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Deep Biosphere Record 
of In Situ Oceanic Lithosphere 
and Ophiolites

INTRODUCTION
The study of ophiolites has been central to our under-
standing of how Earth works as a dynamic physical and 
chemical system. This includes much of what we know 
about the lower oceanic crust, and the tectonic processes 
that form it (Dilek and Furnes 2014 this issue). Ophiolites 
and greenstone belts have also yielded observations of 
distinct glass alteration textures in pillow lavas and hyalo-
clastites that are interpreted as microbially excavated 
tunnels and cavities (Furnes et al. 1996; Staudigel et 
al. 2008) similar to microbial tunneling in carbonates 
(Golubic et al. 2005) and soil feldspars (Jongmans et al. 
1997). Such potential trace fossils offer an opportunity to 
constrain the presence and functioning of a deep-ocean 
crustal biosphere back through geological time. So far, 
the results are very promising; interpreted microbial trace 
fossils in volcanic glass are common, making up about 80% 
of glass alteration in the upper 300 m of the Phanerozoic 
oceanic crust (Staudigel et al. 2008). The largest variety of 
trace fossils so far have been found in the Troodos ophiolite 
(Furnes et al. 2008; McLoughlin et al. 2009), and studies 
of greenstone belts have allowed us to infer the presence 
of a deep biosphere  as early as 3.5 Ga, among the earliest 
observable physical evidence for life on Earth (Furnes et 
al. 2008). While a direct linkage remains to be established 
between specifi c microbes and particular trace fossils in 
volcanic glass, the increasingly known detail in textural 
data continues to support their biogenicity (McLoughlin 
et al. 2009). 

The study of possible trace fossils in volcanic glass from 
ophiolites has much potential for revealing the activity 
of microbes in ancient ocean crust and how their activity 

depends on the hydrothermal–
volcanic boundary conditions. 
Ophiolites have the advantage 
over relatively young ocean fl oor 
rocks of allowing us to look further 
back in time. In addition, ophiol-
ites provide better access than the 
one-dimensional and typically 
poorly recovered drill cores from 
present-day ocean crust. However, 
the interpretation of these trace 
fossils is not without caveats. 
Key issues include the fact that 
no specifi c microbes have been 
directly linked to these textures in 

volcanic glass and that the biogenicity of the fossil evidence 
for microbial life is diffi cult to verify in the laboratory. 
Hence any description of such trace fossils has to be accom-
panied by a critical evaluation of their possible biogenicity. 
We describe the evidence for microbial activity in volcanic 
sections of ophiolites, we provide models for the origin of 
various trace fossil types, and we discuss their signifi cance 
and biogenicity. We focus on textural arguments because 
they offer the most powerful biological evidence, and we 
refer to previous chemical and molecular biological studies 
(e.g. Furnes et al. 2008; Staudigel et al. 2008).

MICROBIAL DISSOLUTION 
OF ROCKS AND MINERALS 
Trace fossils distinguish themselves from fossils in that they 
do not offer a record of the organism itself but preserve 
the traces they left behind, such as borings and imprints. 
As such, trace fossils not only indicate life at a given place 
and geological time, but they also reveal how a particular 
organism interacted with its environment. For microbial 
trace fossils, such interactions may include the creation 
of shelter from predators, the extraction of nutrients from 
rocks in a symbiotic relationship with the root systems of 
trees, or, for an autotrophic organism (one that produces 
its own food), the fi xation of carbon in an oligotrophic 
(nutrient-poor) setting. Hence, microbial trace fossils have 
the potential to reveal important details about biological 
activity in a local ecosystem, its role in large-scale geochem-
ical fl uxes, and its relationship to the overall food web.

