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The Limitations of Life 
What are the Limitations of Life? 

The limitations of terrestrial life 
>  are not well-defined or understood 
>  have primarily been advanced through exploration and discovery 

of organisms living in „extreme“ environments where life was not 
thought possible 

>  Identifying the limits of life is hampered by our inability to define 
the essential nature of life, rather than just describing its 
properties 

>  When examining the limits of life, defining what is “alive” becomes 
more difficult 

Black smoker Ice algae Hot springs at Yellowstone Nat. Park 
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The Limitations of Life 
Liquid Water 

>  Liquid water is essential to life 
>  Without liquid water, there is no solvent system for enzymes, 

membranes, etc., to function in or for substrates to diffuse in 
>  Liquid water freezes at a relatively high temperature of 0°C 
>  Ice crystals can pierce cell membranes causing extensive damage 
 
However: 
>  Liquid water can be maintained below 0°C by a variety of physical 

and chemical processes, like freezing point depression, ordering 
effects, supercooling, or pressure 

>  In environmental systems, freezing point depression is the 
dominant process for sustaining liquid water at subzero 
temperatures 
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The Limitations of Life 
Potential Habitats for Life in the Solar System 

The targets of highest priority for astrobiology are: 
> Mars 
>  Europa (a moon of Jupiter) 
>  Enceladus (a moon of Saturn) 

Mars Europa Enceladus 

not to scale 
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Life in Ice 
Freezing Point Depression 

hydrohalite 
mirabilite 

adpted from Sullivan et. al. (eds.):  
Planets and Life, Cambridge, 2007 

magnesium chloride dodecahydrate 

>  Eutectic point of a NaCl 
solution is at -21°C 

>  Eutectic point of standard 
seawater is at -54°C  

Volume fraction of liquid within the ice. Arrows 
indicate the points at which different salts precipitate 

Standard Seawater 

  -43          -33          -23          -13           -3 
  (°C) 

  100% 

  10% 

  1% 

  0.2% 
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Life in Ice 
Brine Habitats for Psychrophiles in Ice 

from Price: A Habitat for Psychrophiles in Deep Antarctic Ice,  
Proceedings of the National Academy of Sciences, 1999 

from Thomas: Antarctic Sea Ice - a Habitat for  
Extremophiles, Science, 2002 

Color-enhanced magnetic resonance images of the 
same piece of sea ice with decreasing temperature 
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Life in Ice 
Brine Habitats for Psychrophiles in Ice 

from Sullivan et. al. (eds.): 
Planets and Life, Cambridge, 2007 
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Life in Ice 
Bacteria in Wintertime Sea Ice Brine Channels 

from Junge: Bacterial Activity at  -2 to -20°C 
in Arctic Wintertime Sea Ice,  
Applied and Environmental Microbiology, 2004 
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Life in Ice 
Bacterial Abundance in Ice 

<	  104	  ml-‐1	  

105	  –	  107	  ml-‐1	  

104	  –	  106	  ml-‐1	  

>	  107	  ml-‐1	  

adapted from Sullivan et. al. (eds.): Planets and Life, Cambridge, 2007 
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Water Ice in the Solar System 
Water Ice on Mars 
The north pole of Mars (photographed on 13 Mar 1999 by Mars Global Surveyor, NASA) 

≈1100 km 
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Water Ice in the Solar System 
Water Ice on Mars 

Water ice in an unnamed crater in the Vastitas Borealis (photographed on 02 Feb 2005 
by Mars Express, ESA) 
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Water Ice in the Solar System 
Water Ice on Mars 

Water ice in an unnamed crater at 78°N (photographed on 23 Nov 2006 by Mars 
Express, ESA) 

≈30 km 
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Water Ice in the Solar System 
Water Ice on Mars 

Layered water ice near Chasma Boreale, 85°N (photographed on 14 Nov 2006 
by Mars Express, ESA) 
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Water Ice in the Solar System 
Jupiter’s Moon Europa 
Its moon Europa passes in front of Jupiter (artist impression) 
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Water Ice in the Solar System 
Jupiter’s Moon Europa 
Potential vista onto Jupiter and its moon Io from the surface of its moon Europa 
(artist impression, image courtesy: Daniel Johnson) 
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Water Ice in the Solar System 
Water Ice on Jupiter’s Moon Europa 

The surface of Europa consists mainly  
of water ice and is at most 
30 Mio. years old 
 
