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                                                                   ABSTRACT 7	  

     Carbonate-substituted hydroxylapatite is the inorganic component in bone. The nanometer size of bone 8	  

crystallites and their interweaving with subequal volumes of collagen fibrils make the chemical analysis 9	  

of the bone mineral extremely difficult. The few available chemical analyses commonly were made on 10	  

ashed bone, which, in addition to mineral, also includes chemical residues of collagen. For the present 11	  

study, we chose the rostrum of the whale Mesoplodon densirostris. Its mineral content of up to 96 wt% 12	  

makes it an ideal material for pursuing the chemistry of bioapatite within bone. Both bulk (X-ray 13	  

fluorescence, thermogravimetry, and carbon analysis) and point analyses and element mapping (electron 14	  

microprobe) were applied to this densest of bone materials. Its bioapatite has an average carbonate 15	  

content of ~8 wt% and an average Ca/P atomic ratio of 1.7. The rostrum shows extremely low-16	  

concentration trace elements (Al, Si, Fe, Ti and Sr) and some minor elements (K and Cl) as in typical 17	  

bone materials. Homogeneity of elemental distribution is demonstrated in typical mineral-dominated 18	  

areas within the rostrum sections except around a few vascular holes and vessels. The very good 19	  

correlation between electron microprobe point analyses and the XRF bulk analyses of the rostrum indicate 20	  

the latter to be a useful chemical model of bone mineral. The bulk analysis shows that the bioapatite in the 21	  

rostrum has an average composition of (Ca8.40Mg0.20Na0.54)[(PO4)4.87(CO3)1.13] (OH)0.87. 22	  
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 24	  

INTRODUCTION 25	  

    The hydroxylapatite (OHAP), Ca10(PO4)6(OH)2, member of the apatite group is a relatively 26	  

rare occurrence geologically (Mitchell et al., 1943; Pan and Fleet, 2002), but it is the basis of all 27	  
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biological forms of apatite. Bioapatite is a carbonate-containing variety of OHAP, which forms 1	  

the inorganic component of bone, tooth enamel, and tooth dentin, (Glimcher, 1959; 1962; 2	  

LeGeros et al., 1969; McConnell, 1970; Biltz and Pellegrino, 1977; LeGeros, 1981; Rey et al., 3	  

1989; Elliott, 1994; Elliott, 2002; Rey et al., 2007b). Despite the importance of bone mineral in 4	  

the biomechanics of bone (Currey, 1979) and the chemical equilibrium in the body (Biltz et al., 5	  

1981), the exact chemistry of bone apatite has not been fully defined. 6	  

    A typical bone, e.g., human femur, consists of ~55 wt% mineral, ~35 wt% collagen, and 15 7	  

wt% water (Rogers and Zioupos, 1999). Mineral therefore is the most abundant component 8	  

within bone. However, the bone mineral crystallites are nanometer in scale, and they are 9	  

intimately interwoven with collagen fibrils (Glimcher, 1959; Currey, 2002; Rey et al., 2007a). 10	  

Because of the analytical challenge posed by the nanocomposite we call bone, relatively few 11	  

chemical analyses of major (Ca, P, and O) and minor (Na, Mg, S, F, Cl, and K) elements of bone 12	  

and bone mineral have been reported in the literature since the 1980s (LeGeros, 1981; Driessens, 13	  

1982; LeGeros and LeGeros, 1984; Zioupos et al., 2000; Elliott, 2002; Skinner, 2005). Moreover, 14	  

most of the reported chemical compositions were not obtained on the actual mineral crystallites, 15	  

but rather on the residues of bone (referred to as bone ash), i.e., after heating to at least 500 oC 16	  

(LeGeros and LeGeros, 1984). Such residues may contain ions from ashed collagen as well as 17	  

from the original mineral. The published chemical data are based mainly on single bulk analyses 18	  

of major elements by X-ray fluorescence (XRF) or inductively coupled plasma-optical emission 19	  

spectrometry (ICP-OES). 20	  

     Bioapatite in bone is chemically more complex than end-member hydroxylapatite, as well as 21	  

typically defect-rich and non-stoichiometric. There are numerous chemical substitutions in bone 22	  

apatite, the most important of which is the substitution of carbonate (McConnell, 1970; LeGeros, 23	  
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1981; Rey et al., 1989; Daculsi et al., 1997; Peters et al., 2000; Elliott, 2002; Dorozhkin, 2007), 1	  

and the degree of carbonation differs among vertebrate groups (Biltz and Pellegrino, 1969; Rey 2	  

et al., 1989). It is the PO4
3-, and to a lesser extent, the OH- ions that undergo substitution by 3	  

CO3
2-. The charge imbalance is compensated by depleting calcium and hydroxyl ions in the 4	  

mineral, thereby creating vacancies (LeGeros, 1981; Elliott, 2002; Rey et al., 2007b). Bone 5	  

mineral's stoichiometry and composition are better represented by a formula such as  6	  

(Ca,Mg,Na)10-x[(PO4)6-x(CO3)x](OH)2-x (Elliott, 2002; Rey et al., 2007b), which reflects the 7	  

interconnections among substitution, charge balance, and creation of vacancies.  Despite the 8	  

recognized fact that not all bone has an identical mineral composition, our understanding of 9	  

bioapatite and our ability to test the appropriateness of formulae like the one above would be 10	  

enhanced by the acquisition of better mineral analyses in selected bone samples.  11	  

    A biological tissue bearing all the features of bone, yet extremely low in collagen, would be 12	  

the ideal sample on which to pursue the chemistry of bioapatite. With a reported mineral content 13	  

of ~96 wt%, the rostrum of the whale Mesoplodon densirostris is the densest bone recorded (de 14	  

Buffrénil and Casinos, 1995; Zylberberg et al., 1998; Rogers and Zioupos, 1999) and an optimal 15	  

choice for understanding the chemistry of bone mineral. Our previous studies by Raman 16	  

spectroscopy, scanning electron microscopy, and histology confirmed that the rostrum truly is 17	  

composed of bone (Li et al., 2013), rather than, for instance, a tissue more like the equally 18	  

hypermineralized material of tooth enamel. Bone with such a high mineral content could be 19	  

chemically analyzed much the way we analyze rocks, without the need to resort to often-used 20	  

techniques for chemically stripping the collagen from the bone (Tomazic et al., 1993; Karampas 21	  

et al., 2012). Therefore, unprocessed rostrum is an ideal material in which to investigate the 22	  

inherent composition of bone mineral. 23	  
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   The goal of this study is to apply analytical techniques typically used on rocks and minerals, 1	  

i.e., electron microprobe (EMP), XRF, thermogravimetric analysis (TGA), and carbon analysis 2	  

to define the composition of bone mineral, using untreated rostrum. Both bulk chemistry and 3	  

micrometer-scale variations in spot chemistry were studied within the whale rostrum.  4	  

