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Abstract 

This volume describes the application of quantitative image analysis as a means of 

investigating the geologic history of the Valles Marineris region of Mars. Three approaches 

are employed for extracting geological information from VIking Orbiter images. First, mul

tispectral composites are studied for color variations among geologic units and to map their 

spatial distribution in Coprates Quadrangle. Multitemporal images are next examined for 

variable features of the martian surface and atmosphere. Finally, multiple phase-angle im

ages are analyzed for variations in the photometric phase function of the surface. 

The results suggest that volcanism, tectonism, magmatic intrusion and eolian redis

tribution have each played a part in shaping the martian canyons. Several distinct spectro

photometric units are recognized in Coprates Quadrangle on the basis of the imaging data. 

The dark red Lunae plains are spectrally and photometrically related to the brighter dust

mantled plains, canyon wall rock and interior layered sediments, indicating a physical and 

not compositional difference between these materials. Spectrally exceptional sedimentary 

deposits are evidence for compositional diversity among the bright materials and suggest 

multiple origins for the layered sediments. Exposed competent bedrock surfaces include 

low lying Hesperian volcanic plains and a series of cliffs interpreted as a possible sill. Dark 

gray, friable and incompetent materials include an in-situ Noachian wall rock layer and lo

cally generated dune-forming sands. These materials are found to be markedly forward

scattering, casting doubt on notions that these dune deposits are composed of lithic frag

ments or dust grain aggregates, two of the proposed sources for the puzzling martian sands. 

Interpretation of this unit as a voluminous regional mafic tuff deposit may have important 

implications for the style of past volcanism on Mars. Bright gray materials include young, 

possibly recent volcanics with a derived distribution consistent with the interpretation of 
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extrusion along faults near the margins of the canyon floors. This result supports the hy

pothesis that the Valles originated through tectonic extension, which along with volcanism. 

generation of dark sands. and eolian deposition and erosion of bright dust from global 

storms. are processes which may continue in the Valles Marineris today. 
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1. Introduction 

1.1 Geology from Space 

Geologic mapping is fraught with uncertainty, even when one can wander about the 

surface with a rock hammer and sample bag. Despite the availability of petrological infor

mation from laboratory sample analysis, structural and stratigraphic information from field 

observations and constraints on the subsurface from geophysical measurements or borehole 

drilling, it is frequently impossible to assign a unique interpretation to features as compli

cated as natural rock and soil assemblages. Geologists attempt instead to construct a self

consistent story from these data which does not violate any of the observational constraints. 

As in other disciplines of the physical sciences, geological interpretations are theories to be 

tested by succeeding generations of scientists. 

The problem of uniqueness is compounded when geologic mapping must be based 

soley on remotely sensed observations. The principal tool utilized in geologic mapping 

from space is photo-geology and -geomorphology, the basis of which is analysis of the mor

phology, texture and superposition relationships of surface geological units from spacecraft 

images. Human pattern recognition processes are notoriously subjective, however (Figure 

1.1), and the derived interpretations are often difficult to test. For these reasons it is desir

able to develop methods for quantitative image analysis as a supplement to photogeology 

for the purpose of deriving geologic information; this is the subject of the present volume. 

1.2 Why Study Mars? 

To date, Mars remains the best observed planet other than the Earth. Along with 

Venus, Mars shares some important similarities with our own planet including its relative 

size, bulk composition, and existence of an active atmosphere, hydrosphere, and litho

sphere. An important difference between Mars and Earth is the state of preservation of the 
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surface: subduction and recycling of crustal materials on Earth due to plate tectonics has 

erased the evidence of the first billion or so years of our planet's evolution from the geo

logic record. The study of Mars thus offers the opportunity for insights into the early history 

of the Earth (Chapter 4). Comparisons between terrestrial planets which have differing 

gravitational acceleration, atmospheric pressure and solar insolation allow conclusions to 

be drawn about the effect of such factors on geologic processes. Finally, analysis of space

craft data from Mars provides a testbed for terrestrial remote sensing applications in a rel

atively simple geologic setting, without such complications as vegetation. 

Figure 1.1 1888 Map of Mars. A network of canals is shown on this map 
prepared by Giovanni Schiaparelli from telescopic observations. 

1.3 Spacecraft Exploration of Mars 

Detailed telescopic observations of Mars are limited to favorable oppositions 

(when the Earth passes between Mars and the Sun) during which Mars is near perihelion in 

its elliptical orbit. Mars subtends an angle of nearly 25 arcsec during these favorable oppo

sitions, which occur on average only once every 16 years. Although much useful data has 
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been obtained through these observations, particularly concerning the visible and near-in

frared spectral reflectance of the planet, only features larger than about 150 kIn can be re

solved from Earth. The first high-resolution images of Mars were returned by Mariner 4 in 

a flyby missh)D in 1965. These data, along with another 58 images obtained in similar mis

sions by Mariners 6 and 7 in 1969, were largely limited to the cratered highlands of Mars 

and conveyed the (false) impression of a passive, uninteresting planetary surface. 1971 saw 

the arrival of two Soviet spacecraft which included unsuccessful landers, Mars 2 and 3, and 

the Mariner 9 orbiter which conducted a successful global survey of Mars after a planet

encircling dust storm subsided which had prevented Mars 2 and 3 from returning usable 

data. Mariner 9 obtained over 7,000 images of Mars at both high- and low-resolution and 

provided the first glimpse of such features as the massive Tharsis volcanoes and the enor

mous equatorial canyon system which bears its name (the "Valles Marineris"). 

In 1975, two identical spacecraft each consisting of an orbiting vehicle and an entry 

probe/lander were dispatched to Mars. The Viking project was first and foremost a search 

for life on the Red Planet: although equipped with instruments intended to examine the 

physical nature of the interior, surface and atmosphere of Mars, the main thrust of the mis

sion of the two Viking Landers was embodied in several biological experiments aimed at 

detecting possible metabolism, growth and photosynthesis by martian organisms. The pri

mary function of the two Viking Orbiters was to provide support for the Lander investiga

tions by serving as buses to convey the Landers to Mars, aiding the selection and 

certification of landing sites, and relaying data telemetered from the Landers to Earth. How

ever, both the Landers and Orbiters far exceeded their design specifications, allowing im

portant science objectives to be fulfilled by the Orbiter instruments independently of the 

Lander investigations. These instruments were the vidicon-based Visible Imaging Sub

systems (VIS), a thennal infrared radiometer (lRTM) and an infrared spectrometer measur-

14 



ing the band depth of the 1.4 ~m H20 absorption in the martian atmosphere (MA WD). 

The missions of the VIking Orbiters continued until their attitude-control gas, nec

essary to maintain the stable orientation of the spacecraft, was exhausted. This occurred in 

July, 1978 for VO 2 and in August, 1980 (5 years after launch) for Orbiter 1. Over 47,000 

images of Mars were recorded by the Orbiters in this period, during which the entire surface 

of the planet was mapped at a resolution of 200 m per picture element. That scientific anal

ysis of these data is still proceeding today, a decade after completion of the mission, attests 

to the enormous success of Project VIking. 

1.4 Quantitative Image Analysis 

Because of the elliptical orbits of the VIking spacecraft, two distinct classes of data 

were obtained by the imaging systems. High-resolution monochrome images were record

ed when the spacecraft were at periapsis, which varied in altitude from 1500 km above the 

planet'S surface to as low as 260 km. The corresponding footprint of a picture element, or 

pixel, on the surface from these altitudes ranges from 40 m in width down to less than 10 

m, yielding spatial resolutions in the latter case comparable to the best spacecraft remote 

sensing data available for terrestrial geological applications (e.g., the French SPOT sys

tem). While these images are ideal for photogeological interpretation, the time constraints 

imposed by the great velocity of the Orbiters as they passed through periapsis necessitated 

the use of image motion compensation (slewing the scan platform to reduce smear), pro

hibited long exposure times necessary for multispectral (color) image acquisition, and 

greatly limited the areal extent of covemge at these high resolutions. On the other hand, im

ages obtained at apoapsis altitudes (typically 30,000 km) provide valuable color informa

tion and more uniform, regular coverage on regional scales, albeit at much lower spatial 

resolutions (typically 800 m/pixel). These apoapsis data are ideally suited to quantitative 

analysis, the results of which are highly complementary to detailed but localized photogeo-
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logical investigations based on the higher-resolution images. 

The ultimate goal of image analysis is to be able to explain the color and brightness 

variations within a scene in tenns of the physical properties and processes of the planetary 

surface. We have taken three separate approaches to the task of extracting geological infor

mation from Viking Orbiter images of the Valles Marineris region of Mars. First, using mul

tispectral image composites we examine color variations among geologic units in the 

Viking red, green and violet ruter pass bands and their spatial distribution in Coprates Quad

rangle. It should be pointed out that this spectral information, limited as it is, will not be 

available from the Mars Observer Camera which is scheduled to arrive at Mars in 1993. The 

second approach is to examine multitemporal images for variable features of the martian 

surface and attnosphere over the duration of the Vlking mission. Additional data from the 

Mariner 9 and Soviet Phobos spacecraft were used to extend the time base of the observa

tions from 1972 to 1990. Finally, multiple phase-angle images acquired at a single wave

length under changing illumination and viewing conditions are examined for variations in 

the photometric phase function of the surface. Whereas the preceding approaches employ 

techniques which are standard in terrestrial remote sensing applications, multiple phase-an

gle image analysis is a relatively new field of investigation: terrestrial remote sensing sys

tems such as Landsat are commonly nadir-looking, with orbits designed to minimize 

variations in illumination and viewing conditions. 

The next chapter presents an overview of the geology of the martian canyons, cho

sen as a study area because of the intrinsic geologic interest rather than any considerations 

of VIking Orbiter image data coverage. Following a review of the theory of bidirectional 

reflectance, the results of analyses of multispectral, multitemporal and multiple phase-an

gle images of Coprates Quadrangle are presented and integrated to form a view of the mar

tian canyons in a global context. As is often the case in scientific investigations, the results 

provoke new questions and directions for further research which are sUIIlJl1arized in the fi-
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nal chapter of this volume. 

1.5 Prior Publication 

Many of the results presented in Chapter 4 and in the last section of Chapter 3 can 

be found in Geissler et al. (1990), in which supervised classification of multispectral VIking 

Orbiter data was first applied to dark materials in the Valles Marineris and the geological 

significance of martian mafic tuff deposits and implications of the inferred relationship be

tween tectonism and volcanism for the origin of the canyons were discussed. This paper 

also described techniques for correcting VIking Orbiter 3-point spectra for atmospheric ef

fects for comparison to laboratory spectral measurements and mentioned the ,interpretation 

of local sources for the dark dune-fonning sands, although the geological significance of 

that interpretation is presented in this volume for the first time (Chapter 7). Multispectral 

classification of the layered sedimentary deposits and observations the unique spectral unit 

in W. Candor Chasma were previously described in Komatsu et al. (submitted 1992) but the 

implications for compositional diversity among bright materials and the spectral evidence 

for the interpretation of the layered sediments as dust deposits are presented for the first 

time in Chapters 4 and 5. The spectral and photometric similarity of dark plains of Lunae 

Planum and brighter plains units and the interpretation of the former as an indurated form 

of the latter was presented earlier by Geissler and Singer (1992b), but the impact of this 

geologic process for streak stability (Chapters 5 and 7) has not been previously described. 

An earlier presentation of albedo pattern changes in the Valles was made by Gei

ssler and Singer (1990) but the interpretations assumed at that time by the author were prob

ably incorrect and were later modified by reevaluating the observations after discussions 

with Alfred McEwen, Phil James and others. Studies of the directional reflectance of sur

face materials in north central Valles are described in Geissler and Singer (submitted 1992), 

which introduced the technique of spatially continuous, resolved inversion for photometric 
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analysis and in which it was noted that the Juventae floor covering deposits were unlikely 

to be lithic fragments or dust grain aggregates, two of the proposed sources for the puzzling 

martian dark sands. The theoretical and practical limitations to multiple phase angle image 

analysis detailed in Chapters 6 and 7 have not been previously published but were discussed 

by the author at a recent meeting of the A.G.U. in Montreal (Geissler and Singer, 1992c). 
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2. Geology of the Valles Marineris 

2.1 Introduction 

The Valles Marineris (valleys of Mariner) provide a unique perspective into the 

geologic past of Mars. Rifting on the equatorial canyon system exposes the interior of the 

planet's crust to depths exceeding 8 km, and the diversity of terrain types within the troughs 

reveal a complex history of tectonism, volcanism, deposition and erosion, many details of 

which are still unclear. Thorough discussions of the geology of Valles Marineris from 

which much of this review is drawn are given by Sharp (1973), Blasius et al. (1977), Carr 

(1981) and Lucchitta et al. (1992). . 

2.2 Physiography 

The most difficult aspect of the Valles to comprehend is their scale. From longitude 

110° W to 40° W, the canyon system extends roughly 4,000 lan, or a fifth of the circumfer

ence of Mars. It be gins in the west as a network of intersecting troughs (Noctis Labyrinthus) 

on the summit of the Tharsis Rise at an elevation of 10 lan above datum (Figures 2.1,2.2, 

2.3) and extends radially down its east flank, ending in chaotic and channelled terrain which 

can be traced northwards to Chryse Planitia. 1\vo narrow canyons, Ius and Tithoneum, con

nect the Labyrinth with the Central Troughs to the east. Linear, fault-controlled tributary 

canyons enter Ius Chasma from the plains to the south, and several shallow graben run par

allel to the troughs between Ius and Tithoneum Chasmata. The configuration of the Valles 

becomes more complex in the Central Troughs, where a series of broad, blunt subsidiary 

troughs develop parallel to the main canyon. The southern margin of Melas Chasma is 

somewhat rounded, suggesting structural control perhaps along a prior impact basin. 

Melas, Candor and Ophir Chasmata all are interconnected, but to the north Hebes Chasma 
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Figure 2.2 Valles Marineris mosaic. Mosaic of Viking Orbiter 1 red and violet filter survey mission images produced by Alfred McE
wen. 
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FigurE 2.3 Topography or the Thllrsis Province. Increasing elevations above the 6.1 mbar datum 
are shown in blue « 2 km), green (2 - 10km), red (10 - 15 km), and white (> 15 km). Olympus Mons 
and three olher massive shield volcanoes, Arsia, Pavonis and Ascmeus, reach heights of27 km. The 
Valles Marincris begin ncar the summit of the Tharsis Rise and run radially down its east flank. 
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is entirely closed, effectively ruling out fluvial erosion (responsible for the fonnation of the 

Grand Canyon on Earth) as a mechanism of origin for this canyon. Layered deposits such 

as that forming the high mesa in Hebes Chasma are common in the Central and Eastern 

Troughs. To the northwest, Echus Chasma lies at the head of the Kasei Vallis, a major chan

nel of apparent fluvial or glacial origin. Echus, Hebes, Ganges Catena (crater-chain) and 

Juventae and Gangis Chasmata fall roughly on a line parallel to the main canyons (Ius

Melas-Coprates) to the south. This line follows the trend of a broad ridge in the Mariner 9 

topographic data (Figure 2.3). At the eastern end of the Valles, Coprates Chasma opens into 

the chaotic, hilly terrain ofEos and Capri. Channels of probable fluvial origin lead from this 

chaotic terrain down to the Chryse basin in the north. 

2.3 Structural Geology 

The relationship between Valles Marineris and the Tharsis Rise is shown more 

clearly in Figure 2.4, from Plescia (1981). Tectonic deformation associated with Tharsis 

dominates an entire hemisphere of Mars. Radial faults and concentric ridges girdle the 

bulge, which is topped by a linear arrangement of massive shield volcanoes, among the 

largest in the solar system: Arsia, Pavonis and Ascraeus. Nine other volcanoes including 

Olympus Mons, at 27 km the tallest on the planet, and Alba Patera, Mars' largest volcano, 

are also apparently associated with the Tharsis disturbance. 

The same pattern of radial faults and concentric ridges dominates the tectonics of Coprates 

Quadrangle. Numerous shallow graben, pits and crater-chains parallel the canyons, sug

gesting extensional faulting. Crenulated, linear ridges with a north-south orientation are 

prominent on the plains south of Melas and Coprates (Figure 2.5). These are similar in mor

phology to lunar maria wrinkle ridges which are thought to be due to crustal compression. 

The ridges appear to predate the fonnation of the graben and canyons (Mutch et al., 1976; 

Watters and Maxwell, 1983, 1986). 
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Figure 2.4 Structural map of the Tharsis Province. From Plescia (1981). 
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Figure 2.5 Wrinkle ridges and curvilinear graben south of Melas Chasma. 



2.4 Canyon Modification 

Processes which modify the canyons over geologic time periods include eolian ero

sion and deposition, mass-wasting, fluvial erosion and groundwater sapping. 

Erosion and redistribution of materials by the wind in the Valles region is evidenced 

by bright dust streaks on the surrounding plains, dark sand dunes among the canyon floor

covering materials, and eroded flutes or "yardangs" reaching several km in length. 

Canyon walls have in places been enlarged by spectacular landslides involving 

thousands of cubic km of material. Catastrophic collapse of the wall rock produces large 

slump blocks at the foot of the failure and longitudinally striated debris fans with runouts 

reaching 100 km. The great length of some landslides has prompted suggestions that liquid 

water or ice was present in the material to lubricate the flow (Lucchitta, 1979, 1987) or even 

that the landslides were submarine (Schaller et al., 1989), but differences between the mar

tian avalanches and their terrestrial counterparts might simply be due to planetary factors 

such as the reduced gravitational acceleration (McEwen, 1989). Away from the landslide 

scars, canyon walls are eroded to a distinctive spur-and-gully morphology similar to that 

seen on terrestrial arctic and alpine slopes where erosion takes place primarily by dry mass

wasting (Sharp, 1973; Lucchitta, 1978). 

Tributary canyons of the Valles Marineris have a morphology quite unlike that of 

dendritic runoff channels found on Earth and, rarely, on the ancient cratered highlands of 

Mars. Long, v-shaped valleys incise the plains south of Ius Chasma (7° S, 82° W) and ter

minate abruptly in amphitheater-like cirques. An origin by groundwater sapping has been 

proposed (Sharp, 1973a; Kochel and Piper, 1986), requiring that ice or water be present in 

the subsurface at a depth of about 1 km to explain the low gradients of these valleys and the 

consistent 1 km depth of the cirque-like bowl at their heads (Soderblom and Wenner, 1978). 

Collapse due to removal of subsurface water or ice is also invoked to explain the chaotic 
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terrain, regions of closely spaced, conical hills and tablelands of downdropped plateau ma

terial which appear to have subsided below the level of adjacent plains having similar crater 

densities. 

The relationship between the Valles troughs, chaotic terrain and outflow channels is 

shown clearly in Figure 2.6 from Carr (1981). Chaotic terrain in Eos, Capri, Gangis and Ju

ventae (Figure 2.7) merge with smooth-floored outflow channels reaching 2,000 Ian in 

length and containing streamlined islands clearly of fluvial origin. The morphology of these 

channels and the observation that they arise full blown from the chaotic terrain source areas 

led to suggestions of catastrophic flooding (Baker and Milton, 1974; Baker, 1978), perhaps 

due to breakout of pressurized water from a confined aquifer (Carr, 1979) or to liquification 

of the aquifer itself to form a mobile slurry (Nummedal, 1978). Catastrophic release ofpon

ded surface water is another possibility (McCauley, 1978); lakes within the Valles Marin

eris might also explain the great lateral continuity and horizontality oflayering in sediments 

found among the canyon floor-covering materials. 

