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Abstract

Diagenesis of bone during fossilization is pervasive, however, the extent of this process varies with depositional environment. This
study quantifies diagenesis of shark vertebral centra through analysis of a suite of physical and chemical characters including crystallinty
index (CI), carbonate content, and elemental concentrations. Although shark skeletons are initially cartilaginous, the soft cartilage of the
vertebral centra is replaced with carbonate hydroxyapatite during growth. Nine vertebral centra are analyzed from lamnoid (Lamnoidea)
sharks ranging in age from the cretaceous to recent using Fourier transform infrared spectroscopy (FT-IR) and inductively coupled plas-
ma mass spectrometry (ICPMS). The variables CI, carbonate content, rare earth element (REE) concentrations, Ca/P, Ba/Ca, Sr/Ba,
(La/Yb)n, (La/Y)n, (La/Yb)y vs. (La/Sm)y, La/Yb, and Ce anomalies elucidate the diagenetic and depositional environments of the
seven fossil vertebral centra. The two extant centra demonstrate the initial, unaltered end-member conditions for these variables.
Two fossil vertebral centra (Carcharodon megalodon and Isurus hastalis) demonstrate a strong terrestrial influence during diagenesis
(distinctive flattening of shale-normalized REE patterns) that masked the seawater signal. Three centra (Carcharodon auriculatus,
Carcharodon angustidens, and Creotxyrhina mantelli) have indications of some terrestrial influx evident by some flattening of the
REE patterns relative to seawater. The terrestrial influence in these five shark centra (C. megalodon, L. hastalis, C. auriculatus, C. angust-
idens and C. mantelli) are interpreted to represent a primarily nearshore habitat for these species. In contrast, the two Otodus obliquus
centra have REE patterns that represent the original seawater signal and have no indications of terrigenous input. These results indicate
that fossil shark vertebral centra have the potential to understand diagenesis and reconstruct paleooceanographic environments.
© 2006 Elsevier Inc. All rights reserved.

1. Introduction come under close scrutiny (Kolodny et al., 1996) because
porous bone is more prone to diagenesis than teeth (Wang
and Cerling, 1994).

There are certain situations in which fossil bone is either

Fossilized vertebrate skeletal tissues, including teeth and
bone, have recently received considerable attention as geo-

chemical archives of paleoecological and paleoenvironmen-
tal information. In these studies, fossil tooth enamel has
been the preferred material for analysis because of the com-
pact, relatively non-porous mineral consisting of >95%
hydroxyapatite. In contrast, some interesting studies of
broad relevance have been presented using isotopic data
from fossil bone (e.g., to reconstruct dinosaur physiology;
Barrick and Showers, 1994). However, these studies have
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the only skeletal material available for study (e.g., in those
vertebrates that lack teeth, such as most birds) or is pre-
ferred because certain skeletal elements archive incremental
growth. One example of an archive of incremental growth
is shark vertebral centra. Although shark skeletons are ini-
tially cartilaginous (a soft supporting tissue that does not
fossilize), the cartilage is replaced in the vertebral centra
with carbonate hydroxyapatite during the growth of the
individual. This growth is periodic, and incremental rings
are called annuli because of their presumed annular cyclic-
ity, although this is not always the case, (e.g., Branstetter
et al., 1987). These growth rings can be easily seen in both
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modern and fossilized shark centra. During a related
research project investigating stable isotopic signatures
archived in fossil shark centra (e.g., MacFadden et al.,
2004), we became interested in the extent of diagenesis
and how it potentially affects the geochemistry of fossil
bone.

The purpose of this study is to quantify diagenesis of
shark bone through analysis of a suite of physical and
chemical characters including crystallinty index (CI), car-
bonate content, and major, minor, trace elemental concen-
trations. The sharks are all from the group known as the
superfamily Lamnoidea (Cappetta, 1987) which includes
the modern great white (Carcharodon carcharias) and six
closely related extinct species ranging in age from Creta-
ceous to Pleistocene. The modern shark species are includ-
ed in this study to provide an unaltered “end-member” in
which initial physical parameters and elemental concentra-
tions can be determined. Lamnoid sharks were selected
because these sharks are widely distributed in space and
time. A broad geographic distribution of fossils should illu-
minate the effects of different degrees and environments of
diagenesis. The vertebral centra were chosen because they
are the primary ossified skeletal tissue that fossilizes in
sharks (i.e., other than teeth).

1.1. Bone chemistry and diagenesis

Stable isotopes and rare earth elements (REE) of bio-
genic apatites have been used for paleoclimatic reconstruc-
tion, to trace ocean currents and water masses, to quantify
redox conditions, for incremental growth studies, and to
reconstruct diet (Piper, 1974; Kolodny et al., 1983; Elder-
field and Pagett, 1986; Kolodny and Luz, 1991; Lécuyer
et al., 1993; Picard et al., 1998, 2002; Shields and Stille,
2001; MacFadden et al., 2004; Pucéat et al., 2004). Partial
or complete dissolution, precipitation, recrystallization,
and ion uptake by adsorption and diffusion may lead to
changes in chemical composition and lattice structure of
biogenic apatite (Reiche et al., 2003). As such, the original
chemical signatures of biogenic apatites may be modified
through diagenesis, resulting in the interpretation of erro-
neous biological signals (Pucéat et al., 2004).