A “warm” ocean with  
hydrothermal vents 
is expected to exist  
under the ice layer 
(depth > 50 km) 
 
The estimated depth of  
the ice layer is 5-20 km 
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Water Ice in the Solar System 
The Probable Origin of Life on Earth 

>  Many researchers are convinced that 
terrestrial life has originated around 
hydrothermal vents (“black smokers“) 

>  For most present-day life forms, this 
environment is extremely hostile 
(pressure ca. 300 bar, temperature up to 
400°C) 

Archae-„bacteria“ 

Crab 

Methane ice worm 

Tube worms 
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Water Ice in the Solar System 
Under the Ice of Europa 

After having melted itself through the ice layer, 
a Cryobot explores Europa‘s ocean (artist impression) 
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Water Ice in the Solar System 
Saturn’s Moon Enceladus 

Saturn‘s moon Enceladus over Saturn‘s ring plane 
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Water Ice in the Solar System 
Water Ice on Saturn’s Moon Enceladus 
>  Some areas at the south pole (termed 

“Tiger Stripes“ are 25 degrees warmer than 
can be expected 

>  The underlying mechanism is largely 
unknown 

>  Water erupts from fractures in 
the ice (cryovulcanism) 
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Water Ice in the Solar System 
Water Ice on Saturn’s Moon Enceladus 
At Enceladus’ south polar region, water erupts from fractures in the ice 
(artist impression) 
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Enceladus 
Now a Main Target for Astrobiology Research 

Science, Vol. 332, 2011, p. 1259 
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Enceladus 
Probably Hosts (Accessible?) Salt-Water Reservoirs 

Nature, Vol. 474, 2011, pp. 620-622 
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Methods of Deep Ice Research 
Enceladus Explorer Mission Scenario Using an IceMole 
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Methods of Deep Ice Research 
Ice Core Drilling 
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Methods of Deep Ice Research 
Melting Probes 

NASA/JPL Cryobot  
Prototype 
(above and below) 

DLR Melting Probe 
Prototype (left) 
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IceMole 
Principle of Operations 
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IceMole 
Principle of Operations 
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IceMole 
Principle of Operations 

Like a mole, the IceMole is able to “dig” 
horizontally and even vertically upwards 
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IceMole 
Principle of Operations | Artist View 

Like a mole, the IceMole is able to dig 
horizontally and even vertically upwards 

>  Forward motion (“digging”) with 
combined melting head and 
continuously rotating ice screw 
(The ice screw is essential for digging 
horizontally and vertically up against gravity) 

> Maneuverability (cornering ability) 
in ice by differential heating 
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>  6-cm ice screw at the melting head 
generates a min. driving force of 1kN 

>  Ice screw is thermally isolated from 
melting head 

> Heaters are separately controllable: 
> 4 heating zones at the melting head 
> Up to 3.2kW power at the melting 

head 
> Cornering ability by differential heating 

> Melting velocity ≈0.3m/h  
(suboptimal, can be improved to ≈1m/h) 

> Robust mechanics 

IceMole 
Propulsion and Control 
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IceMole 
Power and Communications 

>  Power supply with 
generator on surface 

>  Power cable is coiled 
within the IceMole (it 
freezes behind the 
probe) 

>  Powerline-modem trans-
mits data between the 
IceMole and the ground 
station via the power 
cable 

>  Ground station estab-
lishes communications 
with the operations 
team via satellite/
internet 
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IceMole 
Interior View 

>  Sampling of clean ice core for scientific analysis 
>  No biological contamination of sampled ice 
>  Variety of instrumentation options (quadratic instrument 

bay, 14× 14× tbdcm) 
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IceMole 
Field Experiments on the Morteratsch Glacier (2010) 
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IceMole 
Field Experiments | Material Transport 

Morteratsch Glacier, Switzerland 
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IceMole 
Field Experiments | Field Camp 
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IceMole 
Field Experiments | Field Camp 
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IceMole 
Digging into the Morteratsch Glacier 
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IceMole 
Field Experiments | Channel #1 
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IceMole 
Field Experiments | Channel #2 

Channel #2 Close-Up 
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IceMole 
Field Experiments | Channel #3 
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IceMole 
Field Experiments | Payload Module 

… just a cheap off-the-shelf digital camera  



© FH AACHEN UNIVERSITY OF APPLIED SCIENCES  University of Colorado, Boulder, February 17th, 2012  |  43 

