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Abstract

Hydrothermal vents are among the most fascinating environments that exist within the modern
oceans, being home to highly productive communities of specially-adapted fauna, supported by
chemical energy emanating from the Earth’s subsurface. As hydrothermal vents have been a feature
our planet since the Hadean, their history is intricately weaved into that of life on Earth. Despite an
overall scant fossil record due to the improbabilities of preservation of vent deposits and organisms,
recent fossil findings from ancient vent environments, accompanied by molecular data as well as
fossils from ecologically-similar environments, have yielded invaluable new insights into the history of
life at hydrothermal vents. Fossils from hydrothermal vents are among the earliest contenders for direct
evidence of life on Earth, while a range of additional fossil finds indicate that vent habitats were readily
exploited by microbes during the Precambrian. The first metazoans possibly appeared within vents
during the Cambrian, and by the Ordovician-Silurian, hydrothermal vents in the deep ocean were
colonised by mollusc, brachiopod and tubeworm taxa whose large abundances and sizes suggest
these early animals were well-adapted to this setting. A transition in vent community composition
occurred during the Mesozoic, as modern vent faunas began to occupy these environments and
replace Paleozoic taxa. Molecular evidence indicates that many additional taxa radiated within vents
during the Cenozoic, demonstrating that throughout Earth history, organisms were repeatedly able to
overcome the challenges of adapting to the harsh conditions at vents to exploit their productivity.
Targeting ancient vent deposits that have undergone low degrees of diagenetic or metamorphic
change during mining-related exposure has great potential to provide further insights into the vent

fossil record and fill existing gaps in knowledge.

1 Introduction

Hydrothermal vents are one of the earliest types of environment to have existed on Earth, having been
a feature of our planet and the world oceans since the Hadean, 4.6-4.0 billion years ago (Ga) (Russell
and Hall, 1997; Martin et al., 2008). They are characterized by the ejection of hot, mineral- and

chemical-rich fluids from the seafloor, typically at bathyal depths. As well as being important geological
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structures that concentrate minerals of economic significance, they support remarkable biological
communities with rare and endemic species specially adapted to the conditions that vents present.
Vent environments are intimately connected to the history of life, as they are deemed a highly probable
setting for its origination (Reysenbach and Cady, 2001; Martin et al., 2008; Weiss et al., 2016), and
have a fossil history that possibly extends to the first direct evidence of life on Earth (Dodd et al., 2017),
demonstrating their importance as biological habitats throughout Earth history (Little et al., 1998).
Since the fossil record of hydrothermal vents was last reviewed (Little et al., 1998; Campbell, 2006),
numerous new fossil finds have been discovered, particularly from the Ural Mountains (Maslennikov
et al.,, 2016, 2017; Ayupova et al., 2017), while molecular phylogenetics has illuminated the
evolutionary histories of vent fauna absent from the fossil record. This review sets out to provide an
overview of the history of life within marine vent environments that weaves together data from diverse

sources, to document the role of hydrothermal vents in shaping biotic evolution on our planet.

1.1 Geology and chemistry of hydrothermal vents

Hydrothermal vents on the modern deep-seafloor were first discovered by deep towed cameras in
1976 and subsequently visited for the first time by submersible in 1977 (Lonsdale, 1977; Corliss et al.,
1979), after having been predicted to exist through global heat budget calculations (Lalou, 1991).
While the vents themselves were expected, that they would be populated by lush biological
communities was not anticipated. The physico-chemical conditions that vents provide are central to
their ability to sustain highly productive ecosystems. Hydrothermal vents can develop wherever a heat
source comes into close contact with a crustal fluid system, resulting in the convective flow of fluid to
the seafloor. The term ‘hydrothermal vents’ is largely applied to marine hydrothermal systems, which
are the focus of this review, however analogous systems can also form in freshwater bodies (such as
Lake Baikal) or in the terrestrial realm, where they are known as hot springs. In the marine
environment, hydrothermal vents are predominantly associated with the deep ocean, where they arise
in relation to seafloor extension at a range of tectonic sites (Fig. 1A). However, hydrothermal vents

are also commonly found in association with active volcanoes, seamounts, and continental rifts, and
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can thus occur at almost any depth. The majority of known hydrothermal vents occur along the axis
of mid-ocean ridges (65%), but vents are also common along volcanic arc (12%) as well as within
back-arc basins (22%) (Fig. 1A) (Hannington et al., 2011). Within extensional settings, spreading of
the seafloor results in the upwelling of magma below the crust, as well in cracks and fissures as
oceanic plates are stretched. This increased porosity enables seawater to percolate deep into oceanic
crust, where it is heated, reacts with rocks in the subsurface, and is subsequently convected upwards

towards the seafloor, erupting as a hydrothermal vent.

By the time hydrothermal fluids reach the seafloor, they can have temperatures of around 350-407°C
(Koschinsky et al., 2008), have interacted with rocks in the sub-seafloor, and represent near-neutral,
complex mixtures laden with chemically-reduced dissolved minerals (typically iron, zinc and copper
sulfides, silica, anhydrite, barite) and gases (hydrogen sulfide, hydrogen, methane). The interaction of
escaping hydrothermal fluids with cool seawater at the seabed usually results in mineral precipitation,
producing characteristic chimney structures (Fig. 2A, C) that exhibit zonation relating to the conditions
under which various mineral phases precipitate, particularly temperature. However, the morphology
of hydrothermal vent deposits can be highly variable depending on the rate of seafloor spreading, fluid
flow dynamics, and internal plumbing conditions and duration of venting. Therefore, hydrothermal vent
precipitates can also manifest as non-chimney structures, such as complex sulfide mounds (Van

Dover, 2000).
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Figure 1. Locations of hydrothermal vents today (confirmed and inferred) categorised by type. Source: InterRidge Vent Database v.

3.3.

Hydrothermal venting may also occur through sediments, whereby vent fluids mix with seawater below
the seabed, sometimes resulting in vent fluids rich in hydrocarbons and the deposition of minerals at
depth within the sediment (Von Damm et al., 1985). In addition, sedimentary-chemical deposits
variously termed metalliferous mudstones, exhalites, iron formations, jaspers (hematitic chert),
gossanites, or hydrothermal mudstones, form at the peripheries of hydrothermal vents as a result of
hydrothermal plume fallout, or the oxidation of existing chimney structures (Haymon and Kastner,
1981; Gurvich, 2006). Some of these are direct precipitates from low temperature, iron-rich, but
sulfide-poor vent fluids. These deposits can be layered, form small domes, and/or small chimney

structures, especially where there has been some associated silica precipitation (Sun et al., 2015).

Because of the action of hydrothermal vents to concentrate and precipitate minerals of economic
importance such as copper, lead, silver, gold, and zinc (Galley et al., 2007), they are of interest for
mineral exploitation. Hydrothermal vent deposits on the modern seafloor are also referred to as
seafloor massive sulfides (SMS) especially in relation to mineral extraction activities (Hannington et
al.,, 2011). The extraction of SMS from the modern seafloor is largely still in its infancy due to the

challenges of mining operations at depths of over 2,000 m below sea level, and compared to ancient
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vent deposits, appear to contain much smaller mineral reserves (Petersen et al., 2016). Research into
where large SMS reserves may be forming is the subject of intense scientific investigation (German et

al., 2016).

1.2 Biology of modern hydrothermal vent environments

The highly unusual fauna that astounded the first explorers of deep-sea hydrothermal vents in 1977
prompted the establishment of a completely new branch of deep-sea biology. The deep sea is
generally a resource-poor environment sustained by the continuous sinking of nutrients from surface
waters, resulting in low-productivity but diverse benthic communities dominated by deposit- and filter-
feeders. In contrast, hydrothermal vent communities are comprised of generally high abundances of
few animal species which are sustained by chemosynthesis, which is the harnessing of energy through
the use of reduced chemical compounds to fix carbon. Chemosynthesis at deep-sea vents is a process
carried out by microbes capable of chemolithotrophy, of which bacteria of the phyla Proteobacteria
and Campylobacterota have been shown to be particularly important (Dubilier et al., 2008; Sogin et
al., 2020). These bacteria use the reduced chemical species that are abundant in vent fluids, such as
hydrogen sulfide, as electron donors to convert carbon dioxide into organic compounds. The dominant
metazoans found within modern vent environments form symbiotic associations with
chemolithotrophic bacteria, which may be incorporated into animal tissues (endosymbiosis) or
attached to animal surfaces (ectosymbiosis). The establishment of such symbioses is deemed one of
the most important adaptations that enables metazoans to colonise hydrothermal vents, with these
intimate associations being crucial to the ability of vent-specialist taxa to sustain high abundances

within vent environments.

Annelid tubeworms of the family Siboglinidae, bathymodiolin mussels, vesicomyid clams, provannid
gastropods, alvinocaridid shrimp, eolepadid barnacles and Ajiwa anomuran crabs (Fig. 2A-C) are
among the most prominent occupants of present-day vent environments (Desbruyeres et al., 2006),

while a host of heterotrophic taxa are usually found living among vent specialists. Some of the animals
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which are highly successful at vents can also be found within other deep-sea chemosynthetic
environments such as cold seeps and organic falls, and are deemed to have complex evolutionary
trajectories that likely involve several chemosynthetic habitat types (Hilario et al., 2011; Smith et al.,

2015; Kiel, 2016).

Figure 2. Modern and ancient vent fauna, and its preservation. A, siboglinid tubeworms (Ridgeia piscesae) at the Magic Mountain
vent site, Explorer Ridge, NE Pacific. Image credit: NOAA. B, bathymodiolin mussels and alvinocaridid shrimps, Mid-Ocean Ridge
hydrothermal vents. Image credit: MARUM. C, eolepadid barnacles at the Kawio Barat volcano vent site. Image credit: NOAA Okeanos
Explorer. D, the lingulate brachiopod Pyrodiscus lorrainae from the Ordovician-Silurian Yaman Kasy deposit, scale bar is 20 mm. E,
tubeworm fossil from the early Jurassic Figueroa deposit, scale bar is 1 mm. F, abyssochrysoid gastropod from the Upper Cretaceous

Kambia deposit (Troodos ophiolite), Cyprus, scale bar is 1 mm. G, portion of a transverse section through the wall of a mineralised
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Alvinellatube preserved by pyrite and silica, scale bar is 2 mm. H, transverse section of a mineralised Ridgeia piscesae tube preserved
by pyrite, scale bar is 250 um. I, filamentous microbes preserved by pyrite within the tube wall of a mineralised Alvinella tube, scale
baris 10 um. Preparation: F, secondary electron scanning electron microscopy (SEM) image of specimen extracted from rock matrix,

G-I, backscatter SEM image of polished block preparations. Abbreviations: py, pyrite; si, silica.

