
minerals

Article

In Situ Geochemical Analysis of Organics in Growth
Lines of Antarctic Scallop Shells: Implications
for Sclerochronology

Alberto Pérez-Huerta 1,* , Sally E. Walker 2 and Chiara Cappelli 1

1 Department of Geological Sciences, The University of Alabama, Tuscaloosa, AL 35487, USA;
ccappelli@ua.edu

2 Department of Geology, University of Georgia, Athens, GA 30602, USA; swalker@gly.uga.edu
* Correspondence: aphuerta@ua.edu

Received: 10 May 2020; Accepted: 4 June 2020; Published: 10 June 2020
����������
�������

Abstract: Bivalve shells are extensively used as bioarchives for paleoclimate and paleoenvironmental
reconstructions. Proxy calibrations in recent shells are the basis for sclerochronology and the
applications of geochemistry data to fossils. Shell geochemical information, however, could be altered
with the disappearance of intercrystalline organic matrix components, including those linked to
shell growth increments, during early diagenesis. Thus, an evaluation of the chemistry of such
organics is needed for the correct use of sclerochronological records in fossil shells. Here, we use atom
probe tomography (APT) for in situ geochemical characterization of the insoluble organic matrix
in shell growth increments in the Antarctic scallop, Adamussium colbecki. We confirm the presence
of carboxylated S-rich proteoglycans, possibly involved in calcite nucleation and growth in these
scallops, with significant concentrations of magnesium and calcium. Diagenetic modification of
these organic components could impact proxy data based on Mg/Ca ratios, but more importantly
the use of the δ15N proxy, since most of the shell nitrogen is likely bound to the amide groups of
proteins. Overall, our findings reinforce the idea that shell organics need to be accounted for in the
understanding of geochemical proxies.

Keywords: atom probe tomography (APT); biomineralization; proteoglycans; carboxylic acid;
Adamussium colbecki; Antarctica; proxies; Mg/Ca; δ15N

1. Introduction

Chemical proxy data from calcium-carbonate-based biomineral structures are extensively used
for paleoclimate and paleoenvironmental reconstruction [1,2]. This proxy information is especially
significant for high-resolution climate records and environmental monitoring in the context of
sclerochronology [3]. Proxy calibrations using sclerochronology of bivalve shells are significant for the
understanding of past environmental events, in particular for archeological and Holocene records [3,4].
However, these calibrations could be compromised if the geochemistry of the organics associated with
shell growth is not considered [5] in the development and applications of proxies. Thus, the precise
chemical characterization of organics in growth lines is important in the development and application
of proxies in the context of sclerochronology. However, the in situ geochemical characterization of
such organics is challenging because non-destructive techniques, with the exception of nano-SIMS
(Secondary Ion Mass Spectrometry), can rarely target shell elements with dimensions below 5 µm,
which is the case for bivalve shell growth lines.

In this study, we use the atom probe tomography (APT) technique for the geochemical analysis of
organics within growth lines of the Antarctic scallop, Adamussium colbecki. This species was chosen
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because of its importance within the benthic communities of Antarctica [6] and its potential as
a high-resolution bioarchive to understand glacial ice dynamics in Antarctica [7,8]. Furthermore,
we discuss the implications of the geochemical make-up of growth lines for shell biomineralization.
Finally, we evaluate the potential impact of diagenesis in proxy applications for this species and other
bivalves used in sclerochronological studies.

2. Materials and Methods

2.1. Materials

Living shells of the Antarctic scallop, Adamussium colbecki, were collected in November 2008
from Explorers Cove (77◦34.259′ S, 163◦30.699′ E), located in western McMurdo Sound, Antarctica [6]
(Figure 1).

Minerals 2020, 10, x FOR PEER REVIEW 2 of 16 

 

resolution bioarchive to understand glacial ice dynamics in Antarctica [7,8]. Furthermore, we discuss 
the implications of the geochemical make-up of growth lines for shell biomineralization. Finally, we 
evaluate the potential impact of diagenesis in proxy applications for this species and other bivalves 
used in sclerochronological studies. 