IceMole 
Results and Achievements of the Field Experiments 

>  Proven feasibility of the drive concept 

> Curvature radius of about 10 meters 

>  Penetration of dirt layers 

>  First maneuverable melting probe 

>  First probe that can melt upwards, against gravity 
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IceMole 
Features of the IceMole Concept 

> Compact 
> Robust 
> Mobile 
> Safe 
> Autonomous 
>  Environmentally 

friendly (no 
drilling fluids) 
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IceMole 
Advantages with Respect to Existing Methods 

 Drill  Melting  IceMole 
 Probe 

 
Controllability  ê   ê   é  
(incl. obstacle avoidance) 
 
Feasibility of space-resolved  è  è  é 
in-situ profile measurements 
 
Penetration of “dirt” layers  é   ê  é 
 
Recoverability  é   è  é 
 
Contamination  ê  é  é 
 
Autonomy  ê  é  é 
(incl. weather independency)   
 
Feasibility for Space Applications  ê  é  é 
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IceMole 
Terrestrial and Extraterrestrial Mission Scenarios 

Extraterrestrial mission scenarios: 
In 20 – 30 years: 

 on Jupiter’s moon Europa 
 on Saturn’s moon Enceladus 

In 10 – 20 years: 
 on Mars’ polar caps 

Terrestrial mission scenarios: 
In 2 – 10 years: 

in Antarctica’s ice and subglacial lakes 
Now: 

in glaciers and ice shields 
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MIDGE 
US Team 

>  Prof. Dr. Jill A. Mikucki 
Dept. of Microbiology 
University of Tennessee, Knoxville 

>  Prof. Dr. Slawek Tulaczyk 
Dept. of Earth and Planetary Sciences 
University of California, Santa Cruz 

 
>  Dr. Erin C. Pettit 

Dept. of Geology and Geophysics 
University of Alaska, Fairbanks 

>  Prof. Dr. W. Berry Lyons 
Byrd Polar Research Center 
Ohio State University, Columbus 

MIDGE: Minimally Invasive Direct Glacial Exploration 
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Blood Falls, Antarctica 
Blood Falls, Taylor Glacier, Antarctica 
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Blood Falls, Antarctica | Enceladus on Earth 
Blood Falls, Taylor Glacier, Antarctica 

>  Outflow of an iron oxide-tainted plume of saltwater at the tongue of 
the Taylor Glacier, East Antarctica 

>  Iron-rich hypersaline water emerges sporadically from small 
fissures in the ice 

>  The source is a subglacial lake(?) 
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Blood Falls, Antarctica | Enceladus on Earth 
Subglacial Ecosystem 
 
 >  A rare subglacial ecosystem of autotrophic bacteria 

>  Bacteria metabolize sulfate and ferric ions 
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Blood Falls, Antarctica | Enceladus on Earth 
Close-Up of the Blood Falls Crevasse 
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Blood Falls, Antarctica | Enceladus on Earth 
Subglacial Ecosystem 
 

Science, Vol. 324, 2009, pp. 397-400 
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MIDGE 
Mission Objective 

“Clean sample return of subglacial 
water from a crevasse for life 

detection and analysis” 

>  The melting channel intersects the 
crevasse 20m below the surface 

MIDGE: Minimally Invasive Direct Glacial Exploration 

Channel 3 

Channel 2 

Channel 1 

(not to scale) 
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IceMole 
Coverage in Nature News 
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Blood Falls, Antarctica | Enceladus on Earth 
Close-Up of the Blood Falls Crevasse 
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Enceladus Explorer (EnEx) 
Technology Development for Enceladus Exploration 
At Enceladus’ south polar region, water erupts from fractures in the ice 
(artist impression) 
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MIDGE & EnEx 
Mission Objective 

“Clean sample return of subglacial 
water from a crevasse for life 

detection and analysis” 

>  The melting channel intersects the 
crevasse 20m below the surface 

Navigation challenges: 

>  Avoidance of obstacles in the ice 

>  Autonomous detection of the 
crevasse ahead 

>  Stopping before it drills into the 
crevasse 

MIDGE: Minimally Invasive Direct Glacial Exploration 

Channel 3 

Channel 2 

Channel 1 

(not to scale) 
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Enceladus Explorer (EnEx) 
Mission Objective 

Enceladus Explorer Collaboration:  
>  Prof. Dr. Bernd Dachwald (PI) and Team 

Prof. Dr. Gerhard Artmann and Team 
FH Aachen University of Applied Sciences 

>  Prof. Dr. Bernd Eissfeller and Team 
Prof. Dr. Roger Förstner and Team 
Univ. of the Armed Forces, Munich 

