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a b s t r a c t

Lava tubes and basaltic caves are common features in volcanic terrains on Earth. Lava tubes and cave-

like features have also been identified on Mars based on orbital imagery and remote-sensing data. Caves

are unique environments where both secondary mineral precipitation and microbial growth are

enhanced by stable physico-chemical conditions. Thus, they represent excellent locations where traces

of microbial life, or biosignatures, are formed and preserved in minerals. By analogy with terrestrial

caves, caves on Mars may contain a record of secondary mineralization that would inform us on past

aqueous activity. They may also represent the best locations to search for biosignatures. The study of

caves on Earth can be used to test hypotheses and better understand biogeochemical processes, and the

signatures that these processes leave in mineral deposits. Caves may also serve as test beds for the

development of exploration strategies and novel technologies for future missions to Mars. Here we

review recent evidence for the presence of caves or lava tubes on Mars, as well as the geomicrobiology

of lava tubes and basaltic caves on Earth. We also propose future lines of investigation, including

exploration strategies and relevant technologies.

& 2009 Elsevier Ltd. All rights reserved.
1. Introduction

The surface of Mars is currently a very inhospitable place for
life as we know it (e.g., see review in NRC, 2007). Due to the thin
atmosphere, the surface receives abundant ultraviolet radiation.
Mean annual surface temperatures are approximately 215 K at the
equator and 160 K at the poles; surface temperatures can fluctuate
widely on summer days. For the most part, the upper few
kilometres of the lithosphere are likely frozen in a thick
cryosphere, except perhaps near areas of recent volcanism or
hydrothermalism (Schulze-Makuch et al., 2007). However, water
may persist at present in the shallow subsurface as part of an
extensive saline groundwater system. In addition, high winds and
dust storms are common. The Martian soil is inferred to be highly
oxidizing and the Viking landers did not detect organic carbon.
Because of these characteristics on the Martian surface, it has
been widely recognized by the scientific community that the
Martian subsurface may have provided more habitable environ-
ments and may have provided conditions more favorable for the
formation and preservation of biosignatures if life existed there in
the past. For example, the National Research Council recommends
ll rights reserved.
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that NASA targets deposits of minerals associated with subsurface
water and that future missions be able to access the subsurface
(NRC, 2007). Similarly, objectives in the NASA Astrobiology
Roadmap include investigating biosignatures in subsurface rocks,
modelling subsurface habitable environments, and developing
robotic drilling systems to access subsurface environments on
Mars and possibly other Solar System targets (Des Marais et al.,
2008). Caves on Mars could intercept subsurface groundwater and
may provide windows into subsurface habitable environments,
both past and present (e.g., Boston et al., 1992, 2001; Grin et al.,
1998; Schulze-Makuch et al., 2005; Rasmussen et al., 2009). Caves
could also contain relatively younger detrital sediments, authi-
genic mineral deposits, or ice, all of which may contain
biosignatures or paleoenvironmental indicators from different
periods of Martian history.

On Earth, caves are unique environments where both second-
ary mineral precipitation and microbial growth are enhanced by
stable physico-chemical conditions. This combination leads to
formation and preservation of microbial biosignatures, or traces of
life, in mineral deposits. Thus cave minerals provide a record of
both aqueous processes and microbial activity. Caves thus
represent excellent targets for accessing subsurface environments
on Mars and for searching for traces of ancient life. Technologies
currently being developed for the Moon and Mars will eventually
enable the robotic and human exploration of caves. Here we
review the evidence for caves and lava tubes on Mars and
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summarize relevant information on secondary minerals, and the
microbial biosignatures they contain, in basaltic caves and lava
tubes on Earth. We also propose novel technologies that could
help in the exploration of caves and lava tubes on Mars. The
possibility of lava tubes serving as human shelters on the Moon
and Mars (e.g., De Angelis et al., 2002; Boston et al., 2003) will
help to drive search strategies for future exploration and related
technology development.
Fig. 1. Portion of MO/THEMIS visual image of lava tube collapsed pits, possibly

