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INTRODUCTION

The processes that contribute to the formation of fossil assemblages are complex. Detailed sedimentological
and taphonomic analyses are often needed to determine the extent of time averaging and mixing suffered during
the formation of a faunal assemblage, and therefore its ecological significance. Historical archived collections
are the main primary source for palaeontological investigations, but these collections consist of bones that have
already been excavated and curated, in some cases without full recognition of the importance of detailed
taphonomic and sedimentological analysis. Site practicalities may make detailed contextural investigations
impossible. In such circumstances it is necessary to develop techniques that may be applied to isolated bones,
in the absence of coherent sedimentological data.

Techniques that relate the surface morphology of bones to their post mortem history are well established
(see for example Behrensmeyer, 1975, 1978, 1982; Fiorillo 1988). Recently these techniques have been aug−
mented by methods based on the geochemical composition of fossil bones. As these characters are intrinsic to
the bones themselves, they may be investigated after excavation and curation. The primary aim of this study
is to construct a taphonomic history for a microvertebrate assemblage from karst deposits of southern Poland,
where primary sedimentological data are missing, using a combination of “classical” physical taphonomic
indices and geochemical techniques.

Paszkowski and Wieczorek (1982) report ten fissures (Fig. 1) discovered in the Carboniferous limestone at
Czatkowice quarry, near Krzeszowice, Kraków Uplands in 1978. The fissures contain Mesozoic sediments of
various ages, some of which preserve vertebrate material. The most important of these fissure fillings is Czatko−
wice 1, a funnel−shaped karst form, that yielded a diverse Early Triassic microvertebrate assemblage (Paszkow−
ski and Wieczorek 1982; Paszkowski 2009). The vertebrate remains were extracted from the bone−bearing
breccias using acetic acid. Most of the bone material is housed in the Institute of Paleobiology, Polish Academy
of Sciences, Warsaw, and in the Museum of the Earth, Polish Academy of Sciences, Warsaw.
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Fig. 1. A. Location of the Czatkowice quarry in Poland. B. Mesozoic fissures in the Czatkowice quarry (modified from
Paszkowski and Wieczorek 1982); numbers refer to fossil karst lacalities.



The Czatkowice 1 fauna (Borsuk−Białynicka et al.
1999) is dominated by a small (approximately 1 m long)
archosauriform predatory reptile Osmolskina czatkowicen−
sis (Borsuk−Białynicka and Evans 2003, 2009a; Borsuk−
Białynicka and Sennikov 2009). Other taxa include a pro−
lacertiform grade reptile (Borsuk−Białynicka and Evans
2009b), lepidosauromorphs (Evans and Borsuk−Białynicka
2009a; Evans 2009), procolophonids (Borsuk−Białynicka
and Lubka 2009) and temnospondyl amphibians (Shishkin
and Sulej 2009) as well as rare fish and an extremely rare
salientian Czatkobatrachus polonicus (Evans and Borsuk−
Białynicka 1998; Evans and Borsuk−Białynicka 2009b).
These animals are considered to have inhabited an area of
arid or semi−arid desert with shallow ephemeral water bod−
ies (Gradziński et al. 1979; Gradziński 1992; Gradziński
and Uchman 1994; Paszkowski 2009).
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GEOLOGICAL SETTING

Czatkowice 1 is the largest of several karst fissures cut into the Early Carboniferous (Tournaisian to Mid
Viséan) limestone (Paszkowski and Wieczorek 1982; Paszkowski 2009) of the Dębnik Massif (southern Po−
land). Sedimentary data relating to Czatkowice 1 are scanty (Paszkowski and Wieczorek 1982; Paszkowski
2009). The karst form described was a small fragment of a cave, approximately 6 m in depth (exact dimensions
not given), the upper part of the walls and the roof of which were decribed as “pockmarked”, and supported a
0.2 to 0.3 m thick flowstone deposit. The cave sediments were divided into two (Fig. 2). The lower sediments
reached a thickness of 4 m, were coloured green−brown and contained intercalations of gypsum and calcite
flowstones; fragments of limestone and calcite were present throughout the sediments. These were overlain by
approximately 2 m of yellow sandy sediments (Paszkowski and Wieczorek 1982; Paszkowski 2009).

