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Filamentous fabrics in low-temperature mineral
assemblages: are they fossil biomarkers? Implications
for the search for a subsurface fossil record on the early
Earth and Mars
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I . Introduction
Although a deep subterranean biosphere dominated by
microbial life has been known for some
time, it has only recently gained prominence (Delaney et
Gold. 1992,1999; Parkes
al., 1998; Ghiorse,
Stevens, 1997; Walter,
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(
zschmar,
Dexter-Dyer et al., 1984;
and
N E Scotland (Trewin and Knoll,
and
(Baele, 1999). Several occurrences of putative
microbial fossils include salt dome cap
in the Texas Gull'
et al.,
and mineral
veins in Germany (Hofniann, 1989; Walter and
mann, 1994) and
(Pedersen et al., 1997). Evidence
former
microbial activity has also
derived
corrosion patterns in marine
(Fisk
and
1999; Torsvik et al..
et

1998).
Our initial report of filamentous structures i n subsurface minerals (Hofinann and Farmer, 1997) was

by a systematic search of museum collections and in
the field. Two main types of samples cinerged from
this study: Firstly, minerals (dominantly chalcedony
and zeolites) from low-temperature hydrothermally
tered volcanies, dominantly chalcedony and zeolites, and,
secondly, samples from oxidized ore deposits. In both
cases, mineralized filaments formed a substrate for the
nucleation and growth of paragenetically younger mineral phases. Small groups of samples are
solution cavities i n limestones,
ultrabasic rocks
and impactitcs. In total we have identified > 140 occurrences in 65 geologically unrelated areas. Although
tubular-shaped filamentous inclusions in chalcedony, of
the type reviewed here, were previously described as fossil moss (Daubenton, 1782) and sponges (Bowerbank,
inorganic interpretations have generally prevailed
(Liesegang, 19 5 ; Brown, 1957; Landmesser, 1984). However, since this early work, significant advances have
been made in our understanding of the processes of miand fossilization through studies of
crobial
microbiotas (Golubic and Hofmann,
Knoll,
1984) and their modern analogs (Cady and Farmer,
1988;
1996; Farmer and Des Marais, 1994; Ferris et
Schultze-Lam et al., 1996). This work also provides a basis
for re-evaluating the origin of filamentous and
minerals previously considered as inorganic precipitates.
eiThe fossilization of soft-bodied organisms
ther through the alteration of original organic matter,
or by its replacement with authigenic minerals (Allison and Briggs, 1991). Studies of microbial fossilization in rapidly mineralizing travertine and siliceous
thermal spring systems indicate that this process more
often involves the simple coating of external organic
surfaces, with the rapid degradation of organic materials leaving behind external molds (Cady and Farmer,
1996). Often exterior organic surfaces, and the molds
they produce, accumulate thin coatings of
ous precipitates which enhances their preservation durand
This
ing early diagcnetic
process produces filamentous microfossils that have a
tubular construction with an internal diameter similar
to
size of the original bacterial filament (Fig. 1 ) .
Near deep sea vents,
bacteria can become
encrusted with silica, and the organic matter replaced
by sulfides or Fe-hydroxides (Zierenberg and
1990; Duhig et al., 1992;
et al., 1998; Juniper
and Fouquet, 1988; Little et al., 1999). In modern microbial mat organisms the diameter of filament molds
produced by this process typically falls within the size
range of 1-10 pm. Variations in the inner core diameters of filament molds reflect taxonomic or taphonomic
differences. Continued accretion and overgrowth and the
merging of adjacent filament coatings can produce composite filament molds with outside diameters exceeding
100 pm.

Subrecent siliceous
Midway Geyser
National
Wyoming. USA. Light
heterotrophic ormicroscope view showing encrusted filaments o f
ganisms that resided within the framework of silicifying cyanohacterial
mats. In
submicron
at the
silica overgrowths where encrusted bacterial
cores of
were later removed by oxidation, leaving
filament (with
mold)
2
in diainctcr.

