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ABSTRACT - Although medusoids (medusa-like fossils, putative medusae) are widely reported in the literature, there are only thirteen 
confirmed medusa-bearing deposits. These have a predictable and evolving distribution through time and across facies - including in coarse 
clastic sand flats where mouldic preservation predominates, restricted lagoonal facies where anoxia and hypersalinity fostered preservation, 
and offshore settings where rapid burial and early diagenetic mineralisation catalysed preservation. The medusan preservational window 
became progressively more restricted through the Phanerozoic. Preservation in sandy beach and sandflat facies is only known from the 
Cambrian, there are no open shelf medusa-bearing deposits after the Carboniferous, and the latest known lagoonal fossil medusae are from 
the lower Cenozoic. This restriction in occurrence through time is associated with changes in bioturbation, evolution of scavengers, occurrence 
of microbial mats, and possibly evolution of microbial communities. There is evidence of jellyfish blooms in five of the thirteen deposits, and 
medusan fossilisation may have been associated with anoxia caused by the partial decomposition of large masses of dead medusae.

INTRODUCTION

Jellyfish (cnidarian medusae) occur in immense 
numbers in modern oceans, with some taxa having 
nearly global occurrence (Jarms & Morandini, 2019). 
Due to their remarkable reproductive capacity, medusan 
populations can quickly “bloom” to phenomenal numbers 
when conditions are favourable, to the extent that jellyfish 
blooms have become a significant issue for people and 
economies in some regions (Lynam et al., 2005; Purcell, 
2005; Condon et al., 2012; Schnedler-Meyer et al., 2018). 
In spite of their abundance in modern marine settings, 
and inferred abundance in ancient oceans, medusae have 
a very poor fossil record because they possess almost no 
mineralised hard parts and quickly decay or are scavenged 
after death. Medusae have existed since at least the early 
Cambrian, yet even in the hundreds of known Konservat-
Lagerstätten, non-mineralising Cnidaria are among the 
rarest major metazoan groups. 

Although there have been some new discoveries of 
fossil medusae in recent years (e.g., Han et al., 2016; Fu et 
al., 2019), they are still only known from 13 distinct fossil 
deposits (or groups of genetically related deposits), where 
their presence is an indicator of exceptional preservational 
conditions (Pl. 1). The fossilisation of medusae is not 
only rare, but in some ways it may be distinct from 
the preservation of other soft-bodied organisms. By 
examining specimens from all bona fide medusan-bearing 
deposits, we have often observed that fossil jellyfish are 
different from other fossils in colour and texture, even 
within a single horizon in a Konservat-Lagerstätte. The 
composition and form of the medusan body may have 
been different enough from those of other animals that it 
induced unique variations on the fossilisation processes. 
For example, within many Konservat-Lagerstätten, 
medusae are not as frequently preserved as cuticular 

organisms such as arthropods, but they are frequently 
better preserved than the other entirely soft creatures. 

Given these considerations, we hypothesise that a 
major factor in this differential preservation is the presence 
of mesoglea, an elastic, fibre-bearing proteinaceous tissue 
present in Cnidaria and Ctenophora (see also mesohyl 
in Porifera; Brusca & Brusca, 2003, p. 183). To test this 
hypothesis, one needs a synoptic temporal, palaeobiologic, 
and environmental framework for assessing preservational 
patterns in the medusan fossil record and distinguishing 
these from evolutionary or other causative/mitigating 
factors. With this in mind, here we present a detailed 
assessment of the jellyfish fossil record, aimed at helping 
our community better understand the environmental 
conditions, ocean chemistry, and evolution of groups 
of organisms that had an impact on the preservation 
or non-preservation of medusae, including scavengers, 
decomposers, burrowers, and microbial communities 
(sensu Fernandez-Lopez, 2013). This assessment may 
also provide useful criteria for searching for additional 
deposits that contain medusae. 

Young & Hagadorn (2010) reviewed the fossil record 
of medusae, established criteria for recognition of fossil 
jellyfish (vs. “medusoids” or “possible jellyfish”), and 
interpreted the systematic affinities of confirmed fossil 
medusae. This contribution is a companion piece, examining 
the facies distribution of medusa-bearing deposits, and 
discussing possible reasons for their distinctive pattern 
of occurrence, including evolutionary, environmental, 
taphonomic, and/or biological influences. This work 
only covers macroscopic medusan cnidarians lacking 
hard parts, and thus excludes porpitid (chondrophorine) 
hydromedusae, hydroid colonies, conulariids, and 
olivooids and other microscopic medusoids (see e.g., Fryer 
& Stanley, 2004; Van Iten et al., 2006; Muscente et al., 
2016; and Wang et al., 2017 for coverage of those groups).
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The fossil jellyfish literature is marred by a very high 
“noise to signal ratio” because most of the structures 
that have been interpreted as medusae represent other 
phenomena, such as trace fossils, non-medusan body 
fossils, or equivocal forms (e.g., Young & Hagadorn, 
2010). To develop an improved understanding of the 
actual medusan fossil record, we have been working over 
the past decade to review all reported occurrences. Our 
database currently includes over 120 reports, of which 
we recognise about 20 taxa, occurring in 13 deposits or 
deposit groups. In each case we have applied recognition 
criteria that include morphology of the medusoid structure, 
co-associations, and evidence that the palaeoenvironment 
and taphonomy are consistent with interpretation as a 
preserved medusan. These criteria include: 1) evidence of 
original morphology consistent with medusae; 2) evidence 
of preburial transport, deformation, tearing, and/or 
desiccation; 3) evidence of appropriate palaeoenvironment 
(based on lithology, biota, sedimentary structures); 4) 
multiple individuals and horizons; and 5) evidence that the 
medusoid(s) can’t be readily ascribed to other phenomena 
(for details, see Young & Hagadorn, 2010).

From this curated record we assessed facies occurrences 
through time, to better understand the factors that 
permitted or prohibited preservation of these unusual 
fossils. All known fossil medusae occur within a somewhat 
limited suite of palaeoenvironmental settings: shallow 
to emergent sandy coasts, muddy lagoons or estuaries, 
and deeper mud-dominated subtidal environments. They 
are not known from other settings, most notably normal 
marine open shelves, but also rocky shores, reefs, and 
the deep sea. Each occurrence of fossil medusae exhibits 
unique palaeoenvironmental conditions and a distinct 

taphonomic signature. The purpose of this contribution is 
to review the depositional and preservational conditions 
of medusan occurrences, thus revealing potential trends 
in preservation through geological time.

FOSSILISATION OF MEDUSAE

In general terms, soft tissue preservation can occur 
in several ways: as organic residues (modified original 
material), through early diagenetic mineralisation by 
minerals such as pyrite and phosphate, and as sediment 
impressions or casts (see syntheses in Briggs, 2003; Briggs 
& McMahon, 2016; Parry et al., 2018; MacGabhann et 
al., 2019). Fossil medusae can be preserved through all of 
these pathways, and in many instances a single fossil can 
exhibit two or more preservational modes. Mineralisation 
conditions for medusan soft tissue preservation are often 
unique.

Fossil medusae always show evidence of decay, 
and it is clear that each fossil reflects a dead, partly-
decomposed jellyfish, not a freshly-killed one. This 
situation mirrors that of fossil anemones (Alpert, 1973; 
Pemberton et al., 2011; Plotnick et al., 2017), which 
are generally buried when dead; in deeper settings, 
living anemones and jellies that encounter burial events 
(hyperpycnal flows, turbidity currents, etc.) may leave 
behind trace fossils of their escape, or if escape is 
unsuccessful, they decay after burial but before they 
are completely cast. Even in shallower, intermittently 
exposed settings, jellyfish that are stranded alive tend 
to have time to decompose at least partially before or 
after burial - but prior to fossilisation. 

EXPLANATION OF PLATE 1

Examples of fossil medusae (color online).

Fig. 1 - Undescribed scyphozoan from a Cambrian arenite of the Potsdam Group, Carrières Ducharme, Québec, Canada; Pointe-du-
Buisson/Musée Québéquois d’archéologie, Québec, Canada, JF-67ME.  

Fig. 2 - Upper Carboniferous (Moscovian) chirodropid cubozoan Anthracomedusa turnbulli from the Mazon Creek Lagerstätte (Francis 
Creek Shale Member, Carbondale Formation), Illinois, USA, showing abundant tentacles; Field Museum of Natural History, 
Chicago, USA, FMNH 38977.

Fig. 3 - Upper Jurassic (Tithonian) rhizostome scyphozoan Rhizostomites admirandus from the Solnhofen Formation, Franconian Alb, 
Bavaria, Germany, showing muscles, possible gonads, and conjoined mouth-cross near the axis; Bayerische Staatssammlung 
für Paläontologie und Geologie (BSPG), Munich, Germany, Nr. 1885.

Fig. 4 - Undescribed upper Carboniferous (Moscovian) chirodropid cubozoan from the Mecca Quarry Shale, Indiana, USA, with bell 
filled with quartz sand and tentacles preserved as mineralized and carbonaceous films; FMNH PE 23963. 

