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Magellan observations of horizontally and vertically polarized
emissivity and radar specific cross sections are jointly modeled to
separate dielectric constants from textural effects for lobate plains,
fractured plains, fracture belts, festoon flows, and tessera in Ovda
Regio and surroundings. The model assumes surface emission and
scattering dominate and that signatures are controlled by a combi-
nation of quasi-specolar and diffuse-scale mechanisms. Textural
parameters are found to correlate with geology whereas dielectric
constants are found to depend on elevation. A gradual increase in
dielectric constant from rock-like values {4 to 5) to a value of
approximately 50 is evident over the interval from 6054 to 6056 km,
where elevations are derived from Magellan altimetry observations.
Stereo radargrammetric analyses demonstrate that a return to
rock-like values occurs over approximately 0.5 km above the ter-
rain with highest dielectric constants. The abrupt return to rock-
like values occurs independently of geology and reinforces the
hypothesis of elevation control on dielectric constant values. Varia-
tions in dielectric constant with elevation are modeled using an
1000-ppm concentration of a ferroelectric mineral with a Carie
temperature of 707 K. The model reproduces the abrupt change
at highest elevations, as the Curie temperature is reached, and
the gradual change as lower elevations are encountered. To our
knowledge no other model explains the trends with such
simplicity. @ 1994 Academic Press, Ine.

1. INTRODUCTION

One of the first-order Venus surface characteristics in
Earth-based, Pioneer-Venus, Venera Orbiter, and Magel-
lan data is the transition from lowland areas with micro-
wave emissivities and radar-specific cross sections typical
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of bedrock or tightly packed debris, to highland regions
with unusually low emissivities and high specific cross
sections (Pettengill et al. 1992), Given the significant vari-
ations in surface temperature and atmospheric pressure
from lowlands to highlands (740 to ~660 K, ~90 to
~50 bar (Seiff 1983)), a plausible hypothesis is that these
unusual microwave properties are governed by local am-
bient conditions. Various mechanisms have been pro-
posed, including the thermodynamic stability of pyrite
(FeS,) (Pettengill et al. 1988, Klose et al. 1992) and kinet-
ically inhibited destruction of perovskite (CaTiO;) at
higher (i.e., cooler) elevations {Fegley et al. 1993). The
existence of a ferroelectric mineral phase with a tempera-
ture-dependent dielectric constant has been postulated by
Shepard ef al. (1994) and vapor transport of metal halide
and/or chalcogenide volatile phases from the hot lowlands
to cool highlands has been proposed by Brackett er al.
(1994). Textural changes have also been invoked to ex-
plain the highlands signatures; specifically, volume scat-
tering from a matrix of igneous rocks in low loss soils has
been invoked to explain Earth-based depolarized radar
signatures for Alpha Regio (Tryka and Muhleman 1992).
Finally, Wilt {1992) showed that a volume-scattering
mechanism to explain highland low emissivities would
require a series of cavities imbedded in a medium with
an extraordinarily low loss coeffictent of <0.001.

The purpose of this paper is to use emissivity and spe-
cific cross-section data jointly to separate and understand
elevation and geologic controls on microwave signatures
for central Ovda Regio, the plains to the north, and the
fracture belts to the south (Figs. 1-3). Ovda Regio is
the largest region of high altitude/low emissivity on the
planet. Six of the ten Magellan orbits with vertically polar-
ized send/receive (VV) radar geometry cross central Ovda

0019-1035/94 $6.00
Copyright © 1994 by Academic Press, Inc.
All rights of reproduction in any form reserved.



172

Regio, the plains to the north, and the fracture belts to
the south, as do all three mapping cycles of normal (hori-
zontally transmitted/horizontally received, HH) radar im-
aging. Vertically polarized emissivity (e,) data were ac-
quired with the vertically transmitted/vertically received
(VV) data and greatly enhance the interpretation of the
horizontally polarized emissivity (e) data. In addition,
high resolution elevation data can be extracted from radar
coverage over different mapping cycles and incidence
angles by stereo radargrammetric techniques. This combi-
nation makes central Ovda Regio an obvious area to focus
studies of scattering, emission, and surface properties.

The paper is organized in the following way. First,
the geology of the Ovda Regio is discussed based on
interpretations from radar mosaic data. Emissivity data
are presented and discussed in the context of correlations
with elevation and geology. An emission model based
on surface scattering is used to separate the effects of
dielectric constant and texture. Stereo radargrammetric
analyses are applied to understand geologic and elevation
controls at highest elevations, where emissivity and spe-
cific cross sections return to rock-like values. Joint inver-
sions for emissivity and radar data are then presented for
a set of study sites and the paper ends with the application
of aferroelectric model to explain the changes in dielectric
constant with elevation.

2. RELATIONSHIPS AMONG GEOLOGY, ELEVATION,
AND EMISSIVITY

The geology of central Ovda Regio was determined
from examination of Magellan radar mosaics in both com-
pressed and full resolutions, from all mapping cycles.
Figure 1 provides a regional radar view of the study area,
Fig. 2 is a geologic map based on the radar signatures of
surface features and inferred stratigraphic relationships,
and Fig. 3 shows profiles of emissivity and elevation for
a north-to-south transect across Ovda Regio. Also shown
in Figs. 1 and 3 are the locations of 13 study sites that
were examined in detail and used for inversions of specific
cross sections and emissivities, Basic data for these sites
are given in Table 1. For reference, each geologic unit
mapped in Fig. 2 is briefly discussed, beginning with the
youngest and finishing with the oldest, as follows:

Impact craters. Ten impact craters and associated
gjecta deposits were identified in the study area. Those
in the plains are relatively pristine whereas those in the
tessera show signs of modification. Craters on plains ex-
hibit extensive ejecta deposits with low specific cross
sections.

Corona. Several coronae were found in the plains,
fractured plains, and fracture belts around Ovda Regio.
None are larger than ~200 km across. Most have some
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associated concentric and/or radial fractures and lava
flows.

