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THE LIVING UNDERGROUND:
Setting the Scene

1T 1s moRrE than 140 years ago now. Two geologists and a local guide climbed into the extinct vol-
cano Snaefell on Iceland. In the electric light from their “Ruhmkorff devices” they continued their
decent into the earth — further and further down. The fantastic adventure of Professor Lidenbrock
and his nephew Axel can be read in Jules Verne’s famous book, Journey to the centre of the Earth.
Deep under the surface of our planet, the three friends find an entire ocean with many mysterious
life forms. While this story was indeed fantasy, the author correctly predicted the fluorescent tube.
Not only did he correctly predict the invention of a light source; in a sense he was also correct in
predicting life to be abundant deep under ground, albeit in cavities much smaller than imagined
in his book. Today, research directed towards exploring intra-terrestrial microbial life is a grow-
ing field, reflected by an increasing number of articles, meetings and workshops dealing with the
secrets of deep intra-terrestrial microbes. Life is actually surprisingly abundant underground.

During about 20 years of research, I have explored an underground biosphere that reaches
much deeper than we are presently able to explore. The origin of this deep, underground bio-
sphere most probably dates back to the time life originated on earth. This paper suggests that life
started underground, in a protected and stable environment, and not in a warm pond as originally
suggested by Darwin. This early life made its living from hydrogen, sulphur and carbon dioxide.
As the fragile new underground life evolved stronger, it moved towards the ground surface, found
the seas, the continents and most important, it found a never-ending source of energy in the sun.
Life could now inhabit the entire surface of our planet. If life can originate underground in a
planet like earth, the number of planets in universe with opportunities for life increases dramati-
cally. No longer do we need to look only for planets in a comfortable distance to a sun. Some life
manages perfectly well without the sun deep underground in our planet and life may very well do
similarly underground on many other planet surfaces. Living underground may very well be the
normal thing life does in the Universe. Only occasionally does life find planets like the earth with
an inhabitable surface.

For many of us, the underground is connected with death, pain, fear and danger. The realm of
hell is supposed to lie somewhere underground. We also bury our dead underground, a tradition
that further adds death to the underground. During the ceremony of burial in Christian societies,
the phrases “ashes to ashes, or dust to dust” are commonly chanted. In fact, this may be the truth
of the day. If life really originated underground as new research results suggest we symbolically
place our near and dear close to the birthplace of all life on our planet.

Not only our dead will be buried underground. In the future many countries plan to bury
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their radioactive waste deep underground in huge repositories. Radioactive waste in Sweden, and
in many other countries, arises mainly from the production of nuclear power. Some waste also
comes from research, hospitals, and industry. The bulk of the radionuclides produced in a nuclear
power reactor remains in the spent fuel elements, characterised as high level radioactive waste.
Radioactivity will decay with time, but some long-lived radionuclides will make the high level
radioactive waste hazardous for at least 100 000 years. The present concept includes encapsulat-
ing the spent fuel elements in copper-steel canisters, placed in deposition holes in tunnels at an
expected depth of about 500 m. The amount of spent fuel in a canister and the distances between
the canisters in the repository are chosen so that the peak temperature is about 80 to 90° C at the
canister surface. The restriction in temperature is mainly there to guarantee the long-term per-
formance of the bentonite buffer that will surround the canisters. The low solubility of the spent
fuel matrix, the copper canister, the bentonite buffer and the depth of emplacement in stable host
rock constitute the four main barriers to protect man from the radionuclides.

Research into safe disposal of radioactive waste has helped to reveal the living underground
in Finland and Sweden. The extensive investigations needed have opened up the underground
for life scientists via tunnels and boreholes in a way that would have been impossible without the
support from the energy industry. It is amazing, in a way, to realize that investigations focused on
very engineering related questions about the safe construction of a radioactive waste graveyard,
have lead to clues about the origin of the life we want to protect from the deadly radiation the
waste generates.

The word underground may certainly have many different meanings to different people, de-
pending of their education, religion, and daily work. For people like me, a natural scientist spe-
cialized on microbiology, the word underground has a very specific meaning that probably differs
significantly from most other people on our planet. For me, the word underground means an
exciting environment crowded with tiny living entities — the intra-terrestrial biosphere. Many un-
derground movements in our societies start underground, where they slowly either grow stronger
and stronger, or perish. In analogy with this, life may have done the same, it originated un-
derground, grew strong, and then it conquered the surface of our planet. All of the above may
sound foreign and weird for those unfamiliar with natural sciences, and it is my experience that
many natural scientists also find the idea of a living underground uncomfortable. I think this is
primarily because of a well-excused ignorance about the physical underground. It is not easy to
gain knowledge about this environment. You must drill or dig very deep, and that is a difficult,
expensive and sometimes dangerous prospect.