 5	  

MATERIALS AND METHODS 6	  

Sample Preparation  7	  

   The rostrum sample investigated comes from a M. densirostris skeleton of a modern adult male 8	  

(#1922-143) housed in the Muséum National d’Histoire Naturelle in Paris, France. The body 9	  

length of M. densirostris ranges from 4.0 to 4.7 m in adult males, which are dark gray dorsally 10	  

and ventrally. The histology, mechanical properties, and texture of other portions of this same 11	  

rostrum have been reported earlier (de Buffrénil and Casinos, 1995; Rogers and Zioupos, 1999; 12	  

Currey, 2003; Lambert et al., 2011; Li et al., 2013).  13	  

    A rectangular prism of the rostrum material was cut using an Isomet low-speed, diamond-14	  

edged saw (Buehler LTD) to prepare the following two thin sections. 1) A longitudinal section 15	  

(LE) was sawn and epoxied onto a glass plate. For subsequent optical microscopy and electron 16	  

microprobe analyses, it was thinned to several tens of micrometers by careful grinding and 17	  

polishing down to 1 µm diamond powder. 2) An additional longitudinal section (LC) was 18	  

carefully polished down to 1 µm diamond powder while glued to a glass slide by cyanoacrylate 19	  

(Superglue®, Loctite). The 1-mm thickness of this section allowed its surface to remain free of 20	  

glue during grinding. It was studied by electron microprobe for comparison with the epoxied 21	  

section. 22	  
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In preparation for XRF analyses, an additional prism of the MNHN rostrum was heated in air 1	  

at 650oC in an FB 1400 (Barnstead Thermolyne) furnace for 12 hours in order to volatilize 2	  

organic components. For subsequent comparison, samples of lamb femur (from local butcher, 3	  

1.5-2 years old), elk antler (from local collector, less than one year old), and synthetic OHAP 4	  

powder (Acros), were also ashed by the same procedure as the rostrum. This temperature and 5	  

time have been shown sufficient to remove collagen from the bone (LeGeros and LeGeros, 1984; 6	  

Mkukuma et al., 2004). The ashed materials were then analyzed by XRF.  7	  

Instrumentation 8	  

The polished sections underwent electron microprobe analysis using a JEOL JXA 8200 9	  

Superprobe in the Department of Earth and Planetary Sciences at Washington University in St. 10	  

Louis (MO), operated with an accelerating voltage of 15 kV. Quantitative point analysis was 11	  

accomplished with a beam current of 25 nA and a beam diameter 20 µm. Although finer spatial 12	  

resolution is possible, the electron beam was kept broad to reduce damage to the nanocrystalline 13	  

samples. The elements F, Na, Mg, P, S, Cl, K, Ca, and Sr were selected for quantitative analysis 14	  

by wavelength-dispersive X-ray spectroscopy (WDS). The calibration standards for the EMP 15	  

analyses included albite for Na analysis, Durango apatite for Ca, P, and F, synthetic forsterite for 16	  

Mg, anhydrite for S, microcline for K, tugtupite for Cl, and Corning 95-IRX glass for Sr. In the 17	  

creation of elemental maps, the element-specific X-rays generated by Ca, Cl, K, Na, and P were 18	  

collected by an energy-dispersive spectrometer, and the elements F, S, and Mg were analyzed by 19	  

a wavelength-dispersive spectrometer. For elemental mapping, the diameter of the electron beam 20	  

was 3 µm and the analysis time for each pixel was 65 ms.  21	  
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The bulk chemical compositions of the ashed rostrum, lamb femur, elk antler, and synthetic 1	  

apatite (Acros) were analyzed by XRF, using a Siemens (now Bruker) SRS-300 X-ray 2	  

spectrometer. The samples (~1 gram each) were ground to < 200 mesh, dried at 110 oC to 3	  

remove adsorbed water and then ignited in a clean alumina ceramic crucible at 925 oC for XRF 4	  

analysis. NIST-1486 bone meal (NIST, 2002) was also analyzed for calibration. The details of 5	  

the sample preparation, data acquisition, and calibration of the XRF instrument have been 6	  

reported previously (Couture et al., 1993) .  7	  

     Samples of the rostrum and lamb femur were analyzed by using a TA Q500 8	  

thermogravimetric analyzer (TA Instruments) at Franklin and Marshall Collage, Lancaster, PA. 9	  

The TGA analysis used a flow rate of 60 ml/min of nitrogen while the samples (30 mg) were 10	  

heated to 800 oC at a rate of 10 oC/min.  11	  

   Total carbon (TC) and inorganic carbon (TIC) were analyzed by a CM5015 CO2 coulometer 12	  

(UIC Inc.) at the University of Kansas, Manhattan, KS. TC was determined by combusting the 13	  

rostrum sample in a tube furnace at 950 oC and then measuring the evolved CO2 in a coulometric 14	  

titration cell. TIC was determined by adding perchloric acid to the sample and then measuring 15	  

the evolved CO2 gas. The details of the sample preparation and data acquisition for the TC and 16	  

IC have been reported (Engleman et al., 1985; Jackson and Roof, 1992; Hirmas et al., 2012). 17	  

Organic carbon (TOC) was calculated by difference: TOC = TC-TIC. 18	  

 19	  

RESULTS  20	  

 Electron microprobe analysis  21	  
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    Figure 1 shows elemental maps and a back-scattered electron (BSE) image of the epoxied thin 1	  

section (LE). Red shades grays in the BSE image indicate regions that contain relatively heavy 2	  

elements and green shades indicate relatively light elements, e.g., collagen-rich areas. Therefore, 3	  

organic-rich areas, i.e., curvilinear features (like collagen or blood vessels) and vascular holes, 4	  

can be identified. These organic-rich features also are evident in the elemental maps, as regions 5	  

depleted (green) in Ca, P, Na, and K. The dominant, i.e., typical, areas in the rostrum 6	  

demonstrate a homogeneous distribution of mineral as recognized by the homogeneity in the 7	  

shading for major elements (Ca and P) and minor elements (Na, K, and Cl). In contrast, the 8	  

organic-rich areas in an elongated vessel and around the vascular hole (see VH and VE in Fig. 1) 9	  

show enrichment (red) in F, S, and Mg, but depletion in Ca, P, Na, K, and Cl. It should be noted 10	  

that K and Cl are usually extremely low in concentration in bone. The epoxy contains 11	  

measurable F, as Fig. 1 shows elevated F in the larger vascular hole filled with epoxy.  12	  

