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Abstract

Minor and trace element compositions of a suite of Ordovician, Silurian, and Permian conodonts have been characterised by laser
ablation inductively coupled plasma mass spectrometry (LA-ICPMS). Continuous, high-resolution chemical depth profiles through
individual conodont elements reveal systematic compositional differences between the component histologies (albid, hyaline, and
basal body tissues). Comparative analyses of contemporaneous bio-apatites (ichthyoliths and inarticulate brachiopods), as well as
Holocene and modern fish material, show linear relationships between their respective rare earth element, yttrium, lead, thorium, and
uranium compositions, which has implications for their relative permeability and susceptibility to diagenesis. Assessment of LA-
ICPMS profiles in the context of histology, general morphological structure, and post-depositional chemical exchange, suggests that
conodont albid crown is the least permeable histology, whereas hyaline crown, basal tissue, ichthyoliths, and inarticulate brachiopods
are strongly overprinted by the selective uptake of Y–REE–Th–U during diagenesis. Conodont albid crown is therefore more
resistant than other bio-apatite histologies to postmortem uptake of Y–REE–Th–U, and trends below detection limits that more
closely approach primary conodont compositions. This relationship between sample histology and geochemistry, especially in the
context of diagenetic overprinting, demands careful consideration when reconstructing palaeoseawater compositions.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Fossil marine bio-apatites (conodonts and ichthyo-
liths) have the potential to record palaeoseawater
compositions, which can be used to better understand
and reconstruct palaeoenvironmental change through
geological time. Conodonts are particularly attractive as
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potential proxies due to their ubiquity, biostratigraphic
importance, and temporal range. However, their small
size has been a limiting factor for geochemical analysis
but recent advances in microanalytical techniques now
provide the opportunity to analyse specific histologies
within single conodont elements, with both high
sensitivity and high spatial resolution. This study has
taken this approach to determine the chemical system-
atics of conodont tissues and thus infer their inherent
integrity and susceptibility to diagenesis.

Following initial investigations of conodont apatite
chemistry (Pietzner et al., 1968; Wright et al., 1987a,b,
1990), various studies have focused on trace elements
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and rare earth element distributions in particular (Wright
et al., 1984, 1987b; Bertram et al., 1992; Grandjean -
Lécuyer et al., 1993; Girard and Albarède, 1996; Bruhn
et al., 1997; Girard and Lécuyer, 2002), strontium
isotope compositions (Keto and Jacobsen, 1987;
Bertram et al., 1992; Kürschner et al., 1992; Martin
and Macdougall, 1995; Diener et al., 1996; Holmden et
al., 1996; Ruppel et al., 1996; Ebneth et al., 1997;
Trotter et al., 1999; Armstrong et al., 2001; Ebneth et al.,
2001), neodymium isotope compositions (Wright et al.,
1984; Keto and Jacobsen, 1987; Bertram et al., 1992;
Martin and Macdougall, 1995; Holmden et al., 1996,
1998; Felitsyn et al., 1998; Wright et al., 2002) and
oxygen isotope compositions (Luz et al., 1984; Geitgey
and Carr, 1987; Wenzel et al., 2000; Joachimski and
Buggisch, 2002; Joachimski et al., 2004).

Conodonts are carbonate fluorapatite (Pietzner et al.,
1968) microfossils and as such are considered to have
greater integrity than coeval carbonates. Their ubiquity
and rapid evolution throughout Cambrian to Triassic
marine sequences underscores their biostratigraphic
significance but also makes them attractive as potential
geochemical proxies. Conodont ‘elements’ are believed
to be the mineralised remains of the cephalic feeding
apparatus of small, extinct, marine animals of contro-
Fig. 1. Conodont mineralised tissues represent by (a) Drepanoistodus suberec
dissected by a laser ablation pit (SEM); (b) Oulodus sp.: albid crown compri
body indicated by dashed line; (c) Panderodus sp.: albid crown at oral tip, h
(white dashed line) that extends from crown base. Panderodontid furrow ext
versial affinity. They are morphologically diverse and
most commonly represented by crown components
comprised of hyaline (translucent) and albid (opaque
white) tissues (Fig. 1). Albid crown is variably
distributed within cusps and denticles, and typically
described as fine-grained with a cancellate unconnected
porosity. Hyaline tissue is believed to comprise much
larger crystals (<1µm to >30µm), has a lamellar
structure, and often accommodates secondary precipi-
tates indicating some degree of permeability (Fig. 2).
Less frequently preserved are the basal bodies (Fig. 1),
the most finely crystalline conodont tissue that may be
variably mineralised.

The small size (∼0.1 to 3mm in length) of conodont
elements has limited most previous geochemical
studies to bulk analyses, and details regarding taxon-
omy, morphology, and histology of analysed specimens
are often lacking. Furthermore, the relative integrities
of the component tissues have not been adequately
investigated, despite likely differences in their suscep-
tibility to diagenesis. The chemical systematics of
conodont apatite and of biogenic apatite in general,
including the effects of diagenesis, is not well
understood, which reflects the general lack of rigorous
and systematic studies. Moreover, research into the
tus (Branson and Mehl): concentric lamellar structure of hyaline tissue
sing denticles and cusp, hyaline crown, and densely mineralised basal
yaline crown, and basal body that is bound internally by basal cavity
ends from base to cusp tip. Scale bar=0.2mm.



Fig. 2. Light microscope images of hyaline crown of the coniform
element Drepanoistodus suberectus (Branson and Mehl) with
longitudinal thin section (inset). Significant permeability is indicated
by iron oxide precipitates within pores of lamellae and axial cavities.
This specimen is unusual as it shows significant tissue damage and
repair, which is marked by truncated lamellae midway along the cusp
with subsequent growth comprising large axial cavities and oblique
lamellae. FeO has been observed in many conodonts between lamellae
and within axial cavities of hyaline crown. Scale bar=0.2mm.
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mechanisms controlling marine trace element chemistry
and subsequent diagenetic processes within subsea
sediments has questioned the integrity of fossil bio-
apatite geochemistry and the validity of earlier trace
element geochemical data (Elderfield and Pagett, 1986;
German and Elderfield, 1990; Toyoda and Tokonami,
1990). Consequently, post-depositional diagenetic
masking of primary compositions is potentially a
significant problem and the reliability of conodont
apatite as a ‘proxy’ for palaeoseawater chemistry has
yet to be demonstrated.

