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ABSTRACT 

A comprehensive study of Magellan multiple-Cycle synthetic aperture radar (SAR) 

data from Venus reveals morphological, surface roughness, and dielectric variations 

valuable in understanding emplacement mechanisms of fluidized ejecta blanket (FEB) 

craters, nearby plains and lava flows. FEB deposits develop variable channel 

morphologies related to parameters such as crater diameter and flow length. This study 

develops new procedures of digital unit mapping and polygon-filling algorithms using 

Magellan SAR, altimetry, and radiometry data. These techniques allow the extraction of 

radiophysical. information for geologic materials such as: (1) specific backscatter (0"0) 

behavior; (2) average calculated values of emissivity, rms slopes, corrected reflectivity, 

and the diffuse component of reflectivity; and (3) variations in radar properties along 

longitudinal traverses that are best explained by surface roughness trends at several spatial 

scales and/or dielectric variations. Backscatter curve slopes of the FEBs studied here are 

consistent with surface textures that are either transitional between a'a and pahoehoe-like 

or more pahoehoe-like. Increasing FEB roughnesses downflow are interpreted to be 

associated with more lava-like flows, while decreasing roughnesses are more similar to 

trends typical of gravity (pyroclastic-like or debris-like) flows. Most commonly, FEB 

crater flow materials exhibit either gravity flow-like styles or transitions from proximal, 

lava/melt-like flow styles to distal, gravity flow-like styles. Some FEBs show more 

complicated behavior, however, or appear to be more dominated by dielectric differences 

downflow, as inferred from correlations between the data sets. Such transitions may result 
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from changes in local topography or from overlapping of flow lobes during FEB 

emplacement. Computer modeling of FEB flows over topography was performed using 

modified programs previously applied to Mt. St. Helens' flows. These models 

demonstrate for the three FEB craters studied that the flows require relatively low initial 

velocities as well as low values of yield strength and viscosity. Geologic mapping of 

USGS quadrangle Barrymore (V59) shows evidence of an extensive plains formation 

event obscuring older local tectonic and volcanic structures, followed by regional and 

localized compression, forming wrinkle ridges and ridge belts. Application of terrestrial 

ERS-l SAR data of the Channeled Scabland region shows backscatter values indicative of 

surfaces somewhat rougher than terrestrial a'a flows. 



16 

CHAPTER 1. 

INTRODUCTION 

The recently completed Magellan mission to Venus created the current largest 

planetary database and revolutionized the methods by which Venus geology is studied. 

Magellan obtained synthetic aperture radar (SAR) images of nearly the entire surface over 

several mission Cycles at spatial resolutions of -1 00 m (e.g., Saunders et al., 1992), which 

is an order of magnitude increase over previous Venera 15/16 missions and Earth-based 

radar imaging. In addition, altimetric and radiometric measurements were used to derive 

other synoptic data sets of topography, reflectivity, meter-scale slopes, and emissivity at 

improved resolution and coverage. The global SAR imagery allows detailed morphologic 

studies of a variety of surfaces and landforms. The combined strengths of'the SAR 

backscatter and other surface property data sets permit characterization of surface 

roughness variations at several spatial scales and/or relative dielectric differences among 

surface materials. The availability of these data has encouraged a multiple data set 

approach to the study of local (impact crater deposits and lavas) and regional geology in a 

variety of settings on Venus, and this forms the core of the methodology used here. 

Among the more intriguing features observed in the SAR images are the extensive, 

fluvial-like, often channelized landforms associated with nearly half of the impact craters 

on Venus (e.g., Chadwick and Schaber, 1993). Attempts to explain their genesis and 

great length (up to 600 km) have centered on understanding the flow of impact-melted 

materials over low slopes, possibly in combination with atmospherically-induced ejecta 



17 

vaporization and melting (e.g., Schultz, 1992b; Schaber et al., 1992). This dissertation 

further explores the fluvial-like nature of the FEBs by asking the following questions: (1) 

To what extent is there a variation of channel existence and styles in FEBs and why? (2) 

How well can the combined radar properties of the FEBs be used to determine variations 

in surface textures versus dielectric effects and, thus, flow emplacement styles? and (3) 

What constraints may be placed on material properties (such as viscosity and yield 

strength) and velocities of FEBs by modeling their emplacement over venusian 

topography? The overall results reveal that variations of flow styles and rheologies among 

FEBs and within individual flows are common. 

In Chapter 2, the morphology and distribution of channelized FEBs suggests that 

larger craters with more extensive FEBs tend to exhibit more intensely channelized flows. 

In Chapter 3, a short summary of the acquisition and interpretation of the surface property 

data sets obtained by Magellan is presented as background for the application of the radar 

data sets to FEBs, associated ejecta types, and surrounding geological units in Chapter 4. 

The detailed study of FEB crater deposits applies digital unit mapping and polygon-filling 

algorithms to multiple-Cycle SAR imagery, and altimeter and radiometer orbital footprint 

data. Average unit values for surface properties such as specific radar cross section, 

emissivity, reflectivity, and rms slopes are compared to SAR backscatter obtained at two 

or more incidence angles to evaluate wavelength-scale surface roughness trends versus 

dielectric variations among ejecta types, plains units, and terrestrial lava flows. 

Comparison of downflow surface property variations allows inferences regarding FEB 
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longitudinal roughness variations. Potential FEB emplacement styles can then be inferred 

using experiential knowledge of surface roughness trends associated with terrestrial flow 

processes (e.g., lavas versus debris flows). Chapter 4 continues with a description of the 

study results for the ejecta units associated with four FEB craters (Addams, Isabella, 

Markham, and Stowe), and, for comparison, two lava flows in southern Ada Regio. 

Results for 17 other FEBs are also presented, followed by a discussion on the generalized 

nature of FEB flow styles and other units' surface properties. Chapter 4 concludes with a 

study of dual polarization backscatter (lffi and VV obtained from Cycles 2 and 3, 

respectively) for Markham, in which peculiar scattering characteristics may constrain the 

depth of portions of the FEB flow. Overall, Chapters 3 and 4 show that the surface 

roughness of flow materials can be consistent with either lava-like or debrislpyroclastic

like flows. Most flow materials are smoother than terrestrial and most venusian lavas, but 

rougher than the venusian plains. 

The complicated surface roughness and/or dielectric variations of the FEB flows 

observed in Chapter 4 is then investigated using a computer model that incorporates 

Venus topography with resistance parameters relevant for a Bingham material. 

Modifications to the FLOW model of McEwen and Malin (1989) for Venus conditions 

allow estimates of flow velocity, yield strength, viscosity, density, and drag for the FEBs 

of Addams, Isabella, and Cochran. Initial results show rheological properties that are 

more like debris or pyroclastic flows than basaltic lavas. Some flows require low 
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velocities (-IOmls), consistent with their emplacement as a drainage of fluid materials 

from the primary ejecta. 

The final two chapters extend the techniques developed previously to larger 

regions on Venus and Earth. Chapter 6 documents the construction of a geologic map for 

a region in southern Imdr Regio under the USGS Venus Geologic Mapping Program. 

Barrymore Quadrangle (V59) contains predominantly ridged plains units and abundant 

canali-type channels. Mapping of the region (shown in Appendix A) reveals widespread 

plains formation punctuated by local to regional tectonism. Peculiar impact crater 

extended deposits show contrast reversals in backscatter that are investigated using 

methods similar to those presented in Chapter 4. Asymmetrically-oriented dune faces may 

supply the proper surface geometry to account for this effect. 

Terrestrial radar remote sensing of the Channeled Scabland region in Washington 

state using the European Earth Resources Satellite (ERS-l) is presented in Chapter 7. 

The scoured nature of the Scabland region was thought to potentially exhibit similar 

roughness characteristics to some of the more channelized FEB flow deposits on Venus. 

The backscatter values derived from the C-band ERS-l radar imagery for both the 

agriculturally developed, loess-covered hills and exposed basalt scour surfaces appear 

quite similar, however, and somewhat rougher than even a'a lava flows. This is dissimilar 

from the more smooth, pahoehoe-like nature of the majority of FEB flows studied in 

Chapter 4. 
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CHAPTER 2. 

DISTRIBUTION OF CHANNELIZED fLUIDIZED EJECTA BLANKET CRATERS 

Background 

Nearly one-half of venusian impact craters imaged by the Magellan mapping 

mission exhibit radar-bright, fluvial-like, often channelized landforms extending up to 

several crater diameters from the crater rim (e.g., Chadwick and Schaber, 1993). These 

"fluidized ejecta blankets" (FEBs) (e.g., Komatsu et al., 1991; Baker et al., 1992) have 

diverse morphologies, especially near the crater rim, where complicated, transitional 

contacts between ballistic and fluidal-like deposits occur. The existence of curvilinear to 

sinuous, complicated channel systems in the FEBs similar to those discovered in the plains 

(e.g., Komatsu et al., 1993) suggests that FEBs may represent one portion ofa continuum 

encompassing different mechanisms responsible for the emplacement of very fluid 

materials on the surface. Current hypotheses for the processes by which FEB landforms 

were deposited include: segregation and drainage of impact melted/vaporized materials 

from within previously emplaced crater ejecta materials via channels (Baker et aI., 1992, 

Chadwick and Schaber, 1993), possibly by debris and/or lava flow transport mechanisms 

(Asimow and Wood, 1992); and/or materials fluidized by interaction of the expanding 

ejecta curtain with the dense venusian atmosphere and deposited previous to the ballistic 

ejecta (Schultz, 1992a, 1992b). These hypotheses were formed through study of the 

morphology and stratigraphy of the flows and channels and/or through comparison of 

laboratory impact features to those observed in the synthetic aperture radar (SAR) images. 
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As part of the preliminary studies of flow-like processes on Venus, the distribution 

and classification of channelized FEBs were determined using an early version of the 

impact crater catalogue of G.G. Schaber (USGS, Flagstaff) (cf. Johnson et al., 1991). 

This database is derived from Magellan imagery covering 89% of the planet as of 

September, 1991. Preliminary morphologic and geologic studies, classification of 

degradation states, implications of symmetrical versus asymmetrical ejecta blankets and 

dark splotch ("stealth") craters, and impact crater population statistics are given by 

Schaber et al. (1992). Chadwick and Schaber (1993) discuss the nature of the FEB crater 

population, including the observed differences between apparent high- and low-angle 

impact angles on the amount of fluidized ejecta emplaced. The classification of FEBs 

presented here concentrates on the existence and types of channels within the flows, the 

length and number of flows, and their distribution as a function of diameter and latitude. 

Distribution Mapping and Classifications 

The USGS crater catalogue provided the database from which 320 FEB craters 

were observed using mainly the Magellan radar mosaic photographic products. Full

resolution images (75 m1pixel) were available for only about 25% of the craters, while the 

remainder were studied using the one-third resolution mosaics (225 m1pixel). This results 

in some smaller craters with potential flow-like materials being discarded from the FEB 

list. Of the FEBs, 8.5% remain questionable as flow craters, due to heavy disruiJtion of 

apparent flows, confusion with lava flows, short flows, or noise in the data. About 8% of 
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the applicable images have missing data and/or are saturated in the photographic image. 

When available, digital image data were contrast stretched to facilitate image analysis. 

The FEB craters are classified by diameter, latitude, the existence of channels 

within the flow lobes (No Channel, Possible Channel, and Channel categories), greatest 

flow length (less or greater than one crater diameter), the number of distinct flow lobes 

(less or greater than 3), and the radar brightness of the flow relative to the surrounding 

region, including combinations of relatively radar bright and dark flows. The use of the 

term "dark flows" is restricted to those materials much darker than their surroundings with 

well-defined lobate to curvilinear perimeters and without the "wispy" appearance of dark 

materials associated with "stealth" impact zones. Channel FEBs are further classified into 

three types (Figures 2.1-2.2): 

Type I--sinuous single channel fonns separate from other channels with few if any 

anastomosing branches evident 

Type 2--moderately to strongly anastomosing and/or braided channel fonns 

Type 3--intense complex of curvilinear to semi-sinuous channel fonns which 

overlap and cross-cut other channels, giving an overall filamentary appearance. 

In cases where more than one channel type is found within the same FEB, the 

more complex channel type (higher number) is cited. The Possible Channel category 

designated channel-like fonns that are distinctly radar bright or dark but with no 

appreciable relief or levee-like features. Figure 2.3 maps the distribution by diameter of 

FEBs that have been classified as either Channel or Possible Channel. 



Figure 2.1. Examples of Type 1 FEB channels (left) and Type 2 FEB channels 
(right). Black arrows show Type 1 channels associated with ejecta of an unnamed 
35 km diameter crater located at -10.4°, 302. 15°E, while white an'ow shows 
sinuous dark channel with bright levees associated with a southern FEB. Type 2 
channels are associated with southeastern portion of Aglaonice (63 km; -26.5°, 
3400E). North is up. 
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Figure 2.2. Examples of Type 2 (left) and Type 3 channels (right). Type 2 
channels are associated with the northeastern portion of the Yablochkina (55 Ian; 
48.3°, 195.3°E) FEB; they show no obvious levees or relief are thus categorized as 
Possible Channel. Type 3 channels are associated with northern portion of 
Seymour (65 Ian; 18.2°, 326.5°E). North is up. 
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Figure 2.3. Distribution map of Channel and Possible Channel FEB craters 
classified by channel types and separated by four diameter bins. Some areas of 
higher crater density (north ofRusalka Planitia in eastern Aphrodite Terra, for 
example) correspond to areas with higher channel density according to the 
distribution maps of Komatsu et aI. (1993). 
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Results and Discussion 

Table 2.1 shows the distribution by percent of each FEB classification category. 

Most FEBs are radar-bright and have more than three flow lobes, at least one of which is 

longer than one crater diameter. Nearly 60% of the FEBs are Channel or Possible 

Channel types, most of which are of the Type 1 variety. 

Figure 2.4 shows that with increasing diameter the percent of No Channels FEBs 

decreases and the percent of Channel FEBs increases. This may be an observational 

artifact since larger craters would tend to have larger, more easily visible channels. Yet 

there are Channel FEBs visible even at the lowest diameter bins. Also, if channels are 

more easily observable for larger craters, one would expect the Possible Channel FEBs to 

show a decreasing trend at higher diameters. But the percent of Possible Channel FEBs 

remains relatively constant with diameter. While the trend of increasing channelization of 

FEBs at larger crater diameters appears real, it may nonetheless result from the fact that 

larger craters have more extensive FEBs. The larger FEBs have a greater probability of 

having at least some channels, and existence of only one channel system was sufficient to 

include an FEB in the Channel category. 

Figure 2.5 shows that Type 3 channels occur progressively more often at higher 

diameters while Type 1 and Type 2 channels are more evenly distributed by diameter bins. 

The higher kinetic energy and potentially higher flow velocities resulting from the larger 

impacts may be a requirement for the creation of Type 3 channel sysems. 



Figure 2.4. Distribution of Channel, Possible Channel, and No Channel FEB 
flows by crater diameter. Note that No Channel FEBs decrease and the Channel 
FEB increase with increasing diameter. 
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Figure 2.5. Distribution of channel types (top) and number offlow lobes (bottom) 
by crater diameter. Type 3 channels appear to occur preferentially for larger 
craters. Flow lobes increase in number to about 70 Ian diameter craters, after 
which flows may coalesce into single flow lobes. 
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Figure 2.5 also shows a progressive increase with diameter in the percentage of 

craters with greater than three flow lobes until the 60-70 km bin, at which point the 

percentage decreases again. This suggests a tendency for more flow lobes to occur until a 

critical diameter is reached beyond which the flows coalesce. Although it would follow 

that the flow lengths would thus become greater with increasing diameter, the data do not 

show an obvious correlation between diameter and flows greater than one crater diameter. 

In Figure 2.6 the Channel and Possible Channel FEBs show a higher percentage 

of flow lengths greater than one crater diameter and of flows with . less than three lobes, 

respectively. The No Channel category exhibits little distinction between flow lengths but 

a much greater preference for flows with less than three lobes. This demonstrates that 

longer and more numerous flows have a greater likelihood of having Channel and 

Possible Channel FEBs. A similar occurrence is found among channel types. Figure 2.7 

shows that Type 3 channels occur more often in longer flows than Type 1 or Type 2 

channels, and that Type 3 channels are more often found in more extensive, multi-lobed 

flows. This is consistent with the suggestion from Figure 2.5 that Type 3 channels are 

formed preferentially during high energy impacts, i.e., those capable of producing larger 

FEBs, potentially with correspondingly higher flow velocities. 

Consistent with Figure 2.3, Figure 2.8 shows no obvious correlation with latitude 

of either the distribution ofFEBs or channel types. Figure 2.3 does show an apparent lack 

of channelized FEBs on the highlands. While this may be an observational artifact (FEBs 

are more difficult to discern in the highlands) or due to tectonic disruption (cf Ivanov and 
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Basilevsky, 1993), the lack of FEBs may also be related to the crustal thickness or 

compositional differences in the highlands relative to the plains. Alternatively, the relative 

lack of highland FEBs may be a function of the spatially and hypsometrically random 

distribution of the crater population overall (c£ Strom et al,. 1994). Also, there is an 

apparent correlation of some high channelized-FEB densities with the high channel 

densities (Baker et al., 1992), especially north of Rusalka Planitia and southeast of 

Artemis Chasma. This is consistent with the notion that the crustal conditions (i.e., 

composition, thickness) of certain regions may be preferentially suited to the emplacement 

of very fluid materials assumed to be responsible for channelized flow. 

Table 2.1. Distribution of classification categories for FEBs. 

Category 

Channels in FEBs 
Possible Channels in FEBs 

No Channels in FEBs 

Radar-bright flow 
Radar-dark and radar-bright flows 

Radar-dark flow 

Flow length> 1 Diameter 
Flow length < 1 Diameter 

Number flow lobes> 3 
Number flow lobes < 3 

Type 1 Channelized FEBs 
Type 2 Channelized FEBs 
T e 3 Channelized FEBs 

Percent of total 

26.9 
32.8 
40.3 

88.8 
10.6 
0.6 

30.3 
69.7 

80.9 
19: 1 

63.4 
27.7 
8.9 



Figure 2.6. Distribution of number offlow lobes (top) and flow lengths (bottom) 
by channel existence categories. Compared to the channelized flows, the No 
Channel FEBs tend to occur in shorter flows with fewer flow lobes. 
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Figure 2.7. Distribution of number offlow lobes (top) and flow lengths (bottom) 
by channel type. Type 3 channels appear in longer, multi flow-lobed FEBs relative 
to the other two channel types. 
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Figure 2.8. Distribution of all FEB craters and channelized FEB craters by latitude 
(top); distribution of channel types by latitude (bottom). Consistent with Figure 
2.3, no trend is apparent. 
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CHAPTER 3. 

BACKGROUND ON MAGELLAN RADAR PROPERTY DATA 

Magellan SAR imagery, altimetry, and radiometry observations and data products 

are described by Pettengill et al. (1991) and Saunders et al. (1992). The surface radar 

properties derived from these data sets that are used here include: (1) specific radar 

backscatter cross section (0"0) from SAR images; (2) thennal emissivity from radiometry; 

and (3) topography, corrected reflectivity and its diffusely scattered component, and 

meter-scale nns slopes from altimetry. These properties provide infonnation on surface 

roughness at different spatial scales and constrain estimates of surface electrical properties 

(dielectric constant). Mosaicked Image Data Records (MIDRs) are the primary SAR 

image product used here. Image products of corrected reflectivity, nns slope, topography, 

and emissivity are available on the GxDR (Global Data Record) CD-Roms. These were 

produced for the Magellan mission by the Massachusetts Institute of Technology, which 

also supplied more detailed orbital footprint infonnation in the fonn of the Altimeter and 

Radiometer Composite Data Records (ARCDR) CD-Roms. 

Synthetic Aperture Radar 

The strength of a returned radar signal is dependent on the properties of both the 

target (degree and scale of surface and/or sub-surface roughness and slopes, dielectric 

constant) and the instmment (wavelength, polarization, incidence angle) (e.g., Gaddis, 

1992). At small incidence angles «20-30°), the energy is mainly coherently scattered 

from surface slopes or facets distributed at a scale significantly larger than the wavelength. 
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Radar return is greatest in this "quasi-specular" region for surfaces considered smooth 

relative to the radar wavelength. At incidence angles greater than 20-30° diffuse 

scattering from small wavelength-scale structures dominates the radar return. Backscatter 

functions for radar smooth surfaces (e.g., venusian plains) are thus usually steep curves 

with high peaks near nadir that decrease quickly at higher angles. Radar rough surfaces 

(e.g., crater ejecta, most a'a lavas) show flatter curves but with greater backscatter return 

at higher incidence angles (Figure 3.1) (pettengill et al. 1991; Theilig et al., 1989; Ford, 

1990; Gaddis, 1992; Elachi, 1988; Ulaby et aI., 1982a; Rees, 1990). 

For Magellan, the 12.6 cm (S-band), HH linearly polarized SAR data were 

obtained at incidence angles from 15-46° during Cycle 1 (left-look), at a nearly constant 

25° during Cycle 2 (mainly right-look), and at 13-26° incidence angles (stereo left-look) 

for Cycle 3 (e.g., Plaut, 1993c). Figure 3.2 shows the variation of incidence angles with 

latitude for each Cycle. Full resolution SAR Basic Image Data Records (F-BIDRs) were 

sampled to 75 m/pixel, although the spatial resolution is closer to 100 In, depending on the 

altitude of the spacecraft. The F-BIDR strips were mosaicked into Full resolution 

Mosaicked Image Data Records (F-MIDRs). Mosaics of larger regions were produced by 

spatially compressing the resolution of the BIDRs using 3 x 3 pixel arrays to create 

Compressed Mosaicked Image Data Records (Cx-MIDRs--where x = 1, 2, or 3, 

depending on the level of compression) (Ford and Plaut, 1993). 



Figure 3 .1. Variation of radar backscatter with incidence angle for different 
surface roughness, showing the ranges of dominant surface effects, and extent of 
Magellan Cycle 1 incidence angle coverage. After Ford et al. (1989), (Figure 8). 
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Figure 3.2. Incidence angle variations with latitude for each Cycle of Magellan 
SAR coverage. After Figure 4-3 of Plaut (1993c). 
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Altimetry and Radiometry 

The Magellan radar altimeter operated as a near nadir-viewing instrument by using 

a microwave hom antenna offset 25° from the SAR antenna (Figure 3.3). Elevation data 

were acquired by measurement of the time-delay between pulse transmission and echo 

reception. Estimates of surface rms slope and intrinsic reflectivity were obtained by 

modeling the echo shape and intensity, respectively, to best-fit a selected form of the 

Hagfors scattering law (e.g., Ford and Pettengill, 1992; Tyler et al., 1991, 1992), which is 

of the general form: 

0'0(8) = (pC/2)( cos48 + Csin28r312 (Eqn.3.1) 

where 0'0 is the specific radar backscatter cross section, 8 is the incidence angle in degrees, 

p is the Fresnel reflection coefficient (i.e., reflectivity), and C is equivalent to l/(rms slope 

in rad)2. The rms slopes represent the average tilt of meter-scale (or larger) flat surface 

facets within the 10-30 km diameter of the altimeter footprint. 

Figure 3.4 shows three examples of altimeter echoes from relatively smooth 

(plains) through rough (fluidized ejecta) surfaces. Smooth surfaces exhibit strong, narrow 

echo returns, implying higher reflectivity and lower rms slope values. Rough surfaces 

have weaker returns, with more dispersed echoes, implying a surface with higher rms 

slopes and lower reflectivity. 

The near nadir view of the altimeter restricted observations to the quasi-specular 

(coherent) backscatter regime such that the contribution to reflectivity from diffuse 

(wavelength-scale) scattering was neglected. This "diffuse component" is estimated using 



Figure 3.3. Observing geometry of Magellan spacecraft. SAR and radiometer 
data were obtained using the high-gain antenna looking off to the side, while the 
altimeter hom was pointed nearly straight down, fixed at a 25 degree angle with 
respect to the SAR antenna. (From Tyler et al., 1991, Figure 1). 
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Figure 3.4. Cycle 1 altimeter echo returns for three footprints in the Markham 
crater fluidized ejecta blanket (FEB). Footprint 179 predominantly samples plains, 
and has a narrow, strong return as expected for a smooth surface. Footprint 180 is 
composed of more of the FEB material, and as such exhibits a noisier, weaker 
return. Footprint 181 in the FEB shows the weakest and most scattered return, 
indicative of a rough surface. The echo returns "prof' (in black) are being fit by a 
Hagfors function template ("tmpl" in gray), and regions of overlap between the fit 
and the echo are shown as "both" (in light gray). Note the greatest mismatch 
between the profile and the Hagfors template occurs for the roughest surface. 
"Delay" on x-axis is in units of 0.21 microseconds, while the echo profile is in 
arbitrary power units. North is up and image center is at -4.40, 157.4°E. 
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SAR backscatter measurements and added to the reflectivity value to provide a "corrected 

reflectivity" estimate (pettengill et ai., 1988; Ford and Senske, 1990; Ford and Pettengill, 

1992; Campbell et ai., 1992). Hence, if the Hagfors model is appropriate, corrected 

reflectivity should be positively correlated with the dielectric constant of the surface 

material, while the diffuse component provides a guide to sub-wavelength-scale surface 

roughness. However, Campbell et ai. (1993) suggest that scattering by small facets at 

incidence angles> 20° might add uncertainties to estimation of the diffuse component. 

It should be recognized that the Hagfors function represents a surface 

characterized by a Gaussian height distribution with an approximately exponential 

autocorrelation function, composed of homogeneous material with surface facets that are 

essentially flat at the radar wavelength and whose surface normals are, on average, tilted 

only a few degrees from vertical (Tryka and Muhleman, 1992; Campbell and Campbell, 

1992; Hagfors, 1970; Tyler et ai., 1991). Regions not well represented by these 

characteristics may exhibit anomalous reflectivity and rms slope values (e.g., Plaut, 1992; 

Plaut et aI., 1992). Areas with large rms slopes (e.g., > 7°) will have higher uncertainties 

in altimetry because: (1) the wider tilt distribution decreases the echo strength; and (2) 

complicated topography (e.g., mountains and valleys) results in a non-Gaussian height 

distribution (Tyler et ai., 1992). 

