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ABSTRACT 

Utilizing newly calibrated Mariner 10 color images (Chapter 2), the titanium 

abundances of lunar mare soils on the eastern limb and farside are examined. These maria 

are found to have Ti02 contents in the range of <2 to 5%. The existence of cryptomare 

deposits northeast of Mare Marginis is confirmed. This leads to the prediction that no 

high Ti02 (>8 wt%) mare basalt soils will be found in regions with thickened crust (most 

of the lunar farside) that are yet to be examined with spectrometers, due to the greater 

density of high titanium magma. 

Utilizing Viking Orbiter and Mariner 9 data, the martian volcanoes Biblis Patera, 

Ceraunius Tholus, Jovis Tholus, Ulysses Patera, Uranius Patera, and Uranius Tholus are 

analyzed (Chapter 3). Specifically, morphologic and topographic features indicative of 

the eruption style (effusive vs. explosive) that formed each edifice are examined. From 

new digital mosaics of these volcanoes, both effusive and explosive deposits are found. It 

is proposed that the initial period of activity for some martian volcanoes was dominantly 

explosive (driven by juvenile gases), whereas later activity was mostly effusive. In support 

of this hypothesis, an analysis of the martian volcano Apollinaris Patera is presented 

(Chapter 4). Using digital images, thermal inertia data, and a new topographic model, the 

chronology of Apollinaris Patera is determined to have been dominated early on by 

explosive activity, followed by later effusive eruptions. From the topographic data, its 

volume is estimated to be -105 km3. The volcano may have been active for -107 yrs, 

based on its volume and an inferred rate of eruption of 1. 5 x 10-2 km3 yr 1. It is proposed 

that at least 2 x lQ15 kg of juvenile water was added to the martian atmosphere as a 

consequence of these eruptions. 

Detailed examination of a multi-temporal series of Viking Orbiter color images of 

the Apollinaris Patera region (Chapter 5) shows, that, for a given area on the surface, the 

red over violet ratio varies from 2.9 to 3.4, and the albedo ranges from 21% to 16%. 
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These changes are interpreted to be predominately due to variations in the amount of 

atmospheric condensates. 
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CHAPTER I 

INTRODUCTION 

The broad topic of my research at Planetary Geosciences is planetary volcanism, 

specifically of the Moon and Mars. These two bodies are similar in that they are both 

single plate planets and volcanism has played a major part in shaping their surface 

morphologies. This thesis consists of four related projects, each of which can stand on its 

own, yet they also complement each other. A common thread binding this thesis together 

is the processing of spacecraft data to examine pertinent planetary problems. The data 

utilized include images from Mariners 9 and 10, and the Viking Orbiters. In addition to 

images from these missions, I also worked with Galileo Solid State Imaging (SSI) data (in 

collaboration with Dr. Fraser Fanale). My work with the SSI data does not appear in this 

thesis. However, techniques that I learned while investigating the surface of the Gaspra 

(an asteroid) and the Moon, with SSI images, were very applicable to the analyses 

presented in Chapters 2 through 5. 

Analyses of these data sets (Mariners 9 and 10 and Viking Orbiter) requires a great 

deal of effort toward an understanding of the associated calibration issues. This process is 

well worth the effort as I am now better able to evaluate the "quality" of data, both 
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quantitatively as well as qualitatively. The ability to perform quantitative analyses, in turn, 

allows me to constrain the science interpretations of not only my work, but also that of 

others, as it appears in the literature. 

The Mariner 10 color study (Chapter 2) clearly illustrates the calibration problems 

associated with planetary vidicon cameras. In addition, the Mariner I 0 experience is 

invaluable for the other three chapters of this thesis, each of which relies heavily on the 

analysis of Viking vidicon data, both color and single band images. Since I rely on the 

quantitative analysis of martian volcanic features (Chapters 3,4,5), as seen by the Viking 

Orbiters, it is crucial that I understand both the strengths and weaknesses of the data. 

Initially, I was surprised to learn how primitive these imaging systems were, relative to 

modem CCD imaging devices. However, I was equally surprised to learn how much 

quantitative information can be extracted from these data, after painstaking calibration 

procedures are performed. Specifically, knowledge of the time variable dark current 

(otherwise known as offset, pedestal or dark field) of a vidicon has plagued all spacecraft 

missions. The dark current changes not only as a function of temperature, but also as the 

vidicon ages. From close examination of the images utilized in the first two martian 

studies (Chapters 3 and 4), I am able to identify dark current limitations in the Viking data, 

and this knowledge is important in the interpretation of the Viking Orbiter color data 

presented in Chapter 5. 

The remainder of this chapter summarizes the content of the four main chapters 

(Chapters 2-5) of this thesis. Chapter 6 provides a summary of the major conclusions 

drawn from this work. 

MARINER 10 COLOR 

The first project concerns a study of the Moon utilizing Mariner I 0 image data that 

had not previously been analyzed. The Mariner I 0 lunar study is presented first because it 
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examines the simpler body (the Moon, which unlike Mars has no atmosphere, no blowing 

dust), and it demonstrates how I developed a familiarity with the problems associated with 

interpreting vidicon image data. These Mariner I 0 color image data are utilized to 

delineate geologic units on the lunar surface. Specifically, I concentrate on mapping 

relative Ti02 abundances of lunar mare deposits. This work has been published as 

Robinson et al. [1992] in Journal of Geophysical Research. The history of this project 

can be divided into 4 distinct stages; I) original idea and preliminary investigation, 2) data 

acquisition, 3) calibration, 4) science analysis, including writing of the paper. The original 

motivation for this project came from an assignment for class in lunar Geology, given by 

Dr. B. Ray Hawke. The assignment was to identify a problem in lunar science and write a 

proposal to investigate the said problem. My proposal was to use the Mariner I 0 image 

data to investigate the color properties of the lunar surface (stage 1) in areas not seen by 

other spectral instruments. To carry out this project it was first necessary to identify and 

acquire both the image data and pertinent calibration data (stage 2). Amy Hochstettler, at 

the Jet Propulsion Laboratory (JPL), was an invaluable aid in the discovery of digital data 

tapes containing prelaunch Mariner I 0 flat field images. Working with Robert Mackey, 

also at JPL, I was able to recover these seven track tapes and convert them to a useful 

format for subsequent analysis. After receiving these tapes it was necessary to inventory 

their contents, and to interpret exactly what they contained, as no ancillary documentation 

was found. 

Working with Dr. Paul Lucey, I devised a calibration scheme (stage 3) for the 

lunar images utilizing the newly recovered prelaunch flat-field data, and a sequence of 

deep space images acquired shortly before the Mariner 10 lunar encounter. In 

collaboration with Dr. Hawke I utilized these newly calibrated lunar color images to map 

the distribution of geologic units (stage 4) on the eastern limb and farside. Specifically, it 

was demonstrated that maria in this portion of the Moon have Ti02 contents in the range 
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of <2 to 5%, and the existence of cryptomare deposits (mare material covered by 

subsequent deposits) northeast of Mare Marginis were confirmed. These derived titanium 

abundances have led to the prediction that no high or very high Ti02 mare basalts will be 

found on the lunar farside in regions yet to be examined with spectral instruments. Denser, 

TiOrenriched magma reached its level of pressure equilibrium with the surrounding 

lithostatic pressure somewhat below the surface for the thicker farside crust. Thus, 

eruptions of high-titanium basalts were inhibited relative to low titanium basalts on the 

farside of the Moon, unless extraordinary local hydrostatic conditions existed within the 

magma. Additionally, from this analysis and previous work, the inference is made that the 

lunar meteorite collection may indeed be a random sample of the Moon and that the mare 

material found in at least some of these samples may be from cryptomare deposits yet to 

be discovered. Newly obtained Galileo multispectral data of this same region of the Moon 

are consistent with our earlier Mariner 10 results (R. Greeley, personal communication). 

LESSER THARSIS VOLCANOES 

In the third Chapter I examine the seven lesser Tharsis volcanoes on Mars: Biblis 

Patera, Ceraunius Tholus, Jovis Tholus, Ulysses Patera, Uranius Patera, and Uranius 

Tholus. These volcanoes are located in the Tharsis province, along with Olympus Mons, 

the Tharsis Montes and Alba Patera. Specifically, I look for morphologic features that are 

clues to the dominant style of eruption that formed each edifice. In order to maximize the 

scientific utility of the Mariner 9 and Vtking images that exist for these volcanoes I have 

processed all the pertinent data. As a result, I have produce over 20 mosaics of the best 

data that exist for these volcanoes. From these mosaics, I have found characteristics 

consistent with both effusive and explosive activity. 

The actual volumetric significance of these volcanoes is not known because they 

have all been embayed by flood lavas from the Tharsis Montes. This interpretation is 
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mostly based on the embaying contact between the flood lavas from the Tharsis Montes 

and the outer margin of each volcano. I have also observed that five of the seven caldera 

floors lie below the level of the surrounding plains (average of 900 m), thus arguing that 

the depth of burial is significant. In order to evaluate the relative volumetric significance 

of these volcanoes, I constrain the thickness of the embaying lavas by comparing the 

exposed relief of each edifice with its caldera depth (Hid). From the resulting burial 

estimates, I reconstruct the "true" volumes of each volcano. On average, the 

reconstructed volume for each edifice is 3 to 16 times its exposed volume, for respective 

Hid values of I and 2. 

From the morphologic interpretations and topographic analysis presented, I 

propose that martian volcanoes often underwent a two stage history. The initial period of 

activity was dominantly explosive, while later activity was mostly effusive. This two stage 

history is consistent with previous work studying other martian volcanoes. It is further 

proposed that the nature of the explosive activity was dominantly due to exsolving juvenile 

gases. From examination of Ceraunius Tholus and Uranius Tholus it is apparent that the 

early explosive phase can be volumetrically significant. This inference is later supported in 

a study of Apollinaris Patera (Chapter 4). 

The lesser Tharsis volcanoes may preserve a window to the early history of their 

larger neighbors. It seems that Ceraunius Tholus and Uranius Tholus experienced only 

minor late stage effusive activity, thus preserving the early explosive stage of martian 

edifice building eruptions. If Olympus Mons and the Tharsis Montes underwent similar 

eruptive histories as the lesser Tharsis volcanoes, then they could contain significant 

amounts of explosive material. This is not only important for understanding the style of 

martian eruptions, but also is important for understanding the role that volcanoes played in 

altering the martian climate (see also Chapter 4). 
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GEOLOGIC MAPPING OF APOLLINARIS PA TERA, MARS 

Chapter 4 is a detailed geologic study of the martian volcano Apollinaris Patera, 

which has been published in Icarus [Robinson et al., 1993a]. Apollinaris Patera is not 

only an interesting volcano in its own right, it is also useful as a continuation of the ideas 

on volcano evolution presented in Chapter 3. Apollinaris Patera exhibits many of the 

features found on the lesser Tharsis volcanoes; both the explosive and effusive types 

(Chapter 3). Thus, it is particularly useful to examine Apollinaris Patera to test the 

hypothesis, proposed in Chapter 3, that many martian volcanoes initiate as dominantly 

explosive, and then evolve to late stage effusive activity. 

For this project I have collaborated with Jim Zimbelman (Center for Earth and 

Planetary Studies, National Air and Space Museum) as part of the Smithsonian Graduate 

Student Fellowship program. During my one semester stay at the Smithsonian Institution, 

Dr. Zimbelman introduced me to the calibration procedures for the Viking Infrared 

Thermal Mapper (IRTM) and the scientific literature concerning thermal inertia studies of 

Mars. From this experience, I was able to process and interpret IR.TM data in support of 

my geologic interpretations. 

My early topographic results for Apollinaris Patera were obtained with shadow 

measurements and photoclinometry [Robinson, 1990]. From these data I discovered that 

the published topographic data for Apollinaris Patera were incorrect. It soon became 

apparent that an in depth study of this volcano required accurate topographic 

measurements. Thus, I also collaborated with Dr. Sherman Wu (United States Geological 

Survey, Flagstaff, Arizona) who is the leading expert concerning stereophotogrammetric 

analysis of Viking image data. We produced both topographic profiles and a topographic 

contour map of Apollinaris Patera that proved to be very useful in the final scientific 

interpretations. These new stereophotogrammetrically derived data confirmed that the 

existing topographic map of the volcano was indeed in error by a factor of two, and these 
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new data have subsequently been used to update the topographic maps of Mars [U.S. 

Geological Survey Maps 1-2030, 1-2118]. The newly derived topographic data also 

permitted an accurate estimate to be made for the volume of Apollinaris Patera; -1 os km3. 

Combining these new topographic data, assuming reasonable values for the bulk density of 

the main edifice (-2000 - 2500 kg m3), and the amount of released water from the magma 

(1 wt %). I calculate that at least 2 x 101s kg of water was added to the martian 

atmosphere as a consequence of these eruptions. This is a lower estimate as it does not 

include any water vapor that may have been added to the atmosphere by phreatomagmatic 

activity. 

Utilizing both Viking Imaging System (VIS) data and Infrared Thermal Mapper 

(IR TM) data, covering the region of Apollinaris Patera, I produced a self-consistent model 

for the chronology of the volcano in collaboration with Dr. Peter Mouginis-Mark. On the 

basis of new topographic data and an estimated rate of eruption of 1.5 x 10-2 km3 yrl, 

including periods of repose, it is proposed that Apollinaris Patera was active over an 

extended period of martian geologic time. Initially, the main edifice was formed over a 

period of -101 yrs and included extensive amounts of explosive activity. Then the volcano 

experienced a period of quiescence, during which an extensive basal scarp was formed and 

valleys were incised in the main flanks (duration unconstrained). Next, activity at the 

summit included formation of a large caldera with related floor material. After, or during, 

late stages of this summit activity, erupted materials formed an areally extensive fan on the 

southern flanks. On the basis of morphologic interpretations, it seems likely that the fan 

material on the southern flank of Apollinaris Patera was formed by low-effusion rate 

eruptions comparable to the formation of a terrestrial compound pahoehoe lava flow field. 

If this hypothesis is correct, this is the first identification of such activity as an integral part 

of the evolution of a martian shield volcano. On the basis of terrestrial pahoehoe eruption 

rates, a comparison would also constrain the eruption rate of the fan materials to -10-1 
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km3 yrl, thus giving a total eruption duration for the fan of -104 yrs. Finally, after 

emplacement of these fan materials a smaller, inner caldera and associated floor materials 

were formed over an unconstrained time period. Adjacent to Apollinaris Patera extensive 

chaotic material was developed throughout the active lifetime of the volcano through 

removal of large volumes of ground ice: formation of the chaotic material may have been 

the result of a volcanically modified geothermal gradient. 

Based on this chronology it is proposed that Apollinaris Patera initiated through 

explosive activity and the main shield was formed dominantly through this style of 

eruption. Subsequent to the main shield building eruptions, effusive activity emplaced the 

large fan on the southern flank. This two stage eruptive history is similar to that proposed 

for Ceraunius Tholus and Uranius Tholus (Chapter 3). In conclusion, this chapter 

provides an in depth analysis of Apollinaris Patera as well as presenting more evidence 

(supporting Chapter 3) toward understanding the complex nature of shield building 

eruptions on Mars. 

SPECTRAL STUDY OF THE MARTIAN SURFACE 

Examination of Viking Orbiter image data, both color and single band, has 

revealed the presence of an unusual time variable spectral feature (referred to here as the 

Spot) on the northeast flanks of Apollinaris Patera. I originally discovered this feature 

while compiling image data for small martian volcanoes. I also discovered that the region 

around Apollinaris Patera had been imaged on twelve orbital transits, five in multispectral 

mode, by the Viking Orbiter I spacecraft. It is unusual to have this number of images for 

the same region on Mars. Similar to the Mariner 10 lunar work (Chapter 2), the research 

in this chapter (Chapter 5) examines spectral properties from both color and single band 

spacecraft image data to constrain the nature of volcanic units, albeit on Mars. The 

interpretations of the data are somewhat more complicated for Mars due to atmospheric 
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effects, including dust, that do not exist on the Moon. This project has entailed the 

processing of over I 00 Viking images, both color and monochromatic, of Mars using the 

Planetary Image and Cartography System (PICS) developed by the United States 

Geological Survey. Key to the science interpretations of this study is an intimate 

familiarity with the problems associated with the calibration of vidicon imaging systems 

gained from the Mariner I 0 experience. 

From this large collection of Viking unages covenng Apollinaris Patera, I 

investigate the temporal variability (spanning almost the whole Viking mission) of the 

surface on and around the volcano. From this large dataset, I show that the Spot's 

occurrence is related to a heterogeneity of the surface; either a mineralogical difference or 

a change in physical characteristic, such as grain size. I investigate this feature in terms of 

three hypotheses; fumarolic activity, transient eolian deposits, or the covering/uncovering 

of an unusual rock type. On the basis of the existing data I am unable to explain 

definitively the occurrence of this feature. However, I am able to show that the Spot is a 

real feature of the surface, and not an atmospheric effect or an artifact of viewing 

geometry. This analysis indicates that the Spot may be a rock unit, possibly fumarolic 

sublimates; which is significant because the diversity of martian rock types is not well 

known, mostly due to lack of samples and high resolution spectrometer data. The Spot is 

large enough that future missions with high resolution spectrometers (1-5 km resolution) 

could determine it's composition. 

An unexpected result of this study is the significance that the atmosphere plays in 

the apparent brightness and color of the martian surface. I interpret that the large regional 

variations, observed as a function of time, in both red to violet ratio and brightness, are 

dominantly the result of variations in the amount of atmospheric condensates. 

Specifically, a significant amount of the energy reaching a visible wavelength sensor, in 

orbit around Mars, actually comes from light scattering in the atmosphere in addition to 
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that reflected from the surface. The amount of atmospherically scattered light is shown to 

be highly variable making it difficult to determine actual changes in the surface that may 

occur. Specifically, for a given area on the surface, the red over violet ratio varies from 

2.9 to 3.4 and derived albedo ranges from 21% to 16%, respectively. 
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CHAPTER2 

MARINER 10 MULTISPECTRAL IMAGES OF THE 
EASTERN LIMB AND FARSIDE OF THE MOON 

Published in Journal of Geophysical Research, 97, No. Ell, pages 18,265-18,274 
November 25, 1992, with co-authors B. Ray Hawke, Paul G. Lucey, and Gregory A. 
Smith, Planetary Geosciences publication 693, SOESTpublication 3012. 

INTRODUCTION 

Included among the remote sensing instruments onboard the Mariner 10 spacecraft 

were two identical eight filter multispectral vidicon imaging systems. Images formed by 

the Mariner 10 cameras consisted of an array of pixels 700 lines by 832 samples, with each 

pixel being digitized to 256 gray levels [Dunne and Burgess, 1978]. The Mariner 10 

spacecraft acquired numerous images of the Moon at varying spatial resolution (-1-20 

km) on its way toward Mercury in 1973 [Danielson et al., 1975; Mu"ay, 1975; Soha et 

al., 1975; Dunne and Burgess, 1978]. Previous studies have used Mariner 10 

multispectral data for remote sensing investigations of the surface of Mercury [Hapke et 

al., 1975, 1980; Rava and Hapke, 1987] using the orange (0.58 µm) and UV (0.38 µm) 

filters. However, no previous work has been done utilizing the Mariner 10 multispectral 
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image data of the Moon. This chapter presents a quantitative analysis of these Mariner 10 

vidicon data in order to study the regional distribution of volcanic materials on a portion 

of the Moon that cannot be studied using Earth-based measurements. 

The Mariner 10 lunar images analyzed in this study include data obtained through 

the orange (0.58 µm) and blue (0.48 µm) filters at a resolution of about 8 km/pixel and a 

phase angle of approximately 105° (Figure 2.1 ). Viewing geometry of these lunar images 

was such that the eastern limb and parts of the farside were visible. The evening 

terminator was at about 120°E longitude. Consequently, the multispectral data cover 

approximately 45° to 120°E longitude (Figure 2.1) and extend over the north pole, 

providing the first ever multispectral coverage of parts of the eastern limb and farside. In 

addition, Mariner 10 provided some nearside coverage of regions that have been 

investigated using various remote sensing techniques. 

This multispectral analysis is particularly timely in light of the recent Galileo Earth

Moon I encounter that acquired multispectral image data extending around the western 

limb [Belton et al., 1991, 1992~ Greeley et al., 1991]. The farside, from the eastern limb 

around, was not illuminated during this Galileo encounter (1990). At the time of 

publication of this study, this analysis was unique in that it provided multispectral 

coverage of a portion of the lunar farside unobserved by any other spectroscopic 

instrument. However, the most recent Galileo lunar encounter (December, 1992) 

provided some overlapping multispectral coverage for the northern regions covered by 

these Mariner 10 data. This overlap in coverage provided an excellent opportunity to 

cross-check our derived compositional information. Preliminary analysis of the newest 

Galileo lunar data confirm our findings (R. Greeley, personal communication). 

Additionally, the two data sets have unique viewing geometries, and thus complement 

each other by providing new data for photometric studies of the lunar surface. However, 

the Mariner 10 data presented here remain the only spectral data with favorable 
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photometric geometry for portions of the lunar surface, specifically mare Smythii and 

Marginis as well as the neighboring highlands. 

There are many unresolved questions concerning the composition and geology of 

the lunar farside and eastern limb which can be addressed by analysis of the Mariner 10 

multispectral images. We have calibrated and analyzed the relevant Mariner 10 color 

images in order to address these issues. The purposes of this chapter are ( 1) to describe 

the techniques followed in the calibration, (2) to determine the Ti02 abundances of mare 

units on the eastern limb and farside, (3) to investigate the spectral characteristics of the 

highlands units in the region, and (4) to assess the implications for the evolution of the 

lunar crust in this region of the Moon. In the broader context of this thesis, the work 

presented in this chapter is important in that it gave me insight to planetary volcanic 

processes as well as a firm understanding of the limitations of vidicon imaging systems. 

MEmon 
To characterize the mare units in those portions of the Moon imaged by Mariner 

10, we present a color ratio image (blue-0.48 µm I orange-0.58 µm, Figure 2.2). 

Numerous studies have shown that the color of the lunar maria, when defined as the ratio 

of ultraviolet to visible reflectance (e.g., 0.40/0.56 mm), is a function of relative Ti02 

content [Charette et al., 1974; Pieters et al., 1976; Johnson et al., 1911a,b; Head et al., 

1978; Pieters, 1978; Johnson et al., 1991a,b,c]. The Mariner 10 UV (0.38 µm) image 

data were not used due to their low signal-to-noise ratio. Instead, the blue band pass 

(0.48 µm) was substituted, though it is at a somewhat longer wavelength than typical 

(0.40 µm) for titanium abundance mapping. However, the slope of the lunar spectrum at 

wavelengths shorter than about 0.73 µmis a function ofTi02 content for mature mare, so 

that the ratio of any two reasonably well separated wavelengths in the interval 0.30 to 0. 73 

µm will show relative titanium contents [Johnson et al., 1991a,b,c]. 
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CALIBRATION 

The Mariner 10 camera system exhibited pixel to pixel nonuniformity both in dark 

response and in sensitivity [Benesh and Mo"ill, 1973]. In order to correct for these 

effects and use the lunar images for quantitative analysis, a new calibration scheme was 

derived on the basis of prelaunch calibration frames and data acquired shortly before the 

lunar encounter. During the lunar encounter the Mariner 10 heating system failed to 

operate properly and the vidicon temperature (-10° C) was lower than anticipated [Dunne 

and Burgess, 1978]. However, during the Earth-based based calibration tests it was 

shown that of the two camera systems on board Mariner 10, the sensitivity nonuniformity 

(i.e. "flat field") of camera B was stable with respect to changes in temperature within the 

range of-15° C to 35° C, while camera A exhibited large variations [Benesh and Mo"ill, 

1973]. Therefore, only frames taken with camera B were utilized. While this temperature 

dependence will remain an uncertainty in the calibration, the stability of camera B in the 

laboratory under varying temperature lends a high degree of confidence to this analysis. 

Since vidicon cameras require offset correction, and additionally through 

inspection of ground calibration it was apparent that the camera response was nonlinear to 

changes in brightness, we (1) derived an offset for the lunar frames and (2) developed a 

linearization scheme. These corrections were applied to the lunar color frames at any given 

pixel (ij), within an image, and the calibrated output (DNout) was derived from the raw 

input (DNraw) using the following equations; 

DNdc(i,j) = DNraw(i,j)- DC(i,j) 

DNdc(i,j) = a(i,j)DN°"'(i,J)3+b(i,j)DN0"'(i,j)
2 + 

c(i,j)DN0 "'(i,j) + d(i,j) 
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where DC represents the inflight derived dark current offset, DNac is the raw image 

corrected for dark current, and a, b, c and d are empirical linearization constants derived 

from preflight calibration images. Details of each step are given below. 

Offset 

Since, to our knowledge, no inflight dark frames exist for the Mariner 10 lunar 

encounter, we derived a dark frame for the actual lunar images based on seven frames of 

space that were shuttered within 45 min before the lunar color frames were acquired (FDS 

6632, 6634, 6638, 6642, 6644, 6648, 6650). These seven images of space were averaged 

to make a composite dark frame. This composite dark frame was then subtracted from the 

respective lunar images (Equation 2.1) to remove offset in the system before the images 

were corrected for the system's nonlinear response (see below). To test the stability of the 

camera system during the lunar encounter, each individual dark frame (image of space) 

was subtracted from the composite dark frame; more than 95% of the resulting pixels 

were equal to zero, indicating that the camera system was indeed stable during the lunar 

encounter. 

Linearization 

Nine flat field images in the blue filter and 12 images in the orange filter at different 

exposure times were collected in an analysis of prelaunch performance for the Mariner 10 

cameras. These data were used to investigate the linearity of the Mariner 10 imaging 

system and to derive calibration data to correct the lunar images. Analysis of these flat 

field images showed that both the blue and orange data exhibit considerable nonlinearity, 

which, if uncorrected, would cause photometric errors up to 200/o. From these flat field 

data we derived the linearizing constants for the Mariner 10 lunar frames (Figure 2.3). 
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The first step in deriving the linearization equations was to correct for dark 

response, that is, the response or offset without illumination of the system. The flat field 

frames that allegedly had zero exposure had, in fact, been given a finite exposure, as 

reseaus were visible and DN values were higher than those in frames that were reported as 

having had very short exposures. Therefore, a new "zero exposure" frame for the flat field 

data was derived for each pixel by extrapolating the data numbers from the two lowest 

exposure frames to the zero exposure with a linear fit. This derived dark frame was then 

subtracted from the rest of the flat field images to remove system offset. The Mariner 10 

lunar images contain a range of DN values which cover only a portion of the full range of 

the camera calibration flat field frame DN values. The linearization procedure was 

confined to the range of values found in the lunar images to improve the quality of the 

process (i.e., lowest values that occur in mare units were used as the lower cutoff). These 

offset-corrected flat field frames were then fitted with a third-order polynomial on a pixel 

by pixel basis, and these linearizing constants were used to invert the offset corrected lunar 

images from DN to a quantity proportional to incident photons (Equation 2.2, Figure 2.3), 

using Newton's Method. This procedure was followed for both the orange and blue flat 

field frames. This process produced linearized data with about a 1 % residual uncertainty. 

The derived calibration equations correct for both nonlinearity and nonuniformity when 

applied to the dark current corrected orange and blue lunar images. 

Precision of the Calibration 

After correcting the two blue filter frames of the Moon (FDSs 6712, 6714) for both 

offset and linearity, the residual nonuniformity was estimated by ratioing these two frames. 

The location of the Moon within the two respective frames is shifted about 105 lines and 

45 samples. The average residual observed from the ratio (6712/6714) of six 3 x 3 boxes 

from homogeneous areas of the moon was 1 %; thus it is inferred that the calibration 
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procedure is precise to about 1 %. Homogeneous areas were examined to avoid 

misregistration artifacts caused by high-frequency morphologic features on the lunar 

surface. 

Due to the uncertainties in the actual conditions of the spacecraft during the lunar 

encounter, it is not possible to give a quantitative estimate of the accuracy in the 

calculated ratio values (Figure 2.4). Possible sources of error include (1) the offset for 

the flat fields that we estimated via extrapolation, (2) the accuracy of the exposure times 

listed for the flat field data, and (3) internal problems with the imaging system such as 

scattered light. However, as it is shown below, relatively good correspondence with 

independent data sets lends a high degree of confidence to our calibration procedures and 

the subsequent analysis. 

ANALYSIS OF THE RATIO IMAGE 

To compare relative Ti02 contents of mare units visible in the Mariner 10 images, 

the blue filter (0.48 µm) image was ratioed to the orange filter (0.58 µm) image. In the 

resulting ratio image (Figure 2.5) increasing brightness indicates relatively greater blue 

reflectance relative to orange (i.e., higher 0.48/0.58 µm values). Specifically, contrast 

changes in the mare at these wavelengths are directly proportional to relative Ti02 

abundance [Charette et al., 1974; Pieters, 1978; Johnson et al., 1991b]. From these 

spectral image data, ratio values were extracted for individual mare. To minimize errors 

introduced during registration, small regions were extracted from each frame covering 

specific mare. These small regions were then registered individually and the mare ratio 

values extracted. These data are listed in Table 2.1 in order of increasing ratio value, thus 

increasing Ti02 abundance. Since the precision of the calibration appears to be about 1 % 

(see above discussion), ratio values are reported to three significant figures. 
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Comparison With Telescopic Studies 

We compared the calibrated Mariner 10 data with Earth-based spectra obtained for 

mare units in the Crisium region where the two data sets overlap to determine consistency 

with previous measurements. Head et al. [1978] demonstrated that Crisium is composed 

of four distinct spectral units. Ratio values were extracted from the Mariner 10 data of 

the two units (Crisium A and B, Table 2.1) with the largest contiguous areal extents 

mapped (groups ill and IIA) by Head et al. [1978]. These generally correspond to the 

southeast and northwest portions of mare fill on the basin floor. Head et al. determined 

that the southeast portion of Mare Crisium was dominated by intermediate (2-3%) Ti02 

basalts and the northwest by a low Ti02 (1.5-2.5%) mare unit. The ratios derived by 

Head et al. and our corresponding ratio values show the same trend for these areas in 

Crisium. The Mariner 10 Crisium C unit corresponds to the southwest region of Crisium 

which is mapped as a mixture of low (group IIA) and intermediate Ti02 (group ill) by 

Head et al.; here the Mariner 10 measurement is intermediate between the Crisium A and 

B, agreeing with the Earth-based spectra. Crisium as a whole has a relatively low Ti02 

content for lunar mare units based on UV-VIS data [Head et al., 1978, Johnson et al., 

1991 b]. This trend is also apparent in the Mariner 10 data. Of the 10 individual maria 

examined here, Mare Crisium exhibits relatively low Ti02 values (Tables 2.1 and 2.2) in 

agreement with the previous telescopic studies. 

Comparison With y Ray Measurements 

As a further test on the validity of the new Mariner 10 calibration, a comparison of 

Apollo 'Yray spectrometer derived Ti02 abundances [Davis, 1980] and the ratio value 

rankings was made. The 'Y ray data and the Mariner 1 O ratio values both indicate that 

Crisium is relatively low in Ti02, Smythii is intermediate, and northeastern F ecunditatis is 

relatively high. This consistency with the independently derived 'Y ray data is significant 
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because it indicates that there is no systematic calibration error in the Mariner 10 image 

data set as a function of lunar longitude. Additionally, there is no longitudinal trend in the 

Mariner 10 relative ratio rankings (Table 2.1 ), which would also be indicative of a residual 

nonlinearity problem. 

By utilizing Ti02 values measured for Apollo and Luna samples [Pieters, 1978], 

Apollo y ray measurements [Davis, 1980], and telescopic observations [Pieters et al., 

1976; Head et al., 1978; Johnson et al., 1991a,b,c], it is possible to estimate absolute 

Ti02 values from the Mariner 10 ratio values presented here (Table 2.1 ). This absolute 

estimate is made by calculating a best fit curve for the corresponding ratio values with the 

independently derived Ti02 abundances (Figure 2.6; Table 2.2). The three points used to 

define the curve are (Figure 2.6; Tables 2.1, 2.2) CA which corresponds to group ID of 

Head et al. [1978], CB which corresponds to group IIA of Head et al., and northeastern 

Fecunditatis (F) of Johnson et al. [1991b]. Previous work has shown that the UV-VIS 

ratio method for deriving absolute Ti02 is less accurate for lower levels of Ti02 content 

[Pieters, 1978; Johnson et al., 1991b], such as are exhibited for most of the maria 

examined here. Due to these low relative Ti02 values, the sparsity of "known" Ti02 

values (three points) for mare units in the region under study, and to uncertainties in the 

calibration, the Mariner 10 calculated absolute Ti02 values should be viewed as 

preliminary until more measurements of lunar materials can be obtained via remote sensing 

techniques and actual lunar sample return. However, the newly calculated value of Ti02 

abundance from the Mariner 10 ratios for Mare Smythii is 3. 90/o, which is essentially 

equivalent to the y ray derived abundance of 4.1±1.5% [Davis, 1980]. This 

correspondence with independently derived data lends confidence to the validity of the 

newly derived Mariner 10 Ti02 values. 
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DISCUSSION AND INTERPRETATIONS 

While Ti02 abundances have previously been estimated for some mare units in the 

study area [Pieters, 1978; Head et al., 1978; Davis, 1980; Johnson et al., 1991b], no 

Ti02 values have been obtained for most farside and many eastern limb deposits 

[Wilhelms, 1987]. The results of this Mariner 10 analysis provide new information 

concerning titanium distribution on this portion of the lunar surface. Head et al. [1978] 

determined that Mare Crisium was dominated by basalt units that exhibit Ti02 values in 

the range 1.5-3.00/o. Most of the mare units in the study area are enriched in Ti02 relative 

to these Mare Crisium units. However, all of the mare deposits examined in this study 

exhibit ratios less than that seen in northeastern Fecunditatis, which has a Ti02 abundance 

of about 5% from Earth-based measurements [Johnson et al., 1991 b]. 

Relative to maria on the lunar nearside which contain units exhibiting up to 10 wt 

% Ti02 [Johnson et al., 199lb], the maria examined here have medium to medium-high 

Ti02 abundances, according to the classification system of Pieters [1978]. These same 

mare units would all be considered low Ti02 according to both the lunar sample 

classification schemes of Taylor et al. [1991] and Neal and Taylor [1992]. The Ti02 

values for mare units in the study area range from about 5% in northeast Fecunditatis to 

less than 2% at Endymion. No areally extensive high (8-10 wt % Ti02) or very high 

titanium (VHT, greater than 10%) mare basalt deposits occur in maria included in these 

Mariner 10 images. Additionally, no major expanses of very low titanium (VLT, less than 

1%) mare basalt were identified in this study. 

Comparison of Eastern Limb and Nearside Mare Units 

Numerous workers have related the composition of mare units as a function of 

position and age on the lunar surface [e.g., Head, 1976; Head et al., 1981; Soderblom et 

al., 1977; Adams et al., 1981]. It was first noted that basaltic deposits on the eastern 

20 



portion of the nearside were generally very old (3.8-3.5 Ga) and titanium-rich, while mare 

units on the western side were younger and exhibited relatively low Ti02 values. Later 

studies of mare surface ages, stratigraphic relationships, and geochemical characteristics 

provided the framework for a general compositional sequence of mare emplacement, in 

particular a three-stage sequence of mare flooding [Soderblom, 1970; Soderblom and 

Lebo/sky, 1972; Head 1976]. These studies suggested that during the first stage, an early 

titanium-rich "blue" phase, type Ti, flooded large areas of the eastern portion of the Moon 

in the early Imbrian period (-3.8-3.5 Ga). Later, in the middle and late Imbrian period, a 

"red" phase, designated S-type, flooded much of Serenitatis and Fecunditatis as well as 

major portions of the central and western maria. Head [1976] indicated that this second 

phase of mare fill dominated the surface history of many of the circular basins, including 

Imbrium, Serenitatis, and Humorum, and is widespread in parts of Oceanus Procellarum. 

These deposits exhibit medium to low Ti02 abundances. Finally, in the period from about 

3.0 Ga until the termination oflarge scale surface volcanic activity, a second "blue" phase 

(T rtype) flooded large areas of Mare Imbrium and the western portion of the Moon 

[Head, 1976]. These late stage deposits are more titanium-rich than the red S-type maria 

of the second phase. 