2. Morphology and structure
Filaments (Figs. 2 and 3 ) occur in high densities as
inclusions in chalcedony, megaquartz, calcite, goethite,
zeolites and some rarer minerals and are preserved due
minerals or just
to encrustation by goethite, Fe-rich
by variations in grain size. Three filament morphotypes are
tentatively recognized: (A) irregularly oriented filaments,
forming “moss agate” where enclosed in chalcedony;
(B) filaments showing gravity-induced vertical orientation, later overgrowths by minerals producing structures resembling stalactites; (C) strongly interconnected
producing mat- or stromatolite-like fabrics of
planar or rope-like geometry. In all cases examined, filamentous microstructures pre-date the formation of their
host minerals as is evidenced by the occurrence of filaments only thinly covered by minerals in open voids,
and the orientation of mineral overgrowths showing radial growth of fibrous minerals nucleating on filaments.
Also, the persistence of filaments across several nearby
mineral grains, the restriction of filament inclusions to certain growth zones of host minerals and the presence of
structures in different minerals like chalcedony
and calcite from a single occurrence are evidence refuting
the idea of a secondary emplacement (Feldmann et al.,
1997).

.
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Fig.
Macroscopic and microscopic appearance of subsurface
fabrics occurring in
in Tertiary volcanic
rocks, Sleeping Beauty Ridge, Cady Mts., California: ( a ) irregular goethite
fracture with macroscopic
bundles. scale = cm;
(
x
c m ) showing streamcr-like surface
resulting
of
filaments; ( c )
of filaments
encrusted with gocthite and quartz showing vertical orientation due to
draping
5
Though similar
filamentous
stalks result from the encrustation of
( d ) thin
of fracture
showing lightly
interior shows that
between
ily
strands, embedded in
(chalcedony). height 2.0
(e) thin section photomicrograph showing detail
of
i n chalcedony, height

The occurrence of vertically oriented structures resulting
from filament encrustation morphotype (B) is widespread
Such structures are commonly interpreted as
(Table
formations
Campbell and Barton, 1996). A
origin is indicated by the filamentous center close
in diameter, deviations from vertical alignment, and,
to
in some cases, known subaqueous formation. Vertically arranged “pseudostalactitic” minerals are the
easily rec-

ognized macroscopic expressions of mineralized
of subsurface origin (Fig.
In
subsurface examples documented here, filaments
a tubular construction with inner core diameters of
(average 1.5 1.1
486). This overlaps
with the range of diameters observed in the tubular-shaped
molds formed by filamentous bacteria in both
subaerial thermal springs and deep-sea vents. In

Table I
Sclccted occurrences of filamentous fabrics o f subsurface origin and their
Locality

Geological
Age
environment

Faeroer Islands
Cady Mts.,
USA
Priday Ranch, Oregon, USA
Needles. Texas, USA
Sierra
Mexico
Deccan Trapps. India
Arz Rogd. Mongolia
basin, Brazil
Stirlingshire, Scotland
Lake Superior
USA
Lengenbach.
Switzerland
Saxony, Germany
Bcscheert
Mine, Saxony, Germany
I
near
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I
Brittany. France
Carinthia. Austria
Ccrro de Pasco.
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occurrences (Table I
certain size range
with
needle-shaped
with
mineral overgrowths that sometimes produce fabrics
filaments,
frequency distribution of
diameters is
narrow (Fig. 4). Filament molds
tend to become
during later mineral precipitation
and the outer diameter of filamentous structures increases
accretion, finally reaching macroscopic
with
dimensions.
In modern microbial mats, the processes of
production and taxis of filamentous species may lead to
the formation of a variety of composite
structures.
In our subsurface examples, filaments often occur in bundles < 1-10 m m thick and up to
long. This lies
of composite mat structures obwithin
served in living microbial mats. At the Cady Mts. (California) and Turnov (Czech Republic) sites, filaments are
bundled into
structures of up to
diameter and 15
that resemble the
mats
of How in modern thermal springs. Variseen in
able orientation of
indicates that both gravity
factors controlling filament orienand water
tation. These composite structures are made up of tiny
that were apparently only a few
in diameter and several cm long, indicating the
of
nonbrittle materials of high strength
as
biopolymers.
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Fig. 5. Twisted threads of goethite closely resembling modem Gallionella
ferruginea embedded in chalcedony from cavity in Tertiary basalt,
dalur, Eastern Iceland. Scale bar = 50 pm.
filament

diameter

12

b
10

and differentiated forms interpreted to be fossil
or related groups have been reported previously from Warstein,
Germany (Kretzschmar, 1982). At several sites in eastern
Iceland we identified twisted stalks closely resembling the
modem iron oxidizing bacterium Gallionella ferrugineu
(Fig. 5).

