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Abstract 

This dissertation presents the results of four research projects which utilize 

imaging radar polarization data for remote sensing of volcanic and impact cratered 

terrains on the Earth, Venus, and the Moon. Chapter 2 is an analysis of airborne multi

polarization radar data, and develops a technique for decomposing the polarized radar 

echo into components attributed to quasi-specular, small-perturbation, and "dihedral" 

mechanisms. Model results are compared to field measurements of surface roughness. 

The proposed model appears to be a potentially useful remote-sensing technique for 

analysis of lava flow morphology . 

Chapters 3 and 4 analyze the geomorphology and radar polarization properties of 

deposits on two volcanoes, Sit and Gula Montes, in Western Eistla Regio, Venus. These 

analyses utilize radar images collected at Arecibo Observatory in 1988 (spatial 

resolution 1 km) . Changes in the radar brightness of lava flows with downslope distance 

from possible vents are inconsistent with trends observed for single terrestrial lava 

flows. This observation, coupled with evidence of multiple eruptive vents, suggests that 

most of the large flows in Western Eistla Regio are formed by coalescence of numerous 

smaller flows. There is also evidence tor high-Fresnel reflectivity material at the 

summit of Gula Mons. Chapter 4 compares the radar polarization properties of volcanic 

deposits on Sit and Gula Montes to data for terrestrial lava flows and a smooth desert 

area. With the exception of units atop Gula Mons, flows in Eistla Regio probably exhibit 

a range of morphologies from smooth "pavements" to possible pahoehoe analogs . 

Chapter 5 presents a study of lunar crater rays using high-resolution (30 m) radar 

images collected at Haystack Observatory, and focuses on the bright ray in Mare 

Serenitatis and ray segments attributed to Tycho and Copernicus craters. This study 
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found that rays with high visible albedo are also characterized by high depolarized radar 

backscatter. The ray which passes west of Bessel crater was found to have a high non

diffuse depolarized echo, interpreted to indicate a furrowed or pitted terrain at spatial 

scales of only a few m. Photographs and radar images suggest that this ray was formed 

by the Menelaus impact event. 
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CHAPTER 1 

Introduction 

The utility of synthetic aperture radar (SAR) for the mapping of surface 

topography, roughness, and dielectric properties on the terrestrial planets has long been 

recognized. While terrestrial mapping has been carried out since the late 1950's, and 

planetary mapping since the mid-60's, only recently have the spatial resolution and 

polarimetric capability of terrestrial and planetary observations approached 

comparable states. Radar data currently being acquired for the earth by the NASA/JPL 

DC-8 multi-polarization SAR, the lunar images collected at Haystack Observatory, and 

the Venus maps obtained at Arecibo Observatory, all share similar characteristics in 

that they record the complex (amplitude and phase) backscattered echo from a. target at 

high spatial resolution (1 O m for the earth, 30 m for the Moon, and 1500 m for Venus). 

Previous interpretations of terrestrial radar images were hampered by the uncalibrated 

nature of the data; there were few cases where echoes from two polarizations could be 

quantitatively compared (see, for example, Schaber et al., 1980). In this regard, 

planetary radar systems were very much the pioneers . Polarization ratio 

measurements for the Moon were discussed as early as 1960 (Hagfors and Evans, 

1968), and dual-polarization mapping has become a standard means for deriving remote 

descriptions of planetary surfaces (a good review is by Ostro, 1987). Renewed interest 

in the use of spaceborne remote sensing instruments to map and monitor global geologic 

and environmental processes on the earth has spurred the development of fully 

polarimetric airborne systems, and the deployment of a series of progressively more 

advanced shuttle-borne imaging radars. The planned Shuttle Imaging Radar C (SIR-C) 

and the Earth Observing System (EOS) SAR will provide high-resolution multi

wavelength mapping capability for the Earth in fully polarimetric mode . 
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Two upcoming planetary initiatives have placed great emphasis on radar remote 

sensing of surface characteristics. First, the Magellan probe arrived at Venus in late 

1990, and will map virtually the entire planet at a spatial resolution of 150 m. These 

data will resolve many outstanding questions on the nature and origin of venusian surface 

features. The Magellan radar, however, obtains data only in a single polarization 

(though with variable incidence angle). Since much information on roughness and 

dielectric properties can be gained from dual-polarization measurements, there is a 

continuing need to interpret high-resolution earth-based images of Venus. In 

particular, this will permit extrapolation of correlations between earth-based maps and 

Magellan data to areas not visible or poorly resolved from Earth . 

Second, the development of a lunar base early in the next century has become a 

NASA goal. New earth-based and orbital remote sensing systems will be required to 

study potential base sites and the availability of resources, as well as to advance our 

knowledge of lunar geologic processes. A first step in this effort is detailed mapping of 

specific lunar features with high-resolution earth-based radar. 

The advent of new radar systems and the need for analysis of terrestrial and 

planetary radar images provides an opportunity to apply many ideas on radar 

backscattering which have been limited in the past by poor spatial resolution or a lack of 

polarimetric data. This dissertation presents four research projects which are drawn 

together by the common theme of radar scattering and polarization analyses and their 

application to geologic remote sensing. Theoretical development of new techniques for 

modeling of radar backscatter is not the primary goal of these studies; my goal has been 

to synthesize existing models for radar scattering from natural surfaces to suit specific 

geologic applications. The most comprehensive dataset utilized here is the NASNJPL 

airborne quad-polarization system. For this reason, I analyze this data set first, to gain 

an understanding of the mechanisms of radar scattering from terrestrial volcanic 
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terrains and to provide a comparison to dual-polarization planetary radar data. The 

techniques and insights gained in this study are then applied to studies of volcanic and 

impact-cratered terrains on Venus and the Moon. 

Chapter 2 is a technique-oriented study of airborne multi-polarization SAR images 

of volcanic terrains. In this study, Stan Zisk and I combined existing scattering models 

to develop a simple invertible model for use with quad-polarization (quad-pol) radar 

data. This model assumes that the fully polarized reflected power can be expressed as the 

incoherent sum of components attributed to quasi-specular, small-perturbation, and 

dihedral scattering mechanisms. The model is tested on a quad-pol scene of Craters of 

the Moon National Monument in Idaho, where there is a broad range of basaltic flow 

morphology. With Duncan Munro and Peter Mouginis-Mark, I carried out a 5-day field 

measurement project in Craters of the Moon in August, 1988. Photos and observations 

of all the flows within the radar scene were obtained, and detailed topographic profiles 

(at 2-cm and 50-cm sampling intervals) were made over two flows which exhibited the 

greatest contrast in roughness. The results of the radar modeling were compared to the 

field data, and found to be qualitatively correlated . 

This work required a large amount of software development for the calibration, 

modeling, and display of the quad-pol data. Where available, I used developmental 

programs provided by Jakob van Zyl of JPL, but these often required modification to 

correct errors, implement different techniques, or to run on Planetary Geosciences 

computers. 

With this project, I accomplished two goals: 1) developing and testing a useful 

technique for geologic remote sensing, and 2) providing a baseline for understanding the 

dominant scattering mechanisms from basaltic surfaces as a guide to interpreting 

planetary data of more limited spatial resolution and polarimetric capability. This 
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project resulted in a published article in Remote Sensing of Environment (Campbell et 

al., 1990). 

Chapter 3 presents a study of new high-resolution (1.5-2.0 km) dual

polarization Arecibo Observatory radar images of Eistla Regio, Venus, carried out with 

Donald Campbell of Cornell as a preliminary predictive survey prior to acquisition of 

Magellan data. This area is of particular interest as it contains two large volcanic 

edifices, Sit and Gula Montes, each of which extends some 800-1000 km in diameter . 

I spent the summer of 1989 at Arecibo Observatory, Puerto Rico, where I worked 

with Alice Hine to modify in-house software to produce Stokes vector elements from the 

complex echo data tor 25 independent observations. These data were collected in 

summer, 1988, by Donald CampbeJI. Using the Arecibo image data and Pioneer-Venus 

Orbiter (PVO) roughness and dielectric constant data, probable lava flows are mapped 

and described, and this information is compared to current flow emplacement models and 

field observations of basaltic flows to predict whether the long flow units observed 

erupted from single sources or multiple vents or fissures. 

Existing topographic data are analyzed to assist in the geologic analysis of this area . 

Because PVO digital terrain models were produced by a process of computer 

interpolation and smoothing which systematically subdued many of the highest 

topographic frequencies, they are often not ideal for performing analyses of small areas 

at high resolution. To avoid this problem, I hand-contoured the individual PVO elevation 

data points at 100 m intervals, then digitized the contour map and interpolated it to a 

regular grid using a computer search algorithm I wrote. This permitted more accurate 

estimates of regional slopes. 

Virtually all of the radar-bright flow units studied appear to have erupted from 

multiple source vents, as their downslope roughness changes dramatically from smooth 

to rough, and back to smooth again. Such behavior is neither predicted nor observed for 
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terrestrial basaltic flows. One 40-km diameter feathery dark deposit on the flank of Sif 

Mons was suggested to be of pyroclastic origin, and there are occurrences of radar-dark 

lineaments interpreted to be fissures with associated loose spatter or ash. This project 

resulted in a published article in a special issue of Geophysical Research Letters 

(Campbell and Campbell, 1990). 

Chapter 4 extends the work of the previous chapter by comparing the polarization 

behavior of venusian volcanic terrains to potential analog areas on earth imaged by the 

NASA/JPL airborne quad-pol radar system. This work was also carried out in 

collaboration with Donald Campbell. By utilizing the airborne quad-pol data to 

synthesize any desired polarization, we can study terrestrial surfaces under the same 

illuminating and receiving conditions as the Venus observations made by Arecibo 

Observatory (12.6 cm wavelength). 

I compared the average polarization properties of lava flows in Eistla Regio to a 

variety of terrestrial volcanic and desert surfaces. The results of this analysis suggest 

that there are no extensive (1 O's to 1 OO's of km) lava flows with surface textures 

analogous to terrestrial a'a flows, and that even the radar-bright flows in Western 

Eistla Regio are only as rough as terrestrial pahoehoe flows. This may be due to low 

magma effusion rates in this region of Venus (though this seems unlikely), to low 

regional slopes, or to the effects of the hot, dense atmosphere on flow cooling and 

volatile exsolution. 

Chapter 5 presents a detailed study of the surface morphology of lunar crater rays, 

carried out in collaboration with Stan Zisk and B. Ray Hawke. This study utilizes new 

high-resolution (30 m at one look) radar data collected by Stan Zisk at Haystack 

Observatory. My contribution to the reduction of these data has been to assist Stan Zisk 

in identifying systematic problems with the new data, processing and rectifying the raw 
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data using existing programs, and developing new software to aid in image rectification, 

polarization (Stokes vector) analysis, and image display. 

Impact craters with well-preserved ejecta are rare on Earth, so studies of lunar 

crater ejecta deposits are important both to understanding the nature of the cratering 

process and as a comparison to Magellan radar images of possible impact deposits on 

Venus. In this project, crater ejecta deposits are mapped for a number of small areas 

along Tycho and Copernicus rays, and in a nearly contiguous mosaic along the bright ray 

which passes near Bessel crater in Mare Serenitatis. Stokes vector analysis of the lunar 

radar data is used to separate the reflected signals into diffuse and non-diffuse 

components . 

Mapping of ray deposits at high spatial resolution showed that high visib.le albedo 

areas are associated with high depolarized radar backscatter, and that regions of high 

radar return occur even where there are no discernible secondary craters. These bright 

patches may be due to scouring of areas downrange of secondary craters by a secondary 

debris surge. Ray formation by "dusting" of micron-scale ejecta is not consistent with 

these observations. This study also found that the ray near Bessel crater has a high non

diffuse depolarized echo relative to Tycho and Copernicus ray sites, and that this 

behavior persists even over rough areas of the Bessel ejecta blanket. This observation 

is interpreted to imply that the ray in Mare Serenitatis, at least where it passes Bessel 

crater, is characterized by small-scale furrowing or pitting, which forms 

preferentially oriented lineaments. This ray is proposed here to have been formed by 

the Menelaus impact event. 

Chapter 6 is a concluding section, which reviews some of the results of the four 

projects described in Chapters 2-5, and discusses a number of questions regarding 

backscatter modeling and geologic studies which remain to be addressed. Finally, 
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suggestions are presented for further work in radar remote sensing and modeling of 

geologic surfaces . 
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CHAPTER 2 

Quad-pol Radar Modeling of Terrestrial Volcanic Terrains 

Abstract 

The quad-polarization radar data collected by the NASA/JPL CV-990 and DC-8 

aircraft systems permits analysis of the complete radar scattering matrix for each 

resolution cell. In this chapter, an invertible scattering model for quad-polarization 

radar data is developed: 1) to assist in the remote-sensing analysis of lava flow surface 

morphology, and 2) to provide a baseline for understanding the dominant scattering 

mechanisms from basaltic surfaces as a guide to interpreting planetary data of more 

limited polarimetric capability. This model permits separation of the polarized part of 

the radar echo into quasi-spepular, dihedral, and small-perturbation scattering 

components, based on an assumed surface dielectric constant. Tests are presented for a 

quad-pol scene of Craters of the Moon National Monument in Idaho, where there are a 

number of basaltic lava flows of differing surface morphology. Comparison of calculated 

model components with the observed morphology of the lava flows suggests that this 

technique may be useful for the remote description of changes in surface roughness. The 

scattering mechanisms chosen to represent the polarization behavior of the real surface 

display correlations which indicate that they are sensitive to the expected scales of 

roughness. The application of this model to remote sensing of volcanic terrains, and the 

implications of this work for analysis of planetary data, are discussed . 
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Introduction 

Lava flows exhibit significant differences in surface roughness (cm- to m-scale 

topographic variations) both between individual flows and along the lengths of single 

flows. Field studies have shown that variation in flow morphology can be interpreted in 

terms of lava rheology and flow emplacement characteristics (Gaddis et al., 1989a; 

Rowland and Walker, 1987). Observations of eruptions (e.g., Mauna Loa 1984) show 

that transitions in lava flow morphology can be attributed to changes in lava viscosity 

and crystal content, and the development of a finite yield strength during flow 

emplacement, due to radiative cooling of the flow and to heat loss through exsolution of 

volatiles (Sparks and Pinkerton, 1978; Lipman and Banks, 1987). In addition, changes 

in flow morphology may be brought about by changes in the velocity of the flow, which in 

turn alters the shear stress within the magma (Peterson and Tilling, 1980; Kilburn, 

1981). The geometry of basalt flows (flow length, height, and width) has been shown to 

be related to the total erupted volume in some cases (Malin, 1980), and to the magma 

effusion rate in others (Walker, 1973). In addition, the formation of channelized flows, 

and their geometry, is directly related to the yield strength and viscosity of the lava 

(Moore, 1987). The existence and variability of specific types of flow surface 

morphology, and the extent and geometry of the flows, may thus be useful for inferring 

the eruptive style (effusion rate, eruption volume, eruption duration) and the plausible 

range of geochemical properties (volatile content, silica content) of the magma. 

Regional mapping of variations in flow morphology is thus crucial to understanding the 

style and evolution of volcanism in a given region, but these variations often occur over 

horizontal scales of 1 OO's of meters to kilometers, which presents a major obstacle to 

field geologic analyses. As we will see in the remainder of this dissertation, such an 

approach is also important to the analysis of planetary radar data, where field work is 

impossible . 
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Imaging radar has been studied extensively over the last decade as a tool for the 

remote characterization of lava morphology. The ability of radar to rapidly image large 

areas at high spatial resolution, and the sensitivity of radar backscatter to surface 

roughness on cm- to m-scales, make it an attractive method for remote sensing of 

volcanic regions. Comparative studies of lava surface roughness and radar images have 

taken the form of a search for relationships between physical or statistical surface 

parameters and various aspects of the radar data. Several studies have compared the 

backscattering properties of specific volcanic regions to the measured roughness and 

observed geology of the surface (cf., Gaddis et al., 1989a; Greeley and Martel, 1988; 

Schaber et al., 1980a). Statistical analyses have been used to compare image texture 

with surface roughness (Kaupp et al., 1986), and to study the "detect~bility" of 

different terrain types (Blom, 1988; Blom et al. , 1987). 

The goal of this chapter is to permit the classification of each group of pixels 

within a radar scene based on the polarization properties of the measured echo, using 

components which are derived from a plausible suite of surface roughness models. This 

approach is made possible by the development of airborne imaging radar systems which 

acquire "quad-polarization" (quad-pol) data (Zebker et al., 1987; van Zyl et al., 

1987). The model presented here, developed by myself and Stan Zisk, decomposes the 

polarized radar echo into three components, which are attributed to quasi-specular, 

dihedral, and small-perturbation scattering mechanisms, based on their respective 

polarizing characteristics. The purpose of this decomposition is not to increase the 

actual amount of information present in the radar echo (which is not possible), but 

instead to transform the backscattered power measurements into values which are more 

easily related to surface roughness. 

A major difficulty in using radar for remote classification of surface morphology 

is the essentially one-sided nature of the modeling process. An observed radar echo can 



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

1 2 

be modeled by an analog surface composed of mathematically tractable, relatively simple 

scattering geometries. The polarization and relative magnitude of the radar echo are 

derived from calculations of the electric field strength at a given geometry relative to 

the idealized surface. The opposite problem, that of adequately describing a natural 

surface and predicting its radar scattering behavior, is as yet poorly understood. For 

this reason, it is difficult to quantitatively evaluate the accuracy of a radar-derived 

surface description. I will thus depend to a large extent on qualitative comparisons of 

flow morphology to radar model results, in hopes of arriving at a geologically useful 

remote sensing technique. 

This chapter first describes the quad-pol radar data, and the steps required to 

process and calibrate them, then details the three-component scattering model and its 

underlying assumptions. Image classification results are then presented for a quad-pol 

aircraft radar scene of Craters of the Moon National Monument in southeast Idaho. Field 

observations and topographic measurements, collected by myself, Duncan Munro, and 

Peter Mouginis-Mark, are described and compared to the model results. Finally, the 

potential of this model for remotely describing surface roughness, and the implications 

of this work for comparisons between terrestrial and planetary radar data are discussed . 

Quad-Polarization Data and Calibration 

A quad-pol radar system measures the complete complex-valued radar scattering 

matrix for each resolution cell, by transmitting two distinct orthogonal polarizations 

(horizontal and vertical) and receiving all four echo components: HH, VV, HV, and VH 

(where the first letter refers to the transmitted polarization, and the second to the 

received polarization: H is horizontal, V is vertical, L is left-circular, and R is right

circular) (Zebker et al., 1987). This 2x2 element matrix relates the polarization state 
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of a reflected wave to that of an arbitrary transmitted wave polarization. As such, it 

represents only one "look" at the surface, and cannot represent the inherent time 

variation in the radar echo. 

To obtain time-averaged ("expectation") values for the wave, the echo properties 

of several adjacent resolution cells, which are assumed to have similar scattering 

properties, must be averaged. A real-valued 4x4 "Stokes matrix", whose elements are 

cross-products of the reflected wave vector components (Ioannidis and Hammers, 

1979), is formed from the averaged scattering matrix elements to simplify the analysis 

of the surface scattering behavior. This Stokes matrix relates the partially polarized 

reflected wave to the transmitted wave polarization . 

A partially-polarized wave can be described by the "Stokes vector", whose 

eleme.nts represent expectation values of the orthogonal wave components (Born and 

Wolf, 1980): 

(H 2+V~ 

ISi = 
(H2-V~ 

(2.1) 
(2*H*V*cosq,) 

(2*H*V*sin4>) 

where H and V refer to the amplitudes of the orthogonal vectors, and cl> is their relative 

phase. The expectation Stokes matrix relates the expectation Stokes vector of the. 

reflected wave to that of the transmitted wave (where the r and t subscripts refer to 

reflected and transmitted waves, respectively): 

(2.2) 
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The reflected wave from a natural surface will display two types of properties: fully 

polarized and unpolarized. The four components of the Stokes vector (S0 -S3) can be 

combined to separate out the unpolarized component (Born and Wolf, 1980): 

(2.3) 

The polarized echo component can thus be derived by subtracting this value from any 

measurement of backscatter power . 

With the above equations and the Stokes matrix data provided by the JPL aircraft 

system, we can synthesize the reflected partially polarized wave for any chosen 

transmitted wave. In practice, however, there are several major calibration steps 

required prior to such applications. 

The radar system receivers for horizontal and vertical polarizations have differing 

electrical path lengths. This leads to a systematic phase shift between HH and VV echoes 

throughout an image, which has a pronounced effect on the relative magnitudes of the 

calculated LL and LR echoes because it changes the ellipticity of a calculated circular-

polarized return. I calculate this phase difference from the vector mean of the HH-VV 

phase difference over a relatively bright region within the scene (since low-brightness 

areas will have wildly fluctuating phases). It is assumed that echoes from most geologic 

surfaces will have a mean phase of zero. This is because the average of the sines of 

echoes with phases of oo (single scattering), 1800 (double reflection), or randomly 

distributed angles (0-3600) is zero. The systematic phase error is then subtracted 

from all affected Stokes vector terms, by the method of Sheen et al. (1989). 

The second calibration step removes the effects of system "crosstalk". This type of 

error occurs because the radar antennas will couple some fraction of the transmitted or 

reflected power into the cross-polarized mode, and because the electrical isolation 

between the two antennas during transmission is imperfect. The result is that some of 
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the transmitted energy goes out with polarization orthogonal to that desired, and that 

some of the reflected energy in a given polarization will couple into the orthogonal

polarized antenna. 

van Zyl (1990) has developed an algorithm for removal of this error without in

scene calibration devices, based on a simplified radar system model. This technique 

solves for the cross-talk terms by assuming that there is no correlation between like

(HH and VV) and cross-polarized linear returns (HV and VH), and solving the set of four 

linear equations which result. van Zyl solves for this set of equations using an iterative 

technique, while I use a more direct matrix-inverse solution, but the results are the 

same . 

The third type of system error has been described as "co-polarized channel gain 

imbalance" (van Zyl, 1990). This error arises due to differing relative gains in the H

and V-polarized receivers in the aircraft system. It can only be removed through the 

use of a known calibration target within the scene. A final "error" is the lack of 

radiometric calibration (knowledge of the absolute backscatter cross-section). This can 

also only be achieved by the use of in-scene reflectors (van Zyl, 1990) . 

Radar Scattering Model 

This section describes a scattering model developed by Stan Zisk and myself . 

developed or modified the software which decompressed, calibrated, modeled, and 

analyzed the quad-pol data. Some simplifying assumptions are made in developing a 

model for polarized backscatter. First, it is assumed that the expectation (time

average) value of the <HH HV*> and <VV VH*> cross-products in the Stokes matrix are 

negligible (where < > denotes an ensemble average, and * the complex conjugate). This 

implies that there is no significant "fully polarized" (i.e., non-diffuse) HV or VH echo 

power, and that the calculated unpolarized power will be the same for any illuminating 
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polarization. This condition is forced upon the data as a result of the cross-talk 

calibration described above. 

Evans et al. (1988) show polarization signatures for a variety of areas, some of 

which do appear to have an unpolarized component which varies with the illuminating 

polarization. This behavior seems significant only for urban areas, where much of the 

scattering occurs due to building edges and other preferentially oriented scatterers. In 

the data analyzed here, the calculated polarized HV returns are not significant compared 

to the strength of the corresponding HH or VV echoes, and the polarization-dependence of 

the unpolarized echo is not pronounced, although this is again very much a result of the 

calibration process . 

The second assumption is that, on average, the imaginary portion of ~he cross

product <HH VV*> is zero. This requires that all echoes have HH-VV phase values of oo, 

180°, or a random distribution over the range from oo to 3600. This assumption is 

used to remove the HH-VV phase error in the aircraft radar system, and is applied as a 

correction to the Stokes matrix data prior to any further processing (Sheen et al., 

1989) . 

If the above conditions are satisfied, then the polarized backscatter can be 

completely described by three parameters: the HH, VV, and LL (or RR) echo powers. 

The circular-polarized echo contains the phase information in the reflected signal. A 

uniquely invertible model for polarized backscatter can thus contain at most three 

independent variables. 

The model developed here assumes that polarized surface backscatter can be 

expressed as the incoherent sum of echoes from flat facets, double-bounces from pairs of 

flat facets, and resonant scattering by small perturbations. The quasi-specular and 

small-perturbation models were chosen because they are widely applied to describe 

scattering from natural surfaces (as discussed below). The dihedral model was chosen as 
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a simple mechanism to explain an observed excess of power in one particular echo 

polarization, and because it seems a plausible extension of the quasi-specular model to a 

double-reflection case. The unpolarized echo, assumed to arise from random multiple 

scattering, is used as a measure of the wavelength-scale roughness of the surface . 

Echoes from a population of flat facets oriented normal to the radar beam (quasi

specular echoes) have been studied extensively. Hagfors (1968) devised a statistical 

model to describe the angular distribution of quasi-specular facets on the lunar surface, 

and successfully tested his analysis by comparing the angular dependence of observed 

lunar radar echoes with those predicted by his model. The facet distributions proposed 

by Hagfors are not used here; only the polarizing behavior of the facets is considered. It 

is assumed that the quasi-specular facets reflect V- and H-polarized radar waves with 

the same amplitude and phase. Therefore, the HH and VV echoes contain equal amounts of 

quasi-specular power, while the LL echo contains none. The specular reflection will be 

strongest from facets large with respect to the radar wavelength (Ulaby et al., 1987; p. 

837), so the quasi-specular component is expected to be closely related to the large

scale (> 1 meter horizontal wavelength for L-band radar) roughness of the surface in 

areas where the small-scale roughness is not great. Small facets may dominate the echo 

if no large areas with favorable geometry or smoothness exist. 

Small-perturbation scattering has been suggested as an important mechanism in 

backscattering from natural surfaces (Valenzuela, 1963; Barrick and Peake, 1967; 

Zebker et al., 1987). This model assumes that the surface roughness can be treated as 

perturbations on the order of 5% the size of the radar wavelength. While the absolute 

small-perturbation backscatter coefficient for any polarization is dependent upon the 

surface rms height, power spectrum, dielectric constant, and radar incidence angle, only 

the last two variables determine the ratios between opposite-polarized echo powers. The 
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equations for the first-order small-perturbation backscattering coefficients, crO, are 

(Barrick and Peake (1967); Ulaby et al., 1987): 

(2.4) 

(E - 1) 
ahh= ---------

(cos<1>0 +-/ E - sin
2

<1> 0) 
2 (2.5) 

(e- l)[(e- l)sin2<1> 0+e] 

(2.6) 

(2.7) 

where i and j are the transmitted and received polarizations, q,0 is the radar incidence 

angle, E is the real dielectric constant, k0 is the radar wavenumber in air, h is the 

surface roughness rms height, and W is the power spectral density of the surface 

topography at the resonant wavelength, given by AJ2sinq,0 () .. is the radar wavelength). 

The dependence of the first-order small-perturbation backscattering coefficient on a 

single harmonic component of the topography leads to a comparison with Bragg 

scattering, but the polarization dependence of the echo does not proceed from this 

analogy. Application of this model to surfaces whose measured roughness exceeds the 5% 

criterion (as all o.f the flows in the study area do) is problematic, but the observed. 

polarizing behavior is consistent with a considerable contribution from the small-

perturbation mechanism . 

It was noted during an early phase of this analysis that there were often polarized 

LL echoes in excess of the maximum amount predicted by assuming that the entire HH and 

VV returns were due to small-perturbation scattering. The observed LL echo must thus 

originate, at least in part, by another mechanism, which is modeled as a double Fresnel 
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reflection from two specular facets (henceforth referred to as the "dihedral" 

component). It is further assumed that these facets form horizontal dihedral joints with 

the radar beam bisecting the included angle (for a given facet size, this would result in 

the strongest echo). Second-order small-perturbation scattering would also produce the 

required echoes (Valenzuela, 1963; Barrick and Peake, 1967; van Zyl et al., 1988), 

but the expected echo power level would be too weak to account for the observed results. 

For the dihedral component, the HH and VV echoes are calculated from the usual Fresnel 

reflection coefficients, and the LL from a vector combination of the two. 

For each of the three model mechanisms, the backscattered power in any one echo 

polarization (HH, VV, or LL) can be used to determine the power in the other two, given 

the incidence angle and surface dielectric constant. The incidence angle is known from 

the pixel's location in the image. The dielectric constant is a variable parameter, which 

is assumed to be spatially homogeneous over the lava flows. For basaltic lava flow 

materials which are not covered by soil, vegetation, or water, the range of dielectric 

values is relatively narrow (-4-8: Ulaby et al., 1988), and model results can be 

calculated for values at either end of the plausible range . 

The three polarized echoes can be written as an incoherent sum of the three model 

components: 

where: 

HHIX>l = QS + HHcih + HHsp 

W'IX'1= QS + t * HHcih+ a* HHsp 

ILIX>l= i * HHcih * ( 1+.ft)
2 

+ b * HHsp 

(2.8) 

(2.9) 

(2.10) 
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2 

wsp Clvv (2.11) a=--=-
HHsp 2 

ahh 

2 
U..sp an 

b=-=- (2.12) HHsp 2 
ahh 

Refl~ cos~cp 1+q,~ * cos 2(90+<J>i-<P~ 
t- -- - (2.13) h 

cos i - <1>1 + <Po) * cos 2( 9 0-<1>-i- <Po) Refldh 

<P _ . -\sin <l>o) 
1 -sm --

-IE 
(2.14) 

<I> . . \cos <l>o) 
2 = sm -IE (2.15) 

OS is the quasi-specular power, e is the surface dielectric constant, and q,0 is the radar 

incidence angle. "t" is the ratio of the total V- and H-polarized Fresnel reflection 

coefficients for a dihedral at a chosen dielectric constant and incidence angle, and (2.13) 

represents the most general form of the equation. For a dihedral bisected by the radar 

beam, q, 0 in (2.13) will be 45° . The "sp" and "dih" subscripts refer to the small-

perturbation and dihedral backscattered powers, respectively. 

