features and (2) the fact
that much of the southern feature has been mapped
separately as eroded siripped plains [Schultz and Luiz
19881

3.2.2. “Stealth” and Medusae ¥Fossae Forma-
tion. One of the most interesting resulis from the
Goldstone/VLA imaging [Mubleman et al, 1881] was
the discovery of an extremely radar dark region extend-
ing west of southern Tharsis and into southern Amea-
zonis. This feature, dubbed “Stealth” by its discov-
erers, showed no detectable depclarized echo in the
VLA imeges, implving & smooth and/or low-density
surface laver devoid of buried scatterers. Muhleman ef
el [1691] and Butler (1094 suggested that the Stealth
materials are pyroelastic deposits from the Tharsis vol-
canoes. This idea was motivated by the fact that a por
tion of the Stealth region coincides with the Medusae
Fossae Formation {Figure 9b}, which Sco#t and Tanske
10821 had claimed to be composed of welded ash flow
tuffs (ignimbrites). Edget! ef al (1997 recently re-
examined the pyroclastic hypothesis, arguing that the
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Figure 9. (a} Normal-incidence radar cross-section [¢f.(6 = 0)] computed along the two radar
tracks shown on the map. The radar footprint is £5° of latitude centered on the sub-Earth track.
Also shown is the ¢2.(0) = 0.006 cross section threshold for the Stealth feature from Edget? et
al. [1997]. (b) Map showing the sub-Earth radar tracks for November 2, 1990 (dashed line) and
January 28, 1993 (solid line). Also shown are the Medusae Fossae Formation (shadcd areas) as
mapped by Scott and Tanaka [1986] and the #2,(0) = 0.006 contour for Stealth (dotted shapes).
Other features are the Elysium Basin and Marte Vallis (EB/MV) and the Olympus Mons (OM),
Pavonis Mons {PM), and Arsia Mons (AM) shields.

Stealth deposits are loose, wind-blown, volcanic tephra
that were deposited on the Medusae Fossae Formation,
as well as on lava flows outside Medusae Fossae, thus
weakening any direct connection between Stealth and
the underlying consolidated or welded material making
up the Formation.

We were interested in determining if Stealth also ap-
peared dark to the Arecibo radar, since the Jonger S-
band wavelength could be expected to give much deeper
penetration through any radar-absorbing surface layers.
The image in Figure 7, which was obtained from 1990
data with a sub-Earth latitude of 10°S, does appear
radar dark over the Stealth region. The radar-dark re-
gion can be seen to extend as far as 12°N on both sides
of the southern Amaszonis bright feature, in good agree-
ment with the northern extension of the Medusae Fos-
sae Formation but somewhat north of the main part of
Stealth as mapped by Edgett et al. [1997] (see Figure
9b). However, getting a quantitative measure of the

S-band Stealth from the image in Figure 7 is problem-
atic owing to the N/S ambiguity effect and the diffi-
culty of delay-Doppler imaging near the Doppler equa-
tor. Therefore we have done a special analysis to esti-
mate the depolarized echo strength along two separate
tracks crossing the Medusae Fossae Formation and the
“Greater Stealth” region (see the map in Figure 9b).
It was noticed that the delay-Doppler arrays obtained
along these tracks showed “holes” at their leading edges,
suggesting complete dropouts in detectable echo power.
This is quantified in Figure 9a, which shows profiles of
the leading-edge echo strength expressed as a normal-
incidence reflectivity o2.(# = 0) to permit direct com-
parison with the VLA measurements. This reflectiv-
ity represents an average over a 1(%wide latitude foot-
print centered on the sub-Earth track. Figure 9 shows
a very close correspondence between dropouts of echo
power and those places where the +5° radar footprint
1s mostly or entirely within the Medusae Fossae Forma-
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tion. The correspondence between ccho dropouts and
Stealth is not as strong, as can be seen from the non-
negligible echo along the southern track at 135°W lon-
gitude, where the radar footprint is entirely within the
Stealth contour (Figure 9b). Clearly, there is a much
stronger association between our S-band Stealth fea-
ture and the Medusae Fossae Formation than was found
to be the case by Edgett et al. [1997] for the X-band
Stealth feature in the VLA images. The greater pene-
trating power of the S-band radar may account for some
of this difference. Apparently, the underlying consoli-
dated material of the Medusae Fossae Formation {and
not just a loose tephra cover) 1s “stealthy” at 12.6 cm,
which is what one might expect if the [ormation con-
siste of thick, homogenecus deposits of welded tuff with
smooth surfaces and a paucity of embedded rocks.