>  Prof. Dr. Kerstin Schill and Team  
Uni Bremen 

>  Prof. Dr. Peter Hecker and Team 
Technical University Braunschweig 

>  Prof. Dr. Christopher Wiebusch and Team 
RWTH Aachen University 

>  Prof. Dr. Klaus Helbing and Team 
Bergische Univ. Wuppertal 

“Development of an 
Autonomous Steerable 
Subsurface Ice Probe to 

Demonstrate Autonomous 
Navigation in Deep Ice”  

(not yet in space) 

The project Enceladus Explorer is based on an idea 
and initiative of the DLR space management. 
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MIDGE & EnEx 
Ecosystem Protection Requirements 

>  Forward contamination of subglacial water shall 
not exceed the concentration of microbes in the 
surrounding glacial ice (≈2000 cells/ml; Mikucki 
and Priscu, AEM, 2007) 

> No cable and equipment shall be left behind 

> Decontamination of the probe via hydrogen 
peroxide and UV radiation 
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MIDGE & EnEx 
Field Tests 

Canada Glacier,  
Antarctica 
2nd Test 
(Oct-Dec 2013) 

Blood Falls 
Final Field Test (Oct-Dec 2014) 

Matanuska Glacier, 
Alaska 
1st Test 
(Apr 2013)  
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MIDGE & EnEx 
Timeline 

April 2012 

June 2012 

April 2013 

October 2014 October 2013 

January 2014 January 2015 

Major Milestones 

DFR1 

CDR 

PDR 

PDR = Preliminary Design Review 
DFR = Design Freeze Review 
CDR = Critical Design Review 

DFR2 
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MIDGE & EnEx 
Technical Challenges 

>  Navigation: 3D navigation under the ice with 
ultrasound sensor head, acoustic sensors, inertial 
measurement unit, differential magnetometer, 
inclinometer, sensor fusion 

>  Contamination Control: decontamination of the 
probe according to planetary protection 
standards 

>  Control & Ops: robust control and operations 

>  Thermal Control: optimization of cornering 
ability, thermal computer simulation of IceMole 
steering 
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Next Steps 
EnEx/MIDGE Phase A Field Test with IceMole2 
 
>  Heating power:  max. 2.4kW 

   @melting head 
   max. 600W 
   @wall heaters   

>  Velocity:   ≈ 1m/h 
>  Power supply:  24V DC bus voltage 
>  Communication:  CAN-bus (internal) 

   Powerline-modem 
   (external) 

>  Payload module:  Fluorescence  
   biosensor 

>  Pressure:    up to 5 bar 
resistance 
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EnEx/MIDGE Phase A Field Test with IceMole2 
Mission Objectives 

>  Demonstrate the recoverability of IceMole and payloads 
1.  Dig a horizontal “U” 
2.  Dig a vertical “U” 

>  Location:  Hofsjökull, Iceland, Sep 2012 
>  Distance:  ≈ 40m 
>  Duration:  40 – 80 hours 
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IceMole2 
Internal Structure 

Drive system 

Electronic boxes 
with subsystems 

Side-wall heaters 



© FH AACHEN UNIVERSITY OF APPLIED SCIENCES  University of Colorado, Boulder, February 17th, 2012  |  66 

IceMole2 
Re-Designed Melting Head 

Ice screw 

Gear box 

Heating cartridges 
(12 pieces) 

Motor 
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IceMole2 
Payload 2012 | “Simple” Fluorescence Biosensor 

Currently under development at FH Aachen  
by Marco Feldmann 



© FH AACHEN UNIVERSITY OF APPLIED SCIENCES  University of Colorado, Boulder, February 17th, 2012  |  68 

IceMole2 
Tether Container 

 2012 field test uses 5 containers with 10m of tether each 

Tether bay 

Undocking 
mechanism 

Clamp jaw 



Contact: 
Prof. Dr. Bernd Dachwald  
Faculty of Aerospace Engineering 
FH Aachen University of Applied Sciences 
Hohenstaufenallee 6  
52064 Aachen 
Germany 
T +49. 241. 6009 52343 
F +49. 241. 6009 52335 
dachwald@fh-aachen.de  
www.spacesailing.net 
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Questions? 

White men think of ice as frozen water, 
but Inuit think of water as melted ice. 

To us, ice is the natural state. 
 

Nuka Pinguaq, Arctic Hunter 