This model (eq. 2.8-2.10) can be inverted for a given dielectric constant, to obtain 

separate values for the three backscatter mechanisms. The result may not be physically 

reasonable (e.g., echo component values less than zero) if the chosen dielectric value is 

too low. This is because the maximum VV/HH ratio that can be modeled is determined by 

the ratio of the small-perturbation coefficients for these polarizations . 

Image Classification Results 

I applied the model described above to a quad-pol scene of a group of lava flows 

within the Craters of the Moon (COM) National Monument in southeast Idaho. This area 
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was selected because it contains a variety of flow morphologies, has limited vegetation 

cover, and is accessible for field work. Figure 2.1 is a sketch map of southeast Idaho and 

the location of the radar image, collected by the JPL CV-990 aircraft radar system 

(24.6-cm wavelength). Figure 2.2 shows images of the backscatter model components 

for the radar data, calculated for a dielectric constant of 8.0. A 5x5 pixel mean-value 

boxcar filter was applied to the image data prior to calculating model results in order to 

assure a large statistical sample. Figures 2.2a and 2.2b are images of, respectively, the 

dihedral and quasi-specular components in units of power/unit area. These radar data 

are not radiometrically calibrated, so all measurements are in terms of relative power. 

The quasi-specular and dihedral components are adequately represented by .their 

strengths in one of the two linear-polarized echoes (HH or VV), because t.he model 

assumes a fixed ratio between the two echo polarizations, regardless of incidence angle. 

The small-perturbation HH and VV echoes will not, however, be related by a fixed ratio 

over the entire image. As equation (2.4) demonstrates, the backscatter coefficient for a 

uniformly rough surface (no change in roughness over the range of resonant 

wavelengths) will vary dramatically with incidence angle. The small-perturbation 

component at any incidence angle can be made proportional to the product of the power 

spectral density at the resonant topographic wavelength and the square of the surface 

rms height by applying a normalizing factor: 

HHsp Small Pert.m~= ___ _....___ 

ak * cos4 
<l>o 

(2.16) 

The normalized small-perturbation values are shown in Fig. 2.2c, and Fig. 2.2d shows 

the unpolarized echo power . 
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The area analyzed in Fig. 2.2 consists of only the upper (short-range) half of the 

data set, since there are errors in the antenna beam pattern calibration at longer ranges 

(H. Zebker, pers. comm., 1988). Areas for which no model solution was obtained are in 

black; most of the results at incidence angles <30° show this behavior, because the ratio 

of VV to HH echo power becomes much higher at nearer range. This may also be due to 

system errors. 

Six sample areas of uniform appearance were selected from this radar scene in 

order to compare the model results for a variety of surface textures (Fig. 2.3). The 

radar model results were calculated for each region using dielectric constants of 6, 8, 

and 1 O. For each area, all the model result data were extracted, and all valid solutions 

were averaged. Valid solutions are defined as those for which the chosen dielectric 

constant produced model echo values greater than zero. The resulting averages, and the 

percentage of valid solutions within each area, are presented in Table 2.1 . 

Figure 2.4 shows graphs of the average model echo strengths for the six image 

sample regions compared with the average unpolarized backscatter component for the 

same areas. A close correlation is observed between the normalized small-perturbation, 

dihedral, and unpolarized returns (Fig. 2.4a-b). The graph of quasi-specular vs. 

unpolarized return shows no simple correlation (Fig. 2.4c). It is also evident that 

variation in surface dielectric constant, even over a large range, did not change the 

qualitative behavior of the model components, nor did it strongly influence the 

quantitative results. The large separation between the "Normalized Small Perturbation" 

data at different dielectric constants is due to the effect of changing e on eq. 2.16, rather 

than to large differences in the percentage of the HH or VV echoes attributed to the 

small-perturbation mechanism. For the COM lava flows, at least, the determination of 

the exact value of the dielectric constant does not appear to be crucial for the description 

of the surface scattering behavior . 
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Flow Descriptions and Topographic Data 

The COM region was described by Greeley (1982) as characteristic of the "basaltic 

plains" style of volcanism. Figure 2.5 depicts the geologic units within the study area . 

The Blue Dragon (BO, study area 2) flow (-2076 ± 45 years old, Kuntz et al., 1988) is 

an extensive shelly pahoehoe flow, whose surficial glass rind acquires a blue color due to 

the weathering of titanium and magnetite grains within the lava (Faye and Miller, 

1973). The BO flow is characterized by broad areas of gently undulating flow lobes with 

numerous pressure ridges, pressure plateaus, and collapse depressions (Kuntz et al., 

1986; Greeley, 1982). On a fine scale, the surface consists of shallow (.5-1 cm) 

cracks and gaps between patches of blue glass and places where the glass has spalled off 

(Fig. · 2.6a). 

The Carey Kipuka a'a flow (CK, study areas 1,5,6), and the very similar Little 

Park a'a (LP, study area 3)(6,600 ± 60 and 6,500±60 years old, respectively; Kuntz 

et al., 1988) are surface-fed hawaiite flows with flow fronts up to 10 meters high. 

These flows are extremely rough at sub-meter scales; their surfaces are completely 

fragmented into rubbly vesicular blocks (Fig. 2.6b). There are also cross-flow 

undulations on horizontal scales of tens of meters. 

The Grassy Cone flow (GC, study area 4) is an older pahoehoe unit (7,360 ±60 

years old, Kuntz et al., 1988). It appears to be generally similar in nature to the Blue 

Dragon flow, though slightly rougher at scales of a few cm. The blue glass coating has 

been highly weathered in most places, exposing a reddish-brown layer beneath (Fig . 

2.6c). The flow has been broken into slabs or rubble in some locales. There is 

considerably more lichen cover on this flow than on the CK, LP, and BO flows, and a 

larger population of small (30-60 cm) sage shrubs. The coverage by these shrubs 

comprises <5% of the total surface area . 
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In August, 1988, I spent five days in the COM area with Duncan Munro and Peter 

Mouginis-Mark. The three of us collected detailed topographic profile data over two 

flows, and made field observations of all the flows in the radar scene. The surface height 

measurements were made at two sampling intervals on each flow: 2 cm and 50 cm. The 

2-cm sample profiles were collected using a "template" similar to those employed by 

Schaber et al. (1980b) and Gaddis et al. (1990), which I constructed (Fig. 2.7a). The 

relative height of the template frame was measured with a surveyor's transit each time 

it was moved in order to allow assembly of long profiles. The long-wavelength data were 

collected using the transit and a measuring pole moved along a rope with 50 cm intervals 

marked on it. In both cases, the measured height of the rods was written in a field 

notebook. Upon our return to Haytaii, I entered these data into the computer for analysis. 

The 2-cm samples were assembled into two (one for each site) profiles 20.5 m 

long, and digitally filtered to suppress harmonic components with wavelengths greater 

than 1 m. This allowed calculation of rms height and correlation length at small scales 

(on the order of a radar wavelength), without contributions from the large-scale 

(several times the radar wavelength) roughness components. The 50-cm data were 

assembled into two 256-m profiles. Each profile was referenced to a best-fit line to 

remove local slope. Surface rms height, correlation length, and power spectral density 

(PSD) were calculated as in Pike and Rozema (1975) and Ulaby et al. (1987) . 

Topographic profiles (one each at 2-cm and 50-cm spacing) were made over the 

Blue Dragon and Carey Kipuka flows. These units appeared to have, respectively, the 

smoothest and roughest surfaces (Fig. 2.7b). The locations of the two profiles are 

marked on Fig. 2.5; both are oriented parallel to the radar range direction. Fig. 2.8 

shows the power spectra for the studied areas calculated from data at the two sampling 

intervals. Table 2.2 lists the numerical results of the terrain analyses. These results 

demonstrate the wide range of roughness over this region: the two flows differ by a 
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factor of 2:1 in rms height at small scales, and by a factor of 3.5:1 in correlation length 

at large scales. 

Analysis and Piscussjon 

Comparison of the scattering component maps in Figure 2.2 and the descriptions of 

the flow surfaces presented above shows that the model components are qualitatively 

correlated with changes in surface roughness at the expected scales. The highest quasi

specular return is found for the BO pahoehoe, which is characterized by smooth, 

billowing surfaces. The dihedral and small-perturbation returns are both strongest for 

the a'a flows, intermediate for the older pahoehoe unit (with its patches of slabs and 

rubble), and lowest for the young pahoehoe. 

The relationships observed for the averaged model components in Figure 2.4 are 

consistent with the earlier descriptions of the model mechanisms. Unpolarized 

scattering is assumed to be due to wavelength-scale roughness, and the small

perturbation model is based upon elements with horizontal spacings comparable to the 

radar wavelength (eq. 1 ). I would thus expect the two to be correlated, unless the 

topography has strong enhancements at particular resonant wavelengths. On a pixel

by-pixel basis, deviations from this correlation may well indicate preferential 

enhancement in portions of the roughness power spectrum . 

The correlation between unpolarized power and the model dihedral component 

suggests that the majority of two-bounce scattering geometries occur at short 

topographic wavelengths. This is consistent with field observations; none of the flows 

have large numbers of abrupt meter-scale changes in slope. Deviations from this 

correlation for small areas may be due to the existence of smooth radar-facing slopes or 

walls . 
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Finally, the lack of correlation between the quasi-specular and unpolarized 

returns suggests that there are populations of radar-facing facets which are not directly 

correlated with the small-scale roughness. For the pahoehoe, this was obvious in the 

presence of large, rounded flow toes. For the a'a flows, such structures were not 

evident, so the observed behavior is more difficult to explain. Isolated facets on large 

boulders are one possible source for the quasi-specular echoes. 

The fact that the model results are consistent with both the field observations and 

the original definitions of the scattering mechanisms suggests that the chosen 

components do relate to the distribution of surface scatterers at the scales assumed. The 

scattering objects themselves may not be discrete facets, dihedral joints, and resonant 

small perturbations, but this suite of components appears to adequately .relate the 

polarizing behavior of the COM lava flows to small-scale and large-scale surface 

roughness variations. This technique may be quite useful for expanding the description 

of lava surface roughness when using remotely sensed images. 

The insights into the interpretation of volcanic surfaces imaged by radar gained 

from this analysis, and the utility of the quad-pol dataset for synthesizing any desired 

combination of transmit and receive polarizations, will be used in subsequent chapters 

to guide the analysis and interpretation of dual-polarization planetary data. With regard 

to the interpretation of planetary radar data, this work: 1) demonstrates the 

importance of using the Stokes vector technique to separate the diffuse and non-diffuse 

components of a radar echo, and 2) shows that quasi-specular and diffuse models for 

radar scattering do not by themselves fully describe the circularly-polarized returns . 
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• Table 2.1 

Average Backscatter Components for Image Areas 

Average unpolarized power and dihedral, quasi-specular, and normalized small-

• perturbation model components for each image area (Fig. 2.3), at dielectric constants of 

6, 8, and 10. Average incidence angle (<P) and percentage of pixels with valid solutions at 

e=8 also listed. Lava flow abbreviation indicated for each site . 

• 
~ l .u.nn.. Dihedral Quasi-Spec Sm . Pert. '.&_E1 

1 (CK) 40 .1 6 .38 .36 .34 .27 .30 .33 3.34 2.36 1.85 77% 

• 2( B D) 30 .05 .16 .14 .13 .62 .67 .70 2.07 1.38 1.05 90% 

3 (LP) 39 .14 .33 .31 .30 .26 .29 .32 3.17 2.23 1.74 79% 

4(GC) 45 .08 .21 .20 .19 .18 .21 .23 2.38 1.63 1.26 89% 

• 5(CK) 46 .1 6 .38 .36 .35 .18 .20 .23 3.67 2.59 2.04 68% 

6(CK) 3 1 .20 .47 .45 .43 .31 .33 .35 3.77 2.82 2.28 44% 

• 

• 

• 

• 

• 
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A(CK) 
B(BD) 

Table 2.2 

Topographic Data Results 

cr=surface rms height, L=surface height correlation length 

Distance in parentheses is surface height sampling interval 

cr (2-cm) 
10 cm 
05 cm 

cr(50-cm) 
85 cm 
87 cm 

L (2-cm) 
10 cm 
12 cm 

L(50-cm) 
10 m 
35 m 
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e 
IDAHO 

N 

IOkm ~ 

figure 2.1. Recent lava flows (shaded) in the Craters of the Moon National 
Monument, showing the location of the study area imaged by the CV-990 radar (Box; 
Figure 2.2). Map of Idaho shows location of COM Monument. 
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A B 

D c 
Flaure 2.2. Images of model results. Assumed dielectric constant is 8. A} "HH 
dihedral; 8) Quasi-specular; C) Normalized small-perturbation echo components; and 
D) Unpolarized power. Radar flight line across top of image. Image width 1 O km. Slant 
range projection . 
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2km 

Figure 2.3. Sketch map of radar scene with sample areas (numbers 1-6, discussed in 
text) shaded. Stippling patterns match those of units on geologic map (Figure 2.5) 
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Fi au re 2.4. Plots of model scattering components vs. unpolarized power: (A) HH 
dihedral, (B} normalized small-perturbation, and (C) quasi-specular. Data plotted for 
six sample regions outlined in Figure 2.3; averages calculated for dielectric constants of 
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Figure 2.5. Sketch map of geologic units in study area, adapted from Kuntz et al. 
(1988). Locations of topographic sample sites (A, 8) indicated. Dotted line denotes 
southern boundary of area covered by radar images in Figure 2.2 . 
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A 

B 

Figure 2.6. A) View of the surface of a Blue Dragon pahoehoe lobe near station B. 
Lens cap approximately 6 cm in diameter. Note the small cracks on the surface. B) . 
Photo of Carey Kipuka a'a flow surface near station A. Ruler is 1 m in length. C) Photo 
of Grassy Cone flow surface, showing eroded small pahoehoe ropes (2-5 cm spacing) . 
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c 

Figure 2.6 Ccont!nyedl. A) View of the surface of a Blue Dragon pahoehoe lobe 
near station B. Lens cap approximately 6 cm in diameter. Note the small cracks on the 
surface. B) Photo of Carey Kipuka a'a flow surface near station A. Ruler is 1 m in 
length. C) Photo of Grassy Cone flow surface, showing eroded small pahoehoe ropes 
(2-5 cm spacing) . 
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A 

B 

Elgu re 2.7 A) Photo of template measuring device used for 2-cm sampling profiles, 
in place on Carey Kipuka flow. Template is 2m long. Note the rubbly nature of the flow 
at sub-meter scales, and the several-meter-scale undulations of the cross-flow 
structure. B) Photo of boundary between Carey Kipuka and Blue Dragon flows, showing 
dramatic difference in surface morphology. Note the smooth, billowy toes of the 
glass-covered pahoehoe flow . 
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A 

B 

figure 2.8. Power spectra for a'a (station A) and pahoehoe (station B) at 2-cm (A) 
and 50-cm (8) sample intervals. 2-cm sample data filtered by ramp in the frequency 
domain, starting at wavelength of 1 m. Power spectra graphs smoothed with 15-sample 
wide triangle filter . 
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CHAPTER 3 

Western Eistla Regio. Venus: Geologic Analysis from 

Arecibo and Pioneer-Venus Data 

Abstract 

42 

In this chapter, 1988 Arecibo Observatory dual-polarization radar images and 

Pioneer-Venus Orbiter reflectivity and altimetry data are analyzed for Western Eistla 

Regio, Venus. Volcanic deposits interpreted to be lava flows on two 400-500 km radius 

constructs, Sit and Gula Montes, are studied in an effort to predict their modes of 

formation, particularly whether they erupted from single sources or from multiple 

vents or fissures. This work was carried out and published prior to acquisition of 

Magellan data for this area, as a preliminary phase of the more detailed polarization 

analysis carried out in Chapter 4. Many of the large deposits studied appear to arise 

from superposed lava flows or multiple source vents. High Fresnel reflectivity material 

at the summit of Gula Mons is suggested to be due to localized tectonic or volcanic 

activity. Gula Mons may be younger than Sif Mons based on limited evidence for cross

cutting relations . 
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Introduction 

Pioneer-Venus Orbiter (PVO), Venera 15/16, and Earth-based Arecibo 

Observatory radar images have revealed that volcanic landforms on Venus are both 

widespread and diverse (Campbell et al., 1989; Sukhanov et al., 1989; McGill et al., 

1983). Altimetric maps (50-100 km spatial resolution), roughness information, and 

limited SAR images (25-50 km spatial resolution) obtained by the PVO from 1978-

1981 produced the first synoptic coverage of the large-scale topography and surface 

properties of Venus (McGill et al., 1983). In conjunction with orbital gravity 

measurements, these data were used to successfully map the morphometry and degree of 

dynamic support of a number of uplifted regions (Phillips and Malin, 1983; Sjogren et 

al., 1983). While volcanism was assumed to play a major role in creating and 

modifying landforms, the relatively coarse spatial resolution of the PVO data could only 

hint at the existence of volcanic flows and edifices . 

Earth-based radar maps of Venus are restricted to the side of the planet which 

faces the Earth at each opposition. These maps have improved steadily in resolution and 

polarimetric capability since the first successful attempts at detection in 1961 (Victor 

and Stevens, 1961 ). The Venera 15 and 16 spacecraft mapped the northern polar region 

of the planet (poleward of about 300 N), at a resolution of 1.5-2.0 km, in 1985-1986 

with an 8-cm radar system (Sukhanov et al., 1989). The Arecibo Observatory 12.6-

cm maps of 1975-1980 (resolution 4-20 km) (D. Campbell and Burns, 1980; Burns 

and D. Campbell, 1985) and the Venera radar mosaics have revealed the diversity and 

importance of volcanic processes on Venus. High-resolution 12.5-cm wavelength 

images of the equatorial regions collected by the Goldstone Observatory have augmented 

these maps, and have provided further evidence for regions of anomalously high Fresnel 

reflectivity (Jurgens et al., 1988; Jurgens et al., 1980) . 
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A fundamental question in the geologic study of any terrestrial body is the means by 

which the planet transfers heat from its interior through the lithosphere. Solomon and 

Head (1982) carried out a systematic evaluation of possible mechanisms of heat loss 

from Venus. They considered three possible mechanisms for heat transport: plate 

recycling, lithospheric conduction, and hot-spot volcanism. It was found that none of the 

three mechanisms could be excluded as unimportant, based on theoretical models or 

"current" (pre-Venera 15/16) imaging and topographic data. All three end-member 

heat-loss scenarios led Solomon and Head to the conclusion that most Venus surface 

features are geologically young; hot spot volcanism might well resurface the entire 

planet every 2 million years. With regard specifically to surface volcanism, Solomon 

and Head (1982) proposed that. the distribution of volcanic centers would vary from 

"extensive" (covering nearly the entire surface) in the case of hot-spot heat-loss alone, 

to "minor" in the case of lithospheric conduction . 

Analyses of topographic information and radar images, many carried out since the 

Solomon and Head (1982) study, have led several investigators to conclude that 

terrestrial-style plate tectonics, with large-scale transport of rigid plates away from 

spreading ridges to distant subduction zones, is probably not occurring on Venus (Grimm 

and Solomon, 1989). However, evidence for small-scale lateral transport of crustal 

regions, and imbrication of these regions in collision zones, appears quite strong (Kozak 

and Schaber, 1989; Vorder Bruegge and Head, 1989; Head and Crumpler, 1987). These 

results suggest that plate recycling does occur to some degree on Venus, probably in the 

form of lithospheric thickening and delamination, but is likely too limited to dominate 

the transfer of heat from the interior. 

Geophysical modeling of PVO gravity data indicates that most of the highlands 

provinces (i.e., Beta Regio and Aphrodite Terra) are not in a state of passive isostatic 

balance, but are instead supported by dynamic upwelling of hot upper-mantle plumes 
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(Sjogren et al., 1983). This argues in favor of a hot-spot model for producing elevated 

terrains (such as Beta Regio) on Venus, in which mantle upwelling produces broad 

domical uplifts, with associated extensional fracturing and extrusive volcanism (Morgan 

and Phillips, 1983). This proposal has been extended to include crustal spreading by 

Head and Crumpler (1990), who refer to the scenario as the "plume-plateau" model. 

The studies described above indicate that both plate recycling and hot-spot 

volcanism are important contributors to heat loss on Venus. Lithospheric conduction 

may also play a role, particularly in the lowland plains, which may represent zones of 

crustal thinning. As Solomon and Head (1982) point out, both plate recycling and hot

spot mechanisms are expected to produce widespread surface volcanism. It is therefore 

important to characterize the nature of volcanic deposits to infer their eruptive style 

and evolution, and to thus determine their association with either hot-spot or plate 

recycling activity . 

The possible styles of volcanism on Venus, and the effects of surface temperature 

and pressure and magma volatile and silica content, have been studied by Head and Wilson 

(1986) and Garvin et al. (1982) . Despite the high surface temperature (740 K). Head 

and Wilson (1986) predicted few major differences between terrestrial and venusian 

lava flows in terms of length and surface morphology, primarily because the effects of 

the high atmospheric temperature (which slows flow cooling) are offset by those of the 

higher atmospheric pressure (which enhances convective heat loss). Venus is highly 

depleted in water, and volatile contents in magmas are predicted to be quite low. 

Anhydrous magmas on Venus are predicted to be 2-4 times more viscous than similar 

terrestrial basaltic magmas, and active flows are predicted to form a'a surfaces in only 

2/3 the time required for similar changes on earth (Head and Wilson, 1986). Garvin et 

al. (1982) proposed that the high atmospheric pressure (90 bars in the venusian 

lowlands) would tend to inhibit volatile exsolution in rising magmas, and to thus limit 
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the likelihood of fragmentation and pyroclastic volcanism unless volatile contents 

exceeded 4% by weight. 

The predictions made by these investigators can be used to infer the eruptive styles 

(i.e., volume flow rates, magma rheology) of venusian volcanic terrains, given their 

surface morphology and spatial distribution. As we saw in Chapter 2, radar polarization 

data can be used to study the surface morphology of target surfaces. As high-resolution 

mapping images, radar data can also be used for Venus to study the spatial distribution of 

volcanic deposits and the correlation of volcanic terrains with tectonic trends (e.g., the 

study carried out for Beta Regio by Campbell et al. (1984)). 

Radar observations, lander probe data, theoretical geochemistry, and experimental 

chemical reaction studies have been used to study the surface geochemistry, of Venus. 

Five of the Venera landers analyzed the geochemical properties of their landing sites. 

Veneras 8, 9, and 10 measured uranium, potassium, and thorium abundances. These 

observations led McGill et al. (1983) to suggest that the Venera 8 site, on a highland 

region east of Phoebe Regio, is "sial", and the material at the Ven era 9 and 1 O sites, on 

the eastern flanks of Phoebe Regio, are "sima". Veneras 13 and 14 carried X-ray 

flourescence devices, and returned observations consistent with terrestrial basalts (of 

leucitic and tholeiitic compositions, respectively) (Moroz, 1983). Si02 contents at the 

two sites were 45% and 49%, respectively, consistent with silica contents in hawaiian 

basalts. Extremely ultramafic komatiite basalt compositions, common during the 

Archean epoch on earth, are not suggested by these observations. Both of these lander 

sites were along the boundary of Beta Regio and Guinevere Planitia . 

Observations of regions with apparent high reflectivity (dielectric constant) have 

been made by both PVO and earth-based radio telescopes, and a correlation between these 

returns and their altitude has been noted (Ford and Pettengill, 1983; Pettengill et al., 

1982; Jurgens et al., 1988). One possible explanation for such altitude dependence may 
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be variations in the chemical weathering regime at different levels within the thick 

Venus atmosphere (Greeley et al., 1987; Nozette and Lewis, 1982). In particular, 

Nozette and Lewis (1982} suggest that iron-rich olivine (fayalite} may combine with 

COS at higher elevations to form pyrite, quartz, co2 and CO. Recently, however, Fegley 

and Treiman (1990} have shown that under Venus conditions, up to 20 cm/year of 

surface pyrite could be weathered away in the lower elevations, and up to 3 cm/year at 

the top of Maxwell Montes . 

The geochemical data acquired by the Venera landers show that basalt is very likely 

the principal type of effusive volcanic material on Venus, but offer little information on 

the mode of formation of the high-reflectivity deposits. To date, no studies have been 

carried out at high spatial resolution in order to investigate the spatial distribution and 

geologic context of the high-reflectivity areas. Detailed studies of high-reflectivity 

deposits are necessary to determine whether these regions are related to exposure of 

fresh material (by effusive activity, mass wasting, or excavation by cratering}, or to 

weathering of surface material by a possibly altitude-sensitive process. 

In order to address these aspects of volcanism and surface evolution on Venus, this 

chapter presents an analysis of the geology of Western Eistla Regio (120.300 N, -1 ]O to 

+40 E} utilizing Arecibo and PVO data. Within this equatorial highlands province are two 

large central edifice volcanoes, Sif and Gula Montes. While there are many presumably 

volcanic regions within the available Arecibo dual-polarization coverage, most of the 

area covered by these data are "lowland plains" (Sedna Planitia and Guinevere Planitia}, 

characterized by mottled flow units with minimal topographic relief. Their source vents 

are typically fields of small (-1 km diameter} domes (Aubele, 1990}. The purpose of 

this chapter is to address the questions posed above in the context of a large central 

volcanic complex viewed at high (1-1.5 km} spatial resolution. For this reason, Sif and 

Gula Montes were selected for detailed study. These volcanoes may be typical of central 
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edifice volcanism within the equatorial highlands, and do resemble to some degree Tepev 

Mons in Bell Regio (Janie et al., 1987). They are less similar to Theia and Rhea Montes 

in Beta Regio, which are characterized by irregular bright haloes and large central rift 

zones (Campbell et al., 1984). Likewise, neither exhibits the deep calderas of Collette 

and Sacajawea Paterae in Lakshmi Planum (Gaddis and Greeley, 1990). 

First, the radar image data and topography measurements are discussed. The 

geology of Sit and Gula Montes are then described, with suggested surfaces morphologies 

and modes of emplacement determined from analysis of dual polarization data. High

reflectivity areas at the summit of Gula Montes are studied to determine their possible 

origin. The distribution and style of volcanic deposits, and the tectonic associations of 

these two shield volcanoes, are compared, and the relevance of these results to the 

geologic and geochemical questions noted above are discussed . 

During the 1988 Venus conjunction, the Arecibo Observatory's 12.6-cm radar 

system was used by Donald Campbell to collect radar image data, with a spatial 

resolution of 1.5-2.5 km, for the visible hemisphere of Venus (Campbell et al., 1989). 

A circularly-polarized wave was transmitted, and both senses of circular polarization 

were received (Campbell et al., 1989). A total of 25 individual "looks" are available at 

this resolution. I spent 3 months during the summer of 1989 at Arecibo Observatory 

working with Alice Hine to modify the in-house data processing software to produce 

Stokes vector element images for the northern hemisphere out to 45 degrees incidence 

angle (Fig. 3.1 a-c). Generation of these maps required the individual processing of each 

of the 25 looks for each of 7 map segments (carried out by myself and the Observatory 

telescope operators). Each look was calibrated to a region off the planet to make the 

relative power levels uniform from look to look. The 25 looks for each resolution cell 
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were then averaged to produce Stokes expectation values, and the final maps were 

rectified to a Mercator projection. These images made it possible, for the first time, to 

map in great detail the extent and possible surface morphology of venusian lava flows and 

impact crater ejecta. While Venera images are of comparable spatial resolution to these 

data, they were acquired at -1 oo incidence angle, and subsequently processed to 

suppress long spatial-wavelength tonal variations. This made them ideal for mapping of 

topographic changes, but much less useful for assessing surface morphology variations . 

On a global basis, the PVO spacecraft provided elevations for most of the surface of 

Venus, as well as information on surface rms slope and reflectivity at its 17-cm 

operating wavelength (Pettengill et al., 1982). In the area covered by this study (-17° 

to +40 E, 120-300 N), the "footprint" of the PVO antenna beam extended 6-1 O km in the 

along-track direction (approximately N-S) and 21-32 km in the cross-track direction. 

Real dielectric constants for each footprint were calculated from the corrected 

reflectivity values described by Pettengill et al. (1988) . 

PVO altimeter data points were used to produce interpolated and smoothed maps of 

the surface topography (Pettengill et al., 1980). The algorithms used to produce these 

maps tended to suppress high spatial frequencies in the topography, and to introduce 

artifacts along the spacecraft orbit tracks. For the study of Eistla Regio that I carried 

out, this made it difficult to accurately measure regional slopes for lava flows. To aid in 

the correlation of mapped flows with regional topography, I therefore hand-contoured 

the individual PVO elevations (-4500 points) for each footprint (Fig. 3.2). I then 

digitized and interpolated this map, using a simple algorithm I developed to perform 

linear interpolation between contour intervals while retaining the original datapoints. 

Used in conjunction with the Arecibo images, this contour map provided a powerful new 

data set with which to investigate volcanic processes in Eistla Regio . 
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Interpretation of Planetary Radar Images 

A circularly-polarized wave will reverse its "handedness" upon reflection from a 

smooth plane. Radar echoes with circular polarization state orthogonal to that 

transmitted are traditionally referred to in planetary applications as "polarized" . 

Likewise, echoes with polarization identical to that transmitted are referred to as 

"depolarized". This convention varies somewhat from that of Chapter 2, where 

"polarized" referred to the non-diffuse component of any radar return. As we saw in 

Chapter 2, the diffuse and non-diffuse components can be separated using a Stokes vector 

technique, and such an application for these data will be discussed in Chapter 4. In this 

chapter, I make the simplifying assumption that the polarized echo is the sum of a 

predominantly quasi-specular component and a randomly-polarized diffuse return. 

