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Background: Studies of mineral compositional effects during bone aging are complicated by the presence of
collagen.
Methods: Hypermineralized bullae of Atlantic bottlenose dolphins of b3 months, 2.5 years, and 20 years
underwent micrometer-scale point analysis by Raman spectroscopy and electron microprobe in addition to
bulk analysis for carbon.
Results: Bulla central areas have amineral content of ~96wt.% and 9–10wt.% carbonate in their bioapatite, which
is ~2 wt.% more than edge areas. Ca/P atomic ratios (~1.8) and concentrations of Mg, S, and other minor/trace
elements are almost constant in central areas over time.Maturity brings greater over-all homogeneity inmineral
content, stoichiometry, andmorphology throughout the central and edge areas of the bullae. During aging, edge
areas become less porous, whereas the concentration of organics in the edge is reduced. Enhancement of coupled
substitutions of CO3

2− for PO4
3− andNa for Ca during aging increases carbonate content up to ~10wt.% in the adult
bulla.
Conclusions: 1) Changes in physical properties during aging did not occur simultaneously with changes in chem-
ical properties of the bonemineral. 2) Compositional changes in bonemineral wereminor during the neonatal to
sub-adult stage, but significant during later maturity. 3) Na and CO3 concentrations co-vary in a 1:1 molar pro-
portion during aging. 4) Themineral's crystallinity did not decrease as CO3 concentration increased during aging.
General significance: Hypermineralized dolphin's bulla, due to extreme depletion in collagen, is an ideal material
for investigating mineralogical changes in bioapatite during bone aging.
© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Hypermineralized bone materials reveal much about the nature of
the mineral component of bone. The dolphin's ear bone (bulla) is re-
markable due to its extreme density (~2.5 g/cm3 in adults) andmineral
content (reported to be ~85 wt.% in adults) [1,2], which make it one of
themost hypermineralized bonematerials recognized. In addition, dol-
phins have a lifespan over 40 years, which is much longer than many
animal models typically used in bone research, e.g., rat, rabbit, and pig.
The bullae in dolphins therefore were selected as especially appropriate
for the study of an ontogenetic sequence of bone mineral that could
have clinical relevance for humans.

The bulla is one of themost addressed subjects in the literature ondol-
phins [2–5]. It is believed to improve the efficiency of ultrasound conduc-
tion and/or to enhance the bilateral discrimination of sound direction
undersea [3,6]. The bulla resides in an extensive peribullar cavity outside
the skull and differs from temporal bone complexes of other mammals,
such as humans, in its construction, position, and possibly function [3].
It consists of two connected parts, called the “tympano-periotic complex”.
1 314 935 7361.
).
The periotic bulla is dorsal and slightly medial to the shell-like tympanic
bulla.

The bulla is hypermineralized even in neonates, and the mineral
content can reach its maximum at 6 months [1]. The mineral in the
bulla, as in normal bone (i.e., that which contains sub-equal volumes
of mineral and collagen) and tooth, is biologically precipitated apatite.
Bioapatite is a form of carbonated hydroxylapatite (CHAP) with an
approximate formula of [7–9]

ðCaÞ10−x½ðPO4Þ6−xðCO3Þx�ðOHÞ2−x·1:5H2O: ð1Þ

Bioapatite is usually non-stoichiometric due to both hydroxyl- and
calcium-deficiency [10],which are coupledwith the carbonate substitu-
tion as shown in Formula (1). Most of the carbonate substitutes for
phosphate in bone mineral, although 10–15% of the carbonate substi-
tutes for OH− ions in channels within the mineral [11]. A normal bone
contains 5–8 wt.% carbonate [12,13]. However, the bioapatite in the
dolphin's bulla is reported to have a very high carbonate content of
~9 wt.% [14], even higher than the ~8 wt.% in other whales' bullae and
the rostrum of theMesoplodon densirostris (MD) whale [15].

In normal bone, the averagemineral content increaseswithmaturity
[16,17]. Several studies show increased carbonate and some amount of
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increase of crystallite size with age [16–23]. It has been documented
that water concentration in living bone and in its mineral decreases
with bone maturity [19,24–26]. There is also evidence that the propor-
tion of carbonate residing in the channel sites (rather than substituting
for phosphate) increases with the bone's age [19,24], i.e., as water
concentration decreases. However, many of the measurements made
on normal bone are hindered by the high concentration of collagen in
bone (~40 wt.% collagen and 10–15 wt.% water), which is a limitation
that this study attempts to remedy.

Hypermineralized bone provides another approach to study the
aging effects in bone. The currentwork is a preliminary study onminer-
alogical changes in the bullae with maturity. In spite of the long history
of Cetacean research, the mineralogy of the bioapatite in the dolphin's
bulla has not been documented in detail. Mineralogical changes in the
bulla during aging, e.g., carbonate content, cation (Ca, Mg, and Na) con-
centrations, and degree of crystallinity, are still unknown. In the present
study, Raman spectroscopy, carbon analysis, and electron microprobe
analysis were applied to investigate the bullae of the most studied
whale species— the Atlantic bottlenose dolphin (Tursiops truncates, TT).

