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aBstraCt

Despite numerous analytical studies, the exact nature of the mineral component of bone is not yet 
totally defined, even though it is recognized as a type of carbonated hydroxylapatite. The present study 
addresses the hydration state of bone mineral through Raman spectroscopic and thermogravimetric 
analysis of 56 samples of carbonated apatite containing from 1 to 17 wt% CO3, synthesized in H2O 
or D2O. Focus is on the relation between the concentration of molecular water (as distinguished from 
hydroxyl ions) and the concentration of carbonate in the apatite. Raman spectra confirm the presence 
of molecular water as part of the crystalline structure in all the aqueously precipitated carbonated 
apatites. TGA results quantitatively document that, regardless of the concentration of carbonate in 
the structure, all hydroxylapatites contain ~3 wt% of structurally incorporated water in addition to 
multiple wt% adsorbed water. We spectroscopically confirmed that natural bone mineral also contains 
structurally incorporated molecular H2O based on independent analyses of bone by means of spectral 
stripping (subtracting the spectrum of collagen from that of bone) and chemical stripping (chemically 
removing the collagen content of bone prior to analysis). Taken together, the above data support a 
model in which water molecules densely populate the apatite channels regardless of the abundance of 
hydroxyl vacancies. We hypothesize that water molecules keep the apatite channels stable even when 
80% of the hydroxyl sites are vacant (typical in bone), hinder carbonate ions from substituting for 
hydroxyl ions in the channels, and help regulate chemical access to the channels (e.g., ion exchange, 
entry of small molecules). Our results show that bone apatite is not a “flawed hydroxylapatite,” but 
instead a definable mineralogical entity, a combined hydrated-hydroxylated calcium phosphate phase 
of the form Ca10–x[(PO4)6–x(CO3)x](OH)2–x·nH2O, where n ~ 1.5. Water is therefore not an accidental, 
but rather an essential, component of bone mineral and other natural and synthetic low-temperature 
carbonated apatite phases.
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introduCtion

About 55–60 wt% of human bone is mineral, far in excess 
of the accompanying ~30 wt% collagen and ~10–15 wt% water 
(Rogers and Zioupos 1999). Its mineral component accounts 
for much of the load-bearing capacity of bone and also acts 
as a chemical reservoir of biologically important ions, such as 
calcium, phosphorus, and magnesium (Skinner 1987; Weiner 
and Wagner 1998; Rogers and Zioupos 1999; Glimcher 2006). 
Remarkably, however, there presently still remain analytical and 

conceptual challenges to understanding both the crystalline struc-
ture and composition of bone mineral. The analytical challenges 
are linked to the extremely small size of the plate-like crystal-
lites of carbonated hydroxylapatite in bone, which are about 
2 nm thick and tens of nanometers in the other two directions 
(Weiner and Wagner 1998; Glimcher 2006; Rey et al. 2009), and 
their intimate association with an approximately equal volume 
of the protein collagen. The conceptual challenge comes from 
the lack of a coherent model of the chemical-structural entity 
“bone mineral,” which is an inorganic compound, yet grows in 
a biological (aqueous) environment and responds on biological 
time scales. The history of research in this field during the past 
60+ years (Beevers and McIntyre 1946; McConnell 1962; Biltz 
and Pellegrino 1971; LeGeros et al. 1978; Skinner 1987; Elliott 
2002; Cho et al. 2003; Wilson et al. 2006a, 2006b; Glimcher 
2006; Rey et al. 2009; Pasteris 2012) reveals an increasing un-
derstanding of specific details of the structure and chemistry of 
bone mineral. Despite all of these analytical studies, however, 
the exact nature of the mineral component of bone is not yet 
completely defined.

* E-mail: pasteris@levee.wustl.edu
† Special Collection: Minerals in the Human Body. Special as-
sociate editors are Mickey Gunter and Gregory Meeker. Special 
collection papers can be found on GSW at http://ammin.geosci-
enceworld.org/site/misc/virtual_special_list.xhtml. Additionally 
the GSW site has a classification tag found on the right-hand side 
of the article that is a link to all the collection papers. The MSA 
website (http://www.minsocam.org/MSA/AmMin/AmMineral.
html) has complete information.
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It has been known for about a century that bone crystallites 
are most similar to the mineral hydroxylapatite, Ca10(PO4)6(OH)2. 
Of particular interest in the present study (see Fig. 1) is that there 
are two different calcium sites in the crystal, labeled Ca(1) and 
Ca(2), and the hydroxyl ions reside in Ca(2)-defined channels 
along the c-axis (Skinner 1987; Elliott 2002; Hughes and Ra-
kovan 2002). There are, however, several important differences 
between hydroxylapatite and biological apatite (Young 1975). 
Multiple research groups have shown that bone apatite incor-
porates about 5–8 wt% carbonate (CO3

2–) and that the carbonate 
dominantly substitutes for phosphate (PO4

3–) tetrahedra in the 
crystal lattice (LeGeros et al. 1969; Penel et al. 1998; Elliott 
2002). It also was realized more than 40 yr ago that bone apatite 
is deficient in hydroxyl (OH–) compared to pure hydroxylapatite 
(Biltz and Pellegrino 1971; Termine and Lundy 1973), but an 
ongoing controversy ensued concerning exactly how much/little 
hydroxyl exists in bone mineral and what controls its concentra-
tion (Rey et al. 1995, 2009; Pasteris et al. 2004). The most recent 

evaluations indicate that bone apatite contains only about 20 
mol% of the hydroxyl content in stoichiometric hydroxylapatite 
(Cho et al. 2003). There is therefore about an 80 mol% hydroxyl 
deficiency in bone apatite. To a large degree, the deficiency in 
hydroxyl can be explained by the need for charge balance as 
CO3

2– ions substitute for PO4
3–, which can be represented by the 

formula Ca10–xox[(PO4)6–x(CO3)x](OH)2–xox, where o represents 
a vacancy (Rey et al. 1995, 2009; Penel et al. 1998; Elliott 2002; 
Cazalbou et al. 2004; Pasteris et al. 2012).

There is, however, an additional difference between bioapatite 
and the anhydrous mineral hydroxylapatite. For over 100 yr, 
researchers in both the geological and medical fields have argued 
about whether any of the molecular water (H2O) that demonstra-
bly is associated with carbonated apatite (both synthetic and in 
bone) is actually part of its crystallographic structure, rather than 
just adsorbed on the mineral’s surface (McConnell 1952; Biltz 
and Pellegrino 1971; Joris and Amberg 1971b; LeGeros et al. 
1978; Ivanova et al. 2001; Chaikina et al. 2004; Jäger et al. 2006; 
Wilson et al. 2006a; Zyman et al. 2009; Rey et al. 2009; Pasteris 
2012). These decades-old discussions left open the question of 
whether bone mineral actually contains two different OH spe-
cies, i.e., hydroxyl ion and molecular water. Interestingly, more 
than half a century ago the question of whether molecular water 
existed in low-temperature (biological) apatites also was being 
investigated with respect to sedimentary carbonated fluorapatite 
deposits known as phosphorites (McConnell 1952).