    Eight quantitative spot analyses were performed in the mineral-dominated typical areas of the 13	  

rostrum. An additional four analyses were made within 300 µm of the large vascular hole in Fig. 14	  

1. Histologic stained sections of comparable areas of the rostrum (Li et al., 2013) show that 15	  

collagenous tissue can extend on the order of 300 µm outward from vascular holes. Over-all 16	  

chemical homogeneity of the typical areas is indicated by the quantitative analyses (Table 1) and 17	  

is also demonstrated in Figure 1. All spots show high concentrations of calcium and phosphorus. 18	  

The average Ca/P molar ratio of the 12 analyses is ~1.73±0.05 (see Table 1), slightly higher 19	  

than the 1.67 of stoichiometric OHAP [Ca10(PO4)6(OH)2]. 20	  

    The analyses made in typical mineral-rich areas (spots #1-8 in Table 1) have similar 21	  

concentrations not only of the major but also of the minor elements S, F, and Mg. The chemical 22	  

homogeneity within these typical areas is consistent with previous Raman spectroscopic studies 23	  
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(Li et al., 2013). However, the last four analyses, acquired around the vascular holes, show 1	  

enrichments in F, S, and Mg (Table 1) compared to the mineral-dominated typical areas, thereby 2	  

showing heterogeneity in the concentration of these elements. In typical areas, MgO, SO3, and F 3	  

have average values of 0.81 wt%, 0.50 wt%, and 0.37 wt% compared to spots #9-12 around the 4	  

vascular holes, which have average concentration of 0.98 wt%, 0.99 wt%, and 1.1 wt%, 5	  

respectively (Table 1). In addition, relative to Mg, F and S are more concentrated around the 6	  

vascular hole (see the contrast in Fig. 1). 7	  

Sodium concentration is homogeneous within the typical areas (Na2O: 1.53±0.11 wt%), but 8	  

slightly higher than that around the vascular holes (Na2O: 1.10±0.09 wt%),). Despite its low 9	  

absolute concentration, sodium is the most abundant element analyzed except for Ca and P. 10	  

Carbon has a higher abundance, but it was not explicitly analyzed by EMP. Chlorine and 11	  

potassium appear homogeneously distributed, but with extremely low concentrations throughout 12	  

typical areas.  13	  

Figure 2 shows the compositional correlations in the LE section among the four minor 14	  

elements Na, Mg, F, and S. There is a strong positive correlation between S, F, and Mg, i.e., 15	  

enrichment of these elements in spots #8-12 around the vascular hole. In contrast, Na’s 16	  

concentration shows a strong inverse correlation with respect to Mg, F, and S, in that Na’s 17	  

concentration is homogeneous in typical areas but depleted around the vascular hole.  18	  

The quantitative spot analyses (Table 2) on the LC section affixed with cyanoacrylate show a 19	  

stoichiometry similar to that of the epoxied LE section. The only exception is the detection in LE 20	  

of fluorine that demonstrably is due to the epoxy: 0.37±0.13 wt% (spots #1-8 in Table 1 of the 21	  

LE section) vs. 0.22±0.20 wt% (spots #1-4 in Table 2 of the LC section) in typical areas. The 22	  
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Ca/P ratio in the LC section is 1.71±0.02, also close to 1.73±0.05 for the LE section in Table 1. 1	  

Both the major (Ca and P) and minor (Na, Mg, S, Cl, and K) element concentrations show strong 2	  

similarity between the two sections. Four analyses around the vascular hole in the LC section 3	  

also have elevated F, Mg, and S, together with a lower Na content than in the typical areas. It 4	  

therefore appears that the epoxy in the LE section did not affect the EMP results except for 5	  

analyses made directly inside the pits and vascular holes, which are filled with F-bearing epoxy.  6	  

    The <100 wt% sums in both the LC and LE sections are mainly attributed to organics 7	  

(collagen) in the bone, and to carbonate, water, and hydroxyl in the apatite, which were not 8	  

directly detected by EMP. The EMP analyses in the typical areas within the LC section have a 9	  

slightly higher (~1%) sum of weight (wt%) than those in the LE epoxied section. 10	  

   The calculation of apatite formulae based on these analyses can provide information important 11	  

to the chemistry of bioapatite, e.g., evaluation of the cation substitutions for calcium and 12	  

estimation of the amount of carbonate substitution. Our Raman analyses (Li et al., 2013) show 13	  

that the strongly dominant mechanism of carbonate incorporation in the rostrum bioapatite, as in 14	  

all analyzed bioapatites (at least 85-90% of the total carbonate in bone mineral: Elliott, 1994, 15	  

2002), is by substitution for phosphate. Assuming that all of the carbonate substitutes for 16	  

phosphate in the apatite of the rostrum, the mineral formulae can be represented as (Ca,Mg,Na)10-17	  

x[(PO4)6-x(CO3) x](OH)2-x (Elliott, 2002); the coefficients of CO3
2- (x) and OH- (2-x) in the 18	  

formulae are obtained by solving the equation: (Ca+Mg+0.5Na)/P = (10-x)/(6-x) (for charge 19	  

balance, one Na+ is considered as 0.5 M2+). Then, the wt% carbonate and the amount of 20	  

substitution of Ca by Mg and Na can be assessed (see Table 3). Table 3 shows that the model-21	  

dependent degree of carbonation in apatite within the rostrum ranges from 5.4 to 8.4 wt%. With 22	  

the reasonable assumption that Mg and Na cations are incorporated into the apatite component of 23	  
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the bone, rather than derived from the collagen, the appropriate cation/phosphorus ratio for 1	  

evaluation is (Ca+Mg+0.5Na)/P, whose value is shifted up to 1.76-1.84 (Table 3), well beyond 2	  

the expected 1.67 of OHAP. Based on Table 3 and the equation above, the rostrum has the 3	  

following average formula:  4	  

(Ca8.54Mg0.25Na0.38)[(PO4)4.99(CO3)1.01](OH)0.99                (1) 5	  

 If only the first four spots in the mineral-dominated typical areas in Table 3 are considered, the 6	  

formula can be modified to: 7	  

(Ca8.61Mg0.20Na0.42)[(PO4)5.02(CO3)0.98](OH)1.02                (2) 8	  

Formula (2) is similar to formula (1), except for less Mg and more Na. The estimated values of 9	  

carbonate (CO3
2+ wt%), based solely on charge balance as described above, are also almost 10	  

identical: 6.7 wt% in Formula (1) vs. 6.5 wt% in Formula (2). Note that these two calculated 11	  

formulae also show about half the hydroxyl concentration that is in stoichiometric OHAP.  12	  

