
Figure 1. Caldera eruptions through time at 20 ma-
jor volcanoes on Mars [12]. 
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Introduction:  For much of its history, the surface 

of Mars has posed significant challenges for life as we 
know it, yet the surface is the most accessible place to 
look for past signs of life with current technologies.  
The challenges of Mars’ surface environment include, 
but are not limited to: (1) intense solar radiation, (2) 
large diurnal temperature contrasts, (3) cold and 
hyperarid settings, (4) strong oxidants, and (6) wind 
and other meteorological disturbances.  Microbes have 
been described surviving in harsh environments with 
such conditions (e.g., Antarctica) by living within the 
upper millimeters to centimeters of rocks (endoliths).  
This habitat offers a number of advantages for support-
ing life on Mars, including UV-shielding, relatively 
constant diurnal temperature, and sources of nutrients 
and biogenic elements.  Thus, the endolithic systems in 
Antarctica capable of surviving the harsh surface condi-
tions have been touted as a Mars analog [e.g. 1-4].  
Endolithic communities have also been well-
documented in salt deposits [e.g. 5-6] and hot springs 
[e.g. 7-8], as well as in less extreme environments glob-
ally [9].  To date, there has been very little documenta-
tion of endoliths around fumaroles (volcanic steam 
vents) [i.e. 10], yet these settings were likely wide-
spread near the surface of Mars and persisted for long 
periods.  Here, we discuss the volcanic history of Mars 
and a terrestrial analog environment at Cerro Negro, 
Nicaragua, where outgassing supports 
thermoacidophiles in the most acidic fumaroles and an 
endolithic phototrophic community in the mildly acidic 
steam vents. 

Volcanism on Mars: Early Mars had rampant 
magmatism and volcanism due to the high heat flow on 
the young planet, but activity continued to the recent 
past (Fig. 1). Outgassing of juvenile gases and crustal 
water from an early hydrosphere [11] likely provided 
abundant fumarolic environments in the enormous vol-
canoes found globally on Mars.  Given the lack of plate 
tectonics, long-lived magmatic plumes are thought to 
have provided surface volcanism for extended periods 
of time.  In fact, Robbins et al. [12] showed that many 
of the major volcanoes of Mars had discrete caldera-
forming eruptions spanning billions of years, covering 
most of Mars’ observable history (Fig. 1).  Analysis of 
meteorites [e.g. 13-14] and modeling [15] show that 
Mars requires a wet mantle and that even eruptions in 
the last billion years had parent magmatic water con-
tents of up to 1.8wt%.  Certainly there was corollary 

subsurface circulation of hydrothermal fluids but these 
places are in general less-accessible by modern lander 
technology. 

One prominent example of a potentially gas-
dominated volcanic system on Mars is at the Home 
Plate site in Gusev Crater, examined in detail by the 
Mars Exploration Rover Spirit [16]. This unit has been 
proposed to represent acid-sulfate alteration of pyro-
clastic deposits and the isochemical alteration of some 
rocks and soils suggests low water-rock ratios [16-17], 
consistent with gaseous alteration by volcanic vapors in 
a fumarolic setting.  Adjacent silica-rich deposits have 
also been proposed to originate through volcanic exha-
lations [18-19]. We conclude that fumarolic activity 
likely persisted at small to large scales within wide-
spread volcanic centers for much of Mars’ history.   

Cerro Negro, Nicaragua: A Gas-Dominated 
Mars Analog: Cerro Negro is a small (~1 km2 at base, 
250 m high) basaltic cinder cone in western Nicaragua.  
It was constructed from 22 major eruptions starting in 
1850, with the most recent eruptions in 1992, 1995, and 
1999-2000.  At present, the volcano consists of a larger 
outer cone open to the northeast, and a smaller, inner 
cone formed during the 1995 eruption.  Discharge of 
magmatic volatiles occurs entirely as steam-rich vapors; 
there is no evidence for hot springs or fluid flow at any 
of the sites, either now or in the past.  Consequently, 
alteration is dominated by vapor-rock interactions, 
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Figure 2. A phototrophic endolithic community in a 
fumarolic setting at Cerro Negro. 

which as argued above, may have been a common envi-
ronment through most of Mars’ history.  

