
Understanding Astrobiological False 
Positives from Terrestrial Microbiology

–––
Martin Homann



Biosignatures in terrestrial and planetary contexts
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• Objects, substances, and/or patterns whose origin 
specifically require a biological agent (Des Marais 
et al. 2003).

• Candidate biosignatures are ranked by 3 criteria: 
reliability, survivability, and detectability.

• The usefulness of a biosignature comes not only 
from the probability of life having produced it, but 
also from the improbability of non-biological 
processes producing it (Mustard et al, 2013). 



False positives and controversial biosignatures

Morphological evidence alone is insufficient to 
determine the biogenicity of a lifelike structure.
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and pressures31, even though such jaspers generally lack carbonaceous 
material22,28,32,33. The presence of abundant microcrystalline quartz in 
jaspers may provide strong protection of primary features, such that 
deformation and metamorphism do not obliterate all depositional and 
diagenetic textures preserved by haematite29.

Haematite filaments in the NSB jasper are between 2 and 14 µ m in 
diameter and up to 500 µ m in length (Fig. 1; Extended Data Fig. 4).  
Some of the filaments exhibit loose coils (Extended Data Fig. 4a), 
some are branched (Fig. 1c), and some form twisting plates of haema-
tite around a core that radiate from terminal knobs (Extended Data  
Fig. 4e, f). They occur within quartz layers of the jaspers, in millimetre- 
sized domains together with haematite rosettes (Fig. 1c), and comprise 
micrometre-sized grains of haematite that are in turn  enveloped by nano-
scale haematite (Fig. 1d). Cross-polar images show that the  filaments do 
not occur along grain boundaries (Fig. 1d). Some  filaments are associated 
with micrometre-sized carbonate grains, which locally occur together 
with graphite (Extended Data Fig. 5). The NSB filaments (Fig. 1a–d) 
have morphologies and compositions similar to those of filaments that 
occur commonly in Phanerozoic jaspers of seafloor-hydrothermal origin, 
such as those from Løkken, Norway (see Supplementary Information; 
approximately 480 Myr; Fig. 1b) and the Franciscan Complex, California, 

USA (approximately 185 Myr)33. The NSB  filaments are also similar to 
microbial filaments found in modern, low-temperature hydrothermal 
vents23,26, some of which display twisted and branched morphologies 
known to be formed by iron- oxidizing bacteria21,26,30.

Within the NSB jasper, cylindrical tubes with walls composed of dense 
nanoscale haematite grains are preserved within coarse (50–500 µ m)  
quartz, which encapsulates the entire structure and fills the centres 
(Fig. 2). Depth reconstructions demonstrate the consistent shape of the 
tubes and filaments along their lengths and the cylindrical morphology 
of the tubes in three dimensions (Fig. 2b, Extended Data Fig. 4). The 
tubes are straight, have diameters of 16–30 µ m (Extended Data Fig. 4), 
and vary in length from 80 to 400 µ m. Most tubes are filled with quartz 
only, but some encapsulate a filament composed of micrometre-sized, 
platy grains of haematite that extend radially outward from the core of 
the filament (Fig. 2c), similar to those in younger jaspers (Fig. 2g). The 
NSB tubes form aligned clusters within patches of locally coarser quartz 
(Fig. 2a, e), similar to tubes in the Løkken jaspers (Fig. 2h), and occur 
in lamination-deflecting, concretionary structures (Extended Data  
Fig. 3b, c) and within quartz layers between millimetre-thick haematite– 
magnetite layers (Extended Data Fig. 3f). About one in ten tubes in the 
NSB terminate with a haematite knob (80–120 µ m in diameter); about 
half of those have a second tube attached (Figs 1a, 2f).

The tubes exhibit features attributed in other seafloor-hydrothermal 
jaspers to fossil remains of iron-oxidizing bacteria28: 1, tubes contain 
internal haematite filaments, similar to those of modern microbial 
remains23,26; 2, some tubes are attached to terminal haematite knobs, 
like microbial tubes documented throughout the geological record28,32 
and in modern hydrothermal precipitates21,24; 3, uniform tube diam-
eters are in the same 16–30-µ m range as those of tube microfossils 
in the Mt. Windsor and Uralian jaspers29,34; 4, tubes are aligned in a 
similar direction (as in some ancient jaspers34), which is characteristic  
of some modern iron-oxidizing bacteria24,28,30,35; and 5, tubes and  
filaments co-occur with apatite, carbonate, and carbonaceous material, 
as in microfossils within the Løkken (Extended Data Fig. 5) and other 
Phanerozoic jaspers36.

To assess the biogenicity of the NSB putative microfossils we con-
sider as a null hypothesis plausible abiogenic mechanisms that could 
create haematite tubes and filaments through metamorphic stretching 
or diagenetic processes (see Supplementary Information), such as fluid 
flow, precipitation reactions, and self-assembly. However, no known 
mechanism can wholly facilitate the growth of multiple tubes from a 
single haematite knob at varying angles (Fig. 1a, Extended Data Fig. 4)  
during metamorphic or diagenetic reactions, together with the  
formation of internal coiled, branched, and twisted filaments (Extended 
Data Fig. 4) with haematite envelopes (Fig. 1d), in addition to their 
close spatial association with carbonate and graphitic carbon (Extended 
Data Fig. 5). Collectively, our observations cannot be explained by a 
single or combined abiogenic pathway, and therefore we reject the null 
hypothesis.
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Figure 1 | Transmitted light images of haematite filaments from 
the NSB and Løkken jaspers. a, Filaments from the NSB attached to a 
terminal knob (arrow) coated with nanoscopic haematite. b, Filaments 
from the Løkken jaspers coated with nanoscopic haematite and attached 
to terminal knobs (red arrows) and branching (orange arrows). Inset, 
multiple filaments attached to a terminal knob. c, Filaments from the NSB 
in quartz band with haematite rosettes (green arrow). Inset, branching 
filament (orange arrow). Green box defines d. d, Filament from the NSB 
enveloped in haematite (inset, same image in cross polars).
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Figure 2 | Transmitted light images of haematite 
tubes in the NSB and Løkken jaspers. a–f, Tubes 
from the NSB. a, Tubes associated with iron oxide 
band. b, Depth reconstruction of tubes with 
haematite filament (arrow). Inset, image of tubes 
at the surface. c, Tube showing a twisted filament 
(red arrow) and walls (black arrow). d, Strongly 
deformed tubes. e, Depth reconstruction of tubes. 
f, Two tubes attached to terminal knob (arrows); 
lower image taken in false colour. g, h, Tubes from 
the Løkken jaspers. g, Tube showing filament  
(red arrow) and walls (black arrow). h, Aligned 
tubes (green arrows).
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presence of barium that was likely hydrothermally sourced (Van
Kranendonk, 2006; Griffith and Paytan, 2012), this suggests that the
phyllosilicate is a complex hydrothermal association of mica alteration
products that are best termed vermiculite-like.

Further ChemiSTEM mapping shows that carbon (Figs. 9 and 10,
yellow) and iron oxides (Figs. 9 and 10, red) are closely associated
with the phyllosilicate filaments. Both carbon and iron are seen inter-
leaved between sheets of phyllosilicates within the body of the fila-
ments, and also coat the outer margins of some parts of the filaments.
In addition, carbon frequently occurs away from the filaments within
the quartz matrix (Figs. 9b,f, 10b, 11a–b) where it forms a boundary
phase between quartz grains. ChemiSTEM mapping also gives insights
into the relative timing of the introduction of carbon into these fila-
ments. Carbon is frequently found coating barium-rich phyllosilicate
grains and coating iron oxide particles (Fig. 11c–e), indicating that at
least some of the carbon was the latest of all of the phases to become
associated with the filaments.

FIB-SEM data reveal further complexities to the filaments and
additional insights into carbon distribution (Figs. 12 and 13). For these
analyses, hundreds of successive 200 nm thick slices were milled
through four representative filaments (filaments 8, 15, 33 and 97;
shown petrographically in Figs. 6e,g, 4k, and 3d respectively). After
each slice was cut an SEM image was acquired. These images demon-
strate how the morphology of the filaments changes quite significantly
over spatial scales of only a few micrometres. In some slices, their fila-
mentous nature is clear and the sheet-like phyllosilicate grains appear
neatly stacked (Fig. 13b, slices 133 and 143). In other slices, filaments

are seen to branch (Fig. 13a, slice 85, labelled ‘branch’), abruptly thicken
(Fig. 12a, slice 8, compare top and bottom of image) or be joined by
additional microstructures (Fig. 12a, slice 137, centre right). Further-
more, SEM highlights a number of nano-cracks within the chert matrix
(Fig. 12a, slice 88 and Fig. 13a, slice 85); these commonly feed right
into the filaments and are frequently filled with carbon, once again
highlighting the fact that carbon can be a rather late phase in the vicinity
of the filaments. Like the TEM data, the SEM data show significant
amounts of carbon interleaved between phyllosilicate sheets
(e.g., black material in Fig. 13b, slices 133 and 143), around the margins
of the filaments (e.g., Fig. 13a, slice 85), and dotted throughout the
quartz matrix (e.g., Fig. 13b, slice 45).