2.5 Sedimentary Geology 

The Valles are unique in that rhythmically layered, clearly sedimentary deposits are 

found nowhere else on Mars except at the poles. In many places in the Central and Eastern 

Troughs, high mesas and benches rise locally to elevations approaching that of the canyon 

rims. They are morphologically distinct from the canyon wall rock: no landslides are visible 

on their steep faces, and fine, parallel fluting develops instead of the spur and gully erosion

al morphology typical of the canyon walls (Figure 2.8). Layering at a variety of scales from 

massive (km thick) to thin bedding (few tens of m) suggests a diversity of origins for the 

canyon interior deposits (Komatsu et al., 1992; Lucchitta et al., 1992). 

Important superposition relationships showing the relative ages of canyon forma-
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Figure 2.6 Distribution of troughs. chaotic terrain and outflow channels. From Carr (1981). 
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tion and deposition of interior deposits are visible in Candor Chasma (5° S, 83° W; Figure 

2.9). Here a shallow graben on the plains separating Candor and Ophir can be traced east

wards as it becomes a ridge, eroded in spur and gully fashion towards the north and the 

south. This ridge is unconformably overlain by a finely fluted interior deposit (Baetis Men

sa). The sequence of events suggested by these observations is: (1) east-west faulting of the 

high plains of Tharsis; (2) canyon formation and erosion; (3) deposition of the interior de

posits; and (4) erosion of the interior deposits to form isolated, freestanding mesas. Angular 

unconformities interpreted (but not positively identified) in some sequences (Peterson, 

1981; Lucchitta, 1985; Komatsu et al., 1992) would suggest multiple episodes of deposi

tion, tilting and erosion. 

Proposed origins for the interior layered deposits include wall rock erosional rem

nants (Malin, 1976); deposits of materials eroded from the wall rock (Sharp, 1973a); vol

canic materials including ash flow and airfall deposits (peterson, 1981; Lucchitta, 1990; 

Witbeck et al., 1992); eolian deposits (Peterson, 1981); and materials deposited into lakes 

(McCauley, 1978; Lucchitta, 1982), perhaps covered with ice (Nedell et al., 1987). It seems 

likely that several if not all of these mechanisms contributed to the formation of the diverse 

materials covering the canyon floors. Witbeck et al. (1992) and Komatsu et al. (1992) de

scribe observations which suggest that the layered deposits in Gangis and Juventae Chas

mata unconformably overlie conical hills typical of chaotic terrain, implying that these 

layered deposits postdate the formation of the outflow channels. The depositional and ero

sional history of the interior deposits remains an outstanding question in the geology of the 

Valles Marineris. The Mars Observer Camera very high resolution (2 m/pixel) data should 

present an opportunity to obtained detailed stratigraphic information about the interior de- . 

posits which may provide important constraints on the geologic history of the martian can

yons. 
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Figure 2.8 Layered deposit in Gangis Chasma. Mosaic of high resolution monochrome Mariner 9 images with color from Viking low 
resolution data. The image has been stretched to exaggerate color differences, making relatively gray materials appear blue. Image pr0-

duced by Goro Komatsu and the author. 
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Figure 2.9 Baetis Mensa. A ridge of canyon wall rock with rugged spur and gully morphol
ogy has been overlain by younger layered deposits (arrow) which have since eroded, leaving 
isolated mesas in the canyon interior. 
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2.6 Volcanism 

Among the youngest of the canyon floor-covering materials are deposits interpreted 

by Lucchitta (1987,1990) as volcanic in origin. Wispy, linear dark patches apparently asso

ciated with a fault scarp occur in western Coprates Chasma. Lobate flows, fine fluting sim

ilar to that seen on terrestrial tuff deposits, and association with structure and suspected 

caldera all suggest that mafic volcanic deposits occur elsewhere in the Central Troughs as 

well. From photogeologic considerations it appears that this volcanism may be relatively 

recent (Lucchitta, 1987), raising the possibility that Mars remains today a geologically ac

tive planet. This important question might be addressed with new imaging and thermal ra

diometry data expected from Mars Observer. 

2.7 Origin and Age 

The origin of the Valles Marineris is a well debated issue. Erosional processes that 

have been proposed include artesian sapping and fluvial erosion (McCauley, 1978); melting 

and sublimation of ground ice, forming "thermokarst" (McCauley et aI., 1972; Sharp, 

1973a and others); and solution of carbonates to form karst (Spencer and Croft, 1986; Croft, 

1989a,b; Spencer and Fanale, 1990). The existence of carbonates on Mars is an important 

and controversial issue, bearing on the evolution of the atmosphere of the planet. The spec

tral indications of common terrestrial carbonates have not been detected on Mars despite 

concerted searches using Mariner (Mckay and Nedell, 1988) and ground-based telescopic 

(Blaney and McCord, 1989) observations. 

Collapse into voids created by the withdrawal of magma has also been postulated 

(McCauley et aI., 1972; Sharp, 1973a, Schonfeld, 1979) to account for the troughs, closed 

canyons and pit depressions found in the Valles. While erosion and collapse probably 

played a significant role in modifying the canyons, the weight of evidence in our opinion is 
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in favor of a tectonic origin (e.g., Carr, 1974; Blasius et al., 1977; Plescia and Saunders, 

1982). The topographic relation to Tharsis, the association of the canyons with faults and 

graben in orientations which fit in the context of the tectonic pattern imposed by the Tharsis 

Rise, and certain multispectral mapping results to be presented in Chapter 4 all suggest that 

crustal extension associated with the upwards doming of Tharsis produced the Valles Mar

ineris, primarily by canyon floor subsidence and keystone collapse. The scale of the rifting 

is enormous, comparable to the African Rift Valleys or the Basin and Range province on 

Earth. 

Crater densities place the Lunae and Syria Planum plateaus, the volcanic plains 

which are interrupted by the canyons, at an Early Hesperian age (Scott and Tanaka, 1986; 

Tanaka, 1986). Tharsis constructs date from Early Amazonian times, which is assumed on 

the basis of the previous discussion to be the age of the Valles. Some of the older landslides 

within the canyons are estimated to be Mid- to Late Amazonian, emplaced within the last 

third of martian history (Lucchitta et al., 1992). As mentioned above, many geologic pro

cesses are believed to be active today. 

There are several gaps in our knowledge of the geology of Valles Marineris. Little 

is known about the composition of the crustal materials exposed in the canyons. The precise 

chronology and detailed depositional and erosional history of the layered interior deposits 

is at present poorly constrained. Still unclear is the manner in which ice and water were in

volved in the creation of chaotic terrain and outflow channels. Thus, although a general pic

ture of the formation and geologic history of the Valles is emerging, many details remain to 

be resolved. 
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3. Theory of Bidirectional Reflectance 

3.1 Introduction 

The intensity of light reflected from a planetary surface depends in general upon the 

wavelength, polarization and geometry of the observations. The geometric dependence of 

reflectance is described by the bidirectional reflectance distribution function (BRDF) or 

photometric function which characterizes the reflected intensity as a function of incidence 

and emission angles and the phase angle (between the source of illumination, the surface, 

and the observer). In this chapter we discuss the theory of directional photometry and its 

integration with spectroscopy and polarimetry. Certain theoretical and observational results 

are presented in the final section which describes the complicating effects of light scattering 

by planetary atmospheres. 

Many effects of directional photometry were first discovered in astronomical obser

vations of the Moon. At very low phase angles (near Full Moon or "opposition"), observers 

noted a sharp increase in brightness called the opposition surge which varies in magnitude 

according to location (Figure 3.1). Measurements of the phase curve of linear polarization 

like those in Figure 3.2 showed that light reflected from the lunar surface is unpolarized at 

opposition, slightly negatively polarized (Le., in the plane of the observations) at small 

phase angles up to - 20°, and strongly positively polarized (perpendicular to the plane of 

the observations) at high phase angles. Spectroscopists described a phenomenon known as 

phase reddening in which the slope of the Moon's spectral reflectance appears to steepen 

with increasing phase (Figure 3.3). 

Factors influencing the directional reflectance of planetary surface include compo

sition, grain size and size distribution, grain shape and microscopic (grain surface) rough

ness, soil compaction and porosity, and large scale or macroscopic roughness. Unlike the 
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case in atmospheric radiative transfer problems, typical soil particles are 1 to 3 orders of 

magnitude larger than the wavelength of visible light and are in physical contact with one 

another, so the assumptions of geometric optics (ray tracing) rather than physical optics are 

invoked in theoretical treatments of scattering by planetary surfaces. At this writing, much 

of the theory remains vague and semi-empirical, and available laboratory measurements 

are very limited both in terms of the types of materials sampled and the phase angle range 

of the data, especially for phase angles near 00 or greater than 1200
• 

Applications of directional photometry include photoclinometry; correction for 

geometric effects such as limb darkening for construction of image mosaics; spectral anal

ysis of mineral intimate mixtures, absorption band depths and spectral slopes; estimating 

the spherical or Bond albedo of a body from its observed or geometric albedo; and deter

mining asteroid shapes and pole positions from light curves. Perhaps the most important 

and least developed application is differential photometry, for example making inferences 

about the nature of asteroid regoliths fTOm the width and magnitude of the opposition peaks 

of their phase curves; results of this type of analysis are the subject of Chapter 6. 

3.2 Definitions 

Figure 3.4 illustrates the geometrical parameters of bidirectional reflectance. Illu

mination is incident at an angle i from the surface normal, and the reflected light is observed 

at an emission angle e and azimuth cp. The phase angle a is given by the cosine formula: 

cosa = cosi cose+ sini sine coscp 

For convenience we define: 

J.1o = cos i 

J.1 = cos e 

(1) 

(2) 
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Figure 3.4 Detinition ot' Geometric Variables The phase angle ex is measured in 
the plane defined by the points of illumination, reflection and observation. 

The simplest photometric function is Lambert's Law, which requires that the re

flected radiance (watts m-2 sr-I) be th~ same in all viewing directions and depends only on 

the flux projection factor !lO' The reflectance r from a Lambertian sUrface is: 

(3) 

Laboratory measurements of the dimensionless radiance coefficient, rC, are often 

made by replacing the sample by an identically illuminated Lambertian surface. Planetary 

images are calibrated to yield the radiance/actor, rF, defined as the ratio of the radiance 

reflected from the target to that which would be reflected by a normally illuminated Lam

bertian surface. In the remainder of this chapter we will use the term reflectance to mean 

radiance factor. From the previous discussion, 

(4) 
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3.3 Photometric Functions 

3.3.1 Reciprocity 

The reciprocity principal, first formulated as a theorem in geometrical optics 

(Helmholtz, 1924), states that no matter what the scattering and transmission functions are 

along the ray path, reversing the direction of travel of light through an optical system affects 

the emergent intensity only in proportion to the incident flux projection factor !lO' Thus if 

reflectance r(J.1o,!l) is observed from a surface with any unspecified BRDF, and the inci

dence and emission angles are interchanged to get r'(!lO', /l'), then 

r'llo = r~. (5) 

Lambert's Law and the photometric functions discussed below all follow this prin

cipal of reciprocity. 

3.3.2 Lommel-Seeliger Equation 

Lommel and Seeliger (1887) calculated the directional reflectance of an attenuating 

cloud of singly scattering particles, meaning that light is reflected once only by the parti

cles. The derivation is as follows (Figure 3.5). At a depth z below the cloud surface, 

Figure 3.5 Derivation of Lommel-Seeliger expression. 
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incident light has been attenuated by a factor of e-KZ/Ilo and the scattered light attenuated 

by a further factor of e-KZ/Il, so the contribution to the emergent radiance dr by a length 

element dl along the line of sight is: 

-1(1. -Ie.!.. 
dr = c e 1.1. e Ilo dl (6) 

where c is some constant. Integrating along the line of sight we obtain: 

_ foo -lez(J- + J) dz r-ce "'0"'-
o Jl. (7) 

1 (1 1)-1 -lez(~+.!.) = - leC - - + - e 1.1.0 1.1. 
Jl. Jl.o Jl. 

(8) 

00 

o 

(9) 

from which comes the Lommel-Seeliger Law: 

(10) 

Reflection by an attenuating cloud is a useful analogy for volume scattering in par

ticulate planetary surfaces. The above result does not account for multiple scattering (2 or 

more reflections) within the cloud. 

3.3.3 Minneart's Function 

Neither of the Lommel-Seeliger or Lambert scattering laws account for variation in 

reflectance with phase angle. Minneart (1941) noted that the reciprocity requirement is sat

isfied by a photometric function of the form: 
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k(a.) k(a.)-1 
r (J.Lo' J.L, a) = r 0 J.Lo J.L (11) 

where the parameter k, 0 ~ k ~ 1, is assumed to be a property of the surface and is fit to 

observations. For a value of k = 1 this photometric function reduces to the Lambertian 

case.The Minneart function has been used to model globaIlimb darkening of Mars in Vi

king Orbiter approach images (Soderblom et aI., 1978) in which the parameter k was found 

to vary with wavelength. 

3.3.4 Functions including multiple scattering. 

Hapke (1981) and Lumme and Bowell (1981) account for multiple scattering within 

a particulate surface by writing the reflectance as the sum of two terms: 

(12) 

where rs is the component of light scattered once only within the regolith and r m is the com-

ponent scattered 2 or more times before emerging. 

The singly scattered term rs can be written 

W J.Lo 
r = - --f(a) 

s 4 J.Lo + J.L (13) 

where W, 0 ~ w ~ 1, is the single scattering albedo, or fraction of incident light scattered 

by the surface particles of the total lost by both scattering and absorption, f(a) describes 

the phase angle dependence of single scattering, and the Lommel-Seeliger term is intro

duced on the explicit assumption of attenuation of the beam before and after scattering, that 

is, scattering takes place within the volume of the attenuating medium. For single scattering 

albedos greater than about 0.25, w can be approximated by (Hapke, 1981): 

1 
W"" I+KD 

e 
(14) 

where 1( is the absorption coefficient per unit length and De the effective grain size. 
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The phase angle dependence is divided into two parts, describing separately the re

flectance at small phase angles (the opposition effect, B(a» and at larger phase angles 

(P(a), the single scattering phase function). In Hapke's (1986) expression, 

normalized so that 

f(a) = [1+B(a)]P(a), 

(f(a) da = 1 , 
o 

and the opposition effect rapidly tends to zero at phase angles beyond SOor 10°: 

(15) 

(16) 

(17) 

where the constantsBo and h, h« 1, govern the magnitude and angular width, respectively, 

of the opposition effect. 

The phase angle dependence outside of the opposition surge is described by the 

same empirical functions employed for the single scattering phase function of large, irreg

ular aerosol particles in planetary atmospheres. A commonly used parameterization is the 

Henyey-Greenstein function: 

l-i P (a) = -----=-----:::3-=/2 

(1 + i + 2 gcosa) 
(18) 

where the parameter g, -1 ~ g ~ 1, describes the degree of back-scattering (g < 0) or for

ward-scattering (g > 0). For more complicated phase functions involving both forward- and 

back-scattering lobes, a two term Henyey-Greenstein function is employed or a Legendre 

polynomial is used of the fonn: 

(19) 

The multiply scattered term is derived by solving the radiative transfer equation for 
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a semi-infinite cloud of isotropically-scattering particles (Chancirasekhar. 1950): 

w Jlo 
r m = 4 -+- [H (Jlo' w) H (Jl, w) - 1] , 

Jlo Jl 

where the H functions satisfy the integral equation 

1 
w fH (Jl o

, w) 
1-H(Jl,w) +-2~LH(Jl,w) ° dJlo = O. 

Jl+Jl o 

(20) 

(21) 

This equation can be evaluated numerically and tabulated for various values of Jl and w 

(Chancirasekhar, 1950) or an approximation due to Hapke (1981) can be used: 

H (Jl, w) .,. __ 1_+-:2=Jl= 
1 +2JlJ1-w 

(22) 

Lumme and Bowell (1981) improve on the assumption of isotropic scattering in cal

culating the multiple scattering texm by using an effective single scattering albedo obtained 

through the similarity conditions: 

l-g w = w-:--~ 
e l-gw (23) 

where g is the scattering asymmetry parameter of the Henyey-Greenstein phase function. 

The complete expression for the radiance factor, including the single and multiple 

scattering texms along with a shadowing correction S for surface roughness effects can be 

written (Hapke, 1984): 

rp = w
4 

~o' , { [1 +B (a)] P (a) +H (Jlo', w) H (Jl', w) -1} S (e, Jlo' Jl, a) (24) 
Jlo + Jl 

where Jlo' (Jlo, e) and Jl' (Jl, e) describe the effective incidence and emission angles corrected 

for tilting by an average angle of e due to subresolution roughness and S accounts fo~ the 

shadows cast by the roughness elements. For comparison, the photometric function of 

Lumme and Bowell (1981) can be rewritten in the form 
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rF = ~4~[p(a)B'(a)S'(e,q'llod.1) + weH(llo,w)H(Il,w) -IJ (25) 
~+ll w 

using somewhat different analytic fonns for the opposition effect B' (a) and roughness cor

rection S'(8,q,Ilo,Jl) where q, 0 S q S 1, defines the fraction of the surface covered by the 

roughness elements. Here the roughness affects only the singly scattered radiance, and 

anisotropic scattering is considered in calculating the multiply scattered tenn, but the gen

eral similarity between the two photometric functions is readily apparent. 

2.4 Applications 

The photometric functions of Lambert, Lommel and Seeliger, and Minneart are all 

simple multiplicative corrections to the measured radiance with the wavelength depen

dence unspecified. However, the non-linear multiple scattering term incorporated in 

Hapke's and Lumme and Bowell's equations is of direct significance for planetary spectros

copy, affecting spectral slopes, absorption band depths and the reflectance of intimate 

(grain-by-grain) mixtures of minerals. For a smooth surface of isotropically scattering par

ticles outside of the opposition surge, Hapke's equation reduces to 

w llo 
rF = -4 --H (llo' w) H (ll, w) 

llo + II 

w llo 1 + 211o 1 + 2J.1 (26) 

::::"4 llo + II 1 + 2110JI - w 1 + 2J.1Jl - w 

Plots of rF as a function of w for various incidence angles are shown in Figure 3.6. 

Even in this ideal case the relative reflectance predicted for differing single scattering albe

dos (at different wavelengths, for example) is a strong, nonlinear function of geometry. 
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.3 RADlANCE FACTORS FOR e = 0 
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Figure 3.6 Effect of multiple scattering. Reflectance is plotted as a function of single-scattering albedo for 
isotropically scattering particles using equation (26). 

Multiple scattering has found a significant application in the analysis of the reflec-

. tance of intimate mixtures of minerals as well. Unlike the case of areal mixing, where the 

mixture spectrum can be calculated as a linear combination of the end-members (e.g., Ad

ams et al., 1986), nonlinear effects on reflectance are imposed durlng multiple scattering in 

an inhomogenous medium. Hapke (1981) considers a size-weighted average of the single 

scattering albedos of the components: 

(27) 

where mi is the bulk density of component i, Pi is the particle density andDi is the particle 

diameter. This approach has been successful in modelling the reflectance spectra of some 

45 



mixtures of silicate minerals in the laboratory (Mustard and Pieters, 1987, 1989). 