Tyler et al. (1992) provide alternative altimetry reduction methods in which 

scattering functions other than Hagfors (e.g., exponential, gaussian) are found to model 

better certain areas of the surface. Their group at Stanford University created a surface 
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characteristic vector data record product (SCVDR) using relatively raw SAR BIDR and 

altimeter data. By combining this data with the ARCDRs, they produced for the Magellan 

mission a Global Vector Data Record (GVDR), which summarizes all the surface 

properties of the Venus surface at a resolution near 20 Ian (Maurer and Simpson, 1994). 

Between altimeter and SAR transmissions, thermal-emission radiometry was 

obtained using the SAR high-gain antenna, from which surface emissivity was estimated 

for regions 15-90 Ian (pettengill et al., 1991; Tyler et al., 1991; Pettengill et al., 1992a). 

Relative differences in emissivity as small as 0.010 can be discerned, although the absolute 

accuracy of the measurements is closer to 0.035, depending on both the calibration of the 

antenna/receiver system and the certainty of the atmospheric model used to estimate 

surface temperatures (Campbell el aI., 1991). 

The emissivity and reflectivity are primarily controlled by the refractive index ratio 

at the interface between the surface and atmosphere (if the ratio is sufficiently large), by 

the geometry of that interface, and by the angle of emission or incidence. Volume 

scattering may play a larger role if the sub-surface has low dielectric loss. The degree of 

wavelength-scale surface roughness further influences the emissivity, as can the dielectric 

properties of the surface material (Choudhury el al., 1979; Pettengill el al., 1988; 

Campbell et al., 1991, 1992; Jackson et al., 1992), which are in tum controlled by 

composition and/or bulk density (cf. Plaut and Arvidson, 1992). Roughening the surface 

at the sub-wavelength scale tends to increase emissivity (e.g., Ulaby et aI., 1982b; 

Pettengill et aI., 1988), such that positive correlations of SAR backscatter with emissivity 
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probably imply that roughness variations more control emissivity measurements than do 

dielectric variations. Low emissivities observed for highlands and some crater floors have 

been explained by the presence of high-dielectric materials (Robinson and Wood, 1993; 

Klose et a!., 1992; Weitz et al., 1992), although more detailed studies admit the 

difficulties in precisely explaining low emissivity areas (pettengill and Ford, 1993; 

Muhleman and Butler, 1992; Muhleman and Gross, 1993), even when invoking 

polarization studies and volume scattering effects (Tryka and Muhleman, 1992; Pettengill 

et a!., 1992b; cf. dePater and Mitchell, 1993). 

In summary, the complex nature of surface (and potentially volume) scattering in 

both reflection and emission results from the combined effects of surface and/or sub

surface roughness at a variety of spatial scales and dielectric variations within the materials 

of interest. The combined use of several radar properties, incorporating different viewing 

geometries from multiple-cycle observations, provides a possible means of distinguishing 

between these effects. 
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In the following sections, a unique methodology is developed using multiple-Cycle 

Magellan data for FEB flows and plains lavas to estimate the average radar property 

values for mapped geologic units and the downflow variations of radar properties. As 

described in the subsequent section, this comprehensive set of information will help 

determine the effects of surface roughness versus dielectric effects and help estimate flow 

style variations in the FEB flows. 

Twenty-one FEB impact craters are included in this work (Table 4.1), about half 

of which are sampled by more than one Cycle of data The backscatter and radar property 

characteristics of four craters (Addams, Isabella, Markham, and Stowe; Figures 4.1-4.4) 

are presented in detail below. For comparison, a similar study is then presented for a lava 

flow in Ada Regio. This is followed by a summary of the multiple-Cycle radar properties 

of the entire FEB crater data set. 
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Table 4.1. FEB impact craters used in current study. 

Crater Latitude Longitude Diameter Coverage FEB Area * 
(deg) (deg) (Ian) (Cycle no.) (lan2

) 

Volkova 75.2 241.9 48 1 5,450 
Dickinson 74.6 177.3 69 1 12,600 
Barsova 61.4 223.0 89 1 18,000 
Cochran 51.9 143.5 100 1 45,200 

Yablochkina 48.3 195.2 63 1 2,600 
Voynich 35.4 56.0 55 1,3 9,750 
Sanger 33.9 288.5 84 1 19,400 
Millay 24.4 111.1 50 1,2 4,100 
Boleyn 24.4 219.9 69 1 17,900 

Marie Celeste 23.5 140.2 95 1,3t 14,400 
Greenaway 22.7 145.1 92 1,3t 9,150 

Seymore 18.2 326.5 65 1 19,100 
Markham 4.1 155.6 70 1,2,3t 54,900 
"oblique" -6.3 6.0 120 x 45 1,(3) 44,600 
Xantippe -10.8 11.8 40 1,3 5,100 

Jhirad -16.8 105.6 50 1,2,3 12,300 
Isabella -29.7 204.1 175 1,2 69,800 
Stuart -30.8 20.2 69 1 8,950 
Stowe -43.2 233.0 82 1,2,3 13,200t 

Addams -56.1 98.9 90 1,2 57,500 
Guan Dao-Sheng -61.1 181.8 46 1,2 6,000+ 

* includes "FEB veneer" unit coverage 
t VV polarization data for Cycle 3 
t North FEB flow represents about 2600 km2 of this value 
+ South FEB flow represents about 1455 lan2 of this value 
Parentheses indicate minor coverage for that Cycle 

Radar Characteristics of Flow Emplacement Styles 

Multi-wavelength polarimetric radar studies using airborne and spacecraft SAR 

data are currently the most comprehensive means by which scattering behavior of 

terrestrial lava flows can be related to models of surface roughness (Campbell et ai., 1989, 

1993; van Zyl et ai., 1991; Evans et al., 1992a, 1992b; Gaddis, 1992; Arvidson et al., 
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1993; Gaddis etai., 1989, 1990). While Magellan data are restricted to single wavelength 

and polarization (except for some 300 experimental orbits (e.g., Plaut, 1993b), portions of 

which are studied below for Markham crater), the inferred roughness variations along 

FEBs and lavas can indicate to some extent the nature of their flow emplacement styles 

when compared to terrestrial flow deposits such as lavas and debris flows. Such deposits 

exhibit characteristic roughness variations at different spatial scales, especially along their 

distal margins, related to rheological variations along flow. Although the absence of water 

on Venus makes direct analogy of terrestrial debris flows to venusian flow units 

inappropriate, other materials such as fines, atmospheric gases, or impact melt may instead 

serve as interstitial fluids for venusian debris-like flows (Asimow and Wood, 1992). 

Lava flow textures may evolve from smooth pahoehoe to blocky a'a (cf. Moore, 

1987; Gaddis et aI., 1990; Campbell and Campbell, 1992) as the flow thennally matures 

(e.g., Naranjo et ai., 1992), and the flow may exhibit steep marginal profiles (Hulme, 

1974). Roughness should increase downflow and along lava (or impact melt) flow 

margins due to increases in both viscosity and yield strength (e.g., Asimow and Wood, 

1992; Moore, 1987). Gravity flows may also exhibit lava-like channels and levees and 

steep terminal snouts (e.g., Whipple and Dunne, 1992; Johnson, 1970). However, while 

these flows concentrate the largest fragments at their margins, they also tend to show a 

decrease in the size and amount of the largest materials downflow due to mild sorting 

(Johnson, 1970; Blatt et aI., 1980; Whipple and Zimbleman, 1991). Thus, these flow 

styles should tend to exhibit a decrease in surface roughness except for the margins and 
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terminals snouts. Unfortunately, altimetry and radiometry are unable to resolve spatially 

such edge effects. Flow edge characteristics might be observable in the SAR difference 

images or stereo image pairs, but definitive flow margin geometries have not been 

discerned in the flow units studied here. 

This simple relation between downflow texture variations and flow emplacement 

styles is complicated by the specific nature of the flow regimes, which may change during 

emplacement due to changes in topography, rate of ejecta deposition, and/or proportions 

of rock, melt, fines, and atmosphere entrained within the ejecta (e.g., Schultz, 1992a, 

1992b; Rodine and Johnson, 1976). For example, the ingestion of air within a pyroclastic 

flow (or water within a terrestrial subaqueous debris flow) may expand the flow and 

produce an overlying turbulent cloud of materials eroded from the flow front. This cloud 

may repeatedly surge ahead of the underlying main pyroclastic or debris flow until 

deceleration from drag and buoyancy forces allows the basal flow to move ahead 

(McEwen and Malin, 1989; Fisher and Schmincke, 1984; Hampton, 1972). Fines from the 

resulting cloud front may then settle and mantle the flow deposits, or the cloud may 

recondense downflow, generating high-density turbidity currents capable of transporting 

large volumes of materials long distances as channelized fluidizedlliquified flows (e.g., 

Lowe, 1982; Normark et aI., 1993). 

Such potentially complex emplacement scenarios should be evident in the nature of 

the average radar properties and the downflow radar property variations of the crater and 

flow units. Their apparent emplacement styles (i.e., lava/melt flow versus debris (gravity) 
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flow (cf. Asimow and Wood, 1992» are inferred based on roughness variations 

downflow. For example, positive correlations between emissivity, <10 , diffuse component 

and rms slopes downflow would suggest roughness-dominated scattering at several scales. 

Distal increases in these parameters would be consistent with a lava/melt flow, while 

decreases would be more likely for a gravity/debris-like flow. Lack of correlation between 

<10 and emissivity values would otherwise suggest that small scale roughness effects are 

less important than differences in dielectric constant (plaut and Arvidson, 1992; Arvidson 

et al., 1992; Campbell et al., 1992). Similarly, for those regions in which emissivity is 

positively correlated with reflectivity, dielectric and/or volume scattering effects may 

dominate roughness differences. However, for reflectivity and emissivity to be 

complimentary, each must be averaged over 2n steradians (e.g., Tryka and MuWeman, 

1992; Ulaby et al., 1982a). Since the Magellan data are not obtained in this manner, 

emissivity will not strictly be anticorrelated with reflectivity. 

Digital Geologic Mapping 

Characterization of venusian geologic materials using radar properties has 

previously been performed using spot sampling of small regions (e.g., Arvidson et al., 

1992; Moore et al., 1992; Greeley et al., 1992). More rigorous compilation of radar 

properties requires the sampling of entire geologic units, a process which can be 

accomplished using a combination of digital unit maps and a masking procedure for SAR 

images or a footprint classification procedure for ARC DR data. 
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SAR image data used here were obtained either directly from CD-Rom or from the 

Jet Propulsion Laboratory (C. Leff, pers. comm., 1992). To minimize image distortion 

related to the sinusoidal projection associated with the digital SAR images (Saunders et 

a/., 1992), each image is first reprojected sinusoidally to the central longitude of the image 

scene and 0° latitude and mosaicked using modified Magellan data quality evaluation 

software (MGMDQE; cf. Leberl et a/., 1991) (e.g., Figure 4:1). A digital unit map is then 

constructed for each image scene (e.g., Figures 4.1, 4.5). This process requires drawing 

unit contacts and filling units with unique DN values that are later used in the masking or 

classification algorithms. Unit types are differentiated through geomorphological analysis 

of the SAR images using digital and photographic products (Figure 4.5; Table 4.2). 

GxDR images of topography are used to create highly vertically exaggerated synthetic 

perspective views of the SAR images (e.g., Figure 4.1; cf. Kirk et a/., 1992; Squyres et 

a/., 1992), which assists interpretations and mapping of FEB deposits and related geologic 

units. 



Unit name 

Crater peak 

Crater floor 

Crater wall 

Ballistic ejecta 

Transitional 
ejecta 

FEB flow 

FEB "veneer" 

Plains 

Disrupted 
plains 

Bright 
extended 
deposit 

Dark extended 
deposit 

Tessera 

Volcanic 
edifices 

Table 4.2. Generalized unit descriptions used in mapping FEB craters. 

Description 

high-relief, radar-bright hummocky materials occurring intermittently within crater 
floor 

radar-dark or bright smooth materials occurring within crater rim; may form 
gradational contact with crater wall and/or crater peak 

radar-bright, hummocky materials extending from crater rim to floor 

intermediate to radar-bright hummocky materials extending radially from crater rim, 
possibly with lobate margins; may also occur as dispersed bright materials overlying 
plains 

very radar-bright hummocky materials forming gradational contact with ballistic 
ejecta and/or FEB flow materials, preferentially occurring on "down-range" side of 
crater rim (opposite "avoidance zone"); similar to "proximal" ejecta unit of Chadwick 
and Schaber (1993); distinguished from ballistic ejecta by greater radar-brightness, 
lesser hummockiness due to intervening smoother areas 

radar-bright, fluvial-like materials exhibiting channelized, streamlined features, 
lobate margins; may form gradational contacts with other ejecta 

intermediate-brightness, diffuse materials exhibiting sinuous to streamlined patterns; 
appears to be associated with FEB flow materials and may represent extremely thin 
portion of FEB -derived materials 

Radar-dark smooth materials exhibiting some radar-bright lineaments and/or domical 
structures 
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Radar-dark smooth materials heavily populated by radar-bright linear to curvilinear 
features related to compressionaUextensional events such as corona formation or other 
volcano-tectonism 

Smooth materials with greater radar-brightness than surrounding plains, extending 
radially from Isabella crater materials 

Very radar-dark materials associated with western portion of Isabella ejecta deposits 
only 

High-relief, radar-bright islands of materials within plains exhibiting at least two 
orientations offractureslgrooves 

Either large domical structures with central caldera structures or individual cones or 
fields of small, low-relief cone structures, some with central pits 
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Geometric distortion inherent in the SAR images, missing data, and subtle changes 

in the apparent occurrence of geologic units (due to incidence angle or signal-to-noise 

differences) combine to make maps constructed from opposite-side Cycles slightly 

dissimilar. Thus, a single map can not best represent both Cycles, and each Cycle image 

requires its own map. Nevertheless, the relatively small differences between the maps 

should not significantly affect comparison of surface property unit averages between 

Cycles. 

Backscatter Reduction 

Data number (DN) values in the SAR images represent the observed radar 

backscatter coefficient relative to the Muhleman function, an empirically derived 

backscatter law for average Venus surface. The Muhleman law is of the form: 

croce) = (~cose) / (sine + acose)3 (Eqn.4.1) 

where cro is the average backscatter, with constants p = 0.0188 and a = 0.1 ~ 1. However, 

in the implementation of this function in the SAR hardware processor, an erroneous value 

of p = 0.0118 was used. Hence the same value must be used when extracting specific 

radar cross section from the SAR images as presented on the CD-ROMs. This process is 

accomplished by first converting the pixel DN values in the SAR mosaics (which range 

from 1 to 251) to a backscatter coefficient relative to the Muhleman law using the 

equation: 

croce) = 0.2 (pixel DN - 101) dB (Eqn.4.2) 



Figure 4.1. (Top) Cycle 2 SAR image of Addams with traverses shown (see 
Figure 4.12); Cycle 1 SAR image included as inset. North toward the top; 
(bottom) Unit map for Addams (see Figure 4.5 for explanation) 

Next page: (Top) SAR (Cycle 1 - Cycle 2) difference image, stretched 
between 0 dB (black) and 5 dB (white); inset shows binary image where white 
corresponds to higher Cycle 1 and black to higher Cycle 2 0'0 values; (bottom) 
highly vertically exaggerated (- 75x) synthetic perspective image (view direction 
to the north-northwest). 
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Figure 4.2. (Top) Cycle 1 SAR image ofIsabeDa region with traverses shown (see 
Figure 4.13); Cycle 2 SAR image included as inset; North is toward the top; 
(bottom) Unit map for Isabella (see Figure 4.5 for explanation) 

Next Page: (Top) SAR (Cycle 1 - Cycle 2) difference image, stretched 
between -6 dB (black) and 2 dB (white); inset shows binary image where white 
corresponds to higher Cycle 1 and black higher Cycle 2 0"0 values; (bottom) highly 
vertically exaggerated (- 70 x) synthetic perspective image (view direction to the 
north-northwest). 
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Figure 4.3. (Top) Cycle 1 SAR image of Markham with traverses shown (see 
Figure 4.14); Cycle 2 SAR image included as inset; North is toward the top; 
(bottom) Unit map for Markham (see Figure 4.5 for explanation) 

Next page: (Top) SAR (Cycle 1 - Cycle 2) difference image, stretched 
between -10 dB (black) and 1 dB (white); inset shows binary image where white 
corresponds to higher Cycle 1 and black higher Cycle 2 ao values; (bottom) highly 

vertically exaggerated (-3Ox) synthetic perspective image (view direction to the 
north-northwest). 
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Figure 4.4. (Top) Cycle 2 SAR image of Stowe with traverses shown (see Figure 
4.15); Cycle 1 SAR image included as inset; North is toward the left relative to this 
caption; (b) Unit map for Stowe (see Figure 4.5 for explanation) 

Next page: (Top) SAR (Cycle 1 - Cycle 2) difference image, stretched 
between -2 dB (black) and 4 dB (white); inset shows binary image where white 
corresponds to higher Cycle 1 and black higher Cycle 2 0'0 values. Geometric 

offsets between SAR image pairs here were quite inconsistent (see text). Pixel 
shifts were chosen to emphasize the nature of the northern FEB flow margin at the 
expense ofa more poorly registered southern FEB flow (e.g., arrow in (a». The 
northern FEB flow seems to exhibit peculiar margins that grade from a convex 
profile (dark, east-facing slopes on the eastern margin and bright, west-facing 
slopes on the western margin) to a concave profile. This effect can be suppressed 
(or enhanced) through different geometric pixel shifts, and may be more readily 
explained by the possibly poorly modeled, heavily disrupted nature of the terrain 
around Stowe; (bottom) vertically exaggerated (-15x) synthetic perspective image 
(view direction to the north-northwest); the disrupted nature of the terrain here 
may be result from altimeter artifacts, although both Cycle 1 and 2 exhibit the same 
topography. 
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Figure 4.5. (top) unit map key for FEB Crater maps (Figures 4.1-4.4); see Table 
4.2 for unit descriptions; (bottom) unit map key for Ada Flow (Figure 4.16). 
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Figure 4.6. Specific backscatter cross section curves for Addams, Isabella, and 
Markham ejecta and plains units from Cycle 1, 2, and (when available) 3 SAR 
images; standard deviation bars represent variation in both 0'0 values and incidence 
angle as derived from unit mapping procedure. Backscatter curves for Lunar 
Crater lava flows are derived from AIRSAR data (Arvidson et al., 1992). The 
young Blackrock a'a flow shows a slightly flatter but higher return backscatter 
curve than does the Mantled flow, which has been smoothed by aolian fill. The 
Degraded flow has undergone additional weathering to preferentially remove 
small-scale structures and so exhibits the steepest, lowest return terrestrial curve 
similar to the Venus planetary average (Muhleman) curve (Arvidson et al., 1992). 

Next page: Specific backscatter cross section curves for Stowe. 
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For ease of comparison to other radar data sets, these normalized backscatter 

values are converted to linear space from decibel space and then multiplied by the 

Muhleman law (using the appropriate calculated incidence angle). These specific radar 

cross section (0'0) values are then converted back to decibel space (e.g., Campbell et al., 

1992). Raster-based images of both 0'0 data and incidence angle are constructed from 

each Cycle's SAR image (cf N. Stacy, pers. comm., 1993). Each unit within the map is 

used as a mask on both the 0'0 image and the incidence angle image, and statistics for each 

unit are calculated. It should be noted that Cycle 2 SAR images are sometimes affected by 

a reduced dynamic range, wherein all the (8-bit) DN values between 1 and about 75 were 

compressed into a narrow range near 75 (c£ Ford and Plaut, 1993). Inspection of the DN 

histogram for the Cycle 2 SAR images reveals when such an artifact is present. This 

normally occurs for radar-dark areas (e.g., the plains north of crater Isabella in Figure 

4.2), and should not be a significant source of error for the more highly backscattering 

FEB and lava regions of interest here. 

Figure 4.6 shows backscatter functions (in decibels) for several ejecta units 

associated with four craters and the nearby plains derived from Cycles 1, 2, and (when 

available) Cycle 3 0'0 averages from each unit type. For comparison, backscatter 

functions from three terrestrial lava surfaces in the Lunar Crater volcanic field obtained 

from AIRSAR simulated S-band data (Arvidson et aI., 1992) are shown, along with the 

planetary average Muhleman backscatter function from Pioneer Venus data (pettengill et 

al., 1988). 
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An additional method of comparing variations in backscatter with incidence angle 

involves creation of (Cycle 1 - Cycle 2) 0'0 difference images for each region. These show 

the spatial variation of the backscatter differences within the image as well as topographic 

variations helpful in analyzing flow morphologies (e.g., Plaut, 1993a; Kirk, 1993) and in 

construction of the unit maps (e.g., Figure 4.1). When the Cycle 1 incidence angle (91) is 

less than the Cycle 2 angle (9U (e.g., crater Addams), the (Cycle 1 - Cycle 2) differences 

(in decibel space) should be positive; negative values would imply 0'0 values greater for 

Cycle 2 than Cycle 1 and, thus, a positive scattering law curve. This would be contrary to 

theoretical scattering laws and should only occur for regions in which facets preferentially 

facing east provide a high return from right-looking Cycle 2 data. Conversely, for regions 

with 91 > 92, differences should be negative values; positive differences would be more 

indicative of westward-facing facets near normal to the left-looking Cycle 1 geometry. 

Relations between the two data sets are made somewhat clearer via the binary images 

(e.g., inset in Figure 4.1), which show areas in white which have Cycle 1 0'0 values greater 

than Cycle 2 0'0 values, and in black for the opposite. 

It should be noted that geometric registration differences between identically 

projected Cycle 1, 2, or 3 images are often significant. Such uncertainties result from a 

combination of ephemeris errors (resulting in potential geometric offsets on the order of 1 

km) and from deviations of actual surface topography from the low-pass filtered Pioneer 

Venus and Venera topography models used to process the SAR data (e.g., Ford and 
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Pettengill, 1992). Experience has shown these offsets to be inconsistent across a given 

SAR image pair, especially in areas of rapidly changing relief (R. Kirk, written comm., 

1993; J. Plaut, written comm., 1993). Small geometric offsets (by integer pixel shifts) 

have been applied here to the Cycle 1 SAR images to provide qualitatively the overall best 

registration to Cycle 2 images before taking their difference. 

Unit Averages 

Obtaining average values of specific altimeter and radiometer parameters for 

individual geologic units is less straightforward than acquiring average SAR backscatter 

values. GxDR image data (cf Pettengill et al., 1991) have most often been used when 

citing representative values of corrected reflectivity, rms slopes, emissivity, and elevation. 

A similar masking procedure might be used on the GxDR images to generate average 

values of these parameters for individual units. However, the GxDR images have been 

subjected to smoothing algorithms, which extrapolate data between regions uncovered by 

orbital footprints. Detailed studies of geologic materials are better served by using the 

individual footprint data, available in the ARCDRs. 

Classification of footprints by unit type using the ARCDRs is a relatively elaborate 

procedure also replete with important caveats. High-relief features such as a crater rims 

. 
are affected by "relief displacement" in SAR images, especially at smaller incidence angles 

(e.g., Ford, 1990; Elachi, 1988; Plaut, 1993c). Thus, any footprint overlain on a SAR 

image, while accurately positioned with respect to the surface coordinate system, may 

appear to encompass a region on the SAR image slightly different than the region actually 
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sampled by the footprint. Possible corrections for this effect would require digital 

elevation models developed using stereo imaging techniques (e.g., Leberl et a/., 1992) to 

allow "ortho-rectification" of SAR images, which is beyond the scope of this work. 

Further, the cross-track altimeter footprint dimensions depend on the spread of the echo 

(and hence on the meter-scale roughness) and may often be underestimated, especially in 

rough areas. 

In addition, the relatively large size of altimeter and radiometer footprints (cf 

Pettengill et aI., 1991) may sample more than one geologic unit, which complicates 

estimation of average values for each unit (cf McCollom and Jakosky, 1993; Moore and 

Thompson, 1991). For example, altimeter echoes may be more dominated by the 

smoothest materials within a footprint. However, for simplicity we assume that: (1) to 

first order each unit contributes equally to the returned altimeter echo or radiometer 

reception; and (2) that the quoted ARCDR footprint dimensions represent an adequate 

estimate of the surface area sampled. To classify footprints by their dominant unit type, 

the digital geologic unit maps described above have been used in combination with the 

modified MGMDQE software. Altimeter and radiometer footprint outlines are overlain 

on the unit map, and a polygon-filling algorithm determine the number of pixels of each 

unit contained within each footprint oval. Footprints are classified by determining which 

unit fills the majority of a given footprint. In addition, sub-classifioations are made to 

discern "pure" footprints (Le., those containing a single unit type) from mixed footprints 

containing multiple units, although the former usually exist only for relatively large, 

homogeneous areas such as plains or FEB flows (Table 4.3). After assignment of 



Table 4.3. Number of altimeter and radiometer footprints sampled per unit. 

