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1  |  INTRODUC TION

The finding of well- preserved microfossils of prokaryotes has been 
one of the greatest challenges in historical geobiology and micropa-
leontology. Often, putative findings led to intense debate and the 
results were, at best, inconclusive (Brasier et al., 2005, 2006). The 
preservation potential of prokaryotes is commonly hampered by the 

lack of mineralized shells or skeletons, by the small body size (usu-
ally	around	1 μm), and relatively low morphological complexity (rods, 
cocci, spirillae, filaments). For these reasons, potential prokaryotic 
microfossils are prone for becoming diagenetically obliterated, and 
if they are found, they could be contaminants from a later time pe-
riod or they may represent a diagenetic artifact (Brasier et al., 2006; 
García- Ruiz et al., 2003). However, prokaryotic life dominated over 
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Abstract
The giant sulfide- oxidizing bacteria are particularly prone to preservation in the rock 
record, and their fossils have been identified in ancient phosphorites, cherts, and 
carbonates. This study reports putative spherical fossils preserved in the Devonian 
Hollard Mound hydrocarbon- seep deposit. Based on petrographical, mineralogi-
cal, and geochemical evidence the putative microfossils are interpreted as sulfide- 
oxidizing bacteria similar to the present- day genus Thiomargarita, which is also found 
at modern hydrocarbon seeps. The morphology, distribution, size, and occurrence of 
the fossilized cells show a large degree of similarity to their modern counterparts. 
Some of the spherical fossils adhere to worm tubes analogous to the occurrence of 
modern Thiomargarita on the tubes of seep- dwelling siboglinid worms. Fluorapatite 
crystals were identified within the fossilized cell walls, suggesting the intercellular 
storage of phosphorus analogous to modern Thiomargarita cells. The preservation of 
large sulfide- oxidizing bacteria was probably linked to changing biogeochemical pro-
cesses at the Hollard Mound seep or, alternatively, may have been favored by the 
sulfide- oxidizing bacteria performing nitrate- dependent sulfide oxidation—a process 
known to induce carbonate precipitation. The presence of sulfide- oxidizing bacte-
ria at a Devonian hydrocarbon seep highlights the similarities of past and present 
chemosynthesis- based ecosystems and provides valuable insight into the antiquity of 
biogeochemical processes and element cycling at Phanerozoic seeps.
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80% of Earth's history, yet its history and evolution remain poorly 
constrained. Finding prokaryotic microfossils contributes greatly 
to establish the early history of life by confirming records of major 
geochemical changes in Earth's evolution, and by providing absolute 
time points to confirm and date nodes in the phylogenetic tree of life 
(Battistuzzi et al., 2004).

Generally, it can be assumed that the sulfide- oxidizing bacteria 
developed	after	ca.	2 Ga,	with	the	establishment	of	euxinia	alongside	
ferruginous conditions (Canfield, 1998; Poulton et al., 2010) where 
sulfide could have come into contact with potential electron ac-
ceptors including molecular oxygen or nitrate. Microorganisms uti-
lizing sulfur for metabolic processes are possibly some of the most 
primordial organisms on Earth (Shen & Buick, 2004). Sulfur stable 
isotope records suggest that microbial sulfate reduction may well 
have occurred in the Proterozoic (Canfield et al., 2000), and even 
in	 the	Archaean	 (Shen	et	al.,	2001; Ueno et al., 2008), and anom-
alous fractionations of the minor sulfur isotopes have allowed to 
constrain the antiquity of microbial sulfur metabolisms (Farquhar 
et al., 2007; Farquhar & Wing, 2003). Sulfur isotope data provide ro-
bust evidence for the presence of microbial communities involved in 
sulfur cycling, particularly reductive sulfur cycling. The taphonomy 
of putative microfossils can help to underpin geochemical evidence 
of sulfur cycling, particularly oxidative sulfur cycling by providing 
additional information on the organization and structure of the 
biosphere on ancient Earth. However, such evidence is scarce, dif-
ficult to attain with confidence, and beset with controversy (Brasier 
et al., 2002, 2006). Yet the morphological and metabolic peculiari-
ties of vacuolated colorless sulfide- oxidizing bacteria are advanta-
geous in recognizing these bacteria in ancient rocks: their unusually 
large cell size, commonly filamentous morphology, their capability 
of preserving sulfur globules within their cells set them apart from 
other microbial communities such as the cyanobacteria (Bailey 
et al., 2013). Furthermore, their size, morphology, and intracellular 
sulfur globules all have the potential for preservation in the fossil 
record and may allow a more confident identification than for other 
microfossils (Bailey et al., 2013).

Today, colorless sulfide- oxidizing bacteria are particularly 
common at marine hydrocarbon seeps, which provide a constant 
and reliable source of reductants (Boetius & Suess, 2004; Sibuet 
& Olu, 1998; Van Dover et al., 2003). The colorless sulfide- 
oxidizing bacteria such as the motile and non- motile marine gen-
era of Beggiatoa, Thiomargarita, and Thioploca (Fossing et al., 1995; 
Jørgensen & Revsbach, 1983; Schulz, 2006) belong to the class 
of Gammaproteobacteria that have developed various morpholo-
gies and metabolisms, and can couple the biogeochemical cycles 
of sulfur, carbon, and nitrogen, enabling them to colonize diverse 
ecological niches (Gallardo, 1977;	Nelson	&	Jannasch,	1983; Teske 
&	Nelson,	2006). Their morphologies include spirilla, rods, cocci, 
and filaments, and have been considered adaptations to vary-
ing chemical and physical environmental constraints (Macalady 
et al., 2008; Preisler et al., 2007). In environments where reduced 
sulfur species come into contact with the aerobic biosphere, 
these bacteria exploit this redox disequilibrium by catalyzing the 