Another important application of the theory has been to inverse problems: given a 

set of N observations of a surface at a variety of incidence, emission and phase angles, one 

can detennine the photometric model parameters which best fit the data by minimizing a 

measure of misfit such as 

(28) 

where (Ji is the uncertainty in measurement i. The sensitivity of the analysis to perturbations 

in the model parameters depends on the geometry of the specific observations (Helfenstein, 

1986). The opposition effect can only be constrained at low phase angles « 20°) whereas 

the phase function P(a) requires data obtained at both small and large (> 90°) phase angles. 

e is best estimated from limb darkening observations acquired at large constant phase an

gles but variable i and e. The sensitivity of the prediction error is greatest to the single scat

tering albedo, the best determined of the variables. Due to mathematical coupling of the 

parameters, there are problems of uniqueness of the solution which will be discussed more 

fully in Chapter 6. 

Analysis of the photometric functions of planetary objects is just beginning, but 

some interesting early results are summarized by Veverka et a1. (1986). Jupiter's moon 

Europa appears to be unique in the Solar System in having no measurable opposition effect, 

although it is strongly limb-darkened. Whereas broad opposition surges having angular 

widths of several degrees are observed on terrestrial planets and asteroids, narrow opposi

tion spikes less than 1 ° in width are seen on Uranus' moons Titania, Oberon and Umbriel, 

suggesting that physical optics effects such as coherent backscatter are involved rather than 

mutual shadowing by particles. Enceladus is surprising for the unifonnity of its surface de

spite obvious terrain age differences, leading to suggestions (Veverka et al., 1986) of sur-
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face mantling by a global frost cover, perhaps from the same source as the ice particles 

found in Saturn's enigmatic F ring. 

3.5 Polarization 

Cuttlefish use polarized vision to distinguish the glint of sunlight reflected from fish 

scales from the diffuse glow of their watery habitat. An important potential use of polariza

tion in planetary remote sensing is this capacity to discriminate between specular reflection 

from the surface of the grain (surface scattering) and volume scattering, which takes place 

in the grain interior. 

Linear polarization is measured with respect to the plane of incidence, defined by 

the points of illumination, reflection and observation, by resolving light into components 

perpendicular to (II) and parallel to (IV the plane of incidence and defining 

Polarization on reflection from the front surface of a dielectric is described by Fresnel's 

equations; light is increasingly positively polarized with increasing incidence angle up to 

the Brewster angle iB = arctan ( n2/nl) at which only light vibrating out of the plane of in-

cidence is reflected, a phenomenon familiar to wearers of polaroid sunglasses. In planetary 

applications it is found that the magnitude of positive polarization at high phase angles is 

inversely proportional to albedo, since single scattering and specular reflection dominate 

the reflectance of highly absorbing materials. 

For many years the cause of the negative branch of the polarization phase curves 

(Figure 3.2) was not understood. Negative polarization (vibration within the incidence 

plane) could be seen in the laboratory from piles of stationary sand reflecting at small phase 

angles, but disappeared when the sand was poured past the observer (Dolfus, 1956). The 

explanation was given by Wolff (1975,1981) who pointed out that sideways double reflec-
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tion, which is favored in the geometry of reflection from pores and cavities at low phase 

angles, produces negatively polarized light. 

Polarization observations are complementary to measurements of the directional re

flectance of planetary surfaces, yielding valuable information about the physical processes 

involved in light scattering. To date, there has been little integration of the two techniques, 

but this situation will undoubtedly change as a result of the current development of imaging 

polarimeters for future spacecraft flight instrument applications. 

3.6 Atmospheric Effects 

The general problem of reflection from an anisotropically scattering, heterogeneous 

surface beneath a finite, nonunifonn layer of multiply scattering atmospheric particles has 

not been solved analytically. Several helpful constraints and qualitative conclusions can be 

drawn from the results of numerical simulations involving idealized homogeneous surfaces 

and horizontally stratified atmospheres. 

Figure 3.7 illustrates the physical processes by which the presence of an atmosphere 

alters the reflected radiance as observed from space. The incident flux at the surface (a) is 

reduced by a factor of e-t/Il<>, where 't' is the optical depth of the atmosphere, through atten

uation of the direct rays but is augmented by diffuse illumination (b) scattered to the surface 

by the atmosphere. The observer sees light scattered by the atmosphere (c), including a 

component scattered after first being reflected from the surface (d), along with the surface-

reflected light which is attenuated by a further factor of e-t/Il on the upward path. 

The photometric effects of the atmosphere depend on the scattering efficiency and 

phase function of the atmospheric particles, the atmospheric thickness and the ground re

flectivity. For the case of Mars, molecular or Rayleigh scattering in the thin (8 mbar) C02 

atmosphere is negligible in comparison to scattering by suspended dust, which can 
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Figure 3.7 Ray paths for light traversing atmosphere 

envelope the entire planet and completely obscure surface contrast in regional and global 

dust storms visible from Earth. Direct observations of annospheric optical depths were 

made by measuring the extinction of sunlight and light reflected by Mars' moons (pollack 

et al., 1979) and found to vary on diurnal and seasonal time scales. The diurnal variations 

are probably caused by condensates and ice crystals in the form of clouds, hazes and the 

polar hood visible at high martian latitudes. The seasonal variation in dust loading is be

cause most of the dust storms begin soon after perihelion (LS - 250°). Maximum insolation 

in the present epoch occurs during southern hemisphere Summer, so the South Pole of Mars 

is both warmer in the Summer and colder in the Wmter than the North. This produces a N

S asymmetry in the composition of the residual polar caps and causes most large dust 

storms to begin in the southern hemisphere. 

Observations by the Lander imaging systems of the angular variation of sky bright

ness provide some constraints on the optical scattering properties of the dust (pollack et al., 

1979). Martian atmospheric particles are forward scattering (Henyey-Greenstein g - 0.6 to 

0.8) in a manner consistent with Mie scattering by irregular, micron-sized aerosols. The sin-

. ~: .. ~ .. -T"'"'---

49 



gle scattering albedo derived for the atmospheric particles (-0.86) is low in comparison to 

that of terrestrial aerosols, which typically reach 0.99 (B. Hennan, pers.com. 1988), sug

gesting that a highly absorbing component such as magnetite is present in the dust. The sin

gle scattering albedo of the martian aerosols would be expected to vary with the relative 

proportion of dust and ice particles on diurnal time scales. Numerical modelling results dis

cussed below suggest that this would have a significant impact on the atmospheric contri

bution to the radiance measured from space. At the locations of the VIking Landers, Chryse 

and Utopia Planitia, the minimum optical depth reached by the atmosphere during relative

ly clear conditions was 't::::: 0.3. Both of the landing sites were low in elevation, at or below 

the 6.1 mbar datum, and since the scale height of the suspended dust may only be a few km, 

atmospheric obscuration might be expected to be lower on the high Tharsis plains. 

With the help of Martin Tomasko (L.P.L.), a series of simulations of the effects of 

atmospheric light scattering were perfonned using a multiple scattering (doubling) comput

er program with model atmospheric aerosol optical properties taken from the Lander imag

ing results. In these experiments, the ground reflectivity of the homogenous Lambertian 

surface was varied along with the atmospheric aerosol single scattering albedo (wa) and the 

total optical depth to determine the effect of each variable on the radiance measured by a 

spacecraft outside of the atmosphere. The program calculated separately the diffuse flux at 

the surface due to scattering by the atmosphere, the attenuated direct flux at the surface, the 

upwelling atmospheric path radiance 1tL scattered by the atmosphere toward the observer, 

and the total exoatmospheric emitted radiance. From these we obtain the fractional contri

bution of the upwelling atmospheric path radiance to the total measured radiance, and the 

ratio of the diffuse illumination at the surface to the total flux. 

Model results for a constant observing geometry using wa = 0.86 and ga = 0.79 are 

listed in Table 3.1. Predictably, an optically thick (1' > 0.3) dusty atmosphere darkens the 
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ground optical :~ ratio diffuse! path LJ I 51 i~ 
reflect'y depth 1 total frrad percent 

il 
0.3 0.1 :J 0.96394 0.1099 9.40% 
0.3 03'! 0.89135 0.2893 25.73% 
0.3 

'111 0.67958 0.6663 64.21% 

0.15 0.1 i) 0.96964 0.1069 10.23% 
0.15 0.3::i 0.91206 0.2838 21.97% 
0.15 

1/1 
0.77117 0.6609 68.97% 

0.1 0.97649 0.106 10.95% 0.1,1 
0.1 

O'~!l 
0.9372 0.282 30.08% 

0.1 0.86908 0.659 72.62% 
~~ 

0.05 0.1 :! 1.0005 0.105 13.18% 
0.05 0.3:·, 1.01703 0.2802 35.74% 
0.05 1 :1' 1.16895 0.6572 79.75% 

Table 3.1 Alrnospheric modelling results for a constant geometry Olo = .715, Il = .9.1j> = 161.7). For each listed 
ground reflectivity and optical depth are tabulated the ratio of the reflectance of the planet to the reflectance 
of the surface in a vacuum, the ratio of diffuse to total irradiance at the surface. and the per centage contribu-
tion of the upwelling atmospheric path radiance. The atmospheric aerosols were assumed to have wa = 0.86 
and ga = 0.79. 

w·l.0 w- 0.75 

mu muO della ratio d/llusaJ path LJI ratio dill'usel path LJI I lotallrrnd cant totallrrad cont 

tau. 0.1 1 1 0 1.0098 0.0926 10.65" 0.9573 0.0697 6,06'" 0.9891 0.9891 180 1.0099 0.0934 10.77% 0.9588 0.0704 6,15'" 0.8651 0.8651 0 1.02S4 0.1047 13.56% 0.9605 0.079 IIl.3O% 
0.8651 0.8651 180 1.012 0.1047 12.41% 0.9511 0.079 9.41'" 0.6348 0.6348 0 1.ISS1 0.1351 26.96% 1.02lI9 0.1022 21.01'" 0.6348 0.6348 90 1.0535 0.1351 19.92% 0.959 0.1022 15.25", 
0,2405 0.2405 180 1.1802 0.2786 4aOO% 0.9051 0,2145 3a78% 
0.9891 0.6348 0 1.027 0.1351 13.08'" 0.9548 0.1022 9.94'" 0.6348 0.9891 0 1.027 0.0934 17.07'% 0.9548 0.0704 13.01'" 

tau. 0.3 1 1 0 1.035 D.2512 29.19"- O,8nS 0.192 22.60% 
0.9891 0.9891 180 1.0355 D.2533 29.49% 0.8763 0.1937 22.84'" 0.8651 0.8651 0 1.093 0.2806 3a44'" 0'B92 0.2152 28.60% 
0.8651 0.8651 180 1.0452 0.2806 33.54'" 0.8623 0,2152 28.14'" 0.6348 0.6348 0 1.56 0.351 61.62% 1.1155 0.2719 52.16% 
0.6348 0.6348 90 1.2049 0.351 50.31'" 0.9013 D.2719 4D.79% 
0,2405 0,2405 180 1.5286 0.6358 85.18% 0.6229 0.5269 78.61'" 0.9891 0.6348 0 1.1016 0.351 35.63"- 0.8784 0.2119 28.04'" 0.6348 0.9891 0 1.1016 D.2533 44.04'" 0.8784 0.1937 35.01'" 

tau. 1.0 1 1 0 1.1901 0.6138 70.55'" 0,fl643 0.4959 59.59% 
0.9891 0.9891 180 1.1934 0.6174 71.00% 0.6621 0.4992 60.07'% 
0.8651 0.8651 0 1.4656 0.6616 80.02% 0.737 0.541 70.71'" 
0.8651 0.8651 180 1.2594 0.6616 76.76% 0.8431 Q.541 G8.44'" 
0.6348 0.6348 0 3.1779 0.7607 94.37% 1.3793 0.6421 91.33% 
0.6348 0.6348 90 1.9635 0.7807 90.69% 0.6243 0.6421 85.49% 
0,2405 0,2405 180 2.5325 0.9736 99.63"- 0.8132 D.9423 99.48% 
0.9891 0.6348 0 1.5057 0.7807 79."'" 0.7167 0.6421 70.115" 
0.6348 0.9891 0 1.5057 0.6174 88.93% 0.7167 0.4992 79.02% 

Table 3.2 Atmospheric modelling results for a constant ground reflectivity (0.1). For each listed optical depth 
(tau) and illumination and viewing geometry are tabulated the ratio of the reflectance of the planet to the re-
flectance of the surface in a vacuum, the ratio of diffuse to total irradiance at the surface, and the per centage 
contribution of the upwelling atmospheric path radiance. The calculations are repeated for each of two atmo-
spheric aerosol single-scattering albedos (w). 
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Figme 3.8 Phase angle dependence of atmospheric reflectance. The curves are fitted to the ratios of the com
bined radiance of the surface and atmosphere to the radiance of 'he surface alone. Forward scattering effects 
are most signifi~t for thick atmospheres with high scattering-efficiency aerosols. 
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appearance of bright surfaces and increases the brightness of low-albedo surfaces. Because 

the path radiance includes the component scattered after first being reflected from the sur

face, this effect can be profound for isolated dark regions in a scene dominated by brighter 

materials. 

Table 3.2 shows what happens when the observing geometry and aerosol single 

scattering albedo are varied over a surface of constant ground reflectivity (0.1). Examina

tion of Table 3.2 pennits us to draw several useful qualitative conclusions about atmospher

ic effects on surface photometry. First, the atmosphere can make the planet appear both 

blighter and darker depending on the aerosol's single scattering albedo, a function of the 

relative proportion of dust and ice particles present. Increasing wa increases the upwelling 

atmospheric path radiance, the ratio of the diffuse to total illumination at the surface, and 

the total radiance measured from space. At high phase angles and optical depth ('t = 1), the 

atmospheric path radiance dominates the signal measured from space. The fractional con

tribution of the path radiance increases with i, e, and ex but varies most markedly with inci

dence angle. 

Figure 3.8 shows the phase angle dependence of atmospheric reflection; in this fig

ure curves are fitted to the ratios of the combined radiance of the surface and atmosphere 

to the radiance of the surface alone. Forward scattering effects are most significant for thick 

atmospheres with high scattering-efficiency aerosols. 

A useful approximation to atmospheric effects assumes a first-order linear correc

tion to the reflectance measured from space. The multiplicative component is due to atten

uation of light and to indirect illumination, while the additive component approximates the 

upwelling atmospheric path radiance. If the total normalized flux at the surface is E DIFFUSE 

+ ED/REeT, the radiance factor measured from space is: 
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so that, writing ED/REeT = Ilo e-t /Ilo, 

_ ( XL) EDIRECT 1 't(:o +~) 
'sur ace - 's ace - - e. 

10 P Fo ED/RECT+EDIFFUSEllo 
(31) 

This equation is of interest because two of the unknown quantities can be obtained 

from measurements of shadows in images along with measurements of adjacent, directly 

illuminated areas which can be assumed to be of the same albedo. As before, the radiance 

factor for a directly illuminated surface is 

'sun = 

but for a shaded region 

-1i'J.I. xL 
'shade = EDIFFUSE X 'surfacee + p-

O 

so if the ground reflectivity and observing conditions are the same, 

(30) 

(32) 

_ ED/RECT xL (1 EDIRECT ) (33) 
'shade - x'sun+- -=----::----

ED/RECT+ED/FFUSE Fo ED/RECT+ED/FFUSE 

The correlation between shadow brightness and the brightness of adjacent directly 

lit regions was first used in terrestrial remote sensing to estimate the atmospheric path ra

diance by Piech and Walker (1974). Figure 3.9 is an example of data taken from shadow 

measurements of the martian surface from VIking Orbiter images. Although a trend is in

deed apparent, the error (scatter) in these data produces a large uncertainty in the atmo

spheric path radiance estimated in this way. 

Shadow brightness measurements also sensitively constrain the optical depth, if the 

scattering properties of the atmospheric particles are known. Figure 3.10, constructed with 

the help of Martin Tomasko by fitting curves to the numerical modelling results listed in 
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Table 3.1, indicates that almost irrespective of the ground reflectivity, measured shaded! 

sunlit brightness mtios correspond to narrow and well defined ranges of optical depths . 
. 17 
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Figure 3.9 Shadow bri~hmess plot. The upwelling aunosvheric path radiance can be obIained from the inter
cept of a linear regresslOn of shadow brighmess vs. ihe bnghtness of adjacent, directly illwninated regions of 
ihe same albedo. The slope gives the ratio of ihe direct to total illumination at the surface. 
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Figure 3.10 Numerical modelling simulation ofihe martian atmosphere. 

55 



4. Spectral Variations in Coprates Quadrangle 

4.1 VIking Orbiter image data 

Some characteristics of the VIking Visual Imaging Subsystem are listed in Table 

4.1. Although the precision of the data is limited by the 7 bit data encoding, each of the four 

television cameras operated in two gain states, greatly increasing their dynamic range. 

The accuracy of VIS photometry was assessed by calibration of the systems prior to launch 

(Thorpe, 1976) and in flight (Klaasen et al., 1977). These preflight and cruise measurements 

indicated a relative (RMS) error of less than 3% across a single image and an absolute un

certainty of around 9%. Few calibration data were obtained after orbit insertion, even 

though the d.c. pedestal or dark current drifted significantly over the course of the mission 

of the VIking Orbiters. Radiometric calibration of the images used in this study was per

fonned using procedures made available under the Planetary Image Cartography System 

by the U.S. Geological Survey Astrogeology Branch, Flagstaff, Arizona (U.S. Geological 

Survey, 1987). In this procedure the digital numbers recorded by the cameras are translated 

to estimates of radiance factor 'F, the ratio of observed radiance to that which would be re-

corded from a nonnally illuminated Lambertian surface placed at the position of the target. 

Sources of uncertainty in the calibration include the dark current, gain and camera/filter 

shading. Of these, the time-varying dark current provides the largest contribution, an addi

tive tenn of between 1 and 10 percent of the calculated radiance factor (U.S.G.S., 1987). 

The net absolute uncertainty in the PIeS VIking Orbiter image calibration is estimated to 

be less than 15% (Arvidson et al., 1989). Examination of simultaneous imaging of regions 

by the two cameras on Viking Orbiter 1 suggests that the uncertainty in the data used in this 

study is <15%, more than sufficient for the level of interpretation invoked here. 
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Viking Orbiter Imaging System Specifications 

Type: 38 mm vidicon (TV) 
Focal length: 475 mm 
f / number: 3.5 
Field of view: 1.70 x 1.50 

Lines, samples: 1056 x 1204 
Pixel FOV: 25 J.U'ad 
MTF: 15 - 35 % at Nyquist frequency! 
6 Filter positions 
Data encoding: 7 bits/pixel, 2 gain states 

Table 4.1: Characteristics of the Viking VIS (from Thorpe, 1976, and Klaasen et aI., 1977). 

Of the six filters included in the VIS, color imaging of the surface was extensively 

done using only the violet, green and red filters. The transmission functions of these filters 

are shown in Figure 4.1. Estimates of the spectral reflectance of the surface from VIking 

images are thus limited to only 3 wavelengths corresponding approximately to the band

pass centers of these filters: 0.45 J..Lm (violet), 0.53 J..Lm (green), and 0.59 jlm (red). Some 

useful compositional constraints can nevertheless be imposed by comparing these 3-point 

martian "spectra" with reflectance spectra of candidate terrestrial materials degraded to a 

similar spectral resolution using the Orbiter filter transmission functions (Figure 4.2). 

