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Abstract: The new exposure of the Upper Muschelkalk clays and dolomites located south of Kalety
(Tarnogorski District, Silesia, Poland) provided numerous remains of vertebrates represented by
teeth, scales, long bones, and coprolites. Despite the influence of hydrothermal processes leading
to dolomitization and Zn-Pb deposit formation, the preservation of fossil remains is good. The
taxonomic diversity and accumulation of vertebrate debris in the dolomite are similar to other “bone
beds” from the Muschelkalk and the Lower Keuper units. The SEM-EDS, EMP-WDS, and XRD
analyses confirm that the examined remains consist of hydroxylapatite containing carbonate ions.
Most vertebrate teeth as well as some bone fragments show zoning in the BSE imaging. In tooth
cross-sections, three or two zones are preserved: (I) the outermost zone, associated with diagenetic
mineralization of enameloid apatite, (II) a intermediate zone (orthodentine), and (III) the most porous
internal zone (osteodentine). Decreasing P, Ca, Sr in the composition of the apatite which forms
successive zones, is visible from the most external to the central part. Selective diagenetic substitution
and adsorption of some elements by apatite crystals can allow recognition of the genetic origin of
highly damaged or transported fragments scattered in the sedimentary layers. The chemical behavior
of bioapatite, from deposition to digenesis, shows its useful role for identification of the formation
process and potential, younger changes (e.g., hydrothermal overprint). The X-ray diffraction data,

"

particularly cell parameters “a” and “c”, can determine the degree of crystallinity and/or diagenesis.
Moreover, correlation between some elements/ions (e.g., St, Ba, Ca, Mg, F, OH) can be helpful for the

identification of the fossil type, especially if the bones are small and incomplete.

Keywords: Muschelkalk bone bed; Upper Silesia; bioapatite; vertebrate bones

1. Introduction

The skeleton plays an important role in numerous organisms. In case of the vertebrates,
the skeleton is internal and composed by bioapatite, giving structural and mechanical sup-
port as well as being a carrier for selected ions (e.g., [1,2]. Fossil bioapatite can provide
information on the paleobiology of extinct vertebrates and reflect the changes that occurred
to bioapatite during diagenesis (e.g., [3]). Complete skeletons are rarely found, while sedi-
ments commonly host single, separated bones. Bone beds are unusually rich accumulations
of mostly apatitic bones, scales and teeth from more than one individual organism that
occurs in the same geological stratum. They vary in age and are hosted by sediments with
different lithologies (i.e., Devonian, Silurian, Permian, Cretaceous) (e.g., [4-7]).

The large accumulation of Triassic vertebrate debris bone beds in the region south of
Kalety, Tarnogorski District, Upper Silesia, Poland was recently discovered. All vertebrate
remnants are distributed in the yellow dolomitic conglomerates and dolomites. In the
sediments, fish skeletal fragments dominate over other types, which are mostly represented

Minerals 2022, 12, 469. https:/ /doi.org/10.3390/min12040469

https:/ /www.mdpi.com/journal /minerals


https://doi.org/10.3390/min12040469
https://doi.org/10.3390/min12040469
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/minerals
https://www.mdpi.com
https://orcid.org/0000-0001-5053-5116
https://orcid.org/0000-0002-7588-7836
https://orcid.org/0000-0002-6201-2280
https://doi.org/10.3390/min12040469
https://www.mdpi.com/journal/minerals
https://www.mdpi.com/article/10.3390/min12040469?type=check_update&version=1

Minerals 2022, 12, 469

20f15

by: actinopterygian fish skeletal parts (mainly Colobodus, Saurichthys, Gyrolepis), primarily
ganoid scales, different teeth, and bone fragments. Numerous and well-preserved shark
teeth were also found. Most of them represent hybodonts (Acrodus, Hybodus, Lissodus and
Palaeobates). Three large, up to 4-cm-in-size fragments of vertebrae of reptiles (Sauropterygia)
and single reptilian teeth were also found. While the remains of the vertebrata are large
(30—40 remains in 1 cm?), the invertebrates found incidentally include a few poorly pre-
served steinkerns mussels, including Plagiostoma striatum and Entolium sp., for example.
Occasionally marine coprolites were found [8]. The Triassic horizon with the “bone beds”,
is part of the Germanic basin, where numerous fragments of vertebrate bones are found.
They appear in the Lower Muschelkalk of Lower Silesia and near Opole [9], as well as in
the Holy Cross Mountains [3], in the uppermost part of the Middle Muschelkalk and in
the Upper Muschelkalk (e.g., [10]) and in the Lower Keuper (Miedary, see [11,12]). The
taxonomic diversity of vertebrate from Kalety is typical and similar to other “bone beds”
from the whole carbonate Muschelkalk and the Lower Keuper units.