2. Materials and methods

2.1. Materials

Samples of dolphins' bullae are not rare, but obtaining fresh bullae
appropriate for medical research requires timely collection from
carcasses near coasts. Therefore, it is difficult to obtain multiple series
of bulla samples at known, appropriately separated age. Fortunately,
previous histological studies of dolphin bullae have shown that such
mineralogical features as mineral content are almost identical among
different bullae of the same age and that they change at an extremely
slow rate [1]. Therefore, three bullae of TT dolphins with an overall
age range of 20 years were obtained from the Department of Vertebrate
Zoology of the Smithsonian Institution inWashington, D.C., for this pilot
study. Samples from TT dolphins at specific maturity levels were select-
ed, i.e., neonate (USNM#504398, 116 cm), sub-adult (USNM#504400,
196 cm), and adult (USNM#504121, 249 cm). The host animals' esti-
mated ages, based on the body length [27], are b3 months for the
neonate, 2.5 years for the sub-adult, and 20 years for the adult. It has
been recognized that tympanic and periotic bones share similar miner-
alogic and histologic features [1]. Furthermore, part of the periotic bone
of the adult TT was missing, as received (as is common in collections of
whale and dolphin bullae). Therefore, the tympanic bullae were select-
ed for comparative analysis in the present study.

Each tympanic bulla sample was sawn across themid-shaft using an
Isomet low-speed diamond saw (Buehler Ltd., Lake Bluff, IL) for prepa-
ration of thin sections (see Fig. 1). Themidshaft sliceswere then cut into
two thinner wafers (with equal thickness of about 3 mm): one wafer
was pulverized into powder for carbon analyses; the second wafer
was ground and well-polished into 30 μm-thick transverse sections
Fig. 1. Images of neonate, sub-adult, and adult TT bullae (tympano-periotic complex). Dashed
(prepared by Applied Petrographic Services, Inc., Greensburg, PA) for
optical microscopy, Raman spectroscopy, and electron microprobe
studies. The latter three types of analyses were carried out on chemical-
ly untreated material. All analyses were performed on involucra (major
part of tympanic bulla). None of the materials in the present study
underwent histologic staining or chemical preservation.

2.2. Instrumentation

Raman microprobe spectroscopy was applied to observe vibrational
modes to characterize the sample materials. It was performed with a
fiber-optically coupled Raman microprobe (HoloLab Series 5000
Raman Microprobe, Kaiser Optical System, Inc.). The spectral region of
100–4000 cm−1 was recorded using 532 nm excitation at 10 mW
laser power (excitation delivered by a frequency-doubled Nd:YAG
laser). The diameter of the focused laser spot was 1 μm for all Raman
spectra. The typical acquisition was 32 × 4 s per analysis spot using an
MSPlan 80× objective, N.A. = 0.85 (Olympus, Japan).

Total carbon (TC) and carbon associated with the mineral, i.e., total
inorganic carbon (TIC), were analyzed in a CM5015 CO2 coulometer
(UIC Inc.) at the University of Kansas, Manhattan, KS. TC was deter-
mined by combusting the rostrum sample in a tube furnace at 950 °C
and then measuring the evolved CO2 in a coulometric titration cell. TIC
was determined by adding perchloric acid to the sample and thenmea-
suring the evolved CO2 gas. The details of the sample preparation and
data acquisition have been reported [28–30]. Organic carbon (TOC)
was calculated by the difference: TOC = TC− TIC.

Electron microprobe (EMP) analysis was performedwith a JEOL JXA
8200 Superprobe. Carbon-coated polished sections were studied with
an accelerating voltage of 15 kV. Quantitative point analysis was accom-
plishedwith a beamcurrent of 25 nAand a beamdiameter of 20 μm.The
elements F, Ca, P, Na, Mg, S, K, and Cl were selected for quantitative
analysis by wavelength-dispersive X-ray spectroscopy (WDS). The cali-
bration standards for the EMP analyseswere naturally occurring geolog-
ical mineral samples that included Durango apatite for Ca, P, and F,
albite for Na, synthetic forsterite for Mg, anhydrite for S, microcline for
K, and tugtupite for Cl. In addition, back-scattered-electron (BSE) im-
ageswere taken at an accelerating voltage of 15 kV to evaluate chemical
homogeneity of the sections.

3. Results

3.1. Microscopy and Raman spectroscopy

In the original, unsawn samples, the three TT bullae show similar
lengths (3.4–3.5 cm) of tympanic bone (Fig. 1). However, the involu-
crum of the neonate TT is visibly thinner than those of the sub-adult
and adult (see vertical height in Fig. 2). The neonate tympanic bone
shows a more porous texture on its surface compared to the sub-adult
and adult samples (see Fig. 1). A comparison of transverse thin-
lines indicate volumes of tympanic bone cut for making transverse polished thin-sections.