Soderblom et al. [ 1977] presented the results of an investigation of the regional 

variations in age, remnant magnetism, natural radioactivity (Th, U, K), and chemistry in 

the lunar maria. They concluded that the eastern basalts were generally older, more 

magnetized, and less radioactive than the younger western basalts, though both sets of 

maria display extremes in both FeO and Ti02 concentrations inferred from y ray and 

spectral data. Because the eastern and western maria exhibit a similar variety of mare 

basalt types (high, medium, and low Ti02) which might have been produced from different 

depths of melting, Soderblom et al. [1977] suggested that the broad east to west 
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dichotomy in age and radioactivity was related to maJor lateral variations m the 

composition of mare basalt source regions. 

The Ti02 data presented in this chapter (Table 2.2), as well as previously published 

surface age and remote sensing data [Boyce and Johnson, 1978; Davis, 1980], allow the 

same type of analysis described above to be extended for a portion of the lunar farside. 

The mare units in the study area exhibit Ti02 values ranging from <2% to 5% which is 

within the range of Ti02 determined for the nearside mare units. Reliable surface ages are 

available for only a limited number of the eastern limb and farside mare deposits in the 

area covered by the Mariner 10 image data. However, Boyce and Johnson [1978] 

presented age data for the Smythii-Marginis region, and they concluded that much of the 

mare material in this region is relatively young (...2.5 ± 0.5 Ga). In addition, Haines et al. 

[1978] presented the results of deconvolution modeling of y ray derived Th abundances 

for the Mare Smythii region which indicated that Mare Marginis and Mare Smythii exhibit 

relatively low to moderate thorium abundances. The deconvolved Th concentration in the 

flooded portion of the Smythii interior is 1.7±0.5 ppm, a value generally comparable to the 

2.0-2.2 ppm observed for the eastern maria (Tranquillitatis, Fecunditatis, and Serenitatis). 

In contrast, Haines et al. [1978] reported a Th concentration of 3.4 ppm for a region 

north of Mare Smythii that is dominated by Mare Marginis and the mare-flooded crater 

Neper. They noted that when the deconvolution model was modified by decoupling the 

Mare Marginis-Neper and highland portions, the resulting fit was equally good and that 

the resulting highland Th concentration was 2.3 ppm and the mare concentration was 5.4 

ppm. The relatively high Th values are clearly associated with the mare deposits, and 

hence there appears to be a mare basalt unit in the study area with a Th concentration of at 

least 3 .4 ppm and perhaps as high as 5 .4 ppm. Both of these values are considerably in 

excess of those associated with typical Apollo mare samples as well as those for the 

eastern maria [Metzger et al., 1977~ Hawke and Spudis, 1980]. Visual inspection of the 
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La Jolla Consortium remnant magnetism map (Proceedings 8th Lunar Science 

Conference, 1978, Plate 15; see also Lin et al. (1976, 1977]) indicates that both Mare 

Smythii and Mare Marginis exhibit relatively low remnant magnetism signatures, which is 

consistent with young, western mare units. Therefore it appears that the Smythii-Marginis 

region contains young mare basalts with 3-4% Ti02 abundances, low remnant magnetism, 

and low to medium thorium abundances. This generally agrees with observations for 

younger nearside mare units. In summary, we find the eastern limb and eastern farside 

mare units to be consistent with what is known of the nearside mare basalts. The ages and 

compositions of the mare deposits in the study area may be indicative of lateral 

heterogeneities in the composition of the lunar mantle. 

Highlands Cryptomare 

In addition to the mare listed in Table 2.1, a relatively blue region in the highlands 

occurs northeast of Marginis (20° N, 105° E). This "blue" highland area corresponds to 

geologic provinces which contain abundant, relatively young, light plains deposits and 

exhibit a number of geochemical anomalies [Wilhelms and El-Baz, 1977; Schultz and 

Spudis, 1979, 1983; Hawke and Spudis, 1980; Hawke et al., 1985; Clark and Hawke, 

1991]. Schultz and Spudis [1979] identified numerous dark-halo impact craters in this 

region and suggested that it was a center of ancient mare volcanism. The present surface 

composition is intermediate between that of mare basalt and typical highlands material. 

Numerous workers have suggested that the region experienced an episode of volcanism 

early (>3 .8 Ga) in lunar history and that the surfaces of these basaltic deposits were 

subsequently contaminated by highlands material contributed by a number of later impact 

events [Schultz and Spudis, 1979; Hawke et al., 1985]. Subsequent small impact events 

would excavate and deposit basaltic debris from beneath a surface layer enriched in 

highland material. Our observation indicates that such ancient volcanism may indeed have 
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occurred in this region of the Moon and was enriched in Ti02 resulting in the subsequent 

elevated (blue) ratio value. Since it is impossible to know the exact ratio of mare to 

highland material mixed on the surface, the absolute titanium abundance of this 

cryptomare cannot be derived. Cryptomare deposits have also been identified in other 

portions of the lunar surface [Schultz and Spudis, 1979, 1983; Hawke and Spudis, 1980; 

Hawke and Bell, 1981; Bell and Hawke, 1984; Hawke et al., 1985; Belton et al., 1992] 

and some also show elevated titanium abundances [Metzger and Parker, 1919; Davis, 

1980]. 

Occurrence of High Titanium Mare Basalts 

Based on previous work mapping the nearside [Whitaker, 1972; Pieters, 1978; 

Adams et al., 1981; Head et al., 1981; Johnson et al., 199lb], our new data for the 

eastern limb and farside, and the findings for the western limb and farside from the Galileo 

data [Belton et al., 1992], high Ti02 (>8 wt%) mare units seem to be centered on the 

nearside of the Moon and have yet to be identified on the farside. It has been proposed 

that the absence of large mare units on the farside is due to the thickened farside crust 

which inhibits the flow of magma to the surface [Head and Wilson, 1992]. The density 

contrast between basaltic magma and highlands materials and the thickness of the crust is 

such that most magmatic activity on the farside would result in intrusions rather than 

extrusions [Head and Wilson, 1992]. We propose that the paucity of high titanium basalts 

on the farside should be expected due to their higher density, compared with low titanium 

basalts, resulting in an inability of high titanium magma to make excursions to the surface 

where the crust is thickened, as on the farside. Work by Delano [1990] has shown that 

the density of a basaltic magma increases as the Ti02 abundance in the melt increases. On 

the basis of Apollo return samples of basaltic glasses, Delano [1990] calculates a density 

range of 2850 to 3150 kg!m3 for the parent magmas as a function of increasing Ti02. The 
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denser, TiOrenriched magma reaches its level of pressure equilibrium with the 

surrounding lithostatic pressure somewhat below the surface for the thicker farside crust 

due to its greater density relative to lower Ti02 basalts. Thus eruptions of high-titanium 

basalts are inhibited relative to low titanium basalts on the farside of the Moon unless 

extraordinary local hydrostatic conditions existed within the magma. Based on this 

analysis, we predict that no, areally extensive, high or very high Ti02 mare basalts will be 

found in regions of thickened crust on the lunar farside. 

Lunar Meteorites and the Occurrence of Lunar VLT Basalts 

Unusual meteorites have been found in Antarctica that are shown to have been 

ejected from the Moon during impacts by either asteroids or comets [Eugster, 1989~ Yanai 

and Kojima, 1991]. There are 12 such meteorites found to date, and it is thought that 

they actually represent nine distinct specimens [Eugster, 1989; Yanai and Kojima, 1991] 

and were delivered to Earth from as many as seven different lunar sites [Yanai and 

Kojima, 1991]. Warren and Kallemeyn [1991] noted the peculiarity that four of the nine 

lunar meteorites found are composed ot: or dominated by, mare material. This is 

unexpected because five-sixths of the lunar surface appears to be composed of highlands 

material and the maria are thought to be relatively thin. Probability would dictate against 

finding four out of nine meteorites to be composed predominantly of mare material. 

Warren and Kal/emeyn [ 1991] also pointed out that unless the four dominantly mare 

meteorites were ejected during the same event, it is remarkable that they are all 

representative of the relatively rare VL T basalts. In addition, numerous mare clasts found 

in several lunar highlands meteorites are also VLT [Warren and Kallemeyn, 1991]. If 

several impacts were responsible for the ejection of the VL T bearing lunar meteorites, the 

compositional trends of the meteorites suggest that the global average Ti02 abundance for 

mare units is much lower than previously supposed. 
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The Ti02 contents of most nearside mare units have been determined either by 

analyses of returned samples or by remote sensing techniques, and VL T basalts do not 

appear to be areally extensive [e.g., Pieters, 1978]. This apparent sampling problem might 

have been explained by a dominance of VL T mare basalts on the nearside limb and farside, 

raising the probability of finding a dominance of VL T in lunar meteorites. The Mariner 10 

derived Ti02 values for the eastern maria presented here, as well as recent findings from 

the Galileo lunar encounter [Greeley et al., 1991; Belton et al., 1991, 1992], indicate that 

this is not the case. If the lunar meteorite collection does in fact sample seven distinct 

regions on the Moon, then this may imply that cryptomare deposits are even more 

common than the Galileo and Mariner 10 data have revealed and that these putative 

cryptomare deposits may include abundant VL T. 

CONCLUSIONS 

We have demonstrated that the newly calibrated Mariner 10 data are consistent 

with earlier measurements where the data overlap and therefore allow compositional 

interpretations to be extended to areas previously not examined with spectral instruments. 

The calibration of the data was tractable, although some uncertainties in accuracy remain. 

We have demonstrated that maria on the eastern limb and farside have Ti02 contents in 

the range of <2 to 5%, and there is no indication of the widespread existence of very low 

titanium (VLT <1% Ti02), high titanium (8-10% Ti02), or very high titanium (VHT 

> 10% Ti02) basalts. Additionally, we find evidence supporting the idea that cryptomare 

deposits exist northeast of Mare Marginis, and that these ancient mare units were enriched 

in Ti02. Continued identification of cryptomare deposits may reveal that mare volcanism 

may be much more significant than previously thought -- perhaps greater than 50% of the 

lunar surface was at one time covered by mare material. These cryptomare deposits may 

make it difficult to interpret the true composition of highlands materials from remote 
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sensing data without extensive lunar sample returns. Also from this analysis and previous 

work (see above references) we infer that the lunar meteorite collection may be a random 

sample of the Moon and that the mare material found in at least some of these samples 

may be from cryptomare deposits yet to be discovered. 

This type of quantitative analysis of digital spacecraft images is utilized and expanded 

in the following chapters through the analysis of Viking Orbiter data for Mars. Like the 

Moon, volcanism has played a major role in the surface evolution of Mars [Greeley and 

Spudis, 1981 ), but there are uncertainties in the style of eruption and the duration of 

martian volcanism [Mouginis-Mark et al., 1992). In the following chapters I rely heavily 

on techniques of image analysis to constrain several aspects of volcanism on Mars. 
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Table 2.1. Blue/Orange Ratios for Selected Maria 

Location Center Avera2e Pixels 

1 Endymion 0.96 0.95 4 
2 Crisium B 1.00 0.99 3x3 
3 Struve 1.02 0.99 4 
4 Crisium C 1.00 1.00 3x3 
5 Humboldtianum 1.11 1.06 3x3 
6 Crisium A 1.09 1.08 3x3 
7 Marginis 1.15 1.10 3x3 
8 Goddard 1.12 1.11 3x3 
9 Smythii 1.19 1.14 3x3 
10 Lomonsov 1.18 1.15 3x3 
11 Compton 1.23 1.17 4 
12 Fecunditatis 1.28 1.17 4 

Note. Ratio values (blue/orange) for selected maria in the Mariner 10 color data 
normalized to Crisium C. Column 3 (Center) indicates the pixel value at the center of the 
averaging box used to obtain the values in column 4 (Average). These data are listed in 
order of increasing ratio based on the box average. See Figure 5 for measurement 
locations. Column 5 (Pixels) indicates the number of pixels that was averaged to obtain 
column 4. Where possible a 3x3 box (nine pixels) was averaged, but in cases where the 
box was larger than a feature, four pixels from the feature were used. Ratio values are 
reported according to our estimate of 1 % precision of the calibration. 
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Table 2.2. Derived Ti02 Abundances for Maria Examined 
in This Chapter 

Ti02 
Mare wt% 

1 Endymion <2.0 
2 CrisiumB 2.0 
3 Struve 2.0 
4 Crisium C 2.0 
5 Humboldtianum 2.3 
6 CrisiumA 2.6 
7 Marginis 3.0 
8 Goddard 3.2 
9 Smythii 4.0 
10 Lomonsov 4.3 
11 Compton 5.0 
12 F ecunditatis 5.0 

Note. The percentages were derived by fitting a 2nd order curve to the spectroscopically 
derived data that correspond with points from the Mariner 10 ratio data (see text and 
Figures 2.5, 2.6). The actual uncertainty of each percentage is not easily calculated due to 
the inherent uncertainties in the empirical Charette relation [Charette et al. 1974] used to 
derive these values, which is estimated to be good to about 1 % overall, but is increasingly 
less accurate at levels below 3-4% [Pieters, 1978; Johnson et al., 1991b]. Therefore it 
may be more useful to group these data into the following categories; units 1-5, 2%, units 
6-8, 3%, units 9-10, 4%, and units 11-12, 5%. 
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Figure 2.1. Mariner 10 image of the eastern nearside and farside of the Moon; Mare 
Crisium is visible near the limb in the center of the disc (FDS 6712, blue filter, 0.48 µm). 
North is to the top. This image and an orange filter image (FDS 6716, 0.58 µm) were 
used in this study to create a ratio image (Figure 2.5) to map relative Ti02 abundances in 
mare units that occur in these images. 
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Figure 2.2. Relative response plots of Mariner 10 imaging system filters discussed in the 
text [after Danielson et al., 1975]. Note that in this study we utilized only the orange and 
blue filters due to the extreme underexposure of the UV filter image that resulted in a very 
low signal-to-noise ratio. 
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MARINER 10 LINEARIZATION 
EQUATIONS 
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Figure 2.3. Cartoon demonstrating how the prelaunch flat field images, corrected for 
offset, were used to determine a linearity correction for the Mariner 10 lunar images. For 
each pixel we fit a third-order polynomial to a system response curve of pixel value as a 
function of increasing exposure time. The coefficients from this fit at each pixel were 
saved so that a separate linearizing function could be applied to each input lunar frame 
pixel. The Mariner 10 frames consist of 700 lines by 832 samples. A 3x3 low-pass filter 
had been applied to the archived flat field images, presumably to lessen the impact of any 
high-frequency noise in the images. 
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Figure 2.4. Plot of DN values in calibrated blue and orange bands for the whole lunar 
disk including space. Units are "effective exposure time" derived from the linearization of 
the input digital numbers (DN). This plot indicates that an offset may remain in one or 
both frames. It is not clear that this is a problem, but inspection of Galileo lunar data 
shows a linear trend that does not have this minor offset. Despite this offset the 
calibration procedure resulted in corrected images that correspond with all available Earth
based and spacecraft data available for this portion of the Moon, lending a high degree of 
confidence to our calibration and the subsequent analysis. 
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Figure 2.5. Ratio image (0.48/0.58 µm) of the Moon (see Figure 2.1). In the mare units 
increasing brightness indicates regions of relatively higher Ti02 abundance. Labeled 
locations correspond to measurement points in Tables 2.1 and 2.2 listed in order of 
increasing ratio value: 1) E - Endymion, 2) CB - Crisium B, 3) ST - Struve, 4) CC -
Crisium C, 5) H - Humboldtianum, 6) CA - Crisium A, 7) M - Marginis, 8) G - Goddard, 
9) S- Smythii, 10) L - Lomonsov, 11) C - Compton, and 12) F - Fecunditatis. Note that 
the numbers before each measurement correspond to the numbers in Table 2.1 . Input 
pixel values to our linearization scheme below those that occur in the darkest mare units 
are outside the range used in the third-order fit. Therefore, very low pixel values (i.e., 
shadowed areas and the terminator) will not have reliable values; the brightening of the 
ratio values in the terminator regions is therefore an artifact of the processing. 
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Figure 2.5. (con't.) Mariner 10 Ratio Image of Eastern Limb of the Moon 
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Figure 2.6. Plot showing second-order fit to telescopic and lunar sample data deriving 
absolute Ti02 abundances for maria examined in this study. Due to the uncertainties 
inherent in the Charette relationship at low levels of Ti02, the small number of points 
(three) used in the fit and uncertainties in the calibration, these values must be considered 
preliminary until future lunar missions and Earth-based spectral studies provide more data 
points to more accurately define this curve (see text and Table 2.2). The two Crisium 
units, CA and CB, have reported Ti02 abundances of2.0-3.0% and 1.5-2.5%, respectively 
[Head et al., 1978]. For our calculations we use the midpoint of these reported ranges. 
The third point F, which corresponds to northeastern Fecunditatis, has a Ti02 abundance 
of about 5% [Johnson et al., 1991b]. 
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CHAPTERJ 

THE LESSER THARSIS VOLCANOES: EVIDENCE FOR 

LARGE SCALE EXPLOSIVE ACTIVITY ON MARS? 

INTRODUCTION 

The previous chapter demonstrated the utility of digital analysis of spacecraft 

images in the study of planetary volcanism. In this chapter, and the rest of the thesis, I 

extend digital image analysis to the study of martian volcanoes, employing Mariner 9 and 

Viking Orbiter image data. In contrast to the Moon, Mars exhibits large scale volcanoes 

and calderas similar in form to those found on the Earth. In particular, the Tharsis 

volcanic province contains twelve major volcanic edifices (Figure 3 .1 ). These include the 

four giant shield volcanoes Olympus Mons (>24 km of relief), Ascraeus Mons (> 16 km of 

relief), Pavonis Mons (>10 km of relief), and Arsia Mons (>12 km of relief). Along with 

these four shield volcanoes is the areally extensive, low relief volc~o, Alba Patera (> 1500 

km in diameter). Amongst these five dominant volcanoes occur the lesser Tharsis 

volcanoes: Biblis Patera, Ceraunius Tholus, Jovis Tholus, Tharsis Tholus, Ulysses Patera, 
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Uranius Patera and Uranius Tholus. These volcanoes are small on a martian scale, but are 

comparable to the largest volcanoes found on the Earth. Generally, the lesser Tharsis 

volcanoes are relatively old, have unusually large calderas relative to their (apparent) areal 

extent, and all have been embayed by surrounding plains volcanism [Plescia and 

Saunders, 1979]. The emplacement mechanism of the volcanic materials that compose 

these edifices is not well understood. This is not only due to the lack of martian rock 

samples, but also in some cases to an inadequate coverage of remote sensing data. 

However, evidence has been presented for both large scale explosive and effusive activity 

for the formation of the lesser Tharsis volcanoes [Plescia and Saunders, 1979; Greeley 

and Spudis, 1981; Blasius and Cutts, 1981; Reimers and Komar, 1979]. In this chapter I 

present a cross comparison of all seven volcanoes, emphasizing both similarities and 

differences, thus revealing many clues concerning not only their final morphology but also 

their history. This information is not only useful for understanding the lesser Tharsis 

volcanoes, but also lends understanding to martian edifice building eruptions in general. 

Not only is the volcanologic history of the lesser Tharsis volcanoes at issue, their 

true areal and volumetric extent is not known. As mentioned above, all seven of these 

volcanoes are embayed and partially buried by surrounding lavas. Topographic data 

presented here show that five of the seven have calderas that lie below the level of the 

surrounding plains (average depth below= 900 m, standard deviation= 400 m), indicating 

significant depths of burial. Thus, it is not clear what their actual areal and volumetric 

significance is in the sequence of martian volcanological history. The purpose of this 

chapter is to investigate these volcanoes, specifically addressing their mode of 

emplacement, history, and similarity to other martian volcanic constructs. First, I present 

descriptions and interpretations of the morphology of these volcanoes on the basis of new 

mosaics, utilizing the best Viking Orbiter coverage {Table 3 .1 ). In order to evaluate the 

relative volumetric significance of each of the lesser Tharsis volcanoes, I next present new 
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measurements of their apparent volumes, and evaluate their depth of burial and 

corresponding "true" volumetric extent. Edifice heights, caldera depths and flank slopes 

are measured, where possible, using shadow measures to supplement the lower resolution 

published 1 :2M topographic maps. Finally, I compare these findings with what is known 

about other martian volcanoes looking for clues to the nature of edifice building eruptions 

on Mars. 

DESCRIPTION AND INTERPRETATION 

OF THE VOLCANOES 

In this section I present a brief review of the criteria that have been established for 

interpreting the morphology of martian volcanoes, and then describe and interpret the 

lesser Tharsis volcanoes. It is generally assumed that all martian volcanoes are 

predominately composed of mafic materials. This inference is based on Viking Lander 

sample analyses, Earth based remote sensing, and meteorites (SNC) found on the Earth 

that are proposed to have come from Mars [cf Greeley and Spudis, 1981; Singer et al., 

1982; McSween, 1985; Soderblom, 1992; Banin et al., 1992]. On the basis of this 

assumption, terrestrial mafic volcanoes have been used as morphologic analogs to martian 

volcanoes [cf Greeley and Spudis, 1981; Scott, 1982; Mouginis-Mark et al., 1992]. 

Quantitative analysis of the morphology of lava flows on Mars also supports the 

interpretation that they are composed of mafic lavas [Theilig and Greeley, 1986; Lopes 

and Ki/bum, 1990; Wadge and Lopes, 1991]. However, large deposits in Amazonis 

Planitia have been proposed to be silicic ignimbrite sheets by Scott and Tanaka (1982]. 

This interpretation was later brought into question by Francis and Wood [1982] because it 

is not likely that Mars has a thick continental crust which they propose is required for such 

eruptions. 

39 



Assuming that most magmas erupted on Mars are mafic in composition, many 

unknowns remain regarding the nature of these materials: among these are eruption 

temperature, silica content, volatile content and rate of discharge. These properties, along 

with preexisting topography, control the final morphology of resultant deposits. It is 

generally assumed that lava flows are Bingham fluids, with the possible exception of 

pahoehoe type flows [Hulme, 1974; Sparks et al., 1977; Rowland and Walker, 1987]. A 

series of empirically derived equations have been developed to describe the behavior of 

lava flows and from these equations morphometric measurements can be used to derive 

certain parameters for a particular flow such as viscosity, yield strength and flow velocity 

[c.f. Hulme, 1982]. Still, with these equations it is necessary to guess certain parameters, 

for martian deposits, based on interpretation of features seen at each location and general 

knowledge (or assumptions) about the planet as a whole. For example, steepness of the 

flanks of a terrestrial volcano is sometimes correlated with chemistry -- the more silica the 

steeper the flanks [Posin and Greeley, 1988]. The Hawaiian basaltic shields have much 

shallower slopes than the acidic composite cones of the Cascades Range, and this is mainly 

due to the lower viscosity of effusively emplaced basaltic magmas. However, flank 

steepness is also related to discharge for effusive eruptions, the lower the discharge, the 

steeper the slopes for the same batch of magma [Cas and Wright, 1988, p. 63]. 

Additionally, a drop in temperature of a melt results in a lower viscosity while an increase 

in silica also results in a drop in viscosity [Cas and Wright, 1988, p. 23]. Viscosity in tum 

has an important effect on the final morphology of erupted materials. Thus, overlapping 

effects make it impossible to derive uniquely these parameters solely from simple 

morphologic measurements of resultant deposits. This is particularly relevant for the 

volcanoes under study here, as differences in flank slope amongst volcanoes have been 

used as a basis for classification [c.f. Carr, 1973; Plescia and Saunders, 1979]. 
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Due to a lack of sample data, interpretations of the style of eruption of martian 

volcanoes come from the inspection of image data. These interpretations include both 

effusive and explosive eruptive processes. Effusive martian eruptions included both large 

flood lavas, and edifice building activity [ cJ. Greeley and Spudis, 1981]. These 

interpretations are based on the identification of distinctive lava flow margins, and general 

morphologic correspondence with terrestrial volcanoes. Putative explosive deposits have 

been proposed to include both phreatomagmatic and magmatically driven materials [West, 

1974; Reimers and Komar, 1979; Mouginis-Mark et al., 1982b, 1988; Greeley and 

Crawn, 1990; Crawn and Greeley, 1993]. However, interpretations of the exact nature of 

martian explosive materials are problematic because they are based on secondary evidence. 

Explosive deposits on martian volcanoes have been identified on the basis of 

texture and a particular style of incised flank valleys. Specifically, lack of flow features, 

smooth texture, and hummocky terrain have been used as the main criteria for identifying 

pyroclastic deposits on Alba Patera [Mouginis-Mark et al., 1988], Hecates Tholus 

[Reimers and Komar, 1979; Mouginis-Mark et al., 1982b], and Ceraunius Tholus and 

Uranius Tholus [Reimers and Komar, 1979]. Additionally, incised valleys have been used 

as an indicator of pyroclastic deposits. In particular, Reimers and Komar [1979] noted 

that incised valleys occur on a number of martian volcanoes, particularly those thought to 

be relatively old (e.g. Ceraunius Tholus, Uranius Tholus, Hecates Tholus). On the basis of 

the morphology of these volcanoes, including relatively steep flank slopes, Reimers and 

Komar interpreted these volcanoes to be mostly the result of explosive eruptive processes, 

either base surges (from ground ice and magma interaction) or nuee ardentes (from 

juvenile volatiles exsolving from upcoming magma). These two types of eruptions, nuee 

ardentes and base surges, are very similar despite their differing genesis, though it has been 

proposed that nuee ardentes might have faster initial velocities in certain cases [Moore, 

1967; Wilson, 1976]. Both are seen in terrestrial examples to form density currents. 
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Density currents are known to form erosional gullies on the flanks of terrestrial volcanoes, 

and these valleys are distinguished by a gradual beginning down slope from the caldera rim 

and are formed with disregard for pre-existing topography. This insensitivity to pre

existing topography [Fisher, 1977] is a critical observation for it demonstrates that density 

currents do not need a pre-existing channel or valley to initiate erosion and subsequent 

valley formation. That is, density currents flow down the flanks, cutting through, rather 

than flowing around, pre-existing topographic undulations. Thus, density current carved 

valleys are distinguished from the constructional features of lava tubes and lava channels 

(aligned and/or coalesced pits, levees) and fluvial carved valleys (distributary branching, 

harmony with pre-existing terrain) due to this relative insensitivity to pre-existing 

topography. 

Gulick and Baker [1990] also examined martian volcanoes that have obvious 

valleys on their flanks. Their thesis is that many of these valleys are the result of fluvial 

processes, with lava flows and density flows also being important agents in carving some 

valleys. An important part of their model concerning the development of fluvial valleys on 

martian volcanoes is a two stage evolution that they developed from the study of the 

Kohala valleys on the Big Island of Hawaii. This evolution includes initial formation by 

surface runoff and subsequent enlargement by groundwater sapping. This interpretation 

comes from the identification of coalescing valleys, valley depth-to-width ratio, 

downstream widening, theater-headed tributaries and valley floor morphology. A 

requirement of their model is that the substrate be composed of ash deposits due to the 

high permeability oflava flows. 

Some martian valleys have also been proposed to be the result of effusive volcanic 

activity [Carr, 1973; Carr, 1974; Greeley and Spudis, 1981]. This interpretation comes 

from the comparison of terrestrial lava channels and lunar sinuous rilles [cf Carr, 1974]. 

These lava valleys are formed by the channelization of low viscosity lava flows by two 
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processes; constructional (levee formation), and erosional processes (both thermal and 

mechanical) [cf. Hulme, 1982]. Additionally, lava valleys can be initiated through the 

formation oflevees and then subsequently enlarged through thermal erosion. Lava-formed 

valleys, on Mars, are identified by sinuous plan, steep sides, and initiation at pit craters 

(usually). These types of valleys are usually, though not always, associated with volcanic 

constructs [Carr, 1973; Wilson andMauginis-Mark, 1984]. 

In summary, there have been proposed three types of valleys on martian volcanoes. 

Those that are caused by density current erosion during explosive eruptions, valleys 

carved by fluvial processes (runofl7sapping), and valleys formed by effusive activity. The 

study of valleys is particularly pertinent here as they give clues to the substrate (material 

that composes the flanks). The first two models (density current and fluvial) both require 

that the flanks be composed of ash, while the third can most likely be formed in a substrate 

composed of either ash or lava flows. The next sections present descriptions and 

interpretations of the lesser Tharsis volcanoes. The identification (and lack thereof) of 

incised valleys and lava flow lobes are the key lines of evidence used to identify the 

emplacement mechanisms that resulted in these volcanoes. 

Biblis Patera 

Biblis and Ulysses Patera (Figure 3 .2) are located approximately 600 km W of the 

summit of Pavonis Mons, and 600 km N of the summit of Arsia Mons (Figure 3.1). They 

are found on the northwestern margin of the Tharsis Bulge, and are both embayed by lava 

flows from Arsia Mons, and are crosscut by regional northwest trending graben. Both 

volcanoes exhibit caldera floors which are at a level below that of the surrounding plains 

{Table 3 .2). 

Biblis Patera (Figure 3.3) is elongated to the northwest and has a caldera that 

exhibits one major collapse crater. The flanks exhibit graben circumferential to the caldera 
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that extend outward and down, almost to the embaying lava flows (approximately 50 km) 

on the eastern contact. The circumferential graben surrounding the caldera are 

morphologically like those of Arsia Mons giving their calderas a similar appearance, 

despite their size difference (diameters of 54 km vs. 110 km respectively). The interior of 

the caldera is relatively rough with no apparent late stage effusive infilling, and it is at level 

approximately 1000 m below the surrounding plains (Figure 3.3). The texture of the 

flanks is very similar to that of Uranius Patera (see below) and this texture has been 

interpreted as lava flows [Plescia and Saunders, 1979; Greeley and Spudis, 1981; BVSP, 

1981, p. 781]. Flank slopes, away from the broad summit, are generally 6°, however the 

flanks on the northeast side are as steep as 12°. No incised channels are preserved on the 

flanks. All the features observed on Biblis Patera are consistent with an effusive, basaltic 

shield. 

Ulysses Patera 

A relatively large caldera and two superposed impact craters give Ulysses Patera a 

very distinctive morphology (Figure 3.4). The diameter of the caldera is greater than the 

radius of the volcano (55 vs. 49 km, respectively, Table 3.2). The caldera consists of one 

obvious collapse crater, and unlike Biblis Patera, has no preserved circumferential graben. 

Similar to Arsia Mons a series of small aligned cones occur on the caldera floor [Greeley 

and Spudis, 1981]. The floor of the caldera is relatively flat, most likely indicating late 

stage ponded lavas. The floor rests at least 1200 m below the surrounding plains: the 

volume of the caldera is greater than that of the subaerial portion of the edifice ( 4 vs. 2 x 

103 km3, respectively -- Table 3.2). This volumetric discrepancy is supporting evidence 

that the edifice is buried to a significant extent by Arsia Mons lavas and this is discussed in 

more detail below. The flanks exhibit a morphology consistent with lava flows and no 

incised valleys are observed. All these observations are consistent with an effusively 
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emplaced basaltic shield and this interpretation is in agreement with previous 

investigations [cf Plescia and Saunders, 1979; Greeley and Spudis, 1981]. 

Uranius Patera 

Uranius Patera, Ceraunius Tholus, and Uranius Tholus (Figure 3.5) are grouped 

approximately 900 km northeast of Ascraeus Mons and 1200 km SE of Alba Patera 

(Figure 3.1). They are embayed by lavas emanating from Ascraeus Mons, and occur in a 

region of cross cutting graben. To the west occur north trending graben (Tractus Fossae) 

associated with Alba Patera, and to the east, south and north occur north-northeast 

trending graben that are cut by younger northeasterly graben (Rhabon and Tempe Fossae). 

A complex caldera is the most striking feature ofUranius Patera (Figure 3.6). This 

caldera is composed of at least six overlapping craters (Figure 3. 7), which most likely are 

the result of discrete collapse events. Like the edifice, the caldera is elongate in a NE-SW 

direction. Similar to the caldera of Olympus Mons [Mouginis-Mark and Robinson, 1992], 

the floor exhibits sharply slanting subsidence blocks, a gently sloping floor, and wrinkle 

ridges (Figures 3.7, 3.8); all consistent with a basaltic, effusive shield volcano. The flanks 

are characterized by raised linear deposits with lobate terminations (Figures 3.7, 3.8). A 

high resolution frame covering the flanks just east of the caldera confirms the lobate 

materials in this area to be lava flows (Figure 3.9). Another major feature visible on this 

volcano is tectonic graben (Figures 3.6, 3.7, 3.9, 3.10). There are two types of graben on 

the flanks, those related to regional tectonic activity, and those that are circumferential to 

the caldera, resulting from intra-volcano stresses (Figure 3. 7). Regional tectonic activity 

occurred during the active lifetime of the volcano as witnessed by graben that cut the 

flanks and are partially infilled by volcanic materials (Figure 3.10). Cones also are found 

on the flanks (Figures 3.7, 3.8, 3.9), possibly indicating minor late stage explosive activity 

similar to that found on terrestrial basaltic shields such as Mauna Kea, Hawaii. Like 
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Ulysses Patera and Biblis Patera, no incised valleys are seen on the flanks of Uranius 

Patera. Flank slopes are on average 3° [Pike et al., 1980; Blasius and Cutts, 1981 ], 

however the flanks just below the caldera on the western side are about 9° [U.S. 

Geological Survey, 1-2111]. Photometric brightening near the caldera on the eastern flank 

is also consistent with relatively steep slopes just below the caldera rim (Figure 3. 7) The 

caldera and flank morphology of Uranius Patera are consistent with an effusively emplaced 

basaltic shield volcano. 

Ceraunius Tholus 

Ceraunius Tholus is characterized by an oval shape, relatively small caldera and 

incised valleys on the flanks (Figures 3 .11 ). These valleys, and the rough terrain between 

them, have been interpreted as lava flows [Neukum and Hiller, 1981], remnants of 

volcanically produced density flows [Reimers and Komar, 1979], and runoff/sapping 

erosional features [Gulick and Baker, 1990]. 

The two distinct types of valleys on Ceraunius Tholus [Gulick and Baker, 1990] 

are those that appear relatively steep sided and deep, Type I, and those that appear 

relatively flat floored and shallow, Type II (Figures 3.12, 3.13). The Type I valleys are 

generally accepted to be the result of lava processes [cf Carr, 1974]. However, Gulick 

and Baker have offered an alternate interpretation that the Type I valleys are similar to 

runoff and sapping valleys found on the north flanks of Kohala volcano, Hawaii. The 

largest of these Type I valleys occurs on the north flank (Figures 3.11, 3.12), and it is 

characterized by a sinuous course, and maintains a constant width of approximately 2000 

m; shadow measurements presented here indicate that it is greater than 250 m in depth 

(Figure 3 .11 ). The Type I valleys truncate Type II valleys, thus establishing that at least 

some of the Type II valleys are older (Figures 3 .11, 3 .12). The Type I valleys all occur on 

the western half of the volcano and appear to be related to overflow of late stage effusive 
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activity from within the caldera, in agreement with the earlier interpretation of Carr [ 197 4] 

and Reimers and Komar [1979]. 

The Type Il valleys are generally less than a kilometer in width and are relatively 

flat floored (compared to the Type I valleys). Reimers and Komar [1979] interpreted 

these hummocky flanks and fine valleys (Type Il) to be the result of explosive eruptive 

processes (Figure 3.13). Specifically, they proposed that the Type Il valleys were the 

result of erosion by density currents. This interpretation was based on the observation 

that in all cases these valleys lack levees, and exhibit discontinuous sections cutting 

through pre-existing topography. Gulick and Baker [1989, 1990] thought that the 

coalescence (tributary network) exhibited by some of the Type Il valleys was indicative of 

pluvial runoff, possibly later modified by sapping. However, no valleys occur within the 

caldera. This observation supports a volcanic origin for the flank valleys; if pluvial 

processes had carved the flank valleys, then the caldera walls might also exhibit incised 

valleys. It is difficult to definitively prove or disprove either of these theories for the 

origin of the Type Il valleys on Ceraunius Tholus (Figure 3.13). However, the essential 

point of both of these hypotheses is that the flanks are mostly composed of relatively 

friable explosive deposits (ash and/or cinder). 

Impact craters found on the flanks of Ceraunius Tholus are notable in that it is very 

difficult to discern their ejecta blankets (Figure 3.12, 3.13). At the currently available 

image resolution, 50 m/pixel, impact ejecta is not seen in valleys that occur adjacent to 

craters, and craters that are coincident with valleys do not appear affected by the process 

that formed the valleys. Thus, the age relation between the valleys and craters is often 

ambiguous. If the valleys actually were formed after the craters were emplaced then the 

valleys were most likely formed by an non-volcanic process. It may be that due to some 

unusual property of the flank material, ejecta is thinly distributed over a wide area or the 

ejecta is easily removed after emplacement, with little disruption of the pre-existing 
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terrain. However, there is no convincing evidence to support either idea, other than the 

"missing" ejecta. 