Addams Isabella Markham Stowe Alia Flow 

Unit ALT(pure) RAD(pure) ALT(pure) RAD(pure) ALT (pure) RAD(pure) ALT (pure) RAD(pure) ALT (pure) RAD(pure) 
(Atlaunit) 

Crakr floor 5 87 (43) 145 (26) 19 (5) 30 23 (9) 42 
27 (3) 52 76 (25) 129 (4) 16 (6) 48 (14) 24 (8) 16 

Crato< wall 6 43 (10) 72 11 (2) 11 15 4 
13 2 39 (8) 87 (2) 4 24 16 

Ballistic 25 (3) 48 233 (76) 345 (16) 37 (17) S6 (11) 17 12 
eje.;ta 57 (14) 90 168 (51) 373 (36) 30 (10) 101 (24) 28 9 

Transitional 34 (16) 41 (4) 85 (42) 134 (24) 29 (11) 52 (9) 17 10 
ejec1a 71 (42) 132 74 (28) 136 (21) 26 (3) 73 (14) 16 3 

FEU F1uw 161 (94) 262 (31) 450 (269) 470 (110) 269 (175) 530 (206) 86 (13) 116 (74) 
332 (196) 567 (52) 420 (208) 529 (116) 255 (166) 927 (533) 89 (21) 46 (2) 

FEB "veneer" 18 (4) 12 112 (52) 111 (15) 20 (6) 41 (6) 15· 8· 
43 (9) 35 107 (69) 149 (29) 34 (20) 137 (41) 17· 4· 

Plains 909 (821) 1560 (1124) 3209 (2818) 3812 (2591) 453 (366) 843 (589) 276 (170) 352 (74) 12 (6) 20 (2) 
[Mullkd) 1894 (1750) 3364 (2460) 2848 (2284) 4347 (2821) 352 (305) 1389 (1087) 372 (288) 189 (78) 6 (2) 25 

Dismpted 100 (76) 152 (69) 589 (452) 753 (401) 26 (19) 46 (14) 72 (22) 122 (4) 
plains 243 (206) 436 (220) 489 (377) 871 (488) 26 (17) 80 (48) 53 (17) 165 (37) 
[Intemlediate) 

Bright splotch 168 (68) 302 (16) 39 (25) S5 (13) 
[Uright) 163 (63) 3S7 (31) 26 (14) 106 (3S) 

Dark splotch 58 58 41 (6) S4 (2) 
[Dark) 47 (13) 75 (2) 13 69 (3) 

T c:ss~ra 46 58 3 22 (IS) 37 (IS) 
[NorJlem) 23 60 2 26 (12) 63 (33) 

Vo1canic 49 (23) 52 (5) 4 
edifice 9 (2) 13 2 (2) 

A\,l!ragl! siZe! 13.5 x 25.9 64.6 x 78.1 8.8 x 18.8 32.5 x 43.4 7.9 x 12.9 16.8 x 26.4 8.4x22.0 44.6 x 56.0 7.3 x 12.9 16.8 x26.3 
of footprint 13.6 x 30.0 63.3 x 78.4 9.1 x 18.6 29.4 x36.6 8.9 x 12.7 12.9 x 16.1 8.4 x 22.0 43.2 x 53.8 9.0 x 12.7 13.0 x 16.2 

(km)t 

0\ 
-.J 



Figure 4.7. Average values of 0"0' emissivity, corrected reflectivity, its diffuse 
component, and rms slope for Addams mapped units for Cycle 1 and Cycle 2 data; 
circles with wide error bar ticks represent average values and their standard 
deviation for mixed footprints, while X's with narrow error bar ticks directly to the 
right of the symbol represent average values and their standard deviation for pure 
footprints. Legend numbers in parentheses represent average incidence angles for 
each Cycle; "DP" is the Disrupted Plains unit 
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Figure 4.8. Average values for Isabella mapped units (see Figure 4.7 for 
explanation); "BEd" is the Bright Extended deposits unit, while "DEd" is the Dark 
Extended deposits unit. See text for discussion. 
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Figure 4.9. Average values for Markham mapped units (see Figure 4.7 for 
explanation). See text for discussion. 
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Figure 4.10. Average values for Stowe mapped units (see Figure 4.7 for 
explanation); FEB-S in the southern FEB flow, while FEB-N is the northern FEB 
flow. Note low emissivity of crater floor and disparity of emissivities between 
FEB-S and FEB-N. See text for discussion. 
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ARCDR parameters to each classified footprint, averages of radar parameters (rms slope, 

corrected reflectivity, its diffuse component, emissivity, and ao values) from both pure and 

mixed sets offootprints are calculated for each unit (Figures 4.7-4.10). 

ARCDR Image Construction and Traverses 

While multiple-cycle average radar parameter values are important in 

characterizing the overall variations among crater units, a more complete geological view 

of the FEB flow materials is obtained by studying downflow variations in their radar 

parameters. This requires construction of radar parameter images similar to GxDR 

images, but free from extrapolated or smoothed data and/or footprints flagged in the 

ARCDRs as containing potentially spurious data. These images are made by combining 

the modified MGMDQE software with polygon-filling algorithms to construct images in 

which each footprint is filled with its corresponding radar parameter data value. Areas of 

overlap between footprints are averaged in the final image product, while areas uncovered 

by footprint ovals (or areas containing deleted footprints) remain blank. Figure 4.11 

shows two examples of this product using altimeter and radiometer footprints for the 

crater Stowe. These ARCDR images are then treated as base maps from which traverses 

are taken along the lengths of FEB flows, nearby plains units, and lava flows. 

Representative traverses are acquired using base images of topography, ao, 

emissivity, corrected reflectivity (and its formal error), its diffuse component, and rms 

slope (and its formal error) (e.g., Figure 4.12). Some FEB traverses are broken into 



Figure 4.11. Examples of raster-based images created using polygon-filling 
algorithms on Cycle 1 Stowe (left) altimeter (topography data shown) and (right) 
radiometer (emissivity data shown) footprints dimensions (compare to Figure 4.4). 
Such image bases are used for obtaining the traverses shown in Figures 4.12-4.15. 
Note small data gaps in altimetry coverage while radiometer footprints overlap 
more. Parameter values in overlap regions were averaged. 
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several segments to trace more accurately the apparent flow direction. Plains traverses 

taken along similar lengths are included for comparison. 

Addams 

The Addams FEB extends 600 km from the crater and represents the longest 

outflow feature associated with any Venus impact (Chadwick and Schaber, 1993). 

Addams is located between southern Aino Planitia and northeastern Lada Terra on the 

eastern edge of an unnamed corona-chain complex (Stofan et al., 1992). The impact 

occurs on the rim of a smaller corona-like structure and the FEB has flowed eastward 

following topography (Figure 4.1). 

The Addams unit map (Figure 4.1) distinguishes the surrounding smooth plains 

materials from those disrupted by corona fonnation. Diffuse, lower backscatter fluidal 

deposits associated with the FEB flow are mapped separately as FEB "veneer" materials 

(Table 4.2). These are interpreted as very thin deposits emplaced with the FEB flow, 

perhaps affected by atmospheric turbulence associated with the impact (e.g., Schultz, 

1992a, b). Ballistic ejecta occur in a characteristic butterfly pattern indicative of a low

angle impact (cf Schultz, 1992b; Johnson et al., 1992). Down-range, transitional ejecta 

occur as a gradational unit between the ballistic ejecta and FEB flow (Table 4.2) (cf 

Chadwick and Schaber, 1993) and appear streamlined and eroded by the FEB flow, 

especially distally. Masson et al. (1993) document similar streamlined landfonns 

(interpreted as "rafted blocks") in sidescan sonographs of the subaqueous Saharan Debris 

Flow deposit off the northwest coast of Africa. 
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In Figure 4.6, the backscatter curve for the Addams FEB flow falls along the 

Venusian average, while the ballistic and transitional ejecta fall above the average and 

show increasingly flatter curves, respectively. The transitional ejecta thus appear to have 

slightly greater wavelength-scale roughness. In the SAR difference image (Figure 4.1), 

the majority of the region has higher Cycle 1 than Cycle 2 CJo values (white in the binary 

image inset), consistent with the trends shown in Figure 4.6. Greater differences between 

Cycles are evident in the eastern plains than in the west, however, which enhances the 

eastern FEB flow boundaries. The FEB ejecta units show less pronounced differences 

between Cycles (consistent with their flatter scattering curves in Figure 4.6), but the 

resulting "shaded-relief' effect of the SAR difference image enhances the streamlined 

patterns along the FEB flow as well as the relation between the crater and the underlying 

corona-like structure. 

Among the average radar property values for the ejecta in Figure 4.7, error bars on 

unit averages may overlap. However, detailed comparison of average values shows that 

the ballistic materials have the lowest emissivity and the highest reflectivity and rms slopes, 

although they also exhibit the greatest difference between pure and mixed footprints of 

any unit. This disparity emphasizes their complicated surface structure and/or their high 

degree of contamination by other units. The transitional ejecta exhibit the lowest slopes 

(other than the FEB veneer) and reflectivity, but the highest diffuse component, emissivity, 

and 0'0 values, suggestive of a higher degree of small-scale scatterers than the other ejecta 

units. The FEB flow averages are more like the ballistic ejecta, except for their higher 
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emissivity and lower backscatter, suggestive of materials with slightly different dielectric 

properties. 

Figure 4.12 shows the traverse taken along the center of the FEB flow (B-B.) 

from Cycle 1 and 2. The FEB flow follows the shallow (-0.002) eastward dipping slope 

along its entire length, with local ponding near distal depressions (Figure 4.1d). The 

corrected reflectivity, its diffuse component and the rms slope traverses show severe 

changes along flow. The highest values of reflectivity and slope appear positively 

correlated, especially for Cycle 2. However, the large errors associated with these high 

values, and their correlation with negative diffuse corrections (which should only occur 

due to calibration errors, measurement noise, or failure of the Hagfors scattering model 

for a particular surface (p. Ford, written comm., 1992» suggest that these may be 

anomalous footprints (cf. Plaut, 1992) that do not well represent the surface radar 

properties. Additionally, systematically greater reflectivity values that occur at higher 

latitudes (such as Addams) are thought to often be corrupted due to as yet undetermined 

reasons (USA_NASA, 1992). Nonetheless, this effect occurs here along similar portions 

of the traverse for each Cycle of data (Le., near the 120-180 km and 300 km regions in 

Figure 4.12). This suggests that these areas represent real, albeit uncertain, variations of 

the surface properties, although similar fluctuations are not observed in the emissivity 

traverse. 

Given these uncertainties in the Addams altimetry data, it is best to focus on the 

SAR and emissivity data for clues to the roughness variations downflow. The 0'0 values 



Figure 4.12. Cycles 1 and 2 traverse results obtained for radius, (Jo, emissivity, 
corrected reflectivity, its diffuse component, and rms slope along the Addams FEB 
flow (B-B*) and nearby plains (P-P*)-see Figure 4.1 for locations. Error bars on 
corrected reflectivity and slope data obtained from formal error values cited in 
ARCDRs. Zero-line is drawn in the diffuse component traverse to emphasize 
negative values resulting from noisier altimeter data. Lower labeled line contains 
vertical tick marks designating breaks in the traverse line. 
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vary nonlinearly by nearly 5 dB along the FEB flow, apparently due to the traversal of 

sinuous, overlapping flow features. The steady initial increase in emissivity downflow by 

about 0.01 is accompanied by an increase in 0"0 values, suggesting an increase in smal1-

scale roughness consistent with lava/melt flow. The shift in flow direction to the northeast 

(at - 200 km) coincides with an overall decrease in emissivity and 0"0' especially along the 

last 40 Ian. While this decrease may be due to mixing effects from the nearby low 

emissivity plains within the radiometer footprint, the matching 2-3 dB 0"0 reduction 

suggests that a small-scale roughness decrease does occur along this distal portion of the 

FEB, which is consistent with a transition to a gravity/debris flow scenario. 

Isabella 

Isabella is the second largest and one of the deepest impacts on Venus (Schaber et 

a/., 1992; Ivanov and Ford, 1993). It is located north of Imdr Regio in a plains region 

between the Epona multiple corona complex in the northeast and a concentric, radially 

fractured, unnamed corona in the southwest (Stofan et a/., 1992) (Figure 4.2). The 

complex, anastomozing, channelized FEB flow materials occupy the largest area for any 

impact (Table 4.1; Schaber et a/., 1992), follow pre-existing topography (Figure 4.2; cf. 

Schultz, 1992b), and branch into a northern "elbow" and a southern elongate lobe. The 

20.5 Ian diameter crater Cohn occurs on the southeastern flank of the FEB and is 

responsible for the unique bright-only parabolic deposit south of Isabella ("pb" type of 

Campbell et a/., 1992). 
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The unit maps for Isabella are somewhat complicated due to the number of distinct 

units located within the area (Figure 4.2). Small tessera fragments, volcanic calderas and 

cone fields, plains, and the large coronae (disrupted plains) comprise the units unrelated to 

the impact. The smooth, ponded materials south of the crater are classified as FEB veneer 

to separate them from the brighter FEB flows. Materials along the southwestern margin 

of the ejecta grade from diffuse FEB veneer to brightly lobate FEB flow and appear to 

flow into the collapsed corona (Figure 4.2). Bright and dark plains extended deposits 

associated with the impact are concentrated along the western portion of the area. 

Ballistic ejecta occur intermittently and diffusely north of the crater, while the southern rim 

materials (previously classified as impact melt or debris flows (Schaber et aI., 1992; 

Schultz, 1992b)) are grouped as transitional ejecta here. 

The crater Cohn has been mapped separately but was inadvertently included in unit 

average computations, although it is not expected to skew the averages of the more 

heavily sampled Isabella units. The 13.5 km diameter structureless floor crater A1imat east 

of Isabella (Schaber et al., 1992) has been grouped with the plains materials. Also, a 

narrow, smooth deposit located near the bifurcation point between the northern elbow and 

southern FEB lobe is grouped with the FEB flow unit, although it may in fact be a portion 

of elevated plains materials. The plains units might better have been separated into a 

northern dark unit (cf. Schultz, 1992b), a smooth/mottled unit, and a parabola-affected 

unit (cf. Campbell et al., 1992), but are grouped here as one unit for simplicity. 
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In Figure 4.6, the Isabella ballistic ejecta fall below the Muhleman average curve 

and have a relatively shallow slope. The inclusion of intervening plains materials within 

the mapped ballistic ejecta is responsible for its relatively low 0'0 values. The FEB flow 

falls closer to the Muhleman curve but has the flattest slope. The transitional ejecta fall 

above the average curve and have a slope steeper than all but the plains. The FEB flow 

appears anomalous since it has lower 0'0 values but an evidently rougher surface (flatter 

0'0 curve) than the higher O'o-valued transitional ejecta. It may be that while the heavily 

channelized northern FEB is responsible for the flat (rough) curve, the southern, parabola

mantled FEB suppresses the overall strength of the 0'0 values in much the same fashion as 

the terrestrial mantled flow suppresses the Blackrock a'a flow 0'0 values without 

substantially altering the slope of the scattering curve. The FEB flow might be separated 

into mantled and unmantled units to further characterize the nature of these mantling 

effects. 

The masking of the terminus and edges of the southern FEB flow by the Cohn 

parabola deposit is evident in the SAR difference image (Figure 4.2). The heavily 

channelized FEB flows near the elbow of the flow are emphasized but then become diffuse 

further south. Most of the plains have higher backscatter from the Cycle 2 data (black in 

the binary inset image), while the ejecta units and portions of the parabola deposits 

(especially along the line due west of Cohn) have a greater proportion of Cycle 1-

dominant 0'0 values. This suggests that these deposits may be comprised of westward-
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dipping facets providing surfaces oriented near normal to the Cycle 1 left-looking 

orientation (c£ Plaut et al., 1992). 

In Figure 4.8, although variations in the radar property averages tend to overlap, 

the transitional ejecta have the highest slopes (comparable to the crater wall), diffuse 

component, 0'0' and emissivity, suggestive of a rough surface at several scales. The FEB 

veneer has the highest reflectivity but the lowest slopes and diffuse component of the 

ejecta, which implies materials not only smooth at different scales but potentially materials 

with slightly higher dielectric constants than the other ejecta. The FEB flow has similarly 

high reflectivity and low emissivity but is rougher, as evidenced by its higher diffuse 

component and slope values. The plains contamination of the ballistic ejecta unit is again 

evident from its low slopes, reflectivity and diffuse component. 

The two legs of traverse A-A * in Figure 4.13 sample the FEB flow from the crater 

rim to the terminus of the northeast flow elbow. Here the topographic slope changes from 

> 0.002 near the crater rim to < 0.001 along the elbow FEB flow. The overall increase in 

0'0 values, emissivity, and diffuse component until the 150-160 lan mark is followed by a 

decrease, especially in the final 30 lan. The rms slopes show a similar but much noisier 

trend. The inferred roughness trends imply a change in flow style along A-A * from 

lava/melt-like to more debris-like along the final 30 lan. 

Traverse C-C* bisects the northern FEB flow elbow and extends to the southern 

FEB tip near Cohn. Topography varies along the traverse, possibly due to large 

channelized portions of the FEB, but is sloped southward only -0.0002. Values of 0'0 



83 

vary by 7-8 dB over the northern channelized FEB flows, but then become more constant 

where Cohn parabola deposits begin to mantle the FEB flow at about the 180 Ian mark. 

Emissivity, slope, and diffuse component values peak near the center of the FEB elbow 

(-25 Ian mark), while reflectivity negatively correlates. This suggests that central rougher 

areas shift to smoother areas nearer the margins, which is more consistent with a 

gravity/debris flow. Near the 100 Ian mark, these parameters all increase again, indicative 

of a lava/melt flow nature for the southern FEB lobe. The steady decrease and lesser 

correlation of these data sets after the 180 Ian mark may be more indicative of the 

mantling effects of the Cohn deposits than of another transition to a gravity/debris-like 

flow (Figure 4.2). 

The E-E* traverse begins at the terminus of a large lobe of transitional ejecta and 

grades east along a FEB flow unit affected by a pre-existing steep-sided dome (Figure 4.2) 

and Cohn-induced radar-dark wind streaks. The slope of the northern leg is -0.002, while 

the southern branch is nearly flat overall (-0.0003). The northern portion shows 

complicated slopes (possibly due to radial corona structures underlying the thin FEB 

materials; see Figure 4.2). A minor steady increase in emissivity, diffuse component, and 

ao data indicative of a lava/melt flow occurs until the 100 Ian break in the traverse line. 

From there a large dip in emissivity, diffuse component, and ao data occurs that is 

anticorrelated with reflectivity. The dip may result from contamination by the smooth 

southern ponded FEB veneer unit combined with mantling effects of radar-dark Cohn 

parabola deposits (which, combined with the channels and cones within the FEB, may also 



Figure 4.13. Cycles 1 and 2 traverse results along the northern Isabella FEB flow 
(A-A *), southern FEB flow (C-C*), western flow (E-E*), southern ponded FEB 
veneer unit (G-G*) and plains unit west of Cohn (P-P*). See Figure 4.2 for 
locations and Figure 4.12 for further explanation. 
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be responsible for the variability of ero values). The distal (> 150 Ian) increase in 

emissivity and diffuse component is inferred to result from roughness associated with a 

lava/melt flow. 

The southern ponded FEB veneer unit is sampled by traverse G-G*. While quite 

flat overall (-0.0003), it shows topographic undulations possibly associated with previous 

corona-induced deformation. Values of ero vary by -7 dB, due to variations in veneer 

character and radar-dark wind streak concentrations. Emissivity, ero, diffuse component, 

and slope values decrease overall within the first 50 Ian but then increase slightly and 

distally decrease. Reflectivity is somewhat anticorrelated to emissivity, especially for 

Cycle 1 data. This unit appears from these overall trends to be more similar to 

gravity/debris flow deposits. 

Markham 

Markham (formerly named Franklin) is located in a plains region north of Diana 

Chasma along the northern border of central Aphrodite Terra. The impact occurs on the 

eastern rim of a 150 Ian concentric unnamed corona east of the Seia multiple corona 

(Stofan et al., 1992). The multi-lobed FEB flow extends over 300 Ian from the crater 

eastward toward the basin of Rusalka Planitia and ponds in small distal depressions 

(Figure 4.3; Kirk et al., 1992). 

The erosive nature of the Markham FEB flow has left streamlined islands of 

transitional ejecta (Figure 4.3). Contacts between the FEB flow and FEB veneer are 

gradational along its northwestern border. This region shows differences between Cycle 1 
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and 2 SAR images (presumably due to the 19° incidence angle difference between images 

and the greater noise in the Cycle 2 image), and thus the maps differ slightly. For 

example, one of the large plains inliers within the FEB flow in the Cycle 1 image appears 

as bright as the flow itself in the Cycle 2 image (Figure 4.3). 

In Figure 4.6, the Markham ejecta 0'0 values all plot above the average planetary 

curve. The FEB flow shows the flattest curve, followed, respectively, by the transitional 

and ballistic ejecta. The transitional ejecta show slightly higher 0'0 values, while the FEB 

flow and ballistic ejecta 0'0 averages appear to undergo a "contrast reversal" suggesting 

that the FEB flow probably has greater wavelength-scale roughness and the ballistic ejecta 

slightly more quasi-specular scattering (plaut and Arvidson, 1992). The SAR difference 

image (Figure 4.3) confirms that the plains have large negative differences between Cycles 

and are thus dark, while the rougher FEB flow is brighter. The east crater rim faces the 

left-looking Cycle 1 SAR and is thus one of the few regions for which Cycle 1 0'0 values 

are greater (white in binary inset image) beside the noisy inter-orbit variations (caused by 

inaccuracies in the topography model used to construct the SAR mosaic (Ford and 

Pettengill, 1992)) and some of the north-south oriented FEB edges. Note that Cycle 3 

vertically polarized backscatter data for Markham are examined in a separate section 

below. 

The average radar properties for the ejecta units in Figure 4.9 all show nearly equal 

reflectivities. The emissivity, slopes, and diffuse component are highest for the FEB flow 

and transitional ejecta, indicative of a high degree of roughness at several scales. The 
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transitional ejecta also exhibit the greatest difference between pure and mixed altimeter 

footprint data, probably due to contamination by other units. The ballistic ejecta show 

lower slopes and emissivity, consistent with a more quasi-specular and smoother surface at 

meter-scales. This may result from contamination from nearby FEB veneer materials. The 

FEB veneer unit shows low slopes, emissivity, and diffuse component only somewhat 

higher than the plains units, indicative of contamination by the plains and thinness of the 

FEB veneer. 

In Figure 4.14, the A-A * traverse follows an obliquely cross-cutting flow evident 

in the SAR image (cf. Schultz, 1992b). The topographic slope dips -0.003 to the 

southeast overall, along which 0"0 values increase by 1-2 dB (with appreciable scatter in 

the noisier Cycle 2 image). Emissivity values increase substantially by -0.04, and diffuse 

components increase overall, indicative of increasing roughness consistent with a lava/melt 

flow. Slope and reflectivity seem slightly correlated, although at higher and noisier values 

of both. Values of reflectivity and slopes nonetheless tend to increase along the final 50 

km of the flow, while diffuse components decrease. This is suggestive of both meter-scale 

roughness increases and/or the presence of higher dielectric materials. 

Traverse C-C* samples the northern portion of the FEB flow. The eastward 

dipping -0.003 slope again exhibits a 1-2 dB increase in ero accompanied by a 0.03 

increase in emissivity, consistent with a lava/melt flow. The extreme drop in the Cycle 1 

emissivity observed at about the 235 km mark (and in the other Markham traverses) is 

probably due to a radiometer calibration difference between orbits. The Cycle 2 data are 



Figure 4.14. Cycles 1 and 2 traverse results along the central (A-A *), northern (C
C*) and southern (D-D*) Markham FEB flow, and the nearby plains (P-P*). See 
Figure 4.3 for locations and Figure 4.12 for further explanation. 
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not affected in this manner. Both Cycles show a 0.03 emissivity decrease in the final 25 

km. Slope and reflectivity values again increase distally, and are negatively correlated 

with the diffuse component. This distal behavior probably results from contamination of 

FEB flow footprints by plains materials in this narrow flow region. 

The southern portion of the FEB flow is traversed along 0-0*, a slightly steeper 

(>0.003) sloped surface exhibiting a 0.02-0.03 increase in emissivity until the last 50-75 

km of the traverse, where emissivity tends to level and/or decrease somewhat. Cycle 1 0"0 

values increase 1-2 dB, while Cycle 2 0"0 values increase only along the final 50-75 km. 

Distal reflectivity and slope data again appear correlated at high values, which tend to 

occur in the last 100 km of the flow. Apparently the Markham FEB flow changes from 

lava/melt-like to one in which increases in meter-scale roughness are possibly 

accompanied by higher dielectric materials. 

Stowe 

Stowe is located at the boundary between a smooth plains and ridged plains region 

east ofImdr Regio. Stowe's radar-bright crater floor has previously been noted for its low 

emissivity (e.g., Weitz et al., 1992). A parabolic feature associated with Stowe and 

nearby bright plains patches exhibit subtle to extreme contrast reversals between Cycle 1 

and 2 SAR images (plaut et al., 1992). 

Stowe exhibits two distinct FEB flow lobes: a narrow, radar-bright flow to the 

north and a broad, slightly less radar-bright flow to the south (Figure 4.4). The unit maps 

distinguish these, although both FEB flows are grouped under the same stipple pattern 
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(see arrow for unit contact in Figure 4.4). The ballistic ejecta also occur in patchy 

sections beyond the transitional and FEB flow units. A small scalloped margin dome 

structure in the north has been classified under the "tessera" unit type, and a small caldera 

northeast of the crater as a volcanic unit. 

In Figure 4.6, the nearly identical incidence ~gles of both Cycle 1 and 2 SAR data 

make comparison of scattering curves difficult. Each pair exhibits a positive slope unlike 

other surfaces presented here, possibly caused by the mantling effects of the parabola 

deposits. Yet their relative intensities still reveal information. For example, the ejecta all 

fall above the planetary average curve. The northern FEB flow is plotted separately from 

the southern, and both show elevated ao values at the same level as the terrestrial 

Blackrock a'a flow, especially the northern flow. The SAR difference image in Figure 4.4c 

emphasizes the extreme similarity between the Cycle 1 and 2 images. The binary inset 

image shows little preference between Cycle 1 or 2-dominant ao values other than 

topographically distinct regions (e.g., crater walls). Cycle 3 backscatter values, taken at 

15° incidence angle, show extremely high ao values. The ballistic ejecta shows positive 

values (indicative of a focusing of energy predominantly back toward the receiver (cf. 

Elachi, 1988», while the other ejecta are not well discriminated. 

Figure 4.10 confirms that the floor of Stowe has the lowest emissivity of all units 

(by - 0.06) despite its high ao value and relatively intermediate reflectivity value. The 

floor also exhibits the highest diffuse component but low rms slopes. Noncoherent 

scatterers present in the floor may be combined with relatively high dielectric materials to 
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explain these observations. The southern FEB flow has slightly higher emissivity than the 

ballistic and transitional ejecta and the lowest reflectivity among the ejecta. The northern 

FEB flow has the lowest emissivity and very low slopes (only slightly higher than the 

plains), but the highest 0'0 value. This unit is most like the crater floor (except for its 

lower diffuse component) and may have similar dielectric properties. The transitional and 

ballistic units have the highest slopes and reflectivity among the ejecta. 