However, the characteristic features of this new pit are a very good state of preservation
of all the fossils and large diversity of species and the potential presence of Neoselachii [8].
This makes the locality valuable for new paleontological discoveries.

In this paper we geochemically characterize the vertebrate bone fragments and teeth.
By using XRD and EMP analysis, a way to distinguish enamel, dentine and pulp cavities
from other type of bones and scales is provided.

2. Geological Settings

The studied outcrop is located in the north part of Silesia, about 10 km south of town
Kalety (Figure 1). In this area four lithostratigraphic units of the Triassic occur ([13], lithostratig-
raphy modified after [14,15]): (1) so-called ore-bearing dolomites (secondary metasomatically
dolomitized limestones and marls of the middle and upper part of the Lower Muschelkalk);
(2) dolomites of the Middle Muschelkalk (Diplopora Beds and higher lying Tarnowice Beds);
(3) Upper Muschelkalk (organodetritic dolomites of the Wilkowice Beds, which are covered by
the Boruszowice Beds, represented by dark gray claystones and mudstones with thin dolomites
intercalations); (4) Rhaetian (uppermost Triassic) claystones. Diplopora Beds, Wilkowice Beds
and Boruszowice Beds show a thickness of about 10 m, the Tarnowice Beds are approximately
25 m thick, and ore-bearing dolomites are about 50 m thick [14,15], while numerous drillings
from the Kalety area shows that the thickness of the Wilkowice Beds does not exceed 5 m [16].

-

Cretaceous Jurassic Triassic Permian Carboniferous Faults

Figure 1. (A)—Geological map without the Cenozoic deposits of central-southern Poland, the research area
is marked with an asterisk after [17]; (B)}—Geological map of the studied area between Kalety and Tarnowskie
Gory, without the Quaternary deposits, after [13]. Dolomite outcrops are marked with an asterisk.
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In the Triassic deposits of Kalety region, numerous fossils were found: multiple fish
teeth and scales were mentioned by [18], conodonts were found in the Wilkowice Beds [19]
and pyritized fauna such as undetermined bivalves, gastropods, small cephalopods, and
fish remains were described from the Boruszowice Beds [20]. Senkiewiczowa [21] also
described fossiliferous limestones of the Upper Muschelkalk in the area east of Kalety.

For this study, six manual drillings down to a depth of 1.8 m were made (Figure 2).
In the geological profile, below Quaternary soil and sands (40-85 cm thick), dark grey
clays with thin (2-3 cm) intercalations of yellow dolomites are present. The clays do not
contain visible fossils, whereas dolomites (mostly on the upper bedding surface), show
mass accumulations of fish remains and rare vertebrae, fragments of long bones, and teeth
of marine reptiles (Sauropterygia). Invertebrate fossils are very rare in dolomites, among
them, molds of bivalve Plagiostoma striata and Entolium sp. were found. Among the fish
remains the most common are actinopterygian scales, bone fragments, and pieces of jaws
and/or teeth of Saurichthys sp., Colobodus sp., and Gyrolepis sp. Relatively common are
shark teeth: Acrodus sp., Hybodus sp., Lissodus sp., Palaeobates sp (Figures 3 and 4).