Modern bone is composed of hydroxyapatite (Cas
(PO4)s(OH),) that has small crystallites, large surface
area (200 m*/g; Weiner and Price, 1986) and high organic
content (~35%, principally collagen and water; Williams,
1989; Carlson, 1990; Koch et al., 1992). The high reactiv-
ity of biogenic apatite is due to the small size and high
surface area of the bone hydroxyapatite crystallites (Tru-
eman, 1999). Many substitutions are possible for both
the anions and cations in biogenic hydroxyapatite (Table
1; Nathan, 1981). In modern biogenic apatites, carbonate
(CO5%7) can substitute for either OH™ (A site) or PO~
(B site) but primarily substitutes for the latter (Shemesh,
1990; Lee-Thorp and van der Merwe, 1991; Rink and
Schwarcz, 1995). Substitution of carbonate for phosphate
can distort the crystal lattice and further decrease the

Table 1
Some possible substitutions in the apatite crystal structure

Constituent ion

Ca2+ Na2+ K2+ Sr2+ Mn2+ Mg2+ Zn2+ Ba2+ SC3+
Y3, REEs, U*"

PO~ C0,2", 80,2, Cr0,2~, COyF*~, CO;- OH*", Si0,*

OH™ F~, Cl7, Br, Oy”

Substituting ion

stability of biogenic apatite (Nelson, 1981; Nelson
et al., 1983).

During fossilization the carbonate hydroyxapatite alters
to a more stable form of apatite (francolite or carbonate
fluorapatite) by losing carbonate and hydroxyl ions and
gaining fluoride (Nathan and Sass, 1983; Newsley, 1989;
Greene et al., 2004). The loss of carbonate in francolite
decreases the defects of the hydroxyapatite lattice, resulting
in increased crystal size and stability relative to carbonate
hydroxyapatite (Greene et al., 2004).

Through the processes of diagenesis trace element con-
centrations either increase or decrease relative to those of
unaltered bone (Elderfield and Pagett, 1986; Wright
et al., 1987, Williams, 1988; Grandjean and Albaréde,
1989; Koeppenkastrop and De Carlo, 1992; Grandjean-
Lécuyer et al., 1993; Denys et al., 1996; Hubert et al.,
1996; Laenen et al., 1997; Reynard et al., 1999; Trueman,
1999; Starton et al., 2001). Trace elements are most likely
incorporated into bone apatite during early diagenesis
through substitution. After this initial “recrystallization,”
trace element signatures appear to be stable and resistant
to later diagenesis (Bernat, 1975; Grandjean and Albaréde,
1989; Grandjean-Lécuyer et al., 1993). REE*" jons are sim-
ilar in size to Ca®", consequently they readily substitute
into the Ca site (Whittacker and Muntus, 1970). Because
REE are typically trivalent, introduction of these cations
into the Ca site occurs by coupled substitution, for exam-
ple, REE*" + Na* & 2Ca*",

Adsorption also occurs during diagenesis of biogenic
apatite. Binding is usually weak and reversible and there-
fore ions adsorbed are susceptible to exchange as long as
the crystal surface remains exposed. However, if the in-
ter-crystalline porosity is closed during diagenesis, individ-
ual crystallite surfaces will be closed to further exchange.
Finally, cations (such as Sr>") may be incorporated into
fossil bone via growth of authigenic apatite (Reynard
et al., 1999; Trueman and Tuross, 2001). Ultimately, the fi-
nal trace element composition of the biogenic apatite is
controlled by the concentration of trace elements in the sys-
tem, the apatite—fluid partition coefficient, the chemistry of
the burial microenvironment, bone microstructure, and the
length of exposure (Trueman, 1999).

1.2. Rare earth elements (REE)

REE research on biogenic apatites is currently focused
on the possible uses of the REE signal, determination of
the signal source (i.e. environmental, biological, or diage-
netic), and the processes of incorporation into the fossil



Quantification of diagenesis in Cenozoic sharks 4923

apatite (Henderson et al., 1983; Fleet, 1984; Grandjean
et al., 1987; Wright et al., 1987; Williams, 1988; Trueman,
1996; Trueman and Benton, 1997; Laenen et al., 1997; Rey-
nard et al., 1999; Shields and Stille, 2001; Picard et al.,
2002; Trueman and Tuross, 2001). REE in seawater typi-
cally exist in the 3" oxidation state. One exception is ceri-
um, which can undergo oxidation in seawater from the
solvated 37 state to the relatively insoluble Ce*" state (de-
Baar et al., 1985). Under oxic conditions, Ce*" is readily re-
moved from seawater onto particle surface coatings or into
authigenic minerals (Sholkovitz et al., 1994; Koeppenka-
strop and De Carlo, 1992), resulting in a negative Ce
anomaly (Ce,nom.). In contrast, under reducing conditions
Ce*" is typically released back into the water column or
pore waters (German and Elderfield, 1990). The oceanic
distribution and typical scawater pattern of REE is largely
controlled by adsorptive scavenging by settling particles.
deBaar et al. (1985) illustrated that in both the Atlantic
and Pacific oceans, all REE except Ce increase with water
depth.

