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Introduction:  Spacecraft data indicate that the 

early environment of Mars differs from recent condi-
tions in a variety of important ways.  Mars appears to 
have had an intense magnetic dynamo [1], a wetter 
surface [2], neutral-pH aqueous weathering [3,4], a 
denser atmosphere [5], and higher impact and volcanic 
fluxes [6,7]. Moreover, direct evidence strongly favors 
the existence of lakes on the early surface, some of 
which were quite large [8]; more speculatively, there 
may have been an ocean in the northern hemisphere 
[9].  Each of these factors (with the possible exception 
of a higher impact flux) is broadly consistent with 
planet more habitable early in its history than today.  
This has helped motivate an exploration strategy predi-
cated on examining materials from this early period.     

Given these different conditions inferred to exist 
on early Mars, it has been common to assume that 
there is a discrete geological period (perhaps of some 
length) when all of these conditions were met simulta-
neously.  Although such a scenario is possible, timing 
constraints suggest that it may not be the most prob-
able scenario. Here we review constraints on when 
these conditions existed and describe possible scenar-
ios for the changes in the environmental conditions 
that may have occurred on Mars. 

Valley Network Timing and Activity:  Two inde-
pendent studies [10,11] have recently used slightly 
different variations of a ‘buffered crater counting’ ap-
proach to measure the superimposed crater population 
and timing of valley network formation.  In the mar-
tian highlands, each of these studies found that valley 
formed ended in the Late Noachian or Early Hesperian 
at the latest, with most ages clustering around the Noa-
chian/Hesperian boundary in the Late Noachian. (Note 
that certain (usually small) valley systems are univer-
sally accepted as much younger [see discussion in 
10]). The statistical nature of these results leads to 
some ambiguity in how they should be interpreted. 
One possible interpretation (which was favored in 
[10]) is that variability is a result of counting statistics, 
and that valleys ceased activity at essentially a single 
point in time. In this interpretation, our data [10] sug-
gest that valley activity terminated at or near the Noa-
chian/Hesperian boundary (best fit Hartmann and Neu-
kum ages of AH=3.53 Gyr or AN=3.75 Gyr, with a cu-
mulative number of craters ≥5 km per 106 km2 of 
N(5)=21; N(5)=200 is the definition of the Noa-
chian/Hesperian boundary [7]).   

An alternative interpretation of these data is that 
some of the valleys that have Early Hesperian best fit 

ages are in fact younger than the Noachian/Hesperian 
boundary, and that the spread in crater frequencies 
reflects the persistence of valley formation into the 
Early Hesperian (perhaps to N(5) of ~>150). This in-
terpretation is supported by two observations: first, 
some of the valley networks with Early Hesperian best 
fit ages are the densest, most well-preserved systems, 
as would be expected, (e.g., Margaritifer Sinus: 
Parana/Loire has AH=3.49 Gyr or AN=3.73 Gyr, with 
N(5)=188), and (2) in some instances, valleys with 
young ages also have stratigraphic evidence suggesting 
Early Hesperian activity (e.g., Naktong Vallis [12]). 
These factors lead us to now prefer this second inter-
pretation.  

Thus, regional-to-global scale valley formation on 
Mars seems to have persisted until the Early Hespe-
rian.  The nature of valley activity and rates of erosion 
in earlier times are hard to determine using crater sta-
tistics alone.  Some workers have hypothesized that the 
widespread Late Noachian/Early Hesperian valleys 
observed across Mars today represent a terminal cli-
matic optimum, where valley formation became more 
important than earlier periods [13]. Regardless of pre-
cise rates, there is strong evidence that significant ear-
lier erosion did occur during the Noachian, including: 
(1) thick, layered sequences of sedimentary rock which 
under reasonable deposition rates implies an extended 
period of sedimentation [14]; (2) crater profiles, which 
have been interpreted to require fluvial erosion [15], 
(3) craters that clearly disrupted and changed drainage 
patterns in a certain drainage basins [16], and (4) dif-
ferent erosion and filling states for the large basins on 
the martian surface [17]. 

Impact Basin Formation and Timing:  A variety 
of both published and unpublished crater counts on the 
visible crater record of the rim regions of Argyre, Isi-
dis, and Hellas [e.g., 18] suggest that the sequence of 
the large, well-preserved impact basins was Hellas, 
Isidis, and then Argyre.  These data imply that Hellas 
and Isidis formed in the Early Noachian, and Argyre in 
the Mid-to-Early Noachian.  This sequence is also con-
sistent with the fact that Argyre has the best preserved 
basin-related facies [17].   

