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Introduction: In order to understand the geologic, 

climatic and possibly the biologic evolution of Mars, 

the absolute timing of events must be established. 

Questions of climate change, glacial processes, avail-

ability of surface water, recent volcanism, and atmos-

pheric evolution all hinge on determining when those 

events occurred in absolute time. Resolving the abso-

lute timing of events has become even more critical 

with the suggestions of currently active glacial and 

perhaps fluvial activity and very young volcanic activ-

ity. 

Background: To date, only the relative chronology 

of events has been firmly established [1]. This has 

been accomplished through the use of impact crater 

counts in which the frequency of impact craters per 

unit area greater than or equal to some diameter is used 

as a reference for comparison among surfaces; the 

higher the frequency, the older the age [2-3]. This 

technique allows surfaces and events on different parts 

of a planet to be correlated in time. But, the technique 

provides only the relative age (e.g., surface A is older 

than surface B or Surface C is the same age as Surface 

A). For the absolute age of a surface / event to be de-

termined, either the various units of interest must be 

radiometrically dated (as might be done on the Earth) 

or a calibration of the cratering rate must be estab-

lished such that the frequency of impact craters can be 

used to estimate the absolute age (as has been done on 

the Moon). 

Lunar Chronology: The returned Apollo and Luna 

samples have allowed an estimate to be made of the 

absolute impact cratering rate on the Moon, thus pro-

viding a calibration between the frequency of impact 

craters on a surface and absolute age [4-11]. Figure 1 

shows a calibration curve for the Moon. Using such a 

calibration, once the impact crater frequency is meas-

ured for a surface, its absolute age can be approxi-

mately determined. 

It should be noted however, that significant uncer-

tainties still remain with respect to the lunar impact 

cratering rate, at both young and old ages. At the 

young end, the ages associated with Copernicus and 

Tycho are inferential - based on samples suggested to 

be associated with the formation of those craters from 

the Apollo 12 and 17 sites (respectively). If those as-

sumptions are not correct, the decay rate between ~3 

Ga and 53-25 Ma (North Ray and Cone Crater dates) 

could be different from what is illustrated. At the old 

end, it has been suggested that a spike in the cratering 

rate occurred around 3.9 Ga – the so called Late Heavy 

Bombardment [12-18], although this remains a contro-

versial topic. It has also been suggested that the crater-

ing rate over the last several billion years has not been 

uniform, but rather has been punctuated by periodic 

spikes in the rate [19-20]. 

 

 
Figure 1. Lunar cratering rate based on observed 

crater frequencies and radiometrically determined 

ages from returned samples. Figure adapted from 

[12]. 

 

Mars Chronology: Several investigators have sug-

gested correlations between the lunar cratering rate and 

the cratering rate for Mars, thus attempting to establish 

a calibration for the cratering rate at Mars [21-26]. 

These estimates are based on the lunar chronology 

which is then extrapolated to Mars with corrections for 

velocity, gravity, projectile sources, and atmospheric 

shielding [27-30]. The result is that any uncertainty in 

the lunar crater rate is carried forward and then ampli-

fied by the uncertainties specific to Mars. 

The Problem: Despite such attempts at estimating 

the impact cratering flux at Mars, there remains con-

siderable uncertainty and debate. For example, using 

the frequency of impact craters >1 km in diameter, 

there can be large uncertainties in the absolute age 

between different models. Figure 2 shows two model 

fluxes. There is good agreement for the older period of 

time – the Noachian (>3.8 Ga). However, at younger 

ages, a given crater frequency indicates very different 

absolute ages depending upon the model. For example, 

the solid red line denotes a crater frequency of 0.001 

craters >1 km / km
2
 (1000 / 10

6
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2
) – the models in-
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dicate absolute ages of 2.1 to 1.4 Ga. Such uncertain-

ties are far from satisfactory when the details of plane-

tary evolution are being studied. These uncertainties 

aside, one must still make the assumption that one of 

the models is, in fact, correct. 

 

 
 

Figure 2. Comparison of different proposed abso-

lute chronologies. The two arrows show the points of 

intersection of a single crater frequency (red line) for 

the two models. Area shaded in pink indicates the 

range of age between two model. Figure adapted from 

[26]. 

 

Additional uncertainties arise when the statistics for 

different crater diameters are considered. For example, 

the Cerberus Plains in southern Elysium is a well-

defined volcanic surface and is, in fact, the youngest 

large-scale volcanic surface on Mars [31-34]. When 

the 2 km crater number is used (23 ± 8) [35] an abso-

lute age of 143 ± 40 Ma is obtained using the chronol-

ogy of [36]. This absolute age is similar to the absolute 

ages of some of the martian meteorites [37-38] whose 

petrologic characteristics suggest that they may have 

been derived from this unit. More recently, however, 

Hartmann and others [39-40] have argued for very 

much younger ages for this same surface. Using craters 

in the 100s meter diameter range, they have suggested 

the Cerberus surfaces could be as young as ~9 Ma. At 

face value the two methods do not agree, indicating 

either that one of the two crater-based ages is incorrect 

or that the suggested geologic history of the site is in-

correct. The frequencies of impact craters in the 100s 

meter diameter range have also been used as a basis to 

suggest very young glacial, fluvial, and volcanic events 

elsewhere on Mars [41-43]. 