Further, I assume that the depolarized echo is dominated by the diffuse component. The 

ratio of depolarized to polarized returns ("polarization ratio") will thus be highest for 

areas with minimal quasi-specular backscatter (i.e., predominantly diffuse returns), 

and lowest in regions of minimal diffuse scattering or greater quasi-specular echoes 

(Hagfors, 1968; Burns and Campbell, 1985). This simplification is justified because I 

expect that there are few linear or dihedral structures large with respect to the 

resolution cell (-1 km) of the radar images. It is also useful in that it makes it possible 

to limit the discussion of radar backscatter to only three main parameters: wavelength

scale roughness, large-scale slopes, and the radar reflectivity of the material. 

Western Eistla Begjo 

Western Eistla Regio is a topographic high (1.0-1.5 km above the planetary datum 

of 6052.0 km) at the far western end of the equatorial highlands extending to the west 

from Aphrodite Terra (Campbell and Campbell, 1990; Campbell et al., 1989; Senske 

and Head, 1989). The total extent of the elliptical plateau is about 3000 km along its 
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long axis. Beta Regio, a well-known rift-related pair of large volcanic constructs (Theia 

and Rhea Montes) lies 5000 km to the west, separated from Eistla Regio by the broad 

lowlands of Guenivere Planitia (Campbell et al., 1984). Two large volcanic constructs, 

Sif and Gula Montes, dominate the central portion of the upraised Eistla plateau (USGS 

Map VSOM 6/60 RKT, 1981 ). Figure 3.3a-c show the polarized, depolarized, and 

polarization ratio ('PR', defined as the ratio of depolarized power to polarized power) 

images for Western Eistla Regio. This region spans an incidence angle range, at which 

the radar views the surface, from -200 to -450. Figure 3.3d shows the locations of Sif 

and Gula Montes, and the boundaries of the sub-scenes presented below. 

The volcanic nature of Eistla Regio was noted from analysis of PVO side-looking 

radar images by Senske and Head (1989), who suggested, on the basis of cross-cutting 

relationships, that Gula Mons post-dates Sit Mons, that the observed flows were a 

relatively thin veneer on a topographic rise, and that the region probably formed by 

doming due to thermal uplift, based on the very deep apparent compensation depth 

(> 1000 km) of the plateau inferred from comparison of PVO line-of-sight gravity and 

topography data (Sjogren et al. , 1983) . 

Figure 3.4 presents a sketch map of the area covered by the radar scene (Figure 

3.3), with study sites for the following discussions noted. Table 3.1 presents polarized 

power, depolarized power, and polarization ratio data for some of the regions discussed 

in this chapter, with the corresponding site notations from Figure 3.4 indicated. These 

data represent a subset of the larger group of radar polarization study sites described in 

Chapter 4. Briefly, these data were produced by selecting apparently homogeneous 

regions within the radar scene, and using an interactive computer program to extract 

and average the data within the selected polygons. The sample site boundaries and 

number of values extracted are listed in Chapter 4. Some sample unit locations and 

boundaries are indicated on the radar unit sketch maps (Figures 3.6a, 3.7a, 3.9a) . 
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Figure 3.5a is a perspective view of Sif and Gula Montes generated by overlaying 

the radar image of Figure 3.3a on the digitized topographic map (Figure 3.2) and then 

using the Land Analysis System computer program to simulate an oblique viewing 

geometry. A vertical exaggeration factor of 70 was used in generating this image . 

Images of this type are useful for showing the correlation of geologic deposits with 

regional topography, particularly in areas where slopes are very slight. In these cases, 

the use of vertical exaggeration can reveal subtle changes in slope which would not be 

evident from inspection of a contour map alone. It is evident from this image that the 

regional slopes over which many of the large inferred lava flows were emplaced are very 

slight (<10), and that the high-reflectivity material is confined to the upper slopes of 

Gula Mons. In general, the flows from Gula Mons are much less radar-bright t~an those 

of Sit Mons, and there are few obvious flow fronts or lobes. Much of Gula Mons is 

characterized by a swirled pattern of dark or mottled returns, visible in this image 

between the two mountains. In the foreground we see one of the long (-500 km) deposits 

associated with Sif Mons, showing transitions in roughness along its length which are 

discussed below . 

Figure 3.Sb is a topographic profile through Sit and Gula Montes, with a vertical 

exaggeration of -60. Note the low slopes (<1 O) characteristic of both edifices, and the 

lack of a large topographic "moat" around either volcano, such as observed for Tepev 

Mons in Bell Regio (Solomon and Head, 1990). Having described the regional setting of 

Western Eistla Regio, it is now relevant to consider in greater detail the radar 

characteristics of the two volcanic constructs in order to investigate the diversity of 

volcanism in this area . 
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Geology of Sit Mons 

Sif Mons is a 500-km radius volcano, with a maximum measured elevation of 

2200 m. The area surrounding the mountain has an average elevation of -800 m, so Sit 

Mons rises -1400 m above the surrounding terrain. This figure is only an estimate; 

regional slopes are so slight in this area that the "edge" of the edifice is not easily 

recognized. The edifice is superposed on radar-bright lineaments which trend ESE

WNW. Regional slopes for Sif Mons range from -0.20 in the southwest to <0.04o in the 

north. These slopes are low compared to those of hawaiian shield volcanoes (Walker, 

1990), which are typically 5-200. Dielectric constants vary widely, and the spacing of 

PVO data values is sparse, but there is a trend toward increasing values with proximity 

to the edifice summit. The highest dielectric constant values (-10) occur immediately 

to the south and southeast of the summit. These measurements are averages of the 

material properties of all the units within the PVO altimeter footprint, so there are 

presumably localized deposits with even greater reflectivity. There are no very bright 

regions in the Arecibo images correlated with these areas of high dielectric constant, in 

contrast to the very bright deposits in the Gula summit region . 

The summit region of Sif Mons is characterized by an arcuate bright feature and a 

number of radar-dark deposits which occur concentric to the "peak" and define a 

circular region -so km in diameter (Figure 3.4, A; Table 3.1, sites 1-3). A mottled

bright deposit fills the center of this circular area, and flows downslope to the east. It 

seems likely that this central feature is a shallow or refilled caldera. There is no strong 

backscatter from the northeast "rim" of the feature, which one might expect were this a 

deep circular depression. The bright arcuate feature may be all that remains of a 

former caldera rim, now buried by either subsequent infilling or by eruptions of the 

radar-dark materials around the edges of the feature . 
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There is a small topographic high to the southeast of Sit Mons (Fig 3.4, B). This 

rise has a measured elevation of 1700 m, and there is a radar-bright feature close by. 

This feature is circular in plan, with butterfly-shaped flows to its northeast and 

southwest. The PR image (Figure 3.3c) shows that there is a lineament cutting through 

this deposit, separating a low-PR arcuate region from the flow to the northeast. This 

circular feature may be the source crater for the flows associated with it, or it may be a 

ring of small domes . 

Sif Mons has many extensive radial deposits which are interpreted to be lava flows 

(Campbell and Campbell, 1990; Campbell et al., 1989). The following descriptions of 

the radar data for these deposits strongly suggests that many are compound flow units, 

probably formed by the eruption of several individual flows from separate central vents 

or linear fissures, and guided by regional and local topography to form contiguous units. 

Evidence in support of this explanation is derived from mapping of circular radar

bright features, which are inferred to be cones, and linear radar-dark features, 

inferred to be non-welded spatter or ash deposits around central vents or linear 

fissures. Further support comes from comparison of the observed downslope variations 

in surface roughness with those observed for terrestrial basalt flows. 

The deposit labeled "C" in Figure 3.4 is inferred to have erupted from the 6.5±1.5 

km diameter radar-bright cone, which has a center pit (Figure 3.4, D; Figure 3.6a-b) . 

About 50 km from the cone, the depolarized radar brightness of this deposit increases by 

-25%. The depolarized echo drops 25% after -200 km as the flow continues into 

southern Sedna Planitia (Table 3.1 ). The bright deposit to the east (Figure 3.4, E; 

Figure 3.6a-b) also displays this type of abrupt decrease in backscatter downslope, and 

there is a group of small bright features in the transition zone. These flows are 

emplaced on regional slopes of <0.04o . 
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The large (-600 km) deposit to the southwest of Sit Mons (Figure 3.4, F; Figure 

3.7a-b) can be separated into two distinct features. While there is little change in 

polarized echo between these two segments of the deposit, the depolarized echo power 

drops -20% from the E-W trending leg to the N-S trending leg (Table 3.1 ). The E-W 

leg of this deposit is broken up into isolated bright patches along its north edge, 

suggesting burial of portions of the flow by low radar return materials. Radar-dark 

lineaments are aligned along- and across-flow in the bright E-W trending portion of the 

deposit, and there are at least three small bright circular features along the N-S 

trending leg of the unit. Regional slopes are -0.20 in the E-W leg, and 0.1-0.20 in the 

N-S trending leg . 

One interpretation of this dow11slope change in radar brightness might be analogous 

to the transition from relatively smooth surfaces characteristic of pahoehoe to rougher 

a'a morphologies which is commonly observed for terrestrial basalt flows. Such flows, 

however, are neither predicted (Kilburn, 1981) nor observed (Peterson and Tilling, 

1980) to revert from an a'a morphology to that of a pahoehoe. It seems most likely that 

the deposits noted above, and presumably many of the large "flows" on Sit Mons, are 

formed by the coalescence of flows from different sources, which all follow pre-existing 

topography and thus share a relatively contiguous boundary. The small bright features 

observed along the flows may be domes, while the radar-dark lineaments may be 

fissures with associated loose spatter or ash. 

There are small (<100 km diameter) radar-dark deposits near the summit of Sit 

Mons and on its southwest flank (Figure 3.2, G; Table 3.1 ), as well as two more 

extensive (100-300 km diameter) dark units aligned along the trend of the radar

bright lineaments to the northwest (Fig 3.2, H-1). A third such region may be present 

to the southeast (Figure 3.2, J), but its boundaries are poorly resolved. These dark 

deposits may arise in two ways: very smooth lava flows, which forward-scatter most of 
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the radar echo and provide little backscatter return, or smooth, unconsolidated material 

which attenuates the incident radar energy. The expression of each type in plan view 

may be used to infer the origin of dark deposits. One method for producing 

unconsolidated material on any planet is through pyroclastic eruptions associated with 

fire-fountaining. Such deposits will, in general, form azimuthally symmetric deposits 

which mantle and subdue pre-existing topography. Very smooth lava flows, presumably 

of low viscosity when erupted, are expected to infill and embay pre-existing topography . 

The dark deposits near the summit of Sit Mons appear to be topographically 

controlled, and are inferred to be smooth lava (or pyroclastic) flows (Figure 3.5). The 

extensive dark deposits (Figure 3.4 H-J) are feathery at their edges and mantle the 

underlying bright lineaments, and are thus candidates for pyroclastic airfall deposits. 

The annular dark feature on the SW slope of Sit Mons (Figure 3.4, G; Figure 3.8) is 

perhaps the best such candidate, as it is azimuthally symmetric, appears to mantle pre

existing topography, and has feathery boundaries. Garvin et al. (1982) and Head and 

Wilson (1986) argue that formation of pyroclastic deposits would be inhibited on Venus 

unless magma volatile contents rose above -4% by weight. In addition, the thick 

atmosphere would tend to limit both the ballistic transport of pyroclasts and the rise 

height of eruption clouds, and thus to minimize the horizontal dimensions of an airfall 

deposit. Nevertheless, the fact that the dark annular deposit on southwest Sif Mons 

appears to partially mantle the underlying terrain is suggestive o! a pyroclastic origin. 

With the current data, I cannot further test this hypothesis . 

Geology of Gula Mons 

Gula Mons is a 500-km radius volcano with a maximum measured elevation of 

4200 m and generally smoother surfaces, inferred from its lower radar return, than 

that of Sit Mons (Fig. 3.3). The height of the volcano summit above the surrounding 
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terrain is -3200 m. The radial deposits from Gula Mons form a low-return, swirled 

pattern in the region between the summits of the two edifices, and can only be resolved 

into distinct lobate flows to the north and east. The summit of Gula Mons occurs along the 

radar-bright lineaments which trend SE-NW, and flows associated with the volcano 

cover these lineaments to the south of the summit. To the north of the summit region, 

these lineaments define a broad arc concave to the east, but there is little evidence that 

the area to the east of this arc is a caldera (Figure 3.4, K). Regional slopes away from 

the immediate vicinity of the summit, at -0.20, are slightly higher than those of Sit 

Mons, but still fall well below those of terrestrial analogues. At the summit itself, the 

topography jumps more than 1000 m between adjacent orbit tracks, indicating possibly 

steep slopes. The dark "plains" units to the north and south of Gula Mons hav.e average 

dielectric constants of -5, consistent with the planet-wide average (Pettengill et al., 

1982). As observed for Sif Mons, dielectric values vary widely within the Gula Mons 

deposits, from as low as -3 on the northeast flanks up to -a just east of the summit. 

The Gula Mons summit region is complex (Figure 3.4, L; Figure 3.9a-b). The 

polarized and depolarized returns are very high (>105 in arbitrary units; Table 3.1) 

along an -150 km long area near the peak. Very bright, low PR areas are aligned along 

the arms of a wide 'V', which follow the SE-NW lineaments and the topographic trend of 

the summit (Table 3.1). The radar returns from some areas near the summit are 5-10 

times greater than the returns from radar-bright flows on Sif Mons. A more narrow 

contrast stretch (Figure 3.1 Oa-b) shows that the very high returns in the polarized and 

depolarized images are correlated in some instances with different areas along the 

summit. Some of the polarized enhancement appears to be due to radar-facing slopes, as 

the very-low PR regions are often elongate perpendicular to the radar look direction. 

Polarization ratios for the brightest areas reach as low as 0.14, indicating a minimal 
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efficiency of depolarization (i.e., a smooth surface at scales comparable to the radar 

wavelength). Chapter 4 will examine the nature of this area in greater detail. 

Surrounding the summit bright region are several low return areas, which appear 

to infill local topography and are inferred to be very smooth lava flows. The very high 

backscatter cross-section and high PVO reflectivity suggest that there may be exposures 

of high Fresnel reflectivity material in the summit area, with additional enhancement 

due to favorably oriented slopes . 

There are no extensive flows of the inferred highly reflective material seen at the 

Gula Mons summit. While altitude-dependent weathering has been suggested as a 

mechanism for concentrating materials such as pyrite in the highlands (Nozette and 

Lewis, 1982, equation 3), the relatively low elevation of the summit of Gula Mons does 

not make this a plausible reason for limiting such deposits to the summit region. It 

seems more likely that the summit area has experienced localized eruptions of highly 

reflective material, or that tectonic processes in this area act to continually expose 

fresh bright material through mass-wasting from steep slopes. 

The Gula Mons lava flows which can be distinguished on the Arecibo images (Figure 

3.4 M-Q, Figure 3.9b) are, with the exception of "Q", wider and smoother than those 

mapped on Sif Mons. The east-treAding flows (Figure 3.4, M-N; Figure 3.11) increase 

in depolarized echo strength along their lengths, indicating a possible transition in flow 

morphology during emplacement (Table 3.1 ). Source vents for these two flows are not 

evident, nor are features within the deposits which might indicate multiple source domes 

or fissures. The northeast-trending deposit (Figure 3.4, O; Table 3.1) has its source 

along the bright arcuate lineament. The "claw" feature (Figure 3.4, P; Table 3.1) 

appears to be two flows which surround a broad, low ridge in the plains. The 

continuation of this ridge is evident as a series of elongate dark regions to the northwest, 
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and as an elongate low-return feature to the east of the bright flow (Figure 3.4, Q) . 

There is a slight drop in topography (100-200 m) across this dark region. 

The north-trending bright deposit (Figure 3.4, Q; Figure 3.12) begins between 

the bright arcuate lineament and the lineaments to the west, but the proximal end of the 

deposit is not evident. Regional slopes are <0.20. The deposit changes in backscatter 

intensity along its length, with the first change a transition from mottled-low return to 

high return (Table 3.1). This high-return segment crosses the radar-dark ridge which 

forms the interior of the "claw" feature, and then decreases slightly in depolarized echo 

strength. There is a small circular feature along the west side of the flow at this point. 

Finally, the deposit undergoes a transition (with a 20% decrease in depolarized return) 

to a mottled-low return unit and narrows to its distal end. There is a radar-dark linear 

feature perpendicular to the downslope direction at this transition. These observations 

again suggest a compound flow unit, with multiple source vents feeding into local 

topographic depressions. 

The very bright Y-shaped feature to the north of Gula Mons (Figure 3.4, R; Figure 

3.13) can be divided into two sections by differences in backscatter behavior (Table 

3.1). Both portions of the feature have low depolarized echoes (-22000 in arbitrary 

units; Table 3.1 ), while the northern region has a 38% lower polarized return than the 

southern portion. The southern region is cut by ridges, which are selectively enhanced 

in the image where they trend perpendicular to the radar look direction. This feature 

does not appear to be a lava flow, but instead an embayed region of tessera-like terrain. 

The high polarized backscatter and low polarization ratio may be due to the emplacement 

or exposure of highly reflective materials on a relatively smooth, folded surface. The 

PVO dielectric measurements reach no higher than -6 in this area, but the altimeter 

data may not have taken in a significant portion of this deposit, due to the small size of 

the feature with respect to the footprint spacings . 
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Comparjson of Sjf and Gula Montes 

Gula Mons is considerably higher than Sif Mons (3200 m vs. 1400 m above their 

surroundings, respectively; Figure 3.5), but both appear to be formed as a "veneer" of 

lava flows extending 400-500 km radially from their summits, as suggested by Senske 

and Head (1989). By "veneer", it is implied that neither volcano contributed 

significantly to the total volume of the Western Eistla uplift, and that the 3000-km 

diameter domical highland region formed by uplift in response to mantle upwelling. The 

large apparent compensation depth (> 1000 km) for this region noted by Sjogren et al. 

(1983) supports such a model. It seems likely that both Sif and Gula Montes represent 

constructional edifices superimpos.ed on regions of extension formed in response to the 

crustal uplift (Head and Crumpler, 1990; Senske and Head, 1989). Neither volcano 

shows evidence of a surrounding crustal "moat" (Fig. 3.5b), such as seen for Tepev Mons 

in Bell Regio from PVO and Ven era 15/16 topography (Solomon and Head, 1990). This 

may indicate that the two constructs are relatively young, or that the updoming of Eistla 

Regio is continuing, preventing "sagging" of the crust. 

The observed flows from Sif and Gula Montes are proposed to be on the order of 1 

to a few meters thick, primarily due to a lack of visible flow fronts in the radar image. 

The radar-facing edges of such flow fronts would be expected to appear very bright if the 

flow were more than 100 m or so in height. Additional support for this proposal comes 

from the fact that both volcanoes are superposed upon radar-bright lineaments, which 

are exposed to varying degrees within their deposits. These lineaments are likely ridges 

or graben with vertical offsets on the order of 100-1000 m, based on their width in the 

radar images (generally no more than 1 resolution cell wide). Wider graben would tend 

to have wider radar-bright features, and higher scarps would exhibit shadowing on the 

side away from the radar. The fact that these lineaments are exposed in many areas 



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

6 1 

suggests that the lava flows are relatively thin. Only to the southeast of the Gula Mons 

summit are the lineament traces not visible. The total depths of the two constructs (i.e., 

the degree to which they contribute to the topographic relief of the region) cannot be 

inferred from these observations, since the tectonic lineations may have formed after 

some of the flows from the two volcanoes were erupted. These inferred depths are 

consistent with both Head and Wilson's (1986) predictions of flow depths on shallow 

slopes (<25 m on a 0.040 slope, even at an effusion rate of 106 m3/s), and with 

Rowland and Walker's discussion of lava flow properties in Hawaii (Rowland and 

Walker, 1990). 

In general, flows from Gula Mons are smoother at the 12.6-cm radar wavelength 

than those of Sit Mons, with the exception of the summit deposits and feature "Q". There 

are no obvious cross-cutting relationships, but the flows from Sif Mons do appear 

truncated to the east of the summit, suggesting that Gula Mons post-dates the largest of 

the Sif Mons basal deposits (Senske and Head, 1989). There is no evidence, such as 

diverted flow boundaries, to suggest that the flows from Gula Mons pre-dated those of Sif 

Mons, and formed a barrier to flows moving east from the latter volcano . 

There are differences between the two volcanoes in their distribution of source 

vents. Some flows on Sif Mons can be seen to originate at the summit (site #3, Fig. 

3.6b), but there is strong evidence that many of the large deposits mapped on the edifice 

have sources along the radial deposits. Deposit "C" (Fig. 3.4, 3.6a) and deposit "F" show 

evidence of multiple sources, in the form of either central vents or linear fissures. The 

dark deposits "H", "I", and "J", and the summit of Sit Mons, are aligned along the trend of 

the bright lineaments, but other vents seem randomly distributed over the edifice. 

Source areas for flows on Gula Mons appear to be much more localized along the SE-NW 

lineament trend. Feature "Q" appears to require multiple source vents, but again these 

lie along the lineament trend. Flows "P", "Q", "M", and "N" all show little evidence for 
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multiple source vents, and all of these flows can be traced back to the central arc of 

lineaments. Both edifices show evidence for multiple eruptive episodes: bright flows on 

Sif Mons appear to be buried, within a circular region near the summit, by mottled

return flows such as that at site 3, and deposit "Q" on Gula Mons crosses the darker 

"claw" (feature "P"). 

The gross morphologic differences between Sif and Gula Montes may be explained 

by the hypothesis that Gula Mons is characterized by lower volume flow rates (and 

presumably lower mass eruption rates) than Sit Mons. This proposal arises after 

consideration of the effects of a number of eruption parameters (eruption rate, magma 

volatile and silica content), and the observed variations in surface properties measured 

by the Venera 13 and 14 landers (Moroz, 1983). 

As discussed in Chapter 2, the transition of a lava flow from a smooth "pahoehoe" 

morphology to a rougher "a'a" surface occurs at some critical combination of shear 

stress and magma viscosity (Peterson and Tilling, 1980; Kilburn, 1981 ). The shear 

stress in the flowing lava will be due to both the volume flow rate (related to the mass 

eruption rate and the total length of the moving flow front or fronts) and the local slope, 

while the lava viscosity will be a function of the flow temperature, silica content, and 

degree of volatile enhancement. Magmas poor in volatiles do not lose heat as rapidly as 

magmas which exsolve large quantities of volatiles, and may thus be emplaced as smooth 

flows over large areas (Sparks and Pinkerton, 1978). Likewise, magmas with lower 

silica contents will have lower viscosities, and again tend to travel long distances as 

smooth flows. More volatile-rich or more silicic magmas tend to form a'a morphologies 

more readily upon eruption due to heat loss by exsolution. If the mass eruption rate is 

high, there may be a tendency for volatiles to be driven out of the vent still entrained in 

the magma, rather than exsolved and vented prior to eruption of the lava. While the high 
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atmospheric pressure on Venus will inhibit fire-fountaining (Garvin et al., 1982), this 

does not prevent escape of gases from the magma if the eruption rate is relatively low. 

Recent work by Rowland and Walker (1990) on Hawaiian basalt flows 

demonstrates that volume flow rate is the principal factor in determining the surface 

morphology of lava flows. This conclusion is based on studies of historic eruptions from 

Mauna Loa and Kilauea volcanoes, which show that magmas erupted from a given vent 

formed a'a morphologies if the volumetric flow rate exceeded 5-1 O m3/s, and pahoehoe 

morphology if the rate were slower. The "volumetric flow rate" is the actual flow rate 

within a single flow, which may be less than the mass eruption rate if more than one 

flow is active at a time. This correlation of flow rate and morphology persists over a 

range of magma silica contents, suggesting that silica content does not strongly affect the 

final flow surface structure. Magmas with greater yield strengths will simply tend to 

form a'a surfaces at a lower volume flow rate (Rowland and Walker, 1990) . 

Given these terrestrial field observations, theoretical studies, and the information 

from the Venera landers, it seems most likely that the gross morphologic differences 

between Sif and Gula Montes are due to volume flow rate variations in their eruptions . 

Gula Mons is proposed to be characterized by lower volume flow rates, and presumably 

lower mass eruption rates, than Sif Mons. Exceptions to this hypothesis are the bright 

flow ("Q") from Gula Mons, and the long mottled units which may underlie the shorter 

bright flows on Sit Mons. This hypothesis is supported by the following observations: 1) 

Sif and Gula Montes are both characterized by minimal (<1°) surface slopes, 2) the total 

radial flow distances are comparable between the two volcanoes, but many of the bright 

flows on Sit Mons are relatively short, 3) silica contents between the Venera 13 and 14 

sites differ by only 4%, and are both in a range analogous to hawaiian basalts, and 4) 

mechanisms of volatile enhancement on Venus are poorly understood, but the lack of 

water suggests that gross volatile differences between large volumes of magma are 
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unlikely. Since large variations in silica and volatile contents seems unlikely, volume 

flow rate differences appear to best explain the morphologic differences between the two 

volcanoes. 

If the large dark deposits (particularly area "G") are in fact of pyroclastic origin, 

then some mechanism would be required to provide at least localized concentrations of 

volatiles ·at the 4% by weight level. Recent evidence from Magellan images (D. 

Campbell, pers. comm., 1990), however, suggests that such dark haloes around 

irregular radar-bright features may be due to the breakup of impacting bodies within 

the atmosphere, rather than to explosive volcanism. 

Gula Mons has large outcrops of high-reflectivity material at its summit, while Sif 

Mons has only a small arcuate region of less enhanced bright material. The geochemistry 

of these deposits are unknown, so the reasons for their observed distribution are poorly 

constrained. One possibility is that Gula Mons is more tectonically active than Sit Mons, 

as evidenced by its greater relief and strong correlation with radar-bright lineaments. 

The greater tectonic activity may serve to support steep slopes, which erode by mass

wasting to expose fresh bright material. 

Summary 

The geomorphology of Sit and Gula Montes was described in this chapter. Many of 

the large deposits studied appear to arise from superposed lava flows or multiple source 

vents. Gula Mons may be younger than Sit Mons based on limited evidence for cross

cutting relations. It was proposed that large radar-dark flows on Gula Mons formed by 

lower volume flow rates, and presumably lower mass eruption rates, than the shorter 

bright flows on Sit Mons. If suggested pyroclastic origins for some deposits are correct, 

then volatile contents may exceed 4% by weight in explosive eruptions. Volcanism in 

Eistla Regio appears to be strongly correlated with uplift and extensional stresses. This 
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may be representative of volcanism throughout Aphrodite Terra, where crustal uplift 

and extension has been proposed to be a major contributor to formation of the highlands 

(Head and Crumpler, 1990). 

The high Fresnel reflectivity material on Gula Mons is proposed to be due to 

localized volcanic or tectonic activity, which continually exposes fresh bright material. 

Altitude-sensitive weathering does not appear to be an important factor in the 

localization of highly reflective material at the summit. 

The data presented here are not of high enough spatial resolution to resolve small 

impact craters (if they exist), so accurate age determinations for the two volcanoes are 

not possible. The uncertainty in flow thickness and vent locations prohibit accurate 

estimates of eruption volumes or .rates, and the lack of relative ages leaves open the 

question of resurfacing rates. 

The work in this chapter suggests surface morphologies and an overall geologic 

context for volcanic deposits in Western Eistla Regio. These surface morphologies were 

inferred largely by analogy to observed terrestrial backscattering behaviors; radar

dark units are assumed to be "smooth", while radar-bright units are inferred to be 

"rough". Based on terrestrial experience, these terrains might be labeled "pahoehoe" 

and "a'a", respectively. Such analogies are not necessarily valid, however, because the 

brightness variations between datasets cannot be compared directly without radiometric 

calibration. There is thus a need to compare the polarization properties (in particular 

the polarization ratios) of deposits described here to potential terrestrial analog 

surfaces imaged by polarimetric radar systems. This type of analysis will serve to more 

fully describe the properties of individual lava flows and to assess the validity of 

applying terrestrial basaltic lava flow analogies to venusian terrains imaged by radar. 

