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Abstract. Conodonts are an extinct group of marine animals possessing debated affinities. The conodont

elements are composed of calcium phosphate [apatite (CaF)] and collagen-like proteins. Distribution of Sr in the

bioapatite of albid, lamellar and paralamellar tissues of some Upper Devonian conodont element crowns from NW
Russia was studied by microprobe. The calcium phosphate of the lamellar and paralamellar tissues demonstrates
periodical oscillation of Sr contents across the lamellae (0.4-0.5 wt% in the outer part of lamella, and 0.2 wt%0 in the

inner part). The albid tissue contains Sr of less than 0.4 wt%. It is suggested that oscillations of Sr concentrations

reflect the periodic growth of the lamellae, and the average Ca/Sr ratio can be a proxy of the growth rate.

INTRODUCTION

Conodonts are a Palacozoic and Triassic ex-
tinct group of marine animals possessing debated
affinities (e.g. Kasatkina & Buryi 1996; Donoghue
et al. 2000; Blieck et al. 2010; Turner et al. 2010).
The only mineralized parts of the animals are tooth-
like elements disposed in a bilaterally symmetrical
apparatus having a possible feeding scope. All the
conodont elements consist of two parts — crown
and basal filling. The crowns are more resistant to
diagenetic alteration during burial, and are therefore
better preserved (Donoghue 1998; Zhuravlev 2002;
Trotter & Eggins 2000) (Fig. 1).

Lamellar, paralamellar, interlamellar, albid
and basal filling are the major tissues which make up
the conodont element. The crown of a conodont
element is composed of four of these major tissues
(excluding basal filling) and covered in lamellar tis-
sue above the basal body/crown junction (Dono-
ghue 1998; Zhuravlev 2002).

These tissue types have different crystalline
arrangement, microstructure, and organic contents
(e.g. Miller & Nogami 1971; Barnes et al. 1973,
1975; Donoghue 1998; Zhuravlev 2002). Generally
the hard tissues are composed of calcium phosphate
[apatite (CaF)] and collagen-like proteins (Kemp
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2002; Rosseeva et al. 2011; Frank-Kamenetskaya
et al. 2014; Gerasimova et al. 2015; Zhuravlev &
Gerasimova 2015) and slightly differ from tissues
of teeth and bones of vertebrates (e.g. Blieck et al.
2010; Turner et al. 2010).

The variation of chemical composition of the
conodont mineralized tissues is subject of debate
(Pietzner et al. 1968; Wright 1989, 1990; Kurschner
et al. 1993; Trotter et al. 1999; Trotter & Eggins
2006; Trotter et al. 2007; Rosseeva et al. 2011; Kat-
vala & Henderson 2012) (Tab. 1). The conodont
bioapatite generally contains near-primary (in vivo)
and secondary (postmortem) minor admixtures
comprising Na, Sr, Mg, Al, Si, S, and REE (Trot-
ter et al. 2007; Katvala & Henderson 2012; Trotter
et al. 2016). Earlier studies have been focused on
the content and distribution of REE and isotope
composition of Sr as a proxy of the evolution of
seawater isotopic composition (Trotter et al. 1999;
Trotter & Eggins 20006). Distribution of the other
admixtures deemed to be near-primary (Na, S) were
used for palaecobiological reconstructions as well
(e.g. Katvala & Henderson 2012). It was noted that
Sr concentrations are constant within the crown of
Pa elements of Mesogondolella (Katvala & Hender-
son 2012), which is composed of lamellar and para-
lamellar tissues. Postmortem uptake was suggested
for Fe, Mn, Al, Zn, REE, Pb, Th, Ba, and U (Trotter
& Eggins 2000).
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Wright 1989/This article Tab. 1 - Mean composition of the

Pictzner et | Kurschner unaltered conodont bioapa-
Element 1. 1968 ¢ al. 1993 Paralamellar tite (wt%)

al. ctak Albid tissue | .. Lamellar tissue

tissue

Ca 37.28 37.1 53.0/34.5 No data /34.7 | 52.5/35.1
F 2.6 No data 3.1/4.7 No data /5.2 2.8/4.5
Na 0.62 0.6044 0.1/0.2 No data /0.7 0.2/0.6
Sr 0.4 0.3121 0.4/0.2 No data /0.4 0.4/0.3

Fig. 1 - Main parts of a conodont element: 1 — crown; 2 — basal body.