3.3. Elysiom

Elysium 1s the second great Mars volcanic province
after Tharsis and, like Tharsis, was known to have a de-
polarized radar enhancement based on CW data [Har-
mon and Ostro, 1985]. Only a small portion of Elysium
was visible in the 1988 VLA images [Muhleman et ol.,
1991], and the first image covering the entire region was
obtained from the 1990 Arecibo CLP observations. A
preliminary Elysium image and a discussion of the in-
trigning radar appearance of this region are given by
Harmon et al. [1992b]. Because of multirun averaging,
the new Elysinm image (Figure 10; see also Plate 2d)
is of better quality than that shown by Harmon et al
{1992b]. This image is essentially free of some of the
N/S ambiguity fold-over that affects parts of the Thar-
sis images, since the southern ambiguity points were
located entirely in the radar-bland cratered highlands.

3.3.1. Elysium volcanoces. Elysium Mons is the
only volcano in this region showing a prominent radar-
bright feature. As with the Tharsis volcanoes, the Ely-
sium Mons enhancement is irregular and asymmetric,
being concentrated on the east and southeast sides of
the shield (see Figure 10b and Plate 2d). Hecates Tho-
lus shows only a small feature on its south flank, while
Albor Tholus cannot be distinguished from the general
enhancement southeast of Elysium Mons. The lack of
strong features from these two volcanic tholi may be
related to their great ages. A small, bright feature can
be seen midway between Elysium Mons and the north-
ern Amazonis feature at 188°W, 25°N. This feature is
located in a complex region of Elysium volcanic plains
and knobby terrain and corresponds to no known vol-
canic edifice.

A bright band can be seen extending east-southeast
of Elysium Mons. The trend of this “ESE band” feature
aligns with the direction of lava flows radiating south-
east of Elysium Mons. There may be some association
between this extended band and the bright patch lo-
cated on the southeast side of the Elysium Mons shield.
Viking images show well-defined lava flows within this
band. Many flows have also been identified west of Ely-
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gium Mons [Mouginis-Mark el al, 19841], but, appar
ently, they are not as rough as the flows to the east.
Most of the ESE band is separated from the Elysium
Basin feature to the south by a wedge of radar-dark ter-
rain. Part of this terrain lies in the classical Cerberus
low-albedo feature known from old telescopic observa-
tions. If the Cerberus dark band is a sand sheet, as has
been proposed, then it is possible that there are rough
flows between the ESE band and the Elysium Basin
that are obscured by radar-absorbing sand.

The VLA coverage of the Elysium region was com-
pleted with the addition of observations during the
1992-1993 opposition [Butler, 1994; Muhleman et al,
1995]. A comparison with the CLP image shows some
interesting differences between the X-band and S-band
images in the vicinity of the Elysium shields. For ex-
ample, the prominent bright feature that we see on the
sontheast side of the Elysium Mons shield is not seen in
the VLA images. Also, the LSE band is the dominant
bright feature in the VLA Flysium images, which is not
the case at S-band.

3.3.2. Elysium Basin and Marte Vallis. The
largest single bright area in our image of the Elysium
region is the Elysium Basin, located southeast of Ely-
stum Mons and north of the cratered highlands. The
eastern side of this enhancement narrows into a sinu-
ous feature that corresponds to the youngest outflow
channel on Mars. Although this channel is sometimes
referred to informally as the Amazonis Channel [Hodges
and Moore, 1994], we will adopt the newer “Marte Val-
lis” designation [Golombek ef al., 1997]. The Marte Val-
lis channel is probably the single most distinetive fea
ture in all of our images (see Figure 10 and Plate 2d,
as well as the western edge of Figure 7). The channel
shows up as being brighter than the basin from which
it emerges. 1t appears to have its source just east of the
center of the basin feature and just south of the Cer-
berus Rupes fractures; this source region can be seen
in the Viking image in Figure 1la. Here one sees the
channel flowing around the south side of two inselbergs
before continuing on to the northeast. At the 180°W
meridian the channel narrows, doglegs east, and then
turns north. This narrow, kinked part of the channel
can be seen as the dark feature at the top of Figure 11b,
just southeast of Orcus Patera. Continuing north, the
channel flows around a crater at 174°W, 21°N: the split-
ting of the flow by the crater can clearly be seen in the
radar image (Figure 10). Beyond the crater the feature
spreads out, as if debouching into northern Amazonis
{as discussed in section 3.2.1). The narrow part of the
Marte Vallis channel (outside Elysium Basin proper)
does not show up in the VLA images [Butler, 1994;
Muhleman et ol., 1995], which must be due, at least in
part, to the lower resolution. The VLA images do show
the enhancement from the Elystum Basin, including the
bright regions on its eastern edge (where Marte Vallis
flows) and southern tip, though none of these areas is
as bright as their ESE band feature.
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Figure 10. (a) Radar image of the Elysium region and environs. The peak &2, in the image is
0.209 {in the Marte Vallis channel). Most of the image is a weighted average of images from three
observing runs on December 1, 1690 {sub-Eartk latitude = §.7°5). The NE corner of the image
{NE of 180°W, 20°N} is from three runs on December 20, 1992 8sub—Ear$h latitude = 10.6°N).
The range of incidence angles is 4°-70° (b) Sketch map corresponding to the image in Figure