In Figure 4.15, path A-A * initially samples a portion of the blockier southern FEB 

flow unit and then extends into the northern FEB proper. The complicated topography of 

the northern flow is consistent with the apparently disrupted nature of the terrain evident 

in Figure 4.4. Overall, values of 0'0 fluctuate only 1-2 dB, while emissivity decreases by -

0.01 over the first 50 km (corresponding to the southern FEB flow) and is relatively 

constant before increasing slightly over the last 30 km. Reflectivity tends to correlate 

negatively with emissivity over the last 30 km. The diffuse component is more positively 

correlated with emissivity than are 0'0 values, suggestive of sub-wavelength-scale 

roughness. RMS slopes decrease quickly within the first 50 km and maintain a level 1_20 

value over the remainder of the northern FEB flow. The apparent constant smoothness at 

several scales along this very low emissivity FEB is somewhat unique. Possible dielectric 

effects make classification of probable flow style uncertain. 

Traverse C-C* along the southern FEB flow again demonstrates the disrupted 

topography seen in Figure 4.3. Aside from the central depressions exhibited by each 

traverse, however, the Cycle 1 data show a level surface, while an overall slope of - 0.003 



Figure 4.15. Cycles 1 and 2 traverse results along the northern (A-A*) and 
southern (C-C*) Stowe FEB flow and nearby southern plains (P-P*). See Figure 
4.4 for locations and Figure 4.12 for further explanation. 
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is observed from Cycle 2 data. Emissivity values increase by about 0.03 within the first 40 

km and then steadily decrease by 0.01. This is somewhat negatively correlated with the 

- 4 dB decrease and 1-2 dB distal increase in 0"0 values over the same regions. This 

suggests that dielectric variations are important. The high rms slope and reflectivity values 

show an overall decrease downflow, although Cycle 2 data are noisier. The Cycle 1 

diffuse component appears to mimic emissivity more so than the Cycle 2 data. Flows 

along the first 40 Ian are affected increasingly by sub-wavelength-scale surface roughness 

and less so by meter-scale topography, although dielectric effects may also playa role. 

Possible contamination from intervening/underlying plains materials revealed by thinner 

portions of the FEB flow may also affect the surface property trends. As with the 

northern flow, classification offlow style trends is uncertain here. 

Atla Lava Field Flows 

A region of overlapping volcanic flows located south of Ozza Mons provides a 

comparison to the FEBs (Figure 4.16). At least four east-flowing flood-type lava fields 

erupted from a series of rifts in the Atla region (Head et al., 1992; Guest et al., 1992). 

The unit maps for the region separate the prominent, central "Bright" flow from the 

"Intermediate" flow south of it. "Dark" flows occur intermittently along the borders of 

these two units, while the "Northern" and "Mottled" flows are separate, older flows 

evidently related to Ozza Mons volcanism (Figures 4.16,4.5). 

Figure 4.17 shows backscatter variations for four of the flows. All plot above the 

average Muhleman curve, with the Dark flows falling closest to it and exhibiting the 



Figure 4.16. (Top) Cycle 1 SAR image of Atla Flow region with traverses shown 
(see Figure 4.19); Cycle 2 SAR image included as inset; North is toward the top; 
(bottom) Unit map for Atla region (see Figure 4.5 for explanation) 

Next page: (Top) SAR (Cycle 1 - Cycle 2) difference image, stretched 
between -10 dB (black) and 3 dB (white); inset shows binary image where white 
corresponds to higher Cycle 1 and black higher Cycle 2 0"0 values; (bottom) 

vertically exaggerated (-lOx) synthetic perspective image (view direction to the 
north-northwest). 



103 



104 



Figure 4.17. Specific backscatter cross section curves for Ada Flow units derived 
from Cycle 1 and 2 SAR images; standard deviation bars represent variation in 
both 0"0 values and incidence angle as derived from unit mapping procedure. 
Backscatter curves for Lunar Crater lava flows are derived from AIRSAR data 
(Arvidson et al., 1992). Venus planetary average (Muhleman) curve also shown 
(Arvidson et al., 1992). 



ill 
~ 
0 .... 
Q) 
N 

I ro 
E 
OJ 

i:i5 

Atla Lava Flows 
O.O'-'--'-'-'-'-'--'-'-'-,-'--'-'-'-,-,--,-,-,-,-,--,-.~-.~.-.-o-.-.-.--r 

-5.0 

-10.0 

-15.0 

......... Bright 
D-DOark 
e-.lntermed. 

• <>--<>Southern 

====:=:=:=:=:=:=:=: __ ===-=--==-=-=---.:= I! 1l1-li Blackrock - =:::::::::::::: tl • *-*Oegraded 
Q-OMantled 
- - Muhleman 

-20.0 ....... 1 ;-'----'----'--'-~--'------'------'---L--;!;:---'---'---'---'---::=-.L.-'---''---'--'--I.-------'-----L---'----L---'----'----'--'----L----'--~ 
20 25 

Cycle 2 

30 35 45 

Cycle 1 

50 40 
Incidence Angle (degrees) 

-o 
Vl 



106 

steepest slope. The curve for the Bright flow is steeper and higher than the Blackrock a'a 

curve, while the Intermediate flow exhibits a much shallower curve slope, very similar to 

Blackrock. The Bright flow is thus at once a strong backscatterer with a cross section 

curve indicative of a relatively smooth surface. This apparent contradiction suggests that 

dielectric effects play an enhanced role in the radiophysical characteristics of the flow. A 

similarly sloped curve is obtained for the Northern flow but at reduced cro values, more 

consistent with roughness-dominated backscatter. The SAR difference image (Figure 

4.16) emphasizes some of the individual flow lobes within the Bright unit. The Bright and 

Dark units have greater Cycle 2 values (binary inset image), consistent with their steep 

scattering functions. 

In Figure 4.18, the Bright and Dark units, while respectively the maximum and 

minimum cro-valued units, both have low (-0.70) emissivities. The Bright unit also has 

the highest reflectivity and diffuse component, and rms slopes lower than all but the Dark 

unit. Thus, the Bright unit probably is composed of high dielectric materials with 

relatively flat meter-scale facets. The older Mottled and Northern units have the highest 

emissivities and rms slopes, indicative of their roughness at several scales. 

The Bright flow and Intermediate units are sampled by traverses A-A * and B-B *, 

respectively in Figure 4.19). The Dark unit region is not traversed here due to incomplete 

and edited Cycle 2 data. Traverse A-A * exhibits an overall slope of -0.002 over which cr 

o values scatter 4-6 dB about a relatively constant mean. Emissivity values vary greatly, 

although show an overall decrease of -0.10, which is a greater change than observed in 



Figure 4.18. Average values for Atla Flow mapped units (see Figure 4.7 for 
explanation). Note low emissivity for both Bright and Dark units. 
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Figure 4.19. Cycle 1 and 2 traverse results along the Bright (A-A *) and 
Intennediate (B-B*) Atla Flow units. See Figure 4.16 for locations and Figure 
4.12 for further explanation. 
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any of the FEB flows. Altimetry footprints are sparse but both reflectivity and slopes 

decrease in the distal half of the flow. The diffuse component decreases steadily until the 

100 Ian mark and then increases to the end, negatively correlating with the emissivity 

downturn observed in that portion of the traverse. These features appear quite unlike the 

expected increase in roughness for a lava flow. The reflectivity appears positively 

correlated with emissivity, and 0"0 values do not correlate with emissivity. This suggests 

that dielectric differences are a greater factor than wavelength-scale roughness variations, 

a conclusion independently reached recently by Ford et ai. (1993) for this flow. 

The Intermediate flow traverse B-B* (which in fact samples only a portion of this 

450 Ian long flow) follows a slope of <0.002 over which 0"0 values steadily increase by 1-

2 dB. Emissivity values again vary substantially along the flow by 0.05-0.10, with an 

overall increase along the first 85 km. A decrease in emissivity along a narrow portion of 

the flow in the 85-100 km region most likely results from contamination by Dark and 

Bright unit materials. Emissivity then increases along the last 100 km of the traverse. 

Relatively sparse altimetry data show higher (and noisier) reflectivity and slopes at the 

distal ends. These apparent increases in roughness downflow are consistent with the 

behavior expected for a lava flow. 

Discussion 

Results of the extensive data manipulation techniques used above offer important 

insights regarding surface texture and dielectric variations within and among FEB crater 

materials and lavas. Comparison of SAR backscatter curves, average unit radar 
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properties, and generalized downflow variations reveal the complicated nature of ejecta 

materials and the extent to which the surface property data can be interpreted. The 

remaining seventeen FEB craters (Table 4.1) are studied using the techniques applied to 

the above four craters. Figures 4.20-4.24 show these craters and the traverse lines used to 

sample downflow FEB radar property variations. The following sections discuss the 

overall findings from these analyses in the context of average radar properties and FEB 

flow style transitions. 

SAR backscatter comparisons 

The slope of the cro curves in Figure 4.6 can be used as a first-order measure of 

wavelength-scale surface roughness. Figure 4.25 compares backscatter slope 

measurements for FEBs (see Table 4.6) and plains associated with those craters for which 

multiple Cycle data exist to other terrestrial and venusian surfaces. Less negative slope 

values are indicatiye of rougher surfaces, such as the Blackrock and Mantled a'a lavas or 

the Intermediate and Mottled Ada lava flows (Figure 4.16). More negative slope values 

are indicative of smoother surfaces, such as the Plains surrounding the FEB craters, the 

Degraded a'a lava, or Dark Ada lava. Also shown are slope values derived from C-band 

(6.3-cm wavelength) measurements of the Pisgah Lava Field for a'a and pahoehoe lavas 

(from Figure 16 in Ford et al., 1989). The vertical line is chosen here to separate the two 

flow surface texture types. 

Figure 4.25 shows that the plains units are more pahoehoe than a'a like, consistent 

with results obtained for different plains regions on Venus by Campbell and Campbell 



Figure 4.20. Magellan SAR images of FEB craters showing traverse lines used to 
study downflow radar property variations. Clockwise from upper left: Volkova 
(48 km), Barsova (89 km), Cochran (100 km), and Dickinson (69 km). See Table 
4.1. North is at the top for all but Barsova, for which North is to the left. 



112 



Figure 4.21. Magellan SAR images of FEB craters showing traverse lines used to 
study downflow radar property variations. Clockwise from upper left: 
Yablochkina (63 Ian), Sanger (84 Ian), Millay (50 Ian), and Voynich (55 Ian). See 
Table 4.1. North is at the top for all but Sanger, for which North is to the left. 
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Figure 4.22. Magellan SAR images of FEB craters showing traverse lines used to 
study downflow radar property variations. Clockwise from upper left: Boleyn (69 
km), Greenaway (92 km), Marie Celeste (95 Ian), and Seymore (65 km). See 
Table 4.1. North is at the top for all images. 



114 



Figure 4.23. Magellan SAR images of FEB craters showing traverse lines used to 
study downflow radar property variations. Clockwise from upper left: "Oblique" 
unnamed crater (120 x 45 Ian), Jhirad (50 Ian), Xantippe (40 Ian), and Stuart (69 
Ian). See Table 4.1. North is at the top for all images. 
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Figure 4.24. Magellan SAR image of FEB crater Guan Dao-Sheng, showing 
traverse lines used to study downflow radar property variations. North is at the 
top. This crater occurs in the USGS Quadrangle Barrymore (see Chapter 6). 
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Figure 4.25. Backscatter curve slope values obtained from multiple-Cycle 0"0 data, 

presented without error bars for clarity. C-Band slopes were obtained from Figure 
16 in Ford et al., (1989) over incidence angles 15-45°. Vertical line represents the 
chosen division between a'a and pahoehoe surface textures. All slopes obtained 
from Cycles 1 and 2 except for Xantippe, Voynich, Greenaway, Marie Celeste, and 
Stowe, for which Cycles 1 and 3 were used. VV=vertical polarization backscatter 
measurements for Cycle 3 data. Note that all FEBs fall close to or longward of the 
pahoehoe side of the slope division, suggesting that FEB surface textures are 
pahoehoe-like or possibly transitional between a'a and pahoehoe. Also note that 
the higher values of Addams and Stowe may result from their low incidence angles 
« 25°) which respond more to surface slope than to surface roughness effects. 
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(1992). The FEB flews, however, are either closer to the intermediate region between a'a 

and pahoehoe or somewhat less pahoehoe-like than the plains. The intermediate slope 

values may result from an averaging of both surface types within the mapped flow unit or 

from a truly transitional surface texture. The high slope values for Addams and Stowe 

may be somewhat biased due to their low incidence angle geometries « 25°; Figure 4.6a), 

where slope effects become comparable to roughness effects in overall SAR backscatter 

measurements. In fact, Campbell and Campbell (1992) suggest that polarization ratios are 

better discriminators of surface roughness than backscatter cross sections at incidence 

angles < 35°. 

Average surface property comparisons 

Calculations of "mixed" and "pure" unit averages were performed to determine if 

contamination from nearby units significantly affected the averages. While the overall 

differences do not appear to be significant, the greatest variations occur when the pure 

average is sampled by only a few footprints relative to the mixed average (Table 4.3). 

This is most often the case for the ballistic and transitional ejecta units, and is more 

noticeable in the altimetry data than for the emissivity data. This is probably indicative of 

the complicated mixing relations between these ejecta units and the resulting variability in 

the degree to which the reflectivity and rms slope parameters are adequately modeled 

using the altimeter echoes. 

Large cycle-to-cycle differences between radar properties (e.g., the volcanic units 

associated with Isabella in Figure 4.8) might either represent differences in the number of 
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sample footprints (Table 4.3), noisy or missing data, and/or real surface differences 

observable between the variable viewing geometries. For example, Cycle 2 reflectivity is 

much higher for the Markham plains (Figure 4.9). In that geometry, the altimeter pointed 

near nadir relative to the Cycle 1 -200 altimeter angle. Thus, the higher Cycle 2 

reflectivity may be due to preferential observation of large, flat facets normal to the nadir 

altimeter (cf Ulaby et aI., 1982a). 

Radar properties of crater floors and walls are especially susceptible to potential 

footprint contamination from nearby units or underestimation of the footprint size due to 

their extreme roughness. Large altitude changes associated with crater walls within a 

single footprint might be responsible for their higher rms slopes. Their higher diffuse 

components are possibly due to large concentrations of noncoherently scattering blocks 

(cf Arvidson et aI., 1992). Except for Isabella, the crater floors shown here have low 

emissivities (especially for Stowe). 

The plains units around the FEB craters tend to have the highest corrected 

reflectivity and low diffuse component, rms slope, and emissivity. Also, each plains unit 

exhibits the steepest backscatter curve among the units shown, with 0'0 values well below 

the planetary average (Muhleman) curve (Figure 4.6). These properties are consistent 

with the plains being smoother at wavelength scales than the other surfaces shown. 

Figure 4.26 compares the average radar properties of the ejecta and plains units for 

the four craters discussed above. The FEB veneer units have low values of rms slope, 

diffuse component, and 0'0' consistent with their plains-like smooth surfaces. Ejecta unit 



Figure 4.26. Average radar properties for ejecta and plains units for the four 
craters obtained from Figures 4.7-4.10, presented without error bars for clarity. 
Values for Stowe's northern FEB are shown in the "FEB-v (or North)" category 
here. Pure unit values (shown with an X) are to the immediate right of each value 
symbol. Plains and FEB-veneer units exhibit lower 0'0 values, diffuse components, 
and rms slopes. Most ejecta units for a single crater exhibit similar surface 
properties, although differences between craters are significant. Similar emissivity 
and reflectivity values between plains units and ejecta for individual craters suggest 
that dielectric variations in crater ejecta may have been inherited from the 
underlying plains. 
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Figure 4.27. Cycles 1, 2, and 3 0"0 emissivity, and corrected reflectivity data for , 
ballistic, transitional, and FEB ejecta showing the percent occurrence of each unit 
as the highest-valued among the ejecta. Transitional ejecta are most often the 
highest O"o-valued and emissivity-valued ejecta unit, while the reflectivity data 
show less difference between units. N-values correspond to the number of craters 
sampled for each unit and radar property. 
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averages can be relatively similar to each other for the same crater (with the exception of 

the Stowe FEB flows), potentially due to the degree of mixing within the classified 

footprints. Such similar radar properties for a given crater's ejecta units make it difficult 

to generalize surface property characteristics for a particular ejecta type. However, the 

transitional ejecta units do often show the highest emissivity, diffuse component, rms 

slopes, and 0"0 values. This is also apparent in Figure 4.27, which incorporates the entire 

FEB crater data set from all three Cycles for the three main ejecta units. Here, while the 

reflectivity values are similar among the ejecta, the transitional ejecta tend to have greater 

backscatter and emissivity values than the ballistic or FEB ejecta. This is indicative of the 

transitional ejecta's combined ballistic ejecta and fluidized material composition, which 

provides both large and small scales of roughness. 

The observed differences in average ejecta properties among craters are 

significant. Stowe has the highest reflectivity (and diffuse component), some of the 

highest 0"0 values, and lowest emissivity potentially due to elevated dielectric constants. 

Markham has some of the highest emissivities and nns slopes, and lowest reflectivities and 

0"0 values. This would be consistent with a lower dielectric surface smooth at wavelength

scale but with more highly tilted large facets. Isabella exhibits the lowest overall nns 

slopes and diffuse components, and some of the lowest 0"0 values. The relative 

smoothness of both the Isabella plains and ejecta suggests either similar degradation states 

among the units or the occurrence of large amounts of impact melt (relative to blocky 

ejecta) associated with the impact. The elevated reflectivity and nns slope values for 
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Addams may be indicative of poor altimetry data, although the additional relatively high 

0'0 and emissivity values may suggest combined roughness and dielectric effects. 

Further similarities exist in corrected reflectivity and emissivity values among the 

ejecta units and the surrounding plains for individual craters (even Stowe). For example, 

Johnson and Baker (1994) showed that the emissivity values for each ejecta and plains unit 

shown in Figure 4.26 consistently follow an order whereby: Markham ~ Addams ~ 

Isabella> Stowe. Reflectivity values follow the order: Stowe> Addams > Isabella ~ 

Markham. No such trend is observed for the other three surface properties shown in 

Figure 4.26. This suggests that, while the ejecta and the plains materials exhibit 

discernibly different surface properties in detail (Figures 4.12-4. 15), they may nonetheless 

share largely similar dielectric properties (i.e., composition or bulk density) relative to 

other craters. This may result from: (1) the impact ejecta inheriting the dielectric signature 

of the plains; or (2) the similar degradation/weathering states of the plains and ejecta (e.g., 

the effects of the Stowe or Isabella extended deposits?). The dielectric characteristics of 

the impact target material (the plains) may primarily determine the overall dielectric 

characteristics for the crater ejecta. Ejecta emplacement processes and/or subsequent 

weathering then alter the surface properties to their current state, although the initial 

dielectric signature of the plains material may remain overall. 

As a test of the above observation of similarly ordered emissivity and ret1ectivity 

trends among the different craters for each unit, the other craters studied here (Table 4.1) 

are also analyzed. Average Cycle 1 emissivity and corrected reflectivity values for the 
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ejecta and plains units for each crater data are shown in Tables 4.4 and 4.5. These values 

are successively sorted by emissivity or reflectivity value for each crater. The resulting 

sorted lists are compared to see how differently the order of craters changed between 

units. For example, if each unit for a given crater falls in nearly the same order after the 

sorting procedure, then the variation in emissivity (or reflectivity) of that crater's units is 

consistent with the variation in other craters' units. This would suggest that the while the 

ejecta radar properties may vary, they do so consistently, relative to the other craters. As 

such, those craters for which the order of their units does not vary significantly might be 

candidates for craters in which the dielectric characteristics (or the degradation state) of 

the underlying plains are similar to that of the ejecta. 

Figure 4.28 shows this variation in sorted order by listing the rank (for both 

emissivity and reflectivity) for each crater, averaged among the four units shown in Tables 

4.4 and 4.5, with a standard deviation representing the variation of that rank. It can be 

seen that the four craters described in Figure 4.26 indeed show small standard deviations. 

However, there are more craters that show a larger standard deviation, suggesting that 

these units have not necessarily adopted the dielectric or weathering effects of the 

surrounding plains. 

Generalized downflow surface properties 

The longitudinal traverses along the radar property data sets tend to show 

combinations of roughness trends downflow. Table 4.7 shows a summary of the flow 

style transitions estimated from the 39 radar property traverses obtained for each crater 

listed in Table 4.1. Although some estimates of flow styles are clearer than others, Table 



Figure 4.28. (Top) Average ranking of Cycle 1 emissivity values for ballistic, 
transitional, FEB, and plains units for each crater (see Table 4.4). Low rank 
equals low emissivity and vice-versa. Standard deviation of crater rank position is 
shown for each. Smaller standard deviation implies greater consistency among 
ejecta and plains emissivity values, and possible correlation between dielectric 
and/or weathering properties of plains and ejecta. (bottom) Same as (top) but for 
corrected reflectivity values (see Table 4.5). 
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4.7 shows that the most prevalent flow styles are either: (1) gravity flows; or (2) proximal 

lava-like increases in roughness, followed distally by gravity flow-like decreases in 

roughness, both of which occur in about 21 % of the traverses. Lava-like flows occur in 

less than 10% of the flows. FEBs affected more by dielectric effects than roughness occur 

in about 10% of the traverses, although 33% of the traverses show a possible dielectric 

effect along some portion of the flow (e.g., the northern Stowe FEB flow, and distal 

portions of some Markham flows). 

Traverses along the plains (p-p* in Figures 4.12-4.15) also show variations caused 

by sampling across different lava flows (e.g., near the 70-80 km mark of Markham in 

Figure 4.14), or across the extended deposits associated with Isabella and Stowe (Figures 

4.13 and 4.15). The range of emissivity values along the plains traverses can be similar to 

those of the FEB flows (e.g., Addams, Markham). In addition, there exists a tendency for 

negative correlations between plains elevation a~d emissivity data (except for Isabella; see 

Figures 4.12,4.14,4.15). This may suggest that the emissivity data, which are reduced 

using estimates of surface temperatures based on elevation data (e.g., Pettengill et al., 

1992a), are affected at this level of detail (or in these particular plains regions) by subtle, 

local elevation changes. 

In the final analysis, the wide variety of FEB flow morphologies, ranging from 

lobate, lava-like flows (e.g., Addams, Markham) to degraded, nebulous, heavily 

channelized flows (e.g., Millay, Marie Celeste) (Figures 4.20-4.24) results in nearly all 

FEB flows exhibiting unique longitudinal radar property variations. These variations 
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result from inherent changes in the flow styles, both from surficial roughness and/or 

dielectric effects, differences in data quality, or combinations of both. Generalized 

inferences based on trends displayed among different data sets obtained under different 

viewing geometries have been made in order to determine characteristics of the FEB 

flows. Many flows exhibit transitional flow styles between lava/melt-like and 

gravity/debris-flow-like, although no dominant trend in surface property variations for 

FEBs has emerged. Nonetheless, the variations in flow properties documented here are 

significant and suggest that the surface characteristics of these FEB flows represent a 

range of formation processes. 

Table 4.4. Average emissivity values for crater ejecta and plains. 
ell ,yc e 

Crater Ballistic Transitional FEB Plains 
Volkova 0.871 0.867 0.869 0.865 

Dickinson 0.869 0.872 0.869 0.855 

Barsova 0.886 0.902 0.891 0.884 

Cochran 0.858 0.866 0.851 0.833 

Yablochkina 0.845 0.874 0.876 0.856 

Voynich 0.837 0.857 0.844 0.826 

Sanger 0.853 0.877 0.869 0.853 

Millay 0.847 0.849 0.820 0.827 

Boleyn 0.851 0.881 0.873 0.853 

Marie Celeste 0.844 0.860 0.850 0.840 

Greenaway 0.838 0.866 0.869 0.839 

Seymore 0.856 0.864 0.856 0.836 

Markham 0.887 0.904 0.910 0.877 

oblique 0.782 0.839 0.831 0.803 

Xantippe 0.822 0.839 0.826 0.810 

Jhirad 0.837 0.838 0.846 0.833 

Isabella 0.871 0.875 0.863 0.858 

Stuart 0.821 0.805 0.848 0.841 

Stowe 0.817 0.812 0.782 0.797 

Addams 0.873 0.880 0.879 0.868 

Guan Dao- 0.836 0.826 0.831 0.826 
Sheng 



128 

Table 4.4 (continued). 