oxidation of hydrogen sulfide and elemental sulfur coupled to 
the	 fixation	 of	 carbon	 dioxide.	At	 hydrocarbon	 seeps,	which	 are	
dynamic environments with rapidly shifting redox boundaries, 
sulfide is primarily produced by the sulfate- driven anaerobic ox-
idation	of	methane	(SD-	AOM;	Boetius	et	al.,	2000), supplying sul-
fide to sulfide- oxidizing bacteria that form extensive mats covering 
sites of active methane and oil seepage (Grünke et al., 2012; Joye 
et al., 2004; Larkin & Henk, 1996;	Niemann	et	al.,	2006; Pimenov 
et al., 2000; Sahling et al., 2016; Von Rad et al., 1996). These bac-
teria form a variety of microbial mat types including Arcobacter, 
Beggiatoa, Thiomargarita, and Thioploca species that employ di-
verse strategies to inhabit ecological microniches at seeps (Grünke 
et al., 2011), and act as efficient benthic barriers against the diffu-
sion of solutes from sedimentary pore waters into bottom waters 
(Jørgensen & Revsbach, 1983; Lavik et al., 2009; Yücel et al., 2017). 
The taxa Beggiatoa, Thiomargarita, and Thioploca have large vacu-
oles to store nitrate and elemental sulfur, which can be released 
to gain metabolic energy during periods of low nutrient availabil-
ity (Jørgensen & Gallardo, 1999; Schulz & Schulz, 2005). They also 
store polyphosphate within their cells that can be broken down 
and released during times of unfavorable environmental condi-
tions (Goldhammer et al., 2010; Schulz & Schulz, 2005). Indeed, 
the giant sulfide- oxidizing bacteria have been linked directly to 
the cycling and accumulation of phosphorus in modern upwelling 
zones (Schulz & Schulz, 2005), as well as to the contribution of 
the deposition of ancient phosphorites throughout Earth's history 
(Bailey et al., 2007). Their capability of coupling the cycles of sul-
fur, carbon, nitrogen, and phosphorus affects nutrient availability 
and the flux of solutes to and from seafloor sediments (Fossing 
et al., 1995; Huettel et al., 1996; Schulz et al., 1999).

The metabolic activity of sulfide- oxidizing bacteria at seeps has 
a profound influence on local macro-  and microfaunal community 
structure, redox gradients in shallow sediments, spatial and temporal 
seepage variability, and even on the precipitation of authigenic min-
erals (Levin et al., 2003; Sahling et al., 2002; Solomon et al., 2008). 
Their ecological function as chemosynthetic primary producers of 
biomass and as nutrient cyclers makes them important members of 
chemosynthesis-	based	ecosystems	at	seeps	(Arvidson	et	al.,	2004; 
Van Dover et al., 2003). However, the record of microfossil preser-
vation of sulfide- oxidizing bacteria in ancient seep deposits is scarce 
(Peckmann et al., 2004). Due to their ecological and evolutionary 
significance, reports on preserved remains of sulfide- oxidizing bac-
teria reveal critical information on the evolution of their ecology and 
lifestyles through geologic time.

This communication investigates putative spherical fossils of 
sulfide- oxidizing bacteria from the Devonian Hollard Mound seep 
deposit of Morocco, which had originally been interpreted to rep-
resent oil- coated gas bubbles at the ancient seep (Peckmann 
et al., 1999). The core facies of the Hollard Mound represents one 
of the oldest known seep deposits featuring abundant bivalve 
assemblages (Jakubowicz et al., 2022; Shapiro, 2022). We use 
petrographic, mineralogical, and geochemical tools to trace biogeo-
chemical processes and reconstruct the microbial ecology of this 
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Devonian chemosynthesis- based ecosystem. Putative microbial fos-
sils are compared to present- day giant sulfide oxidizing bacteria of 
the genus Thiomargarita spp. in order to evaluate the biogenicity of 
the former. We present taphonomic evidence for the first known oc-
currence of sulfide- oxidizing bacteria at Paleozoic seeps and suggest 
mechanisms that led to their preservation.

2  |  GEOLOGIC SET TING

The Hollard Mound is a well- known Paleozoic seep site that 
has	 been	 investigated	by	 numerous	 studies	 (Aitken	 et	 al.,	2002; 
Cavalazzi et al., 2007; Hryniewicz et al., 2017; Jakubowicz 
et al., 2015; Peckmann et al., 1999, 2005). The Hollard Mound is 
located within the Hamar Laghdad mountain range located to the 
east	of	the	Anti-	Atlas	Mountains	in	Morocco	(Figure 1a). The Hamar 
Laghdad	 range	extends	 for	 roughly	8 km	 in	East–West	direction,	
featuring over 50 conical- shaped mounds in various shapes and 
sizes, referred to as Kess- Kess mud mounds (Figure 1b; Brachert 
et al., 1992).	The	Hamar	Laghdad	range	formed	as	a	North–South	
striking submarine rise that emerged as a result of volcanic activ-
ity during the earliest Devonian. This submarine rise was subse-
quently colonized by crinoids during a period of rapid sea level 

rise, which deposited almost 200 meters of crinoidal limestone on 
a passive continental margin up to the middle Devonian (Brachert 
et al., 1992; Wendt et al., 1984). These limestones are part of the 
Kess- Kess Formation (Brachert et al., 1992), consisting of bioclas-
tic wackestones and packstones featuring massive bioherms and 
tabulate and rugose coral assemblages (Berkowski, 2006; Brachert 
et al., 1992). The carbonate mud mounds forming the uppermost 
part of the thick- bedded limestone of the Kess- Kess Formation 
have been interpreted as being formed along faults where hy-
drothermal fluids migrated to the seafloor (Belka, 1998; Mounji 
et al., 1998); an interpretation supported by the presence of nu-
merous	synsedimentary	Neptunian	dykes	penetrating	tens	of	me-
ters into the Kess- Kess Formation (Brachert et al., 1992).

The Hollard Mound has been interpreted as a carbonate de-
posit that formed an apparently large elevated structure during a 
repeating transgressive period in the middle Devonian (Peckmann 
et al., 1999; Walliser, 1991). The core facies of the Hollard Mound 
differs from other parts of the mound in that it exhibits a conspicu-
ous faunal assemblage including a low diversity but high abundance 
assemblage of large bivalves, as well as unusually low δ13C values 
of authigenic carbonates, which have led Peckmann et al. (1999) to 
interpret the Hollard Mound core facies as being derived from mi-
crobial activity related to the seepage of hydrocarbon- rich fluids. 