Raman microspectroscopy was performed in order to compare the
distribution and thermalmaturity of carbon in our newCHIN-3material
to that in previous studies of the holotype ‘microfossils’ (e.g., Brasier
et al., 2002; Schopf et al., 2002, 2007; Schopf and Kudryavtsev, 2009,
2012). Raman spectra obtained from the filaments across the 100–
1800 cm−1 spectral region exhibit vibrational bands at ~1350 cm−1

(carbon ‘D’ or ‘disordered’ band) and ~1600 cm−1 (carbon ‘G’ or
‘graphitic’ band) characteristic of kerogenous carbonaceous materials
(Fig. 14) and are comparable to previous Raman analyses of the Apex
‘microfossils’ (e.g., Fig. 4 of Brasier et al., 2002; Fig. 3 of Schopf et al.,
2002; Fig. 6 of Schopf and Kudryavtsev, 2009). Quantitative compari-
sons are not possible because detailed parameters (e.g. exact D and G
peak positions and widths, plus D/G intensity ratios) are not reported
in those previous publications, and small changes in the position of
the carbon D band can be caused by the use of different lasers

Fig. 6. Apex chert ‘microfossil’ holotypes (Schopf, 1993) plus equivalent filaments from our newmaterial (part 4 of 5). (a–b) Primaevifilum amoenum holotype and accompanying inter-
pretative sketch (Schopf, 1993). (c) Primaevifilum amoenum holotype reimaged using Automontage software (Brasier et al., 2002) showing possible side branch (arrow). (d–g) Filaments
equivalent to Primaevifilum amoenum from sample CHIN-3. Stars indicate filaments investigated using high spatial resolution electron microscopy in this study. (h–i) Examples of
bifurcated cells and cell pairs (arrows) as stated in Schopf (1993) and reimaged using Automontage software (Brasier et al., 2011). (j–m) Examples of ‘bifurcated cells’ and ‘cell pairs’
(arrows) from filamentous microstructures within sample CHIN-3. (n) Filament 155, with yellow line indicating position of the extracted TEM wafer shown in Fig. 10a–b. (o) Filament
101, with yellow line indicating position of the extracted TEM wafer shown in Fig. 9. Small red numbers simply refer to the naming convention of the filaments. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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presence of barium that was likely hydrothermally sourced (Van
Kranendonk, 2006; Griffith and Paytan, 2012), this suggests that the
phyllosilicate is a complex hydrothermal association of mica alteration
products that are best termed vermiculite-like.

Further ChemiSTEM mapping shows that carbon (Figs. 9 and 10,
yellow) and iron oxides (Figs. 9 and 10, red) are closely associated
with the phyllosilicate filaments. Both carbon and iron are seen inter-
leaved between sheets of phyllosilicates within the body of the fila-
ments, and also coat the outer margins of some parts of the filaments.
In addition, carbon frequently occurs away from the filaments within
the quartz matrix (Figs. 9b,f, 10b, 11a–b) where it forms a boundary
phase between quartz grains. ChemiSTEM mapping also gives insights
into the relative timing of the introduction of carbon into these fila-
ments. Carbon is frequently found coating barium-rich phyllosilicate
grains and coating iron oxide particles (Fig. 11c–e), indicating that at
least some of the carbon was the latest of all of the phases to become
associated with the filaments.
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additional insights into carbon distribution (Figs. 12 and 13). For these
analyses, hundreds of successive 200 nm thick slices were milled
through four representative filaments (filaments 8, 15, 33 and 97;
shown petrographically in Figs. 6e,g, 4k, and 3d respectively). After
each slice was cut an SEM image was acquired. These images demon-
strate how the morphology of the filaments changes quite significantly
over spatial scales of only a few micrometres. In some slices, their fila-
mentous nature is clear and the sheet-like phyllosilicate grains appear
neatly stacked (Fig. 13b, slices 133 and 143). In other slices, filaments
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additional microstructures (Fig. 12a, slice 137, centre right). Further-
more, SEM highlights a number of nano-cracks within the chert matrix
(Fig. 12a, slice 88 and Fig. 13a, slice 85); these commonly feed right
into the filaments and are frequently filled with carbon, once again
highlighting the fact that carbon can be a rather late phase in the vicinity
of the filaments. Like the TEM data, the SEM data show significant
amounts of carbon interleaved between phyllosilicate sheets
(e.g., black material in Fig. 13b, slices 133 and 143), around the margins
of the filaments (e.g., Fig. 13a, slice 85), and dotted throughout the
quartz matrix (e.g., Fig. 13b, slice 45).

Raman microspectroscopy was performed in order to compare the
distribution and thermalmaturity of carbon in our newCHIN-3material
to that in previous studies of the holotype ‘microfossils’ (e.g., Brasier
et al., 2002; Schopf et al., 2002, 2007; Schopf and Kudryavtsev, 2009,
2012). Raman spectra obtained from the filaments across the 100–
1800 cm−1 spectral region exhibit vibrational bands at ~1350 cm−1

(carbon ‘D’ or ‘disordered’ band) and ~1600 cm−1 (carbon ‘G’ or
‘graphitic’ band) characteristic of kerogenous carbonaceous materials
(Fig. 14) and are comparable to previous Raman analyses of the Apex
‘microfossils’ (e.g., Fig. 4 of Brasier et al., 2002; Fig. 3 of Schopf et al.,
2002; Fig. 6 of Schopf and Kudryavtsev, 2009). Quantitative compari-
sons are not possible because detailed parameters (e.g. exact D and G
peak positions and widths, plus D/G intensity ratios) are not reported
in those previous publications, and small changes in the position of
the carbon D band can be caused by the use of different lasers

Fig. 6. Apex chert ‘microfossil’ holotypes (Schopf, 1993) plus equivalent filaments from our newmaterial (part 4 of 5). (a–b) Primaevifilum amoenum holotype and accompanying inter-
pretative sketch (Schopf, 1993). (c) Primaevifilum amoenum holotype reimaged using Automontage software (Brasier et al., 2002) showing possible side branch (arrow). (d–g) Filaments
equivalent to Primaevifilum amoenum from sample CHIN-3. Stars indicate filaments investigated using high spatial resolution electron microscopy in this study. (h–i) Examples of
bifurcated cells and cell pairs (arrows) as stated in Schopf (1993) and reimaged using Automontage software (Brasier et al., 2011). (j–m) Examples of ‘bifurcated cells’ and ‘cell pairs’
(arrows) from filamentous microstructures within sample CHIN-3. (n) Filament 155, with yellow line indicating position of the extracted TEM wafer shown in Fig. 10a–b. (o) Filament
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commonly asymmetrical cones or domes, as demonstrated by images 
of a sawn block from the outcrop (Extended Data Fig. 4). Some of the 
coniform structures are asymmetrical, with one of their sides steeper 
than the other, similar to the asymmetry displayed by some better pre-
served stromatolites from the ∼ 3,400-Myr-old Strelley Pool Formation 
and ∼ 2,030-Myr-old Wooly Dolomite (Fig. 1c, d: for example, see ref. 12).

Amphibolite facies metamorphism has caused recrystallization 
of the stromatolites to 100–200 µ m granoblastic aggregates of dolo-
mite +  quartz (Extended Data Fig. 3a) that mostly obscures original 
fine-scale growth structures. Nonetheless, on outcrop the outer mar-
gins of site A stromatolites show internal lamination that is continuous 
across the crests of the structures (Fig. 1a, b). Additionally, backscat-
tered electron imaging near the crest of a structure demonstrates 
preservation of a millimetre-scale compositional layering parallel to 
the upper bounding surface of the stromatolite, despite Ostwald rip-
ening during recrystallization giving the current granoblastic texture 
(Extended Data Fig. 3). Both the outcrop exposures (Fig. 1a, b) and 
cut surfaces of the sawn sample (Extended Data Fig. 4) show that thin, 
horizontal sedimentary beds onlap the dipping sides of the stroma-
tolites in a similar fashion as documented for 3,400-Myr-old Strelley 
Pool Formation stromatolites and indeed stromatolites of any age12. 
Significantly, Ti and K abundances, which are indicative of phlogo-
pite content reflecting an original muddy component of the sediment, 
are lower by an order of magnitude in the stromatolites relative to the 
adjacent sediment (Extended Data Fig. 4d). This supports the theory 
of the stromatolites having grown by microbial activity rather than by 
abiogenic precipitation of mineral crusts.

At site ‘B’, lower amplitude (1 cm), more closely spaced, domical 
stromatolites are outlined at the top of a metadolomite unit where it is 
overlain by bedded, cross-laminated metasandstones (quartz +  minor 
dolomite +  phlogopite ±  muscovite; Fig. 2b, c, Extended Data  
Fig. 2d and Extended Data Table 1). Bedding in the sedimentary rock 
immediately above the metadolomite is defined by draping phlogopite  
+  dolomite laminae and contrasts sharply with the well-developed,  
centimetre-scale cross-stratification present in the overlying quartz-rich 
metasandstones that gives a way-up indicator. The cross-lamination 
is hummocky, with clearly developed erosional surfaces. This type of 
depositional structure is most widely developed where there is repeated 
change of current direction, such as controlled by tides. This bedding 
style is distinct from, and unaffected by, the underlying domical struc-
tures and represents one of the best-preserved sedimentary structures 
in the Isua supracrustal belt (Fig. 2b, c; Extended Data Fig. 2b).

