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Abstract

Pore spaces preserved in bones are not studied so often, however they
containaveryimportantinformation about post-mortem history, whichis presented
below on the example of microscope observations of fossil aquatic amphibians.
Cavities from decay of soft tissues have been filled with a few mineral phases,
which form more or less complete sequence related to post-mortem events. The
most interesting complete sequence is referred to diagenesis of bones buried
together with soft parts in fine-grained sediment of a flooding pool. It starts with
the surrounding sediment sucked in by outgoing gas bubbles created during
bacterial decomposition of soft tissues. Next two generations of infillings (pyrite,
substituted in places by siderite, and granular sparite) have been interpreted as
a result of sulfate and iron reducing bacteria activity. The two last generations
(blocky sparite and barite) have been interpreted as chemical precipitates.
Blocky sparite crystallized from pore solution being in equilibrium with respect to
carbonates. Barite evidences shift in pore water chemistry (supersaturation with
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respect to sulfates), according to progressive evaporation of a flooding pool.
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Abbreviations

UOBS: Catalogue Acronym of Bones from the “Trias”
Documentation Site in Krasiejow, collected at the Opole University
in the years 2000-2007; UOPB: Catalogue acronym of bones from
the “Trias” Documentation Site in Krasiejow, collected at the Opole
University since the year 2008; SEM: Scanning Electron Microscope;
EDS: Energy Dispersive Spectroscopy

Introduction

Diagenesis of bones is not an extensively studied topic, apart from
remains of selected terrestrial creatures including archaeological
materials [1-7] and dinosaurs [8-10]; in addition, alterations of bone
tissue are the main topics [1-16]. Rare analysis of infillings of intra-
bone spaces are also strongly restricted to archaeological [11] and
dinosaurian remains [17,18], while similar studies of other vertebrates
are rather unique [19-21]. Thus, an introduction to interpretation of
diagenetic events, based on a sequence of mineral phases filling pore
spaces in bones of aquatic animals, is the main purpose of this paper.

The study has been carried out on metoposaurs: large, freshwater
amphibians living in the Triassic times. Their fossils are best
known from Germany [22,23] and Poland [24], where they occur
in lacustrine or alluvial plain deposits of the Carnian-Norian age.
Paleontological knowledge of those animals is quite broad within the
realm of osteology [25,26] and rapidly developing osteohistology [27-
32]. Post-mortem history of metoposaurian bones is still unknown
apart from the pioneer publication [33], in which the origin of the
metoposaur rich bone bed has been explained on the ground of
diagenetic studies. Tissue of analysed bones underwent partial

dissolution, recrystallization, replacing and cracking, and intra-
bone spaces have been completely or nearly completely filled with
various mineral phases. Full taphonomic analysis is not yet complete,
but simple observations are also valuable for answering certain
questions and creation of general hypotheses. Microscope evidence
of a sequence of diagenetic events is the first of many necessary steps
to be taken in any taphonomic analysis of bones, however only this
step is described below. A complete sequence of infillings is referred
to biogeochemically induced diagenesis of bones, which have been
buried together with soft tissues.

Materials and Methods

The studied material has been collected from the lower bone
horizon of the “Trias” Documentation Site in Krasiejow [24,33,34],
during excavation field works organized and conducted by the
Laboratory of Paleobiology of the Opole University since the year
2000. Bones occur in about 0,8 m thick, grey to red unstructured
clay/mud layer, only slightly lithified, which is underlain by red
paleosoil and covered in places by thin (0-10 cm), discontinuous
limestone of pedogenic origin. The sediment consists of clay minerals
(illite, smectite, chlorite and palygorskite), subordinate grains of
quartz, muscovite, feldspar, and some heavy minerals [35]. General
sedimentologic and diagenetic characteristics show that the bone bed
has been deposited as a mud flow [36] in an ephemeral flooding pool
[33].

A skull, lower jaw, clavicle, interclavicle, 2 ribs, 8 long bones and
20 vertebral intercenters of metoposaurs were selected to make 76 thin
sections (for both osteohistological and diagenetic purposes), which
have been prepared at the Institute of Geology of the A. Mickiewicz
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Figure 1: General osteohistological and diagenetic features of vertebral
intercenters (UOPB1003, thin section, plane polarized light). The sediment
fills a main nutrition vessel (NV) going through the cortex to inner part of the
vertebrae. Medullary cavities (M) are filled with sediment (white M), sediment
and then calcite (black M), or with sediment, then pyrite (now weathered,
black areas) and then calcite (bottom-right part of the photo). T: trabeculae
that form spongy bone. Within the cortex, primary osteons are visible as oval
structures (po). They are filled with the sediment (if connecting surface of the
cortex), pyrite (black) and calcite (light colored areas).
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Figure 2: Sediment padding (S) in spongy bone of the vertebral intercentrum
UOPB 1009 (thin section, cross polarized light), followed by pyrite (black
lines) and calcite (C). Densely packed pyrite framboids are visible in the
rectangle.