2 Long-term preservation of hydrothermal vent deposits and fauna

Ancient hydrothermal vent deposits are distributed throughout the world’s continents (Galley et al.,
2007), but so far vent fossils (Fig. 2D-F) have been uncovered in only a subset of these (Fig. 3). For
vent fossils to persist over geological time in a recognisable state, they must be incorporated into a
deposit that escapes substantial metamorphic recrystallisation or destruction by subduction.
Understanding the intricacies of vent deposit preservation provides important insights into the biases

of the vent fossil record, as well as into where new fossil vent discoveries are most likely.

Fossil age:

@ Cenozoic
@ Mesozoic
O Paleozoic
© Precambrian

Figure 3. Ancient fossiliferous hydrothermal vent deposits categorised according to deposit age, box shows location of Fig. 4A.
Labelled ancient vent deposits are as in Table 1: 1, Barlo, Philippines; 2, Azema, New Caledonia; 3, Madneuli, Georgia. 4, Lahanos,
Killik, Cayeli, Kisilkaya, Turkey; 5, Kapedhes, Kinousa, Kambia, Memi, Sha, Peristerka, Cyprus; 6, Bayda, Oman; 7, Zeng6évarkony,
Hungary; 8, Coast Range Ophiolite, USA; 9, OPD Core 129-801C-4R, W. Pacific; 10, Figueroa, USA; 11, Tynagh, Ireland; 12,
Ballynoe, Ireland; 13, Red Dog, USA; 14, Canning Basin, Australia; 15, Nikolaevskoe, Kazakhstan; 16, Oktyabrskoe, Russia; 17,
Barsuchiy Log, Russia; 18, Gaiskoe, Russia; 19, Alexandrinka, Russia; 20, Molodezhnoe, Russia; 21, Priorskoe, Kazakhstan; 22,
Safyanovka, Russia; 23, Uzelga, Russia; 24, Talgan, Russia; 25, Babaryk, Russia; 26, XIX Parts'ezd, Russia; 27, Uchaly, Russia; 28,

Sultanovka, Russia; 29, Sibay, Russia; 30, Buribay, Russia; 31, Yubileynoe, Russia; 32, Novo-Shemur, Russia; 33, Shemur, Russia;



183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

209

210

34, Komsomol'skoe, Russia; 35, Blyava, Russia; 36, Dergamysh, Russia; 37, Krasnogvardeyskoe, Russia; 38, Ljeviha, Russia; 39,
Valentorka, Russia; 40, Yaman Kasy, Russia; 41, Thalanga, Australia; 42, Lgkken, Norway; 43, Tally Pond, Canada; 44, Niutitang
Formation, China; 45, Gaobanhe, China; 46, Lady Loretta, Mt. Isa, McArthur River, Australia; 47, Jerome, USA,; 48, Sulphur Springs,

Australia; 49, Nuvvuagittuq belt, Canada.

Seafloor hydrothermal venting is one of the most important ore-forming processes on the Earth
(Hannington et al., 2005). Ancient vent deposits contain mineral reserves that greatly exceed those
calculated for SMS (Franklin et al., 2005), and thus have been mined for millennia (Laznicka, 2010).
Ore deposits that formed in relation to ancient hydrothermal venting environments include both
volcanic-associated massive sulfide (VMS) deposits and sedimentary-exhalative (SEDEX) deposits.
There are recorded examples of fossil vent communities associated with both deposit types (Fig. 3;

Table 1).

The geo-tectonic settings for SEDEX deposits are generally within rifted environments in continental
settings, and only in rare cases is seafloor exhalation both demonstrated and preserved in such
deposits (Leach et al., 2005). Many SEDEX deposits formed in restricted basins, often in highly
reduced sedimentary settings where seafloor conditions were likely to be unfavourable for eukaryotic
life (Leach et al., 2005). In contrast, as Franklin et al. (1981) pointed out, almost every tectonic setting
with submarine volcanic rocks has the potential to host VMS deposits and hence there is a much
broader range of ancient submarine settings where vent communities could develop in open seawater.
There is a spectrum of VMS deposit types including some that have largely formed by sulfide
replacement processes subsea-floor, whilst others have sulfides precipitated at or just below the sea
floor and thus associated with direct seafloor venting over the life of the hydrothermal system (Doyle
and Allen, 2003). Modern submarine oceanic settings where VMS deposits form include crustal
spreading at mid ocean ridges, ocean hot spots and volcanic arcs (Hannington et al., 2005). Even so,
not all modern systems have associated mega- or macro- vent faunal communities, particularly where
unfavourable seafloor conditions are indicated or where mineral formation is largely by replacement in

subseafloor sediments and volcanic rocks.
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In the geological record, preservation of VMS deposits is largely restricted to deposits that formed in
collisional environments during periods of extension and rifting (Franklin et al., 2005). Such
environments, largely associated with supra-subduction settings, are the most likely seafloor
sequences to be preserved in the ancient geological record. Mid-ocean ridge spreading zones, the
most common site for modern hydrothermal vents, will become largely destroyed as seafloor crust is
subducted as oceans close again by convergence. The preserved geological record of VMS deposits
is therefore episodic, but includes important settings such as ophiolites as well as both oceanic and
continental arc systems, that become preserved through accretion or obduction (Huston et al., 2010).
Because preservation of VMS deposits is likely linked to orogenesis, many of the host sequences are
as a result metamorphosed, often above greenschist facies, where primary seafloor features will be
modified by dynamic recrystallisation. Systems where exceptional preservation is recorded are
normally characterised by the preservation of textures within sulfides that record the submarine setting
and show no evidence of overprinting (Herrington et al., 2005b). The exceptional case of Yaman Kasy,
the best studied example in Ordovician-Silurian rocks of the Urals, yields key features to be expected
in a well-preserved ancient vent system, including the sub-seafloor feeder stockwork system, massive
sulfide mound, vent chimney/conduit debris, including chimney fragments and reworked interlayered

sulfide, and oxide degraded mound sediments (Maslennikov, 1991; Herrington et al., 1998).

Devonian systems in the same tectonic domain of the southern Urals also show exceptional
preservation resulting from the atypical evolution of the orogen (Brown et al., 2011). Comparative
deposits in other tectonic units of the middle Urals are more highly deformed and to date have yielded
no primary sulfide textures or fossils (Herrington et al., 2005b). Additionally, even in terranes where
deposits have not experienced tectonic and metamorphic overprint, seafloor processes including
halmyrolysis (the early diagenesis, modification, or decomposition of sediments on the sea floor) and

diagenesis may have resulted in textural destruction of early features (Herrington et al., 2005c¢).
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Fossiliferous deposits are recorded in a range of orogenic belts including the Urals (Paleozoic),
Franciscan and Tethys (Mesozoic) and a number of more recent belts (Little et al., 1998). It follows
that all VMS deposits that still preserve structures and textures indicative of seafloor processes have
the potential to yield fossils. However, fossil preservation (taphonomy) plays a key role and the
absence of fossils in a VMS deposit may not mean that vent biota was not living at that site while it
was hydrothermally active. Overprinting geological processes will then serve to destroy any remaining

evidence.

3 Preservation of biogenic structures within modern vent environments

Understanding how organisms are preserved at hydrothermal vents is central to interpretations of the
fossil record of these environments, as well as providing remarkable insights into the discrepancies of
fossilisation processes in general. The mineralisation of biogenic structures by minerals typical of vent
settings constitutes a crucial first step in the formation of a vent fossil record. The precipitation of
minerals from vent fluids that results in chimney formation also occurs on biological structures, and
results in their mineralisation (the impregnation and/or replication of biological structures by typical
vent minerals), a process which is aided by the general proximity of vent fauna to zones of vent fluid
escape. Mineralisation of vent fauna can happen very rapidly, definitely within a year (Georgieva et al.,
2015) and potentially within two weeks (Pradillon et al., 2009). Mineralised remains of vent fauna are
readily found within modern vent sites and are essentially fossils, which can also be generated

experimentally (Little, 2009).

3.1 Insights from the mineralisation of annelid dwelling tubes at high temperature vents

Fossilisation at hydrothermal vents is especially well documented for organic dwelling tubes produced
by annelids in the families Alvinellidae and Siboglinidae (Fig. 2G-1) (Cook and Stakes, 1995; Maginn
etal., 2002; Peng et al., 2008; Georgieva et al., 2015), but is not well understood for organisms which
construct calcareous shells and tubes, such as molluscs and serpulid annelids. Organic annelid tubes

are mineralised primarily by pyrite and silica within deep-sea hydrothermal vent environments. The
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tubes of the vent siboglinid worm Ridgeia piscesae, which are originally comprised of a chitin-protein
complex, are replaced primarily by pyrite following mineralisation (Fig. 2G) (Cook and Stakes, 1995).
This mineralisation may be stimulated by microbes present within the tube wall (Peng et al., 2008,
2009). In the case of the multi-layered organic tubes produced by annelids of the genus A/vinella,
mineralisation templates the surfaces of the organic tube layers (Zbinden et al., 2001; Maginn et al.,
2002), resulting in a mineral tube that is also comprised of many concentric layers of iron sulfide
minerals, predominantly pyrite (Fig. 2H) (Georgieva et al., 2015). Mineralisation of A/vinefla tubes can
result in variable preservation given the same starting structure (Georgieva et al., 2015), and can also

be promoted by the presence of microbes within the tube wall (Maginn et al., 2002).

Studies of Alvinella tube fossilisation at hydrothermal vents have also revealed that preservation in this
setting can be exquisitely fine-scale, with structures such as microbial cells, filaments, protein fibres
and extracellular polymeric substances (EPS) also fossilised in remarkable detail by pyrite and silica
(Fig. 21) (Georgieva et al., 2015). The fine pyrite and/or silica templating that can occur at vents can
also act to preserve details of fossil ornamentation, such as ridges on the surfaces of tube fossils,
growth lines on gastropod and bivalve shells (Little et al., 2004a), or organic fibres that comprised the

original walls of tube fossils (Georgieva et al., 2017).