related to flows from Hadriaca Patera (PIA07055). Credit: NASA/JPL/Arizona State

University.
2. Basaltic caves and lava tubes on Earth and Mars

Basaltic caves are found in most of the large igneous provinces
(LIPs), shield volcanoes, and basaltic islands on Earth. They
originate either as cooling or inflation structures in lava flows
(e.g., lava tubes) or as erosional features (e.g., sea caves).
Significant lava tubes or caves are found in Western North
America (Alaska, Arizona, British Columbia, California, Idaho,
New Mexico, Oregon, Utah, Washington); Italy (Mt. Etna); the
Middle East (Saudi Arabia, Israel, Jordan), the Canary Islands and
the Azores; the Galapagos Islands; the Hawaiian Islands; South
Korea and Japan; Australia; Reunion Island; Iceland; and North-
east Africa. An online Global Lava Tube Database, maintained by
the Arizona State University, contains entries for lava tube caves
from 34 countries on 6 continents. The world’s longest known lava
tube is the Kazumura Cave at Kilauea on the Big Island of Hawaii,
with a total length of 59.3 km (Allred and Allred, 1997). Tube-fed
lava flows cover two-thirds of the Kilauea volcano (Keszthelyi,
1995). Lava tubes generally form when the outer surfaces of lava
channels cool more rapidly forming a hardened crust; subse-
quently the remaining lava flows out of the tube, leaving a void
space. They may also form by repeated inflation of initial lava
deltas or by roofing-over of channels (e.g., Kempe and Al-Malabeh,
2005). They are most common in pahoehoe flows, but can also
occur in dominantly aa flows (Keszthelyi, 1995). Basaltic caves
may also form through erosion of zones of weakness (e.g.,
fractures, faults, small tubes) by waves (Léveillé et al., 2000) or
groundwater (Kempe and Werner, 2003).

Large-scale basaltic volcanic edifices dominate the Martian
landscape (Hodges and Moore, 1994). Lava tubes and related flow
features were first recognized based on Viking orbiter images and
have since been identified using orbiter imagery from Mars
Odyssey (MO), Mars Global Surveyor (MGS), Mars Express (ME),
and Mars Reconnaissance Orbiter (MRO; Hodges and Moore, 1994;
Wyrick et al., 2004; Cushing et al., 2007; Keszthelyi et al., 2007).
On Pavonis and Ascraeus Montes, as well as in flows from
Hadriaca Patera, lava tubes appear to be collapsed, leaving linear,
sometimes discontinuous, channel-like features (Figs. 1–3). Lava
tube collapsed pits, which appear as circular features arranged in
a linear orientation, have also been identified on flows from
Hadriaca Patera (Fig. 1). Several lava tubes have been identified on
the northern portion of the Northern shield Alba Patera between
241–2451W and 44–511N (Riedel and Sakimoto, 2002). In the
Tartarus Colles, a partially roofed lava channel has been imaged by
the HiRISE camera on MRO (Fig. 3), indicating this feature was in
fact a lava tube with an hollow conduit-like channel (Keszthelyi
et al., 2007). Several lava tubes and flow channels were identified
on Olympus Mons based on MGS/MOC images (Parcheta et al.,
2005). Tube-fed flows and raised ridges (interpreted as
uncollapsed lava tubes) cover as much as 8% of the flanks of
Olympus Mons based on HRSC/ME images (Bleacher et al., 2006).
Caves have also been identified mainly by the presence of
‘‘skylights’’, which can originate as openings in partially
collapsed ceilings of lava tubes (e.g., Cushing et al., 2007). In
addition to orbital imagery, thermal remote-sensing data can be
used to distinguish thermal anomalies created by cave openings
(Cushing et al., 2007; Wynne et al., 2008). Much of the interest in
locating and studying Martian lava tubes and related flow features
is in part due to the usefulness of such features in understanding
the history and evolution of volcanism and global heat flux on
Mars.

