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Abstract
Crater counting is a method which allows us to estimate the surface ages
of the planetary bodies, from which the sampling and sample delivery to
laboratories on Earth are difficult or impossible. Because the number of
craters on a surface unit increases over the time the surface has been exposed
to space, old, geologically stable units have more craters than young and
active units. When the crater production rate as a function of time is known,
the absolute age of the surface unit can be determined based on its crater
density.
The purpose of this thesis is to investigate the role of small impact craters
in crater counts to find out how modern very high-resolution space images can
be utilized in age determination of planetary surfaces. The thesis focuses on
how reliable crater count based datings are, if only small craters and counting
areas are used in age determination.
The research is carried out by utilizing crater counts on the outflow channels of Dao, Niger, Harmakhis and Reull Valles, which all are located in the
eastern rim region of the Hellas impact basin, on the southern hemisphere of
Mars. Crater counts are performed mainly based on the images of ConTeXt
Imager (CTX) and High Resolution Imaging Science Experiment (HiRISE)
aboard Mars Reconnaissance Orbiter (MRO).
The results show that small craters are a very valuable tool to get information about the surface age. Instead of the size-range of counted craters,
or the size of counting areas, results are dependent on the variability and
scale of the surface modification history. The more variable or larger scale
the modification history is, the larger surface area and wider crater diameter
range are typically needed to achieve comprehensive age estimations.
The crater counts on the eastern Hellas outflow channels support the
earlier theories according to which the valles formed during a relatively short
time interval, ∼ 3.4–3.7 Ga ago. The existence of terrace structures and
smaller tributary channels indicate that the outflow channels were filled by
several pulses of liquids. The major fluvial activity ended no later than ∼
0.8–1.9 Ga ago, and it was probably controlled by the activity of nearby
highland volcanoes.
i

Soon after the declined fluvial activity, the outflow channels were covered
by ice-rich deposits. The major reason for this was probably the changed
climatic conditions, although in places e.g. impact cratering seems to have
contributed to the emplacement of the deposits. The region as a whole was
also resurfaced several times because of changes in local climate conditions.
The most significant of the resurfacing processes seem to be the episodes
of thin ice-rich mantling deposits, the most recent of which dominated the
regional modification less than 10 Ma ago. In addition, the region has experienced eolian activity during the last 1 Ma.
Key words— Mars: surface, crater counts, age determination, small impact
craters, outflow channels, geologic processes, glacial and fluvial history
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Chapter 1
Introduction
Impact craters are seen on most solid-surface bodies of the Solar System,
also on Mars. They form when high-velocity comets or asteroids strike on
planetary bodies creating a depression the shape of which varies from small
bowl-shaped to larger, complex and multi-ring impact basins. The material
sprayed by the impact event deposits around the crater generating its ejecta
blanket. Bigger blocks of the ejecta material may form so called secondary
craters when they fall back to the surface.
The current cratering rate is very low on Mars as well as on the other
planetary bodies of the inner Solar System. The low rate has probably stayed
constant for the last 3 Ga (Neukum et al., 2001). According to Lunar records,
earlier in the Solar System history the crater formation rate was, however,
significantly higher. For example, 4 Ga ago the cratering rate was even 500
times higher than nowadays (e.g., Neukum et al., 2001). During this so called
Late Heavy Bombardment, the number of potential impactors was dramatically larger, which was possibly due to the migration of the giant planets
(Gomes et al., 2005). The rapid decrease in the cratering rate occurred between 4 Ga and 3 Ga, and is seen nowadays as a contrast between the heavily
cratered Lunar and Martian highlands and the sparsely cratered Lunar maria
and Martian plains.
Crater size-frequency distribution studies combined with dynamical models indicate the impact cratering on Mars to be a statistically random process both in location and time, so that the number of impacts increases with
the increasing time. In addition, the size-frequency distribution of impactors
shows that small impacts occur more commonly compared to the larger ones.
On the other hand, old geologically stable surface units have a higher probability of retaining scars of impact events than young, geologically active
regions. Therefore, impact craters can be utilized in providing insights into
the ages of different surface units, and further, the geologic history of Mars.
Crater counting is an age determination method which allows to date the
surface of Mars, and many other planetary bodies, based on the frequency
of the craters superposed on a given surface unit. Practical observations
1

have shown that the Martian impact cratering rate can be characterized by
a power law, which apparently illustrates the relationship between the diameters and density of the craters superposed on the surface unit (Shoemaker,
1966; Hartmann et al., 1981). When the crater size-frequency distribution of
the surface unit is measured, and it is compared with a Martian chronology
function, transferred from the chronology of the Moon, the age of the surface
unit can be estimated.
Although, the impact crater based dating sounds basically very simple,
in reality the method has its challenges. Crater size-frequency distributions
seldom follow the theoretical power law. For example, crater saturation
and geologic resurfacing cause crater destruction, whereas secondary craters
distort the number of impact craters by increasing it.
Another method-related problem is that nowadays there exist plenty of
very high-resolution Mars data which enable us to study small-scale surface
units too. However, age determination by the crater count method has been
originally developed based on the space craft images which typically have a
wide swath and medium resolution. Thus, the method is well-tested in the
cases in which the craters superposed on a given surface are large (diameter
> 1 km) and counting areas are extensive (hundreds of square kilometers).
Modern very high-resolution images, however, are typically narrow, because
of which the available crater counting areas are relatively small, and dominating crater populations consist of rather small impact craters. With a
decreasing crater diameter, crater counts become more difficult, as the role
of geologic resurfacing and the effect of atmosphere in crater formation, for
example, are highlighted. Furthermore, the number of secondary craters
among crater populations increases (Shoemaker, 1966), and their identifiability in contrast to primary craters becomes more difficult. The role of
small impact craters and their usability in crater counts have been discussed
in many papers (e.g., McEwen et al., 2005; Hartmann, 2005, 2007; Werner
et al., 2009; Hartmann and Werner, 2010; Warner et al., 2015). The main
question is, whether the crater counts based on small impact craters are reliable or not. If they were, then crater counting would also enable the dating
of very small and young surface units, or the units from where we have only
limited data available.
The purpose of this thesis is to investigate the role of small impact craters
in crater counts. The focus is especially on the cases in which only single
high-resolution images are used for crater counts, i.e., crater counting areas
are small. The main goal is to find out in which cases crater count based
age determinations are reliable if we use only small impact craters for dating.
In addition, we study how measured surface ages depend on the size range
of counted impact craters, and how the size of the surface area of a dated
unit affects the age determination results. Practically, this all is done by
comparing the crater count results which are based on counting of small
2

impact craters from small counting areas, with the results which are achieved
by counting larger scale craters on larger surface areas.
As a whole, the work consists of practical investigations. The crater
statistics are studied using the crater count method and the available very
high-resolution data of ConTeXt Imager (CTX) and High Resolution Imaging
Science Experiment (HiRISE) aboard Mars Reconnaissance Orbiter (MRO).
In special cases, the data of High Resolution Stereo Camera (HRSC) aboard
Mars Express Orbiter (MEX) have also been used in crater counts to get
comparable dating results.
The crater counting method itself is applied on the outflow channels of
Dao, Niger, Harmakhis and Reull Valles, all of which are located in the eastern rim region of the Hellas impact basin, on the southern hemisphere of
Mars. The valles formation has been estimated to have begun in the Hesperian period, ∼ 3.37–3.71 Ga ago (Crown et al., 1992; Tanaka and Leonard,
1995), and extended possibly in the Amazonian epoch (Crown et al., 1992;
Tanaka and Leonard, 1995; Scott et al., 1995), when subsurface ice storages
melted in the local source regions of the outflow channels, as a result of
the activation of the nearby volcanoes of Hadriacus and Tyrrhenus Montes
(formerly known as Hadriaca and Tyrrhena Paterae). The melted water
flowed towards the lower topography and the Hellas impact basin, probably
utilizing a regional radial weakness zone which formed already during the
Hellas impact (Crown et al., 1992). The surrounding surfaces eroded until
they finally collapsed forming the now visible valley features (Baker, 1982;
Squyres et al., 1987; Greeley and Guest, 1987; Crown et al., 1992; Tanaka
and Leonard, 1995; Price, 1998; Crown et al., 2005; Crown and Greeley, 2007;
Kostama et al., 2007). During the final stages of valles activity, the floors
of the outflow channels were covered by glaciofluvial debris aprons, lineated
valley fill and other viscous flow-like deposits (e.g., Bleamaster and Crown,
2004, 2010; Crown et al., 2004).
Even though the eastern Hellas outflow channels and their surrounding
regions have been studied in great detail by several workers (e.g., Mest and
Crown, 2001; Ivanov et al., 2005; Crown et al., 2005; Kostama et al., 2007,
2010; Musiol et al., 2011; Glamoclija et al., 2011; Mest and Crown, 2014),
the scales of the outflow channel activity and their exact places in the local
geologic history and setting have still remained debatable. It is, for example,
still unclear whether the activity of the outflow channels was periodic or
long-term, or if the outflow channels were active during the same period
of time. However, because of the relatively young activity (and thus small
superposed, but not saturated impact craters), the eastern Hellas outflow
channels are ideal places for studying the role of small impact craters in the
crater count age determination.
The focus of the research is to scrutinize the usability of the crater counting method in the cases in which we have only single high-resolution, but
3

small-area Mars images available (e.g., HiRISE/CTX). On the other hand,
the crater statistic studies themselves also give us a possibility to study the
evolution of the outflow channels in the eastern Hellas rim region. The main
goal in this theme is to outline the regional evolution in detail so that we
would get information especially about the history of water and ice in the
outflow channels.
The open questions introduced above are scrutinized based on five scientific papers, in which the small crater based crater counts are applied on the
eastern Hellas outflow channels. Paper I complements the works of Kostama
et al. (2004) and Kostama et al. (2007), according to which a topographic
depression in Eridania Planitia, the Morpheos basin, which separates the end
of Waikato Vallis and the beginning of Reull Vallis, actually acted as an open
lake for the valles system. In Paper I, the evolution of the Waikato–Reull
Vallis system is studied by mapping and dating the infilling of the Morpheos
basin lake using the high-resolution CTX-data together with the HRSC and
HiRISE data. The region is also a good example of a crater count case in
which the dated surface units are relatively old and thus the portion of secondary craters among small crater populations is significant. We show that
in this kind of cases the small craters and small counting areas, however, give
indicative age determination results.
Paper II presents the mapping and dating results obtained from the floor
of Harmakhis Vallis, based on CTX image investigations. As a conclusion,
we outline the evolution of the Harmakhis Vallis floor units, and show that
the outflow channel experienced periodic on-surface fluvial activity, the last
stage of which possibly occurred only ∼ 800 Ma ago. We also show that in
the case of the ice-rich surface units, such as lineated valley fill, the crater
count results are seldom consistent with the age relationships of the surface
units based on the stratigraphic analyses, because of the modification the
ice-content units have typically experienced (ice-sublimation and flowing).
Paper III supports and complements Paper II, as in Paper III the floor
of Harmakhis Vallis is dated again. However, instead of the CTX data,
the datings are performed using HiRISE images. Comparing the CTX-image
based results of Paper II to the new HiRISE-image based age determinations,
it is possible to analyse in detail, how the size of counting areas and counted
craters affects to age determination results.
Paper IV summarizes evolution studies concerning the Niger Vallis outflow channel. The outflow channel were mapped based on CTX images, and
dated using both CTX and HiRISE images. The results complement the
evolution scheme of the eastern Hellas outflow channels. Like in the case
of Harmakhis and Reull Valles, the Niger Vallis formation was also a multiphase event. The last fluvial event was dated to have ended ∼ 1.0–1.5 Ga
ago, which is consistent with the time frame when the floor of the Morpheos basin in Eridania Planitia, and Reull Vallis were estimated to have
4

been resurfaced. The Niger Vallis was also covered by lineated valley fill and
viscous flow-like units, the distribution of which increases when the valley
deepens. The major reason for the formation of the ice-rich units was probably the changed climatic conditions. However, evidence that the formation,
or at least emplacement, of some deposits was contributed by impact events,
was also found.
The last paper, Paper V differs from Papers I – IV, as instead of mapping
and dating the paper introduces structures found on the floor of the Niger–
Dao Valles complex. Based on the morphology, these structures resemble
volcanic edifices. The findings expand the identified regional volcanic activity
to smaller scales and support earlier studies and the Circum-Hellas Volcanic
Province scenario, according to which the regional volcanism may have been
larger scale than just Hadriacus and Tyrrhenus Montes associated volcanism
(van Gasselt et al., 2007; Williams et al., 2009; Ivanov et al., 2010). Paper V
also shows an example of a crater count case, in which crater count results are
misleading, because the size of the counting area is too small in comparison
with the scale of the modification history the area has experienced.
All in all, Papers I–V show that impact craters, regardless of their size,
are a very valuable tool for getting information about the surface age. Despite the size of the counted craters or the counting areas, the results are
more dependent on the variability and scale of the surface modification history. The more variable or larger scale the modification history of the surface
is, the larger surface area and more craters from wider crater diameter range
are needed to get comprehensive crater count results. Thus, it is important
to remember that in crater counts, all the results obtained from a specific
counting area, regardless the size of the counting area, always primarily represent the results from that area – not the whole unit. However, especially
together with the crater counts of extensive counting areas and lower resolution images, crater counts on small counting areas and very high-resolution
images provide unique additional information about the local processes of
surface units.

5
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Chapter 2
Crater count age determination
method
The spacecraft images of Mars since Mariner 9 have showed that the planet
has a complicated history. Roughly, two-thirds of the Martian surface, including almost all the southern hemisphere, is high-standing and heavily
cratered. The surface shows evidence of variable geologic activity including
volcanic, fluvial and eolian processes. The one-third of the planet instead is
covered by plains, probably formed by volcanism and different forms of sedimentation, and then modified by tectonism, wind, water and ice (McCauley
et al., 1972). However, mineralogical and thermal infrared studies as well as
the observations of Mars landers suggest that the modern surface of Mars is
cold and dry, and these conditions have predominated the planet over most
of its history (e.g., Christensen et al., 2001a,b). Thus, to get a comprehensive
view of the history of Mars, we need to know what happened, where and,
especially, when.
Radiometric dating is usually the most reliable way to date specific rocks
on Earth. The age of the rocks is determined based on the decay of their radiometric isotopes incorporated into the rocks during their formation. These
unstable isotopes, or ”parent-elements”, break down at a constant rate by radioactive decay forming stable isotopes, or ”daughter elements” (e.g., Rb–Sr,
Sm–Nd, and K–Ar). Because the number of unstable and stable isotopes in
the rocks can be measured by a mass spectrometer, the time during which the
radioactive decay has occurred can be determined if the radioactive half-life
time of the unstable isotope is known. In other words, the crystallization age
of the rock can be determined. Corresponding isotope relationship estimations can also be used, for example, to estimate the time the meteorites have
been exposed to cosmic rays (e.g., noble gas isotopes 3He, 21Ne, and 38Ar), or
stayed in Earth (e.g., 14C and 36Cl) (e.g., Nyquist et al., 2001).
As a whole, the age determination of rocks by radiometric dating is a
very precise and reliable dating method. However, the method also has its
7

limitations. The measured age always reveals the age of the sample only (or
actually the age of a studied mineral), not the age of a combination of samples, such as vertically or horizontally mixed rocks. Thus, the radiometric
dating cannot be used in age determination of heterogeneous units. Moreover, the method is naturally applicable only on those surfaces from which
we have a possibility to pick up samples for analysing. Because of this limitation, radiometric dating has been utilized systematically only on Earth, and
somewhat on the Moon, thanks to the American Apollo and Soviet Union’s
Luna missions, and their returned samples in the 60s and 70s. For other
planetary bodies instead, a different dating technique is needed.

2.1

Basics of the crater counting

Crater counting is a typical method which is used for age determination
of surfaces of the planetary bodies, where sampling and sample delivery to
Earth’s laboratories for radiometric dating are difficult or impossible. The
origin of the method is in the 60s, when Öpik (1960) used impact densities
(number of craters/km2 ) to conclude that Moon’s Mare Imbrium is ∼ 4.5
Ga old. Another pioneer work was done by Shoemaker et al. (1963), who
analysed the production rate of terrestrial fossil impact craters and compared
the results with the crater counts of Lunar maria confirming the maria to be
∼ 4.5 Ga old.
Impact craters form when a high-velocity comet or asteroid strikes a planetary body forming a depression the shape of which varies from small bowlshaped to larger, complex and multi-ring impact basins. Impact events also
spray ejecta material which then deposits around the primary craters. The
bigger blocks of the material may form so called secondary craters if the
blocks further form craters when falling back to the surface (Figure 2.1).
As dynamical models and crater size-frequency distribution studies indicate, impact cratering is a statistically random process both in location
and time, and it has occurred throughout the Solar System history. Crater
density on a given surface unit increases over the time the studied surface
has been exposed to the space. Thus the density is monotonically related to
the age of the surface unit. In other words, if we have two different surface
units with different crater densities, the unit which has more craters must
also be older, because the unit must have been exposed to the space as well
as to crater formation for a longer time than the unit with a sparser crater
density. By using this basis, the crater densities can be used to measure the
relative age of surface units. This is also a basic idea in the impact crater
based absolute dating.
Relative age estimations of surface units by comparing their crater densities are a useful tool in evolution studies of large regions. Crater density analyses are also a standard method in understanding sequential processes of the
8

Figure 2.1: THEMIS image of craters on Hesperia Planum (30.30o S,110.28o E).
(a) Ejecta field of the Pal crater shows several near-field secondary craters, formed
when the larger blocks of the primary impact fell back forming new craters. (b)
and (c) show details of the secondary craters, and their typical characteristics,
such as a shallow morphology, an irregular shape, and chains and clusters the
secondary craters usually form.

surfaces where the customary principles of superposition (i.e. younger units
overlie, cut, or overlap older ones) cannot be used because of the lack of these
superposition relationships (e.g., Öpik, 1960; Shoemaker et al., 1963) (Figure
2.2). However, to obtain absolute ages, the cratering rate as a function of
time, or the correlation between the crater density and the radiometrically
determined formation age of the unit, is needed.
The nearest and simplest planetary body for the studies of crater statistics
and cratering rates would be Earth, where both radiometric datings and
crater density measurements are easy to carry out. However, because of the
Earth’s active geologic history, most of our small or early impact craters
are destroyed, and thus the current cratering record is too sparse to provide
necessary and statistically reliable cratering information.
9

Figure 2.2: Example of the principle of superposition at the southern boundary
of Hesperia Planum (at 35.47o S, 114.74o E). Waikato Vallis outflow channel cuts
Hesperia Planum and the crater complex of Fancy and Cayon, thus postdating
their formation. On the other hand, the ejecta blanket of ∼ 34-km impact crater
(Cr), east to Fancy and Cayon craters covers the crater deposits, as well as Waikato
Vallis and the Morpheos basin, being thus younger than these structures. These
age relationships have been used in Paper I to estimate the time-frame for the
Morpheos basin infilling.

For the second nearest planetary body, the Moon, the identification of
the crater densities is also relatively easy, thanks to Earth-based telescopic
photography and comprehensive spacecraft imagery. Moreover, the correlation between the crater densities and absolute ages has been measured from
the returned samples of American Apollo and Soviet Union’s Luna missions.
Between 1969 and 1972 six Apollo missions brought back ∼ 382 kg, 2,200
separate samples of Lunar rocks, core samples, sand, and dust from six exploration sites. Moreover, between 1970 and 1976 three automated Soviet
spacecraft returned ∼ 320 g or important samples from three other Lunar
sites. When the formation ages of the samples were determined radiometrically in Earth’s laboratories, and the ages were combined with the crater
densities of the surface units, where the samples were assumed to originate,
it was possible to create a Lunar crater chronology diagram. The ages of
other Lunar surface units can be simply determined from the diagram by
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measuring the crater density of the surface units.
Based on practical observations, the crater size-frequency distribution of
craters on a well-preserved sparsely cratered unit, such as Lunar maria or
young volcanic plains on Mars can be roughly characterized by an inverse
power law function (Shoemaker, 1966; Hartmann et al., 1981):
N (D) = cDb

,

(2.1)

where
N (D) = number of the craters which have a diameter larger than D,
c
= constant, which is depending on crater density (and thus age) of
a surface,
b
= power law exponent, which in the double logarithmic form
illustrates the slope of the distribution.
For the craters D > 4 km the exponent b has a value near −2, whereas smaller
craters have a lower value (Hartmann et al., 1981). As the function shows,
the number of primary craters with a certain crater diameter range increases
markedly as the crater diameter decreases. The same power law function is
valid for every solid-surface planetary body in the Solar System.
After more detailed crater studies, it was noticed that the exponent b
of Equation 2.1 is actually dependent on crater diameter. Hartmann et al.
(1981) modified the function by dividing it into three segments. By averaging
individual crater counts in different mare areas, the crater production function got a form (see Hartmann et al., 1981; Hartmann, 1995; Ivanov et al.,
2002):
log N = −2.616 − 3.82 log D,
log N = −2.920 − 1.80 log D,
log N = −2.198 − 2.20 log D,

for D < 1.41 km
for 1.41 km < D < 64 km
for D > 64 km .

(2.2)

Neukum et al. (1975) and Neukum (1984) developed an alternative way
to illustrate the crater production function. After detailed crater distribution analyses of Lunar crater populations on geologically homogeneous areas
of various ages and over a wide diameter range, they concluded that the
cumulative Lunar production rate can be illustrated by a polynomial function, which results in the log of the cumulative number of craters, N , with
diameters larger than a given value D, per km2 :
log N =

11
X

aj (log D)j

.

(2.3)

j=0

The original values for the coefficient aj for the period of 1 Ga are given in
the paper of Neukum et al. (1975).
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Both Hartmann’s piece-wise three-segment crater production function
and Neukum’s polynomial function are applicable for cratering studies, and
differences between the functions vary in different diameter ranges (largest
between ∼ 2 and 20 km) (see Hartmann and Neukum, 2001). These crater
production rates can be combined with the absolute ages of the collected Lunar rocks for achieving the chronology curve which allows to drive the crater
rate in the Earth-Moon system as a function of time. One of the most used
chronology curves for the Moon has been developed by Neukum (1984):
N (≥ 1km) = 5.44 · 10−14 (e6.93T − 1) + 8.38 · 10−4 T

.

(2.4)

The curve relates the number of craters equal to and larger than 1 km in
diameter per km2 in an area with the crater accumulation time T in Ga. A
refined version of the Lunar chronology has been developed by Ivanov et al.
(2001).