A variety of fragments of the bone−bearing sediments from Czatkowice 1 have been studied in hand spec−
imen, polished section and thin section. The sediments are yellowish, creamy−yellow, or dark ochre in col−
our. According to Paszkowski and Wieczorek (1982, p. 35), the lowest part of the cave was filled with bone
breccia layers. Most of the specimens examined show no evidence of sedimentary structures; the sediments
tend to be poorly sorted with large clasts of bone, lithics and nodules, and often contain large patches of crys−
talline calcite cement (Table 1).
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Recent studies have tied the Czatkowice 1 vertebrate assemblage into the terrestrial vertebrate sequence
for Eastern Europe (Shishkin et al. 2000). The presence of tooth plates of the dipnoan Gnathorhiza and the
characteristics of the teeth of the procolophonids suggests that the assemblage should be placed within the
early to late Olenekian time frame (Borsuk−Białynicka et al. 2003). The temnospondyl remains from
Czatkowice 1 deposits support an earliest Late Olenekian age (Shishkin and Sulej 2009).

METHODS

PHYSICAL TAPHONOMY

Behrensmeyer (1978) designed a classification scheme for the weathering of mammal bones in the tropi−
cal grassland environments of Africa. Following this work, Fiorillo (1988) adapted Behrensmeyer's (1978)
scheme for use with fossil material (simplifying the classification to take into account the loss of resolution
seen in fossil material when compared to recent bones) and produced a similar scheme for the classification
of abraded bones (Table 2). Cook (1995a, b) further modified the schemes to take into account the extreme
levels of abrasion frequently observed in the fossil record.

Additional information may be gained from an analysis of the nature of the fractures (Table 3) and break−
age surfaces of the bone:

Spiral fractures: Bones that break relatively soon post mortem, while the collagen is still intact, break
with a characteristic spiral or jagged fracture. In this case the growth of the fracture is controlled by the ten−
sile strength of the collagen fibres. Such fractures are caused by predation, scavenging and trampling (espe−
cially associated with large animals), but are rarely caused during transport (Cook 1995b).

Parallel fractures: Fractures running parallel to the length of the bone are commonly associated with
weathering damage (such as changes in relative humidity and temperature) to bone before permineralisation
(Behrenesmeyer 1978).
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Table 1. Summary of the physical characteristics of the hand specimens of Czatkowice 1 fissure−fill sediments.

Sample Colour Grain size Matrix/Cement Texture Clast types

Cz 1
creamy−yellow, darker

grey when fresh, dendritic
magnetite on surface

clay−grade matrix
and crystalline
calcite cement

subangular grains quartz; rare
opaques

Cz 2

mottled pale
creamy−brown and pale

creamy−white with patches
of ochreous material

fine sand to
coarse sand

well−cemented
with crystalline

calcite
poorly−sorted

quartz, bones;
rare opaques

and mica

Cz 5 pale creamy−white,
surfaces darker yellow fine sand

crystalline calcite
cements (possibly

two phases)

quartz; rare
opaques, mica

and bones

Cz 7
ochreous with dark
speckles on surface

(magnetite?)

very fine sand
or silt

possible parallel orientation of
the bones, matrix supported,

sediment poorly sorted

bones, quartz,
lithics

Cz 18
pale creamy−yellow, with
darker grey clasts, giving

a speckled appearance

very fine sand
with rare

larger clasts
calcite cement poorly sorted quartz, lithics,

bone

Cz 19 pale cream, ochreous
when weathered

very fine
sand, with
clasts up to

15 mm
diameter

very fine−grained
matrix and

crystalline calcite
cement

very poorly−sorted, graded and
parallel bedding, possible

geopetal structure, possible
parallel orientation of the

bones, veins of calcite

quartz, lithics,
bones; rare
mica and
opaques

Cz 23
pale creamy−yellow, with
small patches of ocreous

sediment

coarse sand
and larger

clasts

very well
cemented by

crystalline calcite

bones randomly scattered
throughout the sediment,
moderately well−sorted

quartz, bones,
lithics

Cz 24
dark ochre, with brownish
sediment adhering to the

surface
coarse sand

silty matrix, with
crystalline calcite

cement
possible weak parallel bedding very little

bone, ? quartz



Transverse fractures: After collagen has degraded, the bone loses its tensile strength and typically breaks
with a clean fracture, perpendicular to the length of the bone.