XRF analyses of ashed bone  13	  

     Pursuing the chemistry of the mineral component of bone through analysis of ashed bone was 14	  

the widely accepted approach in previous research on bone (Dallemagne and Richelle, 1973; 15	  

LeGeros and LeGeros, 1984; Bigi et al., 1997; Skinner, 2005). Hence, it is valuable to repeat this 16	  

approach on the rostrum for comparison. Table 4 shows that the ashed rostrum has a slightly 17	  

higher Ca/P ratio than those in more normal bone materials, like the lamb femur and elk antler of 18	  

the present study. The ratio in the rostrum is also greater than that previously reported in human 19	  

bone (ratio=1.65), as well as in human tooth enamel (ratio=1.58) (LeGeros and LeGeros, 1984; 20	  

Daculsi et al., 1997). Ca/P ratios elevated above 1.67 are typically related to substitution of 21	  
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carbonate for phosphate (Ca10-x/(PO4)6-x) or to an increase in Ca during aging of bone (Legros et 1	  

al., 1987; Skedros et al., 1993; Dorozhkin, 2007). 2	  

    The Acros synthetic apatite and NIST-1486 bone meal show Ca/P ratios between those of the 3	  

rostrum and those of normal bones. Their values lie within 0.01 units of the theoretical value of 4	  

1.67. The XRF-derived formula for rostrum bioapatite based on the same model as in Formulas 5	  

(1) and (2) is:  6	  

 (Ca8.40Mg0.20Na0.54)[(PO4)4.87(CO3)1.13](OH)0.87                (3) 7	  

   The calculated CO3
2- concentration of the rostrum, based on charge-balancing of the XRF data, 8	  

is 7.6 wt% (in the expected 6-8 wt% range for bone) based on formula (3). This value is slightly 9	  

higher than the 6.7 wt% derived from formula (1) and based on EMP data. The value is also 10	  

higher than the 3.5 wt% for human enamel (LeGeros and LeGeros, 1984) and the 6 wt% 11	  

determined for a specific human bone (Daculsi et al., 1997) by bulk analyses of ashed materials. 12	  

Compared to the lamb femur and elk antler, the rostrum has 60 wt% more Na, but 40 wt% less 13	  

Mg, although both minor elements are even less than one-twentieth of the weight of the major 14	  

element Ca in all studied samples (see Table 4). The Mg concentration in the rostrum is similar 15	  

to that in the synthetic OHAP and to the comparably hypermineralized (also ~95 wt% mineral) 16	  

tooth enamel (LeGeros and LeGeros, 1984). However, concentrations of Na2O in the Acros 17	  

synthetic apatite (0.08 wt%) and in the tooth enamel (0.40 wt%) (LeGeros and LeGeros, 1984) 18	  

are lower than in the rostrum. Trace elements Al, Si, Ti, and Fe, are extremely low in all bones 19	  

and synthetic apatites as shown in Table 4. 20	  

 21	  
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Thermogravimetric analysis and carbon analysis 1	  
	  2	  

   TGA was applied to investigate weight loss due to release of water (in collagen and structurally 3	  

incorporated in apatite), breakdown of collagen, and breakdown of carbonate (within the apatite 4	  

structure) for the unprocessed rostrum and lamb femur. Fig. 3 shows that the heated lamb femur 5	  

has several weight loss stages (25 oC to 100 oC, 100 oC to 250 oC, 250 oC to 450 oC, 450 oC to 6	  

550 oC , 550 oC to 800 oC ), which are not easily identified in the rostrum. The weight loss below 7	  

100 oC is typically ascribed to adsorbed water (Ivanova et al., 2001; Mkukuma et al., 2004; 8	  

Yoder et al., 2012). The 7.1 wt% weight loss of the lamb femur below 100C o is larger than the 9	  

2.3 wt% loss of the rostrum, which probably is due to the presence of water in the abundant 10	  

collagen fibers of the femur.  11	  

Weight loss in the lamb femur and the rostrum between 100 oC and 800 oC represents the 12	  

breakdown of organics (e.g., collagen) and their release as volatiles, the decomposition of 13	  

structurally incorporated carbonate and its release as CO2, and the release of apatite’s lattice 14	  

water. The two TGA traces show a similar slope between 150 oC and 250 oC, which suggests the 15	  

initial rates of breakdown of collagen within and release of water from collagen fibers are similar 16	  

in the rostrum and lamb femur. Release of lattice water was reported to extend up to 550 oC in 17	  

bone and synthetic carbonated apatite (LeGeros et al., 1978; Ivanova et al., 2001; Mason et al., 18	  

2009; Yoder et al., 2012). Organics are considered ashed by 600 oC (Mkukuma et al., 2004), but 19	  

some carbonaceous residues may be stable to higher temperature (based on our Raman 20	  

spectroscopy on heated samples). The breakdown of carbonate, released as CO2 from apatite, can 21	  

start as low as 350 oC (Ivanova et al., 2001). Therefore, it is impossible to recognize the isolated 22	  

loss stages of organics, lattice water, and carbonate from Fig. 3. The rostrum has a cumulative 23	  

9.3 wt% loss by 550 oC, showing an almost linear release pattern. Further release occurs more 24	  
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slowly up to 10.4 wt% by 800 oC. In contrast, the lamb femur loses an additional ~3 wt% from 1	  

550 oC to 800 oC, which is probably due to further breakdown of abundant organic residue.  2	  

