In search of the lost fossil record
S. Conway Morris
The fossil record consists largely of the debris of innumerable skeletons. Very rarely, however, the
soft-tissues that normally are subject to rapid decay are preserved. The mechanisms for such soft-part
preservation are obscure, but often appear to involve early mineralization that is bacterially mediated.
Spectacular examples of exceptional preservation include replacement by pyrite, phosphatization, and
early growth of siderite nodules. Faunas such as the Burgess Shale and Solnhofen Plattenkalk give
unique glimpses into past life.

The fossil record has been likened to
the charnel-house of evolution, and as
with the contents of the ancient crypt of
a medieval church, the remains of past
life usually are composed almost entirely of skeletons. Humans and other
vertebrates have an internal skeleton of
bones, made of an admixture of calcium
phosphate and collagen. Many other
animals employ calcium carbonate to
build skeletons. These include the exoskeleton of a trilobite, the valves of a
brachiopod, the conch of the ammonite,
and the test of an echinoid. Such
skeletons survive as fossils because they
are resistant to decay. This is not the
case for the associated soft-parts, which
usually disappear shortly after death
due to the action of scavengers and
microbial attack.
So does the general absence of softpart preservation in the fossil record
matter? Indeed it does. Although the
soft-parts of many fossils can be inferred with fair reliability by comparison
with living relatives, in many cases the
fossils belong to extinct groups whose
skeletal anatomy suggests a correspondingly different disposition
of softparts. Even if soft-part anatomy can be
inferred in outline, palaeontologists still
need to know what changes occurred.
Ideally, evolution of such functions as
respiration or digestion might be studied. Perhaps most important, however, are the many groups of animals that
lack skeletons, especially the various
groups of worms. In recent marine environments usually more than half the
species living on or in the seabed either
lack skeletons or have ones of such
delicacy that in normal circumstances
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fossilization of the remains is impossible. From the abundance of burrows
and other traces left by soft-bodied
animals in ancient sediments, there is
good reason to think that former life
was equally rich in soft-bodied creatures.
The fossil record
The manner in which the fossil record is
formed can be likened to an enormous
game of chance, with billions of players
and a playing time of thousands of
millions of years. The chances of any
individual
fossilizing are exceedingly
small; the post-mortem agents of destruction are pervasive and thorough.
But skeletal remains are common as
fossils; often as smashed debris but
sometimes
as exquisitely
preserved
shells with the finest features still intact.
There is, therefore, a spectrum of preservation, and the important point is
that on occasion this may extend to
include even soft-tissues. Several introductory points need to be made. First.
the reasons for soft-part preservation
for the most part are rather obscure.
although factors such as early mineralization [l] are important. Second, the
quality of preservation is widely variable, but in favourable circumstances
might be so fine as to allow recognition
of banding in muscles and cellular
organelles such as mitochondria or nuclei. Third, there is a whole gamut of
ancient environments in which soft-part
preservation may occur, ranging from
the bed of the sea to forest floors.
What promotes soft-part preservation
and where do the most important examples occur? Common experience, reinforced by a visit to a fish market on a
hot day, shows that bacterial decay is
usually rapid and effective. How then
can bacteria be prevented from completing their destruction of soft-tissues?
A commonly-held view has been that
decay rates can be significantly slowed,
if not halted, by exclusion of oxygen. It
is certainly true that many exquisitely
preserved fossils occur in dark shales.
deposited
under anoxic conditions
where the bottom waters were poisoned

