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ABSTRACT 

Existing martian relative age chronologies rely 

entirely or predominantly on Mariner 9 images, extrapolated 

numbers of craters, and craters <lO-km in diameter. All of 

these factors produce uncertainties in the resulting 

cumulative size/frequency distribution curves from which the 

chronologies are derived. Data used in this study include 

craters ~8-km diameter mapped from Viking l:2M photomosaics. 

Crater size/frequency distribution curves were determined 

for a variety of martian terrain units using the relative 

plotting technique. Approximately 60% of the martian 

surface dates from the period of heavy bombardment, 

including not only the heavily cratered uplands and 

intercrater plains of the southern highlands but also units 

commonly assigned to younger periods, such as many of the 

small volcanic constructs. Size/frequency distributions of 

ridged plains show unquestionably that these plains date 

from near the end of heavy bombardment, solving the 

controversy over the relationship of these units to the 

period of heavy bombardment. The remaining 40% of the 

surface has formed since the end of heavy bombardment. The 

northern plains are divided into a number of regional units 

and a range of formation ages is found for these localized 

xi 
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regions. More regions are studied than in previous 

chronologic studies, resulting in better definitions of age 

relationships among units and determination of 

contemporaneous and non-contemporaneous units. This 

chronology rejects the mega-impact hypothesis for the 

formation of the hemispheric dichotomy and places better 

constraints on major geologic events such as the formation 

of the Tharsis Bulge near the heavy bombardment-end of heavy 

bombardment transition and the episodic nature of the 

outflow channels. Combining the results of this chronology 

with the crystallization age information from the 

shergottite, nakhlite, and Chassigny meteorites (which may 

date at least one episode of volcanism if Mars is the parent 

body of these meteorites) constrains thermal models proposed 

for Mars. No existing thermal model completely explains the 

temporal and spatial extent of the observed martian geology, 

but only those postulating a "hot origin" (ie., an initial 

internal temperature >SOOOK) for the planet are consistent 

with the derived chronology. 



CHAPTER 1 

INTRODUCTION 

Mars has fascinated mankind throughout the ages. 

From the days of Percival Lowell's assertions of intelligent 

Martians to the recent spacecraft images, we have had our 

attention focused on the Red Planet. The results of 

biologic experiments performed by the Viking Landers 

generally have been interpreted as indicating no 'organic 

life on Mars, but the diverse geomorphology of the surface 

has provided a continual fascination with this neighboring 

world. 

Spacecraft Encounters 

Mars has been observed for centuries using ground

based telescopes, so information about the planet's rotation 

period, the existence of albedo features, and the growth and 

retreat of the polar caps was well documented prior to the 

space age. The first views of martian geology, however, had 

to await spacecraft encounters with the planet (Table I) • 

The first images of Mars were provided by the Mariner 4 

spacecraft in July, 1965, when twenty-two images were 

1 
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TABLE I 

SPACECRAFT MISSION TO MARS 

Mission Name Arrival Date Type Country 

Mariner 4 07/15/1965 Flyby USA 
Mariner 6 07/30/1969 Flyby USA 
Mariner 7 08/04/1969 Flyby USA 
Mariner 9 11/14/1971 Orbiter USA 
Mars 2 11/27/1971 Orbiter/Lander USSR 
Mars 3 12/02/1971 Orbiter/Lander USSR 
Mars 4 03/1974 Orbiter USSR 
Mars 5 03/1974 Orbiter USSR 
Mars 6 03/1974 Lander USSR 
Mars 7 03/1974 Lander USSR 
Viking 1 06/19/1976 Orbiter/Lander USA 
Viking 2 08/07/1976 Orbiter/Lander USA 
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returned of heavily cratered terrain. Similar views were 

returned by the Mariner 6 and 7 flyby missions in early 

1969. Scientists began to consider Mars as a dead, heavily 

cratered world similar in appearance to the lunar highlands. , 

The images returned by the Soviet Mars spacecraft missions . 

did not contradict this picture. 

This view was drastically altered in 1971 when 

Mariner 9 went into orbit around Mars. The spacecraft 

arrived at Mars in November, 1971, and was greeted by a 

world engulfed in a global dust storm. The storm gradually 

began to subside, and by January, 1972, the atmosphere was 

deemed clear enough to begin photographing the planet. Over 

50% of the planet, located primarily in the southern 

hemisphere (portions of which had been imaged by Mariners 4, 

6, and 7), was cratered heavily and therefore very old. 

However, the northern hemisphere displayed younger plains 

units, massive volcanic constructs, a gigantic canyon 

system, and large channels. It became obvious that Mars was 

not a geologically dead world as the previous spacecraft 

encounters had suggested. 

Mariner 9 operated until October, 1972, and returned 

thousands of images of the martian surface and of the two 

small martian moons. In 1975, the United States launched 

the Viking 1 and 2 spacecraft to continue the exploration of 
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Mars. Both spacecraft consisted of an orbiter and a lander. 

The landers were deployed from the orbiters once the 

spacecraft went into orbit around Mars and safe landing 

sites were determined. The Viking 1 lander successfully 

touched down on the Chryse Planitia on July 20, 1976, and 

continued to function until November, 1982. Viking 2 landed 

in Utopia Planitia on September 3, 1976, and ceased 

functioning in April, 1980. A number of biological, 

chemical, meteorological, and geophysical experiments were 

performed by both landers to determine whether life might 

exist on Mars, the physical and chemical properties of the 

soil, the weather conditions at the two sites throughout the 

martian year, and the level of seismic activity on the 

planet. These experiments gave scientists a wealth of 

information, although the biology experiments appear to 

indicate that no life forms similar to terrestrial life 

forms exist on Mars (Klein, 1977). 

Both orbiters served as communication relays between 

the landers and Earth. They also returned more than 55,000 

images of Mars and its satellites. These images are 

generally of higher resolution than were the Mariner 9 

images. Additionally, they are unaffected by large amounts 

of atmospheric dust as were the Mariner 9 images. The 



Viking 2 Orbiter ceased operating in July, 1978, and the 

Viking 1 Orbiter followed in August, 1980. 

The Viking images confirmed the Mariner 9 view of 

Mars as a geologically active world. After the images from 

Mariner 9 arrived, one of the first areas of scientific 

emphasis was the determination of a geologic chronology. 

Geologic chronologies for solid bodies in the solar system 

are important to all areas of planetary geology research. 

When certain events occurred to produce the surface we see 

today is one of the most common questions which scientists 

attempt to solve. Geologic chronologies provide important 

constraints on thermal evolutionary models and geophysical 

processes. Various techniques are available to determine 

the geologic sequence of events shaping the .planet's 

surface. 

Absolute Versus Relative Chronologies 

Two types of chronologies exist for use in planetary 

studies: absolute and relative. Absolute chronologies 

provide actual dates for the various geologic events and 

thus provide a quantitative measure of the level of activity 

experienced by the planet throughout time. Absolute ages 

put specific constraints on geologic and thermal 

evolutionary models and thus are preferred over relative 

5 
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ages which do not provide such quantitative data. However, 

reliable absolute ages can only by obtained by isotopic 

dating of rock samples. As of this writing, dated surface 

samples exist only for the earth and localized regions of 

the moon, so absolute chronologies are available only for 

these two bodies. A number of young meteorites, known as 

the shergottites, nakhlites and Chassigny, are believed by 

many scientists to come from Mars (Shih et al., 1982; 

McSweeny, 1985), but the lack of knowledge regarding where 

on the Martian surface these meteorites came from (Melosh 

and Vickery, 1986) as well as what events the various 

isotopic ages are dating (Shih et al., 1982; Jones, 1985) 

preclude the use of these samples in determining an absolute 

chronology for Mars. However, these meteorites can help 

provide constraints on the variety of proposed thermal 

models, as will be discussed in Chapter 4. 

Some researchers have attempted to derive absolute 

ages for martian terrain units based on assumptions about 

the intensity and temporal-variance of the cratering flux at 

Mars (Hartmann, 1973; Soderblom et al., 1974; Neukum and 

Wise, 1976; Neukum and Hiller, 1981). Estimates for the 

intensity of the martian cratering flux vary from 1 to 4 

times the lunar rate, but all groups assume that the 

temporal modulation of the cratering flux at Mars is the 



same as 

has been 

that at -the moon. Once the impact flux intensity 

determined and corrections are made for variations 

in crater size due to differences in factors such as impact 

velocity and gravity, the absolute age for martian units is 

. calculated by reference to the crater density-absolute age 

relationship which has been established for the moon. 

Absolute chronologies derived for Mars differ 

because of the different impact flux intensities assumed and 

because some studies do not account for the difference in 

lunar and martian crater sizes due to variations in the 

factors dictating the final size of a crater (Soderblom et 

al., 1974). Some groups use very small craters and do not 

consider the effects of secondary crater contamination or 

atmospheric effects such as erosion and deposition when 

comparing the resulting statistics for the moon and Mars 

(Neukum and Wise, 1976). All of these problems result in 

age discrepancies among the different studies which at the 

extreme can vary by over 3 BY. 

Extrapolating the absolute age-crater density 

relationship established for one body to another object 

where little is known about crater fluxes, erosional 

periods, or variations in surface composition results in 

very uncertain absolute chronologies. The time dependence 

of the impact flux is also unknown with any degree of 
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certainty. It often has been claimed that the lunar data 

indicate a high impact flux between 3.8 and 4.5 BY ago, 

which decayed exponentially between 4.5 and about 3.5 BY 

ago, and has decreased linearly since then (Soderblom et 

al., 1974). However, what we really know are only the dates 

of surface samples from the few lunar nearside locations 

visited by the Apollo astronauts. The crater density from a 

small area surrounding the location of each dated sample is 

determined, the corresponding impact flux is calculated, and 

a graph of impact flux versus age is produced. Each sample 

is plotted as a point, and a smooth curve is drawn 

connecting the points. In reality we do not know if the 

impact flux has been a smooth exponential function over the 

past 3.8 BY--it is possible that there have been 

fluctuations in the intensity of the impact flux over time. 

Shoemaker et ale (1979) used the current observable 

population of Earth-crossing (Apollo) asteroids to 

extrapolate backwards 3.8 BY to obtain the crater density we 

should see on the lunar mare assuming an exponentially

decaying impact flux. They find that the calculated crater 

density is higher than the observed density, indicating that 

we are currently experiencing a period of higher-than

average impact rates. Alternately, studies by other 

researchers using recent impact craters on Earth and the 

moon argue against a higher impact rate at the present time 
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(Guinness and Arvidson, 1977; Kresak, 1981). Thus, the 

question of the time-dependence of the impact flux is 

controversial even in the Earth-moon vicinity--extrapolation 

of the impact flux to Mars increases these uncertainties. 

Even if the intensity and time-dependence of the 

impact flux at Mars were better constrained than they are at 

present, martian absolute chronologies extrapolated from the 

lunar absolute chronology would still be uncertain without 

knowledge of the origin of the objects impacting the inner 

planets during the early part of solar system history. Once 

the inner solar system objects had accreted to approximately 

their present size, differentiated, and began to cool, 

solid surfaces appeared and began to record the scars of 

impact craters. The impact flux was very high during this 

period, which is called the period of late heavy 

bombardment, or, more commonly, just the period of heavy 

bombardment. Plate tectonics has erased all evidence of 

this period on the Earth, but Mercury, Mars, and the Moon 

all display regions dating from this epoch. On the Moon 

this period has been determined to have occurred between 3.8 

and 4.5 BY ago. Depending on the origin of the objects 

responsible for the heavy bombardment, the end of this 

period may have occurred simultaneously throughout the inner 

solar system or it may have been extended by up to a billion 
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years at Mars. If the period of heavy bombardment was 

primarily the result of comets or a disrupted planetismal 

(Shoemaker, 1977; Wetherill, 1975), the end of heavy 

bombardment was essentially simultaneous within the inner 

solar system. Calculations by Wetherill (1977), however, 

indicate that if accretional remnants were the objects 

responsible for heavy bombardment, some of these objects 

could have been sent into "storage areas" in the asteroid 

belt. Perturbations would eventually send these objects out 

of the asteroid belt and into Mars-crossing orbits, causing 

the end of heavy bombardment to be extended by up to one 

billion years at Mars compared to the moon (ie., 2.8 BY 

ago) • 

Until surface samples can be returned from Mars and 

dated in the laboratory, absolute chronologies for this 

planet will contain the major uncertainties discussed above. 