Coulometric analysis of unprocessed rostrum yields TIC of 1.57±0.04 wt%. The calculated 3	  

amount of carbonate (CO3
2-) is 7.88±0.22 wt% (Table 5), which is within the range of bone 4	  

apatite’s carbonate in Table 3 as calculated from EMP analyses. Furthermore, it approaches the 5	  

7.6 wt% carbonate in formula (3) derived from XRF analysis. Raman calibration on a suite of 6	  

synthetic carbonated apatites analyzed in our group (Pasteris et al., 2008) permitted the 7	  

spectroscopic evaluation of the carbonate concentration in bioapatite. The carbonate values in the 8	  

rostrum bone apatite average 7.96±0.35 wt% (N=10), also close to the value of the present 9	  

carbon analysis. Our three independent means of directly or indirectly determining carbonate in 10	  

bioapatite are therefore in good agreement. 11	  

As seen in Table 5, the breakdown of all CO3
2- leads to a 5.76 wt% loss due to evolved CO2. 12	  

Consider this weight loss in the context of Fig. 3, which shows a total loss of 10.4 wt% up to 800 13	  

oC, representing losses of water, collagen, and carbonate. The difference between the total 14	  

weight loss and the weight loss due to carbonate breakdown (10.4 - 5.7 wt%) can be attributed to 15	  

loss of water and collagen (4.6 wt%; see equation 4).  16	  

Carbonate Loss = Total Loss – (Water Loss + Collagen Loss)    (up to 800 oC)               (4) 17	  

The inferred mineral content of the rostrum is 95.4 wt% (100 wt% - 4.6 wt%), which matches the 18	  

~95-96 wt% mineral content reported in the literature (de Buffrénil and Casinos, 1995; 19	  

Zylberberg et al., 1998; Rogers and Zioupos, 1999) and based on our previous Raman analysis 20	  

(Li et al., 2013). The TOC equals TC - TIC, i.e., 0.91±0.04 wt%, which is primarily from 21	  

collagen.  22	  
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 1	  

DISCUSSION 2	  

     The only recognized mineral in the rostrum, as in all normal bones, is carbonated OHAP. The 3	  

stoichiometry of the bioapatite in the rostrum is shown to match that of bone and to differ 4	  

significantly from that of the similarly hypermineralized material, enamel. The mineral in the 5	  

rostrum has a Ca/P atomic ratio ranging from 1.68 to 1.82 based on EMP point analyses, which 6	  

are in good agreement with the ratio of 1.73 based on XRF bulk analyses. These values are 7	  

slightly higher than the 1.67 of synthetic OHAP and the ~1.65 of two common bones (lamb 8	  

femur and elk antler). Increased amounts of substitution of carbonate for phosphate in the 9	  

rostrum compared to that in some other bones could cause such a shift in Ca/P atomic ratios.  10	  

Previous data on the chemistry of bone and bone mineral are scarce, e.g., in the absence of 11	  

new data, the same analysis of human bone (LeGeros, 1981; LeGeros and LeGeros, 1984) has 12	  

been cited in many recent articles. Furthermore, the data are problematic: 1) Some 13	  

inconsistencies or typographical errors exist in the published tables, e.g., P is listed as 10.5 wt% 14	  

in LeGeros 1981 vs. 11.5 wt% in LeGeros and LeGeros 1984; 2) These data are shown to only 15	  

one decimal place, making the calculation of carbonate and hydroxyl concentrations impossible. 16	  

The present EMP and XRF analyses of the rostrum therefore elucidate the most accurate 17	  

chemistry known for the unprocessed bone. Calculated formulas based on the model of 18	  

(Ca,Mg,Na)10-x[(PO4)6-x(CO3) x](OH)2-x (Elliott, 2002) show the relative ion concentrations of the 19	  

bioapatite in the rostrum (Table 6). Formulae (1) and (2) based on EMP analyses are valuable in 20	  

tracking chemical variation within the rostrum. Formula (3) based on XRF bulk analysis 21	  

provides the closest estimation of the average stoichiometry of the bioapatite in the rostrum.                22	  
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Both EMP and XRF analyses show that Na is the third most abundant element (excluding 1	  

oxygen) in the rostrum bioapatite, following the major elements Ca and P. The substitution of 2	  

carbonate for phosphate is known to be coupled with that of Na for Ca in bioapatites (LeGeros, 3	  

1981; Elliott, 1994; Daculsi et al., 1997; Cazalbou et al., 2004; Peroos et al., 2006; Barinov et al., 4	  

2008), which leads to co-incorporation of carbonate and sodium in bone. This complex 5	  

substitution mechanism is well illustrated by the rostrum. All bones have a markedly higher Na 6	  

concentration than does usual synthetic OHAP that is not carbonated (see Table 4). The 7	  

concentration of Na in the rostrum is also higher than that in typically analyzed human bones and 8	  

tooth enamel (LeGeros and LeGeros, 1984; Daculsi et al., 1997) and in the ashed lamb femur 9	  

and elk antler analyzed here. The hypermineralized areas of the rostrum have higher sodium 10	  

concentrations than the organic-rich areas, which further supports the notion of the 11	  

crystallographic incorporation of bone’s Na component within the mineral.  12	  

     Elevation in the concentration of S, F, and Mg around the organic-enriched vascular holes 13	  

suggests that the organic matter contains these elements. However, these ions are present in both 14	  

the organic and inorganic components of bone, as the highly mineralized typical areas also show 15	  

considerable concentration of those elements. In apatite, SO4
2- can substitute for PO4

3-, much like 16	  

CO3
2- does (Glimcher, 1959; Legros et al., 1987; Elliott, 1994; 1997; Glimcher, 2006). Fluoride 17	  

incorporation is prevalent although typically low in concentration in bioapatite, in which fluoride 18	  

ions share channel sites with hydroxyl ions (LeGeros and LeGeros, 1984; Elliott, 1994; Elliott, 19	  

2002; Dorozhkin, 2007; Kuhn et al., 2008; Dorozhkin, 2009; Pasteris and Ding, 2009). 20	  

Substitution of Mg cations for Ca in bioapatite also has been widely reported (LeGeros, 1981; 21	  

LeGeros and LeGeros, 1984; Elliott, 1994; Tampieri et al., 2005). Mg incorporation may reduce 22	  

the crystallinity and the solubility of apatite (LeGeros and LeGeros, 1984; LeGeros et al., 1995). 23	  
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The higher degree (compared to normal bones) of mineral crystallinity in the rostrum based on 1	  