Bernat (1975) who described icthyolith (fish teeth) in
which REE concentrations in from the upper-most
600 cm of ocean-core sediments have a bulk REE pattern
similar to overlying waters. These results indicate that bio-
genic apatites incorporate a REE composition at the sedi-
ment/seawater interface during early diagenesis (with
little or no fractionation) and are not prone to late diage-
netic exchange of REE. Two main theories of REE incor-
poration into the biogenic apatite at the sediment seawater
interface have been proposed. Firstly, some have argued
that REE incorporated into biogenic apatite must be trans-
ported by and introduced into fossils directly from seawa-
ter or porewater (Henderson et al., 1983; Williams, 1988;
Trueman, 1996; Trueman and Benton, 1997). However, di-
rect uptake of REE in biogenic apatites from pore waters
and/or seawater raises serious problems. Fossil biogenic
apatites contain several tens to several hundreds parts per
million (ppm) of REE, whereas maximum REE concentra-
tions in pore water and seawater are in the range of parts
per billion (ppb) and part per trillion (ppt), respectively
(Elderfield and Greaves, 1982; Elderfield and Sholkovitz,
1987). Assuming that the REE are taken up directly
through diffusion of pore waters, approximately one ton
(10° kg) of pore water would be required to give the bio-
genic apatite enough REE to fit observed concentrations
(several tens to several hundreds ppm; Grandjean et al.,
1987; Grandjean and Albaréde, 1989; Grandjean-Lécuyer
et al., 1993).

Secondly, Grandjean et al. (1987) proposed quantitative
uptake of non-detrital REE locally released at the sedi-
ment/seawater interface to explain biogenic apatite enrich-
ment. Abundant debris with large surfaces, which easily
adsorb large amounts of REE from seawater, are dispersed
in the oceans and are known to settle to the ocean floor.
Such a rain of REE-rich carriers has been identified in sed-
iment traps (Murphy and Dymond, 1984) and comprises a
variety of inorganic (detrital minerals, oxyhydroxides) and

organic (pellets, organic debris) phases. The decay of the
REE-rich carriers at the sediment/seawater interface asso-
ciated with biogenic apatites and the resulting reducing
conditions eventually cause the dissolution of Fe—-Mn oxy-
hydroxides, which transfer their REE to the recrystallized
biogenic apatite. The transfer of REE from oxyhydroxides
to biogenic apatites occurs within a rather short period of
time (Grandjean and Albaréde, 1989). Upon completion
of the early diagenetic processes and once most oxyhydrox-
ides have dissolved, apatite remains the major non-detrital
REE repository in sediments (Grandjean and Albaréde,
1989). This extension of Bernat’s (1975) model indicates
that for biogenic apatites: (1) the primary source of REE
is seawater, (2) early diagenetic transfer of REE to biogenic
apatites occurs through a short-lived phase consisting of
oxyhydroxides and organic detritus, and (3) REE are
incorporated within a short period of time and do not
undergo late diagenetic exchange.

Variations in host sediments can typically influence the
REE compositions of biogenic apatites due to differences
in permeability, the REE flux from diagenetic fluids ex-
pelled from sediments (diagenetic signal), and organic
and oxyhydroxide contents (Grandjean-Lécuyer et al.,
1993; Lécuyer et al., 2004). Porewater REE are derived
from the surrounding sediments. The higher concentrations
of REE in porewaters relative to seawater will allow fluxes
of REE from sediments to seawater (i.c., diagenetic fluids
that undergo diffusion from sediments into seawater;
Elderfield and Sholkovitz, 1987). Terrestrially derived sed-
iments characteristically have shale-normalized REE
(REEy) that are relatively flat and no Ce,,om. (particularly
from common fine-grained detrital material; Grandjean
et al., 1987). Therefore, the REE contents of biogenic apa-
tites deposited in terrestrially derived sediments (clays and
sands) typically have flattened REEy patterns that are
intermediate between those of seawater and those of shale
(Grandjean et al., 1988; Elderfield et al., 1990). Sediments
that precipitate directly from seawater (carbonates and
phosphorites) with little or no terrestrial input have diage-
netic fluids reflecting the composition of the overlying
water column. Biogenic apatite deposited in these types
of sediments typically show a secawater REE pattern be-
cause the diagenetic signature in the sediments is the same
as the overlying water column (Lécuyer et al., 2004). There-
fore, the REE signature in fossil biogenic apatites results
from a mass balance between the flux of REE from: (1)
decaying organic and oxyhydroxides (primary carriers with
seawater signature), (2) diagenetic fluids that undergo diffu-
sion from sediments to seawater (diagenetic signature), and
(3) rivers (detrital signature; Grandjean and Albaréde,
1989).

There is evidence for REE fractionatation from seawa-
ter during incorporation into biogenic apatites. Reynard
et al. (1999) generated a model in which partition coeffi-
cients of REE between apatites and water for substituted
ions were extrapolated from mineral/melt partition data.
These were compared with available experimental partition
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coefficients for REE adsorption. Reynard et al. (1999) dem-
onstrated that bell-shaped REE patterns (middle REE
enrichment) in fossil apatites are due to fractionation with
seawater or continental fluids at low temperatures. There-
fore, in these cases, the fluid composition can only be deter-
mined if the fractionations are known, in which case the
fluid composition can be backed out.

Of the numerous geochemical variables that are poten-
tially available to quantify diagenesis, CI, carbonate con-
tent, and REE concentrations and ratios seem to be most
promising. Crystallinity index, carbonate content, and
REE are consistent in modern shark centra and alter dur-
ing diagenesis; therefore, modern shark centra provide an
initial end member. In contrast, as demonstrated below,
minor elemental concentrations are highly variable in mod-
ern shark centra and are therefore considered less useful in
assessing diagenesis.