Uranius Tholus 

Uranius Tholus, like its larger neighbor to the south Ceraunius Tholus, is 

distinguished by its relatively simple caldera (2 craters) and steep flanks exhibiting incised 

valleys (Type I and II, Figures, 3.14, 3.15). The morphology of the larger valleys (Type I) 

on Uranius Tholus are consistent with an origin as rilles, most likely related to effusive 

outpourings from the caldera (similar to the Type I valleys on Ceraunius Tholus). 

Like Ceraunius Tholus, Uranius Tholus has relatively steep flank slopes, ranging 

from 6° to 14° (U.S. Geological Survey, 1:2M Topo Map 1-2111); Blasius and Cutts 

[1981] report average slopes to be 7°. The flanks ofUranius Tholus exhibit a lobate lava 

flow and both Type I and II valleys (Figures 3 .14, 3 .15). Much of Uranius Tholus has 

been resurfaced with both late stage effusive eruptions that emanated from the caldera and 

abundant meteor impact ejecta, thus possibly covering many of the smaller Type II valleys. 

However, Type II valleys are still visible, and the steep slopes are consistent with a history 

similar to that of Ceraunius Tholus: early edifice building explosive activity with late stage, 

effusive activity that originated dominantly from within the caldera. 

Jovis Tholus 

Of the seven volcanoes under study in this chapter, Jovis Tholus is the smallest and 

is relatively poorly imaged (Figures 3 .16, 3 .17). The flanks are smooth and contain no 

incised channels; other volcanoes under study here do contain channels visible at 

comparable or lower resolution (e.g. Ceraunius Tholus, Figure 3 .11 ). The caldera 

underwent multiple collapse events resulting in a complex series of benches and 

crosscutting scarps similar to the caldera of Uranius Patera. U.S. Geological Survey 
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topographic data (1:2M Topographic Map 1-1684) show that the lowest level of the 

caldera is approximately 1 km below that of the surrounding plains. 

Due to the poor image coverage and lack of diagnostic features preserved on the 

flanks, it is difficult to interpret the history of this volcano. The complex caldera (>5 

collapse events) and symmetric low angle (5-8° flank slopes) edifice are consistent with 

that of an effusive shield (e.g. Uranius Patera). Long and narrow positive relief features 

are found on the southeast flank, and these features are most likely lava flows. However, 

definitive identification is not possible with the existing image data. The rather bland flank 

texture exhibited by most of Jovis Tholus is similar to that of Tharsis Tholus (see below), 

and may indicate a late stage explosive ashfall mantling. Such deposits have been 

proposed for the summit region of Hecates Tholus [Mouginis-Mark et al., 1982b]. 

However, Jovis Tholus is tentatively placed in the dominantly effusive category. 

Tharsis Tho/us 

The morphology of this volcano (Figures 3.18) can be best described as bizarre. 

The general plan of the volcano is highly irregular and massive scarps divide the flanks 

into four distinct sections. Flank slopes measured from the U.S. Geological Survey 

topographic map (Map 1-2112) are, on average 6°, and locally as high as 12°. However, 

using shadow measurements, I have found that the flanks are in excess of 16° on the 

northwestern side of the volcano; thus revealing the steepest slopes of any of the 

volcanoes under study here. 

The flanks are relatively smooth to hummocky, with no incised valleys (Figure 

3.18). However, the flanks are marked by a series of fine, sub-parallel graben that range 

in width from 300 to 2000 m (Figure 3.19). The graben cross cut scarps in numerous 

places but do not cut the embaying lavas. Thus, they were formed very late in the history 

of Tharsis Tholus but before embayment by surrounding lavas. The digital pixel values 
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across the graben indicate that they are shallow and flat floored. However, their 

orientation is parallel to the sun azimuth making them unsuitable for accurate 

photoclinometric cross section measurements (Figure 3 .19). The average azimuthal 

orientation of the 19 most prominent graben seen on the western side is 246° (standard 

deviation = 8.4°). This orientation is parallel to a line extending from the center of the 

caldera and passing midway between Ascraeus Mons and Pavonis Mons, possibly 

suggesting that regional stress fields have played a role in the massive collapse seen on this 

volcano. Such a collapse may explain the massive blocks located at the northwest base of 

the volcano (Figure 3 .19). 

The caldera is bound to the west by a scarp with a minimum height of 4.2 km 

(Figure 3 .19). This scarp exhibits an unusual spur and gully morphology that is not seen 

at any other caldera on Mars (Figure 3.20). However, this morphology is similar to some 

of the canyon walls in the Valles Marineris, and may represent regional tectonic collapse 

(Figure 3.20 and Figure 7 ofLucchitta [1979]). To the east, the caldera wall has minimum 

height of2.5 km (Figure 3.18). The floor of the caldera is smooth but exhibits no features 

indicative of effusive lavas, and it lies -1000 m below the surrounding plains. 

Tharsis Tholus contains little morphologic information that would indicate that it 

was either mostly effusive or explosive in origin. On the basis of its steep flank slopes (up 

to 16°) and lack of preserved lava flows, it is most similar to Ceraunius Tholus. However, 

unlike on Ceraunius Tholus, no incised valleys are preserved on its flanks. Nevertheless, 

Tharsis Tholus will be placed tentatively in the dominantly explosive category. 

Description and Interpretation Summary 

In the preceding sections I have presented the corresponding image data for the 

lesser Tharsis volcanoes, along with a description of their morphology with particular 

emphasize on features that are useful for interpreting the style of emplacement of the 
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materials that comprise each edifice. Table 3 .3 presents a summary of these observations 

along with a preferred interpretation of the dominant mode of emplacement. The 

interpretation of the style of eruption comes from observation of flank texture, flank 

slopes, caldera morphology, and the occurrence of incised valleys. Those proposed to be 

mostly of explosive origin (e.g. Ceraunius Tholus) are typified by hummocky flanks, 

general lack of lava flows, steeper flank slopes ( 6-12°), and a high density of incised 

valleys on the flanks. Those that are probably mostly the result of effusive activity (i.e. 

Uranius Patera) are typified by a high density of lava flows on the flanks, shallower flank 

slopes (3-8°), and no incised valleys. The lack of incised valleys on the putative effusive 

shields is an important observation because it may indicate a large scale difference in the 

friability of deposits that form the two types of volcanoes. Consistent with this difference 

in friability, is the interpretation that the volcanoes exhibiting incised valleys are mostly 

composed of pyroclastic deposits (unwelded ash and/or scoria). If the Type I valleys on 

Ceraunius Tholus and Uranius Tholus are sinuous rilles, this is most interesting because 

the rilles may indicate that the flanks are relatively friable (poorly indurated ash or cinder?) 

allowing late stage effusive outpourings to erode the flanks (mechanically and/ or 

thermally). This is in contrast to the other shields (Ulysses Patera, Biblis Patera, and 

Uranius Patera -- interpreted to be mostly effusive) that are covered with late stage lava 

flows but have no associated rilles: the inferred lava flow substrate of these other 

volcanoes is not as friable. 

Caldera size, and possibly complexity, may also be a function of the dominant 

mode of eruption, effusive or explosive. The two volcanoes interpreted to be mostly of 

explosive origin, Ceraunius Tholus and Uranius Tholus, both have calderas that are small 

(areally and volumetrically) compared to other martian volcanoes and relative to their 

edifice dimensions (Table 3.2). Both of these calderas are simple in that they each have 

only 2 identifiable collapse craters unlike the dominantly effusive volcano Uranius Patera, 
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which has at least six collapse craters. However, Biblis Patera and Ulysses Patera each 

have simple calderas (one collapse crater), and both are interpreted to be mostly effusive 

in origin, though their calderas are relatively large in comparison with the calderas of 

Ceraunius Tholus and Uranius Tholus. Both the calderas of Ceraunius Tholus and 

Uranius Tholus are interpreted to be associated with late stage effusive activity, and hence 

identification of any diagnostic characteristic of caldera shape or size useful in the 

interpretation of the dominant mode of emplacement for the volcano as a whole, is 

difficult. 

RELATIVE AGES 

Understanding the relative ages of martian volcanic units is useful for investigating 

any correlation of eruption style as a function of time. For example, Reimers and Komar 

[1979] proposed that the style of eruption for martian volcanoes is related to a global 

evolution of martian climate. Thus, in this section, I will briefly review the existing crater 

ages for the lesser Tharsis volcanoes and discuss their significance in both a local and 

global context. 

Crater counts have been presented using the hypothesized lunar flux rates with 

"corrections" for martian specific conditions. From these crater counting techniques, 

relative chronologies have been presented for martian surface units. Plescia and Saunders 

[1979] have presented a relative chronology for some of the martian volcanoes (Table 

3.4). However, their crater counts are not consistent with those of Neukum and Hiller 

[1981]; specifically the two studies report differing crater densities for identical units (see 

Chapter 4 for the specific example of Apollinaris Patera). This discrepancy is most likely 

due to the fact that Plescia and Saunders actually counted all craters per unit area, while 

Neukum and Hiller counted only larger craters and extrapolated to smaller diameters (1 

km). For the lesser Tharsis volcanoes, crater chronologies have higher uncertainties due 
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to the small areal extent of each unit. For example, Ceraunius Tholus is on the order of 

100 km in diameter. Therefore, its total surface area is only-10000 krn2, which is some 2 

orders of magnitude smaller than the standard 106 km2 usually used for crater counting. 

Crater counting is a statistical method that assumes a random population. Thus, crater 

ages for areally small units, such as Ceraunius Tholus, have larger uncertainties than 

areally extensive units such as Alba Patera [Plescia and Saunders, 1979]. Therefore, 

placing accurately the relative age of Ceraunius Tholus in context with other small 

volcanoes that have roughly similar crater ages is not possible. Plescia and Saunders 

[1979] point out that relative ages may be affected if large areas of the shields are buried. 

In particular, they note that due to the large impact crater on the summit of Ulysses Patera 

its age may be enhanced if a considerable volume of the volcano is covered (which seems 

likely because the volume of the caldera is greater than the exposed edifice, see below). 

Thus, it is not possible to accurately place these volcanoes in a relative chronology 

amongst each other. However, due to the large crater count differences between these 

smaller volcanoes and the Tharsis Montes, Olympus Mons and embaying lavas it is 

possible to confidently place them (the lesser Tharsis volcanoes) as significantly older 

[Scott and Tanaka, 1981; Plescia and Saunders, 1979]. 

TOPOGRAPIDC DATA 

In this section, I present new planimetric and volumetric measurements for the 

lesser Tharsis volcanoes (Table 3.2). These data are given in order to compare the relative 

volumetric significance for each volcano in this study, as well as to aid in comparison with 

other martian and terrestrial volcanoes. Of particular interest is a comparison of the 

relative volumetric significance of explosive vs. effusive edifices. It is generally assumed 

that Tharsis eruptions were mostly effusive in origin [cf Greeley and Spudis, 1981]. 

Thus, identification of volumetrically significant explosive deposits will elucidate the 
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diverse nature of martian eruptive processes. The volumetric data presented here were 

derived from a global digital terrain model (DTM) and global digital image model (DIM) 

compiled by the United States Geological Survey (CD-ROM - USA NASA PDS VO 

20001 - 20007). For each volcano I co-registered the DTM and DIM data at a common 

scale (1/256°) in sinusoidal equal area projection [U.S. Geological Survey, 1991]. The 

DTM was over sampled by a factor of four using a bilinear interpolation to match the 

spatial resolution of the DIM. Using a highly interactive topographic analysis package 

[Garbeil, 1993], I was able to trace polygons on the DIM delimiting the outer margins and 

caldera of each edifice. From these DIM polygons, the co-registered DTM was used to 

calculate both the volume of the edifice and the caldera. The DTM model is based on a 

series of one km contour interval maps, at a scale of 1:2M, which were derived from 

stereophotogrammetric mapping [Wu and Howington-Kraus, 1988; Wu et al., 1985; Wu 

et al., 1988]. The DTM was produced by interpolating between contours using a growing 

contours algorithm developed by K. Edwards [U.S. Geological Survey, 1990]. The 

relative coarseness (1 km) of these data results in somewhat imprecise measurements for 

smaller volcanoes. In particular, if a volcano has an elevation of 4900 meters at its caldera 

crest, all points actually above the elevation of 4000 m will have a value of 4000 m in the 

DTM. This results in an underestimate for the volume of the edifice. Likewise, if the base 

of a volcano is at an elevation of 2100 m, and is sitting on a relatively flat plain, the 

calculated volume for the edifice will be too large. Uncertainties due to the interpolation 

procedure and coarseness of the original contours will therefore cause an uncertainty in 

the derived volumes. In order to estimate this uncertainty I have examined some idealized 

cases and find that the volumes should be good to about 20% or better, assuming no gross 

errors in the original contour data. 

The areal measurements (edifice radius, caldera width) were taken from the digital 

mosaics listed in Table 3.1. Edifice height and caldera depth measurements were taken 
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from the corresponding U.S. Geological Survey 1:2M topographic maps and updated with 

shadow measurements where possible (Table 3.2). From these measurements it is 

apparent that Ceraunius Tholus (explosive type) is volumetrically significant relative to the 

effusive types such as Uranius Patera, 27 km3 vs. 33 km3 respectively (see discussion 

below). To put this measurement into a terrestrial perspective, the volume ofMauna Loa, 

Hawaii, is estimated to be 50 km3 [Crisp, 1984]. Recalling that these volcanoes have all 

been embayed by the surrounding lava deposits, I next estimate the volumes of the buried 

portions of each of these volcanoes. 

DEPTH OF BURIAL OF THE LESSER 

THARSIS VOLCANOES 

The lesser Tharsis volcanoes are all embayed and buried to some extent by lavas 

that form extensive plains covering the Tharsis Rise [Plescia and Saunders, 1979; BVSP, 

1981; Greeley and Spudis, 1981; Scott and Tanaka, 1981; Whitford-Stark, 1982; 

Mouginis-Mark et al., 1982b]. This interpretation comes from the sharp contact between 

the surrounding plains deposits and the flanks of these volcanoes. Further support of this 

interpretation comes from the observation that the caldera floor of five of these volcanoes 

(Biblis Patera, Jovis Tholus, Tharsis Tholus, Ulysses Patera, Uranius Patera) actually lies 

below the level of the surrounding plains (Table 3.2). This relation is highly unusual in 

comparison with terrestrial basaltic shields [Pike and Claw, 1981]. An extreme case of 

burial is exhibited at Ulysses Patera, where the volume of the caldera is actually larger than 

that of the exposed edifice (Table 3.2). This is unusual in that the volume of a caldera 

represents a minor percentage of the total volume of the whole edifice for terrestrial 

basaltic shield volcanoes [Pike and Claw, 1981]. On the basis of these observations of the 

lesser Tharsis volcanoes, their depth of burial is significant, certainly greater than a 

kilometer. 
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The actual extent of the burial of the lesser Tharsis volcanoes has not been well 

constrained. Determining the depth of burial of these volcanoes is important in order to 

accurately derive their true volumetric extent. From these true, or reconstructed, volumes 

it is possible to determine the relative significance of effusive and explosive eruptions in 

addition to comparing the volumetric significance of the lesser Tharsis volcanoes amongst 

all martian volcanoes. Estimates of depth of burial range from a few hundred meters 

[Plescia, 1993] to 1000-1500 m [Plescia and Saunders, 1980; Whitford-Stark, 1982]. 

These earlier estimates were derived from the depth of burial of nearby impact craters. 

Plescia and Saunders [1980] and DeHon [1982] have both estimated the thickness of the 

embaying lava deposits in the vicinity of the lesser Tharsis volcanoes using this method. 

DeHon assumed that the shape of martian impact craters is analagous to that of mercurian 

impact craters, on the basis of the similarity of their nearly identical gravity fields; gravity 

is proposed to have a dominant control on the final shape of an impact crater. Plescia and 

Saunders [1980] assumed that martian impact craters are similar in shape to lunar impact 

craters. Due to the uncertainties in crater degradation state and target effects on final 

crater shape, any inaccuracy due to choice of these two models is probably insignificant. 

The infilled impact crater data presented by both DeHon [1982] and Plescia and Saunders 

[1980] would indicate the thickness of deposits surrounding these volcanoes is on the 

order of 500-1500 m. 

However, this estimate may not accurately reflect the true depth of burial for the 

volcanoes. The lesser Tharsis volcanoes are proposed to be old relative to other units in 

the area (see above). Thus, the measured infilled impact craters may actually lie on a level 

that is above the actual base of the volcanoes. Simply put, there may be one or more 

episodes of flood lavas that lie below the original emplacement surface of the measured 

impact craters and above the base of these volcanoes. It is most informative to observe 

that the density of craters (-5 km in diameter) observed by Plescia and Saunders [1980] 
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decreases radially inward from the edge of the Tharsis volcanic units towards the Tharsis 

Montes (see their Figures 3 and 4). This indicates a thickening of the embaying lavas 

towards the Tharsis Montes. Lavas emanating from the Tharsis Montes have completely 

buried craters resting on the original basement material. The few observed infilled craters 

are perched above the level of the denser population on the outer edges of the Tharsis 

lavas. This stratigraphy (increasingly thick lavas inward to the Tharsis Montes) is 

consistent with the regional stratigraphic mapping presented by Scott and Tanaka [1980], 

though they estimated the lavas to be less than one km in thickness. Plescia and Saunders 

[1980] proposed that the sparsity oflarger craters in the Tharsis (MC-9) and Lunae Palus 

(MC-10) quadrangles may indeed be due to a series of lava flows between the ancient 

basement material and the surface flows. They proposed that these lower flows are 

continuous with the Lunae Planum flood lavas to the east. These Lunae Planum lavas 

have been proposed to thicken from east to west and are estimated to be 1500 m thick in 

western Lunae Planum near the contact with the younger Tharsis lavas [DeHon, 1982]. 

Thus, the embaying lavas on the eastern side of the Tharsis Montes most likely rest on 

basement flows that have a thickness greater than 1 km. Solomon and Head [1982] have 

concluded that volcanic activity in the Tharsis area has occurred over most of the lifetime 

of the planet. Thus, it is reasonable to assume that large enough age differences exist 

between major Tharsis lava plains units, such that impact events formed larger impact 

craters (>5 km diameter) on stratigraphically lower units before they were subsequently 

buried. On the basis of these observations, it is likely that the thickness of the embaying 

lavas are, at a minimum, greater than or equal to the upper range (1500 m) previously 

proposed. 

Whitford-Stark [1982] reconstructed the buried portions of the lesser Tharsis 

volcanoes by comparing the widths of the calderas to the widths of the edifices. He 

calculated a linear relation for these parameters from terrestrial examples and applied this 
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relationship to the individual martian examples. This method may be sensitive to the large 

variations of caldera size exhibited from volcano to volcano of a given diameter and to 

caldera variation during the lifetime of a single edifice [cf Walker, 1984]. Whitford

Stark's reconstructed depths of burial for Ulysses Patera and Biblis Patera are significantly 

different, 3.6 km vs 0.0 km respectively. These two volcanoes are within close proximity 

(50 km; Figure 3.2), thus it seems highly unlikely that such a burial discrepancy is 

reasonable. The regional slope of the embaying lavas between these two volcanoes is less 

than 0.5°, while a burial difference of 3.5 km in 50 km (between Ulysses Patera and Biblis 

Patera) would require a slope of 4.5°. Thus, it seems likely that Whitford-Stark's 

estimated depth for one of the two is incorrect, unless the onset of eruptive activity at 

Biblis Patera occurred subsequent to the emplacement of flood lavas. However, 

stratigraphic mapping and crater counts in the region, show Biblis Patera and Ulysses 

Patera to be the oldest unit [Scott and Tanaka, 1980]. Units that are stratigraphically 

lower than the embaying lavas are considerably younger than both Ulysses Patera and 

Biblis Patera (see Table 1 of Scott and Tanaka). 

To further constrain the depth of burial for these martian volcanoes, I examined 

the relationship between height of volcanic edifice compared to caldera depth. This was 

considered due to the fact that five of the lesser Tharsis volcanoes have caldera floors that 

lie below the surrounding plains (Table 3.2). Additionally, these five calderas are also 

deep (compared with other martian examples and terrestrial examples) thus indicating that 

significant portions of the original caldera remain unfilled. If indeed these martian 

volcanoes are analagous to terrestrial basaltic shield volcanoes, then this relationship 

(height and depth) is useful for estimating the minimum depth of burial for the martian 

examples. Typically, the ratio of volcano height to caldera depth is greater than 20 for 

terrestrial shield volcanoes [Pike and Claw, 1981]. However, calderas are dynamic 

features, constantly changing form over the lifetime of a volcano [MacDonald, 1963; 

58 



Wood, 1984; Walker, 1988]. Volcanoes with a low height to depth ratio (Hid) would be 

less likely to have experienced large scale infilling, while volcanoes with a large Hid may 

have experienced large amounts of infilling. Simply put, volcanoes with a small Hid are 

probably most representative of types with relatively pristine calderas: that is calderas that 

have experienced relatively little infilling since their formation. Thus I have looked for 

terrestrial calderas that are relatively deep and have the lowest Hid to use as a constraint 

on reconstructing the size of the buried martian volcanoes; recalling that the martian 

examples under study have deep calderas relative to terrestrial and martian examples. In 

this context it is useful to examine the terrestrial volcanoes of the Galapagos Islands as 

they contain a significant Hid range (Hid= 4-22; Table 3.5). In particular the caldera of 

Fernandina (Hid= 4) and Volcan Wolf (Hid = 6) exhibit low Hid not only within the 

Galapagos Island examples but also for terrestrial basaltic shields in general [Pike and 

Clow, 1981]. It is also instructive to compare the Hid for the four major Tharsis shields 

and Apollinaris Patera with these terrestrial examples (Table 3.5). The range of values for 

the Galapagos and martian volcanoes are similar. For both sets the lower limit is about 

four (Fernandina and Apollinaris Patera). 

The exact mechanism(s) involved in basaltic caldera formation are not known. 

However, it is known that calderas are the result of subsidence rather then ejection. 

Observations of caldera walls reveal that they are generally inwardly dipping faults [cf 

Simkin and Howard, 1970], indicating a conical or funnel shape. Collapse of wall material 

and intra-caldera eruptions typically result in a debris or ponded surface on the caldera 

floor, hiding the true shape of the caldera. Reconstruction of the time averaged profile of 

the Kilauea caldera resulted in a general stepped funnel shape [Walker, 1988]. 

Examination of the recent caldera at Fernandina (formed in 1968) revealed a somewhat 

conical shape [Simkin and Howard, 1970]. Thus, to a first order, it is reasonable to 

estimate the subsidence crater (pre-infilling) by extending downward the caldera wall 
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faults, until they meet in the middle (general conical or funnel shape). For the Galapagos 

volcanoes Fernandina, Volcan Wolf and Cerro Azul the "corrected" subsidence crater Hid 

would fall within the range 2-4, making a reasonable low end range for Hid of 2-4 (for 

unfilled terrestrial calderas). On the basis of terrestrial examples [Pike and Clow, 1981], I 

assume that all basaltic shields have a caldera floor that is above the pre-eruptive terrain, 

and thus use the Hid of one as a minimum. Since no large scale terrestrial basaltic shields 

have Hid of one or lower, this value (Hid = 1) should be considered an extreme lower 

bound, in all likelihood the real value ofH/d should be higher (Table 3.6). 

The depths of the calderas of the predominately effusive lesser Tharsis volcanoes 

are great by any standard (average 2400 m), and thus it is reasonable to apply the low end 

Hid range to estimate their preburial height (Hid of 1-4). Figure 3.21 demonstrates the 

geometry of the method employed here to estimate the depth of burial (b ). The depth of 

burial is determined by the product of the respective height to depth (HI d) and measured 

caldera depth ( <luJ, minus the measured height of the edifice above the surrounding terrain 

(hut), 

b =[(Hid) x <lui] -1tm (3.1). 

Biblis Patera is a particularly useful example to apply this method, since it has what 

appears to be a relatively unfilled caldera (Figure 3.3). The reconstructed depths of burial 

for Biblis Patera are 1, 4 and 10 km for Hid of 1, 2 and 4, respectively (Table 3.6). The 

greater estimate of 10 km is nearly equivalent to the height of the Tharsis rise, and thus is 

probably an overestimate [cf Solomon and Head, 1980]. The mid-range estimate of 

burial, 4 km, is consistent with both constructional and mixed constructional/upwarping 

models [cf Solomon and Head, 1980] for the origin of the Tharsis rise, and is also 

consistent with the lack of large partially buried craters found inward towards the Tharsis 
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Montes (see above). The lower reconstructed burial, 1 km, is probably too low on the 

basis of terrestrial Hid values and the sparsity of impact craters with diameters of 5 km 

and greater. Thus, it is here proposed that the depth of burial lies in the range of 1-10 km, 

with the estimate of 4 km being the most reasonable. 

The reconstructed burial of illysses Patera (3.5 km, from Hid = 2) is consistent 

with the depth of burial of Biblis Patera (Table 3.6). Recalling that illysses Patera and 

Biblis Patera are spatially close ( <50 km), it is reasonable to assume that their depth of 

burial should be similar. The caldera of illysses Patera is relatively deep, yet exhibits a 

flat floor consistent with a degree of eruptive infilling, this infilling would result in an 

underestimate of the depth of burial. Indeed the derived depth of burial of illysses Patera 

is 500 m less than that ofBiblis Patera. Thus, it is consistent to infer that the thickness of 

the embaying lavas around Biblis Patera and illysses Patera is on the order of 3-4 km. 

The mid-range estimate of burial (Hid = 2) for Uranius Patera (2.4 km burial) is 

significantly greater than the previous estimate of 500-600 m [Plescia and Saunders, 

1980] and essentially equivalent to the 2.1 km estimate of Whitford-Stark [1982]. This 

depth of burial (2.4 km) is consistent with those ofBiblis Patera and illysses Patera in that 

Uranius Patera is further (400 vs. 900 km, respectively) from the putative source of the 

Tharsis flood lavas, the Tharsis Montes. It is reasonable to expect a radial thinning of the 

flood lavas from the source, resulting in less burial outward from the Tharsis Montes. 

Consistent with a radial thinning of the Tharsis flood lavas, is the depth of burial of Jovis 

Tholus (3.0 km; Hid= 2). This depth of burial is intermediate to those of Biblis Patera, 

IBysses Patera (3.5-4.0 km) and Uranius Patera (2.4 km). Jovis Tholus has a 

correspondingly intermediate distance from the Tharsis Montes (700 km). 

The neighboring volcanoes to Uranius Patera, Ceraunius Tholus and Uranius 

Tholus, both have shallow calderas that appear to be relatively infilled and are proposed to 

be dominantly of explosive origin, hence, it is not appropriate to apply the Hid method. 

61 



However, due to their close spatial location to Uranius Patera it is assumed that their 

depth of burial is similar (2.4 km). 

Due to the highly irregular shape of Tharsis Tholus, it is difficult to apply the Hid 

method due to uncertainties regarding a valid edifice height (relief above the surrounding 

terrain) and depth of caldera. The greatest relief above the caldera floor occurs on the 

western side, - 7 km. While the eastern caldera wall shows less than 3 km of relief For 

the purposes of reconstructing the depth of burial of Tharsis Tholus, I have examined the 

eastern portion of the caldera. Here the rim is 2500 above the caldera floor and 1500 m 

above the surrounding terrain. I have applied these values to equation 3 .1 and the 

corresponding depths of burial for Hid of 1, 2 and 4 are 1.0, 3.5 and 8.5 km, respectively. 

These depths of burial are the least well constrained of the lesser Tharsis volcanoes due to 

the highly irregular form of Tharsis Tholus. However, the mid-range burial estimate (Hid 

= 2) of3.5 km is consistent with the other lesser Tharsis volcanoes, on the basis of relative 

proximity to the Tharsis Montes (600 km). 

Clearly these estimates are rough and are subject to unconstrained errors, probably 

1 to 2 km. However, these estimates indicate that the commonly inferred average 

thickness of 500-1500 m [Scott and Tanaka, 1980; Plescia and Saunders, 1980; DeHon, 

1982] for the lavas on the Tharsis rise are low. The observation that the calderas ofBiblis 

Patera, Jovis Tholus, Tharsis Tholus, and Ulysses Patera are all at least 1 km below the 

surrounding plains argues strongly that only the upper range (1500 m) of the previous 

estimate is plausible. Additionally, in support of a greater total thickness of the Tharsis 

flood lavas is the observation that the flood basalts of the Deccan Traps, India, have an 

average thickness in excess of 2 km [Cas and Wright, p. 369]. Similar or greater 

thicknesses, of similar type martian deposits are not unreasonable, and possibly even 

expected, due to gravity differences. Individual lava flows that compose a flow unit 

should have greater thicknesses on Mars relative to the Earth [Wilson and Head, 1983]. 
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On the basis of this new model, the caldera elevations, and terrestrial analog, it is plausible 

to assume that the average thickness of lavas on the Tharsis rise is greater than 1500 m, 

and may be as much as 4 km locally. For the lesser Tharsis volcanoes this means that the 

volume of the buried portion, for the minimum Hid of one, is greater than the volume of 

the exposed portion for Biblis Patera, Jovis Tholus, Ulysses Patera and Uranius Patera 

(Table 3.7). The mid-range estimate ofH/d of two indicates the buried volume for each of 

the lesser Tharsis volcanoes (excluding Tharsis Tholus) is, on average, greater than I5x 

the exposed volume (Table 3.7). On the basis of these data the true extent of these 

volcanoes is much greater than has been previously estimated. In the context of this 

chapter, these estimates are important for evaluating the volumetric significance of the 

eruptions that formed the lesser Tharsis volcanoes and this will be discussed in detail 

below. 

DISCUSSION 

The lesser Tharsis volcanoes exhibit morphologies consistent with both explosive 

and effusive eruptions. Ceraunius Tholus is proposed to be the explosive end-member, 

while Uranius Patera is inferred to be the effusive end-member. However, each show 

indications of both styles of eruption. For example Ceraunius Tholus, the explosive type, 

exhibits evidence of late stage effusive eruptions that flowed from the caldera and carved 

sinuous rilles (Type I valleys) in its relatively friable flanks (Figure 3.11). Sinuous rilles 

are also found on the flanks of Uranius Tholus, another proposed explosive volcano 

(Figure 3.14). Other volcanoes proposed to be dominantly effusive (Biblis Patera, Ulysses 

Patera, Uranius Patera) all exhibit flank lava flows (Table 3.3), but have no preserved 

rilles. Thus, the sinuous rill es (Type I valleys) are further supporting evidence that 

Ceraunius Patera and Uranius Tholus are composed of a relatively friable material. Friable 

materials such as unconsolidated ash or scoria would aid mechanical erosion, and the 
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lower density of such pyroclastic material would enhance thermal erosion, thus favoring 

the formation of rill es. 

A remaining question is, what was the history of these volcanoes? Is the total 

edifice of Uranius Patera composed of effusive materials (excluding the minor cone 

building events) or did it also undergo large scale explosive activity during its eruptive 

history? The topographic data presented here indicate that the western flank of Uranius 

Patera is much steeper than its eastern flank (9° vs. 3°, respectively). These steeper flanks 

are comparable to the average flank slopes ofUranius Tholus and Ceraunius Tholus, both 

proposed to be dominantly explosive in origin. This slope dichotomy at Uranius Patera 

may thus indicate early, large scale explosive eruptions that resulted in relatively steep 

flanks. Late stage effusive eruptions then buried most of the earlier explosive edifice. 

Late stage effusive activity also occurred in the cases of Ceraunius Patera and Uranius 

Patera. However, these late effusive outpourings were volumetrically small and thus the 

original explosive character of the flanks is still evident. From these three examples, it is 

inferred that certain martian volcanoes initiated as dominantly explosive, then evolved to 

late stage effusive activity. Dependent on the relative amounts of early explosive activity, 

and late effusive eruptions, differing morphologies result. Admittedly this idea is 

speculative, but it is consistent with observations at other martian volcanoes. 

Evidence for early explosive activity evolving to predominately effusive eruptions 

is found for other martian volcanoes. The basal scarp of Olympus Mons has been 

proposed to be the result of erosion along a basement of friable ash under the upper, more 

competent, effusive edifice [King and Riehle, 1914; Head et al., 1976]. Apollinaris Patera 

exhibits a morphology that is consistent with early stage explosive eruptions, and late 

stage effusive activity that covers a significant portion of its flanks (see Chapter 4). Alba 

Patera has been proposed to have had a two stage evolution from early explosive 

eruptions to late stage effusive activity [Mouginis-Mark et al., 1988]. Elysium Mons is 
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also proposed to have exhibited significant explosive activity, on the basis of hummocky 

flanks and relatively steep slopes [Malin, 1977]. Tyrrhena Patera and Hadriaca Patera 

both have been proposed to have been mainly emplaced by pyroclastic flows, and both 

show convincing evidence of late, large scale, effusive activity [Greeley and Crown, 1990; 

Crown and Greeley, 1993]. Thus, it seems to be common among martian volcanoes to 

initiate explosively, and later evolve to a predominately effusive style. 

If true, this hypothesis raises the question, what was the nature of the explosive 

eruptions? Explosive activity capable of building large volcanoes on Earth may be either 

magmatic or hydromagmatic in origin. In the first case, explosive activity is due to the 

rapid degassing of juvenile gases contained within the magma [Sparks, 1978]. In the 

second case, magma comes into contact with non-juvenile water and the rapid 

transformation of this water to steam results in explosive activity [Self and Sparks, 1978]. 

If correct, the interpretation that martian volcanoes typically exhibit an early explosive 

stage followed by a later effusive stage is important because it indicates that martian 

magmas either: 1) contain significant proportions of volatiles, or 2) frequently come into 

sustained contact with non-juvenile water. With the currently available data it is 

impossible to directly determine which process was most responsible for the martian 

eruptions. Large scale, juvenile volatile driven martian eruptions are theoretically possible. 

Due to the weaker martian gravity field and lower martian atmospheric pressure, explosive 

eruptions would be favored on Mars relative to the Earth given similar magmatic 

conditions [Wilson and Head, 1983]. Analysis of rocks ejected from Mars and delivered 

to the Earth (e.g. SNC meteorites) reveals that martian magmas do contain juvenile water 

in amounts consistent with this hypothesis [cf Banin et al., 1992]. It is reasonable to 

postulate that early degassing of upwelling magma could be responsible for initial 

explosive activity, thus accounting for the observed transition from explosive to effusive 

activity. Such explosive activity would most likely be similar to terrestrial plinian 

65 



eruptions [Wilson and Head, 1983]. Consistent with this hypothesis, as the magma later 

became depleted in volatiles the remaining activity would be effusive in nature. 

Ceraunius Tholus and Uranius Tholus may also have been formed by large scale 

phreatomagmatic eruptions. Such an eruption scenario was considered for Hadriaca 

Patera [Crown and Greeley, 1993]. However, it is open to question whether martian 

eruptions could be continuously supplied with groundwater for a period long enough to 

build large volcanoes such as Ceraunius Tholus and Hadriaca Patera [Crown and Greeley, 

1993]. Specifically, it is not clear if enough groundwater can be transported to the vent 

for sustained periods of time, and it is also likely that the upcoming magma would 

eventually be sealed off from the water table as the edifice grew. A pertinent terrestrial 

example arguing against such large scale phreatomagmatic eruptions is the Hawaiian 

volcanoes. Hawaiian volcanoes exhibit <1 %, by volume, hydromagmatic deposits 

[MacDonald, 1972; p. 355] despite their unlimited source of water (the Pacific Ocean). 

On the basis of this example, it is not plausible that groundwater pathways can remain 

open to upcoming magma for extended periods of time. Thus, it is most likely that the 

putative explosive activity was dominantly the result of juvenile volatiles. Whatever the 

case, magmatic or hydromagmatic explosive activity, it appears that edifice building 

explosive deposits are volumetrically significant on Mars (Table 3.8). 

Large scale mafic explosive activity is known to occur on the Earth. Gregg and 

Williams [ 1993] are currently investigating such terrestrial analog deposits for comparison 

with martian volcanoes, and they have found significant basaltic Plinian airfall deposits as 

well as basaltic ignimbrite deposits (Maysaya, Nicaragua and Ambrym, Vanuatu). Thus, 

by terrestrial analogy [Gregg and Williams, 1993] and numerical modeling [Wilson and 

Head, 1983], it is reasonable to assume that large scale mafic explosive eruptions did 

occur on Mars. The processes that formed the lesser Tharsis volcanoes may be similar to 

those of the larger Tharsis Montes and Olympus Mons. If these larger volcanoes also 
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underwent extended periods of earlier explosive activity, then we can infer that, in general, 

martian edifice forming magmas have relatively high volatile contents, and the eruptive 

episodes that formed these volcanoes must have contributed significantly to the martian 

atmosphere [Wilson and Mouginis-Mark, 1987; Postawko et al., 1988]. For example, it is 

proposed in Chapter four that Apollinaris Patera released, on average, 10& kg yearl water 

vapor during its active lifetime, which may have been greater than J07 years. 