Figure 3: The same as in Figure 2, SEM image. Weathered pyrite (WP) is
visible as white areas between the sediment and calcite.

University in Poznan (Poland) and at the Steinmann Institute fir
Paldontologie (Bonn University, Germany). The thin sections were
examined with a standard petrographic microscope (Olympus Provis
AX70) equipped with a digital camera. Simple SEM and EDS analyses
have been additionally done to verify petrographic identification of
mineral phases using Hitachi S-3700N apparatus.

Results and Discussion

Primary pore spaces inside studied bones include medullary
cavities, erosional rooms, components of the vascular system
(nutrition vessels, primary and secondary osteons), and osteocyte
lacunae together with Volkmann canals. Mineral infillings consist of
surrounding sediment, pyrite, siderite, calcite and barite, however,
the amount of particular type of infilling may vary in wide ranges
among the bones. Only calcite occurs in every bone, and sometimes
is the only mineral phase. In other bones, calcite is accompanied by
one or more minerals. Sometimes, mineral infillings form a sequence,
which is best developed in large medullary cavities and erosional
rooms, starting from sediment and following by pyrite, siderite and
calcite, and ending with barite. At the same time, small pore spaces
in compact bone are usually filled with single mineral phase (pyrite
or calcite) or with a pyrite-calcite association. Variation in the
development of mineral infillings results from secondary deposition
of bones coming from various primary diagenetic environments,
and from different post-mortem history of particular specimens and
their bones. The complete sequence refers to bones, which have been
interpreted as buried together with soft tissues.

The complete sequence starts with surrounding sediment, which
fills large vessels going through the cortex to internal cavities (Figure
1) and, in the cavities, it forms a thin, nearly isopachous padding
around their surface (Figure 2). In all cases of infillings, sediment is
cemented by calcium carbonate and, inside the cavities, additionally

by pyrite.

Two modes of infiltration of sediment into bone interior can
be discussed: hydrodynamic washing in, or sucking in by vacuum
created by outgoing gas bubbles originated during decomposition
of soft tissues. In the first case, the sediment must be deposited
gravitationally at the bottom surface of cavities; isopachous forms
of sediment envelopes may have arisen as a result of rolling bones
along the bottom, which was impossible because of quiet water
environment [34]. Therefore, vacuum seems to be the only force
counteracting gravity that allowed clay particles to adhere uniformly
to the entire surface of cavities.

Pyrite makes the second generation of infillings, where sediment
is present, or the first generation in other cases of its occurrence.
Apart from admixture in sediment infillings, it occurs as (1) more
or less continuous cover on sediment envelopes (Figure 2,3) or
bone tissue (where sediment is absent), separating them from next
generation calcite (Figure 4), as (2) inclusions of framboidal forms
in the calcite cement (Figure 5), or as (3) mineral filling small pores
within the cortex (Figure 6,7). In the last case, pyrite can be associated
by calcite.

Framboidal shape of pyrite can be interpreted as a result
of bacterially induced precipitation of iron sulfide in anoxic
environment, which is widely known since Berner’s studies [37,38]
and commonly accepted [39-44]. In this case, bacterial interpretation
is supported by co-occurrence of pyrite and calcite (metabolism of
sulfate reducing bacteria releases hydrogen ions, which destruct
calcium carbonates and phosphates, and then concentration of both
calcium and bicarbonate ions increases up to oversaturation of pore
water with respect to calcium carbonate, and finally, to secondary
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Figure 4: Pyrite covering directly bone tissue (black areas), and followed by
two calcite generations: granular (GS) and blocky sparite (BS). Thin section,
plane polarized light, vertebral intercentrum UOPB1009.

Figure 5: Framboidal pyrite floating in granular sparite (best visible in the
center). Thin section, plane polarized light, vertebral intercentrum UOPB1009.

Figure 6: Pyrite (black) and calcite (light-grey) filled primary osteons in the
cortex. Thin section, ordinary light, vertebral intercentrum UOPB1003.

precipitation of calcite) [45]. Pyrite framboids floating in calcite
crystals suggest simultaneous precipitation of the two minerals, and
then, fast evolving pore-fluids chemistry (vanishing of sulfides and
development of carbonate-dominated water).

Siderite occurs in external parts of spongy bone instead of
pyrite, i.e. it covers either sediment padding or bone tissue (Figure
8). Additionally, siderite forms incrustations on the outer surface of
some bones.