Kalety 4.5 km
A

s _
| 0 30 60m

t

7
J Tarnowskie Gory 5.3 km

B 1 3

Il - soil, humus - sand |- gray schists [ |- dolomite and conglomerate

Figure 2. (A)—Schematic sketch of the study area with drilling points (marked with numbers from
1 to 6), the dashed line marks the area where the sampling was performed; (B)—Geological profiles
of sedimentary layers based on drillings, performed during the fieldwork in the year 2014 and 2015.
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Figure 3. An example of Triassic vertebrate teeth from the investigated site. (A)—Hybodus sp. tooth,
(B)y—Hybodus sp. tooth, (C)—Acrodus sp. tooth, (D)—Lissodus sp. tooth, (E)—Palaeobates sp. tooth, (F)—fish
tooth, (G)—fish tooth, (H)—Saurichthys sp. tooth, (I)—Saurichthys sp. tooth, (J)—Colobodus sp. tooth.
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Figure 4. An example of Triassic bones, scales and coprolites from the investigated site. (A)—fragment
of fish bone, (B)—fragment of fish scale, (C)—bone bed with fish teeth, scales, fragments of jaws and
with coprolites, (D,E)—coprolite.
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In the fossil assemblage from the studied outcrop, stratigraphically important taxa
were found. According to the geological map [6], the studied exposure is located in the
ore-bearing dolomites unit (middle and upper part of the Lower Muschelkalk), however,
rocks of this unit contain abundant and taxonomically diverse invertebrate fossil assem-
blages [15,22], and do not contain bone beds (except the karst fillings in the Stare Gliny
quarry, see [23], shark teeth, for example, are extremely rare in this strata ([15,24], own
observations). Moreover, a thick series of clays are absent in the unit. Bone beds with
abundant actinopterygian and shark remains occur in the upper part of the Tarnowice
Beds, in the Wilkowice Beds, and the Boruszowice Beds ([15,24], own observations) and in
Lower Keuper [11,12]. Horizons with numerous remains of vertebrates also occur in the
Upper Triassic of the Silesia region (e.g., Krasiejow, Lisowice, Poreba, Wozniki). However,
Upper Triassic deposits were formed in freshwater or terrestrial environments and they
do not contain marine fish (e.g., Saurichthys, Colobodus, Gyrolepis) or bivalves (Plagiostoma,
Entolium) which occur in the studied exposure near Kalety (compare, e.g., [25-27]. The
Tarnowice Beds and Wilkowice Beds are formed by limestones. The Wilkowice Beds also
contain very abundant invertebrate fossils. The presence of thick-layered clay beds, a
very rare and poor diversity invertebrate assemblage and occurrence of marine taxa both
invertebrates and vertebrates in studied outcrop, suggests that these rocks represent the
Boruszowice Beds (Upper Muschelkalk).

3. Materials and Methods

During the fieldwork carried out in 2014-2015, more than 80 rock fragments containing
numerous vertebrate fauna were collected. To identify the occurrence of dolomites, six
shallow drillings were made, the locations of which are shown in Figure 2. In several places,
excavations were made to reveal the upper part of the profile. At a depth of 1.5 to 2 m, the
groundwater level was reached, which made further geological work difficult.

The collected specimens were analysed using the Zeiss Stemi 508 stereoscopic micro-
scope. Teeth, fragments of long bones, coprolites, and fish scales were prepared with a
steel needle and tweezers. The material obtained for each of the separated groups was
ground in an agate mortar in order to make a powder weighing approximately 100 to
200 mg in size. Three dolomite fragments containing the richest fossils were selected for
thin section preparation.

The macroscopically recognized list of vertebrates in the “bone beds” from Kalety are
as follow: Hybodus sp. (tooth), Acrodus sp. (tooth), Lissodus sp. (tooth), Palaeobates sp. (tooth),
Saurichthys sp. (tooth), Colobodus sp. (tooth), Sauropterygia (vertebra), (Figure 3). Some of
fossils are unrecognizable (cracked fragments of bones, fish scales; Figures 3 and 4). The
examined assemblage comprises ~30 fragments of hard tissues of vertebrate in three thin
sections. Moreover, macroscopic observations reveal black- and grey-coloured vertebrata
teeth and fish scales, orange-coloured vertebrata teeth and bones. The orange colour is the
result of the abundant Fe-oxyhydroxides formed due to pyrite oxidation, which crystallised
in the bone pore spaces and the marrow cavities, whereas the grey- and black-coloured
teeth have probably spread organic compounds, which make them darker. In case of the
hard bone fragments, the samples show various degrees of abrasion, fragmentation, etc.
Most bones show minor evidence of abrasion, which is shown as rounded edges.

