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 Introduction: Determining the nature of the early 
martian atmosphere and climate, and their evolution, in-
volves some of the most interesting and enigmatic ques-
tions in planetary science.  In a sense, we are “crime sce-
ne investigators”, presented with the results of the 
“deed”, but not knowing how the “deed was done.”  Un-
known are the exact starting conditions, the history and 
variability of solar luminosity, and the nature of the ini-
tial atmospheric and climate processes that ultimately 
created the rich >4 billion year geological record that we 
see today.  Convolved in this quest is the fundamental 
enigma of the origin of life: What is the range of condi-
tions under which life can originate and survive?  Pro-
gress in solving these basic problems requires a deep un-
derstanding of the principles of individual disciplines, 
combined with significant lateral communication and 
collaboration so that fundamental assumptions from dif-
ferent disciplines can be tested and verified.  Interdisci-
plinary discussion is the key to forward progress on de-
termining the nature and evolution of the ancient Mars 
atmosphere and climate.   

Here we outline a series of fundamental observations 
and questions designed to encourage interdisciplinary 
discussion and forward progress on these issues.  In our 
research, we look to the present atmosphere and climate 
to confidently define a baseline, and we work backward 
in time to document changes in the geologic record that 
signal changes in the nature of the atmosphere and cli-
mate.  Our goal is to determine the nature of the Late 
Noachian climate, and to use this vantage point to peer 
back into the earlier Noachian and the pre-Noachian eras 
of the history of Mars.  We focus on the major geological 
(geomorphological) and mineralogical themes (and relat-
ed context) and we offer questions that we hope will lead 
to further informed interdisciplinary discussion, and ul-
timately, to answers.  To maximize discussion, we focus 
on questions at the expense of literature citations.  

Late Noachian (LN) Fundamental Questions:  State 
of the LN Atmosphere: What was the nature of ambient 
LN atmosphere? What were its composition, density and 
pressure? Was it characterized by stability and occasion-
al perturbations, or by extreme transience and variabil-
ity?  What are the plausible sources of atmospheric com-
ponents that can cause changes in surface temperatures 
(greenhouse gases, dust, ash, etc.) and what is the dura-
tion of these effects? Under what conditions do surface-
atmosphere thermal coupling, and the adiabatic cooling 
effect, occur?  Are such conditions transient or evolu-
tionary?  What is the relationship between altitude-

dependent cooling effects and latitude-dependent cooling 
effects, and how does this vary with time? 

Climate Evolution Drivers: What was the nature of 
LN spin-axis orbital parameters?  Was the LN character-
ized by variations similar to those in the Amazonian, or 
was there more, or less, variability?  What was the ambi-
ent solar luminosity and its variability?  

Abundance of Water: What was the total water 
budget of LN Mars?  Was it similar to that of today or 
significantly greater?  How was it partitioned between 
the atmosphere, the surface, the cryosphere, the ground-
water system, and mineral alteration processes?  How did 
this change with time? What processes led to sequestra-
tion of water (burial, mineralogical alteration) or loss of 
water to space with time?   

Hydrological System and Cycle: Was the LN charac-
terized by a global cryosphere and a horizontally strati-
fied hydrological system? If so, how thick was the cry-
osphere and how much was occupied by ice-cement?  If 
not, how were areas of vertical hydrological system inte-
gration maintained and for how long? What is the nature 
and evolution of the deep groundwater system? Was the 
distribution of LN surface water driven by latitude cool-
ing effects or altitude cooling effects or both? What were 
the rates of exchange among the elements of the hydro-
logical system under each case? How did this change 
with time? 

Volcanism:  What was the peak LN volcanic flux, and 
the mean? Was LN-EH volcanism a specific evolution-
ary phase, or simply the decay of early crustal formation 
processes and their aftermath? What was the proportion 
of intrusive to extrusive activity? What was the volatile 
content of magmas and how did this change with time?  
How did the emplacement of high-effusion rate volcanic 
deposits alter the atmosphere and for how long? What 
was the effect of the emplacement of regional flood bas-
alts on the LN cryosphere, and on regional snow and ice 
deposits? How significant a factor is magmatic heating in 
altering the cryosphere and inducing vertical hydrologi-
cal integration? 

Impact Cratering: What is the influence of LN im-
pact events on the atmosphere and how does this vary 
with size? Why are LN impact craters so highly degrad-
ed, despite the low erosion rates typical of the Noachian? 
What was the initial state of impact craters on LN Mars? 
Did any LN impact craters form in regional ice deposits, 
and if so, what was their morphology? Can the Amazo-
nian glacial record of impacts formed in, and modified 
by, ice be used to make predictions? What size impact 
significantly modified the thermal structure of the LN 
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crust, what were the hydrothermal effects, and how long 
did they persist? If a global cyrosphere existed, how ef-
fective were LN impact events in providing vertical hy-
drological integration and for how long? Is the LN at-
mosphere and climate the aftermath product of the PLN 
period of higher impact flux?  