If the shergottites, nakhlites, and Chassigny (the "SNC" 

meteorites) were derived from an impact on Mars, as several 

studies seem to indicate (Shih et al., 1982; McSweeny, 

1985), then we may already have a few dated samples which 

could place an act.ual time horizon within the chronology. 

However, until the controversy regarding what events the 

various isotopic ages of the samples date (Jones, 1985; 

Jones et al., 1985) is resolved, the crater from which these 
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samples were ejected is 

1986), and a geophysical 

identified (Melosh and Vickery, 

method for getting the pieces off 

Mars is determined (Nyquist, 

1983), these samples cannot 

absolute chronology for Mars. 

1983; Melosh, 1983; Singer, 

be used to better define any 

Since absolute ages are so difficult to determine 

and uncertain to use for Mars at the present time, most 

scientists depend on the more reliable relative chronologies 

for use in their research. Crater densities, superposition 

of features, and transection relationships generally can be 

determined from spacecraft images of a planet. This results 

in the direct computation of a chronology based on the 

relationships of features relative to each other. Although 

such geologic histories do not provide actual dates of the 

events shaping the planet's surface, relative chronologies 

are still useful in a vast number of research areas: events 

can still be placed in a chronologic sequence and the 

relationship of a terrain to the period of heavy bombardment 

can be determined. Constraints on conflicting modes of 

origin for certain features can sometimes be obtained by 

detailed analyses of the regions involved and some 

restrictions on the thermal evolution of the planet can be 

determined. More detailed studies, using higher quality 

images and better analytical techniques, result in changes 
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to the generalized chronology determined from initial 

spacecraft images. It is these improved studies which 

advance our knowledge of the detailed evolutionary history 

of a planet. 

In this chapter I have discussed the reasons why 

martian relative chronologies are more reliable and 

therefore more useful than existing martian absolute 

~hronologies. In the remainder of this dissertation I will 

discuss a different technique used to refine the martian 

relative chronology and the results obtained from using this 

technique. Chapter 2 presents the existing relative-age 

sequences which have been obtained for Mars and problems 

inherent in these studies. Chapter 3 presents the use of 

the Relative size/frequency distribution plotting technique 

and compares it to the more commonly used Cumulative 

plotting technique. The chapter then discusses how the data 

were gathered and processed and ends with a discussion of 

the size/frequency distribution analysis and applications to 

existing geologic problems. Implications of these results 

on the thermal evolutionary models of Mars are covered in 

Chapter 4 and Chapter 5 contains a summary of the important 

results found in this study. 



CHAPTER 2 

SUMMARY OF EXISTING MARTIAN RELATIVE CHRONOLOGIES 

Relative chronologies have been inferred for Mars 

since the first global views were provided by Mariner 9 in 

1971. A number of evolutionary sequences were published 

based on the Mariner 9 images within about 10 years of the 

spacecraft's encounter with Mars. These images were 

surpassed in terms of clarity and resolution by the Viking 1 

and 2 Orbiters when they began their surveillance of Mars in 

1976. However, until recently, these Viking images have not 

been available in a convenient format for global geological 

studies. As a result, chronologies based on Mariner 9 data 

still dominate the literature. 

Previous Chronologies 

The first attempt at a global martian chronology 

was Hartmann's (1973) analysis of the initial Mariner 9 

data. His development of a relative age sequence was a 

prelude to the determination of his absolute chronology. 

This is also the case for the relative chronologies of 

Soderblom et al. (1974), Neukum and Wise (1976), and Neukum 

13 
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and Hiller (1981). Hartmann's relative chronology was 

determined from the distribution of craters ~64-km in 

diameter located generally south of latitude +32°, thus 

avoiding the obscuring north polar haze present during most 

of the Mariner 9 mission. Craters smaller than 64-km in 

diameter were believed to be affected by erosion since the 

cumulative crater size/frequency distribution curves did not 

follow the -2 power law relationship expected to exist for 

unmodified craters. The resulting chronology consists of 

five major divisions: (l)very early; (2)relative chronology 

uncertain; (3)continuing processes; (4)episodic; and 

(5)recent. Only the "very early" and "recent" periods in 

Hartmann's (1973) chronology are well defined in terms of 

relative age. The heavily cratered regions located 

primarily in the southern hemisphere of Mars were formed in 

the "very early" period of martian history. The "recent" 

era is characterized by very low levels of erosion and 

obliteration affecting features of S100 meter scales, as 

evidenced by "dust storms, variable deposits, but lack of 

severe crater obliteration among hectometer scale craters" 

(Hartmann, 1973, pg 4105). 

Between 

geologic history. 

erosional periods, 

these two limits lie the rest of martian 

Formation of large basins, extensive 

modest amounts of erosion and deposition 
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resulting in crater obliteration, partial infilling of large 

basins with sediments, fracturing, volcanism, and subsidence 

leading to the formation of the chaotic terrain are listed 

in this order under "relative chronology uncertain". This 

is followed by the "continuing processes" division which. 

consists of shield volcano formation and the development of 

the relief features associated with the polar caps and 

surrounding deposits. Channel formation constitutes the 

only event in the "episodic" category which precedes the 

"recent" era in the Hartmann chronology. 

Hartmann's chronology was based upon a first quick 

analysis of the images provided by the Mariner 9 spacecraft. 

The chronology has many gaps and uncertain relationships, 

which is to be expected considering the short amount of time 

between the acquisition of the images and the publication of 

the work. As time progressed, the information provided by 

Mariner 9 was gradually digested and more detailed 

chronologies were developed. 

One of the most commonly cited martian chronologies 

is that developed by Soderblom et al.(1974). This relative 

chronology was again determined as a first step in the 

process of developing an absolute chronology. Soderblom et 

ale (1974) determined that deposits mantled craters <4-km in 

diameter and that craters larger than 10- to 20-km show the 



effects of erosion. Thus, their chronology is 

statistics of craters in the diameter range 4-
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based on 

to 10-kIn. 

The data were taken from specific locations across Mars 

using the Mariner 9 images. The resulting chronology 

consisted of four major epochs: (l)Formation of heavily· 

cratered uplands; (2)"emplacement of the cratered plains of 

the equatorial" region (eg., Lunae Planum) and the mottled 

plains in the north polar region; (3)formation of the 

Elysium volcanic area; and (4)formation of the Tharsis 

volcanoes and surrounding fractured plains. 

Neukum and Wise (1976) were interested prima·rily in 

obtaining a standard martian crater size/frequency 

distribution curve which could be compared directly to the 

lunar crater density-absolute age relation in order to 

calibrate an absolute chronology for Mars. They considered 

only very localized regions of the planet (in particular, 

the volcanoes) because only small areas could present the 

unmodified and homogeneously cratered surfaces that they 

required for 

determine the 

their analysis. Mariner 9 images were used to 

number of craters ~l-kIn in diameter for these 

very small areas. The relative sequence of events, in order 

of decreasing age, was determined to be as follows: (l)the 

cratered uplands; (2)Lunae Planum and the northern plains; 

(3)the apron surrounding Alba Patera and the cratered 



plains; (4)Hadriaca Patera; (5)Tyrrhena 

Tholus; (7)Alba Patera and the Elysium 

17 

Patera; (6)Hecates 

plains; (8)Elysium 

Mons and Tharsis Tholus; (9)Ceraunius Tholus; (10)Pavonis 

Mons; (11)Arsia Mons; and (12)Olympus Mons. 

Condit (1978) correlated the crater density of 4- to· 

10-krn diameter craters to the geologic units shown on the 

1:25,000,000 geologic map produced by Scott and Carr (1977) 

from Mariner 9 images. He used 23 of the geomorphic units 

located in the martian equatorial region and obtained the 

average crater density for each of these units. He then 

determined the following relative chronology for the seven 

largest geologic units: (1)cratered plateau; (2)hilly and 

cratered material; (3)ridged plains material; (4)plains; 

(5)rolling plains; (6)smooth plains; and (7)Tharsis volcanic 

materials. 

Neukum and Hiller (1981) updated the chronology of 

Neukum and Wise (1976) and, using data from other studies 

such as those by Hartmann (1973) and Soderblom et ale 

(1974), produced a chronology of more global extent than had 

been attempted previously. They determined that resurfacing 

affects craters <4-krn diameter and that the cumulative 

distribution above this critical diameter must be projected 

through the 1-km diameter point on their standard martian 

curve to obtain the total distribution. They posit that the 
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age of the new surface is given by the difference between 

the total and the cumulative distributions. The relative 

chronology is determined using this technique on various 

homogeneously cratered and resurfaced areas. The salient 

results are that the southern highlands are the oldest 

regions, followed by the intercrater plains in the highlands 

and Tyrrhena Patera. The plains, Elysium Mons, Uranius 

Patera, and Alba Patera formed next, contemporaneous with 

the erosion of the highlands/plains scarp and the formation 

of outflow channels. Tectonic activity, which began in the 

earliest period along with the formation of the highlands, 

began to taper off. Olympus Mons is the youngest feature on 

the planet. 

Problems Inherent in Existing Chronologies 

These are the major relative chronologies most 

commonly cited in the literature. Although all are widely 

used, there are several problems which need to be considered 

before conclusions can be made. Except for Hartmann's 

(1973) initial analysis of the Mariner 9 data, none of these 

studies can really be considered to be global descriptions 

of the geologic evolution of Mars. Each has considered only 

localized areas of the planet in detail, and the results 

have been extrapolated to the rest of the surface. These 

techniques cannot determine peaks in the level of geologic 
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activity during martian history and thus do not give an 

accurate picture of the evolution of the martian surface. 

All of these studies display the crater 

size/frequency distribution information by using the 

cumulative plotting technique. This method plots total 

number of craters of a given size and larger versus crater 

diameter. Cumulative plots are the easiest techniques to 

use when displaying crater statistical data. However, 

cumulative plotting is effectively an integrative process. 

Since integration is a type of smoothing technique, use of 

cumulative plots tends to smooth out any variations in a 

particular size bin. Thus, small deviations from the 

commonly observed -2 slope are not discernible when using 

cumulative plots. As will be discussed in the next chapter, 

information can be obtained from these inflections which 

temporally relates terrain units to the period of heavy 

bombardment. 

A common shortcut used by investigators when 

determining crater densities is to count only the number of 

craters within a particular diameter range and extrapolate 

to the total number of craters, assuming that a single-slope 

distribution function holds. The obvious problem with this 

technique is that crater counts will be in error if the 
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assumed distribution function does not hold at all crater 

diameters and across all terrains. 

The chronologies of Neukum and Wise (1976) and 

.Neukum and Hiller (1981) are particularly prone to 

controversy because of their heavy reliance on small craters 

«4-km diameter). At this diameter, the effects of 

secondary craters on crater distribution curves must be 

addressed. Both groups claim that they have excluded all 

obvious secondary craters from the studies, but 

unfortunately secondaries are 

from small primary craters. 

not easily distinguishable 

slope ,of the 

Neukum groups 

A 

distribution curve around 2-km, 

claim is characteristic of the 

change 

which 

in 

the 

production population, is 

more commonly attributed to the inclusion of large ,numbers 

of secondaries (Basaltic Volcanism Study Project, 1981, pg 

1053). Distribution curves containing all craters on a 

surface (including obvious secondaries) have been compared 

with curves from the same area excluding those craters 

meeting Oberbeck and Morrison's (1974) criteria for 

distinguishing secondaries, and both curves show this 

inflection at a diameter around 2-km. The common belief is 

that at crater diameters of less than about 3-km, secondary 

craters do contaminate the crater distribution curves 

(Basaltic Volcanism Study Project, 1981), and the effects of 
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these secondaries cannot simply be subtracted out of the 

data. 

Additionally, Neukum and Wise failed to address both 

erosion and sediment 

preferentially affect 

difficult to model. 

deposition. 

small craters 

Soderblom et 

that craters <4-km diameter are most 

These 

in ways 

ale (1974) 

prone to 

processes 

which are 

determined 

effects of 

erosion and depostion, and this conclusion appears to be 

widely supported (Basaltic Volcanism Study Project, 1981). 