F I G U R E  1 (a)	Location	of	the	Hollard	
Mound (yellow star) in the eastern part of 
Hamar	Laghdad	in	the	eastern	Anti-	Atlas	
of southeastern Morocco. (b) Geological 
map of the study area showing the Hamar 
Laghdad as part of Devonian outcrops 
among pre- Devonian, Carboniferous, and 
Cretaceous to Tertiary deposits. 
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Subsequent investigations have supported a microbial origin of sed-
imentary fabrics (Cavalazzi et al., 2007; Peckmann et al., 2005), and 
have further characterized its seep- endemic megafaunal inventory 
(Hryniewicz et al., 2017).

3  |  MATERIAL S AND METHODS

Rock samples that were collected from the Hollard Mound core fa-
cies are described in detail in Peckmann et al. (1999, 2005). Some 
of these samples were cut into smaller slabs using a rock saw, and 
small,	standard-	size	thin	sections	(2.8	to	4.8 cm)	of	25	to	30 μm thick-
ness	and	 larger	thin	sections	 (10	to	15 cm)	of	approximately	50 μm 
thickness were prepared for petrographic observations (Table S1). 
Thin- section microscopy was conducted on a Leica DM4500 P po-
larization microscope, and photomicrographs were taken with Leica 
DFC	420	and	DFC	450C	cameras,	using	the	Leica	Application	Suite	
3.2.0 and 4.4.0 software.

Scanning electron microscopy (SEM) was conducted on a con-
ventional tungsten filament SEM (FEI Inspect S), a Field- Emission- 
Gun with an integrated Focused Ion Beam (FEI QuantaTM 3D FEG), 
and	an	energy	dispersive	X-	ray	detection	unit	(EDAX	Apollo	XV)	at	
the Institute for Geology at the University of Vienna. Data were 
processed	 using	 the	 EDAX	 TEAM™	 V3.1.1	 software.	 Powdered	
sample material was treated with 25% acetic acid prior to powder 
X- ray diffraction (XRD) analyses in order to detect non- carbonate 
minerals	 in	 the	samples.	After	washing	three	times,	 the	residues	
were subsequently analyzed using a Panalytical PW 3040/60 
X'Pert	PRO	diffractometer	(CuKa	radiation,	40 kV,	40 mA,	step	size	
0.0167.5 s	 per	 step).	 X-	ray	 diffraction	 patterns	were	 interpreted	
using the Panalytical software “X'Pert High score plus”. Raman 
spectroscopy was conducted on a polished thin section using a 
Renishaw InVia Raman spectroscope in high confocality mode at 
the	 Institute	 for	Mineralogy,	 University	 of	 Bremen.	 A	 Renishaw	
RL532C	class	3B	continuous	wave	laser	(532 nm	wavelength)	was	
used,	 operating	with	 an	 exposure	 time	of	 10 seconds,	 10%	 laser	
power	(24 mW),	and	grating	was	set	at	1800 L mm−1. The spectro-
scope was coupled to a WiRE© 5.5 (Renishaw plc) software for 
laser and camera control, as well as for raw data processing. The 
spectra	were	truncated	below	150 cm−1 (due to Rayleigh contribu-
tion), background subtracted, noise filtered, and maximum peaks 
fitted to each spectrum. The Renishaw library was used as data-
base for spectrum matching. The area (integrated intensity), in-
tensity (height), center position, and full width at half maximum 
(FWHM) were determined using the Fityk 1.3.1.© (Wojdyr, 2010) 
non- linear curve fitting and data analysis software. Peaks were 
identified and fitted employing a Pseudo Voigt function, which is 
a convolution of Lorentzian and Gaussian functions. Formation 
temperature was estimated from two spectra using equations put 
forward by Kouketsu et al. (2014).

Focused ion beam transmission electron microscopy (FIB- TEM) 
was performed at the Department of Solid- State Body Physics of 

the University of Bremen on a small thin section. The thin section 
was sputter- coated with gold prior to FIB- TEM analyses. The sample 
was	prepared	for	TEM	by	FIB	lift-	out	using	a	FEI	Nova	NanoLab	200	
dual-	beam	scanning	electron	microscope.	An	additional	Pt	protec-
tive layer was not applied in order to keep the amount of Pt low as 
the Pt(M) and the P(K) peaks partially overlap in subsequent energy- 
dispersive X- ray spectroscopy (EDXS). The sample was analyzed by 
scanning TEM (STEM) in a Thermo Fisher Spectra 300 TEM at an 
acceleration	voltage	of	300 kV.	EDXS	was	performed	in	STEM	mode	
using a Thermo Fisher Super- X detector. The Thermo Fisher Velox 
software was used for EDXS data analyses.

Sediment cores containing Thiomargarita cells were col-
lected during the RV Merian expedition MSM105 at station 
MSM105_110-	4	 (station	 name:	 N25025,	 position:	 24° 59.99′ S,	
014°	23.01′ E,	depth:	138 m).	The	sediment	cores	were	stored	at	
10°C	with	occasional	aeration	until	sampled	for	Thiomargarita cells. 
Photomicrographs of samples containing the cells were taken with 
a	Discovery	V8	Zeiss	stereomicroscope	and	an	Axio	Lab.A1	Zeiss	
compound	microscope	coupled	to	an	AxioCam	105	color	camera	
(Carl	 Zeiss	MicroImaging	GmbH,	 Jena).	 The	AxioVision	 software	
(Carl Zeiss Imaging Solutions GmbH, Jena) was used for image 
analyses and camera control.

4  |  RESULTS

4.1  |  Thin section petrography—Hollard Mound 
carbonates and colorless sulfide- oxidizing bacteria

Thin section petrography of the Hollard Mound seep carbonates 
reveals that the rocks are mostly composed of banded and botry-
oidal cement that forms centimeter- thick bands (Figure 2a,b). Only 
few areas are filled by microcrystalline calcite, and the innermost 
void space is filled by later- stage equant calcite spar (Figure 2a,b). 
The studied Hollard Mound carbonates contain abundant fossilized 
worm tubes (Figure 2b), which are described in detail in Peckmann 
et al. (2005). The banded and botryoidal cements, as well as the 
exterior of the worm tubes, are covered with layers of dense clus-
ters of spheres that appear dark brownish to black in thin section 
(Figure 2c,d). These layers are present in direct proximity to the 
exterior walls of tube worms (Figure 2c), or aligned in irregular lay-
ers that can reach several centimeters in length (Figure 2a,b,d). The 
spheres	show	various	sizes	between	50	and	200 μm in diameter and 
can be easily recognized due to their dark outer rim (Figures 3 and 4; 
Figure S1). These dark walls are of varying thickness and show either 
sharp, thin, well- defined boundaries to the surrounding authigenic 
carbonate or are present as thicker, diffuse seams of structurally 
highly ordered organic matter as identified by Raman spectroscopy 
(Figure 5). Spheres occur as single isolated specimens, or form clus-
ters of several specimens (Figure 3). They are commonly present in 
pairs (Figures 3b,c and 4b–d). Some spheres show small indentations 
in their walls (Figure 4a).
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4.2  |  Mineralogy and electron microscopy