Conchoidal fractures: After significant mineralisation, the bone loses most of the internal porosity and
conchoidal fractures may develop (Fiorillo 1988).

It is also productive to consider vertebrate fossils as sedimentary particles. Grain size and grain shape
analysis of bone fragments can help to shed light on the sedimentary regime, and particularly on the energy
levels of the transport agent (Martin 1999). Voorhies (1969) classified bones according to their susceptibility
to transport in fluvial environments (simulated in a flume tank).

Voorhies Group I: Bones that are easily removed by currents by processes of flotation and saltation, for
example ribs and vertebrae.

Voorhies Group II: Bones that move more slowly, moving by traction along the river bed, comprise long
bones and metapodials.

Voorhies Group III: Includes the skull and mandible: bones which move very slowly.
Certain bones appear in more than one Voorhies Group, for example the ulna and scapula appear in both

Groups I and II. It has been suggested that Group I bones can be moved by normal flow rates, and that
Groups II and III material can only be moved during flood events (Behrensmeyer 1975).

At the time of acid preparation the blocks of sediment were numbered consecutively; these numbers bear
no relation to the sedimentological context of the blocks. One sample from the Czatkowice 1 fissure infill,
designated Cz 24, was analysed before the identifiable and well−preserved bones had been removed, and may
be regarded as an unbiased cross−section of the remains preserved in sediment block Cz 24.

Most of the Czatkowice 1 samples have been sorted into various taxonomic groups, therefore it was not
possible to complete an unbiased quantitative analysis of the complete collection. Small blocks of unpre−
pared sediment were used to provide an unbiased bone sample: any bones visible on the surface of the blocks
were also categorised according to their taphonomic characteristics.

However, it should be kept in mind that the Czatkowice 1 samples differ from the reference material used
to construct the various “classic” taphonomic classification schemes which were based on the degradation
behaviour of large (>50 kg) mammalian carcasses. The Polish fossils described here are mostly reptilian
microremains.

GEOCHEMICAL TAPHONOMY

During fossilisation bone mineral changes from carbonate hydroxyapatite (dahllite), to carbonate fluor−
apatite (francolite). Many trace elements are taken up from pore waters by the bone during recrystallisation,
and are incorporated into the apatite lattice via adsorptive substitution for Ca2+ ions. Consequently, a fossil
bone contains a record of the trace element composition of the pore waters at the site of burial (Trueman and
Tuross 2002). After early diagenetic recrystallisation the trace element signal is essentially stable. Further
ionic exchange must occur by solid−state diffusion, which is a very slow process at low temperatures. The
trace element content of fossil bone may therefore be used to reconstruct some aspects of the burial environ−
ment and post mortem history of a single bone.

The variation in trace element compositions of bones within a single accumulation is a function of the
variation in original burial environments and the rate of introduction of bones into the deposit (Trueman
1999). Therefore, the amount of trace element variation seen in fossil bones from two assemblages can be
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Table 2. Taphonomic parameters used to describe the vertebrate material preserved at Czatkowice 1 (Fiorillo 1988; Cook
1995a, b).

Abrasion stage Characteristics

Stage 0 Very angular: the bone is fresh and unabraded. Processes and bone edges are well−defined.

Stage 1 Subangular: the bone edges and processes are slightly abraded and polished.

Stage 2 Subrounded: the bone edges are well−rounded, processes are still recognisable. Moderate abrasion.

Stage 3 Rounded: edges show a high degree of rounding. Processes are remnant or absent. Heavily abraded.

Stage 4 Extremely rounded: bones often show a high degree of sphericity. Extremely abraded.
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used as a proxy for the relative amounts of time and space averaging suffered by those assemblages, provided
that they are matched in terms of their general sedimentary setting (Trueman et al. 2003).

Previous work (Trueman and Benton 1997; Trueman 1999; Staron et al. 2001; Patrick et al. 2002;
Trueman et al. 2003) has shown that the rare earth elements (REE) are ideal for geochemical taphonomic
studies as they are present in low concentrations in life, but are rapidly incorporated into bone after death.
Fossil bone commonly contains concentrations of REE more than four orders of magnitude greater than those
found in fresh bone (Wright et al. 1984; Chenery et al. 1996; Trueman and Tuross 2002). The REE are frac−
tionated from one another during weathering and sedimentary transport, and thus the relative abundances of
REE found in natural waters and minerals are potentially sensitive to small changes in depositional environ−
ment or recrystallisation behaviour (Dupré et al. 1996; Sholkovitz et al. 1990; Denys et al. 1996). The REE
composition of fossil bones is therefore governed by the REE composition of the pore waters at the site of
burial, and can be used as a natural tag indicating the early depositional locality. All bones from a single
depositional locality will share a common REE signal (Trueman and Tuross 2002; Trueman et al. 2003).