All of these basins have been incised by valley net-
works on their interior or immediate exterior, implying 
that intense fluvial activity took place after their for-
mation, consistent with crater counting of valley net-
works.  Comparison of basin and valley crater popula-
tions suggest that the period between the formation of 
Argyre (the last basin larger than 500 km) and the end 
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of valley network formation in the Early Hesperian is 
>50 Myr and possibly ~300 Myr, depending on the 
absolute age model invoked.  On relative terms alone, 
the difference in crater populations between the freshst 
large basins and the end of valley network activity is 
significant.  Both the stratigraphy of valley networks 
and basins and their relative crater statistics preclude a 
simple causal relationship between basin formation 
and valley formation. 

 Timing of Magnetic Field:  Observations from 
the Mars Global Surveyor magnetometer experiment 
demonstrated that there are crustal magnetic anomalies 
observed over much of the surface, with the strongest 
anomalies concentrated in the southern highlands [1].  
These crustal anomalies likely imply an early core dy-
namo and global magnetic field.  The existence of this 
magnetic field may have played an important role in 
arresting the loss of an early martian atmosphere by 
solar wind sputtering, as well as shielding the surface 
from energetic cosmic rays [e.g., 5].   

The most important age constraint on the timing of 
the Mars magnetic field is the demagnetization (or 
non-magnetization) of certain basins and volcanoes.  
Magnetic anomalies are largely absent in Hellas, Ar-
gyre, Isidis, and Utopia, as well across most of Tharsis 
and volcanic edifices, with the exception of Hadriaca 
Patera [19].  The simplest explanation for the lack of 
magnetization on these basins and volcanoes is that 
they post-date the cessation of the magnetic field. If 
this interpretation is correct, the core dynamo must 
have ended during the Early Noachian, before the for-
mation of Hellas [19].  This is radically earlier than the 
end of valley network formation as well as any hy-
pothesized shifts in the weathering style on early Mars.  
If a magnetic dynamo was playing an important shield-
ing role for the surface and/or atmosphere, the shield 
may have been removed well before water stopped 
was playing an important geomorphic role on the mar-
tian surface. 

Weathering Environments and Timing:  The 
early weathering history of Mars has been revolution-
ized in the last decade by observations in the visible-
to-near infrared by imaging spectrometers [e.g., 3,4].  
At least ~10 distinct environments where minerals 
resulting from aqueous weathering have been deline-
ated [4]. 

Stratigraphic consideration of these environments 
suggests that moderate-to-alkaline pH weathering was 
common at or near the surface of Mars at least until the 
Mid-to-Late Noachian.   

Later, in the Hesperian, sulfate minerals and hema-
tite were deposited in certain regions [3]. However, 
when these lower-pH, sulfate-forming environments 
were common, they were not universal, since minerals 

(such as carbonate [20]) that would be readily de-
stroyed in such an environment survived in certain 
locations [4].  Also, because many of the late aqueous 
minerals on Mars seem to reflect groundwater interac-
tions with the upper crust or surface evaporates, these 
minerals may not require a stable late hydrosphere or 
habitable surface conditions.  Further work constrain-
ing how environments with aqueous minerals fit within 
the Mars stratigraphic column will be critical for infer-
ences about surface conditions as a function of time. 

Summary:  It has been hypothesized that the pe-
riod when valley networks were formed  early in the 
history of the planet is coincident with an early mag-
netic field that protected the atmosphere and that re-
moval of this early shield ended clement surface con-
ditions.  As we describe here, this scenario appears 
unlikely.  A causal relationship [21] between forma-
tion of the largest basins and valley networks is also 
not favored.  If cratering helps contribute to valley 
formation, smaller craters must be invoked [10].  Im-
pact-induced valley formation also seems problematic 
given the extended period of activity implied by net-
work properties [22]. 

What does the sequence of events described here 
imply for the search for habitable environments? If a 
magnetic field was necessary for protecting life at the 
surface of Mars, valley sediments and phyllosilicate-
bearing units that date to the Late Noachian/Early 
Hesperian (e.g., at MSL landing sites such as Holden 
and Eberswalde [23]) may have been emplaced in 
conditions that had already become less favorable for 
life, since the dynamo may have terminated hundreds 
of millions of years before they were deposited.     
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