Fig. 5 - Cluster of small upper Carboniferous (Moscovian) Octomedusa pieckorum from the Mazon Creek Lagerstätte (Francis Creek 
Shale Member, Carbondale Formation), Illinois, USA, with distinct bell margins and tentacles; Royal Ontario Museum (ROM), 
Toronto, Canada, ROMIP65605. 

Figs 6-8 - Upper Jurassic (Tithonian) probable semaeostome Myogramma speciosum from the Solnhofen Formation, Franconian Alb, 
Bavaria, Germany; 

  6-7 - images of specimen BSPG 1959 I 365 with 6 being a detail showing small fish skeleton inside the specimen, and 7 illustrating 
“feathered” muscle pattern at top of slab; 

  8 - specimen BSPG 1909 I 21 showing muscles and discrete axis. 
 Figs 9-10 - Eocene (upper Ypresian) medusae from the Calcari Nummulitici formation of the Bolca Lagerstätten, Bolca, near Verona, 

Italy;
  9 - unnamed probable semaeostome scyphozoan with gonads and ring muscles, Museo Civico di Storia Naturale di Verona 

(MCSNV), Italy, m.B.3;  
  10 - rhizostome Simplicibrachia bolcensis with bell and oral arms, Museo dei Fossili di Bolca, Verona, Italy, I.G.132586.

Each scale bar represents 20 mm.
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Which features may be lost through decay, and what 
remains of the jellyfish, are critical to interpretation of a 
fossil. Evidence from the sedimentary record indicates 
that tentacles, manubria, and oral arms are likely to be lost 
through transport and/or decay (Adler, 2013). Muscles, 
mesenteries, gonads, and canals can be rather robust and 
thus may be preserved in detail depending on the taxon 
and mode of transportation, as may the oral arms of 
rhizostomes and rhizostome-like forms. Sediment casts 
of internal structure, along with mesoglea, may survive 
after everything else has gone (see Adler, 2013).

Studies of modern medusae pertinent to fossilisation 
processes fall broadly into two categories: observations 
of dead or moribund medusae in marine environments, 
and laboratory experiments and observation of premortem 
behaviour or postmortem deposition. Key studies of 
medusan burial, decay, and cast formation on shorelines 
include Nathorst (1881), Schäfer (1941, 1972), Kornicker 
& Conover (1960), Thiel (1971), Hamada (1977), 
and Müller (1984, 1985). These works provide useful 

observations on what parts of a jellyfish tend to survive 
the longest, on orientation of medusae, and on collapse 
and potential cast formation. Unfortunately, they provide 
few insights into the form and preservation of actual fossil 
medusae. In recent years, observation of dying medusae in 
deep water has added considerably to our understanding 
of jellyfish deposition in such environments (e.g., Billett 
et al., 2006; Titelman et al., 2006).

The deposition and potential fossilisation of medusae 
have been the subject of experimental studies over many 
years, going back to pioneering work by Nathorst (1881) 
and Walcott (1898), and subsequent studies by Kornicker 
& Conover (1960), Schäfer (1972), Norris (1989), Bruton 
(1991), Rozhnov (1998), and Adler (2013). Most of 
these have evaluated the possible formation of casts by 
fresh medusae, but Adler (2013) carried out controlled 
decomposition experiments on Aurelia aurita (Linnaeus, 
1758). These showed that, as decomposition progresses, 
the medusa sinks to the bottom of the vessel, it loses 
surface texture, the exumbrella becomes flattened or 

Fig. 1 - Synoptic temporal, facies, and size distribution of verified occurrences of fossil medusae. Deposits are plotted against both geological 
time and generalised facies. Minimum and maximum bell diameter in each deposit are represented by solid and open bars, and abundances 
are represented by circles (note logarithmic scales); missing circle in locality 2 indicates that the number of specimens is currently unknown. 
Deposits include: 1, Chengjiang Lagerstätte, Yunnan Province, China; 2, Qingjiang Lagerstätte, Hubei Province, South China; 3, Burgess 
Shale Lagerstätte, British Columbia, Canada; 4. Marjum Formation, House Range, Utah, USA; 5, Cambrian arenites, Elk Mound Group, 
Wisconsin, USA, Keeseville Formation, Potsdam Group, New York, USA and Cairnside Formation, Potsdam Group, Québec, Canada; 6, 
Williams Member, Stony Mountain Formation, Manitoba, Canada; 7, Mazon Creek Lagerstätte, Illinois, USA; 8, Mecca Quarry Shale Member, 
Linton Formation, Carbondale Group, Indiana, USA; 9, Stark Shale Member, Dennis Formation, Iowa and Nebraska, USA; 10, Grès à Voltzia 
Formation, Vosges Septentrionales, France; 11, Cerin Formation, Jura Mountains, France; 12, Solnhofen Formation, Bavaria, Germany; 13, 
Bolca Lagerstätten, near Verona, Italy.
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concave, tentacles and the umbrella disappear, oral arms 
collapse, and the medusa eventually becomes flattened 
into a “2-D sticker”. Of the various morphologic features, 
the gastric system retains its form the longest. By the 
time the medusa is completely flattened, it is unlikely 
that it could be preserved as a fossil. These observations 
are specific to Aurelia, and the differing features of other 
medusae are likely to result in preservational variations; 
for example, some have much more mesoglea and thick, 
tough ectoderms. Environmental conditions may also 
cause substantial differences; visible biofilms did not form 
on Adler’s medusae (though there were biofilms on the 
water surface). Adler (2013) notes that her experimental 
medusae were not transported at all, and that tentacles 
and oral arms tend to be lost quickly when transported 
medusae are abraded by contact with sediment.

As Konservat-Lagerstätten become better understood, 
it is inevitable that the processes involved in medusan 
preservation will become clearer. Decay, mineralisation, 
and the maturation of organic material are all key processes 
in the preservation of soft tissue (Briggs & McMahon, 
2016). Because labile soft tissues such as muscle decay 
more readily than tough material like cuticle, the latter is 
much more abundant in the “soft tissue” record (Briggs, 
2003). Preservation of labile tissues commonly involves 
authigenic mineralisation, with the minerals involved 
varying depending on the ions available, the composition 
of the microbial community, the presence of oxygen, and 
the types of carcasses being deposited (Briggs, 2003). 
Many Konservat-Lagerstätten contain organisms with 
cuticular preservation, but lack preservation of those with 
purely labile tissues. Thus, medusae with preserved soft 
tissue (rather than just mouldic preservation) should only 
occur in deposits that cross this taphonomic threshold, and 
those would also have to be in depositional environments 
where jellyfish were likely to be present in large numbers, 
hence the rarity of medusa-bearing deposits. Nevertheless, 
medusae sometimes occur in places where other soft-
bodied organisms are absent or extremely rare, such as in 
Cambrian epicratonic sand flat facies of North America 
(Hagadorn et al., 2002; Hagadorn & Belt, 2008; Lacelle 
et al., 2008). This may be due to the substantial robust 
mesoglea or leathery integument present in certain groups 
of medusae, and it could be that the taphonomic window 
or hydraulic energy regime barely allowed these robust 
forms to pass through, while prohibiting the preservation 
of more delicate jellyfish along with other soft-bodied 
organisms. It should also be noted that many medusae 
have features that may facilitate mouldic preservation, 
including impressions and/or steinkerns (Adler, 2013). 

Chemical composition of the living animals is 
another factor that may have promoted the preservation 
of medusae where other soft-bodied fossils are absent. It 
has been noted that a number of metals occur at enriched 
levels in modern medusae. In scyphozoan tentacles, bell 
tissues, and oral arms, metals such as arsenic, cadmium, 
cobalt, copper, lead, manganese, and zinc can occur 
in concentrations 100x the ambient levels in seawater, 
while aluminum and iron can occur at more than 1000x 
the ambient levels (Cimino et al., 1983; Templeman & 
Kingsford, 2010). Several of these metals are involved 
in soft tissue preservation in various medusa-bearing 
deposits, and it is probable that their pre-existing 

concentration in medusae may have facilitated that 
preservation.

Environmental factors that could have inhibited 
preservation and fossilisation of medusae include but are 
not limited to: seafloor or shoreline exposure, wave and 
current action, decomposition, scavenging, disturbance 
by burrowers in burial sediments, and the activity of 
grazers on microbial mats. Fossilisation of medusae is 
often associated with deposition before or shortly after 
death of the animal, rapid sediment burial, early diagenetic 
mineralisation, low oxygen and/or elevated salinity, and 
bioimmuration beneath microbial mats or films. Anoxia or 
hypoxia will not prohibit decay, but can slow the rate of 
decay by an order of magnitude, as well as discouraging 
scavenging, bioturbation, and the grazing of microbial 
mats (Kristensen et al., 1995; Briggs, 2003; Cotroneo et 
al., 2016).