by hydrogen sulphide. Studies [2] show,
however, that rates of decay in anoxic
conditions by anaerobic bacteria are
little different from those operating in
oxygenated conditions. How else then
can bacteria be prevented from operating? Three possible mechanisms, all
employed by food manufacturers, are
freezing, salting, or desiccation. Geologically prolonged refrigeration
is difficult to maintain given the widely
fluctuating climates of the past, but
examples of frozen woolly mammoths
and rhinoceroses from the permafrost
of Siberia are well known. They are
geologically
young, typically
about
50000 years old. Even though the flesh
is preserved, stories of it being served at
Tsarist banquets may be apocryphal.
The explorer E. W. Pfizenmayer [3]
gave a graphic description of the appalling stench of a thawing woolly mammoth as it was dug out in the depths of a
Siberian winter beneath a specially
heated hut. Even so, more recently a
piece of baby mammoth that was refrigerated immediately
after collection
was analyzed by radioimmunometric
assay (RIA) to detect proteins. Significant quantities of albumin were found,
and by immunological reactions it was
shown to be almost identical to that of
living elephants [4]. This in itself is
hardly surprising, but estimates of the
molecular distances suggests that divergence of species of elephant was
more recent than hitherto supposed.
Analysis of other soft-tissues of the
frozen mammoths has also given interesting results. Soviet workers [S], for
example, have extracted brain lipids,
finding that the sphingolipids were wellpreserved. This is probably because, in
contrast to the glycerophosphohpids,
they are resistant to oxidation.
Although strongly saline conditions
are frequent in the geological record, as
is evident from the vast deposits of
evaporites such as rock salt (NaCI) and
anhydrite (CaSO,), their role in softpart preservation
is necessarily restricted because the environments
in
which evaporites accumulate are usually
very inimical to animals and plants. On

the edges of hypersaline
lagoons,
however, microbial mats often flourish,
and within geologically
recent sediments (ca 8000 years) of Abu Dhabi in
the Persian Gulf well-preserved cells of
cyanobacteria occur in anoxic algal mats
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Exclusion of water will also interfere
with bacterial
metabolism,
but the
pervasive influence of water in most
sedimentary rocks makes desiccation a
less plausible mechanism for soft-part
preservation.
Even deposits rich in
asphalt or bitumen, such as the wellknown La Brea tar-pits in Los Angeles,
contain little in the way of soft-part
preservation. One exception is in some
very dry environments,
especially
occurs.
caves, where mummification
Especially celebrated are the remains of
giant sloths from the arid regions of
Patagonia, including skin and their reddish hair.
The analogies with food preservation
seem, therefore,
to provide at best
rather limited insights into fossil softpart preservation. Rather it is becoming
increasingly clear that the key to such
fossilization is to render the potential
fossil refractory to microbial attack,
most often by some sort of early mineralization [I] that paradoxically may be
mediated by bacterial activity. Unfortunately, for the most part the detailed
mechanisms are rather obscure. It is
known that in an ideal profile of a
sediment the type of bacterial activity
should change systematically according
to the substrates available and the exhaustion of given electron acceptors.
This is most obvious in the transition
from oxic to anoxic conditions, which
typically lies about a centimetre beneath the sediment surface. Deeper in
the sediment the succession of bacterial
types includes sulphate reducers and
methanogens. How then might these
bacteria be implicated in the preservation of soft-parts?
Pyritization:
the golden mineral
One of the simpler examples of softpart preservation to understand, at least
in principle, is that of pyritization.
Sulphate-reducing bacteria, which flourish
in the anoxic zone of many marine
sediments, release sulphide that combines with iron to form pyrite (FeS).
Such pyrite is usually disseminated in
the sediment as tiny spheroids, each
with a characteristic framboidal
(i.e.
like a raspberry with numerous crystals
packed together) texture. Quite often,
however, the pyrite may coat or replace
fossil material: pyritized ammonites are
well known examples. Much more rarely, the pyrite replaces or coats softtissues. Two particularly important examples of this type of preservation are
from the late Ordovician of New York
State (‘Beecher’s Trilobite
Bed’, [7],
figure 1) and the early Devonian of

Figure 1 Stereoscan electron micrograph (back-scattered mode) of the posterior
end of a trilobite (Triarthrus eatoni) from the Upper Ordovician ‘Beecher’s Trilobite
Bed’ of New York. The brightness of the fossil is because of the high element
number of the iron in the pyrites. The photograph shows an imbricated series of
walking legs, more clear on the left-hand side. Each leg terminates in a spinose
process (actually one of three), while arising on the inner side of each leg are a
series of prominent projections known as endites. Between the appendages of
either side there are traces of the underlying exoskeleton.
north-west Germany (the Hunsriickschiefer, [8], figure 2). The former unit,
as its name suggests, is famous for its
exquisitely preserved trilobites. These
are a deep-water form, individuals of
which evidently were overwhelmed and
rapidly buried by a turbid cloud of sediment. Early growth of pyrite led to
exquisite preservation of the trilobites’
appendages
and internal
anatomy.
Somewhat similar circumstances probably explain the pyritization in the Hunsruckschiefer, where not only trilobites,
but also other arthropods,
echinoderms, fish, worms, and even a delicate
ctenophore (sea-gooseberry)
[9]. are
wonderfully preserved.
Some insight into the stages and timing of pyrite growth, of which at least
the early stages were mediated by the
activity of bacterial sulphate reducers,
can be obtained from the ratio (expressed as 6%) between the two sulphur
isotopes (‘5, 9) and the habit of the
pyrite. In brief, some pyrite forms very
early in sediment diagenesis, when sufficient sulphate can be obtained from
the overlying sea-water. Such pyrite
might reasonably be expected to be
especially important in soft-part preservation and is typically framboidal,
with lighter isotopic values than the
euhedral crystals that form later [IO].
Even though the reasons for pyritization of soft-parts are still unclear, their
study is greatly facilitated by the contrast in atomic number between the iron
sulphide and surrounding
sediment.
Radiography,
in particular.
has been

