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Abstract. X-ray absorption near edge structure (XANES) direct nucleation and successive crystallization. Application
studies on calcium phosphate species (Ca-P) deal wittof the method to uUXANES spectra of sediment patrticles in-
marginal differences among subtle spectral features despitdicated authigenic apatite formation by an OCP precursor.
a hitherto missing systematic breakdown of these differ-
ences. Related fingerprinting approaches depend, therefore,

on spectral libraries that are not validated against each other,

incomplete and scattered among publications. This studyl Introduction

compiled a comprehensive spectral library from published

reference compound libraries in order to establish moreCalcium phosphates (Ca-P) are a group of several min-
clear-cut criteria for Ca-P determination by distinctive phos-€ral species that are present in various biological and en-
phorus K-edge XANES features. A specifically deve|opedvironmental matrices, such as soil, sediment, ores, fertiliz-
normalization method identified diagnostic spectral feature<e's. agroindustrial by-products, milk, bone and tooth enamel.
in the compiled library, e.g. by uniform calculation of ra- However, speciation techniques are not yet fully capable of
tios between white-line and secondary peak heights. postunequivocally identifying certain key species due to sensitiv-
processing of the spectra & 81) verified distinguishability ity and specificity issues and the complexity of biological or
among most but not all phases, which included hydroxy|ap_environmental samples. Moreover, some Ca-P species form
atite (HAP), poorly crystalline HAP, amorphous HAP, fluora- naturally occurring polymorphs, which further increases the
patite, carbonate fluorapatite (CFAP), carbonate hydroxylaphumber of target phases. An important example for this
atite, B-tricalcium phosphate, octacalcium phosphate (OCP)Polymorphism is apatite that may occur in amorphous (e.g.
brushite, monetite, monocalcium phosphate, amorphous caRone apatite), cryptocrystalline (e.g. collophane) or crys-
cium phosphate (ACP), anapaite, herderite, scholzite, mestalline (e.g. igneous apatite) forms.

selite, whiteite and P on CaGCOParticularly, peak-height ra- A central research focus of studies on Ca-P relates to nat-
tios significantly improved analyte specificity, e.g. by supple- ural formation processes of corresponding species, in par-
mentary breakdown into OCP and ACP. The Spectra| ana|y.tiCU|ar of their end-members. The most common Ca-P end-
sis also revealed Ca-P standards that were rarely investigatdgembers in biological or environmental systems are species
or inappropriately synthesized, and thus provides a basis foPf the apatite group. For instance, authigenically formed car-
standard selection and synthesis. The method developed af@nate fluorapatite (CFAP) is suggested to be a primary sink
resulting breakdown by species were subsequently tested o reactive phosphorus (P) in the ocean (Ruttenberg, 1992;
Ca-P spectra from studies on bone and sediment. The test ifRuttenberg and Berner, 1993) and thus a key compound dur-
dicated that bone material likely comprises only poorly crys-ing the ultimate stage of a complex P-removal mechanism in
talline apatite, which confirms direct nucleation of apatite in the global P cycle. It is thus distinguished from detrital fluo-
bone. This biological apatite formation is likely opposed to rapatite (FAP), which is delivered to marine environments by

