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Introduction: Lava tubes have been observed on 

Earth and in Hesperian to Amazonian terrains on Mars 
[1-5]. These lava caves have been identified as “special 
regions” [6,7] which may serve as past or current refu-
gia on Mars because (a) they act as preferential con-
duits for water flow, even under semi-arid to arid con-
ditions [8], (b) their insulating properties may main-
tain stable, habitable, environmental conditions over 
extended periods, which may be significantly different 
than surficial conditions [9], and (c) they provide UV 
protection, which would enhance the preservation of 
organic biosignatures [10]. Therefore, lava cave sys-
tems may preferentially preserve biosignatures indica-
tive of past life on Mars. 

Internal cave climates are controlled by the con-
nection of the lava cave with the surface [9], therefore, 
a variety of lava cave climates, including ice caves, 
may have been present historically and currently in 
Mars’s subsurface. This internal climate variability 
(liquid water+rock or ice+rock conditions) is expected 
to produce distinct biosignatures in cave minerals on 
Mars [10]. Because cave climate conditions likely in-
fluence biosignature formation and expression, Léveillé 
and Datta [8] noted “a systematic study of basaltic 
caves…in different climates is required in order to 
elucidate the geomicrobiology and geochemistry of 
basaltic caves and cave mineral deposits. Specifically, 
a suite of robust …geochemical and mineral biosigna-
tures in basaltic cave deposits needs to be developed.” 

This study documents and directly compares 
chemical and biological weathering and biosignature 
formation in 4 spatially co-located lava tubes of Cra-
ters of the Moon National Monument, Idaho (CROM) 
(43.2058° N, 113,5002°W). These caves, located with-
in a 1.6 km area within the Grassy Flow (7,360+60 yr) 
[11] represent warm/dry (Screaming Jaws of Death 
Cave), warm/wet (Pond Cave), cold/wet (Ice Lake 
Cave) and cold/damp (Spongy Floor Cave) conditions 
respectively. Results from this study will define a 
range of weathering, mineralogical, and trace element 
signatures that may be encountered during cave explo-
ration on Mars. 

 Methods: We utilized coupled field and laborato-
ry methods to determine the degree of chemical and 
microbially induced weathering in different lava cave 
environments present at CROM.  

Geochemistry Tiny Tag TGP-4500 temperature 
and humidity sensors were deployed within the caves. 
Data from these sensors were compared to Western 

Regional Climate Center weatherstation at CROM to 
determine how internal cave climate was influenced by 
external temperature conditions. 

Temperature and pH were measured in the field. 
We filtered water samples in the field using 0.2 µm 
polystyrene syringe filters. Samples for cation analysis 
were acidified with trace metal grade nitric acid. We 
allowed frozen samples to melt before filtration. Upon 
collection and filtration, we placed all samples on ice 
in a cooler, where they remained at or below 4°C dur-
ing transport to the laboratory. Major and trace ele-
ments were analyzed using inductively coupled plasma 
mass spectrometer at Oklahoma State University. Fil-
tered, unacidified samples for anion analysis were ana-
lyzed using a Microdrill Ion Chromatograph at KU. 
Alkalinity was determined in the laboratory using fil-
tered unacidified samples. 

Microbial Colonization and Weathering We de-
ployed field microcosm experiments [12-16] in order 
to differentiate in situ chemical and microbial weather-
ing rates. Holes were drilled into HDPE boxes in order 
to allow for the passage of water into and out of the 
microcosm. Filters (0.45 µm) were attached to the inte-
riors of one half of microcosms to prevent microbial 
incursion into the experimental apparti, while allowing 
for the passage of water. The other half of the micro-
cosms had no filters, in order to allow microbial colo-
nization and weathering. Each microcosm was loaded 
with a 2.5 cm2 McKinney Basalt billet. Each billet and 
microcosm had been previously sterilized using UV 
and 70% ethanol and were assembled in a sterile, UV 
hood. One of each  microcosm (filterd control chemi-
cal weathering and unfiltered microbial weathering) 
were deployed for 6 months to determine intial micro-
bial colonization and weathering. Upon retrieval from 
the caves, basalt billets were immediately placed in 
sterile, wide-mouth HDPE bottles with 2.5% glutaral-
dehyde solution in order to fix samples and preserve 
fine-scale microbe-mineral interactions [17]. Billets 
were ethanol dehydrated and critically point dried prior 
to analysis with scanning electron microscopy (SEM). 