Our study attempts to shed light on some of these
controversies and provide the foundations to better
constrain the effects of diagenesis in order to discrim-
inate [near] primary geochemical signatures from
secondary overprinting. This demands spatially resolved
compositional analysis of the target samples, as has been
achieved by laser ablation ICPMS which provides the
combined benefits of high spatial resolution and down-
hole compositional depth profiling. The resultant
compositional profiles are assessed in the context of
histology and morphology to determine potential
systematic trends, as well as their relative permeability,
integrity, and susceptibility to diagenesis.
1.1. Bio-apatite chemical systematics and implications
for palaeoseawater studies

The chemical structure of bio-apatites is fundamen-
tally that of a carbonate-bearing calcium phosphate [Ca5
(PO4,CO3)3(F,OH)] but can vary widely and contain
impurities that can significantly effect its stability. Two
structural Ca sites permit a diverse suite of cations to be
substituted into the lattice (LeGeros, 1981), while anion
substitution occurs at the OH (F, Cl, CO3) and PO4 (CO3)
sites. Bio-apatites are most commonly represented by
carbonate hydroxyapatites (dahllite; e.g. bone), which
stabilize to fluorapatite [Ca5(PO4,)3F] over time by
carbonate loss and fluorine uptake. However in seawater,
the most thermodynamically stable species is the
carbonate fluorapatite, ‘francolite’ (LeGeros, 1981;
Jahnke, 1984), defined as having >1wt.% of both F
and CO2 (McConnell, 1973). Francolite occurs in
enameloids of fish teeth and scales and forms by a
fluoride-concentrating mechanism during in-vivo miner-
alisation, with the content of F varying widely between
taxa (LeGeros et al., 1978; LeGeros and Suga, 1980;
Suga et al., 1980; LeGeros, 1981). In the case of bulk
conodont crown, a non-stoichiometric chemical formula
closest to francolite (Ca5Na0.14(PO4)3.01(CO3)0.016F0.73
(H2O)0.85) was determined by Pietzner et al. (1968), and
various geochemical studies have identified >40 trace
element cations incorporated within conodont miner-
alised tissues (Pietzner et al., 1968; Bradshaw et al.,
1972; Wright et al., 1987a,b, 1990).

The minor and trace element contents of fossil bio-
apatites are incorporated during in-vivo biologically-
mediated growth, and subsequent postmortem diagen-
esis. Some minor elements (e.g. Sr) are incorporated
in-vivo via substitution for major chemical components
and thus have the potential to reflect original seawater
conditions, provided the primary signature has not been
significantly disturbed during diagenesis. In contrast, U,
Th, and rare earth elements (REE) can become highly
concentrated in biogenic apatites postmortem, with
living phosphatic tissues containing only low trace levels
of these elements, the REE within ppb ranges (Bernat,
1975; Wright et al., 1984; Shaw and Wasserburg, 1985;
Trueman and Tuross, 2002; this study, e.g. Fig. 6).
Moreover, the extremely low REE levels observed in
extant species do not record a seawater composition due
to biological mediation during phosphate mineralisation
(Wright et al., 1984) and are prone to being overprinted
immediately postmortem at or near the sediment–water
interface (Bernat, 1975; Wright et al., 1984).

Various marine fossil bio-apatites have been used as
proxies for palaeoseawater composition, especially as
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recorders of apparent redox events in the geological
record (e.g. Wright et al., 1984, 1987b). However, the
complex processes driving REE fractionation at the
sediment–water interface and within the pore waters of
subsea sediments remain a significant issue for inter-
preting REE distribution patterns of fossil bio-apatites
(Elderfield and Pagett, 1986; German and Elderfield,
1990; Reynard et al., 1999). Strontium, neodymium,
oxygen, and carbon isotope systematics have also been a
focus of earlier studies, the latter in extant marine faunas
only (Vennemann et al., 2001). Although these isotope
systems are commonly deemed to be robust, later
diagenetic overprinting often occurs in highly permeable
samples such as ichthyoliths (Elderfield and Pagett,
1986; Toyoda and Tokonami, 1990; Bertram et al.,
1992). The reproducibility of conodont apatite data can
also be an issue (Bertram et al., 1992; Cummins and
Elderfield, 1994; Diener et al., 1996; Holmden et al.,
1996; Trotter et al., 1999) and the significance of basal
bodies as sources of chemical contamination has been
demonstrated (Holmden et al., 1996; Trotter et al., 1999;
Wenzel et al., 2000). However, the relative permeabil-
ities and compositional differences between the two
crown tissues of conodont apatite (albid and hyaline) has
been overlooked, aside from two earlier studies
suggesting differences in their calcium, phosphorus,
sodium, carbonate, and organic contents (Pietzner et al.,
1968; Wright et al., 1990). Increasingly sensitive
microanalytical instrumentation now provide new op-
portunities to elucidate the chemical compositions of
conodont histologies, and thereby constrain their
inherent integrity and the effects of diagenesis.

It is important to emphasize that different mineralised
tissues may have different susceptibilities to chemical
modification during diagenesis. Their permeability and
solubility is influenced by crystal size, ultrastructure, and
composition. Vertebrate enamels, in particular, are often
considered the most suitable candidates for geochemical
analysis due to their dense crystalline structure, large
crystal sizes hence smaller available surface area, and
low organic contents. Yet despite their greater resistance
to dissolution and diagenesis, enamels can become
enriched in minor and trace elements (Kohn et al., 1999;
Trueman and Tuross, 2002), and also exhibit isotopic
modification due to postmortem uptake from the
environment. Interpreting marine fossil bio-apatite
geochemistry is further complicated by the lack of
studies on extant faunas against which their true
significance as geochemical proxies can be gauged.
When using extinct fossil materials that lack modern
equivalents, a broader appreciation of bio-apatite
chemical systematics is important, and much caution is
required as artefacts from secondary alteration cannot be
constrained by comparative analysis with extant (prima-
ry) crystalline structures and compositions. In the case of
conodont histologies, their primary character and
integrity will always be uncertain.

2. Sampling and analytical techniques

2.1. Sampling

Well-preserved, thermally unaltered single conodont
elements with a Colour Alteration Index (CAI) of 1 were
selected for analysis. CAI is a measure of pyrolysis of
the residual organics, an index of 1 indicating a burial
temperature of <50 to 80°C (Epstein et al., 1977). This
eliminates the likelihood of diagenetic alteration from
metamorphism but does not exclude the possibility of
low temperature chemical exchange with diagenetic
pore fluids.

From a collection of 590 bio-apatite specimens, 1140
compositional depth profiles of the component histologies
were determined by laser ablation inductively coupled
plasma mass spectrometry (LA-ICPMS). This database
mainly comprises conodont analyses, supplemented by
minor ichthyolith, inarticulate brachiopod, and modern
marine fish data. Modern fish samples were caught from 4
different locations in the Pacific Ocean, including tropical
waters off Queensland (Australia), and temperate waters
off South Australia, New Zealand, southwestern Canada
and northwestern USA. The fossil collections mainly
derive from stratigraphic sections extending through the
latest Cambrian–Ordovician–Early Silurian and a short
interval spanning the Permo-Triassic boundary, represent-
ing 11 sites across 3 cratons, Laurentia, Australia, and
South China, that are all within similar (sub)tropical
palaeolatitudinal belts. The Early Palaeozoic samples are
from Devon and Cornwallis islands of the Canadian
Arctic Archipelago, Manitoba (Williston Basin), western
Newfoundland, Manitoulin (southern Ontario) and Antic-
osti (Québec) islands in eastern Canada, the Canning
(northwestern Australia), Amadeus (Northern Territory)
and Georgina (Queensland) basins, while the Permo-
Triassic boundary samples are from the GSSP Type
section atMeishan, China. Holocene fish debris from high
latitude marine sediment cores off Effingham Inlet
(Vancouver Island) is also represented.

For brevity, the data figured herein were selected
from 3 spatially and temporally disparate localities that
represent the typical systematic trends determined from
the larger dataset, which comprises both discrete
temporal horizons and continuous stratigraphic sections
(i.e. multiple populations). The figured data are from:
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(1) Manitoba, which represents a discrete temporal
horizon of Late Ordovician age from the Stony
Mountain Formation; (2) Meishan, which includes
multiple Late Permian samples from the Chanxing
Formation; and (3) marine sediments off Vancouver
Island, representing Mid–Late Holocene (5000–1000
BP) elasmobranch and hake remains.