Sedimentary siderite is known as mineral formed under
dysoxic conditions [46-49], whereby its precipitation is mediated
by sulfate and iron reducing bacteria most often [48-52]. Therefore,
the position of siderite in external part of spongy bone (while the

Figure 7: Framboidal pyrite in a primary osteon within the cortex. SEM
image, vertebral intercentrum UOPB1009.
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Figure 8: Siderite crystals (ST) encrusting the sediment (S) or bone tissue
(BT), and followed by calcite (C). Thin section, ordinary light, vertebral
intercentrum UOPB1007.

internal part is occupied by pyrite) suggest centimeter-scale gradient
in oxygenation of the bone interior, and the occurrence of pyrite
in primary osteons of the cortex shows even less, millimeter-scale
gradient throughout bones. Such precision in oxygenation gradient
is typical for bacterial decomposition of soft tissue within highly
restricted microenvironments, where ions exchange between the
microenvironment of soft tissue decay and surrounding fluids is
strongly limited. Of course, bone tissue itself and sediment, clogging
main nutrition vessels, were natural barriers for migration of ions.

Calcite is the main mineral in pore spaces, occurring commonly
in both spongy and compact bone, and is represented by at least
three generations: micrite cementing sediment envelopes, granular,
inclusion-rich sparite cement (older generation), and blocky sparite
cement (younger generation). In spongy bone, both types of sparite
can cover pyrite lamina (Figure 2), siderite encrustation (Figure 8),
or bone tissue (Figure 4,5). Independently, sparite cement fills also
primary osteons in the cortex (Figure 7). The boundary between the
two generations of sparite cement is usually sharp, which speaks
for rapid change in pore water chemistry and rate of crystallisation.
Granular sparite can be referred to relatively fast growth of evenly
dispersed crystals, i.e. to high supply of both calcium (with other
accompanying divalent cations) and bicarbonate ions, while blocky
sparite to slow, steady growth, when supply of ions was low, i.e. in
the conditions of chemical equilibrium [53-55]. Change in the mode
of crystallization could be caused by termination of bacterial activity,
which, in turn, could be a result of complete decay of soft tissues
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Figure 9: Barite crystals (B) in a rib UOPB1021, SEM image. S: sediment,
BS: blocky sparite , COR: cortex, TBT: trabecular bone tissue.

within the bones. That conclusion supports also framboidal pyrite
floating in calcite crystals (Figure 4), indicating rapidly decreasing
supply of hydrosulfide ions when sparite crystallization began. Thus,
we can speak about early diagenesis related to the short time of
bacterial activity, and late diagenesis related to chemical precipitation
of mineral phases.

Barite is the last generation of infillings, which occurs in small
amounts within the largest cavities of spongy bone (Figure 9). Its
occurrence speaks clearly for radical change in pore water chemistry

from supersaturation with respect to carbonates, to supersaturation
with respect to sulfates. According to interpreted depositional history
[33] and data about recent environments [6] that shift in water
chemistry can be explained as a result of progressive evaporation of a
flooding pool, in which the bones had been buried.

Conclusion

Described bones have been buried in a flooding pool, within fine-
grained sediment, as parts of buried alive animals. The bones were
successively filled with the surrounding sediment, pyrite substituted
in places by siderite, granular sparite, blocky sparite and barite (Figure
10). Sediment was sucked in by outgoing gas bubbles originated
during bacterial decomposition of soft tissues. Bacterial sulfate
reduction led subsequently to crystallization of pyrite and granular
sparite, and it ended together with the beginning of crystallization
of blocky sparite. At the same time, in the outer part of spongy
bone, siderite was forming according to activity of iron reducing
bacteria. Next generations of infillings were formed from pore waters
evolved according to evaporation of the flooding pool. Blocky sparite
crystallized first, as long as supply of both calcium and bicarbonate
ions existed. Barite crystallized later, after supersaturation of pore
waters by sulfates, according to progressive evaporation. Therefore,
early diagenesis is represented by biogeochemical, while late
diagenesis by chemical precipitation of mineral phases.

of barite (white laths).

Figure 10: |dealized sequence of infillings in bones buried together with soft tissue in fine grained sediment, at the bottom of a freshwater reservoir. A) Bone with
intra-skeletal pores partly occupied by soft tissue (white). B) Sediment infill. C) Pyrite (black) and siderite (grey laths) crystallization, and cementation of sediment
envelopes by pyrite and micrite. D) Precipitation of granular sparite. The end of bacterial influence on infillings. E) Precipitation of blocky sparite. F) Precipitation
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Of course, all the above interpretations need a high precision

geochemical evaluation of their accuracy. However, it is clearly

visible that microscope analysis of mineral infillings in pore spaces
gives a very good conceptual framework to exact studies and further
explanations.
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