REE concentrations in eleven bones from the Czatkowice 1 locality were determined by ICP−MS analysis
(Table 4). Values were obtained on a VG Plasmaquad II ICP−MS at the University of Bristol, Department of
Earth Sciences. A detailed description of the procedure for sample preparation and methods are given in
Trueman (1999). Briefly, the samples were washed and any adhering sediment was removed. The cleaned
bones were crushed to a powder in an agate pestle and mortar and dried overnight. Approximately 0.1 g of
sample was accurately weighed and digested on a hot plate with HNO3. Solutions were evaporated to dryness
and redissolved in 1% HNO3. Final solutions were made up to 100 ml (resulting in a total dilution of 1000
times) together with an internal standard of 100 ppb Re and Ru. Analytical precision and accuracy were mon−
itored with reference to international standards, errors (2s) were within 10% of certified values. Analytical
detection limited (3* blank standard deviation) were less than 0.5 ppb.

RESULTS

PHYSICAL TAPHONOMY

All of the bones from the Czatkowice 1 fissure sediments are disarticulated, and most (approximately
99% of the sample) are incomplete. Most of the bone fragments recovered from the cave sediments are white,
pale yellow or orange in colour, with occasional dark coloured heavily abraded shark teeth reworked from
the Carboniferous Limestones enclosing the Mesozoic fissure−fill. Similar reworked teeth are found in the
Triassic cave sediments of the Cromhall fissures, south west England.

Shape analysis: The bone fragments are typically small with a maximum length of approximately 30 mm,
but most are considerably smaller: between 5 and 7 mm long. All of the main categories of bone fragment
shape (based in part on the sediment particle classification scheme of Zingg 1935), except disc, are present
within the Czatkowice 1 collection. In samples Cz 24 and Cz 26 the most commonly occurring vertebrate
clast shapes are rods, blades, flattened cones and “miscellaneous” (bones with an irregular shape which does
not really fit into the other categories).

Fractures: Few bones show longitudinal cracks (cracks orientated parallel to the major axis of the bone or
to the principle direction of collagen fibres), but some of the archosaur tooth crowns have such cracks run−
ning from the tooth tip to the root. The most commonly occurring breaks preserved in the samples are trans−
verse or straight fractures. Jagged and parallel fractures are present, but uncommon. The vast majority of the
skeletal elements have been broken at some point in their post mortem history. From observations of the acid
digestion process it is clear that most (at least 60%) of the breakage (but not the disarticulation) is produced
during preparation. Many bones show evidence of multiple breakage events. Such bones have been broken
and then abraded, producing smoothed or rounded breakage surfaces, and broken again at a later stage, pro−
ducing sharp, fresh surfaces.

Weathering: A few bones show signs of in situ weathering (producing cracks parallel to the bone fibres),
including the archosaur teeth described above.
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Abrasion: The abrasion (degree of rounding) of the bones is low; most have abrasion damage characteris−
tic of stage 1 to 2 (Fiorillo1988; Cook 1995a, b), although a few specimens show more extreme abrasion.

There is little or no difference between the taphonomic characteristics of the indeterminate and identified
material. Analysis of an unsorted unbiased sample (Cz 24) confirms the observations of the biased samples
(samples where the identifiable material has been isolated). A total of 268 fragments of bone from Cz 24
were described. None of the specimens show any definite evidence for weathering. The bone fragments dis−
play a range of abrasion states, ranging from stage 0 (fresh bones with no sign of abrasion) to stage 2–3 (mod−
erate levels of abrasion). Most of the bones (54.5% of the sample) show abrasion−related modifications char−
acteristic of stage 1–2 (slight abrasion). Several types of fracture were identified from bones of the Cz 24
sample. Of these, the most common were fresh (unabraded) straight fractures. Such damage is typified by a
very smooth breakage surface, which generally (but not always) cuts across the long axis of the bone tissue at
an angle of 90�. Less common, but still occurring in significant numbers, are abraded straight fractures. Par−
allel (or longitudinal) fractures and jagged breakages are present in small numbers, and have both fresh and
abraded surfaces. In many cases a bone will show more than one kind of fracture.