2. Materials and Methods 

2.1. Materials 

Living shells of the Antarctic scallop, Adamussium colbecki, were collected in November 2008 
from Explorers Cove (77°34.259’ S, 163°30.699’ E), located in western McMurdo Sound, Antarctica [6] 
(Figure 1). 
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prepared for SEM (Scanning Electron Microscopy) and APT analyses. Note: The red rectangle marks 
the location of the shell analyzed. (D) SEM image of the shell surface showing the locations of surficial 
striae (S) and substrial growth lines (white arrows). (E) Detailed view of some substrial growth lines 
(dashed lines) from the marked area (red square in (C)). 

2.2. Methods 

2.2.1. General Sample Preparation and Selection of Regions of Interest 

From a group of disarticulated, tissue-free valves, one right valve was selected and embedded 
in resin. After embedding, the valve was sectioned along the length (from the umbo region to the 
posterior region; Figure 1) and the resulting sections were ultrapolished with a suspension of alumina 

Figure 1. Antarctic scallop (Adamussium colbecki) shell. (A) Top view of a right valve used in this study.
Note: the red line marks the section taken along the shell length from the umbo region (U) to the
posterior region (P). (B) Image of the shell interior of the same valve. (C) Shell regions polished and
prepared for SEM (Scanning Electron Microscopy) and APT analyses. Note: The red rectangle marks
the location of the shell analyzed. (D) SEM image of the shell surface showing the locations of surficial
striae (S) and substrial growth lines (white arrows). (E) Detailed view of some substrial growth lines
(dashed lines) from the marked area (red square in (C)).
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2.2. Methods

2.2.1. General Sample Preparation and Selection of Regions of Interest

From a group of disarticulated, tissue-free valves, one right valve was selected and embedded
in resin. After embedding, the valve was sectioned along the length (from the umbo region to the
posterior region; Figure 1) and the resulting sections were ultrapolished with a suspension of alumina
(Micropolish II Buehler, USA; 1.0 micron for 5 min and 0.3 micron for 10 min) on polishing cloths.
After polishing, sections were ultrasonicated with dionized water for 3 min. One section was used
to study the microstructure through SEM imaging, whereas the other section was used for APT
sample preparation.

The SEM imaging was conducted in the posterior shell region (Figure 1C) to analyze the different
types of growth lines and their locations in relation to the surficial striae (Figure 1D,E). Several substrial
growth lines measuring ~1.5 µm in thickness were found in the same location as the striae on the shell
surface (Figure 1E). In the polished section, the growth lines were also visible, and thus we could easily
identify the location of areas for sample preparation. Each stria has a bundle of two substrial lines
that correspond to the same growth increment (Figure S1). Multiple attempts were made to capture
the growth lines (Figure S1) and we finally managed to target each pair of substriae underpinning a
certain stria in order to make APT samples, with one wedge in each of them (Figure 2).
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2.2.2. Scanning Electron Microscopy (SEM) Imaging 

The valve section, in contrast to the one used for APT preparation, was etched with 2% HCl for 
30 s and sputter coated with gold for 120 s. Imaging was conducted using a JEOL 7000 FEG-SEM 
(JEOL, Tokyo, Japan; 30 kV, medium (10) spot size, and 11 mm working distance) housed at the 
Alabama Analytical Research Center (AARC) of the University of Alabama. 

Figure 2. Targeted areas for APT analyses. (A) Shell region image showing the location of the platinum
(Pt) deposits for focused ion beam (FIB) milling of two wedges (wedge 7 (W7) and wedge 8 (W8)) on
the coupled growth lines corresponding to one stria. (B) Detailed image of W7 on top of the substrial
line (red dashed lines). (C) Detailed image of W8 on top of the substrial line (red dashed lines).
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2.2.2. Scanning Electron Microscopy (SEM) Imaging

The valve section, in contrast to the one used for APT preparation, was etched with 2% HCl for
30 s and sputter coated with gold for 120 s. Imaging was conducted using a JEOL 7000 FEG-SEM (JEOL,
Tokyo, Japan; 30 kV, medium (10) spot size, and 11 mm working distance) housed at the Alabama
Analytical Research Center (AARC) of the University of Alabama.