Fig. 2. Images of three TT transverse sections in transmitted, plane-polarized light (scale bar= 1mm). Marked edge and center spots on the involucra of the tympanic bullae are positions
studied by Raman spectroscopy.
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sections confirms the abundant porosity in the neonate tympanic bone,
especially on the edges of the section (Fig. 2). There is no apparent dif-
ference in texture between the sub-adult and adult sections, either in
the central (dominant) areas or in the narrow edge areas.

Raman spectroscopy was performed on central (dominant) regions
and on the outermost edge areas in transverse sections of the three TT
involucra (see Fig. 2). The most intense peak for the mineral phase in
all samples is the ν1P\O symmetric stretch at ~960 cm−1, which to-
gether with its other peaks confirm the phosphate phase in all samples
to be apatite [13,31–33]. Dominant areas, e.g., central spots in all three
sections, show similar Raman spectra (Fig. 3, upper three spectra
in A). Edge areas of all three sections show spectra similar to each
other (Fig. 3, bottom three spectra in A), but have peaks in addition to
those for apatite (Fig. 3, bottom three spectra in B).
Fig. 3. Raman spectra on transverse sections of neonate, sub-adult, and adult TT bullae (all
spectra were normalized to the intensity of the 960 cm−1 peak). Spectra in central areas
(C) and edges (E) of the three samples are shown. A: 850–1200 cm−1 region shows major
peaks of carbonate (1070 cm−1) and phosphate (960 cm−1). Upper right inset is a stack of
normalized 1070 cm−1 peaks indicating relative carbonate concentration in central areas
of the three samples; B: 2400–3100 cm−1 region in which major peaks for collagen occur.
The frequency of the P\O stretch in the central areas of all three TT
tympanic samples is almost identical at 960 ± 0.2 cm−1. In each case,
however, the peak position of the bioapatite at the edge of the bulla is
higher than that of the center by N0.5 cm−1, which is significant
(Fig. 3 and Table 1). The differences in peak position reflect differences
in the chemical environment of the phosphate between these apatite
phases. Thewidths of the 960 cm−1 peaks indicate the degree of atomic
order in the crystallites: the wider the peak, the more atomically disor-
dered thematerial. For the central regions of all three tympanic bones, the
fullwidths at half intensity (FWHM) of the deconvolved ~960 cm−1 band
are almost identical, and they arewider than those for the edge (Table 1).
In addition, of all three samples, the neonate has by far the narrowest
FWHM value for its edge.

The 1070 cm−1 peak represents a combination of the ν3 vibrational
mode of PO4

3− and theν1C\O stretching vibration of CO3
2− [13,31,32,34,

35]. The intensity of this peak indicates the degree of carbonate substi-
tution for phosphate in bioapatite [13]. Within each transverse section,
the position of this peak in the central areas is about 0.6 cm−1 lower
with respect to edge areas (Table 1).More importantly, in all three sam-
ples, the normalized intensity (with respect to that of the 960 cm−1

P\O band) of the 1070 cm−1 peak is much stronger for the central
areas than the edge region (Fig. 3A), indicating significantly higher
carbonate contents in these central areas. Furthermore, the central
area of the adult TT shows a slightly greater normalized intensity of its
1070 cm−1 peak (Fig. 3A) compared to the other samples, indicating
that the highest carbonate concentrations occur in the mineral of the
mature adult. No peaks are detected at 876 and 1105 cm−1 (Fig. 3A),
which are the indicators of carbonate substitution for hydroxyl,
confirming that most of the carbonate in the mineral substitutes for
phosphate. The ratio of the areas of the 1070/960 peaks can be calculat-
ed to estimate carbonate contents based on our calibration against a
suite of synthetic carbonated apatites analyzed in our group [35]. In
all three bullae, the estimated carbonate contents on the edges are
2.1–2.6wt.% lower than those in the central areas (Table 1). The carbon-
ate contents both in the edges and in the central areas show an increase
of ~1 wt.% in the progression from neonate to adult. In contrast, no
prominent changes in carbonate are observed from the neonate to the
sub-adult.

Edge areas are outer bands with a thickness of ~1 mm on all
three sections. All edge materials show additional 1003 cm−1 and
2940 cm−1 peaks (Fig. 3B), indicative of an organic matrix, most
of which is collagen in bone. A weak νC\C aromatic ring stretch at
1003 cm−1 is assigned to the phenylalanine component of collagen,
and an envelope of peaks centered at about 2940 cm−1 can be
assigned to specific C\H stretching vibrations within collagen or
non-collagenous proteins [32,36]. These two sets of peaks occur in all
normal bones [32,33,37]. In Fig. 3B, where all spectra are normalized
to the intensity of the 960 cm−1 peak, the adult sample has the lowest
intensity of the 2940 cm−1 peak, whereas the neonate and sub-adult
have higher but similar intensities. Thus, the adult TT has the lowest
concentration of organic matrix in its edge areas.