2.2

Martian crater size-frequency distribution

In the case of Mars, the crater count based age determinations are more
complex, because of the lack of the returned samples which could be used as
reference units for different crater densities. Thus, the Martian crater densities cannot be straightforwardly combined with the absolute age of surfaces
for creating the chronology curve. Only clues about the Martian surface ages
have been obtained, thanks to ∼ 200 found meteorites (The Meteoritical
Society, 2017), which are believed to have originated in Mars. Firstly, all
the meteorites (except ∼ 4.5 Ga old orthopyroxenite ALH84001) are igneous
rocks and their crystallization ages range from 150 Ma to 2.1 Ga (McSween
and Treiman, 1998; Nyquist et al., 2001; Agee et al., 2013), which is clearly
less than any other found meteorites. This means that the source the meteorites are coming from has to be large enough to be volcanically active at the
time of the crystallization. Secondly, the Martian origin seems to be unambiguous, as the gases trapped in the meteorites have an isotopic and chemical
composition which differs clearly from those found in rocks on Earth and the
Moon. Instead the composition seems to be consistent with that measured
for the Martian atmosphere by the Viking landers (Bogard and Johnson,
1983; Becker and Pepin, 1984; Bogard et al., 1984).
The exact source location of the Mars meteorites is, however, mostly unknown. The young ages of the meteorites imply that they might originate
in relatively young plains. A meteorite group, nakhlite, for example, is proposed to originate from an unnamed crater in the Elysium lava plains (Cohen
et al., 2017). On the other hand, the mineralogical constraints as well as ejection ages of shergottites have indicated that the meteorites might have been
launched from the Mojave impact site in Xanthe Terra – one of the oldest
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units on Mars (Werner et al., 2014). Because of the uncertain origin, the
meteorites give just some indicative information about the Martian chronology. To estimate the Martian cratering rate more accurately per time, the
cratering flux has been extrapolated from the cratering flux of the Moon.
Ivanov (2001) derived a long-time average (≤ 10 Ma) for the cratering
rate of Mars relative to that of the Moon by comparing the numbers of Marscrossing and Earth-crossing asteroids, and using the observations of comet
fluxes and numerical modelling of impact probabilities. The results showed
that the rate of impacts per unit area of Mars is 2.04 times the rate for the
Moon for the same-size asteroids.
The cratering rate as a function of diameter can be derived from the
impact rate and the size-frequency distribution of projectiles when the scaling
law parameters, such as the impact velocities and angles of projectiles, surface
gravity, atmospheric effect, and the density and rheologic properties of target
surfaces, are taken into account. Hartmann’s production function (Equation
2.2) of the mare areas (∼ 3.4 Ga old) can be thus translated for Mars (Ivanov,
2001):

log N = −2.894 − 3.82 log D,
log N = −2.938 − 1.72 log D,
log N = −2.146 − 2.20 log D,

for D < 1 km
for 1 km < D < 32 km
for D > 32 km .

A corresponding translation has also been made by Hartmann (2005), and it
has further been developed by Hartmann and Daubar (2017). As the craters
created with the same projectile are smaller on Mars than on the Moon, the
boundary diameters of different segments are shifted to smaller sizes than
the diameters in the lunar production function (Equation 2.2).
The Martian production function can also be approximated by Neukum’s
function, i.e., the same polynomial as the Lunar production function (Equation 2.3). Refined coefficients aj s of the function for the 1 Ga surface of Mars
are listed by Ivanov (2001) and they are valid for the craters with a diameter
of ∼ 15 m < D < 362 km.
By utilizing the time dependence of the cratering rate measured in the
Earth-Moon system (e.g., Neukum et al., 2001; Ivanov, 2001) Hartmann and
Neukum (2001) estimated a Martian chronology function. The chronology
relates the cumulative number of craters larger than 1 km in diameter N (1)
to time T in Ga by following expression:
N (1) = 3.22 · 10−14 · (e6.93T − 1) + 4.875 · 10−4 T

.

(2.5)

Other chronology models have been developed, for example, by Ivanov (2001),
Hartmann (2005), and Werner et al. (2014). Differences in the different
chronology systems are mainly caused by differences in the used cratering
13

Figure 2.3: Martian chronology function (Hartmann and Neukum, 2001) in relation to epochs defined by Tanaka (1986) and updated by Michael (2013). The
plot was created by Craterstats (Michael and Neukum, 2010).

data and production functions.
A graph of Equation 2.5 is given in Figure 2.3. Even though in theory,
the age T in Equation 2.5 illustrates the time the surface has been exposed to
the space and crater formation, in reality, the resulting population is also dependent on crater obliteration processes. A wide range of geologic processes
cause deposition and crater erosion, because of which the age measured by
crater densities does not necessarily correspond with the formation age of
the unit, but a crater retention age, i.e., the age that craters of a specific
diameter have been retained on a given surface (Hartmann, 1966).

2.2.1

Stratigraphic divisions of Mars

Superposition principles together with relative crater density studies have
made it possible to define Martian stratigraphic divisions. The stratigraphic
divisions were first determined by Soderblom et al. (1974), who classified the
surface of Mars into four divisions: ancient eroded uplands, volcanic cratered
plains, Elysium volcanic rocks, and Tharsis volcanic rocks. The identification of the divisions was made based on the global view of Mariner 9 images
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and the crater densities of the images. A more formalized stratigraphy with
the relative ages of the map units was presented by Scott and Carr (1978)
and Condit (1978). Condit (1978) counted 4- to 10-km-diameter craters and
combined their densities with overlap relations to determine relative ages for
the units Scott and Carr (1978) mapped. As a whole, the units were classified
and placed in three stratigraphic systems, Noachian, Hesperian and Amazonian systems, which are also valid and widely used nowadays. The names for
the systems were selected from regions which have widespread exposures of
the materials with a representative crater density, and which thus work well
as reference units for the systems. For example, the stratigraphically oldest
of the systems, the Noachian system was named after Noachis Terra, and the
system is characterized by rugged and heavily cratered material which dates
back to the time of the Late Heavy Bombardment. Approximately 40% of
the Martian surface belongs to the Noachian system. Correspondingly, the
ridged plains material of Hesperia Planum defines the base unit for the Hesperian system, which also refers to the oldest system, ∼ 34% of the Martian
surface that postdates the end of the Late Heavy Bombardment. The Amazonian system covers the remaining ∼ 26% of the surface area consisting of
relatively smooth, moderately cratered plains materials and polar deposits,
as its reference region Amazonis Planitia does as well (Tanaka, 1986; Tanaka
et al., 1988).
In the 80s, when Viking Orbiter imagery became common, more detailed
stratigraphic investigations were undertaken. The boundaries of the stratigraphic systems were redefined by using superposition and intersection relations together with the densities of the craters having diameters of 4–10 km
(Greeley and Spudis, 1981) and 2 km, 5 km, and 16 km (Scott and Tanaka,
1984, 1986). These stratigraphic systems were modified to their current more
detailed classifications by Tanaka (1986), who subdivided the chronostratigraphic systems of Scott and Carr (1978) into series of Upper, Middle, and
Lower. In literature, the series are often referred as Late, Middle and Early,
as these prefixes illustrate better the time epochs when the stratigraphic
series have formed.
Relative age limits for the subdivision schemes were measured based on
the cumulative crater densities of the reference units and the other units
which belong to the same stratigraphic position (see Table 2.1). The reference crater diameters of the age limits have increasing diameters because
on young surfaces the number of large craters is typically too sparse for
determining precise crater densities. On the other hand, small craters are
not useful reference craters as on old surfaces their proportion may be lower
than it should be based on the density of large craters. This is due to partial
resurfacing processes the surfaces have experienced. Thus, the crater density of the Noachian system has been measured based on the craters having
a diameter of 16 km and larger. For the moderately resurfaced Hesperian
15

Table 2.1: Martian chronostratigraphic series and their crater-density boundaries
as presented by Tanaka (1986) (see the refined version of Werner and Tanaka
(2011)). Crater densities N (1) and N (4 − 10) are derived from N (2) and N (5)
values on the assumption that these crater diameter ranges are illustrated by a −2
power-law. The absolute ages of the series are presented in Figure 2.3.
Series
Upper Amazonian
Middle Amazonian
Lower Amazonian
Upper Hesperian
Lower Hesperian
Upper Noachian
Middle Noachian
Lower Noachian

N(1)
< 160
160–600
600–1600
1600–3000
3000–4800

N(2)
< 40
40–150
150–400
400–750
750–1200

N(5)
< 25
25–67
67–125
125–200
200–400
> 400

N(16)

<25
25–100
100–200
> 200

N(4–10)
< 33
33–88
88–165
165–260
> 260

and Lower Amazonian surfaces instead, the optimal reference diameter is
5 km. For the Middle and Upper Amazonian surfaces the crater densities
were measured based on the craters which have a diameter of 2 km and
larger (Tanaka, 1986). Because in the Amazonian and Hesperian systems,
the crater size-frequency distribution of the craters larger than 1 km follows
approximately a power law (Equation 2.1) with a power law exponent b of
∼ −2 (Hartmann, 1977; Tanaka, 1985), the cumulative crater densities have
also been transferred for reference diameters of 1 km and 4–10 km (Tanaka,
1986).
The absolute age limits for the stratigraphic divisions have been refined
by several authors (e.g., Hartmann and Neukum, 2001; Werner and Tanaka,
2011; Michael, 2013) (see Figure 2.3). The differences between the models
are, however, only marginal implying that they correlate well with the current
knowledge. To improve the chronology thoroughly, samples from new sites
are needed.

2.3

Crater counts in practice

A typical crater counting process usually starts when the studied regions
are mapped based on their morphology, albedo, thermal inertia and other
photogeologic properties (Wilhelms, 1990; Tanaka et al., 2009). After that
the geologically homogeneous units are separated and the diameters of every
primary impact crater superposed on the different surface units are measured. The diameters as well as the size of the counting areas are tabulated.
Next, the crater diameters are plotted graphically against the corresponding density of the craters in a log − log diagram, which has the equal decade
length and consistent units on the axes (Crater Analysis Techniques Working
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Group, 1979). The created plots thus provide information about the relative age of the terrain units by the vertical displacement of the crater data.
Higher curves have a greater crater density and they are thus older than
lower curves. The shapes of the curves also provide insights into resurfacing
processes (Michael, 2013).
The size-frequency distribution of craters can be displayed in different
ways, the most used of which are nowadays cumulative, incremental, and
differential plotting styles. The theoretical concept and mathematical background of the distributions are described in detail, for example, in the works
of Neukum (1984) and Werner (2005). The main idea is summarized in the
following section.

2.3.1

Crater size-frequency distribution presentations

There is a wide variety of possibilities how to present crater data graphically.
Basically, the presentation styles can be divided into two broad classes: those
that display the crater data as a differential form, and those that display its
integral, the cumulative crater size-frequency distribution.
If ϕ illustrates the differential cratering rate, or number of craters for a
specific diameter D0 per surface area A at a given time t0 , by integrating
ϕ from the moment of the area formation (t0 = 0) to present, we get the
differential crater distribution n:
t

Z

0

ϕ(D0 , t0 )dt0

n(D , t) =

,

0

which illustrates the number of craters with a specific diameter D0 superposed
to the surface area after its formation.
To create the cumulative crater size-frequency distribution Ncum , the differential cratering rate need to be integrated over the measured crater diameters [D, ∞[:
Z

∞

Z

Ncum (D, t) =

t
0

0

0

0

Z

∞

ϕ(D , t )dt dD =
D

0

n(D0 , t)dD0

,

D

which is a continuous approximation. In reality, both the differential and the
cumulative crater frequencies are derived from discrete numbers.
Cumulative crater size-frequency distribution
The most widely used format to display the size-frequency distribution is
a reverse cumulative plot type. In the plot type, the cumulative number of
craters, Ncum (D) per unit area A is plotted against D as a reverse-cumulative
histogram on logarithmic scales (Figure 2.4a):
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Ncum (D)
.
A
The plot type has an advantage of producing smooth and clean curves,
in maximum possible resolution. On the other hand, the errors accumulate
towards the low-diameter end of the distribution because of the cumulative
nature of the distribution style. Correspondingly, the slope variations caused
by surface modification tend to be masked, because of which resurfacing
events may be difficult to observe.
In a more complex cumulative plot, crater diameters are divided to bins,
or diameter intervals. The log of the cumulative density of craters in a diameter bin Da ≤ D ≤ Db (where Da ≤ Db ) is plotted against log Da (Figure
2.4b). The smaller (left) bin edge as the point of the plotting prevents the
error the decreasing exponential function would otherwise caused (Michael,
2013). The standard bin width is Db /Da = 21/2 , but for example the bin
widths of Db /Da = 101/10 and Db /Da = 101/20 are also used more and more,
as the resolution of these narrower bins is higher. The origin of the bin
boundaries, or the projected boundary, is always at D = 1 km.
In both the binned and non-binned
cases, the standard deviation 1σ for
√
nth crater (or nth bin) is σ ≈ n, whereupon the standard deviation for the
crater frequency is
p
Ncum (D)
,
(2.6)
σ≈
A
where Ncum (D) is the cumulative number of craters with a diameter D, or in
the binned plot, the cumulative number of craters in the bin (Crater Analysis
Techniques Working Group, 1979; Michael and Neukum, 2010).
The binned cumulative plot type typically has advantage of producing
smoother and cleaner curves compared with the non-binned distribution.
Thus the production function and isochrones are easier to fit the plot. However, a disadvantage of the plot type is that real slope variations tend to be
more masked, especially if the bin size is large. This may cause that the
effects of long-lived resurfacing processes as well as the mistakenly counted
secondary craters hide among the primary impacts, which in turn results in
poor age estimates.
Fcum (D) =

Incremental size-frequency distribution
If the variations of the distribution are wanted to remain clear or the appropriate diameter ranges modified by resurfacing are wanted to be clarified,
the cumulative crater distribution presentation is not optimal anymore. Another commonly used crater data presentation style is an incremental plot
type which is also known as the Hartmann presentation style (e.g. Hartmann,
1966, 1977, 2005). Instead of the cumulative distribution, the diameter in18

formation is always divided into diameter bins and the number of craters per
unit area in a bin
Ncum (Da ) − Ncum (Db )
.
A
√
is plotted against the geometric bin center Dgc = Da · Db (Figure 2.4c).
The standard deviation for the individual bins is
p
Ncum (Da ) − Ncum (Db )
.
σ≈
A
Finc (D) =

An advantage of the incremental plotting is that it shows slope variations better than the cumulative plot type. This is an important factor if
the surface has experienced resurfacing, the magnitude of which among different crater size ranges is wanted to be known. Another merit is that the
significance of errors (such as unidentified clusters of secondary craters) is
minimized because of the noncumulative nature of the plot type. However,
because the crater frequency is dependent on bin width, the incremental plot
tends to be noisy, especially if the bins are narrow or the number of craters
superposed on the surface is low. A data plot in a large crater range may
show both empty bins and bins containing only a single crater. This naturally complicates the fitting of the production function. On the other hand,
if the bin width is too large, resurfacing effects may become smoothed over,
in which case chronological information may be lost (Michael, 2013).
Differential crater size-frequency distribution
A natural choice for the incremental presentation style is the use of a differential isochrone fitting (Figure 2.4d). The plot type resembles the incremental style as the crater distribution is non-cumulative. However, a crater
frequency in a certain bin is normalised by the width of the bin:
Fdif f (D) =

Ncum (Da ) − Ncum (Db )
A · (Db − Da )

,

and then plotted against the geometric bin center.
The standard deviation for the individual bins is
p
Ncum (Da ) − Ncum (Db )
.
σ≈
A · (Db − Da )
As in the case of incremental plotting, the problems of differential plotting usually concern the choice of the optimal bin width. Correspondingly,
the advantages are the same: the differential plot shows slope variations
better than the cumulative crater distribution, and the significance of errors is minimized. Abrupt steps between isochrones are typically indicative
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of shortlived resurfacing events, whereas more gradual transitions between
isochrones indicate long-acting, diminishing resurfacing processes (Michael,
2013). Furthermore, the differential plot has the advantage of being independent of bin width because of the normalization. However, if the number of
craters is low, the measured ages tend to be highly overestimated, especially
if a narrow bin width is used.

2.4

Uncertainties of the crater count method

Immediately after the first crater count result publications, the method was
criticized because crater counts cannot provide enough accurate information
about surface age for obtaining absolute age determination results. One reason for the criticism was a question concerning the true shape of the crater
size-frequency distribution (i.e., the crater-production function), and therefore also the size-frequency distribution of the impacting population that was
considered to be one of the biggest uncertainties in crater count dating, especially in the case of the small craters (e.g., Plescia, 2005; McEwen et al.,
2005; McEwen and Bierhaus, 2006). On the other hand the criticism concerned several models of the Martian chronology function, (e.g., Hartmann,
1973; Soderblom et al., 1974; Neukum and Wise, 1976; Neukum and Hiller,
1981; Strom et al., 1992), which all led to different results because of the lack
of reliable cratering rates to transfer chronology from the Moon to Mars.
The shape of the Martian production function has been confirmed by
several authors and independent works (e.g., Werner, 2005; Hartmann, 2005;
Hartmann et al., 2008), and nowadays it allows usable crater counts down to
D = 1.4 m (Hartmann and Daubar, 2017). After very high-resolution Mars
data, the crater count results based on current models (e.g., Ivanov, 2001;
Hartmann and Neukum, 2001; Hartmann, 2005) are also mainly consistent.
The differences between the models have usually the same order of magnitude
as systematic errors caused by experimenter-related factors (< 30%) (Hartmann and Neukum, 2001; Ivanov, 2001; Hartmann and Daubar, 2017). However, the chronology models themselves have been agreed within a factor of
∼ 2–4 (Neukum, 1984; Hartmann, 1999; Hartmann and Neukum, 2001; Hartmann, 2005). The uncertainty comes from the Lunar cratering rates, which
have been agreed down to diameters as small as D = 11 m within a factor
of 2 (Neukum, 1984; Hartmann, 1999; Hartmann and Neukum, 2001; Hartmann, 2005). This possible systematic error is increased by the uncertainty
which appears in the estimating of the ratio of impact crater production on
Mars relatively to the Moon. In addition, issues, such as crater identification,
crater counting, homogeneous terrain selection, secondary populations etc.,
increase the factor. However, many dating results have shown that basically
the crater counts do result in plausible ages. Therefore the real uncertainty
may be lower, even less than 20% (Werner, 2005).
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Many of the crater count results have indicated that Mars has experienced
volcanic activity within the last few hundred Ma (e.g. Hartmann, 1973, 1977;
Hartmann et al., 1981; Werner, 2005; Neukum et al., 2010; Hartmann et al.,
2008). Radiometric datings of Martian meteorites favor the relatively young
volcanic activity on Mars as e.g., Nyquist et al. (2001), Borg et al. (1997),
and Borg et al. (1998) derived that the Martian basaltic shergottites have
crystallization ages of 170 Ma, 300 Ma, and 474 Ma, whereas another group
of igneous rocks, the nakhlites, have ages around 1.3 Ga. On the other hand,
Werner et al. (2014) suggested that the original crystallization age of the shergottites is much older – even 4.3 Ga old – and that the young ages are due to
resetting because of processes such as impact melting or shock-induced resetting, as well as aqueous alteration, tectonic or volcanic processes. However,
if the crystallization ages truly reflected the volcanic activity, the meteorites
would independently confirm Martian basaltic volcanism within the last 7 %
of Martian history (Nyquist et al., 2001). This naturally would give strong
credibility to the crater count method.
Another evidence of the reliability of the crater count method came from
Malin et al. (2006), who reported a detection of 13 new small craters of
D > 16 m formed during the last seven years in a test area on Mars. This
indicates a production rate of ∼ 9 ± 2.5 · 10−8 craters/km2 yr for the craters
D > 16 m, which is in relatively good agreement with the cratering rate of
Hartmann (2007) (∼ 3 · 10−7 craters/km2 yr) and Hartmann and Neukum
(2001) (∼ 7 · 10−7 craters/km2 yr), especially when it is taken into account
that the cratering rates of both Hartmann (2007) and Hartmann and Neukum
(2001) are based on in addition to the counting of primary impact craters,
the counting of distant secondary craters.
Moreover, significant evidence of the reliability of the crater count method
was achieved by the Curiosity lander, which carried out the first in situ
age determination on Mars in 2013 on the Gale crater. A dated mudstone,
Cumberland, was estimated to have an age of 4.21 (± 0.35) Ga based on the
K-Ar radiometric dating (Farley et al., 2014). Crater count results of the
Gale crater instead showed for somewhat younger age, 3.6–3.8 Ga (Thomson
et al., 2011; Le Deit et al., 2013). The age estimations are based on the
chronology models of Hartmann (2005) and Hartmann and Neukum (2001),
and they are consistent with the radiometric dating results, especially if the
factor of 2 uncertainty in the chronology models is taken into account.
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Figure 2.4: Examples of different plotting types typically used in crater sizefrequency distribution presentations. (a) A cumulative crater size-frequency distribution plot has an advantage of producing smooth and clean curves in maximum
possible resolution. On the other hand, its slope variations tend to be masked,
because of which the identification of resurfacing processes or secondary craters
may be difficult. (b) A binned cumulative plot type typically produces smoother
and cleaner curves than the non-binned distribution. Now the example plot reveals
two distinct segments and a separate bin, which fits a isochrone of 1.9 Ga. The
example has been plotted with the 20/decade binning style. (c) An incremental
size-frequency distribution is an ideal way to illustrate crater statistics when the
variations of the distribution are wanted to remain clear. However, if the number
of craters is low, the plot tends to be noisy. Now the plot shows evidence of three
crater populations. A single large bin fits the isochrone of 3.53 Ga being highly
overestimated. (d) A differential plot also shows the slope variations well. Because
the distribution is normalized by bin width, the effect caused by low the number
of craters is smoothed. The crater counts are from Niger Vallis (Korteniemi and
Kukkonen, 2013).
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Chapter 3
The role of small impact
craters in crater counts
In theory, the role of small impact craters in crater counting is very simple.
When we are dating large and old surface units, small crater populations
can be actually excluded from the crater counts. As a sufficient part of the
crater size-frequency distribution is already characterized by large craters,
the inclusion of small craters is not necessary, if only the formation age of a
surface unit is wanted to be measured. If the unit is homogeneous, such as
unmodified lava plains, the crater size-frequency distribution of the unit in
its entirety should illustrate straightforwardly the formation age of the unit,
regardless of the size of the crater population we are looking at, or the size
of the dated surface area (Hartmann et al., 1981).
If the surface has been modified by geologic resurfacing processes, such
as erosion or mantling, the situation is more complex. These modification
processes are typically most easily seen among small craters, as the small
craters are destroyed faster than larger ones (Öpik, 1966; Hartmann, 1966).
In a crater size-frequency distribution, this change is seen as the craters are
removed starting from the small-diameter end of the distribution. When the
resurfacing ends, the surface is exposed to crater formation again. This finally
leads that the crater distribution consists of one or more breaking slopes, or
crater populations, instead of following the theoretical shape of the crater
production function. The derived age is size-dependent, or so called crater
retention age (Hartmann, 1966; Hartmann et al., 1981; Neukum and Hiller,
1981), which reflects the survival time of a crater of a given size on the studied unit. In the case of the largest crater population, the retention age is
consistent with the formation age of the unit, if the formation of the unit
has been a rapid event and the unit has not suffered significant resurfacing.
However, when we are observing smaller craters, superposed after the modification, the age conveys major information about the resurfacing processes
of the unit instead of the formation event (Figure 3.1). In other words, the
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Figure 3.1: Crater count example from the southern shield of Hadriacus Mons (at
33.69o S, 92.26o E). An 18,400-km2 HRSC image based crater counting area shows
for the shield deposits an age of 3.8 Ga and two resurfacing ages. CTX-scale crater
counts on the same units, but based on a 67.1-km2 counting area complement the
HRSC-scale results generating two ages. The older CTX-scale age is consistent
with the youngest age of the HRSC-scale dating. If only CTX-scale counting area
had been used for crater counts, the oldest age – probable formation age of the
surface unit – could not have been measured.

use of small impact craters is necessary if the resurfacing history of surface
units is wanted to be studied.
Correspondingly, small impact craters play an important role when we
are dating relatively young or small surface units. On the surface units with
a small surface area, the frequency of large craters is naturally smaller than
on the larger surface units with the same age. On young surface units, in
turn, there may be few, if any, large craters (depending on the age of a
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Figure 3.2: Example of crater statistics, based on different image resolutions.
The Apia crater near Dao Vallis (at 37.28o S, 89.01o E) has been filled by concentric
crater fill deposits. Because of the relatively young age, the number of craters
superposed to the deposits is low. The HRSC image shows for the unit only three
craters whereas in the higher-resolution CTX images the number of craters is 80.
In these kinds of young surfaces, using of very high-resolution images is necessary
for achieving reliable crater count results.

unit), because the large craters typically accumulate on the surface slower
than the small craters (Figure 3.2). Thus, both in the case of small and
young surface units, the counting of the small impact craters is essential for
providing reliable age determination results.

