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Introduction: Hydrothermal activity associated 

with volcanism was probably common on early Mars,  
which featured abundant basaltic rocks, water as ice or 
liquid, and heat from volcanos and asteroid impacts.  
The most primitive forms of life on Earth still prefer 
hydrothermal environments, and the carbonate locali-
ties on Sverrefjell and Sigurdfjell present themselves 
as compelling analog sites for the study of geologically 
ancient carbonate-precipitating hydrothermal systems 
(should they exist) on Mars.  

The Sverrefjell and Sigurdfjell volcanic complexes 
were emplaced ~1M years ago in Svalbard, Norway.  
Sverrefjell is a cone of cinders, pillow lavas, and dikes; 
Sigurdfjell is elongate in outcrop and may represent a 
fissure eruption [1].  Both volcanos were probably 
erupted under ice and were subsequently dissected by 
glaciation (glacial eratics are present on most of Sver-
refjell, even on its summit). Eruption beneath an ice 
sheet is inferred, based on the presence of scattered 
pillow lavas from near sea level to ~1000 m above sea 
level.  Sverrefjell contains the largest fraction of ul-
tramafic xenoliths of any volcanic complex in the 
world, in places accounting for as much as 50% of the 
volume of the outcrop.   

The Sverrefjell and Sigurdfell volcanos contain 
carbonate cements of several types.  First,  Amundsen 
[2] reported Mg-Fe-rich carbonate in  sub-mm globules 
in basalts and ultramafic xenoliths from the volcanos.  
These globules are among the best terrestrial analogs 
to carbonate cements in the Mars meteorite ALH84001 
[3].  Here we focus on two other styles of carbonate ce-
mentation identified in field investigations [2,3]:  (1)  Thick 
(1-3 cm.) coatings of carbonate cement drape the walls of 
vertical volcanic pipes or conduits on the flanks and near 
the present summit of Sverrefjell.  Similar occurrences are 
found on Sigurdfjell.  (2)  Breccia-filled pipes or vents oc-
cur on Sverrefjell in which the breccia fragments are ce-
mented by carbonate. The fragments themselves com-
monly contain carbonate globules similar to those found in 
the ultramafic xenoliths.  

The occurrence of volcanic hydrothermal features with 
iron and magnesium carbonates is relatively rare on Earth 
but may have been common on early Mars.  Acertaining 
the source of the cations, carbonate, and water, and the 
timing and mode of emplacement of the cements should 

lend insight into these environments as Mars analogs and as 
potential habitable zones. 

Field Relationships, Mineralogy and Petrology of 
the Carbonates:  Carbonate-containing volcanic conduits, 
which occur both at Sverrefjell and Sigurdfjell, are 1-10 
meters in diameter with hollow interiors (fig. 1).  Millime-
ter- to centimeter-thick coatings of carbonate occur on inte-
rior surfaces of the conduits and permeate fractures in the 
rock.  The carbonates change cation content and mineral-
ogy from the basaltic wall rock outward, presumably fol-
lowing the reaction chemistry of the solutions from which 
they precipitated. The sequence of mineralogies from the 
wall rock into the cavity in a conduit called “fleece cave” 
on Sverrefjell (determined by X-ray diffraction (XRD)) is 
shown in figure 2.  Similar vents on Sigurdfjell contain 
some, but not all, of these phases and also include abundant 
aragonite.  A third ventlike locality on Sverrefjell called 
“ice cave” contains predominantly magnesite, with minor 
dolomite and rhodochrosite.  Cements from the breccia-
filled pipe locality on Sverrefjell contain abundant ankerite, 
siderite, and calcite, with minor aragonite.   

 

 
Fig. 1.  Carbonate-containing volcanic vent, Sigurd-
fjell.  Field of view, ~15 m. 

 
These carbonate cements are not being precipitated 

today.  Most of the localities are exposed to the air;  in 
fact the conduits stand meters above the surrounding 
scree slopes. One conduit (ice cave) is filled with ice, but 
there is no sign of active precipitation. There is a series of 
hot springs nearby (and at sea level) along an active fault, 
but these hot-spring deposits are pure calcite and aragonite, 
without any Mg- or Fe-bearing species.  
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Discussion:    In order to understand how the carbonate 
coatings formed, we need to know (among other things) the 
source(s) of the carbonate, the source(s) of the water, the 
source(s) of the cations, and the general environment in 
which the carbonate precipitation event occurred. 

Fig. 2.  Polished cross section of Fleece Cave carbon-
ate showing mineralogy of layers. 
 

Source of the carbonate.  Regionally extensive car-
bonate basement rocks underlie the region, and this carbon-
ate could have been remobilized by igneous activity. In-
deed, the Sverrefjell lavas contain rare xenoliths of this 
marble. The parent igneous body itself must also have been 
volatile rich given the nature of the eruption (extensive ash 
and cinders) and the presence of CO2 and carbonate inclu-
sions in minerals within the xenoliths.   

Source of the water. δ18O  data suggest that the carbon-
ates were deposited at relatively low temperatures from 
fluids with close to atmospheric δ13C values (fig. 3)[4]. 
However, C-O data do not constrain the source(s) of the 
water, which could be glacial meltwater or a meteoric-
marine water mixture.  

 
Fig. 3.  C and O stable isotope data for Svalbard car-
bonates.  Data for marine carbonates, carbonatites 
and Arctic cryogenic calcite are shown for compari-
son.  
 

Source of the cations. The source of the cations is 
likely to be the surrounding Fe-Mg rich basaltic rocks, but 

cations from glacial meltwater and/or marine water, con-
centrated by evaporation or freezing cannot be ruled out. 
Basaltic glass is slowly dissolving in the current environ-
ment [5] but at a rate far too slow to account for the car-
bonate cations.  In any case, given the thickness of the ce-
ments, a large volume of water must have flowed through 
the vents over time. 

Conditions of formation of the carbonates. Surface and 
cross-sectional geometries of the cements show “surface 
normal” or “fortification” growth features, indicating that 
the carbonates were likely precipitated in standing or 
slowly moving water [6]. Because the volcanic conduits are 
near the tops of the peaks, there is currently no hydrostatic 
head to cause fluids to flow through the conduits.  Thus, 
cementation must have occurred during or immediately 
after the eruptive activity, but not after the end of glaciation 
(a thick ice sheet above the volcano could itself create a 
hydrostatic head that could cause flow).  The system must 
have been open, as dissolved CO2 would have to freely 
escape in order to maintain pH and alkalinity conditions 
that would permit the deposition of carbonate cements.  

The rocks immediately adjacent to the vents appear to 
have been heated to higher temperatures than other portions 
of the cindercone. This could reflect eruption of high tem-
perature vents through relatively cold and wet volcanic 
deposits and/or focused mobilization of high-temperature 
fluids associated with the vents.  The vents at least began 
their existence as high-temperature magma conduits and 
may later have acted as a plumbing system for fluid trans-
port.  However, O stable isotopic values of the carbonate 
cements suggest that they formed at low temperatures, with 
δ18OPDB values comparable to carbonates formed by cryo-
genic processes [7].  It may be that the vents filled with 
glacial meltwater during or immediately after eruption and 
a hydrothermal system was created in the preexisting vol-
canic plumbing system.    
Conclusions: The mineralogical and geochemical 

measurements of these carbonate cements enable us to 
model the alteration processes so that we may recognize 
their features in more cryptic environments such as those 
thought to exist on Mars.  Now that we have “followed the 
water” to its detection on Mars, we are moving to the next 
step, recognizing its history and how that informs us about 
the evolution of the Martian surface [8].    
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