Raman spectroscopy (Li et al., 2013) and X-ray diffraction (Rogers and Zioupos, 1999), 2	  

compared to normal bones, could be due in part to the rostrum’s lower Mg concentration (see 3	  

Table 4). Sulfur can be incorporated in apatite as SO4 (substituting for PO4), whereas fluoride 4	  

can substitute for OH. Tellingly, the SO4
2- and F- in rostrum apatite are even more strongly 5	  

correlated with the presence of organic matter than Mg is (see contrast of elemental maps in Fig. 6	  

1). In Table 2, the average concentrations of F and SO3 in typical areas are only ~19% and ~38%, 7	  

respectively, of those in areas around the vascular hole. For MgO, in comparison, the value is 8	  

~63%. These data suggest that Mg is partitioned more strongly into the mineral than F- and SO4
2-. 9	  

It is therefore reasonable to represent the stoichiometry of the mineral phase in the rostrum as 10	  

(Ca,Mg,Na)10-x[(PO4)6-x(CO3) x](OH)2-x (Elliott, 2002), which excludes S and F.        11	  

Chlorine and potassium are distributed homogeneously in the typical areas of the rostrum, but 12	  

at an extremely low concentration (~1/1000 of the calcium). Due to the ion’s relatively large size, 13	  

to incorporate appreciable Cl into apatite formed in a low-temperature aqueous environment 14	  

requires a very high Cl concentration in the coexisting solution (LeGeros, 1975). The low 15	  

concentration of K in bioapatite is likewise due to its large radius (Elliott, 1994) and low 16	  

concentration in body fluid. Other trace elements, e.g., Al, Fe, Si, Ti, and Sr, are all near or 17	  

below the detection limits of the XRF and EMP analyses made in this study.  18	  

   Carbon analysis shows that the rostrum has ~8 wt% carbonate, assumed to be entirely in the 19	  

bioapatite. This carbonate content is at the high end (but not the highest value (Li et al., 2013)) of 20	  

the bone materials studied in our lab, and within the 6-8 wt% carbonate range typically cited in 21	  

the literature (LeGeros and LeGeros, 1984; Elliott, 2002; Glimcher, 2006). The ~8 wt% value is 22	  

consistent with our calculated value of 7.6 wt% based on the compositional model of 23	  
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(Ca,Mg,Na)10-x[(PO4)6-x(CO3)x](OH)2-x. Therefore, this model is valuable in estimating 1	  

unanalyzed components in a formula for bone apatite. In addition to carbonate estimation, the 2	  

model provides a plausible method by which to estimate hydroxyl, which is difficult to assess by 3	  

most techniques. 4	  

   The rostrum bioapatite has less than half the hydroxyl molar content of OHAP (see Table 6). In 5	  

an equilibrium system of CaO-PO4-CO2-H2O, as carbonate substitution increases in the apatite, 6	  

the OH-concentration decreases (Pasteris et al., 2012). However, the presence of Na+ as a 7	  

substitute for Ca2+ provides an alternative to the basic mechanism of (PO4)3- + Ca2+ + OH- ↔ 8	  

(CO3)2- +□Ca+□OH, in which the addition of each mole of (CO3)2- produces one mole of OH-9	  

vacancies. In contrast, the availability of Na+ permits substitution of (PO4)3- + Ca2+ ↔ (CO3)2- 10	  

+Na+, which does not demand any vacancies in the OH-site. Therefore, although the 11	  

concentration of carbonate in the rostrum is at the high end of that typically reported in bone 12	  

mineral, the degree of hydroxyl depletion is not as great in the rostrum as in some other reported 13	  

bone analyses (LeGeros and LeGeros, 1984; Legros et al., 1987; Daculsi et al., 1997; Cho et al., 14	  

2003; Kolmas and Kolodziejski, 2007). 15	  

   A deficiency in the wt% totals was displayed in all the quantitative EMP spot analyses (Table 1 16	  

and 2) of the rostrum. Since the light elements carbon, hydrogen, and nitrogen, and other minor 17	  

elements were not analyzed for, the sum of the weights, as detected in each spot should be less 18	  

than ~90 percent. For example, CO2 within the rostrum is 5.76 wt% (see Table 5), and H2O 19	  

contributes 1.1 wt% (converted from OH in formula 3). Low-temperature, aqueously precipitated 20	  

carbonated OHAP, including bioapatites, also contain about 3 wt% structurally incorporated 21	  

water (Yoder et al., 2012). Considering an additional ~4 wt% of organic matter in the rostrum 22	  

(Li et al., 2013), would produce a total expected deficit of ~14 wt%.    23	  
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    All of the formulas presented above are model-dependent, as explained in the analytical 1	  

sections. They follow accepted protocols, however, which permit comparison of our analyses 2	  

with those of other types of bioapatite (e.g., tooth enamel) and with future analyses of bone 3	  

mineral. One other assumption in our data presentation, as in that of all other chemical analyses 4	  

of bioapatite known to us, is that the elements analyzed are crystallographically incorporated in 5	  

the mineral structure. It is well known that carbonated apatite including that in bone has a highly 6	  

reactive surface (also a high surface-area-to-volume ratio) with a high concentration of adsorbed 7	  

ions (Cazalbou et al., 2004; Rey et al., 2007a; Rey et al., 2007b). The adsorbed species, however, 8	  

are difficult to quantify and have not been addressed in the current work.   9	  

Agreement between EMP on raw rostrum and XRF on ashed rostrum supports our contention 10	  

that the rostrum provides an ideal example of bone mineral, which can be chemically analyzed 11	  

without resorting to processing techniques that can alter the bone mineral. In-situ EMP analysis 12	  

is preferable in order to track chemical variation within the rostrum. The XRF is more precise in 13	  

evaluating the chemistry of the bulk material, e.g., the estimated carbonate concentration based 14	  

on XRF-derived formula (3) approaches the independent carbon analysis more closely than do 15	  

the EMP analyses.  16	  

 17	  

CONCLUDING REMARKS 18	  

    The rostrum does not require complicated and chemically intense processes of sample 19	  

preparation, e.g., deproteinization (thereby avoiding the mineral dissolution/re-precipitation 20	  

during chemical stripping of organics) or ashing (thereby avoiding contamination of the bone 21	  

mineral by residual non-volatile ions from the collagen). For EMP, the rostrum permits in-situ 22	  

point analysis and elemental mapping on the fresh sample. For XRF bulk analysis on ashed 23	  
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material, the rostrum produces extremely low concentrations of ion residues from collagen. Good 1	  

correlation between EMP point analyses and XRF bulk analyses of ashed rostrum show the latter 2	  

to be a useful chemical model of bone mineral. This finding is important, because it 3	  

demonstrates that the rostrum can be analyzed without removal of collagen by heating/ashing or 4	  

chemical stripping, which can chemically compromise the mineral component of normal bone. 5	  

