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Abstract. An XRD study of heat-treated shell samples of the lingulate brachiopod Obolus apollinis
Eichwald from the upper Cambrian (Furongian) of NW Russia (basal Tosna Formation, Lava River
section) revealed the presence of two phases of apatite persisting the temperatures from 200 to
700 °C. At higher temperatures, 900 and 1000 °C, only one phase was detected. The lattice
parameters of the two phases suggest possible preservation of carbonate-hydroxylapatite within the
compact laminae of initially organo-phosphatic lingulate shells. The formation of another phase,
carbonate-fluorapatite, is attributed to the precipitation of apatite to the free space available after
disintegration of organic tissues of the shell and to partial recrystallization of initial shell apatite.

Key words: brachiopods, XRD, apétite, taphonomy, Cambrian, NW Russia

INTRODUCTION

Lingulate brachiopods represent a class of marine invertebrates (Lingulata
Gorjansky & Popov) existing from the Lower Cambrian to the present (Holmer &
Popov 2000). Lingulates are the only Recent invertebrates known to build their
exoskeleton of apatite. The long range of stratigraphic distribution, abundance in
the early Palaeozoic, and the presence of modern representatives make lingulate
brachiopods intriguing model objects for the studies of skeletal mineralogy.

Our previous XRD studies of fossil lingulates from 14 Cambrian—Ordovician
localities in Estonia and NW Russia showed significant differences in average
apatite lattice parameter values between shells from different genera and localities
(Nemliher & Puura 1996a). In further research, we observed dight differencesin
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apatite lattice parameters in the shells from a local population of Recent Lingula
anatina (Lamarck) (Puura & Nemliher 2001) and that the lattice parameter a
in subfossil Discinisca tenuis (Sowerby) was dightly lower than that of the
Recent shells (Nemliher & Kallaste 2002). Thisled usto a hypothesis that at least
part of the variation in shell mineralogy can be explained with the post-mortem
incorporation of precipitated apatite into shells. Our new task isto use mineral ogical
parameters for distinguishing between different apatite phases within a single
shell.

The above studies suggest that fossil lingulate shells may contain a wide range
of apatite varieties precipitated in different conditions. However, an intriguing
task is to find out, whether any OH-containing carbonate fluorapatite variety
characteristic of the Recent lingulate shells is preserved. This would allow us to
eval uate the possibility of post-mortem preservation of apatite phases in the fossil
shells even as old as 500 million years. In this study, we used XRD analysis of
heat-treated fossil brachiopods to test the presence of OH-containing carbonate
fluorapatite in the shells of the Cambrian lingulate brachiopod Obolus apollinis
Eichwald.

In search of the best-preserved fossils of the Cambrian ancestors of modern
lingul ates, the sandstones and unconsolidated sands of the Cambrian—Ordovician
boundary beds of Estonia and NW Russia are of great interest. They yield lingulate
brachiopod coquinas that have been used as commercial phosphorite deposits
(Raudsep 1997). Since the early studies by Opik (1929) these deposits have been
called “ Obolenphosphorite”, or Obolus phosphorite.

Obolus apollinis Eichwald, 1829 is the type species of the genus Obolus, the
type genus of the family Obolidae, which is one of the most diverse early Palaeo-
zoic linguloid families (Popov & Holmer 2003). Obolus apollinis appearsin he
uppermost Cambrian (Cordylodus proavus Biozone) and occurs in abundance
in the Cambrian—Ordovician boundary beds of NW Russia, forming the Obolus
phosphorite deposits commercially mined near Kingisepp (Krasilnikova & Ilyin
1989). In Estonia, this species has arestricted distribution, occurring in some core
sections near Rakvere and in Hiiumaa and in some outcrops in NE Estonia. The
abundant species forming phosphorite deposits in Estonia are Ungula ingrica
(Eichwald) and Schmidtites celatus (Volborth) (Popov et al. 1989; Nemliher &
Puura 1996a; Puura 1996).