The present study approaches the characterization of bone 
mineral by beginning with analyses of its synthetic equivalents. 
Subsets of synthetic samples in the present suite were investi-
gated previously to determine the relation between carbonate 
concentration and hydroxyl concentration in hydroxylapatite 
(Pasteris et al. 2012) and to identify and quantify structural 
water in synthetic apatites via nuclear magnetic resonance and 
thermogravimetric analysis (Yoder et al. 2012a, 2012b). Our 
primary goals in the current investigation of synthetic carbonated 
apatite were to investigate in more detail spectroscopically the 
structural incorporation of water in carbonated hydroxylapatite 
and fluorapatite, to explore the crystallographic location of 
water, and to confirm the presence of structural water in actual 
bone mineral. A major challenge in this work is to discriminate 
unambiguously between water that is crystallographically incor-
porated in apatite and water that is adsorbed on the extremely 
fine-grained synthetic powders. To distinguish between the two, 
(1) some of the spectroscopic analyses were carried out under dry 
N2 gas and (2) some of the apatite samples were synthesized in 
D2O solutions. In the latter case, if water did become structurally 
incorporated, it would have been as D2O (from the precipitating 
solution). In contrast, water adsorbed from the air would be H2O. 
The ultimate goal of studying synthetic samples is to understand 
the importance of crystallographically incorporated water in the 
context of the properties and functionality of bone. Thus, selected 
data on the synthetic apatite samples were compared with those 
obtained on actual bone.

exPeriMental Methods

Samples
Through aqueous synthesis, we precipitated a suite of carbonated hydroxyl-

apatites and fluorapatites ranging from 1.1 to almost 17 wt% CO3 (see Table 1) to 

Figure 1. Schematic structure of hydroxylapatite (data from 
Sudarsanan and Young 1969) as viewed down the c-axis. Some calcium 
ions and portions of phosphate tetrahedra that lie beyond the boundaries 
(dashed lines) of the unit cell [(Ca)10(PO4)6(OH)2] are included here to 
help define the channels occupied by hydroxyl ions. Six of the calcium 
ions [referred to as Ca(2) ions] define the channels, and the other four 
[two in the upper plane and two directly below, referred to as Ca(1) 
ions] are within the body of the unit cell. Atoms that are closer to the 
viewer are shaded darker and labeled in black. Each hydroxyl ion resides 
slightly out of the plane of a triangular array of Ca(2) ions, the two arrays 
being rotated 60° and displaced from each other by one-half unit along 
the c-axis. Graphic modified from CrystalMaker for Mac OS X, 6.0.2 
(David Palmer, Oxfordshire, U.K.).
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determine whether the presence of carbonate in the crystal structure is correlated 
with the presence of intracrystalline molecular water. For comparison with the 
synthetic apatites, we analyzed samples of a rat femur and a de-proteinated elk 
antler (i.e., bone from which the collagen had been chemically removed).

For details of the preparation of carbonated hydroxylapatite, see Yoder et al. 
(2012b). Briefly, for each desired carbonate to phosphate ratio in the solution, an 
appropriate weight of NaHCO3 was dissolved in 250 mL of water for the samples 
precipitated in H2O. The solution was heated to the desired temperature (either 37, 
60, or 85 °C), and its pH was adjusted to 9.0 ± 0.3 with NaOH. To this solution were 
added 25.0 mL of 0.15 M Ca(NO3)2·4H2O and 25.0 mL of 0.09 M NaH2PO4·H2O 

(Aldrich, 98%) at a rate of 1 mL/min. For the preparation of carbonated fluorapatite, 
NaF was used in addition to the above reagents.

For deuterated samples (indicated by a superscript “b” in Table 1), the syntheses 
were carried out in approximately 10 mL of D2O heated to the desired temperature, 
and pH buffering to 9.0 ± 0.5 was accomplished with a 30 wt% solution of NaOD 
in D2O. Dehydrated reagents were used where possible, e.g., 10 mL of 0.25 M 
Ca(NO3)2 and appropriate mixtures of 0.32 M Na3PO4 (or NaH2PO4 for fluorapatite) 
and NaHCO3 of a range of concentrations. For deuterated fluorapatites, a solution 
of 0.6 M NaF in D2O was added.

For all samples, when the addition of reagents was complete, the solution 
was equilibrated at either 37, 60, or 85 ± 3 °C typically for 2 h (see Table 1). The 
reaction mixture was cooled to room temperature and filtered in a medium porosity 
glass filter crucible by suction. The product was washed three times with warm 
water (H2O or D2O, as appropriate), air dried in a desiccator for 12 h, and then 
dried in vacuo at 120 °C for 24 h. Samples then were transferred to screw-cap vials.

Several biological samples were used. The collagen sample (Sigma, C-9879) 
is type 1, insoluble, from bovine achilles tendon. Cross sections of an elk’s antler 
(shed by a free-ranging animal) and the femur of an adult laboratory rat were ana-
lyzed as examples of natural bone mineral. The procedures used for the rat were 
approved by the animal studies committee of Washington University (Protocol 
Number: 20100091). An elk’s antler was selected for analysis to assure that all 
the bone material was of the same age, in this case, less than one year because 
male elks shed their antlers annually. The antler was sawn transversely with a 
diamond impregnated blade (Buehler Isomet, Lake Bluff, Illinois) to form a wafer 
2 cm in diameter and 5 mm thick. For de-proteination (“chemical stripping” of 
the collagen), the wafer was soaked in 50 mL of 3% H2O2 for 18 h, then washed 
in tap water and air-dried for 24 h. Next it was placed in 50 mL of 5.25% NaClO 
and run in an ultrasonic cleaner for 1 h, then placed in a fresh aliquot of 50 mL of 
5.25% NaClO and soaked for 18 h. Last, it was washed in tap water and air-dried.

Structural and compositional characterization of synthetic 
samples

A Phillips 3520 X-ray diffractometer (XRD) with monochromator and produc-
ing CuKa radiation (Department of Chemistry, Franklin and Marshall College) 
was used on each synthetic sample to confirm the identity of the precipitate and to 
reveal any contaminating phases. Instrumental settings included an analysis range 
of 2 to 60° 2q, a step size of 0.02° 2q, and a dwell time of 1 s. A quartz standard 
was used to calibrate the diffractometer.

Carbonate analyses of the synthetic apatites were done by Schwarzkopf 
Microanalytical Laboratories (Woodside, New York) or Galbraith Laboratories 
(Knoxville, Tennessee) using a C-, H-, N-elemental analyzer on the samples after 
they had been combusted at 1000 °C in a stream of oxygen. The reported weight 
percent carbonate concentrations have an experimental uncertainty of 0.2 wt% 
based on the standard deviation for triplicate analyses of one sample.

For thermogravimetric analyses (TGA), samples were either left in their stor-
age vials or first transferred to another vial before being heated in an oven at 120 
°C for 24 h (or dried in vacuo for 48 h). Analysis was done with a TA Instruments 
Q500 thermogravimetric analyzer (Department of Chemistry, Franklin and Marshall 
College), calibrated for weight and temperature. Under N2 gas, samples of 6–8 mg 
were heated and weighed from room temperature to 1000 °C, typically at a rate 
of 20 °C/min, but in some instances at 10 °C/min. Weighing measurements have 
an uncertainty of ±0.4%.