3.1

Problems of small impact craters

In reality, small impact crater based dating is more complex than it might
sound. Crater size-frequency distributions seldom follow the theoretical crater
production function, especially if the craters are small. For example, crater
saturation and geologic resurfacing cause crater destruction, whereas secondary craters raise the number of small craters. The atmosphere also has
its effect, which causes the downturning of a crater distribution in a small
diameter range. Moreover, random errors, caused by observers’ actions may
have a big influence on crater count results. Usually, the random errors are
caused when the identification of craters among other surface features is difficult. The significance of these factors increases with the decreasing size of
the counting area. Thus, the use of small impact craters especially together
with small counting areas may be challenging.
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3.1.1

Saturation

Because impact cratering is generally a random process, the distributions of
craters on lightly cratered surfaces can be expected to be random too. However, when the number of craters increases, crater obliteration also becomes
important. Craters that form in clustered areas, obliterate older craters more
than craters that form in sparsely cratered areas.
On old surfaces with very low crater obliteration rates (weathering, infilling, erosion), the density of impact craters can reach equilibrium conditions
(Figure 3.3), where crater destruction and production reach a steady state,
starting at small sizes (Squyres et al., 1997). For each new crater formed,
a crater of roughly the same size is erased. The obliteration of old craters
by new ones limits the maximum crater density achieved. As small craters
reach their equilibrium level faster than larger ones, on surfaces where the
saturation can be suspected, the small craters cannot be used for crater count
age determination.
Based on the estimations of Hartmann (1984) and the chronology system of Hartmann and Neukum (2001), on 3.71 Ga old surface units (i.e.,
Noachian–Hesperian boundary, see Figure 2.3) the crater saturation is reached
among the craters with a diameter of . 268 m. On 3.37 Ga old units (i.e.,
Hesperian–Amazonian boundary) the corresponding crater diameter is ∼ 138
m. On 500 Ma old surface units the saturation is reached among the craters
of . 33 m in diameter.
In the case of the Martian surface, the surface has usually experienced
significant modifications, because of which the number of small impact craters
is typically lower than it should be based on the density of large craters (e.g.,
Tanaka, 1986). Thus, the crater saturation is not so common on Mars.

3.1.2

Resurfacing

Once craters superpose on a surface they are exposed to planetary conditions.
The craters start to become modified as a result of the wide range of so called
resurfacing processes, such as erosion (by other impacts, wind, water, ice
etc.), mass wasting, deposition, volcanism, and so forth. The resulting degree
of modification depends on the magnitude and duration of the resurfacing
processes. However, if any crater is degraded, this should be seen in the
crater distribution as a deviation in the observed crater data from the crater
production function (Michael and Neukum, 2010).
Martian crater size-frequency distributions were originally estimated only
for large craters on extensive surface areas because of the limitations caused
by image resolution. Nowadays, we have plenty of very high-resolution Mars
data which enable us to extend crater counts into small diameter ranges too.
However, in very high-resolution images, the effect of geologic resurfacing is
more pronounced, as small impact craters are degraded faster than larger
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Figure 3.3: Crater size-frequency distribution for a surface near Hesperia Planum
in relation to the Martian crater equilibrium curve. Without resurfacing, the crater
distribution would have reached its equilibrium stage at the diameter range of ∼
540 m. After that the formation of every new crater in this size range would have
destroyed a crater roughly the same size.

ones (Öpik, 1966; Hartmann, 1966). It is, for example, suggested that on the
Noachian and Early Hesperian-age surfaces the craters < 1 km in diameter
have experienced a complete global resurfacing (Robbins and Hynek, 2012;
Irwin et al., 2013; Robbins et al., 2013). This, in turn, may affect observable
surface ages, if they are based on counting of small impact craters. Similarly,
all kinds of surface modifications need to be taken into account in crater
counts to avoid misleading results.
If a surface has been modified in a spatially non-uniform manner, the
different units may be separated by mapping. If the separation is impossible,
for example because of a low image resolution or the weakness of the modification processes, the measured age of the surface represents just an average
age of a group of different units.
If the area is resurfaced partially, the modification process ends without affecting the largest craters. After modification, the surface is exposed
to space and crater superposition again, because of which the crater density starts to increase. On differential and incremental crater size-frequency
distributions the single resurfacing event is seen straightforwardly as a diminishing number of craters in the plot. On a reverse cumulative crater
frequency plot, the effect is seen practically as the distribution consists of
two crater populations which follow different tangential isochrones (Figure
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Figure 3.4: Example of the crater counts achieved on lineated valley fill deposits
on the floor Niger Vallis. (a) The crater size-frequency distribution of the unit
consists of two segments (crater populations) with different tangential isochrones
indicating that the unit has experienced resurfacing. In the segment of the lower
diameter range, however, the crater points are offset upwards because of relatively
older craters and the cumulative nature of the crater distribution. (b) The same
size-frequency distribution with the resurfacing correction of Michael and Neukum
(2010). The red triangles illustrate the corrected points when the excess of older
craters in the cumulative curve above 30 m is removed.

3.4). Between the isochrones, the crater distribution shows a step. The
older isochrone illustrates the age of the unmodified crater population that
survived the resurfacing. The step illustrates the resurfacing event; a low
gradient of the step indicates rapid resurfacing, whereas a steep slope is usually evidence of a slow, gradually diminished process. Moreover, the width of
the step is dependent on both the magnitude of the resurfacing process and
its ending time in relation to the age of the unmodified crater population.
The younger isochrone would instead reflect the time, when the resurfacing event ended (so called resurfacing age), if large impact craters had not
formed before the resurfacing. However, because of the large impact craters,
the resurfacing age is overestimated. The degree of overestimation depends
on the age difference of the isochrones as well as the slope of the step between the isochrones. According to Michael and Neukum (2010), the degree
of overestimation is larger if the step occurs over a narrow diameter range.
In the case of a partially resurfaced surface, attempts to distinguish the
craters based on their modification stage and thus to separate the resurfaced
crater populations from the non-resurfaced ones are not recommended as they
usually lead to misleading results (Werner, 2005). Instead, the different crater
populations can be separated, for example, by estimating the excess crater
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population above the step diameter. First the production function is fitted to
the craters which represent the resurfaced portion in the crater size-frequency
distribution. The fit enables to calculate the expected contribution of large
craters on a surface of that age, which in turn makes it possible to predict
the number of the craters formed before the resurfacing event. Reducing
the measured number of the craters to the predicted one, the crater sizefrequency distribution can be corrected and a more precise time for the end
of the resurfacing event can be estimated. A merit of this method developed
by (Werner, 2005) is that it takes in into account the real number of craters
larger than Dmax .
Alternatively, the expected larger population can be estimated from the
younger segment of the distribution by iterative fitting of the production
function (Michael and Neukum, 2008, 2010) (see Figure 3.4). First, a portion
of the size-frequency distribution which might represent the younger crater
population, is identified. The cumulative number of the largest crater in this
diameter range is Ncum (Dmax ). Because of the larger craters, all the craters
in the chosen portion have an error, or offset k in their cumulative values
Ncum (D). When the production function is fitted to the chosen range of
Ncum in a least squares sense, the resultant curve can be used to obtain a
new estimation for Ncum (Dmax ) whereupon the value of k can be measured.
Utilizing the value of k, the best fit to the production curve is get within
a few iterations. The corrected values of Ncum (D) can then be used in the
usual manner to obtain a time estimate for the end of the resurfacing event.
Usually, surface units have suffered several separate resurfacing events
and because of this, their crater distributions consist of one or more segments
(depending on the number of the occurred modification processes). In these
cases, however, only those remnant crater populations can be observed, which
are not modified by more intense, later resurfacing processes (Michael, 2013).
In other words, if we have a surface unit with two remnant crater populations,
C1 = {Dmin1 , ..., Dmax1 } and C2 = {Dmin2 , ..., Dmax2 } (Dmax2 < Dmin1 ),
the population C2 can be observed today only if it is not destroyed by any
other later resurfacing events with a magnitude larger than Dmax2 . This
finally leads that if several resurfacing processes have modified a surface, the
surface shows only a sequence of traces of resurfacing events of diminishing
intensity. This sequence may be, however, only a subset of the resurfacing
events which occurred, unless the magnitude of the resurfacing processes was
chronologically diminishing. Each episode which is observable by its trace
in the current crater distribution is the most intense episode which occurred
after its predecessor (Michael, 2013). The ages of the observable resurfacing
events can be determined as in the case of single resurfacing. In differential
and incremental plots, this requires a fitting of several crater production
funtions, whereas in a cumulative form multiple resurfacing corrections are
needed.
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3.1.3

Secondary craters

The origin of small (deca/hectometer) impact craters and their usability as
an indicator of surface chronology have been a problem in crater count age
determination for a long time. Impact craters have been typically interpreted
to be either primary craters produced by impacts of interplanetary objects,
or secondary craters produced by impacts of fall-back ejecta blocks from
much larger, but infrequent primaries. This means that secondary craters
occur on every planetary body where primary craters also form and where
the gravitational acceleration is sufficient for ejecta blocks to fall back at the
velocity that forms craters. On Mars, secondary craters are abundant.
In crater counting, secondary craters cause problems. Because huge numbers of secondary craters form nearly simultaneously, the density of small
impact craters on two surfaces of equal age may differ by several orders of
magnitude, if the surfaces contain a different amount of secondary craters
(McEwen et al., 2005; McEwen and Bierhaus, 2006). Because the distribution of the secondary craters increases with the decreasing crater diameter,
the proportion of secondary craters among crater data may be significant,
especially when we are dating surfaces based on small impact craters.
Usually, the secondary origin is obvious on the field of small craters surrounding a large crater. The extent of the secondary crater field depends on
the gravity of a planetary body. It typically ranges within a few crater radii
(Gault et al., 1975). The so-called near-field secondary craters (McEwen
and Bierhaus, 2006; Werner et al., 2009), located within ∼ 10 crater radii
from their parent crater, also have a typical morphology. They are shallow,
elliptical or irregular-shaped, and they usually form chains and clusters that
are easily seen among fresh primary craters (Figure 2.1). Densely located
secondary chains are also known as herringbone ejecta patterns, and their
shape indicates near-simultaneous formation during ejecta fragment deposition (e.g., Oberbeck and Morrison, 1973; Wilhelms, 1976; Wilhelms et al.,
1978). The largest secondary craters typically have a diameter that is about
5% of the main primary crater (Schultz and Singer, 1980).
When the distance between secondaries and the main primary crater increases, the morphology of the secondary craters starts to resemble more and
more the morphology of the primary crater, because of the increasing impact
velocity and angle. The craters become more circular and they are typically
less clustered than the adjacent secondaries. Distant secondaries can also
appear without any characteristic spatial distribution of clusters or chains
(McEwen and Bierhaus, 2006). Therefore, they are difficult to distinguish
from small primary craters.
In the cases in which secondary craters can be identified and their source
is known, the craters are useful stratigraphic markers, which can be used
in relative age determinations (Figure 2.2). However, it has been more or
less unclear whether small impact craters can be utilized in absolute age
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determination, because of the unknown distribution of distant secondaries
(so called background secondary craters (Shoemaker, 1966)).
Shoemaker (1966) measured the crater size-frequency distribution of the
Lunar maria and showed that the distribution, even excluding obvious secondaries, has a steeper slope for craters smaller than ∼ 1 km. Shoemaker
(1966) interpreted this slope change to be the crossover point of two distributions; primaries are dominating craters among the crater populations larger
than 1 km in diameter, whereas below the diameter of 1 km, the number of
distant secondary craters exceeds the number of the primary craters. Many
workers (e.g., Wilhelms et al., 1978) accepted this interpretation and applied
it to Mars. Small impact crater based crater counts (D < 1 km) seemed to
be impossible because of the contamination of secondaries.
Nowadays we have plenty of very high-resolution Mars data, which have
also provided new constraints on physical properties of Mars, such as its
atmosphere, surface materials and geologic processes, as well as its impact
events. The question concerning secondary craters and their role in small impact crater population was raised again, when McEwen (2003) and McEwen
et al. (2005) discovered a fresh-appearing ∼ 10-km-diameter impact crater,
Zunil and its very extensive secondary field with a huge number of small impact craters. The authors argued that most of the Martian small craters are
distant secondaries because of which their utility for chronology estimations
is very limited, or even impossible. However, Hartmann (2005) presented a
contrary opinion according to which the crater origin can be actually ignored
in crater counts, as the isochrone systems of both Hartmann and Neukum
consist of both primary craters and distant secondaries, as the lunar calibration crater functions also do. Furthermore, Hartmann (2007) emphasized
that the modern crater production rate for the craters larger than 16 m
(9·10−8 craters/km2 yr) (Malin et al., 2006) is more closely consistent with the
chronology of Hartmann and Neukum (2001) (4·10−7 −7· 10−7 craters/km2 yr)
than the studies of McEwen et al. (2005) (2 ·10−10 − 1·10−9 craters/km2 yr).
Werner (2005) and Werner et al. (2009) supported the view of Hartmann, as
their studies concerning the secondary crater distribution of Zunil indicated
that erroneously included secondary craters could lead to an overestimation
of surface ages by less than a factor of two, which is the uncertainty of the
Martian chronology model. Correspondingly, the percentage of hypothetical global background secondaries is usually less than 5%, which is smaller
than the assumed statistical error. Crater counts of Quantin et al. (2016)
on the secondary crater field of the 7-km-diameter Gratteri crater led to corresponding results. Therefore, the presence of secondaries is not sufficient
to invalidate the crater counting method. Instead, age determinations based
on small impact craters are as valid as those which are based on any other
crater diameter range, if obvious secondary clusters and rays are just excluded
from the crater counts, and the areas showing signs of recent large impact
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craters are avoided (Hartmann, 2005, 2007; Werner et al., 2009; Hartmann
and Werner, 2010; Hartmann et al., 2010; Hartmann and Daubar, 2017).

3.1.4

The effect of the atmosphere

Crater size-frequency based isochrones were originally developed for the Moon
(Hartmann, 1970; Neukum et al., 2001) by comparing the Lunar impact
crater populations with the isotopic datings of returned samples. Later, the
chronology was transposed to Mars by comparing the cratering rates between
the two planetary bodies (Ivanov, 2001). Differences in the Martian cratering
rates relative to those on the Moon are caused for example by the different
orbital positions and masses of the planetary bodies, and the presence of the
Martian atmosphere.
Martian atmosphere affects cratering rates via deceleration, ablation and
fragmentation of incident impactors. The magnitude of these factors depends upon the mass and the material properties of impactors, as well as
the velocity and the entry angle of entering bodies. In addition, the state
of the atmosphere has its effect. The atmospheric effect on cratering varies
for different impactors (Chappelow and Sharpton, 2005). For example, the
present atmosphere of Mars (∼ 6.1 mbar average surface pressure) is sufficiently dense to ablate all stony, icy and carbonaceous chondrite meteoroids
completely up to masses of about 10 kg (Vasavada et al., 1993). According
to the estimations of Popova et al. (2003), on the other hand, the smallest
craters expected to form under Martian current atmospheric conditions have
a diameter on the order of 0.3 m. The craters are the result of ∼ 0.1-m
iron bodies that survived atmospheric passage with a speed of ≥ 500 m/s.
For stony impactors (0.03–0.9 m in diameter), the corresponding crater diameter is from 0.5 m to 6 m, whereas for hypothetical weak, ∼ 2-m icy or
icy/carbonaceous cometary meteoroids it is ∼ 8 m.
Geomorphologic, mineralogic, and atmospheric studies suggest that the
atmosphere of Mars was thicker during the Noachian period and it began
to dissipate to its current thin state in the end of the period. In a crater
size-frequency distribution, the decreasing atmospheric density is seen as the
curvature rate of the distribution changes. For example, during the Noachian
period, when the atmosphere probably exceeded a few hundreds of millibars,
there should have been no craters smaller than 30–50 m in diameter formed
by stony or cometary bodies, and only a few decameter-sized craters formed
by relatively infrequent iron projectiles (Popova et al., 2003). Turn-downs
produced by the high-density atmosphere have considerably more curvature
than the turn-downs produced by the low-density atmosphere, as the thicker
atmosphere can affect larger objects. Because of this, a starting point of the
curvature is difficult to define (Chappelow and Sharpton, 2005).
It is studied that Martian craters smaller than 10 m are significantly rarer
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Figure 3.5: CTX image of a small cluster of craters found in Reull Vallis (centered at 40.39o S, 99.89o E). The small size of the craters and the lack of nearby
secondary craters imply that the cluster might have formed as a result of atmospheric fragmentation.

compared with the same sized craters of the Moon (Chappelow and Sharpton, 2005). Even though the turn-down could be explained partly by eolian
processes which obliterated small craters quicker than larger ones (Daubar
et al., 2010), the diameter limit is mainly a result of the past denser atmosphere and its greater effect of deceleration, ablation and fragmentation.
Nowadays the Martian atmosphere does not appear to be capable of causing
correspondingly sharp turn-downs (Chappelow and Sharpton, 2005).
Impact crater clusters or crater strewn fields produced by primary impacts are well known in the planets with a thick atmosphere, such as Earth.
The clusters are a result of fragmentation when dynamical loading caused
by the atmosphere exceeds the tensile strength of the falling meteoroid. The
meteoroid finally breaks up into smaller pieces, which then fall over an elliptical area. If kinetic energy is sufficient, the fragments may form a group of
small craters, or clusters (Figure 3.5)(Passey and Melosh, 1980; Artemieva
and Shuvalov, 2001; Korycansky and Zahnle, 2004).
Crater clusters formed by atmospheric fragmentation are also detected
on Mars. However, because of the current thin atmosphere, the diameter
of craters in a cluster is only a few tens of meters. The dispersion distance
between the craters is usually < 60 m, whereas the size of clusters controlled
by lateral motion of fragments is typically 100–300 m (Popova et al., 2003;
Hartmann et al., 2017).
In crater counting, impact clusters cause crater size-frequency distribution steepening, as secondary craters also do. Thus, the clusters have to
be identified and their effect has to be excluded from crater counts in order
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to obtain successful and reliable age determination results. An alternative
option is to take the clusters into account and estimate the size of the effective primary impact, which would have been created without atmospheric
breakup. Ivanov et al. (2008) developed a simple model for this approximating the diameter of an effective crater, Def f that would be created if Mars
was atmosphereless. By measuring the diameters of all detected craters in a
cluster, Def f can be calculated from the following expression:
v
u i
uX
3
Di3 ,
(3.1)
Def f = t
1

where Di is the diameter of individual craters in the cluster. The diameter
value of Def f can be used in crater size-frequency distribution measurements
as the diameter value of any other primary impact.
To determine Def f , the primary clusters have to be distinguished from
distant secondary clusters (i.e., semi-randomly scattered clusters formed by
breakup of secondary boulders blown out by distant primaries). In many
cases, the distinguishing may be challenging. However, the dispersion of the
craters within the cluster and the overall size of the cluster may give some
evidence of the cluster’s origin (Hartmann et al., 2017). Primary fragments
typically have larger velocities and shorter travelling time compared with
the secondary fragments. Furthermore, the lateral spreading velocities during fragmentations are comparable to travelling time. Thus, dispersion and
cluster sizes of typical distant secondary clusters are approximately ten times
or even more larger than typical primary clusters (Hartmann et al., 2017).

3.1.5

Identification of small impact craters among other
topographic variations

A significant problem, which may arise when utilizing small impact craters in
crater counts, is the difficulty of identifying impact craters among non-impact
craters and other topographic variations. Typically, the higher resolution
images we are scrutinizing, the smaller topographic variations we are able
to observe. In the case of small impact crater based crater counts this may
be a serious problem, as the impact ejecta of the small craters are typically
eroded away quicker than those of large impact craters. On the other hand,
the small craters themselves are also modified faster than the large craters.
When the most typical characteristics of the impact craters are lacking, crater
counting may become challenging. Circular topographic depressions may be
mistakenly identified as impact craters and vice versa.
Typical non-impact craters are endogenic craters, formed by internal processes, such as a collapse of lava into a lava tube, sagging of lava in a flow, or
explosively eruptive volcanism (Figure 3.6). Furthermore, especially ice-rich
34

deposits cause problems in crater identification.
Much of the surface of Mars at latitudes between 30 and 60 degrees is
characterized by pitted or flow-like deposits indicating the existence of past,
as well as possible contemporary ground ice (Greeley and Guest, 1987; Crown
et al., 1992; Squyres et al., 1992; Leonard and Tanaka, 2001; Mest and Crown,
2001; Mustard et al., 2001; Crown et al., 2005; Berman et al., 2009; Dundas
et al., 2018). Several regions are covered by a thin (up to 10-m) ice-rich
mantle (Mustard et al., 2001), or thicker and more prominent seposits, such
as lobate debris aprons, and lineated valley fill and concentric crater fill
deposits (see also Section 4.2.2). A typical characteristic of the features is
that they have a distinctive, stippled appearance which is seen in the scale
of a few meters per pixel (Carr, 2001; Mustard et al., 2001; Mangold, 2003).
The texture is caused largely by closely spaced pits (D=10–30 m, Figure 3.7)
formed on a relatively smooth background. The pits have been interpreted to
be a result of ice-sublimation and surface deflation of an ice-cemented dust
layer, deposited during the epochs of high obliquity (e.g., Mustard et al.,
2001; Head et al., 2003a; Christensen, 2003).
In addition to ice-sublimation, Martian ice-rich deposits such as debris
aprons and lineated valley fill and concentric crater fill deposits, have typically experienced flowing (as a result of incorporation of ice) (e.g., Squyres,
1978, 1989; Mangold, 2003), which also modifies the appearance of craters.
Together with the ice-sublimation, flow of the material also modifies the
surface creating its typical characteristics, such as larger scale collapse pits,
buttes, knobs, ridges, and grooves (Squyres, 1978; Crown et al., 1992; Mangold, 2003; Pierce and Crown, 2003; Chuang and Crown, 2005). The pits,
as well as the rounded ridges and grooves naturally resemble impact craters
and vice versa (Figure 3.8), especially if craters superposed on the units are
degraded or distorted. The age determination of this kind of units may be
impossible if the careful separation between the features cannot be made.

Figure 3.6: CTX and HiRISE images of possible volcanic craters on the floor of
Dao Vallis (see Paper V).
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Figure 3.7: HiRISE image of a ice-rich unit on Reull Vallis (centered at 39.31o S,
98.15o E). Because of the stippled texture, the identification of decameter scale
impact craters is challenging.