X- ray diffraction samples were obtained from areas with abundant 
spheres. The non- carbonate fractions after carbonate dissolution re-
veal a dominance of silicate minerals including quartz, illite, and albite 

(Figure 6). The presence of fluorapatite and of pyrite is confirmed by 
XRD analysis. Spheres can be identified during scanning electron mi-
croscopy (SEM) by micron- scale porosity present in walls (Figure 7a). 
Within these pores, a high backscatter mineral of tens to hundreds 
of nanometers in size was observed (Figure 7b,c) and identified as 

F I G U R E  2 Thin	section	scans	and	photomicrographs	(plane-	polarized	light)	of	the	Hollard	Mound	seep	carbonates;	m = micrite,	
bbc = banded	and	botryoidal	cement,	eq = equant	calcite,	cs = carbonate	spheres.	(a)	Thin	section	scan	showing	micrite,	abundant	banded	
and botryoidal cement, and equant calcite. White arrow denoting bands of spheres aligned along banded and botryoidal cement. (b) Thin 
section scan showing banded and botryoidal cement and equant calcite spar, as well as a worm tube denoted by the white arrow. (c) 
Thin section micrograph showing aggregates of spheres attached to the wall of a worm tube (denoted by black arrow). (d) Thin section 
micrograph showing an aggregate of spheres (denoted by black arrow) within banded and botryoidal cement. 

F I G U R E  3 Thin	section	
photomicrographs of Hollard Mound 
carbonates, plane polarized light; 
bbc = banded	and	botryoidal	cement.	(a)	
A	cluster	of	spheres	within	banded	and	
botryoidal cement. (b) Close- up image 
of the black rectangle in (a) showing two 
spheres in close proximity. (c) Cluster 
of spheres. (d) Larger cluster of spheres 
attached to each other. 
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calcium fluorapatite containing phosphorus, calcium, as well as minor 
amounts of fluorine (Figure 7d,e).	A	closer	SEM	investigation	of	the	
spheres and the distribution of calcium fluorapatite in the samples 

shows that: (1) calcium fluorapatite is preserved only in a few indi-
vidual spheres, and (2) only occurs within the porous walls of the 
spheres. Raman spectra of the dark, diffuse material surrounding the 

F I G U R E  4 Thin	section	
photomicrographs of Hollard Mound 
carbonates, plane polarized light; 
bbc = banded	and	botryoidal	cement.	
(a) Single large sphere featuring a small 
indentation denoted by the black arrow. 
(b) Paired spheres. (c) Pair of spheres with 
well- identifiable walls. (d) Pair of spheres 
with less well identifiable walls. 

F I G U R E  5 Photomicrographs	and	Raman	spectra	of	dark	material	within	the	putative	cell	walls.	(a,	c)	Carbonate	sphere	encircled	by	dark,	
diffuse material, (b, d) Raman spectra of the corresponding areas highlighted by the white rectangles in (a, c). 
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spheres showed several peaks at 154, 282, 1087, ca. 1330, and ca. 
1600 cm−1 (Figure 5). The first three peak positions were matched to 
calcite using the Renishaw database (material index no. 305). The two 
last peaks are indicative of structurally ordered carbonaceous or or-
ganic	matter,	showing	characteristic	peak	positions	at	ca.	1330 cm−1 
and	ca.	1600 cm−1 (Kwiecinska et al., 2017). Estimated formation tem-
peratures from the two spectra using FWHM values from D1 and D2 
(i.e. G) bands (cf. Kouketsu et al., 2014)	 are	145°C	 and	162°C,	 and	
142°C	and	227°C	for	the	spectra	shown	in	Figure 5a,b, respectively. 
For FIB- TEM analyses, an area with abundant spheres containing cal-
cium fluorapatite was selected (Figure 8a,b). The 15- μm- long sample 
foil was cut through a calcium fluorapatite grain residing in the wall 
of the sphere for TEM analyses (Figure 8c). STEM imaging illustrates 
the distribution and dimensions of calcium fluorapatite grains resid-
ing in the wall of the sphere, showing that these grains are several 
microns in diameter (Figure 8d). Elemental distributions of carbon and 
phosphorus within the sample foil show a clear depletion of carbon 
and enrichment of phosphorus within the calcium fluorapatite grain 
(Figure 8e,f), as well as no significant further distribution of phospho-
rus on either side of the sphere wall (Figure 8f).

4.3  |  Colorless sulfide- oxidizing bacteria from the 
Namibian shelf

Microscopy of Thiomargarita spp. clusters reveals large cells over 
100 μm in diameter (Figure 9). The inner part of the cells exhibits 
white, sulfur inclusions (Figure 9a,c,d), whereas the outer part of 

the cells is surrounded by a diffuse mucus sheath. The cells occur in 
isolation (Figure 9a), as well as in clusters of two cells (Figure 9b,c), 
and in groups of several cells (Figure 9d). These groups are com-
monly connected by a layer of mucus that covers all individual cells 
(Figure 9d).