3. Environments of subsurface filament formation
Filamentous microstructures of probable microbial
origin occur in numerous low-temperature subsurface environments that are typically characterized by fast mineral
precipitation in large voids. The major types
geological
environments are outlined briefly below.
0

15

5

filament diameter

Fig. 4. Histograms showing the frequency distribution of diameters of
(A) filamentous microstructures and (B) of associated fibrous minerals of
nonbiogenic origin. The filaments from 21 different occurrences show a
narrow peak close to 1 pm, while nonbiogenic minerals have no preferred
diameter.

Filamentous structures from most investigated sites are
branched (Figs. 2 and 3). In contrast to eucaryotes like the
eumycota (fungi) and myxomyces (slime molds), individual bacterial filaments do not truly branch during growth.
However, during the early stages of fossilization of bacterial filaments in modem mat systems, branched composite
forms are often formed by coalescence of mineral
growths on adjacent filaments. Differentiating between true
branching and coincidental joining of filaments is difficult.
some of our samples, filaments are morphologically differentiated, with attached globular structures 5-70
in
diameter that resemble the sporangia of extant cellular slime
molds
et al., 1997). Similar, complexly branched

3.1. Volcanic host rocks
Amygdules (vesicles) and lithophysae as well as open
fractures and flow-top breccias are the dominant forms of
macroporosity which is commonly filled in by secondary
minerals such as celadonite, Fe-hydroxides, zeolites, and
various varieties of silica minerals including agate, chalcedony, megaquartz and opal. Filaments described here
Enwere often formed during an early stage of void
ergy sources to support microbial life in such environments
couples, and possibly gases
include various types of
produced by water-rock interaction (Stevens and McKinley, 1995). The conditions during filament formation can
only be deduced indirectly from the replacing minerals.
Fluid inclusion homogenization temperatures measured in
to
quartz cementing filaments range from
indicating that late-stage mineral precipitation may have
occurred at temperatures too high for life. The depth of
formation can only be roughly estimated for most occurrences but is in the order of 10s to several 100 m. In
the Cady Mts. (California) occurrence, 10-50 cm-thick
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chalcedony veins containing goethite-encrusted filaments
crop out over a distance of 2 km, demonstrating the presence of significant volumes of filament-rich rocks. Fig. 2
shows macroscopic mat-like fabrics, composed of filamentous forms, and microscopic filament architectures from this
occurrence .

3.2. Oxidation zone of ore deposits
Oxidizable ores such as sulfides of Fe, Cu, Pb, Zn and
Fe-rich carbonates are transformed into highly porous
Fe-hydroxides minerals under near-surface conditions. Oxidation of sulfide- and ferrous iron can serve as a source of
energy for a number of autotrophic microbes (Nordstrom
1997; Schrenk et al., 1998). Filamentous
and
structures, often showing gravity-induced parallel orientation or mat-like coalescence of filaments (Fig. 3) are very
common in mineral samples from such environments and
are commonly labeled as “stalactites” in collections. Formation temperatures were close to ambient, the depth of
formation less than 10 to several 100 m (600-1000 m in
the case of Tsumeb, Namibia).

3.3. Solution cavities in

rocks

The first Fe-encrusted filaments of probable microbial
origin were identified in low-temperature quartz deposited
within solution cavities in massive Devonian limestone at
Warstein, Germany (Kretzschmar, 1982). Similar occurrences are also known for several other sites within 50 km
of Warstein. The age of these occurrences is poorly constrained, but is probably Tertiary. Filamentous micro organisms are enclosed in megaquartz and calcite. Quartz crystals
are of the “Suttrop-Type” (Behr et al., 1979; Behr and Horn,
1984) and record a complex fluid history, with filaments being present only in the youngest growth zones. Fluid inclusion homogenization temperatures for the entombing quartz
indicate crystallization at 100-160°C after filament formation (Kretzschmar, 1982; this study).

