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ABSTRACT

We present evidence of exceptional preservation in the nacre and prismatic layers of a 66
Ma bivalve shell using photoemission electron spectromicroscopy (PEEM). PEEM is a novel
method to assess in situ the quality of mineralogical and organic preservation. The analysis
is non-invasive and non-destructive, providing spatially explicit maps of microstructure,
organics and mineral components, and the crystallographic orientation in mollusk shells.
Comparison of a Late Cretaceous and a modern shell demonstrates that the 66 Ma shell
(1) preserves original aragonite and calcite crystals in nacre and prismatic layers, respec-
tively, (2) maintains nearly identical mineral microstructure and crystal orientations, and
(3) preserves interprismatic proteins. Remarkably, interprismatic proteins are preserved with
intact peptide bonds, and suggest an abundance of the amino acid glycine. These findings
in a 66 Ma shell support the exceptional quality of organic preservation documented here,
which may prove to be relatively common among fossil shells that preserve nacre. PEEM
analysis is useful for understanding taphonomic processes influencing shell and molecular
fossil preservation over geologic time scales, and contributes to our knowledge of molluscan

physiology, biomineralization, evolution, and diagenesis.

INTRODUCTION

The quality of fossil preservation is a cen-
tral question in paleobiology, underpinning
hypotheses, analyses, and interpretations of
data, whether morphological, biogeographic,
geochemical, ecological, or evolutionary. Here
we examine the preservation of a 66 Ma marine
mollusk shell through analysis of its shell micro-
structure and interprismatic organic constituents,
and compare these to a modern shell. Polypep-
tide chains in fossil organic matrices were first
reported in brachiopods by Jope (1969) and in
mollusks by Grégoire and Voss-Foucart (1970).
In most previous studies, the fossil was deminer-
alized to extract the organic matrix for analysis,
thus information regarding the shell microstruc-
ture and the location of protein residues was lost;
these analyses are also susceptible to lab con-
tamination. More recently, peptide bonds and
chitin-protein complexes have been observed
in Jurassic dinosaur bone collagen and Paleo-
zoic arthropod cuticle, respectively (Cody et al.,
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2011; Lee et al., 2017; Schroeter et al., 2017).
Amino acid and protein residues have also been
documented in Pleistocene horse bone (Orlando
etal., 2013). In situ protein chains have not been
definitively described in the biominerals of pre-
Cenozoic marine mollusks—perhaps the most
abundant animal fossils (although, see Zhao et
al. [2003] for a disputed example). Indirect evi-
dence of proteins in Cretaceous mollusks (e.g.,
De Jong et al., 1974; Weiner et al., 1976) has
been inferred from chromatography and immu-
noreactivity experiments (however, see Muyzer
and Westbroek [1989] for a spatial analysis
of Pleistocene biopolymers in bivalves using
immunohistochemical staining).

Most previous work focused on specimens
from fossil Lagerstdtten, deposits with excep-
tional preservation that may include soft parts
(e.g., Grégoire and Voss-Foucart, 1970; Weiner
etal., 1976; Cody et al., 2011). In contrast, we
observe preservation of interprismatic organics
in a mollusk shell that preserves nacre (termed
here the “nacre-grade” taphonomic window)
from an otherwise unexceptional geologi-
cal setting. Although less resilient than shells

© 2018 Geological Society of America. For permission to copy, contact editing@geosociety.org.

composed solely of calcite, nacreous shells
extend back to the Paleozoic (Vendrasco et
al., 2013) and are not uncommon in the Meso-
zoic (Gilbert et al., 2017). Nacre preservation
does not represent an extreme or rare quality of
preservation; therefore, the organic compounds
observed in the interprismatic matrix (IM) may
prove to be relatively common among fossil
mollusk shells with nacre. A better understand-
ing of the quality of nacre-grade preservation
may aid research in geochemistry, paleobiol-
ogy, and taphonomy by, for example, improving
confidence in stable isotope values of nacreous
materials, inferences on the evolution of shell
morphology or biomineralization, and compari-
sons between taxa in the same taphonomic win-
dow (e.g., Weiner et al., 1976; Schweitzer, 2004;
Gilbert et al., 2017).