In the first part of this paper, I will reveal the characteristics of the intra-terrestrial biosphere,
in a fairly strict scientific way. Thereafter, I will explain how the findings of a living underground
dramatically has changed the way we look at the origin of life and life in universe. However, the

first thing to explain and define is life itself. What are the definitions of life, what are the absolute
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limits for life in terms of physical parameters and how do different forms of life make their living,

i.e. what do they eat and breathe?

What is life?

The question: “What is life’ may sound as a very existentialistic question and it may well be if you
address the art of living among humans. But if we turn to basic understanding, and try to grasp a
common definition for all life on the planet, it will be more straight forward in one sense but more
difficult in another. Defining life is a difficult thing. It cannot be done in one sentence. We need
to use a set of definitions. First of all, any organism performing an active life turns over energy.
Active life is not possible without access to utilisable energy. Living cells use chemical energy for
synthesis of more cells, for transport, movement and reproduction. Dormant life, on the other
hand, can survive without the consumption of energy. Just think of a plant and a seed. The plant
grows and must have light as light is the source of energy for plants. However, seeds of a plant can
stay in the dark of a drawer or a box for years. Life rests in the seed and awaits growth conditions,
i.e. water, some heat and light, i.e. energy. The first, energy related part of the life definition will
then be:

& Life has the ability to harvest energy from chemical reactions and light (but not energy from heat,
movement or radioactive decay).

Living cells are complicated biochemical entities, and cells would be impossible without a blue-
print that tells how to build cells. This blueprint is the nucleic acid DNA that is present in all
living and dormant cells. When it is time to produce an offspring, life splits the DNA molecule
and makes a copy of the blueprint that is transferred to the newborn life. All basic information
needed to live is consequently transferred to the new generation. The second information related
part of the life definition will be:

& Life communicates information about how to live to the next generation.

We live on a planet that is in a continuous evolution with respect to geological and physical char-
acters. Continents are drifting, merged and split up. Periods of very warm climate is replaced by
periods of freezing cold climate. Deserts form and vanish. All those changes require that life has an
ability to adapt. Doing so means that not only the inanimate environments change, so does life.
Therefore, adaptations must also occur in relation to other life forms. Strategies must be evolved
on how to escape the hunter as well as how to hunt, to learn how to eat new evolving plants, how
to avoid being eaten and so on. The third evolutionary related part of the life definition will be:

& Life bas the ability to adapt to new environments and conditions.

The smallest life on the planet is the toughest

Most microbes are only some thousand millimetre big (small). Despite this they include the
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toughest organisms on the planet. Microbes can exist almost anywhere as long as there is liquid
water. It can be as acidic as vinegar (or acetic acid), more alkaline than washing powder, boil-
ing hot, or freezing cold as the Antarctic. But life is always present. Microbes as a group have an
incredible ability to adapt to conditions that would be instantaneously lethal to humans, animals
and plants. This is a heritage from 4 000 million years of adaptation to all thinkable environmen-

tal conditions on earth.

Microbes eat and breathe anything

While humans need organic food and oxygen to breathe, many microbes enjoy life virtually eat-
ing rock and breathing metals or sulphur or nitrogen. Life as defined above needs energy, carbon,
water and trace elements, and those components can be found and explored in many different
shapes. All microbial life is based on metabolic processes driven by chemical energy extracted from
the metabolic combustion of inorganic or organic compounds. The harvesting of energy from
various compounds requires a compound that will assist the combustion, very much like how a
fire needs oxygen.

This process is called respiration (breathing) when an external compound is used to support
the combustion, such as oxygen, nitrogen, sulphur, iron or manganese. It is called fermentation
when the compound is degraded without an external compound for combustion, e.g. when sugar
is used as a source of energy. The products of this process are alcohol and carbon dioxide. The mi-
crobes certainly must obey the universal laws saying that matter and energy cannot be destroyed
or formed, just transformed. But they are utterly sophisticated lawyers that understand to use
every single, constructive combination of those laws for making a good living of all or almost

nothing.

Microbes — what are they?
The tree of life, based on the gene encoding for a part of the cell protein factory (16/18S rRNA),
is depicted in Figure 1. It shows the phylogenetic relationship between all known and character-
ized organisms on earth. The organisms cluster in three major domains, viz. Bacteria, Archaea and
Eukarya. All organisms in the domains Bacteria and Archaea are microbes, commonly denoted
prokaryotes. Most of the branches of the domain Ewkarya, the eukaryotes, are of a microbial na-
ture as well. In fact, multi-cellular organisms are only represented in the three branches compris-
ing animals, plants and fungi. Thus, microbes can be found virtually everywhere in the tree of life.
They constitute the absolute dominating diversity of life on our planet.