4.2 Plains Units 

As in other parts of Mars (Soderblom et al., 1978; McCord et al., 1982; Arvidson et 

al., 1982; Singer et al., 1984; Arvidson et al., 1989), the surface materials in Coprates Quad

rangle broadly divide into 3 spectral units (e.g., Figure 2.2). Dark Grey materials in Valles 

Marineris occur in a variety of geologic settings, including canyon floor covering deposits, 

splotches in craters and topographic lows, and in-situ layers in the wall rock and sedimen-

1. A range is given because the focus differed slightly on each of the four cameras on the two space
craft. 
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Figure 4.1 Viking Orbiter violet, green and red filter transmission functions. After Thorpe (1976) • 
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Figure 4.2 Example of laboratory reflectance spectra of terrestrial analog materiaIs degraded to the spectral 
resolution of the Viking data using the transmission functions in Figure 4.1. Data from measurements by R.B. 
Singer. 
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tary deposits. They are the darkest (red filter rF < 0.1) and least red (red to violet filter re-

flectance ratios < 2) of the materials exposed in the canyons and impart the overall low 

albedo to the Valles. Dark, relatively gray materials are significant in that they are believed 

to be among the least altered of martian crustal components; we will return to a discussion 

of these materials in the next section. Bright Red materials have red to violet filter reflec

tance ratios that reach up to 3, and have red filter radiance factors which approach 0.2 for 

images recorded at a phase angle of 20°. They are distributed along the margins of the can

yons, as wind streaks and near disturbed regions (craters, pits and grooves) on the surround

ing plains, and include both the canyon wall rock and most (but not all) of the younger 

interior layered deposits. 

Dark Red materials have RN ratios near 2.5 and red filter rF values typically 0.15 

at 20° phase. Dark Red plains form the southern margin of the Lunae Planum plateau, 

which has a distinct boundary with the Bright Red plains northeast of Juventae Chasma 

(Figure 4.3a) and a more diffuse, gradational boundary west of Echus Chasma (Figure 

4.4a). 

4.2.1 Color Analysis 

To help understand these observed spectral variations, color coordinate transforma

tions were performed using a computer program developed by Erzsebet Merenyi. Violet, 

green and red filter images were first coregistered to form composites and the set ofradi

ance factors (v,g,r) for each pixel was used to compute a corresponding hue H, saturation 

S, and value V, where 

H [
./3(v-r)] = acot 
v-2g+r 

(34) 

(35) 
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Figure 4.3 Color decomposition, orbit 586. (II) Viking color composite image showing 3 
spectral unil~ in the northeast portion of Coprates Quadrangle: Dark Red plains arc seen to
wards the top of the image in distinct contrast to adjacent Bright Red plains. Dark Gray mate
rials can be seen on OIC floors of craters and within Gangis Chasma. (b) Value, here equivalent 
to Ole red filter image. (c) Saturation. (d) Hue. The distinction between Dark Red and Bright 
Red units disappears in the hue image, suggesting a compositional similarity between these 
two units. 
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Figure 4.4 Western Valles color decomposition. Low albedo markings on the plains west of Echus which are visible in the color com
posite again disappear in the hue image. A small region in West Candor Chasma (arrow; also Figure 4.11) is redder than the nearby can
yon floor covering materials. which are similar in hue to the plains. 
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v = max (v, g, r) (36) 

The result of such a color decomposition is shown in Figure 4.3. In this application 

the value image is the same as the red filter reflectance; the spectral slope of even the gray

est of martian materials is such that reflectance increases with wavelength. The V and, to a 

lesser extent, S images have the same spatial distribution as albedo, but in the hue image 

the distinction between the Dark Red and Bright Red plains disappears. This appears to be 

true regardless of the phase angle at which the units are imaged, and confinns a similar 

spectral relationship between these two units noted previously in Oxia Palus by Arvidson 

et al. (1989) at the other end of Lunae Planum, 1500 km to the north. This relationship is 

also seen in the plains north of western Valles Marineris (Figure 4.4). Not all the bright ma

terials have the same hue, however; Figure 4.4 shows an unusual spectral unit in West Can

dor Chasma which is redder than the other canyon floor covering materials, which are 

similar in hue to the nearby plains. However, the darker plains to the north with the diffuse 

margins again disappear in the hue image. 

4.2.2 Interpretation 

What is hue? From equation (34) it can be seen thatH is unaffected when a constant 

quantity which is independent of wavelength is added to each of the (r,g,v) values; it is also 

unchanged when the values are scaled by a constant multiplicative factor. Thus, hue is that 

property of color which is invariant under a first order linear transformation of the form: 

(37) 

where r(A.) is the spectral reflectance and ao and a 1 are constants. 

The observation that the Bright Red and Dark Red plains have similar hues places 

a significant constraint on the relationship between these two units, suggesting that a phys

ical and not compositional difference is responsible for the variations in the albedo of the 
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plains. One possible way to darken the plains is to incorporate shadows cast by subresolu

tion roughness elements, but this would require that the Bright RedlDark Red distinction 

become more pronounced at higher phase angles and disappear at low phase. This is not 

observed and, anticipating the results of Chapter 6, the directional reflectance properties of 

these two units are similar. A more likely darkening mechanism is induration, or filling the 

interstices between grains with a high refractive index material. This familiar phenomenon 

can be seen at the beach as the difference in brightness between wet sand and dry sand. The 

interstitial water decreases the refractive index contrast across grain boundaries in a manner 

which is independent of wavelength. 

On Earth, induration of soils usually involves a fluid of some kind, and groundwater 

or ice saturation is an interesting if speculative possibility for the dark plains of Lunae Pla

num. Elevated sulphur contents in clods analyzed by the Viking Lander inorganic chemis

try experiments prompted the suggestion that the induration or "duricrust" observed at the 

landing sites was due to cementing of the fine soil by sulfates leached from the regolith, 

carried to the surface and precipitated as the groundwater evaporated (Toulmin et al., 1977). 

Condensation of atmospheric moisture is another possibility, requiring that the induration 

be surficial in nature. Observations of bright depositional dust streaks on Lunae Planum 

suggest that these streaks darken with age. Forming even a thin surface crust may greatly 

increase the resistance of soil to erosion by eolian processes (Chapter 5). 

4.3 Canyon Wall Rock Layers 

The existence of layering in rocks in the Valles has been known since the Mariner 

9 mission (e.g. Sharp, 1973; McCauley, 1978; Lucchitta, 1978), but few authors have pro

posed geological interpretations except in the case of the interior layered deposits (McCau

ley, 1978; Lucchitta, 1981; Peterson, 1981; Nedell et al., 1987). Horizontal layering, fine 

vertical fluting and steep slopes in the top 400 to 600 meters of wall rock near the rims of 
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the chasmata are attributed to the exposed edge of lavas resurfacing the surrounding pla

teaux (Lucchitta, 1978; Lucchitta et al., 1992). Additional layering in the wall rock was rec

ognized after the Viking mission (e.g. Blasius et aI., 1977) but its geological significance 

has not been discussed. 

4.3.1. Coprates Chasma 

Most prominent among dark wall rock layers is a thick, regionally extensive unit in 

the south wall of Coprates Chasma (650 W, 130 S; Figure 4.5). Extending over 400 kilome

ters, the Coprates layer is exposed at a depth of about 3 kilometers below the canyon rim 

and reaches several hundred meters in thickness. In high-resolution monochrome images 

recorded at its western extremity (e.g. 081A01), the layer appears erosionally incompetent 

in comparison to the rock in which it is embedded. In multispectral data it shows a grada

tional transition in color and albedo from its core to the surrounding wall rock. Although 

clearly recognizable as a distinct horizon, the layer is non-uniform in thickness and spectral 

signature along its length and is absent from the opposite (northern) wall of Coprates Chas

ma. 

In order to constrain the composition of this material, comparisons were made be

tween its spectral reflectance as measured by the VIking Orbiter VIS and candidate terres

trial materials measured in the laboratory, convolved to the same spectral resolution (c.f. 

McCord et al., 1982; Guiness et al., 1987; Arvidson et al., 1989). Two corrections are re

quired to bring the spacecraft observations to a basis comparable to the laboratory measure

ments, however. These are: (1) a correction for the effects of scattering and attenuation by 

atmospheric aerosols, and (2) an adjustment for the difference in illumination and viewing 

geometry between the spacecraft and laboratory observations. The procedures employed to 

affect these corrections were detailed in the previous chapter. Briefly, a simplified form 
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Figure 4.5 Layer in Coprales Ch~lsma wall rock. Extending over 400 kilometers, this in-situ layer 
is exposed at II depth of IIbout 3 kilometers below tJle cllnyon rim und rellches several hundred meters 
in thickness. Composite of Viking Orbiter 1 images from orbit 586. Picture width is around 300 km. 
NortlJ is towards the top left. 
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[equation (26)] of Hapke's (1981) photometric function was used to account for viewing 

geometry variations after first removing atmospheric effects estimated from numerical 

modelling and analyses of the radiance recorded from shadows within the scene. 

Figure 4.6 shows a range of atmospheric corrections to the three-point spectrum 

from the dark layer in Coprates Chasma and the scene average spectral reflectance. Curves 

2 and 3 in Figure 4.6 are calculated from multiple scattering simulations for a range of op

tical depths corresponding to the clearest conditions seen at the VIking Lander sites (Pol

lack et al., 1977, 1979). In these simulations. areas of the surface with the same color and 

albedo of the scene average brighten by 1 to 15 % as a result of the atmospheric correction. 

In localized low-albedo regions, however, the spectrum flattens and darkens considerably 

when the effects of the atmosphere are removed. For comparison, curve 4 was computed 

using estimates of the atmospheric path radiance in each of the three Viking Orbiter bands 

from the intercept of a linear regression of shadow brightness as a function of the brightness 

of adjacent, directly illuminated pixels. following the method of Piech and Walker (1974). 

The multiplicative component was calculated on the assumption that the scene average 

spectrum should remain unchanged. 

Applying these corrections with conservative assumptions for the optical depth and 

properties of atmospheric aerosols yields a range of corrected spectra for the Coprates layer 

which is consistent with a composition of relatively fresh or unaltered mafic rock or glass. 

The average visual reflectance of the Coprates/Juventae material probably lies between 5% 

and 7%, or possibly lower due to subresolution mixing at a scale smaller than that of the 

Orbiter images (800 m/pixel), or to a higher aerosol single-scattering albedo as discussed 

in Chapter 3. Few terrestrial or lunar materials are this dark (Figure 4.7); basaltic glass is, 

however, one likely possibility. The visual albedo of basic igneous rocks is dominated by 

the abundance and dispersal of opaque minerals (Hunt et al., 1974). The limiting case of 

maximum dispersion of absorbing metal ions and minimum scattering by crystal flaws and 
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Figure 4.6 Effect of the Viking image atmospheric correction. Shown are the three-point spectra for the scene 
average and the darkest materials in Coprates and Juventae Chasmata, before atmospheric correction (1), us
ing components derived from multiple-scattering simulations for optical depths of (2) OJ and (3) 0.6, and us
ing atmospheric path radiance estimates from shadow linear regressions along with the assumption that the 
scene average spectrum remains unchanged (4). Removal of atmospheric effects increases contrast in both 
color and albedo, particularly affecting isolated, low-albedo areas in a scene dominated by brighter materials. 
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Figure 4.7 Comparison of spectral reftectances of Valles wallrock materials and candidate lunar and terrestrial 
materials. Atmospheric- and photometric-corrected three-point spectra of Valles Marineris dark materials 
(dashed lines) are com~ared to spectra of representative whole rock surfaces measured in the laboratory by . 
R.B. Singer. The basaltic glass spectrum is from Adams (1975), with the violet 1i1ter albedo extrapolated from 
the calculated response in the green and red bands. The point at 0.55 microns for lunar dark mantling deposits 
is from Pahn and W.t.ldey (1970). 
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terminations occurs in the case of glass, which is as much as 50% darker than a crystalline 

rock of equivalent composition (Adams and McCord, 1971; Nash and Conel, 1973). While 

a crystalline basalt is not ruled out by the observations, the material in Coprates Chasma is 

at the low end of the range of reflectance for basaltic rock surfaces (e.g. Hunt et al" 1974), 

requiring either a fine-grained rock with high concentrations of opaque minerals, or a glass. 

4.3.2. Ophir Chasma 

A second bedrock exposure which is spectrally and morphologically distinct from 

the material discussed above is visible as a series of cliffs in the north wall of Ophir Chasma 

(73 W, 3 S; Figure 4.8). The exposure consists of five disconnected outcrops over a distance 

of 150 kilometers, which occur at a consistent depth of about 2500 meters below the canyon 

rim. The largest continuous outcrop is almost 25 kilometers in length. The cliffs are approx

imately uniform in height, estimated at close to 1000 m. In contrast to the friable material 

in Coprates and Juventae, the Ophir unit is clearly composed of resistant rock. Four of the 

outcrops occur as buttresses at the cusps of arcuate erosional features (alcoves produced by 

mass-wasting). Spur and gully canyon wall morphology is abruptly truncated at the top of 

the fifth and longest outcrop, indicating a difference in physical properties between the up

per wall rock and the cliffs below. 

Estimation of the spectral reflectance of the cliffs is complicated by their small size 

and the possibility of shading, since the illumination in the multispectral images is from the 

north. Monochrome images of sunlit exposures show the outcrops to be darker by about 

10% than the sUITounding wall rock (e.g., clear-filter image 279B44; red-filter images 

914AlO and 895A04). In the multispectral data the outcrops are found to be somewhat 

grayer than the sUITounding wall rock. Our best estimate of the Ophir unit's spectral reflec

tance is shown in Figure 4.7, corrected in the same manner as the Coprates material dis

cussed above. The dark red color of the Ophir outcrops and their relatively low reflectance 
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Figure 4.8 Series ot'CIiITs in Ophir Chasma. (u) Spur and gully morphology is abruptly trun
cated by an outcrop of resistant, cliff forming material. Part of image 914A 10, roughly 10 km 
in width. (b) Five separate outcrops occur over a distance of 150 kilometers, all of a uniform 
height and depth below the chasma rim. The largest outcrop is about 25 kilometers in length 
(arrow; also Figure 4.8 a). Composite of Viking Orbiter I images from orbit 583. 
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in the green filter bandpass is similar to that produced by an oxidation rind of crystalline 

hematite on some Hawaiian volcanic rocks. The reduced green-filter reflectance in the Ha-

waiian samples is due to a crystal-field transition of Fe3+ in hematite which coincides with 

the V.O. green filter center wavelength (6A1g -> 4A1g, 4Eg at 0.53 microns; Singer, 1982; 

Sherman et al., 1982). Thin coatings of Fe3+-rich altered mateIial have been shown to be 

semi-transparent, such that there are contributions from both the substrate rock and the 

coating material to the overall spectral signature (Singer, 1980; Buckingham and Sommer, 

1983; Singer and Roush, 1983). 

Several plausible geologic interpretations are possible for the material which com

prises the cliffs in Ophir Chasma. First, the cliffs may simply be landslide scarps which ex

pose fresher and more rugged rock hidden elsewhere in the canyon walls by a mantle of 

bright eolian dust. This interpretation is supported by talus slopes at the base of the largest 

outcrop. However, the cliffs are all found at the same depth below the canyon rim, implying 

a change in physical properties in the wall rock at this horizon. A second possibility is that 

the cliffs are exposures of a physically and compositionally distinct rock unit beneath the 

overlying wall rock. In order to account for the massive and uniform but discontinuous na

ture of the unit, we speculate that the Ophir outcrops could represent an episode of basic 

igneous intrusion prior to the formation of the canyon system. The inferred oxidation is 

likely to be secondary, as is the case in the Hawaiian samples, but a somewhat oxidized pri

mary basaltic composition cannot be ruled out. 

4.3.3 Multispectral Mapping 

Computer mapping of the dark materials of Valles Marineris used VIking Orbiter 1 

apoapsis images taken through the VIS violet, green and red filters. These data were ac

quired over a period of 6 martian days during northern Spring (Ls = 34 to 38 degrees) on 
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orbits 579 (images 579A62, 66, 68), 583 (images 583A34, 38, 40) and 586 (images 

586A02, 06, 08). The field of view of a picture element (pixel) in the images ranges from 

720 to 830 meters, and the phase angle of the obselvations is between 20 and 34 degrees. 

The spectral images were coregistered to form color composites, and assembled into a mo

saic. For computer classification, relative color variation was preserved despite calibration 

error and differences in atmospheric conditions and phase angle by linearly transfonning 

the digital numbers in each color image to achieve identical means and standard deviations 

in the regions of overlap between adjacent images (i.e., linear contrast stretches were ap

plied to the sets of images at the ends of the mosaic, calculated by requiring that the residual 

color differences at the seams of the mosaic be eliminated). 

Spectral mapping employed a simple "level-slice" supervised classifier (e.g., Scho

wengerdt, 1983) with thresholds determined by the standard deviations of the radiances re

corded from the training sites, areas chosen as type examples of materials of geologic 

interest. A training site selected on the basis of high-resolution monochrome images is first 

identified in the apoapsis color data, and measurements are made of the mean radiance fac

tors in the violet, green and red filters. Computer classification produces unit maps which 

identify areas in the image with spectral reflectance similar to the training sites. Class 

boundaries delineate the extent to which the spectral reflectance of a candidate region may 

deviate from that of the training site, and are based on the observed variability in the train

ing data. The class boundaries used to produce the unit maps (plus and minus one standard 

deviation) are shown in Figure 4.9. 

Although we assume that materials with similar spectral reflectance are likely to be 

compositionally related, this is often not the case. Classification errors occur through the 

natural variability of geologic materials' spectral reflectance, because of mixing ofmateri

als at a scale smaller than the resolution limit of the images, and through calibration errors 

and noise in the data. Misclassification due to errors in calibration is minimized when both 
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the training sites and the unit map are derived from the same image; the uncertainty in rel-

ative calibration (across a single image) is estimated to be less than 3% (Klaasen et al., 

1977). The number ofmisclassified pixels can be varied with the width of the class bound

aries. Our choice of 1 standard deviation is close to the minimum at which the spatial con

tinuity of the units is retained. 

Supervised classification provides a means to determine the spatial distribution of 

materials which, to within our capacity for measurement, are similar in spectral reflectance 

to the training sites. In this way it is possible to work from relatively well understood re

gions to unknown areas, using the computer to answer geologically well-posed questions 

concerning the distribution of materials with similar optical or physical properties . 
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Figure 4.9 Class BoWldnries for Dark Materials in Valles Marineris. These three·point spectra and !heir error bars show 
the one standard deviation class boundaries for classification of Ihree specttal IUUts in !he canyons. The signatures were 
derived from image composites from v.o. 1 orbits 579 and 586. wi!hout alIllospheric or photometric correction. 