Festoon flows. This unit is superimposed on the tes-
sera in central Ovda Regio and consists of thick lava
flows that cover about 4.5 x 10* km?®. The unit has been
described by previous authors (Schenk and Moore 1992,
Permenter and Nusbaum 1994) as a single eruptive event,
consisting of several flow units with steep flow edges.
This unit is of interest because the specific cross sections
and emissivities vary across the outcrops in a north-to-
south direction. As shown in Figs. 1 and 3 and Table 1,
the southern part of the unit is the location of site 10, the
highest elevation study site and one with rock-like specific
cross-section and emissivity values. Site 9 is located on
the festoon flow unit to the north and is only 0.9 km
lower in elevation. Yet, the specific cross sections and
emissivities are typical of highland signatures. These pat-
terns suggest that the change in microwave properties is
controlled by elevation and not geology.

Lobate plains. North of Ovda Regio are lowland
plains with lobate features suggestive of degraded lava
flow fronts. Senske e al. (1994) mapped this area as reticu-
late plains. Several coronae are present and have associ-
ated lava flows and fractures. Volcanic domes occur in
clusters throughout the area. Fractures and ridges are
present as well, primarily trending in a southeast-north-
west direction, Extensive crater-associated deposits
cover parts of the plains, This unit can also be found in
pockets within the tessera. Study sites 1, 2, 4, and 6
correspond to lobate plains of different elevations. Note
that the higher elevation plains have higher specific cross
sections and lower emissivities (Table I} than those of the
lower elevation plains, again suggesting an elevation as
opposed to geologic control on microwave properties.

Fractured plains.  This unit consists of lobate plains
exhibiting linear fractures with two or more dominant
directions of orientation. Fractured plains are adjacent to
fracture belts around Ovda Regio. Some small fractured
plains areas are also present within the tessera. Study site
3 is located on fractured plains.

Fracture belt.  South of Ovda Regio is a “‘linear ridge
terrain’’ (Solomon et al. 1992) interpretable as extensive
fracture belts (Senske er al. 1994), A similar, smaller frac-
ture belt is observed to the north of Ovda, cutting the
lobate plains. These units are collections of parallel frac-
tures, tens of kilometers apart, forming extensive linear
patterns (Senske et al. 1994). The southern fracture belt
grades nortbhward into the tessera. Study site 13 is located
on a fracture belt.

Tessera. The tessera unit is extensive, complex, and
exhibits block and trough terrain with horst and graben
features and linear ridge terrains described by Solomon



FIG. 1. Radar mosaic of Ovda Regio and surrounding plains (sinusoidal equal-area projection of the eastern portion of C2-MIDR C200N080}
extending from 80°E to 108°E, 23°N to 23°S. Striping is visible where gaps in Cycle 1 image data were filled in by Cycle 2 and 3 data. The large
white box {~1400 km across) outlines the region for which a geologic map is shown in Fig. 2. White dots show locations of thirteen sites where
multiple angle and polarization emissivity and radar data were analyzed in detail. The festoon flow (see text for details) is located at the 9th and
10th points.
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FIG. 2. Geologic map of area shown in Fig. 1, along with location map showing broad-scale geologic units. Unit descriptions: i, impact
crater~—craters and associated deposits; ¢, corona—individual volcanotectonic features; ff, festoon flows—thick lava flows covering tessera and
plains units; pl, lobate plains—smooth to lightly fractured plains with degraded laval flow fronts and small (<200 km diameter) coronae and dome
fields; pf, fractured plains—characterized by long (>>100 km), thin (km-scale), closely spaced fractures that cross-cul in several directions; fb,
fracture belts—extensive lineations with high specific cross sections interpreted as extensional features; 1, tessera—combination of block and
trough terrain with horst and graben features and linear ridge terrain (linear ridges with cross-cutting horst and graben features and fold-like

appearances).

et al. (1992). Study sites 5, 7, 8, 11, and 12 are located
on tessera. Examination of the figures and tables shows
that specific cross sections increase and emissivities de-
crease with increasing elevation within the tessera, This
trend persists even though detailed examination of radar
mosaics for each tessera study site shows similar tectonic
patterns and geomorphic features.

Horizontally polarized and vertically polarized emissiv-
ity data provide additional information to examine rela-
tionships amosng elevation, geology, and emissivity. As a
first step in defining correlations, a model is employed
for Fresnel emission from a flat plate by assuming that
observed values of horizontally polarized emissivity ey
are given by
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FIG. 9. (Left) Radar orthographic mosaic and elevation model for the festoon flow and smrroundings. Area corresponds to the left-hand
rectangle shown in Fig. 8. The flow boundary is shown as a white line. Note that the change from high to low specific cross sections does not
oceur at the flow boundary, Rather, low specific cross sections correspond to highest areas in the elevation model. (Right) Same as {left) but for
the right-hand rectangle shown in Fig. 8. Again, low specific cross sections correlate with highest elevations and not geology.

: (fos b~ Ve-— sinqu)z 0 Equation (1) was solved for ¢, which was used to predict
e = - . . . - . . .
H osd + Ve = sind vertically polarized emissivity, ey, given by

. .. . . . - — ainZA e
where ¢ is the emission angle and ¢ is the dielectric con- ey=1- (;ecos ¢ = Ve - sin ¢' i @)
stant. As in previous analyses, we assume that the real cos ¢ + Ve — sin’e

component of the dielectric constant is large as compared
to the imaginary component {e.g., Pettengill ef al. 1988]. Equations (1) and (2) pertain only if emission is from a
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FIG. 3. (a) Plot of emissivity versus latitude (i15°N to i5°5) for a
region in the middle of the study site. Numbers at top correspond to
the 13 study sites shown in Fig. 1. The lowermost, thick line shows
values for horizontally polarized emissivity, ey, extracted from Altime-
try Radiometry Composite Data Records (ARCDR} for orbit 988, The
uppermost, thin line is ey predicted using observed ey and assuming
Fresnel emission from a flat plate. The dashed line is ey data extracted
from the ARCDR for orbit 4569. Orbits 988 and 4569 lie within 6 km of
one another and uswally cover similar terrain types at a given latitude.
{b) Plot of radivs versus latitude {—15°N to 15°N) from ARCDR for
orbit 988. Terrain designations show geologic provinces along the orbit
tracks.

relatively smooth surface. In fact, the e, values calculated
from Eq. (2) match the observations in the plains to the
north of Ovda Regio (Fig. 3, sites | to 4), implying that
roughness effects are small for these terrains. On the
other hand, the other terrains show significant departures
from the model in a direction of convergence of horizon-
tally and vertically polarized emissivities.