One representative synthetic apatite sample underwent X-ray-fluorescence 
(XRF) analysis using a Siemens SRS-200 X-ray spectrometer. Details of the sample 
preparation, data acquisition, and instrument calibration appear in Couture (1993). 
Briefly, approximately 1 g of powder was ground finer than 200 mesh, dried at 
110 °C, and ignited in a ceramic alumina crucible at 925 °C for XRF analysis.

The Raman microprobe used in this study is from Kaiser Optical in Ann Arbor, 
Michigan (see Pasteris et al. 2012). It consists of a HoloLab Series Research Ra-
man Spectrometer configured for 532 nm laser excitation and covering the spectral 
range of 0 to 4300 Δcm–1 with a resolution of 2.5 cm–1. For this work, we used an 
Olympus 80× ultra-long-working-distance objective with an N.A. of 0.75 or an 
Olympus 50× ultra-long-working-distance objective with an N.A. of 0.55. Each 
Raman analysis represents the average of 32 acquisitions of 4 s each. Every sample 
underwent 3 to 5 analyses. The laser power was 10 mW at the sample surface, and 
the beam was focused to about 1 μm by the 80× objective. Most of the Raman 
analyses were performed under ambient conditions. A selected group of analyses 
was made after pressed sample powders had resided in a continuous flow of dry 
nitrogen gas for 2–12 h. Samples were analyzed while the nitrogen gas continued 
to flow through a glove bag that enclosed the microscope objective, sample, and 

Table 1.  Synthetic carbonated apatite samples
wt% CO3 from combustion Reaction Equilibration time
analysis at ±0.2 wt% temperature (h) in solution

(°C)
Carbonated hydroxylapatite

1.1 unknowna unknowna

3.0 60 1
3.9b 60 2
4.0 60 1
4.0 83 1
4.2 83 1
4.8 85 1
5.0 81 1
6.4 37 2
6.6 63 1
6.9 85 1
8.0 85 1
8.3b 60 2
8.5b 60 2
9.0b 60 2
9.2 82 1
9.6 85 1
10.7 60 2
11 60 1
11.1b 60 2
11.4 61 1.25
11.5 60 4
11.6 61 2
11.6 80 2
12 59 3
12.1 61 1
12.8b 60 2
13.3 81 2
13.4 60 2
14.0 80 1
14.1 65 2
14.2 63 1
14.8 60 2
15.1 59 2
15.2 60 1
15.3 60 1
15.5 79 2
15.6 60 2
15.6 62 2
16.1 60 2
16.2 65 2
16.2b 60 2
16.5 62 2
16.7 60 2
16.9 62 1
18.4 59 2

Carbonated fluorapatite
1.5 60 2
4.2 60 2
4.7 60 2
7.1b 60 2
8.5b 60 2
10.4b 60 2
10.5 60 2
12.6b 60 2
13.6 60 2
16.7 60 2
a Preparation methods are not known for this commercial product.
b Precipitated from D2O solution.
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laser beam path. The program GRAMS 32 (Galactic, Salem, New Hampshire) was 
used to deconvolve appropriate Raman peaks into their component spectral bands. 
The bands were modeled as mixed Gaussian and Lorentzian in form. The spectral 
envelope of water (e.g., Figs. 2B and 2C) was deconvolved into three bands, which 
were then summed, whereas the ν1 P-O stretch was deconvolved into two bands, 
centered at 950 and 960 Δcm–1, which were summed. These two sums were ratioed 
to represent the relative concentrations of water associated with the samples.

results and disCussion

Characterization
All synthetic samples underwent XRD analysis, which 

showed them to be poorly crystalline hydroxylapatites without 
evidence of contaminating phases. One carbonated hydroxylapa-
tite with 6.9 wt% carbonate yielded the following XRF analysis 
(in wt% values; standard deviation in parentheses, based on 
triplicate analyses): 2.01(10) Na2O, 39.87(24) P2O5, 50.32(21) 
CaO, 0.27(15) MgO, 0.03(6) Al2O3, 0.12(3) SiO2, 0.00(0) K2O, 
0.00(0) TiO2, 0.00(0) Fe2O3, 6.15(0) loss on ignition. The Ca/P 
atomic ratio is 1.60(0.00), whereas that for stoichiometric hy-
droxylapatite is 1.67.

Further characterization was provided by Raman spectros-
copy, which is a well-recognized technique for the analysis 
and crystallochemical interpretation of apatite, including bone 
mineral (Nelson and Williamson 1982; Timlin et al. 1999; 
Carden and Morris 2000; Wopenka and Pasteris 2005; Krajewski 
et al. 2005; Awonusi et al. 2007). As illustrated in Figure 2A, 
hydroxylapatite is defined by the occurrence of narrow peaks at 
~960 Δcm–1 (ν1 symmetric P-O stretch for PO4 tetrahedra) and 
~3572 Δcm–1 (O-H stretch for hydroxyl in the channel site). 
The Raman spectra in Figure 2 reveal the distinction within the 
phosphate mineral group between intra-crystalline hydroxyl, as 

in hydroxylapatite, and intra-crystalline molecular water (show-
ing only weak hydrogen bonding), as in the hydrated phase 
vivianite. Figure 3 demonstrates that, as carbonate substitutes 
for PO4 in apatite, the ν3 P-O band of hydroxylapatite at ~1077 
Δcm–1 downshifts to ~1070 Δcm–1. The latter band is believed 
to represent components of both the phosphate ν3 and carbon-
ate ν1 vibrations. The ratio of the area of the 1070 Δcm–1 band 
to that of the 960 Δcm–1 P-O band directly correlates with the 
abundance of carbonate substitution for phosphate in the apatite 
(Penel et al. 1998; Awonusi et al. 2007). Peak widths broaden 
as the degree of atomic order (one measure of crystallinity) in 
the apatite decreases.

Identification/confirmation of crystallographic water
Nominally uncarbonated end-member hydroxylapatite 

