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Abstract: In the vast majority of fossils, the organic matter is degraded with only an impression or
cast of the organism remaining. In rare cases, ideal burial conditions result in a rapid fossilisation
with an exceptional preservation of soft tissues and occasionally organic matter. Such deposits
are known as Lagerstätten and have been found throughout the geological record. Exceptional
preservation is often associated with finely crystalline quartz (e.g., cherts), fine sediments (e.g., muds)
or volcanic ashes. Other mechanisms include burial in anoxic/euxinic sediments and in the absence
of turbidity or scavenging. Exceptional preservation can also occur when an organism is encapsulated
in carbonate cement, forming a concretion. This mechanism involves complex microbial processes,
resulting in a supersaturation in carbonate, with microbial sulfate reduction and methane cycling
the most commonly suggested processes. In addition, conditions of photic zone euxinia are often
found to occur during concretion formation in marine environments. Concretions are ideal for the
study of ancient and long-extinct organisms, through both imaging techniques and biomolecular
approaches. These studies have provided valuable insights into the evolution of organisms and their
environments through the Phanerozoic and have contributed to increasing interest in fields including
chemotaxonomy, palaeobiology, palaeoecology and palaeophysiology.
Keywords: concretions; preservation; biomarkers; soft tissue; evolution; chlorobi; lagerstätten;
fossilisation

1. Introduction
Fossils play a significant role in defining the geologic timescale which provides a framework for
understanding important events in Earth’s history and the evolution of organisms. They also provide
information on past climates and environments and, in some cases, on past ecosystems and evolution.
Before fossilisation, organic biological remains (e.g., soft tissues) are usually degraded and rarely
survive to provide any useful information [1]. In some exceptionally preserved fossils, the degradation
of organic matter appears to have stalled early in the fossilisation process. Protection against the
inorganic environment through isolation and cementation is thought to have prevented the complete
mineralisation of soft tissue (i.e., authigenic mineralization) and molecules (i.e., degradation to CO2
and CH4 ), allowing them to be preserved for tens of millions of years (Ma) [2]. A better understanding
of these exceptional preservation processes will allow the targeting of favourable specimens, providing
much more information to address fundamental questions related to palaeoenvironments, evolution
and the extinction of life [3].
For example, the unique burial conditions in an anaerobic lake paved the way for the preservation
of hemoglobin-derived compounds that were found inside a fossil mosquito (Middle Eocene,
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46 Ma) and provided evidence of its hematophagic lifestyle [4]. More recently, red blood cells,
along with amino acids from collagen, were reported in 75-Ma-old dinosaur vertebrate bones [5].
Such observations reveal biological features that could offer insights into relationships, physiology
and behaviour of long-extinct animals. This level of preservation was proven to be possible over
much longer geological timescales with the in situ detection of collagen in a 195-Ma-old dinosaur
bone [6] and the release of preserved soft tissues from the decalcification of animal bones up to
205 Ma [7]. However, the majority of studies showing an exceptional preservation of soft tissue,
cellular remains and/or biomolecules were performed on bones of extinct vertebrates and, therefore,
provide only a limited view into palaeoecology, palaeobiodiversity, palaeophysiology and complex
palaeodepositional conditions.
In contrast, recent pioneering studies have shown that a much wider biological range of
exceptionally preserved soft tissue, cellular remains and molecules are encapsulated inside the
so-called carbonate concretions that are found in sediments of all geological ages [8–10]. Notably,
the oldest-known intact lipids (cholesterol) were reported inside a 380-Ma-old Devonian concretion [10].
Moreover, the detection of cholesterol, red and white blood cells and collagen in a 183-Ma-old fossil
vertebra bone encapsulated in a carbonate concretion provided unprecedented insights into the
predatory lifestyle and diet of an ichthyosaur-like reptile [8].
In this review, we summarise the mechanisms leading to the exceptional preservation of fossils
with a special focus on carbonate concretions. We give an overview of the formation of concretions and
the role of microorganisms and review the analytical techniques that have allowed palaeobiological
and palaeoecological information to be obtained from fossils in concretions. For a more extensive
discussion of exceptionally preserved fossils in general, the reader is directed to reviews by Cohen and
Macdonald [11] and Muscente et al. [12].
2. Modes of Preservation
In the majority of fossils, complex biogeochemical and geological processes result in the
destruction of almost all organic matter present in a deceased organism. These processes commence
immediately after the death of the organism and include degradation within the water column (e.g.,
scavenging) as well as sedimentary processes. Immediately after deposition but before burial, microbial
activity begins to degrade organic matter. Over longer time scales, geological processes contribute
to the destruction of organic matter during the burial and exhumation of a sediment. Mechanisms
such as authigenic mineralisation and permineralisation, the maturation of organic matter during
diagenesis and metagenesis, and finally exhumation and weathering strongly affect the preservation
of organic matter [1]. However in some exceptional cases, the preservation of organic matter may
occur through the rapid precipitation and neoformation of minerals from saturated ionic solutions [13].
In such cases microbial activity often plays a pivotal role, establishing steep geochemical gradients
around the organism being fossilised [13,14]. Delicate structural information may be preserved as the
carbonaceous residue of resistant tissues, such as cell walls and cuticles, as seen in remnants of land
plants in the Rhynie cherts of Scotland [15] or in silicified tree trunks in the Petrified Forest National
Park, USA [16], but the original tissue is most often fully replaced.
“Exceptional” fossil preservation occurs only in rare depositional conditions. The mechanisms of
exceptional preservation can include entombment or primary cementation in concretions of calcite,
siderite or dolomite; in fossil resins (fossilised plant exudates); or as carbonaceous impressions,
preserving the carbon residue of the decayed organism. Some specific circumstances, including
rapid burial, slow decaying processes, anoxic/euxinic conditions and the rapid microbial-mediated
entombment of decaying organisms, lead to the preservation of biomolecules [13]. Such circumstances
favour the exceptional preservation of biomolecules and molecular fossils [9]. It has also been shown
that a mechanism of preservation involving microbial mats occurred in the Mesoproterozoic through
Ediacaran [17].
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The two types of exceptionally preserved fossil deposits found in the rock record are
known as Konservat-Lagerstätten and Konzentrat-Lagerstätten [18]. Konservat-Lagerstätten
(conservation Lagerstätten) refer to “exceptional” fossil deposits which preserve fossils and soft-bodied
organisms [10,19], providing important insights into significant time periods in the evolution and
history of life. These deposits are formed by rapid burial and early diagenetic cementation, occurring
under anoxic to euxinic conditions—processes which prevent the decay of both soft and hard tissue [19].
The study of these fossils can yield important information on the evolution of species and past
environmental conditions [20]. The unique taphonomy of fossils is site-dependent. A well-known
example of a Konservat-Lagerstätten is the Cambrian Burgess Shale (British Columbia, Canada),
which was discovered in 1909 by the palaeontologist Charles Walcott [21]. This site is renowned
for its high diversity of exceptionally preserved soft and hard fossilised organisms, preserving an
assemblage of some of the earliest animal species, and is closely associated with the Cambrian
explosion and development of multicellular life on Earth [21]. Conversely, Konzentrat-Lagerstätten
(concentration Lagerstätten) are concentrated fossil deposits that do not tend to exceptionally preserve
the soft tissues of organisms, containing an accumulation of organic hard parts such as bone beds,
with some exceptions, for example, reef beds which are formed in situ [2,20,22]. Notable examples of
Konservat-Lagerstätten and Konzentrat-Lagerstätten throughout the geological record are summarised
below (Table 1). See Muscente et al. [12] for a more complete list.
Table 1. The locations of notable Konservat-Lagerstätten and Konzentrat-Lagerstätten samples.
Site