2.2.3. Focused Ion Beam (FIB) Work

Tip-shaped APT specimens were prepared by focused ion beam (FIB) [9] technique using two
dual-beam scanning electron microscopes (TESCAN LYRA XMU, Brno, Czech Republic) and a FEI
Quanta 3D dual-beam instrument, Hillsboro, USA, housed at the Alabama Analytical Research Center
(AARC) of the University of Alabama. After the polished section was coated with gold for 2 min,
a rectangle of platinum was deposited on top of the substriae lines (W7 and W8 in Figure 2) using
a Ga+ ion beam at 30 kV and 30 pA. Although the substriae lines appear as linear features in a 2D
shell section, they appear as planes in 3D imaging, and thus the wedges were placed on top of the line
(Figure 3). The wedges of material were cut using the ion beam on three sides and then welded with Pt
to an in situ nanomanipulator before the edges were cut free (Figures 2 and 3). The two wedges were
cut in segments of 2 µm in width and sequentially affixed with platinum to silicon posts of a microtip
array coupon (CAMECA Scientific Instruments, Inc., Madison, USA). From each wedge, 7 tips were
prepared, with tip radii ranging from 16 to 47 nm and shank angles ranging from 9◦ to 49◦ (Figure 3).
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Figure 3. Details of FIB work for APT sample preparation. (A) Schematic of the planar configuration of
a substrial line indicating the individual locations of two tip-shaped specimens. Note1: The polished
section is the top surface in the rectangle. (B) Image of wedge 7 on the substrial lines (dashed red lines),
indicating the location of M13 and M20 tips in relation to the wedge and schematic in (A). (C) Example
of a wedge fragment ready for sharpening. (D) Example of a tip specimen before low-Kv cleaning,
ready for the local electrode atom probe (LEAP) analysis.
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2.2.4. Local Electrode Atom Probe (LEAP) Work and Data Analysis

The atom probe tomography (APT) technique was used to characterize the chemical compositions
of organics in growth lines. APT is the highest spatial resolution analytical technique in existence for the
chemical characterization of minerals and biominerals (see Supplementary Text). Specimen tips (n = 14)
were analyzed using a local electrode atom probe (LEAP 5000 XS, CAMECA Scientific Instruments,
Inc., Madison, WI, USA) housed at the Alabama Analytical Research Center (AARC) of the University
of Alabama. However, only 7 tips (4 from W7 and 3 from W8) produced quality data with sufficiently
low background noise for further evaluation (see LEAP running conditions and details in Table 1).
APT data were analyzed using the Integrated Visualization and Analysis Software (IVAS, version 3.8.2,
from CAMECA Scientific Instruments, Inc., Madison, WI, USA). The 3D reconstruction parameters
(field factor and image compression factor) (Table 1) were adjusted to avoid artefacts affecting the first
tens of nm. Ions specific domains were depicted by 3D concentration isosurfaces and 2D density maps.
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Table 1. Data acquisition settings for LEAP analyses and run summaries.

Specimen/Data Set Scallop-W7 Scallop-W8

Reference 4173-M13 4174-M19 4175-M20 4176-M21 4149-M3 4150-M4 4198-M10

Instrument Model LEAP 5000 XS LEAP 5000 XS LEAP 5000 XS LEAP 5000 XS LEAP 5000 XS LEAP 5000 XS LEAP 5000 XS

Instrument settings
Laser wavelength 355 355 355 355 355 355 355
Laser pulse energy 30 30 30 30 30 30 30

Pulse frequency (kHz) 100 100 100 100 100 100 100
Evaporation control Detection rate Detection rate Detection rate Detection rate Detection rate Detection rate Detection rate

Target detection rate (ions/pulse)% 0.2 0.2 0.2 0.2 0.2 0.2 0.2
Nominal fligth path (mm) 100 100 100 100 100 100 100
Set point temperature (K) 30 30 30 30 30 30 30
Chamber pressure (torr) 3.00E-11 4.00E-11 4.60E-11 5.60E-11 4.90E-11 4.10E-11 5.30E-11

Data summary
Analysis software IVAS 3.8.4 IVAS 3.8.5 IVAS 3.8.6 IVAS 3.8.7 IVAS 3.8.8 IVAS 3.8.9 IVAS 3.8.10

Total ions: 12,070,475 5,258,176 9,251,680 7,502,224 16,213,824 12,223,734 4,878,030
Sigle (%) 75.5 74.2 74.5 75.5 77.8 74.2 73.4

Multiple (%) 23.4 24.3 24.5 23.2 21.2 24.2 25.5
Partial (%) 1.1 1.4 1 1.3 1 1.1 1.1