Highly Acidic Fumaroles.  The fumaroles range in 
pH from -1 in the center of the volcano to 5 near the 
margins and temperatures span 60-200°C [20].  Our 
analyses indicate that during acid-sulfate alteration in 
the lowest-pH steam vents, plagioclase and olivine are 
some of the first minerals to dissolve, freeing up diva-
lent cations for reaction with H2SO4 in steam conden-
sates on rock surfaces. Within a few years at these sites, 
freshly erupted basalt is converted into amorphous sili-
ca, together with combinations of sulfates, including 
anhydrite-gypsum, alunite-jarosite, and minor amounts 
of Fe-oxides and hydroxides, mainly hematite.   

We have identified positive enrichment cultures at 
two acid-sulfate sites where fumaroles have an in situ 
pH of 0 and temperatures that range from 95-97°C.  
Microbes are present in the deposits, but have low bio-
mass and limited spatial distribution. 

Moderately Acidic Fumaroles. Substantially differ-
ent environmental conditions, mineral deposits, and 
biology were observed at a low-sulfur fumarole site 
toward the margin of Cerro Negro.  At this site, which 
is about 100 meters from the nearest acid-sulfate depos-
its, temperatures up to 70 ºC were measured in surface 
deposits and vapor discharges, and condensed vapors 
had only mildly acidic pH (~4–5.5).  In contrast to the 
highly acidic fumaroles, the surface here was found to 
be covered by white-colored deposits of amorphous 
silica that formed spire-like features on top of cinders.  

At the base of many of the silica deposits at this site 
is a green-pigmented layer that is a photosynthetic mi-
crobial community enclosed within the deposits (Fig. 
2).  These layers were observed in deposits with tem-
peratures up to 65 ºC.  Examination of the pigmented 
layer by SEM revealed clusters of spheroidal objects, 
approximately 2-3 µm in diameter and analysis by EDS 
indicated that carbon was a major component, although 
some spheres appeared to have a coating of silica. 

Molecular methods were used to study the microbial 
communities in samples containing pigmented layers.  
The bacterial sequences were dominated by cyanobac-
teria, consistent with the green pigmentation.  However, 
both the Ktedonobacteria and Synergistales were also 
well-represented. The Ktedonobacteria are a recently 

cultured subphylum of the Chloroflexi with only two 
members of the class currently isolated (K. racemifer 
and Thermosporothrix hazakensis) [21].  The archaeal 
community is dominated by the anaerobic 
Desulfurococcales, and within that order, most are 
closely related to Hyperthermus. 

Our initial observations support a hypothesis that 
discharge of mildly acidic volcanic vapors supports a 
thermophilic, endolithic microbial community based on 
primary production by photosynthetic cyanobacteria.  
The Ktedonobacteria likely metabolize organic carbon 
produced by photosynthesizers near the upper surface 
of the structure where oxygen can penetrate, while the 
Desulfurococcales may occupy the lower part of the 
layers that are anoxic. 

Conclusions: For most of Mars’ history, life at the 
surface requires microcosms able to withstand the harsh 
conditions (high UV, aridity, cold ambient tempera-
ture).  Many individual volcanoes were active through 
most of the planet’s timespan and provide such a niche.  
While surface hot springs may have been thermody-
namically challenging on a cold Mars, gas-dominated 
systems from outgassing were likely long-lived. 

Cerro Negro volcano is a Mars analog for basalt-
hosted fumarolic activity [20].  The highly acidic steam 
vents have a limited, but existent, biological communi-
ty.  However, the mildly acidic fumaroles provide a 
microcosm with an endolithic phototrophic community. 
Similar potential habitats were likely long-lived on 
Mars. Since these protected settings have little connec-
tion with the outside environment, biosignatures could 
be preserved for long durations. 
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