We analyzed sample billets from microcosm ex-
periments to determine the potential microbial influ-
ence on secondary weathering products. We deter-
mined primary and secondary mineralogy using an  
Rigaku Ultima IV X-ray diffractometer with MDI 
Jade(2010) and a Renishaw InVia Raman microscope 
with 532nm laser. Microbial associations with mineral 
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surfaces were determined using a Zeiss NEON SEM 
with energy dispersive X-ray spectroscopy [14,16]. 

Results and Discussion: Temperature Surface 
and internal cave temperatures co-vary in caves where 
the connection to the surface is large and the cave is 
not deep. CROM daily high temperatures varied from 
7.6 to 33.9˚C between May and September 2016. SJD 
increased from 4 to 17˚C and Pond Cave increased 
from 0 to 5.6˚C. However, caves which had narrow, 
deep (~4.5 m) entrances maintained persistent 0oC 
temperatures (i.e Ice Lake and Spongy Floor). There-
fore, there is potential to create computer modeling of 
cave openings [e.g. 9] to predict internal cave climate 
and habitability potential.  

Aqueous Geochemistry indicates water in the four 
caves derive from a similar source, as major anions 
and cations are similar between the Spongy Floor, Ice 
Lake, and Pond. Phosphate limited conditions occur in 
Spongy Floor (4.8 µM), Pond (4.4 µM), and Ice Lake 
(2.44x10-2 µM) caves. No water sample was collected 
from Screaming Jaws of Death (SJD) due to low flow 
rates (damp wall conditions were observed).  

Mineralogy Secondary clay minerals, iron oxides, 
and carbonates are present in Pond, Spongy Floor, and 
Ice Lake Cave. Amorphous silica, calcite, and Fe-
oxides occur  as alteration phases in SJD. Given the 
similarity in geochemistry, differences in secondary 
mineralogy may be related to microbial processes. Fe-
oxides and amorphous silica are associated with mi-
crobial surfaces in SJD. 

Microbial Colonization Microbial population size 
is greatest in the twilight zone of Screaming Jaws of 
Death where photosynthetic microorganisms are pre-
sent and decreases in the dark zone. Decreasing tem-
peratures and phosphate availability correlate with 
decreased microbial population sizes between Pond 
and Ice Lake caves. In Ice Lake cave, microorganisms 
occur as individuals attached to basalt surfaces by 
large networks of nanowires (Figure 1) .   

Implications for lava caves on Mars: A variety 
of different habitable environments may occur in spa-
tially co-located lava caves. Differences in light avail-
ability, 
tempera-
ture, and 
nutrient 
availability 
influence 
microbial 
population 
size and 
community 

structure, potentially leading to differences in biosigna-
ture formation.  

Future mission site selection could be based on 
cave entrance geometry and inferred differences in 
light availability and temperature. Both light availabil-
ity and temperature may be modeled [9], however, 
UV-radiation may degrade organic biosignatures mak-
ing biosignature detection in these caves challenging. 
Moreover, microbial populations in shallow lava caves 
with larger openings may be more vulnerable to post-
Noachian climatic changes that occurred on Mars.  

While microbial population decreases with de-
creasing nutrient availability, previous studies have 
demonstrated nutrient limitation drives microbial 
weathering in basalts [18,19]. Microbially-induced 
dissolution may mobilize trace elements, which may 
act as a potential biosignature and enhanced organic 
preservation may occur in these deeper cave environ-
ments. These deeper caves, while more challenging to 
detect from satellite imaging, may preserve stable hab-
itable environments over long time periods, even as the 
external climate changed. 

Potential future cave missions should consider de-
signs that maximize the potential to explore several co-
located caves, as temperature and habitability condi-
tions vary significantly between caves located in close 
proximity to one another. This plan would maximize 
potential biosignature detection and therefore science 
return. 
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Figure 1: Ice Lake Cave. Nanowires attached to rock surface. 
Depressions are where cocci were detached during sample 
preparation. 
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