3.2  Preservation within low temperature vent environments

At low temperature vent sites a proportion of the volume of iron oxyhydroxide precipitate is formed by
benthic Fe-oxidising bacteria, principally belonging to the Zetaproteobacteria (Emerson et al., 2007;
Davis et al., 2009; Chan et al., 2011, 2016a; McAllister et al., 2019). The best known of this group is
Mariprofundus ferrooxydans, which has a bean-shaped cell that secretes very distinctive stalks, 0.6
to 2.2 ym wide and very often twisted, of organic-encased ferrihydrite, which precipitates on an
organic template as a waste product from its metabolic activity. These stalks can then serve as a
substrate for further iron oxyhydroxide precipitation, increasing the overall Fe/C ratio of the aging

stalks (Chan et al., 2011). The stalks typically occur in parallel, a result of coordinated growth of cells
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following a chemical gradient (Chan et al., 2016b). In addition to M. ferrooxydans, other
Zetaproteobacteria are present at low temperature vent sites, forming different structures. These
include unbranching cylindrical ferrinydrite-coated sheaths ca. 1 um in diameter and hundreds of
microns long (Fleming et al., 2013) and Y-shaped ferrihydrite-coated tubes ca. 2 to 4 um in diameter
and ca. 5to 50 um long (Emerson et al., 2007; Chan et al., 2016b). Zetaproteobacteria co-occur with
other microorganisms at low-temperature vents to collectively form mat-like structures on the seafloor
(e.g. Chan et al., 2016b; Johannessen et al., 2017; Vander Roost et al., 2017, 2018) that are partially
organic and partially mineralogical. However, the main framework of these mats is formed by the
Zetaproteobacteria. Whilst the micron-scale filaments formed by Zetaproteobacteria are not expected
to have much in the way of preservation potential, silica precipitation often additionally occurs at low
temperature vent sites (e.g. Rouxel et al., 2018), offering a taphonomic pathway for these highly

delicate structures into the fossil record as jasper deposits.

3.3 Comparison of vent mineralisation with sites of exceptional preservation

Because of the mineralization of soft tissues (annelid organic tubes) and preservation of micron-scale
morphological features and cells, fossilisation at hydrothermal vents can be compared with

sites of exceptional preservation and terrestrial hydrothermal systems (Georgieva et al., 2015). At hot
springs, silica can preserve microbes and plant tissues by direct replacement, templating or infilling
(Jones and Renaut, 2003; Akahane et al., 2004), producing silica-comprised fossils that retain a level
of detail similar to that observed within deep-sea vents. Exceptional preservation in soft sediment
environments can occur through the growth of pyrite as framboids, pyritohedra, and euhedral crystals
up to 20 um in size that template or infill organic structures (Briggs et al., 1991, 1996). A variety of
pyrite texture types also appear to be involved in the formation of fossils at deep-sea hydrothermal
vents, notably colloform pyrite and framboids, but the pyrite that delineates hydrothermal vent fossils
can also be exceptionally fine-grained (nanocrystalline) and may not necessarily be induced to form

through the decomposition of organic matter (Georgieva et al., 2015).
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4 The hydrothermal vent fossil record

Fossils were discovered within ancient hydrothermal vent deposits through mining activities long
before the first observations of hydrothermal vents on the modern seafloor (lvanov, 1947). Prior the
late 1970s, the significance of fossils in VMS was not appreciated, but these have since been
interpreted as vent fauna. The fossil record of hydrothermal vents is in general sparse. As detailed
above, a fortuitous combination of circumstances are needed in order to preserve and locate fossils
of hydrothermal vent fauna (Little et al., 1998). At the time of their last comprehensive review,
hydrothermal vent macrofossils (Fig. 2D-F) were known from 19 deposits spanning the Ordovician-
Silurian to the Eocene (Little et al., 1998). Additional deposits, as well as those containing only
microbial fossils, were reviewed by Little et al. (2004b) and Campbell (2006), and extended the fossil
record of vents into the Archean, 3.2 Ga. At this time, the vent fossil record was somewhat uneven,
with only two fossiliferous deposits known from the Cenozoic, several more sites from the Mesozoic,
a concentration of material from the Paleozoic primarily from the Ural Mountains region, and four

Precambrian deposits containing microbial fossils only (Campbell, 2006).

From the material discussed within the above reviews, it is clear that life has existed at hydrothermal
vents throughout much of Earth history, while metazoans are known to have exploited the high
productivity of vents since at least the Silurian (Ilvanov, 1959; Kuznetsov et al., 1993; Little et al., 1997,
1999c), or possibly the Ordovician (Buschmann and Maslennikov, 2006), based on uncertain dating
of some of the oldest Urals fossil sites. As the vent fossil record exhibits strong bias towards organisms
that form hard structures that are more resistant to decay (see section 2), many of the fossil sites are
dominated by relatively few fossil types, usually including tubes considered to have been made by

annelid worms.

When last reviewed, it was clear that vent environments appeared to have undergone major faunal
transitions over evolutionary time (Little and Vrijenhoek, 2003; Vrijenhoek, 2013), largely dispelling a

theory that they acted as evolutionary refuges in which relict taxa persisted unperturbed by major
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world events such as mass extinctions (McLean, 1981; Newman, 1985). The Mesozoic appeared to
mark a transition between vent faunas of the Paleozoic and Cenozoic, while molecular data largely
demonstrated that many modern vent animals make their first appearances within chemosynthetic
environments during the Cenozoic, which is also reflected by the fossil record of vesicomyid clams
and bathymodiolin mussels (Kiel and Little, 2006; Vrijenhoek, 2013). The vent fossil record is
especially poor during the Cenozoic, therefore much of what is known about the history of vent faunas

from this time is inferred from the fossil record of cold seeps.

Since the reviews of Little et al. (1998) and Campbell (2006), fossils have been reported from 26
additional ancient hydrothermal deposits, spanning the Upper Cretaceous to the Eoarchean or
possibly Hadean (Table 1; Fig. 3). The majority of these new occurrences are from the Paleozoic and
are located within the Ural Mountains, revealing this to be particularly interesting and crucial region to
the understanding of ancient vent communities. At the time of the above reviews, this region had
already demonstrated considerable scientific significance having produced the most diverse ancient
vent community known (Little et al., 1999c), and encompassing an especially high number of
fossiliferous vent deposits (Fig. 3). The Ural Mountains region is given particular attention in Section
4.2.2. Evidence for the very early history of life within hydrothermal vents has also experienced major
developments, as microbial fossils that very likely represent the earliest known organisms on our planet
were recently discovered within an ancient marine vent environment (Dodd et al., 2017). Vent-
associated deposits, such as sedimentary iron formations considered to have formed at the
peripheries of high-temperature hydrothermal activity, have proved especially important to providing
glimpses of early vent communities (Little et al., 2004b). In contrast, the fossil Mesozoic and Cenozoic
hydrothermal vent fossil record has seen relatively few new discoveries. However, insights into ancient
vent communities during this period may be gleaned from the fossil record of other chemosynthetic

environments, as well as from molecular clock age estimates for recent vent fauna.

4.1  Precambrian
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Five fossiliferous vent deposits exist from this time, spanning the Eoarchean-Hadean to the
Mesoproterozoic, all of which feature filamentous microbial fossils and, in some instances, additional

microbial structures (Table 1).

4.1.1 The earliest glimpses of life within hydrothermal precipitates: Nuvvuagittuq belt, Canada

The oldest known fossiliferous vent deposit occurs within the Nuvvuagittug belt, Canada, and
constitutes ferruginous sedimentary rocks 3.7-4.2 Ga in age, considered to have formed at a seafloor
setting subjected to hydrothermal activity that produced vent-related precipitates (Dodd et al., 2017).
These fossils occur as micrometre-scale hematite tubes and filaments, that resemble similar structures
in jaspers associated with younger vent deposits (Grenne and Slack, 2003; Little et al., 2004b). In also
representing the oldest direct evidence of life on Earth, the Nuvvuagittug fossils highlight the
importance of vent environments to the evolution of early life (Dodd et al., 2017), lending support to
the theory that life itself may well have originated within a submarine hydrothermal setting (Martin et

al., 2008; Deamer and Georgiou, 2015).

4.1.2 Paleoarchean to Mesoproterozoic vent fossils

The 3.2 Ga Sulphur Springs deposit records the first direct evidence of life within a high temperature
vent environment, and contains filaments comprised of pyrite preserved within chert and coarse-
grained quartz (Rasmussen, 2000). The biogenicity of these filaments has been questioned (Wacey
et al., 2014), but considering that there is still a paucity of examples of nano-scale textures that may
be generated from biogenic structures versus through abiotic processes, it remains possible that the

Sulphur Springs filaments do indeed have a biogenic origin.

All other Precambrian instances of fossils at ancient vent environments date to the Mesoproterozoic,
a period in Earth history when the first definitive eukaryotic fossils also emerge (Knoll et al., 2006;
Butterfield, 2015). Filamentous microfossils 1.7 Ga in age observed within samples from the Jerome

district of Arizona, USA, bear resemblance to those of Ordovician deposits such as Lgkken, in both
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morphology and preservation. They are also comprised of hematite and preserved within jasper
considered to have formed within a deep-water hydrothermal setting (Slack et al., 2007; Little et al.,
2021). The microfossil assemblage of the Lady Loretta, Mt. Isa and McArthur River deposits, Australia,
is more diverse and includes both filaments and round cell morphologies (Oehler and Logan, 1977),
preserved within black chert. The formation depth of these deposits is less well constrained, while
biomarkers indicate the presence of sulfur-oxidising bacteria (Logan et al., 2001). A fairly diverse
microfossil assemblage also occurs within the more recent, 1.4 Ga-old Gaobanhe Massive Sulfide,
China, which features microfossils with filamentous, spherical, rod and coccus morphologies, and also

contains the oldest known fossil vent chimneys (Li and Kusky, 2007).

4.2 Paleozoic

The major diversification of metazoans occurred during the early part of the Paleozoic, with these
changes also reflected to an extent in the fossil record of hydrothermal vent environments. There are
34 fossiliferous vent deposits from this time period, the majority of which are Devonian age (Table 1),

while recent reports have potentially identified the first Cambrian vent communities.

4.2.1 Cambrian-Ordovician vent fossils

Given that a diversity of metazoans appear well-established within hydrothermal vent environments by
the early Silurian or late Ordovician (Little et al., 1999c¢; Buschmann and Maslennikov, 2006), it may
be supposed that complex life may have colonised vents before this, rather than it taking 100 million
years from the major diversification of animal life in the Cambrian to the eventual colonisation of vents
by metazoans during the late Ordovician-early Silurian. At present, there are only two reports of
metazoan fossils from hydrothermal vents that predate the early Silurian-late Ordovician: sponge
spicules and double-walled tube fossils (approximately 1 mm in diameter) from a barite deposit of the
Lower Cambrian Niutitang Formation, China (Yang et al., 2008), and smaller tube fossils (up to 80 pm
in diameter) from metalliferous mudstones of the Middle Cambrian Tally Pond belt, Canada (Lode et

al., 2016). Further investigations of material from Tally Pond have yielded a larger diversity of probable
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metazoan structures, including a variety of tube fossils (15-125 ym in diameter), burrows (160 pm
wide) and probable sponge spicules (Lode et al., 2020, /n prep.). Together, these deposits provide
intriguing indications that early metazoans from several metazoan phyla did venture into and
potentially colonise vent sites. Although major Cambrian taxa such as trilobites are considered to have
had the adaptations necessary to colonise hydrothermal vents (Fortey, 2000), their remains are yet to

be found within ancient vent environments.