C I 2 ,yc e 
Crater Ballistic Transitional FEB Plains 

Millay 0.912 0.908 0.897 0.901 
Markham 0.888 0.904 0.903 0.868 

Jhirad 0.888 0.902 0.886 0.877 
Isabella 0.869 0.872 0.864 0.862 
Stowe 0.804 0.782 0.765 0.792 

Addams 0.882 0.890 0.888 0.876 

Guan Dao- 0.817 0.813 0.821 0.814 
Sheng 

C I 3 ;yc e 
Crater Ballistic Transitional FEB Plains 

Voynich 0.888 0.903 0.894 0.880 

Marie Celeste 0.914 0.928 0.927 0.919 

Greenaway 0.898 0.900 0.925 0.913 

Markham 0.916 0.927 0.933 0.907 

Xantippe 0.869 0.879 0.870 0.856 

Jhirad 0.872 0.879 0.871 0.860 

Stowe 0.000 0.000 0.800 0.808 
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Table 4.5. Average corrected reflectivity values for crater ejecta and plains. 
ell ,yc e 

Crater Ballistic Transitional FEB Plains 

Volkova 0.174 0.217 0.156 0.166 

Dickinson 0.163 0.199 0.135 0.157 

Barsova 0.144 0.112 0.104 0.108 

Cochran 0.104 0.106 0.114 0.152 

Yablochkina 0.143 0.135 0.142 0.142 

Voynich 0.084 0.068 0.090 0.119 

Sanger 0.109 0.122 0.091 0.099 

Millay 0.059 0.076 0.109 0.122 

Boleyn 0.000 0.105 0.164 0.121 

Marie Celeste 0.102 0.101 0.115 0.146 

Greenaway 0.110 0.085 0.071 0.126 

Seymore 0.084 0.074 0.076 0.094 

Markham 0.086 0.083 0.084 0.109 

oblique 0.148 0.103 0.103 0.131 

Xantippe 0.103 0.086 0.109 0.154 

Jhirad 0.114 0.108 0.097 0.127 

Isabella 0.110 0.095 0.114 0.144 

Stuart 0.139 0.111 0.116 0.145 

Stowe 0.262 0.270 0.262 0.231 

Addams 0.186 0.141 0.184 0.199 

GuanDao- 0.320 0.498 0.317 0.246 
Sheng 

C I 2 ,yc e 
Crater Ballistic Transitional FEB Plains 

Millay 0.119 0.117 0.144 0.151 

Markham 0.113 0.120 0.114 0.124 

Jhirad 0.143 0.077 0.126 0.145 

Isabella 0.104 0.111 0.129 0.150 

Stowe 0.251 0.242 0.248 0.218 

Addams 0.200 0.146 0.175 0.207 

Guan Dao- 0.329 0.799 0.494 0.332 
Sheng 

C I 3 ,yc e 
Crater Ballistic Transitional FEB Plains 

Vovnich 0 0.093 0.104 0.156 
Xantippe 0.116 0.108 0.150 0.173 
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Table 4.6. Average sigma-zero values for crater ejecta and plains. 
ell _yc e 

Crater Ballistic Transitional FEB Plains 
Volkova -7.5 -6.6 -8.9 -11.4 
Dickinson -7.4 -6.0 -9.0 -12.1 
Barsova -8.9 -8.5 -11.6 -12.5 
Cochran -11.0 -10.5 -11.9 -18.1 
Yablochkina -9.4 -8.7 -8.0 -17.1 
Voynich -13.5 -10.1 -13.8 -I9.S 
Sanger -12.4 -9.6 -12.4 -15.7 
Millay -15.0 -15.9 -21.7 -23.5 
Boleyn. -13.9 -10.6 -10.2 -19.8 
Marie Celeste -16.1 -18.0 -20.7 -22.5 
Greenaway -13.5 -11.6 -13.1 -20.6 
Seymore -15.1 -15.9 -17.4 -21.3 
Markham -12.6 -10.8 -11.4 -17.7 
"oblique" -16.1 -12.7 -13.5 -18.6 
Xantippe -12.9 -12.0 -17.3 -18.8 
Thirad -11.4 -9.6 -11.9 -17.3 
Isabella -13.6 -9.9 -11.2 -16.3 
Stuart -12.8 -8.2 -9.2 -IS. 1 
Stowe -6.9 -5.7 -2.8 -12.3 
Addams -6.7 -6.4 -7.3 -10.2 
GuanDao- . -7.6 -5.2 -6.6 -10.9 
Sheng 

C I 2 ,yc e 
Crater Ballistic Transitional FEB Plains 

Millay -10.8 -Il.8 -15.4 -17.0 
Markham -7.8 -7.1 -8.2 -11.6 
Thirad -7.6 -6.0 -8.0 -12.5 
Isabella -11.7 -8.0 -9.9 -13.7 
Stowe -8.3 -6.2 -3.4 -12.4 
Addams -7.7 -7.3 -8.8 -12.5 
Guan Dao- -8.7 -5.9 -8.4 -12.5 
Sheng 

C I 3 ,yc e 
Crater Ballistic Transitional FEB Plains 

Voynich -8.3 -6.3 -9.5 -13 

Marie Celeste -II.8 -13.2 -15.9 -17.5 

Greenaway -8.3 -7.8 -9.8 -14.9 

Markham -7.8 -7.54 -8.6 -ILl 
Xantippe -8.0 -8.6 -12.2 -12.7 
lhirad -6.8 -6.3 -7.9 -9.8 
Stowe 0 -0.3 +1.9 -5.2 
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Table 4.7. Summary of flow style transitions (proximal ~ distal) anellor dielectric effects along FEBs. 

Crater Traverse Flow Styles (or dielectric effects} 

Volkovat A gravity/debris :l: dielectric effects 
Dickinson A gravity/debris ~ dielectric effects 
Barsovat A gravity/debris?? 

B gravity/debris 
Cochran A gravity/debris 

B lava ~ gravity/debris 
Yablochkina A gravity/debris :l: dielectric effects 

Vovnich A gravity/debris 
B gravity/debris ~ lava ~ gravity/dielectric?? ~ lava ~ 

gravity/debris 
Sangert A lava 

B lava? 
MiHan A gravity/debris (~ lava?) 
Boleyn A lava ~ gravity/debris? 

Marie Celestet A dielectric effects? 
B gravity/debris ~ dielectric effects 

Greenaway A gravity/debris (?) 
B lava ~ dielectric effects 

Seymore A lava ~ gravity/debris ~ lava 
B lava (~dielectric effects?) 
C lava ~ gravity/debris ~ lava 

Markham A lava (~ dielectric effects?) 
C lava 
D lava (~ dielectric effects?) 

"oblique" A lava (~dielectric effects?) 
B - lava ~ gravity/debris 
C lava ~ gravity/debris 

Xantippet A unclear 
Jhirad A lava ~ gravity/debris 

Isabella A lava ~ gravity/debris 
C gravity/debris ~ lava (~ gravity/debris?) 
E lava ~ gravity/debris ~ lava 
G gravity/debris 

Stuart A gravity/debris 
B gravity/debris 

C lava ~ gravity/debris (?) 
Stowe A dielectric effects 

C dielectric effects? 
Addams B lava ~ gravity/debris 

Guan Dao-Sheng A dielectric effects 
B dielectric effects ~ gravity/debris?? 

t degraded anellor non-lobate, channelized FEB flows 
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Markham Dual Polarization SAR Backscatter 

The majority of Magellan synthetic aperture radar (SAR) backscatter data were 

obtained in a horizontal transmit and receive (HH) linear polarization state. Radiothemlal 

emission data were likewise predominantly horizontal (receive only) polarization (H). 

Plaut (1993b) reported initial results from experiments in which twelve orbits ofVV

polarized SAR backscatter and V-polarized emissivity data were obtained by rotating the 

spacecraft along the axis of the antenna boresight by 90°. Later during the Cycle 3 

mission phase, the same rotation was necessary to cool the spacecraft. This permitted 

further acquisition of vertically-polarized data for orbits 4733-4985. The fluidized ejecta 

blanket (FEB) crater Markham (70 km; 4.1 oS, 155.6°E) is covered by these data (Figure 

4.29). Johnson and Baker (1994) investigated the surface properties of this crater using 

Cycle 1 and 2 data. That study is expanded here by comparing the SAR backscatter and 

emissivity data obtained in both polarization ,states to understand further the surface 

roughness, volume scattering, and/or dielectric variations between the plains and ejecta. 

Markham backscatter and emissivity data are available from Cycles 1-3. However, 

only the Cycle 2 (HH) and 3 (VV) data have comparable incidence angles (-25°). 

Although these data were taken at opposite look directions (right--Cycle 2; left--Cyc1e 3), 

geometric distortion differences are greatest for high-relief features such as crater walls 

and peaks, but not for the ejecta and plains units of interest here. The techniques 

described above are followed here, in which a digital unit map is first constructed for each 

SAR image. A unit-masking procedure allows average values of radar backscatter cross 
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section (0'0) and corresponding incidence angle to be calculated for each mapped unit for 

both Cycle 2 and 3 imagery. A SAR difference image is also created to reveal the spatial 

variation of 0'0 values in the region. Small geometric offsets between Cycle 2 and 3 SAR 

image data are empirically determined and implemented to decrease noise and improve 

registration in the final SAR difference image. 

Polygon-filling algorithms combined with the ARCDR orbital radiometer footprint 

data records are used to create images of emissivity free from interpolated and/or 

questionable data. Each footprint is classified by the dominant mapped unit within its 

border, and average emissivity values for each unit are calculated. An emissivity ratio 

image (VIH) is created by dividing the Cycle 3 image by the Cycle 2 image. 

Figure 4.30 shows the (jo backscatter curves for several of the mapped units from 

Cycle 2 and 3 for Markham. Although the standard deviation bars for all averages are 

rather large, the plains, crater floor, and "FEB veneer" (thin, sinuous deposits north and 

northeast of the crater) show HH (Cycle 2) values less than VV (Cycle 3) values (i.e., 

HHIVV < 1.0). However, the FEB and transitional ejecta (radar-bright materials 

transitional between ballistic and FEB ejecta) have HHJVV ratios ~ 1.0. The SAR 

difference image (VV - HH) in Figure 4.31 shows that the FEB materials have lower VV 

backscatter values on average relative to the surrounding plains, especially distally. Figure 

4.32 shows scatterplots ofHH vs. VV backscatter values for the FEB and plains units. 

While the (jo values for the plains are bisected by the 1: 1 correlation line (HH/VV=1.0), 



Figure 4.29. Cycle 3 SAR image (left-look) of crater Markham with Cycle 2 SAR 
image (right-look) as inset. 
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Figure 4.30. Specific backscatter cross section curves for several mapped units 
from Cycles 2 and 3 SAR images of Markham. Standard deviation bars represent 
variation in both 0"0 values and incidence angles. Also shown in Venus planetary 
average (Muhleman curve). 
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Figure 4.31. SAR difference image (Cycle 3 - Cycle 2), stretched between -3 dB 
(black) and 3 dB (white). Note that FEB is discernibly darker than the 
surrounding plains, especially distally. 
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Figure 4.32. Scatterplots ofHH vs. VV backscatter values for FEB and plains 
units. Solid line corresponds to HHIVV = 1.0. Note greater clustering of FEB 
values below the correlation line (indicating HHIVV > 1.0) relative to the 
clustering of the plains values. 



137 

FEB Backscatter Comparison 

-20.0 -15.0 -10.0 -5.0 0.0 
HH (Cycle 2) Sigma-zero (dB) 

Plains Backscatter Comparison 

0.0 ,---,-----------r------r-/----;>t 
-5.0 

;,"i,;,:"'li"lliII11Illiif 
-10.0 ~------------~4U~Hff~~~~~~~------r-----------~ 

:ilill ~ 1illi!IH!!!i: 
':!!!! I. 1,1 III lid Jr:::: 

-15.0 /LJHf!1m!!ill!llilii iii'::: :. 
::~IHIHH~!!f::'" 

. : : : ; : ~ : : 

-20.0 ~ __________ ~ ____________ -L __________ ~~ __________ ~ 

-20.0 -15.0 -10.0 -5.0 0.0 
HH (Cycle 2) Sigma-zero (dB) 



the 0'0 values for the FEB exhibit a greater clustering below the line, again indicative of 

their overall I-llIIVV ratios> 1.0. 
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The emissivity average unit values are shown in Figure 4.33, and the VIH 

emissivity values are shown below each unit. While all V IH ratios are greater than 1.0, 

variability among the units can be seen. Slightly lower ratio values for the FEB and other 

ejecta can be discerned relative to the surrounding plains. This is also apparent in the VIH 

ratio image (Figure 4.34). Figure 4.35 shows H vs. V emissivity scatterplots of the FEB 

and plains data. The higher-valued FEB data fall closer to the 1: 1 correlation line 

(VIH=1.0) than the plains data, indicative of their lower VIH ratio. However, both data 

sets approach the 1: 1 line at higher emissivities. 

Experimental data and theoretical models demonstrate that VV -polarized 0'0 values 

are most often greater than HH values (e.g., U1aby et aI., 1982; Fung, 1994; Gaddis; 

1992). The enhanced HH values for the Markham ejecta are thus somewhat enigmatic. 

Considering that the precision of the SAR backscatter values is 1-2 dB (Saunders et aI., 

1992), the observed differences between HH and VV backscatter may be insignificant or 

the result of random variations (noise) within the data. However, the HH values are 

consistently greater only for the Markham ejecta. As such, the potential explanation for 

this observation is pursued under the assumption that the enhanced HH values are real. 

Campbell et al. (1993) state that ffiIIVV > 1.0 might occur for blocky lava flows 

due to scattering from dihedral joints. However, the multiple reflections resulting from a 

dihedral reflector should reduce the backscatter intensity. This is not seen in the relatively 



Figure 4.33. Average values of emissivity for several mapped units from Cycles 2 
and 3 data. Standard deviation bars shown .. Cycle 3/Cycle 2 ratios values (VIH) 
are shown below each unit. 
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Figure 4.34. Emissivity VIH ratio image obtained from Cycle 3 and 2 emissivity 
images constructed using method of Johnson and Baker (1994), stretched between 
1.01 (black) and 1.06 (white). Overlain outlines correspond to unit map 
boundaries. Note the lower ratio-valued ejecta deposits, particularly the FEB 
flow. 
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Figure 4.35. Scatterplots ofR vs. V. emissivity values for FEB and plains units. 
Solid line corresponds to VIH = 1.0. FEB values fall closer to correlation line 
(indicative oflower VIH ratio values) than do the plains values, indicative of both 
roughness and probably volume scattering effects in the FEB. 
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high-valued backscatter for the ejecta in Figure 4.30. Campbell et al. (1993) present an 

equation for the polarization properties of a dihedral joint with its lower face horizontal as: 

HHIVV = (cos2(4> - 4>1)sin2(4) +4>2)) / «cos2(4> + 4>1)Sin2(4) - <1>2) 

where 4> is the incidence angle, and 

4>1 = sin-l(sin4>I..JE) 

4>2 = sin-l(cos<!>I..JE) 

(Eqn.4.4) 

(Eqn.4.5) 

(Eqn.4.3) 

where E is the surface dielectric constant. Using this equation, a dielectric constant for the 

FEB flow near 10 is required to account for the average FEB HHIVV ratio of 1.096 dB. 

Yet the emissivity values observed for the FEB (>0.90) imply values of dielectric constant 

nearer 3-4. This value is consistent with those estimated from reflectivity values obtained 

by the altimeter from Cycle 2 data (e.g., Figure 4.9). Thus the dihedral scattering effect, if 

present, is not solely responsible for the enhanced HH backscatter. 

Another potential explanation involves surface-volume scattering effects. Volume 

scattering tends to exhibit little backscatter variation with incidence angle (e.g., Pettengill 

et al., 1992b). The Markham ejecta have the lowest ao variation between Cycles 1 and 2 

of the deposits studied (Figures 4.6,4.25), consistent with a very rough surface and 

potentially a significant amount of volume scattering. Fung (1994) describes an irregular· 

layer scattering model in which HHIVV values> 1.0 can occur from a combination of 

volume scattering within a layer and scattering from the layer's bottom surface. Fung 

(1994) notes that for a particular choice of model parameters, lower boundary and volume 

scattering dominate the backscatter near incidence angles of 25° (similar to the Markham 
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incidence angles here). This surface-volume interaction enhances the IllI return but not 

the VV return because of the Brewster angle effect, which causes the parallel (VV) 

polarized waves to be transmitted into the lower medium and not reflected. The lower 

boundary must be fairly smooth to generate the coherent scattering necessary for this 

effect to occur. 

Consider the above model in a geologic context, with the FEB as a rough layer 

overlying a lower boundary of smooth plains (Figure 4.36). Johnson and Baker (1994) 

showed that the surrounding plains onto which the FEB was deposited are quite smooth, 

while the FEB materials are very rough and relatively thin. If the density of the ejecta is 

less than that of the surrounding plains, one can assume that there is penetration of the 

incident wave into the ejecta and that the volume-lower boundary interaction is the cause 

of enhanced IllI backscatter (Fung, written comm., 1994). Ulabyet al. (1990; Eqn. 32) 

present an relationship between the real part of the dielectric constant (e') and material 

bulk density (Pb) in the form of: 

e' = (1.96 ± 0.14)Pb (Eqn.4.6) 

The lower emissivity of the plains (Figure 4.33) suggests a higher dielectric constant than 

that for the FEB materials, and, using Eqn. 4.6, a higher density. 

Ulaby et al. (1982) define the penetration depth ofa radar wave as the depth at 

which the incident power has fallen to lie. They provide an approximate expression for 

the penetration depth (cSp ) as (their Eqn. 11.45): 

cS = A. ",-,g' /21tg" p (Eqn.4.7) 



Figure 4.36. Schematic diagram oflayered model described in text, showing a thin 
upper layer with rough upper surface (FEB) overlying a smooth layer (plains). 
Contributions to backscatter arise from upper surface and volume scattering within 
the upper FEB layer. Additionally, penetration of radar wave though the FEB 
layer to the smooth Plains interface transmits vertically polarized (V) waves into 
the lower Plains unit due to the Brewster angle effect, resulting in enhanced HH 
backscatter. 
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where A. is the wavelength, e' is the real part of the dielectric constant, and e" is the 

imaginary part. The dielectric constant (e) is then given by: 

e = e' - ie" (Eqn.4.8) 
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where e = -1. This can also be expressed using the "loss tangent" (tan 8) via (e.g., Rees, 

1990): 

e = e'(1 - itan 8) (Eqn.4.9) 

such that: 

tan 8 = e" /e' (Eqn. 4.10). 

From Eqn. 4.7, the depth of penetration low-loss materials (tan 8 = 0.001) with 

dielectric constants of3-5 should be about 10 m. Assume the depth of the FEB flows to 

be close to 10m, especially in the distal portions where the HHIVV ratios> 1.0 are most 

prevalent in Figure 4.31. If the model ofFung (1994) is applicable and requires a smooth 

lower boundary interface such as the plains underlying the FEB, then it is conceivable that 

those regions where HHIVV > 1.0 represent FEB deposit depths close to the penetration 

depth. This would allow the incident radar waves to penetrate through the FEB itself and 

interact with the lower plains boundary in order to satisfy the surface-volume scattering 

condition proposed to be necessary for enhanced HH backscatter. If this is true, then the 

darker FEB regions in the SAR difference image which correspond to values ofHHIVV > 

1.0 may be (to first order) showing where the depth of the FEB deposits is less than or 

equal to the theoretical penetration depth of the Magellan radar. However, dual 

polarization data at more than one incidence angle are required for more conclusive 



interpretations. Future bistatic experiments could prove helpful in this regard (e.g., 

Simpson, 1993). 
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As a surface roughens, emissivity values approach polarization independence (e.g., 

Ulaby et aI., 1982). The observed trend toward V/H = 1.0 at higher emissivities (Figure 

4.35) suggests that roughness is a significant effect for both plains and FEB emissivity. 

For volume scattering, emissivity in both polarizations should be about equal (e.g., 

Pettengill et aI., 1992a), although polarization differences can occur upon passage of the 

radiation upward through the surface layer. The emissivity V/H ratios of the ejecta units 

are closer to 1.0, suggesting that volume scattering is probably more important for the 

ejecta than for the plains. 

In conclusion, Magellan Cycle 3 vertically polarized backscatter and emissivity 

show differences between ejecta and surrounding plains related to the combined effects of 

volume and surface scattering. On average, backscatter IffiIVV ratio values> 1.0 occur 

only for the FEB and transitional ejecta. Assuming that this observation is not simply due 

to noisy data, the scattering behavior may be indicative of a surface-volume scattering 

effect in which volume scattering in the FEB deposit is combined with a coherent 

scattering component from the lower smooth plains interface. In such a scenario, the 

enhanced HH backscatter may result from penetration of the incident radar wave through 

thinner portions « 10 m) of the FEB deposit, allowing interaction with the lower smooth 

plains boundary. In essence, constraints on the thickness of the FEB flow materials may 

be obtainable in regions where HHIVV ratio values are greater than 1.0. Further, 
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emissivity VIH ratio values are closer to unity for the ejecta than the surrounding plains, 

probably consistent with a combined surface and volume scattering effect. The lack of 

Magellan data at more than one incidence angle at both polarizations limits a conclusive 

result. Even with vertically polarized data, ambiguities will remain regarding the relative 

effects of volume and surface scattering versus dielectric mechanisms (e.g., Pettengill and 

Ford, 1993). Bistatic radar experiments could potentially determine more accurately the 

relative scattering effects involved (e.g., Simpson et aI., 1994; Simpson, 1993). 



CHAPTERS. 

5. COMPUTER MODELING OF FLUIDIZED EJECTA EMPLACEMENT 

Background and Methodology 
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Computer simulation offlow emplacement processes have been used to study lava 

flows (e.g., Wadge et aI., 1994; Bruno et aI., 1994), pyroclastic flows, lahars, avalanches 

(McEwen and Malin, 1989; Woods and Bursik, 1994), and most recently Martian 

fluidized ejecta blankets (Ivanov et aI., 1994). McEwen and Malin (1989) presented a 

computer model called FLOW that calculated the velocities and simulated flow paths of 

gravity flows over digital elevation models (DEMs). They applied FLOW to the several 

types of gravity flow events that occurred at Mt. St. Helens (MSH) in May, 1980. The 

model was formulated to determine flow movements from initial conditions, gravitational 

acceleration, and resistance to motion (tr) as described by the generalized equation 

(Eqn.5.1) 

where v is velocity, and the terms ao, ai, and a2 are empirically related to Coulomb, 

viscous, and turbulent resistance, respectively. An energy-line model was used by relating 

ao to a coefficient of friction and setting al and a2 to zero, although it often predicted flow 

velocities that were higher than those observed during the MSH events and thus not 

affected by the DEM topography. A Bingham flow-like model, in which al and a2 were 

used, resulted in more consistent flow velocities and directions, especially when the effects 

of flow turbulence were incorporated in the model. 
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In cooperation with Dr. Alfred McEwen and in collaboration with Dr. Lisa Gaddis 

(both of the U.S.G.S., Flagstaff, AZ), the FLOW model has been modified for application 

to the study of Venus FEB impact crater flows. (This modification main involves 

changing the gravitational constant to 8.81 m/s2
, and expanding the output parameters to 

account for higher velocities and flow lengths than those encountered for the MSH model 

runs). Renamed VFLOW, the model is used in combination with Venus DEMs 

constructed from the GTDR topographic image data collected by the Magellan altimeter. 

Slope (dip) and azimuth images are first constructed from the topography images using 

the GRADE16 program (also written by Dr. McEwen). Figure 5.1 shows an example of 

SAR, topography, slope, and azimuth images for Isabella. The output from VFLOW 

consists of two images of the flow lines with pixel values proportional to velocity and time 

along each flow line. 

Although the details of the FLOW model are given in McEwen and Malin (1989), 

an overview of the resistance parameters and the equations of motion is presented below. 

Results for the VFLOW model for the FEB craters Addams, Isabella, and Cochran (see 

Table 4.1) are then presented, followed by a discussion of the implications of the results. 

Note that direct observations offlow velocities aided modeling of the MSH events. 

Without such observations, the results presented here using VFLOW are intended only to 

provide some constraints on the rheological properties of the FEB flow materials and their 

ability to travel long distances over nearly flat terrain. 



Figure 5.1. Isabella crater SAR image (upper left), GTDR topography image 
(upper right), azimuth image (lower left), and slope (dip) image computed from 
GTDR image using GRADE 16 program. For the azimuth image, DN values from 
1 (for South) or 181 (for North) to 91 (if the azimuth is to the East or West). For 
the slope image, DN values vary from 0 (for 90°W) to 126 (N-S) to 251 (for 
900 E). 
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Motion and Resistance Parameters 

VFLOW is designed to compute three-dimensional flow paths over DEMs by 

using nonuniform flow models (i.e., those in which the flow acceleration or deceleration 

varies, depending on the surface slope angle) in which the flow direction and velocity are 

recomputed at each time step. The acceleration ofa columnar element offlow is given by: 

dvldt = gsin8 - (ao + a\v + a2~) I pD (Eqn. 5.2) 

where t is time, g is the acceleration of gravity (taken as 8.81 m/s2 for Venus ), 8 is the 

slope of the ground (from the slope image computed from the DEM), p is the density of 

the flow material, and D is the depth of the flow. The VFLOW model assumes that: (1) 

the flow depth stays approximately constant or linearly decreases with time; and (2) the 

flow is approximately steady state, i.e., changes in the mass flux of the flow materials are 

not considered. Where these assumptions are valid, the VFLOW model parameters may 

be related to rheological properties of the flow materials such as yield strength and 

viscosity. 

The Coulomb resistance parameter ao represents a constant force per unit area, 

independent of flow velocity, as described by: 

tr = C + crtan<J> (Eqn.5.3) 

where C is the cohesion, cr is the normal stress (Mgcos8, where M is the mass of the 

flow), and <J> is the angle of internal friction. If cohesion is ignored, this model is 

equivalent to an "energy-line" or "grain-flow" model in which the friction coefficient, 

tan<J>, can be represented by the ratio of the total vertical drop (H) to the total horizontal 
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travel distance (L) of the flow. Although lacking rigorous empirical or theoretical 

justification, the energy-line model was a useful empirical model for the MSH work of 

McEwen and Malin (1989) when used in conjunction with velocity-dependent (viscous or 

turbulent) resistance terms, and is also used here. 

The viscous resistance term a1 is characterized by a Bingham rheology where: 

tr= k + T\{dvldy) (Eqn.5.4) 

where y is the distance below the surface of the flowing material such that dvldy is the 

velocity gradient or shear strain rate in laminar flow, and k is the yield strength in Pascals 

(pa) and includes both cohesion and frictional strength. Johnson (1970) derives the 

velocity gradient for a Bingham flow, including the effects of the central, rigid "plug" that 

develops in the center and top of a channelized flow where the gravitational stress does 

not exceed the yield strength. The acceleration of the plug in a wide channel (assumed for 

the FEBs) is given by FLOW as: 

dvtldt = gsin8 - [(2k) I (p(D + Dc)] - [(2T\vp) I p{JY - D/)] (Eqn. 5.5) 

where vp is the velocity of the plug, and Dc is the diameter of the plug. The mean cross-

sectional velocity (v) of a Bingham flow in a wide channel is then given by FLOW as: 

D 

V = (liD) f v(y)dy + vp DJD (Eqn.5.6) 
Dc 

where v(y) is the velocity profile for steady, uniform flow in a wide channel given by: 

v(y) = (I/T\) {[pgsin8{D2 -1)/2] - k (D- y)} (Eqn.5.7) 
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In the FLOW model, vp is first computed substituting Va (the initial flow velocity) for vp in 

Eqn. 5.5. Then vp is substituted for v(y) in Eqn. 5.6 before integration to calculate the 

flow velocity. 