that of sedimentary apatite, which apparently forms by bothcontinental weathering. Due to their occurrence in P-bearing
rocks, apatites mark also the initial stage of P transformations
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in the global P cycle. Weathering of these rocks by soilthis occurs, energies in excess of the binding energies are re-
genesis generates soluble P, which then becomes availableased by the emission of photoelectrons and the correspond-
for biotic and abiotic P-transformation mechanisms (Giguet-ing P atoms are in a so-called excited state. Next, the excited
Covex et al., 2013). state may decay by a higher shell electron dropping into the
Species of the apatite group may nucleate directly orcore hole, which is accompanied by measurable emission of a
form by transformation of previously precipitated metastablefluorescence photon or measurable emission of another elec-
precursors (successive crystallization), such as octacalciurtron (termed Auger electron) into the continuum. Spectra ob-
phosphate (OCP), amorphous calcium phosphate (ACP)ained by these two emissions indicate the fluorescence yield
brushite (DCPD; dibasic calcium phosphate dihydrate) andFY) or total electron yield (TEY) as a function of energy.
B-tricalcium phosphate (3-TCP). Natural transformationsin summary, the measured fluorescence intensity or electron
among these P compounds are generally driven by both theryield is proportional to the absorption probability and a drop
modynamic and kinetic factors. In simplified terms, ther- from an L-shell into a deeper K-shell by a prior absorption
modynamically less stable but rapidly precipitating Ca-P event causes measurable emissions at the absorption edge of
species may allow for successive crystallization pathwayghe K-shell (Newville, 2004). This specific absorption edge
until the thermodynamically favoured but kinetically slow is termed K-edge and corresponding XANES measurements
end-member formation occurs. Direct nucleation of apatiteprovide spectra of the energy region near the K-edge. Equiv-
or transformation of precursors to apatite can also be inhib-alent analyses of environmental samples at the P L-edge or at
ited or slowed, for example by Mg ions in biological ma-  extended regions of the K-edge (extended X-ray absorption
trices and marine environments (Ban et al., 1993; Golubev efine-structure spectroscopy) currently have a limited applica-
al., 1999; Gunnars et al., 2004; Martens and Harriss, 1970)}tion range due to their comparatively low sensitivity (Toor et
The initial phase during apatite formation, including possibleal., 2006).
effects of precursors, has been primarily investigated with re- As the X-ray absorption probability depends on the chem-
gard to bone apatite and marine CFAP-bearing phosphoritécal and physical state of an atom and its surroundings,
deposits but this subject still remains controversial (e.g. At-XANES generally provides the capability to distinguish
las and Pytkowicz, 1977; Baturin, 1981; Bentor, 1980; Reyamong crystalline Ca-P species. Moreover, XANES requires
et al., 2009; Sheldon, 1981). This has been due largely to theninimal sample preparation and is apparently not or only
above-mentioned difficulties in identifying Ca-P within cor- minimally affected by common sample matrices. Unlike
responding sample matrices down to species level. A brieinost other structural probes it is also capable of provid-
description of the two major techniques for Ca-P determina-ing analysable signals of amorphous compounds (Newville,
tion in such matrices follows. 2004). However, quantification of matrix-enclosed Ca-P
The conventional way to quantify the complete fraction species by XANES is currently restricted because quantita-
of matrix-enclosed Ca-P is to perform sequential chemicaltive XANES probes all P atoms within a sample. Hence, dif-
extraction methods. Initial procedures were developed forferent species contribute to the measured spectrum, which is
soil, then adapted for sediment and more recently also emproblematic because their spectral features overlap (Doolette
ployed for other matrices, such as agroindustrial by-productsaand Smernik, 2011). Despite approaches to tackling this is-
(e.g. Kruse et al., 2010). Advancements also facilitated sepsue by least-squares linear combination fitting or principal
arate quantification of FAP, CFAP, OCP and biogenic apatitecomponent analysis with target transformation (Ajiboye et
(Oxmann and Schwendenmann, 2014; Ruttenberg, 1992al., 2007b; Beauchemin et al., 2003, and references therein),
Schenau and De Lange, 2000). A major advantage of thesi has been therefore recommended to use XANES together
procedures is their high sensitivity, which allows quantifica- with sequential extraction methods (Ajiboye et al., 20073,
tions even in extremely P-poor environmental samples. How2008; Kruse and Leinweber, 2008). Fortunately, inevitable
ever, the analyte specificity is limited and requires thoroughmerging of spectra by bulk XANES analysis can be over-
verification because chemical extracts just provide operacome by resolving particular species within individual ma-
tionally defined quantities. trix particles using a focused beam at sub-micron spatial
In recent years, these extraction methods were appliedesolution (UXANES; e.g. Brandes et al., 2007). Although
together with X-ray absorption near edge structure specttXANES is not quantitative, it provides a more straight-
troscopy (XANES) at the P K-edge (Beauchemin et al., 2003;forward approach to ensuring that apparent compositions of
Kruse and Leinweber, 2008; Kruse et al., 2010; Seiter et al.bulk XANES analyses represent actual compositions.
2008; Shober et al., 2006; Toor et al., 2005). The relatively Applications of these two XANES techniques are at
novel P K-edge XANES technique makes use of X-ray ab-present mainly based on fingerprinting approaches because
sorption by P atoms of a sample (for an introduction to theab initio fitting of corresponding spectra is currently im-
fundamental theory see, e.g., Newville, 2004). In brief, corepaired by the complex theory behind XANES-typical mul-
shell electrons of these P atoms can be ejected from theitiple scattering regimes. As P K-edge XANES approaches
quantum level thereby leaving core holes behind if their bind-therefore rely on a comparison between samples and ref-
ing energies are lower than energies of incident X-rays. Iference materials, the analyte specificity depends on the
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degree of conformity between the species of a sample andlready selected for the systematic comparison (Hesterberg
reference species as well as on measurement reproducibilitgt al., 1999; Peak et al., 2002). Additional libraries of four
(e.g. Giguet-Covex et al., 2013). Due to variability among other studies were included, all but one of which were from
XANES measurements, for instance by differing energy cal-the period between the review of Kizewski et al. (2011) and
ibrations, self-absorption and particle size effects, P XANESthe collection of spectra for the systematic comparison (see
fingerprinting approaches include their own spectral librariesbold reference numbers in Table 1). Plot data were retrieved
of apparently best suited reference species. Because of timdy optical plot reading using a line-following routine (OPR;
consuming acquisition and synthesis of reliable referenceCurveSnap V1.0) and subsequently post-processed using a
compounds and specifically due to the temporary use of synspreadsheet application (see Sect. 2.2).
chrotron facilities, these libraries usually encompass project- The compiled library (Table 1) comprised 76 spectra of
oriented and, consequently, incomplete subsets of spectraeference compounds, which included spectra of hydroxyla-
Further, verification of synthesized reference compounds igatite (HAP), poorly crystalline HAP, amorphous HAP, FAP,
difficult because these libraries are not systematically vali-CFAP, carbonate hydroxylapatite (CHAPB-TCP, OCP,
dated against each other. Finally, spectra of different Ca-AFDCPD, monetite (DCPA), monocalcium phosphate (MCP),
species show just marginal differences among subtle spectrsdlCP and P on CaC® Five additional spectra of anapaite,
features and the compatibility of two spectra is often deducecdherderite, scholzite, messelite and whiteite (Ingall et al.,
from apparent conformities among those subtle features. Du2011) were used for a more general comparison but ex-
to the lack of a systematic spectral comparison, clear-cut cricluded from a detailed analysis due to their unusual and
teria for the identification of Ca-P species are not availableeasily distinguishable spectral features. In addition to the
to date. above-mentioned reference compounds, the library also in-
Hence, the study objectives were (i) to establish a speceluded Ca-P of two sediment particles (Brandes et al., 2007,
tral library that encompasses a compiled suite of P K-edgenot listed in Table 1) and six bone apatites (deer, sheep,
XANES spectra of various Ca-P species published in the lit-chamois, chicken, pig, bovine; Rajendran, 2011; Rajendran
erature; and (ii) to conduct a systematic comparison of specet al., 2013; not listed in Table 1). Most original spectra were
tra included in this library in order to identify diagnostic already normalized by subtracting a linear regression func-
spectral features. An insightful comparison was achieved bytion for the pre-edge region and fitting the post-edge region
a specifically developed normalization method that identifiedto a quadratic polynomial function. However, all data were
subtle but distinctive spectral disparities for the differentia- post-processed by a uniform procedure in order to standard-
tion of calcium phosphate species. ize retrieved spectra.