There does not appear to be any difference in the preservational characteristics of the different taxa. Only
terrestrial taxa have been identified from Cz 24 (procolophonids, archosaurs and small reptiles); the aquatic and
semiaquatic creatures (fish, temnospondyls, and protofrogs) known from other samples in the Czatkowice 1 fis−
sure are absent from the Cz 24 sample.

GEOCHEMICAL TAPHONOMY

Total rare earth elements (REE) concentrations range from 600 to 7 000 ppm (Table 4). These are a func−
tion of both the REE concentrations in the bone, and the relative amounts of apatite and other authigenic min−
erals in the sample. As REE are concentrated strongly in the apatite, other authigenic minerals do not signifi−
cantly alter the relative concentrations of the REE in the sample, but effectively dilute the REE concentra−
tions overall. However, the total REE concentrations measured in these bones are similar to those recorded in
fossil bone samples from other terrestrial environments (e.g., Denys et al. 1996; Hubert et al. 1996; Trueman
1999; Samoilov and Benjamini 2001).

REE data from sedimentary rocks and natural waters are commonly reported relative to an average shale
value, which approximates the average REE composition in the crust. Several shale composite values are
used, and in this study all REE values are reported normalised to Post Archean Average Shale (PAAS) values
(Taylor and MacClennan 1985). The shale−normalised REE concentrations in fossil bones from Czatkowice
show distinct convex−upward patterns, with relatively high concentrations of intermediate or middle REEs,
and higher concentrations of the light REE compared to the heavy REE. These patterns are generally ex−
pressed as inter−element ratios (e.g., Sm/La, Dy/Yb, La/Yb). Bones from Czatkowice 1 all yield Sm/La,
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Table 4. REE, U and Th concentrations (ppm) in bones from the Czatkowice assemblage.

CZ 6−7L CZ 6−7LC CZ 17 LC CZ 33 CZ 2VB CZ 23 LB CZ 23 LC CZ 2 (13) L CZ 6−7LB CZ 17 CZ 2V

La 285.69 226.65 257.65 436.74 98.29 429.07 137.37 116.89 773.97 517.62 117.51

Ce 924.15 965.15 1078.20 1415.54 247.95 1909.23 541.96 456.87 3186.46 1609.76 469.33

Pr 115.34 112.75 121.35 150.62 30.14 205.49 59.27 51.19 367.50 183.31 48.50

Nd 465.91 453.43 473.46 574.67 115.98 783.70 227.43 197.29 1521.93 699.84 190.27

Sm 100.43 101.95 110.10 133.12 26.79 176.87 51.52 45.76 335.67 160.06 45.64

Eu 21.54 20.56 19.39 22.09 4.48 31.60 9.34 8.02 67.60 26.33 7.41

Gd 114.79 106.66 104.09 136.02 30.85 178.09 53.45 44.82 347.22 163.33 46.07

Tb 14.31 13.25 13.14 16.84 4.08 23.20 6.92 5.71 41.99 19.61 5.78

Dy 78.80 69.47 72.19 92.89 24.77 122.93 37.16 30.68 218.85 103.88 30.25

Ho 13.44 10.85 11.82 16.25 4.80 19.33 6.10 4.87 34.47 16.50 4.82

Er 32.08 23.89 28.26 39.72 13.17 47.09 15.17 11.48 77.41 40.46 11.14

Tm 3.74 2.36 3.20 4.77 1.73 5.14 1.74 1.28 7.91 4.49 1.17

Yb 18.09 10.36 14.14 21.15 8.38 21.15 7.56 5.92 33.32 19.74 5.10

Lu 2.62 1.30 2.09 3.21 1.25 3.02 1.08 0.76 4.57 2.94 0.69

Th 8.87 6.61 8.33 9.31 9.51 28.27 14.66 10.21 19.22 17.54 14.43

U 33.57 30.88 31.30 37.59 5.04 57.71 10.75 10.95 115.16 52.55 11.33



Dy/Yb, and La/Yb ratios >1. Uniquely amongst the REE, Ce may be present as a tetravalent ion in oxidising
conditions. As Ce4+ behaves rather differently to Ce3+, Ce anomalies are frequently developed in oxidising
environments. The Ce anomaly is simply the ratio between the measured value of Ce and the expected value
derived from either linear interpolation between Ce and Pr, or by linear extrapolation from Nd and Pr. All
samples from Czatkowice 1 display a positive Ce anomaly, although the size of this anomaly varies within
the sample tested. In addition to the REE, concentrations of U and Th were also determined in bones from
Czatkowice 1. In the Czatkowice 1 sample, U/Th ratios range from 0.5 to 6.