Figure 3.8: HiRISE image of circular depressions on pitted plains material near
Harmakhis and Reull Valles (centered at 38.08o S, 97.29o E). The origin of the
depressions is unclear. They may be modified impact craters or alternatively
collapse pits and rounded ridges typical of ice-rich and volatile-rich units.
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Chapter 4
Outflow channels in the eastern
Hellas rim region
The southern hemisphere of Mars has a number of prominent features which
stand out in a general view. One of these features is a 2,000-km-across and ∼
8-km-deep fresh-looking depression, the Hellas basin, which is the largest and
deepest well-preserved impact structure on Mars (Bleamaster and Crown,
2010). The impact event itself took place during the Early Noachian epoch,
∼ 4 Ga ago (Werner, 2005), when a low-angle southeast-trending projectile
hit the southern highlands of Mars at 60o E, creating the more or less elliptical
basin and the surrounding asymmetric distribution of highland massifs and
other structures that define the uplifted basin rim (Leonard and Tanaka,
1993; Tanaka and Leonard, 1995). The asymmetry of the basin was emphasized subsequently, when the region was exposed to modification. The
Argyre impact event, for example, partly blanketed the western rim of Hellas
(Morrison and Frey, 2007), whereas impact cratering, volcanism and tectonism resurfaced local regions (Schultz, 1984; Schultz and Frey, 1990). An
isostatic uplift that followed the Hellas impact is believed to have caused
the formation of radial patterns of failure around the impact basin. In the
northeastern Hellas basin, this led to the formation of a trough-like topographic depression which connects the northeastern boundary scarp of the
basin to Hesperia Planum (Wichman and Schultz, 1989). The trough was
later informally named as the Southwestern trough (Ivanov et al., 2005) and
alternatively the Hesperia-Hellas trough (Kostama et al., 2010; Korteniemi
et al., 2010).
The Hellas region consists of variable topographic, geologic and surface
characteristics. The geologic activity of the region has been diverse and the
region has been modified, especially by volcanism and sedimentary-related
processes throughout the Martian history (Bleamaster and Crown, 2010).
A reason for the extensive volcanism is that the region belongs to CircumHellas Volcanic Province, an area of ∼ 2.1 million km2 , which contains the
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six oldest vent volcanoes of Mars (Williams et al., 2009, 2010). Amphitrites,
Malea, Peneus and Pityusa Paterae are located on the southwestern rim of
the Hellas basin, whereas Hadriacus and Tyrrhenus Montes are located on
the northeastern rim. In addition to volcanism, the Hellas region shows
evidence of significant volatile accumulation (Colaprete et al., 2004, 2005)
and it has been suggested to be a site of extensive lacustrine and glacial
activity (Kargel and Strom, 1992; Moore and Wilhelms, 2001). The –6,900,
–5,800, –4,500, and –3,100 m contours around the Hellas basin may actually
represent paleolake margins (Moore and Wilhelms, 2001; Crown et al., 2005).
The modern interior of Hellas consists of mainly eolian material with smallerscale fluvial, glacial, and volcanic deposits (Tanaka and Leonard, 1995). The
area is also the site of origin of major dust storms on Mars (Martin and
Zurek, 1993).
The eastern rim region of the Hellas basin is characterized by large outflow
channel systems, Dao, Niger, Harmakhis and Reull Valles, which cut the
regional plains of sedimentary and volcanic material thus clearly postdating
the emplacement of the plains (Figure 4.1). Dao, Niger and Harmakhis Valles
cut the volcanic plains within the Hesperia-Hellas trough; Dao and its main
tributary Niger on the flank of the Hadriacus Mons volcano, and Harmakhis
Vallis approximately 150 km to south, next to a proposed volcanic caldera
on Hellas Montes (van Gasselt et al., 2007). All the three outflow channels
extend for over 1000 km down into the Hellas basin floor (Crown et al., 1992)
where they have deposited their sediments (Bernhardt et al., 2016). The
fourth outflow channel, Reull Vallis, does not connect to the basin. Instead
its first segment, Waikato Vallis (Mest and Crown, 2001; Kostama et al., 2007;
Mest and Crown, 2014) starts from southern Hesperia Planum, ∼ 650 km
southeast of Tyrrhenus Mons, wherefrom it runs to south towards Eridania
Planitia, and disappears on the northern edge of a topographic depression,
the Morpheos basin (Ivanov et al., 2005; Kostama et al., 2007). Reull Vallis
itself, or the segment 2 of the Reull system starts on the southwestern edge
of the Morpheos basin wherefrom it curves to west across Promethei Terra,
and finally ends close to the beginning of Harmakhis Vallis. The segments
2 and 3 of Reull Vallis are separated by a ∼ 135 km long tributary, Teviot
Vallis.
The geomorphology and structure of the eastern Hellas outflow channels
indicate that the valles systems have been carved by a large amount of liquids,
probably water (e.g., McCauley et al., 1972; Milton, 1974; Baker and Milton,
1974; Carr, 1979; Masursky et al., 1977; Baker et al., 1991; McKenzie and
Nimmo, 1999), and later modified by ice-related processes (e.g., Greeley and
Guest, 1987; Crown et al., 1992; Leonard and Tanaka, 2001; Mest and Crown,
2001; Crown et al., 2005; Kostama et al., 2010). Thus, the outflow channels
represent a significant stage both in the regional fluvial and glacial history.
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Figure 4.1: MOLA-topography of the eastern Hellas rim region. The region is
characterized by four large outflow channel systems (Dao, Niger, Harmakhis and
Reull Valles), smaller outflow channel segments (Waikato and Teviot Valles), and
at least two large volcanoes (Hadriacus and Tyrrhenus Montes). Waikato and
Reull Valles are separated by a topographic depression, referred informally here as
the Morpheos basin (Ivanov et al., 2005; Kostama et al., 2007).

4.1

Regional geology and history

The Hellas basin region has been a subject of numerous geologic maps at
various scales and based on different imaging data sets. Studies based on
Mariner 9 images in the 70s made it possible to analyse the stratigraphy of
the region and put its geology into a global context (Scott and Carr, 1978).
Images also enable to examine volcanic history, basin interior deposits, and
the characteristics of the cratered highlands (Potter, 1976; Peterson, 1977;
King, 1978). More detailed studies were made since the late 80s, after Viking
images when the global mapping at a scale of 1:15,000,000 became possible
(Greeley and Guest, 1987; Tanaka and Scott, 1987). The images were also
used in a 1:5,000,000-scale map which focuses on the Hellas region (Leonard
and Tanaka, 2001). After the release of higher resolution HRSC and CTX
images, several authors combined them with the Viking data, and created
maps with a scale of 1:500,000. In the eastern Hellas region, these maps cover
part of Tyrrhenus and Hadriacus Montes (Gregg et al., 1998; Crown and
Greeley, 2007), Dao, Niger, Harmakhis and Reull Valles (Price, 1998; Mest
and Crown, 2002, 2003; Bleamaster and Crown, 2010; Glamoclija et al., 2011;
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Mest and Crown, 2014), and Tyrrhena Terra (Mest and Crown, 2006). In
addition to large scale photogeologic mapping, several works concerning the
eastern Hellas rim region focus on separate geomorphologic studies, such as
the volcanism at the highland volcanoes (Greeley and Spudis, 1981; Greeley
and Crown, 1990; Crown et al., 1992; Crown and Greeley, 1993), glacial
events (e.g., Berman et al., 2009; Christensen, 2003; Costard et al., 2002;
Forget et al., 2006; Head et al., 2003a, 2004, 2005; Mustard et al., 2001),
fluvial activity (e.g., Mest and Crown, 2001; Crown et al., 2005; Kostama
et al., 2007; Ivanov et al., 2005), and tectonic activity (e.g., Anderson et al.,
2008; Musiol et al., 2011).
The geologic mappings and age estimations together with more detailed
regional studies have shown that the oldest surface units in the eastern Hellas
rim region date back to the Noachian period (Greeley and Guest, 1987). The
mountainous landforms, such as Centauri and Hellas Montes, are interpreted
to be ancient Martian crust that was uplifted during the Hellas and other
early impact events (Greeley and Guest, 1987; Schubert et al., 1992; Tanaka,
1986; Tanaka and Leonard, 1995). After the impact region stabilized, it began to be infilled by eroded material of the highlands, fluvial sediments from
dissection of basin massifs, eolian mantles and volcanic deposits (Tanaka and
Leonard, 1995). The infilling continued from the Noachian throughout the
Hesperian period, resulting in the deposition of the smooth plains materials
seen now covering the eastern Hellas rim region (e.g., Greeley and Guest,
1987; Tanaka and Leonard, 1995).
The earliest phase of volcanism seems to have begun during the Late
Noachian/Early Hesperian epochs ∼ 3.61–3.83 Ga ago, when the low-relief
highland volcanoes, Hadriacus and Tyrrhenus Montes on the northeast Hellas rim started their formation by pyroclastic volcanism (Greeley and Spudis,
1981; Greeley and Crown, 1990; Crown et al., 1992; Crown and Greeley,
1993; Tanaka and Leonard, 1995; Leonard and Tanaka, 2001; Williams et al.,
2009). Large areas in the Hellas interior were also buried by the pyroclastic deposits (Tanaka and Leonard, 1995). The pyroclastic volcanism of the
highland volcanoes culminated when the summits of the volcanoes collapsed
producing the circular caldera structures of Hadriaca and Tyrrhena Paterae
(Tanaka and Leonard, 1995; Williams et al., 2007, 2008). This was followed
by effusive volcanism on the Early to Middle Hesperian epochs, ∼ 3.3–3.7
Ga ago, which created the lava flows to the southwest of Tyrrhenus Mons
and to the south of Hadriacus Mons, and possibly flood lavas on Hesperia
Planum (e.g., Potter, 1976; King, 1978; Greeley and Spudis, 1981; Greeley
and Guest, 1987; Tanaka, 1986; Tanaka and Leonard, 1995; Williams et al.,
2007, 2008). The lava flows on Hesperia Planum were apparently sufficiently
thick to cause lithospheric sapping and wrinkle-ridge formation (Tanaka and
Leonard, 1995). On the other hand, because of the lack of definite volcanic
features in Hesperia Planum, the volcanic origin of the Hesperia Planum
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plains has not been verified (Mest and Crown, 2001). However, the extensive
deposits of volcanic material must have accumulated in the Hesperia–Hellas
trough as the depression is characterized by layers, which are visible down
to the depth of 1–2 km (Kostama et al., 2010).
Some lava flow lobes on Tyrrhenus Mons and smooth deposits in the
caldera of Hadriacus Mons (i.e., Hadriaca Patera) imply that the volcanoes
were resurfaced during the Late Hesperian and Early Amazonian epochs
(Crown et al., 1992). Williams et al. (2008) specified that Tyrrhenus Mons
was modified by volcanic, fluvial and eolian processes as recently as ∼ 0.8 Ga
ago. However, the latest resurfacing event Williams et al. (2007) measured
for Hadriacus Mons, was probably caused by eolian and fluvial activity only,
and the resurfacing ended ∼ 1.5 Ga ago. Anderson et al. (2008) estimated
based on stratigraphic and cross-cutting relationship analyses that volcanismassociated tectonism may also have occurred in the eastern Hellas region
during the Amazonian period.
The proper fluvial activity of the eastern Hellas rim region began during the Late Noachian/Early Hesperian epoch, when small channels on the
highland terrains developed (e.g., Crown et al., 1992; Bleamaster and Crown,
2010; Hargitai et al., 2017). The early development of large ourflow channels,
Dao, Niger and Harmakhis Valles may also have occurred during the Early
Hesperian (Squyres et al., 1987; Crown et al., 1992; Tanaka et al., 2002).
However, the final outflow channel formation took place no later than in
the Late Hesperian epoch, when subsurface flowing, triggered by volcanism,
caused surface erosion and finally the collapse of the plains materials (Crown
et al., 1992, 2005; Harrison and Grimm, 2009; Kostama et al., 2007, 2010;
Tanaka and Leonard, 1995). Crater counts on the outflow channel floors indicate that some activity may have then extended into the Amazonian Period
(Crown et al., 1992; Tanaka and Leonard, 1995; Scott et al., 1995; Mest and
Crown, 2014).
In addition to diminished volcanism and possible fluvial activity, the Middle and Late Amazonian epochs are characterized by widespread eolian processes that eroded the Hellas rim and deposited smooth materials in the
central Hellas basin. Furthermore, the epochs are generally associated with
the ice-related mass-wasting processes, which played an important role in
the formation of debris aprons, lineated valley fill, concentric crater fill, and
other flow-like features on highland massifs and the interior walls of craters
and the outflow channels (e.g., Crown et al., 1992; Tanaka and Leonard,
1995). In addition, outflow channel walls and other steep slopes in the region were blanketed by smooth deposits, which are considered to consist
of ice-cemented dust superposed during the high-obliquity epochs of Mars
(e.g., Mustard et al., 2001; Head et al., 2003a; Christensen, 2003), and which
may also be strongly related to the formation of youthful gullies (Bleamaster and Crown, 2005; Mest and Crown, 2001; Carr, 2001; Christensen, 2003)
41

Figure 4.2: Young gullies in the Dao Vallis head (at 32.74o S, 93.80o E). Earlier
theories interpreted gullies to be carved by liquid water, melted either from snow or
near-surface ground ice (e.g., Costard et al., 2002; Christensen, 2003). An updated
view is that they are formed by CO2 -frost (Nunez et al., 2016).

(Figure 4.2) and the development of subsurface ice sheets in the Martian
mid-latitudes (Dundas et al., 2018). The boundary when the outflow channel activity changed to development of smaller-scale, localized flow-features,
may represent a regional transition from a water- to ice-dominated surface
environment, and/or progressive depletion of an initial, extensive reservoir
of volatiles (Crown et al., 2005).

4.2

Formation of the outflow channels

The origin of the eastern Hellas outflow channels is still partly ambiguous,
although several models for their formation have been proposed. Models intend to explain which material carved the outflow channels, how the material
in question accumulated to the source regions of the outflow channels, and
why the material was then suddenly released.
Nowadays, it is a generally accepted assumption that most of the Martian outflow channels were carved by massive amount of water (McCauley
et al., 1972; Milton, 1974; Baker and Milton, 1974; Carr, 1979; Masursky
et al., 1977; Baker et al., 1991; McKenzie and Nimmo, 1999), even though
ice (Lucchitta, 1982), lava (Leverington, 2004, 2011) and debris flow, either
water-lubricated (Tanaka, 1999) or CO2 -gas supported, i.e. so called cryolas42

tic density flow origins (Hoffman, 1999) have also been proposed. However,
the water-origin-theory also contains some disagreements. For example, McCauley et al. (1972) and McKenzie and Nimmo (1999) proposed that water
originated from ice-rich permafrost which melted due to the massive regional
igneous activity. Baker and Milton (1974) and Milton (1974) presented an
alternative opinion that the outflow channels were carved by catastrophic
floods, which probably were released from the storage of CO2 –H2 O-clathrate
when the substances decomposed because of the release of the pressure caused
by a tectonic event. According to Carr (1979) and Carr (1996), water originated from massive groundwater aquifers, which formed at the Noachian Period, when liquid water was still available on Mars. Later, when the Martian
mean annual temperature fell, a permafrost layer developed and thickened
with time until it became so thick that it effectively sealed in the underlying
groundwater to form a system of confined aquifers. The pore pressure within
the aquifers increased at the same time when the volume of water increased
upon freezing, so that the base of the permafrost went the deeper, the colder
the temperature fall. Finally the pore pressure reached the lithostatic pressure after which the aquifer became unstable. Further freezing resulted in
uplift of the overlying terrain, fracturing, and breakout. Meteorite impacts
probably also triggered this breakout, because of which water was forced out
(Carr, 1979, 1996). The model is supported by the studies of Potter (1976)
and Schultz and Frey (1990), who presented that the source areas of Dao,
Niger and Harmakhis Valles are actually located at the intersection of two
principal rings of multiring impact basins, the Hellas basin and a proposed
Hesperia basin. If so, the regional megaregolith is probably highly fractured
and more porous and permeable than usual for Mars. If this highly fractured region was saturated, more water and ice would have been available
for release from these areas (Price, 1998).
Nowadays most of the scientists accept the theory that the eastern Hellas
outflow channels formed by a combination of ground collapse and erosion of
sedimentary and volcanic plains as a result of releasing of subsurface water
mobilized by volcanic heating (Baker, 1982; Squyres et al., 1987; Crown et al.,
1992, 2005; Harrison and Grimm, 2009; Kostama et al., 2010; Korteniemi
et al., 2010). The theory is supported by the structure of the valles – they all
show evidence of collapse and subsurface flow indicating that the source of
water must have been subsurface (e.g., Carr, 1979, 1996; Baker et al., 1992;
Crown et al., 1992; Kostama et al., 2010). Furthermore, Dao, Niger, and
Harmakhis Valles have a relatively close proximity (∼ 80–450 km) to the
Hadriacus Mons volcano, whereas Waikato Vallis, the first segment of Reull
Vallis starts ∼ 650 km southeast of Tyrrhenus Mons.
It is likely, that water originated from atmospheric ice, which accumulated
to the source areas of the valles during several periods of increased obliquity
(Laskar et al., 2004). The change in the Martian obliquity caused enhanced
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insolation of polar and sub-polar regions, and migration of volatiles toward
mid-latitude zones (Head et al., 2005, 2006). The accumulated ice was then
covered by sediments and volcanic materials (Kostama et al., 2010). When
the nearby volcanoes Hadriacus and Tyrrhenus Montes later activated, volcanic heating caused ice melting. After water was released, it flowed down
the regional slope towards the Hellas basin utilizing deep-seated radial weakness zones, such as the Hesperia–Hellas trough, which already formed during the Hellas impact. The surrounding plains materials were eroded which
caused subsidence of the surfaces. Finally the surfaces collapsed forming
the now visible valley structures. Later, erosion, mass wasting and subsequent periglacial and eolian activities finalized the outflow channel formation
(Baker, 1982; Squyres et al., 1987; Crown et al., 1992, 2005; Harrison and
Grimm, 2009; Kostama et al., 2010; Musiol et al., 2011).

4.2.1

Main characteristics of the outflow channels

Two of the eastern Hellas outflow channels, Dao and Harmakhis Valles resemble each other in many aspects. They both are deep, steep-walled, streamlined, relatively wide, and morphologically prominent features along their
entire extent. Both of the valles also have a large, steep-walled, up to 2–3
km deep head depression which extends approximately to the level of −5.6
km and even lower (Kostama et al., 2010). The head depressions apparently
represent the true starting points of the fluvial systems, as the surface around
the depressions lacks fluvial features which could have contributed to the formation of the outflow channels (Kostama et al., 2010). The floors of the head
depressions are characterized by large knobs and mesa-style blocks, which
mainly represent the remnants of the outflow channel collapse (e.g., Price,
1998; Glamoclija et al., 2011; Korteniemi and Kukkonen, 2013). Furthermore, both Dao and Harmakhis extent towards the Hellas basin, breaching
the basin rim, and finally terminating on the basin floor (Bernhardt et al.,
2016).
The most significant difference between Dao and Harmakhis Valles is that
unlike Dao Vallis, Harmakhis is not a continuous valley. Instead, its well
defined and flat floored head depression is separated from the main valley by
an approximately 83-km-long and significantly higher segment, the barrier
surface (Glamoclija et al., 2011), which probably represents the still existing
subsurface valles connection of Harmakhis Vallis (Price, 1998; Glamoclija
et al., 2011) (Figure 4.3).
Niger Vallis differs from Dao and Harmakhis by being clearly shallower,
but also a branched and discontinuous system (Figure 4.4). It is characterized
throughout its length by partially collapsed terrain, where both subsurface
and on-surface fluvial pathways form a set of broad and shallow troughs that
connect to each other via circular to elongated depressions. Furthermore,
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Figure 4.3: Topographic profile of the so called barrier surface (Glamoclija et al.,
2011), which separates the Harmakhis head depression from the main valley. The
significantly higher elevation of the barrier surface indicates that the segment probably represents an uncollapsed subsurface connection of Harmakhis Vallis (Price,
1998; Glamoclija et al., 2011). The wavy line illustrates the schematic elevation
level of the surrounding plains units.

the system begins approximately at the topographic level of −4 km, which
is ∼ 1.5 km higher than the topographic levels of Dao and Harmakhis Valles
(Kostama et al., 2010).
Based on the morphology, Niger Vallis can be divided into lower and upper parts. The upper part consists of two branches, which both begin from
well-defined and closed depressions. The northern depression Peraea Cavus,
and the southern depression Ausonia Cavus apparently represent the source
areas of the Niger system. Both the Niger branches are poor in their morphology showing only a little evidence of on-surface fluvial activity. Instead,
upper Niger seems to have been developed by subsurface flowing, because of
which the surface of the branches is sunken, and in many places the branches
are distinguishable from the surrounding plains only based on the topography (Figure 4.4). In places, the outflow channel is characterized by circular
depressions, which may be either collapsed surface and/or ancient impact
craters that the outflow channel has utilized to run towards the lower topography. When approaching Dao Vallis, the northern branch of Niger and the
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Figure 4.4: Image pair of the beginning of the Dao and Niger system. The
left image shows valles as they are seen in THEMIS daytime infrared images.
The right image shows the shaded relief of the MOLA-topography of the region.
Compared to the other eastern Hellas outflow channels, Niger Vallis is clearly
shallower and fragmented although its source regions, Peraea and Ausonia Cavi
are both prominent features in topography. In places Niger is connected to Dao
Vallis by smaller channels (black arrows in the left image).

head depression of Dao are connected by a short and shallow trough indicating that the northern branch has also worked at least partly as a source
for Dao Vallis (Kostama et al., 2010). Approximately 45 km south of the
trough, the northern and southern branches merge forming lower Niger.
While upper Niger has a very featureless appearance, lower Niger is deep
and steep-sided, as outflow channels usually are. A reason for this is the
on-surface activity, which has clearly played the main role in the evolution
of lower Niger. However, lower Niger also seems to be very fragmented. The
segment actually consists of separate collapse-basins, which are connected by
narrower channels. In contrast to Dao and Harmakhis Valles, the walls of
lower Niger are not streamlined, but consist of smaller fragments and blocks
transported by mass wasting.
When the lower Niger runs towards the Hellas basin, it approaches Dao
Vallis. In places the outflow channels are connected by smaller and shallower
channels (Figure 4.4). Finally, after ∼ 250 km at 36.81o S, 90.07o E, Niger
connects with Dao Vallis, forming a continuous and distinctive valley, which
runs down into the Hellas basin.
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Figure 4.5: CTX detail of the Harmakhis Vallis head depression (centered at
38.76o S, 95.60o E) shows Reull Vallis, which ends abruptly close to the beginning
of Harmakhis Vallis. Because the area between Harmakhis and Reull Valles is
covered by debris apron material (d), it is unclear if the outflow channels are, in
fact, connected.