While the ages of Martian lava tubes are not known, they are
likely more common in younger lavas. On Earth, intact lava tubes
are generally restricted to lavas that are younger than a few
million years old. The SAM lava tube cave in Northern New Mexico
is believed to be nearly 4 million years old, making it one of the
oldest lava tubes in North America (Rogers et al., 2000). Lava tubes
of the Al-Shaam plateau, Jordan, are found in lava flows that may
be as old as 7 million years (Kempe and Al-Malabeh, 2005). In
older terranes, tubes tend to collapse or be filled by sediments or
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Fig. 2. Portion of ME/HRSC image of the southwest flank of Pavonis Mons, Tharsis Montes (278_230405_0902_na_PavonisMons). The linear channel features are believed to

be collapsed lava tubes. Strings of circular depressions, or pit chains, can also be seen. Channels towards the west (left) appear to be covered by younger flows. Width of area

is approximately 100 km. Credits: ESA/DLR/FU Berlin (G. Neukum).

Fig. 3. Portion of MRO/HiRiSE image of a channel-like conduit in Tartarus Colles

(PSP_001420_2045). Note the roofed portion (center of image), which indicates the

channel was a lava tube (Keszthelyi et al., 2007). Credit: NASA/JPL/University of

Arizona.
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later flows, thus forming sinuous ridges and channels. On Mars,
lava tubes may persist for significantly longer periods due to the
much colder and drier climate, extremely low weathering rates,
and lack of abundant planet-wide tectonic activity.
3. Cave minerals and ice

As caves act as conduits for preferred water flow, water is often
present there as drips, pools, streams, or frozen as ice. Recently,
water has been discovered within subsurface caves in the
Atacama Desert, Chile, one of the driest places in the world
(Wynne, 2008). Caves will tend to favor the deposition, accumula-
tion, and preservation of ice (Grin et al., 1998). In some caves and
lava tubes, ice can remain year-round, even if surfaces tempera-
tures rise significantly above freezing (e.g., Ohata et al., 1994).

Due to their insulating properties, caves tend to maintain
stable environmental conditions (e.g., temperature, humidity)
that can be quite different from those at the surface and which
tend to favor continued deposition of minerals. Most caves on
Earth contain some secondary minerals (speleothems) that
precipitate from meteoric waters that have interacted with the
host rock. In carbonate caves, speleothems have been studied
extensively as they contain paleoenvironmental records in the
form of geochemical proxies in the minerals, especially calcite. In
contrast, few detailed studies of secondary minerals in basaltic
caves have been undertaken so far (cf., Forti, 2005; Léveillé et al.,
2000, 2002, 2007; Woo et al., 2008a, b). Basaltic rock interaction
with seeping water also causes secondary minerals to precipitate.
The most common basaltic cave minerals include carbonates,
sulphates, silica and clays; minerals that have all been identified
on Mars, though for the most part in different geological settings.
Distinctive branching cave corral and cave popcorn are common
features on the walls and ceilings of many basaltic caves. These
and other deposits are easily distinguishable from the host
basaltic rock as they generally have a distinct appearance (e.g.,
texture, color; Fig. 4). In some caves, secondary minerals can form
within the host rock and may seal the primary porosity of the lava
and cause a locally perched water table (Kempe et al., 2003).
4. Geomicrobiology of caves

On Earth, caves and lava tubes provide unique conditions for
microbial life to flourish wherever liquid water is present. Because
they are protected from impeding and harmful surface processes,
such as seasonal climate effects, extreme weather (temperature
fluctuations, winds), desiccation, grazing by other organisms, and
UV radiation, caves tend to favor abundant microbial growth
(Boston et al., 2001; Melim et al., 2001; Barton, 2006). Although
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Fig. 4. Interior of Waikapalae Cave, an erosional cave on Kauai, Hawaii. Abundant

Ca–Mg carbonate and Mg-silicate mineralization covers walls and ceilings of the

cave. Modified from Léveillé et al. (2000).
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little is know about the microbial ecology of caves, especially lava
tubes, cave surfaces are invariably colonized by diverse micro-
organisms, often forming biofilms and thicker microbial mats
(Boston et al., 2001; Léveillé et al., 2000; Kappler and Newman,
2004; Northup et al., 2004; Fig. 5). Microbial growth can occur
near the cave entrance, in the twilight zone, and in deeper aphotic
parts of the cave. In some deep caves that are closed to the
atmosphere, entire ecosystems are based uniquely on microbial
chemoautotrophic organisms (Sarbu et al., 1996).