widely employed and by use of stereographic projection and image enhancement, superb pictures are obtainable
[8]. Also valuable, especially on a finer
scale, is use of back-scattered electron
microscopy which depends on the contrast in atomic number: the brighter the
image the heavier the element.
Phosphatization
Another type of replacement that has
been widely implicated as being under
bacterial control is phosphatization.
Here, too, the exact mechanisms are
not exactly understood. As with pyritization, skeletal material may be replaced by phosphate. There are. however, certain times in earth history when
such phosphatization is unusually widespread, with phosphatized
sediments
and fossils accumulating at such a rate
that the strata are economic as sources
of agricultural fertilizer. In the context
of soft-part
preservation,
however,
phosphatic replacement is relatively unusual but can yield spectacular fossils in
broadly two sets of circumstances. The
first is exemplified by the fossil fish from
the Lower Cretaceous Santana Formation. exposed in the region of Ceara.
Brazil [ll]. Not only are the tish preserved in three dimensions, but examination of the interior reveals phosphatized soft-tissue, most notably muscles. Their preservation is remarkable.
The muscles (figure 3) not only preserve evidence of their striations, but
the banding between rows of phosphatic crystallites (which may occur as
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Figure 3 Block of phosphatized
muscle
from a Lower Cretaceous elopocephalan
fish, Santana Formation of north-east
Brazil. The fossil represents intact
myomeres with well-preserved
fibres.
(Photograph
courtesy of D. M. Martill,
Open University,
Milton Keynes.)

replication that can include the finest
hairs and bristles. Here too the precise
phosphatization
are
reasons
for
obscure, but by their diligence Miiller
and Walossek have opened a vista into a
remarkable world, revealing not only
the soft-parts of crustaceans and agnostoid trilobites, but also larval stages of
various arthropods.

Figure 2 X-ray radiograph
of a stalked crinoid from the Lower Devonian
Hunsruckschiefer
of Germany (Gemunden region). Radiography
is particularly
successful in investigating
such preservation
because of the contrast in X-ray
penetration
of the dense pyrite of the fossils (opaque and black) and the
surrounding
sediment. This crinoid, with its spreading feeding arms, appears to
have become detached from the stalk, which is composed of numerous circular
ossicles.

Nodules and encapsulation
One of the characteristics of many sediments is the growth shortly after deposition of nodules, often made of calcite
(CaC03) or siderite (FeC03). In outline
what happens is that bacterial metabolism releases bicarbonate ions that then
combine with available Ca and/or Fe.

microspheres
or more cubic aggregates)
appears to represent the sarcomeres.
On occasion even the sarcolemma and
cell nuclei (figure 4) have been recognized.
One of the advantages of studying
phosphatized fossils is that the mineral
is resistant to weak acids. such as acetic
or formic acid. Many phosphatized fossils occur in calcareous
rocks. By immersing fossiliferous blocks of limestones in acid baths the phosphatized
fossils are freed. It was by using such
procedures that Klaus Miller,
subsequently aided by his gifted collaborator
Dieter Walossek, stumbled on what has
turned out to be one of the most drama-

tic of recent palaeontological
discoveries. From late Cambrian limestones of
Sweden Muller and Walossek recovered
an extraordinary
diverse fauna of tiny
arthropods [12]. They must have been
phosphatized
very shortly after death.
This is because not only are the carapaces preserved, but also the complex
jointed limbs (figure .5), at a level of
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(a)

(b)

Figure 4 Phosphatized
soft-tissue from Lower Cretaceous elopocephalan
fish,
Santana Formation of north-east Brazil. (a) muscle tissue replaced by phosphatic
granules. (b) blood capillary system from the lining of the gut. Evidently the
capillaries were phosphatized
while the rest of the tissue rotted away.
(Photographs
courtesy of D. M. Martill, Open University,
Milton Keynes.)