Excellent microbial microfossils occur in marine mollusk 
shells, where they can be beautifully visualized using a 
resin microcasting technique. An example was reported 
at 3000 m water depth in the Red Sea, well below the 
depths at which photosynthesis is possible (Radtke and 
Golubic 2005). Most of the fossils identifi ed are tubular, but 
some display very complex shapes that mirror the distinct 
shapes of particular fungi found in the same setting. This 
unique similarity in shape allowed identifi cation of a 
specifi c fungus as the likely producer of these cavities. 
This correlation also underscores how increasing detail of 

Volcanic glass from pillow lavas and hyaloclastites displays distinc-
tive alteration textures that suggest the activity of boring microbes. 
Analogous textures are common in volcanic sections of the seafl oor, 

in ophiolites, and in greenstone belts up to 3.5 Ga in age. While the origin 
of such trace fossils remains poorly understood, they offer much potential 
for investigating processes in the present-day, deep-ocean, crustal biosphere 
and their role in biogeochemical cycles. 
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delicate morphological features offers improved capabilities 
to support biogenicity and, in fact, ultimately identify the 
organism that created the trace fossils.

Microbial etching of carbonates is chemically easily accom-
plished as microbial metabolism produces many organic 
acids that are very effective at this. In particular, calcium 
carbonate dissolution may also be an integral part of the 
respiration–photosynthesis cycle: Garcia-Pichel et al. 
(2010) showed that cyanobacteria may dissolve carbonate 
using direct chemical uptake of Ca2+ using certain types 
of enzymes. While little is known about whether such 
microbial processes may work outside the respiration–
photosynthesis cycle, it is clear that carbonates can play an 
important role in biochemical reactions between microbes 
and their local (calcium carbonate) environment.

Tunneling trace fossils have also been observed in soil 
feldspars and physically linked to the activity of fungal 
hyphae that are capable of producing oxalic acid to extract 
potassium from these feldspars (Jongmans et al. 1997). 
These microborings are commonly 5–10 µm in diameter 
and they can be up to 50 µm long. In some cases, these 
tunnels bifurcate (FIG. 1A). Smits (2006) studied tunneling 
of feldspars in soils on postglacial dunes of variable age, 
revealing relationships between biological activity of 
tunneling and time (FIG. 1B). There are important relation-
ships between the age of the soil on a given dune and the 
physical extent of tunneling: (1) no tunneling is observed 
at least during the fi rst 1500 years of soil formation, (2) 
all feldspars show increasing upper bounds of cumulative 
tunneling length as the soil age increases, and (3) plagio-
clase is preferentially tunneled over K-feldspars. These 
data suggest that tunneling is a slow process that occurs 
over geological time and that there is a preference for one 
substrate over another. Other extremely slow biological 
processes have been observed in sedimentary sequences 
(D’Hondt et al. 2002) and refl ect an effective adaptation 
to oligotrophic geological environments. The quantifi ca-
tion of current fungal colonization of these minerals in 
the same samples revealed a fungal distribution similar 
to the tunnels, underpinning the fungal origin of these 
tunnels. In short, these studies offer powerful arguments 
that microbes do interact with their environment by boring 
into mineral substrates, even though this process is too 
slow to be reproduced in the laboratory.

TRACE FOSSILS IN 
SUBMARINE VOLCANIC ROCKS
Microbial trace fossils in volcanic rocks have predominantly 
been found in volcanic glass and are expressed as tubular 
or granular microcavities. These trace fossils were formally 
described as ichnofossil genera that highlight the system-
atic differences between different types (McLoughlin et 
al. 2009; photomicrographs in FIGS. 2–5). It is important 
to note that ichnofossil genera do not refer to particular 
organism genera as in the common usage of the term; 
rather, the classifi cation criteria for ichnofossil genera 
use morphological similarities only as a fi rst step towards 
identifying the actual organisms. Most of these trace fossil 
cavities are about 1 µm in diameter and are excavated into 
fresh volcanic glass; tubular cavities may reach lengths 
exceeding 100 µm. While a biogenic origin for these glass 
alteration textures is most likely, the exact mechanisms 
used for excavation and the reason for excavation remain 
largely speculative. Hence, the specifi c microbes remain 
to be identifi ed, and models for the biogenicity of these 
textures must be carefully evaluated. We describe two 
groups of trace fossils and their varieties, based on their 
shapes, similarity of appearance, and possible origin.