5  |  DISCUSSION

5.1  |  Colorless sulfide- oxidizing bacteria—
Thiomargarita fossils—Identification and criteria for 
biogenicity

While demonstrating the biogenicity of putative prokaryotic 
microfossils is challenging, criteria have been proposed by sev-
eral researchers to make such interpretations more consistent: 
Cloud (1976) proposed that “a given microstructure can be con-
sidered demonstrably biogenic only if some of its representatives 
display a level of cellular, microstructural, or biogeochemical dif-
ferentiation comparable with that of living organisms and implying 
a similarity of function and continuity of evolution between them.” 
Further criteria that have been put forward are that the respective 
microstructures should (1) be similar in size to modern bacteria, (2) 
occur isolated as well as in groups or colonies, (3) be derived from 
well- preserved host rocks, (4) exhibit structurally identifiable cell 
walls, and (5) show variable preservation throughout the sample 
(Buick, 1990; Schopf et al., 2007; Westall, 1999). The core facies 
of the Hollard Mound has been identified as a hydrocarbon- seep 

F I G U R E  6 X-	ray	diffraction	pattern	of	a	Hollard	Mound	carbonate	sample	with	spheres	after	decalcification	showing	peaks	for	quartz,	
albite, and pyrite. Fluorapatite peaks are highlighted in blue. 
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8 of 17  |     SMRZKA et al.

deposit by a paragenetic sequence typical for seep carbonates, 
carbonate phase- specific stable isotope signatures, and by a high- 
abundance but low- diversity assemblage of bivalves and the pres-
ence of dense clusters of worm tubes (Hryniewicz et al., 2017; 
Peckmann et al., 1999, 2005). The microbial consortia that inhabit 
hydrocarbon seeps today includes anaerobic methanotrophic 

archaea	and	sulfate-	reducing	bacteria	mediating	SD-	AOM	(Boetius	
et al., 2000; Knittel et al., 2005; Orphan et al., 2002).	Apart	 from	
these key players involved in methane consumption, seeps are also 
inhabited by a variety of bacteria that oxidize sulfide produced 
during	SD-	AOM	(Girnth	et	al.,	2011; Grünke et al., 2011; Larkin & 
Henk, 1996). The large colorless sulfide- oxidizing bacteria Thioploca, 

F I G U R E  7 Scanning	electron	microscope	imaging	of	Hollard	Mound	carbonate.	(a)	Electron	backscatter	image	of	a	single	sphere	showing	
high backscatter minerals at sphere walls. (b) Details of (a) showing high backscatter minerals at higher magnification. (c) Detail of (a) showing 
high backscatter minerals at higher magnification. (d) Energy dispersive spectra of high backscatter minerals with peaks in phosphorus, 
calcium, oxygen, and subordinate fluorine. 
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    |  9 of 17SMRZKA et al.

Beggiatoa, and Thiomargarita are keystone members of the micro-
bial communities at seeps, where they commonly form thick bac-
terial mats on the seafloor (Grünke et al., 2011; Mills et al., 2004; 

Zopfi et al., 2001). Thiomargarita exhibit the largest cell sizes of this 
group, forming dense clusters of cells within bacterial mats at seeps 
(Grünke et al., 2011; Schulz, 2006). The shape, size, and distribution 

F I G U R E  8 Photomicrograph,	scanning	
electron microscope, and transmission 
electron microscope imaging of Hollard 
Mound carbonates. (a) Photomicrograph 
(plane- polarized light) showing abundant 
spheres clumped together; white arrow 
denotes individual sphere. (b) Magnified 
section denoted by the red rectangle 
in (a) in electron backscatter imaging 
mode showing the walls of spheres. (c) 
Magnified electron backscatter image of 
the red rectangle in (b) showing a close- up 
view of the spheres and high backscatter 
minerals identified as calcium fluorapatite 
(denoted by the white arrows); yellow line 
delineates the position of the focused ion 
beam foil. (d) High- angular- annular dark 
field scanning transmission microscope 
image of the focused ion beam foil. (e) 
Energy dispersive spectra imaging of 
carbon distribution in the sample shown in 
(d). (f) Energy dispersive spectra imaging 
of phosphorus distribution in the sample 
shown in (e). 

F I G U R E  9 Photomicrographs	of	
Thiomargarita	cells.	(a)	A	pair	of	two	cells	
with large sulfur inclusions surrounded 
by	a	common	sheath.	(b)	A	pair	of	cells	
without sulfur inclusions; the cells 
recently	divided.	(c)	A	single	Thiomargarita 
cell	in	division.	(d)	A	clump	of	cells	with	
different diameters surrounded by a 
common sheath. 
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of Thiomargarita at modern seeps raises the question if the spheres 
observed in the Hollard Mound seep deposit could be the fossilized 
remains of Thiomargarita- like cells preserved in the Devonian seep 
limestone.

The size, morphology, and spatial arrangement of the Hollard 
Mound spheres argue for bacterial cells that are similar to some of 
the giant marine sulfide- oxidizing bacteria found at hydrocarbon 
seeps today. Specifically, most Thiomargarita cells are 100 to sev-
eral hundred microns in size and may occur either as individual cells, 
commonly as clusters of several overlapping individual cells, as well 
as closely attached cells forming chains of several centimeters in 
length (Salman et al., 2011, 2013; Schulz, 2006; Schulz et al., 1999). 
The putative fossilized bacteria of the Hollard Mound seep deposit 
are likewise arranged in chains and clusters of individual cells that 
resemble their modern equivalents (cf. Figure 9). Typical in situ cell 
diameter distributions among Thiomargarita populations from mod-
ern organic- rich sediments and seep environments are on the order 
of	100	to	400 μm (Figure 9; Bailey et al., 2017; Girnth et al., 2011; 
Kalanetra et al., 2005; Salman et al., 2013; Schulz et al., 1999), 
which is in a similar size range distribution as the Hollard Mound 
spheres (Figures 3–5). Microfossils of similar morphology reported 
from Devonian limestones include calcispheres and radiolarian 
tests. Calcispheres have been described as spherical bodies with a 
hollow central chamber enveloped by calcareous walls, which are 
typically ornamented with extended radial spines (Kazmierczak 
& Kremer, 2005). Devonian calcispheres are within a similar size 
range	 (120	 to	 180 μm) than the fossilized cells, but are character-
ized by a wall thickness ranging from 20 to 25 microns (Berkyova & 
Munnecke, 2010, see their Figure 3j–l). These walls are composed 
of two dark micritic rims with different degrees of micritization. 
Devonian radiolarians are also in a similar size range to the fossilized 
cells, ranging between several tens to over 100 microns in diame-
ter. They exhibit distinct outer shell ornamentations that distinguish 
them from calcispheres and other microfossils such as foraminifera 
(Antoshikna	et	al.,	2014). This outer shell framework may be either 
preserved or replaced by micritic envelopes of several tens of mi-
crons	in	thickness	(Afanasieva	&	Amon,	2011). The main feature that 
distinguishes the fossilized Thiomargarita cells from calcispheres or 
radiolarians is the lack of a siliceous or micritized outer rim, as well 
as the lack of a skeletal framework. Instead, they are enveloped by a 
layer of structurally- ordered organic material (Figure 5).