Biochemically, much of this diversity is contradictory to multi-cellular life whose diversity is
largely morphological. The enormous biochemical diversity among the microbes explains their
huge adaptability to almost any environment on the planet, where temperature allows life. Some

Archaea likes it very hot. For instance, the optimum temperature for growth of the genus Pyrolo-
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bus is 105°C and it survives in temperatures of up to 113°C. Many other genera of Archaca grow
best at about 100°C. The small size of most microbes and the preference for high temperatures
by some microbes makes them well adapted for life in deep intra-terrestrial environments, hotter

the deeper they go.
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FIGURE 1. The phylogenetic relationship between all main organism groups on the planet can
be revealed by comparing their 16S rDNA and 18S rDNA genes, coding for the ribosome, which
is the protein factory of the cell. The red colour represents microbes that are adapted to high
temperatures (60°C —113°C), many of which utilize hydrogen as a source of energy, and carbon
dioxide as their sole source of cell carbon. Somewhere below the root in the tree, the first life is
located, but it is unfortunately out of reach for any molecular geological or chemical method to

reveal its original nature.

The deep underground biosphere

Exploration of the microbial world got off to a slow start some 350 years ago, when Leeuwenhoek
and his contemporaries focussed their microscopes on very small life forms. It was not until about
20 years ago, however, that exploration of the world of underground microbes gathered momen-
tum. Until then, it was generally assumed that life could not persist deep underground, out of
reach of the sun and a photosynthetic ecosystem base. In the mid 1980’s, the drilling of deep holes
for scientific research started. Holes up to thousands of metres deep were drilled in hard as well as
sedimentary rock, and up came microbes in numbers equivalent to what could be found in many

surface ecosystems. The deep subterranean biosphere had been discovered.
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Defining the boundary between the ground-surface biosphere and the subterranean biosphere
is problematic: various scientists define it differently, and there is no general consensus. For our
purposes the main criterion is that the subterranean biosphere begins where contact with the
surface biosphere is lost. This lies beneath soil and root zones, beneath the groundwater table, and
beneath sediment and crust surfaces. A long time should have elapsed since last surface contact,
‘long time’ in this respect being at least several decades, preferably hundreds of years or more. In
my view it is not depth per see that defines a subterranean ecosystem; rather, it is the duration of
isolation from the surface.

A continuum of subterranean environments exists, ranging from very hard rocks such as gran-
ites and volcanic rocks, so called basalts, through sedimentary rocks and sandstones, to as yet
unconsolidated, fairly soft sediments. Two main subterranean rock environments can be defined:
hard rocks — those too hard and impermeable to allow microbes to pass, except via fractures, and
sedimentary rocks — those porous enough to allow microbes to penetrate. Hard rocks generally
experienced temperatures high above the limit for life when they were formed and are therefore
sterile after formation. With time, however, they fracture and can be colonized. Sedimentary
rocks are formed slowly, mostly on the seafloor, and over geological time scales may appear on
land as rocks. Sedimentary rocks that did not exceed the temperature limit for life (approximately
113°C) when formed can harbour microbes that entered during the sedimentation process; mi-
crobes can, of course, also move in later.

Exploration of the subterranean biosphere poses different technical challenges when done
from at sea versus on land. At sea, drilling must be performed from ships often through several km
of water. In contrast, drilling on land is relatively less technologically challenging. Furthermore,
there are also pronounced geological differences between the sub-seafloor and continental envi-
ronments. The seafloor mostly consists of sediments underlain by magmatic hard rocks, while the
continents are built of a range of hard, sedimentary, and soft rocks of various origins. Finally, the
seafloor is younger than many continental rock environments, which can be up to several billion
years old. The oldest seafloor environment is about 170 million years old, and is found under the
Pacific Ocean, near Japan.

Comparing a surface environment, such as the sea, with most subterranean environments
gives contradictory results. Spatially, the sea varies little within a small area, while a subterranean
environment can vary greatly over short distances. However, when it comes to temporal vari-
ation the situation is reversed: the sea has daily and seasonal cycles and is strongly affected by
weather, while subterranean environments vary little over time. Weather has no meaning in the
underground. This means that many more samples (from boreholes) need to be taken to get a
statistically significant spatial overview of a subterranean than of a surface aquatic environment.
These samples can be gathered over relatively long periods, as subterranean environments gener-

ally display less significant temporal variability than do surface ones. However, the high cost of
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drilling greatly restricts the amount of such drilling. Therefore, our knowledge of the subterranean
biosphere is still limited and thorough exploration has barely started.