Coeval conodonts and fish teeth were included in the
Permian (Meishan) collection, and a suite of contem-
poraneous Silurian ichthyoliths (thelodont dermal
scales), inarticulate brachiopods, and conodonts were
further selected for comparative analysis, the latter
derived from the Cape Phillips Formation, Devon Island
(Sheills Peninsula), that range within the Pterospatho-
dus amorphognathoides conodont biozone. Different
biogenic apatites derived from the same rock matrix
were specifically targeted to compare their relative
compositions and uptake profiles. Several species of
Holocene and modern fish scales, teeth, and bone were
also analysed to compare recently fossilized and fresh
marine bio-apatite compositions to help understand the
diagenetic effects experienced by Palaeozoic ichthyolith
and conodont apatite.

The Palaeozoic data figured represent samples from
existing collections (C.R. Barnes, University of Victoria,
Canada; R.S. Nicoll, Department of Earth and Marine
Sciences, the Australian National University) that had
previously been extracted from the carbonate host-rock
by conventional acetic acid digestion and bromoform,
tetrabromomethane, or sodium polytungstate heavy
mineral separation techniques (Austin, 1987).

2.2. Laser ablation inductively coupled mass
spectrometry (LA-ICPMS)

Compositional profiles through conodont elements,
ichthyoliths, and modern fish skeletal components, have
been measured in-situ by laser ablation ICPMS, using a
custom-built laser sampling system interfaced between
Table 1
Laser ablation and ICPMS operating conditions
an ArF (λ=193nm) excimer laser (Lambda Physik LPX
120i) and quadrupole ICPMS (Agilent 7500s). A full
description of the instrumentation used and its compo-
sitional depth profiling capabilities can be found in
Eggins et al. (1998a,b, 2003) and details of instrument
operating conditions are given in Table 1. Laser ablation
ICPMS is ideally suited for analysing conodonts due to
the ability to measure compositional variations within
single conodont elements. More specifically, it has the
capability to determine with high spatial resolution,
continuous compositional depth profiles through the
concentric layered structure of the component histolo-
gies (Fig. 1). In this regard, it should be noted that the
ANU (RSES) laser ablation system produces flat
bottomed ablation pits and incorporates a unique sample
cell design that produces a rapid signal response to any
change in ablated composition (time for decay to 10% of
peak signal intensity is ∼1.3s for all elements).
Collectively, these features facilitate very high spatial
resolution continuous depth profiling when performing
conventional spot analysis (Eggins et al., 2004).
Optimum (sub-micron) depth resolution is obtained
where ablation pit aspect ratios (depth/diameter) are less
than 1, and degrades with increasing pit depth due to
sampling of material from pit sidewalls and the
development of topography on the ablation pit base
(see Eggins et al., 1998b).

Conodont elements were washed in Milli-Q water,
affixed to double-sided adhesive carbon tape attached to
a glass slide, and placed within the sample cell.
Compositional depth profiles that pass completely
through individual conodont elements were determined
by continuous sampling using a 5Hz laser pulse rate and
fluence of 8J/cm2. The ablation rate for biogenic apatite
is estimated to be ∼1μm/s, based on a measured
ablation depth per pulse of ∼0.2μm in inorganic
(Durango) apatite. Different parts of conodont elements,
including specific histologies, were targeted for analysis
using laser spot diameters of 40, 48, or 65µm.
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More than 40 elements (typically including Li, B, Na,
Mg, Al, Si, K, Ca, Sc, Ti, V, Mn, Fe, Ni, Zn, As, Rb, Sr,
Y, Zr, Cd, Sb, Cs, Ba, REE (La to Lu), Hf, Pb, Th and U)
were profiled during each analysis. Data collection was
performed by rapid peak-hopping (20 or 30ms dwell
times, for a total mass cycle time of ∼1s) between
selected isotopes of each analyte element for a period of
150 or 200s. Data reduction followed the method
outlined by Longerich et al. (1996), using mean
background corrected intensities and 43Ca as the internal
Table 2
Analysed elements and isotopes, NIST612 values, and results obtained for D

Element
(ppm/⁎wt.%)

Isotope
(amu)

NIST612 DL
(t=20s)

B 11 33.7 0.45
Na2O⁎ 23 13.96 0.0003
Mg 24 78 0.34
Al2O3

⁎ 27 2.10 0.00013
SiO2

⁎ 29 71.79 0.08
CaO⁎ 43 11.91 0.009
Sc 45 41.0 0.09
Ti 49 48.5 1.0
V 51 38.2 0.07
Mn 55 38.5 0.15
Fe 57 55.6 6.9
Ni 60 37.8 0.17
Zn 66 36.6 0.12
As 75 37.3 0.29
Rb 85 31.6 0.05
Sr 86 76.4 0.48
Y 89 37.8 0.010
Zr 90 36.0 0.035
Cd 111 28.0 0.12
Sb 121 38.4 0.10
Cs 133 41.6 0.07
Ba 137 38.5 0.045
La 139 35.5 0.008
Ce 140 38.2 0.008
Pr 141 37.1 0.008
Nd 146 35.0 0.034
Sm 147 36.4 0.018
Eu 153 34.6 0.010
Gd 158 37.1 0.019
Tb 159 36.3 0.008
Dy 163 35.7 0.028
Ho 165 37.9 0.007
Er 166 38.0 0.016
Tm 169 37.7 0.006
Yb 174 39.5 0.018
Lu 175 37.6 0.007
Pb 208 38.7 0.04
Th 232 37.3 0.009
U 238 36.9 0.009

Detection limit (DL) values are based on typical background variance and a
diameter and integration time of 20s. These DL values will vary (decrease/in
NIST612 values are from Pearce et al. (1997). SiO2, Al2O3, CaO and Na2O
determined. Durango apatite reference values have been measured by solutio
indicate the long-term (run-to-run) reproducibility of measured trace elemen
standard to correct for variation in mass ablation yield
based on a conodont apatite CaO concentration of 53
wt.% (average reported by Pietzner et al., 1968, and
measured by electron microprobe during this study).
The international glass reference material NIST612 was
used for external calibration, employing the preferred
concentrations reported by Pearce et al. (1997). Details
of the measured isotopes, NIST612 calibration values,
and detection limits are listed in Table 2. The mean and
standard deviation of repeat analyses of a matrix-
urango apatite

Durango
soln-ICPMS

Durango
LA-ICPMS

Std. dev.
(n=30)