In modern oceans, it seems likeliest that appropriate 
conditions for fossilisation of medusae would be present 
in restricted lagoons, where there is little wave or current 
action, where burial can occasionally be rapid (through 
storm activity or density currents), where microbial mats 
may be present, and where low oxygen and high salinity 
related to stratification and limited circulation can inhibit 
the activity of decomposers, burrowers, scavengers, and 
grazers. Moreover, the decomposition of dead medusae 
during blooms could by itself create anoxic or hypoxic 
conditions in water of various depths, through the effect 
of their sheer biomass (West et al., 2009; Chelsky et al., 
2015). This phenomenon may have been an important 
factor in deposits where medusan abundance is so high 
that it reflects a jellyfish bloom or a series of blooms. 
Fossilisation could have resulted when the local chemical 
effects of a bloom were associated with other conditions, 
the most likely of which seem to be the presence of 
microbial mats and possibly of unusual cations in the 
porewaters surrounding carcasses. Although most 
medusae have a density sufficiently low that they will 
be deposited on shorelines (Titelman et al., 2006), some 
are denser and have morphologies that allow them to 
accumulate in deep water (Billett et al., 2006).

OCCURRENCES OF FOSSIL MEDUSAE

The following sections briefly describe each of the 
13 verified medusan-bearing deposits or deposit groups, 
in terms of formation and age, medusan taxa including 
abundance and sizes, mode of preservation, lithology, 
depositional environment, and associated biota. Some 
examples are shown in Pl. 1, and data on facies, size, and 
abundance are graphically depicted in Fig. 1.

There is not space here to discuss the dozens of 
described medusoids that do not meet the criteria for 
recognition as medusae, or where there is not sufficient 
data to be certain of a medusan attribution (e.g., Hagdorn, 
2013; Clemmensen et al., 2016; Sappenfield et al., 2017).

1. Chengjiang Lagerstätte, Kunming, Yunnan Province, 
China; Yu’anshan Formation, Cambrian (Series 2, Stage 3)

Yunnanoascus haikouensus Hu et al., 2007, formerly 
considered a ctenophore, was convincingly re-interpreted 
by Han et al. (2016) as a medusozoan, possibly a 
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scyphozoan. There is a single specimen, with a bell 
diameter of about 10 mm. Preservation is as a film 
of organic carbon and pyrite, and the specimen bears 
rhopalia, lappets, and tentacles. The Chengjiang biota 
occurs in thin-bedded siltstones and claystones, with most 
of the exceptional fossils occurring in event beds with 
sharp bases and gradational tops, which may represent 
distal mud turbidites (Hou et al., 2017). The diverse 
associated biota includes algae, sponges, ctenophores, 
arthropods, brachiopods, worms, and chordates. The 
depositional setting was a restricted tropical shelf with 
occasional storm influence (Babcock et al., 2001), and 
rapid burial in the event beds may have protected carcasses 
from scavenging. No burrows occur with the soft-bodied 
fossils (Hou et al., 2017).

2. Qingjiang Lagerstätte, Changyang area, Hubei 
Province, South China; Shujingtou Formation, Cambrian 
(Series 2, Stage 3)

Up to five new medusae have been reported in a 
preliminary publication on this newly discovered biota 
(Fu et al., 2019). One spectacular example was figured, 
bearing similarities to semaeostome scyphozoan medusae. 
Preservation is as a carbonaceous film, with tentacles, a 
convex bell, manubrium, and other features all clearly 
visible in the single figured specimen. Unfortunately 
there is very limited information currently available on 
abundance, diversity, or sizes of the medusae, as Fu et al. 
(2019) combine them with polypoid forms in their data 
tabulation, but the illustrated specimen is very small, 
with a bell diameter of about 7.5 mm. The Qingjiang 
biota occurs in calcareous claystones within a succession 
of laminated black siltstones. The associated biota is 
of high diversity with more than 100 taxa belonging 
to algae, ctenophores, arthropods, sponges, priapulids, 
brachiopods, lobopodians, hyolithids, and other groups. A 
few taxa are shared with the Chengjiang biota, including 
the anemone Xianguangia (see syntheses in Han et al., 
2010; Ou et al., 2017). The depositional setting was on 
a shelf, distal to the mudstones deposited in the coeval 
Chengjiang Lagerstätte. Organisms are hypothesised to 
have been transported downslope by sediment gravity 
flows, and deposited on an anoxic seafloor below storm 
wave base. No bioturbation has been reported from the 
beds that bear soft-bodied fossils.

3. Burgess Shale Lagerstätte, Mount Field, British 
Columbia, Canada; Burgess Shale Formation, Cambrian 
(Series 3 [Miaolingian], Stage 5 [Wuliuan])

Medusae, which have not been formally described, 
were collected by Desmond Collins and earlier Royal 
Ontario Museum crews and first reported by Devereux 
(2001; D. Collins, pers. comm.). These specimens, 
numbering at least 104 individuals, come from multiple 
horizons (Devereux, 2001; D. Collins, pers. comm.) and 
appear to be scyphozoans. The medusae exhibit simple, 
generalised morphology, including fusiform/highly-
domed bells and abundant short tentacles that fringe bell 
margins. Specimens exhibit evidence of shearing, tearing, 
and folding and some specimens exhibit contracted 
coronal rings or oral regions. Diameters range from 
~45-200 mm and fossils are preserved as organic carbon 
and aluminosilicate films (Butterfield, 1995, 2003, 2009; 

Devereux, 2001; Petrovich, 2001). Relief is moderate, 
suggesting that the medusae had considerable substance, 
with marked colour contrast from the sediment in fresh 
specimens (Devereux, 2001). The medusa-bearing facies 
includes finely layered calcareous shales, mudstones, and 
siltstones, deposited in deeper water at the foot of a deep 
escarpment (Briggs et al., 1994; Fletcher & Collins, 2009). 
The associated fauna is famously diverse and includes 
many groups such as sponges, arthropods, priapulids, 
polychaetes, and chordates; these are all generally 
cuticular forms, and organisms lacking cuticle are largely 
absent (Butterfield, 2003). The fossils are thought to be 
preserved as a result of rapid burial by pulses of fine 
sediment under anoxic conditions, possibly deposited 
by density currents or turbidity currents (Gabbott & 
Zalasiewicz, 2009). Microbial structures are known from 
some intervals in the Burgess Shale, including on surfaces 
that bear soft-bodied fossils (Gabbott & Zalasiewicz, 
2009; see also Mángano et al., 2019), but we do not know 
whether the medusae are directly associated with these. 
Although trace fossils are also known from the Burgess 
(Minter et al., 2011), they do not occur in facies that bear 
medusae, and when they do occur on beds that bear other 
soft-bodied fossils, they are often sub-cuticular or cryptic 
in nature (Mángano et al., 2019).

4. Marjum Formation, Sponge Gully, House Range, 
Utah, USA; mid Cambrian (Series 3 [Miaolingian], Stage 
6 [Drumian])

Varied small medusae were collected by Sue Halgedahl 
and Richard Jarrard and later documented by Cartwright 
et al. (2007). These specimens were not formally named 
but may be allied with narcomedusan hydrozoans, 
semaeostome scyphozoans, and cubozoans. Specimens 
were described from at least three horizons. Different 
specimens exhibit varying suites of morphologic features, 
including tentacles and bell musculature. Diameters are 7 
to 15 mm, and preservation is as largely two-dimensional 
organic films. They occur in thin-bedded, fine-grained 
dark grey mudstones alternating with coarser-grained 
reddish layers. These were deposited below storm wave 
base in mostly anoxic, quiescent conditions, on a gently 
sloping ramp. Associated fossils include algae, trilobites, 
other arthropods, priapulids, echinoderms, brachiopods, 
sponges, and hyolithids (Briggs & Robison, 1984; Conway 
Morris & Robison, 1986). Bioturbation is absent in soft-
tissue-bearing beds (Gaines et al., 2012), but may be 
cryptic in nature (Pratt & Kimmig, 2019).

5. Medusae in Cambrian Arenites of North America
5A. Elk Mound Group, Mosinee, Wisconsin, 

USA; Cambrian (Series 3 [Miaolingian] to Series 
4 [Furongian]) - Abundant large medusae have been 
documented by Hagadorn et al. (2002) and Tarhan 
(2008), but have not yet been formally described. 
These fossils, preserved as three-dimensional moulds 
in medium-grained quartz arenites, probably represent 
at least two taxa of scyphozoan medusae (Pl. 2, fig. 2). 
Part-counterpart moulds and steinkerns show features 
including radial canals, manubria, oral arms, coronal 
rings, and lappets. The mouldic preservation is somewhat 
similar to that of Ediacaran fossils. More than 10,000 
medusae are known, occurring in more than 20 horizons. 
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Most diameters range from 80 to 750 mm. The quartz 
arenites were deposited in shoreface to shallow subtidal 
marine sands in a barrier island complex, and exhibit 
features such as raindrop impressions, desiccation 
cracks, and channels and abundant microbial coating of 
surfaces (Bottjer & Hagadorn, 2007; Dornbos et al., 2007; 
MacNaughton et al., 2019). Associated fossils include 
phyllocarid and euthycarcinoid arthropods (Collette 
& Hagadorn, 2010) and the trace fossils Arenicolites, 
Climactichnites, Cruziana, Diplichnites, Planolites, 
Protichnites, Rusophycus, and Teichichnus (Getty 
& Hagadorn, 2008; MacNaughton et al., 2019). The 
abundant medusae may have been preserved because of 
a lack of erosional scouring, and limited scavenging and 
vertically oriented bioturbation (Hagadorn et al., 2002).