MATERIAL AND METHODS

The studied sample of Obolus apollinis originates from the locality on the
right bank of the Lava River in the Leningrad district, where the rocks from the
Upper Cambrian Ladoga Formation to the Middle Ordovician Kunda Stage are
exposed (Fig. 1). Here, the 3.55 mthick Tosna Formation overlies the upper
Cambrian (Furongian) Ladoga Formation, with Westergaardodina bicuspidata,
and is covered by the 0.8 m thick Koporye Formation, with Cordyl odus angulatus
appearing at its base (Popov et al. 1989; Puura 1996). The interval of the studied
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Fig. 1. Location of the studied and discussed outcrops and the stratigraphic position of the studied
sample in the Lava River section.

sample is 60-70 cm above the base of the Tosna Formation (Fig. 1). No cono-
donts are known from the Tosna Formation and thus, according to the correlation
with the globa Cambrian—Ordovician boundary, this interval should be referred
to as the uppermost Cambrian (Puura & Viira 1999). Collection number 231,
housed at the Institute of Geology at Talinn University of Technology, contains
Obolus apoallinis Eichwald from the same locality and approximate level (Tosna
Formation), including the specimens figured as Br 1703-Br 1706 by Popov et al.
(1989).

The valves of Obolus apollinis Eichwald were picked out of the rock sample
and cleaned. The shell material was divided into eight analytical samples of 2 g
weight, powdered in an agate mortar, and prepared for the XRD studies at the
XRD laboratory of the Tallinn University of Technology. Different samples were
heat-treated at temperatures of 200, 300, 400, 500, 600, 700, 900, and 1000 °C.
After each thermal treatment an XRD pattern was obtained in a step-scan mode,
using the X-ray diffractometer HZG-4 in the 20 range from 49.9° to 54.0° of
Cu-radiation (\K,; = 1.540510 A, step 0.01°, measuring time for each point 25 ).
This high-angle interval has proven to be useful for distinguishing between apatite
varieties with different lattice parameters. The measured angular range contains
apatite reflections 321, 410, 402, and 004; 112 reflection of quartz was used for
the correction of the instrumental shift. Background subtraction was made using
the formula
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log =A+B-sin™(20),

where |l istheintensity of the background, A, B are background parameters.
A whole-pattern fitting procedure was applied to the measured XRD pattern,
with modified Lorenzian function profile-shape, generated by the formula

I(x)=|(0){ W’ }

w? + x2

In a refinement model, each reflection was calculated as a sum of K,; and K .,
where K ,; = 2K ,, (Kallaste 1990). The following parameters were varied:
number of apatite phases (1 or 2), lattice parameters (i.e. positions of reflections),
half-widths (parameter w) and linear intensities. The quality of refinement was
estimated using the character of noise (error curve), which itself is a difference
between the measured and calculated intensities at point x. All calculations were
carried out in reciprocal lattice. An application of the used model is presented in
Fig. 2.

The fluorine content of an unheated sample was determined by the wet-chemical
method by Dr. K. Tnsuaadu at the Institute of Basic and Applied Chemistry,
Tallinn University of Technology.

Q112

321 410 402 004

Fig. 2. An example of the calculation model for shell apatite of Obolus apollinis. The measured
XRD pattern (O), fitting functions for both apatite phases (P; and P,, dotted line), and error curve
(E) are shown. Apatite XRD reflections are marked by their indices. The quartz 112 reflection is
indicated by Q.
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RESULTS AND DISCUSSION

Asrevealed by the XRD analysis, all the studied samples consist of apatite; no
other phosphatic minerals were detected. According to the wet-chemical analysis,
the fluorine content of an unheated sample was 1.62 wt%. Crystallinity and lattice
parameters were found to be in strong correlation with the heating temperature. In
moderately heated samples (200 to 700 °C), two distinct apatite varieties were
found. The calculated lattice parameters are presented in Table 1. The selected
XRD patterns and the change of lattice parameters as a function of heating
temperature are shown in Figs. 3 and 4, respectively.

The used whole-pattern fitting method enabled us to distinguish between
two distinct apatite varieties in cases of an obvious asymmetric shape of XRD
patterns. The distinction between these varieties is possible at temperatures up to
700 °C. At higher temperatures, this distinction disappears, due to thermal changes
in crystalinity and chemical composition of apatite. Thus, the lattice parameters
for temperatures 900 and 1000 °C in Table 1 represent the average composition of
the heated apatite samples.