%RSD

nd 13.0 4.6 36
nd nd – –
nd 202.3 5.4 2.7
nd <0.00013 – –
nd 0.22 0.02 10.2
nd 56.0 – –
<3 0.13 0.03 21.4
<5 <1.0 – –
30.2 28.7 0.4 1.3
92.4 92.0 0.8 0.9
nd 326 9 2.7
<14 0.47 0.25 53.1
<1.3 <0.12 – –
nd 802 23 2.9
0.17 0.06 0.01 15.8
462 475 11 2.2
560 456 13 2.9
1.0 0.51 0.02 4.3
nd <0.12 – –
nd <0.1 – –
0.002 <0.07 – –
1.72 1.44 0.06 4.3
3540 3370 87 2.6
4660 4282 116 2.7
374 336 9 2.8
1080 1040 29 2.8
136.7 126.9 3.3 2.6
14.0 15.34 0.43 2.8
112.2 109.2 3.2 2.9
14.6 12.87 0.42 3.3
72.6 73.9 3.0 4.0
14.8 14.28 0.51 3.6
40.3 38.6 1.3 3.4
nd 4.85 0.21 4.3
28.0 27.8 0.9 3.3
3.86 3.65 0.13 3.7
0.58 0.53 0.03 4.8
192.4 181.3 8.6 4.8
9.09 8.88 0.37 4.1

nalyses sensitivity when analysing NIST612 glass using a 48μm spot
crease) with the square of the integration time and spot diameter used.
concentrations are reported in wt.% and ‘nd’ indicates element not

n ICPMS following the method of Eggins et al. (1997). %RSD values
t concentrations in Durango apatite.
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matched (Durango apatite), in-house standard indicate
the analytical reproducibility over the course of this
study was in the range 1–5% (see Table 2). The
accuracy of our LA-ICPMS technique for the analysis of
conodonts and other biogenic or inorganic apatites is
further indicated by the close agreement between results
obtained for the Durango apatite and determinations
made by solution ICPMS (typically <5–10% difference
with the exception of Y; see Table 2).

Multiple analyses of each specimen were undertaken
to monitor changes in composition along the growth
axis and within different tissues of the same specimen.
The larger diameter spot sizes were employed for
analysis of thicker conodont elements to minimize the
effects of inter-element fractionation when sampling
from large aspect ratio pits (Eggins et al., 1998b).
Experiments made using Durango apatite indicate that
inter-element fractionation with respect to the internal
standard (Ca) is small (<5–10%) where ablation pit
aspect ratios (depth/diameter) are <4, and similar to
that observed in NIST612 glass for the majority of
elements that are of primary interest to this study (i.e.
REE, V, Mn, Fe, Y, Mg, Sr, Ba, Th and U). Large
fractionations occur only in the case of B, As, and Pb,
for which measured concentrations increase steadily
with ablation pit depth, and reach apparent values that
are 30–40% higher for ablation pit aspect ratios
between 3 and 4.

2.3. Fourier transform infrared spectroscopy (FTIR)

Fourier Transform Infrared Spectroscopy of cono-
dont histologies was performed on a Bruker IFS28
infrared spectrometer, coupled to a Bruker A590
infrared microscope. Spectra were determined directly
from ion-milled thin sections of conodont elements,
which had been prepared for TEM analysis. The infrared
beam (∼50μm) was focused on the thin section and
multiple spectra from different spots across conodont
basal body, hyaline, and albid crown tissues of
bCordylodus robustus" and Plectodina? sp. were
recorded within the range of 600 to 6000cm−1.

3. Results

LA-ICPMS profiles reveal significant compositional
variability within conodont mineralised tissues, with
large systematic differences occurring for the rare earth
elements (La–Lu) and Y, and occasionally for Pb, Th,
and U (see Section 3.1.1). These particular elements,
which are largely incorporated postmortem (see Section
4), form the most striking compositional trends and are
the principle focus of this paper. Furthermore, enrich-
ments and depletions at the growth axis are shown to be
influenced by morphological structure (see Section 3.1),
whereas the elevated concentrations of many elements
at the conodont margins may partly be due to residual
surface contaminants. Mg and Sr moreso have high
concentrations often with significant variability inde-
pendent of tissue type, aside from the typically lower Sr
concentrations in conodont basal bodies (see Section
3.2). Si, Al, Sc, Ti, Rb, Sb, and Cs typically have very
low concentrations generally near background levels,
and most other elements show no systematic composi-
tional variation.

It should be noted that several representative
conodont samples were also analysed by electron
microprobe to confirm major and minor element (Na,
Ca, P, F) compositions reported within the literature.
These data proved to be consistent with compositions
reported earlier (Pietzner et al., 1968; Wright et al.,
1990), particularly the higher P but lower Na contents of
albid compared to hyaline crown.

3.1. Systematic compositional trends

3.1.1. Conodonts
The systematic compositional differences in Y and

REE contents between the two crown tissues, as well as
the large and highly correlated variations of these
elements, are particularly distinctive. These chemical
systematics are clearly illustrated by differences in the
mean concentrations of Y and REE analysed in
conodonts from Manitoba (Fig. 3). In contrast, other
elements do not exhibit compositional trends that are
consistent between localities and thereby most likely
reflect local environmental conditions. The structure of
LA-ICPMS profiles also reflects these systematic
compositional variations between the component his-
tologies. Albid tissue is characterised by ∪-shaped
profiles with axial depletions (Fig. 4d,g,k) up to several
orders of magnitude. This contrasts with the enriched
and typically homogeneous profiles of hyaline tissue
(Fig. 5) that show variable depletions or enrichments
(Fig. 4e,h) at the growth axis. These distinct profiles
have significant implications for the relative permeabil-
ity and diagenetic susceptibility of these histologies (see
Section 4), as is further indicated by significant
enrichments coincident with the panderodontid furrow
in the albid profile of Fig. 4k.

To facilitate comparison of the different samples,
mean elemental concentrations were calculated for
several zones within each profile, including an axial
and intermediate interval between the conodont margin



Fig. 3. Mean (axial) concentrations of elements analysed in conodonts from Manitoba (Late Ordovician) showing large differences in Y and REE
contents of the component histologies typical of all sample localities. Note that concentrations are in ppm with the exception of Na2O, SiO2, and
Al2O3 that represent wt.% values.
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and axis (Fig. 5). For brevity, all concentrations quoted
herein are those calculated from the axial interval, and
it should be noted that the growth axis may not be
centrally located as it relates to the symmetry of the
specimen. Axial intervals are typically recognised by
the presence of Sr minima in either crown tissue, and
REE minima in albid crown or REE depletion/
enrichment spikes in hyaline tissue profiles (Figs. 4
and 5). The ensuing discussion of compositional ranges
and trends draws upon the collective dataset of
spatially disparate localities represented by both
continuous stratigraphic sections and discrete temporal
horizons (see Section 2.1).

The relative concentrations of Y and REE in albid,
hyaline, and basal body tissues range over many orders
of magnitude (Fig. 6b,c,e,f), with Y, LREE (represented
by La), and MREE (represented by Nd) concentrations
typically less than 10ppm to below detection limits in
albid tissue, between 10 and 100ppm or more (up to
∼500ppm for Y) in hyaline crown, and up to
∼1000ppm in basal bodies. HREE (represented by
Yb) follow a similar pattern of variation but with overall
lower concentration levels than LREE and MREE. U
and Pb can also show a large range in concentrations and
in two of the three samples representing discrete
temporal horizons (Manitoba and Manitoulin Island),
show a linear correlation within hyaline and basal
conodont tissues (e.g. Fig. 6o). These elements are
usually <1ppm in albid tissue, up to 10ppm or more in
hyaline crown, and between 10 and 100ppm in basal
tissues. Th concentrations also increase from <1ppm in
albid tissue up to∼100ppm in hyaline crown, and reach
∼1000ppm in basal tissues (Fig. 6l) .