Since Mariner 9 images were used in these analyses, images 

detailing the preservational state of the craters were not 

generally available. Mariner 9 arrived at Mars when the 

planet was engulfed in a global dust storm, and even after 

the storm subsided there was enough dust left in the 

atmosphere so as to affect adversely the quality of the 

spacecraft images. For example, the lobate ejecta blankets 

seen in the Viking images surrounding many fresh craters 

were only hinted at in the Mariner 9 pictures. The 

preservational state of geomorphic features has been clearly 

determined using higher quality Viking images, so better 

information on whether a crater pre- or post-dates a surface 

now exists. 

The above-mentioned inadequacies in the existing 

relative chronologies motivated my reanalysis of the crater 
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data for Mars, resulting in the determination of a ,lew 

chronology. This study differs from previous analyses in 

the following respects: (l)use of the Viking 1:2M 

photomosaic series to map all craters ~8-km in diameter on 

the martian surface and to divide the surface into 23 

geologic units; (2)use of only those craters ~8-km diameter, 

thereby minimizing the effects of both secondary crater 

contamination and erosion/deposition on the distribution 

curves; (3)inclusion of every crater ~8-km in diameter from 

the entire martian surface, thereby eliminating 

extrapolations which estimate the total number of craters on 

terrain units or how crater density varies across the 

planet; (4)use of the Relative plotting technique instead of 

cumulative plots. The Relative plotting technique gives 

better information on the relationship of the terrain units 

relative to each other and to the period of heavy 

bombardment. The resulting chronology is more detailed and 

complete than any of the existing relative age sequences. 



CHAPTER 3 

REVISED MARTIAN CHRONOLOGY: METHOD AND RESULTS 

Chapter 2 reviewed the existing martian relative . 

chronologies and discussed problems associated with the 

techniques used to determine the histories. This chapter 

will discuss the relative chronology derived using the 

Relative size/frequency distribution plotting technique for 

all craters ~8-km in diameter mapped from the Viking medium 

resolution images. I will discuss the differences between 

the cumulative and relative plotting techniques, how the 

data were gathered, the chronology which results from this 

analysis, and finally examples of the constraints this 

chronology imposes on some martian geological problems. 

Crater Size/Frequency Distribution 

Plotting Techniques 

The most commonly used technique to plot crater size 

versus crater frequency information is the cumulative 

size/frequency distribution plotting technique. This is an 

easily utilized method which fits the curve with a power law 

function of the form 

N(D)=CDb 

23 
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where N(D) is the number of craters of a certain size and 

larger, c is a constant depending on the age of the surface, 

D is the crater diameter in kilometers, and b is the slope 

index. This method plots the logarithm of the total number 

of craters a certain size and larger as a function of the 

logarithm of crater diameter (Figure la). The crater 

diameter information is binned, generally in J2 increments, 

although different researchers use bins of varying widths to 

achieve the level of resolution which best emphasizes the 

features they wish to discuss. At crater diameters ~4-km, 

the value of the slope index b is near -1.8 for well 

preserved craters, which is also the slope of the 

distribution curve on the log-log plot. The problem with 

cumulative plots is any variations in slope are smoothed out 

and unobservable. 

information about 

the end of heavy 

However, these slope variations contain 

whether a terrain unit pre- or post-dates 

bombardment. Thus, the relationship of a 

terrain unit to the period of heavy bombardment is difficult 

to determine using cumulative plots. Determination of age 

relationships among different terrain units relies entirely 

on the separations of the distribution curves produced by 

variations in crater densities. 

The Crater Analysis Techniques Working Group (1978) 

suggested two 

size/frequency 

techniques for 

data--the cumulative 

displaying crater 

technique described 
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Figure 1. Examples of the two main plGtting 
techniques. (a)Cumulative Size/Frequency Distribution Plots 
of Heavily Cratered Terrain (Uplands) and Plains. 
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Cratered Terrain (Uplands) and Plains • 
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plotting technique (or "R-Plot"). 

technique is a variation on a 

technique which rea~ily displays 

caused by differing numbers of 

craters in the diameter bins. This technique plots the. 

logarithm of R versus the logarithm of the diameter, where R 

is a parameter given by 

R=D3N/A(Db-Da) 

N is the number of craters within the particular 

diameter bin, Da is the lower limit of a diameter bin, Db is 

the upper limit of a diameter bin, D (=JDaDb) is the 

geometric mean of the diameter bin, and A is the area over 

which the craters are summed. The size of the diameter bins 

used in this analysis varies by increments of J2. 
Most crater populations show a distribution curve 

slope within ±1 of a -3 slope on a differential plot. The 

R-Plot normalizes to this -3 slope index (which is a -2 

slope on the cumulative plot). Thus, if a power law 

function with this single slope accurately describes the 

distribution curves, these curves should plot as non-sloping 

(')r moderately sloping lines. A curve with a -3 slope index 

appears as a horizontal line on the R-Plot, a curve with a 

-2 slope index is a line slanting 45 0 to the lower left, and 

a curve with a -4 slope index is a line inclined 45 0 to the 

lower right (Figure 2). Variations in vertical position 
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Figure 2. Stylized Relative Plot, showing the 
appearance of curves with slope indices -2, -3, and -4. 
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indicate a difference in crater density. Figure 1b shows 

relative plots of the same geologic units displayed on the 

cumulative plot in Figure 1a. 

Background For Present Chronology 

Using the relative plotting technique, two 

populations of impacting objects have been detected within 

the inner solar system (Figure 3) (Strom, 1977; Gurnis, 

1981). The signature of the first population is recorded in 

the lunar, mercurian, and martian highlands and was emplaced 

by impactors during the period of heavy bombardment. The 

crater size/frequency distribution curve for these units is 

a multi-sloped curve which approximates a -2 slope index in 

the diameter 

which formed 

range from 8- to 70-km. All terrain units 

during the period of heavy bombardment display 

an upward sloping curve in this diameter range. Some 

researchers, notably Hartmann (1984), believe this 

coincidence of highlands curves among the moon, Mercury, and 

Mars is the result of these surfaces reaching crater 

saturation, defined as the condition when the size/frequency 

distribution changes from the original slope index to a less 

negative value and when the crater density remains constant 

(Woronow, Strom, and Gurnis, 1982). If saturation exists, 

then the age of a terrain unit cannot be determined relative 

to other units--we can say only that it is a very old 
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However, the similarity in slope of the highlands 

units such as Mare Orientale on the Moon (Strom 

1976) and the volcanic plains south of the 

(this study) suggest that the highlands have 

and Whitaker, 

Hellas Basin 

not reached saturation for craters ~4-km in diameter. Monte 

Carlo computer simulations of saturation by Woronow (1977, 

1978) also indicate that no inner solar system body shows a 

crater saturated surface at diameters ~4-km. 

By dating samples of the lunar soil returned by the 

Apollo astronauts and relating the age of a sample to the 

crater density in the region surrounding the·' sample 

location, a correlation between the crater density and the 

absolute age of the surrounding terrain unit can be 

obtained. Such studies indicate that the period ,of heavy 

bombardment terminated about 3.8 BY ago on the moon. 

Although one population of objects appears to be responsible 

for the period of heavy bombardment within the inner solar 

system, controversy exists as to whether the end of heavy 

bombardment was simultaneous throughout the inner solar 

system or if it occurred at different times in different 

regions. Computer simulations indicate that if the period 

of heavy bombardment was due primarily to comets (Shoemaker,. 

1977) or a disrupted planetesimal (Wetherill, 1975), then 

the termination of this period was contemporaneous on the 

terrestrial planets. However, if the impacting objects were 
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accretional remnants, perturbation of these objects into 

"storage areas" in the asteroid belt and from there into 

Mars-crossing orbits may have extended the period of heavy 

bombardment at Mars by up to 1 BY over that at the moon 

(Wetherill, 1977). 

Regardless of the absolute date of the end of heavy 

bombardment, size/frequency distribution curves undergo a 

definite change from the heavy bombardment to the post-heavy 

bombardment epochs. The curves from heavy bombardment 

terrains show a -2 slope index in the 8- to 70-km diameter 

range. Post heavy bombardment terrains display distribution 

curves with a -3 slope index in this same range. The Chi

square statistical test (Bevington, 1969) indicates that 

highlands and plains populations are different at'the 99% 

confidence interval. Thus, on the R-Plot, heavy bombardment 

terrains show an upward slope while post heavy bombardment 

terrains appear as approximately horizontal lines. The 

relationship of a terrain unit to the end of heavy 

bombardment can be determined simply by noting the shape of 

its size/frequency distribution curve. Futhermore, the 

relative ages of terrain units within these two time 

divisions can be determined by crater densities, which are 

indicated by the vertical displacement of the size/frequency 

distribution curves on a relative plot. 
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Data Gathering and Analysis 

In order to gather crater data necessary to produce 

size/frequency distribution curves for the various martian 

terrain units, the surface of Mars was divided into 23 

geologic units based on published Mariner 9 geologic maps' 

(Scott and Carr, 1977) and extensive remapping using the 

Viking 1:2M photomosaic series recently completed by· the 

u.S. Geological Survey. These geologic units are defined as 

follows: 

(1)Aureole--Jumb1ed, 

northwest of Olympus Mons. 

ridged material located 

(2)Basin Floor Deposits--Thick lava or dust deposits 

covering the floors of the Hellas and Argyre Basins. 

(3)Canyon--The Valles Marineris canyon system. 

(4)Channel--The beds and flood plains of the outflow 

channels. 

(S)Chaotic Terrain--Regions of jumbled, "chaotic" 

material located near Valles Marineris and at the heads of 

several outflow channels. 

(6)Cratered and Fractured Plains--Sparsely cratered 

plains crossed by fractures, located primarily east of the 

Tharsis volcanoes and surrounding Alba Patera. 

(7)Dissected Uplands--Heavily cratered 

crossed by deep gorges, tectonic channels, and 

uplands 

etched 
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deposits. 

scarp. 

Located primarily along the plains/highlands 

(8)Equatorial Layered Deposits--The thick deposits 

of controversial origin (Scott and Tanaka, 1982; Schultz and 

Lutz-Garihan, 1981) located near the equator, primarily in 

Amazonis Planitia. 

(9)Exhumed Uplands--Heavily cratered uplands located 

near the south pole which show evidence of having been 

covered by polar layered deposits in the past, but which are 

now exhumed. 

(lO)Fractured Uplands--Heavily cratered uplands 

·crossed by extensive fractures, primarily south of Tharsis. 

(ll)Fretted Terrain--Areas with mesas of highlands 

material surrounded by wide channels of plains material, 

located along the plains/highlands boundary scarp. 

(12)Hellas Volcanic Plains--Large expanse of 

moderately cratered plains located south-southwest of the 

Hellas Basin. 

(13)Intercrater Plains--Heavily cratered uplands 

with expanses of smooth plains between craters. 

(14)Knobby Terrain--Terrain within the northern 

plains covered by small hills and knobs interspersed with 

plains material. 
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(15)Mottled Plains--Plains units where terrain 

immediately surrounding each crater is lighter than the 

background plains, giving the area a mottled appearance. 

(16)Mountains--Mountainous regions primarily 

con.sisting of basin rim material. 

(17)Plains--Sparsely cratered 

located in the northern hemisphere. 

plains primarily 

(18)Polar Cap--Caps of ice covering the poles. 

(19)Polar Layered Deposits--Thick dust deposits 

surrounding the poles. 

(20)Ridged Plains--Moderately 

covered by expanses of wrinkle ridges, 

near the equator. 

(21)Volcanic Plains--Sparsely 

cratered 

primarily 

cratered 

plains 

located 

plains 

surrounding the Tharsis and Elysium volcanic provinces, 

defined by the extent of detectable lava flows. 

(22)Volcanic Shields--All individual volcanic 

constructs. 

(23)Uplands--Heavily cratered highlands with no 

apparent contamination from the intercrater plains. 

The distribution of each terrain type across the 

martian surface is shown in the geologic map displayed in 

Figure 4. The surface area covered by each unit is shown in 

Table II. 