Low-deformation lacuna site ‘C’ preserves a 30-cm-thick dolomite- 
rich breccia lens that is associated with dolostone (Fig. 2d). The  
breccia consists of randomly orientated, angular clasts of bedded 
quartz-rich and carbonate-rich metasedimentary rocks in a finer 
grained dolomite +  quartz matrix. Some clasts contain abundant hyalo-
phane (Extended Data Table 1), a barium-rich feldspar that commonly 
develops in metamorphosed dolomitic, marly, evaporitic rocks19. The 
random orientation of the clasts, combined with some showing plastic 
deformation, resembles tempestite breccias formed in shallow marine 
environments where partially lithified material is ripped up and rede-
posited by deepening of the wave base during storms. This shallow 
water setting contrasts with evidence that sedimentary rocks in other 
tectonic packages of the ISB formed in deeper water conditions2,16. This 
reinforces the diverse origins of different packages of rocks in the belt18.

The barium-rich character of some layers of the dolomitic succession 
(up to 1 wt% BaO) now represented by halogen-rich barian phlogo-
pite ±  barian muscovite ±  hyalophane (Extended Data Table 1), support 
periodic evaporitic conditions and the generally shallow water envi-
ronment. Tempestite breccias formed by wave action require ice-free 
waters. This, together with the absence of glaciogenic diamictites in 
the ISB, indicates an equable climate at 3,700 Ma that, under the faint 
young Sun, was probably supported by a more CO2- and/or CH4-rich 
atmosphere20,21.
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Figure 1 | ISB site A stromatolites and younger ones from Western 
Australia. a, Site A stromatolites. Image is inverted because layering is 
overturned in a fold. b, Interpretation of a, with isolated stromatolite 
(strom) and aggregate of stromatolites (stroms). Locally, lamination is 
preserved in the stromatolites (blue lines). Layering in the overlying 
sediment (red lines) onlaps onto the stromatolite sides. A weak tectonic 
foliation is indicated (green lines). c, Asymmetrical stromatolite and 
d, linked domical stromatolites from the Palaeoproterozoic28 Wooly 
Dolomite, Western Australia. The lens cap is 4 cm in diameter. Image c is 
left-right-reversed for comparison with panels a, b.
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Figure 2 | ISB stromatolite mineralogical textures and site B and C 
occurrences. a, SEM image showing quartz (qtz) and dolomite (dol) 
equilibrium, with phlogopite (phlog) and pyrite +  magnetite (py-mag). 
Blue crosses with numerals are energy dispersive spectra analytical sites. 
b, Site B dolostone (dolostone) has domical interface with cross-laminated 
dolomitic sandstone (dol +  qtz; image top). The red arrow indicates 
erosional scouring of a layer. ‘C’ indicates the site of the thin section in c. 
Pen for scale. c, Photomicrograph from the domical interface, showing 
draping of phlogopite +  dolomite layers (blue arrows) within sediment 
immediately above a dolostone domical structure. d, Site C breccia with 
layered chert (ch) and dolomite (dol) jumbled clasts.
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alignment of the ridges with the lengthening direction indicated by 
the rock fabrics.

The previous study1 included outcrop photographs of thin, recessive 
laminae that tangentially truncate against a structure, which the authors 
use as evidence of seafloor growth of a stromatolite. However, similar 
truncation occurs in our sample where micaceous foliation terminates 
against the triangular structure—an observation that is consistent 
with the presence of a rigid object (the quartzose ridge) in a ductilely 
deforming rock, leading to deflection and pressure solution of the mica 
and carbonate foliation on the shortening side. Tangentially truncated 
laminae observed in the thin section1 occurred at site B. However, the 

putative stromatolitic structures from site B illustrated in the previous 
study1 are very different from those at site A: the published image only 
shows an undulose lithologic contact (Fig. 2b of the previous study1).

PIXL (planetary instrument for X-ray lithochemistry) micro-X-ray 
fluorescence maps of elemental composition cast new light on putative 
evidence for biological activity1. First, maps of the distribution of the 
elements calcium, iron and manganese show that ‘stromatolitic’ lamina-
tion internal to the structures is actually a dolomitic alteration rim on a 
quartzose interior (Fig. 1g) and that there is no other compositional rel-
ict of internal lamination in the structures. Second, titanium and potas-
sium are depleted not only in the ‘stromatolites’ but also throughout the 
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Fig. 1 | Putative stromatolites of Greenland. a, Seven structures in 
outcrop (arrows, white dashed line). b–d, Sample from site A. b, Face 2 
shows even, parallel layering. c, d, Face 1 shows irregularly layered fabric 
with planar discontinuities (arrows in c) and convex-up features (two 
yellow arrows in d). Yellow dashed boxes indicate panels expanded in g, 
h as indicated. e, Oblique view of the sample. f, Sample from the previous 
study1, equivalent to face 1. Lines indicate the path of X-ray fluorescence 

scans in the previous study1. The ‘d’ denotes their scan through the 
stromatolite. g, PIXL element maps of stromatolite and matrix (yellow 
box in c). Dashed line marks the edge of the structure, below which the 
composition shows a gradient from a Ca–Mn–Fe-rich rim to a Si-rich 
interior. h. PIXL maps of the light-grey layer (yellow box in b) show 
elemental composition, including  Ti and K depletion, identical to the 
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• Possibly abiotic Fe-
mineralized chemical 
gardens

• Mineral artefacts; sheets 
of phyllosilicates with 
carbonaceous coatings

feroxyhyte have previously been reported as products of the
reaction between ferrous sulfate and sodium silicate solutions,
in agreement with this interpretation of the XRD data [41].

(c) Growth at lower solution pH
I observed the effect of lowered pH on the growth of iron-
mineral filaments. In sodium carbonate solutions acidified
with hydrochloric acid (thus containing less carbonate and
more bicarbonate in solution), filaments and tubes grew
abundantly from ferrous sulfate grains at pH values as low

as 9.0, and sparingly at pH values as low as 7.0, despite the
paucity of carbonate ions at this pH (figure 3). Sodium silicate
solutions polymerized too rapidly for experiments below pH
11.0, but at this pH filaments also grew abundantly, albeit
more slowly than at higher pH.

3. Discussion
(a) Comparison with previously reported biomorphs
Here, I have shown that the reaction of ferrous sulfate grains
with sodium carbonate and sodium silicate solutions in shallow
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Figure 2. Composition of chemical garden filaments showing iron (oxyhydr)oxides. (a) Raman spectra showing characteristic peaks for hematite obtained on repeat
analysis of Raman laser-damaged filaments. The additional peaks at approximately 1000 cm−1 in the uppermost spectrum are due to the underlying plastic Petri
dish. The hematite standard shown for comparison is RRUFF 040024 [37]. (b) XRD traces showing the occurrence of diffraction peaks at angles consistent with
goethite, ferrihydrite, hematite, and feroxyhyte (corresponding reference sample numbers in the Crystallographic Open Database are indicated). The low signal-
to-noise ratio is due to poor crystallinity and iron fluorescence. (Online version in colour.)

pH 12 pH 11 pH 10

pH 9 pH 8 pH 7

Figure 3. Photomicrographs of individual filaments grown in sodium carbonate solutions acidified to pH 12–7. The filaments illustrated are of lengths 200 µm
(pH 12), 120 µm (pH 11), 120 µm (pH 10), 220 µm (pH 9), 105 µm (pH 8), and 120 µm (pH 7). (Online version in colour.)
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(e.g., our 785 nm laser compared to the 488.1 nm, 514.5 nm or 531 nm
lasers of previous studies; cf. Pocsik et al., 1998). Quantitative compari-
sons are also hindered by potential inaccuracies in carbon D band
parameters induced by the presence of hematite (having a major vibra-
tional band at ~1320 cm−1, very close to the carbon D band) in some
Apex samples (cf. Marshall and Olcott Marshall, 2013). Nevertheless,
the Raman data show that our new filaments contain carbon of very
similar thermal maturity to both that found in the Apex ‘microfossil’
holotypes (e.g., Schopf et al., 2002), and to indigenous carbon reported
elsewhere in the Apex black chert veins (e.g., Olcott Marshall et al.,
2012; Sforna et al., 2014).

Raman mapping using the c. 1600 cm−1 carbon G band confirms
that carbon is correlated with filamentous morphology in CHIN-3
(Fig. 14a–j). In some filaments the Raman maps indicate moderate
amounts of carbon rather homogenously distributed throughout the
body of the filament (Fig. 14i–j). This is equivalent to most Raman
maps of the ‘microfossil’ holotypes (e.g., fig. 2 of Schopf et al., 2002)
where the ‘microfossils’ appear to be rather solid carbonaceous
filaments. In several other CHIN-3 filaments, the distribution of carbon
is heterogenous with carbon-rich portions separated by carbon-poor
portions (Fig. 14a–h). In these cases the maps most closely resemble
those presented previously for the holotypes of P. amoenum and
P. conicoterminatum (Fig. 4 h–l, o–t of Schopf et al., 2007) where the
box-like carbon-poor zones in the maps were interpreted as cellular

compartments now filled with quartz. A three-dimensional reconstruc-
tion of sequential Raman maps through filament 8 (Fig. 15a–b) closely
resembles that previously produced for P. amoenum (Fig. 4g of Schopf
et al., 2007). Like P. amoenum, filament 8 appears to comprise a number
of box-like mineral-filled compartments (Fig. 15b, arrows) separated
by carbon. In the absence of other data, these compartments may be
mistaken for cell lumina. However, it is particularly notable that the
distribution of carbon in the Raman maps does not resemble the
distribution of carbon in the higher spatial resolution SEM and TEM
images (compare for example Fig. 14 with Fig. 9, and Fig. 15b with c–g).
This important pointwill be discussed further below (Section4.2). Finally,
Raman mapping also shows that there is a significant amount of carbon
distributed outside of the filaments within the quartz matrix. Raman
spectra from this carbon are almost identical to those from carbon
found within and along the edge of the filaments (Fig. 14k), consistent
with previous observations (Brasier et al., 2002).