The reproductive cycle of Thiomargarita produces cell morphol-
ogies, beginning with bud formation followed by reductive division 
and cell dimorphism (Bailey et al., 2011). During the initiation of 
cell division, cells show distinct indentations as well as typical spa-
tial arrangements of two or more (quadruple) cells close to each 
other (Figure 9; Bailey et al., 2011; Kalanetra et al., 2005; Salman 
et al., 2013). Symmetric reductive cell division is commonly ob-
served that results in symmetrically arranged duplets of cells, as well 
as cube- like aggregates of four to eight or even more cells (Salman 
et al., 2013; Bailey et al., 2017). These cell morphologies produced 
by reductive division of Thiomargarita are similar to those observed 
in	the	Hollard	Mound	seep	carbonates.	Analogous	to	the	sequence	

of morphological change during reductive division observed for 
Thiomargarita (cf. Kalanetra et al., 2005; Salman et al., 2013), these 
division stages occur in the Hollard Mound spheres, whereby sym-
metrical division resulting in two cells of similar size in immediate 
proximity is a common arrangement (Figures 3b, and 4b–d), and are 
similar in size and morphology to Thiomargarita cells from present- 
day organic- rich sediments (Figure 9b,c). Some of the putative cells 
are arranged in clusters of four that show two sets of cells, where 
those opposite each other are of different size (Figure 3c). This spa-
tial arrangement as tetrad clusters is also observed for Thiomargarita 
cells during symmetric cell division; either one cell in a chain of three 
cells divides and the others do not, or one cell divides into two cells 
of different size that further divide into daughter cells of equal size 
(Salman et al., 2013).

Modern Thiomargarita have thick mucus sheaths surrounding the 
cell (Schulz et al., 1999), which either manifests as a diffuse, dark to 
black organic material or finely dispersed filaments reaching from 
the cell exterior (Figure 9; Bailey et al., 2017). These mucilaginous 
sheaths also surround colonial cell aggregates, as well as chains of 
individual cells (Kalanetra et al., 2005; Salman et al., 2013). This or-
ganic material is usually most dense along the edges where two or 
more individual cells are attached, as well as during initiation of re-
ductive cell division (Figure 9b,d). By analogy, the putative fossilized 
cells from Hollard Mound show similar dark rims of a brownish to 
black coloration composed of organic matter (Figures 3a,c and 5) 
where the cell walls are composed of multiple fine sheaths as also 
observed for Thiomargarita cells (Figure 9; Bailey et al., 2017; Salman 
et al., 2011). The double- layer cell walls that can be observed using 
cell staining (cf. Bailey et al., 2017), corresponds to some examples of 
larger cells in the Hollard Mound seep deposit. The Hollard Mound 
Thiomargarita- like fossils display a wall morphology that is typical for 
other fossilized cell material reported from the rock record (Javaux 
et al., 2003, 2004; Sugitani et al., 2015) and constitutes a critical 
diagnostic feature identifying microfossils as the remains of large 
prokaryotes. The putative Hollard Mound sulfide- oxidizing bacteria 
form dense aggregates and chains that commonly encircle and cover 
worm tubes (Figure 2c; cf. Peckmann et al., 2005), similar to sulfide- 
oxidizing bacteria today adhering to the tubes of seep- dwelling si-
boglinids (Grünke et al., 2012; Kalanetra et al., 2005).

5.2  |  Preservation and taphonomy

The degree of diagenetic alteration of the host rock determines 
the quality of preservation of microfossils. The δ13C and δ18O val-
ues	of	Hollard	Mound	carbonate	cements,	ranging	between	−25‰	
and	 −10‰	 and	 between	 −12‰	 and	 0‰,	 respectively	 (Peckmann	
et al., 2005), have been interpreted to reflect the oxidation of 
thermogenic methane at a seafloor seep as well as burial diagen-
esis having caused moderate neomorphism of carbonate cements 
(Aitken	et	al.,	2002).	Negative	cerium	anomalies	in	shale-	normalized	
rare earth element patterns in some of the carbonate phases may 
indicate temporally limited exposure of the anoxic sediment to 
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oxygenated seawater during carbonate precipitation, and that the 
geochemical signatures of the Hollard Mound carbonates were not 
erased by burial diagenetic processes (Jakubowicz et al., 2015). 
Temperature estimations calculated from Raman spectra of organic 
matter	between	140°C	and	230°C	suggest	 that	 the	samples	were	
not metamorphosed, thus explaining the high degree of preserva-
tion of the putative microfossils. Our petrographic observations here 
and those of previous studies (e.g., Cavalazzi et al., 2007; Peckmann 
et al., 1999) in combination with the identification of structurally 
ordered organic matter (Figure 5) confirm that the degree of pres-
ervation of the Hollard Mound carbonates allows for a geochemical 
reconstruction of environmental conditions, as well as for the iden-
tification of bona fide microfossils.

Due to their abundance in modern upwelling zones at the sites 
of phosphogenesis, the involvement of giant sulfide- oxidizing bac-
teria has been invoked in cases of microfossil- bearing ancient phos-
phorites (Czaja et al., 2016; Hiatt et al., 2015; Lepland et al., 2013). 
Some of these examples, such as putative fossilized Thiomargarita 
cells	 reported	 from	 the	 Neoproterozoic	 Doushantuo	 Formation	
(Bailey et al., 2007), are of similar morphology and size as the Hollard 
Mound microfossils. Cunningham et al. (2012) demonstrated path-
ways for the preservation of Thiomargarita cells, concluding that 
while internally stored sulfur globules should not be preserved within 
the center of the cell, the multi- layered sheaths exhibit the highest 
resistance toward decay, and thus highest potential for preservation. 
These results agree with our observations on the Hollard Mound 
microfossils. While there is little to no internal structure preserved 
within the cells, their outer structure is preserved by a well- defined, 
brownish- to- black rim that make them distinct and clearly iden-
tifiable from the carbonate cement in which they were preserved 
(Figures 3 and 4). This pattern of preservation is a criterion for bio-
genicity (Buick, 1990), while also agreeing with observations derived 
from experimental taphonomy (Cunningham et al., 2012). This se-
lective preservation is further supported by the identified Raman 
peaks	at	ca.	1330	and	ca.	1600 cm−1 within the brownish- to- black 
rim. These peaks can be assigned to the D and G peak positions char-
acteristic of structurally ordered organic material (Liu et al., 2013). 
Given the higher degree of cell wall preservation, it is likely that or-
ganic material in the cell walls was preserved during early diagenesis 
and later transformed to structurally- ordered organic matter in the 
course of burial diagenesis as outlined above.