Ordovician vent fossils are represented by hematite filament networks that closely resemble structures
created by iron-oxidising bacteria such as Zetaproteobacteria (McAllister et al., 2019). These occur
in association with VMS deposits of the Lgkken area of Norway (Grenne and Slack, 2003), and the

Thalanga deposit, north-east Australia (Duhig et al., 1992a, 1992b; Davison et al., 2001).

4.2.2 The Paleozoic vents of the Ural Mountains

The fact that the Ural Mountains have yielded a large number of fossiliferous ancient vent sites (Fig.
4A; Table 1) is very likely due to their environment of formation and subsequent preservation history.
Vent fossils are known from 25 Urals sites to date, with metazoan fossils reported from six new sites
spanning the late Ordovician to the Middle Devonian. In addition, gossanites associated with a
multitude of Urals vent deposits have yielded further microfossil finds, providing insights into additional

aspects of these Paleozoic vent communities.

4.2.2.1 Geology of the Ural Mountains

The Uralide orogen (hereafter Urals) extends nearly 2500 km from the Aral Sea to Novaya Zemlya and
records the Paleozoic collision of at least two intra-oceanic arcs with the margin of Laurussia and a
final continent-continent collision with the Kazakh and Siberian plates (Brown et al., 2006, 2011). The
paleo-Uralian ocean basin developed during Late Cambrian to Early Ordovician rifting. Early rift-stage
rocks are found preserved in the Sakmara Allochthon (Fig. 4), which includes arc-related volcanics of

Silurian or possibly Ordovician age that host the earliest fossiliferous VMS deposits found to date in
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the Urals (Little et al., 1997; Herrington et al., 2002; Buschmann and Maslennikov, 2006). These
allochthonous rocks have now been thrusted onto the continental margin rocks of Laurussia (Puchkov,
1997). The boundary between the continental margin of Laurussia and rocks of the Devonian
Magnitogorsk oceanic arc system is marked by the Main Urals Fault (Fig. 4A), a complex suture
containing a melange of serpentinites, high pressure rocks and thrusted sediments from the
continental margin and oceanic rocks from the palaeo-Uralian ocean (Brown et al., 2006). East of the
Main Uralian Fault lie the Magnitogorsk arc rocks of Mid-Devonian age, which are the main host to the
fossiliferous VMS deposits in the southern Urals. The oldest, fore-arc rocks pass tectono-
stratigraphically and geographically eastwards successively into arc, back-arc and inter-arc basin

volcanic rocks that are host to a range of VMS deposits (Herrington et al., 2002, 2005a).
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Figure 4. A, Fossiliferous vent deposits of the Ural Mountains region. Orange line indicates position of sections in B, labelled ancient

vent deposits are as in Table 1: 16, Oktyabrskoe, Russia; 17, Barsuchiy Log, Russia; 18, Gaiskoe, Russia; 19, Alexandrinka, Russia;
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20, Molodezhnoe, Russia; 21, Priorskoe, Kazakhstan; 22, Safyanovka, Russia; 23, Uzelga, Russia; 24, Talgan, Russia; 25, Babaryk,
Russia; 26, XIX Parts'ezd, Russia; 27, Uchaly, Russia; 28, Sultanovka, Russia; 29, Sibay, Russia; 30, Buribay, Russia; 31, Yubileynoe,
Russia; 32, Novo-Shemur, Russia; 33, Shemur, Russia; 34, Komsomol'skoe, Russia; 35, Blyava, Russia; 36, Dergamysh, Russia; 37,
Krasnogvardeyskoe, Russia; 38, Ljeviha, Russia; 39, Valentorka, Russia; 40, Yaman Kasy, Russia. B, Schematic sectional cartoon
showing time-slices illustrating tectonic evolution of the Urals. (i) Ordovician-Silurian, Sakmara arc developed marginal to the
supercontinent of Laurussia. The VMS deposits of Yaman Kasy and Blyava developed in the Sakmara arc; (ii) Devonian — Sakmara
zone (arc) obducted onto Laurussia margin, exceptional preservation of VMS deposits. Subduction skips to Magnitigorsk arc where
fossiliferous VMS deposits including Oktyabrskoe, Yubileynoe, Sibay and Molodezhnoe developed; (iii) Late Devonian — Magnitogorsk
arc collides with Laurussia margin as the margin becomes subducted, subduction skips east to East Uralian Zone and Turgai arc; (iv)
Carboniferous — Final collision of Kazak continent assemblage and Laurussia margin to form the Urals, in southern Urals, Magnitogorsk

arc rocks well preserved with little metamorphism.

VMS deposits of the Urals are classified into three-four types depending on the geological and
geodynamic conditions of formation: Cyprus-Besshi, Urals, Baymak, and/or Kuroko (Zaykov et al.,
1996; Prokin and Buslaev, 1999; Gusev et al., 2000; Herrington et al., 2002, 2005b; Glasby et al.,
2007; Seravkin, 2010). These classifications can be broadly compared to the classifications of Franklin
et al. (2005) where Cyprus is equivalent to Mafic, Besshi is related to Pelitic-mafic, Urals is considered
to be Bimodal-mafic and Baymak represents Bimodal-felsic types. Cyprus-type deposits are typically
hosted in tholeiitic basalts of Middle Devonian age formed in the Dombarovsk and West Mugodijar
back arc basins that developed behind the Magnitogorsk arc (Fig. 4B). The Buribay deposit is hosted
in boninitic basalt and gabbro of the lowermost part of Baymak-Buribay Formation, in the fore-arc
position of the Magnitogorsk arc (Herrington et al., 2005b). These deposits are all dominated by Cu
and consist mainly of chalcopyrite and pyrite with minor sphalerite. The Ural-type deposits are hosted
in bimodal basalt-rhyolite sequences and occur in the basal parts of Tagil arc (see Fig. 4A), West and
East Magnitogorsk island-arc and Sibay back-arc basins. An evaluation of the settings with which vent
fossils in the Urals are associated revealed that ancient vent fauna mainly occur in massive sulfide
mounds formed in jasper-associated basalt and basalt-rhyolite formations, but are less common in
serpentinite formations. The probability of finding fossils appeared to correlate with the relative

abundance of basalt versus felsic volcanic rocks that underlie the deposits (Maslennikov et al., 2017).
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4.2.2.2 Urals vent fossils

Since the reviews of Little et al. (1998) and Campbell (2006), metazoan fossils have been additionally
reported from the Blyava, Dergamysh, Molodezhnoe, Priorskoe, Sultanovka and Valentorka VMS
deposits (Maslennikov et al., 2016, 2017) (Fig. 5), microbial fossils have been documented in detail
from Yaman Kasy (Georgieva et al., 2018), and tube structures that could represent either small
metazoans or large microbes have been discovered in hydrothermal sedimentary rocks associated
with the Alexandrinka, Babaryk, Blyava, Molodezhnoe, Shemur, Novo-Shemur, Priorskoe, Sibay,

Talgan, Uchaly, XIX Parts’ezd and Yaman Kasy VMS deposits (Ayupova et al., 2017) (Fig. 6).

The late Ordovician-early Silurian Yaman Kasy deposit hosts the oldest vent community that includes
definitive metazoans, which is also the most diverse ancient vent community known. This deposit
contains two fossil types of probable annelid tubeworms, two lingulid brachiopods, an ambonychiid
bivalve, a monoplacophoran, an indeterminate vetigastropod, and an indeterminate double-shelled
fossil (Little et al., 1999c; Buschmann and Maslennikov, 2006). The worm tubes contained within this
deposit (the fossil species Yamankasia rifeia and Eoalvinellodes annulatus) were initially likened to
those produced by modern vent lineages, notably vestimentiferans and Alvinellidae respectively (Little
et al., 1997, 1999c). Y. rifeia tubes (Fig. 5A) have size ranges of 3-39 mm in diameter (Little et al.,
1999c), and hence are comparable in size to the modern siboglinid species Riftia pachyptila, or giant
tubeworm. £. annulatus tubes are smaller, typically 0.1-3.5 mm in diameter, and occur close to vent
chimney structures and have therefore been compared to present-day tubicolous alvinellid species.
However, ornamental characters present on annelid tubes can often exhibit convergence (Kiel and
Dando, 2009), while a Silurian or Ordovician fossil age for vestimentiferans and alvinellids appears to
be inconsistent with origination dates indicated for these lineages by molecular clocks (Vrijenhoek,
2013). A recent re-examination of the Yaman Kasy tube fossils suggested that they are unlikely to
have been built by annelid lineages that inhabit present-day vent environments (Georgieva et al.,
2017). The Yaman Kasy brachiopods and monoplacophorans belong to extinct Paleozoic higher taxa.

The microbial fossils recently documented from this deposit are associated with the surfaces of worm
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tubes (Little et al., 1997; Maslennikov, 1999; Georgieva et al., 2018), indicating that symbiotic
interactions between animals and microbes were similar to those that occur within present-day vent
environments, where annelid tubes provide important habitat for diverse microbial communities
(Lopez-Garcia et al., 2002; Campbell et al., 2003; Duperron et al., 2009). The Yaman Kasy microbial
fossils also demonstrate that sub-micron fossil textures can be retained over hundreds of millions of
years in VMS deposits not subjected to significant metamorphism, confirmed by preservation of

delicate sulfide textures in associated vent chimney material (Herrington et al., 1998).

Other Urals vent deposits dating to the Silurian (Blyava, Dergamysh, Krasnogvardeyskoe,
Komsomol’'skoe, Ljeviha, Novo-Shemur, Shemur, and Valentorka) contain mainly worm tubes (Fig.
5B-D). These tubes are typically 1-3 mm in diameter, with some tube-like structures from Dergamysh
being potentially larger (Fig. 5E), while additional textures found in material from Dergamysh represent
collomorphic textures consistent with microbialites (Fig. 5F). The majority of tube fossils from the
Blyava, Valentorka and Dergamysh deposits are comparable to the size range of Eoalvinellodes
annulatus, however their mode of preservation renders it difficult to observe tube wall characteristics,
and hence to compare directly to better-preserved material from Yaman Kasy, or to present-day
tubicolous animals. The Ljeviha deposit is also reported to contain brachiopods (lvanov, 1959), but

unfortunately this material is no longer available for study (Little et al., 1998).