2. Materials and methods
This study analyzes the geochemistry of nine shark cen-

tra (Fig. 1): two modern great whites (Carcharodon carcha-
rias) and seven fossil specimens ranging in age from

Cretaceous to Pliocene (Table 2). The chemical and
mineralogical properties of the nine shark centra were
determined by Fourier Transform Infrared Spectroscopy
(FT-IR) and Inductively Coupled Plasma Mass Spectro-
metry (ICPMS). FT-IR is used here to determine crystallin-
ity and estimate carbonate content. FT-IR has advantages
over X-ray diffraction (XRD) because only a small amount
of sample is required (<1 mg), preparation is easier and
produces more accurate results, and carbonate content
can be determined. ICPMS allows for the determination
of the major, minor, and trace elements in modern and fos-
sil shark centra. ICPMS is a comprehensive technique that
is extremely sensitive, with detection limits in the ppb range
for many elements in aqueous solution. The high level of
accuracy (1-2%) coupled with sensitivity allows analysis
at concentrations ranging over more than nine orders of
magnitude (Montaser, 1998).

2.1. Fourier transform infrared spectroscopy (FT-IR)
Three ~1 mg samples were drilled with a low-speed

Foredom drill from each of the nine centra. Samples were
taken along the growth axes, i.e., one from the center, one

Fig. 1. Nine vertebral centra used in this study. A. Carcharodon carcharias (BTO433, Recent, South Africa) B. Carcharodon carcharias (UF211351,
Recent, USA) C. Isurus hastalis (Pliocene, Peru) D. Carcharodon megalodon (Miocene, Japan) E. Carcharodon angustidens (Oligocene, New Zealand) F.
Carcharodon auriculatus (Oligocene, Belgium) G. Otodus obliquus (Eocene, Morocco) H. Otodus obliquus (Eocene, Morocco) 1. Creotxyrhina mantelli

(Cretaceous, USA).
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Table 2

Lamnoid (superfamily Lamnoidea, sensu Cappetta, 1987) shark specimens used in this study

Species Museum ID*  Locality Age Sediment and depositional environment

Carcharodon carcharias BTO433 E coast, South Africa Recent

Carcharodon carcharias UF211351 Islamorada, Florida Recent

Isurus hastalis UF211358 Pisco Fm., Peru Pliocene Shallow bay sandstone (Brand et al., 2004)

Carcharodon megalodon SM120A Saitama Prefecture, Japan Miocene Nearshore sandy siltstone (Hayashi et al., 2003)

Carcharodon angustidens ~— OU22261 Kokoamu Greensand, New Zealand  Oligocene Shelf glauconitic sand (Ayress, 1993)

Carcharodon auriculatus EF809A Brussels Sand, Belgium Oligocene Near shore shelf sandstone (Hooyberghs, 1990 and
Herman et al., 2000)

Otodus obliquus UF162732B QOued Zem, Morocco Eocene Shelf phosphorite (Lancelot and Seibold, 1978)

Otodus obliquus UF162732D Oued Zem, Morocco Eocene Shelf phosphorite (Lancelot and Seibold, 1978)

Creotxyrhina mantelli UF211357 Niobrara Fm., Kansas Cretaceous  Shallow epicontinental sea outer shelf chalky shale

(Hattin, 1981)

& Abbreviations: BTO, Natal Sharks Board South Africa; EF, Belgium Museum of Natural History, Belgium; OU, University of Otago Department of
Geology New Zealand; UF, Florida Museum of Natural History Florida; SM, Saitama Museum Natural History, Japan.

from the middle, and one from the edge of each centrum.
Potassium bromide (KBr) pellets were prepared using the
method discussed in MacFadden et al. (2004). Infrared
spectra were obtained between 4000 and 400 cm™' on a
FT-IR Nicolet 20 SXB Bench housed at the Major Analyt-
ical Instrument Center in the UF Material Science and
Engineering Department. Interferences from KBr were
cancelled by subtracting a standard KBr spectrum from
the sample spectra. The crystallite size of biogenic apatite
can be determined by calculating the CI from the extent
of phosphate peak splitting at 565-605 cm ! in an FT-IR
spectrum and is calculated by CI = (Agps + Ases5)/(Asos),
where Ax is the absorbance at wave number x (Shemesh,
1990), assuming a straight baseline between 700 and
500 cm~'. Apatites with larger, more ordered crystals show
greater separation of these peaks and a higher CI (She-
mesh, 1990; Wright and Schwarcz, 1996). An estimate of
the carbonate content is given by the absorption ratio of
the height of the carbonate peak at 1428 cm ™! to the height
of the phosphate peak at 1042 cm ™' of the FT-IR spectrum
(Featherstone et al., 1984; Lee-Thorp and van der Merwe,
1991; Stuart-Williams et al., 1996; Wright and Schwarcz,
1996).