3.1. Microscope and Electron Probe Micro-Analyses (EPMA)

Optical microscope analyses, backscattered electron (BSE) and secondary electron (SE)
imaging of the fossils and its host rock, were carried out on a Philips X1 30 ESEM/TMP
scanning electron microscope (SEM) equipped with an EDS (EDAX) detector. The analytical
conditions were: 10 s counting time per element, 15 kV accelerating voltage, and a 20 nA
beam current. Sets of natural and synthetic standards were used for calibration.

Microprobe analyses of apatite were carried out on a CAMECA SX-100 electron
microprobe in the Inter-Institution Laboratory of Microanalysis of Minerals and Synthetic
Substances, Warsaw. Analytical conditions were 10 s counting time per element, 15 kV



Minerals 2022, 12, 469

7 of 15

accelerating voltage and 20 nA beam current. Sets of natural and synthetic standards were
used for calibration.

The apatite analyses have been normalized to the sum of 50 negative charges including
24 oxygen ions and two monovalent anions (fluorine site), according to the ideal chemical
formula of apatite-(CaF): A19(BO4)s(X)2 where site A is occupied by Ca, Fe, Mn, Mg, Th,
REE, Y and Na, site B by P (substituted by S, Si) and site X by F~, C1~ and OH™ group.

3.2. X-ray Diffraction (XRD)

Four powder samples, prepared by a combination of material from the preparation
under the microscope, hereinafter referred to as scales, teeth, long bones, and coprolites
were analysed using the X-ray diffraction (XRD) powder method. After careful grinding in
an agate mortar, the samples were applied to a silicon zero background holder and mounted
in steel rings provided by the system manufacturer. XRD data were collected using a
Panalytical X'Pert PRO MPD PW 3040/60 diffractometer with a Theta-Theta geometry
(Malvern Panalytical B.V., Almelo, The Netherlands). Measurements conditions were set
to a 300-s time limit, 0.02° 20 step size, and 5-65° 20 range. The generator was set to
45 kV and 30 mA, the anode copper material with Ni-filter allowed to acquire pure Cu-K«
radiation (A = 1.541874A). The obtained diffractograms were processed in the HighScore+
program [28].

The calculation of the carbonate ion content in the structure of apatite was performed
on the basis of the equation given by Schuffert et al. [29]. This equation takes the form:

y = 10.643x* — 52.512x + 56.986,

wherey = CO3%~ wt% and x = A20(004) — (410).
The crystallite size analysis was performed by the phase fit method in the HighScore+

program, and is based on the change of the profile widths compared to a LiBg standard
sample (NIST, SRM, 660b).

3.3. Infrared Spectroscopy (IR)

Measurements were made using an Agilent Cary 640 FTIR instrument (Agilent Tech-
nologies, Inc., Santa Clara, CA, USA) equipped with a standard excitation source and a
DTGS detector with a Peltier cooling system at the Institute of Earth Sciences, the University
of Silesia in Katowice, Poland. Measurements were made in reflection mode using a crystal
for attenuated total reflectance (ATR). The spectra were collected during 16 summed scans,
with a resolution of 4 cm~!, in the spectral range of 4000-400 cm~!.

4. Results

The quantitative phase composition of the tested samples analysed by means of XRD,
obtained from the Rietveld method, is as follows: coprolite—98% apatite and 2% dolomite;
scales—97% apatite and 3% dolomite; teeth—94% apatite, 5% dolomite and 1% calcite;
long bones—89% apatite, 9% dolomite, 1% quartz, 0.5-1% calcite, there were also traces
of kaolinite. For the apatite present in the samples, the best match (highest score index)
was obtained for the reference material described by Perdikatsis [30] collected under no.
98-007-1854 (ICSD version from 2015). A comparison of the X-ray diffraction patterns of all
samples is presented in Figure 5. The calculated structural parameters of apatite and the
statistical parameters of the Rietveld refinement are presented in Table 1.
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Figure 5. XRD patterns of the investigated fossils from the Upper Muschelkalk bone bed from Upper Silesia.

Table 1. Apatite lattice parameters and Rietveld fit agreement indices calculated from XRD analysis.