2.2 Post-processing of P K-edge XANES spectra
2 Methods

A specific absorbance and energy normalization procedure
2.1 Collection of P K-edge XANES spectra was applied to all spectra for a preliminary spectral com-

parison and a subsequent determination of peak-height ratios
Phosphorus K-edge XANES spectra of Ca-P reference comand relative peak positions (Fig. 1a). Absorbance was scaled
pounds were collected from literature resources that includedelative to a unit edge jump at 2180 eV and energy normal-
corresponding spectral libraries (Table 1; 17 libraries). Theized by adjusting main (white-line) peaks to 2150 eV and ter-
majority of these librariesi(= 13) were drawn from a com- tiary peaks (oxygen oscillations) to ca. 2167 eV. To energy-
prehensive compilation of XANES studies published in a re-normalize the spectra, most distant features were used, that
view of spectroscopic approaches for P speciation in environis, the white-line peak and the oxygen oscillation. The ad-
mental matrices (Kizewski et al., 2011) and were assumedustment of white-line peaks to 2150 mV was very precise
to be representative of common measurement variations. Lidue to relatively thin and intense peaks (Figs. 1a and 3). In
braries of these studies were selected if they comprised morthe case of less precisely definable centre positions of ter-
than one species for Ca-P and sufficient energy ranges frortiary peaks (see, e.g., flattened peak of the oxygen oscilla-
white-line peaks to oxygen oscillations. One exception wastion of HAP-4 in Fig. 1a), the normalization was optimized
the study of Beauchemin et al. (2003), whose library didby also matching the secondary peak of such a spectrum to
not include oxygen oscillations, yet contained a valuable sethe range of secondary peaks of spectra belonging to the
of reference compounds. As the method developed genersame species (see secondary peak of HAP-4 in Fig. l1a).
ally required spectral coverage of oxygen oscillations (seeHowever, the energy normalization was always conducted
Sect. 2.2), spectra of Beauchemin et al. (2003) were conby means of a suitable normalization factor, which was ap-
sequently processed by an additional alignment with otherplied to the spectral range investigated. Energy normaliza-
spectra. Potential duplicates were excluded, such as spetion standardized differing spectra with respect to their white
tra of Lombi at al. (2006). Their study comprised person-lines and oxygen oscillations and therefore accounted for
ally supplied spectra of researchers, who collected spectrapecies-specific secondary peak positions relative to white
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Table 1.Compiled library of P K-edge XANES spectra for calcium phosphate standards.

J. F. Oxmann: An X-ray absorption method for identification of calcium phosphates

Calcium phosphate  Mode Type Reference for synthesis or source; [deposit] No. Reference

HAP-1 FY N Excalibur Mineral; [Snarum, Norway] 1 Brandes et al. (2007)
HAP-2 FY S Fisher Scientific 2 Shober et al. (2006)
HAP-3 TEY N/A N/A 3 Rajendran et al. (2013)
HAP-4 FY S Fisher Scientific 4 Peak et al. (2002)
HAP-5 FY N National Museum of Natural History, France; [N/A]5 Giguet-Covex et al. (2013)
HAP-6 FY N/A N/A 6 Eveborn et al. (2009)
HAP-7 TEY S Clarkson Chromatography Products Inc. Gungor et al. (2007)
HAP-8 FY S Sigma Aldrich 8 Hesterberg et al. (1999)
HAP-9 FY S Sigma Aldrich 9 Sato et al. (2005)
HAP-10 FY N Tennessee Valley Authority; [N/A] 9 Sato et al. (2005)
HAP-11 FY N Univ. of Greifswald; [Ehrenfriedersdorf, Germany] Kruse and Leinweber (2008)
HAP-12 FY SDS Brandes et al. (2007) 11 Diaz et al. (2008)

HAP-13 FY S Chemical supply company 13  Ajiboye et al. (2008)
HAP-14 FY S Chemical supply company 15  Beauchemin et al. (2003)
HAP-15 FY N/A  N/A 16  Toor et al. (2006)

HAP-16 FY S Sigma Aldrich 17 Kruse et al. (2010)
HAP-17 (chlorian)  FY N Mineral dealer; [Bamle, Norway] 12 Ingall etal. (2011)

OCP-1 FY S Christoffersen et al. (1990) 2 Shober et al. (2006)
OCP-2 FY S Christoffersen et al. (1990) 6 Eveborn et al. (2009)
OCP-3 TEY S Clarkson Chromatography Products Inc. Gingor et al. (2007)
OCP-4 FY S Christoffersen et al. (1990) 8 Hesterberg et al. (1999)
OCP-5 FY S Christoffersen et al. (1990) 9 Sato et al. (2005)
OCP-6 FY S Arellano-Jiménez et al. (2009) 5 Giguet-Covex et al. (2013)
OCP-7 FY S Christoffersen et al. (1989) 15 Beauchemin et al. (2003)
OCP-8 FY S Christoffersen et al. (1990) 17 Kruse et al. (2010)
FAP-1 FY N Excalibur Mineral; [Durango, Mexico] 1 Brandes et al. (2007)
FAP-2 FY N Mineral dealer; [Beartooth Mountains, USA] 12 Ingall et al. (2011)

FAP-3 FY N Mineral dealer; [Conda, USA] 12  Ingall et al. (2011)

FAP-4 FY N Mineral dealer; [Conselheiro Pena, Brazil] 12 Ingall et al. (2011)

FAP-5 FY N Mineral dealer; [Ipira, Brazil] 12 Ingall etal. (2011)

FAP-6 FY N Mineral dealer; [Renfrew County, Canada] 12 Ingall et al. (2011)

FAP-7 FY N Mineral dealer; [Durango, Mexico] 12  Ingall etal. (2011)

FAP-8 FY N/A  N/A 16  Toor etal. (2006)