This comparison is the goal of Chapter 4 . 
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Ia big a.1 

• Polarized and depolarized power, polarization ratio (PR), and incidence angle for 
selected regions discussed in text. These data are a subset taken from Table 4.5 Study 

site letters follow notation on Figure 3.4; where applicable, numbers follow notation of 
areas shown on radar unit maps (Figures 3.6b, 3.7b, 3.9b) 

~ QeSQ[ipliQD Ao..oJ.e_ QepQla[il:ed PQla[ized EQI, BaliQ 

• 1 A Bright arc on Sit 26 30716±380 150617±2104 0 .20±0.01 
2 A Dark flow on N Sit 26 17057±52 54787±189 0.31 ±0.01 
3 A Mottled flow in Sit 26 21845±58 93004±295 0.23±0.01 

4 c N-trending flow 27 20990±74 76188±381 0.28±0.01 

• 5 c Central bright area 28 25156±92 89794±421 0.28±0.01 
6 c Mottled end of flow 29 20967±30 54886±122 0.38±0.01 

7 F E-W trending leg 21 24101±113 110029±450 0.22±0.01 
8 F N-S trending leg 2 1 19480±43 99631±227 0.20±0 .01 

• G Dark halo 24 14773±44 43941±194 0 .34±0.01 

Dark unit 25. 17138±19 42811±60 0.40±0.01 

9 L Dark flow NW Gula 3 1 14946±46 28231±107 0.53±0.01 
10 L Central Gula summit 3 1 42152±476 108367±1221 0.39±0.01 

• 11 L NE Gula summit 3 1 93167±1511 200699±2772 0.46±0.00 
12 L SE Gula summit 31 89094±1098 243354±3296 0.37±0.00 
13 L SW Gula summit 3 1 69071±3017 503085±29319 0.14±0.02 

M Proximal end of flow 34 15959±14 30875±42 0.52±0.01 
M Distal end of flow 37 17167±47 28530±104 0.60±0.01 

• N Distal end of flow 37 17322±57 29291±131 0.59±0.01 
14 0 Start of flow 32 20397±156 46101±452 0.44±0.00 
15 0 Central bright area 34 24705±99 53553±263 0.46±0.01 
16 0 Mottled end of flow 34 19613±54 38344±113 0.51 ±0.01 

• P Claw feature 31 18575±16 38435±50 0.48±0.01 

1 7 Q South end of deposit 32 34111±194 82683±469 0.41 ±0.01 
18 Q Central bright area 33 31905±111 76729±302 0.42±0.01 
19 Q Mottled distal end 33 25527±103 58624±272 0.44±0.01 

• 20 R North portion 35 21406±69 57224±396 0 .37±0 .01 
21 R South portion 35 21894±76 91274±699 0.24±0.01 

• 

• 
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A 

B 

Figure 3.1. a) Polarized radar image of lower Northern hemisphere of Venus. b) 
Depolarized radar image. Maximum extent of mapping: 100.450 N, -700 to +100 E. 
Mercator projection. Incidence angle varies from -200 at lower center of image to 450 
along curved upper boundary. Increasing brightness in the polarized and depolarized 
images corresponds to greater radar echo strength, and in the polarization ratio image to 
higher ratio values. Brightening in the lower center of the polarized image is due to 
increasing quasi-specular echoes from regions nearer to the sub-radar point. c) 
Location map of study region (Figure 3.3) within Arecibo dual-polarization images, 
indicated by cross-hatching . 
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Figure 3.1 Ccont!nuedl. a) Polarized radar image of lower Northern hemisphere 
of Venus. b) Depolarized radar image. Maximum extent of mapping: 100-450 N, -700 
to + 1 ao E. Mercator projection. Incidence angle varies from -20° at lower center of 
image to 450 along curved upper boundary. Increasing brightness in the polarized and 
depolarized images corresponds to greater radar echo strength, and in the polarization 
ratio image to higher ratio values. Brightening in the lower center of the polarized 
image is due to increasing quasi-specular echoes from regions nearer to the sub-radar 
point. c) Location map of study region (Figure 3.3) within Arecibo dual-polarization 
images, indicated by cross-hatching . 
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Figure 3.2. Contour map of Western Eistla Regio prepared by hand-contouring PVO 
orbital topography measurements. Contour interval varies with regional slope; 500 m 
contours noted • 
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Figure 3.3 (continued). a) Polarized radar image of Western Eistla Regio. b) 
Depolarized radar image. c) Polarization Ratio (Depolarized/Polarized) image. 
ln.cidence angle range 200_450 (increasing from lower left), region 120-300 N, -170 
to +40 E. North to top of images. Increasing brightness in the polarized and depolarized 
images corresponds to greater radar echo strength, and in the polarization ratio image 
to higher ratio values. Brightening to the SW in the polarized image is due to increasing 
quasi-specular echoes from regions nearer to the sub-radar point. d) Sketch map of 
Eistla Regio study area, with locations of Sit and Gula Montes indicated by "plus" signs 
and boundaries of sub-scenes discussed below noted . 
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Figure 3.4. Sketch map of important features in radar image (Figure 3.3). Study 
sites A through R, which are discussed in text, are identified. Lineaments have been 
omitted for clarity. Where possible, the maximum radial extent of flows from both 
edifices have been identified. Latitude 17-30 N, Longitude -17 to +4 E . 
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Eigyre 3.5. a) Perspective view of Western Eistla Regio created by overlaying the 
polarized Arecibo radar image on an interpolated topographic map. Verti_cal exaggeration 
70. View is from the northwest. b) Topographic profile through Sif and Gula Montes, 
taken from the hand-contoured and interpolated dataset. Profile oriented approximately 
E-W through maximum measured summit elevations. Vertical exaggeration -60. Note 
low slopes ( <1 O) on both edifices, and lack of topographic moat around either volcano . 
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A 
Figure 3.6. a) Polarized radar image of bright flow North of Sit Mons. Note changes 
in s_urtace roughness with distance from the small cone. Latitude 24-29 N, Longitude 
-11 to -5 E. b) Radar unit sketch map. Study sites listed in Table 3.1 are indicated by 
number. Latitude 21-29 N, Longitude -10 to -7 E . 



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

79 

MONS SUMMIT 

B 

Figure 3.6 (continued). a) Polarized radar image of bright flow North of Sif Mons. 
Note changes in surface roughness with distance from the small cone. Latitude 24-29 N, 
Longitude -11 to -5 E. b) Radar unit sketch map. Study sites listed in Table 3.1 are 
indicated by number. Latitude 21-29 N, Longitude -10 to -7 E. 
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Figure 3.7 <continued>. a) Polarized radar image of Southwest Sif Mons. Note 
radar-dark lineaments in large flow feature, possibly suggesting fissure eruptions. 
Latitude 17- 23 N, Longitude -17 to -11 E. b) Radar unit sketch map. Study sites 
listed in Table 3. 1 are indicated by number. Latitude 17-23 N, Longitude -17 to -11 
E. 
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Figure 3.8. Polarized radar image of Sif Mons summit. Note 80-km diameter 
radar-dark deposit centered on bright feature in southwest corner of image. Latitude 
20-22 N, Longitude -11 to -5 E . 
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A 
Figure 3.9. a) Polarized radar image of Gula Mons summit region. Note very bright 
dep~sits aligned along broad V-pattern. Latitude 20.5-23.5 N, Longitude -1 to +0.5 E. 
b) Radar unit sketch map. Study sites listed in Table 3.1 are indic~ted by number. Area 
of sketch map extends over regions covered by Figures 3.9a , 3.11, 3.12, and 3.13 . 
Latitude 20.5-30 N, Longitude -5 to 0.5 E . 
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B 
Fjqure 3.9 Ccontlnuedl. a) Polarized radar image of Gula Mons summit region. 
Note very bright deposits aligned along broad V-pattern. Latitude 20.5-23.5 N, 
Longitude -1 to +0.5 E. b) Radar unit sketch map. Study sites listed in Table 3.1 are 
indicated by number. Area of sketch map extends over regions covered by Figures 3.9a, 
3.12, and 3.13. Latitude 20.5-30 N, Longitude -5 to 0.5 E . 
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Figure 3.11. Polarized radar image of East-trending Gula Mons flows. Note change in 
roughness at distal ends of flows. Latitude 21-26.5 N, Longitude -1 tO 5 E . 
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figure 3.12. Polarized radar image of North-trending Gula Mons flows. Note 
radar-dark linear features near spatial changes in radar return. latitude 24.5-28.5 N, 
longitude -4 to -1 E . 
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CHAPTER 4 

Radar Polarization Measurements for Western Eistla Regio. 

Venus: Comparison with Terrestrial Volcanic Terrains 

Abstract 

In this chapter, dual-polarization Arecibo Observatory radar images of Western 

Eistla Regio, Venus, are compared to data for terrestrial terrains imaged by the JPL CV-

990 and DC-8 airborne radar systems. This analysis extends the work presented in 

Chapter 3 to a more quantitative study of surface morphology. For both the Venus and 

terrestrial datasets, apparently homogeneous units are selected, and the average 

polarized and depolarized echoes are calculated. The observed correlation of radar 

brightness and polarization ratio, and the angular dependence of polarized and 

depolarized echoes, are studied for each region to assess the possible range of surface 

morphologies in Western Eistla Regio. It is demonstrated that the average surface in this 

region of Venus is exceedingly smooth, comparable only to a flat desert surface in the 

terrestrial dataset. Polarization ratios are strongly correlated with LR echo power, and 

show no large offsets comparable to differences observed for terrestrial a'a and pahoehoe 

surfaces. Further, the polarization ratio for lava flows in Eistla Regio is negatively 

correlated with depolarized brightness, whereas terrestrial lava flows demonstrate a 

positive correlation over a wide range of surface structures. These results are proposed 

here to imply a range of surface morphologies extending from extremely flat volcanic 

"pavements", perhaps represented by the Venera 14 landing site, to terrestrial pahoehoe 

analogs. Areally extensive (>50 km) deposits with a'a morphologies are not implied by 

these observations, except perhaps near the summit of Gula Mons. Such a lack of a'a 

surfaces may be due to some combination of low magma effusion rates (though this is 

unlikely), shallow regional slopes, high surface temperatures, and inhibited volatile 

exsolution due to high atmospheric pressure . 
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Introduction 

In Chapter 3, I presented a geomorphology study of Western Eistla Regio, Venus, 

based on high-resolution radar images obtained at Arecibo Observatory. This study 

suggested that many of the large volcanic deposits are in fact formed by coalescence of 

many flows within topographic depressions. It was noted that, in general, Gula Mons is 

less rough than Sif Mons at scales comparable to the radar wavelength, and that there is 

evidence for regions of enhanced Fresnel reflectivity at the summits of the two volcanoes 

and possibly in a tessera fragment to the north of Gula Mons (Campbell and Campbell, 

1990). Chapter 3 thus described the broad geologic properties of the region, but did not 

quantitatively address the differences in backscattering processes between various 

volcanic units. 

Dual circular-polarization radar observations have been used extensively in 

remote sensing of the Moon, Mars, Venus, Mercury, and the Galilean satellites (Ostro, 

1987). Circularly-polarized radio waves are used to avoid the effects of Faraday 

rotation in the Earth's ionosphere, which tends to introduce arbitrary rotation of linear 

polarization in a passing wave. The state of circular polarization (handedness) is not 

affected by Faraday rotation, but use of this type of wave prevents direct probing of the 

surface by waves polarized parallel ('V") and perpendicular ("H") to the plane of 

incidence. Terminology in this chapter will again describe echoes with circular 

polarization state orthogonal to that transmitted ("opposite sense" circular) as 

"polarized", and echoes with handedness identical to that transmitted ("same sense" 

circular) as "depolarized". This is in contrast to the common use of these terms in 

terrestrial remote sensing for like-polarized (HH or VV) and cross-polarized (HV or 

VH) linear-polarized echoes. For brevity, I will again use "LR" (left-circular 

transmit, right-circular receive) as a shorthand for the polarized echo, and "LL" (left

circular transmit, left-circular receive) for the depolarized echo. References to "dual 
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polarization" measurements in this chapter indicate observations made by transmitting 

~sense of circular polarization, and receiving .bQ1h senses. 

The Arecibo Observatory images of 1980 and 1983 provided the first 

opportunities for correlation of geologic units on Venus with dual cirular-polarization 

backscatter properties (Campbell and Burns, 1980). These data have a spatial 

resolution of 6-30 km, so identification of unit boundaries was necessarily difficult. 

Burns and Campbell (1985) measured the average polarized and depolarized returns for 

24 crater-like features on Venus, and compared the polarization ratios of their exterior 

surroundings, bright ejecta, and interior floors. These workers also compared their 

results to linear-polarized data for Askja caldera in Iceland, SP flow, and Meteor 

Crater, and suggested that terrestrial volcanic terrains are typically rougher, and have 

higher polarization ratios, than terrestrial impact-related deposits. I feel that this 

generalization is oversimplified, as Burns and Campbell only considered a rough a'a 

basalt and a blocky rhyolite flow, and because the target material at Meteor Crater 

(layered sedimentary rocks) is unlikely to be characteristic of surfaces on Venus. 

The polarization data presented by Burns and Campbell (1985) were used 

primarily to study possible venusian impact features. These data show that at incidence 

angles between 200 and 400, several of the bright circular features have radar-dark 

interior deposits whose polarization ratio (LULR) exceeds that of the bright annulus 

(their sites C61, C23, C25, C24, T, and C13). They attributed this effect to smoother 

or more absorbent surfaces, which have low quasi-specular returns. At higher 

incidence angles, this effect is not evident (except for the possible impact crater named 

Eve); the bright annular areas tend to have higher polarization ratios than their 

interiors. Burns and Campbell (1985) suggest that this was due to dominance of the 

backscattered echo by diffuse returns . 
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In this chapter, I present an analysis of the radar polarization properties of 29 

sample regions, all inferred to be of volcanic origin, within the Arecibo 1988 dual

polarization images. Each area was chosen by its relatively homogeneous appearance in 

the radar images. The backscatter values for each pixel within a polygonal sample area 

were extracted from the raw raster files by an interactive computer program I wrote, 

and the resulting data were averaged (standard deviation was also calculated). The 

polarization ratio was calculated from the average depolarized and average polarized 

returns (Il.Q1 from the average of the ratios for each pixel). Data were binned into 10 

incidence angle bins in order to study the angular dependence of radar properties. 

L-band (24-cm wavelength) images of a number of terrestrial volcanic terrains 

were available to me. These data cover a wide variety of volcanic setting~. from the 

billowy Blue Dragon pahoehoe in Craters of the Moon , S.E. Idaho, to the blocky SP 

rhyolite flow in northern Arizona. A scene of the Meteor Crater, Arizona, area provided 

a smooth desert surface as an additional comparison. For each of the scenes, I identified 

apparently homogeneous regions and calculated their average scattering properties in 

the LR and LL (polarized and depolarized) polarization states. These scattering values 

were calculated from the calibrated Stokes matrix data, using the techniques described in 

Chapter 2. 

Among the Venus sites, backscatter values can be compared directly because the 

entire dataset is calibrated to the off-planet noise level. Among terrestrial quad-pol 

scenes and between the Earth and Venus images, no simple comparison can be made of 

echo power because radiometric calibration has not been carried out on either dataset. 

The average polarization ratios, and the angular dependence of the average polarized and 

depolarized data, can be compared without such calibration. 

Additional data are available from Venera lander photographs, PVO observations, 

and Goldstone Observatory radar images. PVO data for rms slope and Fresnel reflectivity 
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(17-cm wavelength) are used to constrain large-scale (50-100 km) variations in 

surface properties (Pettengill et al., 1988). Venera landing site images are used to 

provide information on the surface morphology of basaltic regions on Venus. Goldstone 

observations, collected at incidence angles <1 oo, provide information on changes in rms 

slope and reflectivity at scales comparable to the Arecibo images (-1 km). 

This chapter, carried out in collaboration with Don Campbell (Cornell 

University), first presents an outline of current interpretations of planetary radar 

data, and discusses the effect of differences in small-scale roughness, quasi-specular 

scattering, volume scattering , and Fresnel reflectivity on the polarized and depolarized 

echoes. An application of the Stokes vector technique for decomposing the polarized and 

unpolarized echo components to the Arecibo images is discussed as it relates to large

scale surface structure. The data sample sites on Venus and Earth are then described, 

and average backscatter values and ratios are presented. The angular dependence of 

echoes from the various terrains are compared, as are the relative differences between 

units within single scenes. Finally, the implications of these measurements for Venus 

surface morphology are discussed and compared to images from the Venera landers . 

Interpretation of ·Planetary Radar Measurements 

The earliest applied analyses of the relationship between radar backscatter and 

surface roughness and dielectric properties were carried out in conjunction with radar 

studies of the Moon. These early studies are reviewed by Simpson and Tyler (1982), 

Hagfors (1970), and Hagfors and Evans (1968). It was observed that polarized (LR) 

echoes from regions close to the nadir dropped exponentially with increasing incidence 

angle (cp), but that beyond about 200 the decrease in power with angle approached a 

coscp-cos 1.Scp dependence (Hagfors and Evans, 1968). Depolarized (LL) echoes were 

found to be more uniformly distributed with incidence angle, and followed approximately 
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a cosine dependence on angle (Hagfors and Evans, 1968; Hagfors, 1967). Studies 

carried out at varying radar wavelength (0.8-600 cm) showed that the dependence of 

lunar polarized backscatter on incidence angle becomes less pronounced at shorter 

wavelengths, approaching the uniform brightness distribution seen for the Moon at 

optical frequencies (Hagfors and Evans, 1968). 

A widely applied result of these analyses was the identification of a quasi-specular 

component, which dominates polarized returns near nadir, but drops rapidly with 

increasing incidence angle, and a diffuse component, which dominates the depolarized 

echo and contributes equally to both echo modes (Hagfors and Evans, 1968). Much work 

during the late 1960's went into determining the surface structures responsible for 

these two observed components. 

· The quasi-specular model developed by Hagfors (1968) assumes that the polarized 

echo from the surface can be modeled as the sum of reflections from facets, 10-1000 

times the scale of the illuminating wavelength, oriented normal to the incident beam. He 

found that an exponential distribution of surface slopes provided the best fit to the 

observed variation of lunar backscattered power within -200 of nadir: 

cr(<!>) a. [ cos4 (<!>) + C sin2 (<!>) i-1 .s ( 4. 1 ) 

where the surface roughness at large spatial wavelengths is characterized by a single 

parameter C, now referred to as the "Hagfors C-factor". The C-factor is approximately 

the inverse of the mean square surface slope in radians, where rms slope is defined as 

the ratio of the surface rms height divided by the surface height correlation length. This 

model has come into wide usage, and was used by Pettengill et al. (1980, 1988) to 

estimate the rms slope and reflectivity of the surface of Venus from PVO data. 

The Hagfors facet-distribution model was found to match the backscattering 

properties of the Moon only within -200 of the nadir, but observations (Hagfors and 

Evans, 1968) show that there is a significant "tail" in the quasi-specular return out to 
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40-50° . This means that there are significant quasi-specular echoes in the 20-400 

range, but that the statistical surface model proposed by Hagfors does not accurately 

model the lunar surface structure at these viewing geometries. This may be due to 

isolated scattering facets which are not well characterized by Hagfors' slope 

distribution . 

The mechanism of depolarization in radar backscatter remains controversial. 

Research on lunar backscattering in linear and circular polarizations led Hagfors 

(1967, 1970) to suggest that 65-70% of the polarized echo from the lunar surface at 

oblique incidence arises from randomly oriented dipole elements on or in the regolith. 

Note that rocks buried within the regolith are capable of depolarization, but that the 

effects of refraction into the surr9unding medium must be considered in modeling their 

return. This scattering mechanism is assumed to dominate the depolarized echo, since 

the quasi-specular model produces no cross-polarized return . 

Ford and Senske (1990) compared calculated diffuse cross-sections for a number 

of geologic regions on Venus from PVO observations (50-100 km spatial resolution) . 

They found that the diffuse cross-section decreases with incidence angle, with the 

steepness of the slope proportional to the roughness of the terrain. It should be noted 

that the quasi-specular component was subtracted from the "polarized" (HH) PVO 

observations using a Hagfors' model fit, so any interpretations must assume that the 

surface is well represented by such a statistical model. 

As seen in Chapter 2, a radar echo can be decomposed into "fully polarized" and 

"unpolarized" components by use of the Stokes vector (Born and Wolf, 1980). The 

ensuing definition of a "non-diffuse" component in the "depolarized" circular echo 

obviously causes difficulties in terminology, but it is important to note that the observed 

depolarized echo need not be entirely diffuse if there are, for example, preferentially 

oriented linear structures large with respect to the radar resolution cell. 
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The interpretations of planetary radar backscatter discussed above make the 

quantitative analysis of dual-polarization data in terms of surface structure and 

dielectric properties possible by limiting the number of free parameters involved in the 

models. Although these models are less detailed than, for instance, the model presented 

in Chapter 2, the spatial resolution of the Arecibo Venus data means that the returns 

from each cell may integrate echoes from many terrain types, and thus are better 

modeled by the statistics employed in the Hagfors' model. I will thus treat the polarized 

backscattered return as the sum of the quasi-specular echo, whose intensity is 

modulated by the quasi-specular cross-section and the radar reflectivity, and the diffuse 

return. The diffuse return is assumed to arise from single or multiple scattering from 

randomly oriented rock edges or cracks, and to have an intensity equal to the product of 

the total cross-section of these objects and their radar reflectivity. The polarization 

ratio (depolarized divided by polarized) will thus be: 

LULR = diffuse/(diffuse+quasi-specular) (4.2) 

This treatment follows that of Burns and Campbell (1985) . 

Effect of Surface Parameters on Circular Radar Echoes 

In this section, I will consider the effect of varying quasi-specular cross-section, 

wavelength-scale roughness, volume scattering, and dielectric constant on the LL and LR 

returns and their ratio. These results will be used as a guide in interpreting the 

polarization data for Earth and Venus presented below. Because the Arecibo images of 

Eistla Regio cover an incidence angle range of -20-400, this discussion will focus on the 

effects of surface parameters on radar backscatter within this angular range. 

The results for each variable parameter, and the evidence from which they are 

drawn, are as follows: 1) increases in the quasi-specular scattering cross-section will 

lower the polarization ratio, and will also lower the slope of the LULR ratio with 
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incidence angle, based on models for quasi-specular scattering developed by Hagfors 

(1968); 2) Increases in wavelength-scale roughness will increase the LL and LR 

returns equally, and consequently raise the polarization ratio, based on the assumption 

that such scattering is entirely diffuse; 3) Volume scattering will be characterized by a 

high proportion of diffuse returns, and mantled terrains will have generally lower echo 

strength than similar unmantled terrains, based on models of random scattering within a 

porous layer and the effects of refraction and transmission; 4) Increases in the 

dielectric constant will increase the quasi-specular and diffuse cross-sections, and will 

either raise or leave unchanged the LULR ratio, depending upon the degree to which 

single-scattering dominates the unpolarized return. This result is based on modeling of 

the polarization ratio using eq. 4.2 and varying proportions of single- a'1d double

scattering in the diffuse component. 

The effects of varying quasi-specular cross-section on the radar echo can be drawn 

from the Hagfors model (eq. 4.1) (Hagfors, 1968). Since we do not know a priori the 

mechanism of quasi-specular scattering on Venus (long-wavelength slopes or isolated 

sharp faces), we can only use the Hagfors surface model as a guide to the potential range 

of backscatter variation. If quasi-specular scattering arises from long-wavelength 

surface roughness, as proposed by Hagfors, then greater rms slopes result in relatively 

more echo power being returned at higher incidence angles. The depolarized echo is not 

affected. This has the effect of making the slope of the LR vs. incidence angle curve less 

steep with greater roughness (Figure 4.1; Hagfors, 1968). Table 4.1 presents the 

relative radar cross-sections calculated at C-factors from 50 (rms slope s0 ) to 1000 

(rms slope 1.80) for incidence angles of 200, 300, and 400. Obviously, changes in rms 

slope can have a considerable effect on the LR echo; at 200, there is a -10:1 difference 

in LR return between rms slopes of 40 and 2°. Thus, increases in rms slope will act to 

increase the relative polarized echo at incidence angles beyond about 20°, and 
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consequently lower the polarization ratio. If the depolarized echo is invariant, the slope 

of the polarization ratio as a function of incidence angle will decrease for rougher 

terrain. 

Changes in wavelength-scale roughness affect the diffusely scattered echo . 

Increased blockiness will increase the LL and LR returns equally, and consequently raise 

the polarization ratio. If the surface roughness is extreme, the quasi-specular 

contribution may be reduced as rough objects cover the smooth facets . 

Volume scattering is expected to occur in areas where the surface is characterized 

by relatively high porosity (unconsolidated material). A buried surface will tend to 

have lower quasi-specular returns than a less porous target with similar roughness due 

to losses incurred in transiting the mantling layer. The radar echo is expected to arise 

from random scattering by inhomogeneities (rocks, voids, welded material) within the 

porous layer, and hence will be unpolarized. The result will be a significantly lower 

quasi-specular return and a more significant diffuse echo, with consequently high 

polarization ratio. The radar brightness of the area will depend on the distribution of 

scatterers within the porous layer and the lossiness of the medium, but will be lower 

than that from a similar distribution of surface rocks. 

If the real dielectric constant of the surface material increases, it is expected that 

both LL and LR echoes will increase. The change in quasi-specular return should be 

linear with reflectivity, as this model assumes single Fresnel reflections from facets 

normal to the incident wave. The Fresnel reflection coefficient, R, is related to the real 

dielectric constant, E, by: 

R = [ ( E 0. 5 _ 1 ) / ( E 0. 5 + 1 ) ]2 (4 .3) 

Table 4.2 presents calculated reflectivities for a range of dielectric constants that 

are typical for terrestrial rocks (Ulaby et al., 1988). The change in the diffuse 

component will be linear with reflectivity if all of the random scattering comes from 
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single reflections. If the unpolarized echoes come entirely from double-scattering, such 

as between the ground and the rock faces or between buried rocks, then the diffuse echo 

will increase as the square of the reflectivity. The actual mechanism lies between these 

extremes, but it is likely that single-scattering dominates the diffuse return simply 

because double-scattered echoes are less bright due to losses on reflection. If the diffuse 

return is entirely single-scattered, then there will be no change in the polarization 

ratio with changes in dielectric constant (Eq. 4.2). If a fraction of the diffuse return is 

due to double-scattering, then the polarization ratio will rise with increasing 

reflectivity. Figure 4.2 illustrates this effect. 

Table 4.3 summarizes the results of the above discussions. Obviously these 

parameters permit a number of explanations for any observed change in echo strength or 

polarization ratio. As demonstrated below, however, constraints from PVO observations, 

consideration of the likelihood of certain surface structures, and inference based on 

terrestrial observations can permit a relatively limited number of possibilities to be 

suggested for any given polarization measurement. 

Stokes Vector Analysis 

In Chapter 2, it was pointed out (eq. 2.3) that the elements of a Stokes expectation 

vector can be used to separate the polarized and unpolarized components of a radar echo 

(Born and Wolf, 1980). In the case of the JPL CV-990 aircraft data, the required 

integration was carried out in the spatial domain, by averaging the Stokes vectors of 

adjacent resolution cells. For the 1988 Arecibo Venus observations, 29 separate 

complex (amplitude and phase) "looks" were collected at the 1-1.5 km spatial 

resolution utilized here. These looks represent observations made by the radar system 

over the course of three days. Working at Arecibo Observatory in 1989 with Don 



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

1 00 

Campbell, Alice Hine, and the telescope operators, I calibrated each look to the off-planet 

noise level, then mapped the 29 looks to a common Mercator projection map base. This 

permitted calculation of a Stokes vector for each pixel without degradation in spatial 

resolution. In principle, therefore, I could determine the non-diffuse components of the 

polarized and depolarized echoes. 

Hagfors and Campbell (1974) carried out a study of the "degree of linear 

polarization" of dual-polarized 70-cm wavelength echoes from Venus. This study 

utilized a disk-integrated scattering curve, so individual features were not resolved. 

The "degree of linear polarization" they derived is defined as: 

(4.4) 

where L and R refer to the cor:nplex left-circular and right-circular echo components, 

and * denotes the complex conjugate. Comparison with the Stokes vector definition (eq. 

2.1) shows that this parameter can also be writen as: 

[ S22 + S32 ]0.5 I S0 ( 4. 5) 

The "degree of linear polarization" is thus analogous to what I term "non-diffuse 

depolarized" effects, with the added assumption that all of the "coherence" between the 

two polarizations arises from linear-polarized echoes (LL equals LR) rather than fully

polarized elliptical waves (LL not equal to LR). This assumption may not be justified, so 

I will use the "non-diffuse" calculations outlined in Chapter 2 in my analysis of the 

1988 Venus data. 

Hagfors and Campbell (1974) found that the average degree of linear polarization 

was quite small (<15%), but exhibited a non-monotonic variation with incidence angle . 

They attributed linear polarization in the observed echoes to subsurface reflections, in 

which the reflected wave is preferentially polarized by transmission into a porous 

medium, and noted that the degree of linear polarization for Venus beyond about 100 

incidence angle was much less than that seen for the Moon at 23-cm wavelength. They 



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

1 01 

also noted that the polarization ratio for Venus was lower than that for the Moon, 

suggesting a lesser degree of random scattering (Hagfors and Campbell, 1974). These 

results led Hagfors and Campbell to suggest that the surface of Venus is not, in general, 

characterized by an unconsolidated surface such as the lunar regolith, a conclusion 

reinforced by PVO observations (Pettengill et al., 1988). The non-monotonic behavior 

of the calculated linear component is not seen for the Moon, and it was suggested that a 

double-scattering model involving steep slopes or large boulders could explain the effect 

(Hagfors and Campbell, 1974). Given the PVO observations, I suggest here that the 

incidence-angle dependence of linear polarization observed by Hagfors and Campbell may 

instead be due to a non-random distribution of bright terrains (I.e., Beta Regio at -soo 

and Ishtar Terra at -700). 

I utilized the 1988 Arecibo Venus data to analyze the nature of depolarized echoes 

for Eistla Regio. A concern which arose in the course of this experiment involved the 

variability of "paralactic angle" over the 29 looks. Paralactic angle is defined as the 

angle between the radar system's orthogonal antennas and the local horizontal and 

vertical coordinate system at a target on Venus. Due to the design of the antenna carriage 

houses at Arecibo Observatory, as the planet passes over the observatory antenna, this 

angle changes with time. Near zenith, the angle may change by up to 450 between 

consecutive looks. At lower elevations of the target, the rate of paralactic angle change is 

much lower. Table 4.4 shows the changing paralactic angle for each of the three 

observing runs, which were carried out between June17-20, 1988. 

A change in paralactic angle obviously affects the determination of "HH" or "VV" 

returns, because the illuminating radiation is plane-polarized at an angle other than 

horizontal or vertical to the local surface. The effect of changes in this angle on the 

amplitude and phase of circular returns is rather uncertain, and is likely a strong 

function of the scattering geometry of the surface. In an effort to limit the effects of 
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these angular changes, I averaged the 1-look Stokes vector elements in two groups, each 

consisting of looks from the three days of observations which had similar paralactic 

angles. I did not utilize one to three looks collected near zenith each day (Table 4.4). 