To pursue more quantitatively the separation of geo-
logic and elevation controls on emissivity, we derived a
Fresnel emission model that includes quasi-specular and
diffuse-scale components. The derivations are given in
the Appendix. Briefly, the model includes the real compeo-
nent of the dielectric constant, the root-mean-square
(RMS) slope {ogug) of tilted facets with radii of curvature
greater than the 12.6-cm Magellan wavelength, and two
terms related to diffuse-scale processes. These latter
terms include the fraction of the surface with diffuse-scale
emission and an exponent related to the geometric distri-
bution of dipoles that have diffuse-scale signatures. Figure
4a illustrates the behavior of emissivity for combinations
of quasi-specular and diffuse elements and a dielectric
constant of 5. Both quasi-specular roughness and diffuse
emission reduce the differences between ey and ey. Fi-
nally, note that distinguishing between quasi-specular and
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diffuse effects is easiest at high emission angles. Figure 4b
shows the same combination of elements for a dielectric
constant of 50. Again, the effect of roughness is to cause
the two emissivities to converge, as seen in the nonplains
study sites.

Figure 5 illustrates the behavior of average emissivity,
i(ey + ey), for various textural parameter values. Also
shown on this plot is the average emissivity for a flat plate
(i.e., opmg = 0and no diffuse component). The significant
point is that average emissivity is approximately indepen-
dent of surface texture, up to incidence angles of 60°. The
Magellan observations that we present are at incidence
angles of 25°~46°. Therefore, assuming that Fresnel emis-
sion dominates, first-order separation of dielectric con-
stant from texture can be made by averaging ey and ey
observations. We utilize this information by plotting in
Fig. 6 average model emissivities and data for the 13
detailed study sites. Comparisons of the average emissivi-
ties (Fig. 6) and elevation data (Table 1) show a correlation
that is independent of geology (i.c., textural effects have
been removed). Emissivities decrease with increasing ele-
vation and then decrease at the highest elevation (study
site 10). The overall trend between emissivity and eleva-
tion is summarized in the plot givenin Fig. 7 using horizon-
tally polarized data for cycle 1. At the emission angles
for the observations (~45°), the data would need to be
shifted to lower values to simuiate Fresnel emission from
flat plates, with the shift magnitudes given by the dielectric
constant and roughness. The maximum emissivity correc-
tton would only be about 0.05. Thus, even with roughness
effects removed, the pattern between elevation and emis-
sivity would still be similar to that presented in Fig. 7
(i.e., a gradual decrease in emissivity between 6054 to
6056 km and then an abrupt return to normal values above
the latter elevation).

3. RETURN TO NORMAL CONDITIONS
AT HIGHEST ELEVATIONS

In this section we investigate the elevation and geologic
controls on the change from low emissivity and high spe-
cific cross-section values to rock-like signatures at the
highest elevations in the study area. Specifically we dis-
cuss height information generated from digital elevation
maps derived from mapping cycle 1 and 3 radar images
over the festoon flow unit using the Vexcel Magellan
Stereo toolkit software (Leberl et al. 1992). Figure 8
shows a regional-scale radar mosaic of the festoon flows
and surrounding tessera, along with the regions for which
digital elevation models were generated from stereo radar-
grammetry. Figure 9 presents orthographic radar mosaics
(i.e., corrected for relief displacement) and elevation mod-
els for the two subareas. The elevation models were tied
to the altimetric data through the elevation for site 10
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TABLE I
Microwave Properties of Ovda Regio Study Sites
Site number 1 2 3 4 5 6 7 8 9 10 11 12 13
Elevation 6051.8 6051.9 6053.0 60537 60342 60544 60555 6055.8 6055.2 6056.1 6055.8 6055.3 6055.4
(kmy)
Cycle |
HH (db) -15.2 -13.5 —-13.3 —16.1 -8.5 —14.1 -3.8 —4.0 —6.0 -133 -2.8 -2.7 —4.9
ey 0.79 0.81 0.79 0.75 0.61 0.57 0.48 0.43 0.41 0.81 0.61 0.52 0.56
Incidence (%) 45.8 45.9 45.8 45.6 45.5 453 449 44.5 43.7 43.4 42.7 42.2 41.9
Cycle 2
HH (dB) -9.3 -5.0 —-8.7 -9.7 1.5 -8.0 2.3 1.9 —1.1 -9.9 2.2 1.4 0.9
ey 0.87 0.9 0.88 0.87 0.6 0.65 0.56 0.46 0.42 0.89 0.63 0.59 0.59
Incidence () 143 248 24.8 4.8 4.8 248 4.8 248 248 248 4.8 24.8 248
Cycle 3
HH (dB) —-10.4 -89 -9.7 —-10.3 -0.5 -38.0 -8 -0.2 -1.2 —10.2 0.8 .7 -1.8
ey (.86 0.87 0.86 0.85 0.63 0.66 0.57 0.47 0.42 0.9 0.67 0.57 0.61
Incidence (°) 25.6 25.5 253 25.1 25.0 24.8 24.4 24.1 23.5 23.3 22.8 224 2.2
Cycle 3
VYV (dB) —15.5 —13.3 —14.3 —14.8 -5.0 ~13.6 —-3.2 -4.8 —6.7 —14.1 -2.8 —-2.3 -6.5
ey 0.94 0.96 (.95 0.91 0.66 0.71 0.61 0.53 0.49 0.84 0.72 0.63 0.72
Incidence (%) 45.6 45.6 45.5 45.4 4573 451 446 441 434 431 42.4 418 41.5
VV/HH ratio* 0.9 1.1 0.8 L3 2.2 1.1 1.2 0.8 0.9 0.8 1.0 11 0.7