The majority of fossiliferous Urals vent deposits are Middle Devonian in age, with only Buribay,
Yubileynoe, and Sibay (Fig. 5G-I) dating to the Lower or Lower-Middle Devonian (Table 1). The Sibay
deposit has yielded the most diverse ancient vent community from the Devonian, containing metazoan
fossils of two types of worm tubes ( 7Tevidestus serriformis (Fig. 51) and indeterminate ?annelid worm
tubes), the modiomorphid bivalve species Sibaya ivanovi; as well as indeterminate bivalves or
brachiopods. The tubes of 7. serriformis have also been likened to those made by vestimentiferans,
particularly the modern species Tevrnia jerichonanain virtue of the presence of closely-spaced collars

or flanges present on the outer walls of both tube types. Recent reanalysis of 7. serriformis tubes
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revealed that they were also preserved with an astonishingly fine mesh of pyritised fibres present on
the outer tube wall (Fig. 5l), which cross at near right angles (Georgieva et al., 2017). A similar fibre
arrangement occurs on the tubes of modern chaetopterid worms (Annelida: Chaetopteridae) (Bhaud,
1998; Shah et al.,, 2015). Chaetopterids can also be common in modern vent environments
(Morineaux et al., 2010; Okumura et al., 2016) and are deemed to have ancient origins, having
diverged from other annelids during early stages of the diversification of this phylum (Weigert et al.,
2014; Weigert and Bleidorn, 2016). It is therefore possible that 7. serriformis fossils from Sibay may
represent the earliest known fossils of chaetopterids, but the additional presence of vestimentiferan-

like characters render them difficult to place definitively (Georgieva et al., 2017).

The fossil tubes present within material from Yubileynoe are remarkable for the dense clusters they
form in very close proximity to vent chimneys (Fig. 5H). These tubes are within the size range of the
Yaman Kasy species Eoalvinellodes annulatus, but the outer tube wall details have not been observed
and it is therefore not known if the Yubileynoe tubes are closely related. Worm tubes from Buribay are
small, typically less than 1 mm in diameter (Fig. 5G), and are also difficult to identify in virtue of few

distinguishing characters.

Nearly all Middle Devonian ancient vent deposits from the Urals contain worm tubes (Fig. 5J-L) (with
the exception of Babaryk and XIX Parts’ezd), while brachiopods have additionally been observed at
the Oktyabrskoe site (Table 1). Therefore, metazoans appear to have been prevalent within Devonian
vent sites, but their apparently low diversity is surprising, given the greater numbers of taxa uncovered
within the Yaman Kasy and Sibay deposits. This could be a result of biases in fossilisation as well as
fossil discovery, as the findings at Middle Devonian Urals sites largely represent opportunistic finds
rather than systematic palaeontological field surveys. Given the above in addition to the occurrence
of probable metazoan fossils at such a great number of Middle Devonian Urals ancient vent sites, it
appears that life at these vent sites was well-established, with most vent sites inhabited by abundant

tube-dwelling metazoans that were likely among the dominant taxa at these sites.
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Figure 5. Fossils from Urals ancient vent deposits. A, the large tube of Yamankasia rifeia, Yaman Kasy, scale bar is 30 mm. B, tube
fossils in transverse section, Blyava, scale bar is 1 mm. C, tube fossil in transverse section, Valentorka, scale bar is 1 mm. D, small
tube fossils, Dergamysh, scale bar is 1 mm. E, large tube-like structure, Dergamysh, scale bar is 20 mm. F, microbialitic texture,
Dergamysh, scale bar is 20 mm. G, tube fossils, Buribay, scale bar is 1 mm. H, tube fossils adjacent to vent fluid conduit, scale bar is

10 mm. |, detail of the outer wall of a Tevidestus serriformis tube, Sibay, arrow shows preserved tube wall fibres. Scale bar is 1 mm.
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J, tube fossils in transverse section, Molodezhnoe, scale bar is 1 mm. K, tube fossil in transverse section, Priorskoe, scale bar is 1
mm. L, tube fossil in transverse section, Sultanovka, scale bar is 1 mm. Preparation: B-D, G, J-L, reflected light images of polished

block preparations. E-F, H, photographs of polished slabs.

Figure 6. Fossils from gossanites associated with Urals Ordovician-Silurian (A-C) and Devonian (D-l) ancient vent deposits. A,

tube/filament fossil, Yaman Kasy, scale bar is 60 um. B, walled tube-like fossil from Shemur, scale bar is 60 um. C, Tubular structure
from Novo-Shemur with a thick Fe-oxide wall, scale bar is 120 ym. D, transverse section of tube fossil from Yubileynoe, scale bar is
120 um. E, tube fossils from Sibay, scale bar is 30 um. F, Fe-oxide filament network from the Sibay deposit, scale bar is 60 um. G,
transverse section of a tube fossil from Uchaly, scale bar is 60 um. H, cluster of tube fossils in transverse section from Molodezhnoye,
scale baris 120 um. |, cluster of spherical structures from Alexandrinka, scale bar is 120 pm. Preparation: all, transmitted light images

of thin section preparations.

The majority of fossils discovered within gossanites from the Urals are small, up to 550 ym in diameter

in the case of tube fossils (Ayupova et al., 2017) (Fig. 6A-E, G-I). A subset of tube fossils exhibit
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possible internal ornamentation (Fig. 6A), distinctive walls (Fig. 6B-D, H), and also appear to be
directly attached to others (Fig. 6H). These tube fossils are associated with a range of additional
textures such as filaments that resemble those of Fe-oxidising bacteria (Fig. 6F), and clusters of
spherical structures up to 120 pm in diameter that interlock with others (Fig. 61). Smaller spheres ~15
Jm in diameter were also found to inside tubes (Ayupova et al., 2017), and clusters of the above may
also fill tube cavities, and are considered to also have microbial origins. Between tube fossils, shorter
radial filaments 10 um in diameter have been observed, that have been likened to fungal hyphae

(Ayupova et al., 2017).

4.2.3 Devonian and Carboniferous vent fossils beyond the Urals

Devonian and Carboniferous ancient vent sites beyond the Urals are again mostly dominated by
macro- to megafaunal-sized worm tube fossils. Tubes from the Carboniferous Ballynoe and Tynagh
deposits, Ireland, are 2.5 mm and up to 0.8 mm in diameter, respectively (Boyce et al., 2003). While
somewhat different in size, they both exhibit distinct tube wall ornamentation of closely-spaced
annulations, which led Boyce et al. (2003) to conclude that they are likely related. Tube fossils from
the Carboniferous Red Dog deposit are larger (3-9 mm in diameter), are not preserved with any
ornamentation, and are associated with pellets 1-2 mm in diameter that could represent fecal matter,
algal debris, or microbial clumps (Moore et al., 1986). No metazoan faunas have been discovered
within with the Canning Basin reefs of Western Australia, which comprise extensive stromatolites that
in association with inorganic deposits form mounds hundreds of metres long and tens of metres thick,
that are preserved within sedimentary exhalative deposits formed as a result of the ejection of relatively
cool fluids from the seafloor (Playford and Wallace, 2001). The stromatolites are comprised of
carbonate possibly formed through bacterial oxidation of organic matter, and are interpreted to have

formed within deep inter-reef basins, bounded by anoxic muds.

4.3 Mesozoic
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A number of vent fossil sites are recorded from Mesozoic VMS deposits, mostly from the Upper
Cretaceous Tethyan palaeo-oceanic sequences (Fig. 7). These include important, taxonomically
diverse sites in the Troodos ophiolite in Cyprus (Little et al., 1999a) as well as sites of tubeworm fossils
in Georgia, Turkey and Oman. A single Jurassic occurrence containing metazoan fossils is recorded

in the Franciscan complex of western USA (Little et al., 1999b, 2004a).

4.3.1 Jurassic to Lower Cretaceous vent faunas

All three known Jurassic-age ancient vent localities contain microbial flaments preserved within
jasper, while only the Figueroa site hosts metazoan fossils (Table 1). The Figueroa site is the oldest
known ancient vent locality from the Mesozoic, and hosts a specimen-rich but low diversity
assemblage of worm tubes 0.3 to 6.8 mm in diameter (Fig. 2E), rhynchonellid brachiopods
(Anarhynchia cf. gabbij), and trochoidean gastropods (Francisciconcha maslennikovi) (Little et al.,
1999b, 2004a). Worm tubes preserved within the Figueroa deposit have also been likened to those of
vestimentiferans (Little et al., 1999b, 2004a). In this instance, recent re-examination has affirmed that
vestimentiferans are the most likely candidates to have constructed the Figueroa tubes (Georgieva et
al., 2017). This would suggest a 190 Ma (million year) history of vestimentiferans in the Pacific Ocean
(Little et al., 2004a), however this still precedes the oldest molecular age estimates for this lineage by
approximately 70 Ma (Vrijenhoek, 2013). The Figueroa rhynchonellid brachiopod species belongs to
the now extinct Dimerellidae family, while Francisciconcha maslennikovi is the first known fossil
trochoidean from chemosynthetic environments. Trochoidea also occur within present-day vent
communities, therefore the Figueroa fossil vent site appears to illustrate a transition between Paleozoic

and Mesozoic vent communities.

Brachiopods are also abundant within the iron ore deposit of Zeng&varkony, Hungary, which is
deemed to have formed in association with hydrothermal activity in a continental rift setting (Bujtor
and Voros, 2020). At least eight brachiopod species are reported from this site (Table 1), with the

sizes of two of these (Lacunosella hoheneggeri and Nucleata veronica) being on average 30 to 70%
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larger than specimens from their respective type localities (Bujtor, 2006, 2007). This size increase has
been inferred to result from the above brachiopod species having benefitted from hydrothermal
productivity. As certain modern vent animals (e.g. the giant tubeworm Riftia pachyptila, the giant clam
Calyptogena magnifica) achieve large body sizes through efficiently harnessing the high productivity
at hydrothermal vents, large body sizes of fossil vent and seep animals has been suggested as a proxy

for a potential chemosymbiotic lifestyle (Sandy, 1995).

4.3.2 The Upper Cretaceous Tethyan realm

Fossiliferous deposits, so far discovered, in the Neotethys realm (which separated Gondwana from
the Cimmerian microcontinents during the Mesozoic) formed in two distinct tectonic settings (Fig. 7).
The Troodos and Samail ophiolites are both developed in comparable settings at the supra-subduction
fore-arc of the south Neotethys (Fig. 7). In the case of Samail, the 96 Ma ophiolite-hosted VMS deposit
formed in a fore-arc setting and then was rapidly obducted onto the Arabian plate within a few million
years (ca. 92 Ma) where it is now preserved and the deposits exposed (Searle et al., 2015). The
deposits in Troodos, Cyprus, likely formed in an analogous geo-tectonic position to Samail, Oman,
around 94 Ma (Chen et al., 2020; Morag et al., 2020), with the island of Cyprus still sitting over the
subducted continental margin of the African plate with uplift and exposure of the ophiolite sequence

only occurring in Miocene times (Robertson et al., 2012).