samples purchased from four different commercial manufac-
turers showed no molecular water in their Raman spectra, i.e., 
their water concentrations are below the instrument’s detection 
limits, estimated to be approximately 2 wt% in this case. For 
our aqueously precipitated, carbonated apatite samples, however, 
the Raman spectrum (see Fig. 3) typically shows an additional 
broad peak centered at about 3400 Δcm–1, indicative of molecular 
water. This peak’s position and shape are very similar to those 
of an unconfined drop of water, as illustrated in Figure 2C. 
The structure of water has been studied for decades via Raman 
spectroscopy, and the broad peak seen in Figure 2C is known 
to consist of three separate spectral bands (Walrafen 1964). The 
detection of the water peak in a spectrum of carbonated apatite 
depends on multiple factors, including the sample’s wt% of 
carbonate, temperature of precipitation, and drying procedure. 
Under given synthesis and handling conditions, such as for the 
sample suite precipitated at 60 °C and shown in Figure 3, an 
increase in carbonate concentration within the apatite correlates 
with an increase in its spectroscopically recorded total (adsorbed 
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Figure 2. Examples of Raman spectra of hydroxylated (A) and 
hydrated phases (B and C). The presence of phosphate and hydroxyl, 
respectively, in commercial (Aldrich) hydroxylapatite (A) is defined by 
the occurrence of narrow peaks at ~960 Δcm–1 (P-O symmetric stretch 
for PO4 tetrahedra in hydroxylapatite) and ~3572 Δcm–1 (O-H stretch 
for hydroxyl ions in the channel sites of hydroxylapatite). Peak widths 
indicate the degree of atomic ordering within the compound. The narrow 
O-H stretch peak for hydroxylapatite (A) indicates the hydroxyl ion’s 
confinement due to bonding within the crystal, which contrasts with the 
very broad O-H stretch for liquid water (C) and the structural water in 
some minerals (B) in which the molecules are relatively free to move.
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Figure 3. Raman spectra of a suite of carbonate-substituted 
hydroxylapatites, each precipitated at 60 °C. The intensities of all spectra 
are normalized to the ν1 P-O stretch vibration at 960 Δcm–1, but spectra 
are offset along the y-axis for clarity. The intensity of the peak at 1070 
Δcm–1 indicates the degree of incorporation of carbonate, as substituted 
for phosphate.
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+ crystallographically incorporated) water content.
In addition, as the broad water peak intensifies with increas-

ing carbonate concentration in this apatite suite, a narrow peak 
develops at about 3700 Δcm–1 (Fig. 3). This 3700 Δcm–1 peak 
typically accompanies the 3572 Δcm–1 peak that characterizes the 
O-H stretch of hydroxyl in hydroxylapatite. Over the carbonate 
compositional range in which they occur together (Figs. 3B–3D), 
these two narrow peaks consistently have approximately the 
same shape. As the broad peak for molecular water intensifies, 
the 3700 Δcm–1 peak maintains approximately the same intensity, 
whereas the 3572 Δcm–1 peak gradually weakens until it is no 
longer detectable (Fig. 3A). The 3700 Δcm–1 position does not 
match that of any hydrated or hydroxylated secondary phase 
that plausibly might have developed during synthesis of the 
samples, such as ikaite CaCO3·6H2O (also not stable at room 
temperature), monohydrocalcite CaCO3·H2O, or portlandite 
Ca(OH)2 (Coleyshaw et al. 2003; Pasteris et al. 2004). The 3700 
Δcm–1 peak in the present samples most likely represents H2O 
molecules that do not exhibit hydrogen bonding or in which 
only one of their hydrogen atoms is H-bonded with an anion in 
the apatite structure, thereby leaving the other OH “dangling” 
(White 1971; Libowitzky 1999; Perera et al. 2009).

The relative content of total (adsorbed and structurally incor-
porated) molecular water in the samples was quantified spectro-
scopically by ratioing the area within the broad envelope of bands 
representing the O-H stretching vibrations of water (see inset in 
Fig. 3) against the area for the peak at 960 Δcm–1 representing 
the P-O stretch of phosphate (peak deconvolutions not shown). 
For the apatites precipitated at 60 °C, an increasing carbonate 
concentration correlates with increasing amounts of associated 
molecular water. For a given concentration of incorporated 
carbonate, the apatite’s relative total water content is inversely 
correlated with the temperature of synthesis. For instance, the 
synthetic apatite sample that is physiologically the best analog 
to bone mineral (37 °C precipitation, 6.4 wt% carbonate) reveals 
remarkably more associated molecular water than the samples 
precipitated at 60 °C. These correlations with respect to tem-
perature and to carbonate concentration are especially strong for 
those precipitates equilibrated for only one hour during synthesis.

Our experiments and those of others have shown that an 
increase in degree of carbonation of apatite typically correlates 
with decreasing grain size (Baig et al. 1999). Such an increase in 
the ratio of surface area to volume would encourage adsorption 
of water. The strong correlation between increasing carbonate 
substitution in apatite and increasing concentration of total water 
(Fig. 3) therefore could be due to adsorbed water, structural water, 
or both. Raman spectroscopic and TGA analyses were applied 
to distinguish between these possibilities.

We applied two spectroscopic protocols to test which of 
these water components the observed broad peak (consisting of 
three spectral bands) centered at ~3400 Dcm–1 represents: (1) A 
subset of the Raman analyses (Fig. 4) of the synthetic powders 
was carried out first in air (“after synthesis”) and then under a 
continuous flow of dry nitrogen gas (“under N2”), then after 
re-equilibration with air again (“in air for 42 h,” Fig. 4), and 
(2) some carbonated apatite samples were synthesized in D2O 
and subsequently analyzed. Figure 4 shows the spectral effect 
of exclusion of atmospheric water vapor from contact with the 

apatite, which would eliminate adsorbed water but not affect 
structural water. All spectra in this figure were obtained on the 
same aliquot of hydroxylapatite containing 16.1 wt% carbon-
ate. The spectra were normalized to the intensity of the ~1070 
Δcm–1 peak for incorporated carbonate, so that the intensities 
of their broad peaks for molecular water at ~3400 Δcm–1 can be 
directly compared. The overlay of three spectra at the bottom 
of the figure shows that the concentration of water was much 
lower when the sample was analyzed under dry nitrogen gas (in 
which it already had undergone active flushing for 2.45 h) than 
it was after exposure to the ambient air. In the enlarged inset, 
the individual spectra remain normalized; they simply have been 
displaced vertically from one another for better visualization. The 
sample whose adsorbed water had been removed via N2 purging 
(bottom spectrum) still contains substantial water, which must be 
structural. Further tests on the samples showed that the original 
intensity of the water peak at ~3400 Δcm–1 was reproduced after 
only 5–10 min of re-exposure to the ambient air, i.e., surficial 
water adsorption on these powders must occur very rapidly. Our 
confidence in the ability of N2 purging to remove essentially all 
adsorbed water is supported by the tests below using deuterium.

The distinction between adsorbed water and structural water 
also was studied by means of controlling the synthesis process in 
a suite of fluorapatites. Figure 5 shows Raman spectra from two 
different highly carbonated fluorapatite samples that were syn-
thesized in D2O. The broad peak at about 2500 Δcm–1 represents 
the O-D stretch of D2O, which is down-shifted with respect to the 
analogous ~3400 Δcm–1 position for H2O. Under these aqueous 
synthesis conditions, incorporation of “water” into the apatite’s 
crystalline structure during formation means incorporation of 
D2O. In contrast, any water adsorbed from the air would be 
spectroscopically recorded as normal “light” H2O. In principle, 
immediately after fluorapatite synthesis and removal from the 