CHAP fluorian FY N Mineral dealer; [Snarum, Norway] 12 Ingall etal. (2011)
CFAP-1 FY N Mineral dealer; [Brewster, FL, USA] 12  Ingall et al. (2011)
CFAP-2 FY N Mineral dealer; [St Just, England] 12  Ingall etal. (2011)
CFAP-3 FY N Mineral dealer; [Stoke Climstand, England] 12 Ingall etal. (2011)
CFAP-4 FY SDS Brandes et al. (2007) 11 Diaz et al. (2008)

CFAP-5 FY SDS Brandes et al. (2007) 11 Diaz et al. (2008)
B—TCP-1 FY S Kwon et al. (2003) 2 Shober et al. (2006)
B—TCP-2 TEY N/A N/A 3 Rajendran et al. (2013)
B—TCP-3 TEY S HiMed Bioactive Materials Resource Center Gungor et al. (2007)
B—TCP-4 FY S Sigma Aldrich 9 Sato et al. (2005)

ACP-1 FY S Own procedure 6 Eveborn et al. (2009)
ACP-2 TEY S HiMed Bioactive Materials Resource Center Gungor et al. (2007)
ACP-3 FY S Christoffersen et al. (1990) 9 Sato et al. (2005)

ACP-4 FY S Christoffersen et al. (1990) 9 Sato et al. (2005)
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Table 1.Continued.

Calcium phosphate  Mode Type Reference for synthesis or source; [deposit] No. Reference

DCPD-1 FY N/A - N/A 6 Eveborn et al. (2009)
DCPD-2 TEY S Clarkson Chromatography Products Inc. 7 Glngor et al. (2007)
DCPD-3 FY S Sigma Aldrich 8 Hesterberg et al. (1999)
DCPD-4 FY S Sigma Aldrich 9 Sato et al. (2005)

DCPD-5 FY S Sigma Aldrich 10 Kruse and Leinweber (2008)
DCPD-6 FY S Fisher Scientific 2 Shober et al. (2006)
DCPD-7 FY S Chemical supply company 13  Ajiboye et al. (2008)
DCPD-8 FY S Chemical supply company 14  Ajiboye et al. (2007)
DCPD-9 FY N/A  N/A 16  Toor et al. (2006)

DCPA-1 FY N Non-commercial source; [N/A] 4 Peak et al. (2002)
DCPA-2 FY N/A  N/A 6 Eveborn et al. (2009)
DCPA-3 TEY S Clarkson Chromatography Products Inc. 7 Glngor et al. (2007)
DCPA-4 FY S Sigma Aldrich 8 Hesterberg et al. (1999)
DCPA-5 FY S Sigma Aldrich 9 Sato et al. (2005)

DCPA-6 TEY N/A N/A 3 Rajendran et al. (2013)
DCPA-7 FY S J.T. Baker 2 Shober et al. (2006)
DCPA-8 FY S Chemical supply company 12 Ingall et al. (2011)

DCPA-9 FY S Chemical supply company 13  Ajiboye et al. (2008)
DCPA-10 FY S Chemical supply company 15 Beauchemin et al. (2003)
DCPA-11 FY N/A  N/A 16  Toor et al. (2006)

DCPA-12 FY N/A  N/A 16  Toor et al. (2006)

DCPA-13 TEY NA N/A 16  Toor et al. (2006)

MCP-1 FY S Sigma Aldrich 10 Kruse and Leinweber (2008)
MCP-2 TEY N/A NA 3 Rajendran et al. (2013)
MCP-3 FY S Sigma Aldrich 2 Shober et al. (2006)

P on CaC@-1 FY S Own procedure 5 Giguet-Covex et al. (2013)
P on CaC@-2 FY N/A N/A 4 Peak et al. (2002)
Amorphous HAP FY N/A  N/A 4 Peak et al. (2002)

Poorly cryst. HAP  FY N Mineral dealer; [Mono Lake, USA] 12 Ingall et al. (2011)

FY, TEY: fluorescence yield, total electron yield; S, N, N/A: synthetic, natural, not available; SDS: Secondary data source; italics: putative OCP-contaminated
ACP; bold reference numbers: studies not included in Kizewski et al. (2011).

lines and oxygen oscillations. This procedure also allowedfor the reference compounds analysed (Figs. 3 and 4). It is
for an averaging of multiple spectra belonging to the sameimportant to note that absorbance normalizations did not af-
P species and setting peak baselines for all spectra at equidct determined peak-height ratios. Thus, only the initial en-
energies. For a more general comparison of species-specifiergy normalization influenced species-specific peak-height
spectral features (Sect. 3.2; Fig. 2), absorbance was normatatios due to the adjustment of the spectra relative to fixed
ized to go from O to 1 at the energy of the maximum first baseline positions. Additional post-edge background sub-
derivative (threshold energy; see Newville, 2004). The nor-traction was omitted due to the limited energy range of most
malized spectra thus obtained were subsequently averageaailable spectra. Peak-height ratios between main and sec-
for each species. ondary peaks (see A and B in Fig. 1a, b) were expressed
In order to determine main and secondary peak heightas relative secondary peak heights (arbitrary units relative
and relative peak positions, uniform baselines were operato maximum main peak intensities of one or percentages
tionally defined across all energy-normalized spectra by lin-of main peak heights). All curves were slightly smoothed
ear fits between energies of 2147.05, 2156.4, 2158.25 anby a cubic B-spline connection. B-splines, baseline subtrac-
2162.2 eV (Fig. 1a) and subsequently subtracted (Fig. 1b)tions, peak positions, peak heights and averages of multiple
The baseline-subtracted spectra were again scaled relative taurves were calculated using the data analysis program Orig-
maximum main peak intensities of one (or 100 %) and theninPro 7.5 (OriginLab Corp., USA). Quality of OPR was veri-
averaged for each species. This final normalization was emfied by performing the above-mentioned analytical procedure
ployed to visualize differences among peak intensity ratiosfor both available primary data and corresponding digitized
(secondary peak heights relative to white-line peak heightsplot data (see Fig. S1 in the Supplement). The correlation
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(a) A;E -.--- Absorbance normalization (b) A —— HAP-4 after baseline substraction
6 B e Energy normalization 1 Other HAPs after baseline substraction
| ——HAP-4 | i —— HAP-4 after final normalization
Other HAPs H
—B— Baseline for HAP-4

53 5
3
=
8 43
c
[u]
E=]
5
2
< 34
=
@
N
]
E
g 23

13

4 Main (A) vs. secondary (B) peaks for HAPs
B O Main (A) vs. secondary (B) peaks for OCPs
L —— Linear fits with p-values
0 e R e MR AL PR T T =TT T T T
2140 21 216 2170 2148 2150 2152 2154 2156 2158 2160 0.1 0.2 03 0.4

Normalized Energy (eV) Normalized Energy (eV) Normalized Absorbance (a.u.)