Deviations from the distinctive ∪-shaped concentra-
tion profiles of albid tissue appear to be linkedwith sample
opacity, which can vary widely between and within
specific taxa. Opacity is determined by pore size, which
may be variably developed in all crown tissues (Trotter et
al., submitted for publication), and is not exclusive to albid
crownwith cancellate porosity. Tissue commonly referred
to as albid, often ‘incipiently’ developed, has been shown
to have a lamellar structure (Donoghue, 1998; Trotter et
al., submitted for publication) and further complexity in
the crystalline structure of albid crown has been recently
revealed by TEM imaging (Trotter et al., submitted for
publication). These variants in albid crown ultrastructure
expose the ineffectiveness of light microscopy for
discriminating specific crown histologies, andmay further
account for the apparent overlap in element concentrations
between albid and hyaline tissues.

Aside from Sr (Fig. 6h,i), conodont basal bodies are
highly enriched in most elements compared to crown
tissues, being more enriched than hyaline crown by up
to several orders of magnitude (Figs. 4l and 6c,f,l,o).
The density of basal tissue mineralisation may also be
variable and thereby affect the uniformity of the
compositional profile. Basal cavities of specimens in
which the basal body has not been preserved show
enriched profiles that may reflect compositions of
remnant basal tissue and/or secondary detrital
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Fig. 5. LA-ICPMS profile of selected chemical species through hyaline
crown of Drepanoistodus suberectus (Branson and Mehl). The profile
structure is essentially homogeneous suggesting equilibration with
diagenetic pore fluids, with the exception of slight axial enrichments in
REE, Pb and U and depletion of Sr. SEM image of the transverse
section adjacent to the ablation pit (arrow) shows the depletion/
enrichments correlate with the growth axis. Axial and intermediate
intervals from which concentrations are calculated are shown. Scale
bar=0.2mm.
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contaminants contained within the cavities. This is also
shown in Fig. 4l by the sharply stepped transition in
compositions between the outer hyaline tissue and basal
cavity, which likely contains remnant basal tissue.

3.1.2. Fish remains and inarticulate brachiopods
Chemical profiles of a selection of Late Permian and

Early Silurian ichthyoliths (fish teeth and scales) and
phosphatic inarticulate brachiopods are compared to
those of conodont crown tissues from the same rock
samples (Fig. 4d–j). These show typically uniform,
enriched profiles of many elements, especially Y, REE,
Pb, and U that are akin to the profiles of hyaline
conodont crown and basal tissues. Pb, Th, and U
concentrations in ichthyolith and brachiopod apatite
Fig. 4. Representative LA-ICPMS compositional profiles of selected chemic
ichthyoliths from core Tul099B03 (a–c); Permian conodont albid (d) and hya
DC-9; Silurian conodont albid (g) and hyaline crown (h) ofOzarkodina cf.O.
(i) and ichthyolith (j) from sample #489; and Silurian conodont albid tissue
showing panderodontid furrow (inset), and basal cavity (l) of Panderodus un
(g–l)=0.2mm, and (d–f)=0.1mm. Note—breakage of some specimens occ
generally fall between 10 and 100ppm, with Y, LREE
(e.g. La), and MREE (e.g. Nd) concentrations ranging
from 100 to >1000ppm (Fig. 7) whereas HREE (e.g.
Yb) are considerably lower (<20ppm).

Compositional profiles of Holocene ichthyoliths
usually show low trace element concentrations, often
below detection limits (Fig. 4a–b), with Pb and Th
typically <1ppm (Fig. 6j,m), and U and REE between
0.01 and ∼10ppm (Figs. 4b,c and 6a,d,m). However,
some profile intervals show more enriched zones
(>1ppm) of Y and REE (Fig. 4c), which likely coincide
with regions of greater permeability (e.g. vascular canals
and pulp cavities; Fig. 4b–c) that can facilitate
postmortem uptake of these elements. Rare earth
element and Th concentrations of modern fish bones,
teeth, and scales are typically below detection limits,
yielding depth profiles similar to the enameloid cap of
the Holocene hake tooth (Fig. 4a). Y concentrations are
also very low (≤0.01ppm) compared to fossil bio-
apatites, whereas U and Pb may range to 1ppm. Sr
concentrations essentially range between 500 and
∼3000ppm, and are shown for comparison with fossil
bio-apatites (Figs. 6g–i and 7c,d).

3.1.3. Element correlations in fossil bio-apatites
The similarity in geochemical behaviours of Y and

REE is manifested as strong positive linear correlations
within and between the various histologies from all
sample localities. These correlations consistently show
albid crown having the lower concentrations, whereas
hyaline compositions are intermediate between albid
crown and the high concentrations of basal body,
ichthyolith, and inarticulate brachiopod apatites. Weaker
correlations also occur between Pb–Th–U but are not
consistent between localities, possibly reflecting local
influences, such as burial history and pore water
chemistry. The Pb, Th, and U datasets for Manitoba
show distinct offset clusters for the component tissues
(Fig. 6l,o), compared to the more common ‘shotgun
scatter’ observed in other localities. Similar correlated
and/or clustered patterns occur within the two other
Ordovician samples (Newfoundland and Manitoulin
Island) that also represent discrete temporal horizons.

Inter-element correlations have been systematically
assessed for 6 sampling localities that provided large
al species through various histologies of fossil bio-apatites: Holocene
line crown (e) of Clarkina sp., and coeval ichthyolith (f) from sample
hassi (Pollock, Rexroad and Nicoll), and coeval inarticulate brachiopod
(k) with subsequent transverse section through cusp at ablation pit ‘A’
icostatus (Branson and Mehl) from sample #478. Scale bars for (a–c),
urred after ablation.
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Fig. 7. Comparative plots for La–Nd (a–b), Y–Sr (c–d), and Pb–U (e–f) concentrations within contemporaneous conodont, ichthyolith, and
inarticulate brachiopod apatites from Late Permian (Meishan) and Early Silurian (Sheills Peninsula, Devon Island) samples. Note change in scale
compared to Fig. 6 in order to include higher concentration ranges.
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datasets, specifically the 3 samples representing discrete
temporal horizons from Newfoundland (Mid Ordovi-
cian), Manitoba (Late Ordovician), and Manitoulin
Island (Late Ordovician), as well as 3 localities
comprising continuous stratigraphic sections from
Devon (Ordovician), Cornwallis (Early Silurian), and
Anticosti (Early Silurian) islands. Pearson Product-
Moment Correlations were determined for conodont
crown tissues and Holocene ichthyoliths, there being too
Fig. 6. Ranges in concentrations for La–Nd (a–c), Y–Yb (d–f), Y–Sr (g–i), P
ichthyolith, and inarticulate brachiopod apatites from the 3 representative lo
Ordovician (Manitoba) ages. Note that ranges in concentrations for Y–Sr of m
suites, while Pb–Th and Pb–U ranges are plotted with Late Holocene fish sam
95% confidence bands for linear regressions weighted using analysis uncertain
regression.
few data for a robust statistical analysis of conodont
basal tissue, and Palaeozoic ichthyolith and brachiopod
material. Aside from Y–REE, correlations with Ba (Ba–
Y–REE) were found to be common in hyaline conodont
tissues for 5 of the 6 localities. Additional correlations
were also observed between some other trace elements,
including Mn, Fe, As, Zr, Al, and Sc, in at least 2
localities and in some cases these correlate with Pb, Th,
and U. Collectively, these varied correlations suggest
b–Th (j–l) and Pb–U (m–o) within the various histologies of conodont,
calities of Holocene (Vancouver Island), Permian (Meishan) and Late
odern fish form a tight cluster that is compared with all 3 fossil sample
ples, which show postmortem enrichment. Shaded areas (a–f) represent
ties. The two highest concentrations points in (e) are excluded from the
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that hyaline crown may incorporate a broad range of
elements from pore waters during diagenesis, whereas
uptake by albid crown is limited to considerably lower
concentrations of Y–REE, and occasionally Pb, Th,
and U.