Pluvial and Nivial Activity: When and where did it 
snow and/or rain on LN Mars and for how long? What 
criteria can we confidently use to determine the differ-
ence? Under what conditions can rainfall occur; where is 
it predicted?  If an adiabatic cooling effect characterizes 
the LN, how much of the highlands are covered in snow 
and ice, and what effect do regional variations play?   

Polar Processes: What is the distribution of polar ice 
in the LN and what implications does this have for inter-
preting LN climate history? Can polar deposits dating 
from the LN-EH be used to assess ice thickness and ex-
tents, water budgets, and climate models? Was there a 
LN north polar ice deposit?  What role did the LN polar 
regions play in the storage and release of CO2? Was 
obliquity ever sufficiently low such that significant CO2 
ice was deposited at the poles? Did true polar wander oc-
cur on LN Mars and if so, how would this modify the 
climate?  

Fluvial and Lacustrine Activity: What processes 
formed the valley networks (VN) and over what period 
of time? Did they form catastrophically, episodically, or 
from sustained activity over a longer time span? How 
much water was needed to carve the VN?  What was the 
source of the water that formed the VN: pluvial, melted 
ground ice, glacial meltwater, or some combination? 
Why are the estimates for duration of fluvial activity so 
short? What can the patterns of VN tell us about the ex-
tent and duration of the processes that formed them?  
Where did the water that carved the VN ultimately re-
side, and for how long? Was there a LN ocean in the 
northern lowlands and/or in the Hellas and Argyre ba-
sins? Was there a continuous surface overland water 
pathway from the South Pole, through the Argyre basin, 
to the northern lowlands? What constraints do the pres-
ence of over two hundred open-basin lakes (OBL) and 
their characteristics place on the nature of the LN cli-
mate? What constraint does the large size of many OBLs 
place on the timing and duration of fluvial and lacustrine 
activity? Were the OBL all filled simultaneously, or 
could some be the products of local climate conditions?  
What is the duration of the time that OBLs were filled?  
How long could they remain ice-covered between peri-
ods of fluvial activity?  Are LN OBLs vertically integrat-
ed with the groundwater system? What is the role of 
closed-basin lakes (CBL) and related fluvial activity? 
Why do CBLs appear to continue forming later in histo-
ry?  How would the presence of OBLs and oceans influ-
ence the atmosphere and climate? Why do OBLs and 
CBLs seem to lack evaporite deposits? What constraints 
do the fluvial deposits in Gale crater place on the LN-EH 

climate? What was the origin of water that produced the-
se deposits? What effect does pre-processing have on 
fluvial sediments in Gale?  

Weathering and Alteration Processes: What do the 
ultra-low LN weathering and erosion rates tell us about 
the atmosphere and climate? If these rates are a global 
average, in what environments do the highest rates occur 
and for how long? What processes form the phyllosili-
cates in the martian crust? When and where do these take 
place and at what rates? Can individual alteration miner-
als, or suites of minerals, be confidently placed in a con-
text that informs us about the atmosphere, climate and 
surface conditions? How much mineralogic alteration 
occurs at the surface and how much in the subsurface 
due to hydrothermal effects?  What is the provenance of 
the spectrum of minerals detected on Mars? Which de-
tections represent in situ production and weathering and 
which are transported from their place of origin?  How 
much water is sequestered in the crust by aqueous altera-
tion and the formation of water-bearing minerals? Does 
this occur at the surface or in the subsurface? Under what 
range of conditions and environments do the sulfates 
form? What constraints do their presence and age place 
on the climate? Does the presence of sulfates require the 
vertical integration of the hydrological system?   

Peering Into the Distant Past: The Nature of the 
Pre-Late Noachian (PLN): In the final analysis, the 
Late Noachian atmosphere and climate is the product of 
events that occurred earlier in the history of Mars, events 
that set the stage, but are largely unknown in terms of 
their magnitude and effect. For example, what role does 
an increased impact flux play in the formation and de-
struction of the PLN atmosphere? At what point does the 
impact flux cease to drive atmospheric evolution? What 
is the role of specific large PLN impact events in reset-
ting the ambient PLN atmosphere, and how does this 
critical size change with time? Successful understanding 
of the LN atmosphere and climate relies on a better un-
derstanding of these PLN events and processes and their 
inheritance. Among these factors are: 1) early crustal 
formation and evolution and related volatile release, 2) 
the nature of the impact flux and significant variations, 
such as a Late Heavy Bombardment, 3) geodynamical 
evolution of the interior, core formation and formation 
and decay of the magnetic field, mantle convection pro-
cesses and formation of Tharsis and Elysium; 4) thermal 
evolution, homogeneity and heterogeneity of heat loss, 
geothermal gradients and state of stress in the litho-
sphere. Furthermore, catastrophic events, such as the 
formation of a huge impact basin forming the northern 
lowlands, could represent singular events that signifi-
cantly shape the subsequent evolution of the atmosphere 
and climate of Mars. Armed with a better understanding 
of the Late Noachian atmosphere and climate, we can de-
fine the next series of questions that will reveal this in-
heritance and the transition to modern Mars. 
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