Note. Each mapping cycle corresponded to a 243-day transect of the spacecraft around the planet. HH stands for horizontally polarized transmit
and receive data given as specific cross section. VV stands for vertically polarized transmit and receive. ey, ey stand for horizontally and vertically
polarized surface emissivity, respectively. Elevations are derived from Magellan altimetry using ARCDR standard products. Elevations are

averaged over emissivity footprints. Sites 1-4, 6: Plains. Sites 5, 7-8, 11, 12; Tessera. Site 9: Bright festoon flow unit. Site 10:; Dark festoon flow
unit. Site 13: Fracture belt.
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sion angle for models shown in Fig, 4. Note that for any value of
RMS slope or fraction of diffuse scatters, the average emissivity is
approximately constant for emission angles <60°. Therefore, in this
range of emission angles, the average Fresnel emissivity can be used
to provide an estimate of the dielectric constant, independent of surface
roughness, under the assumption that Fresnel emission dominates.

{i.e., the elevation model was shifted to have the same
elevation as the altimetric data provide for site 13). Com-
parisons of the elevation models with individual altimetric
elevation echoes show that both the altimetry and eleva-
tion models have the same broad-scale trends. The eleva-
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FIG. 6. Average emissivity plotted for various dielectric constants
along with data for the 13 study sites. Based on results shown in Fig.
5 and discussed in the text, the average emissivity removes roughness
effects (e.g., effects related to geology). The plot suggests that the
dielectric constants for the study sites range over more than an order
of magnitude. Also note that the inferred dielectric constants for the
festoon flow vary by an order of magnitude. The lower value corresponds
to the higher elevation site.
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1. Data extracted from Global Data Records (GxDRs). [n addition, data
for the 13 study sites are grouped by geologic units and plotted as distinct
symbols, using data given in Table 1 and Fig. 2. Note the gradual
decrease in emissivity with increasing elevation, Values range from 0.8
to 0.9 up to 6054 km and then decrease to values as low as 0.3 between
6054 to 6056 km,

tion data derived from stereo analyses thus provide broad
trends and detailed topographic information.

It is clear from examination of the elevation models
and the radar mosaics that the change at highest elevations
from high to low specific cross sections occurs indepen-
dently of geology. This impression is reinforced by exami-
nation of the low specific cross-section areas on the tes-
sera located in the eastern part of the mosaic shown in
Fig. 8. Slightly raised blocks (horsts) have low specific
cross sections whereas the surrounding valleys {graben)
have high values. The elevation change is only a few
hundred meters, based on the incidence angles of the
observations and the width of the slopes in the images.
The observation that the change back to rock-like values
occurs over a small elevation range is further quantified
in Fig. 10, a plot of ¢levations derived from stereo analyses
versus specific cross section. '

4. INVERSIONS OF EMISSIVITY AND SPECIFIC
CROSS-SECTION VALUES FOR STUDY SITES

In this section we utilize the Fresnel emission model,
augmented with predictions for radar backscatter, to in-
vert for dielectric constant and roughness using emissivity
and radar data (Table 1) for the 13 study sites. The back-
scatter component of the model is derived in the Appen-
dix. The model predicts that HH specific cross sections
are equivalent to VV specific cross sections for a given
incidence angle. This is clearly a simplification, but one
consistent with the data shown in Table 1.
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FIG. 8. Radar mosaic of the festoon flow region generated from MIDRs F058098 and F055093 (—3.27°N to —7.63°N, 94.52°E to 98.92°E).
The mosaic covers the arca shown as a small white box in Fig. 1. Rectangles show areas for which elevation data were extracted using radar
stereogrammetry techniques. The smaller rectangle is ~25 km wide, White line traces boundary of festoon flow and numbers show locations of
the two study sites within the flow. Note that the change from high to low specific cross sections does not occur at the flow boundaries. Also
note to the right of the second rectangle the raised blocks of tessera with low specific cross sections.

For the inversions, all emissivity and horizontally polar-
ized specific cross-section data were utilized. Vertically
polarized radar data were omitted because the images
appear noisy and because the values are for the most part

comparable to cycle 1 HH data. Table II lists the results
of the model inversions. Briefly, the inversion procedure
was nonlinear and based on a grid search technique (cf.
Bevington 1969). A set of forward models was calculated
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FIG. 10. Elevation model data plotted as a function of specific cross
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the festoon flow are also plotted. Note that the change from high to low
specific cross sections occurs over only ~0.5 km, in contrast to the 2-km
range observed for the decrease in emissivity with increase in elevation
shown in Fig. 4.

for a wide range of model parameters. The ¥? difference
between the observed data and each forward model was
computed and the set of model parameters that minimized
the x? was chosen as an approximate solution. A second
set of forward models was then calculated by limiting the
range of model parameters to be close to the approximate
solution. The procedure was followed iteratively until x?
values remained constant and low,

~ As shown in Table II, the best fits were for plains and
the festoons flows: terrains that are morphologically
smooth in radar images and that produce values consistent
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with smooth surfaces at the subpixel scale. Also, esti-
mated dielectric constants for all terrains are close to
those inferred from average emissivity of a plate. Results
of the inversion are encouraging in that roughness parame-
ters correlate directly with geology. Consider that o,
fraction of diffuse-scale scatters, f,, and the diffuse-scale
exponent terms, s, are systematically lower for plains
than those for tessera. Of most importance, the dielectric
constant is predicted to increase with increasing altitude,
regardless of terrain type. In sum, results suggest that
elevation and geology control emissivity and specific
cross section and that the two effects can be separated
to first order, although more complex models are clearly
needed to explain fully emission and scatter from rough
terrains.