Figure 5 Phosphatized
microarthropod
from the Upper Cambrian of Sweden, the
crustacean Skara annulata. The anterior bears a thin cephalic shield, beneath which
arise five pairs of appendages.
Apart from the first trunk segment, all of the
remainder lack limbs. However, on some segments there are spine-like processes
on the ventral side close to the posterior margin. The pronounced
curvature of the
animal indicates a considerable
flexibility
in life, and is not regarded as a postmortem feature. (Photograph
courtesy of K. J. Mtiller, Rheinischen
FriedrichWilhelms Universitat,
Bonn.)

Shortly after deposition most sediments
are very wet and porous, so that the
nodule forms by infilling of the pores by
precipitated cement. The resultant
nodules, typically spherical to elliptical,
have long been known as an important
source of fossils because in contrast to
the surrounding clayey sediment they
avoid compaction, so that the fossils are
preserved in three dimensions. Both
evidence of texture, with infilling of the
original porosity, and geochemistry,
with evidence of isotopic fractionation
reflecting bacterial metabolism, demonstrate that many nodules grow at an
early stage of sedimentation. Should
nodules form at an exceedingly early
stage, then the possibility exists of softbodied animals becoming incorporated
before decay destroys the delicate tissues. Again for reasons that are not
very clear, such soft-part ,preservation is
especially characteristic of the late Carboniferous where siderite nodules entomb remarkable fossils. By far the
most important examples come from
the Mazon Creek beds exposed near to
Chicago, Illinois [13]. Here large-scale
mining, both strip and sub-surface,
combined with enthusiastic and dedicated amateur collecting, has led to the
amassing of a palaeontological treasure
trove. In the Mazon Creek area both
terrestrial and marine soft-bodied fossils occur, and among the latter are
delicate arthropods, larval fish, worms
(figure 6), and enigmatic creatures. Of
the last, Tullimonstrum (figure 7) is the
most celebrated on account of its
strange shape with a bar-like organ
apparently bearing eyes. The soft-parts
typically occur as a coloured area, often
with a pleasing contrast between the
paler fossil set in the warm hue of the
reddish nodule.
The Mazon Creek biota reminds us
that even if soft-part preservation is the
exception, when the right concatenation
of geochemical circumstances arise then
hundreds of thousands of specimens
may be found. It is appropriate, therefore, to consider those deposits where
exceptional preservation is the norm.
Here two examples stand out: Plattenkalk and Burgess Shale-type faunas.
Solnhofen

(a)

lb)

Figure 6 Soft-part preservation
in siderite nodules from the Francis Creek Shale of
Upper Carboniferous
age, Mazon Creek, Illinois. (a) a polychaete Astreptoscolex
anasillosus.
This is a stout worm, and there are clear traces of the chaetae. It is
believed to have been epifaunal, with probably omniverous
feeding habits. (b) a
larval fish (Gilpichthys
greenei) which is interpreted
as an agnathan; that is, a
relative of the modern lamprey. The body is elongate and at the anterior bears a
prominent
pair of eyes. The elongate black strand may represent a blood vessel.
Close to the specimen is a halo of pyrite.

Of the first, the most famous example is
the Solnhofen Plattenkalk [14], a late
Jurassic deposit exposed widely around
Eichstatt in Bavaria, Germany. With
few exceptions, fossils are actually quite
sparse, but centuries of quarrying for
building stone and lithographic limestone has yielded a rich harvest, mostly
of marine animals (figure 8) but also
rare terrestrial organisms. The quiet
waters of the tropical lagoons, sheltered
from the open sea by a line of reefs,
experienced intense evaporation so that
the bottom waters became hypersaline.
Burial in such conditions and under
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Figure 7 The enigmatic animal Tu//irrtonstrum
gregarium
preserved in a siderite
nodule from the Francis Creek Shale, Mazon Creek, Illinois. The body is recurved,
and can be traced from the attentuated
anterior organ, with terminal grasping
apparatus, to the flattened body. Just visible are remains of the remarkable bar
organ, a transverse rod that extends on either side of the body and appears to bear
eyes. The posterior end expands as a broad fin.