SUMMARY 

I have examined the seven lesser Tharsis volcanoes, with an emphasis on 

morphologic features that are clues to the dominant style of eruption that formed each 

edifice. Characteristics consistent with both effusive and explosive activity were found. 

Volcanoes interpreted to be mostly of explosive origin exhibit; 

I) incised valleys on the flanks 

2) hummocky flank topography 

3) general lack of flank lava flows 

4) steep slopes (>8°) 

5) late stage rill es (indicating friable substrate) 

6) small caldera (?), 

and these are typified by typified by Ceraunius Tholus. While those inferred to be formed 

dominantly by effusive processes are characterized by; 

1) flanks covered with lobate flows 

2) lack of incised valleys (including rilles) 

3) shallow slopes (<8°) 

4) large caldera (?), 

and these are typified by Uranius Patera. 
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The actual volumetric significance of these volcanoes is not clear because they 

have all been embayed by flood lavas from the Tharsis Montes. On the basis of the 

observation that five of the seven caldera floors lie below the level of the surrounding 

plains (average of900 m}, it is inferred that the depth of burial is significant, greater than a 

kilometer for each volcano. By comparing the exposed relief of each edifice with its 

caldera depth (Hid) I have constrained the thickness of the embaying lavas to range from 2 

to 4 kilometers for the lesser Tharsis volcanoes. From this burial estimate, I have 

estimated the true volumes of each volcano. On average, the reconstructed volume for 

each edifice is 3x and 16x its exposed volume for respective Hid values of I and 2. 

From the morphologic interpretations and topographic analysis I propose that 

many martian volcanoes undergo an initial period of explosive activity that subsequently 

evolves to effusive eruptions, and this is consistent with previous studies of other martian 

volcanoes. It is further proposed that the nature of the explosive activity was dominantly 

due to exsolving juvenile gases. These early explosive eruptions would have injected large 

amounts of volatiles into the atmosphere causing both local and global perturbations in 

martian climate. 

If Olympus Mons and the Tharsis Montes underwent similar eruptive histories as 

the lesser Tharsis volcanoes, then these smaller volcanoes preserve the early history of 

their larger neighbors. In particular, Ceraunius Tholus and Uranius Tholus experienced 

only minor late stage effusive activity providing a window on the initial, explosive stage of 

martian edifice building eruptions. To further investigate the idea that many martian 

volcanoes initiated as dominantly explosive activity, and then evolved to dominantly 

effusive eruptions, I next present a detailed study of the martian volcano Apollinaris 

Patera (Chapter 4). Apollinaris Patera is especially useful in this context as it has many 

features preserved that are indicative of both early explosive eruptions, and late stage 

effusive activity. The Viking mission acquired a large number of images of Apollinaris 
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Patera, with unique viewing geometries, that allow for excellent morphologic, topographic 

and photometric analyses of these preserved features. The findings from Chapter 4 

provide supporting evidence of the ideas presented in this chapter. 
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Table 3.1 Listing of Viking Orbiter digital images and mosaics produced for this study. 

Orbit a Framesb Res I Ince Coverage Figyred 

044B 48,50 165I14° Biblis Patera 3.3 

641A 79-82 260 I 72° Biblis/Ulysses Patera 3.2 

229A 6,8-10 55I19° Ceraunius Tholus 

662A 54,56,58-61 35 I 73° Ceraunius Tholus 3.13 

236Bl 14 70 I 35° Ceraunius Tholus 3.12 

516A2 21-24 200I15° Ceraunius/Uranius Tholii 3.11, 3.14 

041B 17,19 125I14° Jovis Tholus 3.16 

516A 36 195 I 56° Jovis Tholus 3.17 

890A2 5 175 I 68° Jovis Tholus 3.17 

858A 23 190I16° Tharsis Tholus 3.18 

699A 9-16 30I14° Tharsis Tholus 3.19 

090A 63 50 I 8° Tharsis Tholus 3.20 

197Bl 13 65 I 44° Tharsis Tholus 

225A 14,15 135 I 50° Tharsis Tholus 

049B 68,70,85 160 I 77° Ulysses Patera 3.4 

229A 20,22 50I15° Uranius Patera 

626A 41,42 75I14° Uranius Patera 3.9, 3.10 

663A 67,68 45 I 61° Uranius Patera 

857A3 43-46 245I15° Uranius Patera 3.6, 3.7 

038B 62,63 90 I 87° Uranius Tholus 3.15 

a Viking orbit designation 
b Specific frame numbers used in mosaic. 
c Image resolution in m/pixel and incidence angle in degrees. All mosaics have been 

projected in sinusoidal equal area projection at a scale corresponding to 112n°, where n 
is a positive integer. The particular scale for a given mosaic was chosen to be at or 
higher than the resolution of the raw image data. This resolution scheme makes inter 
comparison (e.g. overlaying) of mosaics computationally parsimonious. 

d Figure number for a given mosaic, dash means that mosaic or image is not presented. 
I Mariner 9 frame. . 
2 Viking frames 890Al5-16, covering Biblis Patera and Ulysses Patera, are unavailable in 

digital format at this time [personal communication, E. Eliason, U.S. Geological 
Survey. 

3 Orbits 5 l 6A and 857 A combined to produce Figure 3 .5. 
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Table 3.2. Pertinent measurements of the lesser Tharsis volcanoes. 

Edifice Caldera 
Vol Vol 

Diam Height (103 Diam Depth (103 
(km) (m) km3) (km) (m) km3) 

Biblis Patera 184 2000 22.2 52 3000 4.0 

Ceraunius Tholus 115 6000 26.6 24 1000 0.4 

Jovis Tholus 54 1000 0.8 26 2000 0.4 

Tharsis Tholus 114 6000 22.1 30 24ooa 2.2 

Ulysses Patera 97 1000 1.6 55 224oa 4.2 

U ranius Patera 264 2000 32.6 100 22ooa 7.5 

Uranius Tholus 61 3000 3.8 21 22oa <0.1 

Note. Areal measurements from the highest resolution digital mosaics presented in this 
study for a particular volcano (Table 3.1). Caldera depths marked with (0 ) updated with 
higher resolution shadow measurements. The shadow measurements represent a minimum 
depth as portions of caldera above the top of the shadow with a slope less than sun angle 
and portions of the floor at an angle shallower than the sun angle are not included. 
Volumetric measurements of the lesser martian volcanoes taken from digital terrain model, 
DTM- see text 
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Table 3.3 Summary matrix of the morphology of the seven lesser Tharsis volcanoes. 

Flank Valley Graben Caldera Interp 

Biblis Patera h, f, (3°, 12°} s cg, r c?, (1) F,x 

Ceraunius Tholus h, (6°, 12°} cl, 1, rz, s, u sm, (2) X,f 

Jovis Tholus sm, (S0
, 8°) r (>S) F? 

Tharsis Tholus sm, (3-6°, 16°) pl, r sm, ( 2) X? 

Ulysses Patera f, (So, 90) r c, sm, (I) F 

Uranius Patera c, f, (3°, 9°} cg, r w, (>S) F 

Uranius Tholus f, h, (6°, 14°) s, 1 sm, (2) x, f 

Flank -- sm = smooth, h =hummocky, f =lava flows, c =volcanic cone, (#,#) slope in 
degrees of average and steepest flank. The flank slopes were measured from the 1 :2M 
topographic maps. Measurement is from the contour nearest the rim of the caldera 
down to the contour nearest the margin of the volcano for the steepest flank of each 
volcano. Blasius and Cutts [1981] report average flank slopes for Ceraunius Tholus, 
Uranius Tholus and Uranius Patera of 9°, 7° and 3° respectively. For comparison the 
average flank slopes for Olympus Mons are 3-S0 [Blasius and Cutts, 1981]. 

Valley -- s = sinuous, cl = coalescing linear, l = linear, u = u shaped, rz = rectilinear or 
zigzag (s are Type I valleys while cl, l, u, and rz are Type II valleys, see text). 

Graben -- cg = circumferential graben, pl = parallel local graben, r = regional graben. 
Caldera - # = minimum number of identifiable collapse craters, w = wrinkle ridges, c = 

volcanic cones, g = graben, f= lava flows, sm =smooth floor). 
Interp -- F = large scale effusive eruptions, f = subordinate effusive activity X = large scale 

explosive eruptions, x =subordinate explosive activity). 
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Table 3.4 Crater counts for the major martian volcanoes. 

aN(l) I 106 km2 

Olympus Mons 27 ± 11 

Ascraeus Mons 110 ± 62 

Pavonis Mons 350 ± 85 

ArsiaMons 780 ± 135 

Apollinaris Patera 990 ± 150 

Biblis Patera 1400 ± 287 

Tharsis Tholus 1480 ± 345 

Albor Tholus 1500 ± 263 

Hecates Tholus 1800 ± 351 

Alba Patera 1850 ± 132 

Jovis Tholus 2100±1106 

Hadriaca Patera 2100 ± 161 

Elysium Mons 2350 ± 153 

Tyrrhena Patera 2400 ± 306 

Uranius Patera 2480 ± 843 

Uranius Tholus 2480 ± 843 

Ceraunius Tholus 2600 ± 517 

Ulysses Patera 3200 ± 804 

Tempe Patera 4300 ±425 

8Number of craters with diameters greater than or equal to 1 kilometer per 106 km2, from 
Plescia and Saunders [1979]. 

Note. The lesser Tharsis volcanoes are highlighted in bold type. 
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Table 3.5. Listing of edifice height and caldera depth for certain volcanoes on the Earth 
and Mars 

Height CID DeQth (d) Hid 

Volcan Alcedo 3000 240 13 

Cerro Azul 3500 400 9 

Volcan Darwin 3300 200 17 

Volcan Wolf 3500 600 6 

Fernandina 3300 900 4 

Genovese 1530 75 20 

Sierra Negra 3300 150 22 
Pinzon 550 120 5 

ArsiaMons 12750 650 20 

Ascraeus Mons 19000 2500 8 

Olympus Mons" 24600 2500** JO 

Pavonis Mons 17000 3000 6 

Apollinaris Patera 83600 1800 4 

Note. The terrestrial examples (top group) are located in the Galapagos chain and 
generally have a low Hid relative to other terrestrial shields [Pike and Clow, 1981]. The 
five martian examples are given to show the generally good correspondence of Hid with 
the terrestrial examples. It is important to remember that calderas are very transient 
features on volcanoes [cf Walker, 1988] and thus the actual size and shape is frequently 
modified by subsequent volcanic infilling and collapse. Volcanoes with a low Hid, such as 
Fernandina and Apollinaris Patera, most likely represent examples with calderas containing 
relatively little infilling (see text). 
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Table 3.6. Reconstructed heights and depths of burial of the lesser Tharsis volcanoes. 

H/d 

Height ws l 2 ~ 

Biblis Patera 2.0 3.0 (0.0) 3.0 (1.0) 6.0 (4.0) 12.0 (10.0) 

Ceraunius Tholus 6.0 5.2 (0.0) 

Jovis Tholus 1.0 1.3 (0.7) 2.0 (1.0) 4.0 (3.0) 8.0 (7.0) 

Tharsis Tholus 6.0 5.0 (0.9) (1.0) (3.5) (8.5) 

Ulysses Patera 1.0 5.3 (3.6) 2.2 (1.2) 4.5 (3.5) 9.0 (8.0) 

Uranius Patera 2.0 3.7 (2.1) 2.2 (0.2) 4.4 (2.4) 8.8 (6.8) 

Uranius Tholus 3.0 3.5 (1.1) 

Note. The second column (Height) is the measured relief above the surroundings plains 
taken from U.S. Geological Survey 1:2M topographic maps. The third column (WS) lists 
the reconstructed height for each volcano as presented by Whitford-Stark [1982]; number 
in parentheses is difference from measured relief (depth of burial). Note that the measured 
relief listed in column two (Height) is sometimes different than that of Whitford-Stark 
(derived by subtracting the WS depth of burial from the Whitford-Stark relief), this is 
probably due to revisions of the Mars topographic model since 1982. The fourth, fifth and 
sixth columns show the reconstructed height and depth of burial (shown in parentheses) 
calculated in this study for respective values of the Height to depth ratio (H/d indicated in 
column heading). The mid-range values (H/d = 2) are mostly likely closest to the truth 
(see text). The volcanoes Ceraunius Tholus, and Uranius Tholus were deemed not 
suitable for this method (H/d) and thus no reconstructed heights are presented. 
However, Ceraunius Tholus and Uranius Tholus are located in close proximity to Uranius 
Patera; thus the depths of burial for Uranius Patera can be used to estimate those for 
Ceraunius Tholus and Uranius Tholus (see text). Due to the unusual shape of Tharsis 
Tholus only an estimate of burial is presented, see text for explanation. 

75 



Table 3. 7. Reconstructed volumes for the lesser Tharsis volcanoes. 

Observed 1 2 4 
Volume Volume Volume Volume 
103 km3 103 km3 103 km3 103 km3 

Biblis Patera 22 55 350 2400 

Ceraunius Tholus" 27 28 59 178 

Jovis Tholus 1 4 23 145 

Tharsis Tholus 22 

Ulysses Patera 2 14 83 490 

Uranius Patera 33 50 292 1750 

Uranius Tholus" 4 5 16 68 

Note. Second column is the volume of the edifice above the surrounding plains (see text 
and Table 3.2). The third, fourth, and fifth columns show the reconstructed volumes for 
respective Height to depth (Hid; see text) as indicated in column headings. Reconstructed 
volumes assume a conical shape (minus the volume accounting for the caldera) for the 
volcano assuming constant flank slopes derived from the measured relief and flank width. 
The volumes for Ceraunius Tholus and Uranius Tholus were determined from the depths 
of burial for the neighboring volcano Uranius Patera (Table 3.6). Due to the highly 
irregular shape ofTharsis Tholus no volume reconstruction is presented. For comparison, 
the volume of Olympus Mons is 3900 x J03 km3, and that ofMauna Loa, Hawaii is 50 x 

J03 km3. 
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Table 3.8 Compilation of martian volcano measurements. 

Edifice Caldera Vol 
Diam H Vol Width Depth 103 

km m 103 km3 km m km3 

Alba Patera0 920 3000 665 50 <1000 <1 

Albor Tholush 154 4000 35 33 3000 1 

Apollinaris Paterac 160 6500 100 80 1800 2 

ArsiaMonsb 455 11000 2505 121 3000 5 

Ascraeus Monsb 365 20000 1872 78 6000 6 

Biblis Paterab 184 2000 22 54 1500 4 

Ceraunius Tholush 115 6000 27 23 675 <1 

Elysium Monsb 318 13000 335 14 <1000 <1 

Hadriaca Paterad 500 1250 ? 77 <1000 <1 

Hecates Tholush 209 9000 92 11 <1000 <1 

Jovis Tholush 54 1000 1 26 2000 <1 

Meroe Paterab ? ? ? 51 <1000 ? 

Nilli Paterab ? ? ? 60 <1000 ? 

Olympus Monse 600 24000 3900 80 3000 4 

Pavonis Monsh 348 9000 1909 46 5000 5 

Tharsis Tholush 114 6000 22 32 2500 2 

Tyrrhena Paten{ 200 2000 115 40 <1000 <1 

Ulysses Paterab 97 2000 2 58 1600 4 

Uranius Paterab 264 2000 33 100? 2100 8 

Uranius Tholush 61 4000 3.8 20 100 <1 

a Wilson and Mouginis-Mark, 1987, b this study, c chapter 4, d Greeley and Crown 1990, 
e Wu et al., 1984, I Crown and Greeley, 1993. 

Note: Maximum edifice diameters and maximum caldera widths reported. Measurements 
from U.S. Geological Survey Martian Digital Image Maps (MDIM) and Martian Digital 
Terrain Models (MDTM)~ Volume/height for Tharsis Montes, Elysium Mons, Olympus 
Mons and Hecates Tholus measured above 10000, 5000, 2000, and 2000 m contours, 
respectively. 
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Figure 3.1. Sketch map showing the location of the martian volcanoes Arsia Mons, 
Ascraeus Mons, Biblis Patera, Ceraunius Tholus, Jovis Tholus, Olympus Mons, Pavonis 
Mons, Tharsis Tholus, Ulysses Patera, Uranius Patera and Uranius Tholus. Width of map 
is 3300 km at the equator (0° latitude), north is to the top. 
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Figure 3.2. Digital image mosaic of Biblis Patera and Ulysses Patera. Biblis Patera (left) is characterized by an elongate 
~ northwest-southeast form, including a relatively wide and deep caldera (54 km and 3 km respectively). Biblis Patera exhibits 

graben circumferential to the caldera, and regional graben that cut both the volcano and embaying plains (see also Figure 3.3) 
Shadow measurement from rim of caldera to large bench (Sl) 870 ± 170 m, and from same bench to caldera floor (S2) 1830 ± 
170 m; thus the caldera has a minimum depth of 2700 m. Ulysses Patera (right) is more symmetrical, and is dominated not only 
by a wide and deep caldera, but also by two large meteor impact craters (28 and 16 km diameters) that have disrupted both the 
flanks and caldera wall and floor. Shadow measure of the relief of the eastern caldera wall (S3) is 2180 ± 170 m. Ulysses 
Patera is also cut by regional graben but does not exhibit graben circumferential to the caldera (see also Figure 3.4). North is to 
the top, total width of frame is 391 km (PICNOs 641A79-82; 270 m/pixel). 
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Figure 3.3a. Biblis Patera, as imaged by Viking Orbiter 2, at a resolution of 165 m/pixel. 
The flanks are characterized by relatively long and narrow lava . flows (arrow "f') and a 
distinct lack of incised valleys. Some of the regional graben that cut the edifice are 
discontinuous (arrows "d"); this may indicate that regional tectonic activity occurred while 
the volcano was active (see also Figure 3.3b). Flow fronts of embaying flood lavas shown 
with arrows labeled "e". North is to the top, width of caldera is -52 km, total width of 
frame is 178 km (PICNOs 044B48, 50). 
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Figure 3.3b. Enlarged portion of Figure 3.3a showing the central region of Biblis Patera 
highlighting the caldera. The rough floor, great depth (-3 km), and stair step caldera 
walls are consistent with a relative lack of caldera infilling subsequent to its formation. On 
the floor of the caldera occur an oval shaped series of positive relief features that have an 
areal plan very similar to the cones found on the floor of the caldera of Ulysses Patera 
(Figure 3.4): this feature may indicate minor late stage explosive activity. Two unusual 
valleys, or fractures, occur on the flanks (arrows "v"), one of these features appears 
oblique to the local topographic slope indicating a tectonic origin. Flank graben 
circumferential to caldera are marked with unlabeled white arrows, while regional graben 
are marked with unlabeled black arrows. S indicates shadow measurement of caldera wall 
height (2350 ± 75). North is to the top, total width of frame is 117 km (PICNOs 044B48, 
50; 120 m/pixel). 
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Figure 3.4. The caldera of Ulysses Patera dominates its appearance. The width of this 
caldera is roughly equivalent to the radius of the whole edifice (55 vs. 59 km, 
respectively). Not only is the caldera unusually wide relative to the edifice diameter, the 
caldera is 1500 deeper than the edifice is high. As a result, the volume of the caldera is 
twice that of the exposed edifice (Table 3 .2), indicating a significant amount of burial by 
the embaying flows (arrows "e"). The caldera is relatively simple, consisting of one major 
collapse pit, and has a generally flat floor, partially covered by impact ejecta and/or mass 
wasting material. On the southern floor of the caldera occur a series of small cones 
arranged in an oval pattern [Greeley and Spudis, 1981], possibly indicating minor, late 
stage, explosive activity (unlabeled black arrows; a morphologically similar, though less 
distinct, feature occurs on the caldera floor ofBiblis Patera, Figure 3.3). Like its neighbor 
to the west, Biblis Patera, the flanks are forqied of lava flows and are cut by regional 
graben. No incised valleys are seen to cut the flanks. Shadow measurements indicated by 
Sx; Sl western caldera 2240 ± 80 m, S2 central peak 780 ± 80 m. North is to the top, 
total width of frame is 165 km (PICNOs 049B68, 70, 85; 150 m/pixel). 
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Figure 3.5. Digital mosaic of the martian volcanoes Ceraunius Tholus (bottom left}, Uranius Tholus (center left}, and Uranius 
Patera (center). All three of these volcanoes are embayed by the surrounding lava plains, thus their true areal extent is not 
known. Lighting direction is from the west for the images from 5 l 6A (left part of mosaic) and from the east for the images 
from 857A (right side of mosaic). Each segment of scale bar is 100 km, north is to the top (PICNOs 516A21-24, 857A43-46; 
200 and 250 m/pixel, respectively). 
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Figure 3.6. Synoptic mosaic of Uranius Patera from data obtained during Viking orbit 
857 A. This volcano, unlike its neighbors to the west, has generally shallow sloping flanks 
(3 ° -8°), extensive lava flows on the flanks, and a caldera exhibiting multiple collapse 
episodes. Unlabeled white arrows indicate region with steepest flank slopes. Boxes 
indicate locations of Figures 3.7, 3.8, 3.9, and 3.10. North is to the top, total width of 
frame is 375 km (PICNOs 857 A43-46; 250 m/pixel). 
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Figure 3.7. Synoptic view of the caldera ofUranius Patera. The overlapping pattern of 
volcanic craters indicate that from 5-10 episodes of collapse formed the present caldera. 
Wrinkle ridges (arrows "w"), subsidence blocks (arrow "b"), gently inward sloping floor 
(unlabeled small black arrows, pointing downslope), and terraces are all consistent with 
terrestrial and martian shield volcano calderas [Carr and Greeley, 1980; Greeley and 
Spudis, 1981; Mouginis-Mark and Robinson, 1992]. The flanks are characterized with 
long narrow flows (Figures 3.8, 3.9), circumferential graben (white triangles) and small 
cones with central pits (arrows "c"). North is to the top, longest dimension of caldera is 
-110 km, total width of frame is 175 km (PICNOs 857 A43-46; 250 m/pixel). 
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Figure 3.8. Close up view of the northwestern flank and caldera of Uranius Patera 
showing embaying flood lavas ("L"), flank lava flows . (unlabeled black arrows), cone with 
central pit on flank (arrow "c"), wrinkle ridges on caldera floor (arrow "w"), and lobate 
flows on caldera floor (arrow "f'). Small unlabeled black arrows show wrinkle ridges that 
appear to be buried by late stage effusive activity. Shadow measurement of caldera depth 
(S) 1970 ± 70 m. North is to the top, total .width of frame is 158 km (PICNO 516a21; 
200 m/pixel). 
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Figure 3.9. High resolution view of the eastern caldera wall (arrow "X") and flank of 
Uranius Patera. This image clearly shows flank lava flows (unlabeled white arrows), cone 
with central pit (arrow "c"), and regional graben. North is to the top, each segment of 
scale bar is 10 km (PICNO 626A41 ; 80 m/pixel). 
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Figure 3.10. Southeastern margin of Uranius Patera embayed by smooth lava flows (no 
features such as levees, flow margins or channels are visible within the interior of the flow 
field) with lobate margins (unlabeled small black arrows), possibly similar to terrestrial 
pahoehoe flow fields. Large black arrow indicates location where these relatively smooth 
lavas have covered regional graben; thus the significance of these flows is that they are 
younger than the regional graben that cut the rest of the edifice, and may indicate very late 
stage flank eruptions emanating from Uranius Patera. North is to the top, each segment of 
scale bar is 10 km (626A41-42; 80 m/pixel). 
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Figure 3.11. Enlargement of digital mosaic of Ceraunius Tholus made from Viking 
PICNOs 516A21-24 (see Figure 3.5 for regional setting). This volcano, along with 
Ulysses Tholus, has steep flank slopes, a relatively small caldera, and the greatest number 
of incised valleys of the volcanoes considered here. The distinctive crater (X) on the 
northern margin of Ceraunius Tholus is attributed to a highly oblique meteor impact 
(Nyquist, 1983). The flank valleys can be grouped in to two categories; Type I (unlabeled 
black arrows) and Type II (unlabeled white arrows) -- see text for explanation. Shadow 
measurement indicated by Sx: Sl eastern caldera, 550 m; S2 valley, 280 m; S3 oblique 
impact crater, 740 m; S4 flank impact crater 390 m; shadow measurements ±100 m. 
Craters labeled 11 l11 and "2" are reference points for locating high resolution mosaic 
presented in Figure 3.13. North is to the top, width of caldera is 24 km, total width of 
frame is 150 km (200 m/pixel). 
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Figure 3.12a. Mariner 9 image of the north flank of Ceraunius Tholus. Refer to Figure 
3 .11 for location of frame; large oblique impact crater (labeled "X") and smaller flank 
impact crater (labeled "C") serve as reference points. Explanation of features and labels 
given in accompanying sketch map (Figure 3.12b). North is to the top, total width of 
frame is 55 km (Mariner 9 PICNO 236B 13; 70 m/pixel). 
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Figure 3.12b. Sketch map highlighting significant features, of Ceraunius Tholus, seen in 
Figure 3. l 2a. The largest valley (A) is interpreted to be a sinuous rille formed by effusive 
activity emanating from the caldera [Carr, 1974]. The width of the valley is about 2000 
m, with a minimum depth of 280 m (shadow measure, Figure 3.11). Thus, the average 
slope of the valley wall is > 17°. The earlier formed smaller rilles (arrow "B 11 and arrow 
"D") is truncated at its upper reaches by valley A at the location marked with the 
unlabeled arrow. Note the relationship between the Type II valley (arrow "v") and the 
impact crater marked "C". The cratering event appears to have uplifted the valley near the 
crater rim while preserving the valleys original form. Little to no ejecta infills the valley. 
The only ejecta visible at this resolution (70 m/pixel) occurs on the downslope side of the 
crater. This relative lack of disruption and the indistinct ejecta blankets is typical of 
impact craters on the volcano as a whole (see Figure 3.13). Letters and arrows in Figure 
3.12a same as explained here. Total width of sketch map is 55 km; "wormy" pattern 
represents embaying lavas, "v" pattern represents large impact crater interior, "gravel" 
pattern represents impact ejecta, "dot" pattern designates Type I valleys, hatchured lines 
indicate caldera scarps (from Mariner 9 PICNO 236B 13). 
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Figure 3.13a. High resolution (35 m/pixel) digital mosaic of the eastern flank of 
Ceraunius Tholus reveals a dramatic landscape of incised valleys (Type II) on a coarsely 
textured, hummocky surface (for overall location on Ceraunius Tholus craters marked "l" 
and "2" are also labeled on Figure 3.11). Valleys are generally straight and exhibit both 
coalescent (labeled "C") and non-coalescent forms (labeled "N"). Both of these types can 
be found in discontinuous segments. A few valleys exhibit an unusual rectilinear zigzag 
morphology (arrow "z"). Some valleys occur adjacent to impact craters and have not 
been appreciably disrupted or infilled by the cratering process (see craters 1, 2 and 3). 
The valley indicated by "s", exhibits a coincident (superposed?) crater (labeled "3"), and 
both its upslope and downslope morphology remain undisturbed (see Figure 3.13b detail). 
The age relation between the valleys and these three craters ( 1, 2 and 3) is ambiguous. In 
certain cases valleys appear to go up and over local topographic obstacles with no gross 
change in depth (valley labeled "N"). The texture of the surface on the southwest portion 
of the mosaic is different (smoother) than that in the central (Figure 3 .13 c) and northern 
area. This smoother area also exhibits a texture, or grain (unlabeled white arrows), that is 
aligned with the large oblique crater on the northern margin of the volcano. This aligned 
grain may have been caused by ejecta from this large, oblique impact. A series of 
secondary craters, within this grain, is consistent with such an origin (white arrows labeled 
"sc"). No lava flows are visible on the flanks. North is to the top, total width of frame is 
52 km (PICNOs 662A54, 56, 58-61 ). 
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Figure 3.13a. (con't.) Ceraunius Tholus Eastern Flank. 
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Figure 3.13b. The impact crater labeled 11311 (see Figure 3.13a for location), is coincident 
with a valley that shows no apparent disruption or infilling from the impact event on the 
downslope side (unlabeled white arrows). Unlabeled black arrows indicate sharp 
truncations of valley at crater rim. The small white diamonds, labeled "e", mark apparent 
edge of ejecta. At this resolution (3 5 ml pixel) definitive mapping of the extent of the 
ejecta is difficult. However, it appears that the valley was fonned after the emplacement 
of the crater. It is unlikely that fluvial erosion could result in this morphology, whereas it 
is possible that volcanic density currents could (see text for discussion). Approximate 
width of crater is 1500 m; for comparison, Meteor Crater, Arizona, is 1200 min diameter. 
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Figure 3.13c. Enlarged central portion of Figure 3.13a centered on valley (marked with 
"C" in Figure 3.13a) with coalescing "tributaries". Note that short tributaries, marked by 
arrows, originate full width, and valleys that extend across the mosaic do not widen at the 
base. The impact crater marked "D" has a faintly visible ejecta blanket (small diamonds 
marked "e") unlike most of the craters seen on the flanks. Of specific interest in this 
enlargement is the coarse texture exhibited between the valleys, this texture is unlike any 
terrain seen on other martian volcanoes, and may be the result of eolian weathering of a 
relatively friable material, such as ash. North is to the top, total width of frame is 
approximately 21 km. 
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Figure 3.14. Enlarged portion of digital mosaic from orbit 516A, centered on Uranius 
Tholus (see Figure 3.5 for regional setting). Shadow measurements reveal that the inner 
caldera is at least 220 m deep (S 1 ), and that the flanks have been deeply excavated by 
superposed impact craters (S2 - 870 m, S3 - 720 m, S4 - 1620 m; all shadow 
measurements± 100 m). The flanks are incised by valleys similar to the Type I valleys 
(large black arrows) of Ceraunius Tholus and also exhibit some of the smaller, flat floored, 
Type II valleys (small black arrows). North is to the top, N-S diameter of volcano is 60 
km. 
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Figure 3.15a. These image data of Uranius Tholus were acquired along the evening 
tenninator (incidence angle of 87° at the summit) resulting in this spectacular view. The 
flanks are dominated by sinuous rilles (unlabeled black arrows), impact craters and lava 
flows (box indicates area of Figure 3.15b showing lava flow). These flows, and some of 
the rilles appear to have resulted from overflow of inter-caldera effusive activity. North is 
to the top, N-S diameter of the volcano is 60 km (PICNOs 038B62, 63; 90 m/pixel). 
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Figure 3.15b. Enlargement of northwest summit area .of Uranius Tholus from mosaic 
shown in Figure 3 .15a. White arrows indicate caldera scarp; black arrows indicate flank 
lava flows. North is to the top, total width of frame is 14 km. 
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Figure 3.16. Viking image mosaic of Jovis Tholus. The caldera is off center of the 
edifice and extends almost to the embaying lavas on the western flank. The floor of the 
caldera, at its deepest point, is approximately 1000 m below the surrounding terrain. 
North is to the top, total width of image is 106 km (PICNOs 041Bl 7-19; 125 m/pixel). 
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Figure 3.17a. Composite mosaic of Jovis Tholus utilizing the clearest image data 
available. The left portion of the mosaic is from Viking frame 890A05 (175 m/pixel; sun 
is to the east) and the remainder of the mosaic is from Viking frame 516A36 (195 m/pixel; 
Sun is to the west). The caldera is composed of multiple collapse craters, similar to that 
of Uranius Patera and Olympus Mons. No incised valleys are visible at the available 
resolution. Visible on the southeast flank are long and narrow positive relief features that 
have a morphology consistent with lava flows (Figure 3. l 7b ). However, a definitive 
identification of these features is not possible with the existing images. Embaying lavas of 
the surrounding plains have buried the volcano to an extent nearly equal to the elevation of 
the west rim of the off-center caldera, the deepest portion of the caldera floor is 
approximately 1 km below the elevation of these embaying plains (U.S. Geological Survey 
1:2M Topographic Map 1-1684). Impact crater on southeast flank labeled "a" to show 
location of enlargement (Figure 3.17b). Note that the illumination for the two frames is 
reversed, from the ESE and the WSW respectively. North is to the top, total width of 
image is 65 km. 
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Figure 3.17b. Enlargement of southeast flank of Jovis Tholus, from Figure 3 .17 a, 
showing long and narrow relief features interpreted to be lava flows (unlabeled arrows). 
Impact crater labeled "a" corresponds to crater shown (also labeled "a") on southeast flank 
ofJovis Tholus composite mosaic (Figure 3.17a) 
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Figure 3.18a. The morphology of Tharsis Tholus is perhaps the most unusual of any 
volcano on Mars. Its appearance is dominated by large scale sector collapse that resulted 
in a fourfold division of the flanks (Figure 3 .18b). The western wall of the caldera appears 
to be a remnant of the collapse that defines the eastern sector (S2) of the volcano. 
Shadow measure (Sl) of the eastern caldera wall 2480 ± 75 m. Similar to the other lesser 
Tharsis volcanoes, it is buried by surrounding flood lavas (flows indicated by unlabeled 
white arrows. Note the buried impact crater ~ 1 O km east of the volcano (unlabeled black 
arrows); this crater has been estimated to be buried by approximately 1000 meters of lava 
[Plescia and Saunders, 1980]. Due to its close proximity, it may actually lie on the buried 
flanks of Tharsis Tholus. If so, the 1 km depth of burial of this crater would thus been a 
lower limit on the amount of burial for Tharsis Tholus. The flanks exhibit a lack of lava 
flows, and a lack of incised valleys, making it difficult to interpret the style of eruption that 
formed the flanks. The parallel graben that cut the edifice were pre-existing to embaying 
lava flows, see Figure 3.19. Shadow measurement of western side relief (1040 ± 75 m) of 
enigmatic block to northwest of volcano (S2), is shown as a demonstration of the 
precision of shadow measurements. Relief of eastern side of same block is measured as 
940 ± 20 in Figure 3 .19; note that the western side of the block is the downhill side, and 
thus would be expected to have more relief than the eastern side. Impact crater labeled 
"A" is to aid reader in locating Figure 3.19b. North is to the top, total width of image is 
205 km (PICNO 858A23, 190 m/pixel). 
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Figure 3.18a. (con't.) Tharsis Tholus. 
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Figure 3.18b. Geomorphic sketch map of Tharsis Tholus indicating 4 sectors (Sl-S4) 
these were most likely caused by large scale sector collapse of the flanks (see text). A 
partially buried scarp (unlabeled arrow) occurs within sector 3 (S3) which was probably 
formed during an early collapse event, and which has been mostly covered by subsequent 
activity. Hatch marks indicate downside of scarps (mapped from mosaic shown in Figure 
3.18a and a mosaic ofPICNOs 225A14, 15, not shown). 
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Figure 3.19a. Northern portion of Tharsis Tholus high resolution (30 rn/pixel), large sun angle (74°), mosaic of west flank and 
caldera wall. Note relatively smooth texture, graben, lack of valleys, lack of lava flows, and hummocky topography of flanks 
(Figure 3.19c). Simply put, there are no preserved features that make possible the identification of the dominant style of 
eruption. The lack of lava flows, hummocky topography and steep slopes are comparable to Ceraunius Tholus (explosive type)~ 
however the texture of the flanks is much smoother, and there are no incised valleys. Nevertheless, Tharsis Tholus is tentatively 
interpreted as dominantly explosive. Unlabeled black arrow indicates graben that cuts block and is buried by embaying lavas. 
Label SI indicates shadow measure of block used as a demonstration of the precision of shadow measurements (Figure 3 .18). 
Shadow measure (S2) of scarp bounding western side of caldera 4160 ± 20 m. North is to the top, total width of scale bar is 5 
km (total mosaic composed of PICNOs 699AI 1-16). 
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Figure 3.19b. Southern portion of Tharsis Tholus high resolution (30 m/pixel), large sun angle (74°), mosaic of west flank and 
caldera wall, note overlap with Figure 3. l 9a. Of particular interest in this portion of the mosaic are the well preserved graben 
seen below the caldera and northwest of the impact crater marked "A"~ this same crater is also labeled "A" on Figure 3.18 to 
aid in locating mosaic on volcano. North is to the top, total width of scale bar is 5 km (total mosaic composed of PICNOs 
699Al 1-16). 
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Figure 3.19c. Sketch map of Tharsis Tholus flanks indicating features seen in Figures 
3. l 9a, 3. l 9b, and discussed in text. Note the preferential NE-SW orientation of the small 
grooves, here interpreted to be the result of tectonic activity. 
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Figure 3.20. Viking image, acquired with a small incidence (incidence angle = 8°, 
emission angle= 40°, phase angle= 39°), of the caldera of Tharsis Tholus . The western 
wall of the caldera exhibits a spur and gully morphology similar to the walls of Valles 
Marineris; and is unlike the caldera walls of other martian volcanoes. Like the scarps seen 
in Valles Marineris, this scarp maybe due to regional, as well as local, tectonic forces. The 
dark albedo material exposed along ridge facets may be bedrock, and thus an excellent 
target for future remote sensing instruments capable of determining mineralogy (e.g. high 
resolution imaging spectrometer). 
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Figure 3.21. Cartoon illustrating measurements (11m., height above surrounding terrain; 
<lui, measured caldera depth) used to estimate depth of burial (bJ of the lesser Tharsis 
volcanoes for a range (n) of height to depth (Hid; see text for discussion). The dotted 
lines, labeled basementn, represent the level upon which the volcano was originally 
formed. The difference between the present surface and the pre-existing terrain represents 
the thickness of the embaying flood lavas (bJ. This method of reconstructing the depth of 
burial assumes that a significant portion of the caldera remains unfilled by late stage intra
caldera eruptions and wall slumping. 
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CHAPTER4 

CHRONOLOGY, ERUPTION DURATION, AND 
ATMOSPHERIC CONTRIBUTION OF THE MARTIAN 
VOLCANO APOLLINARIS PATERA 

Published in Icarus, 104, pages 301-323, 1993, with co-authors Peter J. Mouginis-Mark, 
James R. Zimbelman, Sherman S. C. Wu, Karyn K Ablin, Annie E. Howington-Kraus 

INTRODUCTION 

Rates of eruption and the duration of activity at martian volcanoes are poorly 

constrained. These issues are relevant to understanding the source regions that feed 

volcanoes, and to the effects that eruptions had on the martian atmosphere [Greeley, 

1987; Wilson and Mouginis-Mark, 1987; Postawko et al., 1988]. Geologic studies 

(outlined in Chapter 3) of the major martian volcanic constructs show that there are 

essentially two types; those with extensive lava flows such as Olympus Mons and the 

Tharsis Montes [Moore et al., 1978; Greeley and Spudis, 1981; Mouginis-Mark, 1981; 

Zimbelman, 1984] and those mostly comprised of pyroclastic deposits such as Hecates 

Tholus, Tyrrhena Patera and Hadriaca Patera [Reimers and Komar, 1979; Mouginis-Mark 

et al., 1982b; Greeley and Crown, 1990; Crown and Greeley, 1993]. However, these 
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previous studies provide few morphologic data for constraining eruption duration. To 

address the temporal issues of volcanism on Mars that were raised in Chapter 3, several 

morphologic relationships are identified that define the chronology of events that resulted 

in the present morphology of the volcano. Topographic measurements are utilized to 

calculate volumes of erupted material at Apollinaris Patera to constrain rate of eruption 

and volcano life span. 