10z,

The entire basin/channel complex is mapped as unit
Achu {¥channel and flocd plain”) in Plate 1. This
late Amazonian formation may be the youngest sur-
face on Mars. The histogram in Figure 8¢ shows that
the Achu uni? is nearly as bright, on average, as unit
Aop in the Olympus lava apron. The brightest part of
the Image In Figure 10 is located at 184.1°W, 5.9°N
in the Marte Vallis channel {2 = 0.20¢ = —-8.8 4B
at § = 19°}. Marte Vallis is unigque in being the only
outfiow channel showing a strong radar {eature. Some
of the Chryse channels show modest SC enhancements

[Harmon, 19975, but these have only a third of the
brightness of Marte Vallis. The obvious question to
be asked is why a fluvial/lacustrine region such as this
should give such 2 bright depolarized feature. One pos-
sibifity is that the basin/channel floor is actually sur-
faced with rough lava fows such as those thought to be
responsible for the Tharsis/Olympus bright feainres. A
lave fill has, in fact, been proposed by Plescia [1990],
who argued that extrusive volcanism accompanied (and
possibly triggered) the water release that formed the la-
cusirine basin and outflow channel. There is a very close
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Figure 11. (a) Viking visible image mosaic corresponding to the left-hand box in Plate 2d. The
Marte Vallis source region just SW of the two inselbergs and the section of main channel in the
top right corner give the the strongest radar backscatier of the entire Elysium region. {b) Viking
visible image mosaic corresponding to the right-hand box in Plate 2d. The Marte Vallis channel
shows up as the darker streaks extending from the left edge to the top center. This entire portion
of the channel (unit Achu) gives strong radar backscatter. The southern end of Orcus Patera is

visible in the top left corner.

correspondence between our basin/channel feature and
the volcanic “Cerberus Formation” mapped by Ples-
cia [1990] [see also Harmen et al, 1992b]. Also, the
bright region near 195°W, 2°8 at the southern tip of
the basin (see Figure 10 and Plate 2d) corresponds to
a region where Schaber [1980] identified lava festvons.
QOn the other hand, Scott and Chapman [1991] mapped
the basin/channel floor as a mix of volcanic and sed-
imentary units, so we cannot rule out the possibility

that some of the apparent roughness of this surface is
associated with fluvial erosion and deposition.

4. Discussion: Interpretation of Radar
Brightness
The results from the Arecibo and Goldstone/VLA

images confirm earlicr speculation, based on CW spee-
tra, that much of the enhanced radar backscatter from
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Figure 12. (a) Specific cross sections ¢2.(f) versus incidence angle # for bright radar features
on Mars (skeletal symbols) and for terrestrial lava flows in Hawaii (solid symbols) and the Lunar

Crater Volcanic Ficld in Nevada {(open symbols). (b) Circular polarization ratios p. = ag

for the Hawailan flows shown in Figure 12a.