Figure 4. Effect of purging a sample of hydroxylapatite (containing 
16.1 wt% carbonate) with dry N2 gas during analysis. Raman spectra of 
the same carbonated hydroxylapatite sample are compared when it is 
equilibrated with air (red, blue) and when it is surficially dehydrated by 
exposure to dry nitrogen gas for 2.45 h (green). All spectra are normalized 
in intensity with respect to their 1070 Δcm–1 peak, permitting direct 
interspectral comparison of the intensities of the O-H stretch peak for 
H2O at ~3400 Δcm–1. Inset shows the normalized spectral traces, but 
now offset along the y-axis. (* = artifact, such as light intrusion from 
computer screen and adsorbed hydrocarbons).
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deuterated aqueous solution, these particles could have adsorbed 
D2O on their surfaces. Our experiments, however, indicate that no 
early adsorbed D2O was spectroscopically recorded on the apatite 
powder. This result was verified by our Raman-documented 
observation of a droplet of D2O on a glass plate, which showed 
that H2O from the air had substituted for all detectable D2O 
within minutes. Thus, we concluded that all adsorbed water in the 
spectra in Figure 5 is in the form of H2O. The converse, however, 
cannot be assumed to be true. The typical O-H stretching mode 
of H2O at ~3400 Δcm–1 is indeed dominated by adsorbed water. 
There is, however, the possibility that the H2O peak may also 
include a minute amount of structurally incorporated water whose 
light hydrogen was a contaminant in or adsorbent on the care-
fully dehydrated powdered components used to synthesize the 
apatite. In summary, all of the D2O peak and perhaps some very 
small portion of the H2O peak record structurally incorporated 
molecular water in the carbonated apatite.

We previously had established (Yoder et al. 2012a) the 
structural incorporation of D2O in several samples of this suite 
of carbonated fluorapatite and carbonated hydroxylapatite by 2H 
solid-state nuclear magnetic resonance (NMR), which detects 
only the deuterated water component. After such apatite was 
heated to 500 °C, 2H NMR detected no deuterium signal (Yoder 
et al. 2012a), further confirming that the D2O identified in the 
unheated sample must be structurally incorporated in the apatite.

Additional information about the molecular environment of 
the crystallographically incorporated water can be inferred from 
the relationships of Raman peak positions, shapes, and widths 
between the two carbonated fluorapatite samples whose spectra 
are shown in Figure 5. The ~3400 Δcm–1 peak in the spectrum of 
the 10.4 wt% carbonated fluorapatite is downshifted with respect 

to the comparable peak in the spectrum of the 7.1 wt% carbon-
ated fluorapatite. Analogous relations occur among carbonated 
hydroxylapatite samples (not shown), ranging from 3.0 to 16.2 
wt% CO3, which have O-H stretching peaks for H2O that overlap 
on the high-wavenumber limb, but whose low-wavenumber 
limbs are increasingly downshifted as carbonate concentration 
increases. The displacement of the entire O-H stretching peak to 
lower wavenumbers would indicate strengthening of hydrogen 
bonding throughout the water component. Note, however, that 
the base of the right limb of the H2O peak in Figure 5 remains 
relatively fixed in position even as the left limb is extended to 
increasingly lower wavenumbers. Such behavior (shown better 
in the H2O than in the D2O peak) suggests that increasing propor-
tions of the analyzed H2O molecules are experiencing significant 
hydrogen bonding. The spectra in Figure 3 furthermore show that, 
as carbonate concentration increases in the apatite, the hydroxyl 
(peak at 3572 Δcm–1) concentration decreases. The development 
of OH-vacancies in the channel sites due to carbonate substitution 
in the apatite severely alters the crystallographic environment in 
which the structurally incorporated water molecules are inferred 
to reside (see Pasteris 2012, Figs. 1 and 2 therein). Increased 
hydrogen bonding between the incorporated water molecules 
and the negatively charged O atoms of the phosphate ions in 
the structure may result from this change within the channel 
environment, which could account for the downshifts in the H2O 
peaks of increasingly carbonated apatites.

Quantification of crystallographically incorporated water
As we have shown recently through thermogravimetric 

analyses (TGA) on samples in this suite (Yoder et al. 2012b), 
it is possible to distinguish and quantify water that is adsorbed 
on apatite and water that is structurally incorporated. In the 
present study, we have followed the much-used convention in 
the bioapatite field of regarding water released up to 200 °C as 
adsorbed and above 200 °C as structurally incorporated (LeGeros 
et al. 1978). The useful temperature interval in which to measure 
the release of structural water is terminated by the onset of CO2 
release during carbonate destabilization in the apatite (about 
600–650 °C for our samples). For TGA quantification of the 
amount of structural water in both carbonated hydroxylapatite 
and fluorapatite, we chose the relatively conservative interval 
of 200–550 °C, as illustrated by examples in Figure 6. Reported 
weight losses attributed to structural water have 8 relative % 
uncertainty based on replicate scans.

Our weight-loss results show that the amounts of adsorbed 
water are highly variable, as indicated in Figure 6 by the differ-
ent intersections of the four TGA traces with the 200 °C dashed 
isotherm. In contrast, the amounts of structural water for these 
four and indeed all of our carbonated hydroxylapatite samples 
are essentially constant over a wide range of carbonate concen-
trations, as illustrated on Figure 6 by the vertical bold red lines 
delineating the weight loss over 200–550 °C for two samples of 
very disparate carbonate concentrations. Analogous, but numeri-
cally somewhat different, results were obtained on carbonated 
fluorapatite samples (see Yoder et al. 2012b).

For the purpose of understanding the crystallographic control 
of molecular water in the apatite structure, the molar proportion 
of the water is more significant than its weight proportion. Figure 
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Figure 5. Effect of synthesizing the apatite with heavy water. Raman 
spectra (not normalized) of carbonated fluorapatite samples that were 
synthesized in D2O, containing 7.1 and 10.4 wt% carbonate. The spectral 
positions of the O-D and O-H stretches of D2O and H2O, respectively, are 
shown. Water that was structurally incorporated by the apatite during its 
crystallization will be dominated by D2O, but may contain small amounts 
of (contaminant) H2O. The adsorbed water, however, will be exclusively 
in the form of H2O, as explained in the text. (* = artifact, such as light 
intrusion from computer screen and adsorbed hydrocarbons).
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7 shows the values in terms of wt% (in blue) and molecular for-
mula units (in red) for structurally incorporated water in carbon-
ated hydroxylapatite (solid symbols) and carbonated fluorapatite 
samples (open symbols) ranging from about 2 to over 16 wt% 
carbonate. The structural water in the carbonated hydroxylapa-
tite samples, shown as solid blue circles and approximated by a 
linear least-squares fit (solid blue line), consistently represents 
approximately 3 wt% of each sample (variation among samples 
of 3.08 ± 0.56). As represented by solid red diamonds and ap-
proximated by a solid red trend line, this mass is equivalent to 
about 1.5 molecules of water per unit cell of hydroxylapatite 
(variation among samples of 1.46 ± 0.29). The latter analysis can 
be compared to an earlier published model, based on Rietveld 
structural refinement of neutron diffraction data, in which a car-
bonated hydroxylapatite sample containing 12.5 wt% carbonate 
was inferred to contain approximately one molecule of water 
per unit cell (Wilson et al. 2004). The carbonated fluorapatite 
responded similarly to the carbonated hydroxylapatite samples 
for the wt% structural water (open blue circles, dashed blue trend 
line), i.e., variation among samples of 3.32 ± 0.63 wt%, but the 
cell occupancy by water (open red diamonds, dashed red trend 
line) is somewhat higher than in the carbonated hydroxylapatites, 
i.e., variation among samples of 2.08 ± 0.47 moles per unit cell.

