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Introduction: The nature and evolution of the ear-

ly martian climate is a compelling scientific problem 
[1]. Widespread valley networks (VNs) [2] and lakes 
[3,4] suggest that there was abundant liquid water on 
the surface during the late Noachian and early Hespe-
rian (LN-EH). This has led to suggestions that the 
early climate was permanently “warm and wet”, char-
acterized by mean annual temperature (MAT) >273 K 
and persistent, abundant rainfall [e.g. 5]. Contrarily, 
recent climate modeling work has suggested that the 
mean early climate may have been “cold and icy”, 
characterized by MAT ~225 K and water distributed 
as ice in the highlands [6,7]. In this “cold and icy” 
scenario, fluvial and lacustrine activity would have 
been constrained to periods of transient heating and 
associated ice melting and runoff. Many transient 
heating mechanisms exist, including volcanism-
induced heating [8–13]. 

Background: SO2 and H2S are strong greenhouse 
gases in the martian atmosphere because they have 
fundamental absorptions in the IR atmospheric window 
[9]. Thermochemical modeling suggests that martian 
magmas are more enriched in sulfur than terrestrial 
magmas [14], implying that large quantities of sulfur-
based gases can be released for relatively small erup-
tion volumes. Further, at least 30% of Mars was resur-
faced with basaltic plains by LN-EH flood volcanism 
[15,16]. For these reasons, volcanism was an active and 
important geologic process in the LN-EH, when the 
VNs and lakes were active. Understanding the influ-
ence of volcanism on the early climate is critical for 
interpreting the geologic and climatic history of Mars. 

Previous studies have used climate and radiative 
transfer models to estimate the heating from the injec-
tion of volcanic gases into the martian atmosphere 
[8,10–12,17]. Many concluded sulfur-based gases can-
not produce the necessary climate change because (1) 
MAT does not exceed 273 K for reasonable gas con-
centrations [11] when considering global gas distribu-
tion, (2) temperatures above freezing can persist in the 
summer for modest concentrations of globally-
distributed SO2 [18], but the percentage of the year 
above freezing is low and summertime ice melting 
and runoff is insignificant, and (3) heating may only 
last a few months to a few years [10,19] due to rapid 
conversion to aerosols, which are atmospheric cooling 
agents. However, although the influence of volcanism-
induced heating has been extensively studied, one 
important aspect has not been explored in detail: lo-
calized heating is predicted to occur following an 
eruption, when gases are concentrated near the source 
and have not yet dispersed globally. This effect is 

well-established for terrestrial analogues, such as the 
2001 Mt. Pinatubo eruption, but has not yet been ana-
lyzed for early Mars.  

 
Fig 1. Locations of major martian volcanoes which are used 
as starting points for volcanic plumes in our simulations. 

Methods: We use the 3D Laboratoire de 
Météorologie Dynamique (LMD) GCM for early Mars 
to assess the localized SO2 greenhouse heating that 
occurs immediately following a volcanic eruption, 
before the gas distributes globally. The ambient back-
ground climate is simulated as 1 bar CO2 [20], 34 m 
GEL water [21], 25-55° obliquity [22], 0-0.17 eccen-
tricity [22], and 0 ppm SO2; these conditions produce 
a “cold and icy” climate. 

We run the model with this ambient, SO2-free at-
mosphere until it reaches equilibrium, then simulate 
the eruption ‘plume’ by introducing 10 ppm SO2 fo-
cused near a LN-EH volcanic edifice (Fig 1); 10 ppm 
is an upper limit for atmospheric SO2 concentration 
during this period of high volcanic outgassing rates 
[8]. Specifically, the ‘plume’ is simulated as an SO2 
column above a volcanic edifice. The column has a 
lateral SO2 gradient, with most SO2 concentrated in 
the center, and the column is continuous until ~28 km 
altitude (following [23,24]). As the model progresses 
through time, we track the distribution of SO2 in the 
atmosphere and the associated heating of the surface. 
We do not account for photochemical effects, includ-
ing OH radical attack, which convert the SO2 to aero-
sols; our temperature predictions are maximums. 