Granular Textures
Granular glass alteration textures (FIG. 2) were originally 
identifi ed and interpreted as trace fossils by Thorseth et 
al. (1992); they were named “Granulohyalichnus vulgaris” 
by McLoughlin et al. (2009). Granular textures are by 
far the most common trace fossils in volcanic glass. They 
consist of single or multiple, 0.5–2 µm sized (Furnes et al. 
2008), near-spherical cavities that may be void or fi lled by 
smectite. Their physical appearance and genetic model are 
shown in FIG. 2A–C. Cavities on fresh glass surfaces have 
sharp edges, distinct from the fl aring openings that would 
be expected from surface pitting during abiotic dissolu-
tion. Cavities of granular alteration may form clusters 
that resemble bacterial cultures on an agar plate, or they 
may form continuous bands along the surface of the glass. 
Thorseth et al. (1992) proposed that these cavities are 
formed during the colonization of glass surfaces by micron-
sized microbes; these organisms exude organic acids that 
dissolve the glass. Additional cavities are excavated when 
microbial cells divide, ultimately creating a sponge-like 
texture (FIG. 2B). These textures may reach into the glass 
by expanding from single cavities at the surface of the 
glass to multiple coalescing cavities. These microcavities 
are commonly accompanied by deposition of authigenic 
minerals, which are deposited within the spherical voids. 
This process dramatically reduces access to circulating 
hydrothermal solutions; eventually, access is cut off 
and the granular alteration process terminates (FIG. 2C). 

FIGURE 1 Tunneling in soil feldspar. (A) Microscope image of 
a plagioclase grain with tubular textures from a 

3200-year-old dune soil near Lake Michigan. (B) Cumulative tunnel 
length (in millimeters per cubic millimeter) versus soil age (in years) 
for K-feldspar and plagioclase. Note that the upper bound of each 
data set substantially increases with age.
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Colonizing microbes could gain energy for metabolic 
activity by oxidizing reduced chemical components in the 
glass [e.g. Fe (II)] and could also obtain nutrients (e.g. P) 
from it. However, so far no specifi c microbes have been 
linked to the formation of these textures.

Tubular Textures
Simple tubular alteration textures (FIG. 3) in volcanic glass 
(called “Tubulohyalichnus simplus”; McLoughlin et al. 2009) 
are an order of magnitude less abundant than granular 
alteration features. They consist of tubes 0.5–3 µm in 
diameter and 10–100 µm in length (Furnes et al. 2008) 
(FIG. 3A, B, C); they may have straight or slightly irregularly 
shaped walls against the fresh glass. Staudigel et al. (2008) 
proposed that tubular textures are most likely drilled chemi-
cally by cell extensions (FIG. 3D), as has been suggested 
for the tunneling into soil feldspars by fungi (Jongmans 
et al. 1997; Smits 2006). Such fi lamentous growth gives 
microorganisms a unique ability to link spatially separated 
resources (Klein and Paschke 2004). Filamentous cell exten-
sions of microorganisms colonizing rock surfaces may reach 
deep into a crack, connecting the rock interior with circu-
lating hydrothermal solutions. These two environments 
provide different, and likely complementary, nutrient 
resources. While it appears likely that tunnels are caused 
by organisms with a fi lamentous morphology, such as 
fungal hyphae, it is not clear what type of microbe and 

metabolism are involved. However, fi lamentous growing 
cell extensions such as hyphae, pili, or fl agella, could play 
a role in the development of tubular alteration textures. 
They have been shown to be linked to important nutrient-
uptake mechanisms, and they have been observed in 
association with fungi and bacteria. Bacteria involved in 
glass alteration (such as Actinobacteria) have been shown 
to produce abundant fi laments (Cockell et al. 2009), but 
little is known about their role in nutrient uptake or their 
ability to dissolve rocks, in particular under oligotrophic 
conditions. 