Fig. 1. Normalization procedure for collected P K-edge XANES spectra as exemplified for HAP-4 and other HAP reference ngajerials.
Initial absorbance and energy normalization by adjusting absorbance to a unit edge jump at 2180 eV, main peaks (A) to 2150 eV and tertiary
peaks (C) to ca. 2167 eV. Baselines for all spectra were operationally defined by linear fits between normalized energies of 2147.05, 2156.4,
2158.25 and 2162.2 e\b) Spectra after baseline subtraction. These baseline-subtracted spectra were finally scaled relative to maximum
main peak intensities of one (see final normalization for HAP-4) to visualize differences among peak intensity ratios (A/B) for reference
compounds analysed (Fig. 3¢) As indicated for HAP and OCP reference materials, peak intensities of main (A) and secondary (B) peaks
were linearly correlated. Resulting intensity ratios identified species-specific fingerprints (Figs. 3 and 4). See Table 1 for analyte properties.

between results of these two input data types was highly sig2011; Rajendran et al., 2013) demonstrated the capability of
nificant ¢ = 0.99; p < 0.0001). the developed normalization method for determining partic-
ular Ca-P minerals in sample matrices (see Sect. 3.4).
Despite certain advantages, such as surface-sensitivity and
prevention of self-absorption, spectra collected were rarely
obtained by measuring the intensity of emitted electrons
(TEY; Table 1). Most spectra were collected in fluorescence
mode and most procedures describe measures taken to re-

Among the 76 spectra of the compiled library (Table 1), HAP duce self-absorption (e.g. using diluted or finely ground and
had the highest number of available specira=(17), fol-  thinly mounted samples) or to correct data by appropriate
lowed by DCPA 4 = 13), DCPD ¢ = 9), FAP 2 = 8), OCP  €quations. One advantage of FY spectra is their occasionally
(n = 8), carbonated apatites & 6), B-TCP (1 =4), ACP  richer structure compared to TEY spectra (see Toor et al.,
(n=4), MCP @2=3), P on CaCQ (n=2), amorphous 2006). However, spectra for certain species that were col-
HAP (2 = 1) and poorly crystalline HAP«(= 1). As most of  lected by both techniques yielded comparable results (see
the different spectra for certain particular species were sim-Sect. 3.5).
ilar, representative model spectra were obtained by averag-
ing multiple curves. Additionally, five easily distinguishable 3.2 General species-specific spectral features
standard spectra of non-apatitic Ca-P compounds (anapaite,
herderite, scholzite, messelite, whiteite; Ingall et al., 2011)Despite several remaining technical issues with the relatively
are shown for a more general comparison in Fig. 2. novel P speciation by XANES, spectra were in good agree-
The majority of reference materials were either self- ment. Virtually all publications indicated comparable spec-
synthesized minerals or certified synthetic minerals of chem4ral features of mineral Ca-P at the P K-edge, which provided
ical supply companies. Fluorapatites and carbonated apatitebe opportunity to detect the abundance of this P fraction in
were natural specimens acquired from mineral dealers. Focomplex matrices (see, e.g., Ca-P content in soil by XANES
HAP, the library included several spectra of natural and syn-vs. chemical fractionation; Beauchemin et al., 2003; Kruse et
thetic specimens, thereby facilitating a spectral comparisoral., 2010; Shober et al., 2006). These spectral features were
of both sources. Additional Ca-P spectra of sediment pardistinctive and characterized by (i) a post-edge shoulder at
ticles (Brandes et al., 2007) and bone apatites (Rajendrarthe high-energy side of the main (white-line) peak, which is

3 Results and discussion

3.1 Spectral library
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Normalized Absorbance (a.u.) Normalized Absorbance (a.u.)

Normalized Absorbance (a.u.)

(a)

Apatite (n=30)
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Fig. 2. First-derivative normalized P K-edge XANES spectra of
Ca-P reference compound&) Averaged spectra for apatites,
B-tricalcium phosphate-TCP), octacalcium phosphate (OCP),
amorphous calcium phosphate (ACP), brushite (DCPD), monetite
(DCPA) and monocalcium phosphate (MC@). Spectra for poorly
crystalline and amorphous apatite, bone apatite and P adsorbed dively high method specificity for the discrimination among
CaCQ;. (c) Spectra of different non-apatitic Ca-P minerals (Ingall certain species (Fig. 3). For all spectra analysed, the relative
et al., 2011). Oxygen oscillations ift) were not adjusted to ca.
2167 eV due to unusual spectral features.
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located at about 2150 eV; (ii) an oxygen oscillation centred at
about 17 eV above the main peak; and (iii) a secondary peak
between the main peak and the oxygen oscillation (Fig. 2a).
Averaged spectra of apatite £ 30), 3-TCP @ =4), OCP

(n = 7) and ACP £ = 2) exhibited all three features, and the
positions of secondary peaks between main peaks and oxy-
gen oscillations were almost identical. The distance between
main peaks and secondary peaks was larger (ca. 10 eV) than
the distance between secondary peaks and oxygen oscilla-
tions (ca. 7 eV). For brushite: = 7), all three features were
also present but secondary peaks exhibited a slight shift to-
wards main peaks. The spectra of monetite and MCP were
comparable and displayed a lack of the post-edge shoulder
(secondary peak and oxygen oscillation omitted in Fig. 2a
for visual clarity). A few spectra of the reference library were
excluded from averaging in Fig. 2a due to a limited energy
range (spectra of Beauchemin et al., 2003) or inconsistency
with common species-specific spectra (see explanations in
Sect. 3.3).