Figure 4. Map showing the spatial extent of the 23 
generalized martian geologic units used in this study. 
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TABLE II 

SPATIAL EXTENT OF TERRAIN UNITS 

Terrain Area ~Jan£l % Area of Planet 

Aureole 1.37X10~ 0.95 
- Basin Floor 2.85x10 1.98 

Canyon 1.10x106 0.77 
Channel 1.46x106 1.02 
Chaotic 8.52x10 5 0.59 
Cratered and 
Fractured Plains 5.17x106 3.60 

Dissected Uplands 2.40x106 1.67 
Equatorial Layered 

1.79x106-Deposits 1.25 
Exhumed Uplands 9.78xl05 0.68 
Fractured Uplands 1.96x106 1.36 
Fretted Terrain 1.31x106 0.91 
Hellas Volcanics 1.36x106 0.95 
Intercrater Plains 4.68x107 32.55 
Knobby Terrain 3.18x106 2.21 
Mottled Plains 1.06x107 7.37 
Mountains 3.00xl06 2.09 
Plains 2.70x107 18.78 
Polar Cap 1.20x106 0.83 
Polar Layered 

2.14X10~ Deposits 1.49 
Ridged Plains 8.85x10 6.15 
Volcanic Plains 8.37x106 5.82 
Volcanic Shield 8.43X10~ 0.59 
Uplands 8.81x10 6.13 
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All craters ~8-km in diameter were mapped on these 

generalized geologic units and measured using a Numonics 

digitizer. Each crater was classified by latitude and 

longitude, the terrain unit on which it lies, type of ejecta 

and interior structure, relationship to tectonic features, . 

and degree of ellipticity. Craters were also divided into 

four main categories depending on state of preservation. 

These categories were (l)craters exhibiting fluidized, or 

rampart, ejecta (Figure Sa); (2)craters displaying 

ballistic, or lunar-like, ejecta pattern (Figure 5b); 

(3)wel1 preserved craters with no discernible ejecta blanket 

(Figure 5c); and (4)craters partially buried by overlying 

deposits (Figure 5d). All information has been archived in 

a computer data base management system to facilitate access 

to and manipulation of the data. 

Crater size/frequency distribution curves for the 23 

generalized geologic units were calculated using the 

relative plotting technique. Only craters post-dating the 

surface (ie, crater types 1, 2, and 3) were used to 

determine the distribution curves. Type 3 craters were 

included in the analysis because, even though they show no 

evidence of an ejecta blanket, the craters themselves are 

well enough preserved' that they obviously post-date a 

surface which has undergone only minor modification since 

its formation. Examples of the resulting curves are shown 



Figure 5. Examples of the four main crater classes 
used in this study. (a)Example of a crater displaying a 
rampart ejecta blanket. (b)Example of a crater displaying a 
ballistic, or lunar-like ejecta pattern. (c)Example of a 
well-preserved crater which displays no observable ejecta 
blanket. (d) Example of a partially buried crater. 
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in Figures 6-10. The size/frequency distribution curves for 

the generalized units of aureole, canyon, polar cap, and 

polar layered deposits are excluded because of the low 

. number of craters superimposed on these units. The 

positions of these features within the chronology are 

determined by the total crater density of each unit. 

Results 

Approximately 60% of the surface, primarily located 

in the southern hemisphere, dates from the period of heavy 

bombardment (Figure 11). The heavily cratered highlands of 

Mars show the same highly structured curve as the lunar and 

mercurian highlands. The ridged plains, primarily located 

in equatorial regions, also display a size/frequency 

distribution curve indicative of emplacement during the 

period of heavy bombardment. However, the lower vertical 

position of the curve near log(R)=-2 indicates a younger age 

for these plains units. Below the log(R)=-2 value, the 

crater size/frequency distribution curves flatten out to the 

-3 slope index indicative of emplacement during the post 

heavy bombardment period. Thus, the shape and position of 

the size/frequency distribution curve of the ridged plains 

indicates that these units formed near the end of the period 

of heavy bombardment. 
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Figure 6. Relative Size/Frequency Distribution Plots 
of the Martian Uplands (Upl), Fractured Uplands (FrU), 
Ridged Plains (RPl), and Mottled Plains (Mot). 
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Figure 7. Relative Size/Frequency Distribution Plots 
of the Martian Intercrater Plains (ICP), Exhumed Uplands 
(ExU), and Cratered and Fractured Plains (CFP). 
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Figure 8. Relative Size/Frequency Distribution Plots 
of the Martian Knobby Terrain (Kby) , Outflow Channels 
(Chn), and Chaotic Terrain (Cht). 
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Figure 10. Relative Size/Frequency Distribution Plots 
of the Martian Fretted Terrain (Frt), Equatorial Layered 
Deposits (ELD), Basin Floor Deposits (BFD), and Volcanic 
Plains (Vol). 
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The remaining 40% of the martian surface consists of 

extensive plains units in the northern hemisphere. These 

units show size/frequency distributions similar in shape and 

crater density to the lunar mare curves, and thus reflect a 

post-heavybombardrnent population of objects. Three main . 

geologic epochs can be defined from these major geologic 

units: the period of heavy bombardment, the end of heavy 

bombardment, and post heavy bombardment. These divisions 

roughly correspond to the Noachian, Hesperian, and Amazonian 

stratigraphic units commonly used in earlier martian 

chronologies (Scott and Carr, 1977). 
.' 

Mountainous regions, including the rims of the 

Hellas and Argyre basins, and the intercrater plains found 

in the heavily cratered southern uplands date from the 

period of heavy bombardment. Heavily cratered, fractured 

terrains also date from this period, although they appear 

somewhat younger than other units in this time period. The 

ridged plains appear to be the only general unit from the 

end of heavy bombardment. The northern plains, mottled 

plains, layered deposits (both polar and equatorial), 

volcanic plains surrounding the Tharsis and Elysium regions, 

outflow channels, canyons, and chaotic terrain all show post 

heavy bombardment distribution curves. 

Size/frequency distribution curves were also 

constructed for localized regions, such as the volcanic 
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plains south of the Bellas Basin, the floors of the Bellas 

and Argyre Basins, volcanic plains in the Elysium and 

Tharsis regions, and various plains and ridged plains 

regions (Figures 12-17). A weighted linear least-squares 

fit was made to those data near the heavy bombardment-post 

heavy bombardment transition. Then a Chi-square test was 

performed to determine whether each best fit line is 

statistically different from a horizontal line of constant 

log(R). This value of 10g(R) was chosen such that it 

equaled that of the first bin of the best fitting line. 

Since we actually wish to compare two independent 

populations of objects without making any qualifying 

assumptions, a Wald-Wolfowitz Runs test was also applied to 

the data (Siegel, 1956, pg.136-145). This nonparametric 

test confirmed the results of the Chi square test: units 

were assigned to the appropriate time frames based on the 

results of these tests. The appendix discusses these tests 

and the results in more detail. Information on the volcanic 

constructs is derived from a study by Katz and Strom (1984), 

which dated many of the volcanic constructs using the same 

technique described for this study. The size/frequency 

distribution curves for these volcanoes are shown in Figures 

18-24. To reduce the size of the error bars, crater 

information for several volcanoes was combined to produce 

distribution curves typical of heavy bombardment and post 
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Figure 12. Relative Size/Frequency Distribution Plots 
of the Hellas Rim (HR), Syrtis Major Planitia (SM), the 
Hellas Volcanic Plains (HV), and Elysium Plainitia (EP). 



L06R 

-1 

AR 

SP 

SY 

AP 

-3 1--___________ ""-____ --' 

S so SOO 
CRATER DIAMETER (J<M) 

sooo 

Sl 

Figure 13. Relative Size/Frequency Distribution Plots 
of the Argyre Rim (AR), Sinai Planum (SP), Syria Planum 
(SY), and Arcadia Planitia (AP). 
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Figure 14. Relative Size/Frequency Distribution Plots 
of Lunae Planum (LP), Utopia Planitia (UP), and Mare 
Acidalium (MA). 
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Figure 15. Relative Size/Frequency Distribution Plots 
of Hesperia Planum (HP), Solis Planum (SP), and Tharsis 
Planitia (TP). 
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Figure 16. Relative Size/Frequency Distribution Plots 
of the Floor of the Hellas Basin (HF), the Floor of the 
Argyre Basin (AF), and Vastitas Borealis (VB). 
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Figure 17. Relative Size/Frequency Distribution Plots 
of Chryse Planitia (CP), Amazonis Planitia (AP), and Isidis 
Planitia (IP). 
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Figure 18. Relative Size/Frequency Distribution Plots 
of Jovis Tholus (JT), Albor Tholus (AT), and Olympus Mons 
(OM) • 
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Figure 19. Relative Size/Frequency Distribution Plots 
of Hecates Mons (8M) and Biblis Patera (BP). 
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Figure 20. Relative Size/Frequency Distribution Plots 
of Tharsis Tholus (TT) and Elysium Mons (EM). 
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Figure 21. Relative Size/Frequency Distribution Plots 
of Ulysses Patera (UP) and Hadriaca Patera (HP). 
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Figure 22. Relative Size/Frequency Distribution Plots 
of Uranius Patera (UP) and Ceraunius Tholus (CT). 
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Figure 23. Relative Size/Frequency Distribution Plots 
of Alba Patera (AP) and Tyrrhena Patera (TP). 



62 

-s-------------------.Jr---------, 

-2 
UT 

LOS R 

-3 

-4L-______________ ~ ____ ~-------___ --~ 
10 100 .1 

LOS CRA TEA DIANETER (KM) 

Figure 24. Relative Size/Frequency Distribution Plots 
of Uranius Tholus CUT) and Apollinaris Patera (AP). 
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volcanoes (Figure 25). The "old 

includes Albor Tholus, Hecates Mons, 

Tyrrhera Patera, 

The distribution 

Uranius 

curve 

Tholus, and 

for "young 

volcanoes" includes Alba Patera, Uranius Patera, and Biblis 

Patera. 

As expected, individual units described as ridged 

plains under the generalized unit system date from the end 

of heavy bombardment, whereas most other plains units have 

formed since that time. The volcanic plains south of the 

Hellas Basin date from the period of heavy bombardment, as 

do the rims of the Hellas and Argyre Basins. The floors of 

these two large basins are covered by younger deposits which 

date from the end of heavy bombardment. Almost al~ of the 

smaller volcanic constructs, including those in the Tharsis 

province, date from the period of heavy bombardment. 

On the detailed map shown in Figure 26, the heavy 

bombardment and post heavy bombardment periods each have 

been subdivided into three age sections, entitled simply 

older, intermediate, and younger, based on the vertical 

positions of their crater size/frequency distribution curves 

(Figures 27-28). The distribution of units contained in 

each of these divisions is shown in Table III. These 

divisions for the period of heavy bombardment are defined as 

having cumulative crater densities ~8-km diameter/106 km2 of 
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Figure 25. Relative Size/Frequency Distribution Plots 
of Typical Old Martian Volcanoes (OV) (Combination of Albor 
Tholus, Hecates Mons, Apollinaris Patera, Tyrrhena Patera, 
Uranius Tholus, and Ulysses Patera) and Young Martain 
Volcanoes (YV) (Combination of Biblis Patera, Uranius 
Patera, and Alba Patera). 



Figure 26. Detailed Chronologie Map for Mars showing 
the Division of the Heavy Bombardment- and Post Heavy 
Bombardment-Aged Units into Older, Intermediate, and Younger 
Units. 
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Figure 27. Repre-sentative Size/Frequency Distribution 
Curves for the Older (0), Intermediate (I) and Younger (Y) 
Divisions of the Period of Heavy Bombardment. 
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Figure 28. Representative Size/Frequency Distribution 
Curves for the Older (0), Intermediate (I), and Younger (Y) 
Divisions of the Post Heavy Bombardment Period. 



EPOCH 

Heavy 
Bombardment 

TABLE III 

UNITS INCLUDED IN FIGURE 26 

DIVISION UNIT 

Older Uplands 

AVERAGE 
CRATER DENSITY 

413 

Intermediate Intercrater Plains 271 
Mountain 269 

Younger Fractured Uplands 190 
Fretted Terrain 181 
Exhumed Crater. Upl. 163 
Dissected Plateau 140 
Knobby Terrain 135 
Hellas Volcanics 116 

End of Heavy Hellas Planitia 92 
Bombardment Lunae Planum 85 

Post Heavy 
Bombardment 

Ridged Plains 82 
Hesperia Planum 79 
Sinai Planum 74 
Syrtis Major Planit. 73 
Chryse Planitia 71 
Argyre Planitia 69 

Older Cratered/Fracto Pls. 55 
Utopia Planitia 54 
Solis Planum 52 
Chaotic Terrain 49 
Isidis Planitia 38 
syria Planum 37 

Intermediate Vastitas Borealis 30 
Acidalia Planitia 28 
Amazonis Planitia 25 
Equat. Layered Dep. 23 
Arcadia Planitia 22 

Younger Polar Caps 10 
Canyon Floor 9 
Tharsis Planitia 9 
Polar Layered Dep. 5 
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>350 (older), 200-350 (intermediate), and 100-199 (younger). 