5B. Keeseville Formation, Potsdam Group, 
Ausable Chasm, New York, USA and Havelock, 
Québec, Canada; Cambrian (Series 3 [Miaolingian]) - 
Numerous medusae have been documented by Hagadorn 
& Belt (2008), Lacelle et al. (2008), and Tarhan (2008). 
These are virtually contemporaneous with the medusae 
in the Elk Mound Group, and preserved in a very similar 
depositional setting. The fossils are preserved as moulds 
in medium-grained quartz arenites, and often appear 
as simple circular mounds, but some are twisted or 
folded, exhibit evidence of transport, or have tripartite or 
quadripartite axial regions (Pl. 1, fig. 1; Pl. 2, fig. 1). They 
are interpreted as scyphozoan medusae, but have not yet 
received systematic description. More than 1000 medusae 
are known, occurring in more than six horizons. Diameters 
range from about 50 to 660 mm, with an average of 
just over 200 mm. The depositional environment is 
interpreted to have been intermittently emergent, and the 
arenites containing medusae have sedimentary structures 
indicating deposition in very shallow water less than 2 
m deep, with oscillating flow (Hagadorn & Belt, 2008; 
see also Sanford & Arnott, 2010; Lowe et al., 2017). 
There is good evidence of microbial mats (Bottjer & 
Hagadorn, 2007; Landing et al., 2007), and the associated 
biota includes phyllocarid and euthycarcinoid arthropods 
(Collette & Hagadorn, 2010) and the trace fossils 
Arenicolites, Climactichnites, Cruziana, Diplichnites, 
Planolites, Protichnites, Rusophycus, and Teichichnus 
(Getty & Hagadorn, 2008). Deep burrows are absent from 
medusa-bearing facies.

6. Williams Member, Stony Mountain Formation, William 
Lake, Manitoba, Canada; Upper Ordovician (Katian)

Thousands of fossil medusae, distributed across more 
than ten horizons (Pl. 2, figs 3-4), were noted by Young 
et al. (2007, 2012). Systematic description is in progress, 
and the fossils include leptomedusan hydrozoans, possible 
anthomedusan hydrozoans, and possible Scyphozoa. The 
medusae are three-dimensional moulds and replacement 
fossils in dolomudstone, preserved as degraded pyrite and 
as sparry dolomite slightly enriched in iron and silica, 
surrounded by rusty halos of degraded pyrite. There was 
apparently substantial pyrite in the fossils as originally 
preserved, but they were subsequently weathered during 
exposure near the ground surface over the past several 
thousand years. Many specimens have a quadrate form 
and exhibit canals, gonads, and wrinkled bells; features 

such as tentacles and bell apices are rarely preserved. 
Diameters range from about 15 to 80 mm. The enclosing 
dolomudstone is thin bedded, and represents deposition 
under restricted, shallow, and very low energy marginal 
marine conditions, possibly in a lagoon. Microbial laminae 
are observed in some horizons, and some medusae are 
associated with salt crystal moulds. The associated 
fauna includes arthropods (eurypterids, xiphosurids, 
pycnogonids), possible ctenophores, lingulid brachiopods, 
nautiloid cephalopods, and other groups (Young et al., 
2012). Shallow Chondrites-like burrows are common or 
abundant in some horizons.

7. Mazon Creek Lagerstätte, Essex and Astoria, Illinois, 
USA; Francis Creek Shale, Carbondale Formation, upper 
Carboniferous, Middle Pennsylvanian (Moscovian)

Several medusan taxa have been described and named 
(Johnson & Richardson, 1968; Foster, 1979; Sroka, 1997), 
but these are being re-assessed in a study in progress (see 
Plotnick et al., 2017), and we only consider two to be 
valid medusozoans: Anthracomedusa turnbulli Johnson 
& Richardson, 1968, a chirodropid cubozoan (Gershwin, 
2003; see Pl. 1, fig. 2), and Octomedusa pieckorum Johnson 
& Richardson, 1968, which may be either a hydrozoan or 
a scyphozoan (Pl. 1, fig. 5). More than 20 specimens of A. 
turnbulli are known, with bell diameters in the range of 
30 to 100 mm, whereas the more than 15 specimens of O. 
pieckorum are much smaller, about 3 to 21 mm. Because 
most Mazon Creek material was collected from coal mine 
spoil heaps, it is not possible to determine the number 
of horizons at which each species occurs - but Baird et 
al. (1986) documented the presence of nodules across 
many horizons. The following taxa need reassignment 
to non-medusan groups (Plotnick et al., 2017): Essexella 
asherae Foster, 1979, Reticulomedusa greenei Foster, 
1979, and Lascoa mesostaurata Foster, 1979. Fossil 
preservation is as early diagenetic pyrite and siderite 
moulds and casts, in ironstone concretions (Woodland 
& Stenstrom, 1979; Baird et al., 1986; Cotroneo et al., 
2016). Microbial textures are present, and microbes are 
considered to have played an important role in Mazon 
Creek fossilisation (Fernandes, 2012; Cotroneo et al., 
2016); the combination of pyrite and siderite is related to 
a combination of fresh and salt water influences (Cotroneo 
et al., 2016). The regional environment is interpreted 
to have been a coastal delta to estuary (Shabica, 1970; 
Baird et al., 1985), with the Francis Creek Shale being a 
sediment infill in interdistributary bays or lagoons (Foster, 
1979; Baird et al., 1986; Cotroneo et al., 2016). The 
associated fauna includes many soft-bodied organisms 
representing brackish, freshwater, and terrestrial settings: 
plants, arthropods, bivalves, millipedes, vertebrates, and 
other groups (Johnson & Richardson, 1966; Nitecki, 1979; 
Wittry, 2012) as well as a diverse array of trace fossils 
(see synthesis in LoBue, 2006).

8. Mecca Quarry Shale Member, Linton Formation, 
Carbondale Group, Parke County, Indiana, USA; upper 
Carboniferous, Middle Pennsylvanian (Moscovian)

A single remarkably preserved medusan is known, 
representing a chirodropid cubozoan; systematic 
description is in progress (Young & Hagadorn, 2018). 
The specimen has a bell diameter of 68 mm; preservation 
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is as a silica sand endocast of the body cavity within the 
bell, combined with carbon/mineralised films preserving 
the pedalia, tentacles, and other features (Pl. 1, fig. 4). 
The Mecca Quarry Shale is a grey to black carbonaceous 
shale that is enriched in zinc, molybdenum, and other 
heavy metals (Coveney & Martin, 1983); this unusual 
composition may be reflected by the occurrence of 
sphalerite as one of the minerals preserving the medusan. 
In Indiana, this unit was deposited in nearshore, shallow 
marine locations adjacent to peat swamps, and anoxic 
bottom conditions may have been present due to 
accumulation of plant material and other organics, some 
of it probably floating at the water surface (Zangerl & 
Richardson, 1963; Tourtelot, 1979; Coveney & Martin, 
1983). The unusual concentration of heavy metals may 
have resulted from acidic drainage from peat swamps. 
Associated fauna in the Mecca Quarry Shale includes 
bivalves, gastropods, ammonoids, bryozoans, corals, 
crinoids, brachiopods, a variety of fishes, conodonts, 
annelids, trilobites, phyllocarids, plants including 
terrestrial logs, sticks and leaves, and forms akin to 
marine algae. The extreme rarity of trace fossils in the 
Mecca Quarry Shale beds that contain unusual fossils 
(Zangerl & Richardson, 1963; Coveney & Martin, 1983) 
suggests that the body fossils were allochthonous. This 
deposit represents an open marine facies that was likely 
deposited offshore from the estuarine-lagoonal Mazon 
Creek Lagerstätte, a situation akin to the onshore-offshore 
equivalence of the Chengjiang and Qingjiang Lagerstätten.

9. Stark Shale Member, Dennis Formation, Central United 
States; upper Carboniferous, Upper Pennsylvanian 
(Kasimovian)

9A. Limekiln Hollow, Iowa - The medusan 
Prothysanostoma eleanorae Ossian, 1973 was described 
on the basis of seven remarkable specimens, occurring 
together on a single slab. These fossils are considered 
to represent scyphozoans, possibly members of the 
Rhizostomeae, with bell diameters of 26 to 51 mm. 
The medusae are preserved as carbon films and calcium 
phosphate, and include organs such as oral arms, bells, 
and rhopalia and lappets on the bell margins.