The resulting Stokes vectors were averages of, respectively, 1 O ("Group 1 ") and 11 

("Group 2") looks each. 

I calculated unpolarized, non-diffuse polarized, and non-diffuse depolarized 

returns for both Stokes vector groups described above. The principle goal of this 

analysis was to search for areas with significant non-diffuse depolarized power, since 

this would imply a departure from simple random scattering (i.e., preferentially 

oriented linear features or large-scale dihedral structures). Figure 4.3a presents a 

map of this non-diffuse component. It is obvious from this map that the only regions of 

significant non-diffuse depolarization occur along the radar-bright lineaments and in 

the very bright region atop Gula Mons. It is also interesting that the tessera fragments 

north of Gula Mons have lower non-diffuse depolarized echoes than the surrounding 

plains. 

Do these results suggest non-random scattering mechanisms, such as 

preferentially oriented lineamenents? It appears that they do not, based on two 

observations. The first point is that the non-diffuse depolarized echo increases as we 

approach the sub-earth point (Figure 4.3a). This suggests a dependence upon the total 

polarized echo (Fig. 4.3b), which may be due to system cross-talk (Hagfors and 

Campbell, 1974). Secondly, an image of the ratio of non-diffuse depolarized return to 

total depolarized return (Figure 4.4) shows that the non-diffuse component is typically 

only 5-10%, and that this ratio exhibits little correlation with geologic units except at 

low signal strengths (i.e. , the plains units northeast of Gula Mons and those north of Sif 

Mons). These observations imply that there are few preferential depolarizing 

structures at the scale of the Arecibo image resolution cell (1.0-1.5 km). The topic of 
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depolarization by preferential structures will be discussed more fully in the lunar ray 

analysis presented in Chapter 5. 

Data Sample Sites 

Data for comparison of scattering properties on Venus were collected for all of the 

radar-mapped units inferred in Chapter 3 to be of volcanic origin, and for a number of 

additional sites. These sites thus excluded regions described by me as "haloes", 

"craters", or "tessera". Figure 4.5 presents a sketch map, simplified from Figure 3.4, 

and radar image of the Eistla Regio study area, with the sample area boundaries 

indicated. For each study site, the boundaries were selected using an interactive 

computer program I developed which permitted extraction of data for any chosen 

polygonal area, selected with a cursor on the display screen, from the raw raster files. 

The incidence angle for each pixel was calculated using an assumed sub-earth point 

location of 2 N, -26 E. Data were binned for every 1 o of incidence angle, and the 

polarized and depolarized returns were averaged. Standard deviation was also calculated. 

The average polarization ratio was defined as the ratio of the average depolarized return 

to the average polarized return. Error bars on the polarization ratio, typically <0.01 , 

were determined by comparing the mean value to that calculated for polarized and 

depolarized echoes one standard deviation from their mean values. Table 4.5 presents 

the mean polarized power, depolarized power, and polarization ratio for each study area 

at all included incidence angles. 

In order to compare the polarization properties of volcanic terrains on Venus with 

those on Earth, I calculated LL and LR backscatter images for 5 quad-pol airborne radar 

datasets. These data were collected at L-band (24-cm wavelength) over the following 

areas: Craters of the Moon (COM}, Idaho; SP flow, northern Arizona; Meteor Crater, 

northern Arizona; Cima volcanic field, California; and Katmai volcanic complex, Alaska . 
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All but the COM image, which was collected by the CV-990 system in 1985, were 

obtained by the NASNJPL DC-8 radar system between 1988-1990. While C-band data 

(5.6 cm wavelength) were available for some of these areas, data collected at this 

wavelength have HH/VV power ratios in error by up to 3 dB (J. van Zyl, pers. comm., 

1989). This "channel gain imbalance" (van Zyl, 1990) raises the LULA ratio by up to 

a factor of· 4, based on my inspection of the C-band data for Cima Volcanic Field. For this 

reason, I chose to study only the L-band images, which are, at any rate, available for a 

larger number of areas than the C-band data. 

Figure 4.6a-e present radar images for each of the study areas and sketch maps of 

the important geologic units. Sample area boundaries are noted on these sketch maps . 

Data for each sample region were extracted and reduced as described above for the Venus 

sites. Table 4.6a-e present the average data for each sample site within the quad-pol 

scenes. While there is no radiometric calibration available to reference the brightness 

of the sample areas from scene to scene, it is safe to use comparative terms such as 

"bright" and "dark", simply because every quad-pol scene has at least some regions of 

relatively smooth soil or rock, which appear in each contrast stretch as dark. We may 

thus assume that the background brightness levels from scene to scene are not varying so 

wildly as to make qualitative comparisons impossible. Only the COM and Meteor Crater 

deposits span a large range of incidence angles, so analysis of incidence angle dependence 

will be limited to these regions. 

The COM flows studied have been described in detail in Chapter 2; I calculated 

average backscatter values for the Blue Dragon pahoehoe and the Little Park and Carey 

Kipuka a'a units (Figure 4.6a). The pahoehoe flow, as expected, has a much lower LL 

return than the a'a flows, and a more rapid drop in LR with incidence angle. At angles 

<20°, the pahoehoe LR echo exceeds that of the a'a surfaces, presumably due to single 

scattering from the rounded flow lobes, but in general there is little difference between 
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LR echoes from the COM flows. The polarization ratios for these three units are 

correlated with LL brightness; the brighter a'a units have higher LULA ratios. 

The Mt. Katmai volcanic complex in Alaska is characterized by blocky rhyolite lava 

flows, and large areas of volcanic ash deposited by pyroclastic flows. I selected two 

radar-bright portions of the Trident Mountain flow (Figure 4.6b). These flows have 

higher polarization ratios than the COM deposits. 

SP flow is a blocky andesite flow (Schaber et al., 1980). Its source is a 700-ft 

cinder cone; the lava flow exits the side of the cone at its base. The flow surface itself is 

exceedingly rough, being formed of blocks approximately 50-100 cm on a side and 

randomly oriented. There is some smaller fragmentary debris, but the sides of the 

blocks are quite smooth (Figure 4.6c) . As seen for the Katmai deposits, SP flow has a 

very high polarization ratio (0.8-1.0) , consistent with a large amount of diffuse 

scattering or double-reflections, possibly in conjunction with elevated reflectivity . 

Lower quasi-specular return seems unlikely given the abundance of smooth-sided blocks 

in this flow. 

The Cima volcanic field in California is a region of basaltic volcanism ranging in 

age from 8 m.y. to 16000 years. Surface textures are described by Evans et al. (1988) 

as "typical of pahoehoe and a'a flows" . These investigators found that the radar 

backscatter from flows in this region decreased with age, due to infilling of roughness by 

windblown sediment and mass-wasting of flow projections (Dohrenwend, 1990). 

selected two young rough a'a surfaces within this scene (Figure 4.6d). These data 

exhibit polarization ratios similar to those of the a'a surfaces in Craters of the Moon . 

The sample site selected within the Meteor Crater image is a relatively flat desert 

surface, with minimal cm-scale roughness and only gentle slopes at long spatial scales 

(Garvin et al. , 1989). The surface is consolidated Kaibab limestone, overlain by a few 

cm of loose aeolian dust. It seems likely that this dust layer does not significantly 
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attenuate the radar energy, and that the observed echo represents the behavior of the 

smooth compacted material below it (Figure 4.6e). This relatively radar-dark surface 

has the lowest polarization ratio of any terrestrial site (< 0.15) . 

Analysis of Polarization Data for Postulated Volcanic Deposjts 

In this section, I will compare the LL , LR, and LULA ratio values, and their 

dependence on incidence angle, for each study site. Data from quad-pol scenes will be 

compared to the Venus data by normalizing all of the LL and LR measurements to their 

values at a particular incidence angle. In this way the relative slopes of the backscatter 

curves may be compared. The polarization ratio requires no radiometric calibration for 

inter-scene comparison. I will focus first on general properties of the data, then 

progress to specific inter-unit comparisons. 

Figure 4. 7a-c presents the set of Venus backscatter averages for regions assumed 

to be lava flows, with LL, LR, and LULR ratio plotted as a function of incidence angle. 

Study sites which cover more than one incidence angle bin are connected by lines to show 

their angular dependence. Figure 4.8a-c shows the same graphs for the COM study 

areas. It should be noted that some of the Venus units (i.e., the lava flow northeast of Gula 

Mons) exhibit changes in backscatter properties due to morphologic variations rather 

than incidence-angle effects. In each graph, the solid line indicates the average value 

over the entire Eistla Regio study area (-25 to + 1 O E, 1 O to 30 N). It is obvious that 

the polarized echo drops rapidly with increasing incidence angle, consistent with 

previous observations (Hagfors and Campbell, 1974). Campbell and Burns (1980) 

found that their polarized backscatter data for Venus, out to 400 incidence angle, were 

best fit by a Hagfors model with a C-factor of 175 (rms slope of -40). The slight 

upturn at the highest angles covered is due to bright terrains in the northwest portion of 

the image. The depolarized backscatter shows little dependence on incidence angle, 
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consistent with its origin from diffuse scattering. The relatively steep slope of the 

LULA graph is thus due to the rapid drop in LR with incidence angle. 

Figure 4.9a shows the normalized LR power as a function of incidence angle for the 

averaged Eistla Regio study area, the Blue Dragon pahoehoe, the Little Park and Carey 

Kipuka a'a flows, and the Meteor Crater desert region. This graph begins at 260 because 

this is the near-range limit of the Meteor Crater scene. The LR data for each study area 

is thus normalized to its value at 260. The periodic oscillations with incidence angle in 

the quad-pol data, particularly acute in the CV-990 image, are due to errors in the 

antenna beam-pattern correction, as discussed in Chapter 2 ("Quad-pol Data and 

Calibration"). This figure shows that the LR backscatter for Venus beyond -200 declines 

much more rapidly with incidence angle than even the relatively smooth Blu.e Dragon 

pahoehoe. Only the desert region around Meteor Crater approximates this slope. 

The LR echo is assumed to be the sum of both the quasi-specular scattering 

component and the diffuse component. In order to accurately gauge the dependence of the 

quasi-specular component with incidence angle, we must thus subtract the LL return 

from the LR. As Figure 4.9b demonstrates, however, none of the three terrestrial sites 

nor the average Eistla Regio data exhibit a strong correlation between LL return and 

incidence angle; where such changes do occur, their magnitude is minimal with respect 

to the changes in the LR echo. Subtraction of a constant value would not change the slope 

of the normalized LR graphs in Figure 4.9a. We may thus conclude that the average 

surface on Venus within the Eistla Regio study area is smoother (lower quasi-specular 

cross-section) than any of the terrestrial sites, with the closest match provided by the 

desert region. It should be noted that this occurs for Venus at a shorter radar wavelength 

(12.6 cm) than that used for the terrestrial observations (24 cm). Hagfors and Evans 

(1968) showed that lunar polarized backscatter tended to decrease ~ rapidly with 

incidence angle as the wavelength decreased. The fact that we see a steeper decrease for 
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Venus when we observe at a shorter wavelength thus implies an extremely smooth 

surface. 

From the topographic data collected for the Blue Dragon and Carey Kipuka flows, 

which are summarized in Table 2.2, we can calculate the long-wavelength rms slope for 

each surface. This calculation yields an rms slope of 1.4o for the Blue Dragon flow, and 

4.9o for the Carey Kipuka flow. It should be noted that this calculation is based on 

topographic data collected with 50-cm horizontal spacing, so these values ignore to a 

large extent the sub-wavelength-scale roughness of the surface (as the Hagfors model 

does). PVO measurements (Pettengill et al., 1980) indicate an average rms slope over 

the Eistla Regio area of 1 .s-2.so. The LR backscatter data discussed above implies that 

the average Venus surface within this area is smoother than the Blue Dragon flow, which 

has an rms slope of 1.4o. This apparent inconsistency may occur because the surface is 

not well represented by the statistics of the Hagfors model, or due to inadequate sampling 

of the COM study sites. 

Having reviewed the general properties of the backscatter from terrestrial and 

venusian study sites, I now consider the relative behavior of LL, LR, and LULR ratio 

values between units on Venus and the Earth. It should be noted that direct comparison of 

the LULR ratios is not an accurate gauge of relative roughness between any two sites, 

because the quasi-specular cross-section may vary from region to region. This serves 

to change both the magnitude and the incidence angle dependence of the LULR ratio 

(Table 4.3). LULR ratios can be compared between units within scenes if the relative 

levels of LL (or LR) backscatter are considered. Because LL backscatter is assumed to 

arise solely from the diffuse component, I will use this parameter in conjunction with 

the polarization ratio to make comparisons (after Burns and Campbell, 1985). 

There are two obvious differences between the polarization ratio data for Venus and 

Earth. These differences are seen in graphs of the LL and LR returns and the LULR ratio 
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as a function of incidence angle for terrestrial and venusian sites (Figures 4.8 and 4.9), 

and in comparisons of polarization ratio dependence on LL and LR echoes for the Venus 

and COM target sites (Figure 4.1 Oa-d). The first is the large difference in the 

magnitude and slope of the Eistla Regio and COM LULR ratios with incidence angle. This 

difference is due to the very smooth nature of the average surface in Western Eistla 

Regio noted above. This leads to the observed rapid decrease in polarized power with 

incidence angle, and consequently higher LULR ratios and a more rapidly changing 

LULR ratio with incidence angle. 

The second major difference is that, at any given incidence angle, the terrestrial 

LULR ratio is positively correlated with the LL brightness, while for Venus the opposite 

occurs. (Figures 4.1 Ob, 4.1 Od, Table 4.5, Table 4.6). For the terrestrial data, we 

observe that LL (diffuse) power increases by a factor of 4 from pahoehoe to a'a, but LR 

echoes remain nearly constant (Figure 4.9a-b). This suggests that the increases in 

radar brightness occur to a large degree due to increases in diffuse scattering, with 

proportional reductions in the quasi-specular cross-section. Increasing wavelength

scale roughness is thus assumed to reduce the quasi-specular scattering cross-section of 

the smooth facets; in essence we trade off quasi-specular echoes in the polarized return 

for diffuse echoes. Plots of the LULA ratio as a function of LR return for COM (Figure 

4.1 Oa) show that the polarization ratio varies with LR return due to changing incidence 

angle, but also exhibits large offsets (0.1 to 0.4) unrelated to the LR echo. The LULR 

ratio is positively correlated with the LL return (Figure 4.1 Ob), as noted above. From 

the summary presented in Table 4.3, we might also suggest that increased reflectivity is 

responsible for these observations, but this seems unlikely given the narrow range of 

basalt dielectric measurements reported by Ulaby et al. (1988). 

For the Venus data, we observe that the polarization ratio tends to be highest at any 

given incidence angle for regions with lower LL returns (Figure 4.8c, Table 4.5). Plots 
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of LULR ratio as a function of LL and LR returns (Figure 4.1 Oc-d) show that the 

polarization ratio increases as the polarized echo drops. There are no large offsets in 

LULA ratio as seen for the terrestrial data (Figure 4.1 Oa), implying a narrower range 

of surface morphologies. The polarization ratio values exhibit a negative correlation 

with LL echo strength, but with a wide distribution of values. The brightest deposits on 

Gula Mons are an exception to this; their polarization ratios vary from 0.14 to 0.45, 

with no obvious dependence on either LL or LR. 

The low-LL regions have low diffuse scattering cross-sections; this may arise due 

to a lack of wavelength-scale scatterers, low radar reflectivity, or a combination of 

both. A porous soil cover would also serve to reduce the effective cross-section of the 

mantled terrain. For the Venus ~ites to exhibit high LULA ratios in conjunction with 

low LL returns, there must be an accompanying, and more dramatic, drop in the quasi

specular scattering cross-section. This could arise from lower material reflectivity or 

lower rms slope/isolated facet population. Since lower reflectivities will only serve to 

lower the LULA ratio (Table 4.3), it appears that lower rms slopes or fewer isolated 

specular scatterers must occur in low LL regions . 

In regions of higher diffuse return on Venus, we observe lower polarization ratios, 

in both the 1988 data used here and in the 1983 image studied by Burns and Campbell 

(1985). Once again, the diffuse return may be enhanced by increased reflectivity or by 

increased wavelength-scale roughness. From Table 4.3, we see that increases in either 

of these parameters tend to raise the LULA ratio. In order to produce a lower 

. polarization ratio with increasing diffuse return, the quasi-specular component of the 

echo must rise more quickly than the diffuse component. This suggests that bright areas 

are characterized by rougher surfaces in general, with higher rms slope or more 

isolated specular scatterers. Changes in radar reflectivity may cause some of the 

observed changes in diffuse backscatter, but such changes only require even greater 



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

1 1 1 

variation in the quasi-specular cross-section in order to produce the observed 

polarization ratios. 

Implications for Surface Morphology and Comparison to Venera Sites 

The analysis presented above provides constraints on the mechanisms which 

produce the observed radar echoes from Western Eistla Regio, and points out differences 

between these returns and those from terrestrial volcanic terrains. In this section, I 

propose surface morphologies for the volcanic deposits in this region and compare them 

to the results of Chapter 3 and information provided by other datasets. 

As a starting point, I assume that the volcanic deposits in Western Eistla Regio are 

basaltic, based primarily on Venera lander results (Moroz, 1983) which suggest that 

the large volcanic constructs which form Beta and Phoebe Regiones are composed of 

basaltic material. A second assumption is that the inter-unit differences in radar 

properties noted above cannot be explained entirely by differences in the depth of a 

porous regolith. Goldstone Observatory images of a plains unit just south of Western 

Eistla Regio presented by Plaut et al. (1990) provide evidence for large reflectivity 

changes (dielectric constant varying between 3 and 7), and relatively minor rms slope 

changes, in the volcanic plains of Venus on horizontal scales of a few km; PYO 

observations showed that the plains units have an average dielectric constant of -5 

(Pettengill et al., 1988). These changes in reflectivity may arise due to variations in 

soil cover (Plaut et al. , 1990} or to changes in the bulk reflectivity of the material, 

perhaps due to variations in ilmenite or pyrite content (Pettengill et al., 1988} . 

Neither set of observations suggests the type of extensive deep regolith which 

characterizes the lunar surface, and which has a measured dielectric constant of -2.7 

(Hagfors and Evans, 1968). Photographs of the Venera lander sites (V9, V10, V13, 
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V14} show fine-grained material between large blocks of rubble or bedrock plates, but 

in no cases do we see a deep mantling regolith (McGill et al., 1983). 

The results of the preceeding section offer several clues to the nature of the surface 

in Western Eistla Regio: 1) in general, the polarization data imply a surface which is 

very smooth at scales of 1 O's to 1 OO's of meters, 2} there are no deviations from this 

polarization behavior comparable to differences between terrestrial a'a and pahoehoe 

flows, and 3} increased wavelength-scale roughness only occurs in conjunction with 

even greater increases in the quasi-specular cross-section. Only the very bright 

deposits on Gula Mons do not follow these trends. 

I propose that these observations are consistent with a range of flow morphologies 

which extends only from volcanic "pavements", of exceedingly low roughness, to 

surfaces analogous to terrestrial pahoehoe flows. Surfaces comparable to terrestrial a'a 

flows are not apparently present over scales of 1 O's of km, except perhaps in the very 

bright deposits on Gula Mons. In this model, changes in wavelength-scale roughness 

occur only due to local tilting or folding of terrain, or to exposure of rock faces by 

differential weathering. This differs from terrestrial surfaces, where the large-scale 

roughness (1 O's of meters or more) structure of the surface may be unrelated to the 

superposed small-scale random roughness (Campbell et al., 1990). 

The Venera landing sites may provide some examples of these morphologies (McGill 

et al., 1983). Venera 9 landed on a -200 slope on the flank of Beta Regio, in what 

appears to be a talus deposit. This type of surface unit is unlikely in Western Eistla 

Regio, given the shallow regional slopes, except perhaps near the summit of Gula Mons 

(Chapter 3, Figure 3.4). The Venera 14 site is a possible example of the "pavement" 

style of surface morphology: flat slabs of layered rock with occasional rubble blocks 

(Figure 4.11 ). Surface cracks, presumably formed due to weathering or cooling, 
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provide the type of minimal wavelength-scale roughness suggested by the Arecibo data 

for the very smooth terrains. 

The Venera 1 O and 13 sites may demonstrate more advanced stages of erosion of the 

"pavement" terrain like that at Venera 14, but from the limited Venera images neither 

site exhibits large-scale folding or tilting. These sites may simply be older eroded 

plains. The more radar-bright units in Western Eistla Regio are proposed to be less 

weathered and more folded, perhaps analagous to ropy or billowy pahoehoe flows on 

Earth. 

As noted in Chapter 3, the flows of Sif and Gula Montes, even where they appear to 

be part of larger coalescing units, often travel 50-100 km from their assumed source 

vents. Head and Wilson (1986) proposed that there should be little difference in lava 

flow morphology between Venus and Earth due to differences in surface temperature and 

pressure. They further proposed that transitions from pahoehoe to a'a morphologies 

would occur 30% sooner for flows on Venus than on Earth. The results of Head and 

Wilson argue for a range of flow surface textures comparable to that seen on Earth, 

particularly over an area as large as Eistla Regio, but the data presented here do not 

support this prediction. This may be due to a combination of lower magma effusion 

rates, shallower regional slopes, higher surface temperatures, and high atmospheric 

pressure (which inhibits volatile exsolution) . 

The summit region of Gula Mons does not demonstrate the systematic polarization 

behaviors noted for Western Eistla Regio (Figure 4.7). Specifically, polarization ratios 

tend to be uncorrelated with echo strength in either mode, and vary widely, from as low 

as 0.14 to 0.46, within relatively small regions (1 O's of km) . The very high radar 

brightness of this area argues, as noted in Chapter 3, for a high Fresnel reflectivity. If 

this is the case, then the tendency for increases in reflectivity to increase or leave 

unchanged the polarization ratio (Table 4.3) require that areas like the SW summit site 
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(polarized brightness -Sx105, polarization ratio 0.14) be extremely smooth. As noted 

in Chapter 3, (Figure 3.10), the brightest depolarized signatures are not always 

collocated with the brightest polarized regions. I attribute this to independent variations 

in wavelength-scale roughness and large-scale quasi-specular cross-section within 

high-reflectivity terrains. These changes could be as simple as variations in the angle 

between elongate ridges and the incident beam. At present, the spatial resolution of these 

data is too coarse to resolve structural features on the summit of Gula Mons, so further 

inferences as to the origin of these deposits cannot be made. 

The results of Chapters 3 and 4 can be summarized: 1) the extensive volcanic 

deposits in Western Eistla Regio are produced by the coalescence of numerous individual 

flows from separate source vents (cones and fissures), which tend to fill topographic 

lows, 2) deposits near the summit of Gula Mons, and those of a tessera fragment to the 

north of Gula Mons, are likely characterized by high Fresnel reflectivities, perhaps due 

to localized volcanic activity, 3) the dark swirled deposits on Gula Mons may have been 

emplaced by eruptions of lower effusion rate than those which formed the mottled and 

bright flows of Sif Mons, and 4) volcanic deposits in Western Eistla Regio (with the 

exception of the Gula Mons summit region) are suggested to have surface structures 

ranging from very smooth "pavements" to perhaps terrestrial pahoehoe analogs. 

This chapter has taken a quantitative approach to the interpretation of radar data 

for volcanic terrains on Venus and the Earth. This approach can also be applied to 

investigate the physical characteristics of other planetary surfaces. In the concluding 

study of this dissertation, I use the methods applied in this chapter to the analysis of new 

high-resolution radar images of the Moon, in order to address the surface structure and 

distribution of lunar crater ray deposits . 
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• Table 4.1 

Values of cr0 (<1>) calculated from Hagfors' model for incidence angles of 200, 300, and 40° 

Absolute magnitude is arbitrary. 

C-Factor: 5-U .1.0..0. 2..0...Q .3..QJl ilJl .5..Q..Q. 1.Q_Q_Q 

• 200 59.0 22.7 8.4 4.7 3.1 2.2 0.8 

300 21.2 7.7 2.8 1.5 1.0 0.7 0.3 

400 1 0.4 3.7 1.3 0.7 0.5 0.3 0.1 

• 

• 

• 

• 

• 

• 

• 

• 
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Table 4.2 

Values of Fresnel reflectivity evaluated at normal incidence for a range of dielectric 

constant 

Pielectrjc Constant 

3 .0 

4 . 0 

5.0 

6.0 

7.0 

8.0 

9 .0 

1 0 .0 

Fresnel Reflectivity 

0.07 

0 .11 

0.15 

0.18 

0 .20 

0.23 

0.25 

0.27 
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Table 4.3 
Summary of effects of varying surface parameters on circularly-polarized radar echoes. 
Effects of increasing (Iner.) Fresnel reflectivity (p), wavelength (A.)-scale roughness, 

and quasi-specular cross-section (QS) presented. a indicates "proportional to". X
section indicates effective backscattering cross-section due to particular mechanism. 
Volume scattering has the same effects as reduced quasi-specular cross-section and 

increased wavelength-scale roughness. 

VARIABLE: Increased p 

.LL: Increases a p for single scatter 

Increases a p2 for double scatter 

.LB: Increases a p 

LULA: Increases if double scatter important 

in diffuse echo. No change if diffuse 

echo is entirely due to single-scattering 

Iner, t.-scale 

Increases 

a X-section 

Increases 

a X-section 

Increases 

Iner. OS 

Unchanged 

Increases 

a X-section 

Decreases 

Shallower curve 
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Table 4.4 
Paralactic angle for individual radar looks in Arecibo Venus dual-polarization data. 

Looks grouped by observation run. Numbers indicate which group (1 or 2) each look 
was assigned to. Looks without numbers were omitted during processing . 