Sample Long Bones Coprolites Scales Teeth
Lattice parameters
a/A 9.3417 (4) 9.3287 (4) 9.3546 (5) 9.3604 (5)
c/A 6.8923 (3) 6.8950 (2) 6.8897 (3) 6.8920 (3)
alpha/° 90 90 90 90
beta/° 90 90 90 90
gamma/° 120 120 120 120
V/10° pm? 520.895 519.643 522.133 522.958
V ESD/10° pm? 0.029 0.028 0.038 0.037
Agreement Indices of Rietveld fit
R (expected)/% 5.301 5.262 5.289 5.139
R (profile)/% 7.583 6.614 7.402 6.496
R (weighted 10.082 8.723 10.248 8.509
profile)/%
GOF 1.902 1.658 1.937 1.656

The most significant changes were observed for the unit cell parameter, which varies
in the range from 9.3287(4) A for coprolites, to 9.3604(5) A for teeth samples. The unit
cell parameter ¢ changes only slightly, in the range from 6.8897(3) A for scales to 6.8950(2)
A for coprolites. The amount of carbonate ions in the apatite structure calculated from
the diffraction line positions 004 and 410, is as follows: coprolite—7.48 %, scales—2.77 %,
teeth—2.46%, and long bones—>5.07%. The average size of the apatite crystallites in the
samples are: coprolite—30 nm, scales—24 nm, teeth—26 nm, and long bones—28 nm.

Thin section observations reveal the presence of numerous phosphate clasts inside the
rock sample. The investigated phosphate remnants are generally sharp-shaped and differ
in size. The most elongated fragments are up to 0.5 mm long and are characterized by the
elongation ratio up 10:1. All found fragments can be classified as hydroxyl-apatite with
0.46-0.86 wt% of HyO [~0.7 atoms per 2 (OH, F, Cl)]. Substitution of carbon in P site as a
CO32~ was also confirmed by XRD (Table 1).

Most of the fragments are partially zoned, and are easily distinguishable in BSE images.
Based on chemical composition and BSE images, up to three main regions (Figure 6) may
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be found in a single phosphate clast. The most external part (I), that is the lightest part in
BSE images (Figure 6A,E), is where P,Os5 and CaO contents rarely exceed 32 and 53 wt%,
respectively (Table 2). The average P,O5/CaO ratio in this zone is 0.67, SrO ranges from
0.12 to 0.26 wt% with an average of 0.18 wt% (Table 2). The next, intermediate zone (II),
is light grey in BSE images and seems to be slightly porous (Figure 6, e.g., B, C, middle
zone on E). In this part, a decrease in calcium and phosphorus contents are noted (Table 2),
ans P,O5/CaO ratio values are in a very narrow range of 0.69-0.71 (Table 2). In this part,
SrO contents reach up to 0.2 wt% (average 0.12 wt%) (Table 2). The internal zone (III) is
the most porous and darker than the previous zone (Figure 6E—core part). The analysed
internal part shows that the content of P,O5 and CaO decreased to 27.98-32.38 wt% and
39.11-41.86 wt%, respectively (Table 2). Decreasing of P, Ca, Sr is visible, starting from
the most external do the central part of some phosphate remnants in the studied material
(Figure 6E, Table 2).

400/ pm”

100 um

R

Enemal{?)

“Zone2
Dentine{?)

T Zone 3
Pulp cavity(?)

Figure 6. BSE images of the investigated apatite (Ap) fossils (A—-C) and their host rock (D). One image
represents a complex apatite fossil (E), which can be interpreted as a fragment of a tooth (F). In the
host rock, two populations of dolomite are noted—an older (Dol;) and younger (Dol,), overgrowing
the first. Occasionally, pyrite (Py) is noted. Dark areas are represented by epoxy (Epx).
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Table 2. Representative electron microprobe analyses (EMPA) of apatite, and the number of a.p.f.u.
calculated on the basis of 12.5 O?~ of the investigated sample from the Upper Muschelkalk bone bed
from Upper Silesia, Poland.

