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Introduction:  The nature of the early martian cli-
mate remains a compelling scientific problem in our un-
derstanding of the planet’s evolution. The identification 
of valley networks (VNs) [1,2], lakes [3–5], and aqueous 
alteration products [6] suggest that there was abundant 
liquid water on the surface during the Noachian. This ev-
idence for the presence of liquid water has led to the rea-
sonable deduction that the early climate was “warm and 
wet”, characterized by temperatures >273 K and persis-
tent rainfall [7]. However, climate models have great dif-
ficulty in reproducing a sustained background “warm and 
wet” climate due to the faint young Sun [8,9]. Instead, 
models suggest that the climate was “cold and icy”, char-
acterized by mean annual temperature (MAT) ~225 K, an 
adiabatic cooling effect, and ice distributed across the 
southern uplands [9]. In this “Late Noachian Icy High-
lands” (LNIH) scenario, VNs are correlated with the dis-
tribution of ice accumulation [10] and lakes are distrib-
uted near the edge of the ice sheet, where runoff and 
ponding would be expected if ice melting occurred [11]. 

Thus, the VNs and lakes are spatially consistent with 
ice melting, runoff, and ponding in a LNIH climate; how-
ever, a transient or punctuated heating mechanism is re-
quired to increase temperatures sufficiently for ice melt-
ing to occur. One possible way to increase temperatures 
is through volcanic eruptions releasing sulfur-based gases 
into the atmosphere [e.g. 12].  

Background:  SO2 and H2S are strong greenhouse 
gases in the martian atmosphere because they have fun-
damental absorptions in the IR atmospheric window [13]. 
Also, it has been suggested that martian magmas are more 
enriched in sulfur than terrestrial magmas [14], implying 
that large amounts of sulfur-based gases can be intro-
duced into the atmosphere for relatively small eruption 
volumes. Further, at least 30% of the surface was covered 
with basaltic plains by punctuated Late Noachian and 
Hesperian flood volcanism [15,16], implying that volcan-
ism was an active and important geologic process in ear-
lier martian history. Thus, understanding the influence of 
volcanism on the climate is critical to interpreting the ge-
ologic and climatic history of Mars. 

Previous studies have used climate and radiative 
transfer models to calculate the heating associated with 
the injection of volcanic gases into the atmosphere, such 
as SO2 and H2S [12,17–20]. Many studies have con-
cluded that these gases cannot produce the necessary cli-
matic change because (1) MAT cannot exceed 273 K for 
reasonable gas concentrations [19], and (2) the heating 
may only last up to a few years [20]. Heating is expected 
to be short-lived because the sulfur-based gases coalesce 
onto pre-existing atmospheric water vapor and dust to 

form aerosols, which act as cooling agents. However, re-
cent studies have shown that significant summertime 
melting can occur in equatorial regions for MAT <<273 
K [MAT ~243 K; 21] and, for MAT 273 K, the volume 
of water required to form the VNs and lakes [22] would 
be produced in only one year through summertime melt-
ing [23]. Thus, we explore whether the warming associ-
ated with SO2/H2S is sufficient to produce substantial 
summertime meltwater. The goal of this analysis is to re-
visit volcanism as a possible mechanism for punctuated 
heating, ice melting, and VN/lake formation. 

 
Fig. 1. Adapted from [20]. Horizontal lines at 243 K (fig. 2), 255 K and 
265 K. (solid) 0.5 bar CO2 and varying H2S/SO2. (transparent dashed) 1 
bar CO2 (+~10 K). Unless specified, the atmosphere is dry, with solar 
luminosity 75% present value. The range of SO2/H2S includes unrea-
sonable values [e.g. >100s ppmv; 20]. 

Methods:  We use the 3D Laboratoire de Météorolo-
gie Dynamique General Circulation Model (LMD GCM) 
for early Mars to estimate the amount of meltwater pro-
duced when considering the presence of volcanic SO2 and 
H2S in the atmosphere. We run the model at a spatial res-
olution of 64×48×18 and collect hourly data. These spa-
tial and temporal resolutions are sufficient to capture the 
seasonal and regional variation that is necessary to com-
plete our study. Because volcanic eruptions occur at a va-
riety of scales, we explore a range of SO2 and H2S con-
centrations, from 10-10,000 ppmv [20]. The ambient cli-
mate is 0.5-1 bar CO2 [20], ~34 m GEL water [24], 25°-
55° obliquity [25], and 0-0.17 eccentricity [25]. For sim-
ulations with non-zero eccentricity, we also consider two 
longitude of perihelion scenarios, Ls=270° and 90° or 
southern and northern hemispheric summer, to produce 
conditions most suitable to summertime melting.  