  The carbonated hydroxylapatite in the rostrum has ~8 wt% carbonate and an elevated Ca/P ratio 6	  

of 1.7 as measured directly by EMP. The Mg concentration in the analyzed materials shows the 7	  

order: normal bones>rostrum ≈ enamel>synthetic OHAP, whereas for Na the order is 8	  

rostrum>normal bones>enamel>synthetic OHAP. The rostrum has extremely low trace element 9	  

concentrations, e.g., Cl, K, Al, Si, Fe, and Ti. Slightly higher S, F, and Mg concentrations around 10	  

vascular holes could be related to enrichment in organics, but most Mg resides in the mineral. 11	  

Both Na and Mg appear to be incorporated into the Ca sites in the bioapatite. 12	  

     The chemistry of bioapatite varies among different vertebrates and different bones of the 13	  

same vertebrate, producing variations in both the bulk mineral composition and exact 14	  

stoichiometry of the bioapatite analyzed (Biltz and Pellegrino, 1977). In addition, some of the 15	  

analyzed ions might be adsorbed on the surface of the mineral rather than incorporated in the 16	  

crystal structure. However, as a hypermineralized bone with 95-96 wt% mineral content, the 17	  

rostrum is still an ideal material in which to investigate the chemistry of bioapatite, and therefore 18	  

is an excellent exemplar of  “bone mineral.” The present multiple analyses of bone mineral 19	  

contribute to the scant published literature currently available.  20	  

 21	  

 22	  
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 1 

FIGURE 1. Back-scattered electron image and elemental maps of a 1.95×1.95 mm area in the epoxied LE section. The section 2 

shows a round vascular hole (VH) and an elongated vessel (VE) in addition to mineral-dominated bone. 3 

 4 

FIGURE 2. Variations of S, F, Mg, and Na (S, Mg, and Na are shown as oxides) and total wt% of analyses in the LE section. 5 

See Table 1 for original data and uncertainties. 6 

 7 
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 1 

FIGURE 3. TGA traces of the whale rostrum and lamb femur. 2 

 3 
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TABLE 1. EMP quantitative analyses in typical areas and near vascular holes (◆) in the LE section affixed with epoxy. The sum 1 
of the analyzed weight percents is also included. Analyses #9-12 were taken within 300 μm of the vascular hole in Fig. 2 

1. All values shown are in wt% except for the Ca/P atomic ratios. 3 
# CaO P2O5 Na2O MgO SO3 K2O Cl F SrO Ca/P Sum  

1 48.60  
(0.6) 

35.58 
(0.5) 

1.40 
(2) 

0.87 
(2) 

0.49 
(2) 

0.03 
(12) 

0.04 
(7) 

0.28 
(6) - 1.73 87.29 

2 47.65 
 (0.6) 

35.30 
(0.5) 

1.44 
(1) 

0.81 
(2) 

0.48 
(2) 

0.02 
(17) 

0.04 
(8) 

0.31 
(5) 

0.03 
(45) 1.71 86.08 

3 48.17 
(0.6) 

35.82 
(0.5) 

1.50 
(1) 

0.80 
(2) 

0.54 
(2) 

0.02 
(14) 

0.04 
(7) 

0.35 
(5) 

0.03 
(50) 1.70 87.27 

4 48.65 
(0.6) 

35.66 
(0.5) 

1.66 
(1) 

0.82 
(2) 

0.42 
(3) 

0.04 
(10) 

0.04 
(8) 

0.20 
(8) 

0.06 
(26) 1.73 87.55 

5 48.57 
(0.6) 

36.16 
(0.5) 

1.41 
(1) 

0.88 
(2) 

0.74 
(2) 

0.03 
(11) 

0.05 
(6) 

0.61 
(3) 

0.03 
(47) 1.70 88.48 

6 48.73 
(0.6) 

35.39 
(0.5) 

1.60 
(1) 

0.78 
(2) 

0.42 
(3) 

0.03 
(10) 

0.04 
(8) 

0.30 
(5) 

0.03 
(58) 1.74 87.32 

7 48.50 
(0.6) 

36.24 
(0.5) 

1.69 
(1) 

0.79 
(2) 

0.47 
(3) 

0.03 
(10) 

0.03 
(10) 

0.50 
(3) 

0.03 
(59) 1.69 88.28 

8 48.12 
(0.6) 

35.03 
(0.5) 

1.59 
(1) 

0.76 
(2) 

0.46 
(3) 

0.03 
(11) 

0.04 
(8) 

0.39 
(4) 

0.02 
(67) 1.74 86.44 

9◆ 47.24 
(0.6) 

35.54 
(0.5) 

1.21 
(2) 

0.90 
(1) 

0.83 
(2) 

0.03 
(13) 

0.04 
(8) 

1.22 
(1) 

0.05 
(27) 1.68 87.06 

10◆ 48.96 
(0.6) 

35.24 
(0.5) 

1.05 
(2) 

0.88 
(2) 

0.90 
(2) 

0.02 
(17) 

0.02 
(13) 

1.03 
(2) 

0.05 
(30) 1.76 88.15 

11◆ 44.92 
(0.6) 

33.57 
(0.5) 

1.00 
(2) 

1.24 
(1) 

1.29 
(3) 

0.03 
(13) 

0.06 
(6) 

1.27 
(1) 

0.06 
(26) 1.69 83.44 

12◆ 43.76 
(0.6) 

31.09 
(0.5) 

1.15 
(2) 

0.88 
(1) 

0.93 
(2) 

0.02 
(14) 

0.04 
(7) 

0.86 
(2) 

0.04 
(42) 1.78 78.77 

           “-”: below detection limit. Parentheses: relative errors %. 4 
 5 
 6 
 7 
 8 
 9 
 10 
 11 
 12 
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TABLE 2. EMP quantitative analyses in typical areas and near vascular holes (◆) in the LC section affixed with cyanoacrylate. 1 
Analyses #5-8 were taken within 300 μm of the vascular holes. All values shown are in wt% except for the Ca/P atomic ratios. 2 