Reconstructed ions: 7,042,775 3,170,254 5,374,711 4,496,256 13,933,458 9,839,070 3,699,975
Ranged (%) 50.9 48 51.6 47 35 39 41.7

Unranged (%) 49.1 52 48.4 53 65 61 58.3
Mass calib. (peaks/interp.) Lin. Method Lin. Method Lin. Method Lin. Method Lin. Method Lin. Method Lin. Method

(M/∆M) for 40Ca++ 261 149 388 282 435 208 294
(M/∆M10)c 122 77 172 112 196 90 109

Time indipendent background (ppm/ns) 115 143 110 97 22 37 42

Recontruction
Final speciment state fractured fractured fractured fractured unsure fractured fractured

Pre-/post-analysis imaging SEM/n.a. SEM/n.a. SEM/n.a. SEM/n.a. SEM/n.a. SEM/n.a. SEM/n.a.
Radius evolution model Shank Shank Shank Shank Shank Shank Shank

Field factor (k) 3.5 3.3 3.3 3.3 3.3 3.3 3.3
Image compression factor 1.3 1.3 1.3 1.3 1.3 1.3 1.3
Assumed E-field (V/nm) 18 18 18 18 18 18 18
Detector efficiency (%) 80 80 80 80 80 80 80

Avg. atomic volume (nm3) 0.0435 0.0435 0.0435 0.0435 0.0435 0.0435 0.0435
Vinitial; Vfinal (V) 2500; 5800 1800; 3500 2400; 5400 2000; 4700 2200; 5300 3200; 3900 3400; 4900
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3. Results

The analyzed scallops shells were calcitic and the analyzed growth lines were located within the
foliated calcite layer, which is the dominant microstructure. Each substrial line provided similar APT
results. For all analyzed tips, the chemical mass spectra have similar peaks (Figure 4, Tables 2 and 3,
and Figures S2–S7). For peak identification, we compared the spectra to those previously obtained
for calcite [10] and synthetic calcite with occluded organics [11]. In addition, we used knowledge of
biomineralization macromolecules [1] to identify complex peaks corresponding to the fragmentation
of such organic molecules. Ignoring the peaks corresponding to hydrogen, which can result from
chamber contamination, we identified peaks from a mass-to-charge ratio of 12:100, except for two
minor peaks at 67.5 and 80 Da (Figure 4 and Table 2). Peaks associated with macromolecules can be
divided in two groups: those containing nitrogen (N compound, mainly N2

+ (28 Da), N2H+ (29 Da),
and N2H2

+ (30 Da)) and those associated with organic compounds containing only carbon chains and
carboxylic groups (C compounds; Table 2). Lastly, peaks associated with Mg+ and Mg++ are clearly
distinguishable (Figure 4).

Table 2. Identification of peaks for the APT mass spectra.

Peaks (Da) Peaks (Da)

Mg++ 12,12.5,13 CO2
+ 44,45,46

Mg+ 24,25,26 Ca2O++ 48,49,50
NH+ 15 CaO+ 56,58,60
O+ 16 CH3NO+ 57

OH+ 17 C3H6OH+ 59
H2O+ 18 CH3NS+ 61
Fe+++ 18.6 C4N+ 62
H3O+ 19 HNO3

+ 63
Ca++ 20,21,21.5,23 unknown 67.5
Ca+ 40,42,43 C5H9 69
N2

+ 28 Ca2CO3
++ 70

N2H+ 29 CaO2
+ 72,74,75,76

N2H2
+ 30 unknown 80

O2
+, S+ 32 CaCO3

+ 100
SH+, S+ 33,34

Table 3. Comparison of decomposed element composition for tips M20 (W7) and M3 (W8).