Age

Description

References

White Sea (Russia)

Ediacaran

Exceptional preservation of Ediacaran biota
including Beltanelliformis and Dickinsonia

[23,24]

Burgess Shale (British
Columbia)

Cambrian

Well-preserved soft tissues from marine arthropod
groups (e.g., trilobites and crustaceans); role of
cyanobacterial mats in preservation and extinction

[21]

Weeks Fm (Utah, USA)

Cambrian

Diverse fauna: animal community living in open
marine distal shelf environment

[25]

Herefordshire (UK)

Silurian

Radiolarians: worms, molluscs, starfish,
brachiopods, arthropods and other fossils of
unknown affinity

[26,27]

Gogo Fm (Western
Australia)

Devonian

Three-dimensional preservation of fish (including
placoderms), crustaceans and other marine
organisms

[9,10,28]

Exshaw Fm (Western
Canada)

Devonian

Preserved soft-body fossils of uncertain
assignment, potentially hydrozoan

[29,30]

Mazon Creek (Illinois)

Carboniferous

Terrestrial and aquatic flora and fauna including
extinct seed ferns; early evolution, fire and stress
markers

[31–34]

Posidonia Shale
(Southwest Germany)

Early Jurassic

Exceptionally well-preserved marine fossil
skeletons including ichthyosaurs, ammonites and
crinoids; adaptation to environment, e.g., low O2
levels (blood cell morphology of ichthyosaurs)