Varieties of tubular textures Some tubular textures 
show very complex features, such as branching forms, 
coils, and regular annulated forms (FIG. 4A–C). These 
features are probably caused by processes similar to those 
resulting in plain tubular textures, but their complexities 
could reveal clues for identifying specifi c microorganisms 
or processes. Notably, the bifurcating tunnels (FIG. 4C) 
resemble the complex networks formed by fungal mycelia 
in soil environments. Incubation of biotite and chlorite 
surfaces in soil microcosms and in the fi eld produces 
mineral-surface alterations with bifurcating shapes that fi t 
the size and morphology of the fungal mycelia colonizing 
these minerals (Saccone et al. 2012). These observations, 
in combination with evidence of fungal alterations in soil 

FIGURE 2 Three stages in the development of granular texture, 
with corresponding cartoon models. (A) The initial 

formation of individual cavities along a crack is likely caused by the 
colonization of the glass and the subsequent excavation of a cavity 
adjacent to the contact area of a microbe (green). Excavation is 
likely produced by organic acids at the contact area of the microbe; 
secondary minerals (orange) are deposited concomitantly. 
(B) Cavities are then formed deeper into the glass, and more 
secondary minerals are deposited. (C) In the fi nal stage, cavities 
defi ne a broad band along a crack; the formation of cavities 
probably ceases when the crack is completely sealed with secondary 
phases. Sample locations and ages: OPD Hole 648, sample 
648-1R-1, unit 3, piece 7, 37–40 cm, Quaternary (A and B); DSDP 
Hole 417, sample 417D, 30-6, 20–24 cm, 110 Ma (C)
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FIGURE 3 Tubular textures are typically formed after the estab-
lishment of granular textures. They are recognized in 

microscope images as (A) individual tubes or, in a more advanced 
stage (B), as a dense accumulation of tubes. (C) Tubules are 
commonly associated with granular alteration along cracks in 
volcanic glass. (D) Schematic drawing showing how tube formation 
can be explained by the activity of a hyphae-like cell extension that 
can penetrate a sealed agglomeration of granular textures 
(Staudigel et al. 2008). The main body of such a cell may be 
situated in a location where relatively open water circulation can 
accommodate nutrient and waste-product transport, while the cell 
extension can facilitate tube growth. Once drilling is completed, a 
cell extension may be withdrawn and the tube may be fi lled/fossil-
ized with secondary minerals. The photomicrographs were taken 
from a thin section from DSDP Hole 418A, sample 62-4, 64–70 cm, 
110 Ma.
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and nutrient uptake from soil minerals (e.g. Jongmans et 
al. 1997), support our view that the study and classifi cation 
of marine trace fossils will eventually lead to the identi-
fi cation of specifi c microbes linked to the biogenesis of 
distinct ichnofossil genera (FIG. 4). The complex shapes of 
corrosion textures also serve as powerful evidence for the 
biogenicity of these features, as it is impossible to excavate 
such cavities in an isotropic medium by abiotic processes. 
Such complex shapes include, in particular, the tubular 
helical types. We still have a long way to go before we are 
able to match particular complex trace fossil morphologies 
with the drilling activity of any specifi c organism, but 
we are confi dent that they are of biotic origin, especially 
since many examples of microbial drilling have been well 
documented in other settings.

Fossilized tubular texture Tubular alteration textures 
in old rocks may be fossilized by titanite infi lls that show 
remarkable textural similarities to tubular alteration found 
in young, well-preserved glass (FIG. 5; Furnes et al. 2008). 
Features interpreted as titanite tube replacements have 
been found in undeformed, greenschist-grade metamor-
phosed glass in pillow margins and hyaloclastites of the 
Archean greenstone belts in the Barberton Mountains in 
South Africa and the Pilbara Craton in Western Australia 
(Furnes et al. 2008). These possible trace fossils may have 
been shielded from tectonic shear that would otherwise 
destroy the delicate, hair-sized tubular textures within 
a chlorite matrix. FIGURE 5 illustrates a young tubular 
texture in unmetamorphosed glass (FIG. 5A) and an ancient, 
metamorphosed texture preserved by titanite in a fi ne-
grained chlorite matrix (FIG. 5B). In our model, bioaltera-

tion begins with granular alteration that is replaced by 
secondary clays; this is followed by tubular alteration (stage 
1 in FIG. 5C). Once microbial activity ceases, all textures 
tend to be replaced by smectite, with the potential forma-
tion of some precursor phase to titanite; this process 
is initiated by the passive accumulation of Ti as other 
elements are leached from the glass during tube forma-
tion (stage 2). Due to the relatively low concentration of Ti 
in glass, passive accumulation is not suffi cient to provide 
enough Ti to allow the tube replacements shown in FIG. 