The fourth outflow channel, Reull Vallis differs from the other eastern
Hellas outflow channels in many ways. First, it can be divided into three
segments, Segments 1–3 (e.g., Mest and Crown, 2001; Kostama et al., 2007),
which differ in morphology and elevation. Secondly, Reull Vallis is usually associated with two tributary outflow channels, Waikato and Teviot
Valles. Waikato Vallis actually represents Segment 1 of Reull Vallis (Mest
and Crown, 2001; Kostama et al., 2007; Mest and Crown, 2014), whereas
Teviot Vallis is a small ∼ 135-km tributary, which separates Segments 2 and
3. Furthermore, in contrast to Dao, Niger and Harmakhis Valles, the whole
Reull Vallis system is located outside the Hellas–Hesperia trough (Ivanov
et al., 2005). Instead of connecting to the Hellas basin, Reull Vallis ends
abruptly close to the beginning of Harmakhis Vallis (Figure 4.5). It has been
suggested that that at one time Reull Vallis would have been connected with
the head of Harmakhis Vallis (Tanaka and Leonard, 1995; Mest and Crown,
2001). However, the region between Harmakhis and Reull Valles is covered
by debris apron material, because of which a visible connection, either onsurface or subsurface cannot be observed (Figure 4.5).
The first segment of Reull Vallis, also known as Waikato Vallis (Mest and
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Crown, 2001; Kostama et al., 2007; Mest and Crown, 2014), starts in Hesperia
Planum, ∼ 650 km southeast of Tyrrhenus Mons, wherefrom this sinuous,
branched, and partly braided vallis runs to south towards Eridania Planitia
and Promethei Terra. However, in Eridania Planitia, the valley suddenly
disappears from topography. Approximately ∼ 125 km to southwest the
valley appears again, when Segment 2 of Reull Vallis begins and continues
from east to west across the northern portion of Promethei Terra (Figure
4.1).
The topographic depression which separates Waikato and Reull Valles on
Eridania Planitia is typically referred informally as the Morpheos basin (e.g.,
Ivanov et al., 2005; Kostama et al., 2007; Kostama and Kukkonen, 2012;
Kostama et al., 2013). Because on the Morpheos basin, visible evidence of
the Reull Vallis seems to be lacking, the basin has been suggested to have
acted as a paleo-reservoir, filled by the release of fluids from Waikato Vallis
(Crown et al., 1992; Kostama et al., 2004; Ivanov et al., 2005; Kostama et al.,
2007), and later discharged causing the formation of Reull Vallis (Kostama
et al., 2004; Mest and Crown, 2014). The hypothesis is supported by the fact
that the region does not have any other obvious source areas for Reull Vallis
(Mest and Crown, 2001; Kostama et al., 2007). Based on the photogeologic
analyses, Kostama et al. (2007) approximated that the maximum level of
filling of the Morpheos basin has been at 600–650 m. However, Capitoli
(2008) reapproached the subject by volumetric analyses and estimated the
level of infilling to be at ∼ 450–500 m. Later, Capitoli and Mest (2010) noted
that if multiple pulses of water from Waikato Vallis were released, a level of
550 m at the Morpheos basin could have been reached.
Even though the structure of the Waikato Vallis–Morpheos basin–Reull
Vallis system strongly indicates the Morpheos basin to have acted as a paleoreservoir, infilled by Waikato Vallis and discharged to Reull Vallis, crater
counts have not straightforwardly supported this result. Kostama et al.
(2007) dated the Morpheos basin surface based on Viking orbiter images
and found that the crater retention age of the Morpheos basin floor is indistinguishable from the age of the Hesperian ridged plains. They explained
the indistinguishable ages by the short residence time of water within the
Morpheos basin.
Segments 2 and 3 of Reull Vallis are separated by a tributary valley, Teviot
Vallis. According to Mest and Crown (2001), Segment 3 has originally been
a continuation for Segment 2. Later, when Teviot Vallis formed, it worked
as a source region for the fluids which then enlarged Segment 3. However,
Kostama et al. (2007) presented an alternative theory, according to which
Teviot Vallis represents the upper part for Segment 3, and Segment 2 is just
a tributary outflow channel which postdates the formation of the lower Reull
system. The theory is supported by the similar morphology of Teviot Vallis
and the upper Segment 3 as well as topographic factors. The topographic
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profile of lower Reull shows that the major portion of Segment 2 is located
approximately at the elevation of −0.9 km and higher, whereas the elevation
of Segment 3 and Teviot Vallis is approximately at the level of −2.4 km and
lower. Furthermore, Teviot Vallis and Segment 3 have similar level of erosion,
which indicates that the systems predate the formation of upper Reull Vallis
(Kostama et al., 2007).

4.2.2

Morphologic environment of the outflow channels

As the main characteristic of the eastern Hellas outflow channels, the morphologic environment of the valles systems is also very variable. In addition
that the region lies on the northeastern corner of proposed Circum-Hellas Volcanic Province (Williams et al., 2009, 2010), the region is part of the Martian
mid-latitude zone, where there are several geomorphologic indicators of past
as well as possibly contemporary ground ice (e.g., Greeley and Guest, 1987;
Crown et al., 1992; Squyres et al., 1992; Leonard and Tanaka, 2001; Mest
and Crown, 2001; Mustard et al., 2001; Crown et al., 2005; Berman et al.,
2009; Dundas et al., 2018). The floors of the outflow channels also display
evidence of later-stage ice-related activity, as they are covered by flow-like
material, the lineated texture of which indicates that the material has experienced downslope movement (Crown et al., 1992; Tanaka and Leonard,
1995; Price, 1998; Kostama et al., 2004; Bleamaster and Crown, 2010). The
corresponding material on floors of Martian valleys has been interpreted to
be lineated valley fill, Martian ice-rich deposits (Squyres, 1978; Crown et al.,
1992, 2004; Bleamaster and Crown, 2004, 2010) (Figure 4.6).
In the case of Dao, Niger and Harmakhis Valles, the lineated valley fill
seem to originate from the walls of the outflow channels. In the case of
the Harmakhis head depression, some very similar flow-like deposits also
originate from the surrounding pitted plains and debris aprons. In contrast,
the Reull Vallis system displays only a little evidence of flows which originate
inside the outflow channel.
The exact nature of the lineated valley fill, such as their origin and amount
of ice, or the formation model, is still somewhat uncertain. The most favored
explanations are that the deposits are sediments with interstitial ice, similar
to terrestrial rock glacier flows (Squyres, 1978; Mangold, 2003; Li et al., 2005;
Bleamaster and Crown, 2010), or, which is more probable, debris-covered
glacier flows (Head et al., 2006; Levy et al., 2007; Baker et al., 2010). The
main difference between the different models is the proportion of ice.
Lineated valley fill deposits typically have a complex texture which includes different sized pits, buttes and knobs, as well as ridges and grooves
formed, however, on relatively smooth background (Pierce and Crown, 2003;
Chuang and Crown, 2005). Pits, buttes and knobs are usually interpreted
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Figure 4.6: CTX and HiRISE details of lineated valley fill deposits on the floor of
Harmakhis Vallis. The unit consists of longitudinal ridges and grooves indicating
that it has experienced downslope movement (black arrows show the flowing direction). Small pits instead are evidence of ice-sublimation. The white box shows
the location of the HiRISE image.

as evidence of sublimation of interstitial water-ice, which results deflating,
dissecting, and collapse of the surface (Squyres, 1989; Crown et al., 1992;
Mangold, 2003; Pierce and Crown, 2003). Ice sublimation is accelerated by
surface heterogeneities and probably also by eolian activity, because it transports dust away and thus facilitates interaction between subsurface volatiles
and the atmosphere (Squyres, 1989; Mangold, 2003; Pierce and Crown, 2003).
Lineations, such as axial ridges and grooves, instead may be even debris-rich
medial moraines (Head et al., 2006) or flowlines and surface folds formed
by compressional stresses during downslope movement of ground ice (e.g.,
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Squyres, 1978, 1989; Mangold, 2003). According to Carr and Schaber (1977),
the main mechanism of flowing might be frost creep or gelifluction. However,
Squyres (1978) suggested that flowing by deformation of ground ice is the
more plausible movement mechanism, because of the thickness of the deposits
and lack of evidence of thawing.
Other ice-related features typical to the mid-latitude zone, and thus also
the eastern Hellas rim region, are lobate debris aprons and concentric crater
fill. The debris aprons usually characterize the base of isolated massifs,
mesas, and escarpments, whereas the concentric crater fill are found covering the base of high-standing crater walls. Both of these geomorphological
features have pits, buttes, ridges and grooves including texture, similar to
lineated valley fill. In the eastern Hellas rim region, lobate debris aprons can
be found on the Reull and Harmakhis Valles areas whereas on the Dao–Niger
region they seem to be absent. Concentric crater fill instead can be found on
the Dao-Niger region too.
Both lobate debris aprons and concentric crater fill (Figures 4.7 and 4.8)
are believed to form the way the lineated valley fill form. Chuang (2015)
summarized this to happen when material which is loosened by erosion transports downslope of crater walls, valley walls, mesas, or other high-standing
topographic features and finally accumulates at the base of the escarpment.
During or after accumulation, the debris are mixed with ice and snow, which
deposit on or within the debris, or possibly entrain from below due to freezing
of shallow groundwater. Following the incorporation of ice, material starts
to flow downslope and away from the scarp base. It has been proposed that
the formation of the viscous flow-like deposits would be related to Martian
climate changes and ice deposition episodes caused by variations of spin-axis
obliquity in the Amazonian period (e.g., Head et al., 2005, 2006; Baker et al.,
2010). However, it is possible that the modes of the formation of the deposits
differ in different places (Pierce and Crown, 2003; Head et al., 2005). Ivanov
et al. (2005) proposed that some of the viscous flow-like deposits might have
a subsurface source in the eastern Hellas rim region.
Even though alternative non-ice interpretations have been also presented
for Martian lineated valley fill, lobate debris aprons and concentric crater
fill (such as that they have formed by deposition and erosion of sedimentary
materials (Irwin et al., 2004), ice-related origin cannot be excluded. In the
case of the lobate debris aprons, the ice content of the features has been
even established by geophysical observations made by the SHAllow RADar
(SHARAD) instrument aboard Mars Reconnaissance Orbiter. The observations revealed many of the lobate debris aprons to truly consist of nearly
pure water ice bodies with little internal layering of debris (Holt et al., 2008;
Plaut et al., 2009).
In addition, several areas in the eastern Hellas rim region are covered by
a thin (up to 10 m) and smooth mantle (Mustard et al., 2001; Christensen,
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Figure 4.7: CTX details of a lobate debris apron which covers the area between
Reull and Harmakhis Valles (at 38.76o S, 95.60o E). The unit is characterized by pits
and buttes as well as ridges and grooves, the existence of which indicates that the
unit has suffered ice-sublimation and flowing. The white box shows the location
of the close-up image.

Figure 4.8: CTX details of concentric crater fill on the Apia crater near Dao
Vallis (at 37.28o S, 89.01o E). The white box shows the location of the close-up. The
texture of the concentric crater fill corresponds to the texture of lineated valley
fill (Figure 4.6) and lobate debris aprons (Figure 4.7) and, thus, the formation
mechanism of the features is supposed to be the same.

2003), which is seen especially in HiRISE images (Figure 3.7). The mantle
has been interpreted to be ice-rich dust which deposited on the regions during
the epochs of high obliquity with a 100,000-year time scale (e.g., Mustard
et al., 2001; Head et al., 2003a; Christensen, 2003).
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Chapter 5
Crater counts on the eastern
Hellas outflow channels
The role of small impact craters in the crater count age determination method
is investigated in this thesis by analysing the crater count results achieved on
the outflow channels and their surroundings in the eastern rim region of the
Hellas impact basin. In addition to small impact crater studies, the crater
counts and related photogeologic mappings also enable us to investigate the
evolution of the outflow channels, and especially the role of water and ice in
the regional history.
The work was carried out by mapping and dating parts of the eastern
Hellas outflow channels. Harmakhis and Niger Valles were mapped and dated
from their head depressions to the beginning of the termini (in the case of
Niger from the head depressions to Dao Vallis)(Papers II–V). In Reull Vallis
the research was focused on the Morpheos basin region, the probable ancient
open lake, which separates the first two segments of Reull Vallis on Eridania
Planitia (Paper I).

5.1

Data and methods

The crater count datings of this research were carried out based upon the
very high-resolution data from the ConTeXt (CTX) and High Resolution
Imaging Science Experiment (HiRISE) (McEwen et al., 2007) cameras aboard
the Mars Reconnaissance Orbiter (MRO) (Malin et al., 2007). In places,
images of the High Resolution Stereo Camera (HRSC) aboard Mars Express
(MEX) (Neukum et al., 2004) were also used. The spatial resolution of the
CTX images is ∼ 6 m/px with a swath width of ∼ 30 km, and the images
cover the outflow channel systems entirely. The spatial resolution of the
HiRISE images is much better, even 30–50 cm/px, which means that in the
closest images, features with a size of only ∼ 1 m are possible to recognize.
However, the coverage of the HiRISE images is insufficient, and especially
53

in the eastern Hellas rim region, many of the images focus on the walls of
the outflow channels only. Thus, the size of suitable crater counting areas is
very limited. The HRSC images cover the studied region with a maximum
resolution of ∼ 12.5 m/px.
In addition to crater counts, the studied regions were mapped photogeologically to distinguish different surface deposits, and thus to recognize the
geologic processes that operated on the region. In general, the surface was
divided into mapping units displaying a diversity of surface textures, albedo
variations, and overlapping or transection relationships. This was made by
using standard geological mapping methods outlined by Wilhelms (1990) and
refined by Tanaka et al. (2009). In the cases of Harmakhis and Niger Valles
(Papers II–IV), the mapping was made by the author of this thesis, whereas
the other regions (Papers I and V) were mapped by co-authors. The mapping is principally based on CTX images. However, HiRISE data, images of
HRSC, and both day and night infrared datasets of the Thermal Emission
Imaging System (THEMIS) aboard Mars Odyssey (Christensen et al., 2004)
were also used when needed, to complement the results. Topographic investigations were made utilizing both the gridded and individual profiles of the
Mars Orbiter Laser Altimeter (MOLA) and the HRSC digital terrain models
(DTM) (Zuber et al., 1992; Neukum et al., 2004; Gwinner et al., 2010). The
resolution of the THEMIS images is ∼ 100 m/px, whereas the grid-spacing of
the MOLA data is ∼ 464 m in the eastern Hellas region, and the grid-spacing
of the HRSC-DTM images is up to 100 m.
Practically, the study was made by looking for the suitable images of the
regions of the eastern Hellas outflow channels. After downloading the images
(CTX and THEMIS: themis.asu.edu.mapsl, HiRISE: http://hirise.lpl.arizo–
na.edu, and HRSC: http://hrscview.fu-berlin.de), both the CTX and THEMIS
data were processed using the USGS-ISIS 3 (Integrated Software for Imagers
and Spectrometers) software into geometrically-calibrated and noise-reduced
images, and datasets were map-projected to a sinusoidal or equirectangular projection, depending the shape of the studied regions. The downloaded
HiRISE data were already in a equirectangular projection whereas the HRSC
images were in a sinusoidal projection. All the data were imported into
ESRI’s mapping and analytics platform, ArcGIS 10.0 (Geographic Information System), which was then used to perform the mappings and datings.
Age determinations of the mapped units were conducted using the crater
count method described in Chapter 2. First the diameters of impact craters
on the different surface units as well as the surface areas of the units were measured, and the results were tabulated. These were made utilizing the ArcMap
software extension called CraterTools (Kneissl et al., 2011). Obvious clusters
of secondary craters were identified and excluded from the counts, and the
areas near recent large impact craters were mainly avoided for minimizing the
error caused by secondary craters (see Section 3.1.3). The randomness of the
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counted craters was later checked by random analysis tool of the Craterstats
software (Michael et al., 2012). After gathering the crater data, the data
were converted into crater size-frequency distribution plots, which were then
used to measure the cratering model ages. The crater size-frequency distributions were created by the Craterstats software (Michael and Neukum, 2010),
which allows the plotting of crater diameters with the corresponding crater
frequencies in logarithmic scales, and the fitting of production and chronology functions and estimated errors to the crater distributions. The use of
Craterstats in crater distribution presentations and age estimations is generally recommendable, as it confirms that the crater count results are achieved
systematically, using the consistent fitting and error estimation procedures,
and with the same precision.
The cratering diagrams presented in this thesis were created by using a
cumulative plot type with a 20/decade binning style, which means that the
cumulative frequency of craters in a certain bin Da –Db (Db =101/20 *Da ) was
plotted against the bin boundary Db in logarithmic scales (Crater Analysis
Techniques Working Group, 1979). The binning style used works well in the
cases in which the high resolution of crater data is preferably retained, such
as on surface units where the variations in crater frequencies are small or the
number of craters is low because of the young formation age or significant
recent modification of the surface. On the other hand, because of the high
resolution, the plot may show variation as the slopes caused by random errors
are not smoothed.
After creating the crater size-frequency distribution plots, the Craterstats
software was used again to measure absolute cratering model ages. This was
performed by fitting a Martian production function, developed by Ivanov
(2001), to the crater distributions by the method of least squares, and by
comparing the results with the chronology model of Hartmann and Neukum
(2001). The uncertainty of the chronology model is about a factor of two,
and it is caused mainly by an uncertainty in the impact flux model used
for Mars (see Section 2.4). However, the crater size-frequency distributions
were plotted with 1-sigma error bars (see Equation 2.6), which illustrate a
statistical error. The errors of the model ages were counted from the errors of
N (1) values, which were translated into an error in the age according to the
chronology function (Michael et al., 2012). Because this usual approximation,
employed for a Poisson process, is rather accurate when n > 20, for lesser
values it provides just an order of magnitude estimate (Michael et al., 2016).
On the other hand, the small size of surface units especially on the outflow
channels, and thus the small size of suitable crater counting areas (from 13
to 74,040 km2 ) may also increase the real error.
As usual, the crater size-frequency distributions measured for the eastern
Hellas rim region do not follow the theoretical shape of the crater production
function. Instead, one or more slopes of the distributions break because of
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a complex and partially resurfaced surface (e.g., Neukum and Hiller, 1981;
Werner, 2005; Michael and Neukum, 2010). However, the ages of these geologic processes, which have modified the surface and thus the recorded crater
populations, can be determined if multiple production functions are fitted to
the crater data. In these cases, however, the resurfaced parts of the crater
size-frequency distribution plots require a correction, or the age will be overestimated as as result of the cumulative nature of the distribution.
In this work, the size-frequency distributions of the resurfaced surfaces
were corrected using the resurfacing correction of Craterstats, developed
by Michael and Neukum (2010) (see Section 3.1.2). The resurfaced diameter ranges were confirmed by a comparison of the cumulative crater sizefrequency distribution plot with a differential plot, in which the slope breaks
are easier to see (Michael, 2013) (see Section 2.3), as well as comparing different binning styles in order to distinguish real slope breaks from the variations
caused by noise. The resulted cumulative crater size-frequency distributions
are presented in Appendices A–E.
Because of the use of the resurfacing correction, the different modifications events could be dated. Therefore all identifiable impact craters were
taken into account in the crater counts, regardless of their morphology or
apparent level of degradation. This also ensures that all the possible information about the regional evolution was obtained.

5.2

Regional challenges

As usual in very high-resolution images, the distribution of small impact
craters is also significant in the very high-resolution images which focus on
the eastern Hellas rim region. As small craters accumulate on the surface
more quickly than larger ones, they should reveal valuable information especially about small-scale, short-time, and recent geologic processes that have
modified a surface.
The utilization of small impact craters in crater counts is not, however,
straightforward, as summarized in Section 3.1. Originally, the small craters
were excluded from crater counts, which was mainly due to the uncertainty
of crater origins (primaries or secondaries). This opinion has then changed
as later studies showed that the small impact craters can be used in age
determination if only obvious secondary clusters and rays (i.e. near-field
secondaries) are excluded from the crater counts, and the areas showing
signs of recent large impact craters are avoided (e.g., Hartmann, 2005, 2007;
Werner et al., 2009; Hartmann and Werner, 2010; Hartmann and Daubar,
2017). If the studied surface units are old enough, the exclusion of small
craters, however, may be still reasonable, as in these cases a sufficient part of
the crater size-frequency distribution is characterized by large craters, and
the inclusion of small craters is not necessary if only the formation age (or the
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oldest crater retention age) of the surface unit is wanted to be determined.
However, when we are dating relatively young or small surface units with only
few, if any, large craters, or when the resurfacing history of the units is also
wanted to study, the counting of small craters is essential to get statistically
reliable age determination results.
In the case of the outflow channels of the eastern Hellas impact basin rim
region, it is already known that the region has experienced significant modification and degradation. The earlier maps (Crown et al., 1992; Tanaka and
Leonard, 1995; Price, 1998; Mest and Crown, 2003; Bleamaster and Crown,
2010) have shown the outflow channels to be covered by lineated valley fill,
flow-like deposits which have a lineated and isolated pit-and-butte texture
(see Section 4.2.2 and Figure 4.6). Because most of the craters superposed
on the lineated valley fill are relatively small, the exposure time of the crater
formation must have been relatively short. This means that the formation
process, or at least the modification of the lineated valley fill has to be relatively recent. Several studies have shown that many of the Martian lineated
valley fill features truly are geologically young, having occurred in the Middle/Late Amazonian epoch (e.g., Levy et al., 2007; Morgan et al., 2009; Baker
et al., 2010). Because of the lack of large craters, the use of small craters in
crater counting is essential. On the other hand, the relatively young age of
the surface units also means that the formation of craters has to postdate
most of the secondary crater-forming impacts, because of which the superposed craters can be assumed to be primaries and just distant secondaries
(as the craters in the isochrone systems). Therefore, the use of small impact craters in the age determination of the study area is reasonable and
acceptable.
On the other hand, the floors of the outflow channels are a very challenging crater count subject. Most of the craters on the lineated valley fill and
other flow-like units are eroded, modified or distorted. Many of them also display a morphology of flat ”oyster-shell”, ring-mold, or heavily subdued ghost
craters (Figure 5.1) typical of craters on ice-rich units (e.g., Mangold, 2003;
Morris and Mouginis-Mark, 2006; Pedersen et al., 2010; McConnell et al.,
2006, 2007; Pedersen, 2015). In addition, the craters are relatively small, because of which they resemble in size and appearance the pits, rounded ridges,
depressions, and other topographic variations which characterize the ice-rich
units. Therefore the craters are difficult to detect, and many of the pits and
depressions may be easily mistaken for impact craters (Figures 3.7 and 3.8).
In the case of the surrounding plains units and uncovered surfaces, such
as the Morpheos basin region and Hesperia Planum (Paper I), or the shieldlike structures and plains around Niger Vallis (Papers IV and V), the density
of craters is clearly higher (Figure 5.2). Thus, one could expect that different crater populations would be represented in these regions better than in
the young, sparsely cratered valley floors. On the other hand, because of the
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Figure 5.1: Example of craters on the Harmakhis Vallis floor showing typical
characteristics of ice-related modification. (a)–(b) HiRISE details of oyster-shell
craters, also known as ring-mold craters. (c) A HiRISE detail of a heavily modified
ghost-crater. (d) A CTX detail of a ring-mold crater and an elliptical crater,
modified as a result of surface flowing. The figure is presented in Paper II.

relatively old surfaces, the number of secondary craters is higher. For getting
reliable dating results, the near-field secondary craters should be identified
and excluded from the crater counts. However, in our study regions, the
identification of secondary craters was extremely difficult, as many primary
impact craters also showed evidence of strong erosion and modification (Figure 5.2). Because of the modification, the primary impact craters resembled
elliptical and shallow secondary craters in many respects, and vice versa.
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Figure 5.2: CTX detail of the Morpheos basin floor (centered at 36.84o S,
113.54o E). The region shows several craters the origin of which is somewhat uncertain (primary or secondary) because of the modified appearance of the craters.
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Chapter 6
Results
The purpose of this thesis is to investigate the role of small impact craters
in the crater count age determination method. The focus is especially in the
cases in which only single high-resolution images are used for crater counting,
i.e. the counting areas are relatively small. The main goals are to find out
in which cases crater counting based age determinations are reliable if only
small impact craters are used for dating. Moreover, it is studied whether the
measured surface ages are dependent on the size range of counted impact
craters, and whether the size of the surface area of dated units affects the
age determination results. In practice, this all was done by comparing the
crater count results which are based on the counting of small impact craters
and small counting areas with the results achieved by counting craters on
larger surface areas. Because all the crater counts have been performed
in the eastern Hellas rim region, the work naturally also reveals valuable
information about the regional evolution – especially the scales of outflow
channel activity and their exact placing in the local geologic history and
setting.