Application to bone mineral
The above results obtained on synthetic hydroxylapatites and 

fluorapatites of a wide range of carbonate concentrations lead 
to a better understanding of the nature and amount of molecular 
water structurally incorporated within apatite that precipitates 
aqueously under low-temperature conditions. Such findings are 
of consequence to the properties of natural bone mineral, but only 
indirectly. The presence of about 25–30 wt% organic components 
in natural bone complicates testing of the hypothesis that a sig-

nificant amount of the 10–20 wt% of molecular water in whole 
bone (Rogers and Zioupos 1999) is actually incorporated within 
the crystalline structure of the mineral. Published compositional 
analyses of bone mineral have relied on incineration of the bone 
to remove (and to measure the masses of) its collagen and water 
components, leaving “ash” that typically has been regarded as a 
stand-in for the mineral component, including its composition 
(Biltz and Pellegrino 1969; Elliott 2002). Such heating usually 
reaches at least 600 °C and clearly can release (most of the) struc-
tural water from the bone mineral, making the residual mineral 
inappropriate for subsequent analysis of structural water content.

There are also complications in using vibrational spectros-
copy to investigate the water concentration in the mineral com-
ponent in bone. In Raman spectra of bone, the 2800–3800 Dcm–1 
spectral region, in which the O-H stretch bands of molecular 
water are located, is dominated by features of the C-H stretches 
of collagen and the O-H stretches of molecular water contained 
within the collagen. Not only have those spectral features made 
it essentially impossible in most cases to detect the O-H stretch 
of hydroxylapatite at 3572 Δcm–1 in Raman or FTIR analyses 
of bone (Biltz and Pellegrino 1971; LeGeros et al. 1978; Elliott 
2002; Pasteris et al. 2004; Rey et al. 2009), but their multiple 
sources also make it difficult to distinguish which portion of 
bone’s water is incorporated in the mineral itself.

We therefore applied two different approaches to acquiring 
Raman spectra of isolated bone mineral, i.e., spectral stripping 
of the peaks arising from collagen and chemical stripping of 
the collagen itself. Although there are caveats to both of these 
approaches (e.g., Karampas et al. 2012), it is useful to evaluate 
their results in the context of the above analyses of synthetic 
bone-mineral analogs. In spectral stripping, the Raman spectrum 
of type-1 collagen, which contains its own complement of mo-
lecular water (example in Fig. 8B), was subtracted from that of 
the spectrum of the unprocessed femur bone of a rat (Fig. 8A), so 
that all organic and water peaks that belong to the collagen were 
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Figure 6. Thermogravimetric analyses of carbonated hydroxylapatite 
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Figure 7. Results of TGA measurements on carbonated hy- 
droxylapatite (closed symbols) and carbonated fluorapatite samples (open 
symbols) precipitated from either H2O or D2O solutions. As explained 
in detail in the text, relations are shown between wt% carbonate in an 
apatite sample and both its wt% structural water (circles) and its number 
of moles (n) of water per unit cell of Ca10–x[(PO4)6–x(CO3)x](OH)2–x·nH2O 
(diamonds). Linear regressions are shown for each population of points. 
A subset of these results was published previously in Yoder et al. (2012b).
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essentially removed. The resultant spectrum (Fig. 8C), which 
should represent the bone mineral alone, exhibits a significant 
broad peak in the spectral region of molecular water. The latter 
no longer can be associated with collagen, but instead must be 
indicative of water associated with the mineral. The presence of 
water adsorbed onto the mineral crystallites cannot be ruled out, 
but it is certainly plausible that some of the water instead resides 
within the crystalline structure, as documented convincingly in 
the second spectroscopic approach below.

In chemical stripping (see “Experimental Methods”), the 
removal of collagen was performed on a transversely sawn 
cross-sectional slice of bone from the antler of an elk. The 
Raman spectra of the residual bone material (essentially only 
mineral) as analyzed in air and subsequently under dry nitrogen 
gas (after at least 1 h exposure to the flowing gas) are shown in 
Figures 8F and 8G, respectively. This chemically isolated, but 
otherwise natural, bone mineral was compared spectroscopically 
to our best synthetic analog to bone apatite (37 °C precipitate 
with 6.4 wt% carbonate), also analyzed in air and subsequently 

under dry nitrogen gas, as shown in Figures 8D and 8E, respec-
tively. Spectra E and G taken on samples after their surficial 
dehydration by nitrogen gas clearly show a residual component 
of water centered at ~3400 Δcm–1, which must be structurally 
incorporated, in both the bone mineral and its synthetic analog.

develoPMent oF a neW CheMiCal and 
struCtural Model For Bone Mineral

There are actually many species of combined hydrated-
hydroxylated phosphate minerals, although most of them are 
quite rare in occurrence. As highlighted by Hawthorne (1998) 
and Gatta et al. (2013), these phases in both their structure and 
amount of incorporated water provide important clues to the 
conditions under which they formed, the point being that modest 
changes in conditions can destabilize one phosphate phase and 
cause it to be replaced by another one.

Water as the essential stabilizer in bioapatite
Several crystallographers and NMR spectroscopists (e.g., 

Joris and Amberg 1971a; Kaflak-Hachulska et al. 2003; Wilson 
et al. 2006b) have stated that the most likely position for water 
molecules inside the hydroxylapatite crystal structure is in the 
channel site in which OH– ions typically reside (Fig. 1). These 
channels, approximately 4 Å wide, are large enough for the 
incorporation of water molecules, as recognized many decades 
ago (McConnell 1952), given the 1.4 Å radius of both the OH– 
ion (Hughes et al. 1989; Hughes and Rakovan 2002) and the 
water molecule (if hydrogen-bonded, otherwise 1.6 Å; Graziano 
2004). Joris and Amberg (1971b) illustrated how the siting of 
an H2O molecule could be accommodated within the threefold 
trigonal planar groups of Ca(2) ions that define each channel of 
the apatite (see Fig. 1). They also recognized that such placement 
would encourage H-bonding with the phosphate O atoms of the 
apatite structure. The spectra of the present study confirm such 
hydrogen bonding, as discussed for Figure 5.