Although	 sulfide-	oxidizing	 bacteria	 are	 common	 at	 modern	
seeps, identifiable fossilized bacterial remains are scarce in ancient 
seep deposits. This scarcity is likely due to the taphonomic require-
ments for preservation, where preservation requires a fast shift 
from oxic or suboxic conditions to anoxic conditions allowing for 
SD-	AOM-	driven	carbonate	precipitation	(Peckmann	et	al.,	2004). In 
seep environments the preservation or destruction of cellular mate-
rial is in part controlled by the balance between carbonate- dissolving 
and carbonate precipitating reactions: hydrogen sulfide oxidation 
with molecular oxygen, which triggers carbonate dissolution, must 
be	rapidly	overcome	by	SD-	AOM,	which	triggers	carbonate	precip-
itation, entombing and preserving cells of sulfide- oxidizing bacteria 

by carbonate minerals. This scenario implies that the preservation 
of fossils of sulfide- oxidizing bacteria in seep deposits depends on 
a delicate biogeochemical switch that leads to the fossilization of 
bacterial cells. Interestingly, carbonate precipitation has been shown 
to favor fossilization of cells at seeps where nitrate- dependent sul-
fide oxidation—a process mediated by giant sulfide- oxidizing bacte-
ria (Fossing et al., 1995)—is dominant, leading to the preservation 
of filamentous Thioploca cells (Himmler et al., 2018). By analogy to 
the model of preservation of Thioploca filaments, a genus closely 
related to Thiomargarita	 (Teske	&	Nelson,	2006), a rapid change of 
redox conditions may not have been necessary for fossilization if 
the Hollard Mound Thiomargarita- like bacteria performed nitrate- 
dependent sulfide oxidation.

It seems that the large sulfide- oxidizing bacteria are particularly 
prone	to	preservation	in	the	rock	record	including	Neoarchean	and	
Proterozoic sedimentary rocks (e.g., Bailey et al., 2007, 2013; Czaja 
et al., 2016; Georgieva et al., 2022) simply due to their large cell size 
and the amount and composition of mucilaginous sheath and cell wall 
material capable of withstanding decay (cf. Cunningham et al., 2012). 
The process of cell entombment by mineralization must proceed rap-
idly after the cessation of microbial activity before microbial decay 
can take effect, after which cells have a large potential of preserva-
tion as microfossils in sedimentary rocks (Bailey et al., 2009). These 
requirements for preservation are especially met at hydrocarbon 
seeps, where rapidly forming authigenic minerals have been shown 
to preserve bacterial fossils with great textural detail (Himmler 
et al., 2018; Peckmann et al., 2004; Stevens et al., 2015), as well as 
preserving organic walled worm tubes (Georgieva et al., 2019).

5.3  |  Paleoecology at the Hollard Mound seep and 
evolutionary implications

The ecological evolution of sulfide- oxidizing bacteria is linked to 
the antiquity of oxygenic photosynthesis, microbial sulfate reduc-
tion, and, possibly, to the nitrogen cycle. Microbial cycling of sulfur 
and	nitrogen	has	been	traced	back	as	far	as	3.5	and	3.2 Ga,	respec-
tively (Shen et al., 2009; Stüecken et al., 2015; Ueno et al., 2008), 
predating the oldest known seep deposits (Jakubowicz et al., 2017; 
Peng et al., 2022). Most of the oldest microbial fossils related to 
sulfur cycling have been interpreted as being phototrophs (Javaux 
& Lepot, 2018; Lepot, 2020; Wacey et al., 2011 and references 
therein), and are therefore ecologically unrelated to seep eco-
systems	 of	 the	 deep	 sea.	 Nitrate-	dependent	 sulfide	 oxidation,	 as	
mediated by the giant sulfide- oxidizing bacteria at seeps today, 
would have been efficiently inhibited by ferruginous conditions in 
Archaean	oceans	(Bekker	et	al.,	2010; Canfield et al., 2018), keeping 
sulfide and nitrate separated from each other. This would suggest 
that these bacteria would have emerged prior or during the Great 
Oxidation Event (cf. Czaja et al., 2016), possibly alongside the de-
velopment of increased diversity of other microorganisms such as 
cyanobacteria (Schirrmeister et al., 2013). Some of the oldest evi-
dence for the presence of large sulfide- oxidizing bacteria stems from 
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ancient phosphorites and phosphate- rich sedimentary rocks (Bailey 
et al., 2007; Lepland et al., 2013), where these bacteria apparently 
contributed to phosphogenesis by facilitating the precipitation of 
authigenic phosphate minerals (Goldhammer et al., 2010; Schulz & 
Schulz, 2005). Thiomargarita, but also Beggiatoa and Thioploca, are 
common at methane and oil seeps today (Joye et al., 2004; Mills 
et al., 2004;	 Niemann	 et	 al.,	 2006; Sahling et al., 2016), where 
abundant dissolved sulfide is produced by the sulfate- driven oxida-
tion of methane and oil (Boetius & Suess, 2004; Joye et al., 2004; 
Smrzka et al., 2019). However, hydrocarbon seepage and hotspots 
of phosphogenesis do not typically coincide, even though both en-
vironments provide habitats for the large sulfide- oxidizing bacteria. 
Also	 in	 the	 fossil	 record,	 a	 convergence	of	 seepage	and	phospho-
genesis seems to be rare. Zwicker et al. (2021) suggested that giant 
sulfide- oxidizing bacteria facilitated phosphorus accumulation and 
carbonate fluorapatite precipitation at a Cretaceous seep. Similarly, 
Lepland et al. (2013) suggested a link between sulfide- oxidizing 
bacteria and phosphogenesis for a Paleoproterozoic oil field system 
fueled by volcanic intrusions within organic carbon- rich mudstones, 
which apparently represented a main source of phosphorus (Kipp 
et al., 2020).