There is no apparent correlation between Sr and Y–
REE (Figs. 6i and 7d), Pb, Th, or U within the
collections analysed, apart from a subtle positive trend
in the Permian samples (Fig. 6h). Since modern fish
REE contents are below detection limits of LA-ICPMS
analysis, Y is used as an analogue for REE to facilitate
comparison of modern and fossil data.

Weighted linear regressions of Y–REE data pre-
sented in Fig. 6 (weighting based on analytical
uncertainties) produce tight linear fits that are consistent
with simple mixing of two components (Fig. 6a–f).
However, the low Y–REE (albid) end of the regression
lines is quite poorly constrained as indicated by the
increasing relative width of the 95% confidence bands.
This unfortunately precludes any firm constraints being
placed on the albid end-member composition, or the
possibility of estimating a hypothetical primary cono-
dont apatite composition by regression extrapolation to
very low REE and Y concentrations (i.e. to Y
concentrations within the range of modern fish, Fig. 6g).

3.1.4. Shale-normalised REE abundance patterns in
fossil bio-apatites

REE concentrations for all analysed samples were
normalised to the modified PAAS values of McLennan
Fig. 8. Shale-normalised (PAAS) REE abundance patterns are shown for the
denoted by bracketed numbers: (a) Early Silurian conodonts (Ozarkodina c
tissue/cavity, inarticulate brachiopod valve, and ichthyolith; (b) comparison o
cf. O. Hassi), hyaline crown from (a), with Late Permian, Early Silurian and H
(La), 79.6 (Ce), 8.83 (Pr), 33.9 (Nd), 5.55 (Sm), 1.08 (Eu), 4.66 (Gd), 0.774 (T
(1989). Although some variations occur between
localities, the typical MREE enriched (convex) pattern
documented by previous conodont studies is most
common, as shown by the Late Permian and Early
Silurian conodont, ichthyolith, and brachiopod samples
(Fig. 8) depicted previously in Fig. 4. The Holocene
elasmobranch dermal scale also depicted in Fig. 4c,
gives an enriched modern seawater-like pattern that
lacks a negative Ce anomaly (Fig. 8b). Conodont basal
tissue, ichthyolith, and brachiopod apatite have similar
convex patterns with high levels of enrichment whereas
hyaline tissues and some (apparent) albid samples yield
similar REE patterns but at lower abundance levels.
However, many albid crown samples have extremely
low concentrations that fall below detection limits,
which preclude assessment of their shale-normalised
REE abundance patterns.

3.2. Non-systematic compositional variations

Sr and Mg behaviours are briefly described below
given their general importance in palaeoceanography
and relatively high concentrations in conodont apatite.
Both Sr and Mg are substantial constituents of seawater,
in which they have long residence times, and their ratios
to Ca (i.e. Mg/Ca and Sr/Ca ratios) in biogenic
carbonates have been widely recognised as proxies for
palaeoseawater temperature. Since Sr and Mg are
incorporated in-vivo by biogenic apatites via substitu-
tion for Ca, their abundances (or equivalent ratios to Ca
axial concentrations of the representative samples depicted in Fig. 4, as
f. O. hassi and P. unicostatus), albid crown, hyaline crown, and basal
f Late Permian (Clarkina sp.) and Early Silurian conodont (Ozarkodina
olocene ichthyoliths. PAAS values taken fromMcLennan (1989): 38.2
b), 4.68 (Dy), 0.991 (Ho), 2.85 (Er), 0.405 (Tm), 2.82 (Yb), 0.433 (Lu).



Fig. 9. Representative LA-ICPMS compositional profiles of Sr and Mg through various histologies of fossil bio-apatites, which are also shown in
Fig. 4.
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obtained by multiplication using appropriate atomic
weight ratio conversion factors) also hold some
potential as environmental proxies, as is the case for
Sr isotopes. However, identifying new environmental
proxies using elements with variable and non-systematic
behaviours requires careful assessment of in-vivo and
postmortem processes, with the systematic analysis and
comparison of fossil and modern marine samples.

Conodont Sr concentrations are high and variable
(Fig. 9), ranging from levels similar to and slightly
higher than modern fish apatite (1000–3000ppm, see
Fig. 6g). Basal body tissues typically have lower Sr
contents of several 1000ppm compared to crown tissues
that often range to tens of thousands ppm, as reported
previously (Pietzner et al., 1968; Holmden et al., 1996).
Sr appears to behave similarly in both hyaline and albid
crown, and has fairly uniform to more typically concave
profiles with slight to moderate axial depletions (Figs. 5
and 9). Sr is not correlated systematically with any other
element including REE which are adsorbed postmortem,
suggesting primary Sr signatures may not be strongly
overprinted by postmortem uptake events. Earlier work
has shown distinct decreases in 87Sr/86Sr isotopic
compositions toward the ‘core’ of individual conodont
elements (Trotter et al., 1999; Trotter, unpub. data),
consistent with the axial depletions observed in LA-
ICPMS profiles representing zones of lesser or minimal
secondary overprinting. In contrast, elevated Sr con-
centrations in fossil ichthyoliths (compared to living
fish), and Sr isotope compositions that are offset from
the seawater evolution curve toward pore water
compositions, show evidence of limited Sr uptake
during early diagenesis (Martin and Scher, 2004).
However, such effects are likely influenced by the
crystalline properties and ultrastructure (i.e. permeabil-
ity) of the host sample, which clearly varies between
taxonomic groups and their component histologies.

No systematic differences in Mg composition have
been observed between conodont tissue types. Concen-
trations are typically 100's ppm but may range to several
1000's ppm, often with uniform to convex profiles that
are significantly more variable than Sr (Figs. 5 and 9).
Mg/Ca ratios in hyaline crown typically show much
greater dispersion and poor reproducibility compared to
albid tissue, suggesting hyaline tissue may be more
susceptible to chemical overprinting. However, any firm
conclusion is hampered by the difficulties in discrim-
inating ‘true’ albid crown by light microscopy, and the
unknown behaviour of Mg/Ca in modern biogenic
apatites. As with the many other elements that also vary
within and between samples but lack distinctive
systematic trends, the significance of Sr and Mg
contents remains unclear and will be the subject of
further study.

4. Discussion

Analyses of inarticulate brachiopods, ichthyoliths,
and conodonts from the same samples, as well as those
of younger Holocene and modern fish remains, have
provided insights into the chemical systematics of
marine biogenic apatite, and their relative integrity and
potential as geochemical tracers, particularly within the
context of post-depositional modification. The contrast
in trace element geochemistry between the two
conodont crown tissues is significant because it pertains
to elements that are known to be strongly adsorbed by
biogenic apatites postmortem (e.g. REE, Y, Th, and U;
Bernat, 1975; Wright et al., 1984; Millard and Hedges,
1996; Kohn et al., 1999; Trueman and Tuross, 2002;
Eggins et al., 2003). The rates and extent of postmortem
trace element uptake is greatly influenced by histolog-
ical structure and consequent permeability, as well as
available crystal surface area of the host tissue, which is
reflected by the contrasting LA-ICPMS compositional
profiles of the conodont crown tissues.