The next issue was to investigate the mechanism behind 
water’s structural incorporation in apatite. As the degree of 
carbonate substitution increases in hydroxylapatite, the hydroxyl 
concentration decreases (Krajewski et al. 2005; Pasteris et al. 
2012), which is one of the expected effects due to the need for 
charge balance. Infrared analyses of bone apatite indicate that 
only about 15% of the carbonate ions substitute for hydroxyl 
ions in the channels (Elliott 1994; Rey et al. 2009), and that the 
dominant substitution mechanism is carbonate for phosphate. 
In the absence of all but this dominant substitution, every X 
moles of (CO3)2– ions that substitute for X moles of (PO4)3– ions 
require the generation of X moles of (OH)– ion vacancies, i.e., 
Ca10–xox[(PO4)6–x(CO3)x](OH)2–xox, where o represents a va-
cancy. This relation initially suggested to us that molecular water 
occupies the vacancies left by hydroxyl ions in the channel sites 
(a vacancy model also considered by Joris and Amberg 1971b, De 
Maeyer et al. 1993, and Wilson et al. 2006a), and possibly also 
the vacancies in Ca(2) sites surrounding the channels. The con-
stancy of the TGA-derived amount of structural water, however, 
despite the variation in carbonate and hydroxyl concentrations 
in the apatite (see Fig. 7), rules out the hypothesis that water 
molecules occupy hydroxyl vacancies. Rather, as discussed in 
more detail in Yoder et al. (2012b), water molecules appear to 

Figure 8. Comparison of the O-H stretch envelope at ~3400 
Dcm–1 for molecular water in natural bone mineral and synthetic analogs. 
Spectra are not normalized. The Raman spectra are of (A) unprocessed 
rat femur, (B) type-1 collagen, and (C) same Raman spectrum as A but 
with the collagen signature totally removed by spectral subtraction, (D) 
synthetic carbonated hydroxylapatite containing 6.4 wt% carbonate that 
was synthesized at 37 °C and analyzed in air, (E) same synthetic apatite 
but analyzed under dry nitrogen gas after 1 h exposure, (F) de-proteinated 
bone in an elk antler that was analyzed in air, and (G) same de-proteinated 
antler bone but analyzed under dry nitrogen gas after 1 h exposure.
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occupy the channels jointly with hydroxyl (or fluoride) ions.
All of our synthetic carbonated hydroxylapatite samples 

contain approximately 1.5 molecules of H2O per unit cell (Fig. 
7). These observations prompt questions about how water ini-
tially enters the apatite structure, why it remains during crystal 
equilibration, and what (if any) role molecular water plays in the 
structure or stability of apatite. Such questions require consider-
ation of the process by which carbonated hydroxylapatite forms.

Discussion and debate continue in the biological apatite 
community concerning whether a precursor phase precedes de-
velopment of the eventual bone crystallites of carbonated apatite 
(Weiner 2006; Grynpas 2007). Among those researchers who 
favor the idea of a precursor phase, some maintain that bioapatite 
has an amorphous precursor (Termine 1972; Weiner 2006; Olszta 
et al. 2007; Beniash et al. 2009), whereas others support a crys-
talline precursor (Brown and Chow 1976; LeGeros et al. 1989; 
LeGeros 2001; Crane et al. 2006). Note that these two hypotheses 
are not mutually exclusive; an initially amorphous phase could 
crystallize into mineral X, which in turn could transform into 
apatite biologically or under laboratory conditions (Borkiewicz 
et al. 2010). Intriguingly, water is a key constituent in both the 
amorphous precursor and crystalline precursor models for the 
development of bioapatite, as well as other biominerals. With 
respect to calcium phosphate biomineralization, there is in vitro 
experimental evidence for an amorphous liquid-like precursor 
to bone apatite, which later undergoes solidification but does 
not actually crystallize until (presumably, some of) its water of 
hydration is expelled (Olszta et al. 2007).

Even in cases in which crystalline precursors to apatite have 
been hypothesized or, to some extent, documented, they typically 
are hydrated. Both brushite [Ca(HPO4)·2H2O] and octacalcium 
phosphate [Ca8H2(PO4)6·5H2O], i.e., OCP, have been considered 
as possible precursors to bioapatite over several decades of 
research (Brown and Chow 1976; Biltz and Pellegrino 1977; 
Crane et al. 2006; Rey et al. 2009; Borkiewicz et al. 2010; Doro-
zhkin 2010). Brown and Chow (1976) and Biltz and Pellegrino 
(1977) made carefully reasoned crystallographic arguments for 
how OCP could transform into hydroxylapatite. Interestingly, 
stoichiometric OCP, which contains multiple H2O molecules of 
hydration, contains no carbonate. Transformation of OCP into 
hydroxylapatite might permit incorporation of both carbonate 
and water into the latter.

Our hypothesis that structural water is important to carbon-
ated apatite is supported by more than the permissive evidence 
that water becomes incorporated during aqueous precipitation 
of apatite. A stronger consideration is how the developing apa-
tite crystallites would be affected if water were not structurally 
incorporated. Among the calcium phosphate phases, apatite is 
distinguished by the presence of channel sites. As questioned 
many decades ago (Stutman et al. 1962), how can those chan-
nels in bone apatite remain stable when populated by only about 
15–20% of the hydroxyl ions that do occur in stoichiometric 
hydroxylapatite (Legros et al. 1987; Cho et al. 2003; Kolmas 
and Kolodziejski 2007). The channel’s integrity is further 
challenged by the possibly selective vacancy of the channel-
surrounding Ca(2) sites as another part of the charge-balance 
mechanism for phosphate’s substitution by carbonate, defined 
as Ca10–xox[(PO4)6–x(CO3)x](OH)2–xox (see Fig. 1, this article; 

Figs. 1 and 2 in Pasteris 2012). The fact that water occupies the 
channels regardless of the amount of carbonate substitution (Fig. 
7) therefore could be critical.

The occupancy of the unit cell of carbonated hydroxylapatite 
by (1.5) H2O molecules approaches that of OH-ion occupancy 
(2.0) in stoichiometric hydroxylapatite. This relation suggests 
two corollaries. First, in hydroxylapatites with very low degrees 
of carbonation, water molecules essentially must alternate with 
hydroxyl ions in the channels (Yoder et al. 2012b). Second, in 
the highly carbonated and atomically disordered form of apatite 
that constitutes bone mineral, it may be the high population 
density of H2O molecules that ultimately stabilizes the OH- and 
Ca(2)-depleted channels.

The presence of structural water could account for another 
crystallographically controlled property of bone apatite and car-
bonated hydroxylapatite synthesized below 100 °C. It may be the 
physical occupancy of the channels by water that causes CO3’s 
highly preferential (about 9 to 1) substitution in PO4 tetrahedra 
rather than in OH-sites within the channels. Moreover, some 
studies of the decarbonation reactions of bone and synthetic car-
bonated apatite during heating indicate that the CO3 ions initially 
move from the PO4 sites to the channels before being released 
from the apatite as CO2 (Holcomb and Young 1980; Ivanova et al. 
2001; Shi et al. 2005). During heating of carbonated apatite (Fig. 
6), the beginning of H2O release occurs before that of CO2 (Peters 
et al. 2000). It is possible that CO3 ions more readily occupy the 
channels after H2O is removed. In the initial organization of ions 
preliminary to crystallization of apatite at low temperature, the 
co-incorporation of water may affect the mechanism by which 
CO3 is structurally incorporated. With H2O molecules occupying 
the channels, the (PO4)3– sites may become more favorable than 
channel sites for (CO3)2– substitution.

There is additional evidence for a mechanistic relation be-
tween carbonate and water in bioapatite. Whereas several studies 
have documented that water concentration in living bone and 
in its mineral decreases with bone maturity, numerous studies 
show that carbonate concentration in the mineral increases with 
maturity (Timmins 1977; Miller et al. 2001; Nyman et al. 2006; 
Kuhn et al. 2008). There is also evidence that the proportion of 
carbonate residing in the channel sites (rather than substituting 
for phosphate) increases with the bone’s age (Miller et al. 2001; 
Kuhn et al. 2008), i.e., as water concentration decreases. Such 
studies further confirm the inverse correlation between carbon-
ate’s and water’s occupation of the channels.