            3 
 4 
 5 
 6 
 7 
 8 
 9 
 10 
 11 
 12 
 13 
              14 
            “-”: below detection limit. Parentheses: relative errors %. 15 

TABLE 3. Stoichiometric coefficients of eight studied spots (same as in Table 2) in the cyanoacrylate-affixed LC section based 16 
on the formula (Ca,Mg,Na)10-x[(PO4) 6-x(CO3) x](OH)2-x. The calculated wt% of carbonate and the observed (Ca+Mg+0.5Na)/P 17 
molar ratio are included. 18 
   19 
           20 
 21 
 22 
 23 
 24 
      25 
 26 

# CaO P2O5 Na2O MgO SO3 K2O Cl F SrO Ca/P Sum  

1 49.02 
(0.1) 

36.56 
(0.2) 

1.07 
(1) 

0.88 
(3) 

0.15 
(6) 

0.31 
(2) 

0.06 
(9) - - 1.70 88.05 

2 49.28 
(0.2) 

37.00 
(0.4) 

1.19 
(2) 

0.82 
(2) 

0.48 
(3) 

0.02 
(22) 

0.04 
(10) 

0.37 
(6) - 1.69 89.20 

3 47.80 
(0.2) 

35.13 
(0.5) 

1.56 
(2) 

0.79 
(2) 

0.36 
(3) 

0.03 
(16) 

0.04 
(9) 

0.09 
(23) - 1.72 85.80 

4 49.94 
(0.2) 

36.01 
(0.5) 

1.62 
(2) 

0.76 
(2) 

0.41 
(3) 

0.03 
(21) 

0.03 
(11) 

0.40 
(6) 

0.02 
(138) 1.76 89.22 

5◆ 48.61 
(0.2) 

36.31 
(0.5) 

1.10 
(2) 

1.29 
(2) 

0.74 
(2) 

0.02 
(26) 

0.13 
(3) 

0.94 
(3) 

0.09 
(28) 1.69 89.23 

6◆ 47.29 
(0.2) 

35.33 
(0.5) 

1.06 
(2) 

1.27 
(2) 

0.83 
(2) 

0.02 
(34) 

0.10 
(4) 

1.01 
(2) 

0.02 
(107) 1.69 86.93 

7◆ 49.22 
(0.2) 

36.05 
(0.5) 

1.01 
(2) 

1.30 
(2) 

1.10 
(2) 

0.02 
(25) 

0.06 
(6) 

1.25 
(2) 

0.05 
(48) 1.73 90.06 

8◆ 48.91 
(0.2) 

35.76 
(0.5) 

1.01 
(2) 

1.29 
(2) 

1.01 
(2) 

0.01 
(51) 

0.05 
(7) 

1.39 
(2) 

0.07 
(34) 1.73 89.50 

# Formulae CO3
2+ wt% (Ca+Mg+0.5Na*)/P 

1 (Ca8.78Mg0.22Na0.34)[(PO4)5.17(CO3)0.83] 
(OH)1.17 

5.4 1.77 

2 (Ca8.84Mg0.20Na0.38)[(PO4)5.24(CO3)0.76] 
(OH)1.24 

5.0 1.76 

3 (Ca8.47Mg0.19Na0.50)[(PO4)4.92(CO3)1.08] 
(OH)0.92 

7.1 1.81 

4 (Ca8.33Mg0.18Na0.49)[(PO4)4.75(CO3)1.25] 
(OH)0.75 

8.4 1.84 

5◆ (Ca8.55Mg0.31Na0.35)[(PO4)5.04(CO3)0.96] 
(OH)1.04 

6.3 1.80 

6◆ (Ca8.57Mg0.32Na0.35)[(PO4)5.06(CO3)0.94] 
(OH)1.06 

6.1 1.79 

7◆ (Ca8.39Mg0.31Na0.32)[(PO4)4.86(CO3)1.14] 
(OH)0.86 

7.6 1.82 

8◆ (Ca8.38Mg0.30Na0.31)[(PO4)4.84(CO3)1.16] 
(OH)0.84 

7.7 1.83 
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TABLE 4. Compositions (wt%) of the ashed rostrum, lamb femur, elk antler, Acros synthetic OHAP, and NIST 1486 bone meal 1 
(for calibration) based on XRF analysis. 2 
 

K+ Ca2+ Na+ Mg2+ P Si4+ Al3+ Ti4+ Fe3+ LOI 

Atomic Ratio 

(Ca+Mg+1
/2Na)/P 

 
Ca/P 

 

Rostrum 0.01 36.83 1.37 0.53 16.50 0.01 0.02 - - 4.59 1.83 1.73 

Lamb 0.05 37.79 0.80 0.77 17.97 - 0.01 - - 1.69 1.71 1.63 

Elk 0.02 38.58 0.89 0.86 18.10 0.03 0.01 - - 0.11 1.75 1.65 

Acros 0.01 39.19 0.08 0.54 18.23 0.03 0.01 - 0.01 1.11 1.71 1.66 

NIST-
1486 0.03 26.81 0.49 0.55 12.38 - - - - 31.20 1.76 1.68 

 “-”: below detection limit. 3 
 4 

TABLE 5. Carbon analysis of the rostrum (N=2). Carbonate (CO3
2-) and CO2 were inferred from TIC. All values shown are in 5 

wt%. 6 
                                          7 

 8 
TABLE 6. List of three calculated formulae of bioapatite in the rostrum. 9 
# Formula Techniques Description 

1 (Ca8.54Mg0.25Na0.38)[(PO4)4.99(CO3)1.01](OH)0.99 EMP Analyses of hypermineralized and organic-richer areas 

in unprocessed rostrum 

2 (Ca8.61Mg0.20Na0.42)[(PO4)5.02(CO3)0.98](OH)1.02 EMP Analyses only of mineral-dominated areas in 

unprocessed rostrum 

3 (Ca8.40Mg0.20Na0.54)[(PO4)4.87(CO3)1.13] (OH)0.87 XRF Bulk analysis of ashed rostrum 

 10 

 TC TIC TOC CO3
2- CO2 

Rostrum 2.49±0.00 1.57±0.04 0.91±0.04 7.88±0.22 5.76±0.15 
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