METHODS

Two specimens of bivalve shell were ana-
lyzed here: one Pinna nobilis (Harvard Museum
of Comparative Zoology sample MCZ-371544)
collected live in 1991, and one Pinna sp.
(American Museum of Natural History sample
AMNH-99982) from the Late Cretaceous Owl
Creek Formation, Mississippi, USA (ca. 66 Ma).
Both specimens were prepared for analysis fol-
lowing standardized methods, and analyzed as
described by Gilbert et al. (2017), using photo-
emission electron spectromicroscopy (PEEM).
PEEM enables acquisition of X-ray absorp-
tion near-edge structure (XANES) spectros-
copy (Stohr, 2013) and polarization-dependent
imaging contrast (PIC) mapping (Gilbert et al.,
2011); it is possible to observe characteris-
tics of shell microstructure, mineralogy, and
organic compounds within the same experi-
ment. XANES spectroscopy via PEEM non-
destructively identifies minerals and organics
in situ using spatially explicit high-resolution
spectroscopy (Metzler et al., 2010). Thus, the
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Figure 1. Polarization-dependent imaging contrast (PIC) maps of modern and fossil Pinna
shells. Colors indicate the in-plane angles, and brightness indicates the off-plane angles
formed by the crystallographic c-axis and the polarization plane.The c-axis projected onto the
polarization plane is termed the c’-axis, and the angle it forms with the vertical in the polar-
ization plane is termed the ¢’ angle. See the Data Repository [footnote 1] for more detail on
this method. A: Modern Pinna nobilis; prismatic calcite at the center, nacre at top and bottom.
B: Late Cretaceous Pinna sp.; prismatic calcite at bottom, nacre on top. Specimen insets are
shown with greater detail in Fig. DR1 (see footnote 1). Figure 2 spectra were extracted from
regions “a” (aragonite),‘c” (calcite), and along the white lines.

likelihood of lab contamination is minimized
(Lee et al., 2017). Analyses were run on beam-
line 11.0.1.1 and the PEEM-3 microscope
at the Advanced Light Source, Lawrence
Berkeley National Laboratory (California,
USA). PEEM was used in two modes: (1) as

A. Oxygen K-edge

Normalized Intensity (arbitrary units)

T

a spectromicroscope to identify organics or
minerals (carbon K-edge and oxygen K-edge
XANES, respectively), and (2) as a PIC map-
per to measure crystal orientations. Analytical
methods are described in detail in the GSA Data
Repository!, and by Gilbert et al. (2017).

B. Oxygen K—edge“

530 535 540 545 550

535 540 545 550

Photon Energy (eV)

RESULTS

Figure 1 shows PIC maps of modern and Late
Cretaceous Pinna shells, highlighting nacre tab-
lets and calcite prisms. Whereas calcite prisms
have randomly oriented crystals, aragonite
crystals in nacre can be initially mis-oriented
near the nacre-prismatic boundary, but gradu-
ally become co-oriented within +15° (Gilbert et
al., 2008; Olson et al., 2013). This is visible at
the top of both panels in Figure 1 (tablet colors
vary only between greenish- and bluish-cyan).
Comparison of the modern and fossil specimen
demonstrates nearly identical shell microstruc-
ture, including morphology and orientation of
all crystals. This finding highlights the excellent
quality of preservation in the fossil shell.

Figures 2A and 2B show oxygen K-edge
XANES spectra extracted from the regions
labeled in Figure 1. These spectra demonstrate
that prisms and nacre tablets are indeed calcite
and aragonite, respectively. The peaks between
535 eV and 545 eV vary diagnostically between
calcite and aragonite. These peaks represent the
transition between core shell electrons (1s) to
the anti-bonding (*) sigma () molecular orbital.
The core electrons are in the oxygen (O) when
this is double-bonded to carbon (C, thus C=0).
The transition is abbreviated O 1s — o%_, . We
observe the characteristic 3 6* peaks in calcite
and 5 o* peaks in aragonite (arrows in Figs. 2A
and 2B). The 6* peak intensities are always anti-
correlated with those of * peaks (anti-bonding
[*] pi orbital [r], abbreviated n*), and depend on
crystal orientation for both calcite and aragonite
(Gilbert et al., 2017).

"Carbon k—edgé

Late Cretaceous

1 1 1 1
285 286 287 288

290 295 300

Figure 2. Oxygen and carbon K-edge X-ray absorption near-edge structure (XANES) spectra. Oxygen spectra were extracted from the “a” and
“c” regions in Figure 1 for the modern (A) and fossil (B) shell; carbon spectra (C) were extracted from the white lines in Figure 1. In A and B,
downward arrows indicate the 5 ¢* (anti-bonding [*] c molecular orbital) peaks diagnostic of aragonite, and upward arrows indicate the 3 ¢*
peaks diagnostic of calcite. In C, the ©n* (anti-bonding = orbital) peak positions are 285.1 eV (C=C), 287.1 eV (C-H), 288.1 eV (C=0) (magnified
in the inset); the ¢* peak is at 289.5 eV (C-H) (C—carbon; H—hydrogen; O—oxygen). Arrows indicate peaks that increase or decrease when

comparing the fossil to the modern shell.