Cryptocrystalline apatites and P adsorbed on Ca®&re
generally characterized by broadened peaks, particularly in
terms of their oxygen oscillations (Fig. 2b). Co-precipitation
is frequently an issue for the synthesis of P adsorbed on
CaCQ. Thus, the line shape of spectra of adsorbed P, which
was comparable to those of poorly crystalline apatite or ACP,
may be attributable to mineral Ca-P (Peak et al., 2002). Co-
precipitation probably also affected the spectrum of amor-
phous apatite because it showed the brushite-typical sec-
ondary peak shift. Spectra of different additional non-apatitic
Ca-P minerals (Ingall et al., 2011, Fig. 2c) were generally
easily distinguishable from those of apatife,TCP, OCP,
ACP, brushite and monetite due to unusual features. These
features included very broad secondary peaks and/or very
broad oxygen oscillations for whiteite, herderite, anapaite
and messelite and a comparatively high intensity of the oxy-
gen oscillation for scholzite.

Differences among spectra of apatife,TCP, OCP and
ACP were most difficult to unravel due to very similar cen-
tre positions and energy ranges of peaks (Fig. 2). In order
to distinguish these spectra, it proved necessary to consider
peak intensities. However, these intensities are frequently in-
fluenced by self-absorption and generally given as arbitrary
units. To solve this problem, peak-height ratios between main
and secondary peaks were analysed. Corresponding results
are described in the following section.

3.3 Species-specific peak-height ratios

Ratios between main and secondary peaks indicated rela-
secondary peak heights of FAP, HAP, CFAP, CHAP &nd
TCP were higher than those of OCP and ACP. Reference ma-

terials for DCPD generally showed OCP-typical secondary
peak heights but their secondary peak positions were at lower
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Fig. 3. Species-specific XANES fingerprints of 74 Ca-P reference compounds identified by normalized secondary peak positions and heights.
Secondary peak heights are given as arbitrary units relative to maximum main peak intensities of one. Two ACPs likely contained OCP (red