The Solution: To calibrate the martian chronology, 

a radiometrically datable sample from a well-defined 

stratigraphic surface must be analyzed. That surface 

must be expansive enough such that it has a sufficient 

number of impact craters to allow the calculation of 

crater frequencies; it must also be young enough such 

that it has not reached cratering equilibrium. The sur-

face must also be small enough that it represents a sin-

gle geologic event and it should have suffered minimal 

post-emplacement alteration, such as fluvial erosion or 

weathering. For immediate practical purposes, this 

limits consideration to volcanic surfaces such as those 

found in the Tharsis and Elysium regions. 

Programmatic Context: Mars sample return mis-

sions have been studied for decades. Despite a variety 

of different implementation approaches, the cost has 

always been high and the probability of success low 

(because of the multiple steps required to reach and 

land on Mars, collect the sample, and return it to 

Earth). Within the current budgetary framework, the 

potential for a single (let alone multiple) sample return 

missions is very low. In addition, with a programmatic 

focus on life, it is unlikely that a sample return mission 

would be sent to a geologially simple (in the minds of 

some, boring) site. This context makes in situ age de-

termination experiments all the more critical to unrav-

eling the absolute timing of events on Mars. 

Discussion: For initial in situ dating attempts, a 

volcanic surface composed of well-defined lava flows 

would be appropriate. While datable material might be 

found in a sedimentary or polar section, at present a 

site could not be selected with any confidence and such 

a date, while providing a local absolute age, would 

probably not constrain the cratering rate. Similarly, 

while datable material can be found at the Viking, 

Pathfinder, and Spirit landing sites, those materials are 

not in-place and thus would not provide a constraint on 

the cratering rate (they would provide age data similar 

to the martian meteorites). 

To constrain the impact cratering rate, multiple 

sites having different impact crater frequencies will 

need to be analyzed. Young and old sites each have 

advantages and disadvantages. For example, the Lower 

Amazonian Cerberus site is young and relatively pris-

tine, hence the samples would be expected to be unal-

tered. But, because it is young it has few impact cra-

ters. On a crater frequency / absolute age plot (e.g., 

Figures 1 and 2) the data point would be near the ori-

gin (in the lower right) and with the associated uncer-

tainties in both the age and the crater frequency, it 

would place only broad constraints on the impact 

cratering rate. However, in the case of Cerberus, it 

would establish whether that surface is hundreds of 

millions of years old (and consistent with the ages of 

some martian meteorites) or only millions of years old. 

An older site, the Hesperian-aged Lunae Planum, 

would provide a data point for a surface whose crater 

frequency would be better constrained and whose ab-

solute age would have smaller relative uncertainties. 

Lying farther from the origin it would provide tighter 

constraints on the cratering rate. However, an older site 

would be subjected to more surficial weathering proc-
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esses that might have altered the sample and thus com-

plicate the age determination. 

Several different analytic schemes could be em-

ployed on the surface of Mars. Each has its limitations 

and different state of technological readiness as well as 

differences in sample requirements. [44] reviewed a 

number of methods that might be employed, including 

K/Ar, U/Th-He, Rb/Sr and cosmogenic nuclides (e.g., 
3
He, 

21
Ne, 

36,38
Ar, 

10
Be, 

14
C, 

26
Al and 

53
Mn). Dating the 

material with cosmogenic nuclides might also be used 

to provide information about local events such as sur-

face mantling. Other methods such as the U and Th 

decay series are possible, but the technology is unde-

veloped. 

The instrumentation for two of these techniques are 

fairly well developed and have been matured to a rela-

tively high TRL. These include a combination of K/Ar 

and cosmogenic noble gases [45] and Rb/Sr [46-48]. 

Only a small samples needs to be acquired for analysis; 

the minimum sample size is driven more by the need to 

manipulate it than for analysis. Using a small rock cor-

ing drill, a sample could be collected from below the 

immediate surface (to avoid any surficial weathering 

processes) and placed in the instrumentation for proc-

essing and analysis. Sample acquisition and processing 

technologies have been extensively developed for the 

Phoenix and MSL missions. In 2002 a Mars Scout 

proposal was submitted in which it was proposed to 

conduct in situ age determination using the K/Ar tech-

nique. 

For a given site, multiple samples should be ana-

lyzed to ensure that a reliable age is established. Ide-

ally, the ages would all be identical within the analytic 

uncertainty as they would reflect a single geologic 

event - for a volcanic surface the time of eruption of 

the lava. 

Conclusions: At issue here is not whether any indi-

vidual cratering rate model is better than another, the 

issue is that the problem is so poorly constrained that it 

will never be resolved without analysis of appropriate 

samples. In situ radiometric age determination of mate-

rials on Mars is critical to establishing the absolute 

timing of events. The precision which could be ob-

tained (15-50%, depending upon the technique) would 

not approach that routinely obtained for laboratory 

measurements, but it would be far better than the un-

certainties that currently exist for locations such as 

Cerberus and the larger disagreements in the absolute 

age of older surfaces. Without understanding the abso-

lute timing, the geologic and climatic history and the 

potential for biologic processes can not be understood 

with any certainty. 
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