June 20, 1988: 
1 
2 
3 
4 
5 
6 
7 
8 
9 

June 18, 1988: 
. 1 

2 
3 
4 
5 
6 
7 
8 
9 
1 0 

June 17,1988 
1 
2 
3 
4 
5 
6 
7 
8 
9 
1 0 

Earala~ti~ Aogla 

82.7 
80.1 
75.6 
68.1 

-58 . 8 
- 71. 3 
-77. 7 
-81. 2 
-83.5 

80.3 
73.3 
64.6 
45.2 

3.1 
-44. 9 
-63 .4 
-7 2. 1 
-77 . 0 
-80.3 

80.0 
76.9 
72 .3 
45.8 

9 .1 
-35. 1 
-5 7 . 9 
-68.6 
-76.3 
- 79. 6 

1 
1 
1 
1 

2 
2 
2 
2 

1 
1 
1 

2 
2 
2 

1 
1 
1 

2 
2 
2 
2 
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Table 4.5 

• Average polarized and depolarized power, polarization ratio (LULR), incidence angle, 
and number of included points for each of the 29 study sites discussed in text. Sites are 
listed by number, as indicated in Figure 4.5. Errors are one standard deviation. Error 

bars on polarization ratio calculated from range of values obtained when average 
polarized and depolarized returns are shifted one standard deviation. Where errors are 

not noted for LULR ratio, these errors are ~0.01 

• ~ AogW EQiDlS Ava[aga LL fila[aga LB E!:2la[i~ati!:2D BatiQ 
1 1 8 1437 17903±55 146613±445 0.12 

1 9 5960 19121±37 143556±231 0.13 
20 154 17409±155 131820±1065 0.13 

2 1 9 · 554 22254±129 139427±799 0.16 

• 20 1838 22424±77 143022±424 0 .16 
3 21 3371 19480±43 99631±227 0.20 
4 2 1 754 24101±113 110030±450 0.22 

22 5755 24947±45 106343±176 0.23 
23 1 803 24771±88 101291±340 0.24 

5 25 832 14908±54 44699±262 0.33 

• 6 26 1377 17057±52 54787±189 0.31 
7 26 2124 21845±58 93004±294 0.23 

27 1318 21243±65 85253±320 0.25 
8 27 2060 19686±49 68589±186 0.29 

28 6637 22026±37 69973±106 0 .31 
29 3419 22576±45 64950±145 0.35 

• 9 26 336 30716±380 150617±2104 0.20 
1 0 27 1030 20990±74 76188±381 0.28 
1 1 28 1142 25156±92 89794±421 0.28 
1 2 29 5836 20967±30 54886±122 0.38 

30 369 19876±110 49411±303 0.40 
1 3 29 8824 17192±19 38072±54 0.45 

• 30 21528 17417±12 34349±28 0.51 
1 4 30 651 19564±80 45270±207 0.43 

31 15298 18575±16 38435±50 0.48 
32 21 18371±361 30146±775 0.61 ±0.03 

1 5 27 2614 28366±77 106765±278 0.27 
28 663 27751±158 99454±499 0.28 

• 1 6 32 552 34111±194 82683±469 0.41 
33 410 33439±227 83456±590 0.40 

1 7 33 2064 31905±111 76729±302 0.42 
1 8 33 870 25527±103 58624±272 0.44 
1 9 32 211 20397±156 46101±452 0.44 

33 3359 18618±37 39033±94 0.48 

• 20 34 1138 24705±99 53553±263 0.46 
21 34 1452 19613±54 38344±113 0.51 
22 33 8557 17087±21 37752±60 0.45 

34 17986 15959±14 30875±42 0.52 
35 13179 14842±14 23648±30 0.63 

• 

• 
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• Table 4.5 Ccontjnuedl 

Sllil AIJg1e Egiats Avacaga LL Avacaga LB Eglacil;aliga Balig 
36 2066 15051±37 23064±79 0.65 

23 36 275 15709±104 25958±199 0.61 
37 2009 17167±47 28530±104 0.60 

• 38 751 20731±87 37487±174 0.55 
24 37 1989 17322±57 29291±131 0.59 
25 31 1219 14946±46 28231±107 0.53 
26 31 1 51 69071±3017 503085±29319 0.14±0.02 
27 3 1 440 89094±1098 243454±3295 0.37 
28 3 1 770 42152±476 108367±1221 0.39 

• 29 31 573 93167±1511 200699±2772 0.46±0.02 

• 

• 

• 

• 

• 

• 

• 
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• Table ~.§a 
Average polarized and depolarized power, polarization ratio (LULR), incidence angle, 
and number of included points for each of the 3 Craters of the Moon (COM) study sites 

discussed in text. Power values are in arbitrary units. Sites are listed by name. Errors 
are one standard deviation. Error bars on polarization ratio calculated from range of 

values obtained when average polarized and depolarized returns are shifted one standard 

• deviation. Where errors are not noted for average powers or LULR ratios, these errors 
are ~0.01 

S.i1e ~ EQiDtS Avecage LL Avecage LB EQlacizatiQD BatiQ 
Blue Drag.on 

20 1304 0.21 1.88±0.04 0 .11 

• 21 1494 0.18 1.62±0.03 0 .11 
22 1144 0.16 1 .58±0 .03 0 .10 
23 1195 0.14 1 .44±0 .03 0 .10 
24 1136 0.14 1 .34±0 .03 0 .10 
25 1226 0.15 1 .35±0 .03 0 .11 
26 1220 0.12 1.19±0.03 0.10 

• 27 1342 0.12 1.13±0.02 0 .10 
28 1464 0.11 1 .07±0 .02 0.10 
29 1464 0.12 1.13±0.02 0 .11 
30 1464 0.13 1.12±0.02 0. 11 
31 1 681 0.14 1 .07±0.02 0.13 
32 1569 0 .11 0.94±0.02 0.12 

• 33 1371 0.12 0.95±0.03 0.13 
34 635 0.15 0.97±0.03 0.15 
35 499 0.14 0.89±0.03 0.16 
36 510 0.13 0.90±0.02 0.15 
37 437 0.14 0.84±0.03 0.17 
38 92 0.14 0.76±0.05 0.17±0.03 

• Little Park 
20 1567 0.40 1 .29±0.02 0.31 
21 1808 0.39 1.25±0.02 0.32 
22 1808 0.39 1.22±0.02 0.32 
23 1745 0.36 1.17±0.02 0.31 
24 1520 0.34 1.09±0.02 0.32 

• 25 1750 0.33 1.10±0.02 0.30 
26 1791 0.34 1.08±0.02 0.32 
27 2006 0.34 1.09±0.02 0.31 
28 2406 0.34 1 .02 0.33 
29 2654 0.37 1.07 0.34 
30 1788 0.35 1.06±0.02 0.33 

• 31 1327 0.34 1.06±0.02 0.32 
32 1093 0.32 1.01±0.02 0.32 
33 1 075 0.33 0.98±0.02 0.34 
34 1512 0.36 1.05±0.02 0.34 
35 1488 0.34 1.00±0.02 0.34 

• 

• 
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~ Angla Eaiots 

36 1664 
37 1952 
38 2132 

• 39 2261 
40 2395 
41 3149 
42 2615 
43 2072 
44 2053 

• 45 1910 
Carey Kipuka 

21 186 
22 406 
23 653 
24 1329 

• 25 1843 
26 1823 
27 2024 
28 2348 
29 2797 
30 2098 

• 3 1 2266 
32 2231 
33 1633 
34 965 
35 796 
36 691 

• 37 621 
38 11 3 

• 

• 

• 

• 

Iable ~.6a (~Qntinuedl 

Average LL 
0.33 
0.32 
0.32 
0.33 
0.32 
0.33 
0.32 
0.32 
0.31 
0.30 

0 .39±0.02 
0 .45±0.02 
0 .44 
0.43 
0.42 
0.41 

. 0 .42 
0.44 
0.46 
0.45 
0.44 
0.46 
0.46 
0.43 
0.36 
0 .37 
0.38 
0.34±0.02 

Return to 
School of Ocean and 

Earth Science and Technology 
LIBRARY --- . ~· 

Avecage LB 
0.98 
0.96 
0.87 
0.92 
0.87 
0.88 
0.91 
0.90 
0.84 
0.77 

1.34±0.06 
1 .25±0.04 
1 .24±0 .03 
1.16±0.02 
1.16±0.02 
1 .08±0 .02 
1.14±0.02 
1 .12 
1 .12 
1.09 
1 .11 
1.11±0.02 
1.10±0 .02 
1.10±0.02 
0.88±0.02 
0.97±0.02 
0 .98±0.02 
0.82±0.04 

1 25 

Ealaci~atiao Batia 
0.34 
0 .34 
0.37 
0.36 
0.37 
0.37 
0.36 
0.36 
0 .37 
0.39 

0.29±0.03 
0.36±0 .02 
0 .35±0 .02 
0.37±0.02 
0.36 
0.38 
0.37 
0.39 
0.41 
0.41 
0.39 
0.41 
0.42±0.02 
0.39±0.02 
0.41 ±0.02 
0.38±0.02 
0.39±0.02 
0.41±0.04 
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Table 4.6b 
Average polarized and depolarized power, polarization ratio (LULR), incidence angle, 

and number of included points for each of the 2 Mt. Katmai, Alaska, study sites discussed 
in text. Power values are in arbitrary units. Sites are listed by name. Errors are one 

standard deviation. Error bars on polarization ratio calculated from range of values 
obtained when average polarized and depolarized returns are shifted one standard 
deviation. Where errors are not noted for LULR ratio, these errors are s0.01 

Sllii ~ Points A~e(age LL Ave(age LB Pola[i;z:atioo Batio 
Katmai 1 

32 337 56.1±4.4 94.9±3.6 0.59±0.05 
33 631 54.4±2.1 92.1±2.6 0.59±0.04 
34 1022 55.3±1 .8 90.4±2.1 0.61 ±0 .03 
35 1406 55. 7±1 .2 113.6±4.9 0.49±0.03 
36 1952 51.8±1.0 86.8±2.0 0.60±0.03 
37 2121 45.6±0.7 79.5±2.0 0.57±0.03 
38 2307 47.4±0.8 62.6±1 .9 0.58±0.02 
39 2275 39.5±0.7 62.6±1 .4 0.63±0.03 
40 1436 37.2±0.7 52.6±1 .1 0.71±0.03 
41 88 37.9±2.6 54.6±1 .3 0.69±0.11 

Katmai 2 
43 26 79.1±10.3 108.4±23.8 0.73±0.33 
44 525 48.4±1 .6 80.2±2.7 0.60±0.04 
45 587 42.3±1 .2 65.8±2.1 0.63±0.04 
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Table 4.6c 
Average polarized and depolarized power, polarization ratio (LULR), incidence angle, 

and number of included points for the SP Flow, Arizona, study site discussed in text. 
Power values are in arbitrary units. Errors are one standard deviation. Error bars on 
polarization ratio calculated from range of values obtained when average polarized and 
depolarized returns are shifted one standard deviation. Where errors are not noted for 

LULR ratio, these errors are ~0 .01 

~ ~ Po jots A:ir:eraoe LL Average LB EQlari~aliQO BatiQ 
SP Flow 

42 1 04 487.2±39.4 494.5±42.9 0.99±0 .03 
43 601 380 .6±13.5 518.5±19.4 0.73±0.06 
44 1 041 363 .4±9.1 408.6±9. 7 0.89±0 .04 
45 1153 384.2±8. 7 394 .6±9.8 0.97±0.05 
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Table 4.6d 
Average polarized and depolarized power, polarization ratio (LULA), incidence angle, and 

number of included points for the two Cima volcanic field, California, study sites discussed in 
text. Power values are in arbitrary units. Errors are one standard deviation. Error bars on 

polarization ratio calculated from range of values obtained when average polarized and 
depolarized returns are shifted one standard deviation. Where errors are not noted for LULA 

ratio, these errors are :50.01 

Sllil ~ Points A~acaca LL A~acaca LB 
f:Qlacizatitrn BaliQ 
Cima 1 

31 94 52.6±5.4 147.9±11.8 0.36±0.06 
32 1680 52.8±0.9 125.8±2.0 0.42±0.01 
33 2083 52.0±1.0 123.8±2.1 0.42±0.02 
34 816 51.7±1.5 130.6±3.3 0.40±0.02 
35 664 41.6±1.3 105.7±4.7 0.39±0.03 
36 368 46.4±2.2 114.8±4 .6 0.40±0.04 
37 1 24 50.7±3.4 153.3±10.0 0.33±0.05 

Cima 2 
40 1 9 20.0±2. 7 81.3±10.1 0.25±0.07 
41 2062 11.9±0.2 49.0±0.8 0.24±0.01 
42 3529 11.9±0.2 44.9±0.7 0.26±0.01 
43 6040 11.9±0.1 39.1 ±0.4 0.30±0.01 
44 2619 9. 7±0.2 31.6±0.5 0.31±0.01 
45 109 8.0±0.7 20.6±1.1 0.39±0.06 
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Table ~.6e 

• Average polarized and depolarized power, polarization ratio (LULR), incidence angle, 
and number of included points for the Meteor Crater, Arizona, study site discussed in 

text. Power values are in arbitrary units. Errors are one standard deviation. Error bars 
on polarization ratio calculated from range of values obtained when average polarized and 

depolarized returns are shifted one standard deviation. Where errors are not noted for 
LULR ratio, these errors are ~0.01 

• Sile Aruili1 EQiDtS Average LL Avecage LB EQlacizatiQD BatiQ 
Meteor Crater 

26 485 6.7±0.2 163.6±4.7 0.04 
27 1193 6.8±0.1 153.9±2.8 0.04 
28 1585 6.5±0.1 143.5±2.3 0.05 

• 29 1532 7.0±0.1 129.8±2.0 0.05 
30 1784 7.0±0.2 135.9±2 .5 0.05 
31 1254 6. 7±0.2 128.3±2.3 0.05 
32 1274 6.3±0.5 123.6±2.3 0.05 
33 1403 6.8±0.1 118.5±2.0 0.06 
34 1564 6.4±0.1 109.9±1.8 0.06 

• 35 1602 6.2±0.1 110.9±1.9 0.06 
36 1 701 5. 7±0.1 1 00.0±1 .5 0.06 
37 1825 5.5±0.1 86.5±1.2 0.06 
38 1977 5.2±0.1 73.9±1.0 0.07 
39 2208 5.0±0.2 75.6±1 .0 0.07 
40 2300 5.9±0.1 69.3±0.9 0.09 

• 41 2529 4.7±0.1 62.3±0 .8 0.08 
42 2853 5.0±0.1 55.2±0.7 0.09 
43 3050 4. 7±0.1 52.3±0.6 0.09 
44 3010 4.9±0.1 49.6±0.6 0.10 
45 2848 5.2±0.1 45.8±0.5 0.11 

• 

• 

• 

• 

• 
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Figure 4.1. Normalized LR backscatter as a function of Hagfors' C-parameter for a 
range of rms slopes. Backscatter is in arbitrary units vs. angle of incidence . 
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Figure 4.2. Graph of change in polarization ratio (WLR) as a function of dielectric 
constant (e) for a range of surface diffuse geometries (f .. o.0-1.0). The ·r parameter 
value for each graph refers to the · fraction of the total diffuse scattering population 
which single-scatters; at 100%, the polarization ratio is unaffected by changes in 
reflectivity, while at 0%, the behavior is proportional to the square of the reflectivity. 
The relative magnitude of the graphs is arbitrary, and will depend on the quasi-specular 
cross-section . 
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A 

B 

figure 4.3. a) Image of the calculated non-diffuse depolarized scattering component 
for Western Eistla Regio, based on the "Group 1" data {Table 4.4). Note the increase in 
non-diffuse depolarized power nearer to the sub-radar point, analogous to the effect 
seen for the polarized image. Latitude 12-30 N, Longitude -17 to 1 O E. b) Polarized 
radar image of Western Eistla Regio (Figure 3.3a). Region identical to that in Figure 
4.3a . 
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Figure 4.4. Image of the percentage of non-diffuse depolarized camponent of the total 
depc:>larized echo power. Upper an·d of contrast stretch (white) is 15%, lower end 
(black) 0% . 
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Figure 4.5. a) Sketch map of radar-mapped units in Western Eistla Regio, with 
sample sites discussed in text outlined. Region covered is identical to that of Figure 
4.3b. b) Inset map of Gula Mons summit region, showing locations of sample sites 
discussed in text. Study site designations differ from those in Chapter 3, but boundaries 
are the same. Data presented in Table 3.1 represents a sample of data from Table 4.5 
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Figure 4.5 Ccontinuedl. a) Sketch map of radar-mapped units in Western Eistla 
Regio, with sample sites discussed in text outlined. Region covered is identical to that of 
Figure 4.3b. b) Inset map of Gula Mons summit region, showing locations of sample 
sites discussed in text. Study site designations differ from those in Chapter 3, but 
boundaries are the same. Data presented in Table 3.1 represents a sample of data from 
Table 4.5 
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Little Park flow 

Klpuka area 

2 km 

A 
Figure 4.6. Radar images and sketch maps for terrestrial study sites Imaged by JPL 
CV-990 or DC-8 aircraft radar systems. Images are all in LL polarization. Flight line 
of radar at top in each image. Slant range projection, with compass bearing noted. 
Range resolution in these four-look images varies from 3.331 to 7.495 m. Sketch 
maps indicate boundaries of sample sites discussed in text. a) Craters of the Moon, 
Idaho. b) Mt. Katmai, Alaska. c) SP lava flow, Northern Arizona. d) Cima volcanic 
field, California. e) Meteor Crater, Arizona . 
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Figure 4.6 <continued>. Radar images and sketch maps for terrestrial study sites 
imaged by JPL CV-990 or OC-8 aircraft radar systems. Images are all in LL 
polarization. Flight line of radar at top in each image. Slant range projection, with 
compass bearing noted. Range resolution in these four-look images varies from 3.331 
to 7.495 m. · Sketch maps indicate boundaries of sample sites discussed in text. a) 
Craters of the Moon, Idaho. b) Mt. Katmai, Alaska. c) SP lava flow, Northern Arizona. 
d) Cima volcanic field, California. e) Meteor Crater, Arizona . 
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Fiqyre 4.6 (continued). Radar images and sketch maps for terrestrial study sites 
imaged by JPL CV-990 or DC-8 aircraft radar systems. Images are all in LL 
polarization. Flight line of radar at top in each image. Slant range projection, with 
compass bearing noted. Range resolution in these four-look images varies from 3.331 
to 7.495 m. Sketch maps indicate boundaries of sample sites discussed in text. a) 
Craters of the Moon, Idaho. b) Mt. Katmai, Alaska. c) SP lava flow, Northern Arizona. 
d) Cima volcanic field, California. e) Meteor Crater, Arizona . 
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Mountains 

2 km I 

D 
Figure 4.6 Ccontinuedl. Radar images and sketch maps for terrestrial study sites 
imaged by JPL CV-990 or DC-8 aircraft radar systems. Images are all in LL 
polarization. Flight line of radar at top in each image. Slant range projection, with 
compass bearing noted. Range resolution in these four-look images varies from 3.331 

· to 7.495 m. Sketch maps indicate boundaries of sample sites discussed in text. a) 
Craters of the Moon, Idaho. b) Mt. Katmai, Alaska. c) SP lava flow, Northern Arizona. 
d) Cima volcanic field, California. e) Meteor Crater, Arizona . 
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Figure 4.6 (continued). Radar images and sketch maps for terrestrial study sites 
imaged by JPL CV-990 or DC-8 aircraft radar systems. Images are all in LL 
polarization. Flight line of radar at top in each image. Slant range projection, with 
compass bearing noted. Range resolution in these four-look images varies from 3.331 
to 7.495 m. Sketch maps indicate boundaries of sample sites discussed in text. a} 
Craters of the Moon, Idaho. b) Mt. Katmai, Alaska. c} SP lava flow, Northern Arizona. 
d) Cima volcanic field, California. e) Meteor Crater, Arizona . 
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Flgure 4.7. a} Plot of average LR echo as a function of incidence angle for Venus lava 
flow study sites. Sites which cover a range of angles connected by solid lines. Average LR 
echo over entire Eistla Regio image indicated by line. The three. highest returns are not 
shown, as this would have greatly compressed the scale of the graph. Note the strong 
correlation with incidence angle. b) Plot of average LL echo as a function of incidence 
angle. The three highest returns are not shown, as these would have greatly compressed 
the scale of the graph. Average backscatter over Eistla Regio indicated by line. Note the 
lack of any significant dependence on incidence angle. c) Average LL'LR ratios as a 
function of incidence angle, with average over entire region. All data shown. Note the 
general trend toward higher polarization ratios with greater incidence angles, 
consistent with the rapid drop in polarized echo power. Note also the 
steeper-than-average slopes for the dark plains units, indicating smoother terrain, and 
the fact that higher polarization ratios are associated with less depolarizing terrains 
(Table 4.5) . 
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figure 4.7 Ccontlnuedl. a) Plot of average LR echo as a function of incidence angle 
for Venus lava flow study sites. Sites which cover a range of angles connected by solid 
lines. Average LR echo over entire Eistla Regio image indicated by line. The three 
highest returns are not shown, as this would have greatly compressed the scale of the 
graph. Note the strong correlation with incidence angle. b) Plot of average LL echo as a 
function of incidence angle. The three highest returns are not shown, as these would 
have greatly compressed the scale of the graph. Average backscatter over Eistla Regio 
indicated by line. Note the lack of any significant dependence on incidence angle. c) 
Average LULA ratios as a function of incidence angle, with average over entire region. 
All data shown. Note the general trend toward higher polarization ratios with greater 
incidence angles, consistent with the rapid drop in polarized echo power. Note also the 
steeper-than-average slopes for the dark plains units, indicating smoother terrain, and 
the fact that higher polarization ratios are associated with less depolarizing terrains 
(Table 4.5) . 
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Figure 4.7 Ccontlnuedl. a) Plot of average LR echo as a function of incidence angle 
for Venus lava flow study sites. Sites which cover a range of angles connected by solid 
lines. Average LR echo over entire Eistla Regio image indicated by line. The three 
highest returns are not shown, as this would have greatly compressed the scale of the 
graph. Note the strong correlation with incidence angle. b) Plot of average LL echo as a 
function of incidence angle. The three highest returns are not shown, as these would 
have greatly compressed the scale of the graph. Average backscatter over Eistla Regio 
indicated by line. Note the lack of any significant dependence on incidence angle. c) 
Average LULA ratios as a function of incidence angle, with average over entire region. 
All data shown. Note the general trend toward higher polarization ratios with greater 
incidence angles, consistent with the rapid drop in polarized echo power. Note also the 
steeper-than-average slopes for the dark plains units, indicating smoother terrain, and 
the fact that higher polarization ratios are associated with less depolarizing terrains 
(Table 4.5) . 
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Figure 418. a) Plot of average LR echo as a function of incidence angle for COM lava · 
flows: Blue Dragon pahoehoe, Carey Kipuka a'a and Little Park a'a. Note the minimal 
dependence on incidence angle, and the minimal separation between flows. b) Plot of 
average LL echo for COM flows. Note the lack of a strong dependence on incidence angle, 
and the large separations between flows. c) Plot of LLJLR ratios as a function of 
incidence angle for all of the terrestrial study sites. Note the low slope with incidence 
angle, consistent with rougher surfaces, and the general correlation of higher 
depolarized returns with higher polarization ratios • 
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Figure 4.8 Ccontjnued). a) Plot of average LR echo as a function of incidence angle 
for COM lava flows: Blue Dragon pahoehoe, Carey Kipuka a'a and Uttle Park a'a. Note the 
minimal dependence on incidence angle, and the minimal separation between flows. b) 
Plot of average LL echo for COM flows. Note the lack of a strong dependence on incidence 
angle, and the large separations between flows. c) Plot of LULA ratios as a function of 
incidence angle for all of the terrestrial study sites. Note the low slope with incidence 
angle, consistent with rougher surfaces, and the general correlation of higher 
depolarized returns with higher polarization ratios . 
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figure 4,8 (continued). a) Plot of average LR echo as a function of incidence angle 
for COM lava flows: Blue Dragon pahoehoe, Carey Kipuka a'a and Little Park a'a. Note the 
minimal dependence on incidence angle, and the minimal separation between flows. b) 
Plot of average LL echo for COM flows. Note the lack of a strong dependence on incidence 
angle, and the large separations between flows. c) Plot of LULA ratios as a function of 
incidence angle for all of the terrestrial study sites. Note the low slope with incidence 
angle, consistent with rougher surfaces, and the general correlation of higher 
depolarized returns with higher polarization ratios . 
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Ejgure 4.9. a) Plot of normalized LR echo power as a function of incidence angle for 
the Blue Dragon (BO), Carey Kipuka (CK), and Little Park (LP) lava flows, the Meteor 
crater desert (MC), and for the average behavior of the Western Eistla Regio study area . 
Note the more rapid decrease in power with incidence angle for the Eistla Regio data. b) 
Plot of normalized LL power for the same study sites. Note the much less marked 
dependence on incidence angle than that observed for the LR returns . 
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Figure 4.10. Plot of polarization ratio (LULA) as a function of LL and LR returns 
for COM study sites and Venus sample areas. a) LLJLR vs. LR for COM study sites. Note 
general trend toward lower polarization ratios with higher polarized echo, but also the 
large offsets (0.1 to 0.4) apparently unrelated to viewing geometry. b) LLJLR vs. LL 
for COM sites. Note the positive correlation between depolarized brightness and 
polarization ratio found for all terrestrial study areas. c) LLJLR vs. LR for Venus lava 
flow sites. Note the strong negative correlation between polarization ratio and polarized 
return, and the lack of large offsets noted for the COM pahoehoe and a'a flows. d) LLJLR 
vs. LL for Venus lava flow sites. Note the general negative correlation between 
depolarized brightness and polarization ratio. Only the bright Gula Mons flows depart 
significantly from these observed trends . 
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Fiaure 4.10 <continued). Plot of polarization ratio (LULR) as a function of LL 
and LR returns for COM study sites and Venus sample areas. a) LULR vs. LR for COM 
study sites. Note general trend toward lower polarization ratios with higher polarized 
echo, but also the large offsets (0.1 to 0.4) apparently unrelated to viewing geometry. 
b) LULA vs. LL for COM sites. Note the positive correlation between depolarized 
brightness and polarization ratio found for all terrestrial study areas. c) LULA vs. LR 
for Venus lava flow sites. Note the strong negative correlation between polarization 
ratio and polarized return, and the lack of large offsets noted for the COM pahoehoe and 
a'a flows. d) LULA vs. LL for Venus lava flow sites. Note the general negative 
correlation between depolarized brightness and polarization ratio. Only the bright Gula 
Mons flows depart significantly from these observed trends . 
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Figure 4.11. Photograph of Venera 14 landing site, showing •pavement• terrain type 
which may be characteristic of general surface morphology in Western Eistla Regio. 
More radar-bright terrains are proposed to be only slightly rougher than this surface, 
and may perhaps resemble terrestrial pahoehoe flows. The distance between triangles on 
the lander base is 5 cm, and the test band is 9 cm wide . 
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CHAPTER 5 

Lunar Crater Rays: A High-resolution Radar Study of the 

Bright Ray in Mare Serenitatis 

Abstract 

In this chapter, high-resolution dual-polarization radar images of selected impact 

crater rays on the Moon are analyzed, using the techniques described in Chapters 2 and 

4. Information on ray surface morphology is important to understanding the 

mechanisms of ray emplacement, such as grain size distribution in the ejecta and the 

relative importance of primary ejecta deposition vs. local mixing. This analysis focuses 

primarily on the bright ray which passes near Bessel crater in Mare Serenitatis. Data 

for rays originating from Tycho and Copernicus craters were also analyzed. Stokes 

vector analysis shows that the depolarized echo for the crater ray in Mare Serenitatis 

has a significant proportion (up to 10%) of non-diffuse component where it passes over 

the ejecta blanket of Bessel crater, while portions of Tycho and Copernicus rays at 

distances of up to 1600 km from their parents do not exhibit non-diffuse components at 

levels above the -3-4% noise threshold. This polarization effect is most pronounced on 

that portion of the ray which passes to the west of Bessel crater, but Apollo command 

module images show no visible systematic differences in ejecta surface structure at 

scales of tens of meters between the west and south sides of the crater. The ray segment 

near Bessel crater is proposed here to be characterized by a pattern of linear features, 

due either to structures within the ray itself or to reworking of the ejecta blanket of 

Bessel by the ray-forming event. The "Bessel ray" is proposed to have been formed by 

the Menelaus impact. 
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Introduction 

The preceeding three chapters of this dissertation have utilized radar polarization 

data to infer the surface morphology and dielectric properties of volcanic deposits on the 

Earth and Venus. This chapter presents a study of the surface structure of lunar crater 

rays, using the Stokes vector decomposition technique described in Chapter 2 and the 

data interpretation methods outlined in Chapter 4. Crater ray deposits may present 

surface structures analogous to the those found in some lava flows, such as preferential 

lineations, and will presumably exhibit differences in their degree of wavelength-scale 

roughness. Since the actual nature of ray surface morphology at scales of em's to meters 

is unknown, the data analyzed here provide a good opportunity to apply the remote

sensing techniques described earlier in this dissertation to a lunar geologic problem. 

lunar crater rays are filamentary, high-albedo deposits which extend radially up 

to 1 OOO's of km from their parent crater. These deposits are attributed to ejection of 

material during the early stages of crater formation (Oberbeck, 1975), and are 

proposed to have formed by both deposition of primary ejecta (Shoemaker, 1962) and 

by mixing of ejecta and the local surface material during secondary cratering events 

(Oberbeck, 1971 ). Rays are most visible at high sun angles, demonstrating strong 

opposition surges in reflectivity (Pieters et al., 1985). This suggests that they are 

formed of high-albedo material with high porosity, leading to shadowing of the surface at 

sun angles only slightly removed from vertical (INA=Oo) . The high albedoes of rays are 

attributed to the presence of either high albedo material mixed with a darker substrate, 

or to exposure of immature material on a mature surface (Pieters et al., 1985) . 

The first detailed geological studies of rays were carried out during the early 

1970's, after the Lunar Orbiter high-resolution photographs of the Moon were 

collected. In two separate studies of rays from Copernicus crater, Oberbeck (1971) and 

Guest and Murray (1971) identified the features characteristic of these deposits. Guest 
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and Murray ( 1971) noted the presence of V-shaped ridges extending downrange from 

secondary craters, and that the interior angle of these ridge pairs tends to increase with 

distance from the crater. They suggested that the bright rays were characterized by 

these "bow dunes" of ejecta from secondary craters. Oberbeck (1971) studied a portion 

of a Copernicus ray southeast of the parent crater, and proposed that the bright deposits 

consisted of fragmental material ejected from "concentric" secondary craters as small as 

15 m. The double-rim nature of these craters was attributed to a transition from 

unconsolidated regolith to more coherent material at a depth of 2-5 m. Additional 

brightening was produced by exposure of fresh material on secondary crater walls. 

Experimental work with projectile impacts into sand by Oberbeck and Morrison 

(1973) showed that the V-shaped _deposits and ridges between paired secondary craters 

were due to near-simultaneous impact of secondary crater-forming ejecta. Interference 

between ejecta curtains from the two craters produced the V-pattern, or "herringbone" 

structure. As the angle between the surface normal and the path of the primary ejecta 

increased, the interior angle of the "V" also increased. 

Oberbeck (1975) synthesized these previous analyses and data from terrestrial 

explosion cratering experiments to arrive at a model of crater ejecta deposition often 

referred to as "local mixing". In this model, crater ejecta are thrown from the crater 

cavity on ballistic trajectories, with the highest velocity material being ejected at the 

highest angles (measured from the horizontal) early in the cratering event. Later ejecta 

are thrown out at lower velocities and smaller angles. This forms an ejecta "curtain" 

which resembles an inverted truncated cone (Oberbeck, 1975), and which sweeps 

downrange from the crater cavity. At greater distances from the crater, progressively 

higher velocity, higher angle material impacts the surface. The grain sizes of these 

particles should also become finer, as the energy imparted to this higher angle debris 

would result in more thorough comminution . 
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As the ejecta curtain sweeps across the surface, Oberbeck proposed that it would 

excavate local material, forming a surge of secondary ejecta which also moved downrange 

from the parent crater, but at a lower velocity than the ejecta curtain. This would 

result in modification of the terrain after the ejecta curtain had passed. These 

hypotheses were supported by photographic evidence of deceleration dunes on the Moon 

(Oberbeck, 1975), which indicated where the secondary ejecta surge had stopped as it 

went uphill, and in the herringbone patterns, which demonstrated the effects of 

interference within the secondary ejecta, and the simultaneous arrival of material along 

the front of the ejecta curtain. Further evidence for modification of the surface after 

curtain passage is noted by Wilhelms (1987, page 32), for a Tycho ray segment near 

the crater Ptolemaeus, where the region downrange of a cluster of secondary craters is 

mantled and subdued by the locally-derived surge. 

Current geologic questions regarding formation of crater rays can be grouped under 

two main issues: 1) the role of compositional differences vs. maturity differences in 

producing the high visible albedo of rays, and 2) the relative importance in ray 

emplacement of primary ejecta deposition vs. local mixing by impact erosion. These are 

not independent problems, and there are additional questions which fall under each of 

these two categories. 

The first question relates to the observed brightness of rays in visible 

wavelengths, particularly at high sun angles. One way to form such a high-albedo 

surface is to introduce a higher-albedo material onto an existing darker substrate. Such 

high-albedo material may be intimately mixed with the substrate, or it may be emplaced 

as a mantling layer. The second method for producing a higher albedo is to expose 

immature material on a mature background. "Maturity" refers to the process by which 

lunar soils are "weathered" to form dark agglutinates by micrometeorite bombardment. 
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Also included in this method of brightening is the excavation or emplacement of 

fragmental (cm to m-size) debris, which will have a high albedo (Oberbeck, 1971 ). 