curves; text). DCPDs generally showed OCP-like secondary peak heights but their secondary peak positions were at lower energies (B).
Two DCPDs with secondary peaks at higher energies (red curves; text) lack OCP-like post-edge shoulders (A). Secondary peaks of DCPAs
and MCPs are comparable to those of OCPs, but their main peaks always lack typical post-edge shoulders (C). Reference numbers refer t
detailed information in Table 1. Dotted lines indicate the average post-edge shoulder height of apa8@.(
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energies, as described above. Two atypical DCPD spectraverlap, these compounds could not be separately identi-
had secondary peaks at higher energies (red curves in DCPfied by their relative secondary peak heights. However, re-
plot; excluded from averaging in Fig. 2). These spectra weresults of a one-way analysis of variance revealed statisti-
however, still distinguishable from spectra of OCP becausecally significant differences between groups of these ref-
they lacked OCP-typical post-edge shoulders. Due to conerence compounds in terms of relative secondary peak
sistently absent post-edge shoulders, the spectra of DCPAeights (FAP/CFAP/CHAP, HAR3-TCP: F(2, 31)=6.10,
and MCP were also different from OCP despite many OCP-p = 0.0058). Post hoc analyses indicated that the group of
typical secondary peaks of DCPA and MCP. Furthermore,FAP, CFAP and CHAP had significantly higher normal-
spectra of reference materials for P adsorbed on GaaB@d  ized secondary peaks than HAP @«TCP. Further, signifi-
for amorphous and poorly crystalline HAP partly exhibited cant differences were detected between groups of agtite/
OCP-typical secondary peak heights but they showed othefCP, OCP, ACP, DCPD and DCPA/MCP in terms of rel-
distinctive features, as described above. Therefore, the speative secondary peak heights (FAP/HAP/CFAP/CHAPI/3-
tra of the 8 analysed OCP specimens were unique among thECP, OCP, ACP, DCPD, DCPA/MCPE' (4, 62) = 24.18,
81 analysed spectra of various Ca-P species, albeit with onp < 0.0001). Related post hoc analyses showed that the
probably insignificant restriction: two of the four ACP ref- apatite/3-TCP group had significantly higher secondary
erence materials showed secondary peak heights that wepgeaks compared to OCP, ACP, DCPD and DCPA/MCP. Av-
comparable to those of OCP (red curves in ACP plot oferaged secondary peak heights were obtained from model
Fig. 3; excluded from averaging in Fig. 2). However, Eve- spectra, which were created by averaging multiple nor-
born et al. (2009) noticed by ATR-FTIR (attenuated to- malized and baseline-subtracted spectra for each species
tal reflectance Fourier-transform infrared spectroscopy) andFig. 4). These average heights (% of white-line peak height;
XRPD (X-ray powder diffraction) analyses that the method Fig. 4; Table 2) decreased in the following order: FAP
suggested by Christoffersen et al. (1990) for synthesis 0{8.5%)> carbonated apatites (8 %)HAP (7 %)> 8-TCP
two ACP polymorphs (frequently referred to as ACP1 and (5.9 %)> OCP (4 %)= DCPD (3.7 %) ACP (1.6 %). The
ACP2) produced significant amounts of OCP. Yet the methodaveraged post-edge shoulder height (% of main peak height;
of Christoffersen et al. (1990) was employed to synthesizeFig. 4; Table 2) decreased in precisely the same sequence,
samples for the two ACP spectra, which were comparable tand hence these two parameters were generally correlated
those of OCP (Table 1, italics). Eveborn et al. (2009) sub-(also for sets of reference compounds belonging to the same
sequently developed their own procedure and the OCP-frespecies; not shown), except for ACP. However, ACP showed
sample produced generated a spectrum, which was compara-less pronounced post-edge shoulder when compared to the
ble to that of an ACP reference material produced by a chemether species shown in Fig. 4.
ical supply company (HiMed Bioactive Materials Resource  Several authors commented that the post-edge shoulder
Center; Table 1; Giing6r et al., 2007). These two reliable ACPappeared more well defined with increasing thermodynamic
spectra exhibited significantly lower secondary peak heightsstability of the investigated Ca-P minerals (Ajiboye et al.,
than all eight OCP spectra and were therefore easily dis2008; Eveborn et al., 2009; Glingdr et al., 2007; Hesterberg
tinguishable from OCP (Fig. 3). Finally, both of these reli- et al., 1999; Sato et al., 2005). This thermodynamic stabil-
able ACP spectra also showed a less pronounced shouldety generally increases as follows: DCREDCPA < ACP
whereas spectra of the putatively OCP-contaminated ACP= TCP< OCP<HAP <FAP (e.g. Sato et al., 2005). In
samples exhibited a larger OCP-like shoulder width (Fig. 3;agreement with these observations, all shoulders for averaged
see also discussion below). These results therefore stronglgpectra of crystalline HAP, FAP, CFAP, CHAR-TCP and
suggest that the reference materials for the two OCP-likeOCP were relatively well-defined. Apart from the missing
ACP spectra were indeed OCP-contaminated and that papost-edge shoulder for DCPA and MCP, amorphous calcium
ticular care must be taken to avoid this contamination. Simi-phosphate (Fig. 4) and most but not all DCPD specimens
lar relative secondary peak heights of the eight OCP spectréFig. 3) showed subtle shoulders. Therefore, more soluble
indicated that OCP can be reliably synthesized using the prospecies actually tend to exhibit less pronounced shoulders al-
cedures described (Table 1). Furthermore, these similar peatkiough a more consistent trend was mainly impaired by three
heights resulted in a relatively narrow secondary peak intenspectra for DCPD, which contained well defined shoulders.
sity range that did not overlap with that of apatite. All in all, Besides these spectra, white-line peaks of few DCPA sam-
then, OCP, ACP, DCPD and DCPA/MCP are likely distin- ples also had clearly visible post-edge shoulders. However,
guishable by P K-edge XANES using the proposed methodhese were near the base of white-line peaks and therefore
that implements an analysis of peak-height ratios. Moreoversignificantly lower than for all other spectra (Fig. 3). As both
this method can also be applied to differentiate between thespoorly crystalline apatite (Fig. 2b) and ACP (Fig. 4) exhib-
thermodynamically less stable Ca-P minerals and apatite oited less pronounced shoulders, this spectral feature might be
B-TCP. partly affected by the degree of crystallinity. As the shoulder
As secondary peak intensity ranges of different spec-width of HAP and OCP was larger in comparison to DCPD
tra for FAP, HAP, CFAP, CHAP an@®-TCP generally and DCPA, Brandes et al. (2007) hypothesized that the width
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Fig. 4. Secondary peak heights and post-edge shoulder heights in percentages of white-line peak heights for P K-edge XANES spectra of
different Ca-P species. Peak-height percentages of pXANES data of sediment particles (Brandes et al., 2007) indicate apatite (Sed1) an
OCP (Sed?2). The apparent OCP peak is different from DCPD due to its different peak position as indicated by a Gaussian Fit (Sed2*; cf.
position with D). Individual spectra collected in fluorescence yield and total electron yield mode are shown for secondary peaks by thin and
thick grey lines, respectively. Thick blue lines indicate averages for multiple standard cu)vés (vhich average secondary peak-height
percentages and average secondary peak positions (eV) are indicated. Multiple natural (N; average of five spectra) and synthetic (S; averag
of eight spectra) HAP specimens contribute to the total average of the secondary HAR pe&k; (precise source of four HAP specimens
unknown). Secondary peaks of averaged spectra for six calcined bone apatites (CB; not included in the total HAP average) and synthetic
HAP (S) match almost perfectly. FAP: fluorapatite; CFAP: carbonate fluorapatite; CHAP: carbonate hydroxylapatite; HAP: hydroxylapatite;
B-TCP: -tricalcium phosphate; OCP: octacalcium phosphate; DCPD: dicalcium phosphate dihydrate or brushite; ACP: amorphous calcium
phosphate.

may depend on the coordination number. However, a comthetic, natural and poorly crystalline), TCP and OCP than for
parison of the averaged spectra clearly showed that, on aveBCPD, DCPA/MCP and ACP (Table 2).
age, all apatite species exhibited both higher secondary peak In summary, these results show that the normalization
heights and higher post-edge shoulder positions than potermethod developed allows for a high degree of differentia-
tial apatite precursor phases (Fig. 4). Hence, several spectréibn among Ca-P species although this had previously been
features of Ca-P species are related to the crystallinity, coorthought not to be achievable by P K-edge XANES due to
dination number and thermodynamic stability. For example,striking spectral similarities (see, e.g., the problematic dif-
the relative secondary peak height was larger for species witlferentiation between HAP and OCP mentioned by Eveborn
higher thermodynamic stability. Averaged relative secondaryet al., 2009). Significance levels for the difference in species-
peak heights were larger for FAP, CFAP/CHAP, HAP (syn- specific secondary peak heights are reported on the right-
hand side of Table 2, and other spectral features provide
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Table 2. Summary of diagnostic P K-edge XANES features for various Ca-P species.
Other distinctive features Secondary peak height (%)
Ca-P Post- Post- Oxygen  Secondary SD CFAP HAP HAP HAP TCP OCP DCPD DCPA ACP Pon HAP
species  edge edge osc. peak CHAP "~ synth. nat. MCP CaC® p.cryst.
shoulder  shoulder height +am.
height % @)
FAP broad very high  narrow 8.7 85 11 N xx rxx N bl FhAK Frkk - kkkk ok rxx
(8
CFAP broad very high narrow 8.1 8.0 13 N ** N kk ok rk ki ** ki
CHAP (5)
HAP  broad  high narow 7.1 7.0 1.4 N N REEE L kkkk ek ok wex **
17
HAP broad high narrow 6.6 6.3 0.7 i ** Fhkk ek kekk * ok
synth. (@)
HAP broad high narrow 8.6 85 13 ok wkk ok * ki *
nat. (5)
B-TCP broad medium medium 6.3 59 16 * * * N
4
OCP broad medium  narrow 4.2 40 05 W N e * N
(C)]
DCPD mixed low medium 3.8 3.7 10 N2 * N /? N.?
(77
DCPA  missing n/a broad 2.6 25 28 N N N
MCP (168
ACP narrow medium broad 16 16 0.1 N ki
@
Pon mixed low broad 2.4 24 15 N
CaCQ (2
HAP narrow low broad 4.2 n/a nla
p. cryst. 1)
HAP broad low narrow 3.8 n/a nla
am. (17