Compound/Sample
Ipse#l Ipsg#2 Ipse#3 Ipsg#4 Ipse#5 gBse#l gBsEH#2 gBsE#3 dpse#l dpsg#2 dpse#3 dpse#3
SO; (Wt%) 1.07 0.96 0.97 0.92 0.68 0.87 1.35 1.12 1.17 1.21 1.36 1.19
P,0s 35.43 35.18 34.82 34.54 36.53 32.38 32.01 32.37 29.08 28.66 28.14 27.98
CO, * 7.54 8.60 9.82 10.08 7.67 16.68 18.25 16.98 25.50 27.50 28.75 27.32
MgO 0.08 0.06 0.04 0.07 0.12 0.12 0.12 0.11 0.05 0.08 0.07 0.07
CaO 53.04 52.53 51.51 51.63 51.69 46.40 45.21 46.15 41.86 39.85 39.11 40.72
MnO 0.06 b.d.l b.d.l 0.04 0.06 0.04 b.d.l 0.10 b.d.l 0.07 0.04 b.d.l
FeO 0.31 0.23 0.25 0.28 0.44 0.60 0.34 0.55 0.32 0.60 0.29 0.45
SrO 0.15 0.17 0.12 0.12 0.26 0.20 0.12 0.18 b.d.l b.d.l b.d.l b.d.l
BaO 0.04 b.d.l 0.06 0.09 0.02 0.10 0.13 b.d.l 0.04 b.d.l 0.06 b.d.l
Na,O 0.42 0.42 0.62 0.42 0.68 0.76 0.65 0.70 0.33 047 0.50 0.55
H,O* 0.64 0.71 0.72 0.60 0.86 0.75 0.63 0.60 0.56 0.54 0.46 0.50
F 1.17 1.07 1.03 1.18 0.89 0.81 1.00 1.08 0.83 0.71 0.85 0.80
Cl 0.05 0.05 0.06 0.05 0.10 0.30 0.21 0.20 0.25 0.32 0.36 0.39
F —0.85 —0.78 —0.75 —0.86 —0.65 —0.66 —0.57 —0.60 —0.59 —0.64 —0.62 —0.58
Cl —0.01 —0.01 —0.02 —0.01 —0.03 —0.07 —0.09 —0.11 —0.13 —0.14 —0.11 —0.11
TOTAL 92.46 91.40 90.18 89.92 92.33 83.32 81.75 83.02 74.50 72.50 71.25 72.68
S(apfu) 0.14 0.13 0.13 0.12 0.68 0.13 0.20 0.13 0.19 0.20 0.23 0.20
P 5.22 5.24 5.26 5.23 5.24 5.29 5.28 5.29 5.27 5.33 5.31 5.22
C 0.78 0.76 0.74 0.77 0.76 0.71 0.72 0.71 0.73 0.67 0.69 0.78
Mg 0.02 0.02 0.01 0.02 0.12 0.03 0.03 0.03 0.02 0.02 0.02 0.02
Ca 9.89 9.90 9.84 9.90 51.69 9.59 9.44 9.59 9.60 9.37 9.33 9.61
Mn 0.06
Fe 0.05 0.03 0.04 0.04 0.44 0.10 0.06 0.10 0.06 0.11 0.05 0.08
Sr 0.01 0.01 0.01 0.01 0.26 0.01 0.01 0.01
Ba 0.02
Na 0.07 0.07 0.11 0.07 0.68 0.14 0.12 0.14 0.07 0.10 0.11 0.12
OH 0.75 0.83 0.86 0.71 0.86 0.96 0.82 0.96 0.80 0.79 0.69 0.74
F 0.65 0.60 0.58 0.67 0.89 0.49 0.61 0.49 0.56 0.49 0.60 0.56
Cl 0.01 0.01 0.02 0.01 0.10 0.10 0.07 0.10 0.09 0.12 0.14 0.15
SrO + BaO 0.18 0.17 0.18 0.20 0.28 0.30 0.25 0.18 0.04 0.00 0.06 0.00
F+Cl+H,O 1.87 1.83 1.81 1.82 1.86 1.86 1.83 1.88 1.64 1.57 1.67 1.70

Igsg—light in BSE; gpsg—gray in BSE; dpsg—dark in BSE; b.d.l.—below detection limit; CO, * and
H,O *—calculated based on the full site occupancy.

The phosphate clasts are generally porous inside, in the darker part observed in BSE.
The phosphate remnants are mostly well chemically preserved (absence of non-formula
elements such Al, Si or Fe), but analytical totals, in many cases vary mostly below 100%,
This situation is caused by porosity of the investigated material. The porosity increases into
the central part of some zoned phosphate remnants.