The end of heavy bombardment is represented by units with 

crater densities between 60 and 99. Post heavy bombardment 

regions have crater densities of 30-59 (older), 15-29 

(intermediate) and <14 (younger). 

The sequence of events which shaped the surface of 

Mars is shown as a time-line in Figures 29a-c. Each graph 

has been divided into sections showing the relative ages of 

the generalized units, the localized units, volcanic 

processes, and surficial processes. The error bars 

associated with the names of features represent the 

uncertainty in the age of the features calculated from the 

error bars on the size/frequency distribution curves. They 

do not represent the temporal extent of the feature's 

formation. Surficial features such as the runoff channels 

could not be dated by crater counts because of the small 

surface area involved. The ages of these features have been 

obtained by superposition and transection relationships with 

datable features. Features which have been dated by 

stratigraphic techniques as opposed to crater counts are 

enclosed in parenthesis in Figures 29a-c. 

The surface solidified and began to retain the scars 

of impact craters during the period of heavy bombardment 

(Figure 29a). The oldest surviving terrain is referred to 

here as the "uplands" and exists in patches throughout the 
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heavily cratered southern highlands. The volcanic 

constructs Jovis Tholus, Uranius Tholus, Tyrrhena Patera, 

Ulysses Patera and Ceraunius Tholus formed about this time. 

The large impact which created the Hellas Basin was the next 

major event, as evidenced by the-age of the mountainous rim 

of the basin. Extensive formation of intercrater plains 

occurred throughout the heavily cratered areas, leaving only 

localized regions of the uplands unaffected. This was 

followed by the formation of the Argyre Basin, the creation 

of the runoff channels .(also called valley networks), and 

increased volcanic activity, which resulted in the formation 

of the plains south of the Hellas Basin ("the Hellas 

Volcanics") and the volcanic constructs of Tharsis Tholus, 

Hecates Mons, and Apollinaris Patera. Fracturing and 

dissection of the highlands near the present-day 

highlands/plains boundary also dates from the period of 

heavy bombardment. 

Geologic activity continued at an active 

throughout the end of heavy bombardment (Figure 2gb). 

pace 

The 

ridged plains regions of Lunae Planum, Chryse Planitia, 

Syrtis Major Planitia, Sinai Planum, and Hesperia Planum 

were all created during this time span. Deposits covering 

the floors of the Hellas and Argyre Basins date from this 

period, and Hadriaca Patera and Albor Tholus also were 

formed. 
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The shape of crater size/frequency distribution 

curves changes dramatically between the formation of the 

ridged plains and the northern plains. This indicates that 

the population of impacting objects responsible for the 

period of heavy bombardment either was depleted at this time' 

or had evolved into a second population which has been 

responsible for the cratering record within the inner solar 

system since that time. Almost all of the region north 9f 

the hemispheric dichotomy dates from this most recent period 

of time. Major exceptions are the ridged plains and several 

small volcanic constructs. Relative ages of the yarious 

features showing a post heavy bombardment size/frequency 

distribution curve are shown in Figure 29c. 

Various localized plains regions in the northern 

hemisphere had simultaneous formation, giving an average 

integrated crater density of about 50 per 106 km2 for the 

northern plains. Utopia Planitia, Solis Planum, and the 

fractured plains in the Alba Patera region and east of 

Olympus Mons appear to be the oldest of these post heavy 

bombardment plains. Uranius Patera, Biblis Patera, Elysium 

Mons, and the volcanic plains surrounding Elysium formed 

shortly thereafter and appear contemporaneous with the 

chaotic terrain, 

Planum, Vastitas 

the plains filling the Isidis Basin, Syria 

Borealis, and the mottled plains region 

near the north polar cap. The controversial layered 
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deposits located primarily in the Amazonis Quadrangle west 

of Tharsis date from the same period as Arcadia Planitia, 

Amazonis Planitia, Mare Acidalium, and Alba Patera. The 

outflow channels also formed during this period, and 

transection relations indicate that the Valles Marineris 

canyon complex also was forming, although deposits on the 

canyon floor are more recent. The youngest regions on Mars 

are the volcanic plains surrounding the Tharsis volcanoes, 

Olympus Mons and its aureole, and the polar layered 

deposits. Ascraeus Mons, Pavonis Mons, and Arsia Mons were 

not included in the study by Katz and Strom (1984) due to 

problems with image resolution, but are generally believed 

to lie between Alba Patera and Olympus Mons in age. 

Obviously Mars has been a geologically active planet 

for much of its history. Impact processes dominated the 

period of heavy bombardment, but cratering was not the only 

activity which occurred during this period, as is often 

believed. Volcanic activity in various forms has occurred 

during all geologic periods--patera, shields, and flood 

basalts have formed during all three time divisions. Two 

main periods of fracturing are identified. The first was 

during the heavy bombardment period, followed by another in 

the post heavy bombardment epoch. Mars appears to have 

experienced two periods of peak geologic activity (Figure 

30). The first is a gradual increase in activity early in 
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Figure 30. Graphical Display of the Percentage of 
Surface Area Formed at any time throughout Martian History. 
Two Peaks of Activity are seen: One Reaches a Peak at about 
Crater Density 250-300, Corresponding to the Formation of 
the Highlands, and the Second Peak, at Crater Density 35, 
Corresponds to the Formation of the Northern Plains. 
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martian history. This largely corresponds to the period of 

extensive intercrater plains formation throughout the 

highlands during the period of heavy bombardment. The 

second and more recent peak in activity corresponds to the 

formation of the northern plains. Martian thermal 

evolutionary models must account for the extensive period of 

volcanism and these two peaks of geologic activity at vastly 

different times. 

Constraints on Major Geologic Events 

Using this chronology, constraints can be placed on 

the timing of events such as the hemispheric dichotomy, the 

timing of the formation of the Tharsis Bulge, and the nature 

of the outflow channel process. The determination of when 

the dichotomy between northern plains and southern highlands 

occurred provides 

this dichotomy, 

constraints on the process(es) creating 

and, depending on whether the process is of 

internal or 

the proposed 

external origin, can help to further constrain 

thermal models for Mars. The formation of the 

Tharsis Bulge also is a major event which the thermal models 

must explain and is closely linked to the formation of the 

hemispheric dichotomy. Finally, the determination of 

whether the outflow channels were formed in a single event 

or if floods were episodic in nature can be used to diagnose 

the extent of this erosional phase in martian history. 
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Ever since Mariner 9 images revealed the differences 

in elevation and age between the northern and southern 

hemispheres of Mars, scientists have been attempting to 

explain hOhY this dichotomy WclS produced. A number of 

possible origins, both internal and external, have been 

proposed. The predominant proposal for an internal origin 

of the dichotomy is that of Wise, Golombek, and McGill 

(1979). This model posits that the cause of the dichotomy 

was a thinning of the crust in the northern hemisphere. 

Subcrustal erosion created by the operation of a mantle 

convection cell caused this anisotropic thinning. A~cording 

to this model, the surface was lowered in the northern 

hemisphere relative to the southern highlands and upwelling 

lavas preferentially flooded this region to cover most of 

the existing craters. The crustal material incorporated 

into the convection cell from the subcrustal erosion 

eventually rose again due to its buoyancy and created the 

Tharsis uplift. Through a study of the fractures and 

wrinkle ridges within the Tharsis region, Wise et ale (1979) 

determined that the Tharsis Bulge was created by uplift as 

opposed to volcanic loading (Solomon and Head, 1982). They 

also determined this uplift occurred near the end of heavy 

bombardment (a few hundred million years after the 

foundering of the northern hemisphere crust), and that 
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volcanic activity along the Tharsis Bulge was a much later 

phase following the initial rapid uplift. ; 

Many of the mechanisms required by the Wise et ale 

(1979) model are either unspecified or unconvincingly 

proposed by the authors, making a geophysical analysis of . 

its plausibility extremely difficult. However, the sequence 

of events suggested by the authors can be tested using the 

chronology derived in this dissertation. The authors state 

that the age of the Tharsis uplift was between 4.0 and 3.5 

BY ago and occurred within a few hundred million years of 

the lowering of the northern plains by subcrustal erosion. 

The fractured terrain in the heavily cratered uplands (the 

"fractured uplands" terrain unit) provided a constraint on 

the timing of the Tharsis uplift. The most intensely 

fractured uplands date from the period of heavy bombardment, 

with a crater density of between 200 and 100 per 106 kro2• 

These fractures are embayed and covered by younger plains, 

including Sinai 

75 per 106 kro2• 

Wise et 

Planum which has a crater density of about 

The wrinkle ridges in Lunae Planum are 

ale as probably being due to the Tharsis cited by 

uplift. Lunae Planum easily falls within the limits set 

above by the fractures/plains relationship. Thus, the major 

period of uplift for the Tharsis Bulge occurred in the heavy 

bombardment/end of heavy bombardment transition period. The 
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age assigned by Wise et ale for this event correspond well 

to that derived here. 

A correction factor of 133 can be derived by scaling 

the cumulative crater number of 10,000 (derived by Wise et 

ale as the lower limit to the time span of the Tharsis. 

uplift) to the crater density of 75 found in this study. 

This factor allows a direct comparison of the crater 

densities quoted by these two studies. Applying this 

correction factor to the crater numbers quoted by Wise et 

ale for the period of subcrustal erosion (50,000 to 100,000) 

indicates that this event occurred between crater densities 

of 375 and 750 per 106 km2 on the present chronology. These 

crater densities are a lower limit. A correlation of the 

crater densities for the upper limit of the Tharsis uplift 

time span gives a crater density range of 500-1000 for the 

time of crustal foundering. The existence of Jovis Tholus, 

Uranius Tholus, Ulysses Patera, and Ceraunius Tholus in this 

time span suggests that the hemispheric dichotomy was 

created when the crater density was greater than about 450 

per 106 km2• Based upon the chronology derived here, the 

crustal foundering model of Wise et ale (1979) cannot be 

rejected as an explanation for the formation of the 

hemispheric dichotomy and the Tharsis Bulge. 

Models proposing an external event for the creation 

of the hemispheric dichotomy also exist. The two major 
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models for this case explain the dichotomy as the effect of 

either one gigantic impact (Wilhelms and Squyres, 1984) or a 

number of smaller impacts (Frey, Schultz, and Maxwell, 

1986). The single impact model postulates the existence of 

a 7700-km diameter basin in the northern plains (the 

"Borealis Basin") based on the orientations of some isolated 

massifs and narrow plateaus. The proposed basin is centered 

,at SooN, 190 oW, and is defined by the highlands/plains 

boundary between Elysium Planitia and the southern 

highlands, the hemispheric boundary between Isidis Planitia 

and the crater Lyot, the heavily cratered plateau·' in the 

Mareotis-Tempe area, and massifs located along the 

uplands/plains boundary between the Memnonia region and the 

Amazonis and Elysium Planitiae (Figure 31). These features 

are interpreted by Wilhelms and Squyres as the only 

remaining portions of the basin rim. 

Application of the chronology derived in this 

dissertation to the single gigantic impact hypothesis 

results in some major problems. The dissected and fractured 

terrain located along the highlands/plains dichotomy which 

Wilhelms and Squyres interpret as the basin rim would date 

the impact during the latter part of the period of heavy 

bombardment. The existence of older volcanoes within and 

near the edge of this proposed basin (ie, Jovis Tholus, 

Ulysses Patera, and Hecates Mons) argues against this 
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Figure 31. Proposed Location of the "Borealis Basin". 
AP is Alba Patera, OM is Olympus Mons, I is Isidis Planitia, 
and E is Elysium Planitia. The cross represents the center 
of the proposed basin at SooN, 190 oW. After Wilhelms and 
Squyres (1984). 
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events. Thus, the single gigantic impact 

presented by Wilhelms and Squyres can be 

the cause of the hemispheric dichotomy. In 

proposal of several smaller impacts by Frey, 

Maxwell (1986) can be easily reconciled with 

the current chronology by simply assuming that these impacts 

occurred at different times. 