There are two main routes for exploring the biogeochemistry of the subterranean biosphere:
one is to sample and analyse the diversity, activity, and distribution of active microbial life, while
the other is to analyse traces of this biosphere. We can analyse various biosignatures such as anom-
alies in the composition of naturally occurring stable isotopes or the presence of organic molecules
that are typical of life. Fossils are obvious evidences of subterranean life provided it can be proven

that the fossilized organisms had been living in the explored subterranean environment.

How deep is deep?

The super deep well SG-3, 12 262 m deep in the Pechenga-Zapolyarny area, Kola Peninsula, Rus-
sia, is currently the deepest drilled hole in the world. One of many important reasons for drilling
this borehole was to see how deep a borehole could be drilled. The prospect of drilling a super
deep borehole gets more difficult with increasing depth, and success depends on the geological
formation drilled, the quality of equipment used and the skill of the drilling personnel. In addi-
tion, the drill string may get stuck in a layer with bad borehole stability, and this is always a major
uncertainty in deep drilling projects.

The German continental deep drilling program (KTB) drilled several deep Cretaceous-Terti-
ary boundary boreholes into the crystalline rock of the Bavarian Black Forest (Schwartzwald)
basement in Central Europe. The deepest of the six wells drilled is 9100 m and it reached an in situ
temperature of 265 °C at that depth. One of these KTB wells was searched for micro-organisms
that can live at temperatures well above the boiling point of water, so called hyperthermophiles
at 4100 m depth. Cultivable micro-organisms could not be demonstrated, possibly because of a
too high temperature for life of the sampled fluids, which was 118 °C. So far, the highest cultur-
ing temperature for hyperthermophiles has not exceeded 113 °C. Another very deep borehole was
drilled in Gravenberg, Sweden in the search for deep earth gases. It reached 6800 m and here
thermophilic bacteria were successfully enriched and isolated from a depth of 5278 m where the
temperature was 65-75 °C.

The borehole windows into super deep environments are still very few, and none has been
drilled with microbiology as its major aim. Boreholes drilled with the purpose of exploring micro-
bial life are seldom deeper than 1000 m. Depth alone is not limiting for how deep life extend as
can be understood comparing the lifeless German 4100 m deep KTB borehole and the microbially
populated Swedish 5278 m deep Gravenberg borehole. Instead, a too high temperature for life
sets the ultimate limit for how deep life can penetrate into our planet.

This temperature is reached at very different depths at different places of our planet, from the
seafloor surface at marine hot springs to ten kilometres or more in massive sedimentary rock for-

mations. The absolute majority of boreholes explored for microbial life do not reach such depths
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because the drilling cost for a borehole increases with depth, which, together with increasing
technical challenges limits the number of super deep boreholes to very few. In addition to drilled
boreholes, tunnels and mines can be used for the exploration of intra-terrestrials. The explora-
tion of intra-terrestrial life is consequently, in parallel to the exploration of life on other planets,
strongly dependent on sophisticated technological equipment and skills. The exploration of the

(super) deep intra-terrestrial biosphere has merely begun.

Global microbial biomass at a glance

The number of intra-terrestrial microbes varies notably depending on the underground site stud-
ied. Values in the range of one thousand up to one hundred million microbes per ml groundwater
or gram sediment are commonly reported. Although the dry weight of hundred million microbes
in one gram of sediment is very small, in the range of 0.001-0.010 gram, the total weight of micro-
organisms in many square kilometres of seafloor and continental shelve sediments, rock aquifers
etc. may reach an impressive number.

An attempt to estimate the total carbon in terrestrial and intra-terrestrial environments was
made some years ago. These calculations indicate that the total amount of carbon in the intra-
terrestrial organisms may equal that of all terrestrial and marine plants. Although subject to a
great deal of uncertainty, the estimates suggest that the mass of intra-terrestrial life is very large.
A wealth of microbial life may exist deep inside Earth with many new species, representing novel

micro-organisms with unique physiological and biochemical features that await exploration.