5. Discussion

Numerous isolated teeth, scales, bones of fish, and probably reptiles, belonging to
the Boruszowice Beds (Upper Muschelkalk) south from Kalety, are characterized by an
excellent state of preservation (Figures 3 and 4). All listed remains within the dolomites and
dolomitic conglomerates are preserved in the form of hydroxylapatite with an F admixture
in the structure.

Apatite as a member of the apatite super-group is a common accessory mineral, espe-
cially in igneous and metamorphic rocks of different chemistry and provenance. Biological
apatite in living organisms, such as teeth and bones, has a much less ordered structure.
In biomaterials such as hard tissues of vertebrates, apatite may coexist with organic com-
pounds such as collagen or proteins. Proportions and types of organic and inorganic
(mineral) components vary widely between different tissues.

After death, the organic matrix of bone decomposes, and the mineral component either
breaks down or recrystallizes. Recrystallization involves the addition of new apatite, most
likely nucleating on to biogenic apatite crystals [30].

The most important factor is the change of apatite composition during deposition
and subsequent diagenesis is geological time. The trend of decreasing of OH™ amounts
and increasing of F~ amounts in the apatite lattice for most phosphatic fossils has been
suggested by Kohn et al. [31]. Mcclellan and Kauwenbergh [32] have shown a systematic
decrease in the CO32~ contents and an increase in unit cell a-values (i.e., decarbonization
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of apatite) with increasing geological time. LeGeros, and Suga [33] also indicate that the
fluoride incorporation results in a greater crystallite size, reduction in carbonate content,
and systematic decrease in the a-axis lattice parameter. Moreover, the IR spectra of the four
prepared samples (i.e., bone, teeth, scales and coprolites) confirm that all apatitic fossils are
carbonate apatites. Characteristic carbonate vibration bands corresponding to the v,(CO3)
and v3(CO;3) can be shown around 850-900 and 1300-1550 cm !, respectively. No bands
were recorded either from dolomite, calcite or quartz. On the other hand, beyond the
carbonate apatite bands, the reflection effect is visible in the ranges of 1200-1300 cm~! and
1555-1720 cm !, which is evidence of organic matter inclusions. The IR spectra are shown
on Figure 7.
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Figure 7. Infrared spectra of the studied samples from Upper Silesia, Poland.

After the comparison of the XRD analysis and the unit-cell parameters, it was observed
that apatite building in Triassic fossil remains is structurally different from the apatite found
in modern fish. For the tested samples, it was shown that the unit-cell a-values decreased,
while the value of the ¢ parameter increased (Figure 8). The obtained unit cell values
are similar to the bone fragments of Permian parareptile D. vjatkensis from the Kotelnich
vertebrate fossil site [34]. A similar trend in the variability of a and c unit-cell parameters is
shown by Devonian Glyptolepis sp., Devonian Sarcopterygii gen et sp., and Tertiary shark
teeth [35,36]. However, it can be seen that the phosphate tissues of modern fish, including
sharks, show much lower values of the parameter c, with a higher value of parameter a.

Dental enamel is almost entirely inorganic with >96% by weight inorganic component
and <1% organic material and lack of porosity. Dentine has about a 75% mineral component
and organic collagen of >17%. Bone, including pulp cavities, contains 65 to 70% of a mineral
component and ~25% of an organic component. Porosity increases from 1% to 40% from
enamel to dentine to bone (and pulp cavities) [37-39] and provides the pore space for
diagenetic change.