The trace element geochemistry of biogenic apatite is
strongly influenced by postmortem uptake in the case of
Y and REE, whereas other elements may display more
complex behaviours due to their variable incorporation
via both in-vivo and postmortem processes. Variability
in element incorporation during biomineralisation,
especially in the context of external environmental
controls, is poorly constrained even within the modern
marine biogenic phosphate system. Faced with this
fundamental unknown, further discussion is limited to
chemical species that show distinctive systematic trends
within and between the various tissues analysed,
essentially their Y, REE, and heavy element composi-
tions that have been derived postmortem.

4.1. Postmortem chemical exchange and sample
permeability

Models of post-depositional U-uptake via diffusion–
adsorption processes in archaeological bone and teeth
provide a framework for understanding the uptake of U
and other trace elements by bio-apatites. Zones of low
concentration reflected by the interior of ∪-shaped
profiles likely represent the least altered, and potentially,
the primary biomineralised composition (Millard and
Hedges 1996; Pike and Hedges, 2001; Eggins et al.,
2003). Accordingly, elevated concentrations at the
margins of conodont albid tissue could reflect surface
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contamination and/or restricted uptake into the outer
zones of the tissue. This interpretation is supported by
the low to below detection limit concentrations of rare
earth and heavy elements (Pb, Th, U) in LA-ICPMS
profiles of the enameloid caps of some Holocene (Fig.
4a) fish teeth and in modern fish apatite. Leaching
during later diagenetic events is discounted in the case
of ∪-shaped albid profiles as modelling suggests
element desorption and loss from the sample produces
lower concentrations at the margins, resulting in M- or
∩-shaped profiles, and ultimately equilibration to uni-
form profiles at lower concentration levels. Importantly,
such leaching effects would be expected in adjacent
hyaline tissue but have not been observed.

Variably developed axial depletions ( ) and enrich-
ments ( ) within hyaline tissue have been observed for
a number of elements (e.g. Fe, Mn, Al, Zn) and are
interpreted to reflect the contents of the axial growth
cavities in which secondary precipitates may reside (Fig.
2). These axial enrichments/depletions may range up to
several orders of magnitude and thus potentially bias
analyses derived from bulk conodont samples. Similar
enrichments characterise highly permeable basal tissues
and may also occur in panderodontids, where the
longitudinal furrow acts as a conduit for fluid ingress
and element transport (Fig. 4k). Likewise, basal cavities
are likely a major source of contamination after
postmortem loss of the basal body as they provide a
reservoir for the accumulation of detritus. Accordingly,
all basal components (basal bodies and cavities) should
be excluded from geochemical studies, with crown
tissues the prime target and specifically albid crown
where original biomineralised compositions are sought.

In contrast to albid crown, basal and hyaline tissues
are characterised by much higher elemental concentra-
tions and comparatively uniform compositional profiles
(Fig. 5), which is attributed to their greater adsorption
(i.e. uptake) capacities and more complete chemical
equilibration. Adsorption capacity is essentially a
function of tissue permeability (histological structure)
and the available crystalline surface area (crystal size
and form), both of which are critical factors in
determining the potential for retaining [near] primary
geochemical signatures. This is supported by the even
higher concentrations of Y, REE, Pb, Th and U within
contemporaneous phosphatic brachiopods and ichthyo-
liths, and their distinct linear correlations between all
taxa, with conodont albid crown representing the low
concentration end-member and basal tissue or ichthyo-
liths the high concentration end-members (Figs. 6b–c,
e–f, and 7). Further, hyaline tissue shows consistent
correlations between Y, REE, Pb, U, and Ba, which are
often represented in pore waters, as well as a broad
range of other trace metals (see Section 3.1.3) across
most localities. Such compositional trends are consistent
with a greater propensity for postmortem uptake by
hyaline tissues compared to albid crown.

Some ichthyolith tissues (e.g. dermal structures,
bone, and tooth dentine) have a highly permeable
microstructure comprising an intricate network of
vascular canals (Fig. 4b–c) hence often yield geochem-
ical signals derived from secondary overprinting (Elder-
field and Pagett, 1986; Toyoda and Tokonami, 1990;
Bertram et al., 1992; Koch et al., 1992; Cummins and
Elderfield, 1994; Trueman et al., 2003; Martin and
Scher, 2004). Phosphatic inarticulate brachiopod valves
have also been shown to be unreliable chemical tracers
due to their susceptibility to recrystallisation (Wenzel et
al., 2000; Pucéat et al., 2004), having an inherently
permeable microstructure (punctae in many taxa), high
surface to volume ratio, and short diffusion distances.
Furthermore, the significant carbonate component
within inarticulate brachiopod shell, vertebrate bone,
and even tooth dentine increases their susceptibility to
dissolution and chemical exchange.

In addition to their contrasting crystalline structures,
the relative carbonate contents of conodont tissues may
also contribute to observed differences in postmortem
uptake. FTIR spectra obtained for representative
conodont histologies reveal significant carbonate in
basal bodies, lesser amounts in hyaline tissue, and is
undetectable in albid crown (Fig. 10), consistent with
earlier suggestions of the lower CO3 content (Pietzner et
al., 1968) and lower solubility of albid tissue. Further-
more, the very large crystals (100'sμm) comprising
cancellate albid crown, as recently discovered by
electron diffraction analyses (Trotter et al., submitted
for publication), provide both fewer diffusion pathways
and minimal surface area for adsorption (exchange) of
chemical species. This contrasts with the tiny crystal
size and evidence of pore connectivity within lamellar
hyaline crown, as indicated by the presence of
secondary precipitates (Fig. 2). Similar observations
have been made in fossil vertebrate mineralised tissues
where diagenetic enrichments are concentrated in bone
and tooth dentine, which are considerably more
permeable than the structurally denser enamel. The
significantly larger and densely packed crystals, as well
as the lower carbonate content of enamels (and
enameloids), reduce hydraulic conductivity thus retard-
ing element transport and adsorption onto the apatite
crystallites during diagenesis (Fig. 4a). Although dense
enamels are the preferred tissue for geochemical
analysis (Ayliffe et al., 1994; Cerling and Sharp, 1996;



Fig. 10. Representative FTIR spectra for basal body, hyaline, and albid crown conodont tissues of bCordylodus robustusQ showing characteristic CO3,
H2O (+OH), CH, and PO4 absorption bands. Note that saturation of the main absorbance PO4 band precluded resolution of its structure, including the
1096cm−1 peak.
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Fricke and O'Neil, 1996; Koch et al., 1997; Sharp et al.,
2000; Kohn and Cerling, 2002; Eggins et al., 2003;
Zazzo et al., 2004) they may also experience chemical
alteration.

The presence of organic components in phosphatic
tissues is believed to further facilitate the postmortem
uptake and isotopic exchange of various elements
(Wright et al., 1990; Ayliffe et al., 1994; Blake et al.,
1997; Sharp et al., 2000; Trueman and Tuross, 2002;
Trueman et al., 2003; Zazzo et al., 2004). Aside from
promoting chemical exchange with pore waters during
catalysis, the microbial degradation of organics also
provides additional migration pathways for pore fluids
which promote recrystallisation. In this context, it is
interesting to note that organic molecules (irrespective
of their origin) have been found in conodont basal body
and hyaline tissues yet are seemingly absent in albid
crown (Pietzner et al., 1968; Savage et al., 1990; Kemp
and Nicoll, 1996; Kemp, 2002).