Ecosystem Carbon content, billion kg of C
Plant Soil and aquatic Intra-terrestrial Total
prokaryotes prokaryotes
Terrestrial 560 26 22-215 608-801
Marine 1.8 2.2 303 307
Sum 561.8 28.2 325-518 915-1108

1aBLe 1. Global carbon content in plant and prokaryotic (bacterial) biomass. (From Whitman,
W.B, D.C. Coleman and W.J. Wiebe. 1998. “Prokaryotes: The unseen majority.” Proceedings of
the National Academy of Science of the United States of America, U. S. A. 95, 6578-6583.)

the sub-seafloor basement rock and sediments

Over two-thirds of the earth’s surface is covered by oceans, and over 50 % of these are from 3,000
to 6,000 m in depth, with an average depth of approximately 3200 m. The sub-seafloor can be
considered to be an extreme environment for several reasons. It has a high hydrostatic pressure
and a temperature which is low close to the seafloor, but which increases with depth and is very

high around hydrothermal vents. It generally has a low nutrient concentration and is totally dark.
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Sediment and crust layers deep below the continental shelf and ocean floors, previously thought
to be too nutrient depleted to sustain life, have now been found to harbour numerous bacteria.

'The Ocean Drilling Program (ODP) is an international partnership of scientists and research
institutions organised to explore the evolution and structure of Earth (www.oceandrilling.org/).
With the drill ship, JOIDES Resolution, ODP drilled cores (long cylinders of sediment and rock)
in water depths up to 8.2 kilometres. Since January 1985 to 2002, ODP has recovered more than
180,000 meters of cores. During the course of the ODP, results have been obtained that shows
microbial life to be abundant both in the deep sub-seafloor sediments and in the basement crust
under the sediments. As a result, exploration of the deep sub-seafloor biosphere was a high priority
research objective of the ODP, and it will remain so during the follow up program, the Integrated
Ocean Drilling Program (IODP, 2003-2013).

The basement of the seafloor is born at ocean spreading ridges that commonly stretch long
distances over the sea bottom (Figure 2). Lava and mantle rock are moving up at these ridges
and reach the seafloor. At the ridges, hydrothermal vents are the obvious indicators of an ongo-
ing convective circulation of seawater through fissures and cracks in the new-born hot basement.
Various calculations indicate that all oceanic seawater passes through the basement rocks between
every 1 to 30 million years. Large parts of the new seafloor consist of pillow lavas with amorphic
volcanic glass on the pillow surface. Microscopic and culturing investigations strongly suggest that
micro-organisms are involved in weathering of this volcanic glass. Channels, cavities and holes in
the micrometer range penetrate the glass and the tips of the tunnels commonly stain with nucleic
acid specific stains, suggesting presence of micro-organisms. The circulation of seawater through
the basement and the weathering activities of under-seafloor micro-organisms in the flow paths,

therefore, may have a significant impact on the seawater composition.
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The volume of all seawater
passes once every 1-30 million year

Y
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FIGURE 2. New seafloor is continuously being born at spreading ridges stretching across the
ocean seafloor in various directions. Volcanic eruptions deliver lava to the seafloor, which makes
the seafloor to move away from the ridge. The heat from the volcanic activity forces enormous
volumes of seawater to circulate in fissures and cracks in the new sea-floor. These sea-floor aqui-
fers are inhabited by numerous microbial populations, the pillow lavas formed by rapid cooling
of erupting lava seem to be a favourite habitat. The life traits of those organisms are still a bit of
a mystery. Possibly, some of them have metabolic capabilities resembling the microbes living on
the energy from sulphur and hydrogen compounds expelled with the “smoke” of the black smok-
ers on the ridges and expelled through the sea-floor as a diffuse flow. This is called shimmering
from the shimmering appearance when hot deep water mixes with cold sea water. Other seafloor
crust organisms possibly extract energy for their living directly from the volcanic rocks, the pillow

lavas.

The new seafloor basement that forms at oceanic spreading ridges migrates due to plate tecton-
ic forces towards subduction zones where it is engulfed under continental shelves and returned to
the interior of our planet (Figure 3). This tour takes at most 170 million years. During that time,
more and more sediments build up on top of the hard basement rock and eventually kilometre
thick layers are formed. During the sedimentation process micro-organisms are mixed with the
sediment and they seem to become important factors in the aging of the sediments. Continued
presence of active bacterial populations in deep sediments that are over 10 million years old relate
to microbial generation of acetate (resembling acetic acid or vinegar in composition) via fermenta-

tion of organic matter during burial. The acetate produced in the sediments is available for acetate
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degrading methanogens and this may be a possible mechanism for formation of the enormous
reservoirs of methane in gas hydrates found globally in sub-seafloor sediments.

Methane formation by microbes based on acetate production during decomposition and bur-
ial of organic carbon in marine sediments has been demonstrated to roughly explain the average
content of gas hydrates in the marine sediments investigated. However, some accumulation proc-
esses are required for the formation of locally massive concentrations of gas hydrates. Accumula-
tion of gas hydrates near the base of the gas hydrate stability zone (which depends on pressure and
temperature) is possible if methane migrates from sediment depths below the hydrate deposits.
The enormous reservoirs of energy in the form of methane gas hydrates in sub-seafloor sediments
seem to have been produced by methanogens living deep under the deposits.