6.1

Crater counts by using small impact craters
and small surface areas

In theory, crater count dating on a young surface unit should not be a complex process. Because of the young age of the units, the number of accumulated craters is relatively low, and the craters are relatively small. On
the other hand, the proportion of secondary craters can be assumed to be
nearly negligible, as the surface has to postdate most of the large, secondary
forming impacts. Thus, if just all the impact craters superposed on the surface unit are identified, their size-frequency distribution should reflect the
full modification history of the unit.
Papers II and IV summarize the crater count results obtained from the
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floors of Harmakhis and Niger Valles based on CTX images (see cumulative
crater size-frequency distribution presentations in Appendices B and C). The
floors of the outflow channels are mainly covered by lineated valley fill and
other flow-like units, typically interpreted to be ice-rich deposits (see Section 4.2.2). Thus, the units represent one of the stratigraphically youngest
features in the region. However, the crater count results of the ice-rich deposits were ambiguous. Many of the cratering model ages did not correspond
with stratigraphic age relationships determined for the same units during the
mapping process, even though the crater counting areas covered the units entirely.
Seemingly young ages have been shown to be typical for Martian icerich deposits (e.g., Carr, 2006; van Gasselt et al., 2007), and they have been
generally explained by significant modification processes caused by the icerelated nature of the units, such as ice-sublimation and flowing. Now, it also
seems obvious that at least some of the oldest crater populations have been
destroyed completely or almost completely on the surface units. As a result,
the number of measured ages (i.e., the number of observed crater populations)
is not equal on different units anymore. Many of the crater size-frequency
distributions of the flow-like units actually contain separate, non-contiguous
large bins (Figure 6.1), which probably represent the remnants of the old
crater populations.
Because the role of the measured ages (formation vs. modification age)
cannot be established reliably, one should be careful when interpreting the
ages. The oldest measured crater retention ages represent only the youngest
limits for the formation ages of the units instead of absolute formation ages.
If all the counted craters are well-preserved, the ages may be consistent with
the ending time of an intensive modification process.
HiRISE-scale crater count results support and complement the CTXscale age determinations. In Paper III, the Harmakhis Vallis main valley
is dated based on separate HiRISE images and the results are compared
with the CTX-scale crater count results of Paper II (see Appendix D). In
the single HiRISE images, available crater counting areas are clearly smaller
(from 13 to 81 km2 ) compared to the CTX-scale counting areas (from 20
to 731 km2 ), which cover the mapped units completely. The crater count
results show that the crater count data obtained from the HiRISE images,
however, mainly do correspond and complement the crater data measured
from the lower-resolution but more extensive CTX images. If inconsistencies
were found, they could be explained by the regional geology.
As summarized in Paper III, the inconsistencies were usually caused when
one or more cratering model ages (crater populations) were missing from the
HiRISE-scale crater count results. The most common reason for this was
the size of the counting areas, which was probably too small accounting for
the diversity of the modification history of the areas. If the surface units
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Figure 6.1: Example of a crater size-frequency distribution measured for a lineated valley fill unit on the floor of Harmakhis Vallis (unit mf3 , Paper II). The
crater size-frequency distribution shows separate large bins indicating the existence
of older (∼ 190 and 700 Ma old) crater populations. However, because of the crater
obliteration processes, such as ice-sublimation and flowing, only remnants of these
older crater populations are left.

have been modified by several partial resurfacing events the magnitude of
which has varied only marginally, the diameter range of the remnant crater
populations, which reflect the age of the surfaces formed between the resurfacing processes, may be small. Therefore, especially on small counting areas,
the density of craters may be too sparse to form an observable curve in the
crater distribution (Figure 6.2). Traces of the crater populations can be still
detected, but because of the low number of craters, they may easily be embedded in noise. In a more complex case the unit is modified by a sequence
of resurfacing events or by a continuous event, with a fluctuating intensity
resulting in a sequence of traces of different crater populations (Michael,
2013). For all the crater populations to be dated successfully, a larger crater
counting area would be necessary.
In some cases local differences in the intensities, scales, and durations of
partial resurfacing processes seem to have resulted in crater populations to
have been distributed in a spatially non-uniform manner, causing location
dependent crater count results (Figure 6.3). The effect is typical of the units
with a varying degree of uniformity of the surface’s resistance to erosion,
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or a varying degree of unevenness of deposited material (Michael, 2013).
Moreover, inconsistent crater count results were caused when the surface
units which appeared to be relatively homogeneous in the CTX scale actually
contained sub-regions when the units were studied based on HiRISE images.
However, although the geology between these sub-regions varied, the partly
corresponding ages between the HiRISE- and CTX-based crater counts could
still be found, even though the HiRISE-scale results for two different subregions did not correspond at all (Figure 6.4).
HiRISE-scale crater counts are also studied in Paper IV, which presents
crater count results achieved on Niger Vallis based on both CTX and HiRISE
images (see Appendix C). The size of the counting areas varies from 13 km2
to 2,330 km2 . However, the crater count results (numbers, sources and numerical values of the measured ages) do not seem to be dependent on the
size of the counting area. All the crater counting areas produce equally valuable information, and the age determination results are in good agreement
with the regional stratigraphy and the results of other authors (e.g., Williams
et al., 2007, 2008; Musiol et al., 2011) although many of the cratering model
ages are based on a low number of craters, or even one crater bin. Furthermore, in the cases in which the crater counts are performed on a single unit,
but based on both the CTX and HiRISE datasets, and thus different size
counting areas, the results are mainly consistent or they complement each
other.
Even though the probability that the retention age of the oldest craters
reflects the formation age of the unit should increase with increasing size of
the counting area (Warner et al., 2015), it cannot, however, be stated that
the larger areas always give more information about the surface age. For
example now, a 132-km2 CTX-scale counting area in a lineated valley fill
unit of Niger Vallis resulted in three ages, 60 (± 20) Ma, 42 (± 8) Ma, and
12 (± 1) Ma, whereas an 82-km2 HiRISE-scale counting area resulted only in
an age of 12 (± 3) Ma (Figure 6.5a). The low number of the HiRISE-image
based crater populations can be explained by the strong resurfacing processes
of the unit, the magnitude of which has exceeded the scale the small HiRISE
counting area can record. In contrast, a 44-km2 CTX-scale counting area on
a nearby uncovered floor unit (possible original floor of Niger) resulted in ages
of 310 (± 60) Ma and 22 (± 3) Ma, whereas only a 13-km2 counting area in
the same, relatively unmodified unit resulted in very corresponding ages, 300
(± 90) Ma, 21 (± 5) Ma, and 5.8 (± 0.5) Ma (Figure 6.5b). Consequently,
instead of the size of the counting areas, the results are more dependent on
the modification history the units have experienced and therefore the nature
of the dated units.
On relatively old units, the number of small impact craters is naturally
higher compared to young units. On the other hand, because Martian old
units are seldom ice-rich (besides ground ice or the small, up to 10 m thick
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Figure 6.2: Crater count example of a lineated valley fill unit located in the
middle of the Harmakhis main valley (presented in Paper III). The CTX-scale
crater counting area A covers the unit completely (outlined in white) and results
in three ages. The HiRISE-scale datings (the red boxes show the locations of
the HiRISE images, but the counting areas B and C themselves consists only
of the lineated valley fill unit) show more diversity. Moreover, the crater sizefrequency distributions of Areas B and C show several separate unfitted bins,
implying that the counting areas might have remnants of a surface with an age of
this order of magnitude. If so, the crater density of the remnant crater populations
is, however, too small for the craters to form an observable curve in the sizefrequency distribution. In other words, the HiRISE-scale counting areas are too
small given the diversity of the modification history of the unit. The varying
cratering model ages themselves can be explained by the varying geology of the
units.
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Figure 6.3: Continued on the following page.
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Figure 6.3: (a) Crater count example of a lineated valley fill unit in the Harmakhis main valley (presented in Paper III). Crater counts for Areas A–C show
three ages, whereas in Area D only two ages can be found. A reason for this might
be a varying intensity of resurfacing processes. On the other hand, the second
resurfacing age of Area B is clearly younger compared to the age of Areas A, C,
and D. The upper-right image shows the distribution of the youngest crater population with the diameter of 22–44 m. Based on the random analysis tool of the
Craterstats software (Michael et al., 2012) the crater population in this size range
is clustered, which may have an effect on the results. (b) The topographic profile
of the unit shows the locations of the HiRISE images. The prominent gradient of
Area B may also explain why its youngest age is distinguishable from the youngest
ages of the other areas.

layer of an ice-rich mantle, typical of Martian mid-latitudes (see Section
4.2.2)), the resurfacing processes caused by the nature of the units (e.g.,
ice-sublimation and flowing) are more limited. Because these processes do
not destroy craters such as they do in ice-rich units, one might expect that
different crater populations are represented well on the old units. However,
because of the old age, the surface has had more time to be exposed to surface
modification.
Paper I presents the crater count results performed on the Morpheos
basin region (see Appendix A). The geologic environment of the Morpheos
basin, as well as the earlier crater counts of Kostama et al. (2007) have shown
the region to be relatively old, Hesperian aged. The old age in turn means
that the distribution of secondary craters should be significant. Both in
the Morpheos basin region and Hesperia Planum, there actually are plenty
of large impact craters with extensive ejecta deposits and secondary fields
(Figure 2.2). The identification of all the (near-field)secondary craters formed
by these impacts is challenging, if not even impossible (Figure 5.2).
First, the infilling of the Morpheos basin was estimated by mapping the
region and then dating the units above and below the mapped level of infilling
(∼ 500 m). The data consisted of both single HiRISE images and a CTX
mosaic. The diameter range of the counted craters varied from ∼ 0.10 m to
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Figure 6.4: (a–b) HiRISE and (c) CTX details of a flow-like unit in the lower
Harmakhis main valley (presented in Paper III). Even though the unit appears
to be relatively homogeneous in the CTX scale, HiRISE-scale examinations reveal
that the geology of the unit varies. The crater count results of the unit are seen in
Figure 6.2. The HiRISE-scale cratering model ages are not consistent with each
other, even though they correspond with the CTX-scale crater count results.

2.1 km, whereas the size of the counting areas varied between 64 km2 and
2,563 km2 . However, the crater count results showed diverse ages, the error
bars of which were, in addition, large. Thus the absolute ages could not be
stated reliably. A reason for this might be that despite the careful separation
of secondary craters from primaries, the crater counts might have contained
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Figure 6.5: Crater count examples of (a) a lineated valley fill unit and (b) an
uncovered floor unit of Niger Vallis based on CTX and HiRISE images. Even
though the HiRISE-scale crater counting area in the lineated valley fill unit is
larger than the counting area in the uncovered floor unit, the crater counts on
the floor unit lead to more comprehensive age determination results. Instead of
the size of the counting areas, crater count results are more dependent on the
modification history the units have experienced.

unidentified (near-field)secondary craters, or, in contrast, there might have
been uncounted primary craters. However, which is significant is that even
though these measured ages were not necessarily absolutely correct, they
mainly followed the stratigraphy being thus at least indicative.
To get more comprehensive age determination results, some sample areas
in Hesperia Planum were dated based on CTX and HRSC images. Because
of the lower image resolution of the HRSC images, and thus larger available
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counting areas (1,614–74,040 km2 ), the crater diameter ranges were naturally
larger (∼ 0.22–24 km). The ages measured for Hesperia Planum were mainly
a bit older compared to the ages measured for the Morpheos basin floor units.
The nearly corresponding ages between Hesperia Planum and the Morpheos
basin floor, on the other hand, support the result of Kostama et al. (2007),
who dated the floors of the Morpheos basin and surrounding Hesperia Planum
based on the Viking data and found no distinguishable age difference between
the regions. Kostama et al. (2007) explained the correlating ages by the
relatively short infilling period of the Morpheos basin. However, as explained
in Paper I, the Morpheos basin floor and Hesperia Planum have similar ages,
also because the infilling of the Morpheos basin occurred relatively soon after
the Hesperia Planum formation.
In addition, the crater counts on Hesperia Planum showed that the number of measurable crater populations may be dependent on the size of the
counting area. In the case of the surface above 500 m elevation, craters were
counted on five random areas, with the assumption that all the areas consist
of the volcanic plateau of Hesperia Planum. The crater counts resulted in
cratering model ages of ∼ 3.60–3.68 Ga (N (5) = 122–174), which correspond
quite well with the crater count results of Crown et al. (2007) (N (5) = 173 ±
9), Kostama et al. (2007) (N (5) = ∼ 200) and Mest and Crown (2014) (N (5)
= 198 ± 39) for Hesperia Planum plains. Moreover, the crater counts showed
that Hesperia Planum has been modified by at least three resurfacing events,
which ended ∼ 3.39–3.47 Ga, ∼ 1.38–1.82 Ga, and ∼ 225–406 Ma ago. The
corresponding ∼ 3.39–3.47 Ga ages have also been found in Tyrrhenus and
Hadriacus Montes, where they have been interpreted to be a result of variety
geologic processes, such as volcanic activity (Williams et al., 2007, 2008).
However, what is interesting is that in the Hesperia Planum region, the ages
of ∼ 3.39–3.47 Ga are possible to find only in those areas where the crater
counts are based on the HRSC images, i.e. the counting areas are large. The
missing age of ∼ 3.39–3.47 Ga in the CTX-scale counting areas might indicate that the geologic processes before and after 3.39–3.47 Ga have varied at
the regional scale (at least in magnitude and duration) between the counting areas so that the remnants of ∼ 3.39–3.47 Ga Ma unit are detectable
today only in the regions of the HRSC-scale counting areas. Alternatively,
the remnants of the unit with this age range might be so corrupted that the
crater population can be observed only if we have crater data from the area
which is large enough.
Another example of the crater counts of relatively old but small surface
areas is summarized in Paper V (see Appendix E). The paper introduces a
shield-like structure located on a large mesa in lower Niger Vallis. Based
on the photogeologic analyses, the shield seems to be an ancient volcano.
The location of the shield on the flanks of the large mesa, which is cut by
a fluvial channel formed during a Niger flooding episode, indicates that the
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shield is stratigraphically older than Niger Vallis. Our datings, however, do
not support straightforwardly the conclusion of an older age, as the CTXscale crater counts resulted in a catering model age of 2.13 (+1.1/−1.5) Ga
for a 18-km2 counting area on the shield-like structure. The age clearly
postdates the Hesperian period when the formation of Dao and Niger has
been estimated to have started (Tanaka and Leonard, 1995). Instead, the
age corresponds with the Amazonian period when the eastern Hellas outflow
channels may have experienced their latest activity phases (Mest and Crown,
2014).
To get some age comparison for the Niger shield, crater counts were also
carried out on an ∼ 28-km2 reference area, located in the plains between Dao
and Niger Valles. Based on the stratigraphic relationships, the plains clearly
predate the formation of Dao and Niger Valles. However, the crater counts
resulted in an age of 2.21 (+0.99/−1.3) Ga for the unit, which is clearly
younger than Hesperian Dao and Niger Valles. Instead the age is consistent
with the age measured for the Niger shield.
Even though the small age difference between the shield structure and
plains could be explained by the later activity on the Niger shield, the age
difference is not reliable, if the error bars are taken into account. Furthermore, according to stratigraphic relationships, both the shield structure and
the plains should predate the formation of Dao and Niger Valles. Thus the
now measured cratering model ages have to be either very underestimated
formation ages of the units, or just resurfacing ages. If the ages represent
resurfacing ages, then the densities of the large crater populations, which
would represent the formation ages, have to be too sparse in comparison
with the surface areas of the shield and the reference unit. This would also
mean that both the shield structure and the surrounding plains have experienced the same resurfacing history, as both of the surfaces were modified ∼
2.13–2.21 Ga ago.

6.2

Crater counts on the eastern Hellas outflow channels

The eastern Hellas impact rim region has been studied in great detail and in
many aspects during the past decades (see Section 4.1). However, the scales
of the outflow channel activities, as well as their exact places in the local
geologic history and setting, have still remained debatable. For example, it
is still unclear whether the activity of the outflow channels was periodic or
long-term, or even if the activity occurred on every outflow channel during
the same time period or not.
In addition that this thesis mainly focuses on the usability of the crater
counting method in cases in which we have only small impact craters and
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counting areas available, the crater statistic studies themselves also give us a
possibility to scrutinize the evolution of the outflow channels in the eastern
Hellas rim region.
The paper I is strongly based on the work of Kostama et al. (2007),
who presented a hypothesis for the formation of the Reull Vallis system
(summarized here in Section 4.2.1), and found that the Viking orbiter image
based crater retention age for the Morpheos basin floor is indistinguishable
from the age of the Hesperian ridged plains. To update their study and to
get more details of the evolution of the Waikato Vallis–Morpheos basin–Reull
Vallis fluvial system, the Morpheos basin region was mapped and dated using
higher resolution CTX, HiRISE and HRSC data.
The mapping results indicate that both Waikato and Reull Valles have
experienced multiple (3–4) stages of activity. The same effect is also possible
to see on the Morpheos basin. The floor of the basin was mapped to consist of
at least three units, which all reflect different levels of the infilling. In places,
evidence of features clearly built by fluvial activity was found (Figure 6.6).
The mapping results also gave a supporting insight to the maximum level
of the Morpheos basin infilling (Capitoli, 2008; Capitoli and Mest, 2010), as
the results imply that the basin was filled up to the ∼ 500 m contour line
(Figure 6.7).
The Morpheos infilling itself was estimated to have occurred during the
period of 3.52–3.67 Ga. The result is based on the crater counts performed
on two stratigraphic landmarks which confine the time frame for the infilling

Figure 6.6: Image pair of the Morpheos basin floor. The left image shows the
subdued form of a tear-shaped island within a topographic channel, whereas the
right image shows flow-features indicating fluvial activity within the Morpheos
basin. The arrows show the flow direction. The left image is from Paper I.

72

Figure 6.7: Extent of the Morpheos basin as it would be with the 450 m, 500 m
and 550 m levels of infilling (white areas). The red line illustrates the boundary of
the infilling based on the geologic mapping of Paper I. The mapping results imply
that the basin was filled up to the ∼ 500 m contour line.

of the Morpheos basin. The first unit, Hesperia Planum, gives the older limit
for the formation of Waikato Vallis, and thus the infilling of the Morpheos
basin by being stratigraphically older than these features. The second unit is
the widely spread and easily identifiable ejecta blanket of a nearby unnamed
impact crater (in coordinates 35.5o S, 115.5o E, Figure 2.2). Because the ejecta
blanket covers Waikato Vallis and the Morpheos basin, it postdates them.
The time frame of 3.52–3.67 Ga is also consistent with a cratering model
age of 3.58 (+ 0.10/− 0.30) Ga measured for the floor of Reull Vallis. As a
conclusion of Paper I, a formation scheme for the Waikato Vallis–Morpheos
basin–Reull Vallis system was outlined (Figure 6.8).
Corresponding evolution studies for Harmakhis Vallis are presented in
Papers II and III. Paper II summarizes CTX-scale mapping and dating results
for the Harmakhis Vallis floor. In Paper III, the results are complemented
by HiRISE-scale crater counts.
The crater counts and mapping results of Harmakhis Vallis support well
the earlier findings according to which Harmakhis Vallis has been modified
after its formation by lineated valley fill and other flow-like deposits (e.g.,
73

Figure 6.8: The evolution scheme for the Morpheos basin as it is presented in
Paper I. (a) The placement of the regional Hesperia Planum lava flows, and formation of the large impact structures. The Morpheos basin is a local topographic
low. (b) The first activity stage of Waikato Vallis initiates the outflow channel formation, erodes the crater rims of two eastern craters in the crater cluster, and cuts
through southern Hesperia Planum. The flows connect and empty to the Morpheos
basin depression filling it partly with transported material. (c) Continued activity
from the source regions of Waikato Vallis breaches the rim of the largest crater in
the cluster, and fills the crater (at least partly). The already formed channels to
the east are favored and the smaller craters and rims are even more eroded. The
Morpheos basin depression to the south is filled until the flows breach the neck
and form Reull Vallis (Mest and Crown, 2014). (d) Later activity from Waikato
Vallis fills the Fancy and Cayon craters, and in places overflows their SW-S-SE
rims. The deposits left from these flows are later eroded, as well as the floor of the
now empty Morpheos basin reservoir. At the same time, a crater forms to the east
of the basin. Its extensive ejecta blanket covers large parts of the previous signs
of activity. However, some remains of the first activity stages can still be seen
(eroded crater rims, tear drop shaped islands, flow features). The latest activities
in the region are the formation of viscous flow features on the crater rims and the
outflow channel walls and floors, and wind erosion and deposition.
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Crown et al., 1992; Bleamaster and Crown, 2004). According to the mapping
results, these deposits have several source regions and they cover the floor of
Harmakhis almost entirely. Consequently, the possible original surface can
be observed only in few places.
The more detailed studies reveal that the formation and modification of
the lineated valley fill and other flow-like deposits must have been a complex,
multi-stage process. The appearance of the units clearly varies in different
parts of the outflow channel indicating either varying (ice-)content of the
units and/or a different modification history. For example, the textures of
the units in lower Harmakhis are clearly finer, and the compressed ridges and
lineations, formed by the flow of the units, are significantly smaller and they
have a sparser distribution compared to those in upper Harmakhis Vallis.
Furthermore, the number and size of the features (e.g., pits, buttes, mounds,
and furrows) typical of Martian ice-containing materials, are smaller in lower
Harmakhis Vallis than in upper Harmakhis. The crater count results together
with the stratigraphic analyses show that the lineated valley fill deposits
formed in several stages. In the main valley and barrier surface they formed
no later than ∼ 510 (± 300) Ma ago. In the head depression, the deadline
for the formation is a bit younger, as the flow-like units can be dated to have
formed no later than ∼ 400 (± 300) Ma ago.
In places, the Harmakhis Vallis floor consists of units which based on the
appearance and stratigraphy are interpreted to be the original, uncovered
surface of Harmakhis (∼ 20-km2 unit near the Tungla crater and the channels on the barrier surface). The crater count results support the assumption,
as the units mainly show older ages (∼ 780 (± 400)–850 (± 600) Ma) than
the lineated valley fill. In addition to the uncovered units, the corresponding
age (730 (± 200) Ma) can be found in the modified plains unit of the barrier
surface. Instead, in the well preserved plains unit the age of this order of
magnitude seems to be missing. Thus, the ages possibly represent the latest fluvial activity phase of Harmakhis Vallis. A terrace structure found in
the barrier surface favor this interpretation as the existence of the terraces
indicates that the Harmakhis Vallis has experienced periodic activity.
Moreover, the crater counts show that the Harmakhis Vallis floor has
resurfaced several times, usually two or three. The exact nature of the resurfacing processes is, however, still partly unknown. Because of the ice content
of the flow units, the units can be assumed to have suffered ice-sublimation
and flowing (e.g., Squyres, 1978, 1989). The texture of the flow-like units
and the crater morphology analyses support the assumption. Along with
the formation of the lineated valley fill and other similar deposits, the region
was also exposed to multiple cycles of thin ice-rich mantling (up to 10 m in
thickness), as typical of Martian mid-latitude zones (see Section 4.2.2). The
youngest dated mantling episodes ended 1.8–7.3 Ma ago. The age range is
also consistent with crater counts of Berman et al. (2015), who dated ages
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of < 10 Ma for ice-rich mantling deposits on several debris aprons in the
eastern Hellas rim region (because Berman et al. (2015) used the cratering
and chronology models of Hartmann (2005), their age results are a bit older
(when D ≤ 300 m) than they would be based on the chronology model of
Hartmann and Neukum (2001) used in this thesis. The order of magnitude
of the ages is, however, the same).
In addition, the Harmakhis Vallis floor units have clearly suffered quite
recent eolian activity. Especially the floor of lower Harmakhis is characterized
by fresh dune-like ridge fields, whereas upper Harmakhis mostly lacks the
corresponding features. The crater counts reveal that this eolian modification
has occurred less than 1 Ma ago. The irregular distribution of the eolian
features can be explained by the varying magnitude of the eolian activity or
the varying dust content of the regions. Because lower Harmakhis Vallis has
a lower topographic elevation and, in addition, is located in closer proximity
to the Hellas basin, the proposed site of the origin of major dust storms
on Mars (Martin and Zurek, 1993), the eolian activity has probably been
stronger on lower Harmakhis compared to upper Harmakhis. On the other
hand, the spatially non-uniform (ice-)content of the units or a non-uniform
modification history (e.g., varying ice-sublimation rate and thus the varying
rate of released dust) may also explain the irregular distribution of the eolian
features.
All in all, having compared the geologic mapping results with the photogeologic observations and crater counts, Paper II presents a simplified modification scheme of Harmakhis Vallis (Figure 6.9). The modification scheme
shows the different time periods when the units in Harmakhis Vallis have
experienced geologic activity.
Paper IV presents CTX and HiRISE scales mapping and dating results for
Niger Vallis, and outlines the evolution scheme of the outflow channel (Figure
6.10). The results indicate that Niger Vallis formed in at least two stages.
The crater count results support the age estimations of Musiol et al. (2011)
and the studies of Kostama et al. (2010) according to which the southern
branch of Niger formed ∼ 3.7–3.9 Ga ago from Ausonia Cavus. The time
frame corresponds with the time when the highland volcanoes of Tyrrhenus
and Hadriacus Montes (Williams et al., 2007, 2008) started their formation.
This was followed by the formation of the northern branch of Niger from
Peraea Cavus ∼ 3.3–3.4 Ga ago (Kostama et al., 2010; Musiol et al., 2011), at
the same time when the main activity phase of the nearby highland volcanoes
(Williams et al., 2007, 2008) also took place causing a wide range regional
resurfacing in the eastern Hellas rim region (Paper I). Major part of the
released fluids flowed down to lower Niger Vallis, possibly widening the valley,
whereas minor parts flowed into Dao Vallis and further into the Hellas basin.
Nowadays, a trace of these fluids is probably seen as ∼ 3.38 Ga old slurry-like
mud deposits on the floor of the Hellas basin (Bernhardt et al., 2016). The
76

77

Figure 6.9: Modification history of Harmakhis Vallis as it is presented in Paper II. The different colors show the times when the
activity (formation or modification) of the different units has ended based on the crater count results. In the case of the colored
lines, the measured age is based only on one bin. The black dots outline the units where the existence of the activity was deduced
based on the stratigraphic analyses.