Mars is associated with lava flows. It is worth consid-
ering, then, (1) how the absolute radar cross sections
measured for the bright Hows on Mars compare with
radar results for terrestrial flows and (2) what this im-
plics for the surface textures of the Martian lavas.
The histograms in Figure 6 show that the younger
lava flows on Mars tend to have o2, in excess of .10
{(—10 dB). The roughest terrestrial flows, on the other
hand, tend to have o values below —10 dB. This differ-
ence can be clearly seen from Figure 12a, which shows
o2.(#) values measured for the brighter Martian fea-
tures {east Daedalia, Marte Vallis, and the Olympus
and Pavonis lava aprons) along with airborne synthetic

OC/O-SC

aperture radar data from lava flows in Hawaii and the
Lunar Crater Volcanic Field in Nevada. The Martian
cross sections are even significantly higher than those
for the extremely rough Hawaiian a’a flows. There is
strong evidence that this difference between the Mar-
tian and serrestrial SC echo sirengihs may be associ-
ated more with a higher degree of depolarization (as
expressed in the polarization ratio y. = ¢2 /03.) than
with higher total (OC + SC) diffuse cross sections. CW
radar results [Harmon et al, 1982; Harmon and Os-
tre, 1985; Moore and Thompson, 1991] indicate that
some of the brightest Martian radar features must have
diffuse p, values approaching (and possibly exceeding)
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1.0, whereas the Hawaii flow data in Figure 12b show
fe < 0.5 [see also Campbell et al., 1993]. It would
appear likely, then, that the brightest Martian flows
are characterized by higher levels of multiple scattering
than are rough terrestrial flows. There are several pos-
sibilities for why this might be the case. First, Martian
lava flows may simply have a more chaotic texture than
their terrestrial counterparts. Although this might seem
hard to imagine given the extreme roughness of some of
the terrestrial flows used in Figure 12, it is possible that
exotic rheology or lower gravity produces flows of spec-
tacular roughness on Mars. In fact, Wilson and Head
[1994] calculate that the growth rate of folds on flow
surfaces should be 40% greater on Mars than on Earth.
One might also expect a higher degree of multiple scat-
tering if the Martian flows are blockier than the Hawai-
ian flows and more like SP flow, a biocky andesite lava
deposit in northern Arizona for which Cempbell ¢f al.
[1993] found p. values exceeding 1.0. Another possibil-
ity is that the Martian lavas have relatively high dielec-
tric constants, resulting in high single-scattering albe-
dos and enhanced multiple scattering. Finally, there is
the possibility thal the Martian flows give rise to some
form of volume scattering not normally seen on Earth.
This might be the case if, for example, the Aow texture
were so frothy as to contain internal scattering voids
within a few wavelengths of the surface. Alternatively,
the flow surface might be a mixture of dust and vol-
ume scatterers in the form of embedded volcanic Tocks.
Although flows covered with 1 to 3 m of acolian dust
can be found in the Mojave and Nevada deserts, the
presence of desert pavements at the surface and 1-3%
(or more) moisture in the dust prevents volume scat-
tering within these flows [Arvidson et of, 1993]. On
Mars, desert pavement formation may be preciuded by
a lack of cobble-sized rocks and the regular freeze-thaw
cycle that plays a role in keeping cobbles at the surface
on Earth. Martian soils should also be drier than ter-
restrial dust deposits. Both differences would provide
a low-loss regolith more conducive to multiple volume
scattering. If the losses are sufficiently low, the vol-
ume scattering could include a significant contribution
from “coherent backscatter,” the mechanism thought
to be responsible for the strong, highly depolarized
echoes from the Galilean satellites and Mars® southern
ice cap (see next section). The low thermal inertias
measured over Mars’ voleanic provinces indicate a sub-
stantial dust cover in these regions. If this dust forms
homogeneous mantles covering monolithic flows, then
there will be no enhanced multiple scattering and echoes
from the buried interface will be preferentially attenu-
ated at shorter wavelengths; a wavelength dependence
consistent with this scenario has, in fact, been observed
[Harmon et al., 1092a]. Alternatively, the dust man-
tle could contain suspended rocks or blocks if the flow
emplacement was followed by episodes of mass wast-
ing (“rubbling”), impact gardening, and dust deposi-
tion. The relative dryness and slowness of weathering
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on Mars would tend to preserve the integrity of a re-
golith of blocks and loose dust by inhibiting those pro-
cesses that produce duricrust and desert pavement on
the Earth. Whether such a regolith would give echoes
with the observed wavelength dependence depends on
the size distribution of the entrained rocks, where the
rocks are placed within the dust mantle, and the loss
tangent of the dust.

Our radar images show that the volcanic provinces
contain radar-dark regions as well as the bright features
just discussed. Most of these dark features are associ-
ated with debris fans (anreoles), ash flows, or fractured
remnants of highland terra. Ash flows, such as those
that have been proposed for Stealth and the late west
flank eruptions from the main Tharsis shields, are cer-
tainly plausible candidates for radar-absorbing features,
given the depth and homogeneous texture of such de-
posits on Earth. Ash flows and young aurcoles may
well be obscuring older, rougher volcanic flows. Older
aureoles and fractured terrac would tend to retain their
intrinsic radar-dark appearance becanse they are topo-
graphic highs, protruding as islands above the younger,
rougher flows.