3.4. Open space in
Pyritized ammonites from Jurassic black shales in England and Germany (Hudson, 1982) and from the Jurassic
of Switzerland and the Cretaceous of southern France (own
observations) contain geopetal features interpreted as stalactites (Hudson, 1982). Based on the similarity with pseudostalactitic features from volcanic and oxidation zone environments an interpretation as pyrite-encrusted, gravityoriented microbial filaments appears more likely.

3.5.

environments

A small number of samples showing structures resembling filamentous biofabrics are derived from hydro-
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thermal veins in crystalline rocks (Campbell and
Barton, 1996; Hofmann, 1989; Walter and Reissmann,
Mississippi-Valley-type
(Peck,
chalcedony veins in serpentinites (NMBE collection) and impact melt rocks (Ries, Germany, NMBE
collection). Subaqueously formed carbonate speleothems
(“pool fingers”) that appear to have formed by calcification of microbial filaments (Adolphe et al., 1991; Davis
al., 1990) are the closest recent analogue to filamentous
subsurface biofabrics of pscudostalactitic habit.

4. Mineralogy and geochemistry
The filamentous structures studied here are systematically associated with iron minerals. Fe-rich clays and pyrite
dominate in reduced mineral assemblages, while goethite
and hematite dominate oxidized assemblages. The commonly observed replacement of goethite by Fe-rich clays
indicates that goethite was a very common primary mineral on the filaments, perhaps even where it is now completely altered. The mineralogy of the filaments is relatively monotonous. Three phases of mineralization may be
distinguished:

(A) Initial precipitation forming filaments of approximately I
diameter and composites of filaments.
Minerals precipitated at this stage are fine grained
and do not show preferential orientation. Fe hydroxides, celadonite and pyrite are the most common
phases.
(B) Deposition of later minerals on filaments, typically
Minincreasing the filament diameter to
erals are radially oriented around tubular filaments
and include chalcedony, goethite, hematite, clay minerals, zeolites and a wide variety of oxidation zone
species.
Final cementation, leading to stalk-like forms up to
several cm in diameter and several tens of cm long.
The mineralogy is dominated by quartz varieties and/
or calcite (hydrothermal) or a large variety of oxidation stage minerals (oxidation zones). Where stage
(C) cementation is not complete, mineral-coated
filaments are present in open pore space
(Fig. 3).
An important observation is the fact that nearly identical
filament geometries are present in samples of variable mineralogy, both in a single deposit and in distant occurrences.
This indicates that the occurrence and morphology of mineralized filaments is independent of the host mineralogy, and
is unlikely to be the product of specific mineral forming reactions.
The abundance of goethite as an early mineral in
filament mineralization is consistent with formation
temperatures
(Diakonov et al., 1994). The
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6. Discussion
6.1. Arguments supporting a biogenic origin of
filamentous subsurface fabrics

6.2. Involvement ojmicrobes in mineral precipitation

The subsurface microstructures described here most
likely were formed by fossilization of filamentous microorganisms. We infer a biological origin for the filamentous
forms found in our subsurface examples, based on comparisons with the style of microbial preservation reported
from modem mat systems found in rapidly mineralizing
thermal spring environments (Fig. 1 Both fossil filamentous microbes from thermal springs and our subsurface
filaments consist of curved, tubular and branching mineral
filaments with constant core diameters, are largely devoid
of organic matter and closely resemble known biological
structures.