!GSA Data Repository item 2018258, detailed description of analytical methods, and Figure DR1 (detailed images of specimens, including location and size of
analyzed samples), is available online at http://www.geosociety.org/datarepository/2018/, or on request from editing @ geosociety.org.
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The unexpected observation of such excellent
microstructure preservation (Fig. 1) prompted us
to analyze the organics also using PEEM. Figure
2C shows carbon K-edge XANES spectra exclu-
sively from organics in Figure 1 (white lines).
The comparison of modern and Late Cretaceous
spectra reveals that both are characteristic of
proteins. This includes the expected w* peaks at
285.1,287.1, and 288.1 eV (C 1s »m¥_., C Is
— w¥_, and C 1s — ¥_ transitions, respec-
tively), and the 6* peak at 289.5 eV (C 1s —
G, transition), which are diagnostic for amino
acids (e.g., Boese et al., 1997; Kaznacheyev et
al., 2002; Myneni, 2002; Benzerara et al., 2006).
The energy of the peak associated with the C=0
bond is unusually low, at 288.1 eV. Separate
amino acids exhibit this peak at 288.6 eV (Kaz-
nacheyev et al., 2002; Myneni, 2002), whereas
amino acid chains in proteins shift this peak to
288.2-288.6 eV (e.g., Boese et al., 1997; Gor-
don et al., 2003; Brandes et al., 2004). A shift to
288.0-288.2 eV has been considered diagnostic
for a protein-dominated sample (Brandes et al.,
2004). Therefore, we observed not only amino
acids, but extended peptides or protein chains
that remain bonded after 66 m.y.

DISCUSSION

High-resolution PIC mapping and spectros-
copy using PEEM analysis reveals significant
similarities in shell microstructure and mineral
composition between modern and ancient pin-
nid bivalve shells. A detailed comparison of the
carbon K-edge XANES spectra from modern and
Late Cretaceous IM shows some evidence of dia-
genetic alteration in the fossil shell (Fig. 2C):
(1) The region of the spectrum between 289 and
300 eV associated with various amino acid side
chains (Kaznacheyev et al., 2002) is enriched
in the modern shell relative to the fossil; (2) the
C=O0 and C-H peaks are both depleted in the Late
Cretaceous shell with respect to the modern; and
(3) the C=C peak is enhanced in the Late Cre-
taceous shell, due to the conversion of aliphatic
(C-H) and carboxylic (C=0) carbon to aromatic
(C=C) groups, as expected during diagenesis,
and observed in plants and other fossils (e.g.,
Hare and Hoering, 1977; Boyce et al., 2003).

Despite this, the nearly identical energy posi-
tion of the C=0 peak at 288.1 eV in both shells
demonstrates that we observe intact peptides pre-
served in situ over 66 m.y. Separate amino acids
exhibit this peak at ~288.6 eV (Kaznacheyev et
al., 2002; Myneni, 2002; Benzerara et al., 2006),
whereas protein chains shift this peak to between
288.0 and 288.3 eV (Boese et al., 1997; Gor-
don et al., 2003; Brandes et al., 2004), due to
de-shielding of the C=0 group in a peptide
bond, which lowers the peak energy (Boese
et al., 1997; Gordon et al., 2003). Further, the
observation of the C=0 peak below 288.3 eV
is quite unusual. There is evidence that glycine-
rich peptides could induce a C=0 peak nearing

this energy position. Detailed spectroscopy of
glycine peptides showed that there is a shift of
the C=0 peak position, from 288.6 eV for gly-
cine (Kaznacheyev et al., 2002) to 288.3 eV in
glycine trimers (Boese et al., 1997; Gordon et
al., 2003). Thus, more than three adjacent gly-
cine residues may plausibly shift the C=0 peak
to the energy position observed here. Pinna IM
envelopes contain more than 40% glycine, thus
the preservation of more than three adjacent gly-
cine residues is feasible (Nakahara et al., 1980).