The current study is focused on the distri-
bution of Sr in various hard tissues of unaltered
Upper Devonian conodont element crowns using
microprobe.

MATERIAL AND METHODS

The Upper Devonian (middle Frasnian) conodont elements
were collected from an outcrop located in the Novgorod region
(NW Russia, N 58°11°0.2” E 31°00°50.5”), whete the host rock is
bioclastic clayey packstone lenses in the claystones of the Rdeyskoe
Formation, Ilmen Beds (Zhuravlev et al. 1997) (Fig. 2). The lenses
are believed to be calcitempestites deposited in a shallow-water epi-
continental basin (Tarasenko 2011). Bulk concentration of Sr, Na,
and Fe in the limestone are 0.02-0.04 wt%, 0.01-0.6 wt%, and <0.01
wt% respectively.

Biostratigraphically the studied sample corresponds to the
late Palmatolepis punctata conodont zone or MN Zone 6 of Klap-
per (1997) (Zhuravlev et al. 2006). The conodont association of
the sample (204 Pa, 40 Pb, 296 S, and 54 M eclements) is com-
posed of Meblina gradata Youngquist, Youngguistognathus angustidiscus
(Youngquist), Youngquistognathus rossicus Zhuravlev, Polygnathus spp.,
Polygnathus atatus Huddle, Pohgnathus aequalis Klapper et Lane, Polygna-
thus dubins Branson et Mehl, Pohgnathus decorosus Stauffer, Polygnathus
ilmenensis Zhuravlev, Pobgnathus lanei Kuzmin, Pobgnathus ljaschenkoi
Kuzmin, Pohgnathus pennatus Hinde, Pohgnathus praepolitns Konono-
va, Alekseev, Barskov et Reimers, Polygnathus uchtensis Ovnatanova
et Kuzmin, and Polygnathus webbi Stauffer. Polygnathus webbi Stauffer,
Youngquistonathus rossicus (Zhuravlev) and Mehlina gradata Youngquist
dominate the conodont association.

Good preservation, low thermal alteration of the conodont
elements (CAI=1, i.e. T < 50° C), and the assumed high rate of

lithification of the carbonate host rock (Tarasenko 2011) strongly
support the preservation of their near-primary geochemical compo-
sition and structure, including organic matter (Rosseeva et al. 2011).
Samples were hermetically packed and stored at low temperature
(about +5° C) before conodont extraction. Processing of limestone
samples followed the standard procedure documented by Harris and
Sweet (1989) (dissolution of limestone in 10% buffered acetic acid).
The residues were washed through a sieve of 70 um, dried and con-
odont elements of genus Youngquistognathus (mainly S-elements) were
picked up. Sb- and Sc-elements of Youngguistognathus rossicus (Zhurav-
lev) were selected for the study because they are numerous in the
collection (about 100 S elements), robust, histologically well-studied,
composed of thick lamella, and have various types of hard tissues
(Zhuravlev 2003). Eight conodont elements were examined by the
microprobe analysis. The specimens were mounted in the low mo-
lecular weight epoxy resin based on Bis A (CHS-EPOXY 520) (Sr
0.00%, Ca 0.04%, P 0.21%), ground and polished. The grounding
process used Diamond grinding discs UltraPrep (Buchler) before
polishing with 0.05 um MasterPrep Sol-gel alumina suspension (~8.5
pH). The polished surface was cleaned in the ultrasonic cleaner bath
for 30 min. The polished slab was coated in Cr for sample conduc-
tivity in the electron microprobe. Geochemical analyses were per-
formed using a VEGA TESCAN microprobe (Institute of Geology
Komi SC UrB RAS). Five chemical elements (Ca, St, Na, P, and F)
were analyzed per counting cycle at an accelerating voltage of 20 kV,
emission current of 78-88 mA, and a probe diameter of 193-293 nm.

Sample standards include wollastonite for Ca; GaP for P;
fluorite for F; StI, for Sr; and albite for Na. All the concentrations
are recalculated into weight %o.