5. Polar Ice Caps

The Goldstone/VLA images [Muhleman et al., 1991;
Butler, 1994] showed a strong, highly depolarized fea-
ture centered on the south polar residnal ice cap. This
discovery and the subsequent discoveries of similar fea-
tures from putative ice deposits at the poles of Mercury
[Slade et al., 1992; Harmon and Slade, 1992; Butler
et al., 1993; Harmon et aol., 1994b} suggested that en-
hanced radar backscatter is a common property of plan-
ctary ices and not just a peculiarity of the icy Galilean
gatellites. The similarity of the anomalous echoes from
Mars, Mercury, Europa, Ganymede, and Callisto sug-
gests that a common mechanism is at work, possibly
some form of multiple volume scattering in a low-loss
ice regolith such as the “coherent backsecatter” mech-
anism of Hapke [1990]. The Martian ice caps are es-
pecially important in this context, since they are good
candidates for future bistatic radar, radio sounding, and
surface-sampling experiments using spacecraft orbiters
and landers. Here we present some new results on the
radar properties of Mars” south and north polar ice caps
based on a comparison of the Arecibo CLP data with
Arecibo CW, Goldstone CW, and Goldstone/VLA re-
sults.

5.1. South Polar Cap

Southern sub-Earth latitudes made Mars’ south pole
visible to the Arecibo radar during 1988 CW and 1990
CLP observations. It was expected that a strong 12.6-
cm radar anomaly would be found similar to that seen
in the 3.5-cm images. Instead, we found a relatively
weak feature, indicating that the south polar anomaly
is strongly wavelength dependent. We base this con-
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Figure 13. Radar Doppler spectra (solid lines) of

the Mars depolarized (same-sense circular polarization
SC)) echo from Arecibo (A=12.6 cm) and Goldstone
A=3.5 cm) observations during the 1988 opposition.
The mean sub-Earth points are 311°W, 25.1°8 (3.5 cm)
and 313°W, 20.3°S (12.6 cm). Also shown is the 12.6-
cm spectrum with a 0.6% polarization cross-talk compo-
nent subtracted {dotted line). The strong central peak
in the 3.5-cm spectrum is the enhanced echo from the
south polar ice cap. Note the comparative weakness of
the corresponding 12.6-cm feature.

clusion primarily on a comparison of the Arectbo CW
and CLP data with Goldstone CW data from 1988 and
1990. The Goldstone monostatic CW data were par-
ticularly suitable for this comparison becanse of their
simple and reliable calibration and because they cov-
ered the same 1988 and 1990 epochs as the Arecibo CW
and CLP data, which eliminates any biases due to inci-
dence angle or seasonal effects. For more details on the
1988- 1990 Goldstone CW data set and a preliminary
discussion of the south polar CW echo, see Harmon et
al. [1992a].

5.1.1, Goldstone CW data. The 3.5-cm polar
anomaly shows up as a narrow spike in the middle of
the Doppler spectrum of the Goldstone SC echo. An
example of a Goldstone 3.5-cm spectrum showing this
feature is provided in Figure 13. (Here, as in the work
by Harmon et el. [1992a], we plot our spectra in units
of &4 fo, the normalized radar cross section per unit fre-
quency times the center-to-limh Doppler bandwidth of
Mars, in order to permit direct comparison of spectra
taken at different times and/or different wavelengths.)
The small offset of this feature from zero Doppler cor-
responds to the small polar offset of the residual ice cap
(see the Doppler tracking plot of Harmon et al. [1992a,
Figure 9]). A large number of these 3.5-cm spectra were
obtained at various sub-Earth lougitudes in 1988. In
Figure 14a we show an average Doppler spectrum for
the 3.5-cm polar feature; this was formed by shifting all
of the 1088 Goldstone spectra by the mean Doppler shift
of the residual ice cap, averaging, and then subtracting
the broad nonpolar part of the spectrum. In Figure 14b
we show the corresponding spectrum from averaging of
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1990 Goldstone data. Overplotted on both these spec-
tra are model specira showing what one would expect
if the enhanced backscatter is confined to and uniform
over the residual ice cap. The good agreement shows
that most of the scattering is confined to the residual
ice cap, although there is some extra power in the wings
due either to echo from outside the residual cap or to a
small error in the assumed centroid of the ice cap. The
model curve for the 1988 spectrum corresponds to an
SC radar albedo (cross section per unit projected area)
for the feature of 0.44 at a mean incidence angle of 65°,
which is in reasonable agreement with the albedo esti-
matcd from VLA radar images at the same incidence
angle and wavelength [Butler, 1994].