The second question above deals with the mechanism by which material is emplaced 

within a crater ray. "Primary" ejecta deposition refers to the emplacement of material 

ejected from the parent crater. "Local mixing" refers to the excavation of the target 

surface by infalling primary debris; during the secondary cratering process, fresh 

bright material is exposed from beneath a mature surface layer . 

Recent research on lunar crater rays has focused primarily on determining what 

the relative importance is of local mixing vs. primary ejecta deposition as a function of 

radial distance along the ray. Pieters et al. (1985) carried out a remote-sensing study 

of Copernicus crater rays using high spatial resolution spot spectra and 3.8-.cm radar 

data with a resolution of 1.5-2.0 km (originally collected by Zisk et al., 1974). The 

spectral data were analyzed using a mixing model which described the percentages of 

highlands material, ejected by Copernicus, and mare basalt. This analysis found that 

primary ejecta comprised 20-25% of the ray material at six crater radii from 

Copernicus, and that this material is intimately mixed with the mare material, 

consistent with theoretical models of ballistic ejecta emplacement (Oberbeck et al., 

1975). The observed visible albedo of these rays was attributed to the highland ejecta 

component, except in areas with numerous secondary craters, because the disturbed 

local mare surface has matured. The coarse spatial resolution (1.5-2.0 km) of the 

radar data (Zisk et al., 1974) permitted little quantitative analysis of ray properties, 

but it was noted that the rays in general are enhanced in depolarized (LL) radar images, 

consistent with an excess of 1-50 cm surface and sub-surface scatterers (within the 

upper 50 cm of the regolith) (Zisk et al., 1974; Pieters et al., 1985). 

Some questions of crater ray characteristics remain. The work of Oberbeck and 

others suggests that one may expect rays to form by exposure of bright material during 
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secondary cratering events, but does not define whether this is accomplished by 

emplacement of fragmental material (with sizes comparable to or greater than the radar 

wavelength) directly by the ejecta curtain, by excavation of local fragmental material 

by primary ejecta, or by exposure of immature material from beneath a mature surface . 

The latter mechanism might occur with little increase in the surface population of 

fragmental debris, if the primary ejecta were fine and did not excavate to depths of more 

than a few meters. The radar component of the analysis of Pieters et al. (1985) did not 

discuss in depth the fraction of surface characterized by higher populations of 

fragmental debris (as studied by Oberbeck, 1971 ). 

These questions may be tractable using high-resolution radar data. The 3-cm 

wavelength measurements analyzed here are sensitive to surface roughness at scales of 

1-50 cm, within perhaps the upper 50 cm of the regolith. Information on this type of 

roughness may address the following issues: 1) did the primary ejecta consist of largely 

fine-grained material, or were there larger "clumps" or blocks entrained with the 

curtain, and 2) are rays with high visible albedoes characterized in a consistent manner 

by enhanced populations of fragmental material, or are there instances where a bright 

ray is formed entirely by deposition or excavation of fine-grained (sub-wavelength 

scale) material. Important observations in this study are possible evidence for 

herringbone patterns within radar-rough ray areas, as these would indicate that 

fragmental debris was emplaced by secondary ejecta surges, and correlations between 

bright ray areas in orbital photography and radar images, which may show whether 

some rays are characterized only by compositional/maturity differences in a fine

grained matrix. 

In this study, carried out with Stan Zisk and B. Ray Hawke (both at University of 

Hawaii), I utilize 3.0-cm radar images collected by Stan Zisk at Haystack Observatory 

during 1988-1990 to characterize a number of ray areas on mare substrates. These 
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images have a spatial resolution of 30 m at one look, and the complex data (amplitude and 

phase) are collected in both senses of circular polarization (Campbell et al., 1990). 

These data represent a 20-30X improvement in spatial resolution from previous lunar 

maps at 3.8-cm wavelength, which have a spatial resolution no better than 1 km (Zisk 

et al., 1974). 

My contribution to the analysis of these data consisted first of processing the raw 

images to range-doppler format using existing programs. I assisted Stan Zisk in 

identifying problems with the phase calibration of the radar data, and modified software 

developed by Bob Wilt (MIT) for image rectification. I wrote the software which 

averaged and correlated the complex data to produce Stokes vector expectation elements, 

and the programs which mosaicked the rectified scenes. I also wrote the software which 

calculated the hardware filter function applied to the raw data, and removed it from the 

processed polarized and depolarized images . 

The primary focus of this study is the bright ray which passes west of Bessel 

crater in Mare Serenitatis (Carr, 1966). A total of five high-resolution images were 

collected, extending from Menelaus crater (27 km diameter, 16.3 N, 16.0 E) to a region 

60 km north of Bessel crater (16 km diameter, 23.7 N, 17.8 E). Four additional sites 

were selected to compare the Serenitatis ray to rays from Tycho (75 km diameter) and 

Copernicus (92 km diameter) craters at distances of up to 1400 km from their parents 

(Figure 5.1 ). These data are used to characterize the differences in radar properties 

between the various rays. For each target site, I produced rectified maps of the 

polarized and depolarized echo power, and corrected these maps for the effects of the 

radar system anti-aliasing filter. 

Stokes vector analysis was carried out on each of the study sites for which the 

relative gain between the polarized and depolarized channels appeared correct (all but 

two of the targets). The Stokes vector expectation values were calculated by spatial 
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integration of 5x5 pixel regions. The fully polarized and unpolarized maps were also 

rectified to a simple cylindrical map base. The results of this analysis were used to 

search for possible preferential surface structures (lineations, dihedral surfaces, 

Brewster angle effects) within the ray deposits . 

This chapter first presents the new high-resolution radar images, and describes 

the steps used to process and rectify them. Rectified maps of the polarized and 

depolarized components for each study region are presented, and the radar returns for 

each are compared to Lunar Orbiter and Apollo photographs. The use of the Stokes vector 

technique for separating polarized and unpolarized echo components, and the 

implications of these data for surface structure, are then briefly reviewed, and the 

results for the ray target sites ar.e presented. The implications of these data for ray 

structure and emplacement are then discussed . 

Data Processing 

The lunar radar images analyzed in this chapter were collected by Stan Zisk at 

Haystack Observatory from 1988 to 1990. These high-resolution data (1 O MHz 

bandwidth) were collected at a wavelength of 3.0 cm, and have a one-look range 

resolution of 30 m. Azimuth resolution varies with the length of the Fourier transform 

carried out; in all of the high-resolution images presented here, a 16384-pulse-long 

transform was carried out, which yielded one-look azimuth resolutions of 35 m (580 

km beamwidth). Low resolution data (150 m range resolution, 2.0 MHz bandwidth) 

were also collected for each target site, and used in some mosaics to "fill in" areas 

between high-resolution swaths. 

Processing of each image required that the raw pulse data be transformed to a 

range-doppler projection, using programs provided by Stan Zisk. This processing 

calculated complex polarized (LR) and depolarized (LL) echo values for each resolution 
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cell at one look. From these data, I produced two principal sets of data products. The 

first set consisted of rectified polarized and depolarized power maps, with the effects of 

the system hardware filter removed from each. This hardware filter was employed to 

prevent aliasing of the radar data, but in doing so significantly reduced the echo power 

along the upper and lower thirds of the range coverage relative to the center of the scene. 

In order to permit comparison of relative backscatter intensities over the full range 

coverage, I calculated an average brightness value for each range line (usually from a 

relatively "bland" image area), and from these averages I constructed a de-filtering 

function which could be divided from each image pixel as a function of range. The result 

was a more uniform background tone in each image, with almost the full range coverage 

available for interpretation. 

The de-filtered polarized and depolarized maps were rectified using software 

provided by Bob Wilt of MIT. This software mapped the range-doppler pixels to a simple 

cylindrical projection , permitting comparison of the radar data with orbital 

photography. These radar images have not been focused to compensate for changes in 

doppler shift with distance from the target center. This means that there is significant 

smearing along the azimuth direction as we move further from the center of the images. 

The rectified data for Mare Serenitatis were mosaicked to a single base, and low

resolution maps were used to fill in gaps between the high-resolution swaths . 

The second set of data products consisted of rectified maps of non-diffuse and 

diffuse echo components for each high-resolution target site for which the radar data 

appeared to be correctly "calibrated". In this context, "calibration" refers to the 

determination of the correct relative gain between the polarized and depolarized 

channels. The two images which are listed in Table 5.1 as not being calibrated were 

collected several months after the other images, and appear to have a systematic 

multiplicative error between the two channels. The image products were produced by 
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cross-correlating the complex one-look echoes for each pixel, and then spatially 

averaging the Stokes vector elements in 5x5 pixel groups to obtain expectation values 

(Born and Wolf, 1980). As described in Chapter 2 (eq. 2.1, 2.3), the echo components 

were separated using the Stokes vector elements, and these maps were rectified to 

simple cylindrical projection. The hardware filter function was not removed from these 

data, since the filters for polarized and depolarized maps were not related by a constant 

value. To have de-filtered the data would have introduced systematic changes in the 

calculated polarization values. 

Polarized and Depolarized Maps 

In this section, I present rectified polarized and depolarized radar maps for the 

Mare Serenitatis area and for four comparison regions on rays from the craters Tycho 

and Copernicus. This section is intended to provide a broad overview of the mapped 

areas, and to draw attention to general ray properties. Table 5.1 presents lunar radar 

target locations and incidence angles. Figure 5.1 shows a location map of the radar target 

sites on the near side of the Moon . 

In each of the rectified maps presented in this chapter, the radar "range" direction 

is measured along a radial line from the sub-radar point (near the center of the Moon) 

to a point on the surface. As such, this direction is parallel to the radar look direction, 

and in these rectified images is measured along the shorter axis of the image, which is 

curved due to the spherical shape of the Moon. The radar "azimuth" direction represents 

changes in doppler shift measured from the target center point, and runs perpendicular 

to the radar look direction. In these rectified scenes, the azimuth direction follows a 

curve along the long axis of the image. 

Figures 5.2a-d show mosaics of the polarized and depolarized power for south and 

south-central Mare Serenitatis, while Figures 5.2e-f present Lunar Orbiter 
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photographs of the same regions. Figure 5.2g is a sketch map of the ray which passes 

Bessel crater, prepared by tracing the outline of bright and dark regions in the 

depolarized radar image. Figure 5.3 shows the 3.8-cm radar images of Mare Serenitatis 

collected in 1973 (Zisk et al., 1974). As these data show, the ray deposits trend 

northeast from Menelaus crater (27 km diameter), and pass over the western portion of 

the Bessel crater (16 km diameter) ejecta blanket. In an Apollo 17 image (Figure 5.4), 

it can be seen that Bessel has a well-defined ejecta blanket, with radial striations and 

secondary crater chains evident out to -3 crater radii from the crater rim. There are 

also a number of mare ridges which trend SE-NW through the crater area. Where the 

ray deposits overlie mare ridges or possible secondary chains, the illuminated walls of 

pits or scarps appear brighter. 

There is a low-radar-return "halo" north and east of Bessel crater, which begins 

almost at the rim of the crater and is most pronounced in the polarized image (Figure 

5.2c). Comparison of the radar image to an Apollo 17 photograph (Figure 5.4) shows 

that the north portion of the Bessel ejecta is less hummocky than the southern and 

western portions, and that the area east of the crater rim is even less so. This appears 

to be due to an asymmetric distribution of continuous ejecta, perhaps related to the 

presence of mare ridges in the target site or to oblique impact. Apollo images of the 

regions north (Figure 5.5) and south (Figure 5.6) of Menelaus show that this 27-km 

diameter crater has a well-developed ray system to the south, but that some of the 

apparent ray trace which trends north from the crater may be attributable to the bright 

mare "tongue" which crosses the possible pyroclastic deposit trending E-W along the 

southern rim of Mare Serenitatis (Carr, 1966). 

The largest ray segment, which runs from the north of Menelaus crater past the 

west side of the Bessel crater ejecta blanket, is most distinct in the depolarized radar 

image (Figure 5.2b, Figure 5.2d). This high depolarized echo suggests that the ray is 
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characterized by a larger population of wavelength-scale scatterers within the top 50 

cm of the regolith than the surrounding mare surface (Hagfors, 1967; Hagfors, 1968). 

As the radar images show (particularly north of Bessel crater), the ray deposits are not 

continuous, and in places have a "filigree" pattern not correlated with the prevailing 

trend of the ray segment, as identified from photographs. Possible secondary craters are 

evident in some ray segments, particularly the segment northeast of Menelaus (not 

necessarily attributed here to that impact event), but there are few obvious crater 

clusters or chains in the segment which crosses the Bessel ejecta blanket. Where 

possible secondary craters do occur, they are surrounded by a bright halo in the 

depolarized image, suggesting that either fragmental material was excavated during these 

cratering events, or that fragmental material accompanied the cratering body in the 

ejecta · curtain (Figure 5.2e). 

Figure 5.7-5.8 show the radar images and orbital photography for two Tycho ray 

areas (the "Rosse" and "Kies" targets; Table 5.1 ). These targets are at distances, 

respectively, of 1400 and 600 km from the center of their parent crater. These two 

targets, and the two representative Copernicus rays, were selected simply because they 

exhibited a high albedo in Lunar Orbiter images, and were emplaced on relatively 

unmodified mare surfaces. In both cases, the data show a high degree of correlation 

between high-albedo deposits seen in orbital photography and highly depolarizing 

regions in the radar images. It can be seen that areas of enhanced wavelength-scale 

roughness are associated with secondary craters, presumably due to excavation of 

fragmental debris by these events. In the Rosse image, these secondary craters are up to 

-0.5 km in diameter, and the radar-bright area extends up to -15 km from the 

approximate center of the cluster. This region appears similar to a Tycho ray segment 

near Ptolemaeus noted by Wilhelms (1987), which is -1100 km from the parent 
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crater and has a well-defined secondary cluster with a subdued bright area downrange . 

This type of surface is attributed to mantling by the secondary ejecta surge. 

Figures 5.9 and 5.10 present radar images and orbital photography for two study 

sites on Copernicus rays (the "Vaporum" and "Copernicus" targets; Table 5.1 ). These 

two targets are, respectively, at distances of 600 and 300 km from the center of their 

parent crater. In both regions, the high depolarized radar returns are correlated with 

areas of high visible albedo, and there are radar-bright patches around groups of 

secondary craters. 

Stokes Vector Analysis and Interpretation of Polarization Pata 

In this section, I present an ~nalysis of the polarization properties of the ray study 

areas using the Stokes vector technique described in Chapters 2 and 4. This type of 

analysis is useful in searching for possible preferential structures (lineaments, 

dihedrals, Brewster angle effects) within ray surfaces. Such preferential structures 

m.ight conceivably occur in rays due to interference between secondary crater ejecta 

("herringbone" lineations), to furrowing of the ground along the direction of the ray 

trace, or to mantling of the surface by a uniform porous layer. I will first expand on 

the polarization interpretation methods discussed in Chapter 4, with regard to the 

occurrence of non-diffuse polarized and depolarized echoes. I will then present the 

images obtained by Stokes vector decomposition of the lunar radar data, and discuss the 

implications of these results to ray surface structure. 

Diffuse, or "unpolarized", echoes are defined as those for which the constituent H

and V-polarized vectors have random phase (Born and Wolf, 1980). Such returns have 

equal power in all polarization states. As discussed previously, diffuse returns likely 

arise from randomly oriented scatterers on the order of the radar wavelength in size . 

Non-diffuse, or "fully polarized", returns are those with a deterministic phase between 
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their orthogonal components. For LL and LR echoes, significant non-diffuse returns 

imply a "fully polarized" elliptically-polarized wave, whose ellipticity will depend upon 

the relative intensities of the two circular components. Non-diffuse polarized (NDP) 

returns may be explained by scattering from facets oriented normal to the radar beam, 

which return a fully-polarized LR echo and no LL return. 

There are a number of mechanisms which might be proposed to explain non-diffuse 

depolarized (NOD) scattering. Perhaps the simplest is the presence of non-random 

linear features, such as cracks, narrow ridges, or blocky debris within the radar 

resolution cell. These features would return a linear-polarized echo, and thus equal 

amounts of LL and LR non-diffuse backscatter. A similar linear-polarized echo could be 

produced by penetration of the radar beam into a porous regolith near the Brewster 

angle, and subsequent reflection from a buried scatterer. 

Non-diffuse depolarized echoes might conceivably arise (though no claim is made 

that ray surfaces are characterized by such features) from double-bounce scattering, 

such as from sharp rock faces or smooth-walled craters; this mechanism was proposed 

in Chapter 2 as the "dihedral" model. Both this mechanism and the Brewster angle effect 

will return very low echo powers, because of losses due to refraction and transmission 

in the first case and to the multiplication of weak Fresnel reflection coefficients in the 

second. In addition, the Brewster angle for the range of dielectric constants found on the 

Moon (3 to perhaps 8) are between 60-700. Most of the energy striking such a surface 

would be forward scattered, and the Brewster angle effect would further reduce the 

return to only one linear-polarized component. It seems most likely that NOD echoes 

arise from a combination of scattering by large flat facets, which return fully polarized 

LR echoes, and preferential lineations, which return equal non-diffuse LL and LR 

returns . 
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Campbell et al. (1988) analyzed a 3.0-cm radar image of Copernicus crater, and 

found that there were strong non-diffuse depolarized echoes from crater wall terraces 

which trend parallel to the radar range direction. Strong NOD returns were also noted 

for areas near the bases of the central peaks, in locations separate from areas with high 

NOP echoes, which were interpreted to be radar-facing hillsides. It could not be shown 

that linear structures perpendicular to the radar range direction did not return NOD 

echoes, since the image did not include the far wall of the crater . 

Figures 5.11 -5.13 show the rectified NOP, unpolarized, and NOD maps for the 

seven study sites for which the radar calibration seemed correct, as discussed above in 

the section on "Data Processing". Note that the spatial coverage of these images is much 

lower than that of the de-filtered maps presented above; this is due to the eff~cts of the 

hardware filter on the upper and lower thirds of the range coverage. The spatial extent 

of these images in the azimuth direction is also lower, due to the need to limit the size of 

the array for computation of the Stokes vectors. 

For all of the high-resolution images, greater NOP echoes are associated with the 

radar-facing walls and rims of craters, and the radar-facing portions of mare ridges or 

hills. This is consistent with the interpretation of these echoes arising from large 

single-scattering facets. The unpolarized echo is typically higher along crater rims, 

without regard to the orientation of the topography, consistent with these echoes arising 

from random wavelength-scale scatterers in the upper 50 cm or so of the surface. The 

ejecta blankets of craters are also enhanced to varying degrees, as are the ray traces 

visible in orbital photography. There are patches of high unpolarized return near 

isolated or clustered secondary craters, and regions of high depolarized return extend 

perhaps tens of crater radii from these secondaries. 

While, in general, higher NOD returns are correlated with greater depolarized 

echo strength , such a result may be due to effects such as system cross-talk (Chapter 2, 
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"Quad-Polarization Data and Calibration") or to the inherently finite nature of the 

spatial integration used to produce the Stokes vectors. For these data, I used a 25-look 

integration (-150x150 m on the surface), but one cannot expect to observe perfect 

spatial homogeneity over even a few tens of meters of terrain, and there will always be 

some calculated "fully-polarized" power which is due to these inhomogen.eities. In order 

to test for these types of error, I calculated the percentage of the total depolarized echo 

for each pixel which was found to be "non-diffuse". Figure 5.14 shows a histogram of 

this ratio over each of the 7 study sites. Note that, for each site, the histogram is offset 

from zero percentage by -3-4%, and that the values are spread in a gaussian 

distribution around this offset. I conclude from these data that we may expect to find 3-

4%, on average, of the depolarized echo as non-diffuse due entirely due to systematic 

effects. 

Pixels for which the non-diffuse depolarized echo is significantly greater than 5% 

may therefore be assumed to have some type of preferential structure as discussed 

above. A second test for the validity of these results is simply to look for spatial 

contiguity in the non-diffuse images. If a number of pixels in an area demonstrate 

strong non-diffuse echoes, and these pixels appear to define a particular geologic unit or 

structure, then it seems safe to assume that the echoes are not due to random errors or 

to isolated anomalous surface features . 

I found only three study sites which demonstrate significant NOD returns: the 

"Menelaus Crater", "Bessel Crater", and "Bessel Region" targets. Figure 5.1 Sa-c shows 

the calculated percentage of NOD echo for these Mare Serenitatis target sites. As Figure 

5.13g shows, the NOD return at Menelaus is largely confined to the crater interior 

walls, as noted for Copernicus crater (Campbell et al., 1988), and there is only 

minimal evidence for enhancement within the crater ejecta blanket. The non-diffuse 

component comprises up to 20% of the total depolarized echoes from the crater interior 
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walls. There is a halo of high unpolarized return around Menelaus, consistent with that 

seen in the 3.8-cm images at lower resolution (Figure 5.3). 

For Bessel crater (Figure 5.13e), the NOD echo is high over a large area of the 

crater ejecta blanket, with a marked asymmetry between the east and west sides of the 

deposit. The percentage of NOD component reaches as high as 20% in crater walls and 

10% in ray areas. The unpolarized echo is relatively uniform around the rim of Bessel, 

but the NOD echo is only enhanced along the interior walls, and not along the southern 

(radar-facing) rim. The orientation of topographic features thus appears to control the 

non-diffuse echo from the crater walls and slopes. The greater degree of NOD 

enhancement in the western portion of the ejecta as compared to the eastern and southern 

sides of the crater is apparently correlated with the passage of the ray segment along the 

western side of the crater. Figure 5.16 shows a low-sun Apollo 17 photograph of the 

crater ejecta blanket. This image shows no obvious systematic differences between the 

southwestern and southern portions of the crater ejecta blanket (the western side being 

in shadow) in terms of surface features, and both areas are characterized by radial 

striations and hummocky texture. This implies that the mechanisms which produce the 

asymmetry in the NOD return are on spatial scales of only a few meters, or are buried. 

The NOD echoes are only slightly above the "noise" level (in the 5-10% range) in 

the "Bessel Region" target site north of Bessel crater (Figure 5.13 f). This may imply 

that the mechanism which produces the NOD echoes is unique to the area of the Bessel 

ejecta blanket, but the limited spatial extent of these high-resolution images does not 

demonstrate this conclusively . 

The mechanisms discussed above for production of NOD echoes, and the 

observations of Campbell et al. (1988) of echoes from Copernicus crater, suggest that 

such echoes arise due to scattering from preferential (i.e., non-random) linear features 

on or in the surface. Evidence from Apollo orbiter images shows no obvious features, at 
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scales of 1 O's of meters, within the Bessel ejecta blanket which might be invoked to 

produce these non-diffuse echoes. There is a NOD enhancement from the entire Bessel 

crater ejecta blanket at a level above the 3-4% "noise" baseline, so this phenomenon is 

not unique to the ray. One possibility is that preferential linear features within the 

Bessel ejecta blanket have been exposed by the action of the ray-forming ejecta curtain. 

A second possibility is that the ray itself is characterized by some type of elongate 

furrows or pits, but again the orbital photography provides no support for either of 

these hypotheses. 

Implications for Bay Emplacement 

In this section, I summarize. the results of the radar mapping and Stokes vector 

analysis of the crater ray target sites, and assess the implications of these results for 

the ray emplacement questions discussed above. This study by no means provides a 

complete picture of ray properties; such a study would require much more data over 

large regions of rays from a variety of craters. Specifically, it would not be valid to 

draw conclusions as to the spatial variability of rays with distance from their parent 

craters based on such limited data. 

The radar mapping of crater ray deposits presented here shows that: 1) in general, 

rays characterized by high visible albedoes are also characterized by enhanced 

populations of random wavelength-scale scatterers relative to the mature mare 

substrates, 2) the radar-bright patches are in some locales associated with secondary 

craters, but the extent of these bright regions are greater than might be expected for 

material ejected from craters a few hundred meters in diameter, and 3) the depolarized 

enhancements which define the ray segments sometimes display a filigree pattern in plan 

view, which has little relationship to the orientation of the ray as a whole . 
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The first observation shows that there is a general correlation between the high 

albedo portions of the rays and the presence of 1-50 cm fragments on or near the 

surface. As discussed earlier, these fragments could have been em placed by: 1) 

secondary cratering events, 2) primary ejecta, or 3) immature fragments scoured up 

by the secondary debris surge. There are no obvious regions in the orbital photography 

where a bright ray is not accompanied by a high diffuse radar return. A model of ray 

formation by "dusting" of very fine (micron-scale) material, with little disturbance of 

the target surface, is thus excluded; these data argue for significant erosion of the target 

site by even fine-grained ejecta (consistent with the work of Oberbeck, 1975). The 

orientation of such radar-bright deposits is important to their intepretation; if aligned 

downrange of the secondary crater clusters, then they may have been formed by the 

secondary debris surge. If they are not downrange of the secondaries, then these radar

bright patches may have formed by primary ejecta emplacement or by the effects of 

unresolved small secondary craters. 

The observation of a filigree pattern in the ray deposits may be explained by 

shadowing of portions of the terrain by local topography during passage of the secondary 

ejecta surge (produced by passage of the impact ejecta curtain). There is no evidence of 

V-shaped or "herringbone" structures in the rays studied here, but the smearing of the 

images along the azimuth direction makes spatial analysis rather difficult. 

Stokes vector analysis of seven high-resolution images brought out an interesting 

feature of the ray which crosses the western portion of the Bessel crater ejecta blanket. 

The high non-diffuse depolarized echo observed for this area is attributed here to some 

type of preferential linear features (perhaps furrows, pits, or cracks) within the 

enhanced area. These structures may occur directly as a result of ray emplacement, or 

may be due to reworking or exposure of features within the Bessel ejecta blanket by the 

ray-forming process . 



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

1 70 

Analysis of the radar images and photographic data for Mare Serenitatis also 

suggest that the bright ray which passes Bessel crater was emplaced by the Menelaus 

impact event. Although this ray does follow a trend radial to Tycho crater, I believe that 

the following evidence argues for a Menelaus origin: 1) the well-developed Menelaus 

ray system to the south of the crater, in both the photographs and the 3.8-cm radar data, 

and 2) the lack of secondary crater clusters along the "Bessel ray", in contrast to their 

more common occurrence along Tycho rays . 

This study demonstrates that high-resolution dual-polarization radar information 

can be used to characterize the cm- to m-scale roughness of lunar surfaces, and raises 

several questions for further backscatter modeling and analysis. Primary among t.hese 

are the occurrence of non-diffuse depolarized echoes, and their evident correl.ation with 

topographic orientation. The observation of this non-diffuse component also indicates 

that some of the assumptions used to calibrate the airborne quad-polarization data, as 

discussed in Chapter 2, may be too restrictive. These issues will be discussed in the 

final chapter, where I summarize the results of this dissertation . 
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Table 5.1 

Locations, incidence angles, and brief descriptions for lunar radar study sites. Regions 

noted by an asterisk were not calibrated properly, so Stokes vector analysis was not 

possible. Site numbers correspond to those in Figure 5.1 Only those areas for which 

Stokes vector analysis was carried out are given site numbers . 