2.2. Elemental analysis (ICPMS)

Approximately 6 mg of bulk sample was drilled with a
slow-speed Foredom drill from each of the nine centra.
Exactly 5mg of each sample were weighed out and
placed into 3mL Savillex vials, dissolved in 1 mL of
3 M HNOs;, and heated overnight. Samples were allowed
to cool and then were dried on a hot plate. Next, 2 mL
of 1% HNOj; were added, heated overnight, and allowed
to cool. Samples were analyzed on an element 2 high res-
olution inductively coupled plasma mass spectrometer
(HR-ICP-MS) at the Center for Trace Element Analysis
at the University of Southern Mississippi. Only seven of
the 14 REE (La, Ce, Nd, Sm, Gd, Dy, and Yb) were
analyzed because these seven are used most often when
analyzing diagenetic signals in biogenic apatites. All sam-
ples were corrected for: (1) for instrumental drift based

on internal machine standards that were analyzed during
the run [initial quantification based on comparing the
corrected ion counts of the samples with ion count for
the standards], (2) ion counts to a constant response to
the known amount, and (3) a blank. Rare earth elemen-
tal concentrations are shale-normalized to PAAS
(Post-Archean Australian Shale Standard) in order to
illuminate enrichment-depletion trends relative to average
crust (e.g., Grandjean et al., 1988; Elderfield et al., 1990;
Grandjean-Lécuyer et al., 1993; Reynard et al., 1999;
Trueman and Tuross, 2001). The Ce,nom. Was calculated
from Ce,nom = Log[3Cen/(2Lay + Ndy)] (Elderfield and
Greaves, 1982).

3. Results
3.1. Mineralogical changes

FT-IR spectra of the modern and fossil shark centra are
shown in Fig. 2. Both the modern and fossil samples have
the same characteristic absorption bands as the FT-IR
spectra of synthetic apatites containing CO;>~ at both A-
and B-sites (Bonel, 1972). The FT-IR spectra for modern
specimens are characterized by large H>,O bands (which
usually mask the OH™ band at 3567 cm ') and the pres-
ence of organics represented by the three amide group
bands (amide I 1660 cm ™!, amide IT 1550 cm ™!, and amide
III 1236 cm™'). The FT-IR spectra for the fossil specimens
are characterized by reduced H,O bands and absence of
one or more of the amide group bands (Fig. 2). There
are three prominent phosphate (PO,*~) absorption bands
(with the main absorbance band at 1041 cm™"' and a dou-
blet at 605 and 568 cm™') (Shemesh, 1990). In the modern
specimens, the 605cm™' absorption band has a smaller
intensity than the 568 cm ' band, whereas in fossil speci-
mens the 605 cm™~! band has a greater intensity than the
568 cm ™! band (Fig. 3). The modern specimens have a
mean CI of 2.83. In contrast, the CIs of fossil specimens
are higher, with a range from 3.19 to 5.39 (Table 3;
Fig. 4). B-type carbonate substitution (replacement of
PO43~ by CO5%"; Shemesh, 1990; Dahm and Risnes,
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Fig. 2. FT-IR spectra of all nine shark vertebral centra illustrating the differences from modern (top two) to fossil biogenic apatites.

568 cm-1

Absorbance

Wavenumber (cm1)

Fig. 3. FT-IR spectra from 400 to 850 cm™!, illustrating the v4 PO~
band differences between modern (solid line) to fossil (dashed line) shark
centra.

1999) is represented by a set of absorption bands at 1460,
1428, and 870 cm™'. Carbonate content is much greater
in modern specimens (0.35 and 0.43) than fossil specimens
(range from 0.10 to 0.29) (Table 3; Fig. 4). The lack of the
713 cm™' absorbance band in all samples indicates that
there is no authigenic calcite present, and the 1092 cm ™!
band, which is found only in the fossil specimens, demon-
strates the presence of fluorine (Fig. 2).

3.2. Elemental concentration

The effects of diagenesis on elemental concentrations can
be assessed by comparing the modern unaltered centra with
the altered fossil centra. This is illustrated by the isocon
plots (Grant, 1982) in Fig. 5. The linear trends (labeled iso-
con in Fig. 5) are the mean of the two modern shark centra
elemental compositions and represent no elemental loss or
gain during diagenesis. The modern major and minor ele-
ments vary significantly (Table 3), therefore the gray shaded
area in Fig. 5 (Top) represents the range for the isocon.
Most of the fossil sharks have Ca, P, Zn, Si, Pb, and B con-
centrations comparable to the modern sharks (Fig. 5, Top).
Three fossils have minor element concentrations of Mg, Sr,
and Pb within the modern range (Fig. 5, Top). No fossil
specimens have Na, Fe, Al, and Ba concentrations within
the modern range (Fig. 5, Top). As seen in Fig. 5 (Middle),
diagenesis results in enrichment of Y, U, and REE of the
fossil specimens relative to the modern specimens. Fig. 5
(Bottom) shows that the Ba/Ca ratios for the fossils are
higher than those of modern sharks because diagenesis
has significantly enriched Ba (one to two orders of magni-
tude greater in fossils than modern shark centra). The fossil
Ca/P ratios are slightly higher (0.2-0.5) than modern sharks
(Fig. 5, Bottom), which suggest that little or no authigenic
apatite has been added during diagenesis.

The REEy of the shark centra are enriched relative to
seawater by about 10° to 107 (Fig. 6), but the overall pat-
terns for the modern shark centra, and fossil Otodus obliqu-
us, Carcharodon angustidens, and Creotxyrhina mantelli are
similar. The REEy patterns of Carcharodon megalodon and
Isurus hastalis do not resemble seawater but are shale-like.