Furthermore, microbial activity (e.g., photosynthesis, metha-
nogenesis, sulphate reduction, metal binding and concentration
by cellular or extracellular material) has been implicated in the
formation of secondary minerals in various caves based on
features such as stromatolitic textures, microbial fossils, and
distinctive isotopic signatures (Barton et al., 1997; Northup et al.,
1997; Léveillé et al., 2000, 2002, 2007; Boston et al., 2001; Jones,
2001; Northup and Lavoie, 2001). In many cases, microorganisms
are not well preserved in cave deposits, even in modern systems
(Jones, 2001; Léveillé et al., 2000). However, Boston et al. (2001)
have also noted the remarkable state of preservation of biosigna-
tures in cave minerals. As a consequence, terrestrial caves are
excellent locations to study the formation and preservation of
microbial biosignatures in minerals.

The past presence or activity of microorganisms is thus
inferred by physical, chemical and isotopic biosignatures pre-
served in the minerals (Barton et al., 1997; Boston et al., 2001;
Léveillé et al., 2007). For example, various ‘‘speleostromatolites’’
have been noted in numerous different environments, including
basaltic caves (Léveillé et al., 2000, 2002; Melim et al., 2001;
Fig. 6) and 2.75 Ga subsurface cavities (Rasmussen et al., 2009).
However, as in any environment, it can be difficult to assess the
biogenicity of cave deposits or to identify conclusive
biosignatures. In the case of stromatolite-like textures, recent
experimental work has shown that similar textures can form by
abiotic ‘‘spray’’-like deposition (McLoughlin et al., 2008), a process
that may be relevant to cave drips. Like most depositional
sedimentary environments, multiple physical, chemical and
biological processes likely act in parallel to form cave mineral
deposits (e.g., Léveillé et al., 2007). Therefore, further work is
needed in order to elucidate these processes in basaltic caves and
to define biogenicity criteria. For example, bioalteration textures,
such as those found in diverse volcanic glasses (e.g., Furnes et al.,
2007; Staudigel et al., 2008), may also be found in basaltic rocks
associated with lava tubes. In the context of Mars exploration and
the search for evidence of past life, it may not matter if a mineral
was formed by biological activity or not, as long as some trace of
the presence of life can be found. Ultimately, it is essential to rely
on multiple biosignatures or biosignature suites in order to
strongly present the case for the past presence or activity of
microorganisms in caves (cf., Boston et al., 2001; Léveillé et al.,
2007), as in any other setting.
5. Caves as astrobiological targets

The study of caves on Earth informs us on the diversity and
resilience of microbial life and how traces of such life are recorded
in mineral deposits. In addition, it helps to provide informed
suggestions of where life could have existed elsewhere in the
Solar System. Caves on Mars likely contain a record of secondary
mineralization that preserves information on past aqueous
activity (duration and environmental conditions). In addition,
caves there would provide protection from ultraviolet radiation
and, to some extent, dust storms, extreme wind, and other
weather-related fluctuations. Caves could therefore present more
habitable environments than much of the present surface of Mars.
Caves may also provide the best evidence for past life in the form
of biosignatures (chemical, molecular, isotopic, morphogenic)
preserved in the cave minerals. Because the cave environment is
more protected from surface weathering, biosignatures may be
better preserved in the cave deposits than in typical surface
sedimentary deposits. Caves will also tend to delay the changes
imposed by burial diagenesis, thus potentially preserving bio-
signatures for greater time spans. While it is not known for
certain, the limited tectonic activity, as well as the cold and arid
conditions, and extremely slow weathering rates on Mars could
mean that lava tubes or caves, as well as the mineral deposits in
them, could survive several tens of millions of years. It is thus
possible that lava tubes found on Mars today, could have formed
in the past when the planet was warmer and wetter. Caves on
Mars are thus prime exploration targets for future robotic and
manned missions.
6. Future work