The glycoproteins of bacterial cell walls have been
shown to passively bind metal ions, and some metals
Fe, Mn,
and V) are known to be important components of metalloenzymes and required co-factors for cell
growth (Ehrlich, 1986). Thus, these elements are actively
concentrated by many heterotrophic micro-organisms,
which enhances the opportunity for early diagenetic
mineralization. The precipitation of Fe- and Mn-oxides
may be directly mediated by physiological processes,
oxides forming either
with fine-grained
lularly,
as in some magnetotactic bacteria
et al.,
or accumulating on cell surfaces (Ferris

5. Estimating the abundance of subsurface biofabrics

.
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Probably the strongest argument for biogenicity is
the tubular architecture of the filaments at a constant
diameter, and the coalescence of these filaments into
mat-like structures, often showing gravity draping. While
various filamentous and spiral forms can be produced
by growth in gels, we are not aware of any
ological process producing tubular filaments of this
narrow size range (Figs. 2 and 4). Gravity draping
(Fig. 2) is very common and suggests that the filaments initially consisted of flexible, nonrigid material
such as an organic polymer. Other features supporting
a biological interpretation are the branched morphology (Figs. 2 and 3 ) and the presence of differentiated
structures, such as twisted stalks (Fig. 5) and globules
associated with some filaments. Finally, filaments are
typically present in mineral assemblages formed at temperatures below -100°C based on the abundance of
primary goethite and geological context (Table
We
find the similarity between these features and those
observed in fossilized materials of modem terrestrial
(Fig. 1; Cady and Farmer, 1996) and submarine
and Halbach, 1996; Zierenberg and Schiffman,
1990) thermal spring environments to be especially
compelling.
The lack of organic carbon in our structures is not surprising, considering that they originate on microbial filaments
diameter that contained just a few
of approximately 1
weight percent organic carbon, and the rather oxidizing environment indicated by abundant goethite.
Among possible abiogenic origins of filaments (fibrous
crystals, speleothems, fluid inclusion trails, vermiform crystal aggregates), none is compatible with gravity-draped
tubular filaments of very restricted size range.
cal explanations such as “biomorphs”, noncrystallographic
mineral precipitates experimentally formed in silica-rich
environments (Garcia-Ruiz, 198 1994; Garcia-Ruiz and
Amoros, 1998) cannot explain the very restricted size
range in our samples, the independence of filament size and
fabric architecture from the type of environment, and the
gravity draping.

homogenization temperatures of fluid inclusions in quartz
to 160°C
postdating filament formation ranges from
for several occurrences, indicating a rise in temperature
after filament formation.
Filaments do not contain microscopically visible remnant organic matter, which is consistent with the oxidation
of organic materials shortly after entombment. This style
of preservation was also noted in both modem (Cady
and Farmer, 1996) and Devonian-aged siliceous sinters
Walter et al.,
from Queensland (Walter et al.,
1998).

-
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The probability to find subsurface biofabrics in a randomly taken sample from volcanic rocks must be considered low because secondary minerals constitute only a
very small fraction of such rocks. However, among samples of secondary mineral precipitates from volcanics and
oxidized ores, subsurface biofabrics are quite common. A
rough estimate can be made based on the abundance in
mineral collections. Among 209 investigated specimens
of quartz and zeolites from volcanic rocks and of oxidation zone minerals in the collections of the Bem Natural
History Museum, 14% of samples from volcanic environments and 21% of samples from oxidized ore deposits
contained filamentous structures of probable microbial origin (only samples collected prior to this study counted).
This estimate may be biased for a number of reasons
with possible under- and overrepresentation of
containing samples. Still, the common occurrence of subbiofabrics is demonstrated to such an extent that
they can be regarded as an integral constituent of volcanic
formations having undergone hydrous low-T alteration, and
of oxidized ore deposits.
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et al., 1988) or within exopolymer matrices (Geesy and Jang,
1989). The initial precipitation of Fe-hydroxides as an early
phase could be due to active physiological mediation of
precipitation by organisms. However, studies of modem
thermal springs suggest that it is more likely that the
bulk of the precipitation is driven by inorganic processes
and redox potential.
such as changes of temperature,
Organisms, nevertheless, provide surfaces for the initial
setting up morphological
nucleation of minerals, in
patterns that persist during subsequent growth and accretion. While this can result in a lack of preserved isotopic or
other geochemical signatures for life, it may also lead to the
formation of characteristic micro- and mesoscale biofabrics
that are indicative of life (Farmer and Des Marais, 1994).