Figure 14 shows the polar feature to be considerably
weaker in 1990 as compared to 1988, an effect which can
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Figure 14. Doppler spectra of the 3.5-cm south po-
lar feature from Goldstone CW spectra obtained during
the (a) 1988 and (b) 1990 Mars oppositions. The 1988
spectrum is averaged over 59 observing runs with sub-
Earth latitudes between 24.5°S and 25.5°8; the 1990
gpectrum is averaged over 45 runs with sub-Earth lati-
tudes between 10.8°S and 13.2°S. The spectrum of each
run has been shifted by the mean Doppler offset of the
residual ice cap before averaging. The mean incidence
angle of the south polar ice cap is 65.2° in Figure 14a
and 77.3° in Figure 14b. Also shown are model spectra
(dotted lines) showing the ice cap echo corresponding
to equivalent full-disk SC cross sections of 0.65 (Figure
14a) and 0.54 (Figure 14b) for the case of an assumed
n=1.7 cosine scattering law.
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be attribute to the higher incidence angles. Integrating
under the spectra in Figure 14 gives cross sections of
0.672 x 10~* at a mean incidence angle angle of 65.2°
for 1988 and 0.211 x 10~3 at a mcan incidence angle of
77.4° for 1990, If we assume a o2.(#) o cos™ § scatter-
ing law for the polar echo, which is reasonable, given
the Galilean satellite results [Ostro et al, 1992], then
the 1088/1000 difference gives n=1.77. This is consis-
tent with the n=1.3-1.8 values that have been found
for the Galilean satellite echoes [Ostro et al, 1992].
If one measures o2 at a reference incidence angle £,
then the corresponding equivalent full-disk albedo is
688 = 202.(0}/[(n+1) cos™ §]. Using this and the model
fits in Figure 14, we estimate &57 =~ 0.6 for the 3.5-
em south polar anomaly. For comparison, the depolar-
ized albedos of the icy Galilean satellites range from 0.4
(Callisto) to 1.4 (Europa) and the mean ¢&f for the per-
manently shaded portions of Mercury’s polar craters is
0.59 [Harmon, 1997a].

5.1.2. Comparison with Arecibo data. Plot-
ted with the 3.5-em spectrum in Figure 13 is a 12.6-
cm Arecibo gpectrum obtained at about the same sub-
Earth position and epoch. Unlike the 3.5-cm spectrum,
the 12.6-cm spectrum peaks at zero Doppler. This is
due to polarization crosstalk in the Arecibo antenna,
which couples a fraction {of order 1%) of the OC echo
inio the SC component. To estimate the true polar cap
contribution, we have multiplied the QC spectrum by
0.006 (0.6% crosstalk) and subtracted that from the SC
spectrum, giving the dashed curve in Figure 13. Despite
some uncertainty in the precise crosstalk factor, there
1s no way to aveid the conclusion that the 12.6-cm fea-
ture from the south polar ice cap is much weaker than
its 3.5-cm counterpart. Comparison of Arecibo CLP
and Goldstone CW data from 1990 provides further ev-
idence of this strong wavelength dependence. In Fig-
ure 15a we show a spectrum from December 15, 1990,
which was formed by summing the CLP delay-Doppler
array over the delay bins containing the residual ice
cap; also shown for comparison is the spectrum for a
similar block of delay bins just in front of the ice cap
(Figure 15b). Note that the spectrum from the delays
containing ice cap shows a weak central feature, which
we attribute to enhanced polar cap backscatter. This
feature is free of confusion from polarization crosstalk
since delay discrimination has isolated the polar delays
from the strong quasi-specular glare at the front of the
planet, For comparison, we show the average polar fea-
ture spectrum from the 1990 Goldstone CW data, ad-
Jjusted for the slightly different incidence angle (Figure
15a). This shows the 12.6-cm feature to he about a
factor of 3 weaker than the 3.5-cm feature,