Reconstruction and three-dimensional visualisation of the FIB-SEM
data highlights some features of the CHIN-3 filaments that are not
visible in standard optical images or Ramanmaps. For example,filament
8 is seen to have a short branch close to its uppermost termination that
is only visible from certain viewpoints in x,y,z space (Fig. 15d,f, white
arrow). This branch runs from themain long axis of the filament almost
vertically down into the thin section. Hence, it is hidden from view
when the filament is viewed in optical microscopy or visualised looking

Fig. 7. Apex chert ‘microfossil’ holotype (Schopf, 1993) and unnamed paratypes (Schopf and Packer, 1987) plus equivalent filaments from our new material (part 5 of 5).
(a–b) Archaeoscillatoriopsis maxima holotype and accompanying interpretative sketch (Schopf, 1993). (c) Archaeoscillatoriopsis maxima holotype reimaged using Automontage software
showing significant iron staining (Brasier et al., 2011). (d) Filament equivalent to Archaeoscillatoriopsis maxima from sample CHIN-3. (e) Unnamed microfossil from Schopf and Packer
(1987). (f–g) Filaments equivalent to the object shown in (e) from sample CHIN-3. (h) Unnamed microfossil from Schopf and Packer (1987), (i–j) Filaments equivalent to the object
shown in (h) from sample CHIN-3. (k) Unnamed microfossil from Schopf and Packer (1987). (l–m) Filaments equivalent to the object shown in (k) from sample CHIN-3. Star indicates
filament investigated using high spatial resolution electron microscopy in this study. Small red numbers simply refer to the naming convention of the filaments. (n–o) Microstructures
in CHIN-3 with a partial filamentous nature but morphology incompatible with an interpretation as microfossils. In the central portion of (n) large phyllosilicate mineral grains
(arrow) have disrupted the filamentous shape, while in (o) the microstructure is somewhat larger than previously reported for any of the type microfossils. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

9D. Wacey et al. / Gondwana Research xxx (2015) xxx–xxx

Please cite this article as: Wacey, D., et al., 3.46 Ga Apex chert ‘microfossils’ reinterpreted as mineral artefacts produced during phyllosilicate
exfoliation, Gondwana Research (2015), http://dx.doi.org/10.1016/j.gr.2015.07.010

• Abiotic nanobacteria-
like structures

• Probably products of 
structural deformation 
of layered rocks 

LETTERRESEARCH

alignment of the ridges with the lengthening direction indicated by 
the rock fabrics.

The previous study1 included outcrop photographs of thin, recessive 
laminae that tangentially truncate against a structure, which the authors 
use as evidence of seafloor growth of a stromatolite. However, similar 
truncation occurs in our sample where micaceous foliation terminates 
against the triangular structure—an observation that is consistent 
with the presence of a rigid object (the quartzose ridge) in a ductilely 
deforming rock, leading to deflection and pressure solution of the mica 
and carbonate foliation on the shortening side. Tangentially truncated 
laminae observed in the thin section1 occurred at site B. However, the 

putative stromatolitic structures from site B illustrated in the previous 
study1 are very different from those at site A: the published image only 
shows an undulose lithologic contact (Fig. 2b of the previous study1).

PIXL (planetary instrument for X-ray lithochemistry) micro-X-ray 
fluorescence maps of elemental composition cast new light on putative 
evidence for biological activity1. First, maps of the distribution of the 
elements calcium, iron and manganese show that ‘stromatolitic’ lamina-
tion internal to the structures is actually a dolomitic alteration rim on a 
quartzose interior (Fig. 1g) and that there is no other compositional rel-
ict of internal lamination in the structures. Second, titanium and potas-
sium are depleted not only in the ‘stromatolites’ but also throughout the 
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Fig. 1 | Putative stromatolites of Greenland. a, Seven structures in 
outcrop (arrows, white dashed line). b–d, Sample from site A. b, Face 2 
shows even, parallel layering. c, d, Face 1 shows irregularly layered fabric 
with planar discontinuities (arrows in c) and convex-up features (two 
yellow arrows in d). Yellow dashed boxes indicate panels expanded in g, 
h as indicated. e, Oblique view of the sample. f, Sample from the previous 
study1, equivalent to face 1. Lines indicate the path of X-ray fluorescence 

scans in the previous study1. The ‘d’ denotes their scan through the 
stromatolite. g, PIXL element maps of stromatolite and matrix (yellow 
box in c). Dashed line marks the edge of the structure, below which the 
composition shows a gradient from a Ca–Mn–Fe-rich rim to a Si-rich 
interior. h. PIXL maps of the light-grey layer (yellow box in b) show 
elemental composition, including  Ti and K depletion, identical to the 
‘stromatolite’.
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What lines of evidence provide the clearest 
validation of ancient biology in the rock record?



Biogenicity criteria

• Did the object form in a demonstrably 
habitable paleoenvironment?

• Is it assuredly endogenic and 
syngenetic to the host rock?

• Are  morphology and biofabric 
consistent with a biotic origin?

• Is the chemical and isotopic 
composition distinctively life-like? 

Multiple, independent lines of evidence 
are needed to establish biogenicity.

What sample lithologies and accompanying 
analytical techniques should we use for 



Fossil Biosignatures in Deep Time and Space

Early diagenetic mineralization is key for 
preservation and survivability of biosignatures 

Earth’s environmental history. In effect, the mechanisms or
processes by which the early martian environment might have
allowed life to evolve and/or migrate from its points of origin
to new habitats, that is, biological dispersal (e.g., Nemergut
et al., 2013), are barely acknowledged in current exploration
strategy or planning, either theoretically or logistically. Early
life’s evolution on Earth points toward dispersal pathways
intimately connected with all aspects of the environment and
interactions engaging the lithosphere (including geography
and plate tectonics), the atmosphere, the hydrosphere, and
their spatiotemporal changes (e.g., Womack et al., 2010;
Clobert et al., 2012; Buoro and Carlson, 2014).

On Mars, it is unknown whether life arose (e.g., Jakosky and
Shock, 1998; Brack et al., 1999; Brack, 2000; Schulze-Makuch
et al., 2005; Jepsen et al., 2007; McKay, 2010; Cockell et al.,
2012; Westall et al., 2013; Retallack, 2014; Levin and Straat,
2016; Catling and Kasting, 2017). But if it did, it is expected
that the planet’s own specific characteristics and environment
(e.g., the global dichotomy, tectonic style—two-plate planet or
no plate tectonics, and the debated existence of oceans) would
have played an equally important, if not overarching, role in
the origin and evolution of any indigenous biology; and while
early Mars was Earth-like, it was never exactly like Earth.

How much these differences would have affected the evo-
lution of an early biosphere and subsequent dispersal pathways
has yet to be evaluated, but as we embark on a search for
biosignatures, our vision is still very much anchored in a re-
ductionist approach, where diverse data sets are juxtaposed in
snapshots defined by their geological ages. What has yet to
happen is to think of Mars in terms of a possible coevolution of
life and environment, where data are synergistically pulled
together in a dynamic vision of an ecosystem. The merit of
such a perspective is to give consideration to what the char-
acteristics of an early martian biosphere, if any, would have
been like. Performing this exercise to the best of our knowl-
edge, as limited as it may be today, is not only important at this
stage but necessary to the development of a more systemic,
substantive, and informed guiding principle about where to
search (potential exploration sites), what to search for (types of
habitats and biosignatures), and how to explore (scales, reso-
lution, instruments, and detection thresholds).

A number of studies have envisioned spatiotemporal sce-
narios that lead to the definition of habitable environments,
microorganisms, metabolisms, and plausible fossil records on
Mars (e.g., McKay and Stoker, 1989; Brack et al., 1999;
Fairén et al., 2005, 2010; Schulze-Makuch et al., 2005, 2008;
Anand et al., 2006; Knoll and Grotzinger, 2006; Gómez et al.,
2012; Westall et al., 2013; Davila and Schulze-Makuch, 2016;
Ehlmann et al., 2016). Here, we center the focus on envi-
ronmental pathways through which life could have dispersed
over time on Mars and their significance for biomass reposi-
tories and biosignature exploration.

In the following sections, we examine Mars through the lens
of the coevolution of life and environment as we understand it
from early Earth (Fig. 1). We first consider how spatiotemporal
scales and spectral resolution affect our perception of this syn-
ergy, but also how they generate some confusion between the
notions of planetary habitability and habitat, which in turn af-
fects our perspective on detection thresholds. Then, we explore
hypothetical concepts of coevolution, where the factors of a
coevolution include what is known today of life’s origin and
early habitats on Earth—and their timing—projected within the

distinct environmental and physical evolution of early Mars.
This approach considers the recent results from the Mars At-
mosphere and Volatile EvolutioN (MAVEN) mission (e.g.,
Jakosky et al., 2017) and new evidence that Mars was volca-
nically active well into the Late Amazonian (references herein).
From this comparison, a broad ecological framework emerges,
which includes blueprints for early habitats and plausible dis-
persal pathways. Among the pathways identified, some suggest
that differences between the two planets may not have mattered
in the first several hundred million years, whereas other path-
ways would have exposed early life to the pressure of a rapidly
declining planetary habitability. Yet others may have sheltered
and, thus, sustained life since its origin despite surface changes.
All have implications for the distribution and preservation of
biosignatures. The final section is, therefore, devoted to science
focus, detection thresholds, and exploration strategies.