More detailed efforts to identify lava tubes on Mars by orbiter
data should be undertaken in conjunction with Earth-based
remote-sensing of basaltic areas where caves are known to exist.
For example, the thermal behavior of caves can be an ideal
signature for remote detection (Cushing et al., 2007; Wynne
et al., 2008). Radar instruments have already been used to probe
the Martian subsurface from orbit on Mars Express and
Mars Reconnaissance Orbiter, though at a resolution that is too
low for detection of individual caves or lava tubes. Surface-
based ground penetrating radar has been used to detect and
characterize terrestrial lava tubes and may also be suitable on
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Fig. 5. Close-up view of microbial mat from Maniniholo Dry Cave, an erosional cave on Kauai, Hawaii. The colored mat is composed of different microorganisms, including

cyanobacteria in surface layers, in some cases with distinct colored pigments. Main minerals associated with this mat are kerolite and aragonite. Modified from Léveillé et

al. (2000).

Fig. 6. Backscattered electron image of microstromatolitic texture in mineralized

microbial mat from Maniniholo Dry Cave, Kauai, Hawaii. Image is approximately in

same orientation of sample as collected from ceiling of cave. Light colored mineral

layers are aragonite, dark colored bands are kerolite. Width of image is

approximately 2 mm.
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Mars (Bernold, 2006; Bernold and Immer, 2004; Miyamoto et al.,
2005). Ground penetrating radar instruments have been proposed
for Mars missions (Heggy and Paillou, 2006; Miyamoto et al.,
2005) and one is planned to be included on the European ExoMars
rover (Hamran et al., 2007), which is scheduled for launch in 2016.
Lava tubes and caves may also be detected by gravimetry,
geomagnetics, seismography, as well as laser (lidar) and infrared
imaging (e.g., Budetta and Del Negro, 1995; Calvari et al., 2004;
Haramy et al., 2004).

Exploration of basaltic caves on Mars will require significant
advances in robotic and autonomous mobile systems, science
instruments, and navigation/communication systems. Lava tubes
can have a variety of openings, some quite large, some small and
partially blocked by boulders and rock falls (i.e., breakdown). Lave
tubes generally have uneven terrain, though the flowing of the
lava can sometimes produce smooth-floored tubes. They generally
are gently sloping and may have significant elevational variations.
These characteristics are compounded by the problem of line-of-
sight communication in a highly rough surface, coupled with
decreased or non-existent solar power potential.

The concept of miniaturized robots, or microbots, is currently
being developed and prototypes have been tested in caves (Kesner
et al., 2007; Dubowsky et al., 2008). The ‘‘cliffbot’’ TRESSA
(Teamed Robots for Exploration and Science on Steep Areas) has
been proposed to explore caves and subsurface features on Mars
(Huntsberger et al., 2007). Various advanced vision systems, using
video and lasers are also currently being developed and tested in
analog field environments (Ghafoor et al., 2007). Such systems
may ultimately prove to be useful for exploring cave environ-
ments. Subsurface drilling systems may also offer the opportunity
to sample and investigate indirectly subsurface caves on Mars.

A multi-step program is proposed here in order to develop the
capability to explore and investigate caves on Mars. First, a
systematic study of basaltic caves from basaltic provinces of
different ages and in different climates (e.g., India, NW British
Columbia, Alaska, SW United States; Hawaii) is required in order
to elucidate the geomicrobiology and geochemistry of basaltic
caves and cave mineral deposits. Specifically, a greater effort is
needed to elucidate the basic microbial diversity and ecology of
these cave surfaces and their waters (cf., Northup et al., 2004;
Moya et al., 2008). In addition, it is imperative to better quantify
and qualify the role of microorganisms in mineralization pro-
cesses in order to better understand biosignature formation and
preservation over various time scales. Ultimately, a suite of robust
isotopic, geochemical and mineral biosignatures in basaltic cave
deposits needs to be developed. In general, more detailed work
will lead to a deeper understanding of relevant issues and will
help to constrain future exploration targets on Mars as well as
help to define future mission design and infrastructure require-
ments.