No peak is detected at 3570 cm−1 in any of the bullae, which is the
indicator of hydroxyl in bioapatite. Any existing hydroxyl must be

image of Fig.�2
image of Fig.�3


Table 1
Positions of 960 cm−1 and 1070 cm−1 peaks of Raman spectra in three transverse sections (all units are cm−1). Spectra of both central (dominant) and edge regions are included. FWHM
of 960 cm−1 peak indicates degree of atomic order. Ratios (by area) of 1070/960 cm−1 peaks indicate CO3

2− contents which are estimated based on calibration.

Neonate Sub-adult Adult

Edge Center Edge Center Edge Center

960 cm−1 position (±0.2 cm−1) 960.7 959.8 960.4 959.8 961.4 960.1
1070 cm−1 position (±0.2 cm−1) 1071.1 1071.8 1071.0 1071.5 1071.7 1072.3
960 cm−1 FWHM (±0.2 cm−1) 14.3 17.2 15.6 17.2 15.7 17.3
1070/960 cm−1 (±0.003) 0.229 0.319 0.223 0.330 0.262 0.377
Estimated wt.% CO3

2− 6.7 8.8 6.6 9.0 7.5 10.1
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below our detection limits, in part due to the broadening of the OH
stretch as the carbonate content increases [38] and to an elevated back-
ground from slight fluorescence and from adsorbed water. This peak,
however, can be detected for instance, in (also hypermineralized)
enamel.

3.2. Carbon analysis

Coulometric bulk analysis of bullae (including central and edge ma-
terial) yielded a TIC value of 1.62–1.87 wt.%. TIC is contributed primarily
by carbonate in the bioapatite. Based on these TIC values, the calculated
amount of carbonate (CO3

2−) in the apatite is 8.10–9.35 wt.% (Table 2),
which is above the range (5–8 wt.%) of carbonate contents in normal
bone [12,13,39]. The carbonate content of the adult TT (9.35 wt.%) is
also elevated compared to the ~8 wt.% value in the hypermineralized
rostrum of the adult male MD whale [15] and the ~3.5 wt.% in enamel
(only slightly more hypermineralized than the central bulla) [40].

Organic contents in bullae decrease with maturity. Among the
three TT dolphin samples, the adult's bulla has the lowest TOC
value. This relation is consistent with the Raman data, which show
the adult to have the lowest concentration of organic matrix (based
on the intensity of the 2940 cm−1 Raman peak). In addition, the
bulla is not as hypermineralized in a bulk sample as the MD whale
rostrum, as all three bullae show higher TOC values (N2 wt.%) than
the rostrum (0.91 wt.%) (see Table 2). Collagen-enriched edges in
the bullae would contribute most to such elevated organic contents.

Unexpectedly, the bulk TOC value increases during aging from the
neonate to sub-adult, in apparent contradiction to the Raman results.
The edge areas of the neonate bulla have an organic content similar to
that of the sub-adult bulla based on the Raman analyses above. This
apparent reversal in the trend for bulk TOCmay be explained by the po-
rosity of the neonate tissue, especially in the edge areas. In the neonate
bulla, the central area is also porous compared to that of the two older
samples; moreover, the neonate edge areas show a significantly higher
porosity than the center. Thus, densification of the edge areas during
aging may account for the elevated bulk TOC value in the adult
compared to the neonate bulla.

3.3. Electron microprobe

Back-scattered-electron (BSE) images were taken of central and
edge tissue of all three bullae. In these images (Fig. 4), darker colors
indicate lighter elements; the latter typically are inferred to indicate
the presence of collagen or vascular holes in the bone sections.
Table 2
Carbon analyses of three bullae. Carbonate (CO3

2−) values were calculated from TIC. Data
on the hypermineralized rostrum of an adult MDwhale [15] are included for comparison.

TC TOC TIC Carbonate (wt.%)

Adult 3.92 2.06 1.87 9.35
Sub-adult 4.35 2.73 1.62 8.10
Neonate 3.78 2.16 1.62 8.10
Rostrum 2.49 0.91 1.57 7.88
Abundant vascular holes or voids occur in the central areas of the neo-
nate section. The sub-adult and adult sections show abundant apparent
fractures in the central areas that may have arisen from the process of
thin-sectioning such highly mineralized tissue. However, the vascular
holes or voids tend to be smaller in the central areas of the adult section
(Fig. 4C) than in the other two samples.

BSE images of edge areas confirm the neonate bone to have themost
porous structure (Fig. 4D). In addition, darker gray banding is present in
the edge compared to the central areas of both sub-adult and adult
sections, which indicates enrichment in organics, i.e., collagen.