2. The Three Earths and the Three Mars

Environmental changes have accompanied life since its
inception on Earth either as causes or effects (e.g., Knoll,
2009). Assuming life is active, and/or biosignatures pre-
served, any planet or moon that develops a biosphere will
bear the signatures of its own coevolution as embedded data
that sum up all the synergies between life and environment
since their formation, and their relative dominance over

FIG. 1. Framework for a coevolution on Mars—
uncertainties about the origin(s) of life on Earth and the
early martian environment, and the use of Earth’s chronol-
ogy for early life in the context of Mars, limit any notional
coevolution model. Here, the variables are the plausible
environments of origin(s) for life on Mars in view of terrestrial
theories and what is known of the evolution of habitability
on Mars. The fix parameter is life as we know it, with the
chronology provided by discoveries made on Earth to date.
We assume a timing for the earliest evidence of life con-
sistent with Earth at 4.28 Ga (references in the text) and
focus on early life colonization and dispersal pathways from
these environments of origin.

2 CABROLLife as we known it
• Carbon-based and requiring a water solvent
• CHNOPS – key biogenic elements of life on Earth

Where to look for?
• Archean sedimentary rock record: 4 – 2.5 Ga
• Lithified aquatic sediments: carbonates, cherts, … sandstones

What to look for?
• Morphological biosignatures (biofabrics, microfossils)
• Chemical biosignatures (stable isotopes, biominerals, biomarkers)
• Traces of microbial life: microbial mats, biofilms, organic matter

Early diagenetic mineralization is key for preservation and survivability of biosignatures.



Microbial mats
Laminated microbial communities; mainly bacteria and archaea



Biochemical 
sediments

Siliciclastic 
sediments

Microbialites Microbial mats

Stromatolites Thrombolites

Bahar Alouane, 
Tunisia

Microbial mats
Laminated microbial communities; mainly bacteria and archaea



Biosignature and life detection methods

Chan et al, 2019



Examples of terrestrial 
biosignatures in deep time



Wacey, 2009 Homann, 2019

Traces of early life in the Archean rock record



Barberton Greenstone Belt (BGB), South Africa



Homann, 2019

Evidence of early life in the BGB (3.5 – 3.2 Ga)



Stratigraphic thickness: 250 – 400m;  exposed for nearly 50 km

Traces of early life in the Buck Reef Chert 

Homann, 2019

Black and white banded chert Silicified evaporites



100 µm

Silicified mats draping carbonaceous grains

Eroded,  rolled-up 
mat fragments 
indicate former 
cohesive consistency.

Tice and Lowe et al., 2004; Tice, 2009

Microbial mats in the 3.4 Ga Buck Reef Chert 

Rather than a result of post-depositional alteration processes,
the chemical variability observed here can be seen as a legacy,
i.e., this geochemical diversity is very likely inherited. In
other words, the BRC organic films investigated here were
initially chemically different and post-depositional degradation

processes did not completely obliterate these differences. This is
totally consistent with recent experimental results having
suggested/predicted that organic molecular heterogeneities
can withstand diagenesis and be recognized in the geological
record27.
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Fig. 1 SEM images of the BRC organic films. a SEM [BSE] photomicrograph of a surface of freshly fractured chert, and corresponding EDX maps showing
the distribution of carbonaceous films (dark; map ‘C’) in the chert matrix composed of microquartz (light; map ‘Si’); (b–f) SEM [SE] photomicrographs of
individual films from which FIB foils have been extracted (red segments).
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Fig. 2 Raman spectroscopy of the BRC organic films. Representative Raman spectrum of the BRC organic films and its decomposition with a Voigt function. 4
bands were used to decompose the signal and estimate the maximum temperature experienced by carbonaceous matter, following Beyssac, et al.40.
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Carbonaceous biofilms
SEM

Implications for the origin/nature of the BRC organic films. As
is the case of many microstructures found in Paleoarchean
cherts5,6, determining whether the BRC organic films investigated
here are biogenic or abiotic is not straightforward. Carbonaceous
laminations and 100 µm-thick films interpreted as fossilized
microbial mats were previously reported in the BRC29,34,35,37.
Because the organic films investigated here are much smaller, the
direct comparison is difficult. Organic films interpreted as fossi-
lized biofilms were previously described in a black chert sample
from another unit of the Kromberg Formation31 and from the
Strelley Pool Formation13,15. In contrast to the BRC organic films
investigated here, the Kromberg organic films were reported to be
composed of multiple layers of parallel 0.25 µm-thick filaments
that are thickly coated with a heterogeneously textured film that
ranges from ropy, granular, smooth, to holey31, while the Strelley
Pool organic films were reported to display surface textures that
range from granular to smooth and slightly wrinkled13,15. In
addition, contrasting with the BRC organic films investigated
here, the Strelley Pool organic films were reported to have broadly
similar elemental and molecular compositions, consistent with
geologically altered biological compounds, whatever their fine
scale texture13. It thus appears difficult to interpret the BRC
organic films investigated here as being similar in nature to the
Kromberg and Strelley Pool organic films.

Even though this would not constitute a biosignature in itself, the
absence of amide and carboxylic functional groups in some of the
BRC organic films investigated (Fig. 4) makes it difficult to conclude
on their biogenicity at this stage. The fact that the BRC organic
films were initially chemically different (cf. above) appears
consistent with a biogenic origin. In modern stromatolites,
extracellular polymeric secretions can indeed display heterogeneous
chemical degradation rates, and N-enriched organic residues are
produced from the degradation of carbohydrates by heterotrophic
microorganisms55. Yet, it can be conceived that the BRC organic
films investigated here were produced by abiotic processes having
occurred prior to the geological history of the BRC. Abiotic
processes can indeed lead to the formation of nitrogen-rich organic
compounds and chemically heterogeneous kerogen-like particles as
those found in carbonaceous chondrites56–59. In addition, abiotic
hydrothermal or atmospheric processes on the Archean Earth, may
have produced condensed forms of organic matter, as already
suggested for some carbonaceous materials of the BRC35. Worse,
experimental studies of thermal degradation processes have shown
that abiotic organic compounds may produce organic residues
difficult to distinguish from remains of biogenic organic
compounds27,60, especially given that the thermal degradation of
biogenic organic compounds has been shown to be more abstruse

than historically believed16–20,22,24–26,46,61–63. At the end, although
they fulfill many (if not all) of the commonly used criteria of
biogenicity, even the most conservative ones64, further quantitative
constraints on the impact of a geological history on biogenic and
abiotic organic compounds appear necessary to determine the exact
origin of the BRC organic films investigated here.

Concluding remarks. Archean rocks have been exposed to
complex geological processes that have caused the degradation of
biomolecules and/or abiotic synthesis of organic molecules with
chemical features similar to those produced by living
organisms5,6,65. Here, we provide compelling evidence that
inherited molecular differences can survive a 3.4-billion-year-long
geological history punctuated by metamorphic events. Altogether,
the present results highlight that ancient organic microstructures
still carry information on their initial chemical nature. This initial
nature could be reconstructed provided robust experimental
constraints on the impact of a geological history on the chemical
transformations of organic compounds. Undoubtedly, such
reconstructions, associated with detailed chemical characteriza-
tion such as exemplified in this work, would have major impli-
cations for our understanding of early life on Earth and
potentially beyond.

Methods
3.4 Ga BRC sample. The BRC is the basal member of the 3.4–3.3 Ga Kromberg
Formation of the upper Onverwacht Group in the Kaapvaal Craton, South
Africa35,66–68. The BRC consists of silicified evaporites onto which are lying black
and white, and banded ferruginous cherts69. Silica precipitation occurred directly
from seawater on a subsiding volcanic platform35,69,70 or resulted from the
hydrothermal silicification of volcanoclastic deposits in a shallow water
platform36,71,72. For this study, BRC samples of the lower black and white chert
were collected in 2017 (25°55′33.6″S, 30° 54′28.8″E; top of the K1e Member). A
black chert sample was selected for this study, because Paleoarchean organic
structures interpreted as fossilized biofilms were previously reported in similar
rocks of the same Kromberg Formation29,31,34,35,37. The chert sample investigated
here was only mechanically fractured to expose fresh surfaces for further Raman,
SEM, TEM, and STXM experiments, as previously done for similar Paleoarchean
cherts12,13,54, thereby avoiding organic contamination issues related to resin
embedding and polishing.