5. FERROELECTRIC MODEL OF
HBIGHLANDS EMISSIVITY

The presence of ferroelectric minerals phases in the
venusian highlands was first proposed by Shepard et al.
(1994), who used emissivity data (as a proxy for dielectric
constant) that were not corrected for roughness effects.
In this section, we expand upon this idea in two ways.
First, we use dielectric constants given in Table II to
determine if a ferroelectric model is reasonable for the
study sites. Second, we consider forward models of how
surfaces with given ferroelectric properties would appear
in emissivity data, given a range of terrain types within
any given emissivity footprint, the hypsometry of the
Ovda Regio area, and likely errors in elevation observa-
tions.

Ferroelectric minerals have unusual dielectric proper-
ties; below a compositionally dependent temperature,

TABLE II
Results of Dual Radar and Emissivity Inversions
Site Description Elevation (km) £ arus () fq (%) n X2

1 Lobate plains 6051.8 4.2 10 15 1.2 0.0041
2 Plains w/ lineations and domes 6051.9 3.7 2 24 [.0 0.036
3 Slightly fractured plains 6053.0 4.3 9 20 2.0 0.015
4 Medium altitude plains 6053.7 5.2 8.5 i1 Lo 0.033
5 Tessera 6054.2 13.5 17 60 1.85 2.1

4] Higher altitude plains 6054.4 12.7 5 36 1.0 0.32
7 Tessera 6055.5 28.0 13 54 1.2 2.2

8 Tessera 6055.8 7.0 11 36 2.0 1.0

9 Bright interior of festoon flow 6055.2 49.0 9 i3 1.8 0.29
10 Dark interior of festoon fiow 6056.1 4.45 7 31 1.25 0.13
11 Tessera 6055.8 17.5 13 66 2.0 0.97
12 Tessera 6055.3 24.5 13 42 2.0 0.94
13 Fracture belt 6055.4 24.5 13 42 1.9 35

Note. Elevations are derived from Magellan altimetry using ARCDR standard products and are averages over areas covered by emissivity

footprints,
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FIG. 11. Plot of diclectric constant versus elevation for the 13 study
sites. Dielectric constants are inferred from dual inversions of emissivity
and radar are as reported in Table 1l and are interpreted to be indepen-
dent of roughness {(i.¢., geology). Also shown is a best-fit line (deter-
mined by minimizing the sum of the squares of the differences between
model and observed dielectric constant) for a ferroelectric model in
which the dielectric constant is modeled as a function of temperature.
See text for details of model parameters.

called the Curie temperature, the dielectric constants are
in the range of 10-100. However, at the Curi¢ tempera-
ture, the dielectric constants dramatically increase, often
to values as high at 10° (Burfoot 1967). As temperature
increases above the Curie temperature, the dielectric con-
stant follows the Curie-Weiss relationship

£= forT>T,, (3)

c

where C is a constant called the Curie constant, T is
temperature, and T, is the Curie temperature. Mixing
models for two-component mixtures of dielectrics indi-
cate that as little as 0.1% by volume of a ferroelectric
mineral phase is required to explain the lowest emissivi-
ties observed on Venus using Fresnel emission from a
plate (Shepard er al. 1994). Shepard et al. (1994) also
showed that the behavior of Eq. (3) closely replicates
the average emissivity behavior with elevation on Ovda
Regio. Furthermore, the behavior of ferroelectrics predict
the observed abrupt return to more normal dielectric con-
stants and emissivities above the Curie temperature,
Figure 11 is a plot of elevation versus dielectri¢ constant
for the 13 study sites. Also shown is the best-fit ferroelec-
tric model. The model parameters were determined by
minimizing the sum of the squares of deviations between
observed and model dielectric constants. The data are
reasonably well fit by the model, given the range of terrain
types and the simplicity of the model used to separate
dielectric constant from roughness. The solution shown
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in Fig. 11 requires that the ferroelectric phase be present
at a (volume) abundance of 1000 ppm and with a Curie
temperature of 707 K.

Monte Carlo forward models of elevation-dependent
emissivity were also performed to evaluate the variance
in the observed emissivity and elevation data and the
extent to which the data are explained by a ferroelectric
model. Figure 12 shows three examples of Monte Carlo
simulations {12a-12¢), as well as the observed emissivity
and elevation data over Ovda Regio (12d). Each figure is
a plot of emissivity versus altitude. In Fig. 12a, 10,000
points were given random elevations between 6050 and
6058 km. The dielectric constant of each point was deter-
mined using the temperature vs elevation relationship of
Eq. (3) and the parameters obtained for the study site
fit. In addition, each point was viewed at a randomly
determined emission angle between 38° and 46° (appro-
priate for Magellan observations of Ovda Regio). The
horizontal emissivity was then calculated using a flat plate
{Fresnel) model with the determined dielectric constant
and emission angle for each point. In Fig. 12b, 10,000
elevations were randomly determined, constrained by the
hypsometric distribution for Ovda Regio (as determined
from the altimetry data covering the latitudes 23°S to 23°N
and longitudes 80°E to 108°E). The dielectric constant and
emission angle of each point were determined as in Fig,
12a. Additionally, each point was given a random nor-
mally distributed (with a standard deviation of 2°) slope.
Finally, each point was given a random fraction of diffuse
scattering (between 0 and 50%) to simulate textural ef-
fects. The horizontal emissivity of the nondiffuse fraction
was determined using a flat plate model. The emissivity
of the diffuse fraction was assumed to be equivalent to
the average of the horizontal and vertical emissivity, Fig-
ure 12¢ was determined using the same parameters as
Fig. 12b but with three additional effects. First, errors in
Magellan altimetry were simulated by adding a random
normally distributed noise component (with a standard
deviation of 100 m) to the aititude. Additionally, rather
than using a single critical temperature for the ferroelec-
tric model, a range of critical temperatures, normally dis-
tributed with a standard deviation of 2°C, was used. Fi-
nally, each point was assumed not to lie at a single
elevation, but to consist of 10,000 subpixels with a range
of elevations normally distributed with a standard devia-
tion of 100 m,