INTERPRETATION

PHYSICAL TAPHONOMY

The taphonomic characteristics of the various Czatkowice 1 samples (biased and unbiased) provide lim−
ited evidence for the depositional history of the Czatkowice 1 cave accumulation. The scarcity of weathering
damage (parallel cracks or splintering of the surface of the bones) suggests several possible histories: (1) that
the bones were not subjected to any prolonged episodes of subaerial exposure and were rapidly buried or
transported into the cave system before any surface modification could take place; (2) that complete car−
casses were washed into the cave systems. The second option is less probable, because of the lack of articu −
lated elements within the assemblage. The longitudinal cracks seen in some archosaur teeth may be a product
of mechanisms other than weathering (e.g., damage during life, chemical changes during diagenesis, or dam−
age caused by the processes of fossil recovery, extraction and preparation).

The wide range of abrasion states displayed by the Czatkowice 1 fossils are typical of an assemblage that
has accumulated over an extended period of time. Accumulations that are a product of catastrophic process
tend to have a limited range of abrasion states as all the bones have a virtually identical taphonomic history.
The assemblage preserved in the Czatkowice 1 fissure typically displays slight abrasion, most likely reflect−
ing low levels of fluvial transport. In an arid or semi−arid environment with ephemeral water bodies wave ac−
tion is unlikely to have played a significant part in the modification of the vertebrate debris. Multiple phases
of reworking of terrestrial and lacustrine sediments during flash floods is to be expected. However, in such an
arid environment it is reasonable to expect that bones could also have been abraded by air−borne sand.

The presence of several types of fracture hints at a complex taphonomic pathway. The presence of
straight fractures suggests that a portion of the bone sample underwent some degree of diagenetic alteration,
involving the loss of collagen and/or recrystallisation, and was then broken and transported or reworked be−
fore final deposition. The proportion of the biased and unbiased samples showing evidence for per−
mineralisation and subsequent abrasion is similar (33% of bones in the biased samples compared with 37.8%
of the bones from the unbiased sample). In the case of the Czatkowice 1 material, the parallel fractures were
probably caused during the acid preparation of the sediment blocks, as there is no other evidence of the in situ
weathering of the material. The Cz 24 sample has examples of fresh and abraded spiral or jagged fractures,
suggesting that bones in the assemblage were broken by predators and/or scavengers before diagenesis.

The generally small size of the vertebrate fossils preserved in the Czatkowice 1 assemblage suggests that
the bones were transported and deposited in a relatively low−energy environment. The limited size range of
the bones indicates winnowing or hydrodynamic sorting. The bones described as blades, rods, cuboids and
flattened cones are all classified as Voorhies Group I skeletal elements (Voorhies1969). Flume tank experi−
ments with a range of mammalian skeletal elements (Voorhies 1969; Korth 1979) indicate that these bones
are rapidly and easily moved by river currents. It is likely that reptilian bones displaying similar shapes would
also be easily transported.

The evidence from the physical taphonomic characteristics of the Czatkowice 1 assemblage suggests that
the material was either incorporated into the sediment or transported into the ephemeral water bodies or cave
system soon after death, thus protecting the bones from in situ weathering damage. The generally low levels
of abrasion suggest that the assemblage was not subject to transport over any great distance, although aeolian
processes may have been important. However, abrasion experiments (Cook 1995b) imply that the degree of
abrasion observed on a bone cannot be related directly to the distance travelled. Very large transport dis−
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tances are required to produce mild levels of abrasion on fresh bones, whereas bone that had previously been
buried for approximately 100 years was rapidly abraded. Therefore it is likely that the majority of abrasion
seen on bone is a result of reworking and static abrasion. This suggests that many of the Czatkowice 1 bones
were subject to at least one phase of reworking. It is difficult to calculate the relative timing of these events.
The fact that some of the bones have abraded fractures associated with post−mineralisation breakage would
suggest that reworking, at least for part of the assemblage, took place after diagenesis. Other bones display
features consistent with breakage of unmineralised tissue, followed by transport and/or reworking.