4.3.4 Coprates Layer Spectral Mapping Results 

The material in the Coprates layer is spectrally distinctive in that its reflectance and 

red to violet ratio are lowest for any unit in Coprates Quadrangle (Figure 4.9). At one other 

location, however, computer mapping identifies materials with a spectral signature in the 

VJ.k:ing Orbiter bandpasses which matches the Coprates layer to within the one standard de-



I~igure 4.10 Unit map of Coprntes Layer Material. The green pixels show the distribution 
of materials haYing spectml rellcctances within one standard deyiation of the material at the 
dark core of the Coprutcs Chasma layer. The unit is confined to areas along the Coprutes layer 
and to materials in Juventae Chasma (at the top). Unit map and training data both obtained from 
images 586A02, 06, 08. Picture width is about 1000 kilometers. North is toward the top left. 
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Figure 4.11 Juvcntac Chusmu. This high resolution image (part of 907 ADS) shows the dark 
Hoor covering material to be made up of sand dunes. Also visible is layering in outcrop of erod
ed sedimentary rock. Picture width is 60 km. 
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viation class boundaries (Figure 4.10). We infer that a compositionally similar unit occurs 

near the margins of Juventae Chasma (630 W, 4° S), a classical low albedo region easily 

distinguished in earth-based telescopic images. High resolution images such as Figure 4.11 

show the material in Juventae Chasma to be partly composed of dunes, indicating that it is 

easily decompo~ed into sand-sized grains capable of saltation. Further indications that the 

material in Juventae and Coprates Chasmata is easily mobilized and widely redistributed 

by eolian processes will be presented in the following section; for now we note that the Ju

ventae outcrop, and by assumption, the material in the layer in Coprates Chasma, is prob

ably friable as well as incompetent. 

These geomorphological observations are consistent with an interpretation of mafic 

volcanic ash, which would provide an explanation for both the observed erosional morphol

ogy and tendency for eolian mobilization. A poorly consolidated ash layer might be expect

ed to be erosionally incompetent, whereas a unit comprised of solid rock should be 

relatively resistant. Moreover, a friable, unwelded tuff deposit could easily supply sand

sized grains capable of forming the distinctive dunes observed in Juventae Chasma. 

4.4 Canyon Floor Materials 

Although a diverse collection of materials is found on the floors of the Valles Mar

ineris, previous geologic mapping of the canyon system (McCauley, 1978) grouped the 

canyon floor materials (exclusive of the interior layered deposits) together in a single unit 

of relatively recent origin. The feasibility of employing multispectral mapping to discrim

inate between dark floor covering materials such as eolian deposits and possible volcanic 

materials has not previously been explored. The problem is complicated by the wide and 

overlapping ranges of spectral reflectance which can be displayed by mafic materials in var

ious geologic settings. 
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4.4.1. Eolian Deposits 

Figure 4.12 is an exemplary high resolution image showing a distinct dune field 

some 35 kilometers in length situated on the floor of Gangis Chasma, at a lower elevation 

in the Eastern Troughs. This deposit was identified in the multispectral composite images 

and used as a training site to derive the class characteristics used to produce the unit map 

shown in Figure 4.13. The unit map shows the distribution of materials with spectral reflec

tance within one standard deviation of the Gangis dune field. These include materials on 

the margins of interpreted mafic ash deposits in Coprates and Juventae Chasmata and ma

terials down-slope from these regions, including accumulations in low-lying areas such as 

impact craters. The unit also includes isolated thick eolian deposits in western Coprates and 

eastern Ius Chasmata. The unit does not include some known dunes in the Central Troughs, 

to the east of Baetis Mensa; these central trough dunes are brighter than the Gangis deposit, 

either due to geologic factors such as mixing or because of compositional differences. 

The unit map of Figure 4.13 is consistent with an interpretation of local sources for 

the eolian deposits in Valles Marineris. The distribution of probable eolian materials sug

gests that the dark materials found in Juventae Chasma and in the layer in Coprates could 

be the source of most of the dark floor-covering deposits in the troughs to. the east, impart

ing the overall low albedo to the canyon system in these regions. Some of these materials 

may be redistributed up-canyon to form deposits as far as Ius Chasma. The probable vol

canic ash is apparently scoured from the source regions and transported by eolian saltation, 

winds carrying the materials some 2000 meters over the rim of Juventae Chasma (up a 30 

degree slope) to form prominent wind streaks radiating several hundred kilometers to the 

east. 

The spectral reflectance of the Gangis training site is brighter and redder than the 

proposed source materials in Coprates and Juventae Chasmata (Figure 4.9). The latter out-
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Figure 4.12 Dunes in Gangis Chasma. VIking Orbiter image 012A52 (clear filter). The dune field is about 35 kilometers in length. This 
deposit was used as a training site to derive class statistics representative of dark eolian materials in the lower Eastern 'froughs, employed 
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Figure 4.13 Unit Map of Dunes. The green pixels show the distribution of materials having spectral reflectances within one standard 
deviation of the dunes in Gangis Chasma (arrow: also Figure 4.12). The unit includes most of the thick and extensive eolian deposits in 
the region and is concentrated towards the Eastern Troughs, down-slope from the proposed source areas in Juventae Chasma and the 
Coprates Canyon wall Some dunes known to exist in the central troughs are not included in this unit Picture width is about 2500 kilo
meters. North is toward the top left. 
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crops are thick and extensive, and probably yield an undiluted spectral signature for the ba

saltic ash. Simple linear mixing between the probable mafic tuff and the canyon wall rock 

does not reproduce the spectral reflectance of the dunes, although areal mixing undoubtedly 

affects the spectral signature measured in the low-resolution data (note the relatively sand

free areas between dunes in Figure 4.12). The inhomogeneity of the Gangis training site 

produces the relatively wide class boundaries for this unit shown in Figure 4.9. 

4.4.2. Volcanic Rocks 

Sites of mafic volcanism in central Valles Marineris were interpreted by Lucchitta 

(1987,1990) from morphological criteria and albedo in high resolution clear-filter images. 

One possible site the north margin of Coprates Chasma, where a linear band of dark patches 

occurs in association with faulting at the base of the canyon wall. Several other probable 

volcanic constructs are observed in the Central Troughs. To the west of Baetis Mensa in 

central Valles Marineris are found two small, positive-relief structures, one having lobate 

flows originating from its summit. Unlike the ash deposits described earlier, these struc

tures appear in high-resolution stereo images to be made up of solid rock, and they are ten

tatively interpreted as volcanic necks or plugs. If this interpretation is correct, then the 

volcanism must have been contemporaneous with or more recent than the formation of the 

canyons, and so these materials are referred to here as the "younger volcanic materials" or 

"Central Troughs volcanic materials" to distinguish them from the possible ancient pyro

clastic deposits discussed above. 

The spectral reflectance of these features was measured in the apoapsis data to de

rive class statistics for computer classification. The spectral reflectance of the Central 

Troughs volcanic rocks is only slightly different from that of the dunes (Figure 4.9); the 

classes overlap in the green and red radiance factors, and we expect some misclassification 

to occur as a result. An important difference between the two classes is that the Central 
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Troughs volcanic materials are both brighter and less red than the dunes. As mentioned 

above, mixing of dark gray materials with bright red contaminants generally produces a 

spectral signature which becomes redder as its albedo increases. 

Materials with spectral reflectance within one standard deviation of the Central 

Troughs volcanic rocks are found in one of two spatial settings. The first is on the margins 

of darker deposits such as the dunes in eastern Ius Chasma, and can be reasonably attributed 

to misclassification due to mixing of the dark material at the core of these deposits with the 

brighter surroundings. Regions in which these materials are not clearly associated with or 

adjacent to darker deposits are entirely confined to the Central Troughs, and their distribu

tion is shown in Figure 4.14. Materials similar in spectral reflectance to the Central Troughs 

volcanics are distributed along the margins of the canyon floor in Melas, Candor and Co

prates Chasmata. Occurrences in Melas and western Coprates are collinear with the volca

nic materials identified farther to the east in Coprates Chasma by Lucchitta (1987, figures 

2 to 4), but the latter deposits are too small to be resolved in the apoapsis color images. The 

unit also includes three linear patches in central Candor Chasma, with orientations parallel 

to the dominant trend of faulting in the canyon system. 

While some fraction of the pixels flagged in Figure 4.14 could be drifts of thin man

tling eolian materials, it is difficult to account for the entire spatial distribution in this way. 

In particular, the eolian hypothesis does not explain why such thin mantles are absent from 

areas other than the Central Troughs, and why no thicker eolian deposits occur locally in 

association with the materials mapped in Candor Chasma. If the alternative interpretation 

of in-situ volcanic materials for this unit is correct, the classification results would suggest 

a distribution of volcanic activity consistent with the interpretation of extrusion along faults 

at the base of the canyon walls. The volcanism is apparently confined to the Central 

Troughs, a region in which the configuration of the Valles becomes relatively complex and 

a series of short, blunt subsidiary troughs develop parallel to the main canyon. 
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Figure 4.14. Unit Map of Central Troughs Volcanic Mllterials. Shown is the distribution of ma
terials with spectral rellcctances within one standard deviation of probable volcnnic plugs to the west 
of Baetis Mensa in central Valles Marineris (arrows). The unit is distributed along the margins ofllle 
canyon lIoor in Melas, Candor and Coprates Chasmata, and in three linear bnnds in central Candor 
Chasma with orientations pamllcllO the dominant trend of faulting in the region. Unit map and tmin
ing data from images 586A02, 06, 08. Picture width is about 500 kilometcrs. North is toward the lOp 
left. 
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4.4.3 Layered Deposits 

In general the layered sedimentary deposits found within the Valles Marineris are 

not spectrally distinguishable from the canyon wall rock or plains materials with the limited 

spectral information available from Viking color observations. An exception is at Hebes 

Chasma, where two thick, low albedo layers are conspicuously interbedded in the deposit 

forming the high central mesa (Figure 4.15). Spectral mapping suggests a genetic relation

ship between the layers and the dark material found in the moat surrounding the deposit; 

this canyon floor material was probably derived from erosion of the layers. The spectral 

similarity between the Hebes Chasma dark materials and the bright gray Central Troughs 

volcanics would seem to support the photogeologic interpretation (peterson, 1981) of a vol

canic origin for this deposit. 

Canyon floor covering materials in Melas and Gangis Chasmata include certain de

posits which have been mapped by photogeologists as layered sediments despite the lack 

of any discernible layeIing. The interpretation is based primarily on the erosional morphol

ogy of the material, which is similar to that of more extensive and clearly layered deposits 

nearby. Supervised classification provides a means of testing the interpretation by con

structing unit maps based soley on the spectral reflectance of the canyon floor covering ma

terials and comparing them with photo'geological results. In the two unit maps shown in 

Figure 4.16, the small exposures mapped as having similar spectral reflectance to local lay

ered sediments are probably erosional remnants of once-extensive sedimentary deposits in 

Melas and Gangis canyons. The distributions shown correspond for the most part,to iden

tified probable layered deposits in the geologic maps of Nedell et al.(1987) and Witbeck et 

al. (1992). 

Both of the unit maps just discussed include misclassified pixels in areas of canyon 

wall rock and on the nearby plains. The spectral similarity of these materials is significant 
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Figure 4.15 Hebes Chasma. Hebes is an entirely enclosed canyon containing an interior plateau 
which stands nearly as high as the chasma rim. Two thick, low albedo layers are prominent in the 
sediments which fonn the mesa. Composite of VIking Orbiter 1 images from orbit 583. Picture width 
is about 300 kIn. 
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Figure 4.16 Layered Deposit Unit Maps. (top) Layered deposits within the canyon floor covering 
materials of Melas Chasma are shown in pink. Picture width is 450 km, north is toward the top. 
(bottom) Areas shown in red are probably erosional remnants of a once-extensive sedimentary de
posit on the canyon floor of Gangis. Picture width is about 300 km, north is toward the top left. 
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in that it casts doubt on the notion that exotic materials such as carbonates (McEwen and 

Soderblom, 1989) comprise the layered deposits of Valles Marineris. Either most of the 

sediments are similar in composition to the surrounding bright materials, perhaps because 

they are made up of eolian dust deposits or reworked wall rock, or perhaps the deposits, 

wall rock and plains are all mantled by an optically thick coating of dust. However, this is 

unlikely because the bright canyon floor covering materials do in fact show some spectral 

variability. 

An unusual spectral unit occurs in West Candor Chasma (Figure 4.17). This is the 

same region which appears distinctively redder than its environs in the hue image shown in 

Figure 4.4. The unit is spectrally distinguishable from nearby plains and floor covering ma

terials in several Viking color composite images taken at various different times and phase 

angles. In high resolution images such as Figure 4.18, the anomalous unit can be seen to 

correspond to two topographic depressions in heavily eroded floor-covering deposits in 

West Candor. Within the depressions are fine horizontal laminations possibly due to layer

ing. However, Komatsu et aI. (1992) make a case that many of the apparent layers in the 

Valles Marineris interior deposits resemble erosional terraces and wave-cut platfonns of 

terrestrial lakes and playas. Such erosion can produce the morphology seen in Figure 4.18 

even in unstratified, homogenous materials. 

The cause of the unique spectral reflectance of the West Candor unit is not known. 

Like the cliffs in Ophir Chasma, the green filter reflectance of the material is red.uced and 

the red reflectance increased in comparison to that of adjacent materials, in a manner qual

itatively consistent with the presence of crystalline hematite. Its restricted spatial distribu

tion suggests that the unit is genetically associated with the depressions. The depressions 

might expose underlying deposits distinct in composition, but then the absence of similar 

material in depressions elsewhere in the canyon would seem to require a local mechanism 

such as hydrothennal alteration for the compositional variations. An alternative suggestion 
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Figure 4.17 An unusual spectral unit in W. Candor Chasma. This is the same region which ap
pears distinctively redder than its environs in the hue image shown in Figure 4.4. North is toward the 
top left; picture width is about 150 km. 
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Figure 4.18 Morphology of the spectral unit in W. Candor Chasma. The spectral unit shown in 
Figure 4.17 can be seen in this high resolution image mosaic to correspond to two topographic de
pressions in the interior deposits of W. Candor. Layering or wave-cut erosional terraces can be seen 
within the depressions. North is toward the top left; picture width is 50 kIn. 
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(Komatsu et al., 1992), based on the interpretation of the laminations as wave-cut terraces, 

is that the deposit fonned as the result of standing bodies of water within the depressions 

by leaching or staining the surface or through precipitation of evaporites. 

4.5 Discussion 

As mentioned in Chapter 2, water is implicated or at least suspected to have had a 

part in the formation of tributary canyons, chaotic terrain and outflow channels in the Vall

es. One of the important questions raised by the analysis of Viking Orbiter color imaging 

data is the role of water in determining and altering the spectral reflectance of surface ma

terials. Standing bodies of water, postulated to have once been common on Mars (Baker et 

al., 1991), may have led to the formation of lacustrine and evaporite deposits with compo

sitions exotic by terrestrial standards. Solution of salts by groundwater or precipitation of 

condensates from the atmosphere probably reduces the albedo of the Dark Red plains 

which form Lunae Planum. If so, the effect of the induration on reflectance would provide 

a means by which saturated and desiccated soils can be distinguished from spacecraft ob

servations. 

Voluminous regional deposits of mafic ash such as proposed here for the Coprates 

layer and Juventae outcrops have no terrestrial analogue. Explosive volcanism is expected 

to be somewhat more common on Mars than on Earth on theoretical grounds, however, and 

the resulting pyroclastic deposits should be more widely dispersed (Wilson and Head, 

1981a, 1981b, 1983). Disruption of effusing magma by bubbles is expected to be more ef

ficient at the lower atmospheric pressure of Mars, and the ballistic range of volcanic ejecta 

should be larger due to the reduced gravitational acceleration. The interpretation of the mar

tian global dust as palagonite, an alteration product of basaltic glass (e.g. Gooding and Keil, 

1978; Evans and Adams, 1980; Allen et al., 1981; Singer, 1982), also suggests that, at one 
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time at least, mafic ash was a common constituent of the martian surface. 

Pyroclastic volcanism on Mars has been the subject of considerable debate, due in 

part to the lack of photogeologic criteria for recognizing its products. Reimers and Komar 

(1979) and Greeley and Spudis (1981) interpreted the ancient highland patera as pyroclastic 

deposits on the basis of erosional morphology and the lack of obvious flow features. These 

authors suggest phreatomagmatism as a source of the ash, an idea disputed by Francis and 

Wood (1982) who consider the large volumes of the structures (up to 1000 km3) unlikely 

to have been produced by the interaction of magma with groundwater or ice. Whether the 

volatiles involved in those eruptions were juvenile or phreatic, a difference in style between 

ancient martian volcanism and more recent examples seems to be indicated. Post-Noachian 

volcanism has tended to be dominantly effusive in nature, but localized pyroclastic activity 

is evidenced by the occurrence of cinder cones (West, 1974; Greeley and Spudis, 1978; 

Frey et al., 1979) and air-fall deposits associated with volcanoes in the Elysium region 

(Mouginis-Mark et al., 1982). 

While extensive deposits of basaltic tuff are nonexistent on Earth, such deposits are 

common on tlle Moon (Wilhelms, 1970; Wilhelms and McCauley, 1971; El Baz, 1973; 

Heiken et al., 1974; Gaddis et al., 1985), and may be present on Mercury as well (Schultz, 

1977). The lunar "terra mantling" deposits cover areas as large as 40,000 lan2 (Head, 1974) 

and are estimated to be up to a few tens of meters thick at their margins (Lucchitta, 1973). 

These deposits are darker and less red at visible wavelengths than typical mare lavas (Ad

ams et al., 1974). Samples returned from the Taurus-Littrow region contain relatively vol

atile-rich glass spherules, apparently associated with older sub-floor basalts now buried 

beneath the mare surface lavas (Head, 1974). This material is believed to have been pro

duced by steady fire-fountaining resulting from decompression of bubbles in rapidly effus

ing magma. with a possible contribution f1'011) Strombolian eruptions caused by intermittent 
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explosive emergence of large bubbles in slowly moving magma (Wilson and Head, 1981b). 

The lunar dark mantling deposits are the only well-studied planetary examples of 

the type of material interpreted for the outcrops in Juventae and Coprates Chasmata. Ac

cording to our present understanding, the interpretation of the Juventae/Coprates material 

as basaltic glass requires that pyroclastic eruptions took place at what was once the surface 

of the planet, and the resulting deposits were subsequently buried to at least the depth at 

which they are presently observed. If this interpretation is correct, the materials in Juventae 

and Coprates Chasmata are probably quite old, again paralleling the lunar example. No oth

er examples of similar deposits have been identified on Mars, perhaps because such mate

rials are easily mobilized and reworked by eolian processes. A rather unlikely combination 

of circumstances apparently preserved the Coprates and Juventae materials and exposed 

them again in the troughs of Valles Marineris. 

If we tentatively accept the identification of massive mafic ash deposits on Mars, 

the Moon and Mercury, then the notable absence of such deposits from the inventory of 

present day crustal materials on Earth requires explanation. One plausible hypothesis is that 

the processes which produce large pyroclastic eruptions from mafic magmas are confined 

to smaller terrestrial planets, perhaps because of their reduced gravitational acceleration 

and atmospheric pressure (Wilson and Head, op. cit.). Another possibility is that these pro

cesses could be confined to the early stages of planetary evolution. By analogy with the lu

nar mantling deposits, the materials exposed in the layer in Coprates Chasma and in 

Juventae may represent a relatively volatile-rich phase of volcanism early in the history of 

Mars, possibly even the late stages of planetary outgassing. The absence of extensive de

posits of mafic tuff associated with more recent volcanism on Mars and the Moon (and, per

haps, the Earth) might then be due to a diminishing supply of juvenile volatiles. It is 

intriguing to ask whether massive basaltic ash deposits might once have been common on 

Earth, and later obliterated from the geologic record along with the evidence for an early 
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period of heavy bombardment by impactors. 