5.1.3. Discussion: wavelength dependence.
There are two basic ways to induce a wavelength depen-
dence of the form observed. The first is to concentrate
the size distribution of the subsurface irregularities at
scales that preferentially scatter the shorter wavelength
or to have a broad size distribution that cuts off at the
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Figure 15. Doppler spectra formed by summing

Arecibo CLP data over blocks of (a) 30 delay bins that
include the residual south polar ice cap and (b) 30 de-
lay bins immediately in front of the ice cap. The data
were averaged over six observing runs from December
15, 1990. The spectra were smoothed over 10 frequency
bins. The mecan sub-Earth point is 42°W, 12.2°5. The
small central peak in Figure 15a is the 12.6-cm enhance-
ment feature from the south polar ice cap. Overplotted
on this (dotted line) is the 3.5-cm south polar feature
from Figure 14b, adjusted to the same mean incidence
angle. The strong peak on the right limb is enhanced
scattering from Tharsis/Olympus, amplified by a geo-
metric effect in the delay-Dappler grid.

larger scales {so that the scattering is pseudo-Rayleigh
at S-band but not at X-band). The second way to ef-
fect a wavelength dependence is to reduce the depth of
the scattering layer to the point where it is no longer
capable of significant radar attenuation at the longer
wavelength (i.e., becomes optically thin) [Burns, 1969,
1970]. Limniting the depth of the scattering layer can
be effected in several ways, as is illustrated in the car-
toons in Figure 16. One possibility is that the ice cap’s
properties change with depth; in this case one could
limit the scattering at the longer wavelength by concen-
trating the scatterers at shallow depths (Figure 16a) or
by having the ice become increasingly lossy with depth
(Iigure 16b). The alternative and, in some respects,
simpler possibility is that the ice cap’s structural and
dielectric properties are independent of depth (Figure
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| @

! shallow scatterers

Figure 16. Cartoon showing possible subsurface scatiering scenarios that might give the ob-
served wavelength dependence for the south polar echo: (a) model with scatterers concentrated
near the surface, (b) model with uniformly distributed scattercrs but with stronger attenuation
(“dirtier ice”) at the greater depths, and (¢} model with an ice cap that is thin relative to the
radar attenuation depth. Black shading corresponds to bedrock; lighter shading corresponds to

1ce.

16¢); in this case the optical-depth limitation corre-
sponds to the case where the longer-wavelength wave
passes largely unscattered and effectively undamped all
the way through the ice cap to bedrock.

If one assumes that the “thin ice cap” model (Fig-
ure 18¢) is the correct one, then one can use it to place
an upper bound on the ice thickness by exploiting the
requirement that the ice cap be thinner than the atten-
uation depth at the longer wavelength. The maximum
attenuation depth will be tor the case of pure ice with no
contamination by dust particles. At an estimated tem-
perature for the south polar cap of 142°K [Paige and
Ingersoll, 1985], a 12.6-cm wave is attenuated at the
rate of 1.5 x 1075 neper/cm [Warren, 1984; Thompson
and Squyres, 1990]. This corresponds to a 1/¢ two-way
penetration depth of about 300 m. This also serves as
the upper limit for the depth of the scattering layer
in the “shallow scatterers” model {Figure 16a}. One
possible physical mechanism for the shallow seatterers

model 1s preferential removal of the deeper scatterers
by strong annealing of the ice, a mechanism mentioned
by Ostro and Shoemaker [1990] as a reason why one
might expect to see a weaker backscatier enhancement
from the Galilean satellites at 70-cm wavelength. Data
indicating a sharp drop in the Galilean satellite radar
albedos between 12.6- and 70-cm wavelength have, in
fact, been reported recently by Black et al. [1997] (who
attribute the effect to the steepness of the scatterer size
distribution rather than a finite depth for the scatter-
ing layer). It is interesting to note, however, that the
Galilean satellites, unlike Mars’ southern ice cap, show
no wavelength dependence between 3.5 and 12.6 cm [Os-
tro et al., 1992)].