5B, and hence complete replacement requires a third stage. 
In this stage, greenschist metamorphism transforms the 
glass mainly into chlorite and mobilizes Ti, which accretes 
to the initial Ti-enrichment site, effectively replacing the 
tubular textures (stage 3). The somewhat larger diameter 
of Ti tubes suggests that this process may expand the sizes 
of the tubes slightly beyond the original size.

It is possible to date the time of titanite formation by laser 
ICP–MS U–Pb techniques (see references in Furnes et al. 
2008). These ages date the metamorphism during which 
the titanites formed and hence provide a minimum age for 
the formation of the tubes. Dating the likely tube-replacing 
titanites from Barberton and Pilbara yielded Archean ages, 
which places these alteration textures among the oldest 
potential fossil microbial textures on Earth. 

DISTRIBUTION IN SPACE AND TIME
The distribution and abundance of fossils in the rock record 
offer insights into the role of organisms in the evolution of 
life on Earth, the living conditions of the organisms, and 
their potential role in biogeochemical cycles. Hence the 
distribution of bioalteration textures in space and time may 
increase our understanding of the controls that support 
their growth and of their role in how Earth works as a 
dynamic biological, chemical, and physical system.

The search for bioalteration textures in seafl oor volcanic 
rocks, ophiolites, and greenstone belts has been extremely 
successful. Bioalteration textures have been found in the 
volcanic rocks of every ocean drill hole in which residual 
glass is present and in little-deformed and minimally 

metamorphosed ophiolites and greenstone 
belts (Furnes et al. 2008). Bioalteration 
preserved by titanite mineralization in 
greenstone belts is much rarer, but it is 
common in low-grade metamorphic and 
undeformed greenstone belts. Examples 
include the Barberton and Pilbara green-
stone belts, where cherts host the oldest-
reported physical microbial fossils (3.5 Ga); 
interbedded with the cherts are pillow 
lavas that contain titanite-preserved trace 
fossils (Furnes et al. 2008; McLoughlin et 
al. 2012). We searched for such textures 
in the 3.8 Ga Isua supracrustal belt in 
Greenland, but our search failed, probably 
due to the more metamorphosed and 
deformed character of the rocks. Hence, 
there is no preserved textural evidence for 
life in the Isua volcanic rocks. These results 
suggest that glass bioalteration textures 
are among the oldest and physically best-
preserved fossil evidence of life in the 

geological record. This fuels speculation about the role of 
these trace fossils in the origin of life, as well as their role 
in preserving life (within the crust) at a time when the 
planet’s exterior was being repeatedly sterilized by major 
meteorite impacts. 

A detailed quantitative study of the relative abundance of 
bioalteration and abiotic alteration at Ocean Drilling sites 
417D, 418A, and 504B (FIG. 6; Staudigel et al. 2008;) offers 
insight into the relative importance of biotic and abiotic 
processes and their controlling factors. At all three sites, 
the upper 300 m of crust display glass alteration features 
that are about 75% biotic, decreasing to near zero at about 
500 m depth. Tubular alteration overall comprises less than 
10% of all bioalteration textures but shows a maximum at 
about 150–200 m depth. Bioalteration, and in particular the 
characteristic tubular alteration, decreases in abundance 
below and above ca 150 m. This suggests that conditions for 
tunneling by microbes are best at 150–200 m depth and for 