A traverse of five equally spaced (~1.2mmapart) EMP spot analyses
was performed from each bulla's center to its outermost edge (see
Fig. 2). The fifth spot in each sample is located in the edge area. Relative-
ly homogeneous values of Ca/P atomic ratio and concentrations of Na,
Mg, and other minor elements characterize the central areas (first four
spots) within each sample (Table 3). The Ca/P atomic ratio of 1.7–1.8
in the bullae is higher than the 1.71 value of the rostrum and 1.63 of
enamel, which had been analyzed previously by EMP [15]. The sum of
the weight percents measured in the bullae is close to the ~87 wt.%
value of the rostrum, but less than the ~94 wt.% for tooth enamel.
Mg, S, and especially F concentrations are significantly lower in the
bullae than those in the rostrum.

The neonate and sub-adult samples have a mass deficit of ~3–6% in
the edge areas compared to their central areas, which is primarily due
to the former's enrichment in collagen. In the adult bulla, the sum of
the weight percents remains almost unchanged from the center to the
edge (as slightly lower collagen content in the center compared to the
edge was balanced by higher carbonate content in the bioapatite in
the center). Furthermore, in all three samples, less Na is present in the
edge compared to central areas. In the neonate and the sub-adult
samples, Mg and S are also more abundant in edge areas, as collagen
contains small amounts ofMg and S [15]. Ca/P ratios are almost constant
between the edge and central areas in each of the three samples.

With respect to age, the total weight values of the edge areas in-
crease ~5 wt.% from the neonate to adult. It is a decrease in the collagen
in the edge of the bulla that mainly contributes to such change. In
contrast, the total weight values in the central areas do not change
(~87 wt.%) with age from neonate to adult. The Ca/P atomic ratios de-
crease slightly from neonate to sub-adult but then increase slightly
from sub-adult to adult. This trend in the Ca/P ratio is the reverse of
that for TOC, which was discussed above. In the compositional analyses
of Table 3, Na's concentration demonstrates the greatest change during
aging, increasing in both the central and edge areas. In the adult bulla,
the Na, Mg, and S contents are almost identical between the edge
areas and central areas. Additionally, the concentrations of Mg, S, and
other minor elements (K, Cl, and F) remain constant in the central
areas during aging, i.e., throughout all three samples.

4. Discussion

4.1. Center to edge: over-all

The bullae of dolphins have been studied as hypermineralized bone
in zoological and biological contexts [1,2,4,6,41], but not as examples of



Fig. 4. Back-scattered-electron images of transverse sections. A, B, & C: Typical central areas of neonate, sub-adult, and adult. D, E, & F: Edge areas of neonate, sub-adult, and adult
(scale bar = 200 μm). Arrows indicate vascular holes and voids in the sections.
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bone mineral or its maturation. An important feature not addressed in
the earlier literature is the difference between the volumetrically
dominant regions of the bulla (central areas) and the millimeter-wide
rims (edges) (Fig. 5). EMP results (see Table 3) show that the edges of
the neonate and sub-adult have ~3–6% greater mass deficit than the
central areas. Our Raman-based data on the carbonate concentration
in bioapatite (Table 1) show these two bulla samples to have
2.1–2.4 wt.% less CO3 in the edge compared to the central region.
Therefore, the edge of the neonate and the sub-adult samplesmust con-
tain ~5–8wt.%more collagen than the central areas (to account for bulk
carbon content). In contrast, the central areas have homogeneous min-
eral concentrations, which are close to those of the densest recoded
bone — the hypermineralized rostrum (~96 wt.% mineral) of the adult
male MD whale.
4.2. Center to edge: CO3 and Na

The mineral of the bulla is CHAP throughout the edge and central
areas, but the mineral is not compositionally identical throughout.
The chemical environment is slightly different within the bioapatite
(as shown by Raman) between edges and the central areas, especially
for carbonate and sodium (as shown by EMP). Carbonate contents
of ~9–10 wt.% in the central areas are significantly higher than the
6–7 wt.% values on the edges (see Table 1). Ca/P ratios (1.73–1.84)
are higher than those in other hypermineralized bio-tissues, such
as the rostrum and enamel, which appears to be due to greater
amounts of CO3

2− substitution for PO4
3− in the bulla (see Formu-

la (1)). Increased carbonate substitution usually leads to a lower de-
gree of crystallinity in apatite [11,18,40,42]. As expected, themineral
in the edges (containing lower CO3 concentration) shows a higher
degree of crystallinity than the central areas, based on Raman spec-
troscopic evaluation of band widths. Na, which can substitute for
Ca ions in apatite [15,40], is more abundant in the central areas of
the bullae (Fig. 5).
4.3. During aging: over-all

During aging, themineral concentration in the bulla did not increase
significantly either in the central or edge areas, but the porosity was
significantly reduced. This observation supports the proposal that the
high density of the periotic and tympanic bullae results from almost
complete filling of the inter-trabecular spaces with hypermineralized,
embryonic, woven-fibered tissue. This mineralization process is differ-
ent from that of the hypermineralized rostrum of the adult male
whale M. densirostris, which undergoes hypermineralization during
extensive remodeling and development of secondary osteons [1].