9B. Papillion, Nebraska - A single medusan similar 
to, but larger than Prothysanostoma eleanorae is known 

from this locality (publication in preparation). It is less 
complete than the type material of P. eleanorae but still 
exhibits features such as the bell, exumbrellar surface, and 
oral arms; the bell diameter is about 86 mm. Preservation 
is as carbon and mineralised films rich in silica and 
aluminum.

In Ossian’s publication (1973), P. eleanorae is 
described as occurring in the Wea Shale Member, 
Cherryvale Formation, but black shales from that area 
have since been re-assigned to the Kasimovian Stark 
Shale Member (Heckel & Meacham, 1981; Pope, 
2012). The Stark Shale is a buff, grey, or black shale, 
deposited at intermediate depths in a subtidal mid-shelf 
setting, possibly during maximum transgression into 
the midcontinental seaway (Boardman & Heckel, 1989; 
Watney et al., 1989). The medusae are apparently from 
the lower half of this unit, in black fissile shale with scarce 
associated fossils including inarticulate brachiopods, 
ammonoids, bryozoans, corals, crinoids, bivalves, 
conodonts, fish, plants, and soft-bodied fossils including 
a variety of articulated arthropods and coleoids (Schram, 
1984; Malinky & Heckel, 1998; Mapes & Doguzhaeva, 
2018). Discrete burrows (trace fossils) have not been 
reported from these localities.

10. Grès à Voltzia Lagerstätte, Vilsberg and Arzviller, 
Vosges Septentrionales, France; Grès à Voltzia Formation, 
Middle Triassic (Anisian)

Ten specimens are known from three or more horizons, 
all of them assigned to Progonionemus vogesiacus 
Grauvogel & Gall, 1962, a limnomedusan hydrozoan 
similar to the extant Gonionemus. Preservation is as 
calcium phosphate films, which were apparently shielded 
beneath thin microbial laminae (“veils”; Gall, 1990). 
The medusae are small, with bell diameters of 8 to 40 
mm, and are beautifully preserved with features such 
as tentacles, gonads, and stinging cells. The enclosing 
sediment consists of silt and clay laminites which form 
lensoid bodies, apparently representing deposition in 
marginal marine ponds, possibly between distributaries 
on a delta (Gall, 1985; Selden & Nudds, 2004). The 
ponds were stagnant, and hypersaline at times (Selden 
& Nudds, 2004). Associated biota includes annelids, 
lingulid brachiopods, bivalves, crustaceans, xiphosurids, 
fish, terrestrial arthropods, and plants. Burrows are absent 

EXPLANATION OF PLATE 2

Fossil jellyfish blooms, and modern equivalents (color online).

Fig. 1 - Domical mouldic medusae on bedding plane surface of a Cambrian arenite in the Potsdam Group, Ausable Chasm, New York, 
USA; width of exposed bedding plane is about 4.5 m.

Fig. 2 - Stranded medusae on oscillation ripple-marked bedding plane, from sand flat facies of a Cambrian arenite of the Elk Mound 
Group, Blackberry Hill, Wisconsin, USA; rock hammer at top of image is 17.5 cm wide.

Figs 3-4 - Hydrozoan medusae in Upper Ordovician dolomudstones, Stony Mountain Formation, William Lake, Manitoba, Canada; 
  3 - medusae on the underside of a bedding plane, each of which preserves cross-shaped canals; 
  4 - line of weathered medusae on a bed top.
Fig. 5 - Modern semaeostome Aurelia sp. forming gelatinous mass on the shore of the Baltic Sea, Saaremaa, Estonia; diameters of medusae 

approximately 100 mm.
Fig. 6 - Stranded bloom of medusae along the Gulf of Mexico; image courtesy of J. Costello. 
Figs 7-8 - Bloom of the hydrozoan Staurophora mertensii in the Bay of Fundy at Grand Manan Island, New Brunswick, Canada; this taxon 

is very similar in form and size to the fossil medusae at William Lake.
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from most of the horizons containing unusual body fossils 
(Selden & Nudds, 2004).

11. Cerin lithographic limestone Formation, Cerin, 
Jura Mountains, France; Upper Jurassic (upper 
Kimmeridgian)

Four taxa of medusae were described by Gaillard et 
al. (2006), including two carybdeid cubozoans and two 
semaeostome scyphozoans. The carybdeids are Bipedalia 
cerinensis Gaillard et al., 2006 (14 specimens in one 
horizon, bell diameters 45-70 mm) and Paracarybdea 
lithographica Gaillard et al., 2006 (five specimens in one 
horizon, bell diameters about 50 mm). Semaeostomes are 
Paraurelia cerinensis Gaillard et al., 2006 (more than 
1000 specimens in more than six horizons, bell diameters 
15 to 105 mm) and Paraurelia sp. A (a few specimens in 
two horizons, diameter 120 mm). Preservation is largely 
mouldic and details are obscured in most specimens, 
but it is possible to recognise features such as bell 
margins, gonads, and tentacles. The lithology consists 
of lithographic (micritic) limestones that were deposited 
on the margins of a lagoon that had a marine influence 
(Gaillard et al., 2006). Laminae in the Cerin are thought 
to be of microbial origin (Gall, 1990), and preservation 
may have been due to cover by microbial films and 
mats. Like the Solnhofen Lagerstätte, the Cerin could 
be considered an obrution stagnation deposit (Seilacher 
et al., 1985; Gaillard et al., 2006). The associated 
biota includes algae, asteroids, echinoids, fishes, and 
pterosaurs; trace fossils are known from the deposit 
but absent from the lower medusa-bearing portion 
of the unit (Gaillard et al., 1994; Audo et al., 2014). 

12. Solnhofen Formation, Southern Franconian Alb, 
Bavaria, Germany; Upper Jurassic (lower Tithonian)

There have been many publications concerning 
Solnhofen medusae, and numerous taxa have been named, 
described, and illustrated over the years (Haeckel, 1865, 
1866, 1869, 1874; Ammon, 1883, 1906; Walcott, 1898; 
Maas, 1902, 1906; Kuhn, 1938, 1961; Kieslinger, 1939; 
Kolb, 1951; Harrington & Moore, 1955, 1956a, b, c; 
Barthel et al., 1990; Selden & Nudds, 2004; Adler & 
Roper, 2012). Fortunately, a substantial re-assessment was 
carried out recently by Adler (2013), and we generally 
concur with her attributions. Adler recognised four 
scyphozoan taxa. Rhizostomites admirandus Haeckel, 
1866, a rhizostome, is very large (diameter 100-540 mm) 
and is the most abundant Solnhofen medusan, with 194 
specimens in collections considered by Adler, and many 
others elsewhere (Pl. 1, fig. 3). Myogramma speciosum 
Maas, 1902, which is probably a semaeostome, is also 
large (diameter about 500 mm) but is less common 
(22 specimens; see Pl. 1, figs 6-8). Hydrocraspedota 
mayri Kolb, 1951, possibly a discomedusan, is smaller 
(diameter 100-200 mm) and rare (five specimens). 
Eulithota fasciculata Haeckel (1869) is a semaeostome 
similar to Cyanea, with diameters about 55-115 mm 
and 11 specimens known. A number of other previously 
described taxa are likely synonyms of the above species, 
or are discounted because they are unlikely to be medusae. 
Solnhofen medusae are preserved as moulds, with many 
of them being a combination of mould and steinkern 
(Adler, 2013). Palaequorea rygoli Adler & Röper, 2012, 

was considered to be a hydromedusan, but it is likely a 
sand-volcano-like structure (aka Astropolithon) similar 
to those from the Cambrian of New Brunswick, Canada 
(Hagadorn & Miller, 2011). 

The laminated micritic limestones of the Solnhofen 
were deposited in hypersaline, stratified, possibly anoxic 
lagoons, separated from the open sea by bioherms and 
reefs (Barthel, 1978; Seilacher et al., 1985; Barthel et al., 
1990; Viohl, 1996). The fine laminae reflect a microbial 
influence on sedimentation (Keupp, 1977). Solnhofen 
medusae occur at three localities, in a total of more than 
30 horizons. Some medusae were likely transported live 
or fresh within suspended sediment loads and deposited 
with that sediment, whereas others may have been rapidly 
bio-immured beneath microbial mats (Adler, 2013). The 
associated biota is rare but highly diverse, with hundreds 
of species belonging to groups such as plants, crinoids, 
bivalves, squids, horseshoe crabs, crustaceans, insects, 
fishes, marine reptiles, dinosaurs, and birds. The benthic 
life forms were transported from shallow water, possibly 
by turbidity currents; burrowing trace fossils are absent 
(Seilacher et al., 1985; Brett & Baird, 1993).