A recently discovered global warming catastrophe occurred 55 million years ago as a result
of rapid melting of such hydrates, expelling large quantities of the greenhouse gas methane into
the atmosphere. That event demonstrates the delicate balance of our global climate and should be
taken as a serious warning. It cannot be excluded that a continuation of the newly observed rapid
melting of the arctic ice and glaciers due to global warming may trigger a similar, but modern such
catastrophe. It is also a good example of how microbes may have an enormous influence on global

processes, albeit indirectly via methane formation in deep sub seafloor environments.

JOIDES Resolution CONTINENT

T SEAWATER
1 -6 km Organic carbon — acetate —

methane — methane gas hydrate =
twice all known fossil energy deposits

FIGURE 3. The sea-floor travels towards it renewal for at most 170 million years. At the end
of the journey, the sea floor dives under a continent in what is called a subduction zone. During
this travel, impressive layers of sediments are deposited on the sea-floor crust. These sediments
are rich in microbes. Some of them seem to be deeply involved in the formation of methane from
decaying organic sediment particles. The methane is captured as gas hydrates that represent a huge

fossil energy deposit.
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Microbes in continental sedimentary formations

A significant effort has been devoted to investigating the microbiology of underground conti-
nental sediment formations. Large phylogenetically and culturally diverse communities have
been demonstrated of Archaea and Bacteria in deep underground continental sediments in North
American which is in line with reported biodiversity from other underground sites investigated.
The possible in situ activity of micro-organisms in the underground sedimentary rocks studied has
been addressed. As in other oligotrophic (very nutrient poor) habitats, activity occurs, but at very
low rates. Also, there is usually a significant correlation between the type of geological strata, e.g.
pore size and organic content, and life activities of micro-organisms. The research on continental
sedimentary rocks shows that living microbes are present and active down to the deepest levels
studied (about 3 km). They will probably be found even deeper, as deep as the temperature allows,
that is up to at least 113 °C.

The contamination of groundwater from disposal sites on ground and underground, acciden-
tal spills, leakage and residue from other human activities have triggered a widespread interest in
the possibility of remediating or restoring contaminated underground sites with the help of intro-
duced and intrinsic micro-organisms. The results, showing that micro-organisms most probably
will be present and active in contaminated sites underground, have important implications for
long term maintenance of anoxic conditions and the impact of anaerobic biochemical processes
on groundwater chemistry. They also imply that natural attenuation of contaminated groundwa-

ter by indigenous microbes can occur at depth.

Tunnels, caves and rock eaters

Excavation for tunnels, mining etc. introduces several changes in the subterranean environment
that will induce activities in the tunnel by micro-organisms other than those active in the oxygen-
free rock fractures, the aquifers. Oxygen is normally introduced into tunnels by ventilation, which
makes growth of acrobic bacteria possible. As the ground water in igneous rock at depth is usually
anoxic with a low electrochemical potential, noticeable electrochemical and oxygen gradients will
develop when such ground water reaches the oxygenated tunnel atmosphere.

Typical microbially mediated electrochemical pairs participating in these gradients are
manganese(Il) combusting to manganese(IV), ferrous iron to ferric iron, sulphide to sulphate
and methane to carbon dioxide. Such gradients are the habitats for many different carbon-dioxide
fixing bacteria, so called autotrophs and also heterotrophic bacteria growing on organic com-
pounds. Among them are the iron, manganese, sulphur and methane combusting bacteria who
extract chemical energy for biosynthesis reactions through oxidisation of the reduced inorganic
compounds and methane with oxygen. The energy gained by these so called lithotrophs, is used
to reduce carbon from carbon dioxide to organic carbon.

Litotrophy is deduced from Greek and literally means “rock eaters”. The “rock eaters” usually

also have carbon-dioxide fixing capability. That is, organisms which gain energy from reduced
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inorganic compounds with which they reduce carbon dioxide to organic carbon. Very much like

the plants, but with a chemical, inorganic energy source instead of the sun.

FIGURE 4. Artificial ditches in the Aspé hard rock laboratory tunnel 300 m underground with

iron eating bacteria to the left and sulphur eating bacteria to the right.