Figure 6.10: Summary of the modification history of the Niger Vallis region as
presented in Paper IV. Different colors illustrate the geologic activity on different
parts of the Niger region based on the crater count results and stratigraphic analyses. (a) Formation of the plains units. (b) Formation of the southern branch
of Niger during the first stage of volcanic activity on Tyrrhenus and Hadriacus
Montes. (c) Formation of the northern branch of Niger and modification of the
plains units as a result of the highland volcanoes re-activation. (d) Modification
of the plains units. (e) The last stage of fluvial activity on the Niger floor units.
(f ) Formation of the viscous flow-like units and regional resurfacing.

fluvial activity of Niger was not, however, intense and it seems to have ended
soon after the formation of the northern branch.
The floor of Niger Vallis was resurfaced again ∼ 0.9–1.5 Ga ago as a result
of larger scale, probably fluvial activity, which can also be observed in Reull
Vallis (Paper I; Kukkonen and Kostama, 2013). This was also the last stage
of fluvial activity in the region. The floor of the collapsed Niger was covered
by lineated valley fill and other corresponding flow-like deposits, as found
in Harmakhis Vallis. The deposits in Niger mainly show correlating ages
(< 470 Ma), which implies that they have been formed by the same factor.
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The formation of the ice-rich deposits has been typically accompanied to
contemporary Martian climate conditions (e.g., Head et al., 2003a, 2005).
However, one of the lineated valley fill units shows a differing, 810 Ma age.
The unit is located near a large crater cluster on the southern branch of
upper Niger Vallis (Figure 6.11). Two of the craters in the cluster have a
polygonal shape, which is a typical indicator of the existence of fractures or
other weakness zones in the crust (e.g., Öhman et al., 2005). In addition,
the youngest crater in the cluster has fresh double layered ejecta, which
cover the surrounding plains materials and the Niger floor units. The ejecta
cannot be observed on the nearby viscous flow-like unit, which leads to the
assumption that the ejecta predate the formation of the viscous flow-like
unit. However, crater counts on the ejecta deposits, as well as on the viscous
flow-like unit, show very corresponding ages, ∼ 810–820 (± 300) Ma. The
ages clearly differ from the ages measured for other viscous flow-like units in
Niger (< 470 Ma). Thus, we suggest that in this case, the impact event of the
crater may have contributed to the formation, or at least the emplacement
of the viscous flow-like unit, even releasing water into loosened debris (by
melting ground ice, or releasing shallow groundwater), or stimulating the
flowing of the already formed ice-rich deposit, which accelerated the flowing
of the deposits to its current extent. The double layered characteristic of the
ejecta supports this assumption, as the Martian layered ejecta deposits are
usually interpreted to have formed by interaction of ejected material with
vaporized/melted surface volatiles during crater formation (e.g., Carr et al.,
1977; Barlow, 2005; Baloga et al., 2005). In other words, the existence of
the double layered ejecta indicates that the region truly contained volatiles
at the time of the impact event. Earlier, the formation of the viscous flowlike units has been assumed to be related to Martian climate changes (Head
et al., 2005, 2006; Baker et al., 2010). However, this finding indicates that
local factors may have also played a significant role in the formation and
emplacement of Martian ice-rich deposits.
The crater counts imply that in Niger Vallis, the formation and formationrelated modification (ice-sublimation and flowing) of the flow-like deposits
ended ∼ 220–470 Ma ago, or, no later than ∼ 110 Ma ago. The surrounding
units also resurfaced during the same time frame, which was probably due to
the changed climate conditions, and thus increasing deposition (e.g., ice and
snow) and/or erosion. Furthermore, the crater counts show that all the units
were modified several times. Because the resurfacing ages mainly correlate
with each other, the resurfacing processes must have been triggered by larger
scale changes, probably in regional climatic or endogenic circumstances, just
like in the case of Harmakhis Vallis.
When Papers I—IV consider the resurfacing history of the outflow channels in the eastern Hellas impact rim region, the focus of Paper V is totally
different. As already mentioned in Section 4.2, the outflow channel formation
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Figure 6.11: CTX mosaic of a impact crater (c) and its double layered ejecta in
upper Niger Vallis (at 32.74o S, 93.80o E). The crater counts indicate that the impact
crater and the nearby viscous flow-like unit (vfu) have correlating formation ages
(∼ 810–820 Ma). Therefore, it is possible that the impact event has contributed
to the emplacement or even the formation of this viscous flow-like unit.

in the eastern Hellas rim region has been generally associated to have been
triggered when subsurface volatiles mobilized and released by volcanic heating during the activation of the nearby volcanoes of Hadriacus and Tyrrhenus
Montes. However, it has been suggested that in the eastern Hellas rim region,
there may be also other volcanic centers, which are not associated with the
highland volcanoes (van Gasselt et al., 2007; Ivanov et al., 2010).
Paper V introduces possible volcanic centers found in the Dao and Niger
Valles region. In lower Niger Vallis, there is a circular shield-like structure,
which with its radiating flank troughs, lobes, and summit pits (an arc-shaped
depression and a linear trough) resembles an ancient volcanic edifice (Figure
6.12). The shield structure is located in the western parts of a large, roughly
circular system of depressions, mesas and fractures, the distinctive shape of
which suggests that it may have a different origin than the other features in
lower Niger. The central depression is interpreted to be a remnant of an ancient caldera, which is further surrounded by a ring dike (the mesa ring) that
probably caused effusive volcanism at the shield location, and the collapse of
a horseshoe-shaped graben in the east (Figure 6.12). Stratigraphic analyses
indicate that the shield predates the formation of Niger Vallis, whereupon its
formation time may be consistent with the estimated formation time of the
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eastern Hellas highland volcanoes (Williams et al., 2007, 2008, 2009, 2010).
Moreover, the head of the Dao Vallis floor is covered by cone-shaped
knobs and blocks, the some of which have a pit close to their summits (see
Figure 3.6). The knobs have a height-width relationship from 1% to 15%,
whereas pit widths vary between 50 m and 850 m, or 5% and 50% of the
knob diameter (average ∼ 18%). The pitted knobs resemble both in size and
shape volcanic cones found, for example, in Syria Planum, Hydraotes Chaos
and the northwest of the Tharsis region (Brož and Hauber, 2012; Brož et al.,
2015). Even though the cones on the Dao Vallis floor may be just remnants
material from Dao formation, as they typically are interpreted to be (e.g.,
Price, 1998), and the pits may be conveniently located impact craters, their
volcanic origin (for at least some of them) cannot be excluded completely. If
the pitted cones were volcanic, their existence would prove that the region
has experienced igneous activity also after outflow channel formation, but
before the lineated valley fill emplacements.
All in all, both the Niger shield and the pitted knobs and blocks on Dao
expand the identified regional volcanic activity to smaller scales. Actually,
volcanic vents directly associated with outflow channels are not entirely unexpected, as many of the other Martian outflow channels have been modified
by volcanism in addition to fluvial activity (e.g., Jaeger et al., 2007; Chapman et al., 2010; Keske et al., 2015; Keske and Christensen, 2017). The
locations of the founded structures are also consistent with the earlier studies, as well as the Circum-Hellas Volcanic Province scenario, according to
which the regional volcanism in the eastern Hellas rim may have been more
extensive than just Hadriacus and Tyrrhenus Montes associated volcanism
(van Gasselt et al., 2007; Williams et al., 2009, 2010; Ivanov et al., 2010).
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Figure 6.12: (a) CTX mosaic of a shield-like structure in lower Niger Vallis (at
35.98o S, 91.61o E). The structure is located in the western part of a large, roughly
circular system of depressions, mesas and fractures. The central depression is
interpreted to be a remnant of an ancient caldera. (b) The CTX detail of the
shield structure. The arrows point to the proposed summit vents.
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Chapter 7
Discussion
7.1

Usability of small impact craters and small
counting areas in crater counts

As the crater count results of the eastern Hellas outflow channels show, the
cratering model ages achieved on small counting areas and based on very
high-resolution images very often correspond to the ages measured for the
same units but based on larger counting areas and lower resolution images.
If inconsistencies are found, they can usually be explained by the regional
geology in addition that they might be just statistical errors. As the crater
count results show, the most common reasons for the inconsistent crater
count results are spatially non-uniform geology of a unit, local differences in
the intensity, scale, and duration of resurfacing processes. In addition, the
diversity of modification history and the size of the counting area have their
effects. Larger counting areas can typically record more diverse modification
history.
All in all, the differences in crater count results are not, however, as
significant as one could assume them to be. Although the number of crater
populations dated based on different data may vary, the ages of the crater
populations are still even surprisingly consistent. For example, crater counts
on Harmakhis Vallis (Paper III) also contained cases in which a region, which
appeared to be geologically relatively homogeneous, clearly consisted of subunits, when it was studied by higher resolution imagery (Figures 6.2 and
6.4). As the crater count results showed, regardless of the varying geology, a
correlation in ages between the sub-regions and the main unit could still be
found, even though the measured ages of the sub-regions did not correspond
to each other.
The effect of spatially non-uniform geology may also be seen in Hesperia
Planum. In Paper I, only the Morpheos basin region was mapped, whereas
the crater counting areas on Hesperia Planum were just inferred to belong
to the Hesperia Planum plateau based on the HRSC-scale visual observa83

tions. Thus, it is probable that in reality these counting areas have a varying
geology. For example, the youngest cratering model age (∼ 3.60 Ga) was
measured for a crater counting area which is located in the proximity of
the Fitzroy and Greg craters. Therefore, the counting area has to contain
material from the ejecta fields of these craters in addition to the Hesperian
plateau. Because of the younger ejecta deposits, the measured age of the
unit is somewhat lower (∼ 3.60 Ga) compared to the other ages measured
for Hesperia Planum (∼ 3.63–3.68 Ga). Similarly, the spatially non-uniform
geology may explain why the other counting areas in Hesperia Planum (∼
3.60–3.68 Ga) also have varying ages. However, the differences in geology
cannot be prominent, as the statistical error bars of the ages still overlap.
Furthermore, as Werner (2005) and Werner et al. (2009) stated, distant
secondary craters do not seem to affect significantly the measured ages. Paper I shows an example of relatively small (64–2,563 km2 ), but old crater
counting areas in the Morpheos basin region. Because the sizes of the counting areas are mainly > 100 km2 (except two HiRISE image based counting
areas), the spatial variations of the crater data should not be significant
(Warner et al., 2015). However, the crater count results show variable ages.
The ages between the different counting areas but on the single surface units
vary. This can be explained by the old age of the region, and thus the significant distribution of secondary craters (both distant and near-field). Despite
the careful separation of secondary craters from primaries during the crater
count procedure, the possibility that the crater counts contain unidentified
(near-field)secondary craters or, in contrast, some of the primary craters were
uncounted, cannot be excluded. However, even though the measured ages
are not necessarily absolutely correct, they are clearly indicative, and thus
valid in age estimations.
The crater counts on the Harmakhis Vallis floor show several examples,
in which the counting areas seemed to be too small given the diversity of
the modification history the areas had experienced. As explained in Paper
III, if a small counting area has been modified by several partial resurfacing
events with the same order of magnitude, the number of remnant crater
populations may be too small to form a sufficiently observable curve in the
crater distribution of the area.
This effect is probably seen in Hesperia Planum too (Paper I). HRSC
image based crater counts on Hesperia Planum resulted in an extra ∼ 3.39–
3.47 Ga resurfacing age, which cannot be observed in smaller-scale (CTX
and HiRISE) areas. In the ∼ 7,400-km2 HRSC-scale counting area, the
crater population of the ∼ 3.39–3.47 Ga age contains 96 craters, whereas
in the 45,600-km2 HRSC-scale counting area, the crater population consists
of 176 craters. In other words, on the former area the frequency of the
crater population is only 0.0013 craters/km2 , whereas on the latter area the
frequency is 0.0038 craters/km2 . The differing crater frequency may be a
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result of randomness of the cratering process, or it may indicate that the
magnitude of resurfacing events, both before and after the formation of this
surface, has varied in a spatial non-uniform manner. However, in the CTXscale counting areas (120 km2 –1,610 km2 ), the age of ∼ 3.39–3.47 Ga may be
hard – and some cases even impossible – to observe, as by the crater density
of 0.0013–0.0038 craters/km2 these areas would contain only 0.15–6 craters.
Surface modification may also lead to an inconsistency between the cratering model ages and stratigraphic relationships of the surface units. As the
crater count results of the ice-rich flow-like unit in Harmakhis Vallis showed
(Paper II), crater counts results do not always follow the regional stratigraphy. This was explained by strong modification of the units caused mainly
by their ice-related nature. If the degree of modification is not constant between the units, the number of remained crater populations may vary, which
further leads to varying cratering model ages (Michael, 2013).
Many of the crater size-frequency distributions of the flow-like units on
the Harmakhis floor contain single unfitted bins. The bins mainly fit the
isochrones of the same order of magnitude (hundreds of Ma), implying that
instead of being just statistical anomalies, the bins are rather remnants of
older crater populations. If the available crater counting areas were larger,
there probably would be more superposed craters which belong to these crater
populations. Actually in Dao Vallis, where the viscous flow units are more
extensive, the oldest crater populations contain more craters, and thus the
old (possibly formation-related) ages are also better preserved (Korteniemi
and Kukkonen, 2013). This establishes the conclusion of Michael et al. (2016)
that crater counts do not actually require a minimum number of craters in
order to be valid. Instead of required minimum count, the effect of a crater
number is seen as a varying uncertainty.
The crater counts on the Niger Vallis region indicate that the inconsistencies between the cratering model ages and stratigraphic relationships are
not related only to ice-rich, easily modifiable units. The shield-like structure
in Niger Vallis and the reference area in the plains between Dao and Niger
Vallis resulted in a clearly lower age than could have been expected based
on the stratigraphy or earlier studies. When usually the formation of Dao
and Niger has been estimated to have started in the Hesperian period, ∼
3.37–3.71 Ga ago (Crown et al., 1992; Tanaka and Leonard, 1995), the CTXscale crater counts resulted in a catering model age of 2.13 (+1.1/−1.5) Ga
for the 18-km2 counting area of the shield-like structure, and an age of 2.21
(+0.99/−1.3) Ga for the ∼ 28-km2 reference area. Based on the stratigraphic
relationships, however, both of the units should predate the formation of Dao
and Niger Valles. Thus, the now measured cratering model ages have to be
either very underestimated formation ages, or reflect the resurfacing ages of
the units.
In this situation, the latter explanation seems to be more probable. Crater
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Table 7.1: Crater count results obtained from the Niger shield structure and its
surroundings.
Area [km2 ]

Age [Ga]

Hadriacus Mons
shield1

7,399

3.80 (+0.10/−0.20)
2.4 (± 0.2)

Fitted crater
range [km]
∼ 1.6–4.0
∼ 0.2–1.5

Plains around
Ausonia Cavus2

4,409

3.77 (+0.07/−0.14)
1.83 (± 0.26)

∼ 2.0–5.0
∼ 0.4–1.0

Plains unit (pl1 )
around Niger3

1,050

3.9 (+0.05/−0.08)
3.2 (+0.2/−0.7)
2.2 (± 0.3)

1.4–5.6
0.8–1.1
0.35–0.71

18

2.13 (+1.1/−1.5) Ga

0.26–0.40

28

2.21 (+0.99/−1.3) Ga

Area

Niger shield4
Reference plains
1

4

2

0.26–0.40
3

Dated by Williams et al. (2007), Musiol et al. (2011), Paper IV, and 4 Paper V.

count results measured for the region by other authors (Williams et al., 2007;
Musiol et al., 2011) as well as the crater counts of Paper IV actually show
very corresponding resurfacing ages. For example, Williams et al. (2007) performed crater counts on the eastern flanks of Hadriacus Mons, and measured
an age of 3.80 (+0.10/−0.20) Ga and a resurfacing age of 2.4 (± 0.2) Ga
for the unit. Correspondingly, crater counts on the Tyrrhenus Mons flank
unit around Ausonia Cavus have resulted in an age of 3.77 (+0.07/−0.14)
Ga and a resurfacing age of 1.83 (± 0.26) Ga (Musiol et al., 2011) whereas
crater counts on the plains unit around Niger Vallis (Paper IV) have resulted
in ages of 3.9 (+0.05/−0.14) Ga, 3.2 (+0-2/−0.7) Ga, and 2.2 (± 0.3) Ga.
In addition to correlating ages, the fitted crater diameter ranges of all these
crater counts are very similar (Table 7.1). Therefore, the ages measured for
the Niger Vallis shield and the reference area are most probably resurfacing
ages. The density of the large crater populations, which would represent
the formation ages of the units, is too sparse for the formation ages to be
observed (see our example Figure 3.1). To date the formation age, a larger
crater counting area would be essential. For example, now it is possible to
estimate that to find a crater with a diameter of 1.4 km (i.e., the smallest remaining crater of the original crater population, see Table 7.1), which belongs
to the crater population having an age of ∼ 3.77 Ga or older (corresponding
crater density is > ∼ 3.2 · 10−3 /km2 ), the size of the counting area should be
larger than 312 km2 . However, very often, as in the case of the Niger shield,
the expanding of the counting area is impossible, because of the small size
of the structure itself.
All in all, the present crater count results of the eastern Hellas outflow
channels indicate that small impact craters and counting areas give us as
valuable information about a surface age as large impact craters and count86

ing areas do. Instead of the used crater diameter range or size of the counting area, crater count results (the number, nature and numerical values of
measured ages) are dependent on the modification history the units have
experienced.
The modification history of a surface defines if the surface is well preserved or modified. Correspondingly, modification processes specify which
crater diameter ranges are exposed to resurfacing. The formation age of a
unit, for example, can be measured only if the magnitudes of later resurfacing processes do not exceed the size of the largest measurable crater of the
unit which, in turn, is dependent on the size and age of the counting area.
Thus, crater counts may be equally successful both on small and large surface areas if the surface areas are well preserved. Correspondingly, both the
small and large surface areas may be so modified that their crater density
shows only partial information of the surface age. The results are dependent
on the resurfacing processes, their nature, extent, intensity, and duration –
and whether all these attributes affect in a spatially uniform manner or not.
Thus, when analysing the obtained ages, the nature of the dated units and
stratigraphic relationships need to be taken into account to receive comprehensive age determination results.