The values of lattice parameters of the detected apatite phases give indirect
information on their chemical composition. Phase 1, with lattice parameter a higher
than 9.37 A, should belong to the OH- (or Cl-) carbonate apatite series, while the
values of a for Phase 2 are characterigtic of F-carbonate-apatites (McConnell 1973)
of B-type (sensu Elliott 1994). Chlorine in the lattice of biogenic apatites is mostly
associated with vertebrate tooth enamel (Michel et al. 1995) and, possibly, with
specific diagenetic alteration conditions, but it is not usual in Recent or fossil
lingulate brachiopod shells. Chlorine has not been detected in chemica analyses

Table 1. Lattice parameters of two apatite phases from the heated valves of the Upper Cambrian
lingulate brachiopod Obolus apollinis Eichwald from the Tosna Formation, Lava section

Apatite | attice parameter, A
Temp%ature, Phase 2 Phase 1
& a 2 | o
200 9.349 6.895 9.382 6.884
300 9.345 6.895 9.376 6.879
400 9.345 6.893 9.376 6.877
500 9.346 6.895 9.373 6.879
600 9.348 6.899 9.380 6.885
700 9.347 6.900 9.374 6.888
900 - - 9.374 6.893
1000 - - 9.375 6.892
—not available
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Fig. 3. The XRD patterns of shell apatite of Obolus apollinis from the Lava section, Tosna Formation.
A, heated up to 1000 °C; B, heated up to 500 °C; C, natural.
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Fig. 4. Lattice parameters of the two detected apatite phases in the valves of Obolus apollinis from
the Tosna Formation, Lava section, as a function of heating temperature.
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of shells from the Obolus-phosphorite (e.g. Raudsep 1987, 1997; Heinsalu et
al. 1979; Zanin et al. 1979). In stoichiometric formulas, based on XRD and
chemical analysis, it has been reported that a little amount of hydroxyl ion
is present in the lingulate brachiopod shells from Obolus-phosphorites (e.g.
Ushatinskaya et al. 1988).

The presence of hydroxylapatite in Recent vertebrate bones and teeth has long
been regarded as a common knowledge. It appears that recent NMR solid-state
spectroscopy studies have removed the doubts related to previous difficulties with
detecting OH" in the structure of skeletal apatites (Cho et al. 2003). Evidence
from XRD studies and chemical analyses has supported the presence of hydroxyl
ion in Recent lingulate brachiopod shells, where it has lattice parameter intervals
a=9.38-9.40 A and c = 6.86-6.88 A (Puura & Nemliher 2001).

Empirical studies of synthetic F-carbonate-apatites have suggested negative
linear correlation between lattice parameter a and CO; content (Schuffert et a.
1990). It is also known that lattice parameter a and OH content are positively
correlated, although carbonate substitutions to different positions in the apatite
lattice may somewhat obscure this general trend (Elliott 1994). Thus, lattice para-
meters can be used for characterizing multiple phases in a continuum of apatite
varieties and used for indirect and approximate evaluation of the chemical
composition, especially when combined with other analytical data.

Based on the above background knowledge, we interpret the lattice parameters
of Phase 1 as indicating the presence of OH ions in the apatite lattice. This inter-
pretation is supported by a relatively low F content (1.62 wt%), as compared
to that of pure F-apatite Cayo(POy4)sF, (3.77 wWt%). However, studies on synthetic
carbonate-containing OH-apatite of type A (Ivanova et al. 2001) have shown that
the carbonate position in the apatite lattice may strongly affect lattice parameter
values of non-heated and heat-treated samples.

The lattice parameters of the two detected apatite phases in the heat-treated
samples show nonlinear changes (Fig. 4). According to Bliskovskij (1983), the
main transformation of OH-apatite into oxyhydroxyapatite starts at a temperature
over 1200 °C, but alater study (Liao et al. 1999) has shown that this process takes
place in the temperature range 1000-1360 °C. Both studies confirm that the main
changesin the structure of OH-apatite take place during the cooling at a temperature
higher than 1000 °C.

The lattice parameters of Phase 1 are close to those of the apatite in Recent
lingulate brachiopod shells (Puura & Nemliher 2001), whilst Phase 2 has lattice
parameters close to the apatite in phosphatic pebbles from the Obolus Sandstone
of Estonia (Kallavere Formation) of about the same age (Nemliher & Puura 1996b).
Thus, we interpret the two phases of apatite as OH-containing primary shell
material that may be slightly altered diagenetically (Phase 1) and secondary,
recrystallized and precipitated carbonate-fluorapatite (Phase 2).