fine-grained carbonate ooze led to exquisite preservation. Actual soft-parts,
however, are relatively unusual, but
include phosphatized massesof muscle
in both fish and squids. The most
famous example of exceptional preservation in the Solnhofen Limestone
are the delicate feathers of Archaeopreryx, the earliest known bird. This preservation achieved brief notoriety a few
years ago with the suggestion by Fred
Hoyle that the imprints of the feathers
were an ingenious forgery, perpetuated
on a scale to rival the Piltdown Man
hoax. Hoyle’s suggestion is not only
ludicrous but verges on the mischievous.
Burgess

vation of the fauna. Most of the animals
(figure 9) appear to have been caught in
turbid mud-flows, that settling on the
sea-floor sorted the animals and also led
to them being buried at various angles.
The lack of evidence for scavenging and
the unbroken laminations of sediments
suggests that the bottom waters were
poisoned, but this in itself is not enough
to explain the exceptional preservation.

Shale

Of all the exemplars of soft-part preservation, none has achieved wider
attention than the Burgess Shale from
the Middle Cambrian of British Columbia, where there is an astonishing
range of fossils. It includes not only
worms with preserved internal organs
and a myriad of delicately skeletonized
arthropods, but also strange-looking
creatures whose phylogenetic relationships are so uncertain that it seems
natural to refer to them as extinct phyla.
These taxonomic conundrums have
attracted
wide attention,
but overall
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both the diversity and, ecology of the
Burgess Shale fauna is relatively well
understood. Quite the opposite is the
case with the taphonomy (i.e. the postmortem history of the fossil) and preser-

Figure 8 A crustacean (Cycleryon
propinquus)
from the Upper Jurassic
Solnhofen
Limestone of Bavaria,
Germany. Clearly visible are the
appendages
arising from the carapace;
these include both ones close to the
mouth, adapted for chewing food, and
elongate walking legs.

Figure 9 A priapulid worm (Otfoia prolifica) from the Middle Cambrian Burgess
Shale, British Columbia. The right-hand end shows the spiny proboscis, while in the
trunk the intestine is visible and towards the posterior it is filled with black material
of unidentifiable
origin.

Recently N. J. Butterfield
[15] has
shown that the fossils are preserved as
brittle carbon sheets. This type of preservation differs to some extent from
those already mentioned in as much as
rather than early mineralization the fossilization processes involve carbonization. He speculates that stabilization of
the organic polymers on to clay minerals, in which case the processes of
degradation by microbial and autolytic
attack would be effectively suspended,
was the prime mover in preserving these
fossils. Butterfield [15] also argues that
this process would be much enhanced if
the clay-to-organic ratio was very high,
as would have been the case with turbid
burial.
Burgess Shale-type faunas [16] are
now being recognized in many parts of
the world. It will be interesting to see
whether the same preservational
explanations apply to these new discoveries. Some preliminary
work suggests
there may be differences. In the remarkable Lower Cambrian locality of
Chengjiang (171 in South China burial
may have been caused by storm action,
whereas in north Greenland,
where
another
superb Burgess Shale-type
fauna [18] occurs, the mode of preservation is apparently different with little
sign of catastrophic burial.
German fossil wonders
shales provide
Dark,
organic-rich
another setting for an extraordinary
biota in the form of the Messel oilshales [19], a lacustrine deposit of
Eocene age (ca 50 Ma). Many of the
animals,
which include diminutive,
primitive horses and other mammals
such as pangolins and shrews appear to
have been swept in by floods. How
flying creatures, including bats, birds,
and insects came to fall into the lake is
less certain, although a poisonous layer
of CO2 lying above the lake surface has
been suggested as a trap. The preservation is indeed exceptional, with the gut
contents of the horses containing grape
pips and plant debris, while the bats
contain macerated remains of moths
and other insects. One of the most
striking features of the soft-part preservation is what appears to be fur on
the mammals. Close inspection with a
scanning electron microscope reveals
this fur and skin to be composed of
dense packed rods and spheres (figure
10) [20]. Now composed of siderite,
these structures are strikingly similar in
size and shape to bacteria. Presumably,
microbial infestation of the carcases
occurred, and by some obscure mechanism the bacteria were literally lithified
as pseudomorphs of the exterior coats
of the animals.
From sediments of much the same
age Germany boasts yet another example of wonderful preservation, this time
from Eocene brown coals of Geiseltal,