7.2

Evolution studies of the eastern Hellas
outflow channels

As the mapping results of the eastern Hellas outflow channels indicate, all
the valles systems show evidence of several (2–4) stages fluvial activity. The
Reull Vallis system and Harmakhis Vallis have remnants of terrace structures.
In Niger Vallis as well as in Dao Vallis the presence of corresponding terrace
structures has not been observed. However, the complex evolution of Niger
and shallow tributary channels of Dao indicate that the valles are not formed
by a single event.
The real formation ages of the eastern Hellas outflow channels are difficult
to date, as the floors of the valles seem to have been resurfaced several
times. Their surfaces are mainly covered by lineated valley fill and other
ice-rich deposits, because of which the possible original surface of the outflow
channels can be observed only in a few places. An uncovered floor unit can
be found on the floor of upper Reull Vallis (Paper I). The age of 3.58 (+
0.10/− 0.30) Ga, measured for the area, may reflect the real formation age
of Reull Vallis. The age is also consistent with the evolution scheme of the
Morpheos basin, according to which the Morpheos infilling itself occurred on
the period of 3.52–3.67 Ga.
On the other hand, the age of 3.58 (+ 0.10/− 0.30) Ga of upper Reull
Vallis correlates with the crater count results of Korteniemi and Kukko87

nen (2013), measured for the tributary channels of Dao Vallis. According
to Korteniemi and Kukkonen (2013), the tributary channels formed ∼ 3.52
(+0.13/−2.30) Ga and 2.25 (+1.00/−1.70) Ga ago. The large error bars in
the age of the younger tributary channel may imply that the tributary formed
simultaneously with the first one. Alternatively, the younger age may represent a separate resurfacing event (Korteniemi and Kukkonen, 2013). Because
the age is consistent with the ages of ∼ 2.0–2.4 Ga, measured for the plains
units around Niger Vallis and for Hadriacus Mons flank materials (Papers IV
and V; Williams et al., 2007), it is possible that the resurfacing event has
operated together with the larger-scale, regional resurfacing.
Furthermore, the uncovered floor of Reull Vallis shows evidence of resurfacing, which ended 1.36 (± 0.36) Ga ago. The age corresponds to resurfacing
ages of ∼ 1.36–1.54 Ga measured for the floor of the Morpheos basin, and
to an age of ∼ 1.20 (+0.72/−0.85) Ga found in the terminus of Reull Vallis
(Kukkonen and Kostama, 2013). However, on the surrounding Hesperian
plains, the resurfacing ages are systematically higher, from 1.49 (± 0.05) Ga
to 1.82 (± 0.28) Ga (Paper I). The age difference between the regions implies
that if the resurfacing process had been the same on all of the regions, its duration should have varied. On the other hand, the age ranges are consistent
with the eolian and fluvial activity observed to have occurred on Hadriacus
Mons ∼ 1.5 Ga ago (Williams et al., 2007) and on Tyrrhenus Mons ∼ 0.8–1.4
Ga ago (Williams et al., 2008).
The resurfacing of the Morpheos basin and Reull Vallis might have been
caused by a fluvial event, triggered by the activity of Tyrrhenus Mons. If so,
the magnitude of this activity must have been, however, small because the
contacts between different units on the Morpheos basin are still observable.
To get more support to this hypothesis, more crater counts both on the
uncovered floor units of Reull Vallis as well as on the surrounding plains
units should be carried out.
In the case of Niger Vallis (Paper IV), an uncovered valley floor unit
can also be observed. However, unlike the flat floor material of Reull Vallis,
the uncovered floor of Niger is clearly more hummocky. In places the unit
forms ridges indicating that it has been modified by compressional folding
and faulting. Furthermore, the unit shows evidence of pitted, even brain
terrain-like texture, which implies that the unit, however, contains ice.
Crater counts on the uncovered valley floor of Niger resulted in ages of
∼ 310–440 Ma, which are relatively consistent with the ages of 220–470 Ma
measured for the lineated valley fill on Niger Vallis floor. Furthermore, one
of the uncovered counting areas resulted in an age of 3.5 (+0.1/−1.0) Ga,
and another area resulted in an age of 1.1 (± 0.2) Ga. The younger age has
approximately the same order of magnitude as the resurfacing event observed
to have occurred on the Morpheos basin and Reull Vallis ∼ 1.36–1.54 Ga
ago. The age results support the conclusion that the uncovered unit might
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be original, Hesperian floor, but if so, the floor has been modified strongly,
probably by later fluvial activity (∼ 1.1 Ga ago) and glacial processes (∼
310–440 Ma ago).
In contrast to Reull and Niger Valles, the floor of Harmakhis Vallis does
not show evidence of a old, Hesperian surface. The modified plains unit
in barrier surface shows an age of ∼ 3.5 Ga, which may reflect the fluvial
activity Harmakhis Vallis experienced. On the other hand, the photogeologic
mappings of Bernhardt et al. (2016) on the Hellas basin floor have shown that
Harmakhis Vallis terminus displays an age of 3.65 (+0.06/−0.10) Ga, which
further implies that the formation of Harmakhis might have been related to
the activity of Segment 3 of Reull Vallis. In the places where the surface
of Harmakhis has remained uncovered (an ∼ 20-km2 unit near the Tungla
crater, and the channels and a modified plains unit in barrier surface), the
measured ages are relatively young, only ∼ 780 (± 400)–850 (± 600) Ma
(Paper II). Although, the ages might refer, for example, to widespread eolian
erosion or deposition of an ice rich-mantle, the lack of the corresponding
ages on the well-preserved plains unit of the barrier surface implies that ages
rather represent a process which has occurred only inside the outflow channel
– such as fluvial activity. Other kinds of resurfacing events (eolian or volcanic
erosion/deposition) should also be seen on the surrounding well-preserved
plains unit.
Corresponding Late/Middle-Amazonian-aged fluvial activity is not unexpected on Mars. Radiometric datings and mineralogic analysis indicate that
some Martian meteorites have been in touch with liquid water more recently
than 1.3 Ga ago, or even 670 Ma ago (Swindle et al., 2000; Sawyer et al.,
2000; Bridges and Grady, 2000). On the other hand, crater counts and stratigraphic determinations have shown that the youngest water-related flooding
phase of Mars has actually occurred in the Amazonian period, when the
channels originated from fossae were formed (Burr, 2010; Keske et al., 2015).
Furthermore, several authors, such as Hauber et al. (2013) and Basilevsky
et al. (2009) have dated Late Amazonian (< 1 Ga) aged fluvial activity on
Mars, concluding that there has been a short episode of global warming in
that time (Basilevsky et al., 2009). Some of the outflow channels have been
proposed to have a fluvial activity even within the the past 20 Ma (Berman
and Hartmann, 2002; Burr et al., 2002). As many of the Martian young outflow channels start at fault created fissures, their activity may be caused by
tectonic or dike-emplacement events which release subsurface liquid storages
to the surface (Head et al., 2003b; Carr and Head, 2010).
The ages of ∼ 780 Ma to 1.54 Ga found in Harmakhis, Niger and Reull
Valles, as well as the ages of 1.50 (+0.46/−0.48)–1.93 (+0.98/−1.00) Ga
Korteniemi and Kukkonen (2013) found in the uncovered floor units of Dao
Vallis, also fit the age range of ∼ 0.8–1.4 Ga, when the final stage of activity
(pyroclastic flow emplacement, fluvial activity, and eolian erosion and depo89

sition) on Tyrhenus Mons has been estimated to have occurred (Williams
et al., 2008). Therefore, it is very plausible that if these ages reflect the reactivation of the outflow channels, the reactivation was triggered by volcanic
heat, as it can be assumed to have happened during the outflow channel
formation.
For the lineated valley fill deposits and other flow-like units that cover
the floors of the outflow channels, the absolute formation age was impossible
to estimate, as all these units had suffered strong glacial modification. The
crater count results together with the stratigraphic analyses show that in
Harmakhis Vallis, the ice-rich units formed from ∼ 400 (± 300) Ma to 850
(± 600) Ma ago. In Niger Vallis, instead, the flow-like units probably formed
∼ 210–440 Ma ago, or no later than ∼ 110 Ma ago. The age ranges are in
good agreement with the ages Korteniemi and Kukkonen (2013) dated for
lineated valley fill in Dao Vallis. In Dao Vallis, the lineated valley fill units
mainly show ages younger than ∼ 850 Ma (Korteniemi and Kukkonen, 2013).
The lineated valley fill deposits and the flow-like units have been resurfaced several times after their formation. The CTX-scale crater counts
mainly resulted in two or three resurfacing ages for the units, the HiRISEscale crater counts even more. The resurfacing ages correspond well with
each other, both inside the separate outflow channels, and between the outflow channels (Papers II and IV; Korteniemi and Kukkonen, 2013). This in
turn indicates that the processes have been triggered by larger scale, regional
climate- or endogenic conditions related factors.

7.2.1

Evolution scheme of the eastern Hellas outflow
channels

Combining the new mapping and dating results of Papers I–IV with the
earlier studies of Musiol et al. (2011); Williams et al. (2008, 2009) and Korteniemi and Kukkonen (2013), it is possible to outline the evolution scheme
of the eastern Hellas outflow channels (Figure 7.1). The oldest features on
the region are the highland volcanoes of Tyrrhenus and Hadriacus Montes,
the formation of which started ∼ 3.7–3.9 Ga ago (Williams et al., 2007, 2008)
(Figure 7.1a). This was followed by the emplacement of the Hesperia Planum
plains from ∼ 3.67 Ga (eastern parts) to 3.90 Ga (western parts) ago (Papers
I and IV), and the first stage fluvial activity of the outflow channels, beginning from the southern branch of Niger Vallis ∼ 3.7 Ga ago (Musiol et al.,
2011). The formation of Waikato Vallis and the infilling of the Morpheos
basin took place ∼ 3.58–3.67 Ga ago. Based on the studies of Kostama et al.
(2010) Segment 3 of Reull Vallis probably also formed during this time frame.
However, because of the lack of crater count data, the absolute formation age
has not been stated yet. In addition, the crater counts of Bernhardt et al.
(2016) on the floor of the Hellas basin indicate that the formation of Har90

makhis Vallis may have also begun at this time frame, which would further
imply that the formation might have been related to the activity of Segment
3 of Reull Vallis. When the Morpheos basin discharged, upper Reull Vallis
was carved ∼ 3.58 Ga ago, and Segment 3 of Reull Vallis was finalized (Figure 7.1b). Dao Vallis also formed approximately at the same time, ∼ 3.52
Ga ago, (Korteniemi and Kukkonen, 2013).
Highland volcanoes and Hesperia Planum seem to have experienced large
scale resurfacing, which ended ∼ 3.3–3.5 Ga ago (Paper I; Williams et al.,
2007, 2008). On the volcanoes, the resurfacing was caused by variety of geologic activity, such as pyroclastic flows, eolian erosion/deposition, and/or
fluvial activity (Williams et al., 2007, 2008). In Hesperia Planum, the resurfacing event is possible to observe only on extensive crater counting areas.
The crater counts of Musiol et al. (2011) and Paper IV indicate that the
northern Niger Vallis formed during this same time frame. In addition, the
Harmakhis Vallis formation took place no later than in this stage (Paper IV)
(Figure 7.1c). The formation of the outflow channels was probably triggered
by the re-activation of the highland volcanoes.
The next significant resurfacing stage ended ∼ 2.4–2.6 Ga ago. However,
the event is observable only on Hadriacus Mons (Williams et al., 2007) and
the plains between Dao, Niger and Harmakhis Valles, and its exact extent
is still somehow uncertain (Papers II, IV and V) (Figure 7.1d). Larger scale
resurfacing occurred ∼ 0.8–1.9 Ga ago, when several geologic processes modified the volcanoes, the plains, and the outflow channels (Figure 7.1e). The
outflow channels might also have experienced their last fluvial activity phases
during this time frame. In Hadriacus Mons, Hesperia Planum, Dao Vallis,
and Ausonia Cavus the resurfacing ended ∼ 1.4–1.9 Ga ago (Papers I and IV;
Williams et al., 2007; Musiol et al., 2011; Korteniemi and Kukkonen, 2013).
In Tyrrhenus Mons, the resurfacing was dated to have ended ∼ 0.8–1.5 Ga
ago (Williams et al., 2008), in the Morpheos basin ∼ 1.36–1.54 Ga ago (Paper I), in Reull Vallis ∼ 1.20–1.36 ago (Paper I; Kukkonen and Kostama,
2013), and in the other parts of Niger ∼ 0.9–1.5 Ga ago (Paper IV; Musiol
et al., 2011). In Harmakhis Vallis, the resurfacing seems to have extended
even to ∼ 800 Ma (Paper II) which, on the other hand, is in good agreement
with the time when the modification of the upper shield, caldera floor and
rilles of Tyrrhenus Mons ended (Williams et al., 2008). On Waikato Vallis,
corresponding resurfacing has not been observed because of the lack of crater
count data.
The formation of the outflow channels was finalized when the valles were
covered by lineated valley fill and other ice-rich deposits (Figure 7.1f). The
ice-rich deposits mainly originated from valley walls, but in the case of the
Harmakhis head depression and Reull Vallis, from the surrounding plains
too. In Harmakhis Vallis, the ice-rich deposits formed ∼ 400–850 Ma ago.
In Dao, the flows are also mainly younger than ∼ 850 Ma, although one of
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the flow unit shows an age of 1.23 Ga (Korteniemi and Kukkonen, 2013). In
Niger Vallis, the formation of the lineated valley fill probably ended 220–470
Ma ago, but no later than ∼ 110 Ma ago. Even though the flow-like units in
Reull Vallis are not dated yet, we can assume that the deposits formed simultaneously with the lineated valley fill of Dao, Niger and Harmakhis Valles.
After formation, the lineated valley fill and other ice-related units suffered
sublimation and ice flowing. The region as a whole was also resurfaced several times because of at least ice-rich mantling episodes and eolian erosion
and deposition. One of the most recent mantling episodes occurred less than
10 Ma ago, whereas eolian activity has modified the suface less than 1 Ma
ago (Papers II, III and IV).

Figure 7.1: Proposed evolution scheme of the eastern Hellas rim region. Different colors illustrate the regional geologic activity. The extent of Tyrrhenus and
Hadriacus Montes, Hesperia Planum, and the outflow channels is from the geologic
map of Tanaka et al. (2014). (a) ∼ 3.6–3.9 Gya: The earliest phase of volcanism
begins when the highland volcanoes Tyrrhenus and Hadriacus Montes start their
formation (Williams et al., 2007, 2008). This is followed by the emplacement of
Hesperia Planum and the first stage fluvial activity on southern Niger, Harmakhis
Vallis, the Waikato Vallis–Morpheos basin system, and probably Segment 3 of
Reull Vallis (striped, because not dated by crater counts). (b) ∼ 3.5–3.6 Gya:
The Morpheos basin discharges and carves upper Reull Vallis. Segment 3 of Reull
Vallis formes/is finalized no later than this stage. Dao Vallis forms. (c) ∼ 3.3–
3.5 Gya: The highland volcanoes and Hesperia Planum are resurfaced triggering
the formation of northern Niger. Harmakhis Vallis forms no later than this stage.
(d) ∼ 2.4–2.6 Gya: The Hadriacus Mons region and the plains between Dao and
Niger Valles are resurfaced. (e) ∼ 0.8–1.9 Gya: The region exposes large-scale
resurfacing, starting from Hadriacus Mons, Hesperia Planum, Dao Vallis and Ausonia Cavus, and continuing to Tyrrhenus Mons, the Morpheos basin and Reull
Vallis, the rest of Niger Vallis, and finally to Harmakhis Vallis. (f ) ≤ 0.8 Gya:
Lineated valley fill and other flow-like units forms covering the outflow channels.
The flow-like units on Reull Vallis are not dated, but based on the stratigraphy,
they may form during this same stage (striped). After the formation the lineated
valley fill suffer ice-sublimation and flowing, and the region as a whole exposes
ice-rich mantling episodes. The most recent of the mantling episodes occur < 10
Ma ago. The region is also modified significantly by eolian processes less than 1
Ma ago.
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Figure 7.1: See caption on the previous page.
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Chapter 8
Conclusions and future work
8.1

Crater counting by utilizing small impact
craters and small counting areas

The crater count results obtained from the eastern Hellas outflow channels
show that small (deca/hectometer-scale) impact craters offer a valuable tool
to get information about a surface age. As it is shown in this thesis, instead
of the crater diameter range or the size of a counting area, crater count results
are dependent on the modification history the surface has experienced. This
means that to analyze the resulted ages, the nature of the dated units as well
as the stratigraphic relationships always need to be taken into account.
As the crater counts on the eastern Hellas outflow channels indicate, the
crater count data, which are based on higher resolution images but smaller
counting areas, usually do correspond and complement the crater data obtained from lower resolution images but more extensive crater counting areas.
If inconsistent ages are found, they can usually be explained by the regional
geology. The most common reasons for inconsistent ages are local differences
in the intensity, scale, and duration of resurfacing processes, which cause
crater populations to be modified, and thus to be distributed in a spatially
non-uniform manner. Correspondingly, inconsistencies are caused if the region which is mapped to be relatively homogeneous appears to consist of
sub-units when it is studied in higher resolution.
Furthermore, if the region has been modified by several partial resurfacing
events, the diameter range of the remnant crater population, which reflects
the age of the surface formed between the resurfacing processes, may be so
narrow that on a small counting area, there are not enough craters with a
diameter of the size range to form an observable curve in the crater distribution. Correspondingly, the resurfacing processes may have affected a larger
crater diameter range than the small counting area can record, because of
which the oldest crater populations are not observable on the counting area.
To date all the crater populations superposed on these kinds of units, a large
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crater counting area would be necessary. However, without reference age
determination results, the necessary size of the counting area cannot be predicted. On the other hand, if a dated unit itself is small, the expanding of
the counting area is not necessarily even possible.
Despite of all these factors, the differences in crater count results are not,
however, as significant as one could assume them to be. As our examples
show, even though the number of the dated crater populations between the
datasets varied, the ages of the crater populations were mainly consistent.
In addition, despite that some of our crater counts possibly contained even
mistakenly counted near-field secondary craters, or there were uncounted
primaries, the measured ages mainly followed the stratigraphic relationships
being thus at least indicative.
The crater counts presented in this thesis also show that even single crater
bins may give valuable and surprisingly precise information about the surface
evolution. Especially to the ice-rich deposits, such as for lineated valley fills,
fragmented crater size-frequency distributions seem to be typical, as these
units have experienced strong glacial modification. Because of the modification, the cratering model ages of the units do not necessarily correspond with
the regional stratigraphy. However, if the single, separate crater bins are also
taken into account in crater counting analyses, the modification history of
the unit is usually complemented. In some cases, the single crater bins even
fit the same cratering model ages as measured based on another datasets for
the same unit. This naturally increases the credibility of the crater counting
method (i.e., crater frequencies can be used to determine surface ages).
All in all, it is good to remember that in crater counts all the results
obtained from a specific counting area always primarily represent the results
from that area – not the whole unit – and because of this, separate counting
areas from the same unit may show different ages. On the other hand,
especially together with the crater counts obtained on extensive counting
areas by using lower resolution images, the crater counts on small counting
areas and by using very high-resolution images are a highly valuable way for
obtaining unique additional information about the local geologic history.

8.2

Evolution of the eastern Hellas outflow
channels

Results of this thesis support the earlier theories according to which the outflow channel formation took place in the Hesperian period, during a relatively
short time interval. Mappings and datings on the Hesperia Planum–Reull
Vallis region suggest that the upper Reull formation started from the Morpheos basin, an ancient open lake, which was infilled by Waikato Vallis up to
the ∼ 500–550 m contour line, and which then worked as a source region for
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Reull Vallis ∼ 3.5–3.7 Ga ago. The corresponding formation ages have also
been found from Dao Vallis (∼ 3.5 Ga) (Korteniemi et al., 2012; Korteniemi
and Kukkonen, 2013), the southern branch of Niger Vallis (∼ 3.7–3.9 Ga)
(Paper IV; Musiol et al., 2011), and the terminus of Harmakhis Vallis (∼
3.65 Ga) (Bernhardt et al., 2016). The ages postdate the first stage volcanic
activity of Tyrrhenus and Hadriacus Montes, which thus supports the theory
that the outflow channel formation was triggered by volcanic heat.
The crater counts of the northern branch of Niger instead indicate that the
outflow channel segment formed a bit later, ∼ 3.4–3.5 Ga ago. On the other
hand, the craters counts imply that Harmakhis Vallis also formed no later
than in this stage. The correspondingly aged resurfacing events observed on
Hadriacus and Tyrrhenus Montes (Williams et al., 2007, 2008) suggest that
the formations were probably triggered by the second activity stage of the
highland volcanoes.
Furthermore, it seems very probable that the activity of the outflow channels was periodic. The existence of the terrace structures and smaller tributary channels indicates that the valles were filled by several pulses of liquids.
Dao and southern Niger Vallis show evidence of large scale resurfacing, which
ended ∼ 1.5–1.9 Ga ago on Dao Vallis (Korteniemi and Kukkonen, 2013) and
∼ 0.9–1.5 Ga ago on Niger Vallis (Paper IV; Musiol et al., 2011). On the
Reull Vallis region, the resurfacing ended ∼ 1.2–1.5 Ma ago (Paper I; Kukkonen and Kostama, 2013). Harmakhis Vallis, instead probably resurfaced only
780–850 Ma ago. All the activity stages date in the Middle-Early Amazonian epoch, when the highland volcanoes also had their latest volcanic and
fluvial resurfacing phases (Williams et al., 2007, 2008). Thus, the large scale
resurfacing on the valles may have been a result of fluvial activity. However,
the resurfacing caused by eolian activity or deposition (e.g., earlier episodes
of ice-rich mantling (Mustard et al., 2001)) cannot be excluded completely.
The mapping and dating results of this thesis also support the earlier
studies (e.g., Crown et al., 1992; Tanaka and Leonard, 1995), according to
which the valles floors were modified after their formation several times, the
most significant of which are the formations of the lineated valley fill and
other ice-related units. The units mainly originate from the valley walls, but
especially in the case of the Harmakhis head depression and Reull Vallis, also
from the surrounding plains and debris aprons. The units cover the valles
almost entirely and uncovered parts can be found only in a few places.
Based on the stratigraphic analyses and crater counts, the formation of
the lineated valley fills and other flow-like units in Harmakhis Vallis occurred
∼400–850 Ma ago. In Niger Vallis, the formation of the corresponding deposits ended probably ∼ 220–470 Ma ago, but no later than ∼ 110 Ma ago.
In Dao Vallis, the lineated valley fill units mainly show ages younger than
∼ 850 Ma (Korteniemi and Kukkonen, 2013). The correlating ages of the
flow-like features indicate that the major reason for the unit formations was
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probably the changed climatic conditions. However, in places, impact cratering seems to have contributed to the emplacement, or even the formation
of the deposits.
After formation, the lineated valley fills and other ice-rich units suffered
ice sublimation and flowing. All the units were also resurfaced several times,
at least as a result of ice-rich mantling, and eolian processes. One of the
most recent and significant mantling episodes ended < 10 Ma ago, which is
in good agreement with crater counts of Berman et al. (2015). The eolian activity instead seems to have modified the region < 1 Ma ago. The correlating
resurfacing ages between the outflow channels and different units imply that
many of these resurfacing processes have occurred at least in a local scale
in the eastern Hellas rim region. This, in turn, may indicate that the processes were controlled by a larger-scale change in local climate or endogenic
conditions.

8.3

Future work

This thesis outlines how small impact crater based crater counts can be used
in investigations of Martian outflow channel evolution. A natural continuation for the work would be additional datings on different surface units with
varying ages, based on separate very high-resolution datasets for obtaining
more information of the role of small impact craters in crater count age determination. Comparative crater counts, especially on unmodified lava plains,
would also help us to evaluate the significance of a statistical error in crater
counts compared to the error caused by real geologic factors.
To get a more comprehensive view of the eastern Hellas outflow channel
evolution, additional crater counts are needed. The next phase of this research is to map and date Dao Vallis as well as the rest of the Reull Vallis
outflow channel too. The work on the Dao system has been already started,
as seen in the preliminary results of Korteniemi et al. (2012) and Korteniemi
and Kukkonen (2013), referred to in this thesis.
Visual inspections and preliminary studies on Reull Vallis suggest that
the valley contains more uncovered surface than Harmakhis and Dao Valles.
Therefore, crater counts on these surface units might give a more precise
time frame for the outflow channel formation and formation order. They
would also provide more knowledge about the valles activity, and if it really
extended to the middle Amazonian epoch. Together with the stratigraphic
analyses, the crater counts could help to define a more precise time frame for
the formation of ice-content features, which now cover the outflow channels.
Furthermore, comparisons with the dating results of other Martian ice- and
water-related units would develop our understanding of Martian water and
ice history and thus the evolution of the planet.
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Appendices – Crater count
results
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A

Southern Hesperia Planum

Figure A1: Crater counting areas on the Morpheos basin and Hesperia Planum
regions. The crater count results are presented in Paper I.
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Figure B1: CTX-image based crater counting areas on the Harmakhis Vallis floor units. The crater count
results are used in Paper II.

B
Harmakhis Vallis
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C

Harmakhis Vallis main valley – CTX vs.
HiRISE

Figure C1: CTX mosaic of the Harmakhis Vallis region. In addition to CTX
images, the region is covered by nine HiRISE images used in crater counts (red
boxes). The numbered boxes indicate the locations of the detail images of the
dated units 1–6. The crater count results are used in Paper III.
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D

Niger Vallis

Figure D1: Crater counting areas in the Niger Vallis region. The crater count
results are presented in Paper IV.
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E

Dao-Niger complex

Figure 2: CTX mosaic of the Niger Vallis region shows the crater counting areas
on the shield-like structure (Area A) and the reference plains (Area B). The figure
and the crater count results are presented in Paper V.
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Figure 3: CTX mosaic of the Dao Vallis head depression shows the crater counting areas on lineated valley fills (LVF, Area A) and
mass wasting deposits (MWD, Areas B and C). The figure and the crater count results are presented in Paper V.
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