Secondly, it is imperative to develop remote-sensing tools,
instruments, and strategies to detect and characterize caves on
Earth, especially in Mars analog environments (e.g., Wynne et al.,
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2008). The search for caves on Mars using advanced remote-
sensing aboard MRO, Mars Express and future orbital missions
should be continued and expanded. The exploration of caves will
also be driven by their potential usefulness as habitation
structures for future human missions to the Moon and Mars (De
Angelis et al., 2002; Boston et al., 2003).

Finally, novel systems such as robotic vehicles, drills, moles,
and appropriate science instruments must be developed in order
to explore and investigate Martian caves and their records of past
geological and possibly biological activity. Such development can
benefit greatly from analog studies in caves on Earth.
7. Conclusions

Lava tubes and basaltic caves are abundant in basaltic
provinces on Earth and have been identified on Mars. In caves
on Earth, both secondary mineral precipitation and microbial
growth are enhanced by stable physico-chemical conditions.
Therefore, cave minerals preserve abundant and diverse microbial
biosignatures. Caves on Mars may thus represent the best
locations to search for biosignatures. In order to do so, the
geomicrobiology of basaltic caves and lava tubes on Earth must be
studies in more detail. Remote-sensing tools and detection
techniques must be developed for Earth and Mars. As well, novel
technologies and instruments must be developed in order to
explore and study caves on Mars. It is possible that the only
remaining traces of past life on Mars will be found in cave
minerals. Lava tubes and basaltic caves are important astrobiolo-
gical targets on Earth and Mars.

References

Allred, K., Allred, C., 1997. Development and morphology of Kazumura Cave,
Hawaii. Journal of Cave and Karst Studies 59 (2), 67–80.

Barton, H.A., 2006. Introduction to cave microbiology: a review for the non-
specialist. Journal of Cave and Karst Studies 68 (2), 43–53.

Barton, H.A., Spear, J.R., Pace, N.R., 1997. Microbial life in the underworld:
biogenicity in secondary mineral formations. Geomicrobiology Journal 18 (3),
359–368.

Bernold, L.E., 2006. Effective processing of GPR data to investigate the sub-space.
Earth and Space. In: Proceedings of the 10th Biennial International Conference
on Engineering, Construction, and Operations in Challenging Environments, p.
114.

Bernold, L.E., Immer, M., 2004. Ground Penetrating Radar Technology to Locate
Plastic Pipes and Lava Tubes. Engineering Construction and Operations in
Challenging Environments Earth and Space. In: Proceedings of the Ninth
Biennial ASCE Aerospace Division International Conference, pp. 24–31.

Bleacher, J.E., Greeley, R., Williams, D.A., Neukum, G., HRSC Co-investigator team,
2006. Comparison of effusive volcanism at Olympus, Arsia, Pavonis, and
Ascraeus Montes, Mars from lava flow mapping using Mars Express HRSC data.
37th Lunar and Planetary Science Conference. Abstract #1182.

Boston, P.J., Frederick, R.D., Welch, S.M., Werker, J., Meyer, T.R., Sprungman, B.,
Hildreth-Werker, V., Thompson, S.L., Murphy, D.L., 2003. Human utilization of
subsurface extraterrestrial environments. Gravitational and Space Biology
Bulletin 16 (2), 121–131.

Boston, P.J., Ivanov, M.V., McKay, C.P., 1992. On the possibility of chemosynthetic
ecosystems in subsurface habitats on Mars. Icarus 95, 300.

Boston, P.J., Spilde, M.N., Northup, D.E., Melim, L.A., Soroka, D.S., Kleina, L.G., Lavoie,
K.H., Hose, L.D., Mallory, L.M., Dahm, C.N., Crossey, L.J., Schelble, R.T., 2001. Cave
biosignature suites: microbes, minerals, and Mars. Astrobiology 1 (1), 25.

Budetta, G., Del Negro, C., 1995. Magnetic field changes on lava flow to detect lava
tubes. Journal of Volcanology and Geothermal Research 65 (3-4), 237–248.