Raman spectroscopy. Raman spectroscopy was used to document the degree of
structural organization of the aromatic skeleton of the carbonaceous material
composing the films investigated. Raman data were obtained using a Renishaw
INVIA spectrometer (IMPMC, Paris, France) in a confocal configuration equipped
with a 514.5-nm wavelength 50-mW Modulaser Ar laser, on a surface of freshly
fractured chert sample, at room temperature. The configuration used yields a
horizontal resolution of ≈1 μm for a laser power delivered at the sample surface
below 1mW, thereby preventing irreversible thermal damage73,74. Extraction of
spectral parameters from peak fitting procedures and estimation of peak
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Rather than a result of post-depositional alteration processes,
the chemical variability observed here can be seen as a legacy,
i.e., this geochemical diversity is very likely inherited. In
other words, the BRC organic films investigated here were
initially chemically different and post-depositional degradation

processes did not completely obliterate these differences. This is
totally consistent with recent experimental results having
suggested/predicted that organic molecular heterogeneities
can withstand diagenesis and be recognized in the geological
record27.
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Fig. 1 SEM images of the BRC organic films. a SEM [BSE] photomicrograph of a surface of freshly fractured chert, and corresponding EDX maps showing
the distribution of carbonaceous films (dark; map ‘C’) in the chert matrix composed of microquartz (light; map ‘Si’); (b–f) SEM [SE] photomicrographs of
individual films from which FIB foils have been extracted (red segments).
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Fig. 2 Raman spectroscopy of the BRC organic films. Representative Raman spectrum of the BRC organic films and its decomposition with a Voigt function. 4
bands were used to decompose the signal and estimate the maximum temperature experienced by carbonaceous matter, following Beyssac, et al.40.
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Rather than a result of post-depositional alteration processes,
the chemical variability observed here can be seen as a legacy,
i.e., this geochemical diversity is very likely inherited. In
other words, the BRC organic films investigated here were
initially chemically different and post-depositional degradation

processes did not completely obliterate these differences. This is
totally consistent with recent experimental results having
suggested/predicted that organic molecular heterogeneities
can withstand diagenesis and be recognized in the geological
record27.
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Fig. 1 SEM images of the BRC organic films. a SEM [BSE] photomicrograph of a surface of freshly fractured chert, and corresponding EDX maps showing
the distribution of carbonaceous films (dark; map ‘C’) in the chert matrix composed of microquartz (light; map ‘Si’); (b–f) SEM [SE] photomicrographs of
individual films from which FIB foils have been extracted (red segments).
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Fig. 2 Raman spectroscopy of the BRC organic films. Representative Raman spectrum of the BRC organic films and its decomposition with a Voigt function. 4
bands were used to decompose the signal and estimate the maximum temperature experienced by carbonaceous matter, following Beyssac, et al.40.
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Filamentous structures

Microstructures of (non)biogenic origin

Spheroidal structures

Walsh 1992; 2000
Glikson et al. (2008); Walsh (1992); Kremer and Kazmierczak (2017); Knoll and Barghoorn, 1977 



Lenticular microfossils

The KF data are also similar to our analyses of SPF fossils from
Waterfall locality WFLX2-1c (-44.1 to -30.0‰, weighted mean of
-36.1 ± 0.2‰) and to data reported by Lepot et al. (2013) from
locality WF4 of the SPF (-39.6 to -28.5‰, average of -32‰).

d13C values of background in all deposits show weighted means
somewhat heavier than the weighted means of the lenticular
forms, and this is consistent with results of the earlier, detailed
study of FQ lenticular forms and background (House et al., 2013).
Background analyses are considered to have measured OM, as pet-
rographic examination after SIMS showed that areas selected for
analysis contain diffuse and particulate material that resembles
organic matter in color and texture but lack any evidence of car-
bonates (see Supplementary Figs. S1 and S2). Only a single analysis
was obtained for FQ background in 2016, as multiple background
analyses of the same FQ sample were obtained in 2013 (House
et al., 2013), and the objective in 2016 was to simply re-measure
FQ material to ascertain that values obtained with the newer UCLA
Cameca 1290 SIMS were comparable to values obtained in 2013
with the older Cameca 1270 (Section 2.2 Methods). While the KF
background values vary greatly, much of this variance is attributa-
ble to the limited counts that were obtained on those samples.

4. Discussion

The isotopic similarities among the KF, SPF and FQ specimens
are striking. The weighted mean d13C values for the lenticular
structures from all three deposits, disparate in both space and
time, are identical within stated uncertainties (-36.1 to -37.3‰;
Table 1). These d13C values additionally are distinctive in that they
are more negative (enriched in 12C) than many examples of simi-
larly aged, Archean organic matter. For example, nine different for-
mations reported by Schopf (2006) from South Africa and Australia,

Fig. 5. Spatial distribution of lenticular fossils (arrows) inWaterfall locality WFLX2-
1c of the Strelley Pool Formation. Optical photomicrograph in transmitted light.

Fig. 4. SIMS d13CPDB values. KF, Kromberg Formation; FQ, Farrel Quartzite; SPF, Strelley Pool Formation, Waterfall locality WFLX2-1c. Dotted lines, weighted means for sets of
lenticular forms (! -37‰ for KF and FQ; ! -36‰ for SPF). Error bars, ±1r.

Table 1
Summary of SIMS d13CPDB values. KF, Kromberg Fm.; FQ, Farrel Quartzite; SPF, Strelley Pool Fm.; SD, standard deviation; MSWD, mean standard weighted distribution. The
weighted means and weighted SD are the means and SD of the values for each group of SIMS measurements weighted by the uncertainty of each analysis. MSWD is the reduced
chi-squared statistic used here to test the goodness of fit between the uncertainties of each analysis and the observed variance of the analyses in each group. See Supplementary
Table S1 for details.

Formation
(analysis years)

Structure # of analyses/
# of structures

Range of d13C
values (‰)

Weighted mean d13C
values (‰)

MSWD Weighted
SD (‰)

KF
(2013, 2016)

Lenticular forms 8/5 -39.3 to -35.5 -37.3 ± 0.4 2.0 1.6
Dense masses 2/2 -37.7; -35.3
Background 9/9 -47.1 to -24.0 -36.4 ± 0.7 8.6 6.6

FQ
(2016)

Lenticular forms 3/1 -37.7 to -36.4 -37.0 ± 0.5 0.6 0.6
Background 1 -28.6

SPF
WFLX2-1c
(2016)

Lenticular forms 22/22 -44.1 to -30.0 -36.1 ± 0.2 12.4 3.0
Background 1 -25.3

116 D.Z. Oehler et al. / Precambrian Research 296 (2017) 112–119

Pflug, 1966; Walsh 1992; Oehler et al., 2017 Alleon et al., 2018 
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Microfossils in the 3.4 Ga Buck Reef Chert 



Possible stromatolites in ~3.3 Ga cherts

• Stratigraphic thickness: 1 - 20 cm within a 5 m thick chert layer
• Scattered outcrops for >10 km along strike 



200 µm

Stromatolites or silicious sinter deposits?

• Domal to pseudo columnar growth morphologies
• Crinkly, carbonaceous laminations contain Mg-Bo-Cr tourmaline
• Mineralization was likely driven by boron-rich hydrothermal fluids    

(Byerly et al., 1986; Lowe and Byerly, 2015)
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• δ13Corg values range between   
-34.5‰ and -22.1‰ (n=16)

• consistent with biogenic origin
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Microbial mats and evaporative silicification 
in hot spring silica sinters
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communities (Fig. 6b) that were entombed by opaline silica
and incorporated into stromatolite profiles contributing to
their accretion. In modern siliceous hot springs, such palisade
microtextures have been reported widely from lower temperature,
distal apron environments below B35 !C (ref. 25), as well as
ancient analogs from the Devonian of Australia26. Palisade
microtextures also were documented previously among El Tatio
silica oncoids and crusts10,27. Based on the suite of textural and
microbial features apparent in thin sections and SEM images, we
infer that El Tatio digitate silica structures are microbially
mediated microstromatolites.

Discussion
None of the observations by Spirit uniquely constrains the origin
of the Home Plate nodular silica outcrops. However, the
spectral evidence for encrustation by halite favours the role of
chloride-bearing solutions rather than fumarolic gases. In some
cases, fumaroles are known to produce sublimates of halite
in minor amounts along with native sulfur and sulfur phases in
greater abundance28,29, but the latter have not been observed
among the Home Plate silica outcrops4.

Sodium-bearing alkali chloride waters are common in hot
spring/geyser systems on Earth, with rarer examples of acid-
sulfate-chloride waters also recognized30,31. The precipitation and
accumulation of halite from such solutions requires evaporation
to dryness and meteoric precipitation rates sufficiently low to
avoid subsequent dissolution. These conditions are rare on Earth,
but El Tatio is an example where halite is especially abundant
among the silica sinters in discharge environments32. Conditions
of high evaporation/low meteoric precipitation rates likely were
present on Mars in the Late Noachian.

Based on analogy with El Tatio, the nodular and digitate silica
structures, combined with evidence for halite crusts, substantially
bolster the case for an origin of the Home Plate silica as sinter in a
hot spring/geyser environment with precipitation from silica- and
chloride-bearing waters. Evidence for silica sinter deposits on
Mars is important given the known capacity of such rocks to
capture and preserve microbes, making them ideal targets in the
search for ancient life on Mars33. Furthermore, the fact that the
silica phase at Home Plate has remained as opal-A rather than
transforming to a mature polymorph like microquartz, attests to
negligible diagenesis4,34. On Earth, opal-A is metastable. In
New Zealand for example, the oldest recognized opal-A
dominated sinter deposit dates to B40,000 BP (ref. 35). In this
context, we must consider the preservation history of the Home
Plate opaline silica outcrops.

The Columbia Hills are inferred to be at least Late Noachian in
age36 and are embayed by flood basalts dated at 3.65 Ga based on
crater size-frequency distribution37. Aeolian erosion has been the
dominant geologic process since then38. One explanation for the
preservation of the Home Plate silica outcrops over billions of
years is that they were thinly buried for much of that time and
only recently exposed by erosion. There is clear evidence for a
succession of thin (decimeter scale) volcanic tephra deposits in
the vicinity of Home Plate, including the eponymous feature39,
all capped by vesicular basalt boulders3 (Fig. 1). Perhaps the
silica outcrops formed relatively early in the volcanic succession,
becoming buried first by tephra and then vesicular basalt,
followed by exhumation via aeolian erosion. The lack of
diagenesis of the silica is consistent with minimal burial
and post-depositional conditions dominated by low water
activity34.