The adult bulla shows a mass deficit of b0.7 wt.% in the edge
compared to central areas (Table 3). Additionally, Na, Mg and S concen-
trations are almost identical between the edge and central areas in the
adult bulla. All other trace elements, K, Cl, and F, are extremely low in
all three bullae and also do not significantly change with age. Therefore,
from the neonate to adult, the contrast in the mineral concentrations
between the edge and central areas decreases significantly (Fig. 6), i.e.,
the whole bulla becomes more homogeneous in mineral composition
and mineral/matrix ratio with maturity.
4.4. During aging: CO3 and Na

The carbonate contents increase slightly (~1 wt.%) in both the edge
and central areas during aging (Table 1). The adult bulla is the bonewith
the highest carbonate content so far recorded, especially in the central
areas (~10 wt.%). Enrichments in both CO3

2− and Na in central areas
coincide during aging. The substitution of carbonate for phosphate is
known to be coupled with that of Na for Ca in bioapatites [11,15,17,
43–47], which leads to co-incorporation of carbonate and sodium in
bone. These coupled substitutions of CO3

2− for PO4
3− and Na+ for Ca2+

account for the primary compositional change in the bioapatite of TT
bullae during aging. The comparatively low and constant Na and CO3

contents in the edge areas of the neonate and sub-adult suggest that

image of Fig.�4


Fig. 5. A sketch of mineralogical and compositional contrast between the edge and central
areas in the bulla (darker color = higher mineral content).
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the edge areas are younger than the central areas. The substitution of
most of the CO3

2− for PO4
3−, coupled with depletion of OH− and Ca2+

in the bioapatite (Formula (1)), creates more vacant sites that are
available for cation incorporation. Such coupled substitutions have
also been documented in bioapatite within the rostrum of the MD
Table 3
EMP quantitative point analyses in neonate, sub-adult, and adult TT transverse sections (N =
rostrum [15] are shown for comparison. All values are in wt.% except for the Ca/P atomic ratio

# CaO P2O5 Na2O MgO

N
eo

na
te

Ed
ge

--
--

--
--

--
--

--
--

--
--

--
--

--
--

-C
en

te
r 50.20 (0.2) 34.62 (0.4) 1.28 (2) 0.43 (3)

50.16 (0.2) 34.51 (0.4) 1.30 (2) 0.45 (3) 

50.69 (0.2) 35.56 (0.4) 1.33 (2) 0.46 (3) 

50.18 (0.2) 34.79 (0.4) 1.31 (2) 0.45 (3)

47.80 (0.2) 32.94 (0.4) 1.13 (2) 0.50 (3)

Su
b–

ad
ul

t

Ed
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r 50.02 (0.2) 35.39 (0.4) 1.55 (2) 0.40 (3) 

49.75 (0.2) 35.44 (0.4) 1.52 (2) 0.48 (3) 

49.87 (0.2) 35.68 (0.4) 1.52 (2) 0.46 (3) 

49.67 (0.2) 35.69 (0.4) 1.52 (2) 0.48 (3) 

47.17 (0.2) 34.01 (0.4) 1.18 (2) 0.71 (2) 
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Ed
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--

--
--

--
--

--
--

--
--

--
--

--
--

-C
en

te
r 49.45 (0.2) 35.20 (0.4) 1.80 (2) 0.47 (3) 

50.16 (0.2) 35.05 (0.4) 1.78 (2) 0.45 (3) 

50.00 (0.2) 34.83 (0.4) 1.88 (2) 0.43 (3) 

50.09 (0.2) 34.79 (0.4) 1.82 (2) 0.46 (3) 

49.76 (0.2) 34.73 (0.4) 1.79 (2) 0.45 (3) 

Rostrum 48.33 35.70 1.48 0.84
male whale [15]. More specifically, the ratio of weight changes
ΔNa2O vs. ΔCO3 from the neonate to adult is 1:2 (ΔNa2O ~0.5 wt.%
vs. ΔCO3 ~1 wt.%, see Tables 3 and 1, respectively) in the central
areas, which yields an atomic ratio of 1:1 for ΔNa/ΔC. A modified
compositional model of the bioapatite in the bulla is therefore
more appropriately described as:

NaYðCa;MgÞ10−x−Y½ðPO4Þ6−x−YðCO3ÞxþY�ðOHÞ2−x: ð2Þ

Formula (2) is also applicable to the composition and compositional
variation in normal bones, such as human bone, lamb femur, and elk
antler, which have 0.8–0.9 wt.% Na2O [15,17,40]. The lower Na con-
tents in these normal bones, compared to the rostrum and bulla
bones, are consistent with their lower carbonate contents.