13. Bolca Lagerstätten, Bolca, near Verona, Italy; Eocene 
(upper Ypresian)

At least two and possibly three medusan taxa are 
present, including the rhizostome Simplicibrachia 
bolcensis Broglio Loriga & Sala Manservigi, 1973, an 
as-yet-unnamed probable semaeostome similar to Aurelia, 
and other possible medusae (Pl. 1, figs 9-10; see also 
Giusberti et al., 2014; Friedman & Carnevale, 2018). The 
nine mostly incomplete specimens of S. bolcensis include 
examples with bell diameters of 140-150 mm, whereas five 
of the studied semaeostome medusae have bell diameters 
of 60-90 mm. The fossils occur as mixed carbonaceous 
films, with some exquisite preservation of features such 
as oral arms, gonads, and muscles. The lithology is a 
finely laminated micritic limestone, which was deposited 
close to land in a lagoon that was sheltered from an open 
carbonate platform by a physical barrier (Papazzoni & 
Trevisani, 2006; Schwark et al., 2009). The lagoon’s 
bottom waters, at a depth of tens of metres, were both 
anoxic and saline, with microbial biofilms that inhibited 
decomposition, burrowers, and scavengers (Schwark et 
al., 2009; Friedman & Carnevale, 2018). Mortality may 
have been associated with toxic algal blooms (Friedman 
& Carnevale, 2018). The associated biota is characterised 
by diverse fishes, along with insects, crustaceans, 
polychaetes, molluscs, brachiopods, and plants (algae, 
seagrasses, and land plants). The total diversity is very 
high, with hundreds of species known.

PATTERNS OF FOSSIL MEDUSAN OCCURRENCE

Medusan-bearing deposits are distributed through 
the Phanerozoic record, from the lower Cambrian to the 
Eocene (Fig. 1). Although there is a broad spread, the 
frequency of occurrences diminishes through time: more 
than a third of the deposits (five) are of Cambrian age, 
four are in the post-Cambrian Palaeozoic, the remaining 
four are Triassic through Eocene, and no verified deposits 
are known from the past ~40 million years.
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Occurrence patterns, described below and in Fig. 1, 
integrate several potentially relevant factors: depositional 
setting, medusan size, medusan abundance, presence or 
absence of microbial structures, mode of preservation, and 
associated biota. There are currently not sufficient data 
available for a full detailed comparison of some important 
aspects such as the relationship to particular sedimentary 
and microbial structures, the presence of scavengers and 
scope of their influence, and full taxonomic assignments 
of medusae and associated biotas.

1. Depositional settings
Although medusae (including hydrozoan, scyphozoan, 

and cubozoan jellies) thrive in many aquatic environments, 
all verified medusan-bearing deposits can be assigned to 
three broad depositional environments: sandy coasts, 
estuarine-lagoonal settings, and mud-dominated open 
marine shelves (Fig. 1). In the Cambrian and Ordovician, 
jellyfish occurrences represent all three types of settings. 
In the later Palaeozoic, medusae were no longer preserved 
in coastal sands, but still occur in lagoon/estuary and in 
restricted subtidal facies. Triassic and Jurassic jellyfish 
are sometimes splendidly preserved, but only in muddy 
lagoonal or estuarine settings. The sole post-Jurassic 
medusan occurrence is in the Eocene Bolca Lagerstätte 
of northern Italy, which also represents a lagoonal 
environment. 

In total, half of all known occurrences represent 
lagoonal or estuarine embayments. These can be divided 
into two groups. The William Lake, Cerin, Solnhofen, and 
Bolca Lagerstätten are all lagoonal deposits characterised 
by laminated lithographic carbonates. Each of these was 
probably deposited in conditions with a substantial degree 
of stratification and anoxia. The Francis Creek Shale 
and the Grès à Voltzia Lagerstätte were deposited in the 
same recurrent facies association, produced by deltaic to 
marginal marine clastic environments (Baird et al., 1985; 
Gall, 1985).

2. Size distribution of medusae
The sizes of fossil medusae are extremely variable, 

both within and between deposits (Fig. 1). Most deposits 
are dominated by specimens in the intermediate range, 
with bell diameters in the tens of mm; such deposits 
include the Burgess Shale, William Lake, Mazon Creek, 
Mecca Quarry Shale, Stark Shale, Grès à Voltzia, Cerin, 
and Bolca Lagerstätten. A few deposits contain markedly 
smaller medusae. For example the single Chengjiang 
specimen has a diameter of about 10 mm, the illustrated 
Qingjiang specimen has a diameter of about 7.5 mm, 
and medusae in the Marjum are 7-15 mm. The Mazon 
Creek and Grès à Voltzia Lagerstätten also include some 
minute examples. The presence of such tiny jellyfish 
is consistent with very quiescent conditions, minimal 
decomposition, early diagenetic mineralisation, and very 
fine-grained sediment; such a deposit should provide 
a good representation of the medusan biota that was 
present. At the other end of the spectrum are the Cambrian 
arenites of North America, in which diameters range from 
50-750 mm. This strong skew toward larger medusae 
could be because smaller jellyfish simply would not have 
been preserved in coarser sediments deposited in these 
higher energy environments. The Solnhofen assemblage 

includes some of the largest specimens, with medusae of 
Rhizostomites sp. reaching 500 mm or more in diameter, 
but it also includes some quite small jellyfish; it is unlikely 
that there was much size bias to preservation in this very 
fine-grained deposit because of the remarkable range 
in size (from tens of mm to nearly a metre) and relief 
(mm to hundreds of mm) and phenomenal anatomical 
detail preserved in medusae. The ability of this facies to 
capture such a range of detail, shapes, and sizes suggests 
to us that the taphonomic/preservational window was still 
open at its widest in Solnhofen, and by extension, other 
Solnhofen-type deposits. Thus, where there are abundant 
specimens of a given jellyfish taxon in such deposits, the 
size distribution of those fossils might approach that of the 
living assemblage of that taxon in that palaeoenvironment, 
and hence may reflect a portion of its life history/cycle. 

3. Medusan abundance within deposits
Abundances range from single specimens in 

Chengjiang and the Mecca Quarry Shale (although both 
have onshore/offshore counterpart deposits that also bear 
medusae), to thousands of medusae in the William Lake 
dolostones and Cerin lithographic limestones, to tens of 
thousands of medusae in Cambrian arenites. Considering 
facies, abundances are greatest in sandy beach deposits 
(Fig. 1), variable but sometimes very high in lagoonal 
settings (up to thousands of specimens), and lowest in 
open marine strata (1-104 specimens).

Possible jellyfish blooms, distinguished by clusters of 
medusae or large numbers of medusae on a single bedding 
plane, are recognised in five of the 13 deposits. The most 
likely examples of true blooms are the abundant medusae 
distributed across single bedding planes of Cambrian 
arenites of North America (Pl. 2, figs 1-2), at William 
Lake (Pl. 2, figs 3-4), and at Cerin (Hagadorn et al., 2002; 
Gaillard et al., 2006; Hagadorn & Belt, 2008; Lacelle et 
al., 2008; Tarhan, 2008; Young et al., 2012). Clusters 
of medusae occasionally occur in the Mazon Creek (Pl. 
1, fig. 5), but their relative rarity and preservation in 
transported concretions precludes assessment of how 
many of the collected specimens might have come from 
single horizons. The seven medusae of Prothysanostoma 
eleanorae in the Stark Shale are all packed together on 
a single slab, indicating that they could also have been 
part of a jellyfish bloom. Such high-density deposits are 
thus spread through the Cambrian to Jurassic record, 
and they occur in all the three known jellyfish-bearing 
palaeoenvironments (sandy beach, lagoon, and open 
marine).

4. Microbial structures
At least seven, and possibly eight of the thirteen 

medusan-bearing deposits show evidence of microbial 
mats, films, and/or textures. There is a strong facies 
distinction here: those with such evidence include every 
deposit from sandy beach and lagoonal settings. Those 
lacking such evidence on medusa-bearing horizons 
include all of the deposits from open marine settings. 

5. Mode of preservation
Studies of preservation within most of these deposits 

are still in their infancy, but a generalised comparison 
indicates an interesting pattern. Although the Qingjiang 
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and Marjum deposits are composed exclusively of 
carbonaceous or organic films, jellyfish in most other 
deposits are preserved through a combination of two or 
more kinds of preservation. These are either carbonaceous 
films combined with mineral films, or impressions or 
moulds combined with films. It is notable that the minerals 
involved in medusan preservation vary tremendously by 
deposit, and include aluminosilicates, pyrite, sphalerite, 
dolomite, and calcium phosphate. All of the Cambrian 
arenites and Cerin contain medusae that are largely 
mouldic, but also bear microbial structures such as old 
elephant skin (OES) on the same surfaces where medusae 
are preserved (e.g., Pl. 1, fig. 1); on some freshly split bed 
surfaces, these horizons are quite ferruginous, typically 
bearing a limonitic or hematitic veneer (e.g., fig. 9B in 
MacNaughton et al., 2019). A similar phenomenon occurs 
in sandstones that bear Ediacaran fossils, and this veneer 
is thought to represent a weathering byproduct of pyrite 
whose original precipitation was fostered by microbial 
mantling and/or degradation of carcasses (Gehling, 1999; 
Liu et al., 2019; and synthesis in MacGabhann et al., 2019). 