In FLOW, turbulent resistance is divided into two components: (1) turbulent shear 

against the flow surface; and (2) atmospheric resistance along the surface of the flow. 

Turbulent resistance against the ground is estimated by use of a drag coefficient (cr), 

which is taken here as 0.01 (McEwen and Malin, 1989). Atmospheric resistance was 

neglected in FLOW for dense flows (1000-2000 kglm3
), although it could be significant 

for lower-density flows, especially in the denser atmosphere of Venus. This effect has not 

been included in the current version ofVFLOW, however. 

Transition from laminar to turbulent Bingham flow occurs when the ratio of the 

Reynolds number (Re) to Bingham number (Bi) is greater than about 1000, where: 

Re = pvDlll (Eqn.5.8) 

. Bi = kD1llV (Eqn. 5.9) 

The emplacement of FEB flows likely occurs in a proximal turbulent regime, followed 

distally by more laminar flow, although transitions between the flow styles may be 

complicated (see Chapter 4). In the results presented below, VFLOW model runs attempt 

to keep the Re/Bi ratio slightly greater than 1000 to account for existence of the two flow 

regimes. 



Model R v. 
(m) (m/a) 

ADDAMS 

ADOI 45000 230 
ADD2 45000 230 
ADD3 45000 230 
ADD4 45000 230 
ADDS 45000 230 

ADD6 45000 100 
ADD7 45000 100 
ADD8 45000 100 
ADD9 45000 100 
ADOIO 45000 100 . 
ISAIIE1.1.A 

ISAI 87500 321 
ISA2 87500 321 
IS . .\3 87500 321 
IS . .\4 87500 321 

ISASa 87500 100 
ISASb 87500 100 
ISA6a 87500 100 
ISA6b 87500 100 
ISA7a 87500 100 
ISA7b 87500 100 
IS.\8 .. 87500 100 
ISA8b 87500 100 

COCHRAN 

COl 50000 242 
CO2 50000 100 
("OJ 50000 100 
C04 50000 100 
COS 50000 100 
C06 50000 100 
C07 50000 10 

Table 5.1. VFLOW Model results for Addams, Isabella, and Cochran. 

k Ian + 1J c, D p 0 dD/dt 
(Pa) (Pa·s) (m) ~'} (deg) (m/s) 

- 0.0065 - - - 1500 50·100 -
15 - 40 - 10 1500 50·100 -

900 - 3000 - 100 1500 50·100 -
900 - 3000 0.01 100 1500 50·100 -
900 - 1500 - 100 1500 50-100 0.015 

- 0.0015 - - - 1500 0·100 -
100 - 5 - 10 1500 0·100 -
5 - 25 - 10 1500 0·100 -

300 - 1900 - 100 1500 0·100 -
8 - 200 - 100 1500 0·100 0.015 

- 0.014 - - - 1500 240-320 -
30 - 60 - 10 1500 240·320 -

2500 - 5000 - 100 1500 240·320 -
2700 - 3200 - 100 1500 240·320 0.Ql5 

- <0.001 - - - 1500 240·320 -
- 0.003 - - - 1500 240·320 -
10 - 35 - 10 1500 240·320 -
5 - 20 - 10 1500 240·320 -

200 - 1400 - 100 1500 240·320 -
400 - 2300 - 100 1500 240·320 -
200 - 900 - 100 1500 240-320 0.015 
65 - 225 - 100 1500 240-320 O.Qls 

- 0.04 - - - 1500 90·300 -
- 0.Ql - - - 1500 90·300 -
55 - 80 - 10 1500 90·300 -

2700 - 5800 - 100 1500 90·300 -
200 - 2000 - 100 1500 90·300 -

2700 - 5800 - 100 1500 90·300 0.Ql5 
2 - 10 - 10 A500 90·300 -

ReJBI 

-
1319 
1495 
1495 
1136 

-
487537 

1199 
1245 
28 

-
1236 
1494 
1879 

-
-

1218 
1835 
1517 
1128 
1677 
25 

-
-

1288 
1202 
749 
1153 
2934 

FI:ure 

5.2a 

5.2b 
5.2e 
5.2d 

S.3a 

s.3b 
5.3e 
S.3d 

SAa 
5.4b 
He 

SAd VI 
~ 
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Results 

McEwen and Malin (1989) used the original FLOW model in h ... o fashions: <1.5 an 

energy-line model (in which the coefficient of friction is the only resisting force) and as a 

Bingham flow model (in which yield strength and viscosity, as well as drag forces are 

included). The same method has been applied here using VFLOW. Table 5.1 shows the 

results of 29 model runs (the Isabella "a" runs correspond to best fits for the central and 

western FEB and FEB-"veneer" (see Chapter 4) regions, while the "b" runs are for the 

main eastern lobe). 

It should be recognized that the DEMs used here contain artifacts such as inter

orbit variations (e.g., the "striped" appearance of Figure 5.l) that may influence the flow 

paths to an uncertain extent. In addition, an inherent assumption is that the current state 

of the surface topography is the same as when the FEB was emplaced. This may not be 

the case for some regions, such as the crater Cohn, which is superimposed on the Isabella 

main FEB flow lobe (Figure 4.2a). As such, qualitative matches of the flow lines to the 

observed FEBs are expected more often than exact replication of the FEBs. 

While some model parameters used by McEwen and Malin (1989) were available 

from measurements of the MSH flows, the flows here are not constrained by such 

measurements. Initial velocities are calculated using the method ofIvanov et al. (1994): 

Va = (2/15*gR)In. (Eqn.5.10) 

which is similar to the initial ejection velocity given by Melosh (1989) from energy-scaling 

theory: 
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(Eqn.5.11) 

where r (the position within the crater) is equal to R (the crater radius). A series of runs 

using these initial velocities are followed by runs in which the velocity was arbitrarily set 

100 mls (Table 5.1). Preliminary runs showed that higher density flows usually resulted in 

longer flows and lower densities in shorter flows, but for simplicity, flow density is kept at 

a constant 1500 kglm3 in the runs presented here (cf McEwen and Malin, 1989). Flow 

depths are chosen as 10m and 100 m. 

Figures 5.2-5.4 show examples of the flow lines resulting from some of the model 

runs overlain on SAR images of each region. All runs for which a calculated initial 

velocity is used (ADD1-ADD5, ISAI-ISA4, COl) result in very straight flow lines with 

minor distal responses to the topography, but do not follow the FEB flow paths very well 

(e.g., ADD3, ISA3). Flows at 100 mls initial velocity respond to topography better and 

follow the observed FEB flows moderately well. Inclusion of a drag coefficient of 0.01 

does not alter the flow paths or the resistance parameters greatly for any of the FEBs 

(e.g., ADD4). 

The energy-line model was run for each crater under two different initial velocities 

(model runs ADDI, ADD6, ISAl, ISA5, COl, and C02). The coefficient of friction 

values (tan <1» required to extend the flow lines to the end of the observed FEB flows 

varies from < 0.001 to 0.04, with Cochran showing the highest values. These values are 



Figure 5.2. Flow lines from VFLOW runs superimposed on SAR image of 
Addams for runs: (Top-a) ADD3 and (bottom--b) ADDS. 

Next page: Runs: (Top--c) ADD9 and (bottom--d) ADDIO. 
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Figure 5.3. Flow lines from VFLOW runs superimposed on SAR image ofIsabella 
for runs: (Left--a) ISA3 and (Right--b) ISA6a. 

Next page: Runs: (Left--c) ISA6b and (Right--d) ISA7a. 
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Figure 5.4. Flow lines from VFLOW runs superimposed on SAR image of 
Cochran for runs: (Left--a) C03 and (Right--b) C04 

Next page: Runs: (Left--a) COS and (Right--d) C07. 
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quite low compared to terrestrial pyroclastic flows and avalanches, which usually have 

values between 0.1-0.2 (e.g., McEwen and Malin, 1989), although the volcanic debris 

avalanche at Nevado de Colima in Mexico was recently determined to exhibit a value 0.04 

(Stoopes and Sheridan, 1992), and some ignimbrites may show values < 0.02 (Fisher and 

Schrninke, p. 227). One of the lowest terrestrial values observed is that for the submarine 

Saharan Debris Flow deposit on the northwest African continental margin, which traveled 

some 700 km over greater than 2 km of relief, resulting in a coefficient of friction -0.003 

(Masson et al., 1993). For comparison, Hawke and Whitford-Stark (1982) found that the 

Chenier crater impact melt flows on the Moon showed a coefficient offliction of 0.073. 

For the Bingham models, flow depths of 10 m require yield strengths from 5-55 

Pa, and viscosities from 20-80 Pa-s (runs ADD2, ADD7, ADD8, ISA2, ISA6, C03), with 

the 100 mls initial velocity runs requiring lower values of both. These values are relatively 

low in comparison to terrestrial basalt lavas and more like some debris flows (Table 5.2). 

More exotic lavas such as carbonatites and koma.tiites have lower viscosities « 1.0 Pa-s; 

Table 5.2), and have been proposed as possible components of the FEB flows (e.g., Baker 

et al., 1992). But the low yield strengths for 10 m flow depths are somewhat anomalous. 

Attempts to model the FEBs using higher yield strengths at the expense of lower 

viscosities results in undesirably high Re/Bi values, as in run ADD7 (Table 5.1). 

Flow depths of 100 m (runs ADD3, ADD9, ISA3, ISA7, C04, COS) require yield 

strengths from 200-2700 Pa and viscosities from 1400-5800 Pa-s. These values are 

somewhat more like those of basalt lavas, but still as low as some pyroclastic and debris 
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flow values. Other workers have estimated similar to somewhat larger values for Venus 

FEB flows (Table 5.2). Morphologic study of the FEBs has suggested that flow depths 

are probably on the order of 10m, especially distally where blocking of the flows by low

relieffeatures is often seen (e.g., Schultz, 1992b). VFLOW includes an option to decrease 

the flow depth by a constant amount each time step. This "deposition rate" is chosen as 

0.015 mls for runs ADDS, ADDlO, ISA4, ISA8, and C06. The overall effect of including 

this factor is to lower the required values of yield strength and viscosity to 8-2700 Pa and 

200-5800 Pa-s. The effect is minimal for Cochran, the shortest flow, and is difficult to 

model for the other flows with respect to achieving an appropriate RelEi value. Slight 

changes to the input parameters resulted in either very low or very high RelEi values, 

suggesting that a flow with linearly decreasing depth is more prone to changes between 

laminar and turbulent flow. 

The Cochran flow is particularly difficult to model because of the change in 

direction of the flow from a westerly flow to and easterly flow after encountering the 

northern highland tessera. Run COS is shown in Figure 5.4, for which a lower yield 

strength (200 Pa) and viscosity (2000 Pa-s) than run C04 is used. The result is that one 

flow line follows the northern FEB lobe rather well, although other lines extend too far. 

This suggests that a lower initial velocity might provide a better match to the FEB path. 

Run C07 shows the result using a velocity of 10 mis, which requires very low values of 

yield strength (2 Pa) and viscosity (10 Pa-s) to provide two flow lines which follow the 

northern FEB lobe very well. Other lines again extend too far, or are trapped within the 
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crater itself due to the irregular nature of the boundaries of the crater in the low-resolution 

topography data. Also, the RelB; value is somewhat high (2934) and could be lowered by 

decreasing the yield strength and/or viscosity further. These runs suggest that the FEB 

flows for Cochran may have traveled as low-velocity « 10 mls), low yield strength flows 

with low viscosity in order to account for the observed emplacement geometry. 

Table 5.2. Yield strength and viscosity values for terrestrial and venusian flow materials. 

Material Yield strength (Pa) Viscosity (Pa-s) Reference 
Mauna Loa lavas 66-1898 100-100,000 Moore (1987) 

Basaltic lavas 50-250,000 200-230,000 Pinkerton and Wilson (1994) 

Kilauea lavas 5000-50000 5 x 105_8 X 106 Fmk and Zimbleman (1986) 

MSH Pyroclastics, etc. 500-600 4-4700 McEwen and Malin (1989) 

MSH Avalanche 10,000 30,000 McEwen and Malin (1989) 

Carbonatitesikomatiites ? < 1.0 Kargel ct aI. (in press) 

Black Canyon debris flow 80-2150 18-430 Whipple and Dunne (1992) 

VenusFEBs 24-6100 0.28-100,000 Asimow and Wood (\992) 

Isabella FEB 200-2600 Pa - Schaber et aI .• (\992) 

Discussion 

The initial results for the three FEB craters presented above provide important, 

although not unambiguous, information regarding the emplacement processes and 

rheology of the FEB flow materials. The following generalizations can be made based on 

the current VFLOW runs. 

Application of the energy-line model to these FEBs results in very low coefficient 

of fiiction values, similar to the lowest values observed for some terrestrial pyroclastic and 

avalanche materials, or the large submarine debris flows off the coast of Africa. A more 

realistic approach to modeling the FEB flows as Bingham materials results in yield 
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strength and viscosity values that are much lower than those for basalt lavas and more 

similar to pyroclastic or debris flows, depending on the given FEB flow depth. Flows of 

100 m depth require higher values of both resistance parameters than 10m deep flows. 

Morphologic evidence suggests, however, than 100 m flows may be rarer, especially 

distally. Utilizing a deposition rate in the VFLOW runs requires slightly lower resistance 

parameters, but greater difficulty in maintaining RelB; values near the turbulentllaminar 

transition. 

The choice of initial velocity has been shown to be very important to appropriately 

model the FEB flow path. Initial velocities calculated with Eqn. 5.10 resulted in flow lines 

that do not respond well to the topography because they are too large. Velocities of 100 

mls allow the flow lines to model better the flows, although at the expense of requiring 

lower resistance parameter values. The case of Cochran (Figure 5.4d) is especially 

insightful because the FEB flow path can only be approximately modeled using a velocity 

of 10 mls and correspondingly low resistance parameters. 

The complicated nature of many of the flow lines derived from VFLOW using 

lower velocities (Figures 5.2-5.4) results from their response to the topography and low 

resistance. Overlap and intersection of flow lines emphasizes that the FEBs were probably 

emplaced under conditions where transitions between laminar and turbulent flow occurred 

often, especially at lower velocities where the effects of the underlying topography would 

influence both the direction and energy of the flow materials. 
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Future work with VFLOW will include other FEB craters in different topographic 

settings. Also, since increasing the density of the flows from the constant 1500 kg/m3 

used here resulted in longer flows, future runs with higher densities would probably show 

that higher resistance parameter values (more like those in Table 5.2) are required to 

model the FEBs. Atmospheric drag should also be incorporated into VFLOW in order to 

determine the resistance effect of the 60 kg/m3 venusian atmosphere. Finally, better 

DBMs would allow more accurate modeling of the FEB flow paths using VFLOW. This 

may be possible for some regions using multiple-Cycle SAR stereo images (e.g., Leber! et 

al., 1992), where complete coverage exists for each Cycle. 



CHAPTER 6 

GEOLOGIC MAPPING OF USGS QUADRANGLE BARRYMORE 

Overview of Quadrangle 
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The Venus Geologic Mapping (VMAP) program was initially sponsored by the 

Venus Data Analysis Program (VDAP) and subsequently by NASA's Planetary Geology 

and Geophysics Program (pGG). Coordinated by the USGS Branch of Astrogeology, 

VMAP has provided a basis for understanding the regional and global geologic processes 

that have operated on the surface of Venus. The mapping program has divided the surface 

into 62 quadrangles at 1:5,000,000 scale (Figure 6.1). Our mapping group (consisting of 

myself, Dr. V.R. Baker, and Dr. G. Komatsu) was awarded Quadrangle V59 (Barrymore 

Quandrangle), which covers the region 50-75S and 180-240E, a predominantly plains 

region south of Imdr Regio. Geologic mapping of this region was intended to provide 

greater insight into the nature of extensive plains formation and evolution, including the 

role of canali-type lava channels (e.g., Komatsu et al., 1993). This region contains 

abundant channels and several large FEB impact craters, as well as interesting variations in 

radar backscatter properties of impact ejecta extended deposits (parabolas) between 

Cycles 1 and 2. The geologic mapping presented here is preliminary in the sense that the 

USGS review procedure has not yet begun. However, the map has undergone one major 

iteration after discussions held at the July, 1994 VenuslMars Geologic Mappers Meeting 

and Field Conference in Pocatello, Idaho. While further alterations of the map during the 



Figure 6.1. Index of 1:5,OOO,OOO-scaIe quadrangles of Venus, showing quadrangle 
V59 (Barrymore) in the lower-left (after Ford et aI., 1989). 
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review procedure are certain, it is felt that the current work represents an important stage 

in the creation of the final USGS geologic map. 

Figure 6.2 is the USGS map base for Barrymore Quandrangle. Cycle 1 coverage 

(left-look, incidence angles 16-23°) amounts to only about 70% of the region, while Cycle 

2 coverage (right-look, incidence angles 20-25°) is complete, as shown in Figure 6.3. A 

north-south oriented, 1300 km linear ridge belt occurs in the center of the region. The 

southern tip of this feature is intersected by an east-west trending series of disrupted 

terrain, arcuate depressions and rises, smooth plains, and volcanic centers. Stratigraphic 

relations between the plains and dorsa units are complicated in this region. A high 

concentration of canali-type channels occurs in the northwestern portion of the region, 

including the eastern extent of a 3000 km long canali system. Three instances of canali 

bifurcation from north-south to east-west orientations occur in this region, probably 

caused by early plains deformation. 

Twenty-seven impact craters occur in the region (see Table 6.1). Extended 

deposits associated with impact craters Eudocia and Guan Dao-Sheng exhibit severe 

backscatter contrast reversals between Cycles 1 and 2, resulting potentially from 

asymmetrically oriented dune faces and/or layover effects. 



Figure 6.2. USGS base map of Barrymore Quadrangle, composed of Cycle 1 and 
2 SAR imagery. 
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Figure 6.3. Comparison of Cycle 1 (top) and Cycle 2 (bottom) coverage for 
Barrymore Quadrangle. Notice the extreme backscatter contrast reversal in the 
extended deposits associated with craters Eudocia and Guan Dao-Sheng (see 
Table 6.1). 
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Table 6.1. Impact craters located ~ Banymore Quadrangle. 

Name Latitude e) Longitude e) Diameter (km) Type. Provisional 
name 

-51.55 184.3 10.5 I 
Barrymore -52.3 195.55 50. D 
Virginia -52.85 185.95 17.5 P 

-53. 192.15 7. I 
-53.2 198.5 6. I 

Nina -55.5 238.7 23. P 
-58.45 195.95 7. I 

Eudocia -59.05 201.8 27.5 P 
-60.3 220.4 17. I Vesna 
-61.05 212.3 19. CP Gretchen 

Guan -61.05 181.8 46. P 
Daosheng 
Morisot -61.15 211.4 55. P 

-62.3 227.5 23. I Durant 
Bryce -62.55 197.1 24.5 P 

Vacarescu -63. 199.6 29.5 P 
-64.2 232.2 12. CP 
-65.1 234.1 10. CP 
-66.5 234.2 8. S 
-67.5 230. 90. D Sayer 
-68.1 193.1 12. I 
-68.8 208.35 34. P Edinger 
-73.8 186. 37. CP Leonard 
-73.8 228.2 3. I 
-74.5 211.9 12. I 

A -74.2 194.5 11.3 
B -72.8 195.0 4.5 
C -59.3 213.2 22.7 

Data from Schaber et aI. (1992), with additions of A,B,C supplied in this work. 
• denotes classification scheme from Schaber et al. (1992): B = Multi-ring crater=basin; P = Central 
peak crater; D = Double-ring crater; S = Structureless floor crater; I = Irregular crater; M = Multiple 
crater 

Preliminary Geologic Mapping 

Geologic mapping of Venus at the resolution provided by Magellan images is a 

developing science. Geomorphologic categorization of surface units using classical 



174 

photogeologic methods (e.g., Wilhelms, 1990) must be combined with knowledge of radar 

image interpretation pitfalls (e.g., geometric distortion effects) and augmented by 

information contained in the other surface property data sets (e.g., rms slope, emissivity, 

and reflectivity) (see Chapter 4). Map units are defined on the basis of the morphology, 

surface textures, and structures observed in the Magellan images (Tanaka, 1994). 

Emphasis has been placed here on mapping units that represent stratigraphic units, that is, 

those materials that are considered to have formed by the same or similar geologic 

processes over a finite period of time. Earlier versions of the map for Barrymore 

Quadrangle mapped morphologic or tectonic units, that is, those mainly characterized by 

structural characteristics different from surrounding materials. However, these units often 

did not represent stratigraphically different materials, only differences in the degree of 

deformation. The current version of the map contains predominantly plains materials 

which, while exhibiting variable degrees of wrinkle ridge and ridge belt deformation, are 

grouped into one plains unit. These deformation patterns are schematically designated by 

symbols rather than through mapping of units. 

The SAR imagery from Cycles 1 and 2 provided the main tool for geologic 

mapping. Full resolution (F-MIDR) images (sampled to 75 mlpixel) are used where 

available for detailed study of particular features, while compressed resolution images 

(C1-, C2-:rvrrDRs) provide regional perspectives, including regions beyond the limit of the 

map area. USGS-produced full resolution maps (FMAPs) were provided as large 

photographic prints of large regions. These images allow simultaneous comparison of 
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widely spaced regions at full Magellan resolution and are a significant aid in determining 

characteristics of small features such as channel paths. Construction of SAR difference 

images (Cycle 1 - Cycle 2) are also valuable in emphasizing topography and/or backscatter 

differences (see Chapters 3-4). Earth-based radar imagery (e.g., Arecibo, Goldstone) is 

restricted to longitudes from about 265° to 35°E (e.g., Plaut and Arvidson, 1992) and is 

thus unavailable for this section of the planet. 

Magellan altimetry is vital to understanding the present topography of the region. 

The USGS produced "synthetic stereo" images at Cl-MIDR scale that introduced parallax 

into a :MIDR by shifting pixels depending on their altitude in a registered Magellan 

topographic image. Stereo viewing of SAR images with vertical exaggerations of lOx and 

50x is quite valuable for discerning stratigraphic and/or structural relations between 

adjacent regions. Placement of structural symbols for ridges and troughs is often based on 

comparison of the synthetic stereo images and images of the topography for the region 

(Figure 6.4). Additionally, creation of synthetic perspective images by draping SAR 

imagery over topography (see Chapter 4) provides an additional means of readily 

comparing the effects of topography on the distribution of stratigraphic and structural 

features (Figures 6.5-6.7). 

The other radar data sets (emissivity, reflectivity, and rms slope) available on the 

GxDR CD-ROM (see Chapter 3) help characterize the surface properties of units that 

have been mapped using SAR imagery (Figures 6.8-6.l0). Unfortunately, for this high

latitude region, artifacts in the reflectivity and rms slope data 



Figure 6.4. Topography for the Barrymore Quadrangle region from Magellan 
altimetry. Values are stretched from 6050.2 km (black) to 6052.5 km (white). 
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Figure 6.5. SAR image and accompanying synthetic perspective image of region 
centered near 71°S, 19soE, showing portions of lava flow fronts (units pel, pc2) 
near a large, broad basin bounded by a sinuous ridge. 
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Figure 6.6. SAR image and accompanying synthetic perspective image of region 
centered near 67.5°S, 207°E, near the central map region showing examples of 
units crt, pre, rsa, and rga near the crater Edinger (34 Ian). 
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Figure 6.7. SARimage and accompanying synthetic perspective image of region 
centered near 65.5°S, 205°E, near the intersection of the central ridge belt system 
and crater Vacarescu (29.5 km). 
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Figure 6.8. GREDR corrected reflectivity map of Barrymore Quadrangle and 
surrounding area from Magellan altimetry data. Values are stretched from 0.07 
(black) to 0.25 (white). 
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Figure 6.9. GSDR nns slope map of Barrymore Quadrangle and surrounding area 
from Magellan altimetry data. Values are stretched from 0.4 (black) to 10.0 
(white). 
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Figure 6.10. GEDR emissivity map of Barrymore Quadrangle and surrounding 
area from Magellan radiometer data. Values are stretched from 0.80 (black) to 
0.88 (white.) 
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are prevalent, making use of their values suspect (cf. USA-NASA, 1992). However, the 

use of the ARCDR data (Chapters 3-4) can be used to constrain some hypotheses on 

surface properties that are relevant to geologic mapping, as investigated below. 

The geologic map distinguishes nine plains units, two dorsa units, two 

miscellaneous units, four crater units, and two surficial units. The map and correlation 

chart are presented in Appendix A (Figure AI), along with the descriptions of the map 

units and symbols, and two cross sections through the central map region (Figures A2, 

A3). This includes observations that define the characteristic morphology, surface 

textures and structures for each unit as well as their initial interpretations. The majority of 

the map area is covered by unit p, a plains unit that may either be smooth or deformed by 

wrinkle ridges or ridge belts of variable spacing. Younger and older plains and elevated 

ridged units occur in the central region and sporadically throughout the area. Channels are 

predominantly in the western half of the map area. The impact crater extended deposits 

are mapped as surficial features with stipple patterns overlying the plains. Both the 

channels and surficial deposits are investigated in more detail below, after which a 

summary of the geologic history of the region is presented. 