4.5. During aging: sub-adult

The sub-adult sample does not show chemical properties intermedi-
ate between those of the neonate and the adult samples, e.g., carbonate
contents (similar to the neonate), organic contents (similar to the
neonate), and Ca/P ratios (lower than both the neonate and adult).
5). The sum of the analyzed weight percents appears in the final column. Data from the
s. Relative % errors are shown in parentheses.

SO3 K2O Cl F Ca/P Sum

0.15 (6) 0.05 (10) 0.03 (11) 0.04 (39) 1.84 86.78

0.17 (6) 0.03 (13) 0.03 (12) 0.03 (44) 1.84 86.66

0.18 (5) 0.05 (9) 0.03 (12) 0.02 (89) 1.80 88.30

0.19 (5) 0.05 (9) 0.02 (15) 0.01 (107) 1.83 87.00

0.21 (5) 0.04 (13) 0.06 (6) 0.02 (69) 1.84 82.67

0.18 (5) 0.08 (6) 0.04 (9) 0.03 (56) 1.79 87.67

0.18 (5) 0.09 (6) 0.04 (10) 0.03 (44) 1.78 87.52

0.21 (5) 0.08 (6) 0.03 (9) 0.03 (47) 1.77 87.87

0.19 (5) 0.07 (6) 0.02 (9) 0.01 (90) 1.76 87.65

0.32 (3) 0.05 (9) 0.03 (10) 0.00 (433) 1.73 84.80

0.19 (5) 0.03 (15) 0.03 (10) 0.01 (236) 1.78 87.17

0.16 (6) 0.03 (13) 0.04 (9) 0.05 (31) 1.81 87.69

0.14 (6) 0.04 (13) 0.03 (11) 0.03 (43) 1.82 87.37

0.18 (5) 0.04 (13) 0.02 (13) 0.04 (40) 1.82 87.41

0.16 (6) 0.08 (6) 0.03 (11) 0.01 (39) 1.81 87.01

0.53 0.03 0.04 0.35 1.71 87.33

image of Fig.�5
Unlabelled image


Fig. 6. A sketch of mineral content change in bullae during aging from the neonate to adult (darker color = higher mineral content).
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However, the physical features of the sub-adult bulla, e.g., its degree of
porosity, do have a status between those of the other two bullae. There-
fore, the physical and chemical properties of bone may not change si-
multaneously in TT bullae. The results on the sub-adult (2.5 years)
also suggest that in relatively long-lived animals, such short time inter-
valsmay not be sufficient for documenting themineralogical changes in
bone apatite with age, especially with regard to the chemical features.

4.6. Comparison with existing studies of bone aging

Changes in a number of chemical and physical properties of bone
and its synthetic analogs have been traced over time. Mineralogical
changes in CO3 [16–18,20,22,23,48] and HPO4

2− concentrations [20,
49–52], Ca/P ratio [19,20,49], degree of crystallinity and crystal sizes
[17–19,53], and mineral contents [16–19] during bone aging have
been discussed in previous literature. Aging of synthetic apatite also
has been studied [50,54,55] and provides an analog to bioapatite in
bone. Althoughmost scientists limited their research onmaturity effects
to a short time interval, ranging from days to a few years, a small
number of studies analyzed bone samples over ranges of tens of years
[17,18].

The high CO3 and Na contents in the TT bullae compared to
those in normal bones enabled the testing of a specific mechanism
of co-inclusion of those two componentswithin bonemineral. In contrast
to the more than 1 wt.% increase in CO3 over a period of 20 years in the
dolphin bulla, there was an increase of only ~0.4 wt.% in human bone
over a period of 90 years [17]. More importantly, a hypermineralized
bone, such as the bulla, reduces the confounding effects from the
presence of collagen and its entrained body fluid, thereby yielding
relatively more accurate and precise chemical analyses [15].

The sodium ion has not attracted much interest in previous studies
of bone mineral. Handschin and Stern [17] discovered an increase in
Na2O in human bone (0.76 to 0.82 wt.%) over the first 10 years of age,
but this increase then halted. Increasing CO3 concentration in bonemin-
eral with age has been confirmed widely in human, bovine, and rat
bones by Raman spectroscopy, infrared spectroscopy, carbon analysis,
and other chemical analyses [16–18,20,21,23]. In the present study,
carbonate contents in the TT bullae were assessed by three techniques,
i.e., Raman spectroscopy, carbon analysis, and EMP — all of which gave
consistent results— rather than a single technique, as in most previous
studies.