In the preceding sections we described observations of several distinct dark materi

als found in the Valles Marineris and offered possible interpretations for their geologic sig

nificance. If those interpretations are correct, it is possible to construct the following 

relative chronology of past episodes of volcanism, tectonism and magmatism in the martian 

canyons. Following the early volcanism which produced the pyroclastic deposits now 

found in Juventae and Coprates, a period of continued deposition occurred in which the ash 

was buried beneath several thousand meters' thickness of plains materials, including the 

400 to 600 meters thickness of Hesperian volcanic plains believed to resurface the Lunae

Sinai Planum region. Ieneous intrusion, if it indeed occurred, would have taken place after 

this deposition but prior to the formation of the Valles. The most recent episode of igneous 

activity in the region may be related to late stage rifting associated with the formation of 

the Valles Marineris canyon system. The younger volcanic materials occur in linear groups 

along the faulted margins of the canyon floors, where they should be expected if extrusion 

occurs along the fault planes. Terrestrial examples of similar relationships between tec

tonism and volcanism include the African Rift Valleys and the Basin and Range Province 

in the southwest of the U.S., both areas of crustal extension. Since there is no a-priori reason 

to expect this relationship to occur if the Valles were ge~erated by fluvial erosion or by sub

sidence of karst or thermokarst, the inferred distribution of volcanism appears to support 

the hypothesis (Carr, 1974) that the Valles originated through tectonic extension and graben 

subsidence. While the age of this volcanism is at present poorly constrained, photogeologic 

indications that it may be relatively recent (Lucchitta, 1987) could suggest that tensional 

rifting and canyon formation may be ongoing processes. 
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4.6 Summary 

The spectral properties of geologic materials exposed in Valles Marineris have 

been examined in an attempt to understand their relation to past episodes of volcanism, tec

tonism, igneous intrusion, and eolian redistribution. The major conclusions of this chapter 

can be summarized as follows: 

1. Much evidence exists for compositional variations among the bright and dark mate

rials found in Coprates Quadrangle despite the limited spectral information available from 

the Viking Orbiter color observations. 

2. The Dark Red plains of Lunae Planum are spectrally related to brighter dust deposits 

and disturbed regions on the surrounding plains and the canyon wall rock, suggesting a 

physical and not compositional difference between these materials. 

3. The spectral similarity of certain layered sediments in the Central and Eastern 

Troughs to canyon wall rock and to bright dust streaks on the surrounding plains suggests 

that the deposits could be accumulations of eolian dust trapped in topographic depressions 

of the Valles. Spectrally exceptional sedimentary deposits in Hebes and W. Candor are ev

idence for compositional diversity among the bright materials and suggest multiple origins 

for the layered sediments. 

4. A thick, regionally extensive deposit observed in outcrops in Juventae Chasma and 

in a wall rock layer in Coprates is interpreted to be composed of mafic tuff on the basis of 

spectral reflectance, erosional morphology and tendency for eolian mobilization. Identifi

cation of such a deposit may have important implications for the style of past volcanism on 

Mars and, perhaps, the Earth. 

5. A series of cliffs in Ophir Chasma is formed by exposures of an in- situ material 

which is physically and spectrally distinct from the surrounding wall rock. These differenc

es could be caused by compositional variation, perhaps due to igneous intrusion into the 
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wall rock, or by exposure in the outcrops of relatively unweathered material similar in com

position to the wall rock. The spectral reflectance of the unit most closely resembles that of 

mafic rock altered to or coated with crystalline hematite. 

6. The spatial distribution of inferred dark eolian sand deposits in the Valles Marineris 

suggests that they may be derived from local sources in Coprates and Juventae Chasmata. 

7. Materials similar in spectral reflectance to probable volcanic structures occur either 

in association with darker eolian deposits, or in linear bands along faulted canyon floor 

margins in the Central Troughs. If the latter occurrences are due to in-situ volcanic materi

als, the inferred distribution of volcanism supports a tectonic origin for the Valles Mariner

is. 
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5. Variable Features in the Valles Marineris 

5.1 Introduction 

Transient phenomena on Mars have long been recognized in Mariner and VIking 

images as well as in decades of Earth-based telescopic observations (Sagan et al., 1972, 

1973, 1974; Veverka et al., 1974, 1977; Thomas et al.,1979; de Mottoni y Palacios, 1975). 

These events are of interest because of the infonnation they present on currently active me

teorological and geological processes. Changes in surface albedo patterns and atmospheric 

conditions can also affect the analysis and interpretation of image data based on spectral or 

morphological properties of geologic units on the surface. In order to determine the direc

tional reflectance properties of the surface from images acquired at different phase angles 

and different times, it is necessary to first identify and isolate temporal variations in the • 

data. This activity is a game much like spotting the differences between pictures on the puz

zle page of the Sunday comics: images chosen to have similar illumination and viewing 

conditions are geometrically reprojected and visually compared or, using the computer, 

subtracted or ratioed to produce maps of the change. 

Sources of secular variability include the occurrence of condensate clouds, fog, 

frost and haze, and the deposition or erosion of surficial materials by eolian processes. Al

bedo pattern changes caused by the transportation of dust and sand raise a number of im

portant geological issues. First, are the albedo variations caused by deposition or by 

erosion? The darkening of a specific region might be caused by either deposition of dark 

sands or by the removal of a previously deposited bright dust layer, for example. Second, 

are the processes driving these changes cyclic or episodic in nature? This is particularly rel

evant since a cyclic deposition mechanism is believed to be responsible for the formation 

of layered sedimentary deposits found in the equatorial canyons and at the poles of Mars. 

Finally, where are the sources and sinks of the materials being transported? 
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Figure 5.1 Early morning fog in Capri and Eos. A morning fog ripplcs across thc plains 
from the south and !ills the Eastern Troughs, completely obscuring the underlying topography. 

95 



5.2 Obsezvations 

In the course of examining low resolution apoapsis images of the Valles Marineris 

and environs, a number of transient phenomena which occurred during the VIking mission 

were noticed. Early morning images often show the canyons filled with fog which partially 

or completely obscures the underlying topography (Figure 5.1). Surface frost deposits in 

the region have been interpreted by Neukum (1982), but reliable criteria for their identifi-

cation in spacecraft images have yet to be established 1. Condensate clouds are best recog

nized from their appearance in multispectral composites (e.g. images 583A34, 38, and 40) 

or their often distinctive wave morphology in monochrome images (as in 762A88). 

Localized dust cloud activity in the region to the west and south of Echus Chasma 

during the Viking mission was described by Martin and James (1989). This area was known 

from prior Earth-based obsezvations to be the location of recurring dust storms (Hartmann, 

1978). Marked changes in surface albedo have also been noted in the region; transient 

bright streaks, perhaps genetically related to the dust clouds, were interpreted as deposi

tional in origin (Thomas et al., 1981). Figure 5.2 shows the Echus Chasma region at 4 dif

ferent times during the VIking mission from 1976 to 1980, each acquired while Mars was 

near aphelion (Ls = 36° to 102°). These images show the evolution of a distinctly linear 

bright streak to the southwest of Echus, and are consistent with the interpretation (Martin 

and James, 1989) of eolian deflation of bright dust deposited during the 1977 global storm. 

Strong surface winds from the south apparently eroded the deposits to form linear streaks 

which crosscut the underlying topography, and produced several bright red dust clouds 

which can be seen in Viking images of the area from March to May 1978 (Ls = 60° to 900
). 

1. An interesting way to approach this problem is to examine Orbiter images of the Viking Lander 
sites at times when surface frost deposits were observed by the Lander imaging systems. 
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Figure 5.2 Variable felltures near Echus Chllsmll. Erosion of dust deposited during the 1977 
global storm is monitored in images acquired by Viking Orbiter 1 during revolutions (a, top 
left) 40, July 1976; (b, bottom left) 583, January 1978; (c, top right) 701, May, 1978; and (d, 
bottom right) 1334, February 1980. The undulatory lee wave visible to the west of Echus in c 
results from the interaction of surface topography with the flow of the atmosphere; conversely, 
the erosion of the dust deposit by the wind demonstrates the effects of the martian atmosphere 
on the surface. 
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The undulatory condensate cloud or "lee wave" visible to the west of Echus in Figure 5.2 

C results from the interaction of surface topography with the flow of the atmosphere; con

versely, the erosion of the dust deposit by the wind demonstrates the effects of the martian 

atmosphere on the surface. 

A much larger scale albedo change occurred on the plains to the south of Eos Chas

ma during approximately the same period. Figure 5.3 compares two image mosaics con-

structed from data obtained by Viking Orbiter 1 during orbits 544 (top, December 1977) 

and 1334 (bottom, February 1980). Each mosaic covers an area of about 1500 km by 700 

km. Figure 5.3 C is the ratio of the two images, displayed so that areas which brightened 

between 1977 and 1980 are shown in red (like the shadow of the moon Phobos, visible in 

the top image at the north rim of Coprates Chasma), surfaces which darkened are shown in 

blue, and regions which were unaltered are shown in green. An area of some 300,000 km2 

was affected by the change, most of which occurred between orbits 586 and 663, or January 

to April 1978 (Ls = 40° - 70°, just before aphelion). 

5.3 Interpretation 

An interpretation of this albedo change must address the issues outlined above. The 

change appears to be episodic in nature, but it is difficult to rule out cycles of deposition 

and erosion on the basis of the limited data available. Mariner 9 A-camera images (e.g. 
-

05596748) show the region to appear in 1972 much as it did in 1977, prior to the change. 

VIking continued to observe the area for another full Martian year after the event, but the 

plains south of Eos remained dark. The Soviet Phobos 2 spacecraft obtained imaging data 

of the region at visible and thermal infrared wavelengths which suggests that the area near 

the south rim ofEos remained similar in 1990 to its appearance in 1980 (R. Kuzmin, pers. 

comm.1991). 
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Figure 5.3 A large scale albedo change on the plains south of Eos Chasma. Each image 
mosaic covers approximately 1500 Ian by 700 km. (top) Viking Orbiter 1 orbit 544, December 
1977. (middle) Viking Orbiter.l orbit 1334, February 1980. (bottom) Ratio image, presented 
so that areas which brightened between 1977 and 1980 are shown in red (like the shadow of 
the moon Phobos, visible in the top image at the north rim of Coprates Chasma), surfaces which 
darkened are shown in blue, and regions which were unaltered are shown in green. The area 
affected by the change is close to 300,000 lan2• 
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Was the albedo change caused by deposition of dark materials or removal of hright 

materials? Generation and subsequent transportation and deposition of dark sands was in

terpreted in the previous chapter, and obvious sources of dark saltating material occur in 

close proximity to the affected area among the canyon floor covering materials of Capri and 

Eos Chasmata and at the eastern end of the dark wall rock layer in Coprates. However. no 

thick accumulations of dark sands are visible on the plains south of these possible source 

regions, unlike the case of the blowout from Juventae Chasma where several dark "splotch

es" can be seen in craters to the southeast. The removal of a bright dust layer is more con

sistent with the rapid time period of the change (about 2 months) and with multispectral 

mapping results which suggest that the dark streak south of Coprates Chasma is spectrally 

distinguishable from the dark saltating materials found elsewhere in the canyon system. 

The evidence presented by the morphology of the streaks in this area is frustratingly incon

clusive. Long (up to - 100 km) bright streaks occur together with shorter (several tens of 

km) dark streaks running in the complete opposite direction, often from the same crater. In 

general, wind streaks can be either depositional or erosional in origin (Thomas et al., 1981). 

Depositional streaks are due to redistribution of materials deposited in topographic traps 

such as craters, while erosional streaks similar in appearance are formed because of the tur

bulence created in the lee of such obstacles. Depositional streaks cut across topography, 

while erosional streaks often leave behind material sheltered in topographic depressions 

and hollows. Depositional dark streaks often have bright margins, which are attributed to 

either particle size sorting effects (fine grained distal sediments and more coarsely grained 

proximal sediments) or to dust deposited during global storms and rapidly shed by the larg

er saltating particles. A bright margin can be seen along the west and south sides of the dark 

streak emanating from Juventae Chasma. for example. 

Figure 5.4 shows the plains south of Eos just at the start of the albedo change. The 
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Figure S.4 Initiation of the albedo change. Mosaic of VO I images acquired on orbit 586, just at the start of the albedo change. Several 
small dark streaks in the plains south of Eos preceded the darkening, suggesting that a layer of bright dust was removed from the region 
by winds from the south during the same period that dust was eroded from the area west of Echus (Figure 5.2). 
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graben crossing the very long, dark streak issuing from the south rim of Coprates are seen 

to be darker within the streak: than on the adjacent plains, suggesting that the streak: cuts 

across topography. However, no bright margins to the dark streak are observed. Several 

bright streaks within the large dark streak can be seen towards the south. Most important, 

however, is the observation of numerous small dark streaks in the plains to the east, precur

sors to the darkening which occurred shortly afterward. The initiation of the albedo change 

apparently took place within the plains and not near the rims of the canyons to the north. 

Several lines of evidence thus suggest that a surficial layer of dust was removed to 

affect the albedo change on the plains south of Eos Chasma. From the orientation of the 

small precursor streaks it appears that, like at Echus Chasma where erosion of dust was go

ing on concurrently, strong surface winds from the South cleared the dust during a season 

(southern hemisphere Autumn) in which the general upper level flow of the atmosphere 

was in the opposite direction, as condensation took place on the South Polar Cap. The dust 

was probably deposited in a global storm, perhaps before Mariner 9 imaged the region in 

1972 but it seems equally likely that the plains south of Eos were bright at the time of the 

Mariner observations because of the global dust storm of 1971, and again at the time the 

Viking data were acquired because of the storm of 1977. Indeed, small, presumably ero

sional dark streaks due to winds from the east are visible in the Mariner images (Bridges, 

1976) which are not seen in the Viking images from 1977. A cyclic mechanism for deposi

tion and erosion of dust is thus possible. 

5.4 Discussion 

An important remaining question is whether the dark plains south of Eos Chasma 

expose bedrock. The issue of distinguishing between low albedo regions which correspond 

to rock surfaces and those which are covered by dark mantling materials such as unresolved 

dunes is of interest both to remote sensing studies and to future efforts to explore the surface 
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of Mars, such as the proposed Mars Rover/Sample Return mission. Many of the "self

cleaning" dark areas such as Syrtis Major, which shed dust and darken soon after global 

dust storms, are believed to be covered with coarse sands which launch dust particles into 

suspension by impact during saltation. Although the spectral signature of these southern 

Coprates Quadrangle plains appears to be distinct from that of the dark, saltating materials 

elsewhere in the Valles Marineris, it is difficult to conceive how winds could mobilize the 

micron-sized dust particles in the absence of saltating grains. 

Where does the dust go? Arvidson et al. (1989) suggest that bright highlands or 

"deserts" like Arabia receive a net surplus of dust redistributed from the lowlands. In this 

model, the surface winds at high elevations are incapable of remobilizing the dust and thick 

accumulations result in increased albedo and reduced thermal inertia for the high deserts. 

As we have seen in Chapter 4, crusts may form which darken the dust and may effectively 

prevent it from being removed by subsequent winds; many bright streaks appear stable over 

the time span of the Mariner and Viking missions. Alternatively, dust deposited in depres

sions like the troughs of Valles Marineris may become trapped, suggesting a possible mech

anism of origin for some of the sedimentary deposits in the canyon interior (peterson, 

1981). Figure 5.3 shows that no region of the canyon interior became brighter due to redis

tribution of dust in the 1978 event, perhaps because of the widespread saltating sand depos

its on the canyon floors. However, the rate of removal of dust from the canyon interior may 

not always have exceeded the rate of deposition, and erosional remnants like Baetis and 

Candor Mensae may testify to a time when martian dust stonn activity and dust deposition 

rates were greater than they are today. 

Finally, it should be pointed out that a global, systematic survey of temporal varia

tions on Mars using Viking Orbiter image data has not yet been done. Studies of this sort 

have the potential to derive much valuable information concerning slope and surface winds 

on the planet and their relation to global atmospheric circulation. Albedo changes on the 
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scale of that discovered on the plains of southern Coprates Quadrangle should be readily 

observed from the Hubble Space Telescope or from Earth-based telescopes during favor

able oppositions. providing us with the means to remotely monitor currently active geolog

ic and atmospheric processes on Mars. 
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6. Photometric Properties of Surface Materials in Coprates Quadrangle 

6.1 Introduction 

An approach to the study of surface materials on Mars which is complementary to 

the methods applied in the previous chapters is to examine the variation in reflected radi

ance as a function of incidence and emission and phase angles, using multiple phase angle 

images. The extensive Viking data set, with its variable illumination and viewing geometry 

obtained over numerous orbits, provides a unique opportunity to study the directional re

flectance properties of materials on the planet's surface and to map the spatial distribution 

of materials with similar light scattering behavior. Figure 6.1 shows a comparison between 

two quite different views of the Capri and Eos region of the Valles Marineris. Both are red 

filter images, but the image on the top was acquired at a phase angle of 190 while that on 

the bottom was obtained at a phase angle of 1160
• A contrast reversal is evident between 

these two images: the interior of the canyons, much darker than the surrounding plains at 

low phase, appears brighter than the plains at a high phase angle. We have seen in the last 

chapter that fog frequently fills the canyons, but unlike Figure 5.1, topography is clearly 

seen in this high phase angle image and the obvious shadows cast by craters and hills in the 

chaotic terrain are measurably darker than the directly illuminated regions both within and 

exterior to the canyons. Although an optically thin mist probably contributes to the bright

ness of the canyons in Figure 6.1, a difference in the directional reflectance properties of 

the bright and dark floor covering materials is nevertheless indicated by the observations. 

From our discussion of the theory of bidirectional reflectance in Chapter 3, the geo

logical information which we can hope to retrieve from a study of multiple phase angle im

ages concerns the composition, structure, physical form and roughness of the surface. 

Much of the compositional information is given by the single-scattering albedo w, which 



Figure 6.1 Comparison between low Ilnd high phase angle images of the Capri and Eos region. 
(top) Viking Orbiter 1, orbit 544, phase angle 19°;(botlOm) orbit 32, phase angle of 116°. A contrast 
reversal is evident between these two images: the interior of the canyons, much darker than the sur
rounding plains at low phase, appears brighter than the plains at high phase angles. 
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for volume scattering materials depends on both the length absorption coefficient and the 

effective grain size of the surface particles. The large-scale or macroscopic roughness of 

the surface see) would be expected to depend on both the initial character of the surface 

materials and the efficiency of surface modification processes such as erosion and mantling. 

The porosity and compaction of soils affects the shape and magnitude of the opposition 

surge B(a.), but because no low « 20°) phase angle coverage was available for analysis we 

are unable to make opposition effect measurements for the region. The single scattering 

phase function of the surface P( a), which describes the dependence of reflectance on phase 

angle (between the source of illumination, the surface and the observer), is of particular in

terest. Laboratory measurements (Williams and Hapke, 1988; Mustard and Pieters, 1989, 

McGuire and Hapke, 1990) indicate that smooth, semitransparent materials including most 

of the rock-forming silicates scatter dominantly in the forward direction, away from the 

source. Backscattering materials invariably include internal scatterers which are common 

in rocks and minerals such as grain boundaries, voids, inclusions, and fractures. Even dif

fusely reflecting or volume scattering materials frequently have a specular component to 

their bidirectional reflectance, but for metallic minerals such as magnetite reflection takes 

place almost entirely from the front surface (surface scattering). Because Fresnel reflectiv

ity increases with phase angle, powdered samples of magnetite consisting of randomly ori

ented specularly reflecting facets exhibit scattering behavior in laboratory measurements 

(Mustard and Pieters, 1989) similar to volume scattering by smooth, semitransparent, for

ward-scattering materials. 