Apollinaris Patera (Figure 4 .1) is located at the boundary between the northern 

plains and southern highlands of Mars (9°S, 186°). Unlike the other large martian shield 

volcanoes, it does not occur in either the Elysium or Tharsis volcanic provinces but is 

situated in a local basin, bound to the west by a large area of chaotic terrain (Figure 4.2). 

Relative to other martian volcanoes, it is middle aged, possibly forming between major 

eruptive episodes at the Elysium (older) and Tharsis (younger) provinces. Neukum and 

Hiller [ 1981] derived a cumulative crater count for the volcano of 3 500 - 8800 craters > 1 

km diameter per 106 km2 (from Viking Orbiter image 635A57; 250 m/pixel), whereas 

Plescia and Saunders [1979], using different Viking Orbiter images (088A49,50; 190 

m/pixel), derived a cumulative crater count of 990 ± 150 craters > 1 km diameter per 106 

km2. These values would, respectively, indicate that Apollinaris Patera is Lower 

Hesperian to Lower Amazonian in age [Tanaka, 1986]. Attempts to identify an absolute 

age for the volcano are highly model dependent and give a broad range of absolute ages 

from 925 ± 140 m.y. [Soderblom et al., 1974] to 3500 ± 15 m.y. [Neukum and Wise, 

1976]. 

Three morphologic features give Apollinaris Patera a distinct appearance (Figures 

4.2, 4.3): 1) an unusually large, flat topped summit area (80 km diameter) compared to the 

E-W diameter (160 km) of the volcano; 2) a large fan of material covering the southern 

flanks that emanates from a breach in the caldera; and 3) a circumferential basal scarp 

[West, 1974; Scott et al., 1978; Plescia and Saunders, 1979; Carr and Greeley 1980; 
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Carr, 1981, p. 107; Greeley and Spudis, 1981; Neukum and Hiller, 1981; Basaltic 

Volcanism Study Project 1981, p. 781; Baker, 1982, p. 24; Scott and Dohm, in press]. 

Together with a series of flank deposits that suggest early explosive volcanism (discussed 

below), these attributes illustrate a complex evolution for Apollinaris Patera. 

Radiometrically calibrated and geometrically rectified digital Viking Orbiter and 

Mariner 9 images [U.S. Geological Survey, 1990], high resolution Viking Infrared 

Thermal Mapper (IR.TM) data, and topographic information derived from 

stereophotogrammetric analysis of Viking Orbiter images were used to map and interpret 

the geology of Apollinaris Patera. The volume of the volcano and the fan material can be 

determined from the topographic data set, thereby allowing constraints to be placed on the 

duration of the eruptions and the amount of volatiles that may have been released. In this 

chapter a morphologic analysis of this intriguing volcano is presented along with 

speculations on the duration of its eruptions and possible water vapor input to the martian 

atmosphere. 

GEOLOGIC SE'ITING 

Greeley and Guest [1987] mapped the entire volcano as a single unit, AHa (the 

Apollinaris Patera Formation) at 1:15 M scale, whereas Scott and Dohm [in press] have 

recently compiled a 1 :500 K scale map of the region that divides the volcano into four lava 

flow units. On the basis of surface morphology, thermal inertia values, and color, the 

flanks are divided into two units that represent different styles of eruption; the main edifice 

(unit m) and a large fan (unit f) covering the southern flank (Figures 4.2, 4.3, 4.4). The 

fan material is distinct from the rest of the volcano, and indicates a protracted period of 

activity on Apollinaris Patera (see section "Fan Materials", below). The nested craters 

that comprise the caldera show that the summit region underwent a complicated sequence 

of collapse and infilling events. Additionally, formation of the chaotic terrain (unit cht) to 
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the west of the volcano may be related to the formation of the volcano. Finally, no 

convincing evidence is found that the plains unit (unit p) surrounding the volcano are 

deposits of volcanic materials emanating from Apollinaris Patera and thus agree with the 

mapping of Greeley and Guest [1987] and Scott and Dohm [in press]. This plains unit 

surrounding Apollinaris Patera is not relevant to our study and will not be discussed 

further here. 

Main Edifice (m) 

The primary geomorphologic unit of Apollinaris Patera is defined here as the main 

edifice (unit m). This unit is heavily modified by valleys, slumps, and superposed impact 

craters (Figures 4.2, 4.3, 4.4). To the east and northeast, the unit extends from the rim of 

the summit caldera to a basal scarp that generally forms the perimeter of the volcano. The 

western edge of unit m extends -15 km beyond the basal scarp. Here the scarp has a 

subdued appearance due to a relatively thin mantle of younger materials most likely 

originating as slide deposits from the upper flanks. On the western flank there are 

scalloped-headed depressions -5 km across that terminate in hummocky lobes that are 

here interpreted to be slumps (Figures 4.2, 4.4A). 

As identified by Gulick and Baker [1990], there are two types of valleys on the 

flanks of Apollinaris Patera; 1) narrow, incised valleys that generally emanate from the 

outer caldera and lack tributaries, and 2) a valley network on the northeast flank that has 

short and stubby tributaries (Figure 4.2). A few valleys reach the summit on the western 

flank and appear to have been truncated by caldera collapse as evidenced by their abrupt 

termination in the caldera scarp and lack of erosion within the caldera itself (Figure 4.2). 

As discussed in Chapter 3, it has been hypothesized that incised valleys on martian 

volcanoes were formed either through volcanic density current erosion [Reimers and 

Komar, 1979] or by a combination of surface runoff and sapping [Mouginis-Mark et al., 
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1982b, 1988; Gulick and Baker, 1990]. The main criteria used to differentiate between 

the two processes are that density currents are expected to begin eroding near the summit 

and are relatively insensitive to local topographic variations [Reimers and Komar, 1979], 

while runoff valleys are expected to exhibit coalescing branches downstream and to be 

diverted around local topographic obstacles [Fisher, 1977; Reimers and Komar, 1979; 

Mouginis-Mark et al., 1982b]. On the basis of these criteria, it seems more likely that the 

incised valleys on Apollinaris Patera were cut by volcanic density currents. However, it 

must be cautioned that due to the small valley widths (400-1000 m) and moderate 

resolution of the Viking image data (-190 m/pixel) this interpretation is only tentative. 

Additionally, it is possible that valleys originally formed by volcanic density currents may 

be subsequently modified by either runoff or sapping processes [Reimers and Komar, 

1979; Gulick and Baker, 1990]. 

In addition to the incised channels, the large slumps on the western flank, 

mentioned above, indicate that flank material (m) is easily eroded and degraded, analogous 

to materials that compose many slumps on the Earth [Bloom, 1978, p. 178]. This friable 

nature is consistent with an interpretation that the main flanks (m) are composed of a 

significant amount of poorly consolidated pyroclastic material (see "Discussion"). 

Outer Caldera (cfl.) 

The outer caldera floor is relatively rough, with portions sloping into the smoother, 

flat-floored inner caldera (cf2). To the west the bounding scarp of this unit (cfl) appears 

to truncate flank (m) valleys, and no valleys occur within the caldera, indicating that valley 

formation occurred prior to formation of the outer caldera ( cfl ). The raised rim that 

defines the outer margin of this unit is interpreted to be a scarp related to an earlier 

caldera, which was partially infilled by later activity, resulting in the general flat-topped 

nature of the volcano. The inward slope of the floor in the southeast portion (1-3° -- see 
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section "Volcano Topography", below) indicates that substantial subsidence occurred 

subsequent to the caldera infilling eruptions that formed the inner caldera floor (ct2); the 

sloping floor is easily seen in Figure 4.4A. No flow lobes or wrinkle ridges are visible 

within the floor materials ( cfl ), with the currently available images, that would further 

support an origin through effusive lava. 

Chaotic Material (cht) 

Unit cht is characterized by distinct elevated knobs west of the volcano, typically 1 

to 10 km across, that occur in groups and as isolated mesas (Figures 4.2 and 4.3). The 

margin of this unit and the surrounding plains unit (p) is not distinct but rather transitional, 

and no conclusive embayment relations are evident. This unit roughly corresponds to the 

Hcht (chaotic material unit) of Greeley and Guest [ 1987] and Scott and Dohm [in press], 

which are interpreted to be erosional remnants of a heavily modified pre-existing terrain. 

Chaotic material, or terrain, is generally accepted to be the result of removal of large 

volumes of ground ice from within the interstices of the original frozen ground [Sharp, 

1973; Carr and Scliaber, 1977]. The contact between the chaotic material ( cht) and the 

western flanks (m) of Apollinaris Patera indicate that this process continued after the main 

edifice-building eruptions as the lower western flank is chaotically disrupted (Figures 4.3, 

4.4B). This observation is important because it establishes that significant amounts of 

groundwater/ice existed around Apollinaris Patera during the main eruptive phases. 

Additionally, materials interpreted to be associated with the formation of the fan (f), 

overlie the boundary scarp between the main edifice and the chaotic materials (Figures 4.3, 

4.4) in agreement with Scott and Dohm [in press]. From the existing relations it is not 

possible to resolve whether chaotic material existed before the activity that built the main 

edifice (m). On the basis of these contact relations, the formation of at least some of the 

chaotic terrain must have occurred during the lifetime of the volcano; before and after the 
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emplacement of the fan. This suggests that chaos formation took place over an extended 

period of time, possibly on the order of millions of years, and may have been due to an 

increased geothermal gradient from the volcano. This contemporaneous activity with the 

volcano has important implications for the style of eruption and climatic conditions that 

may have prevailed during the eruptive phases of Apollinaris Patera (see section 

"Discussion", below). 

Fan Materials(/) 

A large fan extends down the southern flank of Apollinaris Patera for more than 

150 km from the rim of the caldera, giving the volcano its distinctive asymmetrical shape 

(Figures 4.2, 4.3, 4.4). The apex of the fan coincides with a channel that breached the 

south caldera rim (Figure 4.3), through which the fan material appears to have flowed, 

covering the basal scarp and spilling across the surrounding plains [Plescia and Saunders, 

1979; Ca", 1981, p. 107; Neukum and Hiller, 1981; Scott and Dohm, in press]. This 

channel cuts the outer caldera floor ( cfl) and our topographic data show that the channel 

within the caldera slopes toward the caldera interior. If this channel was indeed formed by 

the materials that comprise the fan, then substantial subsidence of the caldera occurred 

after fan formation and prior to emplacement of inner caldera materials ( cf2 - see section 

"Inner Caldera", below); thus the inner caldera materials (cf2) are apparently younger than 

the emplacement of the fan deposits. 

The eastern margin of the fan is embayed by the surrounding plains and therefore 

pre-dates the last episode of plains formation [Scott and Dohm in press]. The western 

part of the fan drapes the bounding scarp between the adjacent chaotic material and the 

main edifice, and infills low areas between hummocks. This results in the relatively 

subdued morphology observed in the chaotic terrain in this area (Figures 4.3, 4.4B). The 

contact between the fan and the main edifice is sharp, with the fan draped over the basal 
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scarp and the pre-existing valleys. Therefore, the fan is younger than the main edifice. 

The material that comprises the fan is estimated to be relatively thin (100-250 m) based on 

the observation that the pre-existing topography of the underlying basal scarp is still 

evident both in the images and in our topographic data (see section "Volcano 

Topography", below). 

Several morphologic features suggest that the fan consists of material that is 

significantly different from the main edifice unit (Figures 4.2, 4.3 and 4.4B). The fan is 

not cut by the distinctive, sharply incised valleys that are common on the main edifice. 

Valleys on the fan are typically wider than those on the edifice; 2-4 km vs. 200-1000 m, 

respectively. Examination of digital pixel values shows that the valley walls on the fan do 

not cast pixel sized shadows in images with the sun -12° above the horizon (the valley 

walls on the main flanks cast shadows), and thus they have relatively shallow-sloping 

walls. It is not clear whether these valleys are erosional or just low areas between 

constructional features. The fan is interpreted to be mostly composed of effusive materials 

and this will be discussed below (see section "Discussion", below). 

Inner Caldera (cfl) 

The relatively smooth floor of the inner caldera (cf2) embays the sloping margins 

of the outer caldera materials ( cfl) and is thus the younger of the two caldera units. The 

distinct scarp that forms most of the boundary of this unit ranges in height from about 800 

m to 1500 m (see section "Volcano Topography", below). The boundary scarp to the 

north and northeast cuts across the outer margin of the previous summit-defining caldera 

( cfl ), resulting in an outer rim elevation that is relatively low ( 4500 m vs. 5000-6000 m). 

This relation is particularly important as it indicates that any effusive activity that we 

hypothesize to have formed the fan (see section "Discussion", below) could not have 

emanated from within the summit after the formation of the inner caldera ( cf2); flowing 
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material would have escaped the summit region to the north at this low point (see section 

"Volcano Topography", below). This geometry indicates a complex tectonic history 

which maybe similar to the evolution of other calderas on Mars, such as those at Olympus 

Mons [Mouginis-Mark and Robinson, 1992] and Ascraeus Mons [Zimbelman and Edgett, 

1992]. None of these steep scarps are incised by valleys like those on the outer flanks 

(unit m) possibly indicating a more competent material. In agreement with Scott and 

Dohm [in press] we infer that the flat, smooth floor of the inner caldera was formed as a 

lava pond, thus implying that effusive activity dominated final eruptive activity at the 

summit. However, we note that no flow lobes or wrinkle ridges are visible with the 

currently available images that would further support this interpretation. 

CHRONOLOGY SUMMARY 

Based on the mapping and data analyses presented above we can set forth a 

chronology of six major events that have resulted in the present morphology of the 

volcano (Figure 4.5): 1) emplacement of the main edifice (m) through mostly explosive 

activity, 2) formation of the basal scarp, 3) erosion of valleys on the main flanks (f), 4) 

formation of the outer caldera ( cfl ), 5) emplacement of the fan materials (f) through 

effusive activity, and finally 6) formation of the inner caldera ( cf2), including effusive lava 

that ponded to form the present floor. These events are not necessarily temporally 

distinct, but are gradational in some cases. For instance, basal scarp formation may have 

commenced during the latter part of event I, and eruption of the materials comprising the 

fan may be related to late stage intra-caldera activity of stage 4. Formation of the adjacent 

chaotic material appears to have occurred throughout much of the lifetime of the volcano 

thus indicating that this process is long lived. 
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PHYSICAL PROPERTIES OF THE VOLCANO 

To aid in our interpretation of the morphologically defined volcanic units we 

examine Viking Infrared Thermal Mapper (IR.TM) data and Viking color image data. 

These data are examined to identify any gross physical properties that may be used to 

show convincingly that the fan and main edifice are indeed separate geologic units. 

Thermal Inertia 

Two high resolution IR.TM data passes cross Apollinaris Patera (Figure 4.6). 

Thermal inertia (I) is derived to estimate the effective grain size of materials on the 

martian surface [Kieffer et al., 1977, Zimbelman and Leshin, 1987]. The IR.TM data 

were processed to 1/8° bins following the procedure outlined by Zimbelman and Leshin 

[1987]. Using the standard Viking model [Kieffer et al., 1977] thermal inertia (I) values 

are derived and are reported in units of 10-3 cal cm-2 s-112 K-1. The thermal inertial values 

are used to test our hypothesis that the flanks and fan materials on Apollinaris Patera are 

separate geologic units. 

A spatial uncertainty in the location of the highest resolution IR.TM tracks on the 

surface occurs due to gravitational perturbations of the spacecraft orbit near periapsis 

[Zimbelman and Leshin, 1987]. To correct for this positional offset, we manually shifted 

IR.TM orbits by matching high frequency thermal inertia signatures with the locations of 

impact craters and discrete low albedo patches that are easily identified in both data sets. 

To compensate for any temperature shifts in the data caused by minor atmospheric effects 

from dust and clouds, we compared relatively bland regions in our high resolution IR.TM 

data with known thermal inertia values from the Mars Consortium digital thermal inertia 

map [Kieffer et al., 1981] to derive an offset. The thermal inertia values in respective 

orbits agree at intersection points lending a high degree of confidence to the accuracy of 

the correction procedure (Figure 4.6). An elevation correction was applied to compensate 
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for atmospheric pressure effects on the surface thermal conductivity [Zimbelman and 

Greeley, 1983] using the Mars Consortium global topographic data [Kieffer et al., 1981]. 

The errors associated with these elevation data are reported to be on the order of 1 to 2 

km. Elevation effects are sensitive on the order of a scale height (10 km) which leads to a 

change of about one thermal inertia unit or less, dependent on the magnitude of the 

thermal inertia value [Zimbelman and Greeley, 1983]; therefore, the generalized 

topography can be used to produce a first-order correction. Comparison of temperatures 

derived from four IR.TM wavelengths (7, 9, 11, 20 µm) confirms that the anomalies 

reported here are not artifacts of atmospheric contamination [Christensen and Zurek, 

1984]. 

Our derived thermal inertia values exhibit anomalies that can be directly correlated 

with geomorphic features other than albedo patterns. A one-to-one correspondence 

between the distinct morphologic and thermal property boundaries is apparent. Figure 4.6 

shows a map with the location of IR.TM data passes in relation to our mapped units; on 

this figure the correspondence of the thermal inertia boundaries and geologic boundaries is 

apparent. Such a strong correlation is unusual for Mars, based on previous work 

exammmg martian volcanoes [Kieffer et al., 1977; Zimbelman and Kieffer, 1979; 

Zimbelman and Leshin, 1987]. A thermal inertia transition exists that corresponds to the 

boundary between the main edifice(/= 3.8 to 4.5) and the surrounding plains (3.0 - 3.5) 

which agrees with previous work [Crown et al., 1988]. Of greater importance to the 

interpretation of the volcano, we find an intra-volcano thermal inertia anomaly (of 

intensity 0.5 thermal inertia units) between the fan(/= 4.4, number of samples= 9) and 

the main edifice(/= 3.9, number of samples= 9; see Figures 4.6 and 4. 7). This boundary 

cuts across topographic contours, and thus we dismiss the possibility that it is simply due 

to elevation effects. 
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Previous work examining volcanic deposits on Mars using IR TM data indicates 

that it is difficult to assign a specific thermal inertia value to a geologic unit, mostly due to 

the complications arising from variable dust mantling [Zimbelman, 1984]. For a given 

rock type, the thermal inertia value can range dramatically, depending on the amount of 

exposed bedrock, thickness of dust mantle, and grain size of the dust. For example, 

Mouginis-Mark et al. [1988] have identified possible pyroclastic deposits on Alba Patera 

that have thermal inertia values between 1 and 4, whereas Crown et al. [1988] found that 

materials at Hadriaca Patera interpreted to be of pyroclastic origin have thermal inertia 

values ranging from 5 to 9. Therefore, it is not possible to interpret a thermal inertia value 

alone as an indicator of a specific geologic material. Nevertheless, in the case of 

Apollinaris Patera, the underlying rock units have a detectable effect on the thermal 

signature. Specifically, this difference in thermal inertia between the fan and the main 

edifice is most likely due to an increased "effective" grain size of the materials composing 

the fan relative to the main edifice. This most likely is the result of a difference in the 

proportion of eolian component to rock abundance on the surface or an actual change in 

grain size of the eolian component (see Color section below); not the result of a change in 

mineralogy of the bedrock. In the case of the units identified on Apollinaris Patera the fan 

(f) may have a more blocky structure than the main edifice (m) resulting in a slightly 

higher rock abundance and a correspondingly higher / . 

Color 

The relative color variations of the martian surface are grossly controlled by the 

particle size distribution of the pervasive eolian dust cover that mantles the planet 

[Arvid5on et al., 1989; Herkenhoff and Murray, 1990; Soderblom, 1992]. With a coarser 

eolian component the surface exhibits a darker albedo and "bluer" visible color. Previous 

analyses comparing albedo (which is often directly related to color) and thermal inertia 
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indicate that eolian component particle size strongly controls the thermal inertia of the 

surface [Kieffer et al., 1977; Zimbelman and Kieffer, 1979; Kieffer et al., 1981; 

Soderblom, 1992]. The distinct thermal inertia boundary within Apollinaris Patera 

identified here has no diagnostic spectral signature within the visible bandpasses of the 

Viking Imaging system (orbits 506A, 609A, 468S). This was checked by examining color 

ratios (red/violet) of these three color orbits (Table 4.1) to determine if color boundaries 

coincide with the morphologic/thermal inertia boundary. Since we found no correlation, 

we interpret that the eolian component that dominates the optical surface is relatively 

homogeneous. That is, there is no gross change in particle size of the fine component 

(that would show up as a color anomaly) while near surface thermal properties are 

heterogeneous, implying that the surface of the fan (f) is relatively blocky; the physical 

properties of the underlying materials have a small yet significant influence on the derived 

thermal inertia. Specifically, we interpret this to indicate an increased rock component 

due to a relatively rough lava surface of the fan (m). The main edifice (m) which we 

interpret to be composed of pyroclastic deposits has a relatively smoother surface with a 

greater percentage being covered with dust (less rocky). 

VOLCANO TOPOGRAPHY 

Important to our study of Apollinaris Patera are new high resolution topographic 

data derived through shadow measurements and stereophotogrammetric mapping. These 

data allow us to establish accurately the volumes of erupted products at Apollinaris Patera 

as well as define the overall third dimension of the volcano, and thus aid in constraining its 

evolution. These new data were derived because the existing published topographic data 

for Mars ( 1 : 15 M) have an estimated accuracy of 1000 to 1500 m at best [U.S. Geological 

Survey, 1989]; for the section of this map covering most of Apollinaris Patera no stereo 

measurements had previously been made. Our new measurements allow constraint of the 
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topography to a high degree of precision and accuracy, as high as ± 100 m in local areas 

and -800 m overall. Additionally, these data have been used to update the U.S. 

Geological Survey 1 :2M topographic map of the Aeolis Quadrangle that covers 

Apollinaris Patera [U.S. Geological Survey, 1991]. 

Shadow measurements taken from calibrated digital image data can be very precise 

under the following conditions; 1) sun angle above the horizon is low, and 2) pixel size is 

much smaller than the feature being measured [Arthur, 1978]. These conditions are met 

by Viking frames 635A57 and 646A41 (see Table 4.1) for the area that contains 

Apollinaris Patera. Our shadow measurements (Figure 4.3) were taken to provide local, 

highly accurate, spot measurements to aid in our interpretations, and as a check on the 

accuracy of our stereo measurements. The accuracy of the shadow measurements is 

estimated based on the assumption that the top and bottom of the shadow can each be 

determined to within 1 pixel (total error, E, of 2 pixels) by: 

E = sin(90°- INA) (2 x (pixel width)) (4.1). 

where INA is the local solar incidence angle, and pixel width is the resolution of the image 

data. 

To give lower limits on the total relief of Apollinaris Patera several shadow 

measurements were taken on the western flanks from image 635A57, (250 m/pixel; 

Figure 4.3). These measurements indicate a minimum relief of 5100 ± 100 m, which is 

significantly greater than the total relief shown on the U.S. Geological Survey 1: 15 M map 

[U.S. Geological Survey, 1989], 4000 ± 1000 m. This shadow measurement is considered 

a minimum because any relief upslope from the top of the shadow and downslope from the 

bottom of the shadow are not included. From the same low sun angle frame we also 

measured the height of the east rim of the caldera to be 770 ± 100 m. Where possible we 
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checked these measurements with those from 646A4 l (800 m/pixel) and find consistent 

results. In all cases the shadow measurements and stereophotogrammetric measurements 

matched within the limits of the methods (see Appendix A). 

Viking Orbiter images can also be used to derive stereophotogrammetric data if 

favorable viewing geometry exists between overlapping images [Arthur, 1977; Wu et al., 

1982]. This method has been used extensively to compile a global topographic data set at 

moderate resolution (± 1-2 km; [Wu et al., 1985, 1988]) and to acquire local, high 

resolution topographic contours [Wu et al., 1984] and profiles [Blasius and Cutts, 1981; 

Robinson and Tanaka, 1990]. For this study we selected a pair of Viking images that has 

a very strong base-to-height ratio (B/H; see Wu et al., 1982) resulting in strong parallax 

and thus accurate topographic measurements (Viking images 603A42 and 639A92 -- B/H 

= 1.04). An analytical stereoplotter was used to collect the stereo measurements. The 

topographic data were acquired in both profiling and contouring modes (see Appendix A 

and Figures 4.8, 4.9, 4.10). The profiling mode results in a more precise measurement 

than the contouring mode, but is limited in its areal coverage. Therefore we selected 

specific profiles to address directly pertinent scientific issues (Figure 4.8). The contour 

data are used in a more general sense to provide synoptic coverage for the volcano and 

surrounding area and were used to update the MC 23NE 1:2 M Topographic Map [U.S. 

Geological Survey, 1991]. 

The elevation data were collected for the 1 :2 M scale contour map with a contour 

interval of 1 km (Figure 4.10). The horizontal accuracy is estimated to be 1000 m, and 

the vertical accuracy to be 800 m, relative to the Mars control network. The vertical 

accuracy of these measurements may be as high as 300 m within the stereo model (see 

Appendix A). For our purposes we converted the contour map to a raster-based digital 

elevation model (DEM) by first digitizing the contours and then interpolating to a 

continuous surface [U.S. Geological Survey, 1990]. This process allowed the volume of 
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the volcano to be calculated and was also used as a base for creating point perspective 

views of the volcano (Figure 4.4). 

From these newly derived topographic data, we determine the volume of 

Apollinaris Patera (both the main edifice and the fan) to be -100,000 km3 • An ambiguity 

arises in this calculation due to uncertainty regarding the actual base of the volcano 

relative to the pre-existing topography. The estimate is bracketed by using the 100 m and 

the 750 m elevation, which generally correspond to the lower and upper portions of the 

basal scarp, respectively. The resulting volumes are 103,000 km3 and 97,000 km3; 

therefore we report the volume of Apollinaris Patera to be -100,000 km3. 

In order to assess the relative significance of the deposits that compose the fan, we 

estimate its volume separately from that of the rest of the volcano. To do this we assume 

that the thickness of the fan is on the order of 50-250 m, based on the observation that the 

fan drapes the basal scarp (which our shadow measurements and stereogrammetric data 

indicate is of the order of 500 m) and yet is thin enough that the scarp morphology is still 

detectable. If the deposits were significantly thicker than 250 m, it is unlikely that any 

expression of the underlying scarp would be detected in the image and topographic data. 

The area of the fan is -19, 100 km2, so that the fan volume estimate falls within the range 

995 to 4975 km3, respectively (average -3000 km3). Scott and Dohm [in press] mapped 

the fan deposits as being more extensive to the west; however, including this additional 

area would not substantially change our volume calculation for the fan. Subtracting the 

estimate of the fan volume from that of the total volume of Apollinaris Patera results in an 

estimated volume for the main edifice of 97,000 km3; the fan deposit comprises only -3% 

of the total volume of the volcano. For comparison, the volumes of terrestrial and 

martian volcanic deposits are listed in Table 4.2. 
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DISCUSSION 

From the morphologic observations, the inferred physical properties of the surface 

units, and the topographic data, we find that the fan material (t) is significantly different 

from the main edifice (m). The exact composition of the erupted products that formed 

Apollinaris Patera is not known. However, a large body of evidence has limited the range 

of composition of martian volcanic materials to mafic lavas, most likely basalt [ c.f. 

McSween, 1985; Banin et al., 1992; Soderblom, 1992]. Thus the range of materials that 

could form the flanks of any martian volcano is thought to be relatively limited and 

includes pyroclastic airfall deposits, pyroclastic flows, and lava flows [Mouginis-Mark et 

al., 1992]. Because of the relatively friable nature (slumps, sharply incised valleys), lack 

of distinct lava flow morphology and apparent uniform circumferential erosion to form the 

basal scarp, we infer that the main edifice is composed mostly of either air-fall deposits or 

pyroclastic flows, as has been proposed for Alba Patera [Wilson and Mouginis-Mark, 

1987, Mouginis-Mark et al., 1988], Tyrrhena Patera [Greeley and Crown, 1990], 

Hadriaca Patera [Crown and Greeley, 1993] and Ceraunius Tholus [Reimers and Komar, 

1979; Chapter 3]. These explosive eruptions may have been phreatomagmatic in nature. 

Due to the easily eroded nature of the flanks it seems likely that any pyroclastic 

materials that compose the main edifice (m) are mostly poorly to non-welded. Base 

surges could result in the proposed valley formation; both base surges and non-welded 

deposits are consistent with an explosive origin having a phreatomagmatic component. 

This inference is supported by the interpretation that chaotic material formed 

contemporaneously with the volcano thus indicating a possible source of water to interact 

with the ascending magma. Additionally, Apollinaris Patera is situated at the 

debouchment of the large fretted channel Ma'adim V allis and is in a local basin; thus it is 

plausible that a large supply of water, ground or ponded, could have been available. 

Later, after formation of the basal scarp, this source may have been desiccated or isolated 
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from the erupting magma and thus late stage eruptions that formed the fan were different 

in eruptive style. This is consistent with the proposed two stage eruptive histories for 

Ceraunius Tholus and Uranius Tholus [Chapter 3]. 

Our preferred model for fan (f) formation is that it is predominately the result of 

effusive activity (in contrast to the main edifice), and these lavas were erupted at a low 

rate. This model is based on three key observations. First, the distinct narrow valleys 

incised in the main flanks are not apparent on the fan, evidence that the fan is composed of 

a material exhibiting physical properties that are different from the main edifice (this is 

supported by the IR.TM and color image data); specifically, a more competent material 

than the main edifice. Secondly, high relief flow lobes indicative of a'a flows are not 

identifiable on the fan. Terrestrial a'a flow units typically exhibit relief on the order of 5-

15 m whereas pahoehoe flow units are typically less than 1 m [MacDonald, 1972, p. 69-

91]. Flows seen at other locations on Mars have reported thicknesses of -20-60 m 

[Moore et al., 1978]; if flows of this thickness occurred on the fan they should be 

identifiable with the existing image data. Thirdly, the fan spreads out from the breach in 

the caldera into a large fan; terrestrial pahoehoe flows typically spread out if there are no 

topographic obstacles, whereas a'a flows are typically confined by levees and thus often 

exhibit relatively long narrow flows. 

If such eruptions that formed the fan were comparable to the emplacement of 

terrestrial pahoehoe flow fields, then an effusion rate of less than 5 m3 sec-1 [1.2 x I0-1 

km3 yrl) is implied [Rowland and Walker, 1990], so that in total the fan would have taken 

-6,400 to 32,000 terrestrial years to have formed by continuous activity (any periods of 

repose are not included in this estimate). 

Observing that a time interval occurred between the formation of the main edifice 

and the eruption of the fan is interesting in that it indicates a two-stage [at least) eruptive 

history for Apollinaris Patera. The fan overlies the scarp; therefore, any period of 
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quiescence was sufficiently long for the scarp to form before eruption of the bulk of the 

fan materials. The measured relief of this basal scarp, which extends around the entire 

perimeter of the volcano (except where it is mantled by the fan), is generally 500 m and 

locally up to 1500 m. It seems likely that formation of this scarp required an extended 

period of time, whether it was the result of tectonic activity or the removal of material 

through erosive processes. 

Understanding the origin and nature of this circumferential basal scarp is important 

not only for unraveling the geologic history of Apollinaris Patera but is also potentially 

useful in giving insight to the climatic conditions during the lifetime of the volcano. Our 

interpretation that the main edifice is composed of poorly to non-welded pyroclastic 

material is consistent with an erosional model (of unknown mechanism) for the scarp's 

origin; fragmental (poorly to non-welded) pyroclastic deposits would be more easily 

eroded and removed than welded or effusive deposits [Fisher and Schmincke, 1976, p. 

196]. These inferences have implications not only for the formation of the Apollinaris 

Patera basal escarpment, but also possibly for the similar feature that surrounds Olympus 

Mons, particularly in support of an origin by erosion [King and Riehle, 1974; Head et al., 

1976; Lopes et al., 1980]. A similar period of dormancy that included formation of a basal 

scarp has been proposed for Olympus Mons based on relative cratering ages of units that 

comprise and surround it [Hiller et al., 1982]. Olympus Mons' basal scarp is also 

circumferential though it exhibits much greater relief, > 5 km. Parker et al. [1989] and 

Baker et al. [ 1991] have recently proposed that transient shallow seas may have existed on 

Mars, perhaps in Lower Amazonian times [Baker et al., 1991]. This time period is 

compatible with the age of Apollinaris Patera that was determined by crater counts 

[Plescia and Saunders, 1979] and possibly also with the formation of the basal scarp at 

Olympus Mons [Hiller et al., 1982]. Previous models for formation of the Olympus Mons 

basal escarpment have included the erosion of an unconsolidated basal layer of ash or 
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fragmental materials [King and Riehle, 1974; Head et al., 1976], but each model has been 

criticized on the basis of its inability to explain the removal of significant volumes of 

material without the same process affecting the adjacent landscape [Hodges and Moore, 

1979]. If shallow seas were responsible for the erosion of these basal escarpments, then 

the removal of material from low elevations might be easier to explain. One other 

martian volcano located on or near a proposed martian sea (see below), Hecates Tholus, 

has a basal elevation (-1 km) comparable to that of Olympus Mons and Apollinaris Patera, 

and this third volcano lacks a basal scarp; however late stage activity at Hecates Tholus 

(and possibly other martian volcanoes) could have buried any pre-existing basal scarps. 

This "wave erosion model" for the formation of the escarpments around the base of 

Apollinaris Patera and Olympus Mons remains highly speculative at this point, however 

we consider it to be a viable hypothesis assuming the recent evidence presented for the 

existence of standing bodies of water in the martian lowlands can be substantiated [Baker 

et al., 1991]. 