Table 3

Geochemical and mineralogical data of the nine shark vertebral centra

Al Si Mn Ba Pb

Zn Fe Sr

Na

Mg

Ca

Specimen

0.56
0.62
9.94
16.14
75.95

21.11

9.10
23.67
46.98

9.11

47.03

1.47
1.98

30.58
444 4

4.80
12.40

17722 1133.63 352.49 266.01 28.79
1663.73
494.58

523.90
3408.42

904.81
2318.75

4053.43

1752.92
4239.83

59982.29
115697.43
132370.77

73202.72
131144.18
179681.8

C. carcharias (BTO433)
C. carcharias (UF211351)

L hastials

189.56
2999.15

644.75

1031.19

314.31
2242.55

3446.91
18385.18

13.65
9.85

29.7

118.19

449.63

5234.07
1521.44

2027.38

49.75

57548  2790.39 239.2 1716.62  2592.67 54398 66791

1417.02

1540.86
1879.76
1600.81

78068.01

129279.7

C. megalodon
C. auriculatus
C. angustidens

24.52

26.17

519.99 373.34 953.66 31.74
11.03
3.78
3.21
10.19

183.95

957.9

61402.78

88019.48
101257.9

17.91
17.46
21.55
19.97

2.58
8.11
7.96
4.72

24.58

883.87 588.53 512.99 568.73 117.64

18.78
942 44

489.84
1029.25
1149.30
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Fig. 4. Carbonate content (C/P) vs. Crystallinity index (CI) of the nine
shark vertebral centra.

All samples have a negative Ce,,om. (Table 3), with samples
C. carcharias (BTO433) and O. obliquus being most nega-
tive (—0.73 and —0.85, respectively). The modern specimen
UF211351, which was caught off the east coast of Florida,
has depleted heavy REE (HREE), higher Ce concentration,
a small negative Ce,nom., and a lower (La/Sm)y ratio than
BTO433 (Figs. 6 and 7). The fossil specimen O. obliquus is
slightly enriched in HREE and has a similar REEy pattern
to C. carcharias (BTO433) and seawater but with enriched
concentrations (Fig. 6A). O. obliquus is the only sample
that has a (La/Sm)y ratio greater than C. carcharias
(BTO433), while all other fossil samples have (La/Sm)y
ratios lying between those of the modern specimens
(C. carcharias; Fig. 7). The fossil specimens Carcharodon
auriculatus, C. angustidens, and C. mantelli have similar
REEy patterns to C. carcharias (UF211351) and seawater
but show some flattening of the REEy patterns relative to
seawater (Fig. 6B and C). C. auriculatus and C. megalodon
are slightly depleted in HREE, whereas I. hastalis has a flat
pattern (Fig. 6C and D).

The expected fractionation effects from adsorption and
substitution can be depicted in a plot of (La/Yb)y against
(La/Sm)y (Fig. 7). The La/Sm ratio is little affected by
adsorption but will increase through substitution. Con-
versely, the La/Yb ratio is little affected by substitution
but will increase if the adsorption dominates (Reynard
et al, 1999). The modern specimen C. carcharias
(BTO433) has (La/Sm)y and (La/Yb)y ratios of 1.5 and
0.5, respectively, which overlap with oceanic water ratios.
The other modern specimen, C. carcharias (UF211351)
and fossil specimen C. angustidens have (La/Sm)yn and
(La/Yb)y ratios of 0.6 and 0.6, 0.8, and 0.8, respectively,
which overlap with coastal water ratios. The fossil speci-
mens C. auriculatus, 1. hastalis, and C. megalodon all have
higher (La/Yb)y ratios (1.3, 1.9, and 1.5) than all other
specimens and seawater. Another fossil specimen, O. obli-
quus, has a higher (La/Sm)y ratio (2.0) than seawater
and has a (La/Yb)y ratio (0.6) that overlaps with coastal
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Fig. 5. Isocon plots (Grant, 1982) depicting variations in fossil elemental
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area (isocon) represents the variation between the elemental concentra-
tions in the two modern shark centra. The isocon lines in the middle and
bottom plots are the mean of the elemental concentrations in the two
modern shark centra.

waters. Finally, the fossil specimen, C. mantelli has a (La/
Yb)y ratio (0.7) that is higher than oceanic water and a
(La/Sm)y ratio (1.3) that is higher than coastal waters.
The differences in the REEy patterns and ratios have sig-
nificance for interpretations of both diagenesis and paleo-
oceanography as will be described below.

4. Discussion
4.1. Mineralogical characterization of centra
In contrast to the modern specimens, the fossils have

lost most, if not all, of their organic content through dia-
genesis and therefore contain less absorbed (3430 cm !

band) and structural H,O (3330 cm~! band; Holcomb
and Younf, 1980; Michel et al., 1995). The weak intensity
of the absorption band near 1660 cm™', corresponding to
vCONH of the amide group (amide I), and the absence
of the two other amide bands (amide II and III) signify a
significant loss of organics in the fossils (Reiche et al.,
2003). The FT-IR spectra of the modern specimens show
prominent amide I, II, and III bands and thus indicate
the presence of organic matter (Reiche et al., 2003).