The study area chosen for the analysis is shown in Figure 6.2. The region includes 

all three of the major spectral units and several type areas of specific geologic interest. Both 

bright red and dark red plains occur to the north and east of Juventae Chasma with a distinct 

and well defined boundary which was stable over the time period in which the data were 
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Figure 6.2 Study area for multiple phac;e angle image analysis. The study area is almost 400 ki
lometers across and includes the Dark Red plains of Lunae Planum ncar the top, adjacent Bright Red 
plains, dust streaks, and chaotic terrain,layered deposits and dark eolian dunes on the floor of Ju
ventae Cha<;ma. Viking Orbiter 1, orbit 1334,360 phase angle. 
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acquired. Dark grey materials are represented by the well-studied sands on the floor of Ju

ventae, and three small outcrops also found within the canyon are typical of layered interior 

deposits. Chaotic terrain, important as a demonstrably rough surface, leads from Juventae 

to merge with outflow channels to the north. 

6.2 Inversion of Viking Orbiter image data 

The scattering behavior of the martian surface in the Juventae Chasma region was 

characterized by deriving the parameters of Hapke's (1984) equation [equation (24)] from 

a selection of 20 red-filter Viking Orbiter images, spanning a range of phase angles from 

200 to 1160 (Table 6.1). The approach taken in this work is similar to that of Helfenstein 

and Veverka (1987) for lunar terrains and Regner et al. (1988) who used VIking Orbiter im

ages of the OxiaPalus region of Mars. Unlike those previous studies, however, an indepen-

dent inversion was carried out for each 4 km x 4 km resolution element in the study area, 

and the resulting best-fit parameter values were compiled and presented as images. While 

computationally expensive, this approach allows a more accurate determination of relative 

photometric properties within the study area and provides an important spatial context in 

which to interpret the results. 

Inversion of VIking Orbiter image data entails certain specific problems which 

are not encountered in photometric analyses of other solar system objects. Anisotropic light 

scattering by aerosols in the martian atmosphere contributes to the photometric function 

measured by a spacecraft outside the atmosphere, and the opacity of the martian atmo

sphere varied significantly over the course of the VIking mission. Clouds, fog and dust 

plumes are often observed in Viking images of the martian canyons as well as changes in 

surface albedo patterns produced by eolian transportation of dust and sand (Chapter 5). 
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IMAGE i e <X 

032A02 77.4 40.9 115.7 
040A75 51.4 57.3 107.9 
334S80 23.1 22.7 37.0 
334S82 31.2 15.2 36.1 
469A47 33.4 3.0 35.5 
482A12 43.4 11.2 53.8 
482A14 43.8 10.9 53.7 
482A16 45.1 15.9 53.7 
544A12 24.2 5.6 19.3 
583A39 28.3 28.3 20.0 
586A08 43.7 25.2 21.1 
586A17 25.4 5.5 22.6 
620A62 78.0 36.8 43.9 
655A82 73.5 15.6 57.9 
663A08 51.6 17.0 45.4 
663A44 66.0 26.9 44.1 
663A46 58.2 25.8 45.0 
701A37 54.9 47.5 54.3 
759A67 61.8 67.5 112.7 
762A88 75.9 46.9 108.5 

Table 6.1.: List of images used in photometric analysis. Incidence (i), 
emission (e) and phase angles (a) refer to the image centers. 

The Valles Marineris region includes significant large scale topographic variations: 

elevation changes of as much as 7 kilometers in vertical relief are common in the canyon 

system. Limitations of the coverage and quality of imaging data also affect the results and 

their interpretation. From the extensive Vlking Orbiter data set we were able to select 

apoapsis images which are similar in scale or spatial resolution and which were obtained 

during periods of relatively low atmospheric obscuration. However, the uncertainty in mod

el parameter estimates obtained through photometric inversion can be quite sensitive to the 

specific range of incidence, emission and phase angles used in the analysis (Chapter 3). 

Errors in image calibration, identified in the regions of overlap between images taken suc

cessively during imaging sequences, produced discrepancies on the order of 10% to 15% 

110 



in radiance estimates for the same surface measured under identical conditions. 

For these reasons, the procedures used to derive best-fit photometric parameters re

quire modification from previous applications. Because a parameter fitting scheme which 

minimizes the sum of the squares of the errors in predicting observations is ill-suited to a 

data set in which one or more observations may be affected by extraneous conditions, a pro

cedure was adopted which minimizes the sum ·of the absolute values of the errors instead. 

Even with particular care in the selection and editing of image data, atmospheric variations 

and calibration error resulted in inclusion of images which are brighter or darker than ex

pected for the observational geometry. Linear artifacts coinciding with image boundaries 

were noted in preliminary inversion results as a consequence. As a first approximation, 

these effects were accounted for by calculating a constant, image-dependent offset equal to 

the mean error for each particular image, averaged over all pixels in the study area. This 

procedure produces cosmetic improvements in the resulting model parameter images 

which are second order in magnitude and do not affect the conclusions. 

The image data were first radiometrically calibrated to radiance factors using the 

PIeS Levell procedures (U.S.Geological Survey, 1987) and then geometrically reproject

ed to match a base mosaic of the region provided by A.S. McEwen. The incidence, emis

sion and phase angles for each resolution element were calculated with a knowledge of the 

latitude and longitude of the pixel and the subspacecraft and subsolar points, along with the 

altitude of the spacecraft above the planet's surface. With this geometric information and 

the measured radiance factors, best-fit values for the single-scattering albedo and phase 

function were determined by minimizing the misfit (sum of absolute errors) to the observa

tions using a combination gridsearch and bisection algorithm. A table of image-dependent 

offsets was generated with the first iteration and used to correct the data before inversion in 

subsequent iterations. The scattering phase function was parameterized by an empirical 2-

term Legendre polynomial [equation (19)]; initial experimentation demonstrated that a sin-
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gle term phase function is inadequate to describe the surface scattering behavior (which has 

both forward- and back- scattering lobes) and that increasing the number of terms in the 

Legendre polynomial beyond 2 does not significantly reduce the misfit to the observations. 

A surprising early result of this work was the discovery that surface roughness must 

be neglected in the analysis in order to obtain spatial coherence or consistency in the de

rived Hapke-parameter images (Figure 6.3). Initial attempts to determine the macroscopic 

roughness along with the albedo and phase function of the surface from the photometric 

data were unsuccessful: materials known from the geologic context to be similar in com

position were determined to have markedly varying single-scattering albedos, and areas 

such as the chaotic terrain to the north of Juventae were calculated to have low values of 

macroscopic roughness. We suspect that this is due to two reasons. First, the roughness is 

least well constrained by the data set used for the inversion; it is best estimated with high 

phase angle observations in which the incidence and emission angles are varied while the 

phase angle is held constant. Second, as noted by Helfenstein and Veverka (1987) and Ef

ford and Wilson (1988) there exists a strong mathematical coupling between macroscopic 

roughness and both single-scattering albedo and surface scattering phase function. The ex

ample shown in Figure 6.4 illustrates that for a particular set of observations it is possible 

to vary the model macroscopic roughness and single-scattering albedo together in such a 

way that the total misfit to the data remains almost unchanged. Physically, this is because 

the dominant effect of roughness is to reduce the reflected radiance as unresolved shadows 

are included, but the reduction can be compensated for by increasing the surface particle 

albedo. The darkening effect of roughness is more pronounced at high phase angles than at 

low phase angles, in a manner which could equally well be exhibited by a smoother surface 

with a more back-scattering phase function. Since previous photometric analyses per

formed to date have examined only isolated regions on planetary surfaces, and the validity 

of the results assessed soley on the basis of the misfit between the observations and the 
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Figure 6.3 Instability of photometric inversion. A comparison of the results of auempting to de
termine the macroscopic roughness simultaneously with the albedo and phase function of the surface 
(top) and of solving for roughness last, after best fit values for the albedo and phase function were 
detennined for an assumed smooth surface (bottom). In each row, the reflectance (left) is compared 
with the derived single-scattering albedo (middle) and macroscopic roughness (right). Without the 
spatial context, one would erroneously conclude that the martian surface was both brighter and 
rougher than it actually is. 
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model predictions, a cautionary note should be extended. Without the spatial context im

plicit in the approach used in this study, we would erroneously conclude that the martian 

swface was both brighter and rougher than it actually is. Clearly, where two model param

eters are poorly resolved by the data on hand, an external constraint on one or the other is 

required to achieve meaningful results. From the spatial context provided by compiling and 

forming images from the inversion results we discovered that it was necessary to assume 

that the swface of Mars is smooth, i.e. to set the roughness to zero. Perhaps Hapke's (1984) 

roughness correction is not valid for Mars because it assumes that shadows are black, which 

is not the case even at times of low annospheric dust loading (Chapter 3). Alternatively it 

is possible that on planets on which atmospheric processes are active the surface roughness 

tends to be reduced below that of ail'less solar system objects. 

0.9 -

Single 

Scat~!n9 
1-..---------.; 

Albedo 

Figure 6.4 Contour plot of the misfit to a data set in the neighborhood of the best fit solution. For one 
particular set of observations, a grid of values of single-scattering albedo (from 0.6 to 0.8) and rough
ness (00 to 20°) was tested by calculating the difference between the observed and predicted radiance 
factors and contouring the results. Because the roughness and albedo are coupled parameters, the mis
fit increases slowly (valley in the diagram) when the roughness and the albedo increase together. 
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6.3 Results 

Figure 6.5 presents the collected results of the photometric analysis for the study 

area. In the top row are compared the reflectance of the region at a single. low phase angle 

(left) and the derived single-scattering albedo of the region calculated from the multiple 

phase angle data (right). Defined as the fraction of incident light which is scattered (reflect

ed. transmitted) instead of absorbed by an isolated surface particle. the single-scattering al

bedo is the best determined of the parameters obtained by photometric inversion. For 

volume scattering materials. the single-scattering albedo depends on both the composition 

and the effective grain size of the surface particles. here averaged over an area of 16 km2. 

Grain size effects are not expected to be important for surface scatterers when the particles 

arc very much larger than the light wavelength. The values shown in Figure 6.5 b range 

from 0.6 (black) to 0.8 (white). with most lying between 0.65 and 0.75. These values are 

appropriate for the red filter of the VIking VIS. which is centered on '590 nm. and are in 

agreement with results of previous photometric analyses of the Martian surface by Thorpe 

(1982). Regner et aI. (1988) and Arvidson et al. (1989). The close correspondence between 

the derived single-scattering albedos and the reflectance at a single low phase angle is ex

pected, and in fact provides a critical test of consistency in the inversion process. Some dif

ferences between the single-scattering albedo and the reflectance (a function of the single

scattering albedo, phase function, surface roughness and observing geomeny) can be seen 

in the plains to the east of Juventae Chasma. 

The middle row of Figure 6.5 represents the calculated single-scattering phase func

tion of the surface particles, P(a). On the left, Figure 6.5 c shows the degree of forward 

scattering of the phase function, calculated using the equation (Helfenstein,1986,p.23): 
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FigUl'e 6.5 I~csults oUhe photometric analysis. In 111e top row arc compared the reflectance of 
the region at a single, low phase angle (n) and the derived single-scattering albedo of the region 
calculated from the multiple phase angle daul (b).The middle row represents the calculated sin
gle-scattering phase function of the surface particles, Pea). (c) shows the degrcc of forward scat
tering of the phase function, while (d) shows the degree of isotropy of the scattering phase 
function, presented so that white portrays isotropic scattering. (e) is 111e rcsidual misfit or toull er
ror when 111C best fit model pammcters are used to predict I1lc duI4I. Topogmphy dominates the 
image. as might be expected since no corrections for regional slope were applied to the data. The 
outlines of the images used in the analysis are shown in (t). 
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(38) 

where b and c are the coefficients of the Legendre polynomial expression [equation (19)] 

for the phase function P(o.). In this figure, coarsely quantized values of the ratio of the light 

scattered in the hemisphere away from the source to the light scattered in the hemisphere 

back towards the source are displayed as shades of gray, with black (unity) representing 

equal scattering in both directions. Both the Bright Red and Dark Red plains materials scat

ter in a similar fashion despite the difference in their single-scattering albedos, supporting 

the conclusion from spectral analysis that these two units are composed of the same mate

rial (Chapter 4). The dark sand material in Juventae Chasma and elsewhere is seen to be 

strongly forward scattering in comparison to the surrounding plains materials, scattering as 

much as 3 times more light in the forward direction than in the direction back towards the 

source. Observationally, this produces a contrast reversal phenomenon: in high phase angle 

images, such as Figure 6.6, Juventae Chasma and related deposits appear brighter than the 

surrounding plains, i.e. the reflectance of the low-albedo materials is greater than that of 

nearby surfaces with higher albedo. 

Figure 6.5 d shows the degree of isotropy of the scattering phase function, calculat-

ed as (1 - b2 - c2) and presented so that white portrays isotropic scattering (b ::= c ::= 0). 

Whereas the previous figure 6.5 c depicts the relative size of the forward- and back-scatter

ing lobes of P (a.), careful comparison of these two figures reveals that the degree of side

scattering also varies throughout the study area. 

Figure 6.5 e (bottom, left) shows the residual misfit for each pixel in the study area, 

i.e. the sum of the absolute errors remaining when the best fit model parameters are used to 
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predict the data. Topography and surface roughness effects dominate the error and appear 

with remarkable clarity in this image, as might be expected since no corrections for regional 

slope were applied to the data. Also apparent are two linear features identified as shutter 

noise. The outlines of the images used in the analysis are shown in Figure 6.5 f (bottom, 

right); at least one remaining linear artifact in the results can be identified with an image 

boundary in this way. 

6.4 Atmospheric Effects 

The values given above for the single-scattering albedo and degree of forward scat

tering of the surface incorporate the effects of light scattering by aerosols in the martian at

mosphere, which are also forward scatterers [Pollack et al., 1979]. Some constraints can be 

placed on the magnitude of the influence of the atmosphere with the help of numerical mul

tiple scattering simulations, by comparing Hapke parameters calculated from predicted ra

diance factors for an ideal surface in a vacuum with those predicted for the same surface 

with a variety of model atmospheres. The effect of the atmosphere depends upon a number 

of quantities which are poorly known for Mars, including the optical properties of the aero

sol particles (which depend on the relative amounts of dust and ice particles which com

prise them) and the total aerosol loading, or optical depth. Assuming aerosol particles with 

optical properties as derived from Vlking Lander observations by Pollack et aI. [1979] and 

an optical depth of 0.3 (corresponding to mean clear conditions), these simulations suggest 

that the surface single-scattering albedo could be as much as 10% to 15% lower than the 

range given above, while the plains units which appear to be isotropic in their phase func

tion (black in Figure 6.5 c) actually are probably somewhat back scattering (~:::: 0.9). The 

dark sands of Juventae Chasma would still be strongly forward scattering (~~ 2) even if 

measured in a vacuum. 
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Figure 6.6 High phase angle image of the study area. Because it is slrongly forward scattering, 
tbe low-albedo unit which comprises tbe Juventae sand deposits has a higher reflectance in tbis 
image tban tbe neighboring plains units witb greater albedos. Viking Orbiter 1 image 759A67, 
phase angle 109°. 
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An important qualitative test of the degree to which atmospheric effects influence 

the results is to compare the scattering phase functions of the Bright Red and Dark Red 

plains units. From Chapters 3 and 4 we recall that atmospheric effects tend to reduce the 

contrast of the surface, and are more pronounced in the case of low albedo regions than for 

brighter surfaces. If the markedly forward scattering phase function of the dark sands was 

due primarily to scattering by atmospheric aerosols and was simply a function of surface 

albedo, then for the same reason we should expect the Dark Red plains to appear at least 

somewhat more forward scattering than the adjacent Bright Red materials, unlike the re

sults shown in Figure 6.5. Over the entire range of phase angles for which images were ob

tained by Vlking, the brightness contrast between the Bright Red and Dark Red plains 

remains constant while the contrast between the Dark Gray and Dark Red units diminishes 

and ultimately reverses with increasing phase (Figure 6.7). This observation, confirmed by 

visual examination of all the available high phase angle images of Coprates Quadrangle, 

can only be explained by variations in the directional reflectance properties of materials on 

the surface. 
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Figure 6.7 Reflectance (rF) ratios plotted as a function of phase angle. Shown are the ratios of the reflectance 
of the dark sands and bright dust deposits to the reflectance of dark red plains materials, calculated from the 
subset of images which include both locations. Error bars represent +/- one standard deviation in the ratios. 
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6.5 Discussion 

What do the above results tell us about the surface materials in Coprates Quadran

gle? First, the particles which comprise the Juventae Chasma sand deposits are unlikely to 

be aggregates of smaller particles or fragments of fine-grained rock, because the grain 

boundaries incorporated in particles of these materials would produce back-scattering be

havior, opposite to that observed. Grain aggregates, cemented by interstitial ice (Pollack et 

al., 1979), chemically precipitated salts such as the sulfates believed to produce the duric

rust at the VIking Lander sites (Mutch et al., 1977), or by electrostatic forces (Greeley, 

1979), have often been proposed to comprise the ubiquitous dark sands of Mars, in part to 

allow saltation of materials originally transported to the poles in suspension as much small

er dust particles. Mafic rock fragments, derived from exposed rock surfaces by chemical 

weathering, periglacial and impact processes have been proposed (Tsoar et al., 1979; Singer 

et al., 1984; Arvidson et al., 1989) to account for the low albedo of the martian sands. Nei

ther of these notions are consistent with the directional reflectance properties of the Juven

tae sands. 

The strongly forward scattering nature of the sands might be explained by either of 

two mechanisms, and without polarization data there appears to be no observational test to 

choose between them. The deposits could be composed of specularly reflecting minerals 

with randomly oriented facets, such that reflectance increases with phase angle without ob

servable brightness enhancement at the specular point (J. Mustard, pers. comm., 1992). 

Magnetite, a common basaltic mineral which is known to color terrestrial dark dunes, dis

plays such surface-scattering behavior. Magnetite seems to be a reasonable candidate for 

the martian sands, being durable enough to withstand repeated impacts during saltation 

over geologic time periods, and could account for the 1-7% of soil at the VIking Lander 

sites which is magnetic (Hargraves et al., 1979). Alternatively, the particles could be 

smooth, semitransparent and relatively free of internal defects, and their bidirectional re-
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flectance distribution function the result of volume scattering within the grains. Given the 

proximity to Tharsis and the results of Chapter 4, basaltic glass is another good candidate 

for the Valles Marineris dark sands which would seem to have the required properties. This 

interpretation is more consistent with the high values for the single-scattering albedo and 

the degree of forward scattering of the Juventae sands; the particles' single-scattering albe

do at 590 nm, approximately 0.6 after allowing for atmospheric effects, is much higher than 

that of surface-scattering materials with similar low phase angle reflectance such as mag

netite (Mustard and Pieters,1989) or charcoal (Nelson, M.L. and R.N. Clark, unpub. manu

script, 1988), both of which fall below 0.3 regardless of grain size. Again after allowing for 

computed effects of a model atmosphere, the Legendre coefficients of the sand particles' 

phase function (b::::: -0.6, c ::::: 0.4) are closer to those of volume-scattering silicates than 

those of specularly reflecting magnetite (Mustard and Pieters, 1989). 