Microprobe profiles were made up with steps varying from
200 nm up to 390 nm and successive calculation of the central mov-
ing average (6 points widow width); each profile comprises 100-200
spots. The profiles scan lamellar and paralamellar tissues where ori-
ented across the lamellae (Fig. 3).

REesuLTs

Three main hard tissues (lamellar, paralamel-
lar, and albid) were examined by microprobe in
different parts of the longitudinal section of Sb-
element of Youngquistognathus rossicus (Fig, 3a). The
results are listed in Tab. 2.

The lamellar tissue is composed of crystalli-
tes of calcium phosphate aligned on prismatic and
pinacoidal crystal faces. The lattice parameters of
the lamellar tissue apatite (a = 9.365-9.37, ¢ =6.880-
6.91 A) and Ca/P ratio (2.11) are far from those
of stoichiometric apatite (Cal?) (Wright 1989, 1990;
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Fig. 2 - Stratigraphical position of the studied sample (5102a-1).

Legend: 1 —sandstone; 2 —siltstone; 3 — claystone; 4 — clayey

limestone; 5 — detritic limestone.

Zhuravlev & Sapega 2007), lamellar tissue demon-
strates clear lamellar structure, each lamella is 0.6-4
um thick and comprises a set of slightly disordered
crystallites (0.2-0.6 pm thick and 0.6-4 um long),
with c-axis oriented subparallel or oblique to the
surface of lamella in the denticles, and subperpen-
dicular to the surface of lamella in the platforms
(Fig. 4)( Lindstrom & Ziegler 1971; Wright 1990).
It is believed that crystallite orientation is depen-
dent on the superposition of conodont element
surface and secretory epithelium cells. Organic
matter of the lamellar tissue composed by collagen-
like protein (SDS PAGE data, Rosseeva et al. 2011)
forms thin films on the boundaries of crystallites,
total content of organic matter is about 3-4 vol.%.
The occurrence of collagen in this tissue type was
earlier documented by histochemical (Kemp 2002;
Gerasimova et al. 2015; Zhuravlev & Gerasimova
2015) and XRD studies (Zhuravlev & Sapega 2007).

The BSE images of the lamellar tissue de-
monstrate its heterogeneity (Fig 3b, c). Stripes of
various tones elucidate the lamellar structure of the
tissue: the couplet of dark and bright stripes corre-
sponds to a single lamella. According to the micro-
probe analyses the bright stripes composing the ou-
ter part of alamella correspond to slightly increased
content of Sr (0.4 wt.% in contrast of 0.19 wt.% in
dark stripes). This observation is confirmed by the
microprobe profile (Fig. 5) demonstrating periodi-
cal oscillation of the Sr content across the lamellae.
St/Ca ratio (in weight) in the lamellar tissue varies
from 0.003 up to 0.011.

Similar distribution of Sr is also observed in
the paralamellar tissue (Fig. 6). The variations are
close to those in the lamellar tissue (0.48 wt.% in
outer part of lamella, and 0.22 wt.% in the inner
patt). However, the St/Ca ratio in the paralamellar
tissue varies from 0.006 up to 0.02. Concentrations
of I are about 5% in this tissue type.

Albid tissue is composed of micrometer-sized
crystallite subunits with preferable crystallographic
orientation parallel to the long axis of the denticle
(Wright 1990; Rosseeva et al. 2011). These subunits
compose porous mesocrystall, appeared as a mono-
crystall in electrone difraction and cross-polarized
light (Rosseeva et al. 2011; Zhuravlev & Gerasimo-
va 2015). The lattice parameter of albid tissue apa-
tite (a= 9.374-9.376, c= 6.882-6.892 A) and Ca/P
ratio (2.04-2.14 in weight) are very close to those
of stoichiometric synthetic F-apatite (Frank-Kame-
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# point | Tissue type Na Ca |P F Sr | Sr/Ca | Ca/P Tab. 2 ’fe\r/grclfoﬁzgz (Egesf.m;l iiii,
cl lamellar 070 [352 | 1644 |47 |03 ]0.009 |2.14 numbers correspond to Fig. 3
e lamellar 0.55 |352 |1665 |47 |04 0011 |2.11 & d. Concentrations in wt%.
c3 paralamellar 0.55 353 [16.62 |50 |0.7|0.020 |2.12
c4 albid (pore) 0.27 327 | 1573 |52 0.4 (0.012 |2.08
c5 albid 0.21 363 [ 17.19 |43 0.0 [ 0.000 |2.11
dl lamellar 0.58 349 |16.60 |4.0 0.1 [ 0.003 |2.10
d2 paralamellar 0.86 344 |116.57 |47 |0.3]0.009 |2.07
d3 paralamellar 0.70 346 | 1632 |5.6 0.2 [ 0.006 |2.12
d4 albid 0.15 35.1 | 16.87 |5.0 0.1 [ 0.003 |2.08
ds ﬁg’&%‘;‘fyalame”ar 024 |338 [16.14 |42 |02 |0.006 |2.09