CO2
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Figure 5 | Spectral effect of halite on silica. (a) Mini-TES spectrum of an opaline silica nodular outcrop adjacent to Home Plate (black, scaled by
2! ; target Clara Zaph4, sol 1168, P3968) displays a strong feature at B1,260 cm" 1 (vertical line) also found in halite encrusted silica sinter from El Tatio
(sample ET3-3A) measured at 0! emission angle (blue; vertically offset). This feature is diminished substantially and slightly shifted after halite is removed
(purple; vertically offset) and also in sinter that was never halite encrusted, like that from Yellowstone National Park (magenta; vertically offset). (b) SEM
view of El Tatio sample with blue spectrum in a displays a patchy halite crust (lighter areas). (c) Same view as in b but with halite mostly removed by
dissolution and scrubbing, yielding the purple spectrum in a. White scale bar represents 1 mm and applies to both b,c.
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microbial biofilms with filaments, sheaths, and exopolymeric
substances (EPS) on both internal and external surfaces
(Fig. 6a,b). EDS showed C enrichment consistent with the
presence of organic matter (Supplementary Table 1). In cross
section, laminae alternate between non-porous silica, filamentous
sinter, and open fenestrae comparable to microstromatolitic
sinter from Yellowstone19, New Zealand20,21 and Iceland22.
The role of microbial biofilms and their EPS in contributing to
these microtextural features was demonstrated previously for
some New Zealand siliceous microstromatolites23. Among El
Tatio digitate silica structures, we have documented at least one

example where unsilicified EPS film is present in an especially
large (B100! 1,000 mm) fenestra (Supplementary Fig. 5).

Petrographic thin sections of El Tatio silica structures reveal
textural and compositional complexity, reflecting a range of
microenvironmental conditions during their formation. Finely
laminated internal textures are evident, including both flat
laminated and columnar forms of stromatolitic opaline silica
(Fig. 6c) sometimes containing coated grains and pisoliths formed
where silica laminae accreted onto angular clasts of porphyritic
volcanics during transport (Supplementary Fig. 1). Fine laminae
of clear opaline silica cement (tens of micrometers thick) typically
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Figure 3 | Comparison of opaline silica structures adjacent to Home Plate with those of hot spring discharge channels at El Tatio. (a) Home Plate
opaline silica occurs in nodular masses with digitate structures that resemble those at El Tatio (b), at the same scale. Mars scene is cropped from Fig. 1b.
White scale bar in a and b represents 10 cm. (c) Home Plate opaline silica digitate structures resemble those at El Tatio (d) at the same scale. The white
scale bar in c,d represents 5 cm. Insets highlight notably similar structures. Mars scene is a Pancam ATC image (‘Elizabeth Mahon’, sol 1160, P2582).
Reddish hues in Mars scenes are due to thin airfall dust accumulation. (e) Grayscale Microscopic Imager mosaic (sol 1157) of a portion of the ‘Elizabeth
Mahon’ silica outcrop on Mars shown in c has similar structures as those on sample ET1-1A from a hot spring discharge channel at El Tatio (f). The white
scale bar in e,f represents 1 cm.
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microbial biofilms with filaments, sheaths, and exopolymeric
substances (EPS) on both internal and external surfaces
(Fig. 6a,b). EDS showed C enrichment consistent with the
presence of organic matter (Supplementary Table 1). In cross
section, laminae alternate between non-porous silica, filamentous
sinter, and open fenestrae comparable to microstromatolitic
sinter from Yellowstone19, New Zealand20,21 and Iceland22.
The role of microbial biofilms and their EPS in contributing to
these microtextural features was demonstrated previously for
some New Zealand siliceous microstromatolites23. Among El
Tatio digitate silica structures, we have documented at least one

example where unsilicified EPS film is present in an especially
large (B100! 1,000 mm) fenestra (Supplementary Fig. 5).

Petrographic thin sections of El Tatio silica structures reveal
textural and compositional complexity, reflecting a range of
microenvironmental conditions during their formation. Finely
laminated internal textures are evident, including both flat
laminated and columnar forms of stromatolitic opaline silica
(Fig. 6c) sometimes containing coated grains and pisoliths formed
where silica laminae accreted onto angular clasts of porphyritic
volcanics during transport (Supplementary Fig. 1). Fine laminae
of clear opaline silica cement (tens of micrometers thick) typically
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Figure 3 | Comparison of opaline silica structures adjacent to Home Plate with those of hot spring discharge channels at El Tatio. (a) Home Plate
opaline silica occurs in nodular masses with digitate structures that resemble those at El Tatio (b), at the same scale. Mars scene is cropped from Fig. 1b.
White scale bar in a and b represents 10 cm. (c) Home Plate opaline silica digitate structures resemble those at El Tatio (d) at the same scale. The white
scale bar in c,d represents 5 cm. Insets highlight notably similar structures. Mars scene is a Pancam ATC image (‘Elizabeth Mahon’, sol 1160, P2582).
Reddish hues in Mars scenes are due to thin airfall dust accumulation. (e) Grayscale Microscopic Imager mosaic (sol 1157) of a portion of the ‘Elizabeth
Mahon’ silica outcrop on Mars shown in c has similar structures as those on sample ET1-1A from a hot spring discharge channel at El Tatio (f). The white
scale bar in e,f represents 1 cm.
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Abstract

In silica- rich hot spring environments, internally laminated, digitate sinter deposits are 
often interpreted as bio- mediated structures. The organic components of microbial 
communities (cell surfaces, sheaths and extracellular polymeric substances) can act as 
templates for silica precipitation, therefore influencing digitate sinter morphogenesis. 
In addition to biologic surface- templating effects, various microenvironmental factors 
(hydrodynamics, local pH and fluctuating wind patterns) can also influence silica pre-
cipitation, and therefore the morphology of resulting digitate sinters. Digitate sinter 
morphology thus depends on the dynamic interplay between microenvironmentally 
driven silica precipitation and microbial growth, but the relative contributions of both 
factors are a topic of continuing research. Here we present a detailed study of digi-
tate silica sinters in distal, low- temperature regimes of the El Tatio geothermal field, 
Chile. This high- altitude geothermal field is extremely arid and windy, and has one of 
the highest silica precipitation rates found in the world. We find that digitate silica 
sinters at El Tatio always accrete into the prevailing eastward wind direction and ex-
hibit laminar growth patterns coinciding with day– night cycles of wind-  and thermally 
driven evaporation and rewetting. Subaerial parts of digitate sinters lack preserved 
organics and sinter textures that would indicate past microbial colonization, while 
filamentous cyanobacteria with resistant, silicified sheaths only inhabit subaqueous 
cavities that crosscut the primary laminations. We conclude that, although fragile bio-
films of extremophile micro- organisms may have initially been present and templated 
silica precipitation at the tips of these digitate sinters, the saltation of sand grains and 
precipitation of silica by recurrent wind-  and thermally driven environmental forcing 
at El Tatio are important, if not dominant factors shaping the morphology of these 
digitate structures. Our study sheds light on the relative contributions of biogenic 
and abiogenic factors in sinter formation in geothermal systems, with geobiological 
implications for the cautious interpretation of stromatolite- like features in ancient 
silica deposits on Earth and Mars.

16  |    GONG et al.

5.5  |  Implications for Geobiology and Astrobiology

Because subaerial digitate sinter morphogenesis at El Tatio appears 
to be primarily governed by wind- driven evaporation and deposi-
tion, we suggest that silica- enriched geothermal sources in any other 
arid, wind- dominated environment can form similar subaerial, tilted 
digitate sinter structures, without the requirement of dominant mi-
crobial surfaces for templating silica precipitation. This is relevant 

for the interpretation of purported digitate sinters that have been 
recognized on Mars. Martian silica deposits adjacent to the Home 
Plate Formation in the Columbia Hills of Gusev Crater have been 
observed by NASA's Spirit Rover and interpreted in some studies as 
sinter deposits preserving ancient hot spring environments (Ruff & 
Farmer, 2016; Ruff et al., 2011; Squyres et al., 2008). The Columbia 
Hills deposits contain distinct digitate morphologies that closely re-
semble the subaerial digitate silica sinters at El Tatio (Ruff & Farmer, 

F I G U R E  1 0  Proposed model for digitate structure formation in the El Tatio geothermal field. (a) The formation process of digitate 
laminae is demonstrated for two consecutive days. Day 1 Morning: water temperature rises after sunrise. Subaerial surfaces are wet due to 
condensation from the previous night. Evaporation increases with increasing temperature. Wind picks up while the local humid air is rapidly 
displaced by dry regional air, driving higher rates of evaporation. Afternoon: Wind reaches daily maximum, transporting and depositing 
detrital grains while the relative humidity of air reaches daily minimum and water/air temperature is at daily maximum. These three factors 
combine to drive the maximum rate of evaporation. Subaerial surfaces of digitate structures reach near- dryness, first precipitating out silica, 
binding and cementing deposited grains and then precipitating out salts. Night: wind reduces after sunset. Water temperature decreases 
while the relative humidity of air accumulates over the night. Water vapour condensation occurs on subaerial surfaces while salt and silica 
partially dissolve. Salty and silica- rich spring fluids equilibrate throughout the sinter structure by molecular diffusion. Day 2: The entire 
process repeats itself, forming another lamina. The patterns of wind, water temperature and air relative humidity were replotted against 
time from Figure 2 and are displayed on the right of the schematic. (b) The mechanism for the subaerial deposition of silica is the capillary 
rise of fluids due to surface tension. Fluids enriched in silica, sodium and chloride are therefore transported through a porous medium driven 
by surface evaporation. At night, condensation of water vapour on surfaces allows re- equilibration of silica and salts through the digitate 
structure. (c) Combined environmental scenarios driven by wind- induced evaporation and wind deposition of detrital materials explain the 
structural asymmetry of the digitate structures forming at El Tatio

(a)

(b) (c)



Microbial mats in the 3.22 Ga old Moodies Group

Homann, 2019
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The 3.22 Ga Moodies Group
• Earth’s oldest well-preserved continental to marine transition
• Very-high-resolution record (3.6 km deposited over 1 to 14 Myr) 
• Paleoenvironment: alluvial to deltaic settings, with a dominance of 

coastal plains and tidal deltas 
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Microbially induced sedimentary structures on Mars?
MARTIAN SEDIMENTARY STRUCTURES AND TERRESTRIAL MISS 5

time desiccation cracks would have formed.
Some of the early cracks would have ‘‘healed’’
when water temporarily flooded the surface and
the microbial mat reestablished growth on top of
the early cracks. However, once the water level
dropped for an extended period of time, the mi-
crobial mat would have desiccated and left only
the next generation of desiccation cracks to be
preserved.