Canali-type channels 

Geologic mapping has revealed that three branches of the western canali-type 

channels exhibit bifurcations from north-south to east-west orientations. Figure 6.11 

shows these channels drawn in white on a SAR image (including portions of Quadrangle 

V58), and in black on the corresponding topography image. Figure 6.12 shows a 

synthetic perspective image of the combined SAR and topography. North of the 
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bifurcation points each channel segment consistently appears (at full resolution) more 

degraded than the eastern segments, suggesting that the flow of materials was diverted 

from a north-south orientation to an easterly one. The occurrence of these bifurcations 

appears to coincide with the western edge of an irregularly shaped, greater than 1000 Ian 

wide and 1 Ian deep basin (cf.. Figure 6.4). The formation of the basin may have resulted 

in a divergence of channel flow eastward toward the center of the basin. If canali-type 

channels were involved in the formation of the plains (e.g, Baker et al., 1992; Komatsu et 

al., 1993), then this observation suggests that plains deformation was concurrent with 

plains creation. However, the time-scale for basin formation is probably greater than that 

for lava channel formation (e.g., Komatsu, 1993). If the basin existed previous to the 

channel formation, the bifurcation could have been generated more from local conditions 

such as flow blockage. Once started, the channel would have propagated eastward under 

the influence of a regional eastward-dipping slope associated with the basin. The heavily 

disrupted nature of canali topographic profiles (e.g., Komatsu and Baker, 1994) 

demonstrates that the canali are relatively old features that have been heavily tectonized 

after their formation. While this makes reconstruction of original channel flow trends 

difficult, it also provides another stratigraphic marker for plains formation history. For 

example, the central elevated ridge oriented north-south in the irregular basin crosses the 

channels (also see Figure 6.4). If the basin was present before or during establishment of 

the channels, then this central ridge probably post-dates the basin formation. This would 

be consistent with a subsidence basin formed by magma withdrawal (possibly concurrently 



Figure 6.11. Magellan Cycle 1 SAR image (left) and corresponding topography 
(right: 250 m contours) of northwestern portion of map area centered at _55°, 
183°. Overlain on both are tracings of canali-type channels showing three 
bifurcation points in which orientations change from predominantly N-S to E-W 
directions. Note the occurrence of the channels on the western edge of an 
irregular basin complex. North is toward the left relative to this caption. 
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Figure 6.12. Highly vertically exaggerated synthetic perspective view of region 
shown in Figure 6.11, showing paths of canali-type channels (in white) across 
western edge of complex basin/trough and eastern elevated region. 
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with plains formation), followed by compressive stresses operating on the scale of the 

major ridge system as well as the smaller wrinkle ridges. 

Surface Properties of Extended Deposits (parabolas) 

Some of the most intriguing features of the Barrymore Quadrangle region are 

parabolic-shaped deposits extending from the craters Eudocia and Guan Dao-Sheng. 

These features appear radar-bright in Cycle 1 SAR images relative to the surrounding 

plains, but effectively disappear in Cycle 2 images. This extreme contrast reversal has 

been noted by Farr (1993) and Plaut et aI. (1992), and attributed to asymmetric orientation 

of aolian dune faces. The radar surface properties of these features are examined below to 

discern if differences between Cycles 1 and 2 exist that may provide a further 

understanding of these anomalous backscatter contrast reversals. 

A map of the different extended deposits for the region encompassing Guan Dao

Sheng and Eudocia is show in Figure 6.13. The map units here are similar to, but not 

duplicates of the surficial deposits shown as stipple patterns on the geologic map (Figure 

6.8), in order to emphasize features with anomalous backscatter. Table 6.2 lists 

descriptions for each of the numbered units, which fall into four categories: (1) radar

bright features southeast of Guan Dao-Sheng; (2) wind streaks between the two craters; 

(3) features associated with radar-bright regions near Eudocia only in Cycle 1 SAR 

images; and (4) features associated with radar-bright regions near Eudocia that are radar

bright in both Cycles. 



Figure 6.13. Numbered unit map of the extended deposits and associated features 
for the region encompassing Guan Dao-Sheng and Eudocia craters, with traverse 
lines shown (Figures 6.19-6.22). 
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Table 6.2. Surficial deposits unit map descriptions. 

Region category 
Southeast of Guan Dao-Sheng 
Southeast of Guan Dao-Sheng 
Southeast of Guan Dao-Sheng 
Southeast of Guan Dao-Sheng 
Southeast of Guan Dao-Sheng 

Eudocia--Cycle 1 only 
Eudocia--Cycle 1 only 
Eudocia--Cycle 1 only 

Eudocia--Cycles 1 and 2 
Eudocia--Cycles 1 and 2 
Eudocia--Cycles 1 and 2 
Eudocia--Cycles 1 and 2 

Wind streaks 
Wind streaks 

Unit number 
241 
242 
243 
244 
254 
245 
246 
247 
248 
249 
250 
251 
252 
253 

Description 
Cycle 1 radar-dark patches 
Cycle 1 radar-bright unit 

Cycle 1 intermediate unit, furthest east 
Cycle 1 radar-dark unit closest to crater 

Cycle 2 radar-bright patches 
Radar-bright unit north of crater 

Radar-dark patches north of crater 
Cycle 1 intermediate units 

Cycle 2 intermediate NE of crater 
Cycle 2 intermediate NW of crater 
Cycle 2 intermediate around crater 

Cycle 2 radar-dark W of crater 
W-SW of Eudocia 
W-NW of Eudocia 

Backscatter curves of these units (see Chapter 4) are shown in Figures 6.14 and 

6.15. All the units exhibit CJo values below the planetary average, implying surfaces which 

are relatively smooth at wavelength scales. The bright regions around Guan Dao-Sheng 

show the greatest backscatter difference between Cycles (>5 dB for unit 254), while those 

around Eudocia exhibit moderate differences. The wind streak units (252,253) exhibit 

curve slopes more like the average Muhleman curve. Any highly sloped backscatter 

curves (e.g., units 242,243) are probably indicative of very smooth surfaces, high 

dielectric materials (e.g,. the Ada lava flow in Chapter 4), or scattering behavior related to 

peculiar surface geometries. In contrast, the radar-bright and radar-dark patches (241 and 

254) south of Guan Dao-Sheng exhibit opposite (positive) backscatter slopes, which are 

quite unlike normal negative curve slopes and may result from dielectric effects. The SAR 

difference image of the region (and its binary representation) shown in Figures 6.16 and 



Figure 6.14. Backscatter curves for units southeast ofGuan Dao-Sheng (top) and 
wind streaks between Eudocia and Guan Dao-Sheng (bottom) (see Table 6.2). 
The planetary average (Muhleman) curve is also shown for each plot. Note the 
large backscatter change(up to 5 dB) for units 242 and 243, and an oppositely
sensed reversal for the bright and dark patches of units 241 and 254. 
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Figure 6.15. Backscatter curves for units seen only in Cycle 1 around Eudocia 
(top) and those seen in both Cycles around Eudocia (bottom) (see Table 6.2). The 
planetary average (Muhleman) curve is also shown for each plot. No that while 
those units seen in both Cycles show curves similar to the Muhleman average 
slope, those seen only in Cycle 1 show much high slopes, similar to those shown in 
Figure 6.12. 
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Figure 6.16. SAR difference (Cycle 1 - Cycle 2) image of Guan Dao
ShenglEudocia region, constructed from C2-MIDR resolution images. Brighter 
regions correspond to regions with greater backscatter in Cycle 1, while dark 
regions have greater Cycle 2 backscatter (see Figure 6.17). 
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Figure 6.17. Binary representation of SAR difference image shown in Figure 6.16. 
Regions with greater Cycle I than Cycle 2 backscatter are shown in white, while 
the opposite is shown in black. 
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6.17 reveal in black the spatial extent of these anomalous regions of enhanced Cycle 2 

backscatter. Use of the other radar property data sets is warranted here to understand the 

potential effects of dielectric variations in relation to the observed backscatter behavior of 

all the extended deposits. 

The ARCDR image construction techniques developed in Chapter 4 can be applied 

here to investigate the radar properties of the extended deposits mapped in Figure 6.14. 

About 200 orbits of data cover the extended deposits map region. Average footprint sizes 

are about 17 Ian x 28 Ian for the altimeter and 75 Ian x 92 Ian for the radiometer. 

Average radar property values from both Cycles for each unit are shown in Figure 6.18. 

Note that the altimeter-derived values (corrected reflectivity and its diffuse component, 

rms slopes) tend to be relatively anomalous. For example, all diffuse component values 

are less than 0.0, indicative of calibration errors in the reduction of the data, measurement 

noise, of failure of the Hagfors scattering model. Similarly, values of rms slope greater 

than about 7 0 and corrected reflectivity values greater than about 0.5 are probably 

imprecise. Also, high latitude regions have been known to suffer from higher than normal 

reflectivity values due to as yet undetermined reasons (USA_NASA, 1992). This region 

has been previously noted by Plaut et al. (1992) as having spurious altimeter-derived radar 

properties, including a "hairpin" -shaped feature in the western region of the reflectivity 

and rms slope GxDR images (Figures 6.8, 6.9). This region appears to correspond rather 

well to some of the features mapped in Figure 6.14 (e.g., wind streaks) and falls within the 

boundaries of the low-emissivity parabolic feature seen in Figure 10. The extent to which 



Figure 6.18. Average radar property values for extended deposit units. Note high 
corrected reflectivity and rms slope values, and negative-value diffuse components 
for units 242, 243, and 247. Also note higher emissivity values for units 248-251. 
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these anamolous features correspond to the mapped extended deposit units will be 

investigated in detail below. 

Uncertainties in the altimeter-derived average radar property values in this region 

make these data of limited value by themselves. However, comparison among the 

different units and between radar properties is valuable. For example, it can be readily 

seen that the radar property values do not drastically change between Cycles 1 and 2. If 

the surface materials had changed between the Cycle 1 and Cycle 2 data acquisition time 

(potentially due to continuing aolian processes redistributing surface fines over the course 

of the eight-month time period between Cycle coverage) one would expect those surface 

property values affected by small-scale surface roughness (e.g., the emissivity and/or the 

reflectivity) to show corresponding differences. It can be stated with relative certainty, 

then, that the reasons for the backscatter differences observed for these extended deposits 

between Cycles 1 and 2 are not due to changes in the surface materials but rather due to 

peculiar surface scattering characteristics. 

Note that the Guan Dao-Sheng radar-bright and intermediate extended deposit 

units 242 and 243, and the intermediate Eudocia unit 247, show very high reflectivity and 

rms slope values, and very low diffuse component values. This suggests that these units, 

although not well modeled and/or calibrated via the altimetry data reduction techniques 

used, have unique (albeit not well constrained) surface property characteristics. 

The emissivity data in Figure 6.10 show that the Eudocia crater appears to be the 

source of a large emissivity parabola, with low-emissivity wings and a higher-emissivity 
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central region, associated with units 248,249,250, and 251. The relatively high 

emissivities associated with the these units, combined with their relatively high SAR 

backscatter in both Cycles 1 and 2, suggests that the radar properties of these extended 

deposits are more dominated by near wavelength-scale scattering than by dielectric effects 

(see Chapters 3-4). However, Campbell et al. (1992) stated that the emissivity signatures 

of the parabolas are still not well understood. The areally extensive, somewhat lower 

emissivities associated with the remainder of the Eudocia emissivity parabola may be 

caused by enhanced dielectric constants (Lawson and Plaut, 1994). If true, then these 

enhanced dielectrics have been spread throughout the region covered by the parabola, 

including mapped units (Figure 6.14) with significantly different backscatter 

characteristics. Each of these units has similar emissivities (0.80-0.84; Figure 6.18), none 

of which are as low as those associated with the Ada lava flows inferred to contain high 

dielectric materials (Chapter 4). As such, an enhanced dielectric effect, while potentially 

the explanation for the relatively low-emissivity parabola, is probably a minor influence on 

the observed differences in backscatter between Cycles 1 and 2 for these units. 

A final method of exploring the information contained with the radar property data 

sets is to perform traverses across the relevant units using ARCDR-constructed images 

(Figure 6.14). Figures 6.19-6.22 show four representative traverses taken in the region, 

two near Guan Dao-Sheng and two near Eudocia, presented in the same fashion as those 

in Chapter 4. As with the average;: radar property data in Figure 6.18, these traverses 

show that the radar properties (with the exception of the 0'0 values) basically do not 
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change between Cycles. However, the traverses do emphasize the variation in radar 

properties between units, especially the altimeter-derived values. Radius traverses are 

included to examine the extent to which these deposits have accumulated in lower 

elevation areas. 

Figure 6.19 shows traverse B-B'" extending eastward from Guan Dao-Sheng. 

Note that as the traverse crosses into units 242 and 243, the corrected reflectivity and rms 

slopes increase significantly, and the diffuse component values fall below 0.0, while the 

emissivity values do not show such a drastic transition. These units again appear to be not 

modeled well by the Hagfors function. Radar-dark unit 244 appears to correlate well with 

the low elevation region, with unit 242 occurring on a slope, followed by unit 243 

occurring on a relatively flat plateau. If the low backscatter and low rms slopes (Figure 

6.18) of unit 244 represent fine-grained materials (e.g., Campbell et al., 1992), then an 

interesting question arises: How do fine-grained materials occur in a topographic low 

closest to the source impact crater when the finest-grained materials should occur furthest 

away? One explanation may be that in the original extended deposit, unit 244 and 242 

were composed of medium to large grain sizes, grading into smaller grain sizes in unit 

243. After deposition, the prevailing westerly winds would have winnowed the finest 

grains from the eastern two units and deposited them in the topographic low, creating unit 

244. This might require several meters of materials to be deposited, but not a significantly 

greater amount, because none of the underlying wrinkle ridges appear embayed by such a 

deposit. 



Figure. 6.19. Cycles 1 and 2 Guan Dao-Sheng B-B* traverse. Tick marks and 
labels along bottom line correspond to numbered unit crossings (left blank if 
traverse crosses an unmapped unit). Note increase in corrected reflectivity and 
rms slopes, and decrease in diffuse components once the traverse crosses into unit 
242 and 243. 
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In Figure 6.20 (traverse C-C*), the traversal of units 242 and 243 again show 

spurious reflectivity and rms slope values. The negative correlation between emissivity 

and sigma-zero values in the Cycle 1 traverse (near the 150 km mark) would ordinarily 

suggest the presence of dielectric effects (Chapters 3-4), but the lack of the elevated 

backscatter values in the Cycle 2, combined with the peculiar altimeter-derived 

measurements, suggests that surface geometries have greater influence. Unit 244 is 

narrow (10 km wide) in this traverse and does not appear to be restricted to a low 

elevation region in the relatively flat elevation profile. 

Traversal of the northern unit 245 in Figure 6.21 (traverse F-F*) shows elevated 

reflectivity and rms slope values with corresponding negative diffuse component values, as 

do portions of unit 249, while the emissivity values are more stable. In this case, the 

radar-brightest (Cycle 1) extended deposits (units 245 and 249) appear to have been 

deposited in the lowest elevation regions. Figure 6.22 (traverse H-H*) shows elevated 

reflectivity and rms slope values for portions of unit 248, for the northern occurrences of 

units 247 and 250, and for a small southern deposit of unit 247. This implies that the there 

are either distinct differences within these mapped units, or that the extreme elevation 

changes north of Eudocia (associated with the ridge belt system) cause further 

uncertainties in the altimeter echo modeling. 

In summary, the radar property data traverses across the extended deposits show: 

(1) a lack of significant change in radar properties (other than SAR backscatter) between 

Cycles 1 and 2, implying that the surface materials have not changed between acquisition 



Figure 6.20. Cycles 1 and 2 Guan Dao-Sheng C-C* traverse. Tick marks and 
labels along bottom line correspond to numbered unit crossings (left blank if 
traverse crosses an unmapped unit). Note increase in corrected reflectivity and 
rms slopes, and decrease in diffuse components once the traverse crosses into unit 
242 and 243. 
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Figure 6.21. Cycles 1 and 2 Eudocia F-F* traverse. Tick marks and labels along 
bottom line correspond to numbered unit crossings (left blank iftraverse crosses 
an unmapped unit). Note increase in corrected reflectivity and rms slopes, and 
decrease in diffuse components once the traverse crosses into unit 245. 
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Figure 6.22. Cycles 1 and 2 Eudocia H-H* traverse. Tick marks and labels along 
bottom line correspond to numbered unit crossings (left blank if traverse crosses 
an unmapped unit). Note increase in corrected reflectivity and rms slopes, and 
decrease in diffuse components near the units 248,247 (especially near the 535 Ian 
mark), and 250. 
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of the SAR images; (2) potentially spurious reflectivity and rms slope values correlate well 

within the boundaries of many of the extended deposit units, suggesting that these units 

confuse the altimeter-echo modeling algorithms but still represent unique surface materials 

and/or geometries; (3) dielectric variations are not the dominant cause of the observed 

variations in SAR backscatter between Cycles 1 and 2; and (4) low elevation areas near 

Guan Dao-Sheng may have collected fine-grained deposits after aolian erosion from 

associated eastern extended deposits. 

Since both dielectric effects and surface alteration between Cycles have been 

shown to be of minor importance in explaining the SAR backscatter of the extended 

deposits, a particular surface geometry must be invoked. Farr (1993) suggested that 

asymmetric dunes oriented approximately north-south, with local slope angles close to the 

look angle on the west and at much different angles on the east, might explain the 

backscatter observations. Figure 6.23 is a schematic of the illumination geometry for 

Cycles 1 and 2 for aolian such aolian dunes. If comparable to terrestrial dunes, a 

westward wind direction would form 30-35° slip face slopes and 10-15° backslopes. The 

local incidence angles are positive for all viewing geometries except the Cycle 1 slip face. 

There, incidence angles are negative, which would normally be indicative of a layover 

condition (e.g., Ford et al., 1989). Since layover conditions are most often recognized in 

SAR images as anomalously radar-bright regions, it is postulated here that the Cycle 1 

radar-bright extended deposits have undergone layover. Conventional layover problems 

usually occur for steep mountain edges and have not previously been proposed to occur 



Figure 6.23. Schematic drawing of Cycles 1 and 2 illumination geometries for 
aolian dune faces postulated to occur in the EudociaiGuan Dao-Sheng region. 
Only Cycle 1 slip faces have negative local incidence angles, indicating the 
potential for a radar layover condition (see text). 
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for dunes. Since the dunes responsible for this effect are not observed morphologically in 

the Cycle 2 imagery, they must be smaller than the -100 m resolution of the Magellan 

SAR images. This requires that the layover effect be one that combines radar returns from 

many dune faces within a resolution element. A similar effect would arise from the radar 

imaging of an asymmetrically-corrugated board where closely-spaced, individual ridges 

and grooves are not resolved by the footprint of the radar beam. The overall effect of 

such a surface would be to return a majority of the radar pulse in a layover condition. 

GeolOgiC History of Barrymore Quadrangle 

The geologic mapping and surface property investigations presented above pennit 

a preliminary reconstruction of the geologic history of the Barrymore Quadrangle plains 

region. This history involves early, intense, localized deformation prior to an areally 

extensive episode of plains volcanic flooding. Regional and local plains compression 

followed, fonning the ridged plains and linear ridge belts. Impact craters later populated 

the area, with the most recent depositing extended, surficial deposits affected by aolian 

processes. 

Ancient, heavily tectonized tessera terrain (crt) of unknown spatial extent scattered 

about the area represent the remnants of early, intense tectonism. Early volcanism in the 

form of steep-sided domes (pancakes, or farrum), small volcanic cones, and possibly that 

associated with corona development (pre, rga, rsa), occurred mainly in the intersection 

between the north-south ridge belt and the east-west disrupted zone. Later, localized 

flooding of radar-bright lavas (pi b) in the northwestern region was accompanied by 
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relatively radar-bright lavas (prm) in the eastern and northeastern areas. Localized 

explosive eruptions occurred simultaneously or possibly somewhat later (ptm). These 

often circular, hummocky deposits may represent late-stage volcanism related to the radar

bright lavas, or possibly early-stage volcanism related to later plains formation events. 

The dominant event in the region then occurred with the emplacement of areally 

extensive plains (p). Extensive canali-like channels probably assisted with the transport of 

lavas over the entire region of the map area. These plains materials embay many of the 

older units in the central intersection region (see cross-sections in Figures A.2 and A.3). 

Several smaller units were subsequently emplaced on top of this widespread unit. Lavas 

from the Imdr volcano (pI, pm) covered portions of the north-central region, as did a 

caldera system (ptl). Volcanic domes and cones (df) continued to form, especially in the 

east-west disrupted region. In the south, at least two main stages of lavas flowed 

concentrically from a central caldera structure. 

The plains then underwent regional compression, forming wrinkle ridges on nearly 

the entire plains (p) unit and the post-plains lavas and caldera volcanics. Small regions of 

unaffected (smooth-textured) plains (not distinguished as separate units here) represent 

regions where compression was not manifested by surface ridges. Concurrent with this 

compressional regime was the formation of the north-south oriented linear ridge belt (rhl) 

systems, representing zones of intense deformation. This compressional event disrupted 

most of the early east-west volcanic/tectonic units. For example the early corona~like 
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arcuate ridges (rga, rsa) and all plains units have all been overprinted and disrupted to 

varying degrees by the wrinkle ridge fonnation associated with unit p. 

The only crater to have been disrupted by the wrinkle ridges, however, is 

Barrymore (50 Ian; 52.3°S, 195.6°E). The other craters post-date the fonnation of the 

plains (p). Bright and dark extended deposits associated with the craters Eudocia and 

Guan Dao-Sheng are the youngest features stratigraphically in the region. These units are 

comprised of relatively fine-grained, thin deposits, as described by Campbell et al. (1992). 

Their unique backscatter contrast reversals between Cycles 1 and 2 SAR imagery imply 

that they are composed of asymmetrically oriented aolian dune faces, which respond 

differently to the opposite look geometries. Analysis of the reflectivity, emissivity, and 

slope properties of these units show no appreciable change between Cycles, further 

suggesting that the surface materials did not change between mapping Cycles. However, 

the existence of radar-dark, fine-grained materials in local lows near Guan Dao-Sheng 

implies that post-emplacement aolian modification of the extended deposits has occurred. 

The observed wind streaks between these two craters may thus represent later-stage 

redistribution of fine-grained materials and not necessarily landfonns created directly after 

the impact event(s). 



CHAPTER 7 

ERS-1 RADAR BACKSCATTER OF THE CHANNELED SCABLAND 

Background 
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During the Late Pleistocene, tremendous flooding from a cataclysmic release of the 

waters in ice-dammed glacial Lake Missoula inundated a large section of the Columbia 

Plateau in eastern Washington. Throughout the Columbia River system, an anastomosing 

pattern of large canyons and abandoned cataracts was catastrophically eroded through the 

basalt, loess, and sedimentary rocks, forming the region known as the Channeled Scabland 

(Figure 7.1) (e.g, Baker, 1978; Baker and Bunker, 1985). This area has previously been 

used as a terrestrial analog to outflow features on the Martian surface (Baker, 1978). The 

eroded patterns of the region are also similar in appearance to many of the venusian FEB 

deposits described in Chapters 3-4. Synthetic aperture radar backscatter images of the 

region are available from the European Earth Resources Satellite (ERS-1). Specific radar 

backscatter cross-section signatures of the loess-covered basalt and the scoured basalt of 

the region can be compared to venusian FEB landforms and terrestrial surfaces to 

understand the wavelength-scale surface roughness characteristics of materials that have 

undergone intense erosion over relatively short periods of time. 

ERS-J SAR imagery 

The ERS-l SAR images are obtained in C-band (5.3 GHz; 5.66 cm) wavelength 

using VV polarization at a right-look incidence angle of 23°. Full-resolution images are 4-

look SAR images with 30m resolution and 12.5 m pixel spacing over a 100 km x 100 km 



Figure 7.1. Regional pattern of the Charmeled Scabland in eastern Washington as 
mapped from LANDSAT images (E-I039-18145-5 and E-I004-18201-7) by 
Baker (1978). The anastomosing pattern of the flood channels is approximated by 
the boundaries of the loess (palouse Formation) mantling divide areas that were 
not scoured by flooding. Numbered boxes correspond to approximate locations 
from which backscatter average values were obtained (see Table 7.2). 
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area. Low-resolution images are produced by an 8 x 8 averaging of the full-resolution 

images, giving them 240 m resolution and 100 m pixel spacing. Since the ERS-l 

spacecraft has no onboard storage capability, the data must be relayed in real-time to 

ground stations that can be viewed directly by the satellite while it is transmitting data. 

The Alaskan SAR Facility (ASF) is one of these stations, providing a "station mask" circle 

of radius approximately 3000 km centered on Fairbanks (DeSoto et aI., 1991). 

ERS-l SAR images of the Channeled Scabland area were acquired from the ASF 

through a collaborative effort with Dartmouth College and Dr. G. Robert Brakenridge. 

Thirty-seven image scenes were acquired, many of which have substantial overlap. Four 

representative scenes were chosen covering much of the Scabland region (see Table 7.1). 

Their outlines are shown schematically in Figure 7.2, and SAR mosaics of the regions are 

shown in Figure 7.3. 

Table 7.1. ERS-l SAR Images used in study. 

ASF Image ID Number 
12150200 
14576200 
25147200 
65010200 

Center Incidence Angle CO) 
23.08 
23.09 
23.13 
22.99 

ERS-l specific backscatter cross-sections 

LatiLong CoveraQ:e (0) 
47.1-48.2N,117.5-119.1W 
47.1-48.2N,118.7-120.2W 
46.4-47.5N, 117.3-118.9W 
46.9-48.0N, 119.0-120.6W 

Radiometric calibration of the ERS-l SAR images to provide estimates of specific 

radar cross-section is accomplished using an upgraded version of the UNIXRCONV2 

program supplied by J. Williams of the ASF. The modified software converts the raw 



Figure '7.2. Schematic outlines offour ERS-l images used in current study. North 
is to the upper right, and the outlined large rectangle corresponds approximately to 
the map region of Figure 7.1. Labels correspond to ASF image numbers: 
I1=12150200; I2=14576200; 13=25147200; 14=65010200. All image scenes 
cover approximately a 100 km x 100 km region. 