When comparing the two modern specimens, the CIs are
similar, but the carbonate content differs, with the South
African C. carcharias (BTO433) having a higher carbonate
content than the one from Florida. This may be due to: (1)
natural variability within a shark species, or (2) overlap-
ping absorption peaks that have both carbonate substitu-
tion in the A-site for OH™ and B-site for PO/ (i.e.,
peaks 1460 and 870 cm ™) that are not included in the esti-
mation of carbonate content. Because the carbonate con-
tent is only normalized by a phosphate peak, the use of
A-site substituted carbonate would not be an accurate rep-
resentation of carbonate content. Typically in modern
specimens the OH~ band at 3567 cm™ ' is masked by the
water bands and is completely absent in fossil specimens
(Fig. 2), making it difficult to use as a normalizer. Lower
C/P and higher CI in fossil specimens (Fig. 4) indicate dia-
genetic loss of carbonate during recrystallization and pos-
sibly dissolution of the mineral phase.

4.2. Implications for diagenetic and biological signal
reconstruction

The two modern shark specimens (Fig. 6) have similar
REEyN patterns to seawater; however, C. carcharias
(BTO433) from South Africa has a more negative Ce,pom.
and greater HREE enrichment than UF211351 from Flor-
ida. The larger negative Ce,,om. in C. carcharias (BTO433)
may indicate that sharks from the coast of Africa live and/
or spent most of their time at greater depths than sharks
from the east coast of North America.

The REEy patterns for the fossil specimens (Fig. 6) may
be divided into four groups. The first group, which includes
the two O. obliquus specimens, has seawater-like REEy
patterns similar to the modern shark pattern of BTO433
(Fig. 6A) and shows a minimum at Sm (disregarding Ce)
and a large Ce,nom. (greater than —0.3). The seawater-like
pattern indicates that REE enrichment during diagenesis
involved quantitative uptake of REE without fraction-
ation. Reynard et al. (1999) demonstrated that MREE
enrichment (bell-shaped pattern) is related to recrystalliza-
tion of biogenic apatite and, therefore, is controlled by the
fractionation of REEs between apatite and seawater or
porewaters. Thus, there was no absorption taking place
and no indication of a diagenetic signature (flattening of
the REEy patterns; Grandjean et al., 1987), and the REE
did not undergo fractionation with seawater (i.e., there is
no MREE enrichment or bell shaped pattern; Reynard
et al., 1999). The La/YDb ratio of ~7 and a larger negative
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Fig. 6. REEy (normalized to PAAS) of the nine vertebral centra divided into four diagenetic groups. Seawater is mean seawater (Elderfield and Greaves,
1982) and multiplied by 10® and modern specimens UF211351 and BTO433 are multiplied by 10".

Ce.nom. Indicates deposition in an environment with a
deepwater influence (Grandjean et al., 1987; Grandjean
et al., 1988; German and Elderfield, 1990; Piepgrass and
Jacobsen, 1992). Cappetta (1981) showed that early Eocene
(Ypresian) fish associations from Oued Zem in the Ouled
Abdoun basin (i.e., the location of O. obliquus) indicate
greater depth than previous geologic periods. This is con-
sistent with results from DSDP Leg 41 off the Moroccan
coast that have identified the onset of abundant chert depo-
sition during the early Tertiary reflecting input of cold bot-
tom water (Lancelot and Seibold, 1978). All this evidence
supports an influence of deepwater during the diagenesis
of O. obliquus. The original REE signal of the two O. obli-
quus centra have been replaced during diagenesis at/or near
the sediment/seawater interface with the deeper seawater
signal present at time of deposition of the centra.

The second group (Fig. 6B), which includes C. angusti-
dens and C. mantelli, have REEy patterns similar to that
of the modern shark UF211351 and close to seawater but
with some flattening. Both C. angustidens and C. mantelli
have a minimum at Nd (disregarding Ce), no MREE
enrichment (which indicate fractionation), (La/Yb)yn and
(La/Sm)y ratios that fall within or just outside of coastal
waters (Fig. 7), and small negative Ceunom. (less than

—0.3). C. angustidens from New Zealand was deposited
in glauconitic shelf sand (Kokoamu Greensand) at a shal-
low-water depth estimated to be 50-100 m. The presence
of glauconite indicates slow sedimentation and low inputs
of detritus from land. During the Oligocene, New Zealand
was generally of low elevation and almost fully submerged
(Ayress, 1993); therefore, the diagenetic signature was only
slightly influenced by terrestrial sediments. This interpreta-
tion is supported by minor flattening of the C. angustidens
REEy pattern relative to seawater. C. mantelli was depos-
ited in the Smoky Hill Chalk Member of the Niobrara For-
mation at a water depth estimated between 30 and 180 m
(Hattin, 1981). The sediments of the Smoky Hill Chalk
Member are from the mid to outer shelf of the Cretaceous
epicontinental seaway. Only a small amount of terrestrial
input has influenced the diagenetic signature, which
accounts for the slight flattening of C. mantelli REEy pat-
tern. Neither C. angustidens nor C. mantelli show any indi-
cation of REE fractionation (“bell-shaped” REEyn
pattern). The third group, which consists of C. auriculatus,
shows a minimum in HREE, a REEy pattern similar in
some characters to both seawater and the modern shark
pattern of UF211351 (Fig. 6C), and no MREE enrichment.
The third group is also characterized by a (La/Yb)y ratio
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Reynard et al., 1999). *Jurassic fish and reptile teeth (Picard et al., 2002);
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and Albaréde, 1989); € Cretaceous reptile and dinosaur bones (Samoilov
and Benjamini, 1996) and Jurassic coprolites (Kemp and Trueman, 2002);
O, North Atlantic seawater from 0 to 4000 m depth (Elderfield and
Greaves, 1982), Southern Ocean from 0 to 4000 m depth (German and
Elderfield, 1990) and North Pacific surface and deepwater (Piepgrass and
Jacobsen, 1992); @, bottom waters (German et al., 1991); ], coastal
waters (Elderfield and Sholkovitz, 1987) and coastal waters (Hoyle et al.,
1984); —, Scotland river waters (Hoyle et al., 1984); @, anoxic waters
(Elderfield and Sholkovitz, 1987); and current research, A and M, C.
carcharias, X, I hastalis, {, C. angustidens, /\, C. auriculatus, O, C.
megalodon, (] and &, O. obliquus, and +, C. mantelli. Oceanic, Coastal,
and Continental boxes are based on values given by Reynard et al. (1999).
Black circles indicate samples with seawater-like REEy patterns, gray
circles indicate sample with shale-like REEy patterns, and dashed circles
indicate samples with mixed seawater- and shale-like REEy patterns.