The volume of the main edifice is estimated to be -105 km3 from our topographic 

data. Typical effusion rates of terrestrial basaltic eruptions are generally in the range 10-2 

to l0-1 km3 yrl [Crisp, 1984], so a plausible duration of activity, excluding periods of 

repose, is 106 to 107 years. To constrain further this estimate it is assumed that, to a first 

order, the rate of eruption at Apollinaris Patera is similar to that of the Hawaiian Hot 

Spot. The oldest seamount in the Hawaiian-Emperor chain has an age of 65 x 106 years 

and the total volume of the chain is estimated to be 106 km3 [Clague and Dalrymple, 

1987]. Therefore, the average rate of eruption for the Hawaiian-Emperor Chain is 1.5 x 

10-2 km3 yrl (including periods of repose). This Hawaiian-Emperor rate must be 

considered a lower limit due to removal of an unknown amount of material by erosion. If 

indeed the rate of eruption at Apollinaris Patera is analogous to the Hawaiian Hot Spot, 

then an estimate of 1 Q7 yrs is reasonable for the active lifetime of Apollinaris Patera. 
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Estimates of volcanic modification of the martian atmosphere can also be made 

from the topographic data and the inferred eruption rate. Assuming a density of 2000 kg 

m-3, which is reasonable for analogous terrestrial deposits (basaltic materials), the total 

mass of erupted material is 2 x 1017 kg. Thus a total mass of 2 x 1015 kg is predicted for 

the water vapor released into the atmosphere if we assume a value of 1 wt % [Greeley, 

1987; McSween and Harvey, 1993] for the released water content of the parent magma. 

This estimate may be substantially low due to the input of non-juvenile water resulting 

from the interaction of groundwater/ice during phreatomagmatic eruptions. The fan 

material would have released ~1014 kg of water vapor into the martian atmosphere 

assuming I wt % as the water content of its primary melt. Taking our eruption duration 

estimates and our calculated volume, we propose that approximately JOB kg yrl (assuming 

I wt % ) water vapor was added to the martian atmosphere; for comparison the current 

total martian atmospheric water budget is estimated to be about 1012 kg [Jakosky and 

Farmer, 1982]. Released water may have spent a certain period at the surface as liquid 

depending on existing pressure-temperature conditions. In addition to water, other gases 

such as C02 and S02, and aerosols would also be added to the atmosphere. These 

additional volatiles may have had an even greater modifying effect on the atmosphere than 

water vapor [Postawko et al., 1988]. A detailed investigation of these effects is beyond 

the scope of this paper, however recent work has indicated that such volcanic outgassing 

could have had a dramatic effect on both the short and long term climatic evolution of 

Mars [Wilson and Mouginis-Mark, 1987; Postawko et al., 1988; Plescia and Crisp, 

1991]. 

This study has raised many questions concerning martian volcanism that we hope 

to test with the data that will be returned by future Mars missions. Specifically, high 

resolution images (better than I 0 m/pixel) will allow for the identification of volcanic 

features such as flow lobes. Such data will be particularly useful for identifying lava flow 
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types, such as a'a and pahoehoe and for evaluation of the origin of proposed pyroclastic 

deposits and the flank valleys. It would be advantageous to inspect the contacts between 

the volcanic materials, both the fan (f) and the main edifice (m), with the chaotic material 

(cht) to confirm our interpretations. Other instruments (spectrometers) with capabilities 

to derive compositional data may be able to distinguish the chemical evolution of erupted 

materials from a martian volcano. It is conceivable that considerable magmatic variation 

could occur at a single volcanic edifice such as Apollinaris Patera based on our estimate of 

an active lifetime greater than 101 yrs. 

CONCLUSIONS 

Our analyses of the geology, physical properties, and topography of Apollinaris 

Patera lead us to the following conclusions about the volcano. 

1) On the basis of new topographic data and an estimated rate of eruption of 1. 5 x 10-2 

km3 yrl, including periods of repose, we conclude that the volcano was active 

over an extended period of martian geologic time. Initially, the main edifice (m) 

was formed over a period of -107 yrs, then the volcano experienced a period of 

quiescence during which the basal scarp formed and the valleys were incised in the 

main flanks (duration unconstrained). Next, activity at the summit formed the 

present large outer caldera and floor materials ( cfl ). After, or during late stages of 

outer caldera ( cfl) activity, the materials that formed the fan were erupted over 

-104 yrs. Finally, after emplacement of the fan materials ( f) the smaller, inner 

caldera and associated floor materials ( cf2) formed over an unconstrained time 

period. 
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2) Morphologic analysis suggests that a significant portion of the main edifice (m) is 

composed of poorly to non-welded pyroclastic deposits (as opposed to effusive 

materials), possibly including a phreatomagmatic component. 

3) It seems likely that the fan material on the southern flank of Apollinaris Patera was 

formed by low-effusion rate eruptions comparable to the formation of a terrestrial 

compound pahoehoe lava flow field. If correct, this is the first time that such 

activity has been identified as an integral part of the evolution of a martian shield 

volcano and thus constrains the eruption rate of the fan materials to - 1 Q-1 km3 

yrl. 

4) Chaotic material (cht) was formed during the active lifetime of the volcano and may be 

the result of a volcanically modified geothermal gradient. 

5) The well-constrained topography of the volcano permits an accurate estimate to be 

made for its volume; -105 km3. Combining these new topographic data and 

assuming reasonable values for the bulk density of the main edifice (-2.0 - 2.5 x 

1 Q3 kg m-3) and the released water from the magma ( 1 wt % ), then at least 2 x 

1015 kg of water was added to the martian atmosphere as a consequence of these 

eruptions. This is a lower estimate as it does not include any water vapor that may 

have been generated by phreatomagmatic activity. 

6) Our interpretations of the history of Apollinaris Patera are consistent with the 

observation that some martian volcanoes can undergo a two stage eruptive history, 

similar to that proposed for Ceraunius Tholus and Uranius Tholus (Chapter 3). 

This two stage history consists of an initial, dominantly explosive phase, that 

evolves to late stage effusive eruptions. 

In the next chapter, I utilize the large collection of Viking images covenng 

Apollinaris Patera to investigate the temporal variability of the surface, on and around, the 
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volcano (Table 4.1). From these multi-temporal data a relatively bright spectral feature on 

the northeast flank of Apollinaris Patera is identified (Figure 4.2). This enigmatic feature 

is worth investigating because it appears on the flank of a martian volcano, and thus may 

be the result of unusual volcanic processes. 
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Table 4.1. Mariner 9 and Viking Orbiter images of Apollinaris Patera, Mars, including 

Image EMA 
177A131 01 
088A50 44 
506A75 09 
603A42 29 
609A47 26 
635A57 23 
639A92 19 
646A41 30 
687Al8 21 
806A092 60 
372856 42 
468819 35 

EMA = emission angle 
INC= incidence angle 
PHA = phase angle 

pertinent acquisition parameters. 

INC PHA FIL b RES 
38 38 mB 342 1000 
38 82 c 123 192 
38 39 VGR 359 585 
69 47 R 46 614 
27 28 VCGR 48 835 
79 94 R 59 250 
45 55 R 61 720 
78 47 R 64 800 
54 55 VCGR 82 700 
65 75 R 137 800 
48 83 R 86 233 
39 69 VBGRCmB 131 535 

FIL= filter (V-violet, B-blue, G-green, R-red, C-clear, mB-minus blue) 
L 8 = aerocentric longitude 
RES = resolution in m/pixel 
AZ = sun azimuth. 
lMariner 9 image 

AZ 
270 
047 
280 
062 
002 
069 
044 
066 
058 
070 
306 
045 

2exact viewing geometry not known, parameters estimated and subject to large error(± 
10°). 

Note. For orbits with color data, only the red frame number is listed. 
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Table 4.2. Volumes of materials composing certain volcanic features on the 

Earth and Mars 

Volume 

los km3 

Olympus Mons, Marsl 26 

Hawaiian-Emperor Chain2 10 

Deccan Plateau, India3 8 

Alba Patera, Mars4 6 

Elysium Flood Basalts, Mars5 3 

Columbia River Basalts, Washington3 2 

Hadriaca Patera, Mars6 1 

Apollinaris Patera, Mars7 1 

Mauna Loa, Hawaii3 1/2 

lWu et al. 1984 
2Clague and Dalrymple 1987 
3Crisp 1984 
4Wilson and Mouginis-Mark 1987 
5ptescia and Crisp 1991 
6Crown and Greeley 1993 
7this study 
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Figure 4.1. Generalized geologic map emphasizing Apollinaris Patera and neighboring 
volcanic features, simplified from Greeley and Guest [1987] and Plescia [1990]. Unit 
designations: Acp = Cerberus plains, AHNp = plains materials, Av, AHv, Hv = volcanic 
materials, Avp =volcanic plains materials, HNpl =plateau materials, OP= Orcus Patera 
impact crater materials. Capital letters in unit symbols refer to martian time-stratigraphic 
periods; A = Amazonian, H = Hesperian, and N = Noachian. The Elysium region is the 
second largest volcanic province on Mars and contains the three large volcanoes Hecates 
Tholus, Elysium Mons and Albor Tholus; it is surrounded by extensive volcanic plains 
(Avp). Recent mapping by Plescia [1990] and Harmon et al. [1992] has identified an 
extensive area of inferred lava flows north of Apollinaris Patera (Acp). This unit is among 
the youngest areas on Mars and thus could indicate relatively recent volcanic activity. 
Apollinaris Patera (heavy box) is located at the major terrain boundary that separates the 
ancient highlands plateau (HNpl) from the younger lowland plains (AHNp) and is not 
included in either the Elysium or Tharsis volcanic provinces. 
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Figure 4.2a. Image map of Apollinaris Patera, showing the flat-topped summit area, the 
fan material, the basal scarp, and slump blocks (see Figure 4.2B for locations of features). 
Unlabeled black arrow indicates unusual high albedo feature that is investigated in Chapter 
5. Digital mosaic in sinusoidal equal-area projection with a resolution of - 190 m/pixel; 
from Viking orbit 088A, width of image is - 235 km, north is to the top. 
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Figure 4.2b. Sketch map of the main physiographic units under study. Unit mis the main 
edifice, unit cfl is the outer caldera, unit f is the fan material, and cf2 is the inner caldera 
all of which comprise the volcanic products of Apollinaris Patera. Unit cht is a broad area 
of chaotic terrain that is generally believed to be the result of the removal of large amounts 
of ground water/ice [Sharp, 1973~ Carr, and Schaber, 1977, Greeley and Guest, 1987]. 
Note that the chaotic terrain (cht) includes disrupted material of Apollinaris Patera that is 
not mapped separately for the purposes of this work. The undivided plains unit p is 
simplified from Greeley and Guest [1987] and is not directly related to any identifiable 
volcanic activity from the Apollinaris Patera. The distinct basal scarp is indicated by the 
triangles. 
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Figure 4.2b. (con't.) Sketch map of the main physiographic units under study. 
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Figure 4.3. This large incidence angle image of Apollinaris Patera shows the structure of 
the fan material and the breach in the caldera wall (unlabeled large arrow). Arrow labeled 
"A" indicates location where chaotic disruption of the main flank (m) material has 
occurred, while the arrow labeled "B" shows where fan materials (f) have covered chaotic 
material (cht). Note lack of incised valleys within the caldera; this is particularly 
significant on the eastern side of the caldera where interior slopes are comparable to 
exterior slopes that do have incised valleys (see text). The arrowed locations marked with 
"Sx" indicate shadow measurements: Sl = 4800 m, S2 = 4600 m, S3 = 800 m, S4 = 2100 
m, SS = 600 m (all measurements± 100 m). Viking Orbiter frame 635A57, INA= 80°, 
width of image is -235 km, north is to the top. 
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Figure 4.3. ( con't.) Large Incidence Angle Image of Apollinaris Patera. 
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Figure 4.4a. Perspective view of the Apollinaris Patera as seen from the NW looking across to the SE, vertical exaggeration 
2X. Of particular interest are the slump blocks on the western flank and the embayment relation between the inner caldera 
(ct2) and the outer caldera (ct2). Image was created from Viking digital mosaic of images from orbit 088A (see Figure 4.2) 
and topographic data derived in this study. 
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Figure 4.4b. Perspective view showing the distinct fan on the southern flanks of Apollinaris Patera as viewed from SW of the 
volcano, vertical exaggeration 2x. The arrow labeled A indicates region where chaotic material was formed after emplacement 
of volcanic materials. The label B iridicates region where fan materials overlie chaotic materials. Unlabeled arrow indicates 
breach in caldera from which fan materials appear to have emanated. Image was created from Viking digital mosaic of images 
from orbit 088A and topographic data derived in this study. 
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Figure 4.5. Stratigraphic column showing the chronology of events that have resulted in 
the present morphology of Apollinaris Patera (see Figure 4.2 for location of units). 
Initially the main edifice (m) was emplaced, then basal scarp and valley formation Gagged 
line) occurred. Next, outer caldera formation (broken line) with subsequent infilling (cfl), 
fan (f) emplacement, possibly as a result of late stage overflow from cfl deposits, and 
finally inner caldera formation (broken line) with infilling by ponded lava deposits (cf2). 
Formation of chaotic terrain (cht) adjacent to the volcano both preceded and followed 
emplacement of the fan materials. 
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Figure 4.6. Schematic diagram showing IR.TM data passes near Apollinaris Patera: (I) 
A569-7, (2) A648-2, (3) A492-8, (4) B551-11 (letter corresponds to Viking Orbiter, three 
digit number orbit designation, and one or two digit number is the sequence within 
particular orbit). Dashed lines within IRTM swaths indicate thermal inertia (J) boundaries 
that correspond with mappable geologic units. Of special interest to this study is the small 
(M = 0.5) but distinct thermal inertia boundary between the fan (f) and main edifice (m) 
indicated by dashed line (small arrow) within data pass 2. Large arrow indicates 
viewpoint for Figure 4.7 that illustrates the sharpness of this boundary. The data tracks 
that do not cross the volcano were included to check the calibration where data 
overlapped; we observed no systematic calibration problems in these areas. Solid box 
shows area covered by Figure 4.2. 
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Figure 4.7. Three-dimensional plot of IR.TM thermal inertia values for the edifice (m; 
hatchured samples) and fan (t), showing the distinct thermal inertia boundary between 
these two units (see text). The x and y axis shows relative position within IR.TM track 
A648-2, each sample is approximately 1/8° (7.5 km). The z, or vertical axis, shows 
thermal inertia(/). This perspective is looking from the NW to SE (see arrow in Figure 
4. 6 for viewpoint) at the contact between the fan and main edifice shown as dashed line 
(small arrow) within track 2 of Figure 4.6. 
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Figure 4.8. Location of stereophotogrammetrically derived elevation profiles that cover 
the major features under study at Apollinaris Patera. Arrow denotes downslope direction 
of caldera floor containing the source channel for the fan materials (see Figure 4.9). 
Numbers identify beginning and ending points for profiles. Viking frame 639A92; profile 
4-12 is approximately 400 km long and is oriented roughly E-W. 
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Figure 4.9a. Stereophotogrammetrically derived topographic profile (Profile 1-8; see 
Figure 4.8 for location) across the volcano from south to north. Horizontal triangle 
(labeled S) indicates the topographic expression of the basal scarp beneath the fan 
materials, while vertical triangle (labeled F) locates inward sloping surface of the outer 
caldera floor ( cfl) which contains putative source channel for the fan materials (t). The 
dotted line indicates the zero elevation contour, all profiles have the same scale (see Figure 
4.9b and Figure A 1). 
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Figure 4.9b. Stereophotogrammetrically derived topographic profile (Profile 5-11; see 
Figure 4.8 for location) across the volcano from west to east. Triangle indicates basal 
scarp, note relative elevations of surrounding plains on both sides of the volcano. 
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Figure 4.10. Topographic map for Apollinaris Patera that was generated in this analysis 
from stereophotogrammetry. Area of map is matched to Figure 4.2, contour interval is 
1000 m, north is to the top and total width is approximately 235 km [see also U.S. 
Geological Survey, 1991]. 
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CHAPTERS 

TIME VARIABLE SPECTRAL PROPERTIES OF THE 
MARTIAN SURFACE AT APOLLINARIS PATERA 

INTRODUCTION 

This chapter extends the geologic investigation of Apollinaris Patera (Chapter 4) 

through a detailed multi-temporal analysis of the photometric and spectral properties of 

the volcano's surface. Apollinaris Patera and its surroundings (Figure 5.1) were imaged 

during twelve orbital transits of the Viking mission, with a spatial resolution varying from 

190 m to 835 m (Table 5.1). Of these twelve image sets, five were obtained through 

multi-spectral filters, six with only the red filter and one through only the clear filter. In 

addition to these twelve Viking image sets, Mariner 9 also imaged Apollinaris Patera at a 

spatial resolution of -1000 m through a minus blue filter (broad band visible light). 

Identified in these images is a distinct, relatively bright reflectance feature that occurs as 

two patches (referred to here as the "Spot") on the northeast flank of the volcano. The 

Spot is discernible in some images and not in others (Figures 5.2, 5.3). The specific goals 
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of this chapter are to map the time variable spectral properties in the region of Apollinaris 

Patera in order to determine the significance of changes of both the surface, including the 

Spot, and the atmosphere. 

On the basis of radiometrically calibrated and geometrically rectified Viking 

images (Appendix B) three general explanations are investigated to determine the nature 

of the Spot: 1) photometric effects, 2) meteorological phenomena and 3) surface 

heterogeneities. From these three broad categories are addressed six specific hypotheses 

for the occurrence of the Spot and the relative merits and implications for martian geology 

are discussed. The effect of temporal variations in the amount of atmospheric condensates 

on the spectral properties of the surface is also investigated. Finally, a strategy for future 

observations of the Spot is presented to not only address the nature of this enigmatic 

feature, but also to observe changes in the relative amounts of atmospheric condensates. 

Apollinaris Patera is located at the margin of the cratered southern terrain and the 

smooth northern plains of Mars (8° S, 186°), and is approximately 160 km in diameter 

(Figure 4.1, 5.1). Apollinaris Patera has been classified as a shield volcano [Plescia and 

Saunders, 1979; Greeley and Spudis, 1981 ], and is Upper Hesperian to Lower Amazonian 

in age [Tanaka, 1986]. Its maximum relief above the surrounding plains exceeds 6000 m, 

making it the sixth highest volcano on Mars. Recent analyses of the geology of 

Apollinaris Patera confirm the existence of two different geologic units comprising the 

flanks (see Chapter 4). These are an early, easily eroded main edifice, and a younger, less 

eroded fan found on the southern flank. It has been proposed that large scale explosive 

activity occurred during the formation of the main edifice and that the distinctive fan on 

the southern flank was later formed predominantly by effusive lavas. The summit area 

exhibits an inner (younger) caldera nested within a larger (older) caldera. The formation 

ages of these calderas are interpreted to bracket the emplacement of the fan materials. A 

basal escarpment typically 500 m in relief was produced between the formation of the 
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main edifice and the fan; this observation is evidence that eruptive activity was punctuated, 

and occurred over a protracted period of time. Contact relations between the volcanic 

units and the adjacent chaotic material indicate that formation of the chaotic material also 

occurred over an extended period of time, and may be related to the volcanic activity that 

formed Apollinaris Patera. On the basis of inferred rates of eruption and newly derived 

topographic data, it is estimated that the formation of Apollinaris Patera required at least 

107 yrs (see Chapter 4). The Spot is interesting not only due to its unusual temporal 

behavior, relative to other units in the area, but also because it occurs as a highly 

anomalous feature on a martian volcano. Thus, it may indicate that complex magmatic 

processes occur within the lifetime of martian volcanoes. 

The only other feature on Mars that has a similar planimetric form and relative 

contrast with its surroundings is the enigmatic formation informally named White Rock 

(Figure 5.4) [Mariner 9 Television Team et al., 1979, p. 170; Evans, 1979; Carr, 1981, p. 

165]. White Rock is located within a large impact crater (not on a volcano) in the 

southern highland terrain, at 8° S, 335°. Previous work examining White Rock and our 

spectral analysis of that feature shows it to be distinctly different from the Spot. White 

Rock is a "blue" feature relative to its surroundings (Viking frames 672A22 and 672A28, 

violet and red filters respectively) in contrast to the Spot which is amongst the "reddest" 

materials relative to its surroundings (see Spectral Properties below). White Rock does 

not show a time variable nature within the images acquired during the ten orbital transits 

of the Viking and Mariner 9 missions. Additionally, White Rock has a distinct positive 

topographic expression on the order of tens of meters [Mariner 9 Television Team et al., 

1979, p. 170; Evans, 1979], while the Spot exhibits no topographic expression (see 

below). Thus, the Spot is found to be a unique feature on Mars. 
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OBSERVATIONS AND MEASUREMENTS 

In this section, observations and measurements of the Spot and the surrounding 

area are presented which describe not only the surface expression of the Spot, but also 

quantify the photometric properties of the surface through multi-temporal observations. 

These data are used not only to form hypotheses concerning the origin of the Spot, but 

also to investigate changes in the amount of condensates contained in the atmosphere. It is 

important to investigate the relative amount of atmospheric condensates because they can 

influence interpretations of the surface derived from remote sensing data. 

Morphology of the Spot 

Jagged arms subparallel to the local slope give the Spot a striking appearance 

(Figure 5.2 5.3, 5.5). The eastern area (Unit 3, Figure 5.1; Figure 5.2) is about 14 km 

across slope and 8 km downslope, while the smaller western area (Unit 2 of Figure 5.1; 

Figure 5.2) is 5 km by 9 km. Within the observations of the Viking mission, the Spot, 

when it is discernible, is relatively stable in both shape and size as well as spatial location 

(Figures 5.2 and 5.3). The Spot is located on the flanks below the inner caldera (Figure 

4.2), and up slope from a region that exhibits an unusual morphology relative to the rest of 

the volcano (Figures 5.2, and 5.5). This area down slope from the Spot consists of 

irregular flat topped mesas, separated by narrow valleys that broaden downslope (Figure 

5.2). As proposed in Chapter four, the dominant mode of formation for most of 

Apollinaris Patera was explosive activity, followed by late stage effusive eruptions. This 

unusual area downslope from the Spot, may reflect the undermining of thin resistant layer 

of late stage flank effusive lavas overlying a thicker, friable, lower layer (explosive 

deposits). This undermining is consistent with the release of subsurface water derived 

from local, late stage degassing; this idea will be discussed in detail below. 
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The Spot has no topographic expression, such as a rim, visible at the resolution of 

the available Viking data (-190 m/pixel), nor is the Spot resolvable in stereogrammetric 

profile data (see Chapter 4 and Appendix A). If the areas of the Spot were defined by a 

localized basin, the walls of this basin might be expressed in images with the sun near the 

horizon [cf Masursky et al., 1970] through either photometric darkening or shadows, but 

this is not observed in the two large sun angle frames (635A57 incidence angle = 79°, 

646A41 incidence angle= 78°). Additionally, examination of the Viking images reveals 

that the Spot is insensitive to local variations in topography and occurs as small ridges as 

well as relatively smooth areas (Figure 5.2). 

Temporal Variability 

The Spot is definitively seen in images from 7 of the 12 Viking orbits (Table 5.1, 

Figure 5.2, 5.3) and is not discernible in the one existing Mariner 9 image of Apollinaris 

Patera. Other bright features occur in the study area (units 8, 11 of Figure 5.1; Figure 

5.6), but do not show the same time variable behavior and exhibit different spectral 

characteristics from the Spot (see below). The Spot is seen and not seen over a period of 

years (seen September 16, 1976, not seen March 14, 1978, seen July 7, 1980; Table 5.2), 

and its discernibility is also variable on a scale of days (seen February 16, 1978, not seen 

March 14, 1978, seen March 18, 1978; Table 5.2). 

The Spot is clearly discernible in images from three orbits (088A, 806A, 468S; see 

Figure 5.2, 5.3) acquired closest prior to the onset of a global dust storm and is not seen in 

the images from orbit 506A (Figure 5. 7) that was acquired shortly after the cessation of a 

global dust storm [cf Martin and Zurek, 1993; and Zurek and Martin, 1993]. Global 

dust storms result in the deposition of a fine, homogeneous layer of material that both 

reduces the contrast of features on the surface and increases the relative redness of the 

surface [cf Soderblom, 1992]. Thus, it is reasonable to suppose that the area of the Spot 
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may be covered by a fine layer of eolian material (orbit 506A) deposited during the dust 

storms which is subsequently removed resulting in the observed time variable appearances. 

However, other bright reflectance features (units 8, 11 of Figure 5.1; Figure 5.6) occur 

within images acquired during orbit 506A (Figure 5.3) when the Spot is not discernible, 

thus arguing against such a regional homogeneous eolian covering. Additionally, in some 

frames (orbits 603A, 646A) an anomalous brightening can be detected (images denoted 

"D" in Table 5.1) within the area that encompasses the Spot. The area encompassed by 

these detections occupies only a few pixels and it is not clear whether these detections are 

simply topographic facets or actual subsets of the Spot (Table 5.1). These detections, and 

other images from which the Spot is not discernible (orbit 635A) and the Spot is clearly 

seen (orbits 609A, 639A, 684A, 687A), occur in rapid succession, complicating the 

relationship between global dust storms and the occurrence of the Spot (Tables 5.1, 5.2; 

Figure 5. 7). This will be discussed in more detail below. 

Atmospheric haze can degrade the resolution of an image resulting m the 

obscuration of features with sizes on the order of 5 to 10 pixels [Kahn et al., 1986]. 

Thus, it is possible that relatively small features ( 5-10 pixels) may appear to come and go 

as a result of this effect. However, this phenomenon does not explain our observations of 

the Spot. Of the low resolution frames (700 m/pixel or worse) of the Spot that might be 

significantly "blurred" by such an effect, four of the five frames definitively show the Spot, 

the exception being 646A41 (see Table 5.1), and the Spot is not visible in some higher 

resolution frames ( 63 5A57, 3 72S56, Table 5 .1 ). 

Acquisition Geometry 

In frames with very large incidence angles (i.e. 635A57, 646A41) contrasting 

albedo features are suppressed, including the Spot (Figure 5.3). Dependent on the slope 

and aspect, the "local", or true, incidence angle differs from the "global", or estimated, 
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incidence angle (assuming the planet is a tri-axial ellipsoid with no topographic 

undulations) listed in Table 5.1(Figure5.8). Since the slopes in the region of the Spot are 

at a maximum of 5° the true incidence angle may vary only up to a maximum of 5°, when 

the sun azimuth is perpendicular to the local topographic contours (Figure 5.3, Chapter 4, 

and Appendix A). Within the images from the two orbits that have the Sun in the 

northwest (subparallel to the local topographic contours, corresponding to little or no 

change in actual, or "corrected", incidence angle) the Spot is not visible (506A73 

incidence angle 38° and 372S56 incidence angle 48°); all the images that show definitive 

occurrences of the Spot have a northeasterly Sun azimuth (effective decrease in incidence 

angle, Tables 5.1, 5.3). However, there are also images with the Sun azimuth in the 

northeast where the Spot is not discernible (sun azimuths 62°, 66°, 69°). Additionally, 

within the images from orbit 506A the bright albedo features to the south (unit 8 and 11) 

stand out in high contrast while the Spot is indiscernible. 

It is useful to compare image 506A73 with image 639A92, both of which have 

similar incidence angles (Table 5.4). Considering local slope and aspect, the two images 

have nearly identical local incidence angles at the location of the Spot. Despite these 

comparable local incidence angles, the Spot is in high contrast with its surroundings in 

image 639A92 (this will be discussed further below). Images 088A50 and 372S56 also 

have very similar viewing and lighting geometries, and the Spot is in high contrast only in 

088A (Table 5.4). For both pairs of images (Table 5.4), the Spot is not in high contrast 

with its surroundings in the two images with the sun azimuth in the west. The significance 

of this relationship is not clear because there are images for which the Spot is not seen 

when the sun azimuth is to east (635A57, 646A41). These two images in which the Spot 

is not seen have large incidence angles (even corrected for local slope -- 5° change at 

most), which may explain its "disappearance". However, images 506A75 and 372S56 

(easterly sun azimuth), moderate incidence angle (corrected for local slope) and no Spot 
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(these images are discussed in detail below). Thus, there is no obvious cause and effect 

relation between the Spot's temporal behavior and acquisition geometry, including sun 

azimuth. 

Comparison with Nearby Bright Features 

Two other bright reflectance features occur on the southern flanks of Apollinaris 

Patera (units 8, 11 of Figure 5 .1). These two features appear to be related to eolian 

deposition, the first, unit 8, is within a complex area of dark and bright materials (Figures 

5.1, 5.6) and would be classified as a Type I mixed depositional eolian feature according 

to the scheme of Thomas et al. [1981]. This feature (unit 8) is - 5% brighter than its 

surroundings, other than the dark materials, and is relatively blue (see below). The size 

and shape of unit 8 changes over the course of the Viking mission. Comparison of images 

from orbits 088A and 468S (Figure 5.3) shows that boundaries of the dark and light 

materials (unit 8) have shifted in relation to the two impact craters indicated with arrows. 

The second feature (unit 11, Figure 5.1, 5.6) is most likely the result of a disturbance of 

local air currents by an impact crater, and would be classified as a Type I bright 

depositional crater streak [Thomas et al., 1981]. The direction of this streak indicates a 

NNE to SSW wind direction and it is -5% brighter than its surroundings, and has a color 

ratio similar to its surroundings (see below). As mentioned above, these two features 

(units 8 and 11) are clearly discernible in images from orbit 506A while the Spot is not 

(Figure 5.3), suggesting that they might be of a different origin than the Spot. The Spot, 

when it is discernible, ranges from 15-18% brighter than its surroundings as measured in 

the two highest resolution frames (088A50 - clear filter, 468Sl9 - red filter; see data 

listing in Appendix C), consistent with an origin different to that of units 8 and 11. 

162 



Photometric and Spectral Properties 

The 11 existing red filter images including the four color sets of images, each 

acquired with unique viewing geometry, are examined to quantify the photometric and 

spectral properties of the Spot and its surroundings. Since the Spot is on the flank of a 

volcano, it may represent an unusual volcanic material. As shown in Chapter 4 it is likely 

that Apollinaris Patera was formed by both explosive and effusive eruptions; indicating a 

two stage eruptive history. On the basis of the observations of the Spot, Apollinaris 

Patera may also have had an evolution in the composition of erupted materials. Thus, the 

Spot may have distinct spectral properties from other materials on, and around, the 

volcano. 

A violet (0.44 µm) vs. red (0.59 µm) plot of the five color datasets indicates that, 

in general, the surface has lower reflectance values at higher incidence angle (Figure 5.9); 

this trend is also amply illustrated in a plot of radiance vs. incidence angle (Figure 5.10). 

This drop in reflectance is expected due to greater shading and shadowing with increasing 

incidence angle. In the simple case of a Lambertian surface, the amount of light reflected 

back to the viewpoint decreases radially outward (as emission angle increases) from the 

sub-solar point, as the cosine of the incidence angle [cf Slater, 1980]. 

In addition to increased shading, reflectance also falls off with increasing incidence 

angle due to macroscopic shadowing. This shadowing is typically due to unresolved sub

pixel sized objects that are casting shadows, thus lowering the overall reflectance within a 

given pixel. For example, an area being imaged, if looking straight down (emission angle 

= 0°), is littered with meter sized boulders and the sun is low on the horizon, the overall 

reflectance will be lowered due to the shadows cast by these boulders. This simple 

example can become complicated due to off nadir viewing (emission angle > 0°) which is 

typical of Viking images (Table 5.1; Figures 5.3, 5.8). Due to this complication, phase 

angle can be close to zero with large incidence angles. Thus, even at large incidence 
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angles, it is possible that little to no shadows are included within the spacecraft's 

viewpoint, dependent on spacecraft location and emission angle, in effect raising the 

reflectance of the surface. 

With perfectly calibrated images (both instrumental and atmospheric corrections 

applied), all acquired with an emission angle of zero degrees, radiance values should 

define a shading line intercepting the origin as incidence angle increases to 90° (in both 

Figures 5.9 and 5.10). The Viking Visual Imaging Subsystem (VIS) is not perfectly 

calibrated [Thorpe, 1976; Klaasen, et al., 1977; Soderblom et al., 1978; Herkenhoff and 

Mu"ay, 1990; U.S. Geological Survey, 1990], and the amount of scattered atmospheric 

light within a particular image is not easy to estimate. In addition to these uncertainties, 

the martian atmosphere contains highly variable amounts of condensates and dust, which 

affect not only the measured brightness of the surface, but the visible color as well [e.g. 

Soderblom et al., 1978; McEwen, 1992]. The data presented here do generally fall on 

such a line, however they-intercept does not occur at the origin in either Figures 5.9 or 

5.10. The non-zero intercept, and local deviations from the shading line, could be caused 

by calibration inaccuracies (offset) and path radiance contributed by atmospheric 

condensates and dust. In the violet vs. red plot, V-R, (Figure 5.9) image data from four of 

the orbits (506A, 609A, 684A, 687A) do generally fall on a V-R shading line; as incidence 

angle increases, the surface darkens in both red and violet radiances. 

The data from orbit 468S on Figure 5.9 deviates significantly from the V-R 

shading line defined by data from the other color orbits. In addition, the two Spot units 

(units 2 and 3 of Figure 5.1) do not fall on the V-R shading line defined by the other color 

orbits, nor do they plot close to the rest of the units in 468S. The 468S Spot units have 

generally the same color ratio as the surrounding materials, but have higher reflectance in 

both the violet and red compared to all units within images of the Apollinaris Patera region 

acquired during orbit 468S (Table 5.5, Appendix C). To move 468S back onto the V-R 
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shading line defined by the other color orbits (Figure 5.9) requires a translation down they 

axis (decrease in red reflectance) or a positive translation along the x axis (increase in 

violet reflectance) or some combination thereof In Figure 5 .10 (incidence angle vs. 

reflectance) both the red and violet reflectances for orbit 468S fall below the 

monochromatic shading lines defined by the other orbits. Thus, it seems likely that the 

bulk of the translation in the V-R plot (Figure 5.9) should be an increase in violet. This 

interpretation is from the observation that an increase in violet for orbit 468S would move 

the 468S data closer to the violet monochromatic line defined by the other color orbits. 

Conversely, a decrease in the red radiance would move the data from orbit 468S further 

from the red monochromatic shading line in Figure 5 .10. On the basis of these 

observations, the images from 468S, as a whole, have an anomalously low blue 

reflectance. This is consistent with an atmosphere that is unusually free of atmospheric 

condensates, and this will be discussed below. 

Summary and Discussion of Observations and Measurements 

The changes in relative color of the surface (on and around Apollinaris Patera) 

from orbit to orbit could be caused by; 1) an offset in the calibration (Appendix B), 2) 

change in the physical properties of the surface, 3) difference in scattering properties 

(including dust and/or condensates) of the atmosphere, 4) off nadir viewing geometry 

(increased path length and/or change in ratio of shadowed vs. unshadowed ground) or 5) a 

combination of these effects. 

The relative visible color of the martian surface is known to vary due to global dust 

storms. Subsequent to these dust storms the martian surface exhibits a general loss of 

contrast, an increase in reflectance and an overall increase in the red/violet ratio. These 

changes are probably due to the settling of fine layers of bright red dust after cessation of 

the global dust storms. Over time, this layer is stripped away from portions of the surface 
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resulting in an increased contrast, decreased overall reflectance and lowering of the overall 

red to violet ratio [Soderblom et al., 1978; Guinness et al., 1979; Veverka et al., 1981; 

McCord et al., 1982; Christensen, 1986; Arvidson et al., 1989; Soderblom, 1992]. 

The color of the martian surface is also dependent on the amount of condensates 

present in the atmosphere [e.g. McEwen, 1992]. For example, images from orbits 687A 

and 609A show the lowest red/violet ratios for all units, they are the "bluest" orbits (Table 

5.6). The magnitude of this general "bluing" is very small relative to the "reddening" of 

images from orbit 468S. It is easier to explain the slight "bluing" of the images from these 

two orbits relative to the "reddening" of images from orbit 468S (Figure 5.10). There are 

resolved clouds in the images from orbit 687 A, and thus the entire scene probably has an 

elevated condensate content (Table 5.6). Clouds would cause the overall red/violet ratio 

to decrease [Soderblom et al., 1978; McCord et al., 1982; McEwen, 1992; Soderblom, 

1992]. Images from orbit 687 A have the lowest overall average red/violet of the four 

orbits (Table 5.6). The next "bluest" images, those from orbit 609A and 684A, also have 

resolved clouds, and images from these three orbits (684A, 687A and 609A) have 

consistently lower RIV values than images from orbits 506A or 468S (both of which do 

not have visible clouds). A "local", meaning not global, dust storm occurred at - Ls 40° 

while images from orbit 609A were acquired at Ls 48° [Thorpe, 1981]. The actual areal 

extent of this dust storm is not known, however it apparently did not have a large effect 

(in the area of Apollinaris Patera) on the measured radiances from orbit 609A, because 

images acquired during orbit 609A are relatively "blue", while dust storms tend to increase 

the relative "redness" of the surface. 