Figure 12d shows the actual emissivity and altimetry
data over Ovda Regio (extracted from the area covering
the latitudes 23°S to 23°N and fongitudes 80°E to 108°E).
The small points are altimetry data. The larger circles are
derived from stereo data for the two areas shown in Fig.
9. The solid line is the ferroelectric model fit used in
the Monte Cario simulations of Fig. 12a—-12c. Agreement
between the observed data of Fig. 12d and model data of
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FIG. 12. Plot of emissivity (ey) versus emission angie for Monte Carlo simulations (a—c¢) and the observed emissivity and elevation data over
Ovda Regio (d). (a) Monte Carlo simulation of emissivity versus emission angle predicted by the ferroelectric model including the effects of
variable emission angle and elevation. (b) Monte Carlo simulation of emissivity versus emission angle predicted by the ferroelectric model including
the effects of variable emission angle, elevation (constrained by the hypsometry of Ovda Regio), surface slope, and diffuse emission. (¢c) Monte
Carlo simulation of emissivity versus emission angle predicted by the ferroclectric model including all of the effects of (b) and: (1) Errors in
Magellan altimetry simulated by adding a random normally distributed noise component (with a standard deviation of 100 m) to the altitude. (2)
Use of a range of ferroelectric critical temperatures. A normally distributed variation with a standard deviation of 2 K was used. (3) Modeling a
range of elevations assuming a normally distributed variation with a standard deviation of 100 m. (d) The actual emissivity and altimetry data
over Ovda Regio (extracted from the area covering the latitudes 23°8 to 23°N and longitudes 80°E to 108°E). The small points are altimetry data.
The larger circles are elevation data from stereo radarphotogrammetry. The solid line is the ferroelectric model fit used in the Monte Carlo

simulations of (a—c), assuming a 43° emission angle.

Fig. 12¢ is compelling. The major difference between the
two plots is the wider spread about the ferroelectric curve
fit observed in the actual data. In reality, altimetry in
highland regions has large errors due to multiple echoes
whereas altimetry from smooth lowland plains has small
errors. Thus, modeling altimetry error with a single stan-
dard deviation is simplistic; however, it is unjustified to
include more complicated (e.g., elevation dependent) al-
timetry errors. It is clear that the ferroelectric model
is consistent with the observed distribution of emissiv-
ity versus elevation, after the expected variance is in-
cluded.

The primary difficulty with the ferroelectric model is
the geochemical feasibility of ferroelectric phases existing
on Venus. We therefore briefly review two possibilities
based on venusian geochemistry and terrestrial analogs.

() The minerals are ubiquitous on the surface and pro-
duced by volcanism. For example, consider the mineral
perovskite, which is actually a series of phases with the
structure ABX;, where the X is typically oxygen (Deer
et al. 1963). The most common perovskite, CaTiO;, is
not ferroelectric. However, substitution of Ba, Sr, Cd, or
Pb for Ca produces a suite of solid—solution ferroelectrics
(Rupprecht and Bell 1964, Kingery et al. 1976). Likewise,
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the substitution of Sn, Hf, Zr, Ce, Ta, Nb, and Cr for Ti
also produces ferroelectric behavior (Kingery et al. 1976,
Lines and Glass 1977). Knopite is a perovskite containing
2-3% Ce, La, and Y oxides and has been reported in
alkaline basalts from Uganda and syenites in the Ain re-
gion of Sweden. Niobian perovskite from the Kaiserstuhl
in Germany contains up to 26% Nb,O, (Deer ¢t al. 1963).
Although much of the chemical analysis of the venusian
surface indicates the presence of tholeiitic basalt, at least
two landers (Venera Landers 8 and 13) measured compo-
sitions compatible with alkaline rocks. Fegley et al. (1993)
also noted that alkaline rocks can buffer the atmospheric
concentrations of CO,, HCl, and HF. Furthermore, Kar-
gel et af. (1991, 1994) have observed that some of the
venusian channels require low viscosity melts and sug-
gested carbonatite flows as one possibility. Also, as noted
by Shepard er al. (1994) pyrochlore minerafs are also
found in alkaline volcanic rocks and can exhibit ferroelec-
tric properties.

(b) The ferroelectric phases are surficial deposits pro-
duced by volcanic exhalations that deposit selected ferro-
electric phases widely or perhaps preferentially on (cool)
highlands. Large enrichments of volatile metals (e.g., Cu,
Zn, Sn, Pb, As, Sb, Bi) are observed in terrestrial volcanic
aerosols, and by analogy, metal halides and chalcogenides
are likely to be the product of venusian volcanism (Brack-
ett et al. 1994). The combination of the high vapor pres-
sure of metal halides and chalcogenides at Venus surface
temperatures and the venusian vertical temperature gradi-
ent can transport these phases to the highlands of Venus
where condensation will occur, Many metal halides and
chalcogenides have high dielectric constants (Young and
Frederikse 1973) and many are also ferroelectric. Specifi-
cally, the following minerals exhibit ferroelectric proper-
ties: WO,;, SbSI, GeTe, CsGeCl, (Lines and Glass 1977),
antimonite (Mozgova et al. 1977), stibiotantalite (Gavri-
lova et al. 1970), Gd,(MoOQ,), (Yesayan et al. 1974),
CuSbS, (Grigas et al. 1976), chalcocite (Cu,S), and per-
haps djurleite (Bieniulis et al. 1987). Corry (1984) states
that 15 ore or related minerals are known ferroelectrics,
56 minerals are isostructural with these 15 ferroelectrics,
and another 60 ore minerals may be ferroelectric.