The present chronology indicates that the 

process(es) creating the lower elevation and younger age for 

the northern plains was an ancient event, which, at least in 

some places, occurred during a crater density of >450 per 

106 km2 , based on the ages of the oldest volcanoes from this 

region. The coincidence in age of the fractured uplands, 

fretted terrain, and dissected terrain indicates that these 

units, which occur primarily along the highland/plains 

boundary, underwent a common creation or modification period 

towards the latter part of the period of heavy bombardment. 

The fractured uplands unit was widely affected by the 

formation of the Tharsis Bulge at this time. The subcrustal 

erosion model of Wise, Golombek, and McGill (1979) and the 

multiple impact hypothesis of Frey, Schultz, and Maxwell 

(1976) are consistent with this sequence of events, but the 

mega-impact hypothesis of Wilhelms and Squyres (1984) is 

not. 
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The present chronology also provides information as 

to the role of erosion in martian history. A number of 

researchers have attempted to determine the timing of the 

major erosional epochs based on the morphologic state of 

craters. Chapman (1974) determines a major obliterative 

period early in martian history due to a combined high 

cratering rate and a more extensive atmosphere. 

Alternately, Jones (1974) believes that a major obliterative 

period occurred within the past 0.5 BY, primarily as a 

result of a thicker atmosphere and increased water erosion. 

Crater morphological and preservational information is 

contained in the extensive data base obtained for this 

study. Although these data have not yet been studied in 

detail, preliminary results suggest that both Chapman's and 

Jones's results are partially correct. The terrain units 

dating from the period of heavy bombardment show evidence of 

being affected by an early wide-spread erosional period, 

while the outflow channels display evidence of at least two 

episodes of activity. Most researchers agree that the 

. formation of the chaotic terrain released the substance, 

probably water, which carved the outflow channels. The 

crater size/frequency distribution curve of crater types 1, 

2, and 3 (craters with rampart, ballistic, and no ejecta, 

respectively) superimposed on the outflow channels is almost 

identical to the distribution curve for the chaotic terrain, 
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supporting the hypothesis of a simultaneous formation for 

these units. However, when the distribution curve of the 

outflow channels only includes crater types 1 and 2 (ie, 

only those craters which definitely post-date all episodes 

of erosion in the channels), the channels are found to be· 

younger than the chaotic terrain. This-finding supports the 

theory that the flooding which created the outflow channels 

was episodic in nature (Milton, 1973; Theilig and Greeley, 

1979) rather than a single event. 

This reanalysis of the geologic history of Mars has 

clarified some controversial age relationships and has 

better defined ages for several terrain units. Mars has 

experienced internal geologic activity throughout much of 

its history. This study has provided not only a better 

relative age chronology for the localized units, but also 

can further constrain a variety of geologic problems that 

exist for Mars. The constraints provided on the various 

thermal evolutionary models proposed for Mars will be 

discussed in the next chapter. 



CHAPTER 4 

CONSTRAINTS ON MARTIAN THERMAL EVOLUTIONARY MODELS 

The geologic evolution of a planetary surface is 

determined largely by the thermal evolution of the planet's 

interior. A number of models have been proposed to describe 

the thermal evolution of Mars. These models must explain 

the diversity, spatial extent, and proper age sequence of 

the observed surface features as well as the geophysical and 

chemical properties of the planet. By combining the 

information gleaned from the geological, geophysical, 

geochemical, and atmospheric studies, we can begin to 

decipher what the thermal state of the martian interior has 

been throughout the planet's history. The geologic 

chronology derived in the previous chapter will be used in 

an attempt to further constrain these thermal models. 

Data Constraining Thermal Models 

A number of physical properties must be known for a 

planet prior to the determination of a detailed thermal 

evolutionary model. Of primary importance is knowledge of 

the interior structure. Seismic studies give the best 
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the various layers constituting a planet. 

Viking landers were equipped with 

seismometers, no useful seismic data were obtained for the 

planet (Anderson, et al., 1977). The seismometer on the 

Viking 1 lander did not function after the spacecraft.· 

landed, and the instrument on the Viking 2 lander was not 

sufficently well coupled to the planet's surface to detect 

unambiguously any vibrations other than those generated by 

the winds. Thus, the interior structure of Mars must be 

derived from other geophysical methods. 

Information from the martian gravitational potential 

indicates the planet has differentiated into a core, mantle, 

and crust. The second degree zonal harmonic of the 

gravitational potential, J2' was determined first by Mariner 

9 and later refined by Viking. The Tharsis Bulge is massive 

enough to contribute an appreciable nonhydrostatic component 

to J2' so this effect must be calculated and subtracted from 

the observed J2 to provide the hydrostatic value of J2. 

Reasenberg (1977) and Kaula (1979) describe two methods for 

obtaining this hydrostatic value of J2. This J2 value is 

then used in the Radau-Darwin approximation to give the 

"undistorted" dimensionless moment of inertia, C/Ma2 , where 

C is the planet's moment of inertia about the rotation axis, 

M is the planet's mass, and a is the planet's mean radius. 
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Both Reasenberg and Kaula derive a value of 1.829 x 10-3 for 

the hydrostatic J2 and a value of 0.365 for C/Ma2 • A body 

of u.~iform density in hydrostatic equilibrium would have 

C/Ma2=0.4, therefore the C/Ma2 value of 0.365 implies that 

Mars has a dense core. The size of the core cannot be 

precisely determined without seismic data, but geochemical 

constraints on its possible composition give it a range in 

density from 6 to 8 g/cm3 , implying a radius range of 1500-

2000 km (Johnston and ToksQz, 1977). 

The physical state of the martian core (ie, whether 

it is .solid or liquid) is uncertain. If Mars has an Fe-FeS 

core, the interior temperatures are high enough that the 

core should still be molten. Recent dynamo theories suggest 

that planetary magnetic fields are produced by interactions 

between a molten outer core and a solid inner core 

(Stevenson, Spohn, and Schubert, 1985), so if the martian 

core is entirely molten no magnetic field is expected to 

exist. However, data from the Soviet Mars missions indicate 

a weak magnetic field, which when fitted to a dipole give a 

magnetic moment of 2x1022 Gauss-cm3 tilted 15°-20° with 

respect to the rotation axis, and oriented opposite in sense 

to the Earth's dipole moment (Dolginov, et al., 1973; 

Dolginov, 1978). A re-evalution of the data gives an upper 

limit of 2x10 21 Gauss-cm3 for the moment (Russell, 1978). 
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This small value has caused some models to be proposed 

wherein the martian core contains very little sulfur and has 

a higher melting temperature. These models imply a solid 

core. However, in this case the problem arises as to how 

the core forms if it doesn't melt. Also, the shergottite 

meteorite data indicate a sulfur-rich core for their parent 

body, which is presumably Mars. Even if melting occurred 

early and a core has been able to solidify since that time, 

compressional tectonics should then be seen on the martian 

surface. However, the martian tectonic regime is dominated 

by extensional, not compressional, features. Information on 

heat flow and the seismic properties of the core are 

necessary to resolve this dilemma. 

The martian mantle has almost certainly undergone 

igneous differentiation. The existence of a large number of 

volcanic constructs and the characteristics of these 

volcanoes provide information on the structure and 

composition of the martian mantle. The length of lava flows 

emanating from large shield volcanoes in the Tharsis region 

indicate lavas of low viscosity. such low-viscosity lavas 

are produced by partial melting of exceptionally iron-rich 

rock, indicating that the martian mantle is richer in iron 

than earth's mantle. Calculations of the depth of the 

source chambers from which the magma is tapped give depths 



well within the martian mantle, confirming 

lavas give information on the composition 

(Hubbard, 1984, pg.219-233). 
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that iron-rich 

of the mantle 

The thickness of the martian crust is inferred from 

gravity data. These data indicate that in the Tharsis 

region gravity and topography are correlated, but in other 

areas of the planet such a relationship does not exist. 

This implies that most of Mars' topography is isostatically 

compensated at a relatively shallow depth with the exception 

of the Tharsis region, which is only partially compensated 

at shallow depth. Phillips, et al. (1973) and Phillips and 

Saunders (1975) attempted to model the martian gravity field 

using a simple Airy isostasy model of a variable-thickness 

crust. By calculating the Bouguer anomaly over various 

portions of the planet, they determined the martian crustal 

thickness ranges from 50-km under most of the planet to 130-

km under Tharsis. However, Phillips and Lambeck (1980) 

noted that neither simple Pratt nor Airy compensation 

models can accurately explain both high and low frequencies 

of martian topography. A compensation mechanism was 

proposed by Sleep and Phillips (1979) which combines an Airy 

model of a variable crustal thickness with a Pratt model of 

lateral density variations in the upper mantle. In this 

model, the crust is thinnest under the Tharsis region and 
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the upper mantle density is low because of the higher 

temperatures and different compositions expected in volcanic 

regions. Tharsis is compensated at 300-km depth in this 

model. 

No evidence for plate tectonics has been found in 

the geomorphic features on the martian surface. The 

dominant type of tectonics on Mars are .extensional faults, 

such as that seen in the Valles Marineris canyon system and 

circum-Tharsis faulted terrain. The few examples of 

compressional tectonics, such as wrinkle ridges, are very 

localized. Geologic features associated with terrestrial 

plate tectonics, such as folded rocks, mountain chains, 

linear trenches, 

on Mars. Thus, 

whose tectonics 

Tharsis Bulge. 

and transverse 

Mars appears 

are dominated 

faulting, are not observed 

to be a single-plate planet 

by the existence of the 

The bulk composition, amount of volatiles, and 

degree of planetary outgassing are also important 

considerations when deriving thermal evolutionary models. 

Bulk composition is poorly constrained by current 

cosmochemical models. Equilibrium condensation models 

predict that Mars has an FeS-NiS core, an olivine mantle 

with an Fe/(Fe + Mg) ratio higher than that for the earth, 

and an inventory of volatiles intermediate between Earth and 
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carbonaceous chondrites (Lewis, 1972~ Goettel, 1977). 

Another model suggests that Mars has a higher oxidation 

state than Earth (Ringwood and Clark, 1971). In this model, 

Mars begins with an oxidized chondritic composition. The 

planet then differentiates into a solid inner core composed 

of high pressure phase magnetite, a molten outer core of Fe

S-O, a spinel and garnet lower mantle, an olivine and 

pyroxene upper mantle, and a highly oxidi?ed crust. 

Anderson's (1972) model for Mars starts with a composition 

identical to ordinary chondrites, which incompletely 

differentiates into an Fe-S-Ni core and an Fe- or FeO-rich 

mantle. McGetchin and Smyth. (1978) model the martian mantle 

as an essentially terrestrial pyrolite mantle with extra FeO 

added to match the observed mean density and moment of 

inertia of the planet. Finally, a model by Morgan and 

Anders (1979) suggests that Mars is similar in composition 

to the bulk lunar composition, and is depleted in volatiles 

relative to the Earth. clearly, knowledge of only the 

planet's mean density and moment of inertia is not enough to 

constrain bulk composition in enough detail as is required 

by thermal models. 

The Viking landers provided some rough chemical 

information about surface composition in Chryse Planitia and 

Utopia Planitia. These analyses indicate that the martian 
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soil has a high concentration of Fe, Mg, and 5, is low in 

AI, and has extremely low amounts of K relative to 

terrestrial igneous rocks. Direct chemical analysis 

combined with spectral reflectance data suggest that the 

major component of the soil is a nontronitic 

montmorillonite, an Fe-rich clay derived by chemical 

weathering of mafic or ultramafic rocks (Baird et al., 

1976). This suggestion appears consistent with the high-Fe 

content of the martian interior postulated by various bulk 

chemistry models. 

The chemical model of Morgan and Anders (1979) which 

suggests Mars is a volatile poor planet is not supported by 

geologic evidence indicating large quantities of volatiles. 