The Madneuli and Turkish VMS localities developed in supra-subduction arc settings along the
northern margin of the Neotethys. Here, arc volcanics developed on continental crust in a string of
VMS deposits that includes the fossil localities of Lahanos, Killik, Cayeli and Kisilkaya in Turkey and
Madneuli in Georgia (Fig. 7). Deposits are all believed to be Upper Cretaceous in age, +94-88 Ma
(Little et al., 2007; Revan et al., 2017), being preserved when the northern branch of the Neotethys

closed at the end of the Cretaceous (Robertson et al., 2012).
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Only worm tube fossils have been found so far from the Bayda, Madneuli and Turkish sites, while
localities from Cyprus have yielded more diverse assemblages that include at least three types of
worm tubes (Georgieva et al., 2017), eight new species of abyssochrysoid gastropods (Fig. 2F)
(Andrzej Kaim, 2020, pers. comm.), as well as microbial filaments in jasper (Little et al., 1999a). One
of the worm tube types, described as ‘wrinkled’ in Georgieva et al. (2017), also shows close similarities
with the tubes of vestimentiferans, while the other two tube types demonstrate characteristics that are
consistent with both vestimentiferan and serpulid annelids. The abyssochrysoid gastropods comprise
the families Provannidae and Abyssochrysidae, along with the extinct families Hokkaidoconchidae and
Paskentanidae (Sasaki et al., 2010; Kaim et al., 2014), and the Cyprus specimens represent the first
record of this lineage within a vent deposit. Worm tubes from Bayda are 1-5 mm in diameter, and can
exhibit annulations that are very closely-spaced in some specimens (Haymon and Koski, 1985). Tubes
from the Turkish sites and Madneuli do not have discernible ornamentation, and are larger than those
from Bayda having diameters of up to 25 mm and 6.5 to 13.1 mm respectively (Little et al., 2007;

Revan et al., 2010).
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4.4 Cenozoic

The two known Cenozoic examples of fossiliferous VMS deposits are both located in the western
Pacific in preserved dominantly mafic volcanic packages, and both contain only worm tube fossils.
The Azema fossil locality in New Caledonia comprises a small copper-barite bearing VMS deposit
developed in Senonian to Paleocene basalts that are part of the Poya terrane. The Poya terrane likely
represents rocks scraped off the ocean floor of the western Pacific onto the basement terranes of New
Caledonia as the lower plate of the Loyalty Basin was subducted westwards under the island (Ulrich
et al., 2010). The Poya terrane has since been overthrust by older Eocene peridotite ‘massifs’ that
have later become deeply weathered to form the extensive nickeliferous laterites of the island. The
tectonic position of the deposit and its host sequence at time of formation is unclear, although the
volcanics show mid-ocean ridge, back-arc basin and ocean island affinities (Ulrich et al., 2010). The
Azema worm tubes are small with diameters of 0.2-0.3 mm, with some specimens also exhibiting

transverse annulations (Oudin et al., 1985).

The Barlo VMS copper-zinc deposit, is hosted in the middle Eocene (ca. 44 Ma) Zambales ophiolite
sequence in western Luzon, Philippines. The mine sequence is dominated by basaltic lavas and
contains units of boninitic affinity, indicative of a supra-subduction zone fore-arc setting (Perez et al.,
2018). These volcanic rocks have similar chemistries to units hosting the VMS occurrences in the
Oman and Troodos ophiolites, consistent with them all sharing an analogous geo-tectonic setting and
thus may be classified as a Cyprus-type deposit ss. These tubes are approximately 5 mm in diameter
and have thick walls (150 um) (Boirat and Fouquet, 1986), but have been observed mainly in section

therefore details of any wall ornamentation and thus their identity are unknown.

5 Insights from phylogenetics

Molecular tools are widely employed to assess the evolutionary history of vent fauna, and are
especially useful in the case of taxa that do not normally leave a fossil record (Kumar, 2005). Molecular

clock analyses, which comprise the application of an approximately uniform evolutionary rate over
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time to infer the age of lineages, can however suffer from limitations such as assumptions of the rate
and stability of genetic evolutionary change. They are best applied when they can be calibrated with
direct fossil evidence, but even then are not altogether reliable (Louca and Pennell, 2020).
Nevertheless, patterns among molecular clock estimates for different taxa along with consistencies

with the fossil record can provide further insights into the evolutionary history of vent environments.
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Figure 8. Fossil and molecular origination range estimates for taxa encountered within vent environments. Figure adapted from Little
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al., 2020). PETM, Paleocene-Eocene Thermal Maximum.

When last reviewed by Vrijenhoek (2013), molecular age estimates for taxa that dominate modern
vent sites suggested largely Cenozoic radiations, occurring especially after the Paleocene-Eocene
thermal maximum (PETM), a period during which anoxic/dysoxic conditions are considered to have
prevailed in much of the world’s deep ocean basins (Kennett and Stott, 1991). Cenozoic radiations for
vent taxa are still apparent when more recent studies on symbiotic deep-sea mussels, kiwaid

anomurans, and alvinocaridid shrimp are taken into consideration (Fig. 8) (Lorion et al., 2013;
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Roterman et al., 2018; Sun et al., 2018). However, other lineages such as abyssochrysoid gastropods
appear to have originated and diversified during the Mesozoic. Vestimentiferans, alvinellids, as well as
some vent limpets and barnacles also seem to have their origins within the Mesozoic, which in the
case of Neomphalina is confirmed by their fossil record at seeps. None of the lineages occupying
present-day vents are considered to have originated in the Paleozoic. Molecular age estimates
therefore largely confirm the pattern indicated by the fossil record of vent environments having
undergone a major faunal transition following the Paleozoic, and that modern vent communities are
occupied by lineages which originated either during the Mesozoic or Cenozoic. Molecular age
estimates can however demonstrate large ranges of uncertainty, for example spanning 75 Ma for the
vestimentiferans (Li et al., 2019), and thus it may be unsubstantiated to attribute Cenozoic radiations
to a discrete event such as the PETM. For some vent lineages, molecular age estimates also suggest
that origination dates greatly preceded diversification events, for example by up to 80 Ma in the case
of alvinellid annelids (Vrijenhoek, 2013), which in combination with the paucity of the fossil record

makes it difficult to speculate on what may have happened in between.

6 Perspectives and future directions

The fossil record of ancient vent environments, in combination with molecular data from modern vent
animals, demonstrates that hydrothermal vents have been important habitats for life, possibly since its
origination, as well as for complex multi-cellular life soon after its diversification during the Cambrian.
Whether life itself began at hydrothermal vents remains a debated question, that since the discoveries
of the Nuvvuagittuq fossils by Dodd et al. (2017) is also weaved into the discussion of what constitutes
the oldest fossil evidence of life on our planet (Benton and Harper, 2020). Contenders for the oldest
fossil in the world come from a range of palaeo-environments (Lepot, 2020), while molecular evidence
suggests that the last universal common ancestor (LUCA) of all cells was likely thermophilic and lived
in an environment rich in sulfur (Weiss et al., 2018). Biosignatures have been reported from a range
of Paleo- to Mesoarchean environments that experienced hydrothermal activity, demonstrating that

life was well-adapted to such settings from very early on in its history (Sugitani et al., 2015).
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Hydrothermal vents likely constituted important habitats for early life on Earth, with fossil insights from
the Precambrian indicating that they were readily exploited by microbes. The microbial communities
of vents, within both vent-peripheral and high-temperature vent settings, were therefore likely well-

established billions of years before the onset of animal life.

The Cambrian Tally Pond fossil faunas (Lode et al., 2020, /n prep.) hint that metazoans probably did
begin to move into vent environments during the Cambrian, with metalliferous mudstones forming on
the peripheries of vent fields potentially providing underexploited food sources in the form of microbial
mats, as well as ideal conditions for early animals to acclimatise to the harsher conditions that prevail
in closer proximity to chimneys. The Urals faunas remain the best-preserved examples of Paleozoic
vent communities, in which both vent environments and faunas were fossilised in remarkable detail,
and demonstrate that by the late Ordovician or early Silurian, certain animals had adapted to vent
conditions so effectively as to be able to colonise the walls of active vent chimneys, as observed for
the fossil tubeworm Eoalvinellodes annulatus (Little et al., 1999c). It therefore appears that Paleozoic
vent faunas were exploiting vent niches effectively, rather than opportunistically straying into vent
environments. These ancient vent animals may have also developed symbioses with microbes capable
of chemosynthesis, due to their large sizes and high abundances. However, this is very difficult to
prove definitively. The extraordinary fine-scale preservation at Yaman Kasy has revealed that microbes
were intimately associated with the surfaces of vent animals (Georgieva et al., 2018), thus potentially
paving the way for more highly-integrated relationships. The sheer abundance of both microbial and
metazoan life, as indicated by the multitude of fossils from the Urals, reveals the critical importance of
vents as habitats for Paleozoic marine life. The Urals represent an oceanic arc system analogous to
the western Pacific today, in which faunal distributions are spatially delimited by oceanographic
barriers (Mitarai et al., 2016; Breusing et al., 2020). It is possible that similar factors also controlled
the distributions of Urals ancient vent faunas, whereby highly-connected vent fields shared tubeworm
species, while more isolated vents provided suitable conditions for taxa not already adapted to vents

to move into these environments.
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The number of known fossiliferous ancient vent sites tails off rapidly following the Carboniferous, which
brings about the question of whether this indicates an absence of evidence of vent faunas, or evidence
of absence. The preservation of VMS deposits is intimately tied to cycles of continental rearrangement,
of which there have been three major peaks during Earth history: 2.74-2.68 Ga (Archean), 1.9-1.76
Ga (Proterozoic) and 520-300 Ma (Paleozoic) (Huston et al., 2010, 2015). In simple terms based on
the volume of metal sulfides so-far found in VMS deposits, the Mesozoic is significantly less productive
for VMS deposits than the Paleozoic, with the Cenozoic being particularly less productive. This is likely
as a result of reduced tectonic activity in the later Eras leading to fewer deposits than the more
dynamic preceding periods of Earth history. Given how few ancient vent deposits are sufficiently well-
preserved to yield fossils, it is reasonable to expect fewer vent fossil sites during the Mesozoic and

Cenozoic.