An excellent example of the triple compositional structure is a vertebrate toot, which
consists of three basic regions: enamel, dentine as well as pulp cavity. In all three parts,
the main compound is apatite, mostly represented by hydroxylapatite. Enamel is the most
external part, which is the most protective and hard layer. Usually it is built by enamelin
(protein) and calcium phosphate (apatite) crystals. These two components are arranged
in prisms perpendicular to the next element of the tooth-dentine. The dentine makes up
the bulk of the tooth, which is represented by a matrix of collagen and hydroxyl-apatite
crystals. The core of the tooth is a pulp cavity. This part contains only blood vessels and
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nerves that feed and innervate the tooth. Thus, the replacement of organic elements in the
pulp cavity and dentine lead to the formation of pores. Their size and distribution differ in
dentine and pulp cavity.
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Figure 8. Relationship between lattice parameter a and lattice parameter c in the apatite unit cell
(space group P63/m), resulting from XRD measurements, for B—bones (this study), C—coprolite
(this study), S—scales (this study), T—teeth (this study), 1 —Permian Pareiasaur rib fragments [34],
2—Permian Pareiasaur rib fragments [34], 3—Tooth of Devonian Glyptolepis sp. [36], 4—Tooth of
Devonian Sarcopterygii gen et sp. [36], 5—Oligocene /Miocene shark teeth from Maikop clay [33],
6—TJurassic shark teeth [36], 7—Recent shark teeth [35], 8—Recent Latimeria chalumnae scale [35],
9—Pharyngeal tooth of recent Common bream (Abramis brama) [36].

Formation of dentin and enamel tooth has been noted in conodonts. Analysis of the
chemical composition of the reptile and mammal teeth show differences between the dentin
and enamel, the dentine in both mammalian and reptilian teeth is enriched in Mg and S,
and depleted of P, Ca, Cl, as well as Na. Moreover, there has not been shown a clear impact
of diagenetic processes after the death of the animal, which is responsible for changes in
the chemical composition of the dentin and enamel.

6. Summary and Conclusions

In our study, enamel is comparable to the crystalline hydroxylapatite and reveals an
increscent in BaO + SrO (Figure 9A). The OH™ content (calculated manually) is also the
highest from all three measured parts. This part does not show any pores on the micron
scale and may be also correlated with the most external part of a bone. Moreover, CaO wt%
content is the lowest, and in the most strong and weak crystalline part of the bones, while
the medium crystalline ones are depleted in calcium content (Figure 9B).
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Figure 9. Diagram showing relation between (A) F + Cl + H,O vs. SrO + BaO and (B) CaO vs. MgO
in the studied material. Selected populations (i.e., light, gray and dark) refer to the intensity in BSE
and chemical composition shown on Figure 6.

The second part is characterized by lower content of Ba + Sr than the previous layer;
Mg content is the highest in all studied cases (up to 0.12 wt% MgO), OH™ group substitution
is slight.

Relatively good preservation of the remains in the examined bone bed is related to the
quick burial of the redeposited remains and covering them with a layer of grey clay. During
the early diagenesis, the decomposition of organic matter could lead to the formation of
dysoxic conditions and the recrystallization of apatite. Although this area was later affected
by the infiltration of hydrothermal waters, leading to the formation of Zn-Pb deposits and
the dolomitization of limestone layers, it did not have a negative impact on the preservation
of external and histological features.

XRD data collected from different studies on modern and fossil bones show a negative
trend on the diagram based on the lattice parameter (Figure 8). The trend between the “a”
and “c” lattice parameters indicates that old apatitic fossils are characterised by the high
“c” lattice parameters, that is, in the range 6.885-6.895 A. In contrast, the relatively young
fossils (Paleogene-Neogene) or modern bones have higher “a” lattice parameters (from
9.355 t0 9.450 A). Doubtless, this situation is connected with the maturity of the rock and
its fossils. Older bioapatite is less porous and more crystalline than the same, but modern
analogues. The studied samples from the Upper Muschelkalk plot in the uppermost part of
Figure 9. They are a Triassic, but the hydrothermal overprint connected with dolomitisation
and Pb-Zn ore formation was responsible for partial recrystallisation of the bioapatite.
The pore reduction and organic matter incorporation to the phosphate structure could
occur simultaneously.

W present, a geochemical overview of the fossils from a newly discovered Upper
Muschelkalk bone bed from the Upper Silesia, Poland, which contain numerous teeth and
bone fragments from over 30 different vertebrate species. The geochemistry of apatite,
from deposition to digenesis, shows its role during identification of the formation process
and potentially younger changes (e.g., a hydrothermal overprint). We propose using
X-ray diffraction data, particularly cell parameters “a” and “c”, to determine the degree
of crystallinity and/or diagenesis. Moreover, the use of Sr, Ba, Ca, Mg, F, OH diagrams
can be helpful for the identification of the fossil type, especially if the bones are small
and incomplete.
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