Commonly, seeps of ground water from fractures intersected by the Aspo hard rock labora-
tory tunnel north of Oskarshamn in Sweden, or flows of ground water from boreholes in the
tunnel, turn light brown to dark brown from precipitates that sometimes can be very voluminous
(Figure 4). They usually appear within some weeks after excavation/drilling and have in some
cases reached a thickness of 10 cm or more. The most frequently occurring inhabitant in these
precipitates is the “rock eating” iron-combusting bacterium Gallionella ferruginea. It forms moss-
like covers on rocks and sediments in ponds in tunnels and is very abundant close to the outflow
of ground water from rock wall fractures. At several such outflows, white, threadlike structures are
observed. Microscopic observation has revealed them as being “rock eaters”, specifically sulphur
combusting bacteria of different types. Methane combusting bacteria have also been found very
abundant in the Asps HRL tunnel.

Caves may link surface and underground environments and the cave environment varies tre-
mendously. They can be very deep and extensive, which limits the input of organic nutrients
to possible cave dwellers such as bacterial and fungal colonizers. If carbon dioxide fixing, “rock
eating” bacteria are present, they could act as primary producers of organic material in a unique

subterranean microbial food chain, very much in the same way as the sulphur, iron and methane
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combusting bacteria do in the Aspé HRL tunnel. Such microbes can provide the requisite organic
matter for other bacteria and fungi in caves, which in turn could form the food base for cave

animals.

Aquifers in igneous terrestrial rocks

Igneous rocks are the predominant solid constituents of the Earth, formed through cooling of
molten or partly molten material at or beneath the Earth’s surface. These rocks are penetrated by
man for a variety of purposes such as mining for metals, boreholes for the extraction of ground
water and thermal energy, and tunnels and vaults for communication, transport, defence, storage,
deposition and waste disposal. Igneous rocks are too hot when formed to host life of any kind.
Therefore, observed life in igneous granitic rock must have entered after cooling and fracturing
of the rock mass.

Groundwater at depths of 500 m in such rock can be very old and ages 0f 10,000 years are not
unusual. This poses a conceptual problem for the microbes detected there. What ultimate energy
source are they using? Organic carbon from a sun-driven surface ecosystem would not last for a
long time because documentation of in-situ activity of microbial populations in deep granitic
rock environments suggests that the microbes present are actively degrading organic carbon at low
but significant rates. Typical concentration values at depth are one to two mg dissolved organic
carbon per litre groundwater. Any energy source at this depth must be renewable.

Thorough research has indicated the presence of “rock eating”, carbon dioxide fixing micro-
organisms in the Scandinavian deep igneous rock environments, which utilize hydrogen as a
source of energy. Therefore, a hypothesis of a hydrogen-driven biosphere in deep igneous rock
aquifers has been suggested. The organism base for this biosphere is suggested to be composed
of acetate producing bacteria that have the capability of reacting hydrogen with carbon dioxide
to produce acetate (homoacetogens) and methanogens that yield methane from hydrogen and
carbon dioxide (carbon dioxide fixing methanogens) or from acetate produced by homoacetogens
(acetate degrading methanogens) (Figure 5).

One of the aims of my research has therefore been to collect evidence for a hydrogen-driven
deep biosphere in deep igneous rock aquifers and it has been focused on acetogenic bacteria
and methanogens as the carbon dioxide fixing base for a deep biosphere. The results show that
methanogens and homoacetogens are present and are metabolically active in the groundwater
investigated, at all investigated depths down to 1000 m. The existence of a deep hydrogen-driven

biosphere, driven by the energy in hydrogen from the interior of our planet seems plausible.
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FIGURE 5. The deep hydrogen-driven biosphere hypothesis, illustrated by the carbon cycle. At
relevant temperature and water availability conditions, subterranean micro-organisms are theo-
retically capable of sustaining a life cycle that is independent of sun-driven ecosystems. Hydrogen
and carbon dioxide from the deep crust of Earth, or organic carbon from sedimentary deposits
can be used as energy and carbon sources. Phosphorus is available in minerals such as apatite and
nitrogen for proteins; nucleic acids, and so on can be obtained via nitrogen fixation; and nitrogen

gas predominates in many groundwater.

The origin of life and astrobiology
Until recently, it has been generally accepted that all life on Earth depends on the sun via photo-
synthesis; including those of the geothermal life forms found in deep sea trenches that use oxygen
for the combustion of reduced inorganic compounds (almost all oxygen on earth is produced via
photosynthesis). The results presented here now suggest that a deep subterranean biosphere exists
under the sea-floor and the continents, driven by the energy available in hydrogen and possibly
also by methane, sulphur and iron expelled from the interior of our planet. Knowledge about this
biosphere has just begun to emerge and is expanding the spatial borders for life from a thin layer
on the surface of the planet Earth and in the seas to a several kilometre thick biosphere reaching
deep below the ground surface and the sea floor. If this theory holds, life may have been present
and active deep down in Earth for a very long time and the theory that the place where life origi-
nated was a deep subterranean aquifer environment (probably hot and at high pressure) rather
than a surface environment cannot be excluded.