Results and Discussion: Based on our results, we 
identify two key phases of atmospheric SO2 distribu-
tion following a volcanic eruption. Phase one is de-
fined as the period of time in which SO2 is focused 
near the volcanic edifice and spreading through a lati-
tudinal band. By day 45, the SO2 has dispersed 
through the latitudinal band (Fig 2). Phase two is de-
fined as the period of time in which the SO2 is spread-
ing poleward and becomes globally distributed. By 
day 70 following the eruption, the SO2 has reached the 
poles (Fig 2). After the SO2 has reached the poles, it 
continues to redistribute for 10s of days longer until it 
is relatively homogenously distributed across the 
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planet. Next, we analyze the SO2-related greenhouse 
warming in phase one and phase two. 

 
Fig 2. Dispersal of 10 ppm SO2 plume following an erup-
tion at Hadriacus Mons (31°S 92°E). The plume first 
spreads in a latitudinal band then spreads poleward. 

Phase one. The first 45 days following a volcanic 
eruption introduce important local climate change; the 
SO2 greenhouse effect is focused near the eruption site 
and then within a latitudinal band, strengthening the 
local greenhouse effect. To quantitatively understand 
the localized greenhouse warming, we compare the 
temperature at the eruption site as a function of time 
for two different scenarios: following an eruption and 
for an SO2-free atmosphere (Fig 3). Recall that an 
SO2-free atmosphere is the ambient background Noa-
chian “cold and icy” climate. For simplicity of de-
scribing our results, we assess local warming follow-
ing a single eruption at Hadriacus Mons. The simulat-
ed eruption occurs at southern hemispheric spring 
equinox, obliquity is 25°, eccentricity is 0, there is 1 bar 
CO2, and the 10 ppm SO2 plume is initiated as a column. 

In the first 10 days following an eruption at Hadri-
acus Mons, the temperature near the eruption site is 
predicted to be ~15 K warmer than in the SO2-free 
case (Fig 3). Summer temperatures at Hadriacus Mons 
are ~5-10 K warmer following the eruption than in the 
SO2-free climate, but average daily temperatures do 
not exceed 273 K (Fig 3). Note that an eruption at the 
beginning of the local summer season, instead of 
spring equinox, would be required to increase temper-
atures above 273 K locally, but even in that case, the 
heating would be short-lived (10s of days) because the 
plume rapidly disperses and the magnitude of local-
ized heating decreases. For comparison, in the Antarc-
tic Dry Valleys, temperatures are only >273 K for 20-
25 days each year, but sufficient meltwater is pro-
duced to activate the ~30 km long Onyx River. 

Phase two. Temperatures continue to be warmer in 
the post-eruption case than in the SO2-free case 
throughout the year. However, in phase two, as the 
SO2 disperses poleward and distributes across the 
planet, the difference in temperature between the post-
eruption and SO2-free cases becomes smaller (~5 K; 
Fig 3) than in phase one. Although temperatures glob-
ally are higher than in an SO2-free atmosphere, the 
degree of warming in phase two is not enough to in-
crease temperatures above 273 K at the eruption site, 

regardless of the season in which the eruption occurs. 
In agreement with previous work [e.g. 11], we find 
that phase two conditions, 10 ppm globally distributed 
SO2, are not sufficient to increase temperatures >273 
K for more than a few hourly yearly anywhere on the 
planet. Further, photochemical conversion to aerosols 
causes atmospheric SO2 concentration to decrease 
after the first few months [10,24]; SO2 amount and 
associated warming would actually decrease even fur-
ther in phase two. In summary, the most drastic heat-
ing occurs during phase one, immediately following 
the eruption (Fig 3). 

 
Fig 3. Time series of average daily temperature at Hadria-
cus Mons (dark green) following a volcanic eruption that 
released 10 ppm SO2 and (gray) in an SO2-free atmosphere.  

Conclusions: We used a 3D GCM to explore lo-
calized heating following volcanic eruptions on early 
Mars. We identify two phases: phase one, in which the 
plume is focused near the volcanic edifice and spread-
ing in a latitudinal band, and phase two, in which the 
SO2 reaches the poles and becomes more homogene-
ously distributed. During phase one, significant heat-
ing can occur locally and regionally. For specific con-
ditions, including an eruption at the beginning of local 
summer, the localized heating may lead to average 
daily temperatures >273 K for 10s of days, which may 
lead to some ice melting and runoff. Although heating 
is localized and short-lived, the cumulative amount of 
heating and melting from all LN-EH volcanism could 
produce significant volumes of meltwater locally and 
potentially contribute to formation of VNs and lakes. 
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