Chitin also shows a spectroscopic peak in
this range, as observed by Cody et al. (2011) at
288.2 eV in Paleozoic arthropods, and Brandes
et al. (2004) at 288.5 eV in marine particu-
late organic material. However, chitin spectra
include a strong primary peak at 289.5 eV and a
reduced-to-absent peak at 285.0 eV that does not
match our spectra; instead, we observed a strong
peak at 285.1 eV and a small-to-absent peak at
289.5 eV (Fig. 2C). Further, in a recent study
of modern Atrina (sister genus of Pinna), chitin
was observed within calcite prisms, but not the
surrounding IM (Nudelman et al., 2007). Thus,
although chitin is a more refractory organic
compound, it cannot explain the unusual results
described here.

The question then, is whether the glycine-rich
IM formed as the animal deposited its shell, or as
a result of taphonomic overprinting during dia-
genesis. Diagenetic glycinization occurs when
the side chain of the original peptide is replaced
by hydrogen during burial (Schweitzer, 2004). If
this process increased the glycine concentration
in the modern and fossil shells, it could not have
occurred over geologic time scales. Instead, it
may have occurred soon after the formation of
the shell, prior to any influence from burial or
fossilization (i.e., diagenesis), since the modern
shell also shows the 288.1 eV peak and was col-
lected alive in A.D. 1991 and analyzed 24 yr later.
Notably, if glycinization occurs this rapidly, then
nearly all shell proteins analyses, including mod-
ern samples, are likely to be equivalently biased.

Similarity in preserved microstructure and
IM in a fossil and extant specimen from the same
genus supports a primary, rather than modified,
signal in these analyses. Consequently, the most
likely explanation for the low energy position
of the C=0 peak is that the animal deposited
glycine-rich proteins in the IM during life, and
these have remained intact in nacre-grade shells
over 66 m.y. This is supported by observations of
high glycine concentrations in amino acid analy-
ses of IM in extant Pinna shells and its sister
genus Atrina (Bricteux-Grégoire et al., 1968;
Nakahara et al., 1980; Dauphin et al., 2010), as
well as other mollusks across 380 m.y. of Pha-
nerozoic history (e.g., Wyckoft, 1972; Nakahara
et al., 1980; Dauphin et al., 2010). Amino acid
sequences from isolated IM proteins (e.g., Pris-
malin-14) demonstrate glycine concentrations of
>15%-30% (Suzuki et al., 2004). It seems likely

GEOLOGY | Volume 46 | Number 8 | www.gsapubs.org

that space-filling carbonate minerals (Yang et al.
2011), including nacre tablets and calcite prisms,
surround and protect organics from decay over
time (Der Sarkissian et al., 2017). Such a process
has been hypothesized for bone collagen and
arthropod exoskeletons, even though both are
more porous than carbonate shells (Cody et al.,
2011; Lee et al., 2017). Nevertheless, whether
of early taphonomic or primary origin, the pres-
ence of glycine-enriched IM in a 66 Ma bivalve
indicates an exceptional quality of organic pres-
ervation in a nacre-grade fossil.

CONCLUSIONS

We present the first XANES spectroscopy
analysis of mollusk shell microstructure and IM
proteins using PEEM. Our findings indicate that
the Late Cretaceous fossil retains original shell
nacre, and prismatic layer mineralogy and micro-
structure, in conjunction with the preservation of
peptides in the IM. Unusually low binding energy
for the peptide carboxyl group C=0 bond was
observed, which can be explained by glycine-rich
protein chains; amino acid analyses of modern
and fossil bivalves demonstrate that glycine is
prevalent in shell proteins (Nakahara et al., 1980;
Suzuki et al., 2004; Dauphin et al., 2010).

This study, significantly, (1) provides the first
direct observation of in situ protein chain pres-
ervation in marine invertebrates dating back to
the Mesozoic; (2) documents glycine-rich pro-
tein chains, an important component of the IM
in modern mollusks; (3) shows similar micro-
structure and IM preservation over 66 m.y. of
evolutionary history within a single genus, and
(4) demonstrates an exceptional quality of fossil
organic preservation between the calcite prisms
of nacre-grade shells, which are commonly pre-
served and easily identifiable. Because PEEM
is performed in situ, it promises new horizons
in studies of fossil skeletons. Moreover, given
the fragility of DNA on geologic time scales,
analyses of fossil proteins may prove important
for reconstructing phylogenetic relationships
and interpreting evolutionary history, paving the
way for paleo-proteomics.
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