As regards the distribution of the two main phases of apatite within the shell,
the shell structure offers some clues. Obolus apollinis has baculate shell structure,
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similar to Recent Glottidia and discinids (Williams & Cusack 1999). In the cross-
section of fossil shells, it can be observed as rhythmic alternation of compact
laminae and laminae of apatitic rods (baculi). From the SEM photos (Fig. 5; see
also Williams & Cusack 1999, fig. 6a—d) it is evident that compact laminae have
preserved rather well during the fossilization of the shell. In contrast, the space
between the compact laminae is filled with structureless substance. Within this
matrix of precipitated apatite, apatitic rods (baculi) can be observed (Popov &
Holmer 2003, fig. 6E,F). Baculi can be regarded as original structures (our
preferred interpretation) or as pseudomorphs formed during the earliest stages of
fossilization (e.g. Williams & Cusack 1999, p. 235).

Hydroxylapatites are usually thermodynamically unstable outside living
organisms and tend to be replaced by F-containing carbonate apatites. Thus the
post-mortem processes include skeletal apatite recrystallization or dissolution.
Usually, carbonate fluorapatites are formed and hydroxylapatites are not pre-
served. We conclude that the studied shells of Obolus apollinis may represent
arare case, where part of carbonate hydroxylapatite may be conserved within
compact laminae, preserved in near-equilibrium conditions since the subfossil
state. In contrast, the organic and possibly some phosphatic structures between
the compact laminae have recrystallized and formed carbonate F-apatite with a
high carbonate content. As the original and/or recrystallized pseudomorphic
structures have preserved without further dissolution, it can be expected that the
fossilization has been arapid, almost instant process.

Fig. 5. Fractured cross-section of Obolus apollinis treated by 5% H,0,. Upper Cambrian, Tosna
Formation, Lava section. ¢, compact laminae; b, baculi. Scale bars: | — 100 um and Il — 20 um.
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CONCLUSIONS

From the XRD studies of a series of analytica samples from one rock sample
heated to 200-1000 °C, we conclude that the studied valves of the Cambrian
lingulate brachiopod Obolus apollinis Eichwald contain two distinct apatite
varieties: an OH-containing F-carbonate apatite (Phase 1), close to the apatite of
Recent or subfossil lingulate shells, and an F-carbonate apatite (Phase 2), a product
of the recrystallization of original apatite and precipitation of new apatite to the
free space available after the disintegration of organic tissues of the shell.

To our knowledge, the preservation of the F-containing carbonate hydroxyl-
apatite phase in fossils as old as amost 500 million years has previously not
been documented. We expect that this possibility of long-time preservation has
implications for the studies in the fields of biomineralization, taphonomy, and
geochemistry, where the question of preservation of primary signaturesis crucial.
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Apatiidi erimid Kambriumi brahhiopoodi
Obolus apollinis Eichwald kojas

Juri Nemliher, TiiaKurvits, Toivo Kallaste ja lvar Puura

Uuriti fosfaatse kojaga Kambriumi kasijalgse Obolus apollinis Eichwald
kodade apatiidi koostist. Materjal parines Ingerimaalt (Leningradi oblast) Laava
joe pajandist Tosna kihistu basaalkihtidest, mis on Ulem-Kambriumi (Furongi)
vanusega. Kuumutatud kodade rontgenstruktuuranaltidisil selgus, et 200-700
kraadi juures eristub kaks apatiidi faasi, temperatuuril 900—1000 kraadi aga Uks
faas. VOreparameetrite pdhjal jareldati, et Uks faas vdib tdendoliselt esindada
karbonaat-hudrokstulapatiiti, mille séilimine nii vanades kodades on erakordne.
Teise faas, karbonaat-fluorapatiidi teke seostub nii primaarse karbiapatiidi Ules-
lahustumise ja rekristalliseerumisega kui ka uue apatiidi véaljasettimisega koja
sisemuses tekkivasse ruumi, mis vabaneb orgaaniliste kudede lagunemisel.
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