The red frames from the color data were transformed to albedo using the Minnaert 

function [Minnaert, 1961; Davis and Soderblom, 1984; McEwen, 1991] to remove, to a 

first order, changes in brightness due to viewing and lighting geometries. This 

transformation is useful because the color image sets were all acquired with unique 
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geometries; the resulting images approximate normal viewing and illumination. The 

images from orbits with high levels of atmospheric condensate have the highest average 

albedos (609A - 20%, 684A - 20%, 687A - 21%; Table 5.7). Images from orbits 506A 

and 468S have significantly lower calculated albedos (17%). The Minnaert function does 

not correct sub-pixel shadowing [cf McEwen, 1991 ], which would result in a bluing 

effect. Thus, it must be considered that the "RIV values are controlled to a certain extent 

by incidence angle. However, two of the relatively blue (highest albedo) images (from 

orbits 609A and 687 A) have the smallest and largest incidence angles of the color sets, 

while the two relatively red (lowest albedo) images (506A and 609A) have intermediate 

incidence angles; arguing that incidence angle differences do not have a dominant control 

over the "RIV values in these images. Thus, these albedo values are consistent with an 

interpretation that atmospheric condensates are contributing significantly to the overall 

changes in color ratios from orbit to orbit. 

The extreme "redness" of images covering the area of Apollinaris Patera from orbit 

468S may be the result of unusually clear conditions in the atmosphere. This is considered 

because orbit 468 S occurred (Ls = 131, Figure 5. 6) during the martian cycle when the 

surface should be slightly "bluer" relative to the period of post dust storm "reddening". 

Thus, it is difficult to reconcile its relatively high "RIV without considering an atmospheric 

source or a calibration offset error. No clouds, or fog, are visible within 468S and this is 

consistent with a relatively clear atmosphere. However, there is no definitive way to test 

for an offset in the calibration other than observations of clouds, or lack of, and 

corresponding albedo color ratios. In this case (images from orbit 468S), the overall color 

ratios and lack of clouds are consistent. 

Orbit 506A occurred during the post dust storm "reddening" period and is the 

second "reddest" of the four. Thus, consistent with a model accounting for the amount of 

atmospheric condensate; it is likely that during orbit 506A there was an average amount of 
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atmospheric condensates (average condensate "bluing" + post dust storm "reddening"), 

while the atmosphere during orbit 468S was unusually free of condensates (extremely low 

condensate levels resulting in unusually high "reddening" + minor pre-dust storm 

"bluing"). The interpretation that images acquired during orbit 468S are relatively free of 

atmospheric condensates is consistent with the both the V-R plot and the incidence angle 

plot (Figures 5.9, 5.10). Recall that the deviation in both plots of the 468S red and violet 

radiances is best "corrected" by an increase in violet -- which is consistent with a relatively 

low abundance of atmospheric condensates present during the acquisition of the 468S 

images. On the basis of the observations presented here (reflectance, albedo, and color), 

the regional spectral and photometric properties in the area of Apollinaris Patera are 

interpreted to be strongly controlled by the relative amount of condensates present in the 

atmosphere (see Table 5.7). 

HYPOTHESES CONCERNING THE ORIGIN OF THE SPOT 

1. Photometric Effects 

The Spot's appearance and disappearance is not consistent with simple phase, 

incidence or emission angle effects. If the appearance of the Spot was simply a function of 

viewing geometry (with no attendant heterogeneities of the surface), the location and 

shape of the Spot should not necessarily remain fixed. For instance, if the appearance of 

the Spot was solely a function of incidence angle, which is a function of local slope, local 

aspect, and sun azimuth, its location should migrate across the volcano from image to 

image, following changes in local incidence angle. It does not, and so the hypothesis that 

the Spot is simply an artifact of fortuitous viewing geometry is rejected. 

The hypothesis that the contrast between the Spot and its background was 

enhanced due to a particular combination of illumination and viewing geometries (Table 
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5.1, Figure 5.3) was also tested. At large incidence angles (near sunrise or sunset) albedo 

contrast becomes suppressed or disappears due to the dominance of contrast between 

shadowed and sun facing facets. Accordingly the Spot is not distinguishable in the frames 

with the largest incidence angles (79°, 635A57; 78°, 646A41). However, the relationship 

between the Spot and incidence angle is not consistent for all images. As discussed 

earlier, in images from orbit 506A (incidence angle 39°) the Spot is not seen and other 

bright reflectance features to the south of the volcano are seen (units 8 and 11; Figure 

5.3). By comparison, in images from orbits 088A and 468S, which have similar incidence 

angles to images from orbit 506A (38°, 39°, 38° respectively), the Spot is in high contrast 

with its surroundings. 

Geissler and Singer [in press] examined the Valles Marineris using Viking red filter 

images with an extended range of phase angles. They found that anomalous materials in 

Juvantae Chasma appear brighter than surrounding materials in high phase angle images 

(> 100°) while the same materials appear darker than their surroundings in low phase 

images (<100°). They hypothesized that this unusual reflectance behavior is due to 

scattering differences between adjacent materials. This same hypothesis was tested using 

the Apollinaris Patera data. In the case of the Spot, it is clearly distinguishable (and 

brighter) in images with phase angles of 28° and 82° and is not readily apparent in images 

with phase angles of 39° and 94° (Table 5.1). Furthermore, in none of the available 

images does the Spot appear darker than its surroundings. No indication is found that the 

Spot is composed of a material that exhibits anomalous reflectance behavior such as that 

proposed for Juvantae Chasma by Geissler and Singer [in press]. 

2. Meteorological Phenomena: Clouds, Fog, and Airborne Dust 

Clouds or fog, either water or carbon dioxide, offer the simplest explanation for 

the Spot, especially in light of its rapid appearance and disappearance. It is well known 
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that clouds, both water and carbon dioxide vapor, are common on Mars [Slipher, 1962; 

Leovy et al., 1973; Briggs et al., 1977; Kahn, 1984]. The Spot is of consistent size, shape 

and spatial location over time, in all of the images studied. It is unlikely that clouds or fog 

would always occur in the same location exhibiting the same distinct morphology. A 

previous study of persistent clouds near Echus Chasma, Mars, showed that the spatial 

location and morphology of reoccurring clouds varied considerably from image to image 

[Martin and James, 1989]. Additionally, examination of pixel DN values shows that the 

Spot does not cast a shadow, whereas clouds that appear in the same images as the Spot, 

do cast shadows (images 687A12, 18). Finally, and most significantly, it is found that the 

spectral signature of the Spot is inconsistent with other observations of clouds and fog. 

Analysis of the digital image data of clouds show them to be relatively blue (orbits 609A, 

687A), which is consistent with previous work [Soderblom et al., 1978; McCord et al., 

1982]. In contrast to these clouds, the Spot is amongst the reddest material in all the 

images examined (Tables 5.5 and 5.6). Based on these observations the possibility that 

the Spot is a cloud or fog is rejected. 

Thomas and Gierasch [1985] observed that martian dust devils occur on relatively 

smooth plains, during local summer, and are on the order of 2 km high and 1 km wide. 

Important in the identification and interpretation of these dust devils were their shadows. 

In fact the shadows were used by Thomas and Gierasch to constrain the shape and height 

of the dust devils. However, examination of digital pixel values down-sun from the Spot 

does not reveal a darkening that would result from a shadow. The Spot does not occur on 

smooth plains as is the case for other martian dust devils [Thomas and Gierasch, 1985], 

but rather occurs on the flank of a volcano. Additionally, there have been no reports of 

martian dust devils occurring in the exact same location with the same shape from one 

observation to the next as is true with the Spot. Thus, the Spot is not consistent with a 

dust devil hypothesis. 
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3. Surface Heterogeneities 

Finally, the possibility that the Spot may reflect a heterogeneity of the surface of 

the volcano is examined. This difference could either be a redistribution of existing 

components or the addition of a new component, or even removal (burial) of an existing 

component. For the purposes stated in this study, heterogeneities are defined as either a 

mineralogical difference or a change in physical characteristic, such as grain size. 

3A. Ground Frost 

The Spot is on the northern flanks of Apollinaris Patera, and its occurrence 

exhibits no definitive correlation with southern hemisphere winter (L8 90-180°, Table 1). 

Frost would be expected to form preferentially on the south facing slopes, at -9° latitude, 

during southern hemisphere winter, locally the coldest time of the year. No correlation of 

Spot occurrence with L8 is found. Additionally, time of day of image acquisition is not 

correlated with the Spot's transient appearance (Table 5.2), as would be expected with a 

diurnal ground frost. The spectral signature of the Spot is relatively red, while water and 

carbon dioxide ice are relatively blue. Comparisons of ratio values of the Spot and the 

surrounding region with ratio values from the residual southern polar cap and its 

surrounding terrain were examined (images 191B02-10). The residual polar cap is blue 

relative to its surroundings, while the Spot is relatively red. The observation of polar cap 

"blueness" is also supported by previous work examining the polar regions of Mars from 

both Viking data [Soderblom et al., 1978; McCord et al., 1982; Thomas and Weitz, 1989; 

Herkenhoff and Murray, 1990; Soderblom, 1992] and Earth based telescopic studies 

[Slipher, 1962; Clark and McCord, 1982; Bell et al., 1990]. 

Most importantly, the visible color of the Spot is inconsistent with ground frost. 

In addition, the Spot is consistent in size and planimetric shape from occurrence to 

171 



occurrence. As with atmospheric clouds, no mechanism to cause frost reoccurrence at the 

same location with the same shape from non-volcanic sources is obvious. On the basis of 

these observations, the possibility that the Spot is an atmospherically derived H20 and/or 

C02 ground frost is rejected. 

3B. Local Volcanic Volatile Release 

Sublimation of volcanic gases from localized vents could explain both the 

reoccurrence of the Spot and its spatial stability. The color properties of the Spot would 

rule out a dominant water or carbon dioxide component (see meteorological discussion 

above). However, a volcanic gas sublimated on the surface that is rich in sulfur vapor 

could match the color properties of the Spot. Due to the broad band passes and 

uncertainties in the image calibration, it is not possible to make a definitive quantitative 

match of analog materials to Viking image data. Nevertheless, color trends of some sulfur 

materials are consistent with the Spot. 

For example, low temperature quenching of liquid sulfur at 77 K results in the 

production of "orange", "red" and "brown" non-crystalline sulfur [Meyer et al., 1972; 

Gradie and Veverka, 1984; Gradie et al., 1980; Gradie et al., 1984]. The actual color of 

this 'glass' is controlled by the initial temperature of the molten sulfur; e.g., the higher the 

molten temperature the redder the glass. Above 190 K the quenched metastable sulfur 

glass converts to polymers and the sample gradually reverts to normal yellow sulfur 

[Meyer et al., 1972]. Gradie et al. [1984] observed that sulfur glass is most efficiently 

made from low volume sources, such as fumaroles. The color of the Spot from images 

acquired during orbit 468S (reddest, and thus clearest, image set) is consistent with the 

expected reflectance from a quenched orange sulfur. The temperature of Mars at the 

latitude of Apollinaris Patera (-9°), is 170-250 K in winter and 175-280 K in summer at 

the 0 km contour, temperatures consistent with the deposition of such a form of sulfur. 
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Consistent with this model is the disappearance of the Spot due to covenng by 

atmospherically derived material. Only a very thin layer of dust would be needed to mask 

the sublimates (-100 microns) because the Viking Orbiter cameras were only sensitive to 

the optical surface; thus, it is possible that the Spot could be covered in a matter of days 

or weeks after the cessation of a single outgassing event. 

Is this hypothesis consistent with what is known of martian volcanologic 

processes? To investigate this question it is useful to examine planetary analogs. 

Volcanic eruptions with significant sulfur components are known to occur on both the 

Earth and Io. Terrestrial flows composed predominantly of sulfur are rare but do occur 

[Watanabe, 1940; Skinner, 1970; Colony and Nordley, 1973; Delaney et al., 1973; 

Theilig, 1982; Greeley et al., 1984; Naranjo, 1985], and almost all volcanic eruptions on 

Earth have associated fumarolic activity, commonly of sulfur rich gases [Williams and 

McBimey, 1979, p. 324]. Similar to Apollinaris Patera, a bright feature occurs downslope 

from the caldera on the flanks of Sierra Negra (Galapagos Islands, Earth) associated with 

Volcan Chico fissure (Figure 5.11). This bright feature is approximately 1 km across, and 

is composed of volcanic sublimates [Delaney et al., 1973]. These sublimates are mostly 

composed of rhombohedral sulfur, with smaller amounts of calcite, gypsum, anhydrite and 

opal. The source of these sublimates is a "zone about 500 m wide marked by numerous 

lava and fumarolic vents" [Delaney et al., 1973]. In addition to these terrestrial examples, 

sulfur plays an important role on Io. The optical surface of Io is proposed to be 

dominated by volcanically derived sublimates and adsorbates [Nash and Nelson, 1979; 

Smythe et al., 1979]. Finally, Viking Lander experiments have shown that sulfur is a 

common element in compounds on the surface of Mars and its source is not known [e.g., 

Settle, 1979]. On the basis of these examples it seems likely that sulfur could play an 

important role in martian volcanic processes, aild the identification of sulfur deposits on 

martian volcanoes should not be surprising. 
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Therefore, volcanic outgassing and subsequent sublimation of sulfur compounds 

may be possible and can explain the observed color properties, time variability, and spatial 

consistency of the Spot. No other evidence of active volcanism on Mars has been 

reported despite intensive study of martian volcanoes [Plescia and Saunders, 1979; 

Greeley and Spudis, 1981; Mouginis-Mark, 1981; Scott and Tanaka, 1982; Mouginis

Mark et al., 1982b, 1988; Greeley and Crown, 1990; Zimbelman et al., 1991; Crown et 

al., 1992]. However, other work indicates that volcanic activity may have occurred in the 

recent geologic history of Mars. Plescia [1990] has identified large flood basalts to the 

north of Apollinaris Patera (-500 km north) that are relatively free of impact craters 

indicating an extremely young age (<500 my). These proposed lava flows have 

subsequently been shown to have a very rough radar cross-section [Harmon et al., 1992] 

lending a high degree of confidence to Plescia's interpretation. Mouginis-Mark [1991] has 

proposed relatively recent water release along the base of Olympus Mons that was 

possibly caused by intrusive heating of subsurface water. Lucchitta (1990] has identified 

numerous features in the Vall es Marineris interpreted to be of relatively recent volcanic 

origin. Additionally, SNC meteorite age dates indicate a possibility that active volcanism 

has occurred on Mars within the past 154 my [Jagoutz, 1989]. Thus, it may be possible 

that small scale volcanic processes occurred on Mars during the Viking mission. 

Therefore, the possibility that the Spot is the result of volcanic outgassing cannot be 

dismissed through the lack of identification of other active volcanic processes on Mars. If 

this hypothesis is confirmed, then this would not only mean that Mars is not 

volcanologically dead, but also that martian volcanic centers remain active for extended 

periods of time, perhaps on the order of 1 or 2 billion years. Based on relative crater 

counts, Apollinaris Patera is much older than 1 billion years, perhaps older than 2 billion 

years [Soderblom et al., 1974; Neukem and Wise, 1976; Plescia and Saunders, 1979]. If 

fumarolic activity at Apollinaris Patera is confirmed, then these observations are important 

174 



for interpreting the geologic history of Mars. In particular, this may imply that the much 

larger Tharsis volcanoes may have been active for a large portion of martian geologic 

history, perhaps since the termination of heavy bombardment, and thus it is conceivable 

that large scale volcanism may occur in the future on Mars. However, with available data 

and current martian geologic paradigms this possibility remains highly speculative. 

3C Transient Grain Size 

The preferential deposition of a fine, bright dust component on the flanks of 

Apollinaris Patera must be considered. Specifically, according to this hypothesis, when 

the Spot is seen, it consists of an unusual deposit of fine grained material, when it is not 

seen this deposit has been stripped clean and the normal substrate is visible. This mode of 

emplacement is similar to that proposed for bright eolian deposits found elsewhere on 

Mars [Thomas et al., 1981]. In summary, when the Spot is visible an increased amount of 

bright fines have covered the area of the Spot. When it is not discernible these fines have 

been removed leaving the "average" flank materials. 

At the current image resolution no mechanism for trapping dust is identifiable, 

such as a topographic low, which might explain the spatial continuity and consistent 

morphology of the Spot; recall that the Spot occurs as topographic ridges (Figure 5.2). 

The elevation of the caldera rim upslope from the Spot is relatively low compared to the 

rest of the summit (4500 m vs. 6000 m respectively, Appendix A). Thus, winds perturbed 

by the caldera rim, at this low point, may preferentially cause the deposition of very fine 

particles from the atmosphere and concentrate them downslope forming the Spot. 

Accordingly, the Spot is a transient fine grained eolian deposit derived from atmospheric 

dust. This mechanism is consistent with that proposed for the deposition of other bright 

eolian deposits on Mars. Specifically, Thomas et al. [1981, 1984] have proposed that the 

common bright streaks emanating from impact craters and graben rims are the result of a 
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preferential deposition of fine bright eolian material generated by global dust storms. In 

the case of the Spot the caldera rim serves as the topographic obstacle that perturbs local 

winds resulting in a meteorologically stagnant zone in which fine bright material is 

deposited [e.g., Thomas et al., 1984]. These eolian deposits may need to cover only 5 to 

10% (depending on their albedo) of the total area of the Spot to result in the observed 

reflectance contrast of the Spot, relative to its surroundings. A weakness of this model is 

that it does not easily explain the "disappearance" of the Spot in images acquired during 

orbit 506A (Figure 5.3). The Spot has a higher contrast than the other bright features 

(units 8 and 11) and would thus have a higher areal density of eolian material (assuming 

the substrate surrounding the Spot and units 8 and 11 are the same). Thus it should be 

more difficult to remove the Spot than either units 8 or 11. Despite this shortcoming this 

hypothesis is geologically reasonable and thus it cannot be rejected on the basis of the 

existing data. 

3D. Unusual Rock Type 

This explanation for the Spot is nearly the reverse of the preceding hypothesis. 

The Spot may be an unusual rock type, sometimes covered (not seen), sometimes not 

covered (seen). Thus, when the Spot is discernible it is free of transient dust; when it is 

not discernible it is covered with the same dust that covers the rest of the volcano. 

According to this hypothesis the material that composes the Spot would not readily hold 

eolian dust relative to the material that comprises the rest of the edifice. Thus, the Spot 

would be an exposure of an unusually bright rock unit. This makes sense in as much as 

the Spot, when seen, is always in the same location and has the same shape. 

Dependent on the albedo of this bright unit, only a certain percentage of the area 

of the Spot would need to be uncovered. For instance, if a checkerboard was imaged at a 

scale such that a pixel was equivalent to one of the checkerboard squares, the difference 
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between the squares would easily be distinguished. Next, if the same checkerboard was 

covered with an even layer of fine dust with an albedo roughly equivalent to the dark 

squares and then imaged as before, the resulting frame would be uniformly dark. Taking 

this same dust covered board and randomly removing the dust from small patches (much 

smaller than a pixel, or checkerboard square), such that 10% of the board is now visible, 

would result in heightened reflectance of pixels covering the partially buried bright 

checkerboard squares. From this analogy it is proposed that when the Spot (bright square 

of the checkerboard) is visible, wind has revealed all, or portions, of its surface 

(percentage unknown), and when it is not seen it is mostly, or wholly covered. Due to the 

rapid repeat coverage in 1978 that contains some frames in which the identification of the 

Spot is ambiguous, it is possible that the "D" (Table 5.1) frames have caught a view when 

the Spot had only very small portions uncovered. In particular, with frame 372S56 the 

west (unit 2) Spot is mostly discernible while the east Spot (unit 3) is not (Figure 5.2). 

Consistent with this hypothesis, the Spot has the most contrast with its surroundings 

during the season closest to the onset of the global dust cycle, when the martian surface 

usually exhibits the most contrast due to the gradual global scale stripping of dust storm 

fallout. 

The region just downslope from the area of the Spot (with an unusual weathering 

style, discussed above), may indicate an unusual geologic material or process (relative to 

the rest of the volcano), and is thus consistent with an anomalous geologic unit or process 

in the area of the Spot (Figures 5.2, 5.4). This observation is consistent with the idea that 

materials integral to the volcano (not transient surface covers) compose the Spot. If the 

Spot is an unusual rock type relative to the rest of the materials that compose the edifice 

then this result alone is quite interesting as it implies that martian magmatism may be more 

complex than previously thought. The Spot material could be an unusual rock type such 

as a silicic flow, secondary alteration products, or ancient fumarolic sublimates. For 
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example, the unusual material composmg the Spot may consist of sublimate sulfur 

deposits, similar to those found on Sierra Negra discussed above (Figure 5.11), though of 

ancient origin. Also, as discussed above, it is reasonable (and even expected) that such 

deposits occur on Mars. The identification of large fumarolic sulfur sublimates is 

important because this may help explain the high level of sulfur observed at the Viking 

Lander sites [Settle, 1979] and may also have implications for past climate changes 

[Postawko et al., 1988] as well as complex magmatic processes. 

FUTURE OBSERVATIONS 

To determine the composition of the material that composes the Spot, future 

observations should include high resolution spectroscopy and very high resolution 

imagery. An instrument similar to the now defunct Mars Observer Thermal Emission 

Spectrometer (TES), could provide both compositional information and thermal inertia 

data at a scale such that the Spot would be readily resolvable [Christensen et al., 1992]. 

At the resolution of TES, a similar instrument should be able to definitively show any 

mineralogical, or grain size, heterogeneity of the Spot vs. the surrounding materials. High 

resolution image data (1 m/pixel, or better) would be very useful for identifying 

morphologic features such as volcanic vents, eolian streaks, or dunes. 

SUMMARY AND CONCLUSIONS 

From the data presented here, it is shown that the Spot, on the northeast flank of 

Apollinaris Patera, is a real feature of the surface; it is not an atmospheric effect nor is it 

an artifact of viewing geometry. The Spot is relatively red, is fixed in size and shape 

(when seen), and is related to a heterogeneity of the surface. This heterogeneity is either 

mineralogical or a change in physical characteristic, such as grain size. With the currently 

available Viking Orbiter three color image data the material that composes the Spot 
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cannot be uniquely identified. However, three models are presented which are consistent 

with the available data. 

1) The release of sulfur rich volcanic gases from localized vents can explain our 

observations of the Spot. On the basis of existing data, this hypothesis cannot be 

rejected. Clearly this model has drastic implications for current models of 

volcanism on Mars. However, this model remains highly speculative until further 

observations of the Spot can be returned from future Mars missions. 

2) Eolian processes may preferentially accumulate and then remove anomalous fine grain 

material from the area of the Spot. A fine grain material that is brighter than its 

surroundings is consistent with our observations of the Spot, and is consistent with 

other bright eolian features found on Mars. It is also an attractive hypothesis 

because it does not invoke any unusual geologic process or material, nor does it 

counter any current martian geologic paradigms. One problem with this 

hypothesis is that it cannot easily explain the Spot's disappearance in images from 

orbit 506A. 

3) The Spot is composed of an unusual rock type that exists as an integral part of the 

substrate forming the volcano, and it is readily covered and then uncovered by 

local blowing dust. This is also a simple model that does not invoke any drastic 

rethinking of martian processes. This model is significant because no other 

observations of martian volcanoes indicate units exhibiting mineralogical 

heterogeneities. Thus, this rather small feature may, in fact, prove to be a key to 

the diversity of volcanic materials that have been erupted on Mars. 
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Additionally, this study indicates that atmospheric condensates have a highly 

variable and significant effect on the spectral properties of the surface as measured from 

orbit. The color and photometric analysis presented here illustrates the problems 

introduced by the martian atmosphere in interpreting orbitally derived data of the martian 

surface. Specifically, for a given area on the surface, the red over violet ratio varies from 

2.9 to 3.4, and albedo ranges from 21% to 16%, respectively, over the course of the 

observations acquired during the Viking Orbiter mission. These variations are interpreted 

to be predominately due to atmospheric condensate variability. This interpretation is 

particularly pertinent for future color image data of Mars. Condensates must be 

considered in any global or regional multi-temporal color mapping of the surface. That is, 

the amount of reflected energy measured by orbiting instruments can contain a significant, 

and highly variable component from atmospheric condensate scattering, which could be 

confused with actual changes in surface color. 
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Table 5.1. Pertinent acquisition parameters for the Mariner 9 and Viking Orbiter images 
of Apollinaris Patera, Mars. 

088A50 44 38 82 c 123 192 47 239 y 
. II.A.I : • 9 • . .. 31 > < ag · · ·161 •• :: i 1: j$,g/t! :: 51.5.· 186 •••• 1 1!! •• I 

::•, .. '.,,:•,:':: ... '.:, •. '. ·,:.•,·,., ·.,·,',•,·.,·,~.·,··· .. •.:.:.;:;:A,·.·.:··.··.··.·· ·.~.·::'·.·. ·,· ····.'.·, •• A .. ••,.·,·.· .•. '.•.':•.•A,•,•.·.•.,'·~.::·.·,·.··.·.··.···,·::•,·:·':··········.··':.• ... '.···. :·::•,,•,•.'•,.''·.·.,·.':•, '.'•, :;:;:;:;:::;:;:;:;:;:::::::::::::::::::::::::::::::::::::.·.:·,··'···.:·.·.:·:··'· .. ,•' .. :•' ... '•' .. ' ... ·'···'·:···'·:··'·.···'·:··'·:···'·:··'·:···'::··'· :·::·A·,··.'···.·.· ·.~ .. :···';·:··.·,·.'· .. · '·)})()//;::;::::::::·:·· ......... · .. ·.· ............. · ... ·.·.· ....................... ·.·.· .............................. ··.·.,····'···'···'··.,.·,~.·.····:·.·.•~.·.··:·····'·:• .. ,•.,• .. ,• ··'···'··'···'· .. :•,'. • .. ,··:··•,•,·.•,.,•.•.,• .. ' •. ::J•.,•·.•• .• : M:·. ••.,••.•,•.'.•.,••.•.• .. : :::::.:\:::::::::::::::::::::::::::::: VV<1A~• . z9 ,••.····· ~Q ~T ..•. . ···••nm • .. ··· •• ···· . ~~ ···········§11······ VM \IV •·•••• •ll ] 
609A47 26 27 28 VCGR 48 835 6 296 y 

639A92 19 45 55 R 61 720 44 291 Y 
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684A08 45 40 56 VCGR 81 840 25 296 Y 

687Al8 21 54 55 VCGR 82 700 57 325 Y 

806A092 60? 65? 75? R 137 800 70 ? Y 
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468S19 35 

EMA= emission angle 
INC = incidence angle 
PHA = phase angle 

39 69 VBGRCmB 131 535 54 188 y 

Filter= Viking bandpass (V-violet, B-blue, G-green, R-red, C-clear, mB-minus blue) 
Ls = aerocentric longitude 
RES = resolution in m/pixel 
s.A'Z =sun azimuth 
c.A'Z = spacecraft azimuth 
SP = occurrence of Spot (Y = yes, N = no, D = detection of anomalous brightening within 

a portion of the Spot area). 
1 Mariner 9 image 
2 The spacecraft ephemeris data are not available for image 806A09 which has an 

estimated sun azimuth angle of 70°; this angle was estimated by measuring a line 
perpendicular to the shading boundary within impact craters that occur on 
relatively flat surfaces. To test the accuracy of our derived sun azimuth, the sun 
azimuth for 6 other known orbits was also estimated and these estimates were 
within 8° of the "true" values (thus the sun azimuth angle for 806A09 is estimated 
as 70° ± 8°). 

Note. All angles calculated at the location of the Spot. 
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Table 5.2. Times of Acquisition of Mariner 9 and Viking Orbiter images of the 
Apollinaris Patera region of Mars. 

••••••••••••l i~i~i~ ••••••••••••••••••••••11li.~i1z••• ••••••••·••••••••••••••••••••lli~•··•••• •••••••••••••~i1~····••· 
088A50 9/16/1976 10:19 Y 

609A47 02/16/1978 11 :55 Y 

·············§~~1~% ·····················Q~~l~t1•~7~ ·····························••§~·~·~ ······························•1•••··········· 639A92 03/18/1978 9:43 y 

••••••••••••1~1.1~•••••• ••••••••••••••••9~vg$rl~7~ •••••••••••••••••••••••••••••••~~•~1•••••••• ·•·•••·••••••••••••••••m•••••••••••••• 
684A08 

687A18 

806A092 

468S19 

05/02/1978 

05/05/1978 

08/31/1978 

07/07/1980 

Date = Date of Image sequence 
Time = local martian Time 

9:50 

8:40 

8:--

10:17 

y 

y 

y 

y 

SP= occurrence of Spot, Y - Yes, N - No, D - detection of anomalous 
brightening within a portion of the Spot area (see also Table 5.1). 

IMariner 9 image 
2exact local time estimated not known, parameters estimated by 

examination of the image. 
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Table 5.3. Listing of ranges of pertinent acquisition parameters for images of the area of 
the Spot. 

Emission Angle 

YES NO 

19-60° 1-42° 

Incidence Angle 

YES NO 

27-65° 38-79° 

Phase Angle 

YES NO 

28-82° 38-94° 

Sun Azimuth 

YES 

2-70° 

NO 

62-306° 

Note. For incidence, emission, and phase angles there are considerable overlap between 
occurrences (YES) and times when the Spot is not visible (NO). For Sun azimuth the 
Spot is always seen when the sun is in the northeast quadrant relative to the Spot; 
however, only two of the Viking images and the one Mariner 9 image have Sun azimuths 
greater than 70°; see also Table 5.1 and Figure 5.3. 

183 



Table 5.4. Two pairs of images for which the viewing geometries are similar. 

YES NO YES NO 
639A92 506A73 088A50 372S56 

INC 45° 380 380 48° 

EMA 19° 90 44° 42° 

PHA 55° 39° 82° g30 

AZ 44° 280° 47° 306° 

RES 720 585 190 230 

Note. Each pair of images includes views in which the Spot is visible (YES) and not 
visible (NO). These data would indicate that the Spot is not a simple function of 
acquisition geometry. INC =incidence angle, EMA= emission angle, PHA = phase angle, 
AZ = sun azimuth angle, RES = resolution m/pixel. 
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Table 5.5. Color ratio values (red I violet) for Apollinaris Patera Region. 

Location DescriRtion 609A 684A 687A 468S 

1 Caldera 3.0 3.0 2.8 3.4 

2 WSpot 3.0 3.0 3.0 3.3 

3 E Spot 3.0 3.1 3.0 3.4 

4 E Flank 3.1 3.0 3.0 3.4 

5 NW Plains 2.9 3.0 2.9 3.3 

6 Fan 3.0 3.0 3.0 3.5 

7 Summit 3.0 3.1 3.0 3.4 

8 S Bright 2.8 2.8 2.7 

9 NE Plains 3.1 3.0 3.5 

10 NW Flanks 3.0 3.0 2.9 3.4 

* Clouds 2.6 

Note. Column headings three through six indicate Viking orbits from which color 
data were extracted, see Figure 5 .1 for locations. A dash indicates the unit was 
not contained within a particular color set. The asterisk indicates that cloud 
locations are not marked on Figure 5 .1; the ratio value for clouds is an average of 
the six cloud samples presented in Table 5.5. 
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Table 5.6. Listing of Red and Violet radiance values of Viking color 
images from orbit 687 A. 

Violet Red RIV y x 

Clouds 

481 1321 2.8 7 7 

482 1228 2.6 7 7 

433 1135 2.6 7 7 

502 1301 2.6 5 5 

494 1283 2.6 5 5 

475 1240 2.6 25 25 

Cloud Shadows 

440 1232 2.8 7 7 

440 1232 2.8 7 7 

1234 439 2.8 7 7 

No Clouds 

429 1325 3.1 15 15 

405 1217 3.0 15 15 

Caldera 

404 1144 2.8 7 7 

410 1164 2.8 7 7 

Note. These data are particularly useful for this study as clouds with 
corresponding shadows are visible. These clouds are not opaque; morphologic 
features on the surface are discernible through the clouds. Thus the ratios reflect a 
mixture of the reflectances of both clouds and the underlying surface material. To 
compare the effect that clouds have on the relative redness of the surface, areas 
without clouds (with underlying morphology similar areas with clouds) are also 
examined (No Clouds). Values are also listed for the caldera because it shows an 
anomalous brightening and bluing (relative to the rest of the volcano) which is 
consistent with low clouds or fog. From these data it is apparent that the presence 
of clouds lowers the RIV ratio, resulting in a relative "bluing" (see data listing in 
Appendix C). The last two columns (y, x) list the size of the box averaged to 
derive the ratio averages. 
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Table 5. 7. Compilation of photometric and spectral properties measured for the volcanic 
units (units 1,4,6,7, 10; see Figure 5.1) and the Spot (units 2 and 3, respectively). 

Orbit Property Volcano Spot 
506A I/F 1500 ± 24 1503, 1478 

albedo 1732±16 1752,1753 
RIV 3.1±0.03 3.1, 3.1 

609A I/F 1724 ± 6 1736, 1749 
albedo 1810 ± 19 1856, 1862 
RIV 3.0±0.02 3.0, 3.0 

684A I/F 1692 ± 42 1721, 1758 
albedo 1999 ± 18 2005,2045 
RJV 3.0± 0.04 3.0,3.1 

687A I/F 1151 ±22 1183, 1215 
albedo 2085 ±29 2175,2215 
RIV 3.0± 0.03 3.0, 3.0 

468S I/F 1382 ± 6 1603, 1598 
albedo 1653 ± 13 1998, 1932 
RIV 3.4 ± 0.07 3.3, 3.4 

Note. These data amply illustrate the time variable nature of the observations. These data 
indicate that increased atmospheric condensates (609A and 684A, 687A) results in a bluer, 
brighter surface relative to the images that have no discernible atmospheric condensates 
( 468S). See Tables 8 and 9 for data listings from which these averages were compiled. 
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Figure 5.1. Viking clear filter mosaic (PICNOs 088A47-51) showing Apollinaris Patera 
with the Spot clearly visible (labeled 2 and 3). Numbers indicate sampling locations, see 
Appendix C for data listing. Image data are mapped in sinusoidal equal area projection at 
a scale of 1/256° (-231 m/pixel) with north to the top. Approximate width of frame is 
283 km; latitude range 6.5S - 12.5S, longitude range 182.5 - 188.0. Units 1, 4, 6, 7, and 
10 are lumped as "volcanics" throughout the text. Units 2 and 3 cover the western and 
eastern occurrences of the Spot. Units 8 and 11 are most likely eolian deposits and are 
investigated as a possible analog to the Spot. 
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Figure 5.2. Enlarged portions of Viking images of the "Spot" when it stands in marked 
contrast to its surroundings (088A50 upper left - 15% brighter, 468Sl9 upper right - 16% 
brighter), when a certain portion of the Spot is "detectable" (372S56 lower left) and when 
it is essentially indistinguishable (635A57 lower right). The outline on the bottom two 
frames indicates the region of the Spot from 088A50. The region downslope from the 
Spot is characterized by irregular flat topped mesas separated by narrow valleys that 
broaden downslope (black arrows in bottom frames). This morphology is distinct from 
any other area on the volcano, indicating unusual processes may have occurred in the area 
of the Spot. Images mapped to sinusoidal equal area projection, with north to the top, at 
a scale of 1/256° (-231 m/pixel) covering a latitude range of-6.5° to 8.0° and a longitude 
range of 186.4° to 188.0°, thus the width of each frame is - 100 km. 
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Figure 5.2. (con't.) Enlargements of the Spot. 
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Figure 5.3a,b. Individual Viking frames of Apollinaris Patera showing the area of the 
Spot. Each frame has been mapped in sinusoidal equal area projection at a scale of 1/128° 
(-462 m/pixel) with a latitude range of -6.5° to -11.5° and a longitude range of 183.0° to 
188.0°. Most of the distortion due to off-nadir viewing has been removed. However, no 
topographic information was used in this remapping, thus pixel movement caused by 
parallax is not corrected (see Appendix B). The white line on each frame traces the sun 
azimuth (direction to sun) with its corresponding incidence angle indicated (angle of sun 
from the vertical); while the black line shows the spacecraft azimuth (direction to 
spacecraft) with its corresponding emission angle indicated (spacecraft pointing angle 
from the vertical). The intersection of the sun and spacecraft azimuth lines occurs 
between the east Spot and the west Spot (see Figure 5.2). The large variation in emission 
and azimuth angles amongst these twelve images makes interpretation of photometric 
information complicated (see text). It is useful to compare Figures 5.5 and 5.8 to properly 
visualize the viewing geometry for each orbit. North is to the top, each frame is -294 km 
in width. 
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Figure 5.3a. (con't.) 12 Frames of Apollinaris Patera. 
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Figure 5.3b. (con't.) 12 Frames of Apollinaris Patera. 
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Figure 5.4. Mariner 9 image of the unusual martian feature informally named White Rock 
[Evans, 1979]. This is the only martian feature found that has an areal plan and relative 
brightness similar to the Spot. Unlike the Spot, White Rock is relatively blue and exhibits 
conspicuous topographic relief Total width of image is 40 km (Mariner 9 PICNO 
184B18; 51 m/pixel). 
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Figure 5.5. View looking from NE to SW across Apollinaris Patera, showing. the Spot (no vertical exaggeration). The Spot 
is located downslope from the youngest portion of the caldera (large black arrow; inner caldera, see Chapter 4) and upslope 
from flank region that exhibits unusual weathering style relative to the rest of the volcano (small black arrows; see text and 
Figure 5.2). The width of the caldera is approximately 80 km. This image was formed by combining a digital image mosaic 
from Viking frames 088A47-088A51 and a stereogrammetrically derived digital elevation model (see Chapter 4). 