Features such as rampart ejecta blankets surrounding many 

martian craters, outflow and runoff channels, chaotic 

terrain (Carr, 1981), and the "softening" of geomorphic 

features in mid-latitude regions (Squyres and Carr, 1986) 

all have been suggested as indicators of substantial amounts 

of volatiles in the subsurface layers. Volatiles are also 

present in the polar caps and in the atmosphere. The winter 

polar cap is predominantly frozen C02" whereas the residual 

summer polar cap is H20 ice. The atmosphere is mainly C02 

with traces of N2' Ar, 0, 02' CO, Kr, and Xe. A number of 

chemical and geologic arguments suggest the existence of a 
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more massive martian atmosphere in the past. Among these 

arguments are the total C02 and N2 to rare gas abundances, a 

75% enrichment of 15N/14N with respect to terrestrial values 

(Nier, McElroy, and Yung, 1976), and the existence of 

channels, which are believed to have formed by the action of 

liquid water (Milton, 1973). Long-term changes in the 

planet's obliquity and orbital eccentricity may cause 

fluctuations in atmospheric mass as well as climatic 

variations (Ward et al., 1974). The high 40Ar /36Ar ratio in 

the martian atmosphere compared to the terrestrial 

atmosphere has been attributed to either a greater crustal K 

abundance or to a lower general volatile abundance compared 

to that of the earth. If Mars has outgassed as completely 

as Earth, then the amounts of volatile elements can be 

estimated. The observed quantities of these vblatiles 

indicate the total amount of outgassing on Mars has probably 

been less than that experienced by the earth (Anders and 

OWens, 1977). 

Finally, the formulation of a thermal evolutionary 

model requires a well-defined chronology of the surface 

features. An absolute chronology would be very useful for 

this, since thermal models could then be tested against 

absolute ages for specific events. The lack of an accurate 

absolute chronology creates more uncertainty in determining 
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which thermal model best describes the evolution of Mars. 

Continuous refinement of relative chronologies helps to 

constrain thermal models by better definition of the 

sequence of events and the relative temporal extent of major 

processes shaping the surface. 

The principal features to be described by thermal 

evolutionary models are the differentiation of the planet 

into a core and a low-density crust and an extended period 

of active volcanism. Although the timing of core formation 

is uncertain, formation of the martian crust occurred very 

early on, since the period of heavy bombardment is clearly 

recorded in the southern highlands. Early differentiation 

of the crust suggests an early hot exterior, similar to that 

proposed for the moon. If core formation is related to the 

formation of the hemispheric dichotomy and/or the formation 

of the Tharsis Bulge (Phillips, 1978; Wise et al., 1979b), 

then it may also 

bombardment, within 

planet formation. 

have formed during the period of heavy 

approximately the first 0.5-1 BY after 

The lack of an absolute chronology and the 

uncertainties concerning the abundanee and distribution of 

radioactive heat sources are major ambiguities in the 

thermal models. As such, a wide variety of thermal models 

have been proposed which are based on the geophysical, 
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geochemical, geological, and atmospheric properties 

discussed earlier. However, if the parent body of the 

shergottite, nakhlite, and Chassigny ("SNC") meteorites is 

actually Mars, as several lines of geochemical evidence 

currently imply (Shih et. al., 1982, Bogard and Johnson, 

1973), constraints can be placed on at least one period of 

volcanism based on the crystallization age of the 

meteorites. The estimates for the age of the.shergottites 

range from 1.3 BY to 180 MY, depending on the various 

interpretations of events resetting the isotopic clocks 

(Shih et. al, 1982; Jones, 1985), although 1.3 BY is 

preferred because of the isochronism of several 

chronometers. This is well after any of the estimates for 

the termination of the period of heavy bombardment (2.5-3.8 

BY ago), thus the crater from which the SNC meteorites were 

ejected lies on post heavy bombardment terrain. Whole rock 

Rb-Sr and U-Pb ages indicate differentiation of the SNC 

parent body about 4.6 BY ago (Shih et. al., 1982; Chen and 

Wasserburg, 1986). Thus, if the SNC meteorites originated 

on Mars, the thermal models can be constrained using the 

planetary differentiation and crystallization age 

information. In the remainder of this chapter these 

proposed thermal models will be discussed and any agreements 

or contradictions with the chronology derived in the 

previous chapter will be noted. Major disagreements with 
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the current chronology will result in the dismissu .. of the 

model as one which can accurately describe the thermal 

evolution of Mars. 

Proposed Thermal Models 

Thermal models can be divided into two major 

categories: those having a cold origin and those having a 

hot origin. 

the planet 

Cold origin models are those which begin with 

uniformly cold (S5000K), requiring primarily the 

decay of 

heat up 

occurs. 

radioactive isotopes 

the planet to the 

and adiabatic compression to 

point where differentiation 

Johnston, et ale (1974) describe two models with 

initial temperatures 

radioactive elements. 

of 273°K and varying amounts of 

With an uranium concentration of 

45ppb and a K/U ratio of 10,000, core formation begins about 

1 BY after planet formation and ends by about 1.75 BY. 

Melting of dry silicates in the mantle and the 

differentiation of radioactive isotopes begins about 3.75 BY 

after planet formation, indicating that wide-spread surface 

volcanism began only within the past 1 BY. Including the 

effect of compressional heating on the internal temperature 

results in core formation beginning within the first few 

hundred million years and is completed by 1.4 BY after 

planet formation. However, partial melting of dry silicates 

still does not occur. until about 2.5 BY. Similar problems 
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occur with the cold origin model of Solomon and Chaiken 

(1976), which begins with a uniform interior temperature of 

about 450 0 K plus some additional heat sources from 

compression and chondritic radioactive elements. In this 

model planetary differentiation occurs between 2.7 and 3.6 

BY after planet formation. Expansion of the planet due to 

interior heating is the primary cause of volcanism. 

All three of these models cannot account for an 

early differentiation of a distinct crust since all have the 

outer portions of Mars start and remain cold. The SNC 

meteorite data indicates planetary differentiation occurred 

early after planetary formation, and the chronology 

discussed in the previous chapter indicates that a distinct 

stable crust existed in at least the southern hemisphere 

within 1-2 BY after planet formation, depending on when 

exactly the end of heavy bombardment occurred (see Chapter 

3). The chronology discussed in the previous chapter 

indicates that volcanism also occured early in martian 

history, as evidenced by the ages of several small volcanic 

constructs and the large expanses of intercrater and ridged 

plains, presumably of volcanic origin. Thus, thermal models 

which postulate a cold origin for Mars can be dismissed on 

the grounds that the ages of a number of geologic features 
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cannot be reconciled with the proposed ages of major events 

in these models. 

Thermal models 

temperatures >500 o K are more 

thermal history supported 

which begin with interior 

successful in describing a 

by the geologic chronology. 

Examples of such models have been proposed by Fricker et ale 

(1974), Johnston et ale (1974), Johnston and Toksoz (1977), 

and Toksoz and Hsui (1978). All of these models result in 

the early differentiation of a core and crust, with 

volcanism begining early and continuing until the last 1-2 

BY. These models have planetary expansion occurring during 

the period of heavy bombardment, consistent with the ages of 

extensional faulting in the highlands determined by the 

chronology. The model of Fricker et ale (1974), has 

interior cooling with decreasing volcanism occurring within 

the past 2-2.5 BY. This model disagrees with the SNC 

meteorite crystallization age information, as well as with 

data from the present chronology, as it appears that 

volcanic activity peaked shortly after the end of heavy 

bombardment (ie, 3.8-2.8 BY ago) and has declined only 

gradually since then. Cooling and contraction of the planet 

over the past 2-2.5 BY would also lead to compressive 

stresses which, according to Solomon (1979), would result in 

observable compressive features. The lack of such large 
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scale compressive features on the martian surface indicates 

that this model has some serious problems in correctly 

describing the observed geology. 

Of the various models proposed by Johnston, ToksQz, 

and Hsui (Johnston et al., 1974; Johnston and ToksQz, 1977; 

ToksQZ and Hsui, 1978), the model by ToksQZ and Hsui is the 

most detailed and provides a description of the evolution of 

Mars' according to their model. They begin with an interior 

temperature of 1000DC, an uranium concentration of lSppb, a 

K/U ratio of 50,000, and a Th/U ratio of 4. Core formation 

begins immediately after planet formation and is completed 

by 1 BY. Extensive melting and volcanism occurs about 1-3 

BY after planet formation, consistent with the older 

volcanic plains and structures seen. The major period of 

extension (tensional fracturing) and eventual cooling of the 

planet are consistent with the chronology obtained herein. 

Thus, this thermal model (as well as the less detailed but 

otherwise similar models of Johnston et al., 1974, and 

Johnston and ToksQz, 1977) is most consistent with the 

geologic evolution described by the present chronology, as 

well as the absolute age data from the SNC meteorites. 

However, none of the existing thermal models include timing 

of the hemispheric dichotomy or formation of the Tharsis 
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Bulge. New models need to be proposed which include these 

major geologic events. 

A model combining portions of both the cold and hot 

origin models is presented by Solomon and Chaiken (1976). 

In this model, the upper few kilometers of the planet are 

initially hot, while the bulk of the interior is cold. This 

allows for the differentiation of a crust early in martian 

history, circumventing objections raised against their cold 

origin hypothesis presented in the same article. The 

description of this model is too general for a detailed 

comparision with the chronology proposed herein. The 

description implies a time scale similar to that of the cold 

origin model, except for early differentiation of the crust. 

Presumably, this would be accompanied by an early stage of 

volcanism, which decreases with time until core 

differentiation begins 2.7 BY after planetary formation. 

However, this would place the second episode of volcanism 

long after the end of heavy bombardment, inconsistent with 

formation of the ridged plains prior to termination of the 

heavy bombardment period. Additionally, late 

differentiation of the planet is inconsistent with whole 

rock Rb-Sr and U-Pb age information from SNC meteorites.· 

This model therefore is also inconsistent with the 

chronology derived in the previous chapter. 



102 

Many uncertainties remain in the determination of 

thermal evolutionary models for Mars. Major uncertainties 

existing in these models are the lack of an absolute 

chronology for the geologic events shaping the surface and 

the uncertainty in abundance and distribution of radioactive 

isotopes. These problems will not be completely resolved 

until martian surface samples can be returned to earth and 

studied in detail. The relative chronology derived for this 

dissertation provides information on whether units pre- or 

post-date the end of heavy bombardment. Even though the 

exact date of this event is uncertain within a billion 

years, this chronology can be used to determine which 

thermal models are consistent with the temporal sequence of 

events. The isotopic age information of the shergottite, 

nakhlite, and chassigny meteorites provide additional 

constraints on the therml models. 

Thermal models which postulate an initially cold 

interior for Mars can be dismissed because of the inability 

of these models to differentiate a crust early in martian 

history. Additionally, the temporal extent of volcanism 

predicted by these models is inconsistent with that 

determined in this chronology. Similarly, a model combining 

a hot exterior with a cold interior, while resolving the 

problem of early differentiation of a crust, does not 
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accurately predict the observed chronologic sequence. Only 

the~al models which assume an initially hot martian 

interior (Toksoz and Hsui, 1978) are consistent with the 

derived chronology. My chronology provides not only 

detailed information about the timing of geologic events 

relative to each other and to the period of heavy 

bombardment, but also places constraints on the likelihood 

of various the~al evolutionary models which have been 

proposed for Mars. 

, 



CHAPTER 5 

SUMMARY 

Mariner 9 and Viking images of Mars have shown a 

surface with a number of terrain units of varying ages. A 

number of attempts have been made to determine a relative 

chronology for Mars (Hartmann, 1973; Soderblom et al., 1974; 

Neukum and Wise, 1976; Condit, 1978; Neukum and Hiller, 

1981), but the techniques used to derive such a chronology 

have had a number of inherent problems. Among these are use 

of statistics based on craters <S-km in diameter, analysis 

of only limited areas of the planet and extrapolation of the 

results to other regions, and lack of good crater 

preservational information due to atmospheric dust 

obscuration in Mariner 9 images. Previous techniques have 

also relied on the cumulative size/frequency distribution 

plotting technique to display the statistical data. This 

technique does not readily provide information on the 

relationship of a terrain unit to the period of heavy 

bombardment as does the Relative size/frequency distribution 

plotting technique (Crater Analysis Techniques Working 

Group, 1978). The recent completion of the USGS Viking 1:2M 
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photomosaic series gave the impetus to reanalyze the martian 

data in better detail. 

The resulting chronology has shown that Mars has 

been geologically active over a long time span. A study of 

most of the volcanic constructs by Katz and Strom (1'984) . 

shows that volcanic activity has occurred since the period 

of heavy bombardment. Several volcanoes are as old as the 

uplands, the oldest terrain unit determined herein. 