The discovery of a deep biosphere that may be independent from solar energy is of great im-

portance for the way in which we should search for life on other planets and for our theories about
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the origin of life. The predominant idea that life originated on the surface of our planet, strongly
dependent on a hypothetical primordial soup, has recently come up against strong competition
(Figure 6). The molecular tree of life (Figure 1) suggests that life originated in the form of a heat
loving, carbon fixing, “rock eater” because all organisms close to the root in that tree are heat lov-
ing and most can use hydrogen as their source of energy. Those organisms also commonly have
the ability to fix carbon dioxide. Underground environments at the time for the origin of life
were relatively stable, calm and rich of chemical and physical gradients compared to the surface
environments that experienced meteoritic impacts, volcanic eruptions and space radiation. An

underground birth place for life, probably very hot, is probable.

Hydrothermal system
Catalysts
lons

Temperature

FIGURE 6. Life in the carly days of our planet would have been protected towards meteoritic
impacts, ultraviolet irradiation, volcanic eruptions and desiccation in underground environments.
An underground origin of life has become plausible because the underground offers infinite pos-
sibilities for the mixing of water with various chemical and physical environments, one of which
might have been the correct mix for life to start? Additionally, the underground was rich in miner-
als with metals that may have catalyzed many chemical reactions preceding the origin of life and
that are still used as obligatory catalytic components in many of the enzymes ruling the metabolic
pathways of cellular life. The figure shows an arbitrary series of mixing of water with varying
properties, demonstrating the outstanding environmental variability underground, compared to
rather homogenous surface environment such as the sea and lakes. The question of whether there
actually was a correct order of conditions for an underground origin of life remains to be tested

and proven. It will not be easy!




PROJEKT UNDERJORDEN 17

Considerable interest in subterranean microbial life has evolved from the debate about the
possibility of ancient and present life on Mars. A fresh fracture surface on a Martian meteorite was
reported to contain polycyclic aromatic hydrocarbons, low temperature carbonate globules and
small, bacteria like structures. A variety of chemical, mineralogical and morphological features of
the carbonate globules were argued to be deposited by life on Mars. It was also suggested that such
life must have existed under the surface of Mars. The data presented here implies that much life
on Earth indeed is adapted to a subterranean lifestyle and that it could have originated somewhere
under the surface of Earth. This implies that a planet with a lifeless surface may hide life deep
under its surface, provided that liquid water and energy for life are available. As concluded above,
life is not only adapted to deep subterranean environments, it could well have originated deep
below the surface of Earth. Therefore it should be obvious that the search for extraterrestrial life

should concentrate on samples from under the surface of other planets.

The meaning of underground life

In this paper, the living underground has been introduced. It is mostly new knowledge that still
has to find its way into the common mind of humanity. At a first thought, it may seem that this
knowledge is not relevant to most of us, but that is wrong. Just consider the list of important
implications for humanity below, and I am sure you will agree. The discovery of the living under-
ground is a landmark with many important consequences for us. In this paper, I have discussed

items in greater or lesser detail, that can be summarized as follows.

& The place for the origin of life on our planet has to be moved downwards, into the under-
ground, away from surface shallow ponds and sea water.

@ 'The search for life on other planets should be directed from the present search of planetary
surface environments towards the underground of planets in the universe. The possibility of the
origin and evolution of life on other planets is much larger underground than on mostly hostile
planet surfaces.

@ When ground water and soils in the underground have been contaminated by waste and chem-
icals from human activity, microbes may come to help. However, we no longer need to bother
about adapting surface-living microbes to go underground and clean up the dirt from human
activities. The microbes are already there. We just need to understand how to boost their activ-
ity. Maybe the addition of a limiting substance (vitamins, nutrients or a specific gas) is enough
to kick the creatures living underground to work hard for us. Many companies around the world
have been tempted by this possibility and all kinds of approaches are presently being developed
and tested.

@ In some places, we plan to dispose of waste material underground, under controlled condi-
tions. One obvious example is the disposal of radioactive waste deep underground. It is now

evident that the living underground may protect as well as threaten such repositories, depending
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on local conditions. Learning about the living underground will assist in the placement and con-
struction of safe disposal sites deep underground.

@ Catastrophic greenhouse warming of our planet can be linked to the action of the organisms
living underground. They produce mega-masses of methane hydrates in the sub-sea floor sedi-
ments. If this gas is released, we might experience a galloping global warming that would take less
than a couple of hundred years.

Thank you for becoming acquainted with the living underground!
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