GEOCHEMICAL TAPHONOMY

The relative abundances of the rare earth elements (REE) developed in fossil bones are principally con−
trolled by the distribution of REE in pore waters, which are in turn controlled by REE weathering and trans−
port mechanisms. Broadly speaking, in environments where the bulk of the REE are transported into sedi−
ments associated with particle surfaces, fossil bones will inherit a shale normalised REE pattern characterised
by La/Yb ratios >1, and commonly middle REE enrichment. This pattern is most frequently seen in bones
from estuarine and coastal marine environments where light REE are scavenged from solution during particle
flocculation and settling. In most terrestrial settings the heavy REE apparently form more stable dissolved
complexes than the light REE, and consequently the light REE may be more effectively immobilised through
adsorption onto particle surfaces. This process results in pore waters with a relatively high proportion of ex−
changeable heavy REEs with respect to the initial REE source. Bones from most terrestrial settings are con−
sequently characterised by shale normalised La/Yb ratios <1. Bones recovered from soils typically have
slightly higher La/Yb ratios than bones from associated fluvial sediments (Trueman 1999). Bones from the
Czatkowice 1 assemblage plot in the field of REE space characterized by bones from coastal marine and
estuarine environments (Fig. 3). This is evidently inconsistent with their true palaeogeographic setting. How−
ever, the Czatkowice 1 assemblage shares its position in REE space with bones recovered from the Creta−
ceous Djadhokta Formation (Samoilov et al. 2001), an environment characterised by extensive local dune
fields. This association points strongly to the influence of particle−surface associated transport of REE in ae−
olian settings, and therefore confirms a significant role for wind−blown dust in the Czatkowice palaeo−
environment.

As discussed earlier, the comparative behaviour of Ce and the adjacent REE can potentially indicate re−
dox conditions during fossilisation. All bones from the Czatkowice assemblage display positive Ce anoma−
lies, suggesting that Ce was present in oxidised form, and was preferentially incorporated into the apatite lat−
tice compared to other trivalent light REE. Ce4+ is a smaller ion than Ce3+, similar to the heavy REE. Thus,
increasing positive Ce anomalies should correlate with increasing heavy REE enrichment. In fact, the Ce
anomaly shows no significant relationship with either La/Yb ratios, or Dy/Yb values. This suggests that the
development of Ce anomalies cannot be explained simply by considerations of ion radius (although charge
considerations may be important), and thus variations in the extent of the Ce anomaly within the Czatkowice
assemblage may reflect real differences in the transport chemistry of Ce4+ compared to trivalent REEs in the
environment, and therefore derivation of bones from different burial settings.

The variation in trace element chemistry of fossil bones from a single assemblage can also be used as a
taphonomic characteristic for a particular assemblage. Bone samples from the Czatkowice assemblage show
considerable variation in their REE patterns, particularly in terms of the relative abundance of light REE
(e.g., La), and heavy REEs (e.g., Yb). To test the significance of this variation, the assemblage must be com−
pared to another assemblage from a similar sedimentary setting, preferably using similar bones, with a con−
trasting taphonomic history. We compared the geochemistry of the Czatkowice 1 assemblage to bones from
Cromhall Quarry, a Triassic fissure−fill deposit from the south−west of England containing an abundant and
diverse small reptile fauna (Fraser and Walken 1983; Fraser 1994; Blessed 1998). The geological setting for
the Cromhall deposit is broadly similar to that proposed for Czatkowice 1 (i.e., fissure fills developed in Car−
boniferous limestone proximal to extensive aeolian Triassic red bed sedimentation). The fissure system at
Cromhall, however, was developed in a coastal setting, presumably with some influence of marine waters.
The vertebrate−bearing Triassic sediments within the Cromhall fissures are capped by Rhaetic sediments con−
taining abundant marine fossils. REE concentrations in bones from a several blocks of sediment from the
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Cromhall fissure−fill were determined at the University of Bristol using the same analytical equipment and
methods (Blessed 1998).