[8,35,36]

Santana Fm (Brazil)

Cretaceous

Assemblages of fossilised flora, arthropods, insects,
fish, turtles, snakes and dinosaurs

[37–39]

Fur Fm (Denmark)

Cretaceous

Remains of birds, reptiles, fish, insects, crustaceans,
molluscs and diatoms

[40,41]

Yixian Fm (China)

Cretaceous

Well-preserved feathered dinosaurs and birds,
along with a selection of non-theropod dinosaurs

[42,43]

Blätterton Fm (Germany)

Cretaceous

Carbonate, siderite and phosphorate concretions,
all of which have been shown to yield fossils

[44,45]

Green River Fm
(Wyoming)

Eocene

Fish, birds, insects and leaves

[46,47]

“Selective” preservation (decay resistance) can also occur, for example, for a few high
molecular-weight organic materials [48]. Some specific resistant biopolymeric constituents have
been found in higher plant leaf cuticles [49] as well as in the cell walls of marine and freshwater
algae [50–53].
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3. Molecules of Life in Concretions
One mechanism of exceptional preservation is encasement within carbonate concretions. These are
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studies provided evidence that highly sulfidic conditions contributed to the preservation of organic
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the preservation of biomolecules 380-Ma-years ago. Microbial sulfate reduction in the sediments and
overlying bottom waters was ascribed as the source of this hydrogen sulfide and provided persistent
anaerobic conditions allowing for the excellent preservation of lipids in Phanerozoic environments
(541 Ma to present). While these lipid biomarker studies provided evidence that highly sulfidic
conditions contributed to the preservation of organic matter in carbonate concretions, the microbes
and processes that resulted in the actual carbonate deposition surrounding the fossil organic matter
remains to be fully understood.
A combination of many processes and factors leads to the formation of carbonate
concretions [33,61]. The growth of concretions can occur by the precipitation of carbonate cement [54]
via three different mechanisms: pervasive growth, concentric growth from inside to outside [62] or
concentric growth from outside to inside [61]. The growth of carbonate concretions has also been
shown to be influenced by microbial processes [61,63], including Fe (III) reduction, sulfate reduction
and methanogenesis [61]. These microbial processes result in carbonate supersaturation as they yield
CO2 or dissolved CO3 2− , as well as influence the composition of the pore water [61]. In marine
environments, sulfate reduction occurs preferentially over methanogenesis, due to high amounts of
Mg2+ and sulfate-reducing bacteria [64]. This sulfate reduction results in the consumption of dissolved
iron in porewaters, preferentially forming pyrite [55,65] over iron carbonate; hence, calcium carbonates
are most commonly found in marine environments. Information on the conditions and locations of
carbonate concretion formation can be determined from the amounts of pyrite, carbon and sulfur in
concretions [65], as the amount of sulfide present is related to the timing of pyrite formation relative
to concretion formation [66]. Conversely, in brackish to freshwater conditions, methanogenesis is
supported by anaerobic sediments due to a low amount of sulfate reduction [55,64]; the reaction
that occurs between iron compounds and organic matter results in the formation of iron carbonate
concretions [31,67–69]. Iron carbonate is preferentially formed over calcium carbonate as the decreased
amount of sulfate reduction occurring means that the reaction of iron with sulfate to form pyrite is
minimal [55].
Traces of ancient life can be preserved in sedimentary settings either as morphological fossils or
molecular fossils (lipid biomarkers, pigments, porphyrins, proteins or DNA) [70]. These molecules
are stable and often well-preserved in sediments where hard fossil parts are absent, making them
highly valuable markers of past life. Biomarkers are related to the lipids and other biochemicals of
extant biological organisms, thus allowing their biomarker–precursor relationships to be established
from the three domains life: eukaryotes, bacteria and archaea [70–72]. The identity, isomeric
arrangement and stable isotopic composition of molecular biomarkers are widely used to provide
palaeoenvironmental insights into deposition [71]. With the advance of analytical technologies,
including novel methodologies for sequencing ancient DNA and proteins [73–75], such studies are
providing an increasingly greater resolution. As analytical methods have progressed over the last
decade, so has our knowledge of the chemical pathways involved in the formation of biomarkers and
the specific palaeoenvironmental conditions required for their effective preservation [71].
4. Imaging Techniques
4.1. Nondestructive Tomographic Methods
Although three-dimensional tomography techniques started to evolve during the beginning of
the twentieth century, this has historically been a slow and cumbersome process [76]. In recent years,
however, the development of high resolution and rapid technologies promoted the development
of the new field of “virtual palaeontology”. Initially developed for medical research, these
technologies have been progressively applied to investigate palaeontological samples. Magnetic
resonance imaging, for instance, can reveal anatomical details at the scale of a dozen micrometres
and can provide insights into the presence, or the absence, of organic residues [77]. In addition,