Reference W7-4175-M20 W8-4149-M3

Ion Counts Atomic % Atomic Error % Counts Atomic % Atomic Error %

S 14,759 0.36 0.082 14,531 0.25 0.154
H 658,324 15.90 0.002 711,148 12.08 0.010
Ca 2,244,793 54.21 0.030 3,400,315 57.78 0.030
C 160,130 3.87 0.008 149,473 2.54 0.005
N 39,504 0.95 0.002 48,173 0.82 0.001
O 1,012,163 24.44 0.002 1,547,706 26.30 0.002
Fe 298 0.01 0.002 - - -
Mg 10,821 0.26 0.008 13,296 0.23 0.018

The 3D tip reconstruction resulted in z-lengths of between 65 and 85 nm, representing less than
10% of the estimated thickness of 1.5 µm of the growth line (Figure 3 and Figures S8–S12). The 3D plot
of all ions shows a non-uniform distribution (Figure 4). Further refinement via plotting individual ions
indicated that this distribution is related to localized organics, mainly those corresponding to peaks
assigned to N2 and C3H6OH (Figure 4).
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Figure 4. Example of APT results. (A) Example of a typical mass spectrum for all of the tips analyzed
from wedges 7 and 8, indicating the location of the peaks for magnesium (green arrows), N compounds
(blue arrows), and C compounds (red arrows). Note: For complete identification of peaks, see Table 2.
(B) Example of a 3D tip reconstruction of tip M20 (from W7) for all ions (top) and ions corresponding to
the peaks identified as C3H6OH and N2 (bottom). (C) Example of a 3D tip reconstruction of tip M3
(from W8) for all ions (top) and ions corresponding to the peaks identified as C3H6OH and N2 (bottom).

4. Discussion

4.1. Chemical Composition of Growth Lines

The recognition of different types of growth lines in bivalve shells is a topic of intense study and
discussion in sclerochronology [3,12]. Etched samples for SEM imaging allow some growth lines to be
distinguished, which we call substrial growth lines (or substriae; Figure 1), yet it is difficult to place
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them in the overall context of shell growth. However, polished surfaces prepared for APT sampling
enhance the topography and the resolution of these substriae (Figure 2 and Figure S1). For this study,
we targeted two coupled lines corresponding to a shell stria (see Figure S1). Striae are thought to
be formed fortnightly [7], and until now their associated substriae have not been reported. Thus,
we assume that we sampled the growth lines marking the termination of a complete strial increment
from the prior shell stria (Figure S1).

Despite their importance in sclerochronology and biomineralization, the organic and chemical
composition of bivalve growth lines is poorly understood. This is in contrast to our knowledge
of intercrystalline organic components that bind individual mineral units in shells, such as calcite
prisms [1,13]. It is known that growth lines contain insoluble organic matrix components of the
shell and can be enriched in some cations, such as magnesium and strontium [5]. However, there is
indirect information about the potential organic composition of growth lines from the application of
Mutvei’s solution [3] to visualize growth lines. Mutvei’s solution contains Alcian Blue, which stains
mucopolysaccharides and can bind to proteins, forming proteoglycans [12]. This suggests the presence
of Gly-rich proteins with N-terminal domains in the insoluble organic matrix of mollusk shells [14,15].

The role of glycoproteins as “framework” proteins contributing to calcium binding and crystal
nucleation [15] fits well with the general link between organic components and growth shell increments.
Fragments of original organic compounds are registered as (post)ionized species in the APT mass
spectra (Table 2). N-terminal domains related to the peaks of N2

+ (28 Da), N2H+ (29 Da), and
N2H2

+ (30 Da) were identified. Additionally, the peaks at 57, 61, and 62Da, interpreted as CH3NO+,
CH3NS+, and C4N+, respectively, can be reasonably linked to the fragmentation of proteoglycans [16].
The identification of CH3NS+ and other peaks associated with sulfur indicate the presence of sulphated
polysaccharides that are linked to proteoglycans and important structural components of calcium
carbonate-based biominerals [1,3,16]. Because of a peak overlap between S+ and O2

+ at 32 Da, it is
difficult to precisely estimate the amount of total sulfur in the tip specimens. Still, the sulfur content is
significant, considering the contribution of S to 32 Da after peak decomposition, in comparison to that
of Mg and N (Table 3). This reflects the importance of sulphated polysaccharides as main components
of growth lines and explains the staining from Mutvei’s solution in bivalve shells [12].

In addition to the mass spectra peaks associated with the proteoglycans, there are other important
organic peaks (termed here as C compounds; Table 2) that contribute to the majority of the registered
carbon content (Table 3) or are associated with carbonate (at 70 Da and 100 Da). The most important
peaks were at 59 Da, identified as C3H6OH+ (acid/ester), as well as the peak at 69 Da, identified as C5H9

+

(alkene; Table 2). Both compounds were interpreted to be fragments of the carboxylic acid (CH2OC2H5),
an organic compound with importance in biomineralization [17,18]. Carboxylic acid associated with
proteins with amide groups promotes the strong binding of calcium for mineralization [17–20].