6. Associated biota
The majority of medusan-bearing deposits also contain 

a variety of other fossils, including both soft-bodied 
and mineralised forms. These include the renowned 
and famously diverse Konservat-Lagerstätten such 
as the Burgess Shale, Mazon Creek, and Solnhofen. 
Yet with one exception the less well-known medusa-
bearing deposits are also moderately to highly diverse, 
and include some soft-bodied fossils. That exception is 
in the Cambrian arenites of the North America, where 
associated body fossils are scarce (Collette & Hagadorn, 
2010; Seilacher & Hagadorn, 2010); this lack of body 
fossils is consistent with the coarser-grained lithologies 
and higher energies represented by those depositional 
environments. Associated biotas in the lower Palaeozoic 
deposits are entirely marine, but from the Carboniferous 
onward every assemblage includes both marine and 
terrestrial components.

DISCUSSION

The fossil record of cnidarian medusae is sparse, but 
their occurrence patterns reveal substantial information 
about changing processes in the marine realm. Each 
deposit exhibits unique conditions in terms of depositional 
environment, taphonomy, and diagenesis. It is notable 
that deposits are more abundant in the Cambrian than 
in any subsequent period of the Phanerozoic, a pattern 
mirrored by Burgess Shale-Type (BST) and Orsten-
Type Konservat-Lagerstätten (Conway Morris, 1989; 
Maas et al., 2006). The youngest documented deposit 
is the Bolca Lagerstätten, of Eocene age. Many of the 
environmental factors that affected medusan fossilisation, 
such as scavenging, burrowing, and the occurrence of 
microbial mats, have changed dramatically through 
the Phanerozoic; it is possible that this evolution has 
resulted in an increasing scarcity of unique or unusual 
preservational conditions. To assess this possibility, the 
following discussion considers the “evolution” of key 
factors that may have affected the fossilisation of medusae.

Scavengers
In modern marine settings, medusae decompose very 

readily, but scavenging is also a significant factor in the 
destruction of medusan carcasses. Various groups have 
been observed to scavenge gelatinous carcasses, including 
gastropods, fishes, crustaceans, echinoids, starfish, birds, 
and even dipterans (Kornicker & Conover, 1960; Lebrato 
& Jones, 2009; Cadée, 2013). Most of these animals had 
not yet appeared or were of minimal importance in the early 
Palaeozoic, but shoreline scavengers such as eurypterids, 
euthycarcinoids, and gastropods had evolved by the later 
Palaeozoic, and these were joined in the Mesozoic by 
shore crabs and birds (Bottjer et al., 2000; MacNaughton 
et al., 2002; Pisani et al., 2004; Collette et al., 2010; Young 
& Hagadorn, 2010; Mángano et al., 2014). The situation 
was likely similar in deeper water with the evolution of 
fishes, crustaceans, and other groups (Ausich & Bottjer, 
1982; Bottjer & Ausich, 1986; Crimes & Fedonkin, 1994). 
Scavengers may thus have played a role in the absence of 
medusan fossils from beach deposits after the Cambrian, 
and from open marine settings after the Carboniferous.

Bioturbation
For several of the medusa-bearing deposits, data are 

limited for factors such as bioturbation. Nevertheless, 
the majority lack described bioturbation, such as the 
Chengjiang, Marjum, Burgess Shale, Stark Shale, Grès a 
Voltzia, Cerin, Solnhofen and Bolca Lagerstätten. Others 
(e.g., William Lake, Mecca Quarry Shale) have limited 
bioturbation, and in Cambrian arenites, the majority of 
bioturbation lacks a vertical (mixing) component.

The geological record of bioturbation documents 
increased burrowing through time in many different 
palaeoenvironments, and the restriction of later fossil 
jellyfish to anoxic lagoon facies is hypothesised to be 
related to the proliferation of extensive burrowing in most 
other settings. Infaunal animals developed quickly and 
were widespread even in the late Cambrian (Bottjer et al., 
2000; Tarhan & Droser, 2014; Sappenfield et al., 2017). 
This was associated with an increase in intensity and depth 
of burrowing, which continued through the rest of the 
Phanerozoic in both shallow and deep marine substrates 
(e.g., Ausich & Bottjer, 1982; Bottjer & Ausich, 1986; 
Droser & Bottjer, 1989). Cambrian nearshore ichnofaunas 
were largely limited to the deeper parts of marginal-marine 
environments, but these moved landward from the Late 
Ordovician onward (Buatois et al., 2005). Carbonate inner 
shelf environments were bioturbated in the Cambrian and 
this increased in the Late Ordovician (Droser & Bottjer, 
1993). Nearshore sandstones became heavily bioturbated 
in post-Palaeozoic rocks (Droser & Bottjer, 1993). 

Burrowing will directly disturb medusan carcasses, and 
the burrowing organisms can be scavengers. Burrowing 
also greatly increases the oxidation depth of sediment, 
allowing access by aerobic organisms that can completely 
oxidize organic carbon and increase the decay capacity 
(Kristensen, 2000). In modern oceans, low-oxygen seafloor 
conditions can greatly impede burrowers, resulting in 
remarkably low species diversity in such settings (Theede 
et al., 1969). Nevertheless, there are particular infaunal 
benthic species that are adapted to such conditions; it 
seems likely that the radiation of life into these hostile 
environments was gradual and may have occurred well 
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into the Phanerozoic. Their evolution, along with that of 
microbial decomposers, may have resulted in a substantial 
increase in the efficiency of organic degradation in 
environments where medusae may have occasionally been 
fossilised in previous times. Study of the co-association 
of oxygen sensitive trace fossils like Chondrites (Bromley 
& Ekdale, 1984) or trace fossil assemblages (Savrda & 
Bottjer, 1986) with medusae may help test this hypothesis.

Microbial communities
Modern medusae carry their own distinctive microbial 

communities. For example, the scyphozoans Chrysaora 
plocamia (Lesson, 1830) and Aurelia aurita have 
communities of bacteria associated with cycling of carbon, 
nitrogen, phosphorus, and sulfur (Lee et al., 2018). If a 
jellyfish is deposited during or after death, its microbial 
community will interact with the microbes already present 
on and in the substrate. It has been observed that only certain 
bacteria thrive around medusan carcasses, while others are 
inhibited (Titelman et al., 2006). This inhibition is strongest 
for the bell of the jellyfish, and weaker for muscle tissues 
and tentacles; in spite of inhibition, a medusa will break 
down over an interval ranging from a day to a few days or 
possibly weeks (Titelman et al., 2006; Adler, 2013). The 
interaction of microbial communities could be a factor 
in the unusual ways jellyfish fossilise, often giving them 
an appearance different from those of associated fossils 
belonging to groups such as arthropods. This interaction 
may be enhanced by the presence of various metals, which 
are concentrated in tissues of living medusae at levels far 
above those in the surrounding seawater (Cimino et al., 
1983; Templeman & Kingsford, 2010).

The record of Konservat-Lagerstätten is consistent 
with changes in the decomposition of carbon through time. 
Most notably, the preservation of carbon is hypothesised 
to have become much more selective after Cambrian 
Series 3 (Hou et al., 2017). Before that time, in Burgess 
Shale-type preservation, the seafloor may have been 
rapidly sealed in calcium carbonate (Gaines et al., 2012), 
preventing microbes from sourcing the oxidants required 
for decomposition of organic material.

As described above, the minerals involved in medusan 
preservation vary by deposit. In some strata, these include 
unusual fossilising minerals such as sphalerite and siderite, 
whereas elsewhere there are more typical minerals like 
pyrite. In each instance, the elements present in the local 
environment and in the tissues of the medusae affected 
the microbial community, and in some cases this may 
have resulted in unusual decomposition pathways and/
or authigenic mineralisation of tissues. Medusan fossils 
are often associated with microbial structures, and about 
two-thirds of the medusa-bearing deposits show evidence 
of microbial mats, films, and/or textures, hallmarks of 
microbial decay-mediated early diagenetic mineralisation 
by pyrite (see reviews in Canfield & Raiswell, 1991; 
Schiffbauer et al., 2014; MacGabhann et al., 2019). 
Those that lack microbial films likely experienced other 
special fossilising conditions, such as burial by mass 
flows, seafloor anoxia, or the possible occurrence of a 
mat of vegetation covering the sea surface (Zangerl & 
Richardson, 1963).