6. CONCLUSIONS AND IMPLICATIONS

In this paper we have separated dielectric constant and
roughness values for regions in and around Ovda Region
using horizontally and vertically polarized emissivities,
radar backscatter, and a straightforward modeling ap-
proach. Dielectric constants were found to be directly
related to elevation, whereas roughness values were
found to be controlled by geology (i.e., terrain type).

The gradual decrease in dielectric’ constant with in-
creasing elevation and the abrupt transition to more rock-
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like values at the highest elevations was modeled using
asmall concentration of a ferroelectric mineral. The ferro-
electric hypothesis satisfies all the observations with a
minimum of assumptions, The ferroelectric mineral candi-
date(s) may be phases in volcanic rocks or, more likely,
volatile metal phases that are the result of volcanic emis-
sions, perhaps preferentially transported to the highlands.

Further work needs to be conducted to explore the
ferroelectric hypothesis, including examination of Magel-
lan data over other highland areas and more detailed con-
sideration of geochemical plausibility. Ultimately, a high-
land lander would be needed to test the ferroelectric
hypothesis, together with other hypotheses that have been
postulated to explain highland microwave signatures. An
imaging system would provide information on the extent
to which the surface has been weathered or if there are
spherical cavities in outcrops. Imaging could also be used
to search for other evidence indicative of unusual mineral-
ogy, such as metallic luster suggestive of plating on out-
crops. X-ray diffraction could be used to identify mineral-
ogy of selected soil samples, followed by X-ray
fluorescence for elemental abundance (Vaniman et al.
1991, Klingelhofer ef al. 1992). These geochemical mea-
surements may not have the sensitivity needed to identify
trace constituents causing ferroelectric signatures. Thus,
perhaps the best test would be to measure for selected
samples the dielectric constant at different temperatures.

APPENDIX: DERIVATIVE OF THE MICROWAVE
SCATTERING MODEL

Introduction

We treat the microwave signature of a surface observed in either
reflection or emission as being due to a combination of quasi-specular
and diffuse-scale emission or scattering from the surface (i.e., volume
emission and scattering is ignored). The Kirchhoff approximation (i.e.,
a geometric optics formulation) is used to model quasi-specular emission
and scattering (Ulaby et al. 1982) and an empirically derived formulation
is used to model diffuse-scale phenomena (Hagfors and Evans 1968,
Pettengill et al. 1988). In this Appendix, the specific cross section and
emissivity are derived for our model.

Tilted Facets

For the quasi-specular component, Fig. Ala shows a schematic illus-
tration of a gently undulating surface that can be divided into sections,
or facets. Each facet is large with respect to the wavelength of the
Magellan radar (~12.6 cm in a vactum) and has a radius of curvature
that is large with respect to the wavelength. Figure Alb shows the
geometry of an individual facet. The frame of reference chosen is planet-
centered and right-handed. The vector z defines the unit normal to the
planetary surface and is given by z = (0, 0, 1). The vector n defines the
unit local normal of the facet and is given by m = (cos « sin @, sin o
sin 8, cos @), where « is the azimuth of the facet and 6 is the inclination
of the facet. The vector e connects the viewer (i.e., Magellan spacecraft
antenna) with the facet and defines the emission vector (for calculating
emissivity) or the backscatter vector (for calculating specific cross sec-
tion). It is given by e = (—sin ¢, 0, cos ¢), where ¢ is the emission,
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or equivalently incidence, angle. Note that the x axis is defined to lie
along the emission vector. The vector s defines the unit strike of the
facet and is given by s = n x z. Finally, the local emission angle, g, is
defined as the angle between the local normal, n, and the emission
vector, e, and is given by cos g = n-e.

Having defined the geometry of a single facet, the geometry of a
targe number of facets is now treated. Previous authors have suggested
microwave returns from the Moon and Venus are consistent with distri-
butions of facets governed by Gaussian, exponential, and Hagfors’ sta-
tistical distributions (Hagfors 1964, Simpson and Tyler 1982, Tyler er
al. 1992). Various areas of the Meon and Venus are better fit by the
various laws than others. For instance, Simpson and Tyler (1982} using
data from the Apollo bistatic radar experiment find that exponential and
Hagfors’ distributions correlate better with lunar maria than highlands.
Also, Tyler er ai. (1992) using the Magellan altimeter find that Hagfors’
distribution correlates well with the smoothest portions of Venus
whereas Gaussian distributions correlate better with areas that are
rough. Because of the well-developed literature concerning microwave
scattering from Gaussian surfaces (cf. Ulaby e al. 1982) and the good-
ness-of-fit of the Gaussian distribution to areas of Venus with high RMS
slopes, we use the Gaussian distribution.

Consider facet siopes oriented in a Gaussian distribution with respect
to inclination, #, and distributed uniformly with respect to azimuth, e.
The number density of facets, N(#), can be written

N(p) =

3 :
secle tan’s )! (AN

tanzo'RMsu p( B 2 taHZ(TRMS

where oy is the root-mean-square slope of the surface. Note that Eq.
(A1) is not identical to the Gaussian distribution of Tyler ¢ al. {1992).
The reason for the apparent discrepancy is because their distribution
is defined for an adirectional slope distribution whereas we assume an
azimuthally uniform slope distribution and present a unidirectional slope
distribution.

Specific Cross-Section Model

The specific cross section due to quasi-specular scattering of a undulat-
ing surface, ayg;s, is the sum of specific cross sections of the facets. A
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(a) Schematic illustration of surface modeled using quasi-specular assumption. (b) Illustration of angles and vectors used in scattering

specular (*‘mirror-like’’) return only occurs when the local emission
angle, g, of a facet is (°, i.e., when the emission vector and slope normal
are coincident. Therefore, the specific cross section of a quasi-specular
surface is linearly proportional to the probability density of facets. Fol-
lowing Tyler et al. (1992), o5 can be written

Fogsld) = 5oL N($),

2cos ¢ (A2)

where py is the nadir Fresnel power reflection coefficient which can be
calculated using

po= (\/; — 1)1,

(A3
Ve + 1 )

where g is the dielectric constant, In the dervation of the scattering
model, we consider only the real portion of the complex dielectric
constant. Furthermore, we assume a magnetic permeability of unity.
Both of these assumptions are reasonable for most geologic surfaces.