Calvari, S., Lodato, L., Spampinato, L., 2004. Monitoring active volcanoes using a
handheld thermal camera. Proceedings of SPIE—The International Society for
Optical Engineering 5405, 199–209.

Cushing, G.E., Titus, T.N., Wynne, J.J., Christensen, P.R., 2007. THEMIS observes
possible cave skylights on Mars. Geophysical Research Letters 34 (17).

De Angelis, G., Wilson, J.W., Clowdsley, M.S., Nealy, J.E., Humes, D.H., Clem, J.M.,
2002. Lunar lava tube radiation safety analysis. Journal of Radiation Research
43 (Suppl.).

Des Marais, D.J., Nuth III, J.A., Allamandola, L.J., Boss, A.P., Farmer, J.D., Hoehler, T.R.,
Jakosky, B.M., Meadows, V.S., Pohorille, A., Runnegar, B., Spormann, A.M., 2008.
The NASA astrobiology roadmap. Astrobiology 8, 715–730.

Dubowsky, S., Kesner, S., Plante, J.S., Boston, P., 2008. Hopping mobility concept for
search and rescue robots. Industrial Robot 35 (3), 238–245.
Forti, P., 2005. Genetic processes of cave minerals in volcanic environments: an
overview. Journal of Cave and Karst Studies 67 (1), 3–13.

Furnes, H., Banerjee, N.R., Staudigel, H., Muehlenbachs, K., McLoughlin, N., de Wit,
M., Van Kranendonk, M., 2007. Comparing petrographic signatures of
bioalteration in recent to Mesoarchean pillow lavas: tracing subsurface life
in oceanic igneous rocks. Precambrian Research 158 (3–4), 156–176.

Ghafoor, N., Choi, E., Ravindran, G., Bakambu, J., Barfoot, T., Richards, R., Sallaberger,
C., 2007. Robotic assistance, mobility and vision systems—enabling technology
for early human–robotic lunar exploration. 58th International Astronautical
Congress, Hyderabad, India. Abstract # IAC-07-A5.2.03.

Grin, E.A., Cabrol, N.A., McKay, C.P., 1998. Caves in the Martian regolith and their
significance for exobiology exploration. 29th Lunar and Planetary Science
Conference. Abstract # 1012.

Hamran, S.E., Berger, T., Hanssen, L., Øyan, M.J., Ciarletti, V., Corbel, C., Plettemeier,
D., 2007. A prototype for the WISDOM GPR on the ExoMars mission. In:
Proceedings of the 2007 4th International Workshop on Advanced Ground
Penetrating Radar, IWAGPR 2007, pp. 252–255.

Haramy, K., DeMarco, M., Meglich, T.M., Hanna, K., 2004. A comparison of non-invasive
geophysical methods for mapping near-surface voids. 5th Biennial Workshop
Interstate Technical Group on Abandoned Underground Mines, Tuscon, AZ.

Heggy, E., Paillou, P., 2006. Probing structural elements of small buried craters
using ground-penetrating radar in the southwestern Egyptian desert:
implications for Mars shallow sounding. Geophysical Research Letters 33 (5).

Hodges, C.A., Moore, H.J., 1994. Atlas of Volcanic Landforms on Mars. US Geological
Survey Professional Paper 1534. Washington, D.C., pp 194.

Huntsberger, T., Stroupe, A., Aghazarian, H., Garrett, M., Younse, P., Powell, M., 2007.
TRESSA: teamed robots for exploration and science on steep areas. Journal of
Field Robotics 24 (11–12), 1015–1031.

Jones, B., 2001. Microbial activity in caves—a geological perspective. Geomicro-
biology Journal 18 (3), 345–357.

Kappler, A., Newman, D.K., 2004. Formation of Fe(III)-minerals by Fe(II)-oxidizing
photoautotrophic bacteria. Geochimica et Cosmochimica Acta 68 (6), 1217–1226.

Kempe, S., Bauer, I., Henschel, H.V., 2003. Pa’auhau civil defense cave on Mauna
Kea, Hawaii a lava tube modified by water erosion. Journal of Cave and Karst
Studies 65 (1), 76–85.