SAR Image Outline Display 

--t<f11 Images 
------------------" 11: 1215020012: 14576200 

46 

-120 

-118 

48-1 1 13:2514720014: 65010200 

-116 

Press N <REIURN> lor NEXI or 
Press E <REIURN> to EXII 

tv ...... 
tv 



Figure 7.3. ERS-I SAR image mosaics of the Channeled Scabland region. (This 
page) Western region near Columbia River and the Quincy Basin. North is toward 
the top; (Next page) eastern region showing both the Spokane River (top) and 
Snake River (bottom); North is toward the top-left. 
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image DN values to values of specific radar cross-section (0"0) with relative errors of less 

than 1 dB and absolute errors less than 2 dB (cf. Bicknell, 1992). Sites of interest chosen 

from these images include both loess-covered Palouse Formation regions and scoured 

basalt regions (see Figure 7.1 for locations). Average ao values are calculated for each site 

(Table 7.2). Little variation is seen between the ao values for the loess and the scoured 

basalt. This result is at first disturbing, considering the smooth nature of the loess deposits 

observed in the field. Although the similar ao values of both terrain types may be 

indicative of similar 5.7 cm wavelength-scale surface roughness, the variability in the loess 

backscatter is much greater, and probably results from the agricultural activity that covers 

much of the Palouse Formation (e.g., the checkerboard regions in Figure 7.3). The 

associated surface water and/or vegetation canopies in addition to the rough nature of 

plowed fields would complicate the radar backscatter signatures of the loess-covered 

basalt regions. Finally, note that the elevated ao values associat~d with ASF image number 

14576200 (e.g., -7.8 dB) may reflect an inconsistency in the data reduction methods used. 

The other three regions are more consistent in their -10 dB to -12 dB average values for 

both terrain types. 
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Table 7.2. Average ERS-l specific backscatter cross-section (0"0) values for selected 
Channeled Scabland sites. 

Site Number ASF ID Number Terrain we Average 0"0 value 
(dB) 

1 12150200 scoured basalt -11.8 ± 3.9 
2 12150200 loess -11.9 ± 8.4 
3 12150200 scoured basalt -12.0 ± 4.3 
4 12150200 scoured basalt -12.3 ± 4.2 
5 12150200 loess -11.8 ± 8.4 
6 14576200 scoured basalt -7.8 ±2.7 
7 14576200 loess -7.7 ±4.9 
8 25147200 scoured basalt -11.5 ± 4.0 
9 25147200 loess -11.1±8.2 
10 65010200 scoured basalt -10.5 ± 4.8 
11 65010200 scour/dunes -10.3 ± 3.7 

Implications 

Figure 7.4 shows the range of ERS-l 0"0 values observed for the Scabland region 

compared to C-band (6.3 cm) radar backscatter data obtained in HH polarization by the 

Johnson Space Center's airborne scatterorneter over the Pisgah Lava Field (Ford et al., 

1989). The overall backscatter of the Scabland region is more comparable to the a'a lava 

backscatter (e.g., Gaddis, 1992). Comparison of the ERS-l data to the Magellan data is 

not encouraged because of the different wavelengths used. Nonetheless, the more 

narrowly-clustered, high 0"0 values of the scoured basalt regions indicate a high degree of 

surface roughness for these terrains. The backscatter observed for the Scabland is greater 

than even the a'a Pisgah lavas and suggests that this region is rougher than most of the 

FEB flows, which exhibit more pahoehoe-like textures (Chapter 4). Since FEB outflows 

and lavas were probably highly fluid materials, it is interesting to consider, on the basis of 



Figure 7.4. Comparison of C-band (6.3 cm) radar backscatter data obtained in 
HH polarization by the Johnson Space Center's airborne scatterometer over the 
Pisgah Lava Field (from Ford et aI., 1989) with average backscatter range (box) 
from the ERS-I Scabland data at 23° incidence angle. The Scabland roughness 
plots above that of the a'a lavas at Pisgah, indicative of the high degree of surface 
roughness at the 5.7 cm scale in the both the loess and scoured basalt regions. 
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the results shown here, that some radar-bright, rough surfaces on Venus may represent 

regions that have been eroded by swiftly moving fluids, rather than consisting of 

depositional materials. Some of the more intensely channelized FEB outflows (e.g., 

Seymour) may better be understood in the context of such a catastrophic, erosional 

process. 
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CHAPTERS. 

SUMMARY AND CONCLUSIONS 

One of the main goals of this work has been to gain a better understanding of the 

genesis and emplacement mechanisms of FEB flows on Venus. This has been 

accomplished by studying the styles and distribution of channelized FEB flows (Chapter 

2), their longitudinal roughness and/or dielectric variations as inferred from their radar 

properties (Chapters 3 and 4), and through computer modeling of their flow paths across 

current topography (Chapter 5). The results, as summarized below, have shown that the 

FEBs are complicated flow features characterized by variable morphologies, radar 

properties, and rheologies which can be similar in nature to some terrestrial lava flows, 

subaqueous or subaerial debris flows, or pyroclastic flows. 

Initial studies of the distribution and classification of FEBs (Chapter 2) showed 

that the most intensely channelized flows occurred preferentially in longer flows associated 

with larger diameter craters. This suggests that these more complicated Type 3 channel 

systems require more energy to form than the simpler Type 1 and Type 2 channels. 

Application of multiple-cycle Magellan SAR imagery, backscatter measurements, 

altimetry, and radiometry to selected FEBs, their associated units, surrounding plains, and 

other lava flows provided important insights to the nature and variation of associated 

surface properties (Chapters 3 and 4). The unique unit mapping and polygon-filling 

algorithms developed here permit classification of average unit radar properties, allow 

quantifiable comparison of the backscatter characteristics of distinct morphological units 
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to terrestrial lava flows, and provide a view of the downflow radiophysical variations 

along the FEBs, lavas, and nearby plains. The 0"0 curves for the FEBs tend to show 

slopes either intermediate in roughness between pahoehoe and a'a to more pahoehoe-like. 

Average radar property values for mapped units for a given crater were often 

rather similar, such that unique surface property values for any particular ejecta type were 

not common. In detail, however, the transitional ejecta tended to have greater backscatter 

and emissivity values than the ballistic or FEB materials. This is consistent with combined 

ballistic and fluidized material composition of the transitional ejecta, which provides both 

large and small scales of roughness. The corrected reflectivity and emissivity values for 

each of the ejecta and plains units for Addams, Markham, Isabella, and Stowe were 

consistently ordered. This suggested that the ejecta and plains units exhibit similar 

dielectric properties, and that the initial dielectric signature of the plains material may be 

inherited by the ejecta. However, further tests of this hypothesis using 17 other FEB 

craters showed that, while the ejecta and plains associated with these four craters indeed 

exhibit ordered radar property values, most of the other craters do not show similar 

characteristics between the plains and ejecta. Thus, the dielectric (or degradation) state of 

the plains may only influence that of the ejecta for certain craters, if at all. 

Variations in roughness trends downflow in the FEBs, as inferred from comparison 

of their radar properties, are common. Gravity flows (e.g., debris flows, pyroclastic 

flows) are as prevalent as those flows that exhibit a transition between lava-like flows and 

gravity flows. One-third of the FEB flows studied here appear to be influenced to some 
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extent by dielectric effects (composition or density variations). Such variable flow 

characteristics result from real surface roughness and/or dielectric effects combined with 

differences in data quality. The observed transitions between flow styles may result from: 

(I) the influence of topographic obstacles or other variations in the flow path (at scales 

smaller than the altimeter footprint) causing variable flow velocities and rheologies; (2) the 

influence of overlapping flow surges during FEB emplacement resulting from diverted 

flow paths, again possibly due to topographic obstacles; and/or (3) uncertain estimation of 

the relative importance of roughness versus dielectric effects on the SAR, emissivity and 

altimetric radar observations. FEB emplacement models need to account for the wide 

range of complicated flow regimes hypothesized to best explain the surface property 

variations observed here. 

Toward that end, continuing efforts to separate dielectric effects from small-scale 

topographic variations are required. Current terrestrial studies rely on combined analyses 

of radar data sets (e.g., Campbell, 1993) and the use of polarization properties (plaut, 

1993b; Muhleman and Gross, 1993). Similar emphasis on venusian radar studies using 

combined Magellan and Earth-based (Arecibo, Goldstone) observations (e.g., Campbell 

and Campbell, 1992; Plaut and Arvidson, 1992) should assist interpretations of the Venus 

surface.. For instance, perpendicular-polarized (VV) Cycle 3 SAR and emissivity 

measurements of Markham (Chapter 4) showed anomalous HHIVV backscatter values> 

1.0 in portion of the FEB flow. This could represent regions where the flow is thin 

enough to allow penetration of the incident radar through an upper FEB layer to the 
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underlying plains, thus enhancing the observed HH backscatter. Additional investigations 

of variable scattering models (Tyler et al., 1992) and field studies of terrestrial surface 

slopes (McCollom and Jakosky, 1993; Campbell and Garvin, 1993) are serving to better 

understand the nature of sub-meter scale surface morphologies. Such improvements in 

our understanding of the possible surface geometries inferred from microwave backscatter 

data will assist evaluation of hypotheses of venusian and terrestrial flow characteristics and 

emplacement styles. For now, study ofFEBs will continue to benefit from multiple-cycle 

data incorporating several radar parameters. Unfortunately, future work on FEBs is 

limited by the relatively small number of FEB craters whose flows are large enough to be 

adequately sampled by altimeter and radiometer footprints and for which multiple-Cycle 

data exist. 

To understand the rheologic nature of the FEB flow materials, Chapter 5 presented 

a computer model (VFLOW) for calculating flow paths of FEB flows over DEMs, 

modified from that of McEwen and Malin (1989). Energy-line models for the three 

craters studied resulted in low coefficient of friction values, similar to some terrestrial 

pyroclastic flows or submarine debris flows. Bingham models incorporating resistance 

due to material yield strength and viscosity suggested that FEB flow velocities are lower 

than those calculated for an initial ejecta velocity. The calculated flow paths modeled the 

observed FEB flows best when using lower velocities (100 mls) and relatively low 

resistance parameter values, depending on the depth and density of the flows. The lower 

viscosities used in some of these models « 100 Pa-s) are lower than most basalt flows and 
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more consistent with debris or pyroclastic flows. The low yield strengths for 10m flows 

(e.g., < 100 Pa) are more difficult to reconcile with the higher yield strengths for basalt 

flows than the lower values known for pyroclastic or debris flows. Flows of 100 m depth 

exhibit correspondingly higher resistance parameter values, somewhat more similar to the 

more fluid examples of basaltic lavas (Table 5.2). Future work with the VFLOW model 

will investigate the importance of variable ground drag (found to be insignificant for drag 

coefficients of 0.01), atmospheric drag (not incorporated in the current version), variable 

flow depth (via a linear deposition rate, which was preliminarily shown to either require 

lower resistance parameters or to adversely affect the stability of the model), and variable 

flow density and depth for other FEB craters located in variable topographic settings. 

As part of the Venus Geologic Mapping (VMAP) program, the Barrymore 

Quadrangle (V59) in southern Imdr Regio has been studied and mapped at 1:5,000,000 

scale, incorporating many of the techniques described above. This predominantly ridged 

plains region was found to included several canal i-type channels extending from western 

through the central portion of the map area. Three of these channels exhibit a bifurcation 

from north-south to east-west trends which occurs on the western edge of a large, 

irregularly shaped basin. This basin probably played a role in the redirection of the 

channel flows, depending on whether it formed before or during the plains and channel 

formation. 

The algorithms developed to study the radiophysical properties of the FEB craters 

in Chapter 4 were used extensively to study the extended deposits associated with the 
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craters Eudocia and Guan Dao-Sheng. Comparison of multiple-Cycle data showed that 

only the 0"0 values changed between Cycles 1 and 2, indicating that the observed 

backscatter contrast reversals between Cycles are not a result of a redistribution of 

materials. Rather, the backscatter differences are the result of peculiar surface scattering 

characteristics dependent on the viewing geometry. When examined via the traverse 

method using images constructed from the ARCDRs, the altimetric data provided spurious 

values of reflectivity and rms slopes neatly coincide with the extended deposits in 

question. These units apparently exhibit unique surface properties that are not modeled 

well by the standard altimetry reduction techniques. One possible explanation advocated 

initially by Plaut (1992) and FaIT (1993) was that asymmetric dunes oriented north-south 

provided different faces to the radar beam between Cycles 1 and 2. Analysis of the 

illumination geometry for each Cycle suggests that the dune slip face experiences a layover 

condition in Cycle 1, which would result in the observed high backscatter values only in 

Cycle 1. Without higher resolution imagery, however, the question remains difficult to 

answer. 

The history of the Barrymore Quadrangle is now understood to be dominated by a 

major plains forming event that flooded most of the early local tectonic and volcanic 

structures (corona, tessera). Minor volcanic centers appear to have formed late during 

this event, before local to regional compression caused development of wrinkle ridges 

across the majority of the plains. Linear ridge belts resulted from intense, post-plains 

compressional forces. Most impact craters formed after formation of the wrinkle ridges, 
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with the exception of Barrymore crater. The extended deposits described above are the 

last features to form on the surface. 

Terrestrial ERS-l SAR imagery of the Channeled Scabland in Washington state 

provided an additional radar data set to compare the surface roughness of a 

catastrophically eroded basaltic region to the surface character of FEB and lava flows on 

Earth and Venus. The C-band SAR imagery prevents direct comparison of the 

backscatter data to the S-band Magellan data of Venus. Nonetheless, average C-band 0"0 

values for several regions of loess-covered, agriculturally maintained regions versus 

scoured basalt regions were calculated from several scenes of the area. The results 

showed little difference between the average backscatter of the two land types, suggesting 

that the respective surface roughnesses were similar. The agricultural fields probably 

biased the backscatter measurements of the loess regions either due to the high dielectric 

effects associated with water, or due to the rough textures associated with tilled fields. 

Comparison to Pisgah lava field C-band scatterometer data showed that the 0"0 values are 

somewhat higher than a'a lavas. Considering that the FEB flows are more similar to 

pahoehoe textures, this suggests that the eroded nature of the scoured portions of the 

Scabland is rougher than the FEB flows studied here. 
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APPENDIX A 

GEOLOGIC MAP AND DESCRIPTION OF MAP UNITS AND SYMBOLS FOR 

BARRYMORE QUADRANGLE (V59) 

The geologic map of Barrymore Quadrangle described in Chapter 6 is presented 

here (Figure AI) along with the Description of Map Units (DOMU) and Map Symbols. 

Type locations for each unit are designated in Table A.I with their CI-MIDR and framelet 

location. Two cross-sections are given in Figures A.2 and A.3. 

DESCRIPTION OF MAP UNITS 

PLAINS MATERIALS 

pc Concentric plains: Radar dark (pel) and radar intermediate (pe2) smooth
textured materials (pel overlies pe2) with moderate density to no radar-bright lineations. 
Extending concentrically around oval-shaped edifice near -71, 192, mainly to the east, 
where sharp margins define boundaries. Western portions are more sporadic, with 
possible embayment by ptm units. Interpretation: Lavas from central caldera structure. 

ptl Lobate textured plains: Series of hummocky to smooth-textured, radar
intermediate materials showing individual lobate margins, most of which radiate outward 
from a central edifice near -52, 222-224. Also exhibits radar-bright lineations spaced 10-
50 km apart. Interpretation: Overlapping lavas associated with central calderas. 

pI Imdr plains: Radar dark to intermediate plains materials apparently 
emanating from the Imdr highland area to the north of the map area (-46.5,215). Covers 
units p and pm, although with uncertain contacts in some regions. Interpretation: Large, 
early-stage lava flow(s) associated with Imdr volcano. 

pm Mottled plains: Radar intermediate plains materials with few patches of 
radar-dark materials; appear to emanate from radar-dark, large, circular structure north of 
unit map area: Interpretation: Lava originated from southern rim of corona out of map 
area at -47.5, 208. 
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p Plains materials: Radar dark to intennediate , mainly smooth-textured 
materials exhibiting semi-linear or semi-parallel radar bright positive relief lineations (or 
both), most often spaced 10-50 km apart. Some areas may show linear to semi-linear 
concentrations of closely spaced «20 km) radar bright, positive relief ridges or lineations 
(or both), although these are restricted to the central, branching, elevated, north-south 
linear belts. Some areas may show a web-like network of semi-concentric to sinuous 
lineations resulting in a patchwork fabric; this is especially evident in the southeastern 
region. Other areas may show few to no lineations. Interpretation: Plains lavas 
tectonically warped/defonned from compressional forces, possibly related in places to 
coronae development. Smoother areas are lavas unaffected by wrinkle ridge deformation. 
Ridge belt areas are intense defonnational (compressional) zones of overlapping wrinkle 
ridges and smooth ridges with minor fracturing. Southeastern region represents different 
style and probably earlier defonnation. 

ptm Mottled textured plains: Often semi-circular to oval shaped, radar 
intermediate materials showing a slightly hummocky texture. Margins more diffuse than, 
e.g., prm; may exhibit some mottling within larger portions and may encompass several 
small units (like df). Interpretation: Probable sites of volcanic (explosive?) activity, with 
hummocky, broken textures possibly arising from many small volcanic centers. 

prm Mottled ridged plains: Radar bright to intermediate plains occurring 
within plains (p ).. May have darker sinuous to linear channel-like forms either contained 
with the unit or crossing both this unit and p. May occur as large contiguous units or as 
"splotchy" patterns with sharp to semi-sinuous edges. Superposition relations between 
prm and p are difficult to discern, but p appears to have embayed prm. Interpretation: 
Old lava flows with channels and possible aolian modification/erosion. Deformed by later 
ridges, contemporaneous with ridges of p. 

plb Bright lobate plains materials: Very radar bright, digitate to lobate 
materials interspersed with mottled radar darker splotches or lineaments (or both). 
Usually well defined lobate margins, although some may be diffuse. Streamlined nature of 
some portions resembles crater ejecta materials. Type example is the eastern-most 
extension of linear rise in northwest portion of quadrangle. Interpretation: Lava flows at 
terminus of tectono-volcanic region. 

pre Corrugated ridged plains: Complicated mixture of narrow bright 
lineaments or curvilinear segments with plains ridges. May be bounded by p, rga, or rsa. 
Occurs only in center of map area, near intersection of linear compressional belt's 
southern end. Interpretation: Compressionally deformed older plains materials, or 
possibly the central portion of former corona complex with flooded margins and deformed 
rims. 
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DORSA MATERIALS 

rga Arcuate ridge and groove terrain: Curvilinear to arcuate, semi-parallel 
groupings of ridges and fractures elevated relative to surrounding terrain. May be 
embayed or cross-cut by lavas and ridges of p or may cross-cut both units. Thus where 
not distinguished on basis of prominent (i.e., bright ridges/dark grooves) features, may 
also be identified by lack of surrounding ridges (e.g., p). Interpretation: Volcanically 
flooded coronae rims. 

rsa Smooth arcuate ridge terrain: Like unit rga, but encompasses smaller 
semi-parallel, curvilinear, smooth-topped ridges. May show some narrow ridges at bases 
of individual broad ridges or within intervening plains units that occur between the ridges. 
These ridges are especially dependent on look-direction and may not appear as smooth in 
Cycle 2 as Cycle 1 imagery. Interpretation: Ridge belt apices surrounded by volcanically 
flooded regions, or possibly coronae rim remnants. 

SURFICIAL MATERIALS 

dd Dark diffuse material: Surficial, nebulous, diffuse covering of radar 
intermediate to dark materials. Visibility of underlying materials (ridges and lineaments) 
may vary with look angle. Interpretation: Deposits of fines, often associated with 
impact-related small scale ejecta deposited down-wind. (Stipple pattern: closed circles). 

bdn Bright diffuse material: Radar bright to intermediate, nebulous materials 
similar to dd. Variable radar intensity, dependent on look angle. Boundaries can be 
poorly defined or gradational with surrounding plains. May contain pockets of dd 
materials, especially on/at bases of ridges. Interpretation: Variable thickness aolian 
deposits forming dunes with east-facing lee sides formed from small to medium scale fines. 

bd1 Visible only in Cycle 1 imagery (open circles) 

bd2 Visible only in Cycle 2 imagery (restricted to south of Guan Daosheng) 
(dashes) 

bd3 Visible in both Cycle 1 and 2 imagery (dots) 

MISCELLANEOUS MATERIALS 

df Dome fields: Clusters of small «20 km diameter) semi-circular positive relief 
structures. May occur within other unit boundaries. Rarely, lobate materials extend 
radially from central edifice. Interpretation: Volcanic cones, rarely with associated lava 
flows. 
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crt Cross-ridged terrain: Radar bright, relatively high relief small areas 
showing multiple lineations cross-cutting in predominantly one and rarely more than one 
direction. Intervening plains materials are grouped within this unit. Interpretation: 
Flooded former corona, highland (tessera) or ridge belt terrains (or both). 

CRATER MATERIALS 

ch Hummocky crater materials: Radar bright materials with hummocky to 
speckled textures, radiating from crater with sharp to gradational distal boundaries 
overlying radar dark plains materials. Materials may not surround symmetrically entire 
crater, and may form individual arms or lobes radiating from crater rim. Transverse ridges 
may form concentrically to crater. May form gradational contacts with plains or adjacent 
crater material units (e.g., cl), and may thus show slightly more hummocky texture near 
crater. Small patches of underlying plains may be grouped under this unit. Also includes 
radar bright, very hummocky to rugged materials extending concentrically from crater rim 
crest to crater floor materials (cf), whose width is variable depending on look angle of 
radar view, and which may contain discrete, radar bright, large blocks overlying unit cf. 
Interpretation: Ballistic impact crater ejecta with minor fluidization. May include ejecta 
extending diffusely onto underlying plains (including secondary crater ejecta). Impact 
crater wall and rim materials material exhibit possible slump blocks along base near crater 
floor. 

cf Crater floor: Radar bright or dark materials located at bottom of crater wall 
exhibiting smooth to slightly hummocky, mottled texture (or both). May include central, 
radar bright, elevated, blocky region, or concentric, usually incomplete rings with 
symmetric aprons of radar darker material at base. Interpretation: Impact melt of 
variable roughnesses or dielectric composition (or both). Slumped crater rim materials 
may form on outer edge. Crater peak may form as single uplifted, blocky surface, or as 
peak rings associated with impact event. 

cl Lobate crater materials: Intermediate to very bright, smooth to hummocky
textured materials extending from crater showing lobate edges. May show some mottling 
and gradational brightness within the unit. May show gradational contacts with unit ch, 
and thus show slightly hummocky texture nearer crater. Streamlined morphology or dark 
sinuous streaks/channels (or both) may exist. Most materials appear to follow 
topography, and some margins abut low ridges. Interpretation: Fluidized ejecta with 
channels, with possible incorporation of minor ballistic ejecta blocks nearer crater. 

cn Nebulous crater materials: Intermediate backscatter, smooth materials 
radiating from crater rim. May contain speckled bright points/dark splotch areas at distal 
ends of radiating regions. May contain channel-like radar dark/intermediate lineations, 
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often with sinuous boundaries. Often gradational with surrounding plains units, both in 
interior of unit and at distal edges, further contributing to splotchy appearance. Also 
includes very dark smooth materials with lobate boundaries, which form concentrically to 
craters, and that overlie other materials and degrade ("soften") their appearance. 
Interpretation: Either older, thin, eroded ballistic and fluidized ejecta materials, fluidized 
flow of atmospherically affected ejecta fines combined with small ballistic ejecta blocks, or 
impact shock-induced smooth regions. 
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MAP SYMBOLS 

~ 
",,---_/ , 
;,-----"'" 

Contact--Long dashed where approximately located; short 
dashed where indefinite, gradational, or inferred; dotted 
where concealedlburied; queried where uncertain. 

..---- ____ ~ Fault, lineament, or fracture-Origin uncertain 

---t- Ridge crest 

---+-- Narrow (wrinkle) ridge or crater peak ring 

----&---- Broad, smooth ridge 

r I - Trough 

c=::-
el' p 
-A -

Depression 

Small, elevated plateau; with central pit(s) 

Scarp--Barb points downslope, line at base 

~_""'I ---~ Flow scarp--Hachures on downslope side; queried where 
uncertain 

x 

Flow direction 

Channel (canali)--Three dots where structureless or 
indefinite 

Crater rim crests--with central peak; less than about 8 Ian 

Small shield (less than 20 km across) 

Large edifice (more than 20 km across); with central pit 

Steep-sided dome; with radar dark, depressed center; 
dotted where concealedlburied. 

Wind streaks (arrow points in inferred wind direction) 
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Table A 1. Type locations for units in Quadrangle V59 (Barrymore). 

Unit designation Cl-MIDR (CD-Rom no.) Framlet (tile) number(s) 

pcl, pc2 75S203;201 (84) 11,12 

ptl 45S223;1 (33) 52,53 

pI 45S202; 1 (31) 54,55 

pm 45S202;1 (31) 46 

P 60S180;201 (95) 15 

ptm 60S236;201 (95) 18,19,26,27 

pnn 45S223;1 (33) 47,54,55 

plb 45S180;1 (69) 52,53 

pre 75S203;201 (84) 5 

rga 60S208;201 (95) 53 

rsa 60S208; 1 (34) 51,52 

dd 60S208;1 (34) 19 

bdl 60S208;1 (34) 10 

bd2 60S 180;20 1 (95) 37,45 

bd3 60S208;201 (95) 18 

df 60S208;201 (95) 53 

ert 60S208;201 (95) 43,44,51,52 

ch, cf, cI 60S 180;20 1 (95) 29,36,37 

cn 60S208;201 (95) 1 



Figure A. 1. Preliminary geologic map for USGS Barrymore Quadrangle. See 
Appendix A for description of map units and symbols. Scale is 1:5,000,000. Map 
projection is Lambert Conformal Conic. Cross-sections A-A* and B-B* lines (see 
Figures A.2 and A.3) are shown. Also included is the Correlation chart of units, in 
which crater units are designated by "c." 
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Figure A2. Cross-section A-A* from geologic map (see Figure AI). Vertical 
exaggeration is about lOOOx. The older crt, rsa and pre units tend to occur as 
higher regions surround by lowland plains. The two rsa units may represent the 
rims of a single corona, but their N-S orientation is the SAR images suggests 
otherwise. 
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Figure A3. Cross-section B-B* from geologic map (see Figure A 1). Vertical 
exaggeration is about 1000x. The impact crater Vacarescu is shown. Note the 
deep depression on the northern edge of the flooded corona, which is outlined by 
the rga units here. The subsurface expression of the these corona rims is 
uncertain. 
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