The variation in shale normalised La/Yb ratios in both assemblages was compared using an F−Test (the
values were first transformed using common logarithms to ensure normal distributions and thus validate
parametric statistical testing methods). Using the F−Test, the variance of REE patterns in bones from the
Czatkowice 1 assemblage is not significantly different from the Cromhall Triassic assemblage (as long as the
assumption of equivalence in geochemical environments is correct). However, the Cromhall assemblage is
mixed, including reworked Carboniferous shark teeth, and stratigraphically younger Rhaetian shark teeth. If
these allochthonous elements are removed, then the Cromhall assemblage is significantly less varied than the
Czatkowice assemblage. Variation in La/Sm ratios accounts for almost all difference between the two popu−
lations (ANOVA (La/Sm values) F = 4.66, p = 0.04).

The relatively high levels of variation in geochemical composition of bones from Czatkowice 1 suggests
that this assemblage contains bones from a range of local depositional environments. Furthermore, these
bones must have remained in these separate horizons long enough to inherit distinct geochemical signals be−
fore being reworked and introduced into the cave deposit. The absolute time required to produce these sepa−
rate geochemical signals is linked to the rate of bone recrystallisation, which is poorly known and varies with
the depositional environment. However, recent attempts at modelling rates of recrystallisation of bone sug−
gest that fossil bones are recrystallised within 103–104 years (Trueman and Tuross 2002). Therefore, this
suggests time averaging over at least 100 year time scale in the Czatkowice 1 deposit. It should be noted,
however, that it is possible that trace metals are adsorbed rapidly onto bone crystal surfaces or associated
organics, and are introduced into the apatite lattice from this adsorbed reservoir. If so, the amount of time
needed to develop the varied trace element signals seen in bones from the Czatkowice assemblage (and thus
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the minimum time averaging) would be much less. These interpretations are consistent with the relatively
complex behaviour of the Ce anomaly discussed above.

Based on the inter−element REE ratios, Ce anomalies, and U/Th ratios, three bones can be identified as
distinctly different from the main sample, Cz 33, Cz 17, and particularly, Cz 2 VB. This suggests that these
bones were derived from distinctly different depositional environments, compared to the rest of the bones. As
all the bones analysed were indeterminate fragments, no palaeoecological inferences may be drawn from this
geochemical evidence.

CONCLUSIONS

The excavation and sampling techniques necessarily employed at Czatkowice 1 have led to the loss of al−
most all detailed sedimentological and stratigraphic information, and preparation and curation has further re−
sulted in a taxonomically and taphonomically biased assemblage — both situations are common to many im−
portant historical vertebrate collections. Such loss of information places significant constraints on the palaeo−
biological and palaeoenvironmental inferences that can be obtained from the collection.

Some sedimentological and taphonomic information can, however, be derived retrospectively through
physical and chemical characterisation of the curated bone assemblage. The physical characteristics of bones
from the Czatkowice 1 cave suggest an attritional, winnowed assemblage that experienced limited flu−
vial−lacustrine transport and multiple cycles of reworking. The absence of cracking and flaking of the outer
layers of the bone tissue suggests that the bulk of the material was buried rapidly, either in the aeolian−lacus−
trine sediments or within the cave complex. The presence of abraded post−mineralisation fractures, however,
suggests that some bones were mobilised after significant periods of burial. After burial the bones were sub−
jected to chemical changes and associated mineral deposition, for example the bone cavities are frequently
infilled with crystalline calcite and dendritic manganese growths cover many bone surfaces.

The geochemical characteristics of the bones support these observations, suggesting a significant aeolian in−
fluence on the early diagenetic environment, and derivation of bone remains from a variety of different early
burial settings. It is likely that the vertebrate remains were sourced from a small−scale depocentre, possibly an
ephemeral water body or channel bank. In addition, interpretations concerning the relative degree of time and
space averaging represented in the Czatkowice fissure deposit can be made through comparison of the chemical
variation of bones from the Czatkowice 1 cave with other, similar fissure deposits. These studies suggest that
the Czatkowice 1 deposits represent relatively large spans of time and/or varied depositional settings.

Inevitably, the strength of such interpretations is limited by the lack of sedimentological and stratigraphic
information available, however the combination of independent sources of taphonomic information adds
some weight to the reliability of the interpretations. Similar techniques could be applied to historical collec−
tions where supporting palaeoenvironmental data are missing, and localities are inaccessible or lost.
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