computed X-ray microtomography has been particularly important in contributing to the taxonomic
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classification of fossil bones [78]. Although nondestructive tomographic methods have only
been employed in rare occasions to investigate fossils preserved within carbonate concretions or
nodules [79], synchrotron-based tomography holds great potential to image fossils encapsulated
within concretions [80–82]. An exhaustive description of these nondestructive tomographic techniques
can be found in References [76,83,84]. However, when the host concretion and the fossil preserved
within share a similar mineralogy, destructive techniques, coupled with high resolution imaging and
software reconstruction, remain the most efficient for fossil characterisation [85].
4.2. Microbeam X-ray Fluorescence (XRF) Mapping
Benchtop microbeam XRF mapping is applicable to flat surfaces (e.g., polished samples/ thin
sections), allowing for a rapid determination of the elemental distribution. The spot size of 25 µm
allows for a comprehensive overview of elemental distributions in the sample. This technique reveals,
within hours and with minimal processing time, complex elemental distributions that can be used
to infer the mineralogical composition of concretion matrix and fossils [8]. This rapid screening
method is particularly beneficial to determine areas of interest which should be further characterised
at higher resolution. Such additional, highly detailed methods include, for instance, high resolution
synchrotron-based XRF microprobe (SRXRF) providing elemental mapping with a 2 µm beam-spot
size [86].
4.3. Optical and Scanning Electron Microscopy (SEM)
Carbonate concretions are commonly investigated using traditional optical microscopy. Performed
on thin sections, optical microscopy is particularly useful to investigate the texture of minerals forming
the concretions and to provide insight into the mode of concretion formation [87–89].
Scanning electron microscopy (SEM) coupled with energy dispersion spectrometry (EDS) are
particularly useful to further characterise the elemental distribution and mineralogy of microstructures.
SEM can also be coupled with other techniques, for example, EDS and Time of Flight Secondary Ion
Mass Spectrometry (ToF-SIMS) for chemical information and Focused Ion Beam (FIB) for the spatial
relationship between elements of interest.
ToF-SIMS uses a high-energy beam of ions (primary ions) to break down the surface layers of a
sample into secondary ions which are analysed by mass spectrometry, producing spatially resolved
chemical maps of both organic and inorganic samples [90,91]. This technique has been applied to
the analysis of organics in well-preserved fossils, including hemoglobin-derived porphyrins in a
Middle Eocene mosquito [4], aliphatic and aromatic carbons in the vascular structures of early land
plants in the Devonian Rhynie chert [92], collagen in a Campanian hadrosaur bone [93] and fatty
acyl biomarkers in a Late Oligocene whale bone [94]. ToF-SIMS has also been applied to distinguish
well-preserved melanosomes (melanin-containing organelles) from potential fossilised bacteria [95,96]
and to determine the distribution of 12 C and 13 C associated with red blood cell-like structures in a
vertebra fossil encapsulated in a carbonate concretion [8]. FIB-SEM also presents the potential to be
used to prepare delicate samples for further analyses using transmission electron microscopy (TEM)
which provides additional chemical and textural information at a nanometer scale. TEM is a common
technique in the nanoscale investigation of microstructures of proposed biological origin [97].
These imaging techniques give insights into the geochemistry of the specimen at a very high
resolution. They complement other traditional and destructive geochemical approaches used in organic
geochemistry, as illustrated in Figure 2. In a standard organic geochemistry workflow, the fossil sample
is ground to a fine powder and the organic molecules are isolated by extracting with a suitable mixture
of solvents [98]. The extractable organics are typically separated on the basis of polarity using silica gel
column chromatography, and the saturated, aromatic and polar fractions analysed using techniques
such as gas chromatography-mass spectrometry (GC-MS) and gas chromatograph-isotope ratio mass
spectrometry (GC-irMS), e.g., in References [35,99]. The polar organic fractions may be desulfurised
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by a treatment with Raney nickel, which breaks carbon–sulfur bonds, releasing organic matter that
was
sulfurised during early diagenesis [10].
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These bacteria utilise unique diaromatic carotenoids during photosynthesis, and so, the diagenetic
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breakdown products of these carotenoids are highly specific markers for PZE in the sedimentary
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In a study of a carbonate concretion from the Gogo Formation in the Canning Basin of Western
In a study of a carbonate concretion from the Gogo Formation in the Canning Basin of
Australia containing exceptionally preserved soft tissue of an invertebrate, Melendez et al. detected
Western Australia containing exceptionally preserved soft tissue of an invertebrate, Melendez et al.
abundant biomarkers of Chlorobi, indicating that PZE conditions played a major role in the