Formation of extensive intercrater plains throughout the 

southern highlands occurred during the period of heavy 

bombardment, as did formation of the Hellas and Argyre 

Basins and of the fractured and dissected uplands. A major 

episode of volcanism occurred near the end of heavy 

bombardment when the ridged plains regions of Lunae Planum, 

Syrtis Major Planitia, Chryse Planitia, Hesperia Planum, and 

Sinai Planum formed. Deposits covering the floors of the 

Hellas and Argyre Basins also date from the period just 

prior to the end of heavy bombardment. 

The population of impactors responsible for inner 

solar system cratering since the end of heavy bombardment 

shows a crater size/frequency distribution curve which is 

statistically different in both shape and crater density 

from that produced by the heavy bombardment impactor 

population. Thus, terrain units which formed after the end 
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of heavy bombardment can be identified easily based on the 

structure of the distribution curves. Approximately 40% of 

the planet, located primarily in the northern hemisphere, 

formed in this most recent time period. This study also has 

shown that the northern plains of Mars can be divided into 

more localized regions which display a range of ages from 

just after the end of heavy bombardment up to recently. The 

.oldest of these units are Utopia Planitia, Solis Planum, and 

the fractured plains near the eastern edge of Tharsis. 

Biblis Patera, Uranius Patera, Elysium Mons, and plains 

surrounding Elysium formed next, followed by Isidis 

Planitia, Syria Planum, Vastitas Borealis, and the mottled 

plains. Activity continued in Arcadia Planitia, Amazonis 

Planitia, and Mare Acidalium. Alba Patera and the Amazonis 

equatorial layered deposits also were formed at this time. 

The most recent areas on Mars are found in the deposits on 

the floor of Valles Marineris, on Olympus Mons and its 

surrounding aureole, and in the layered deposits surrounding 

the poles. 

This chronology differs from currently used 

chronologies in that the entire surface of the planet was 

considered. It has the capability to determine reliably the 

relationship of each unit to other units and also to the end 

of heavy bombardment. This chronology allows better 



determination of when certain features formed, 
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puts 

constraints on the timing of certain major geologic events, 

and places limits on the predictions of various thermal 

models. All of these are major questions still limiting our 

knowledge of Mars and its evolution. Therefore, this 

chronology brings us closer to understanding our neighboring 

world. 

Major geologic events which this chronology helps to 

constrain are the timing of and possible processes creating 

the hemispheric dichotomy, formation of the Tharsis Bulge, 

and whether outflow channels were formed in a single event 

or were episodic in nature. Very old volcanic constructs 

within the Tharsis and Elysium regions constrain the 

formation of the hemispheric dichotomy to a time very early 

in martian history. The single mega-impact hypothesis of 

Wilhelms and Squyres (1984) can be dismissed because 

features interpreted as the basin rim by these researchers 

are too young. The crustal foundering model of Wise, 

Golombek, and McGill (1979a) and the multiple impact 

hypothesis of Frey, Schultz, and Maxwell (1986) cannot be 

dismissed based on the results of this chronology. The 

formation of the Tharsis Bulge can be constrained to the 

period of heavy bombardment-end of heavy bombardment 

transition period, consistent with the time period 



dete~ined by Wise, Golombek, 

difference in age between the 

outflow channels supports the 

108 

and McGill (1979). The 

chaotic terrain and the 

hypothesis that the flooding 

which created the outflow channels was episodic in nature 

(Milton, 1973) rather than a single event. 

The chronology derived herein together with isotopic 

information from SNC meteorites can be used to constrain the 

thermal evolution models for Mars by correlating the timing 

of events with the observational evidence. Thermal models 

proposing an initially cold interior for Mars are found to 

b~ inconsistent with the evidence for an early 

differentiation of a low-density crust and the long-term 

history of widespread volcanic activity. A model by Solomon 

and Chaiken (1976) which combines a hot exterior and a cold 

interior also is not supported by the volcanic evidence. 

Only models postulating an initially hot interior for Mars 

(particularly that detailed in Toksoz and Hsui, 1978) are 

consistent with the timing of crustal formation, volcanism, 

and extensional fracturing found in this chronology. 

However, none of these thermal models discuss the timing of 

formation of either the hemispheric dichotomy or the Tharsis 

Bulge. More detailed thermal models which describe these 

events and incorporate the age information from SNC 

·meteorites still remain to be derived. 
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Revision of the martian relative chronology was 

attempted in order to provide a more detailed chronology 

than presently exists in the literature. My results portray 

Mars as a geologically active world throughout much of its 

history. The period of heavy bombardment was characterized 

not only by high impact rates and the formation of large 

basins, but also by extensional faulting and by widespread 

volcanism creating both extensive plains and individual 

volcanic constructs. The percentage of created surface area 

reached a gradual peak during this period around crater 

numbers 250-300 per 106 km2 , then declined until near the 

end of heavy bombardment when the percentage of surface area 

created again began to rise. The end of heavy bombardment 

was characterized by formation of the ridged plains, located 

primarily in the martian equatorial zone. The majority of 

the northern 

bombardment, 

hemisphere has 

including the 

formed since 

chaotic 

the end of heavy 

terrain, outflow 

channels, and the large volcanic constructs. 

The chronology which has been derived from this 

study provides the most complete analysis of the entire 

martian surface to date. It avoids the problems inherent in 

existing chronologies and for the first time definitely 

determines the age of each terrain unit relative to the end 

of heavy bombardment. This chronology should remain 
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unsurpassed among martian chronologies until soil samples 

from various locations across the planet can be tested in 

geochemical laboratories to provide accurate absolute ages. 



APPENDIX 

DISCUSSION OF STATISTICAL TESTS 

The determination of a terrain unit's relationship 

to the period of heavy bombardment depends on the shape of 

the crater size/frequency distribution curve on a relative 

plot. Near the log (R) value of -2, the slope indices of 

the distribution curves begin to change from a value of -2 

in the diameter range 8- to 70-krn to a value of -3. The 

application of statistical tests to the data is required to 

determine the relationship of most of the ridged plains 

units to the period of heavy bombardment. The Chi-square 

and Wald-Wolfowitz tests were the statistical test chosen 

for this analysis. 

The Chi-Square Test 

The Chi-square test (X2) determines the goodness of 

fit between the observed data and the probability 

distribution function of a parent population. In this 

analysis, a line was fitted to the observed crater data 

using the method of weighted least squares. First the R 

values were determined using the defining equation 

where Da is the 

upper limit of a 

R=D3N/(A(Db-Da) 

lower limit of a diameter bin, Db is the 

diameter bin, D (=JDaDb) is the geometric 

mean of the bin, N is the number of craters within that 
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diameter bin, and A is the area. The standard deviation is 

given by 

a=R/JN. 

Obviously, the uncertainties are not equal for each 

data point, therefore we must include the standard deviation 

as weighting factors in the calculations. The weighting 

factor used in the least squares analysis must be modified 

from its usual definition (w=1/a2 ) because the data is 

displayed on a log-log plot. Without modification of the 

weighting factor, the uncertainties for small values of R 

are underemphasized. To compensate for this trend, the 

weighting factor is modified as follows (Bevington, 1969, 

pg. 182): 

a'=[d(log R)/d(R)]*a = [log(e)/R]*a = log(e)/JN 

w=(1/a,)2 = N/(log e)2 = N/(O.1886114) 

Using this modified weighting factor, the following 

quantities are determined: 

SUMX = tw*log(D) 

SUMY = tw*log(R) 

SUMXY = tw*log(D)*log(R) 

SUMX2 = tw*log(D)*log(D) 

SUMW = tw 

From these quantities, the slope and y-intercept of the 

linear least squares fit to the data can be calculated: 

SLOPE = (SUMW*SUMXY-SUMX*SUMY)/(SUMW*SUMX2-SUMX*SUMX) 
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YINT = (SUMY*SUMXW-SUMXY*SUMX)/(SUMW*SUMX2-SUMX*SUMX) 

The R-values corresponding to the line described by this 

slope and y-intercept are then computed for each value of 

the mean diameter 

log(R) = YINT + SLOPE*log(D) 

The standard parent population against which the 

observed data is compared is taken to be the typical post 

heavy bombardment population with a slope index of -3, which 

appears as a horizontal line on the Relative plot. The 

weighted linear least squares fit to the data for each unit 

was compared to a horizontal line. The log(R) values for 

this horizontal line are identical to the first log(R) value 

of the least squares line, so both lines begin at the same 

point. The number of craters in each diameter bin .for the 

standard were then calculated using the area of the terrain 

unit begin compared: 

Ns = RA(Db-Da)/D3 

The number of craters in each diameter bin for the linear 

least squares fit to the data (No) were similarly computed. 

The Chi-square value was then calculated using 

X2 =t(No-Ns )2/Ns 

The reduced x2 value (Xv2 ) was then calculated as 

Xv2=x2/v v=N-2 

where v is the degrees of freedom and N is the number of 

bins. The Xv2 value is compared with the tabulated values 
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of Xv2 in Bevington (1969, pg 313-315) at the 99% confidence 

interval. 

Table IV. 

The results of the Chi-square test are shown in 

The Wald-Wolfowitz Runs Test 

Strictly speaking, the Chi-square test may only be 

used when comparing an observed distribution to a parent 

probability distribution function. In the present analysis, 

we actually wish to compare two observed populations to 

determine whether they are statistically different. 

Nonparametric statistics allow one to determine if two 

independent populations are drawn from the same parent 

population without making any assumptions about the parent 

distribution. The Wald-Wolfowitz Runs Test is one of the 

most useful of the nonparametric tests and the requirements 

for its use are met by the current data set. 

Many nonparametric tests are designed to determine 

particular types of differences between two groups of data. 

The Wald-Wolfowitz test is applicable when testing the null 

hypothesis that two independent samples have been drawn from 

the same population. The only assumption made by this test 

is that the underlying distribution is continuous. 

To apply the Wald-Wolfowitz test, the nl values from 

the first sample and the n2 values from the second sample 

are ordered in terms of increasing size, retaining the 
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TABLE IV 

RESULTS OF CHI-SQUARE TEST 

UNIT SLOPE Y-INTERCEPT ~LY DIFFERENT? * 
Sinai 1.257 -3.35 18.61 Yes 
Solis -0.249 -1.90 0.26 No 
Isidis -0.174 -2.10 0.09 No 
Hesperia 0.593 -2.64 6.07 Yes 
Lunae Pl. 1.056 -3.10 15.8 Yes 
Argyre 0.969 -3.12 5.02 Yes 
Syrtis Mj. 0.676 -2.74 5.05 Yes 
He1las 0.674 -2.68 12.12 Yes 
Chryse 0.391 -2.45 4.89 Yes 

*99% confidence interval 
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identity of the sample from which each value was drawn. A 

"run" is defined as any sequence of values from one 

particular sample. The number of runs (r) is dete~ined and 

compared with Table FI in Siegel (1979, pg. 252). If r is 

less than or equal to the tabulated critical value for the 

specified values of n1 and n2' the null hypothesis is 

rejected at the 95% confidence interval. The parameters 

used in this test were the log(R) values for the plains and 

each specific terrain. The results of the Wald-Wolfowitz 

test are shown in Table v. 
The Wald-Wolfowitz nonparametric test concurs with 

the results of the Chi-square test. Hesperia Planum, Sinai 

Planum, Argyre Planitia, Lunae Planum, Syrtis Major 

Planitita, Hellas Planitia, and chryse Planitia show 

siz~/frequency distribution curves statistically different 

from the -3 slope index curve which would indicate 

emplacement after the end of heavy bombardment. Therefore, 

these units have been placed in the end of heavy bombardment 

epoch. Solis Planum and Isidis Planitia are statistically 

identical to the post heavy bombardment distribution curve 

and thus date from this period. Syria Planum could not be 

included in either test because of an insufficent number of 

craters--it is placed into the chronology solely by 

reference to its total crater density. 
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TABLE V 

WALD-WOLFOWITZ RUNS TEST RESULTS 

~ ..Jl1 !!2 -1:. CRITICAL VALUE DIFFERENT? * 

Sinai 3 8 2 2 Yes 
Solis 4 8 4 3 No 
Isidis 4 8 6 3 No 
Hesperia 5 8 2 3 Yes 
Lunae Pl. 4 8 2 3 Yes 
Argyre 5 8 2 3 Yes 
Syrtis Mj. 4 8 2 3 Yes 
Hellas 6 8 2 3 Yes 
Chryse 5 8 2 3 Yes 

*95% confidence interval 
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