Possible underestimation of the amount of water in 
carbonated apatite

It is well recognized that gradual heating of bone to 1000 °C 
initially volatilizes the organic components, then evolves CO2 
as carbonate destabilizes in the mineral, and finally produces 
“ash” with the XRD pattern of end-member highly crystalline 
hydroxylapatite of considerably larger crystallite size than in 
the original bone (Rogers and Daniels 2002; Etok et al. 2007; 
Zyman et al. 2009). Several studies have confirmed not only 
the high degree of atomic ordering of the final phase, but also 
that heating causes the hydroxyl concentration in the apatite to 
increase markedly even as the carbonate concentration decreases 
(Termine and Lundy 1973; Holcomb and Young 1980; Rey 1994; 
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Shi et al. 2003; Pasteris et al. 2004; Etok et al. 2007; Kuhn et al. 
2008). Quite counterintuitively to the geologist, heating appears 
to induce hydroxylation rather than de-hydroxylation in the 
apatite. More importantly for the current discussion, this same 
phenomenon may contribute to an underestimation of the amount 
of molecular water that was contained in the original apatite.

The “ash” that remains after the heating of bone to 600–1000 
°C is essentially (low-carbonate) hydroxylapatite, but the molar 
amount of this ash-apatite is less than that of the original bioapa-
tite due to the difference in stoichiometry between the biological 
and ash apatite phases. The heating of bioapatite with about 6 
wt% carbonate substituting only for phosphate and a significant 
concentration of structurally incorporated water could be repre-
sented, according to our model, as

2[Ca9(PO4)5(CO3)(OH)·1.84H2O] → 1.67[Ca10(PO4)6(OH)2] 
+ 1.3CaO + 2CO2 + 3H2O. 

Thus, 3.68 moles of water in the original 2 moles of carbonated 
apatite are recorded as only 3 moles of water by combined high-
temperature TGA and mass spectroscopy analysis. The remain-
ing 0.68 moles of water were consumed in the rehydroxylation 
of the apatite. In a typical analysis, those 3 moles of released 
water are normalized to the original 2 moles of carbonated apa-
tite, yielding 1.5 moles H2O per unit cell, as we determined in 
the present study (Fig. 7). The calculation above suggests that 
there actually were more than 1.5 moles of H2O in the original, 
unheated carbonated apatite. The reaction as written also implies 
that carbonate leaves the apatite, creating a charge imbalance that 
permits OH– ions to repopulate the channels, while water is still 
available in the structure. However, if all the water is released 
during heating before the carbonate breaks down, as we infer 
in the TGA study of our synthetic apatites, then the TGA would 
reflect the true water content.

According to the above reaction, an underestimation of the 
water content in the original apatite would occur only if water 
continued to be released above the temperature at which CO2 was 
first evolved. The latter situation has been reported in the heat-
ing of some synthetic apatites and some actual bone (Holcomb 
and Young 1980; Mkukuma et al. 2004; Zyman et al. 2009). A 
proposed alternative mechanism for rehydroxylation of apatite 
(LeGeros et al. 1978; Kaflak and Kolodziejski 2011), i.e., the 
reaction of 2(HPO4)2– + (CO3)2– → (P2O7)4– + CO2 + 2(OH)–, 
would not affect the amount of water detected by TGA.

iMPliCations

Remarkably, we are not the first group to have found evidence 
for the incorporation of water within crystalline, Ca-deficient 
apatite, even though no recent review paper on the nature of 
bone or bone mineral states that structural molecular water is a 
constituent of bioapatite (e.g., Glimcher 2006; Rey et al. 2009). 
Mineralogically, early documentation of structurally incorporated 
water in apatite involved fine-grained, carbonated, and typically 
fluoride-rich apatites formed in sedimentary phosphorite deposits 
(McConnell 1952), whose structural water-incorporation recently 
has been re-confirmed (Mason et al. 2009) and is now supported 
by our work. Further mineralogical studies on synthetic samples 
provided insights into the crystallochemical mechanisms that 

control the amount of molecular water that apatite could contain 
(Simpson 1968). These studies were both preceded and followed 
by ones that strongly indicated the structural incorporation of 
molecular water in bone apatite and in tooth enamel (McConnell 
1962; Biltz and Pellegrino 1971; LeGeros et al. 1978). Recent 
Rietveld analyses have demonstrated that inclusion of water in 
the unit cell of carbonated apatite will provide a better fit to the 
crystallographic data (Ivanova et al. 2001; Wilson et al. 2004, 
2005, 2006b). With the exception of Ivanova et al. (2001) and 
Wilson et al. (2006a) for carbonated hydroxylapatite and of 
Mason et al. (2009) for carbonated fluorapatite, however, there 
has been little recognition of the possible importance of water’s 
residence in the structure.

The present study and our earlier published work (Yoder et al. 
2012b) appear to be the first ones to quantitatively and directly 
(not by inference) document the concentration of structurally in-
corporated water in carbonated hydroxylapatites and fluorapatites 
of a wide range of carbonate compositions. Our work supports the 
recognition of bone apatite and, more broadly, low-temperature 
carbonated hydroxylapatite, as a hydrated, hydroxylated phase 
of approximate composition Ca10–x[(PO4)6–x(CO3)x](OH)2–x·nH2O, 
similar to what Duncan McConnell (McConnell 1970) proposed 
40 yr ago to a clearly non-receptive audience. (His 1970 paper in 
American Mineralogist was entitled “Crystal chemistry of bone 
mineral: Hydrated carbonate apatites.”) The present study sug-
gests that n ≥ 1.5 over a wide range of carbonate concentrations 
(3 to >16 wt%). There is reasonable evidence that water is key 
to stabilizing the vacancy-abundant channels in low-temperature 
apatite. Water molecules in the channels also apparently favor 
carbonate substitution for phosphate, while hindering its substi-
tution for hydroxyl, by means of partially excluding carbonate 
ions from the channels during apatite formation. Structural water 
appears to occur in a wide compositional (anion and cation) range 
of apatite-structured compounds, as our ongoing studies confirm.

We propose that the inorganic mineral apatite can respond 
on biological-biochemical time scales in the vertebrate body 
in part due to the enhanced ion exchange that is afforded by 
its comparatively large, water-filled channels. The latter are in 
direct contact with exchangeable calcium, phosphate, carbonate, 
and hydroxyl ions in the bioapatite crystal (Fig. 1). It is possible 
that structurally included water also could aid mineral-organic 
affinity, especially if any small organic molecules or functional 
groups of larger molecules could enter the channels (cf. Phillips 
et al. 2005 concerning calcite). We are presently investigating this 
possibility. On the other hand, the presence of water molecules 
in the channels could prevent the entry of other neutral species. 
In these ways, the inorganic, “non-living” mineral becomes 
an active, equal participant in the living tissue of bone, able to 
respond not only through surface exchange but also through 
water-mediated changes within its structure.
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