FIGURE 4 Expressions of tubular textures in volcanic glass in 
(A) “Tubulohyalichnus spiralis,” (B) “T. annularis,” 

and (C) “T. stipes” and (D) in a schematic sketch. Distinct tubular 
textures may be characteristic of different types of microbes or 
different biochemical mechanisms that facilitate them (ichnofossil 
descriptions from McLoughlin et al. 2009). Sample locations and 
ages: Akaki Canyon, Cyprus, 92 Ma (A and B) and ODP Hole 396, 
sample 396B-20R-3, 108-112 cm, 10 Ma (C).
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granular alteration above 300 m. At all sites the abundance 
of bioalteration textures correlates with high ocean-crust 
porosity, which suggests that bioalteration is linked to 
the intensity of water circulation through the system. At 
Site 504B, the abundance of bioalteration textures may be 
compared with in situ measured temperature, whereby the 
most intense bioalteration is found at temperatures below 
60 °C, whereas some may occur at temperatures up to the 
limit at which life can exist. The frequency of biotextures is 
much reduced at temperatures above 80 °C. This shows that 
microbial activity is much more important at temperatures 
less than 60 °C and under conditions of more intense water 
circulation (FIG. 6). 

THE BIOGENICITY OF 
TUBULAR AND GRANULAR TEXTURES 
The biogenicity of these textures may be called into 
question as it has not been possible, to date, to identify 
specifi c processes or organisms that can be uniquely associ-
ated with the formation of bioalteration textures. There 
have been observations of corrosion damage from coloniza-
tion by microbes in the laboratory (Staudigel et al. 2008), 
but none of these experiments resulted in tubular textures. 
Tube formation may be impossible in the laboratory, or 
it is at least very diffi cult for three reasons: (1) tubular 
textures are relatively rare, making up only 10% of the 

trace fossils found; (2) they are most abundant at about 
100–250 m depth in oceanic crust; and (3) their growth 
is so slow that it is unlikely that the active process can be 
observed in the laboratory or in nature. At our current level 
of understanding, the strongest evidence for biogenicity 
comes from the textures themselves. In the following we 
provide a brief discussion of this reasoning; for more detail, 
see Staudigel et al. (2008).

Arguments in favor of biogenicity are of three types: (1) the 
features do not readily fi t known abiotic processes; (2) many 
of the textures resemble uniquely biological features; and 
(3) tubes and granules contain chemical components and/
or DNA that can be explained by life having been present in 
those locations. These arguments have different strengths 
and weaknesses. Abiotic glass alteration is well understood 
(e.g. Stroncik and Schmincke 2001). Glass is a noncrys-
talline, anisotropic material with only minor fractions of 
dissolved volatiles. Glass either dissolves congruently or 
hydrates concentrically from the outside in. Glass alteration 
is commonly accompanied by the precipitation of hydrous 
secondary minerals that take up more volume than the 
original glass, increasingly limiting access of water to a 
glass-rich formation and fi nally sealing it. This type of 
behavior cannot account for the formation of tunnels 
with parallel walls. It is also unlikely that such tunneling 
occurs along some hypothetical weakness in the glass. Such 
weaknesses are likely to be symmetric and to cross cooling 
cracks that form well after the glass solidifi es, but this type 
of behavior is not displayed in tubular alteration features. 

Tubular alteration has many morphological features that 
point towards biotic processes, in particular shapes that 
are common in the biotic world. These include the helical 
forms of “Tubulohyalolichnus spiralis” (FIG. 4A) or annulated 

FIGURE 5 The formation of titanite-fossilized tubular textures. 
Thin section photomicrographs illustrate the similari-

ties between the tubes and granular textures in (A) fresh glass from 
the Troodos ophiolite and (B) titanite mineralization that preserves 
such features (Barberton greenstone belt, South Africa). 
(C) A schematic model depicting three stages of formation. Stage 1 
includes the processes of tunneling and concomitant secondary-
mineral formation. In stage 2, active tunneling ends and diagenesis 
begins. At this stage, tunnels and cracks are fi lled with secondary 
minerals and some of the tunnels may be partially lined with a 
precursor of titanite, formed from the passive accumulation of Ti as 
a result of the removal of most other elements from the glass. 
In stage 3, greenschist metamorphism transforms the glass into 
predominantly fi ne-grained chlorite and mobilizes enough Ti to 
migrate to and replace the tunnels.