6.3. Types of involved micro-organisms
The types of micro-organisms potentially responsible for
the formation of the subsurface filamentous structures discussed here is uncertain. The size range of the filaments
and inferred preservational environments are consistent with
or fungal origin. Energy requirements
a bacterial,
of micro organisms under such conditions could have been
met by redox couples such as
or
However, the simple filamentous forms described here
do not necessarily require biochemical simplicity. In fact,
most heterotrophic communities contain many smaller filamentous and coccoidal species that are not easily preserved. Thus, taphonomic biases may mask the full range
of metabolic complexity possible within microbial consortia
(Jorgensen et al., 1992). Iron oxidizers are indicated as possible key candidates based on morphology (Fig. 5) and the
predominance of ferric iron minerals as early precipitates on
filaments.

6.4. Application in the search for fossil life on Mars
Based on the currently available information on the
geology of Mars it appears very likely that formerly
saturated macroporous subsurface environments
vesicular and brecciated volcanic and impact rocks) are very
common and may even constitute major fractions of the
upper Martian crust. Sulfide-rich rocks and iron carbonates, possible energy sources in presence of an oxidant,
may also be present based on evidence from Martian meteorites. Rocks very similar to those hosting widespread
terrestrial subsurface microbial fabrics are thus most likely
present on Mars. It appears straightforward, therefore,
to use terrestrial subsurface microbial fabrics as an analogue for potential remnants of similar Martian life forms.
Potential target areas include all features indicative of
possible water percolation (fractures, vesicles, secondary
minerals). The macroscopic characteristics of filamentous
pseudostalactites) would provide means for
fabrics
relatively easy recognition. Unambiguous interpretation of
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possible filamentous structures recognized on Mars will
depend heavily on determining the modes of origin of
terrestrial counterparts.

6.5. Further research on subsurface filaments
Further research will be needed to provide additional
evidence for the proposed biogenicity of the subsurface filaments described in this study. Arguments to be tested include
the presence of organic carbon in the center of filaments,
enrichments of trace elements in filament cores, and fractionation of stable isotopes
Fe). A more detailed
characterization of the environments of formation using
petrography, stable isotopes and fluid inclusions is also
planned. This will help to identify possible sites of active
filament formation. Such sites will be needed to investigate
the process of the actively ongoing filament mineralization
in a way similar to studies in mineralizing hot spring environments (Farmer and Des Marais, 1994; Cady and Farmer,
1996).

7. Conclusions
Filamentous fabrics of possible microbial origin are common in terrestrial subsurface environments. Even though
only a small fraction of subsurface biota may be fossilized in
such a way, these micro- to macroscopic scale features are
interpreted to be morphological evidence for the widespread
occurrence of subsurface life in the geological past. Mineralization of microbes appears to be a common process
in low-temperature subsurface environments. Unexplained
morphological features such as certain “stalactites” with
micron-sized cores (Campbell and Barton, 1996) and
dendritic moss agates may have been formed by the encrustation and replacement of microbial filaments and associated
composite mat features within environments previously considered to be devoid of microbial remains. Our results open
perspectives for exploring new aspects of the fossil record of
life on Earth and possibly on Mars and other planetary bodies. On Mars, subsurface environments consisting of porous
volcanic rocks with water likely existed in the past and
may even persist today as deep aquifers confined beneath a
capping cryosphere of shallow crustal ground ice (Clifford,
1993). Modern and ancient groundwater environments have
been identified as important targets for future exploration
and sample return by the U.S. Mars Global Surveyor Program
1996). Our study suggests a potentially
productive line of inquiry in the exploration for a Martian
fossil record. Volcanic terranes are widespread on Mars and
are likely to host a variety of low-temperature hydrothermal
deposits and secondary minerals disseminated though volcanic host rocks as fracture (vein) and amygdulc fills. Such
secondary minerals are likely to be present in abundances
too low to be detected by orbital remote sensing and may
require the use of instrumented rovers for detection.
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