Figure 10 Electron micrograph of the fossil skin of a frog from the Messel Oil
Shales, Germany. The ovoid bodies consist of siderite, and are interpreted as fossil
bacteria that were growing on the surface of the corpse. (Photograph courtesy of M.
Wuttke, Landesamt fur Denkmalpflege Rheinland-Pflaz. Maim.)

near Halle. What is so remarkable about these deposits is the quality of preservation at the cellular level (figure
11). For instance, muscle tissue not only
shows the fine striations, but in one case
the encysted remains of a parasitic
nematode have been identified. Other
marvels include cells with nuclei, blood
cells (erythrocytes),
chromatophores,
and hair [21]. The last example is of
particular interest because in one of the
fossil mammals (Ceciliolemur) the hairs
were observed to include longitudinally
striated spines among the delicate wool
hairs of the nape. This suggests that
Ceciliolemur is more likely to be an
insectivore, rather than a prosimian as
originally proposed.

Despite the remarkable quality of the
Geiseltal soft-part preservation in this
deposit, such fossilization is only occasional. Not only is it confined to smaller
mammals, but typically occurs in small
patches that are easily overlooked. E.
Voigt [21] suggests that the reasons for
special preservation are two-fold. Some
material was subject to silicification.
while the tanning action of the peats in
which the animals were buried was also
important.
Conclusions
With the range of variety of soft-part
preservation it is difficult to avoid giving
the impression of a catalogue. This
would be a mistake. Three key points

b)

(a)
Figure 11 Soft-part preservation of fossil frogs from the Eocene brown coals of
Geiseltal. (a) frog skin showing a melanophore with its ramifications filled with
melanine granules. (b) four epidermal cells, each with a well-preserved nucleus.
Preservation is by silicification. (Photographs courtesy of E. Voigt, Universitlt
Hamburg, Hamburg.)
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need to be stressed as a conclusion.
First, such biotas give us privileged insights into the wonders of former diversity, revealing vanished worlds
whose complexity could only be guessed
at from skeletal remains. Second,
although the variety of preservational
processesis obvious, the exact mechanisms responsible remain elusive. Paradoxically, it seems as if bacteria play a
key role. Not only are they now implicated in a variety of diagenetic processes that include pyrite formation, phosphatization, and siderite precipitation,
but there is also growing interest in their
ability to form microbial mats [22]. Not
only would these envelop potential fossils, but they could promote local physico-chemical environments that could
lead to early mineralization. Third, the
search for new examples of exceptional
preservation continues. The discovery
of new Burgess Shale-type faunas, especially those in China and Greenland, is
one such example. With appropriate
knowledge it is now becoming possible
to predict the likely location of undiscovered exceptional fossil deposits. In
addition, the overall roster of such deposits continues to increase, and with
new techniques and methods of analysis
there is every expectation of remarkable new discoveries. The work on the
phosphatized micro-arthropods from
the Upper Cambrian [12] is a clear
pointer to one avenue of research. It is
appropriate to finish, however, with a
reminder that even classic examples of
remarkable fossilization may yet yield
surprises. For example, amber (fossil
tree resin) has long been famous for its
exceptional fossils, especially of insects
and spiders from the Tertiary of the
Baltic region and the Dominican Republic. In Cambridge continuing work
by Alison Henwood is now demonstrating that the quality of preservation is far
superior to what had generally been
thought to be the case. In a related
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context is the astonishing discovery of
some of the earliest land arthropods
(spiders and centipedes) from the late
Silurian of Shropshire [23]. Carbonized
fragments of these animals hint at an
active group of predators, lurking
among the early land plants in what
must have already been quite a complex
ecosystem. Such work, combined with
many other avenues of research endeavour, indicates that we are now on
the threshold of a major reassessmentof
not only our knowledge of the fossil
record, but also how it formed in the
distant past.
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