A powerful aspect of atom probe tomography is the possibility of reconstructing the 3D locations
of detected ions. These reconstructions were carried out to visualize the spatial correlation of the
detected organic components at the sub-nanometer scale (Figure 5). Figure 5 shows a clear connection
of carboxylic acid components (C3H6OH+ and C5H9

+) with the amide (i.e., N compounds) for two
tips (M13 and M20) from wedge 7 (see Figure 3). This is in agreement with the possible role of amide
NH+ linked to carboxylic acids in promoting calcite growth, as previously shown in vitro [17,18].
This discovery would suggest that the components of the organic matrix associated with growth lines
may function as nucleation sites for calcite crystallization in these scallop shells, and potentially other
bivalves. The spatial correlation of magnesium and amide components would confirm the above
hypothesis (Figure 5). Indeed, carboxylate molecules with Ca binding capabilities promote the buildup
of Mg-enriched amorphous calcium carbonate (ACC) [18]. The 2D ion density maps confirm the
colocation of magnesium- and nitrogen-enriched compounds (Figure 6 and Figure S13). Additionally,
the highest abundance zone of magnesium matches that of calcium (Figure 6 and Figure S13), which
would suggest that magnesium is acting to stabilize ACC. In fact, the high abundance of Ca for an
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organic matrix (see Table 3) and the recognition of significant calcium carbonate peaks (at 70 Da and
100 Da; see Figure 4 and Table 1) are strong indicators of the presence of ACC within the growth lines.
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of the high Mg and Ca density areas and cross a zone of high-density carbon compounds.
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4.2. APT Geochemical Data: Implications for Sclerochronology in the Context of Diagenesis

The amount of the insoluble organic matrix fraction varies in calcium carbonate biominerals
between 0.01 and 5 wt% [15]. Within this matrix, the organics within growth lines would represent an
even lower fraction of the shell components in bivalves. Although we could estimate with APT the
concentration of C compounds, N compounds, and magnesium for the analyzed specimen volume
(Table 4), it is difficult to extrapolate the total content in organic molecules within a growth line.
Nevertheless, the organics, which are rich in protein and sugars and occluded within growth lines,
would be the first part lost to microorganisms scavenging for nutrients during the first stages of burial
and diagenesis. Therefore, we should evaluate the potential geochemical impact of the disappearance
of these organics with the future analysis of fossil shells.

Prior work [5] showed that the insoluble organic matrix linked to growth lines could be enriched
in magnesium and strontium, and potentially other cations, in aragonitic shells of bivalves. This could
impact proxy calibrations, mainly Mg/Ca and Sr/Ca, for paleotemperature calculations, using in situ
techniques such as LA-ICP-MS. Many of these techniques, either for minor and trace elements and
isotopes (i.e., SIMS), are used in sclerochronology because of the high spatial resolution, but these
chemical data could be altered because growth lines or nearby regions could be sampled during
analysis [5]. For the Antarctic scallop, our APT data confirms that organics in growth lines are enriched
in magnesium and have high calcium content. These elements that are bound to organics could impact
Mg/Ca proxy calibrations. Even with these new data, it is difficult to calculate the potential loss of
shell magnesium and calcium if such organics disappear with diagenetic alteration of shells. Overall,
the Mg/Ca temperature proxy in fossil shells could be accurately based on calibrations using recent
shells from these scallop species [7]. Further analyses are needed to assess the real impact on the Mg/Ca
proxy for fossil shells.

Other elements, if organically bound, could also affect the outcome of proxy calibrations. For instance,
this would be the case for sulfur isotopes [21] if the sulfur was associated with sulfated polysaccharides
rather than carbonate. Using δ15N and total shell nitrogen content for paleoenvironmental reconstructions
is different [4,21–23]. From a biomineralization perspective, it is clear that shell nitrogen is linked to the
insoluble organic matrix rather than being carbonate-bound. APT indicates that a large fraction of this
nitrogen is associated with the amide groups of proteoglycans in growth lines. Because biomineralization
promotes lower energy processes, we can assume that these organics are enriched in the lighter isotopes.
Thus, the disappearance of these organics during early diagenesis would result in underestimation of the
overall nitrogen shell content and enrichment of shell 15N. As a result, this would compromise δ15N fossil
shell records, even for archeological samples [21].