detected abundant biomarkers of Chlorobi, indicating that PZE conditions played a major role in the
preservation of the soft tissues [10] (Figure 3). A distinctive distribution of steroid diagenetic products
was also detected in this concretion with a predominance of C27 sterane [9]. Carbon isotope analysis
(δ13C) and the abundance of cholestane indicated that the fossilised invertebrate was a crustacean,
demonstrating the potential of exceptionally preserved fossils to contribute to chemotaxonomy [10].
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A further study of small nonfossiliferous Gogo concretions and the surrounding host sediment
revealed few differences which were suggested to be lithology-related [99].
The significance of biomarkers from encapsulated organic matter was further investigated in a
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Overall, recent studies have underlined that the investigation of biomarkers associated with
fossils preserved in carbonate concretions contributes to unravelling the secrets of past ecosystems and
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environments. The isolated environment created by microbial ecosystem during concretion growth has
the potential to provide crucial information to the understanding of the evolution of life throughout
geological time.
6. Biomarkers in Concretions vs. Host Sediments
As carbonate concretions are more resistant to erosion and weathering, they are sometimes
preserved where their host sediment has weathered away.
Thus, understanding the
palaeoenvironmental conditions associated with their formation is challenging. To determine
if the biomarkers preserved in carbonate concretions can be used for palaeoenvironmental
reconstruction, studies investigated carbonate concretions for which the host sediment was preserved.
When compared, the host sediment and concretion show a strong resemblance in their biomarker
composition. As most studies aimed to improve the understanding of the microbial processes and
communities involved in the formation of the carbonate concretions, they have targeted the changes
in biomarker distribution within concretions. Only a few studies have compared the biomarker
composition of the concretion with that of the host rock.
Studies of Jurassic and Devonian concretions revealed that the distribution of saturated
hydrocarbons is highly similar in the concretion and the host sediment [35,99]. Only minor variations
were identified. In the Jurassic concretions, n-alkanes were consistently more depleted in 13 C by
approx. 1‰ than in the surrounding sediment; this depletion was attributed to the enhanced microbial
activity leading to the concretion formation [35]. Lengger et al. [99] reported a small difference in the
lithology-related biomarkers as well as a slightly greater C27 sterane and a lower 3-methylhopane
contribution to the concretions compared to the host sediment. In both of these case studies, carbonate
concretions were highly similar to their host sediments, which indicate that biomarker distribution
within the carbonate concretions can be used for palaeoenvironmental reconstruction when the host
sediment has been lost. In addition, in some instances where the biomarker signal of the concretion
is superimposed on that of the host sediment, details of the microbial communities involved in the
concretion formation can be revealed [108].
However, caution must be taken when averaging the concretion signals as some biomarker
variations within a single concretion can occur and hold crucial information on the type of decaying
organic matter around which the enhanced microbial activity took place [8–10]. As such, the averaging
of concretion signals to reconstruct palaeoenvironments could lose the information unique to a
particular concretion.
7. Conclusions
In “exceptional” fossil deposits (Konservat-Lagerstätten), well-preserved fossils formed via
rapid preservation can provide significant insights into the history of organisms and their evolution.
Konservat-Lagerstätten may also contain information on the palaeoenvironment and palaeoecological
associations. Exceptional preservation can only occur under very specific circumstances, such as
rapid burial, negligible bioturbation, anoxic or euxinic conditions and rapid entombment by microbial
communities. The combination of some or all of these conditions can encourage rapid preservation
and protect the organic matter from degradation. In particular, the microbially-initiated formation
of carbonate concretions promotes the exceptional preservation of soft tissue. Concretions have
been found throughout the geological record, and recent studies have investigated the exceptionally
preserved biomolecules, biomarkers and other labile organic structures found within. These lipids
and fossils preserved in concretions for hundreds of millions of years have provided insight
into palaeobiology and the palaeoenvironment at the time of concretion formation. Biomarkers
preserved in concretions are able to be traced back to their biological precursors and, thus, are
critical in understanding the palaeoenvironment of deposition and preservation, as well as aspects
of palaeobiology. A range of imaging techniques, as well as biomolecular analyses, are often used to
investigate concretions. Concretions continue to reveal fossils with exceptional preservation of soft
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tissues, biomolecules and biomarkers, and these exciting findings may be the key to unravelling many
evolutionary questions.
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