FIGURE 6 Down-hole variation in biotic and abiotic alteration, 
rock porosity, and temperature for DSDP Sites 417, 

418, and 504B, re-drawn from Staudigel et al. (2008). Biotic altera-
tion dominates in the upper 400 m, accounting for up to 80% of all 
alteration, but decreasing to about 10% at 500 m depth. The 
fraction of bioalteration correlates directly with the down-hole 
decrease in porosity and increase in temperatures. Note that tubular 
alteration comprises only a very small fraction of the total alteration 
and is largely confi ned to 100–300 m depth. The temperature scale 
is approximate and is based on logging data at site 504B.
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forms (FIG. 4B). Furthermore, tunneling bioalteration 
features have been found in carbonates and silicate minerals 
(Golubic et al. 2005; Smits 2006) and hence it should not 
be surprising to fi nd such features in volcanic glass. 

Many tubular and granular textures carry chemical signa-
tures (C, N, P), and some even show fl uorescence charac-
teristics that indicate the presence of residual DNA. This 
evidence strongly suggests the former presence of microbes 
in these cavities, but does not prove that microbes have 
actually produced these textures (Staudigel et al. 2008).

Taken together, these arguments for biogenicity, particu-
larly with respect to Phanerozoic samples, are convincing, 
despite the fact that the actual microbes remain elusive.

OPHIOLITES AND GREENSTONE BELTS AS 
NATURAL LABORATORIES FOR EXPLORING 
THE DEEP BIOSPHERE
The investigation of microbial trace fossils in volcanic glass 
has shown that bioalteration may be relevant in terms of 
the total biomass involved, its effects on geochemical 
fl uxes, and its possible role in the origin of life. Most 
samples studied for glass bioalteration were recovered by 
drilling the present seafl oor and few came from ophiolites 
or greenstone belts (Staudigel et al. 2008). Yet, potential 
microbial trace fossils in ancient glass from ophiolites and 
optimally preserved greenstone belts offer much potential 
for advancing our understanding of the deep biosphere. 
There are three reasons for this. (1) Ophiolites and green-
stone belts date back beyond the earliest evidence for life, 
far exceeding the age window of in situ seafl oor (0–170 Ma). 
Hence, ophiolites and greenstone belts allow us to study the 
evolution of life in the deep biosphere back through time. 
(2) Ophiolites and greenstone belts can be studied in two 
or three dimensions, often over large length scales and at 
all stratigraphic depths in the oceanic crust, in the context 
of known hydrothermal vents or other extremes in fl uid 
circulation. Such exposure provides much better structural, 
chemical, hydrological, and hydrothermal context for 
bioalteration than drill holes in submerged oceanic crust. 
(3) Last, ophiolite research has revealed by far the most 

distinctive and delicate bioalteration features in seafl oor 
rocks (Furnes et al. 2008). Textures such as spirals and 
annulated tunnels require a specifi c microbial function 
that might eventually be simulated in the laboratory, 
ultimately helping us identify microbes that are capable 
of producing the bioalteration features observed (FIG. 4). 
These three factors combined make ophiolites attractive 
targets for deep-biosphere research, in a context that is 
reminiscent of the role ophiolites have played in helping 
us understand plate tectonics (Dilek and Furnes 2014).

CONCLUSIONS
Microbial trace fossils in volcanic rocks from the seafl oor 
provide exciting geological evidence that offers much 
potential for helping us understand the subseafloor 
biosphere. Their wide distribution and abundance relative 
to abiotic alteration processes suggest that glass bioaltera-
tion is an important process. Similar-appearing features 
in greenstone belts suggest that this deep biosphere has 
been active since the earliest occurrence of physical fossil 
evidence for life on earth about 3.5 Gy ago. While we 
consider the evidence for biogenicity of these textures as 
strong, it is important to know that no specifi c organisms 
have been identifi ed for producing them.

Recent research on trace fossils and the excellent exposure, 
high abundance, and wide age spectrum of ophiolites 
suggest that the study of ophiolites will help us under-
stand the importance and function of deep, oligotrophic, 
volcanic ecosystems.
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