6. Lithofacies of the Gillespie Lake Member

A panoramic view of a Gillespie Lake Member outcrop
higher in the stratigraphic section shows rocks exposed
along a very gentle slope (Fig. 9). The rocky surface was
dissected by decimeter-scale channels that defined elevated

and isolated meter-sized fragments of the outcrop. The el-
evated fragments display three types of morphologies and
are distinguished here as facies: (i) Facies 1—planar sur-
faces (‘‘plateaus’’) that appear in the Mastcam photographs
as having a light brown color; (ii) Facies 2—slightly irreg-
ular though overall planar plateaus that appear in the images
to be gray in color (note that the plateaus of Facies 2 are
morphologically higher than those of Facies 1); and (iii)
Facies 3—round-tipped, conical shaped elevations (‘‘knobs’’)
that are dark gray in color.

The geomorphology of the surface of the outcrop shown
in the Mastcam panorama of Fig. 9 includes three flat de-
pressions (marked L1, L2, and L3) surrounded by gentle
rims. Facies 1 forms the bottom of the depressions, each of
which is surrounded by the flat-topped plateaus (R) of Fa-
cies 2. Facies 3 constitutes the highest points (K) of the

FIG. 6. Comparison of cracks shown in Curiosity rover Mastcam photograph 0125MR0007760010200783E1_DXXX-br2
of the surface of Rock Bed 2 of the < 3.7 Ga Gillespie Lake Member, Mars (A) and (C), with cracks on the surface of a
modern microbial mat photographed at Bahar Alouane, Tunisia (B) and (D). The sketches document the location of the
structures shown in the photographs. (A) The cracks on the martian rock bed surface are characterized by two parallel
elevated edges; within some of the cracks, the sediment beneath the upper layer of the rock bed is exposed. Some cracks
appear only as elevated ridges, and there is no crack opening preserved. (B) The cracks in the modern microbial mat are
defined by two parallel elevated edges. The pencil in the photograph crosses a crack that is not open and, instead, appears as
a small ridge. (C and D) The overlays assist in the identification of the structures on the rock bed surfaces that are shown in
the photographs. Scales ca. 15 cm. Color images available online at www.liebertonline.com/ast
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Homann, 2016

Fossil mats are preserved as organic-rich laminations



Laminae composed of filamentous microstructures 



Scanning electron microscopy analysis 
Biofilms Extracellular Polymeric Substances (EPS) Filaments



Raman analysis confirms:

Homann et al., 2018

(1) Carbonaceous composition of the laminae (2) Syngenicity of the kerogen

mod. after Wacey, 2009



✤ Interbedded with medium- to coarse-
grained sandstones

✤ Crinkly and tufted growth morphologies

Marine facies Fluvial facies

✤ Interbedded with pebbly sandstones and 
conglomerates

✤ Mostly planar and generally thicker mats

Comparison of marine and fluvial mats



Organic carbon and nitrogen isotope analysis

Fluvial mats:          +2 < δ15N < +5‰ 
Marine mats:           0 < δ15N < +3‰ 

✤ Biological mechanisms that  produce biomass  with δ15N > +2 ‰  :
 1) Partial assimilation of ammonium (NH4

+)
 2) Partial nitrification 
 3) Partial denitrification

Fluvial mats:          -24 < δ13C < -18‰ 
✤ consistent with autotrophic carbon fixation via the Calvin-Benson cycle

Marine mats:          -34< δ13C < -21‰ 
✤ best explained with carbon fixation via Wood–Ljungdahl pathway, 

which includes methanogens and sulfate reducers 

marine
fluvial

Homann et al., 2018



Summary

✤ Multiple, independent lines of evidence are 
needed to establish biogenicity; morphology 
alone is not enough.

✤ Early diagenetic mineralization is key for the 
preservation and survivability of biosignatures.

✤ Silicified microbial mats are some of the most 
robust evidence for early life on Earth.

1 mm
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ICDP drilling project:
Barberton Archean Surface Environments

✤ 7 months of drilling:  Nov. 
2021 to June 2022

✤ 8 drill cores from 5 sites:  
3131m in total

13 
 

 
abundant diagnostic sedimentary structures overlain by thick fine-grained, silty and tuffaceous 

sediment in prodelta facies. We expect firm proximal-to-distal and marine to terrestrial 

correlations through this highly dynamic but systematic sequence to address the questions of 

microbial life in the transition zone (exposure, radiation, resilience, metabolism) and basin 
dynamics. Site 4 is therefore of high interest to all groups. 

Fig. 2. Schematic stratigraphic columns of the Moodies Group, showing architecture of the Moodies
Group and correlation of sections (modified after Heubeck et al., 2016). Note position of the Lomari
water tunnel.
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Table 2 - BASE drill site data

Site Nr. Name

horizontal 
length (m)

along-
drillhole 
length 

(MD, m)

TVD of 
hole (m)*

cored 
strat. 

thickness 
(m)*

lat long lat long

1 Elephant's Kloof  25° 43.984'S  31° 5.788'E  25° 43.904'S  31° 5.474'E 350 400 285 350
2 Dycedale Syncline  25° 47.641'S  31° 5.024'E  25° 47.438'S  31° 4.952'E 370 450 350 420
3 Microbial mats  25° 49.925'S  31° 5.539'E  25° 49.734'S  31° 5.369'E 280 450 205 340
4 -1 distal  25° 49.861'S  31° 4.683'E  25° 49.745'S  31° 4.559'E 280 400 270 360

-2 medial  25° 50.913'S  31° 3.401'E  25° 50.801'S  31° 3.283'E 440 600 375 525
-3 proximal  25° 51.682'S  31° 1.999'E  25° 51.557'S  31° 1.937'E 450 600 330 525

5 -1 top  25° 54.218'S  30° 50.735'E  25° 54.041'S  30° 50.755'E 330 350 245 285
-2 medial  25°54'8.27"S  30°50'45.33"E 25°54'1.82"S  30° 50.467"E 330 350 275 285
-3 base  25° 54.068'S  30° 50.817'E  25° 53.793'S  30° 50.854'E 380 450 300 370

 * assuming 45° wellpath inclination total 4050 3460

spud location location at TD

Stolzburg 
Syncl.

Lomati 
delta
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Site 3 (Saddleback Syncline): Post-drill geological cross section
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Fig. 31 Cross-Section of a
Sample Tube Assembly (gold
color) and FMPB Glove (purple)
in a Sheath (blue)

which requires movement between stations by the SHA/EE to perform the following func-
tions: assess volume of sample material collected (Volume Probe), image the Sample Tube
(multiple instances using the Vision Station), dispense a Hermetic Seal into the Sample Tube
(Seal Dispensers), activate the Hermetic Seal to preserve the collected sample (Sealing and
Drop Off Station), store the sealed Sample Tube until ready to drop (Sheaths), and finally
drop-off to the surface of Mars at prescribed locations (Sealing and Drop Off Station). While
the hardware is capable of dropping off each sample after it is acquired and processed, the
current expected strategy is to put the processed samples into storage until enough samples
have been collected in a region of interest to warrant dropping off a group of samples. To
illustrate some of the key functions in the end-to-end flow above, Sample Tubes, Sheaths,
Seals, Volume Probe, Seal Dispensers, and the Vision Station are described in the following
sections.

Sample Tubes with gloves attached are stored in Sheaths (Fig. 31). The STSA houses
thirty-nine flight Sample Tube assemblies with three of the locations containing a Witness
Tube Assembly (WTA). A WTA is a Sample Tube with witness plate material pre-installed
within the Sample Tube that will provide knowledge of hardware cleanliness and environ-
mental exposure when activated. Three additional Tube assemblies are located on the DVT
plate, one of which is a WTA. One WTA is also installed in the Bit Carousel. WTAs are
discussed further in Sect. 3, Contamination Control and Biological Cleanliness. In total, the
ACA accommodates forty-three Sample Tube assemblies, five of which are WTAs.

A flight Sample Tube is pictured in Fig. 32. Sample Tubes are made of titanium and are
142.25 mm in length when a Seal is not installed, and another 2 mm longer after sealing. The
largest diameter along the length is 23 mm. The white coating on the outside surface of the
Tube is alumina, a thermal control coating. The internal surface of the Tube along with some
of the external surfaces that are not covered in alumina are nitrided and appear gold in color.

Drill core diameter: 6.1 cm

1.3 cm
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