Figure 5.6a. Bright material southwest of Apollinaris Patera, that is investigated as a 
possible analog to the Spot (Unit 8, Figure 5.1). This bright material (unit 8) is relatively 
blue and is -5% brighter than the average volcanic materials of Apollinaris Patera; while 
the Spot is relatively red, and 15-18% brighter than the rest of the volcano (see text). 
Image data from orbit 088A mosaic presented in Figure 5.1. North is to the top, total 
width of image is -118 km. 
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Figure 5.6b. Probable eolian deposits on the southern fan of Apollinaris Patera, that are 
investigated as a possible analog to the Spot (Unit 11, Figure 5.1). This bright material 
(unit 8) is the same color and is -5% brighter than the average volcanic materials of 
Apollinaris Patera; while the Spot is relatively red, and 15-18% brighter than the rest of 
the volcano (see text). Image data from orbit 088A mosaic presented in Figure 5.1. North 
is to the top, total width of image is -118 km. 
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Figure 5. 7. Diagram showing relationship between atmospheric obscuration events and orbits during which the Viking I 
spacecraft acquired image data covering Apollinaris Patera. Annotations above time line indicate time when image data was 
acquired (see Table 2). Estimated duration of atmospheric events is indicated by numbered box below time line; the L8 is an 
estimate of the initiation of a particular event. The martian surface is generally redder, brighter and less contrasty shortly after 
the cessation of dust storms due to a homogenous layer of fine dust that settles from the atmosphere. Later, this covering is 
removed from large areas of the planet resulting in a generally bluer, and more contrasty surface. During periods of increased 
clouds and haze the surface will appear bluer. Note that the color orbits that are generally bluer (609A, 684A, 687 A) were 
acquired during or between events 3 and 4. The extent of these two events (3 and 4) is not well constrained, but such events 
are consistent with the observed colors during these orbits. The reddest image data (acquired during orbit 468S) were 
acquired during relatively clear atmospheric conditions. Atmospheric obscuration data and nomenclature taken from Martin 
and Zurek [ 1993] and Zurek and Martin [ 1993]. 
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longitude (season), atmospheric obscuration data from Table 2 of Zurek and Martin [1993]. 

Figure 5.7. (con't.) Time of Dust Storms 



Figure 5.8. Diagram showing the relation between incidence angle, emission angle, phase 
angle, and the surface, superimposed on a portion of Figure 5.5. Incidence (i) and 
emission angles (e) are measured from the planet's surface normal (n), assuming a planet 
shape defined by a tri-axial ellipsoid, with no local topographic undulations. However, 
topography can cause the "local" incidence angle to deviate from this "global" incidence 
angle, dependent on the spacecraft azimuth. The local slope in the area of the slope is at 
most 5°, thus the local incidence angle may vary up to 5°. This diagram is useful in 
conjunction with Figure 5.3, for visualizing the position of both the sun and the Viking 
Orbiter, relative to the Spot, for any given imaging sequence. The angle between the 
incidence and emission lines is the phase angle. Since the Viking spacecraft acquired 
images with a large range of emission angles, interpretation of phase angle can become 
complicated. Local undulations in topography change the "local", or actual incidence 
angle relative to the "global" estimated incidence angle. If an image has a sun azimuth 
perpendicular to the local contours of a sun facing slope then the actual, or "local", 
incidence is simply the global incidence angle minus the local slope. 
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Figure 5.9a. Plot of violet radiance (0.44 µm) and red radiance (0.59 µm) for units 
within the region of Apollinaris Patera. Grossly speaking the position for each unit is 
controlled by changes in incidence angle. The lower the Sun is relative to the horizon for 
a given image, the radiance values for both Red and Violet will decrease. Thus, in an ideal 
case, as incidence angle increases, the position for a given image should move down a 
shading line intersecting the origin when incidence angle becomes equal to 90°. In the 
case of the image data for Apollinaris Patera the four orbits 506A, 609A, 684A, and 687A 
do follow such a shading line with a y-intercept of 163 (indicated on plot). The non-zero 
intercept is due to uncertainties in radiometric calibration and atmospheric scattering (see 
text). However, data from orbit 468S are not so well behaved. Recalculating the shading 
line, excluding the orbit 468S data, results in a y-intercept of 49 (Figure 5.9b), which 
brings the line closer to the "ideal" case. Not only do the orbit 468S data for the volcano 
generally plot well off the shading line, the points representing the Spot (units 2 and 3) do 
not plot with the rest of the orbit. The image (468S) as a whole is much redder than the 
other images and the Spot has an increased contrast relative to its surroundings. On the 
plot, diamonds represent area of Spot, whether visible or not (units 2 and 3), (x)s indicate 
volcanic materials (units 1, 4, 6, 7, and 10), (•)represents unit 8 (see Figure 5.1 for unit 
locations). Note that the bright materials (unit 8, 11) are significantly "bluer" than the 
Spot, possibly indicating that they have a different origin. 
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Figure 5.9a. (con't.) Violet to Red Plot (5 orbits). 
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Figure 5.9b. Same plot of violet radiance (0.44 µm) and red radiance (0.59 µm) 
presented in Figure 5.9a. However, the shading line has been recalculated excluding the 
data from orbit 468S. 
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Figure 5.10. Plot of incidence angle vs. radiance (I/F x 10,000) for IO of the Viking red 
frame images. Both the red and violet radiance values generally define monochromatic 
shading lines; as incidence angle increases radiance decreases. This is due to decreased 
number of incident photons per unit area on the surface. Deviations off this ideal line may 
be caused by calibration inaccuracies (see Appendix B }, the complicated viewing geometry 
of Viking image data (see Figure 5.5), and atmospheric scattering including atmospheric 
condensates and dust. They-intercept for the red and violet (as indicated on the plot) 
monochromatic lines are 310 and 144, respectively. 
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Figure 5.11. High resolution (10 m/pixel) SPOT panchromatic image showing the flanks of Sierra Negra, Galapagos Islands, 
arrows indicate sulfur deposits downslope from the . caldera. Images on right are progressive enlargements of same area; 
arrows in all three images show same features. These extensive deposits are sublimates from fumarolic activity from the 
system of fissures Volcan Chico (Scene K613J352, April 27, 1988). The predominate sublimate comprising these deposits is 
rhombohedral sulfur with lesser amounts of calcite, gypsum, anhydrite and opal. North is approximately to the top. 



CHAPTER6 

CONCLUSIONS 

In this chapter, I highlight some of the main points of my research, specifically 

pointing out future projects that I would like to pursue; utilizing both "older" datasets as 

well as data to be acquired from future missions. 

MARINER 10 IMAGES OF THE MOON AND MERCURY 

In Chapter 2 I presented a new calibration for the Mariner 10 image data of the 

eastern limb and farside of the Moon. These newly calibrated lunar images provide color 

data that are consistent with earlier measurements, where the data overlap. On the basis of 

this consistency, compositional interpretations from Mariner 10 data are extended to areas 

previously not examined with spectral instruments. From these color data it was 

demonstrated that maria on the eastern limb and farside have Ti02 contents in the range of 

<2 to 5%. From these data there was no indication of the widespread existence of high 

titanium (>8% Ti02) basaltic soils in the region of the Moon covered by the Mariner 10 

unages. Comparison of these new data, Earth-based spectral measurements, lunar 
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meteorite compositions, and lunar mare emplacement models lead to the predication that 

no high titanium mare basalts were extruded in regions of the Moon with thickened crust 

(most of the farside). Additionally, these newly calibrated color data allowed a spectral 

confirmation of the presence of widespread cryptomare deposits northeast of Mare 

Marginis. Thus, the work spent in calibrating this old dataset resulted in a significant 

scientific outcome. 

However, this lunar color effort is just a beginning. I am currently processing the 

rest of the Mariner 10 lunar image data. The remaining data cover portions of the eastern 

limb, at a resolution of -1 km, in four wavelengths (orange, blue, ultraviolet and 

ultraviolet polarized) and provide excellent views of regions of the Moon poorly seen from 

the Earth (Figure 6.1 ). These include the Frigoris, Humboldtianum, Marginis, and Smythii 

regions. Initial analysis of these data indicates that the sensitivity of the Mariner 10 

vidicons changed between the time of the acquisition of the low resolution color data 

(examined in Chapter 2) and these high resolution images. This is most likely due to a 

change in the temperature of the instrument during closest encounter with Moon. 

Examination of overlapping images shows that this change is most likely confined to the 

edges of the frame; thus it may be possible to mask these "bad" areas. A preliminary 

mosaic constructed of masked images resulted in a nearly seamless image of the northeast 

nearside (NEN) region [Robinson et al., 1993b]. 

Not only will these high resolution color image data of the moon provide new 

compositional information, they will also give further insight into the dynamic nature of 

the Mariner 10 vidicon calibration. This is important because I am also processing the 

Mariner 10 images of Mercury. Initial color work [Hapke et al., 1980; Rava and Hapke, 

1987] of Mercury, utilizing Mariner 10 orange and ultraviolet images, relied on a 

calibration that was based solely on pre-launch characterization of the vidicon response 

[Soha et al., 1975]. My initial examination of the low resolution approach color images of 
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Mercury reveals that the Mariner I 0 vi di con dark response changed from the time of the 

lunar encounter. Learning from the lunar experience, I am calibrating these mercurian 

images, taking into account changes in the dark current. I believe that the earlier 

calibration can be improved. Similar to the Mariner 10 lunar images, I have found that for 

the high resolution ultraviolet mosaic, of Mercury, I can produce a nearly seamless mosaic 

after applying my new calibration and masking the edges of the frames (Figure 6.2). I am 

also calibrating the blue and ultraviolet-polarized images, which were never used, to my 

knowledge, for analysis of the mercurian surface. It will be quite useful to have the 

Mariner 10 lunar images to use as a comparison with the Mariner 10 mercurian frames. 

Since much is known of the Moon, having a like dataset for the two bodies will allow for 

the direct color comparison of morphologically similar features. For example, the inter

crater plains on Mercury are morphologically similar to plains found on the Moon. 

Currently, the mercurian plains are mostly thought to have a volcanic origin, while many 

of the lunar inter-crater plains are proposed to be impact related [Trask and Guest, 1975; 

Strom et al., 1975; Murray et al., 1975; Harmon et al., 1986]. Using the two Mariner 10 

datasets I will investigate this apparent contradiction. 

VIKING ORBITER IMAGES OF MARS 

After processing over 200 Viking Orbiter images used in Chapters 3, 4 and 5, I am 

excited to discover how useful the Viking Orbiter digital data are for deriving 

morphologic, topographic and color information. Examination of the seven lesser Tharsis 

volcanoes has raised many questions regarding martian volcanism. The work presented 

here is only a beginning. For instance, characteristics consistent with both effusive and 

explosive activity were found; some volcanoes exhibit both. Why did some martian 

volcanoes have explosive activity? This naturally raises the question -- what were the 

nature of these eruptions? Were they mostly the result of groundwater/magma 
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interactions, or explosive exsolution of juvenile gases? Regardless of their origin, the 

gases released during these eruptions would have entered the martian atmosphere. Again, 

more questions are raised. Could martian volcanoes have significantly altered the martian 

climate for short periods, or even long periods of time? The immature, small valley 

networks found in the martian highlands are indicative of punctuated climate changes; 

perhaps they formed during brief periods of climate warming, induced by very large 

explosive eruptions. Thus, it would be useful to very carefully study all martian volcanoes 

specifically estimating volume of explosive deposits. By comparing what is known of 

explosive volcanoes and climate changes on the Earth [e.g., Mt. Pinatubo; Hanson et al., 

1992], a first order estimate of climatic effects for Mars would be possible. 

On the basis of the eight martian volcanoes considered in this thesis, it is clear that 

the processes that form martian volcanoes are very diverse. I would like to begin an in 

depth study, similar to that of Apollinaris Patera, for each of the lesser Tharsis volcanoes. 

In particular, Tharsis Tholus, Ceraunius Tholus and Uranius Patera have excellent image 

coverage and have many features preserved on their surfaces. Ceraunius Tholus is 

interpreted to have been dominantly formed through explosive activity, while Uranius 

Patera appears to have been mostly formed by effusive activity. Tharsis Tholus is 

enigmatic, it has a very unusual morphology relative to other martian volcanoes. It 

appears to have undergone large scale sector collapse on at least three occasions, and 

subsequent activity nearly healed each collapse. On the Earth, such large scale collapse 

commonly occurs on silicic volcanoes [e.g. Francis et al., 1985]. However, there is no 

evidence of large scale silicic volcanic activity on Mars. Hawaiian basaltic volcanoes are 

also known to undergo catastrophic sector collapse, and this is due to an unstable layer 

formed at the volcano ocean interface [Moore et al., 1989; Moore and Mark, 1992]. 

Either of these mechanisms to explain the large scale collapse of Tharsis Tholus have very 

interesting implications for martian geology. In addition to the volcanoes studied in this 
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thesis there is much work that can be done studying all the known martian volcanoes, both 

individually, and as a whole (Table 3.8). 

One of the interesting results of the color and photometric analysis presented in 

chapter 5 is the important role that atmospheric condensates have in altering the apparent 

spectral properties of the surface, as measured from orbit. Specifically, for a given area on 

the surface (Apollinaris Patera), the red over violet ratio varies from 2.9 to 3.4, and albedo 

ranges from 21 % to 16%, respectively, over the course of the observations acquired 

during the Viking Orbiter mission. These variations are interpreted to be predominately 

due to atmospheric condensate variability. This interpretation is particularly pertinent for 

future color image data of Mars. Condensates must be considered in any global or 

regional multi-temporal color mapping of the surface. That is, the amount of reflected 

energy measured by orbiting instruments can contain a significant, and highly variable 

component from atmospheric scattering, which could be confused with actual changes in 

surface color and albedo. This can include both back-scattered light (mostly from 

condensates) and forward-scattered light (mostly from dust). I would like to pursue these 

atmospheric effects, specifically looking at the roles of back-scatter (condensate) and 

forward-scatterers (dust) as a function of spacecraft and solar azimuth (Figure 3.3). Due 

to the off-nadir capability of the Viking Imaging subsystem, the Viking images contain a 

wide variety of viewing geometries; the images presented in Chapter 3 are good example 

(Table 3.1, Figure 3.3). Identifying other regions of Mars with multi-temporal Viking 

Orbiter image coverage would be useful for quantifying these effects. Ultimately, future 

missions with pointable instruments would be necessary to complete such a study. 

In conclusion, there are many fascinating scientific problems that can be addressed 

through quantitative analysis of existing digital spacecraft image data using the techniques 

that I have developed in this thesis. These data can be used not only for answering 

specific, existing, questions, but also to raise new questions that can be addressed with 
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future missions. Additionally, the "older" datasets are useful as an adjunct to current (e.g. 

Galileo and Mariner 10 lunar images) and future missions (e.g. Clementine and Mariner 

10; Viking and Mars 94). Thus, I would like to continue to work with these "older" 

datasets as well as getting involved with future missions. I have been very lucky to have 

had the opportunity to work at Planetary Geosciences; between the hardware facilities, 

diversity of software, data archive (Pacific Regional Planetary Data Center), and the 

accumulated centuries of planetary knowledge (faculty), I now realize that there exists a 

lifetime's worth of scientific problems to be addressed with the existing data. However, 

future missions will continually add to this database; thus it is assured that there will be 

too much to do in the future! 
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Figure 6.1. Digital mosaic of Mariner 10 images of the Northeast Nearside of the Moon 
(including some portions of the farside). The center of the mosaic is 55° N 18° E. 
Eastern Mare Frigoris is near the center of the disc, while Mare Crisium is the large 
circular feature near the lower right limb. This mosaic is composed of 22 frames acquired 
in orange (15 frames), clear (4 frames), UV (2 frames), and UV-polarized (1 frame) 
wavelengths. 
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Figure 6.2a. Mosaic of three of the highest resolution incoming Mariner 10 mercurian 
ultraviolet images (FDS 26854, 26856, 26860). These data have been calibrated using a 
scheme similar to that presented in Chapter 2 for the Mariner 10 color lunar images. 
Preliminary examination of the approach color data for Mercury reveals inconsistencies in 
the calibration along the edges of the frames in ultraviolet images~ however these "problem 
areas" can be masked before mosaicking (see Figure 6.2b). 
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Figure 6.2b. Mosaic of incoming Mariner 10 mercurian ultraviolet images (FDS 26854, 
26856, 26860) after "problem areas" have been masked. 
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APPENDIX A: STEREOPHOTOGRAMMETRIC 

PROFILES 

This appendix presents the remainder of new topographic data for Apollinaris 

Patera (Figure A.1) as well as a summary of our analysis of the precision of these data. 

The reader is referred to Figure 4. 8 for locations of the profiles presented in Figure A. I. 

As a check on the precision of the derived stereophotogrammetric data, we selected our 

profiles to maximize the number of intersections in order to examine the repeatability of 

the measurements. The average repeatability was 305 m with a standard deviation of 234 

m for 20 intersections (Table A.1). Thus we report the precision of these data to be -300 

m. Some profile locations coincide with shadow measurements from the higher 

resolution, low sun images (accuracy -100 m; see Figure 4.3). In all cases the two data 

sets are consistent within the precision of the stereophotogrammetry (300 m). This good 

agreement with the shadow measurements indicates that the profile data may have an 

accuracy as high as 300 m: this accuracy is internal to the stereo model, accuracy relative 

to the Mars datum is not quantifiable by this method. 
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Table A.1. Listing of intersections of stereophotogrammetric profiles 

Int# Profile Avg Profile Avg Diff 
1 pl-8 1703 p2-13 1990 287 
2 pl-8 4900 p3-10 448 413 
3 pl-8 4900 pl2-4 4393 507 
4 pl-8 4247 pl 1-5 3940 307 
5 pl-8 4360 p2-9 4383 23 
6 pl-8 3917 pl3-7 3797 120 
7 pl-8 4100 pl2-6 3917 183 
8 pl0-3 4290 p12-6 4470 180 
9 pl0-3 4073 p13-7 3467 606 
10 pl0-3 4417 pl2-4 4330 87 
11 pl0-3 5010 p2-9 6033 1023 
12 pl 1-5 243 p6-12 -63 306 
13 pl 1-5 4130 pl0-3 4030 100 
14 pl 1-5 4163 p13-7 4010 153 
15 pl 1-5 4130 p2-9 4393 263 
16 pl2-4 4940 pl3-7 5203 263 
17 p12-4 4590 p2-9 5147 557 
18 p12-6 4353 p2-9 4103 250 
19 p12-6 5777 p7-13 5863 86 
20 pl3-7 3467 p2-9 3860 393 

Note. Column 1 (Int #) is the number assigned to a particular intersection, columns 2 and 
4 list intersecting profiles (see Figure 4.8 for locations) while columns 3 and 5 show their 
respective elevations (average of three samples closest to intersection). The last column 
represents the absolute value of the difference between the two columns. The actual 
collection of data along the profile from the stereo plotter is a function of time. The data 
collection does not occur at a consistent speed, thus distances between samples are not 
consistent nor are the data collected continuously, gaps exist between actual data points; 
in most cases no common points exist between intersecting profiles. Therefore, we took 
an average of the three points nearest the intersection and used this in our comparison. 
High frequency topography could cause an apparent "glitch" in a calculated intersection 
difference. For example, intersection # 11 has the largest difference; we note that the 
intersection occurs over a ridge on the summit plateau that runs sub-parallel to one of the 
profiles. Thus, some of the offset between profiles could reflect actual topographic 
undulations on the surface (see Figures 4.9 and 4.11 for plots of these topographic data). 
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Figure A.la-f. Stereophotogrammetrically derived topographic profiles across 
Apollinaris Patera (see Figure 4.8 for locations). The dotted line indicates the zero 
elevation for reference, all profiles have the same scale (see also Figure 4.9). 
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APPENDIX B: IMAGE PROCESSING NOTES 

The Viking image data utilized in this study were first radiometrically calibrated 

and then geometrically rectified using standard procedures available in the Planetary Image 

and Cartography System (PICS). The calibration procedure followed here includes 

cosmetic clean-up, transformation of raw input DN to radiance, and finally, transformation 

to a map projection [U.S. Geological Survey, 1990]. The purpose of this appendix is first 

to briefly describe these procedures, present the data taken from these images (Table C.1 ), 

and then to discuss observations concerning the precision of the calibration. 

RADIOMETRIC PROCESSING 

To each image we applied standard radiometric calibration procedures that include 

removal of bit errors and reseaus, dark current removal, sensitivity nonuniformity 

correction and conversion to radiance. Details of this process are presented in the PICS 

manual [U.S. Geological Survey, 1990]. Radiance values (I/F x 10,000) are defined as the 

observed radiance divided by the radiance of a Lambertian surface viewed normally to the 

Sun's rays [Minnaert, 1961; U.S. Geological Survey, 1990]. Discussion of the 

radiometric performance of the Viking Visual Imaging Subsystem has appeared elsewhere 

and the reader is referred to references listed here [Thorpe, 1976; Klaasen et al., 1977; 

Herkenhoff and Murray, 1990]. The dark current, or offset, of the four Viking cameras 

drifted over the lifetime of the mission and thus is potentially a large source of error [cf 

Klaasen et al., 1977]. To compensate for this drift, Viking Orbiter images containing 

significant areas of deep space were utilized to create a time dependent model of the dark 

current drift [E. Eliason, personal communication 1993]. This dark current model was 

constructed from the deep space images by extracting pixel averages from five principal 

point regions (the four comers and the center of an image) from a given frame, when 
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available. From these data the dark current was modeled for each orbit by interpolation. 

Possible problems with this model include off axis scattered light from either Mars or the 

Sun (see below), and high frequency changes in the dark current that may have occurred 

between calibration sequences. 

PRECISION OF THE IMAGE RADIOMETRIC DATA 

Important to the analysis presented here is the change in relative color over time. 

Placing limits on the radiometric accuracy of the data is not easy due to the uncertainties 

in the calibration. Klaasen et al. [ 1977] reported that the accuracy of the Viking cameras 

was 13% at mid-scale. Previous analyses of Viking color images have shown that the 

relative mismatch in areas of overlap is generally consistent with this estimate [Arvids-on et 

al., 1989; Herkenhoff and Mu"ay, 1990]. Of the images used in this study, all were 

acquired with the two camera systems aboard Viking Orbiter 1 (A frames) . Examination 

of areas that have common coverage within frames from a single camera, and from 

overlapping frames from both cameras (within a given orbit), were examined in an attempt 

to quantify the precision of the calibration. Where possible areas of overlap were sampled 

to correspond to (or are close to) our standard areas for purposes of examining the 

precision of the calibration. Since areas of overlap are usually limited to about 100 pixels, 

it was not possible to obtain data for all the standard sample locations with both cameras, 

or repeat measurements from the same camera within a given orbit. Table B.1 lists color 

ratio values (red/violet) for differing image pairs. From orbit to orbit, the sampling 

locations presented in Table B.1 are not the same, however their specific locations are not 

important because it is the repeatability within a given orbit that is being examined. From 

these data it is apparent that significant discrepancies can occur for ratio values within a 

single orbit. To try and minimize these errors, only the image pairs with the highest red to 

violet ratio, from each orbit, were utilized in the color analysis. Significantly, these data 
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(Table B. l) reveal that the relative redness ranking for the four orbits does not change, no 

matter what combinations of image pairs are compared. For example comparing the 

"bluer" pair of images from orbit 468S and the "redder" pair of images from 687 A still 

leaves the data from 468S as the overall reddest orbit. 

The radiometric offset between adjoining (and overlapping) images, from within a 

single orbit, is found to be a complex surface. Examination of seven seam boundaries 

from images acquired during orbit 088A (Figure 5. I) amply demonstrates this point. 

Along a single seam between two frames, this offset ranges from 20 DN to llO DN; the 

average reflectance of these two images 900, thus the calibration uncertainty in this area of 

overlap ranges from 2% to 12%. Within images from other orbits, offset between frames 

for a single camera, and from camera to camera, are minimal, thus resulting in seamless 

mosaicking (orbit 506A). Thus, the calibration imprecision is a complex surface that 

changes with time, and this change is most likely a reflection of inaccuracies in the dark 

current model (see above). The most complex seam boundary mismatches from the 

images examined here occur in orbits 468S and 088A. Both of these orbits were acquired 

with large emission angles (39°, 38°), generally looking back toward the sun (Table 5.1, 

Figure 5.3). Thus, it is possible that off-axis scattered light may have a measurable effect 

for frames with large emission angles and viewing geometries toward the Sun (for a 

discussion of off-axis scattered light in the Viking cameras see Klaasen et al. [1977]). If 

this is the true, then it is conceivable that some of the dark current measurements acquired 

from deep space images may also contain an off-axis scattered light component (either 

from the Sun or Mars); thus introducing offset errors in the calibration. 

GEOMETRIC PROCESSING 

After radiometric processing, the pointing geometry for each of the images was 

updated. This was accomplished by first selecting three tie points from the red frame 
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within each color orbit, and finding its corresponding latitude and longitude by 

interactively "tying" it to the digital MC-23 11256° image maps (U.S. Geological Survey 

CD-ROM USA_NASA_PDS_ V0_20004). Next, this updated red frame was then 

considered "truth", and used to update the pointing geometry of the rest of the images 

from within a given orbit. At this point each image was reprojected, compensating for 

vidicon distortion, to a sinusoidal equal area projection, at a common resolution 

[Edwards, 1987]. Inspection of ratio images of these map-projected images (red/green, 

red/violet) revealed misregistration of up to 2 pixels. A further refinement of the 

registration was performed utilizing a subpixel registration routine that resulted in an 

improvement in the registration to within one pixel, or better, within a given orbit. Due to 

parallax introduced by off nadir imaging, the registration from orbit to orbit can be off as 

far as 5 km in areas of high relief. Thus, sample locations were selected (Figure 5 .1) from 

each orbit by comparison of morphologic features. For any given sample location (Figure 

5.1, Table C.1) at least 50% of the pixels cover the same region on the ground from orbit 

to orbit. 
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Table B.1. Comparison of color ratio values for overlapping images. 

V-RPairs AREAl AREA2 AREA3 AREA~ AVG DIFF 
506A73,43 3.08 3.10 3.11 3.00 3.07 
506A75,45 3.05 3.11 3.11 2.99 3.07 0.00 
684A07,01 3.01 2.85 2.98 ** 2.95 
684A08,02 3.03 2.96 3.08 ** 3.02 0.07 
687Al 7,11 2.74 2.72 2.75 2.75 2.74 
687A18,12 3.01 2.97 3.01 3.02 3.00 0.26 
468S19,07 3.44 3.33 3.42 3.38 3.39 
468S20,08 3.17 3.07 3.07 3.02 3.08 0.31 

Note. From these data it is clear that limitations in the calibration can introduce serious 
errors in the relative color of the surface both within a single orbit and from orbit to orbit. 
For inter-orbit comparisons the ratio values for a particular orbit red-violet pair are 
compared with the overall reddest values. The last column indicates the difference 
between the averages for the two pairs of a particular orbit. 
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APPENDIX C: COLOR AND ALBEDO DATA 
LISTING FOR APOLLINARIS PATERA 

Table C.1. Listing of violet and red radiance, color ratio, and albedo values for 
particular units in the Apollinaris Patera region of Mars. 

Unit Description Picno ~ y_ Y r r/v alb 
1 Caldera 088A50 62 54 957 

Unit Description 
2 W Spot 

506A73 
603A42 
609A47 
635A57 
639A92 
646A41 
684A08 
687A18 
806A09 
372856 
468819 

34 27 490 1506 3.1 1745 
15 15 890 
14 14 575 1721 3.0 1793 
41 45 525 
15 15 1468 
15 15 495 
7 7 574 1706 3.0 1979 

13 12 410 1161 2.9 2129 
16 26 851 
48 34 1427 
31 30 419 1403 3.4 1673 

Picno ~ y y r r/v 
088A50 15 15 1133 

•••··~~~I~~ ••••••••••••••••••••••••••••~•· •••••••••••••••••l•••••••••{i1••••••••••••~i~i••••••••••••••••····• ::••~•••••• 
1710 

609A47 7 7 579 1736 3.0 

** 
639A92 6 6 1487 

949/\4l •·•·•·•·•·•J] ~. ]p ? J ] ?f1g f ¥ ? 
684A08 3 3 576 1721 3.0 2005 

~$7A!18 ·•••••••·• Jrn ~•I 4 •?399 • 1183 J3(9 2115 
806A09 8 7 842 
~1!®$$~ H1S t1~t 4 Ht?7~ C ; ]] 2025 
468819 12 14 481 1603 3.3 

225 



Table C.1. (continued) Listing of violet and red radiance, color ratio, and albedo values 
for particular units in the Apollinaris Patera region of Mars. 

Unit Description 
3 E Spot 

Unit Description 
4 EFlank 

Unit Description 
5 NW Plains 

Picno ~ Y. y I 
088A50 38 14 1111 

j~lr3 < aa. ... · .. •• ... ·· ... · ... ·· ..• • ...• • ..• • ...• • ....... ·· ... · ... 1 ....... · ....... • .. o.·· ?·· .• •··•••· .• •· ..• • .• • ..• •:········.• .• • ..• • .• • .• • .• • .• 48 .. • .. •··••• .... · .. •.··•.·.4·• .. •.·.•.·· ... •.· .. • .. • .. • ... • .. • ... • .. • ...... •1 .. ! .. •.~.••.•• ·.•.•01 .. • ..•. •.~ .. • .. •.·.•.• .. · a_·••• ···~··~·••••• 1699 
•.•.•.•.•.6 ... ·.: ... · .. ·.o ... ·.·.•.·.•.·.3.·.•.·.•.·•.A.·.· •.·.· .. •.·.· .. 1.t ... ·.· .. ·.:.2.· .. · .... •.• ...... •.·.•.•.•.·.•.•.·•:.·•.·•. 7 , v v : ::: ::::::::::::::::;:::::::::::: :;:::::~:~=~=~=~:~;;;~:::::~:~:::::::: 

609A47 7 7 577 1749 3.0 

61$&$1 ]] ] 2$ • l? ••••···· ~ •····•.• ~lQ ]. Mf 
639A92 12 6 1511 
649441 J I~ .. ?JJ 4 .JC ~!P P r ...... • ... · ... · ... · ..... · .· .·.·.·.·.·.·. ·.·.·.·.· ......... · . . . =~ 

684A08 3 3 576 1758 3.1 2045 
~~it\1$ J] ]. 9 . ] p iJQ~ •• tg~p .] ~;9 2201 
806A09 6 8 868 
~izssq > > ts · ] J.? J ~ .J t42P r ;;; > 

-:-:.;.;.;.;.:.:·:.:.;.;.;.;.;.;.:-:-:-:-;.;.;.:-;.·.·.·.· .. 

468S19 12 10 476 1598 3.4 1963 
Picno ~ Y. y r/v alb 
088A50 43 42 978 
506A73 15 15 486 1489 3.1 1747 
603A42 15 15 948 
609A47 15 15 566 1725 3.1 1812 
635A57 40 42 583 
639A92 15 15 1477 
646A41 11 12 547 
684A08 11 11 573 1718 3.0 2002 
687A18 11 12 392 1177 3.0 2097 
806A09 15 15 874 
372S56 36 44 1399 
468S19 22 20 414 1397 3.4 1659 

Picno ~ Y. y r r/v alb 
088A50 101 74 996 
506A73 34 25 494 1528 3.1 
603A42 27 27 872 
609A47 15 15 579 1691 2.9 
635A57 38 39 488 
639A92 15 15 1433 
646A41 15 15 455 
684A08 15 15 566 1672 3.0 
687A18 9 11 404 1159 2.9 
806A09 15 15 771 
372S56 * 
468Sl9 15 15 427 1394 3.3 
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Table C.1. (continued) Listing of violet and red radiance, color ratio, and albedo values 
for particular units in the Apollinaris Patera region of Mars. 

Unit Description Picno ~ y y I r/v alb 
6 Fan 088A50 * 

506A73 29 29 480 1464 3.1 1716 
603A42 21 21 877 
609A47 15 15 570 1722 3.0 1817 
635A57 94 98 538 
639A92 26 20 1432 
646A41 23 21 528 
684A08 11 11 560 1686 3.0 1987 
687A18 15 15 379 1117 3.0 2073 
806A09 15 15 856 
372S56 109 88 1321 
468S19 44 34 378 1327 3.5 1643 

Unit Description Picno ~ y y r r/v alb 
7 Summit 088A50 68 49 936 

506A73 13 11 486 1522 3.1 1714 
603A42 15 15 883 
609A47 15 11 574 1737 3.0 1838 
635A57 58 29 501 
639A92 15 15 1477 
646A41 14 10 492 
684A08 15 15 566 1727 3.1 2028 
687A18 7 9 382 1148 3.0 2129 
806A09 11 12 841 
372S56 30 35 1450 
468S19 15 15 407 1398 3.4 1673 

Unit Description Picno ~ y y I r/v alb 
8 S Bright 088A50 * 

506A75 11 11 518 1500 3.1 
603A42 11 11 812 
609A47 7 7 603 1692 2.8 
635A57 23 26 443 
639A92 9 10 1390 
646A41 8 9 421 
684A18 7 7 588 1622 2.8 
687A18 9 8 389 1056 2.7 
806A09 8 7 794 
372S56 24 25 1406 
468820 11 11 432 1363 3.2 
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Table C.1. (continued) Listing of violet and red radiance, color ratio, and albedo values 
for particular units in the Apollinaris Patera region of Mars. 

Unit DescriQtion Picno ~ Y.. y r r/v alb 
9 NE Plains 088A50 81 65 1082 

506A73 15 15 494 1479 3.0 1813 
603A42 21 21 994 
609A47 15 15 566 1733 3.1 1795 
635A57 * 
639A92 15 15 1505 
646A41 15 15 563 
684A08 * 
687Al8 15 15 401 1184 3.0 2052 
806A09 15 15 801 
372856 37 37 1476 
468819 15 15 419 1458 3.5 1707 

Unit DescriQtion Picno ~ Y.. y r r/v alb 
10 NW Flanks 088A50 35 45 951 

506A73 15 15 492 1519 3.1 1742 
603A42 17 17 915 
609A47 15 15 567 1714 3.0 1791 
635A57 37 41 551 
639A92 15 15 1470 
646A41 12 12 505 
684A08 9 9 551 1623 3.0 2000 
687Al8 15 15 392 1151 3.0 2071 
806A09 15 15 801 
372856 37 37 1477 
468819 26 22 411 1387 3.4 1648 

Note. The first two columns identify the Unit number and Description (see Figure 5.1 for 
unit locations). The fourth and fifth columns show the number of samples and lines 
comprising each box from which data were averaged. These average radiance values 
appear in columns six (violet) and seven (red). Dash mark indicates data not available, 
asterisk indicates unit not covered particular orbit. For orbit 088A the data were acquired 
through the broad band clear filter, not the red filter. The column marked r/v is simply a 
ratio of red/violet; these data are used to determine relative "redness". The last column 
shows estimated albedo. For a condensation of the color data see Table 5.6. Data values 
for clouds identified in orbit 687A are presented in Table 5.5. 
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