The Hollard Mound is one of the oldest known seep deposits to 
date and the oldest seep deposit with identifiable cellular remains of 
large sulfide- oxidizing bacteria, following the argumentation above. 
Apart	from	the	similarities	in	size	and	morphology	to	their	modern	
counterparts, the presence of calcium fluorapatite in fossilized cells 
is further evidence for the assignment of the Hollard Mound micro-
fossils to the colorless sulfide- oxidizing bacteria. Sulfide- oxidizing 
bacteria are capable of storing polyphosphate within their cells that 
can be released under sulfidic conditions, thus providing a source of 
phosphorus for the precipitation of phosphate minerals (Goldhammer 
et al., 2010; Holmkvist et al., 2010; Schulz & Schulz, 2005; Sievert 
et al., 2007). Scanning electron microscope examination shows that 
the distribution of calcium fluorapatite is not random, but is con-
centrated along former cell walls (Figure 7a–c). Upon closer exam-
ination, calcium fluorapatite crystals are several μm in size and are 
situated directly within voids that delineate the walls of the fossil-
ized bacteria (Figures 7a and 8b–e). The apparent absence of car-
bon (Figure 8e) and the presence of phosphorus (Figure 8f) in these 
minerals is in agreement with mineralogical identification of calcium 
fluorapatite (cf. Figure 6). The size and distribution of calcium fluo-
rapatite in the samples argues for authigenic formation in the direct 
vicinity of the cell walls, possibly related to metabolic activity. The 
presence of authigenic phosphate minerals, which are rare at seeps 
(Peckmann et al., 2005; Zwicker et al., 2021), would probably have 
required the local release of (poly)phosphate or similar phosphorus 
compounds as observed in organic-  and phosphate- rich sediments 
today.	Although	sulfide-	oxidizing	bacteria	are	capable	of	precipitat-
ing authigenic phosphate minerals, their abundance alone is appar-
ently insufficient to enable phosphogenesis in seep environments, 
which requires additional phosphorus sources as well as efficient 
mechanisms to prevent cycling and loss of dissolved phosphorus 
from sediments to bottom waters. Such additional sources could 

either be thick bacterial mats with abundant organic matter com-
bined with a mechanism that prevents phosphorus from escaping 
the pore waters (Zwicker et al., 2021), or an abundance of organic 
material in the host sediments that provides sufficient phospho-
rus for phosphogenesis (Glenn et al., 1994; Schenau et al., 2000). 
Neither	of	these	two	requirements	were	met	at	the	Hollard	Mound	
seep since neither the carbonates, their fossil inventory, nor the host 
rock are phosphatized, and no other phosphate minerals could be 
identified apart from those within the fossilized cell walls.

The similarity of the Hollard Mound paleoecosystem to present- 
day ecosystems at seeps with abundant giant sulfide- oxidizing bac-
teria suggests that hydrocarbon seeps experienced few changes 
in physicochemical environments and micro-  and macrofaunal 
ecology	 throughout	 the	 Phanerozoic.	 Although	 the	 macrofaunal	
composition at seeps has changed over time, most ancient seep de-
posits exhibit characteristic faunal assemblages with high degrees 
of endemism (Campbell & Bottjer, 1995; Kiel & Dando, 2009; Kiel 
& Peckmann, 2019; Van Dover et al., 2002).	 Annelid	 tubeworms,	
which are common invertebrates inhabiting hydrocarbon seeps 
today (Hilário et al., 2011), have been identified in ancient seep 
ecosystems since the Paleozoic with little morphological or ecolog-
ical change (Georgieva et al., 2019; Little & Vrijenhoek, 2003; Vinn 
et al., 2013). The presence of fossilized sulfide- oxidizing bacteria 
adhering to worm tubes in the Hollard Mound seep deposit sug-
gests that some aspects of chemosynthesis- based ecosystems at 
seeps remained largely unchanged for hundreds of millions of years. 
Similar conclusions have been drawn from fossilized microbial as-
semblages	in	anoxic	subseafloor	environments	from	the	1.8 Ga	Duck	
Creek	and	the	2.3 Ga	Turee	Creek	formations	(Schopf	et	al.,	2015). 
These Proterozoic ecosystems harbored non- phototrophic sulfide- 
oxidizing bacteria, reflecting little to no ecological or morphological 
change	 over	 a	 period	 of	more	 than	 one billion	 years,	 demonstrat-
ing that chemosynthesis- based ecosystems may enter phases of 
long- lasting evolutionary stasis (Georgieva et al., 2022; Schopf 
et al., 2015).	Although	 this	 notion	does	 not	 hold	 true	 for	most	 of	
the seep- endemic megafaunal invertebrate communities (Kiel & 
Peckmann, 2019), the Hollard Mound deposit provides evidence 
that chemosynthesis- based ecosystems have the potential to cope 
with macrofaunal evolutionary change and still function in a similar 
fashion despite changes in the phylogenetic affiliation of most of its 
metazoan members.

6  |  CONCLUSIONS

This study provides evidence for the presence of giant sulfur- 
oxidizing bacteria at a Devonian hydrocarbon seep. The size and 
morphology of spheres present within the authigenic carbonate 
are similar to modern- day sulfide- oxidizing bacteria of the genus 
Thiomargarita. Their distribution in the vicinity of worm tubes, 
with many spheres adhering to external tube surfaces, resembles 
the coexistence of sulfide- oxidizing bacteria with siboglinid tube-
worms	living	at	modern	hydrocarbon	seeps.	Although	preservation	
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of bacterial fossils is generally rare in ancient seep deposits, the 
colorless sulfide- oxidizing bacteria are particularly prone to pres-
ervation due to their large size. In addition, rapid changes in bio-
geochemical reactions that trigger carbonate precipitation may 
promote the preservation of microbial fossils or, alternatively, 
fossilization may be favored by carbonate formation induced by 
nitrate- driven sulfide oxidation performed by sulfide- oxidizing 
bacteria. The occurrence of calcium fluorapatite within the cell 
walls of the putative bacterial fossils suggests that the spherical 
microorganisms accumulated phosphate in their cells, analogous 
to modern colorless sulfide- oxidizing bacteria. These observations 
demonstrate that large sulfide- oxidizing bacteria have existed at 
seeps since the Paleozoic, and suggest that some aspects of the 
ecology of chemosynthesis- based ecosystems remained largely 
unchanged for millions of years.
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