Table 4. Estimation of the concentrations of magnesium, nitrogen (N) compounds, and carbon
(C) compounds.

Scallop W7 Scallop W8

Reference 4173-M13 4174-M19 4175-M20 4176-M21 4149-M3 4150-M4 4198-M10

Volume (nm3) 116,376 56,368 86,300 70,661
Mg 0.37% 0.31% 0.44% 0.17% 0.36% 0.51% 0.25%

N compounds 0.68% 0.58% 1.47% 0.59% 1.17% 0.85% 0.97%
C compounds 0.72% 0.33% 0.74% 0.46% 0.14% 0.27% 6.23%

5. Conclusions

Our findings reinforce the extremely powerful capabilities of atom probe tomography for the
in situ chemical characterization of biomineral structures. This is the case for organic components
associated with growth lines in bivalve shells, which would be difficult to characterize geochemically
using other techniques without a destructive approach. Our analysis of growth lines in the Antarctic
Scallop, A. colbecki, reveals the presence carboxylate proteoglycans as main components and the possible
roles of these organics in calcite nucleation and crystallization for shell growth. There are significant
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concentrations of calcium and magnesium associated with the amide groups. These concentrations
could be linked to the presence of ACC. Confirmation this would help to understand the formation
of growth lines in bivalve shells. Future work could aim to find the presence of ACC by using a
combination of APT and X-ray photoemission electron spectromicroscopy (X-PEEM) mapping [24].

On the other hand, the removal of organics and associated elements in growth lines by diagenesis
could have an impact on sclerochronology, compromising the application of proxy calibrations from
recent to fossilized shells. This could be the case for Mg/Ca and δ15N applications for paleoenvironmental
reconstructions, even in the interpretation of archeological records. Finally, the resolution of atom
probe tomography is complementary to that of atom force microscopy (AFM), and the combination
of both techniques could be powerful for detecting diagenetic processes at the nanoscale that impact
geochemistry [1,2].

Supplementary Materials: The following are available online at http://www.mdpi.com/2075-163X/10/6/529/s1:
Supplementary Text, Figure S1. Sample preparation. (Top) Detailed SEM image of the polished surface showing
the coupled growth lines corresponding to the striae; (Bottom) Location of multiple wedges, prepared with FIB,
to accurately target the growth lines for APT analysis, Figure S2. Mass spectrum for tip M13 (run 4173) from
wedge 7. Note: For the visualization of peaks and peak identification see Figure 4 and Table 2 respectively in
the main text, Figure S3. Mass spectrum for tip M19 (run 4174) from wedge 7. Note: For the visualization of
peaks and peak identification see Figure 4 and Table 2 respectively in the main text, Figure S4. Mass spectrum for
tip M21 (run 4176) from wedge 7. Note: For the visualization of peaks and peak identification see Figure 4 and
Table 2 respectively in the main text, Figure S5. Mass spectrum for tip M3 (run 4149) from wedge 8. Note: For the
visualization of peaks and peak identification see Figure 4 and Table 2 respectively in the main text, Figure S6.
Mass spectrum for tip M4 (run 4150) from wedge 8. Note: For the visualization of peaks and peak identification
see Figure 4 and Table 2 respectively in the main text, Figure S7. Mass spectrum for tip M10 (run 4148) from
wedge 8. Note: For the visualization of peaks and peak identification see Figure 4 and Table 2 respectively
in the main text, Figure S8. 3D reconstruction of all ions for tip M13 (run 4173) from wedge 7, Figure S9. 3D
reconstruction of all ions for tip M19 (run 4174) from wedge 7, Figure S10. 3D reconstruction of all ions for tip M21
(run 4176) from wedge 7, Figure S11. 3D reconstruction of all ions for tip M4 (run 4150) from wedge 8, Figure S12.
3D reconstruction of all ions for tip M10 (run 4198) from wedge 8, Figure S13. 2D density contour plots taken from
the entire specimen through the z-axis of the reconstructed volume (red equals to the highest density) showing
magnesium (A), nitrogen compounds (B), carbon compounds (C), and calcium (D) for tip M13 (W7).
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