Next, we utilize GCM output of temperature and 
equilibrated ice distribution to perform a positive degree 
day (PDD) analysis [21,23]. A PDD analysis uses tem-
perature as a proxy for thickness of ice melted in one day; 
for one day, the PDD value is identified as the average 
number of degrees above freezing. At each lat/lon model 
grid point where ice is present and PDD>0, we estimate 
the thickness of ice melted in one day at that location by 
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multiplying the PDD value by 1.08 mm/PDD [23]. To es-
timate the global volume of meltwater produced in one 
day, we sum the thickness of ice melted globally and mul-
tiply by the area where ice is present and PDD>0. We re-
peat this process for every day in one year. Then, we sum 
over the estimated duration of heating to determine the 
volume of meltwater produced in one volcanic heating 
event. We assume that volcanic heating will last for one 
season, similar to minimum estimates from previous 
studies which suggest that heating may only last a few 
months [26]. Thus, for colder scenarios where tempera-
tures will only exceed 273 K in the summer, the eruption 
must occur near the beginning of summer to produce sig-
nificant meltwater. We (1) compare the volume of ice 
melted from one volcanic event with the volume of water 
required to fill the open-basin lakes, 0.42 Mkm3 [4], and 
incise the VNs, 3-100 m GEL [22], and (2) compare the 
meltwater distribution with VN/lake distribution, to as-
sess whether volcanic heating was an important process 
for meltwater production and VN/lake formation.  

 
Fig. 2. (A) GCM result, MAT 243 K. Simulation was done by [21] with 
artificial warming, and we note that warming from SO2/H2S absorption 
may produce a different result. (B) Results from PDD analysis showing 
thickness of ice melted (mm) per yr for the climate in (A). 

Results and Discussion:  We have reproduced the 
simulations of SO2 and H2S in the atmosphere at varying 
concentrations [following 20], for atmospheric pressures 
of 0.5 and 1 bar (Fig. 1). As shown in Fig. 1, it is difficult 
to increase MAT to ≥273 K with this mechanism [20,26] 
and doing so requires unrealistic amounts of SO2/H2S or 
current solar luminosity, both of which are unlikely 
[14,27]. Producing MAT 273 K in a 1 bar atmosphere 
would require less SO2/H2S than in 0.5 bar, but still re-
quires the unrealistic amount of ~1000 ppmv.  

Recent work has shown, however, that significant 
summertime melting can occur for conditions only 
slightly warmer (~18 K) than ambient LNIH conditions 
(MAT 225 K) [21,23], so we have implemented a PDD 
analysis to determine the amount of summertime melting. 
Fig. 2 is example output from a PDD analysis for a 
slightly warmed planet (MAT 243 K) with 25° obliquity 
and eccentricity of 0. Obliquity is a major control on the 
distribution of meltwater; low obliquity focuses meltwa-
ter at low latitudes. For MAT 243 K, 1.45´10-4 m GEL 
of meltwater is produced annually through summertime 
melting. Thousands to tens of thousands of summers with 
these climatic conditions would be required to produce 
enough meltwater to form the VNs/lakes, less than the 
duration of one obliquity cycle [25]. For warmer cli-
mates, recent work has shown that 0.01-0.03 Mkm3/yr 
meltwater is produced in a 255 K MAT climate, and 0.08-

0.2 Mkm3/yr in 265 K MAT climate [23]. These condi-
tions would need to repeat for ~14-42 yrs and ~2-5 yrs to 
produce enough meltwater to fill the lakes, respectively. 
If warm climates persisted during periods of low obliq-
uity, meltwater would focus in equatorial regions where 
VNs/lakes are abundant, implying a possible correlation. 

The amount of SO2/H2S required to produce MAT 
243 K, 255 K, or 265 K are reasonable (only a few 100 
ppmv; Fig. 1) and the number of years, or number of 
eruptions spanning a single summer, is also reasonable 
when considering one or more active volcanoes [e.g. 28]. 
It is likely that volcanism was an abundant and active pro-
cess earlier in martian history, as evidenced by significant 
volcanic resurfacing [15,16]. Thus, a combination of vol-
canic eruptions at various scales could have contributed 
to the production of significant meltwater through punc-
tuated, modest duration events. It is important to note that 
the number of eruptions estimated here is a lower limit 
because it is likely that many eruptions will occur outside 
of the summer season and winter temperatures would be 
too cold to produce significant melting in the equatorial 
region, especially for relatively high eccentricity  and 
obliquity conditions. We are currently assessing the 
amount of meltwater produced for the full range of simu-
lations produced in this analysis. 

Conclusions: In order to form the VNs and lakes in a 
“cold and icy” climate, punctuated heating events are re-
quired to melt ice, producing runoff and ponding. In this 
contribution, we consider the climatic influence of vol-
canically-released gases. Reasonable concentrations of 
SO2/H2S cause a transient temperature perturbation. As a 
result, summertime temperatures increase above 273 K in 
the equatorial region, permitting significant seasonal ice 
melting. Our preliminary analysis shows that this effect 
can produce sufficient meltwater for VN/lake formation. 
Thus, it is possible that a continuous “warm and wet” cli-
mate is not required to form the VNs and lakes, and that 
they instead were formed through punctuated heating in 
a “cold and icy” climate. 
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