netskaya et al. 2008). The albid tissue contains St of
0.0-0.4 wt.% and I of 4.3-5.2 wt.%. It is supposed
that Sr enters the apatite (CaF) structure to replace
Ca (Frank-Kamenetskaya et al. 2008).

DiscussioN

The mean concentrations of Sr in main tissues
of conodont element crown agree with previous pub-
lished results (Tab. 1). However, the previous studies
had reported a lack of regular pattern in distribution
of Sr concentrations in the tissues of conodont ele-
ments (e.g Pietzner et al. 1968; Wright 1989; Katvala
& Henderson 2012). It is most likely related to techni-
cal issues, as electron microprobe analyses have been
performed in widely spaced spots (about 6000 nm,
Katvala & Henderson 2012), that prevent detecting
oscillations of 3000-5000 nm scale.

Despite of low spatial resolution, the data by
Wright (1989) demonstrate variations in St content in
the lamellar tissue that are similar to those of the cur-
rent study. Bright stripes on the BSE image (Wright
1989, pl. 2) have higher Sr content (0.42-0.47%0)
(Wright 1989, fig. 3, points 4, 20, 28), but darker
parts of lamellae have lower Sr content (0.27-0.38%)
(Wright 1989, fig. 3, points 5, 6, 27).

The nature of the periodical/cyclic variations
in Sr content observed in the lamellar and paralamel-
lar tissues is unclear. It is possible that they might
be attributed to the postmortem differential uptake
of Sr by the conodont element. On the other hand,
they may correlate with variations in the hard tissue
permeability caused by nanoporosity. The nanopores
(<50 nm) in lamellar tissue are isolated and arranged
along the lamella (Trotter et al. 2007: Fig, 2D). Iso-

lated micropores occur in the paralamellar and albid
tissues as well (Fig, 3d, e). The arrangement of nano-
and micropores suggests that the permeability across
lamella is low in both the lamellar and paralamellar
tissues, but the permeability along lamella is higher.
The low permeability prevents uptake of the exter-
nal matter into conodont element through its surface.
In the attachment area (Fig, 4), all the lamellae com-
posing conodont element crown are exposed and in
contact with the host rock. Lateral parts of lamellae,
which are exposed in the attachment area, have higher
potential as way for uptake of contaminants into con-
odont element; observed Sr variations demonstrate
independence of the distance from the attachment
surface. Similar variations occur near the attachment
surface (Fig. 3d, e; Fig, 0), and far from the attach-
ment surface (Fig. 3b, c¢; Fig, 5), contamination along
the lamellae is therefore unlikely. Also, the host rock,
which may be a source of Sr, demonstrates extremely
low content of Sr (0.02-0.04 wt.%). Thus, the post-
mortem contamination is also unlikely.

Explanation of variations of St concentrations
by in vivo processes must take into account peculiari-
ties of the growth of conodont elements. The most
realistic model of conodont element growth was elab-
orated by Bengtson (1976, 1980, 1983) and suggested
that the conodont element was retracted in the pocket
of the secreting epithelium when not in use, where
additive growth occurred during that time. When
the conodont element was in use, it extruded from
the pocket, and growth stopped. Thus alternation of
periods of growth and active functioning was char-
acteristic for conodont elements. The boundaries of
lamella, where Sr increase is observed, correspond to
arrested growth. Accordingly, several possible causes
of such distribution of St can be proposed.
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Fig. 3 - BSE image of Sb-element of the conodont Youngquistognathus rossicus (Zhuravlev): a - general view; b - close up of a lamellar tissue with
microprobe profile (white line); ¢ - lamellar tissue with microprobe spots marked with red crosses; d - paralamellar and albid tissues
with microprobe spots marked with red crosses and microprobe profiles (white lines).