While some animal types, notably brachiopods, appear to have continued to colonise vents from the
Paleozoic and into the Mesozoic, it is increasingly clear that modern vent lineages began to move into
vent environments during the Mesozoic or Cenozoic. This is a pattern which is apparent from fossil
evidence of both hydrothermal vent and cold seep environments, as well as that of molecular clocks
(Fig. 8). The end-Permian mass extinction likely had profound impacts on life in the deep ocean
(Brennecka et al., 2011; Chen and Benton, 2012) from which it took several million years to recover
(Chen and Benton, 2012), and it is plausible that this may have instigated a shift in vent faunas.
However, a paucity of Triassic fossils from chemosynthetic sites make it difficult to assess the impacts
of this directly. Although comprising different tubeworm and mollusc taxa, Mesozoic vent communities
largely mirror the diversity of Paleozoic vents (such as when comparing Yaman Kasy and Sibay with
Troodos and Figueroa), as well as the observation of the majority of deposits containing only
tubeworms. The putative absence of bivalves at Mesozoic vent sites is somewhat puzzling, and may

be a result of vent bivalves having occupied habitats away from zones of active mineralisation.
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Gastropods and possibly vestimentiferan tubeworms seem to be among the first taxa to colonise vents
during the Jurassic, followed by additional gastropod lineages, vent barnacles and alvinellid annelids
(from molecular evidence). Vestimentiferans capable of colonising more than one chemosynthetic
habitat type appear to have evolved first (Li et al., 2015), suggesting that vestimentiferans may have
moved from seeps into vents. Alvinellids do not occupy other chemosynthetic environments such as
seeps, and thus may have adapted directly to vent conditions. Throughout the Mesozoic and
Cenozoic, a variety of metazoan lineages previously not adapted to vents colonised these
environments, indicating that the pull factors of high productivity greatly exceed the costs to adapting
to unstable thermal and chemical regimes. The ages of vents within particular geological settings also
vary, with back-arc basins being much shorter-lived in comparison to mid-ocean ridges (Woodcock,
2004), and thus new vent habitat generated in association with oceanic arcs may also act to promote

vent colonisation by previously non-vent lineages.

Despite a large increase of known vent fossil sites since the last reviews (Little et al., 1998; Campbell,
2006), large knowledge gaps in the understanding of ancient vent communities remain, and
uncovering new fossil evidence to fill these is essential. The challenge will be to find ancient examples
that are both prospective in terms of palaeo-environment and in terms of preservation. Targeting
ancient VMS and SEDEX deposits that have undergone limited metamorphosis is a good starting point.
Drillcore archives of mining operations provide samples of inaccessible deposits, that can be used to
firstly assess palaeo-oceanographic conditions and their potential to host vent fossils. Projects that
focus on finding new VMS-sized mineral resources on the modern ocean floor may also provide
drillcore material of Cenozoic-Mesozoic vents, which could also be carefully examined for fossils. In
addition to preservation biases at the vent-deposit scale, it is also vital to consider that the vent fossil
record is biased towards taxa that possess hard protective structures. Fossilisation studies within
modern vent settings can prove very helpful in this respect, as these can be used to quantify how
much of the diversity within modern vent sites is not captured within the fossil record. Molecular

phylogenetics also forms an important complement to the examination of fossils, and highlights the
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interdisciplinary nature of research into ancient vent communities, that provides opportunity for
collaboration between mining companies, ore geologists, mineralogists, palaeontologists, molecular

and deep-sea biologists.

7 Conclusions

Given the improbability of the mineralisation of animal structures at vent sites, their incorporation into
a vent deposit, the preservation of a specific vent deposit into the rock record (rather than it being
subducted), as well as that particular vent deposit escaping geological overprinting and later evading
destruction during mining activity, it is a wonder that vent fossils exist at all. Vent fossils are relatively
rare in comparison to fossils from more typical depositional settings, but despite their scarcity have
yielded invaluable insights into the history of life within some of the most fascinating environments on
Earth. Hydrothermal vent environments have clearly played an important part in shaping the evolution
of life on Earth, acting as incubators of evolutionary novelty that promoted the development of
innovative adaptations in deep-sea fauna, to a life fuelled by chemosynthesis in a habitat subjected to
unstable chemical and thermal regimes. The unique pathways that evolution has followed under vent
conditions presents a strong case for the conservation of modern vent communities, and continued

exploration of their evolutionary history.
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1382 Table 1. Reported fossils from ancient hydrothermal vent deposits. Updated from Little et al. (1998) and Campbell (2006), with fossiliferous vent deposits reported since these reviews highlighted.

# Deposit name/location Geo- Age Deposit type Fauna Inferred paleo-  References
tectonic/stratigraphic depth/setting
context

1 Barlo, Luzon, Philippines Supra-subduction zone Upper Eocene, Zambales VMS deposit Vestimentiferan? worm tubes, filaments in  Deep offshore  (Boirat and Fouquet, 1986; Little

Ophiolite jasper et al., 1998; Campbell, 2006)

2 Azema, New Caledonia Oceanic spreading Paleocene or Upper Cretaceous;VMS deposit Worm tubes Deep offshore  (Oudin et al., 1985; Little et al.,
centre ophiolite 1998; Campbell, 2006)

3 Madneuli, Georgia Supra-subduction arc  Late Cretaceous VMS deposit Worm tubes Shallow marine (Little et al., 2007)
setting

4 Lahanos, Killik, Cayeli, Supra-subduction arc  Upper Cretaceous VMS deposits Worm tubes - (Revan et al., 2010; Maslennikov

Kisilkaya sites, eastern Blacksetting

Sea, Turkey

5 Kapedhes, Kinousa, Kambia, Supra-subduction fore-
Memi, Sha, Peristerka sites, arc setting
Cyprus

6 Bayda, Oman Supra-subduction fore-

arc setting

Upper Cretaceous, Turonian,  VMS deposits

Troodos Ophiolite

Upper Cretaceous, Cenomanian,VMS deposit

Samail Ophiolite

Vestimentiferan worm tubes, serpulid? worm Deep offshore
tubes, cerithids or provannids, epitoniids,

filaments in jasper

Vestimentiferan? worm tubes Deep offshore

etal.,, 2016)

(Oudin and Constantinou, 1984;

Little et al., 1998, 1999a)

(Haymon et al., 1984; Haymon
and Koski, 1985; Little et al.,

1998; Campbell, 2006)



7 Zengdvarkony, Mecsek

Mountains, southern

Hungary

8 Coast Range Ophiolite,

California, USA

9 OPD Core 129-801C-4R,

Pigafetta Basin, W. Pacific

10 Figueroa, San Rafael
Mountains, southern

California, USA

11 Tynagh lead-zinc deposit,

Ireland

12 Ballynoe barite deposit,

Silvermines, Ireland

Rift basin, iron-ore
depositional setting

linked to former

hydrothermal activity on

the seafloor

Lower Cretaceous

Supra-subduction zone Late Jurassic

fore-arc basin

Mid-ocean ridge and

ocean island

Mid-ocean ridge or

seamount

Intracontinental basin
adjacent to active

fault/exhalative

Intracontinental basin
adjacent to active

fault/exhalative

Mid Jurassic

Lower Jurassic, Pleinsbachian,

Franciscan Complex

Lower Carboniferous, Upper

Tournaisian-Lower Viscean

Lower Carboniferous, late

Tournaisian

Iron ore deposit

Ophiolite

VMS deposit

Sediment-hosted
Pb-Zn-barite
deposit; pyrite
chimneys

Massive barite
deposit (Sediment-
hosted Pb-Zn

associated)

Brachiopods: -
Lacunosella hoheneggeri, Nucleata

veronica, Moutonithyris aff. M. moutoniana,
Karadagithyris sp., Zittelina pinguicula,
Dictyothyropsis vogli, Zittelina hofmanni,

Smirnovina ferraria

Filaments in jasper -

Filaments in jasper -

Vestimentiferan worm tubes, Anarhiynchia cf.Deep offshore
gabbi, Francisciconcha maslennikovi,

filaments in jasper

Pyritised worm tubes <100 m

Worm tubes, hematitised filaments -

(Bujtor, 2006, 2007; Bujtor and

Voros, 2020)

(Juniper and Fouquet, 1988;

Little et al., 2004b)

(Alt et al., 1992; Little et al.,
2004b)
(Little et al., 1999b, 2004a;

Campbell, 2006)

(Banks, 1985; Little et al., 1998)

(Boyce et al., 2003)



13 Red Dog Zn-Pb- Ag deposit, Active horst & graben/  Carboniferous, Kuna Formation

western Brooks Range,

Alaska, USA

14 Canning Basin reefs,

Western Australia

15 Nikolaevskoe, Rudniy
Altai, Kazakhstan

16 Oktyabrskoe, southern
Ural Mountains, Russia

17 Barsuchiy Log, southern
Ural Mountains, Russia

18 Gaiskoe, southern Ural

Mountains, Russia

19 Alexandrinka, southern

Ural Mountains, Russia

long-lived starved

sedimentary basin

Platform margin to
basinal/ post-
depositional

compaction, faulting

Ensialic island arc

West Magnitogorsk

island arc
East Magnitogorsk
island arc
West Magnitogorsk
island arc

East Magnitogorsk

island arc

Upper Devonian, Frasnian,

basinal facies, Gogo Fm.