Another planetary example of forward scattering is given by the enigmatic 

lunar swirls, a terrain type typified by the Reiner Gamma Formation at 7°N, 59°W (Figure 

6.8a). Entirely without expression in surface relief, Reiner Gamma and other lunar swirls 

are best distinguished by relatively greater reflectance than adjacent materials at high solar 

phase angles. The unusual morphology of the swirls and their apparent association with 

crustal magnetic anomalies has led to several diverse suggestions as to their origin, includ

ingdeposition of sublimates (Kuiper,1965; Whitaker, 1969) perhaps released by subsurface 

fracturing (El Baz, 1972); secondary ejecta from nearby craters or from major impact ba

sins antipodal to the swirl sites (Hood et al., 1979; Hood. and Williams, 1989); and relative

ly recent cometary impacts in which the surface was scoured, magnetized and shocked 

during interaction with a hypervelocity cometary coma (Schultz and Srnka, 1980). The 

"forward scattering" nature of Reiner Gamma is shown in Figure 6.8b (from Schevchenko, 

1984), which demonstrates that the reflectance is enhanced at high phase angles (between 

122 



a 

Figure 6.8 Reiner Gamma Formation. (a) An obliqlle view of the Reiner Gamma fannation, best known of 
the enigmatic lunar swirls, from Lunar Orbiter frame II-215M. (b) Plot from Schevchenko (1984) of the 
brighmess difference between Reiner Gamma and the mean photometric function of the Moon as a function 
of solar phase angle. The scattering behavior of this material is qualit:Uively similar to that of the martian 
sands (c.f. Figure 6.7). Remnant magnetization associated with Reiner Gamma (from Hood et aI., 1979). 
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the Sun, the surface and the observer) compared to the mean photometric function of the 

Moon. The forward scattering nature of the lunar swirls has been speculated to be caused 

by specular reflection due to increased glass or agglutinate content in the regolith (Schev

chenko, 1984), although competing hypotheses such as cometary residues or concentra

tions of metallic minerals like magnetite remain plausible alternatives. The association of 

the swirls with magnetic field anomalies (Figure 6.8c) makes the possibility of magnetite 

concentrations particularly attractive. 

6.6 Summary 

From analysis of multiple phase angle Viking Orbiter images we have obtained es

timates of the single-scattering albedo and scattering phase functipn of the dark sands and 

bright plains of Valles Marinetis (Table 6.2), and at least an indication that the surface 

roughness might be near zero. The results show the Juventae sand particles to be strongly 

forward scattering in comparison to the nearby plains. Observationally, this produces a con

trast reversal phenomenon: in high phase angle images, Juventae Chasma and related de

posits appear brighter than the surrounding plains, i.e. the reflectance of the low-albedo 

materials is greater than that of nearby surfaces with higher albedo. The forward scattering 

nature of the sand particles makes it unlikely that they are composed of lithic fragments or 

aggregates of smaller, dust-sized grains, two of the proposed sources for the puzzling mar

tian sands. The particles have a surprisingly high single-scattering albedo, much higher 

than that of materials with similarly low reflectance at low phase angles such as magnetite 

or charcoal. While specularly reflecting materials can not be ruled out by the observations, 

the high single-scattering albedo and degree of forward scattering of the Juventae Chasma 

sand deposits are better explained by smooth, semitransparent grains which are relatively 

free of internal defects. 
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OOspace bspace Cspace OOvac Cvac 

Juventae Sands 0.63 -1.0 0.5 0.58 -0.65 0.4 2.2 

Dark Plains 0.69 -0.25 0.25 0.64 0.1 0.15 0.9 

Table 6.2. Photometric parameters derived for the most- and least-forward scattering 
regions in the study area. Shown are the single-scattering albedo (01) and first (b) and 
second (c) coefficients of the Legendre polynomial expression for the scauering phase 
function, P(g). The Legendre coefficients are quantized in increments of 0.25. The val
ues denoted by "space" are uncorrected for anisotropic scauering by atmospheric aero
sols. Also shown is the ratio, ~. of the light scattered in the hemisphere away from the 
source to that scattered in the direction back towards the source. 
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7. The Valles Marineris in a Global Context 

7.1 The Global View 

What can be learned from the example of the Valles about geologic processes af

fecting Mars in general? The canyons are part of a series of equatorial dark regions which 

are sometimes resolved into sand sheets or areas of relatively young volcanic activity. An 

issue important to both remote sensing studies and to future efforts to explore the surface 

of Mars, such as the proposed Mars Rover/Sample Return mission, is distinguishing be

tween low albedo regions which correspond to rock surfaces and those which are covered 

by dark mantling materials such as unresolved dunes. Albedo pattern changes due to local 

and global dust storms recorded in Earth-based telescopic observations show that many 

low-albedo regions darken again soon after the dust storms, or never acquire a coating qf 

bright dust. The dark floor-covering deposits of Valles Marineris were not observed during 

the Viking mission to be dust mantled. The rapid self-cleaning of these areas is due to shed

ding of dust by saltating sand grains, leaving bright dust deposits at the margin of the sand 

sheets. Slower, more episodic clearing occurred on the low volcanic plains south of Eos 

Chasma. Generalizing from these results leads to the suggestion that low albedo sands may 

be distinguished from dark, exposed bedrock surfaces elsewhere on Mars by observations 

during and immediately after dust storms. 

The source of the bright dust is not known, although it seems likely that over geo

logic time it is removed from dark, low-lying areas and deposited in high deserts. The vis

ible and near-infrared reflectance spectrum of bright regions on Mars most closely 

resembles that of terrestrial palagonite, a hydrated and oxidized weathering product of ba

saltic glass (e.g. Gooding and Keil, 1978; Evans and Adams, 1980; Allen et al., 1981; Sing

er, 1982). Electrostatic forces perhaps cause the micron-sized particles to form grain 

aggregates (Greeley, 1979); these would be both bright and back-scattering as suggested by 
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Figure 7.1 A view of Mars from the Hubble Space Telescope. Valles Mnrineris is clearly visible 
as a horizontal dark band ncar the equator, as are the classical albedo markings of Juventae Fons, 
Ganges and Jamuna (c.f. Figure 1.1). 

127 



the directional reflectance observations of Chapter 6. Darkening of this material apparently 

occurs when the interstices between dust grains become fUled with some spectrally neutral 

material like salt or water. Even a surficial crust may render the dust relatively impervious 

to erosion by such strong winds as observed in 1978 to remove deposits from the plains 

west of Echus Chasma (Figure 5.2). Bright streaks in general are observed to be relatively 

stable in comparison to the more rapidly varying dark streaks (Thomas et al., 1981). The 

small particle size of the dust particles is an important factor in requiring strong surface 

winds to move the dust (Sagan and Bagnold, 1975; Greeley et al., 1976) but the age of the 

deposits also apparently plays a role in determining the difficulty of remobilization by 

winds: older bright streaks in Coprates Quadrangle were unaffected by the winds which re

moved the more recently deposited dust from the plains west of Echus and south of Eos. 

The dust does not become indurated in regions where saltating sands are present, suggest

ing that the induration is surficial in nature. In addition to the high plains, another likely sink 

for the dust is deposition in topographic traps such as the troughs of Valles Marineris. The 

bright layered sediments presently eroding from the martian canyon floors may thus hold a 

stratigraphic record of variations in dust production rates and global dust storm activity of 

the geologic past of Mars. 

7.2 The Sands of Mars 

Much of the work described in the preceding chapters concerns the dark dune-fonn

ing deposits found in and near the canyons, so it is of interest to place the results in a global 

context. Although more than a million square ldlometers of the surface of Mars are covered 

by eolian dune fields, the nature and source of the sands comprising these deposits remains 

puzzling. The total volume of martian sands has been estimated to be almost 30,000 km3 

(Thomas, 1982), with the bulk of the dunes occurring in a Saharan-sized erg surrounding 
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the north polar cap. Significant deposits are also found near the south pole and in the equa

torial dark regions. VIking Orbiter multispectral images show that these sands are compar

atively dark and gray, suggesting that they are among the least oxidized of martian surface 

materials. Near-infrared measurements made by the ISM instrument on the Phobos 2 space

craft show an increase in the 1 Jlm band depth over sand-covered regions of Coprates Quad

rangle, suggesting that perhaps silicates such as pyroxene comprise the sands (Murchie et 

al., 1992). Thermal inertia measurements (e.g., Christensen and Kieffer, 1979) and theoret

ical studies (Sagan and Bagnold,1975; Greeley et al., 1976) indicate that saltating sands on 

Mars are of a range of sizes (0.06 to 2.0 nun) similar to terrestrial dune sands. 

The questions of the source, age and composition of the martian sands are related, 

since we expect attrition of the sands over geologic time as they are subjected to mechanical 

abrasion during saltation, in which each grain experiences repeated impacts. If no new 

sands are being generated under present martian climatic conditions, then the existing de

posits may be quite old, requiring them to be of a composition which is both physically 

tough and chemically stable in order for the sands to have survived in their presently ob

served condition. Alternatively, the sand supply may be replenished through sources oper

ating in the present day martian environment. Chemical weathering, periglacial and impact 

processes may be capable of producing lithic fragments from exposed rock surfaces; mafic 

rock fragments have been proposed (Tsoar et al., 1979; Singer et al., 1984; Arvidson et al., 

1989) to account for the low albedo of the martian sands. Aggregates of smaller particles 

have also been proposed, in part to allow saltation of materials originally transported to the 

poles in suspension as much smaller dust particles. The dust could be cemented by intersti

tial ice (Pollack et al., 1979), chemically precipitated salts such as the sulfates believed to 

produce the duricrust at the VIking Lander sites (Mutch et al., 1977), or by electrostatic 

forces (Greeley, 1979). 

The interpretation of local sources for the sands in the Valles is significant because 
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we can place constraints on the age of this material from the stratigraphic position of the 

dark layer in Coprates Chasma, presumed to be the source. If that interpretation is correct, 

then either (1) fossil dunes are exposed in the canyons which date from pre-Hesperian 

times, or (2) new dune-forming sands are being generated in at least one area to replace 

grains lost through attrition. The spectral reflectance of the Juventae sands is not atypical 

of martian sands in general (Thomas and Weitz, 1989). Globally, many sand "splotches" in 

equatorial dark regions could be sources of grains of volcanic origin which ultimately sup

ply great sand sheets such as the North Polar Erg. 

A geological constraint on the composition of the sands is imposed by the process 

of sorting or segregation of minerals during eolian transportation due to differences in den

sity and susceptibility to mechanical and chemical destruction. Such unmixing is observed 

in Peruvian dune sands composed ofvarlous mafic monomineralic grains [Finkel, 1959; 

Hastenrath, 1967]. Unless the martian sands are quite young, we expect on geological 

grounds that they be composed of particles which are more or less homogenous in their 

density and mechanical and chemical susceptibility. Such particles could be monomineralic 

(concentrations of magnetite, for example) or else homogenous mixtures such as grain ag

gregates, lithic fragments or glass. However, the directional reflectance properties of the 

Valles Marineris sands make grain aggregates and lithic fragments less likely, and glass 

might rapidly devitrify in the strongly oxidizing martian environment. Nevertheless, saltat

ing silicate sands frequently form glassy rinds on their surfaces as a result of shock during 

impacts (Krinsley et al., 1979). 

If the sands of Mars are not replenished by present geologic processes and have sur

vived and been active over geologic time scales, then they could be reduced to a residue or 

l~g of physically tough, possibly metallic grains. A likely candidate mineral is magnetite, 

which is not ruled out by the existing spectral and photometric observations and which may 

be abundant in the soil at the Viking Lander sites (Hargraves et al., 1979). Future studies 
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can test whether the dark, dune-forming sands are primarily concentrations of metallic min

erals with measurements made by orbiting spacecraft such as Mars Observer of crustal 

magnetic field anomalies, remote measurements of surface electrical properties such as 

provided by radar, and by observations of the polarization phase curve of the sands. Finally, 

we agree with Baker (1989) that probably "Mars is strange" and the sands might be com

posed of exotic martian garnets or something equally unanticipated! 

7.3 Directions for Future Study 

The interpretations discussed above are of course theories which can be tested but 

never proved. In part, the goal of research is to critically examine existing hypotheses and 

to uncover new scientific questions to be investigated. A long list of unresolved issues re

mains at the conclusion of this study, many of which concern the theory and application of 

directional photometry. 

At present, the phase angle dependence P(a) of a planetary surface's photometric 

function is quantified by fitting an empirical Legendre polynomial or Henyey-Greenstein 

ftinction to the observations. The theoretical framework for interpreting planetary photo

metric measurements at high phase angles has yet to be developed. Theoretical treatment 

of P(a) requires an understanding of the physical factors affecting the bidirectional reflec

tance of natural materials, which awaits detailed and comprehensive laboratory measure

ments of specific planetary analogs. An important issue is the relative contributions of 

surface (Fresnel) and volume scattering components of pea), particularly for forward scat

tering materials. Volume scattering, which takes place within or between grains, is implic

itly assumed in the Lommel-Seeliger term J.I{) / ( J.I{) + Jl) incorporated in the widely used 

photometric functions of Hapke (1981,1984, 1986) and Lumme and Bowell (1981). How

ever, even diffusely reflecting materials frequently have a specular component to their bi-
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directional reflectance, and scattering takes place almost entirely from the front surface for 

metallic or opaque minerals such as magnetite. Because Fresnel reflectivity increases with 

phase angle, opaque minerals can exhibit forward scattering behavior similar to volume 

scattering by smooth and semitransparent materials. However, light scattered from the in

terior of a particle should be unpolarized, whereas the light reflected at high phase angles 

from the particle surface is partially polarized (normal to the plane of incidence) with in

creasing efficiency up to the Brewster angle. Because of the different physical processes in

volved, we expect that the functional form of Pea) for volume scattering differs from the 

surface scattering case and that the latter can be treated analytically using the Fresnel equa

tions together with a distribution function which describes the orientation of specularly re

flecting surfaces. 

Surface roughness on scales below the limit of resolution of the detector but larger 

than the grain size is a difficult problem in planetary photometric data analysis because of 

the coupling that exists between roughness and the single-scattering-albedo and phase 

function pea). Physically, this is because the dominant effect of roughness is to reduce the 

reflected radiance as unresolved shadows are included, but the reduction can be compen

sated for by increasing the surface particle albedo. The darkening effect of roughness is 

more pronounced at high phase angles than at low phase angles, in a manner which could 

equally well be exhibited by a smoother surface with a more back-scattering phase func

tion. The most significant question to be addressed from the standpoint of planetary data 

analysis is how (with what observations) can the surface roughness be constrained indepen

dently from the single-scattering-albedo and phase function? 

An approach to both of these problems is through laboratory directional reflectance 

measurements with spatially resolved imaging data as shown in Figure 7.2. In this example, 

five samples were imaged by a broadband (0.4 to 1.0 J.lm) silicon CCD camera at three phase 

angles to demonstrate contrast reversal phenomena analogous to that observed on Mars; the 
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· ,·,MAGNETITE CINDERS; 

MAGNETITE CINDERS OLIVINE BASALT PALAGONITE 

Figure 7.2. Digital Images showing the relative reOectance of several planet81'Y analogue mate
rials at phase angles of 150 (top), 1200 (middle) and 1400 (bottom). From left to right, the samples 
shown are: magnetite < 0.5 mm, basaltic cinders unsorted, olivine crystals ~ 1 mm, basalt < 0.5 mm, 
and palagonite (unsorted). '!\va examples of contrast reversals analogous to that seen on Mars are 
evident in these images. Magnetite is darker than the basaltic cinders at the low phase angle but ap
pears brighter than the cinders at higher phase. Palagonite, brighter than the adjacent basalt at low 
phase, is darker at higher phase angles. 
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ratio of the brightness of magnetite to that of the basaltic cinders, measured by computing 

the mean pL"<el values in the resulting digital images, is 0.88 at 150 phase angle (top), 1.13 

at 1200 (middle) and 1.22 at 1400 (bottom). A similar contrast reversal between phase an

gles occurs between the powdered basalt and palagonite samples (on the right). This under

utilized technique of "imaging photometry" replicates several features of spacecraft data 

analysis in the laboratory, and has many potential advantages over single-spot photometric 

measurements. By far the most important advantage of imaging photometry is the fact that 

the spatial information necessary for determining which physical processes govern the bi

directional reflectance is retained. From the sample texture in digital images it is possible 

to directly compute the areal proportion of shadows, for example, enabling for the first time 

an explicit determination of the effect of surface roughness. Figure 7.3 demonstrates anoth

er example of the utility of spatially resolved photometry. Here, the fractional contribution 

of specularly reflecting crystal facets to the overall olivine sample brightness has been iso

lated by thresholding, providing a means by which to calculate the Fresnel component of 

forward scattering. 
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Figme 7.3. Example of digital image processing techniques applied to the analysis oflabomtory photometric 
data. Here, the spatial information afforded by the image is used to isolate the bright, specularly reflecting 
crystal facets so that the Fresnel contribution to the overall sample brightness can be computed separately 
from the volume (diffusely) scattered componenL Similar methods can be used to quantify shadows due to 
surface roughness. 
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Several extensions to analyses of spacecraft imaging data are also suggested by this 

study. Supervised classification appears to be successful at producing geologically plausi

ble unit maps based on clearly stated assumptions which must of course be continually as

sessed in interpreting the results. Feature extraction for classification might be improved by 

deriving the hue from color images using equation (34), since variations in hue are more 

directly related to composition than are differences in brightness. The supervised classifi

cation approach can be applied to multiple phase angle images by basing the decision for 

inclusion in a unit on the degree of similarity between the directional reflectance properties 

of the region and those of the training site or type-area for the unit. With the recent devel

opment of Artificial Neural Networks, both parametric classification (based on the param

eters of a forward model such as Hapke's equation, estimated by numerical inversion of 

bidirectional reflectance measurements) and nonparametric classification (based directly 

on bidirectional reflectance measurements without explicitly prescribing a photometric 

function, using neural nets) can be performed; comparison of the results of these two pro

cedures could point out inadequacies of the assumed photometric function and suggest pos

sible improvements. Extensions to the study of Ylking multiple phase angle images should 

include an examination of wavelength dependence and, especially importflIlt, repetition of 

the analysis in other geographic locations on Mars such as Cerberus and the North Polar 

Erg. 

The Mars Observer spacecraft, scheduled to be launched later this year, will present 

a variety of new opportunities to study the martian surface. The Mars Observer Camera is 

expected to afford possibilities for photogeology and stratigraphy at 2 m/pixel resolution 

and for detecting variable features and surface albedo pattern changes which have taken 

place since VIking. The Thermal Emission Spectrometer may be capable of measuring vari

ations in surface temperature and heat flow indicative of presently active volcanism, and 

spatially resolved emission spectra from the instrument may help characterize the mineral-
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ogical makeup of the martian surface along with data from the Gamma Ray Spectrometer. 

Concentrations of magnetic minerals might be detected by the triaxial magnetometer in

cluded on Mars Observer. Synthesis of these disparate data sets into a consistent model of 

the martian surface should prove to be an exciting challenge. The Valles Marineris, shaped 

into their present spectacular form by processes of tectonism, volcanism, deposition and 

erosion, will remain an intriguing and rewarding site for future studies of the geology of 

Mars. 
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