One possibility would be that ambient sea wa-
tet, in contact with the surface of conodont elements
when functioning, was source of Sr in the conodont
hard tissue. If so, the outer layer of conodont ele-
ments became enriched by St. The oscillation of the
Sr concentrations can be also explained by the model
of hard tissues formation (Zhuravlev & Gerasimova

2015). According to this model, each growth cycle
produced a couplet of lamellae, where the inner la-
mella composed of lamellar, paralamellar, or albid
tissue, and the outer lamella composed of lamellar
tissue. The cycle consists of five stages (Zhuravlev
& Gerasimova 2015): 1) partial resorption of the
outer lamella; 2) formation of the organic matrix of
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Fig. 4 - Orientation of the crystallites in the lamellar tissue of Sb-
clement of Yougquistognathus rossicus (Zhuravlev) (etched late-
ral surface of the denticle). White arrow marks the denticle
axis.

the new lamellae; 3) initial crystallization of the dis-
ordered crystallites of the lamella;4) recrystallization
of the crystallites around the organic matrix; and 5)
formation of the new outer lamella composed of la-

Zhuraviev A. V. & Shevchuk S. S.

mellar tissue. The outer lamella probably absorbed St
from the sea water, where the Sr/Ca ratio is much
higher than that in the conodont tissue (about 0.03,
Castro & Huber 2003). Successive resorption of the
outer lamella during the next growth cycle partly elim-
inates the Sr-enriched tissue. The residue of this tissue
composes a thin layer at the boundary of the lamellae
having high Sr concentrations. High Sr concentration
in the outer lamella of the conodont elements here
studied (Fig 3b; Fig, 5) supports this model.

There is a third possible mechanism of enrich-
ing Sr, analogous with enamel of vertebrates, where
the highly mineralized hard tissue has similarity in
composition and structure with the lamellar tissue
of conodonts (Donoghue et al. 2000; Rosseeva et al.
2011; Katvala & Henderson 2012). Demineralization
of the vertebrate enamel induces an increase of St
with respect to Ca, attributed to partial bioapatite dis-
solution and/or to chelate extraction and concentra-
tion of trace metals (Preoteasa et al. 2008). A similar
process might have occurred during the conodont el-
ement resorption at the first stage of the growth cycle.
The residue of the outer lamella can be enriched by
Sr by selective extraction of Ca during the resorption.

In any case, the distribution pattern of Sr in
conodont lamellar (paralamellar) tissue differs from
its counterpart in the enamel. The Sr distribution
in enamel does not reflect the pattern of incremen-
tal lines (Alvira et al. 2011), elucidating difference in

Fig. 5 - Microprobe profile of the
lamellar tissue. The studied
area corresponds to the Fig.

3b.
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growth modes of conodont tissues and enamel.

Distances between the Sr-enriched layers (in
transverse section of conodont element) in the la-
mellar and paralamellar tissues reflect thickness of
the lamella. The lamella thickness is proportional to
growth rate of corresponding part of a conodont ele-
ment (e.g,, Dzik 2008). Thus, average Ca/Sr ratio in
the lamellar and paralamellar tissue can be used as a
proxy of growth rate of conodont element. Applica-
tion of this ratio for comparative investigation of the
growth rates of elements of different conodont taxa
is feasible.

CONCLUSIONS

The lamellar and paralamellar tissues of con-
odont element crown St concentrations demonstrate
oscillations correlated with the periodic growth of the
lamellae. The maximum Sr content is observed near
the lamella boundaries (about 0.4 wt % in contrast to
0.19 wt % far from the lamella boundary). It is sug-
gested that the distribution pattern of Sr in the lamel-
lar and paralamellar tissues was most likely controlled
by biomineralization including partial resorption of
the outer part of lamella during the growth cycle. The
albid tissue of the internal parts of conodont ele-

ments shows minor or no St contents.

The distribution pattern of Sr in conodont
hard tissues differs from its counterpart in the enamel
of vertebrates. These results combined with morpho-
logic and crystallographic characteristics of lamellar
and paralamellar tissues support a lack of homology
in the enamel of vertebrates.
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