The specific cross section due to diffuse scattering from small-scale
texture (ayp} is modeled as dipoles superimposed on the undulating
surface (cf. Hagfors and Evans 1968, Pettengill et af. 1988, Campbell
et al. 1993). Following Pettengill et al. (1988), o5 can be written

Top = 2 py 1 COS"B, (A4)

where n is an exponent that controls the decrease of diffuse backscatter
with increasing incidence angle. The exponent n is controlled by the
spatiai distribution of dipole elements; » will be unity for dipoles oriented
randomly in three dimensions, whereas n will be 2 for dipoles oriented
randomly in only two dimensions (e.g., a flat-lying distribution of di-
poles). The p, term is based upon an implicit assumption that the surface
within a footprint is (roughly) homogenous.

The quasi-specuiar and diffuse components of the specific cross sec-
tion are combined linearly to determine the observed cross section.
Therefore, the observed cross section, o, can be written
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where fp, is the fraction of backscatter due to diffuse scatter. The justifi-
cation for the linear addition of the two scattering mechanisms is twofold.
The first justification follows from energy conservation: energy not avail-
able for scattering due to one mechanism will be available for scattering
due to the other mechanism. The second justification is more heuristic
and follows from derivations of conventional two-scale theories of scat-
tering that combine Brapg scattering and Kirchoff scattering linearly
(cf. Kim and Rodriguez 1992, for detailed discussion of two-scale ap-
proaches to radar scattering).

Emissivity Model

We calculate the observed quasi-specular emissivity from our pre-
viously defined surface in an analogous fashion to the calculation of
specific cross section, Whereas facets with nonzero local emission angles
contribute nothing to the observed cross section, facets with nonzero
local emission angles will contribute to the observed emissivity, An
individual facet will emit energy according to Fresnel's laws. The hori-
zontal and vertical emissivity, ey and ey respectively, of a facet with a
local emission angle, g, with respect to the Magellan antenna are given

by
o = 1,(;:&&_:___ Vs—sinzs’f (A6)
" os g + Ve — sinlg
TG AY]
£Cosg — Va—smg)
ey=1-— (z . (AT
v cos g + Ve — sin'g

The horizontal (H) and vertical (V} emissivity given by Eq. (A6) and
(A7) are defined in terms of the frame of reference of the local normal
of an individual facet, not in terms of the frame of reference of the
Magellan spacecraft antenna. In general, the two frames of references
are not coincident. Therefore, the polarized emission received by the
antenna will consist of contributions of both horizontal and vertical
emission from a local facet. To determine the contributions of the various
polarizations to the received emissivity, we define the following vectors.
The orientation of the horizontal polarization for the antenna, h, is given
by h = (0, 1, 0). The orientation of the vertical polarization for the
antenna, v, is given by v = {cos ¢, 0, sin ¢). Horizontal emission from
the facet will occur along the unit vector, nh, where nh = n X e. Vertical
emission from the facet will occur orthogonally to both the horizontal
emission and the emission vector along the unit vector nv, where ny =
nh % n. Determining the contribution 10 a given antenna polarization
(H or V) from a given facet polarization (H or V) is accomplished by
rotating the emission polarization vectors into the frame of reference
of the antenna. The fraction of polarization received (X) from a given
polarization emitted (Y), fyy, for combinations of H and V polarization
can be shown to be

Jug = {l{nh x &) x ¢]-hP (A8)
Juy ={llnv X ¢€) x €] -h}? (A9)
Ffrv={ltnv x &) x e] - v} {A10)
Sy = {l(nh x ) x e] - v}, (Al1)

The observed emissivity (in either horizontal or vertical polarization)
from a facet due to diffuse scattering will simply be equal to the average
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of the vertical and horizontal emissivity, or the average of Eq. (A6) and
(A7) (Mack and Reiffen 1964, Campbell er al. 1993).

The average emissivity of a distribution of facets can now be expressed
as the summation of the emissivity of the individual facets weighted by
several factors: (1) the probability that a facet has a given inclination,
(2) the emissivity of the facet, (3) the projected area of the facet in the
direction of emission, (4) the fraction of the observed emissivity of the
facet that is horizontally polarized and the fraction that is vertically
polarized, and (5) the fraction of the observed emissivity due to quasi-
specular versus diffuse scattering. Numerically, this can be written for
hoerizontal and vertical emissivity, respectively, as

2, Nig)cos gl — fr)lenla) fiml)
+ ey(g) fuv(g)] + (fp/2len(g) + ey(g)l}

($) = Al2

ué) 2, Nig)eosg (a1
2, Neg)cos gl(1 = follen(e) fin(e)

eld) = + ey(2) fivta)] + Upf D enlg) + ey} (A13)

zg Nig)cosg

There is no simple analytical solution for Eq. (A12) or (A13) and in
practice calculation of the emissivity is most easily performed numeri-
cally. Note that Eq. (A12) and (A13) have no explicit dependence upon
the emission angle, ¢. In reality, the local emission angle of every facet
is dependent upon the emission angle (in addition to the local geometry
of the facet). It is possible that a given facet may not be viewable by
the Magellan antenna {i.e., it may be “‘shadowed’’ by other facets). We
investigated shadowing effects (cf. Ulaby ez al. 1982) and determined
that for the range of emission angles viewed by Magellan (=45°) and
the range of roughnesses to be expected on Venus (=30°7), shadowing
effects are negligible. We omit them from this discussion but point
out that for some geologic surfaces, shadowing effects are likely to be
important.
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