Middle Devonian, Frasnian

Middle Devonian, Givetian,
Karamalytash formation
Middle Devonian, Eifelian,
Karamalytash formation
Middle Devonian, Eifelian,
Karamalytash formation

Middle Devonian, Givetian,

Karamalytash formation

Barites and Worm tubes, peloids
sulfides hosted in
siliceous black

shale and chert;

seep-related

Cool, early Intergrown stromatolites and barite
exhalative phase,
stromatolite barite-

sulfide build-ups

VMS deposit Worm tubes

VMS deposit Worm tubes, brachiopods

VMS deposit Worm tubes

VMS deposit Worm tubes

VMS deposit Worm tubes in sulfide-barite layers;

hematitised worm microtubes and filaments

in gossanites

Offshore

Deep basin

>1400 m

>1400 m

>1400 m

>1400 m

(Moore et al., 1986; Campbell,

2006)

(Playford and Wallace, 2001)

(Avdonin and Sergeeva, 2020)

(Maslennikov, 1991; Little et al.,

1998; Maslennikov et al., 2017)

(Pshenichniy, 1984)

(Avdonin and Sergeeva, 2017)

(Ayupova and Maslennikov,
2013; Ayupova et al., 2017;

Maslennikov et al., 2017)



20 Molodezhnoe, southern Ural East Magnitogorsk

Mountains, Russia

21 Priorskoe, southern Ural

Mountains, Kazakhstan

22 Safyanovka, southern Ural

Mountains, Russia

23 Uzelga, southern Ural

Mountains, Russia

24 Talgan, southern Ural

Mountains, Russia

25 Babaryk, southern Ural

Mountains, Russia

26 XIX Parts'ezd, southern Ural

Mountains, Russia

27 Uchaly, southern Ural

Mountains, Russia

island arc

Dombarovka back-arc

basin

East Uralian Uplift

(ensialic island arc)

East Magnitogorsk

island arc

East Magnitogorsk

island arc

East Magnitogorsk

island arc
East Magnitogorsk
island arc
East Magnitogorsk

island arc

Middle Devonian, Givetian,

Karamalytash formation

Middle Devonian, Givetian,

Karamalytash formation

Middle Devonian, Givetian

Middle Devonian, Givetian,

Karamalytash formation

Middle Devonian, Givetian,

Karamalytash formation

Middle Devonian, Givetian,

Karamalytash formation

Middle Devonian, Givetian,
Karamalytash formation
Middle Devonian, Eifelian,

Karamalytash formation

VMS deposit

VMS deposit

VMS deposit

VMS deposit

VMS deposit

VMS deposit

VMS deposit

VMS deposit

Worm tubes, hematitised worm microtubes >1400 m

and filaments in gossanites

Worm tubes, hematitised worm microtubes

in gossanites

Worm tubes, hematitised worm

microtubes in jasper

Worm tubes, hematitised worm

microtubes in gossanites

Worm tubes; hematitised worm microtubes
filaments and spherical bacterimorphic

texture, hematite-quartz stromatolites in

gossanites

Hematitised worm microtubes and filaments

in gossanites

Hematitised worm microtubes and filaments

in gossanites

Worm tubes, hematitised worm microtubes

in gossanites

>500 m

>1400 m

>1400 m

>1400 m

>1400 m

>1400 m

(Ayupova and Maslennikov,
2013; Maslennikov et al., 2016,
2017; Ayupova et al., 2017)
(Maslennikov et al., 2016, 2017;
Ayupova et al., 2017)

(Little et al., 1998; Ayupova and
Maslennikov, 2013; Maslennikov
et al., 2016, 2017; Ayupova et
al., 2017)

(Little et al., 1998; Ayupova et
al., 2017; Maslennikov et al.,
2017)

(Ayupova and Maslennikov,
2013; Ayupova et al., 2017;

Maslennikov et al., 2017)

(Ayupova et al., 2017)

(Ayupova et al., 2017)

(Ayupova et al., 2017)



28 Sultanovka, southern Ural

Mountains, Russia

29 Sibay, southern Ural

Mountains, Russia

30 Buribay, southern Ural

Mountains, Russia

31 Yubileynoe, southern Ural

Mountains, Russia

32 Novo-Shemur, northern Ural Tagil island arc

Mountains, Russia

East Uralian uplift Middle Devonian, Givetian, VMS deposit

(allochthonous Kasarga formation
fragments of evolved
oceanic and

epicontinental back-arc

basin)

Sibay intra-arc basin Middle-Lower Devonian, Emsian-VMS deposit

Eifelian, Karamalytash formation

West Magnitogorsk Lower Devonian, Eifelian, VMS deposit
island arc Baimak-Buribay formation
West Magnitogorsk Lower Devonian, Eifelian, VMS deposit
island arc Baymak-Buribay formation

Silurian, Llandovery, Shemur  VMS deposit

formation

Worm tubes -

Annelid? worm tubes, 7evidestus serriformis Deep offshore,

(annelid worm tubes), Sibaya ivanovi >1400 m
(modiomorphid), indeterminate bivalves or
brachiopods, hematitised worm microtubes

in gossanites

Worm tubes >1400 m

Worm tubes, hematitised worm microtubes >1400 m

and filaments

Worm tubes, hematitised worm microtubes 1400 + 400 m

and filaments in gossanites

(Maslennikov et al., 2016, 2017)

(Pshenichniy, 1984; Kuznetsov
et al., 1988, 1991b, 1991a;
Maslennikov, 1991; Little et al.,
1997, 1999c; Shpanskaya et al.,
1999; Campbell, 2006;
Maslennikov et al., 2017, 2016;
Ayupova et al., 2017; Georgieva

etal., 2017)

(Little et al., 1998; Maslennikov

etal., 2016, 2017)

(Little et al., 1998; Maslennikov
et al., 2016, 2017; Ayupova et

al., 2017)

(Ayupova et al., 2017)



33 Shemur, northern Ural

Mountains, Russia

34 Komsomol'skoe, southern

Ural Mountains, Russia

35 Blyava, southern Ural

Mountains, Russia

36 Dergamysh, southern Ural

Mountains, Russia

37 Krasnogvardeyskoe, central
Ural Mountains, Russia

38 Ljeviha, central Ural
Mountains, Russia

39 Valentorka, central Ural

Mountains, Russia

40 Yaman Kasy, southern Ural

Mountains, Russia

Tagil island arc Silurian, Llandovery, Shemur  VMS deposit
formation

Sakmara marginal sea  Silurian, Llandovery, Blyava VMS deposit

(Zaykov, 2006) or back- formation

arc basin (Herrington et

al., 2005c)

Sakmara marginal sea  Silurian, Llandovery, Blyava VMS deposit

(Zaykov, 2006) or back- formation

arc basin (Herrington et

al., 2005c)

Main Uralian fault Silurian Co-Ni-bearing

(supra-subduction zone) VMS deposit

Tagil island arc Silurian, Llandovery, VMS deposit
Krasnouralsk formation

Tagil island arc Silurian, Llandovery VMS deposit

Tagil island arc Silurian (or possibly Ordovician) VMS deposit

Sakmara marginal sea  Silurian, Llandovery (or possibly VMS deposit

(Zaykov, 2006) or back- Ordovician), Blyava formation
arc basin (Herrington et

al., 2005c)

Hematitised microtubes and filaments in

gossanites

Worm tubes

Worm tubes, hematitised microtubes and

filaments in gossanites

Worm tubes

Worm tubes

?Worm tubes, ?brachiopods

Worm tubes

Eoalvinellodes annulatus (indeterminate
worm tubes), Yamankasia rifeia

(indeterminate worm tubes), Pyrodiscus

lorrainae (lingulid brachiopod), indeterminate

1400 £ 400 m

1400 £ 400 m

1400 £ 400 m

1400 £ 400 m

1400 £ 400 m

1400 £ 400 m

1600+ m

(Ayupova and Maslennikov,

2013; Ayupova et al., 2017)

(Pshenichniy, 1984)

(Ayupova and Maslennikov,

2013; Maslennikov et al., 2017)

(Maslennikov et al., 2016, 2017)

(Ivanov, 1959; Little et al., 1998)

(Ivanov, 1959; Little et al., 1998)

(Maslennikov et al., 2016, 2017)

(Kuznetsov et al., 1993; Little et
al., 1997, 1999c; Shpanskaya et
al., 1999; Buschmann and

Maslennikov, 2006; Campbell,



41 Thalanga, Mt Windsor
volcanic belt, northern

Queensland, Australia
42 Lgkken, area, Trondheim
region, Norway
43 Tally Pond belt, central

Newfoundland, Canada

44 Niutitang Formation,
Guizhou Province, western

China

45 Gaobanhe Massive Sulfide,

north China

Back-arc basin/fault-

associated brine-rich

fluid flow

Back-arc basin

Rifted arc

Ordovician, Trooper Creek Fm.

Lower Ordovician

Middle Cambrian

Lower Cambrian

Mesoproterozoic, 1.43 Ga

lingulid brachiopod, Mytilarca (ambonychiid
bivalve), Thermoconus shadlunae
(monoplacophoran), indeterminate
vetigastropod, indeterminate double-shelled
fossil, hematitised worm microtubes,

microbes and microbial biomarkers

Sicila-iron exhalites Hematitic filament networks
in quartz-magnetite 1000+ m

or hematite pods

Jaspers associatedHematitic filament networks

with VMS deposits 1000+ m

Metalliferous Worm tubes, sponge spicules -
mudstones
associated with

VMS deposits

Barite Worm tubes, sponge spicules, algae -
hydrothermal
sedimentary

deposit (SEDEX?)

VMS deposit Microbial fossils =

Deep offshore,

Deep offshore,

2006; Blumenberg et al., 2012;
Maslennikov et al., 2017, 2016;
Ayupova et al., 2017; Georgieva

etal., 2017, 2018)

(Duhig et al., 1992b, 1992a;

Davison et al., 2001)

(Grenne and Slack, 2003; Little

et al., 2004b)

(Lode et al., 2016)

(Yang et al., 2008)

(Li and Kusky, 2007)
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46 Lady Loretta, Mt. Isa,
McArthur River (HYC),
northern Australia

47 Jerome district, Central
Arizona, USA

48 Sulphur Springs, Pilbara
Craton, Australia

49 Nuvvuagittuq belt, Quebec,

Canada

Intracratonic basin/syn- Paleoproterozoic, 1.64 Ga

depositional faulting

Oceanic spreading

centre

Paleoproterozoic, 1.71-1.74

Ga

Paleoarchean, 3.23 Ga

Eoarchean-Hadean, 3.77-4.28

Ga

SEDEX Zn-Pb-Ag

deposits

VMS-associated

iron formation

VMS deposit

Iron formation

Stromatolitic textures in pyrite, crinckly

Shallow to deep (Oehler and Logan, 1977;

laminated filaments; biomarkers; b-Alkanes, water

squalane, isoprenoids

Hematitic filament networks

Pyritic filaments

Hematitic filament networks

Deep offshore,

850+ m

Deep offshore,

1000+ m

McGoldrick, 1999; Logan et al.,

2001)

(Slack et al., 2007; Little et al.,

2021)

(Rasmussen, 2000; Wacey et al.,

2014)

(Dodd et al., 2017)
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Supplementary Materials

Figure S1. Searching for vent fossils in the field. A, open pit sulfide mine at Kambia, Cyprus, a location where vent fossils have been
discovered. White areas on pit wall formed of gypsum, where exposed, potentially fossiliferous sulfides are currently being weathered.
B, sulfide mine waste at Hgydal, Norway, showing evidence of well-preserved sulfide textures considered highly prospective for fossil
preservation. C, ore-horizon equivalent jaspers from Amot Mine, Norway, along strike from Hgydal that have yielded bacterial fossils
(camera lens cap included for scale). D, sulfide block from Yaman Kasy mine, Russia, showing exceptionally well-preserved ‘worm

tube’ fossils (pen included for scale).