An alternative interpretation of albid crown trace
element chemistry and its large single crystal structure
may invoke recrystallisation during diagenesis accom-
panied by the removal of CO3 and REE, the latter
having been incorporated postmortem. In this scenario,
a growing albid crystal may concentrate rejected REE at
and ahead of the recrystallisation front, possibly
manifesting as an REE enriched zone in the vicinity of
the albid–hyaline junction. No such enrichments have
been observed using LA-ICPMS at the transition from
hyaline to albid regions in blocked and longitudinally
sectioned conodonts, but rather a simple stepped
decrease in REE concentrations occurs across the
boundary. Low CO3 contents together with high F
order, the latter attributed to diagenetic uptake and
represented by an enhanced 1096cm−1 absorbance peak
of FTIR spectra, have been correlated with increased
crystallinity (CI) of fossil bio-apatites (Shemesh, 1990).
However, Pucéat et al. (2004) have recently shown CI to
be an unreliable indicator of post-depositional recrys-
tallisation and chemical modification. Furthermore, and
as mentioned by Pucéat et al. (2004), the CO3 and F
contents of apatite histologies (bone, dentine, enamel)
vary naturally and are taxon-specific among living fish
(LeGeros et al., 1978; LeGeros and Suga, 1980; Suga et
al., 1980), but could also be influenced by local
environmental conditions, such as pH (LeGeros,
1981). It should therefore be noted that no significant
differences in F contents between conodont crown
tissues has been observed and that CO3 contents are
comparatively high in basal bodies, present in hyaline
tissues, and absent from albid crown which represents
the least permeable conodont histology (Fig. 10).
Finally, it is difficult to conceive that albid regions
would consistently undergo extensive diagenetic recrys-
tallisation while adjacent permeable hyaline tissue
escaped with comparatively little change, retaining a
fine, well-preserved, microcrystalline structure. This
would require the primary albid tissue to be consider-
ably less stable during diagenesis than adjacent hyaline
crown. Accordingly, the high REE contents of hyaline
tissues are interpreted as significantly modified by
secondary uptake from pore waters, whereas strongly ∪-
shaped REE profiles of albid crown reflect inhibited
postmortem uptake and chemical exchange, and repre-
sent compositions most closely approaching primary
conodont apatite. The extent to which this pattern
applies to other chemical elements depends on their
behaviour during diagenesis in particular.
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4.2. Sources of postmortem compositions

The origin of REE abundance patterns in fossil
marine bio-apatites is the subject of an ongoing debate,
with links to sediment pore waters during early and/or
later diagenesis (Elderfield and Pagett, 1986; Sholkovitz
et al., 1989; German and Elderfield, 1990; Toyoda and
Tokonami, 1990; Trueman et al., 2003) or ambient
seawater compositions being proposed (Wright et al.,
1984, 1987b; Grandjean et al., 1987; Grandjean-
Lécuyer et al., 1993; Girard and Albarède, 1996;
Reynard et al., 1999; Armstrong et al., 2001; Girard
and Lécuyer, 2002; Picard et al., 2002; Lécuyer et al.,
2004). Recent modelling has suggested that strongly
MREE enriched (‘bell-shaped’), shale-normalised abun-
dance patterns were manifested by chemical substitution
during late diagenetic recrystallisation (Reynard et al.,
1999), and has been applied to screen significantly
altered samples (Girard and Lécuyer, 2002; Picard et al.,
2002; Lécuyer et al., 2004).

Shale-normalised REE abundance patterns (Fig. 8) of
the Paleozoic samples analysed in this study show
variable MREE enrichment patterns similar to those
previously described in ancient biogenic apatite (e.g.
Wright et al., 1984, 1987b). Studies of modern pore
water compositions within subsea sediments and inter-
actions at the sediment–water interface have determined
a broad and variable range in REE abundance patterns
that do not represent the overlying seawater composition
(Elderfield and Sholkovitz, 1987; Sholkovitz et al.,
1989; Haley et al., 2004). It is notable that conspicuous
MREE enriched patterns reminiscent of many fossil bio-
apatite REE data including those of this study have only
recently been shown to characterise pore waters within
an Fe-rich anoxic zone of the sediment column (Haley
et al., 2004). In addition, the HREE enriched seawater-
like pattern of the Holocene ichthyolith sample (Figs. 4c
and 8b) does not reflect ambient seawater composition
as the negative Ce anomaly is absent.

The observed ranges in published pore water
compositions suggest that it may now be more
appropriate to attribute variations in REE abundance
patterns (including MREE enriched profiles) of fossil
marine bio-apatites to differences in pore water
composition, with variations reflecting differences in
depth of burial, stage of diagenesis, and depositional
environment. REE abundance patterns may potentially
but indirectly reflect the dominant processes occurring
throughout the water column and subsea sediments,
assuming that subsequent overprinting of initial patterns
is insignificant which is dependent on sample perme-
ability and its diagenetic history.
5. Conclusions

This study demonstrates that LA-ICPMS is well-
suited for in-situ characterisation of conodont geo-
chemistry, yielding continuous compositional depth
profiles through individual conodont elements with
high-spatial resolution. The systematic differences in Y,
REE, Pb, Th, and U concentrations between conodont
tissues, ichthyoliths, and phosphatic brachiopods are
interpreted to reflect postmortem uptake of these
elements as a consequence of the relative permeability
and differing crystalline structure of these bio-apatites.
Significantly lower concentrations and the ∪-shaped
profiles of albid crown contrast with the enriched and
typically uniform (equilibrated) profiles of hyaline and
basal body conodont tissues, the latter being similar to
contemporaneous ichthyolith and brachiopod profiles
and concentrations. The strong linear correlation
between the REE compositions of these histologies
defines albid crown as the low concentration end-
member that suffers the least chemical overprinting
postmortem. Accordingly, albid crown is inferred to be
the least permeable histology and offers the most
potential for preserving [near] primary bio-apatite
compositions.

The particularly high concentrations of many ele-
ments in basal body tissues (and cavities) highlight the
necessity to target appropriate taxa to minimize
contamination. Sample selection should therefore
avoid most panderodontids, especially those with deep
basal cavities, but also with respect to the inherent
structural weakness of the longitudinal furrow that may
serve as a conduit for fluid and dissolved element
migration. It is proposed that large albid denticles and
cusps should be targeted in preference to hyaline crown
if [near] primary bio-apatite compositions are sought,
which requires physical separation of these components
for bulk and wet chemical techniques. For pore water
REE studies, hyaline tissue is more suitable due to its
greater capacity for adsorbing high concentrations of
REE compared to albid crown, however, the relation-
ship between pore water composition and large-scale
seawater signals remains ambiguous.

This study cautions against the indiscriminate use of
fossil biogenic apatite as a paleoproxy for ambient
seawater chemistry and has identified potential sources
of contamination and histologies more susceptible to
diagenesis. LA-ICPMS profiles together with recent
TEM observations (Trotter et al., submitted for
publication) suggest the need to consider tissue
ultrastructure and sample permeability in the context
of diagenesis, to determine its potential for retaining
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primary geochemical signatures. In-situ screening and/
or analysis by laser ablation profiling can be used to
better constrain the diagenetic history and integrity of
the target sample.
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