Ia[cet t::lame Latitude L1:20citude Angle, Desc[jplion 

Bessel Crater 21.58 N 18.00 E 30° Bessel crater area 

2 Bessel Region 16.30 N 16.00 E 25° Ray area north of Bessel 

- North Bessel 23.67 N 17.83 E 290 Ray area north of Bessel * 

- South Bessel 19.67 N 17.00 E 260 Between Bessel and Menelaus * 

3 Menelaus 16.30 N 16.00 E 24° Menelaus crater area 

4 Vaporum 13.50 N 1.33 E 200 Central Mare Vaporum area 

5 Copernicus 20.00 N 18.83 w 340 North of Copernicus crater 

6 Rosse 16.50 s 36.00 E 340 Tycho ray in Mare Nectaris 

7 Kies 26.50 s 22.83 w 390 Tycho ray in Mare Nubium 
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Figure 5.1. Location map of high-resolution radar target areas on the nearside of the 
Moon. Orientation of image swaths vary with location of sub-earth point, but are 
generally perpendicular to a line from the target pQint to the center of the earth-facing 
hemisphere. Location numbers match those of Table 5.1 
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A 
Figure 5.2. Radar image mosaics for Mare Serenitatis. Mosaics constructed by 
overlaying high-resolution images (narrow swaths) on low-resolution maps. All 
images de-filtered to remove range-dependent tonal differences. Maps rectified to 
simple cylindrical projection. Region covered by southern Mare Serenitatis mosaic . 
13-19 N, 14-22 E. Region covered by central Mare Serenitatis mosaic 19-25 N, 
14-22 E. Grid lines placed every 1 o of latitude and every 2° of longitude. a) Polarized 
radar mosaic of southern Mare Serenitatis and Menelaus crater (27 km diameter}. b) 
Depolarized radar mosaic of southern Mare Serenitatis. Same area as Figure 5.2 a. · c) 
Polarized radar mosaic of central Mare Serenitatis and Bessel crater (16 km diameter). 
Note radar-dark halo to the north and east of Bessel. d) Depolarized radar mosaic of 
central Mare Serenitatis. Same area as Figure 5.2 c. e} Lunar Orbiter photo . 
(LO-IV-90H2} of southern Mare Serenitatis, with location of Menelaus crater (27 km 
diameter} indicated. f) Lunar Orbiter photo (LO-IV-90H3} of central Mare 
Serenitatis, with location of Bessel crater (16 km diameter) indicated. g) Radar-unit 
sketch map of area near Bessel crater (19-24. N, 16-20 E), showing large ray 
segments and radar-dark area north and east of crater . 
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B 
Figure 5.2 Ccont!nuedl. Radar image mosaics for Mare Serenitatis. Mosaics 
constructed by overlaying high-resolution images (narrow swaths) on low-resolution 
maps. All images de-filtered to remove range-dependent tonal differences. Maps 
rectified to simple cylindrical projection. Region covered by southern Mare Serenitatis 
mosaic 13-19 N, 14-22 E. Region covered by central Mare Serenitatis mosaic 19-25 
N, 14-22 E. Grid lines placed every 1 o of latitude and every 20 of longitude. a) 
Polarized radar mosaic of southern Mare Serenitatis and Menelaus crater (27 km 
diameter). b) Depolarized radar mosaic of southern Mare Serenitatis. Same area as 
Figure 5.2 a. c) Polarized radar mosaic of central Mare Serenitatis and Bessel crater 
(16 km diameter). Note radar-dark halo to the north and east of Bessel. d) 
Depolarized radar mosaic of central Mare Serenitatis. Same area as Figure 5.2 c. e) 
Lunar Orbiter photo (LO-IV-90H2) of southern Mare Serenitatis, with location of 
Menelaus crater (27 km diameter) indicated. f) Lunar Orbiter photo (LO-IV-90H3) 
of central Mare Serenitatis, with location of Bessel crater (16 km diameter) indicated. 
g) Radar-unit sketch map of area near Bessel crater (19-24 N, 16-20 E), showing 
large ray segments and radar-dark area north and east of crater . 
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Figure 5.2 Ccontinyedl. Radar image mosaics for Mare Serenitatis. Mosaics 
constructed by overlaying high-resolution images (narrow swaths) on low-resolution 
maps. All images de-filtered to remove range-dependent tonal differences. Maps 
rectified to simple cylindrical projection. Region covered by southern Mare Serenitatis 
mosaic 13-19 N, 14-22 E. Region covered by central Mare Serenitatis mosaic 19-25 
N, 14-22 E. Grid lines placed every 1 o of latitude and every 20 of longitude. a) 
Polarized radar mosaic of southern Mare Serenitatis and Menelaus crater (27 km 
diameter). b) Depolarized radar mosaic of southern Mare Serenitatis. Same area as 
Figure 5.2 a. c) Polarized radar mosaic of central Mare Serenitatis and Bessel crater 
(16 km diameter). Note radar-dark halo to the north and east of Bessel. d) 
Depolarized radar mosaic of central Mare Serenitatis. Same area as Figure 5.2 c. e) 
Lunar Orbiter photo (LO-IV-90H2) of southern Mare Serenitatis, with location of 
Menelaus crater (27 km diameter) indicated. f) Lunar Orbiter photo (LO-IV-90H3) 
of central Mare Serenitatis, with location of Bessel crater (16 km diameter) indicated. 
g) Radar-unit sketch map of area near Bessel crater (19-24 N, 16-20 E), showing 
large ray segments and radar-dark area north and east of crater . 
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Figure 5.2 Ccontinuedl. Radar image mosaics for Mare Serenitatis. Mosaics 
constructed by overlaying high-resolution images (narrow swaths) on low-resolution 
maps. All images de-filtered to remove range-dependent tonal differences. Maps 
rectified to simple cylindrical projection. Region covered by southern Mare Serenitatis 
mosaic 13-19 N, 14-22 E. Region covered by central Mare Serenitatis mosaic 19-25 
N, 14-22 E. Grid lines placed every 1 o of latitude and every 20 of longitude. a) 
Polarized radar mosaic of southern Mare Serenitatis and Menelaus crater (27 km 
diameter). b) Depolarized radar mosaic of southern Mare Serenitatis. Same area as 
Figure 5.2 a. c) Polarized radar mosaic of central Mare Serenitatis and Bessel crater 
(16 km diameter). Note radar-dark halo to the north and east of Bessel. d) 
Depolarized radar mosaic of central Mare Serenitatis. Same area as Figure 5.2 c. e) 
Lunar Orbiter photo (LO-IV-90H2) of southern Mare Serenitatis, with location of 
Menelaus crater (27 km diameter) indicated. f) Lunar Orbiter photo (LO-IV-90H3) 
of central Mare Serenitatis, with location of Bessel crater (16 km diameter) indicated. 
g) Radar-unit sketch map of area near Bessel crater (19-24 N, 16-20 E), showing 
large ray segments and radar-dark area north and east of crater . 
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Figure 5.2 Ccontinuedl. Radar image mosaics for Mare Serenitatis. Mosaics 
constructed by overlaying high-resolution images (narrow swaths) on low-resolution 
maps. All images de-filtered to remove range-dependent tonal differences. Maps 
rectified to simple cylindrical projection. Region covered by southern Mare Serenitatis 
mosaic 13-19 N, 14-22 E. Region covered by central Mare Serenitatis mosaic 19-25 
N, 14-22 E. Grid lines placed every 1 o of latitude and every 20 of longitude. a) 
Polarized radar mosaic of southern Mare Serenitatis and Menelaus crater (27 km 
diameter). b) Depolarized radar mosaic of southern Mare Serenitatis. Same area as 
Figure 5.2 a. c) Polarized radar mosaic of central Mare Serenitatis and Bessel crater 
(16 km diameter). Note radar-dark halo to the north and east of Bessel. d) 
Depolarized radar mosaic of central Mare Serenitatis. Same area as Figure 5.2 c. e) 
Lunar Orbiter photo (LO-IV-90H2) of southern Mare Serenitatis, with location of 
Menelaus crater (27 km diameter) indicated. f) Lunar Orbiter photo (LO-IV-90H3) 
of central Mare Serenitatis, with location of Bessel crater (16 km diameter) indicated. 
g) Radar-unit sketch map of area near Bessel crater (19-24 N, 16-20 E}, showing 
large ray segments and radar-dark area north and east of crater . 
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figure 5.2 Ccontinuedl. Radar image mosaics for Mare Serenitatis. Mosaics 
constructed by overlaying high-resolution images (narrow swaths) on low-resolution 
maps. All images de-filtered to remove range-dependent tonal differences. ·Maps 
rectified to simple cylindrical projection. Region covered by southern Mare Serenitatis 
mosaic 13-19 N, 14-22 E. Region covered by central Mare Serenitatis mosaic 19-25 
N, 14-22 E. Grid lines placed every 1° of latitude and every 20 of longitude. a) 
Polarized radar mosaic of southern Mare Serenitatis and Menelaus crater (27 km 
diameter). b) Depolarized radar mosaic of southern Mare Serenitatis. Same area as 
Figure 5.2 a. c) Polarized radar mosaic of central Mare Serenitatis and Bessel crater 
(16 km diameter). Note radar-dark halo to the north and east of Bessel. d) 
Depolarized radar mosaic of central Mare Serenitatis. Same area as Figure 5.2 c. e) 
Lunar Orbiter photo (LO-IV-90H2) of southern Mare Serenitatis, with location of 
Menelaus crater (27 km diameter) indicated. f) Lunar Orbiter photo (LO-IV-90H3) 
of central Mare Serenitatis, with location of Bessel crater (16 km diameter) indicated. 
g) Radar-unit sketch map of area near Bessel crater (19-24 N, 16-20 E), showing 
large ray segments and radar-dark area north and east of crater . 



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

24N...-------------------------~ -

l
N rl •• JP.~ DRADAR-DARK 

RAYS -- / 2-if REGION 

\ ~,/ 
po .; 

Oo. ( 
BESSEL CRATE:f.?- • 

0 

I 30km 

19N....._--------------------------1 
16E 20E 

G 

1 81 

Figyre 5.2 (continyedl. Radar image mosaics for Mare Serenitatis. Mosaics 
constructed by overlaying high-resolution images (narrow swaths) on low-resolution 
maps. All images de-filtered to remove range-dependent tonal differences. Maps 
rectified to simple cylindrical projection. Region covered by southern Mare Serenitatis 
mosaic 13-19 N, 14-22 E. Region covered by central Mare Serenitatis mosaic 19-25 
N, 14-22 E. Grid lines placed every 1° of latitude and every 20 of longitude. a) 
Polarized radar mosaic of southern Mare Serenitatis and Menelaus crater (27 km 
diameter). b) Depolarized radar mosaic of southern Mare Serenitatis. Same area as 
Figure 5.2 a. c) Polarized radar mosaic of central Mare Serenitatis and Bessel crater 
(16 km diameter). Note radar-dark halo to the north and east of Bessel. d) 
Depolarized radar mosaic of central Mare Serenitatis. Same area as Figure 5.2 c. e) 
Lunar Orbiter photo (LO-IV-90H2) of southern Mare Serenitatis, with location of 
Menelaus crater (27 km diameter) indicated. f) Lunar Orbiter photo (LO-IV-90H3) 
of central Mare Serenitatis, with location of Bessel crater (16 km diameter) indicated. 
g) Radar-unit sketch map of area near Bessel crater (19-24 N, 16-20 E), showing 
large ray segments and radar-dark area north and east of crater . 
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Figure 5.3. a) Polarized 3.8-cm radar image of Mare Serenitatis. Locations of Bessel 
and Menelaus craters indicated. Spatial resolution 1.5-2.0 km. b) Depolarized 3.8-cm 
radar image. Note bright trace of ray from N of Menelaus crater (27 km diameter) 
passing west of Bessel crater (16 km diameter) .. Note also the bright halo around 
Menelaus, indicating the presence of a rough ejecta blanket. North is to the top • 
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Figure 5.4. Apollo 17 photograph of Bessel crater (16-km diameter) 
(AS-17-M-1228). Note the bright ray trace passing the west side (left in this image} 
of the crater's ejecta blanket. Note also the asymmetry in the near-rim ejecta of Bessel; 
the eastern portion is less hummocky, while the southeast and northern portions have 
mare ridge terrain within them. Radar-dark halo (Figure 5.2c) appears correlated 
with this less hummocky terrain north and east of the crater rim . 
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Figure 5.5. Apollo 17 oblique photograph of the region north of Menelaus crater (27 
km diameter) (AS-17-M-2419). Note the ray trace in the upper right quadrant of the 
photo, and the bright mare unit which forms a N-S trending border with the dark 
pyroclastic deposits just north of Menelaus (arrow) . 
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Figure 5.6. Apollo 15 photograph of the region south of Menelaus crater (27 km 
diameter) (AS-15-M3-2700). Note the well-deyeloped ray system, presumably 
formed by the Menelaus impact. 
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Figure 5.7. Rectified high-resolution radar images of the •Rosse• target area. Region 
13.5-19.5 S, 32-40 E, simple cylindrical projection. Only the eastern rim of Rosse is 
visible in the radar images. a} Polarized radar image. b} Depolarized image. Note the 
bright region surrounding the cluster of secondary craters at ... 14.5 S (arrow in 5.7c} . 
The bright halo of material extends to ... 15 km from the secondary craters. c) Lunar 
Orbiter photograph of part of Mare Nectaris (LO-IV-72H2). Secondary crater cluster 
is that indicated in radar image. ·· 
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figure 5.7 Ccontlnuedl. Rectified high-resolution radar images of the "Rosse" 
target area. Region 13.5-19.5 S, 32-40 E, simple cylindrical projection. Only the 
eastern rim of Rosse is visible in the radar images. a) Polarized radar image. b) 
Depolarized image. Note the bright region surrounding the cluster of secondary craters 
at ... 14.5 S (arrow in 5.7c). The bright halo of material extends to ... 15 km from the 
secondary craters. c) Lunar Orbiter photograph of part of Mare Nectaris 
(LO-IV-72H2). Secondary crater cluster is that indicated in radar image . 
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Figure 5.7 Ccontlnuedl. Rectified high-resolution radar images of the "Rosse" 
target area. Region 13.5-19.5 S, 32-40 E, simple cylindrical projection. Only the 
eastern rim of Rosse is visible in the radar images. a} Polarized radar image. b} 
Depolarized image. Note the bright region surrounding the cluster of secondary craters 
at -14.5 S (arrow in 5.7c}. The bright halo of material extends to -15 km from the 
secondary craters. c) Lunar Orbiter photograph of part of Mare Nectaris 
(LO-IV-72H2}. Secondary crater cluster is that indicated in radar image . 
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Figure 5.8. Rectified high-resolution radar images of the •Kies• target area. Region 
29.5-23.5 S, 26.8-18.8 W, simple cylindrical projection. a) Polarized radar image. 
Arrow indicates pair of small craters, also marked in Figure 5.8c. b) Depolarized 
image. c) Lunar Orbiter photograph of part of Mare Nubium (LO-IV-125H2) . 
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figure 5.8 Ccontf nued). Rectified high-resolution radar images of the "Kies· target 
area. Region 29.5-23.5 S, 26.8-18.8 W, simple cylindrical projection. a} Polarized 
radar image. Arrow indicates pair of small craters, also marked in Figure 5.8c. b) 
Depolarized image. c) Lunar Orbiter photograph of part of Mare Nubium 
(LO-IV-125H2) . 
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Figure 5.8 Ccontlnued). Rectified high-resolution radar images of the "Kies" target 
area. Region 29.5-23.5 S, 26.8-18.8 W, simple cylindrical projection. a) Polarized 
radar image. Arrow indicates pair of small craters, also marked in Figure 5.8c. b) 
Depolarized image. c) Lunar Orbiter photograph "Of part of Mare Nubium 
(LO-IV-125H2) . 
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A 
figure 5.9. Rectified high-resolution radar images of the "Vaporum" target area . 
Region 11.5-15.5 N, 2.67 W-5.33 E, simple cylindrical projection. a) Polarized 
radar image. Secondary craters marked in this image and in Figure 5.9c. b) 
Depolarized image. A Copernicus ray trends E-W through the center of the image. c) 
Lunar Orbiter photograph of part of Mare Vaporum (LO-IV-102H2) . 
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Figure 5.9 <continued). Rectified high-resolution radar images of the "Vaporum" 
target area. Region 11 .5-15.5 N, 2.67 W-5.33 E, simple cylindrical projection. a) 
Polarized radar image. Secondary craters marked in this image and in Figure 5.9c. _ b) 
Depolarized image. A Copernicus ray trends E-W through the center of the image. c) 
Lunar Orbiter photograph of part of Mare Vaporum (LO-IV-102H2) . 
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Figure 5.9 Ccontinuedl. Rectified high-resolution radar images of the "Vaporum" 
target area. Region 11.5-15.5 N, 2.67 W-5.33 E, simple cylindrical projection. a) 
Polarized radar image. Secondary craters marked in this image and in Figure 5.9c. b) 
Depolarized image. A Copernicus ray trends E-W through the center of the image. c) 
Lunar Orbiter photograph of part of Mare Vaporum (LO-IV-102H2) . 
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Figure 5.10. Rectified mosaic of high-resolution and low-resolution (150 m) radar 
images of the "Copernicus" target area (300 km north of crater). Region 17-23 N, 
23-15 W, simple cylindrical projection. a) Polarized radar image. Pair of craters 
noted in this image and in Figure 5. 1 Cc. b) Depolarized image. Note the numerous ray 
traces, many of which are not aligned radially to Copernicus, and the radar-bright 
secondary craters and their associated haloes. c) Lunar Orbiter photograph of part of 
Mare Imbrium (LO-IV-126M) . 
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Figure 5. 1 O <continued>. Rectified mosaic of high-resolution and low-resolution 
(150 m) radar images of the "Copernicus" target area (300 km north of crater) . 
Region 17-23 N, 23-15 W, simple cylindrical projection. a) Polarized radar image . 
Pair of craters noted in this image and in Figure 5.1 Oc. b) Depolarized image. Note the 
numerous ray traces, many of which are not aligned radially to Copernicus, and the 
radar-bright secondary craters and their associated haloes. c) Lunar Orbiter 
photograph of part of Mare Imbrium (LO-IV-126M) . 
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Figyre 5. 10 (continued). Rectified mosaic of high-resolution and low-resolution 
(150 m) radar images of the "Copernicus" target area (300 km north of crater). 
Region 17-23 N, 23-15 W, simple cylindrical projection. a) Polarized radar image . 
Pair of craters noted in this image and in Figure 5. 1 Oc. b) Depolarized image. Note the 
numerous ray traces, many of which are not aligned radially to Copernicus, and the 
radar-bright secondary craters and their associated haloes. c) Lunar Orbiter 
photograph of part of Mare Imbrium (LO-IV-126M) . 
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Figure 5. 11. Rectified images of ndn-diffuse polarized radar echo components for the 
seven high-resolution target sites which appeared to have correct calibration (Table 
5.1). Range coverage narrower than in Figure 5.2 and Figures 5.7-5.10, as 
anti-aliasing filter has not been removed. a) Vaporum area: 12.5-14.5 N, 2.67 
W-5.33 E. b) Copernicus area: 17.5-21.5 N, 21-17 W. c) Kies area: 28.5-25.5 S, 
24.8-20.8 W. d) Rosse region: 18.5-15.5 S, 34-38 E. e) Bessel crater: 20-23 N, 
16-20 E. f) Region north of Bessel: 22-25 N, 16'-20 E: g) Menelaus crater: 15-18 
N, 14-18 E . 
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Fiqyre 5.11 Ccontlnyedl. Rectified images of non-diffuse polarized radar echo 
components for the seven high-resolution target sites which appeared to have correct 
calibration (Table 5.1 ). Range coverage narrower than in Figure 5.2 and Figures 
5.7-5.10, as anti-aliasing filter has not been removed. a) Vaparum area: 12.5-14.5 
N, 2.67 W-5.33 E. b) Copernicus area: 17.5-21.5 N, 21-17 W. c) Kies area: 
28.5-25.5 S, 24.8-20.8 W. d) Rosse region: 18.5-15.5 S, 34-38 E. e) Bessel 
crater: 20-23 N, 16-20 E. f) Region north of Bessel: 22-25 N, 16-20 E. g) 
Menelaus crater: 15-18 N, 14-18 E . 
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Figure 5.11 · (continued). Rectified images of non-diffuse polarized radar echo 
components for the seven high-resolution target sites which appeared to have correct 
calibration (Table 5.1 }. Range coverage narrower than in Figure 5.2 and Figures 
5.7-5.10, as anti-aliasing filter has not been removed. a} Vaparum area: 12.5-14.5 
N, 2.67 W-5.33 E. b) Copernicus area: 17.5-21.5 N, 21-17 W. c) Kies area: 
28.5-25.5 S, 24.8-20.8 W. d) Rosse region: 18.5-15.5 S, 34-38 E. e) Bessel 
crater: 20-23 N, 16-20 E. f} Region north of Bessel: 22-25 N, 16-20 E. g) 
Menelaus crater: 15-18 N, 14-18 E . 
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Figure 5.11 Ccontlnuedl. Rectified images of non-diffuse polarized radar echo 
components for the seven high-resolution target sites which appeared to have correct 
calibration (Table 5.1 ). Range coverage narrower than in Figure 5.2 and Figures 
5.7-5.10, as anti-aliasing filter has not been removed. a) Vaporum area: 12.5-14.5 
N, 2.67 W-5.33 E. b) Copernicus area: 17.5-21.5 N, 21-17 W. c) Kies area: 
28.5-25.5 S, 24.8-20.8 W. d) Rosse region: 18.5-15.5 S, 34-38 E. e) Bessel 
crater: 20-23 N, 16-20 E. f) Region north of Bessel: 22-25 N, 16-20 E. g) 
Menelaus crater: 15-18 N, 14-18 E . 
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figure 5.12. Rectified images of unpolarized radar echo components for the seven 
high-resolution target sites which appeared to have correct calibration {Table 5. 1 ). a) 
Vaporum area. b) Copernicus area. c) Kies area. d} Rosse region. e) Bessel crater. f) 
Region north of Bessel. g) Menelaus crater. 
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Figure 5.12 <continued). Rectified images of unpolarized radar echo components 
for the seven high-resolution target sites which appeared to have correct calibration 
(Table 5.1 ). a) Vaporum area. b) Copernicus area. c) Kies area. d} Rosse region. e) 
Bessel crater. f) Region north of Bessel. g) Menelaus crater . 
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Figure 5.12 Ccontfnuedl. Rectified images of unpolarized radar echo components 
for the seven high-resolution target sites which appeared to have correct calibration 
(Table 5. 1 ). a) Vaporum area. b) Copernicus area. c) Kies area. d) Rosse region. e) 
Bessel crater. f) Region north of Bessel. g) Menelaus crater . 
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Figyre 5.13. Rectified images of non-diffuse depolarized radar echo components for 
the seven high-resolution target sites which appeared to have correct calibration (Table 
5.1). a) Vaporum area. b) Copernicus area. c) Kies area. d) Rosse region. e) Bessel 
crater. f) Region north of Bessel. g) Menelaus crater . 
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Figure 5.13 (continued). Rectified images of non-diffuse depolarized radar echo 
components for the seven high-resolution target sites which appeared to have correct 
calibration (Table 5.1 ). a) Vaporum area. b) Copernicus area. c) Kies area. d) Rosse 
region. e) Bessel crater. f) Region north of Bessel. g) Menelaus crater . 
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fjgure 5.13 (continued). Rectified images of non-diffuse depolarized radar echo 
components for the seven high-resolution target sites which appeared to have correct 
calibration (Table 5.1 ). a) Vaporum area. b) Copernicus area. c) Kies area. d) Rosse 
region. e) Bessel crater. f) Region north of Bessel. g) Menelaus crater . 
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Figure 5.13 (continued). Rectified images of non-diffuse depolarized radar echo 
components for the seven high-resolution target sites which appeared to have correct 
calibration (Table 5.1 }. a} Vaporum area. b} Copernicus area. c} Kies area. d} Rosse 
region. e} Bessel crater. f) Region north of Bessel. g} Menelaus crater . 
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Figure 5.14. Histogram of percentage of non-diffuse depolarized component of total 
depolarized return for each of the seven Stokes vector study sites. Note that all of the 
images have an average of -3-4% of the total depolarized echo in the non-diffuse mode, 
attributed in the text to limited spatial integration and inhomogeneity of the target 
terrain . 
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Figure 5.15. Calculated percentage of non-diffuse component in total depolarized echo 
for each of the seven Stokes vector study regions. In this contrast stretch, black is set at 
5%, and white values are regions with > 15% non-diffuse component. a) Bessel crater. 
b) Region north of Bessel. c) Menelaus crater. Only the targets in Mare Serenitatis 
have significant non-diffuse echoes correlated with geologic units or structures. 
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214 

This chapter discusses some of the results of the preceeding four chapters, and the 

implications of these analyses to further remote sensing studies of terrestrial and 

planetary landforms. I outline several problems of data calibration and interpretation 

which arose during these studies, and discuss the types of investigations which might 

improve upon the techniques used here and make multi-polarization radar data a more 

useful "remote" sensing tool. 

The quad-pol radar modeling project described in Chapter 2 has been published in 

Remote Sensing of Environment. Two major questions regarding the physical nature of 

the scattering process, as modeled ilere, remain. As noted in Chapter 2, the application of 

the small-perturbation model to surfaces which obviously violate the initial conditions 

of its theoretical development is problematic. However, the relatively high VV to HH 

ratios observed for all of the areas within Craters of the Moon, and in other quad-pol 

radar scenes I have examined, and the observed dependence of this ratio on incidence 

angle, cannot be readily explained by any other simple scattering model. I am thus 

inclined to believe that the processes which lead to the calculated polarization effects of 

the small-perturbation model are still active despite the larger-scale roughness, and 

that the model remains a useful descriptor of sub-radar-wavelength topographic spatial 

components. In order to make such data useful for analysis of lava flow dynamics, 

geologists will need to extend their theoretical models for flow emplacement to these 

small scales. 

The second question regards the use of the "dihedral" model for backscatter. It has 

been pointed out (S. Zisk, pers. comm., 1990) that a double-Fresnel reflection from 

even a bare rock surface will produce only a very weak return. This was the reason such 

a model was not proposed for non-diffuse depolarized echoes observed for crater rays in 
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Chapter 5. A second model for producing LL echoes is to have a non-random collection of 

linear elements on the surface, such as preferentially-oriented cracks or edges. This 

model was suggested for the observed non-diffuse depolarized echoes from crater 

interior walls and the "Bessel ray" . 

If the lunar radar data do imply that the "preferential lineation" model is 

important in non-diffuse backscattering, then we must also predict significant non

diffuse HV returns. Such cross-polarized echoes would be expected from any lineaments 

which did not trend exactly vertical or horizontal with respect to the transmitting 

antenna. Since the cross-talk calibration for quad-pol data utilized in Chapter 2 assumed 

that_. on average, the non-diffuse HV component is zero, this geologic surface model 

would require a different approach to the airborne radar system calibration. 

The nature of "non-diffuse" echoes, discussed at length in Chapters 2 and 5, 

requires some comment. It appears from these investigations that the occurrence and 

relative magnitude of non-diffuse components, as calculated using the Stokes vector 

elements, are strong functions of the relative spatial scales of the radar resolution cell 

(if we average echoes over time) or area of integration (if we spatially average) and the 

surface geologic structures. If the radar cell (or area of integration) is large with 

respect to the scale of geologic structures, then the polarization state of echoes from 

individual features within a pixel will be uncorrelated, and there will be little non

diffuse power. If, on the other hand, the resolution cell is comparable to the scale of the 

geologic features (cracks, lineaments, walls, hills, etc.), then a few large scatterers 

may dominate the backscattered return, and we will observe a significant "non-diffuse" 

echo. The extreme case of this occurs when the radar cell or area of integration becomes 

smaller than any major variations in the geologic structure of the surface. At this point, 

the entire radar echo will be non-diffuse, since there will be no "speckle" . 
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This hypothesis is qualitatively supported by an observed trend in non-diffuse echo 

power with spatial resolution. The percentage of non-diffuse LL returns may be as high 

as 30-50% for quad-pol airborne images (-50 m resolution at 25 looks), but 

decreases to perhaps 10-20% for lunar observations (150 m resolution at 25 looks), 

and finally comprises only -5% (essentially in the noise) of the echoes from Western 

Eistla Regio (1500 m resolution at 25 looks). Some of this effect is no doubt due to 

variations in target terrain and radar wavelength, but the trend occurs over a wide 

range of surfaces on each planet. This observation suggests that any analysis or 

description of geologic surface structure based on radar polarization data must be 

couched in terms of the resolution of the observing system. This prevents any "absolute" 

descriptions of the surface to be made; the radar observations are selective, and should 

only be used to investigate geologic processes of the appropriate scale and surface 

structure . 

It may be possible to obtain more information from the quad-pol data by starting 

with the one-look scattering matrix data, rather than with the four-look averaged 

Mueller matrix information. These data would allow users to pick their own calibration 

scheme, and to integrate backscattered echoes as voltages rather than powers. Since the 

latter method does not permit the returns from adjacent pixels to interfere, spatial 

integration of Mueller matrices cannot reproduce the effect of an actual lower

resolution observation. Using the one look scattering matrix data, the spatial integration 

area could be varied, and the degree of coherence between orthogonal-polarized 

components calculated at each cell size. This analysis might permit a description of the 

scales and extent of preferential surface structures. 

Further tests of the type of "black box" scattering model proposed in Chapter 2 

would be best done with multiple incidence angle, radiometrically calibrated data. Since 

the small-perturbation mechanism is expected to display large variations with incidence 
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angle, this analysis might reveal whether the model is valid. Use of multi-angle data 

may also permit refinement of the other portions of the scattering model or the 

introduction of additional scattering ensembles. 

The geologic study described in Chapter 3 has been published in Geophysical 

Research Letters. Obviously the unit boundaries and geologic inferences presented here 

will be tested by Magellan image data. The implications of the polarization analysis 

presented in Chapter 4 are less likely to be made obsolete by the new images. It seems 

more probable that the Arecibo dual-circular polarization data and the Magellan HH 

images will augment one another. I plan to compare the relative HH echoes from the 

terrestrial study sites to cross-sections measured by Magellan to further test the 

hypothesis that Eistla Regio is comprised primarily of "pavements" and pahoehoe flows. 

If terrestrial quad-pol data can be radiometrically calibrated by use of corner 

reflectors, then direct comparisons could be made between HH backscattering cross

sections for Venus terrains and possible terrestrial analogs. 

The lunar rays project raised a number of questions about the mechanisms of radar 

backscatter and non-diffuse echoes, the implications of which have been discussed above . 

Further studies are needed to determine the most likely surface structures for producing 

these echoes, and what such information might reveal about the scattering process. 

These studies will probably concentrate on crater interiors, since these areas seem to 

have the highest non-diffuse echo strengths. The geologic results of the ray study were 

not as conclusive as I had hoped, due primarily to difficulties in mapping the 

distribution of small bright ray patches, which were often smeared over a large area by 

the uncorrected doppler shifts. Future work may permit focusing of these data, which 

would make more of the image useful for mapping at the intended spatial resolution. 

In summary, the quad-pol radar modeling project begun in Chapter 2 has proven to 

be a useful remote-sensing tool for descriptive geology, and may be of use for 
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quantitative studies as theories of lava flow emplacement dynamics improve. The 

questions raised by this work, and the insights gained into the scattering process, were 

invaluable to me in my analyses of planetary radar data. Recent results from Magellan 

have shown that my suggestions regarding eruption rate differences between Sit and Gula 

Montes may be incorrect, but that the range of surface morphologies I inferred based on 

Arecibo data may in fact be correct. This opens up a wealth of questions as to the 

chemistry and emplacement of venusian lava flows. My analysis of high-reflectivity 

areas, and their spatial provenance, is also crucial to understanding the relationship 

between tectonic environment and magma chemistry. Finally, the lunar crater rays 

project characterized the surface morphology of these deposits at high resolution for the 

first time, and has shed light on important theoretical radar scattering questions . 