Kempe, S., Werner, M.S., 2003. The Kuka’iau Cave, Mauna Kea, Hawaii, created by
water erosion: a new Hawaiian cave type. Journal of Cave and Karst Studies 65
(1), 53–67.

Kempe, S., Al-Malabeh, A., 2005. Newly discovered lava tunnels of the Al-Shaam
plateau basalts, Jordan. Geophysical Research Abstracts 7, 03204.

Kesner, S.B., Plante, J.S., Boston P.J., Fabian, T., Dubowsky, S., 2007. Mobility and
power feasibility of a microbot team system for extraterrestrial cave
exploration. In: Proceedings IEEE International Conference on Robotics and
Automation, pp. 4893–4898.

Keszthelyi, L., Jaeger, W.L., Milazzo, M.P., McEwen, A.S., HiRISE Team., 2007. High
resolution imaging science experiment (HiRISE) images of volcanic terrains
from the first 6 months of the Mars reconnaissance orbiter primary science
phase. Seventh International Conference on Mars (2007), Abstract #3314.

Keszthelyi, L., 1995. Thermal constraints on the lengths of tube-fed lava flows on
the Earth, Moon, Mars, and Venus. Lunar and Planetary Science Conference 26,
739.

Léveillé, R.J., Fyfe, W.S., Longstaffe, F.J., 2000. Geomicrobiology of carbonate-silicate
microbialites from Hawaiian basaltic sea caves. Chemical Geology 169 (3–4),
339.

Léveillé, R.J., Longstaffe, F.J., Fyfe, W.S., 2002. Kerolite in carbonate-rich
speleothems and microbial deposits from basaltic caves, Kauai, Hawaii. Clays
and Clay Minerals 50 (4), 514–524.

Léveillé, R.J., Longstaffe, F.J., Fyfe, W.S., 2007. An isotopic and geochemical study of
carbonate-clay mineralization in basaltic caves: abiotic versus microbial
processes. Geobiology 5 (3), 235–249.

McLoughlin, N., Wilson, L.A., Brasier, M.D., 2008. Growth of synthetic stromatolites
and wrinkle structures in the absence of microbes—implications for the early
fossil record. Geobiology 6, 95–105.

Melim, L.A., Shinglman, K.M., Boston, P.J., Northup, D.E., Spilde, M.N., Queen, J.M.,
2001. Evidence of microbial involvement in pool finger precipitation, hidden
Cave, New Mexico. Geomicrobiology Journal 18 (3), 311–329.

Miyamoto, H., Haruyama, J., Kobayashi, T., Suzuki, K., Okada, T., Nishibori, T.,
Showman, A.P., Lorenz, R., Mogi, K., Crown, D.A., Rodriguez, J.A.P., Rokugawa, S.,
Tokunaga, T., Masumoto, K., 2005. Mapping the structure and depth of lava
tubes using ground penetrating radar. Geophysical Research Letters 32 (21),
1–5.

Moya, M., Garcia, M., Northup, D., 2008. Composition of bacterial mats in El
Malpais National Monument, NM: Comparison and contrasts with bacterial
communities in Hawai’i lava tubes. National Speological Society Convention,
Lake City, Florida.

Northup, D.E., Lavoie, K.H., 2001. Geomicrobiology of caves: a review. Geomicro-
biology Journal 18 (3), 199–222.

Northup, D.E., Reysenbach, A.L., Pace, N.R., 1997. Microorganisms and speleothems.
In: Hill, C., Forti, P. (Eds.), Cave Minerals of the World. National Speleological
Society, Huntsville, AL, pp. 261–266.

Northup, D.E, Connolly, C.A., Trent, A., Boston, P.J., Peck, V., Natvig, D.O., 2004. On
the nature of bacterial communities from Four Windows cave, El Malpais
National Monument, New Mexico, USA. XI International Symposium on
Vulcanospeleology, Azores.

National Research Council, 2007. An Astrobiology Strategy for the Exploration of
Mars. The National Academies Press, Washington, D.C., p. 118.



ARTICLE IN PRESS
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