Several studies reported a simultaneous increase in both the carbon-
ate concentration and the degree of crystallinity in bone mineral with
age [16,17,19]. In contrast, our study showed that the increase in car-
bonate concentration with age is not accompanied by a detectable
change in the degree of crystallinity of the mineral in TT bullae as
recorded by the constancy in Raman band width (see Table 1). Using
X-ray diffraction and Raman spectroscopy, Yerramshetty et al. [18] dis-
covered a similar lack of corresponding change in the crystallinity of
human bones (from adults 52–85 years of age) as carbonate increased
with age. They proposed that an increase in the size of the crystallites
along the c-axis (inferred from X-ray diffraction) can counter-balance
the size-diminishing effects from increasing carbonate. It was con-
firmed that the degree of crystallinity of bioapatite in bone does not
increase continually, e.g., no appreciable variation in crystallinity
(examined by X-ray diffraction) was identified within human bone
after 30 years of age [17].

Kuhn et al. [19] studied the composition of bovine cortical bone aged
1–3 months to 4–5 years by EMPand coulometric analysis. They detect-
ed relatively constant (or slightly increasing) Ca/P and Ca/(P + C)
atomic ratios of 1.61 vs. 1.64 and 1.39 vs. 1.41, respectively. Relatively
constant Ca/P ratios were also identified in the bullae, although of
higher value (~1.8).

The actual substitutional mechanisms of the incorporation of car-
bonate into bone mineral remain a subject of on-going research. Due
to the difficulty of chemically analyzing the mineral in normal bone,
much of this work has been done on synthetic analogs, some of which
were precipitated from sodium-bearing solutions (as is the case in
body fluids) and others in the absence of sodium. Several studies
indicate a change in thenature of the carbonate substitutionmechanism
over certain compositional ranges, e.g., significant carbonate substi-
tution for hydroxyl only at carbonate concentrations below 4 wt.%
[56,57] and a change in the nature of the charge-balancing mechanism
as carbonate concentrations exceed approximately 6.5 wt.%, which
corresponds to one carbonate ion per unit cell [48]. The availability of
non-pathologic hypermineralized bone samples may aid the develop-
ment of carbonate substitution models that are consistent between
synthetic and biological materials.

5. Conclusions

Selection of the hypermineralized dolphin's bulla permitted the
monitoring of changes in the mineral/matrix ratio of bone, as well as
compositional and crystallinity changes in bone mineral, over time in
a long-lived mammal. The extremely low concentration of organics in
the bulla enhanced the quality of the bone mineral analyses in that no
chemical treatment for removal of collagen was needed. Moreover,
use of spectroscopic and compositional point-analysis techniques
(micrometer scale) enabled compositional–structural evaluation of the
bone mineral at high spatial resolution. Such analysis is not possible in
bone with normal concentrations of collagen.

Our research on the effect of aging on bone confirmed the intriguing
coincidence of increasing CO3 concentration with no apparent loss of
crystallinity in the bioapatite. This coincidence is counterintuitive in
that, when separately synthesized CHAP samples are compared, an in-
creasing degree of carbonation correlates with a decreasing degree of
crystallinity [7,18,20,42,58]. Further work on the bulla may reveal two
or more independently operating processes that produce the unexpect-
ed carbonate–crystallinity trends documented during aging. One such
process identified in this work is the coupling of the chemical
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substitution of CO3
2− for PO4

3− with Na+ for Ca2+ during aging. The im-
portance of Na incorporation requires more attention in the study of
how bone changes with age.

Several new findings relate to the nature of the bulla itself. The
central volumetrically dominant areas of the bulla are clearly
hypermineralized. However, the narrow edge areas have distinctly
more collagen, and these two types of tissue should be differentiated
in future research on the dolphin's bulla.Moreover, the entire bulla pro-
ceeds to becomemorehomogeneous inmineral/collagen ratio andmin-
eral chemistry during aging. Mineralogically, the question is whether
we are recognizing the long-term approach to equilibrium between
body fluid and mineral during aging. In addition, results from this
study of the bulla, when coupled with our previous results on the
whale rostrum [15,37], shed light on the nature of bioapatite in bone.

We recognize that the exceptionally high carbonate concentration in
the bioapatite of the bulla excludes the latter's acceptance as “normal”
bone. However, the rest of the chemistry of the bulla's bioapatite and
the nature of its compositional variations support its use as a bone-
apatite model. Indeed, the fact that the bulla's bioapatite composition
ranges up to higher values for some essential components, e.g., CO3

and Na, than in typical bone has made more clear an important
element-incorporation mechanism in bone. Investigation of these
mechanisms is especially important in the on-going research to under-
stand the process of aging in bone and the possible effects of mineral
composition on the degradation of bone properties that occurs in oste-
oporosis and osteopetrosis [59–62]. The amenability of dolphin bullae in
this study to detailed, spatially resolved chemical and Raman spectro-
scopic analysis supports the undertaking of future analysis of multiple
suites of bullae of well-estimated ages.
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