above marine and continental waters, a (La/Sm)y ratio
within coastal and oceanic waters (Fig. 7), and a small neg-
ative Ce,pom. (less than —0.3). The C. auriculatus centrum
was deposited in the Brussels Sand in a shelf/nearshore
environment (Hooyberghs, 1990; Herman et al., 2000).
The REEy pattern is flattened relative to modern seawater
and has a minimum in HREE, which indicates the presenc-
es of a diagenetic signature resulting from terrestrial influ-
ence of the fluids that have undergone diffusion from the
sediments into the water column. As such, this centrum
preserves a mixture of the seawater and diagenetic signal
at time of deposition. C. angustidens (group 2), C. mantelli
(group 2), and C. auriculatus (group 3) centra can be used
for paleoceanographic and paleoenvironmental reconstruc-
tions, but with caution, because they do have a combina-
tion of seawater and diagenetic signals.

The fourth group (Fig. 6D), which consists of C. megal-
odon and I. hastalis, shows a minimum at Yb, either flat
REEy pattern or a maximum in the heavy MREE (Gd),
and high (La/Yb)y ratios (Fig. 7). The C. megalodon cen-
trum was deposited in sandy siltstone near the current
day Kanto Mountains in Japan (Hayashi et al., 2003).
The REEy pattern of this C. megalodon is almost com-

pletely flat, indicating an extensive diagenetic signature
influenced from terrestrial sediment. The I hastalis cen-
trum was deposited in a shallow bay sandstone and has a
flat REEy pattern (strong detrital signature), indicating
that the major REE source during early diagenesis was
continental/river water. This is supported by fresh-water
diatoms in the sediments of the Pisco Formation (Brand
et al., 2004). The high (La/Yb)y ratios in C. megalodon
and I hastalis (Fig. 7) can likewise be explained by the
extensive terrigenous influence (Grandjean et al., 1987).
C. megalodon and I hastalis do not show any indications
of fractionation of REE (“bell-shaped” REEy pattern).
These two centra indicate the quantitative intake of REE
during early diagenesis with a strong influence of terrestrial
sediments in a near-shore environment. They are not useful
in global paleoceanographic reconstruction, although they
nevertheless record the diagenetic signature of the local
sedimentary environment and confirm marginal marine
conditions.

5. Conclusions

While certain variables independently provide informa-
tion about diagenesis, the simultaneous use of crystalinity
index, carbonate content, and elemental concentrations
has the potential to more fully elucidate depositional envi-
ronment and diagenesis. Diagenesis resulted in these seven
fossil shark centra the incorporation of a combination of
seawater signal, diagenetic signal (diagenetic fluids expelled
from sediments), and detrital signal (river water) at the sed-
iment/seawater interface. These seven fossil specimens do
not have MREE enrichment, which occurs due to fraction-
ation with seawater during recrystallization of the apatite
(Reynard et al., 1999). Instead, the REE seawater signature
was incorporated into the biogenic apatite via a transfer
(without fractionation) from a short-lived phase made of
oxyhydroxides and organic detritus. The diagenetic signa-
ture is caused by the development of porewater concentra-
tion gradients, which allow fluxes of REE from sediments
to seawater (Grandjean et al., 1987). The amount of terrig-
enous input and therefore the resulting diagenetic signature
controls whether the REEy patterns and Ce,,o, reflect the
original seawater signal at time of deposition for these fos-
sil shark centra. This is clearly seen for I hastalis, and
C. megalodon, with centra that have a strong continental
diagenetic signature that disrupts the seawater signal and
Ce.nom.. In contrast, the two O. obliquus centra preserve
the original REE seawater signal at the time of deposition
and have no indication of diagenetic signature influenced
by terrigneous sediments. The remaining three centra
(C. angustidens, C. megalodon, and C. auriculatus) have
diagenetic signatures with some influence from terrestrial
sediments evidenced by the slightly flattened REEy pat-
terns. These latter kinds of samples require caution when
interpreting Ce,,om. because it is difficult to determine
how much these anomalies have been overprinted by diage-
netic signal. Hence, the lack of a negative Ce,,om. does not
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necessarily indicate an anoxic environment but may repre-
sent a strong continental influence in the depositional envi-
ronment. In summary, geochemical data from biogenic
apatite of fossil marine vertebrates, such as lamnoid
sharks, have the potential to be used to understand diagen-
esis, depositional environments (local controls), and/or
paleoceanography (global controls).
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