The occurrence of microbial mats has changed 
substantially through the Phanerozoic. In the early 

Cambrian, mats were likely widespread in nearshore 
marine communities where they are rare today (see 
reviews in Hagadorn & Bottjer, 1997; Bottjer et al., 
2000). Cambrian to Silurian shorelines were substantially 
different from later ones, as they also lacked land plants 
and salt marshes; the evolution of mat-grazers and of 
salt marsh plants has greatly reduced the potential for 
jellyfish fossilisation in these shoreline settings. In the 
modern world, microbial mats are characteristic of 
extreme environments (Gall, 1990): they are supralittoral, 
in sabkhas, in salt marshes, or in hypersaline or anoxic 
parts of lagoons. Of these environments, only lagoons 
have potential as sites for the preservation of medusae.

Jellyfish blooms
There is evidence of jellyfish blooms or bloom-like 

aggregations in five of the deposits, representing all three 
basic types of depositional setting: the Cambrian arenites 
of North America, William Lake (Upper Ordovician), 
Mazon Creek (upper Carboniferous), Stark Shale (upper 
Carboniferous), and Cerin (Upper Jurassic) Lagerstätten 
(see Pl. 2). Jellyfish blooms are thus not an innovation of 
the modern world; blooms may have been around as long 
as there have been medusae. Although modern blooms are 
the subject of widespread and intensive study, their causes 
seem to vary depending on local or regional conditions. 
Blooms are most typically associated with conditions of 
temperature and available hard substrate that are optimal 
for growth and strobilation of the jellyfish’s polyp 
stage, but other factors that have been proposed include 
eutrophication and enhanced nutrient supply, changes 
in freshwater flow, overfishing, and salinity variations 
(Purcell, 2005; Prieto et al., 2010; Lucas, 2015; Boero et 
al., 2016). Since the variables that promote blooms are 
mostly associated with the polyp stage, fossil evidence for 
a bloom can also be considered as evidence for particular 
palaeoenvironmental conditions. 

It seems that blooming is an adaptation, because some 
species bloom and others do not (see Jarms & Morandini, 
2019). Those that bloom tend to have short life cycles, 
and their populations can bloom and collapse in a matter 
of weeks. When a bloom is occurring, the assemblage 
that washes up on shorelines typically consists of a single 
species, and there is a huge accumulation of carcasses in 
the interval of one or two tides (Schäfer, 1972). The effect 
of blooms on local environments, food chains, fisheries, 
and people is immense, simply because the numbers of 
medusae can be mind-boggling - as an example, densities 
of the rhizostome Catostylus mosaicus (Quoy & Gaimard, 
1824) on the north and east coasts of Australia can 
exceed 500 ton/km2 (Pitt & Kingsford, 2003)! Because 
these events are very short lived, they are geologically 
instantaneous.

As a short-lived bloom passes, the environment must 
absorb an immense number of medusan carcasses. The 
location of the bloom, and the relative densities of medusae 
and of the water body and its hydraulic and circulation 
regime, will greatly affect the postmortem processes. For 
there to be a chance of fossilisation, the jellyfish carcasses 
will need to reach the sediment surface rapidly. Medusae 
that die above deep water may be largely or completely 
decomposed within the water column (Titelman et al., 
2006). Modern carcasses of rhizostome scyphozoans, the 
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coronate scyphozoan Periphylla, and some hydromedusae 
will sink (Billett et al., 2006; Titelman et al., 2006), 
whereas the semaeostome scyphozoan Aurelia floats 
and will accumulate along shores. We have observed 
many examples of Aurelia aurita, Cyanea capillata 
(Linnaeus, 1758), the hydromedusan Staurophora 
mertensii Brandt, 1834, and other taxa decomposing 
in clumps near the strandlines of beaches (Pl. 2, figs 
5-8). Billett et al. (2006) observed large numbers of 
the rhizostome Crambionella orsini (Vanhöffen, 1888) 
rolling downslope and accumulating in gelatinous 
aggregates on the continental rise, so similar clusters of 
dead and decomposing medusae can form under varied 
conditions. 

It is important to remember that in all of these 
examples, medusan carcasses behave as clasts. This 
is true whether they begin transport as intact, pristine 
specimens, or as sediment-loaded, sediment-coated, or 
partially degraded bodies. As such, they can accumulate 
in agglomerations, essentially forming a medusa 
conglomerate, or “medusaglomerate.” Such accumulations 
locally fill tidal channels in the Elk Mound Group of 
Wisconsin, and channel- and pool-like depressions in the 
Stony Mountain Formation at William Lake, Manitoba.

The palaeoenvironmental settings of the richer medusan 
deposits are generally consistent with known occurrences 
of dead and dying medusae in modern environments. For 
example, the Carboniferous Prothysanostoma eleanorae, 
which occurs in a subtidal mid-shelf setting in the Stark 
Shale, is generally considered to be related to rhizostome 
scyphozoans. The latter are dense and sink, and thus can 
be deposited in deeper water. Some of the hydromedusans 
in the Ordovician William Lake biota, a restricted shallow-
water deposit, are very similar to modern Staurophora, 
which is almost neutrally buoyant and may wash up in 
large numbers along shorelines (Pl. 2, figs 3-4, 7-8).

The seafloor decomposition of jellyfish blooms 
can cause major changes in the local environment and 
the relative flux of carbon and nitrogen (Sweetman & 
Chapman, 2011). In deeper marine environments, the 
effects of the “jelly-fall” after a bloom may be comparable 
to those of a whale fall, causing a downward flux of 
organic carbon that is more than an order of magnitude 
greater than the annual average (Billett et al., 2006; 
Sweetman & Chapman, 2011; Chelsky et al., 2015). The 
biomass of dead and dying medusae can be so large that 
it overwhelms scavengers, and decomposition can rapidly 
deplete oxygen in the sediment and surrounding waters 
(West et al., 2009; Chelsky et al., 2015). In a stratified 
water body, such as a lagoon, medusan mass mortality 
can cause hypoxia or anoxia (West et al., 2009). Medusan 
decomposition may be highly temperature dependent 
(Lebrato et al., 2011) and is affected by ocean acidity. If 
a bloom of gelatinous zooplankton is not large enough to 
cause hypoxia or anoxia, then the jelly-fall may be of great 
benefit to scavengers (Lebrato & Jones, 2009).

The tissues of medusae are largely composed of 
lipids, carbohydrates, and proteins. These are readily and 
rapidly decomposed. As the bloom transfers nutrients from 
plankton to sediment, the substrate around decaying jellies 
becomes stained black and enriched in sulfides, with a 
white layer of sulfur oxidising bacteria (West et al., 2009). 
Decaying masses of gelatinous zooplankton can contribute 

to the development of microbial films (Lebrato & Jones, 
2009). Microbial veils or mats will form quickly to cover 
remains as the bacteria create a suitable environment 
for themselves; certain sulfur bacteria are adapted to 
operate in this transitional local surface environment, 
where sediment very low in oxygen may rest below an 
oxygen-rich water column (Jørgensen & Revsbech, 1983). 
The abundance of sulfides, anoxic or hypoxic bottom 
conditions, and presence of microbial veils or mats are all 
consistent with features observed in most of the medusa-
bearing fossil deposits. Microbial degradation of tissue 
in such conditions, whether it be with a buried jellyfish, 
log, or shrimp, is an optimal mineralisation catalyst when 
iron is available, and often leads to pyrite or siderite 
precipitation, either as a diagenetic halo or crust on the 
exterior or interior of the organism. 

Modern blooms are periodic, with medusan populations 
oscillating globally in cycles of about 20 years (Condon 
et al., 2012; Chelsky et al., 2015). It is thus possible that 
the decomposition of a jellyfish bloom could have created 
anoxic bottom conditions that enhanced the fossilisation 
of some late-arriving medusae that were deposited on its 
surface, but this may have occurred very rarely, and only 
when there was a particular conjunction of environmental 
variables.

CONCLUSIONS AND A CHALLENGE

The evolving palaeoenvironmental distribution of 
fossil jellyfish indicates that they had the potential to be 
preserved (though rarely) in a variety of environmental 
settings in the lower Palaeozoic. This range of settings 
gradually diminished through the Palaeozoic and 
Mesozoic, with no fossil medusae known after the early 
Cenozoic. We can thus think of jellyfish fossilisation as a 
“taphonomic window”, which was never open very wide 
in comparison with the preservation of other groups, but 
which progressively closed as conditions changed in 
various marine environments. 

Assessment of these deposits raises more questions 
than it answers. For example, how does each of these 
deposits fit into the world in which it formed? Is the 
abundance of medusan-bearing deposits in the Palaeozoic 
related to the presence of widespread epeiric seas? 
Given the evidence for jellyfish blooms in several of 
the deposits, and the carbon inputs to the seafloor from 
medusan mass falls, is it possible that at times medusae 
were significant but episodic carbon burial engines that 
impacted global carbon cycles? Can ancient jellyfish 
blooms be considered as indicators of particular sets of 
environmental conditions? If we can answer more of these 
questions, we will know more about the world, and we 
may also know much more about where fossil jellyfish 
could be found in the future. 

Finally, a challenge from us to you: is there anywhere 
on Earth where medusae are being fossilised right now?
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