5.2. North Polar Cap

The 1992-1993 opposition offered the first opportu-
nity to search for a north polar feature since the 1988
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Figure 17. Doppler spectra (solid lines) formed by
summing Arecibo CLP data over blocks of (a} 65 delay
bins between the front of the north polar ice cap and the
north pole and (b) 50 delay bins immediately in front of
the ice cap. The data are an average of four runs from
December 7, 1992, The spectra are smoothed over 14
frequency bins. The mean sub-Earth point is 323°W,
12.2°N. The central peak in Figurc 17a is the 12.6-cm
enhancement from the north polar ice cap. Also shown
is a model spectrumn (dotted line) for the case where
&21 = 0.12 for the north polar icecap and .7 = 0.016
for the rest of the planet. The peaks at both limbs are
caused by a geometric effect in the delay-Doppler grid.

discovery of Mars’ south polar anomaly. Although the
sub-Earth latitudes were not as favorable as in 1988,
it was thought that the larger size and lower latitude
limit of the northern ice cap would compensate for the
relatively poor observing geometry. Our plan was to
make observations on several days in early December
1992, when the sub-Earth latitude was at its highest
and when the sub-Earth longitude was such that the
offset side of the ice cap was most visible from Earth.
Because of transmitier problems we were able to make
observations on just one day (December 7} during this
period, and on this date we did make a convincing de-
tection of a north polar feature.

The north polar detection from December 7, 1992,
is shown in Figure 17. The CLP delay-Doppler arrays
from four consecutive observing runs were summed to
increase signal/noise. The mean sub-Earth longitude
for these runs was 322°W, and the latitude was 12.1°N.
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Figure 17a shows the SC Doppler spectrum formed by
summing over all of the delay bins between the front
of the ice cap (as seen from Earth) and the pole. Fig-
ure 17b shows the sum over the same number of delay
bins in front of the ice cap. The specirum in Figure
17a shows a central peak corresponding to enhanced
backscatter from the north polar ice cap. The lack of
a similar feature at the non-ice-cap delays (Figure 17b)
gives added confidence that this i1s a real polar feature.
Figure 17a shows a model spectrum overplotted on the
data; this model assumes that the SC echo from the
north polar ice cap has an equivalent full-disk albedo
527 of 0.12 (assuming a cos' 8 § scattering law), whereas
the rest of the planet has a £ of 0.016 (which is typi-
cal of the cratered highlands that dominate these longi-
tudes). From this model wc conclude that the 12.6-cm
north polar feature is comparable in strength to the
12.6-cm south polar feature and much weaker than the
3.5-cm south polar feature.

Butler [1994] found no bhiut of a 3.5-cmm north polar
feature in Goldstone/VLA images from December 29,
1992, and January 12, 1993. Although the sub-Earth
aspect of the ice cap was not favorably situated at those
times, it is very difficult to avoid the conclusion that the
north polar cap is intrinsically much less reflective than
the south polar cap at 3.5-cm wavelength. There is even
a possibility that the north polar echo is stronger at 12.6
cm than at 3.5 ¢m, i.e., that the wavelength dependence
is the reverse of that seen for the south polar feature.

6. Conclusions

The new radar images confirm earlier indications that
most of Mars’ radar-bright features are associated with
relatively young volcanic constructs and flows. How-
ever, the distribution of these bright features is found
to be more complex than one might have predicted on
the basis of the current standard geologic maps of the
planet. Although some of the strongest echoes come
from the major shield volcanoes, the echo distribution
across a given shield tends to be very irregular. Some of
the more prominent radar features are associated with
relatively young olf-shield flows such as the Qlympus
and Pavonis lava aprons. Also, most of the major vol-
canoes have radar-dark areas on their shields or in their
immediate environs; these areas are probably associated
with either ash eruptions or debris flows. All of these
findings point toward an extreme heterogeneity in the
decimeter-scale surface texture over the major voleanic
provinces, which is consistent with complex volcanic
histories.

One of our more intriguing findings is the extremely
high absolute brightness seen on the Martian volcanoes
and off-shield flows, with some features giving twice the
ol of some of the roughest lava flows on Earth. The
implication is that the young Martian flows tend to be
rougher or more intrinsically reflective than their terres-
trial counterparts or have been modified by dust deposi-
tion and mass wasting to provide a layer which is more
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conducive Lo volumne scaltering. Follow-up work on this
problem with future radar observations and spacecraft
landers should be a goal of future Mars studies.

The discovery of a depolarized feature from the north
polar ice cap provides yet more evidence that enhanced
backscatter is a common property of planetary ices.
However, our 12.6-cm data show north and south po-
lar features that are surprisingly weak in comparison
with the strong 3.5-cm echoes detected from the south
polar ice cap by Muhleman et al [1991]. Since the
enhanced backscatter is undoubtedly a volume scatter-
ing phenomenon, a plausible explanation is that the
south polar cap simply becomes optically thin at the
longer wavelength. Further observations will be needed
to determine the wavelength dependence of the north
polar enhancement.
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