1 Averaged relative secondary peak height (% of white-line peak height). Left column: averaged secondary peak height (%) of individual spectra and number of averaged spectra in parentheses. Right column: secondary
peak height (%) of model spectra (averages for multiple curves; Fig. 4)

2 secondary peak shifted towards main peak.

3 Includes four spectra, which lacked a secondary peak (see high standard deviation).

N: difference of secondary peak heights (%; population means) is non-significant (two-sample indeptesient

*: difference of secondary peak heights (%) is significant at the 0.05 level

**: difference of secondary peak heights (%) is significant at the 0.01 level

**+: difference of secondary peak heights (%) is significant at the 0.001 level

w+x: difference of secondary peak heights (%) is significant at the 0.0001 level

N./: denotes other distinctive features for two species which cannot be distinguished by their secondary peak heights (note that other distinctive features are not denoted for pairs with significantly different secondary peak
heights). OCP distinguishable from DCPD (secondary peak shift or missing post-edge shoulder), DCPA (missing post-edge shoulder), MCP (missing post-edge shoulder), poorly crystalline HAP (missing post-edge
shoulder, broad oxygen oscillation) and amorphous HAP (secondary peak shift). ACP distinguishable from DCPD/MCP (missing post-edge shoulder).

N./?: denotes other potentially distinctive features for two species which cannot be distinguished by their secondary peak heights. DCPD likely (note the two atypical DCPDs in Fig. 3) distinguishable from DCPA (absent
secondary peak shift), P on Cag(@bsent secondary peak shift, broad oxygen oscillation) and poorly crystalline HAP (absent secondary peak shift).

Note that P on CaC@was probably contaminated by crystalline Ca-P phases (see text) and that poorly crystalline HAP and amorphous HAP require further verification by additional spectra.

Abbreviations: n/a (not applicable); SD (standard deviation); oxygen osc. (oxygen oscillation); HAP synth. (synthetic HAP); HAP nat. (natural HAP); HAP p. cryst. (poorly crystalline HAP); HAP am. (amorphous HAP).

additional discrimination between species (Table 2). This de-3.4 Speciation examples
gree of differentiation is achieved despite measurement devi-
ations among different spectral libraries. In general, within- To exemplify the applicability of this novel method for iden-
study differences between spectral features of two speciesfication of individual Ca-P species in complex matrices,
were more pronounced than could be assumed from the peadpectra of bone apatites (Rajendran, 2011; Rajendran et al.,
intensity ranges shown in Figs. 3 and 4. For example, the2013) and sediment particles (Brandes et al., 2007) were also
plots for HAP and OCP show a relatively small difference examined. Rajendran et al. (2011, 2013) investigated dried
between the lowest secondary peak for HAP and the highesand calcined bones with XANES and observed that the spec-
peak for OCP. However, these two spectra were not pairwisdra changed by heating dried bones to 600 or8D0Spectra
(collected in the same study) spectra. Each of the eight studef those calcined bone apatites were post-processed (normal-
ies which collected an OCP spectrum also provided an HAPzed, baseline-subtracted and averaged) in the same way as
spectrum (see reference numbers in Fig. 3) and corresponather reference compounds (Fig. 4, GB= 6). The spec-

ing discrepancies in secondary peak heights between thedeum thus obtained was compared with averaged spectra for
eight synthetic (Fig. 4, S) and five natural HAP (Fig. 4, N)
specimens. This comparison showed that increased temper-
atures obviously generated relatively pure hydroxylapatites
because the secondary peak of the averaged calcined bone
apatite spectrum matched that of synthetic HAP exactly. The

two species were relatively large.

www.biogeosciences.net/11/2169/2014/

Biogeosciences, 11, 2162-2014



2180 J. F. Oxmann: An X-ray absorption method for identification of calcium phosphates

five natural HAP specimens of the compiled library exhib- of the two different uXANES spectra, Brandes et al. (2007)
ited higher secondary peaks than synthetic HAP or calcineguggested that X-ray fluorescence spectroscopy may offer a
bones, which could be a consequence of various impuritiesgood opportunity to approach the subject of the very early
such as fluoride substitutions. The HAP sample from Snarunformation stages of authigenic CFAP with a novel technique.
(Norway; Brandes et al., 2007) was the only natural HAP thatThe formation of CFAP-bearing phosphorite deposits, for in-
matched the secondary peak of synthetic HAP well (cf. syn-stance, still remains controversial after several decades of
thetic HAP and HAP-1 in Fig. S2 in the Supplement). Hence,intense research (e.g. Bentor, 1980; Sheldon, 1981; Tribble
the selection of natural vs. synthetic HAP reference materi-et al., 1995). Brandes et al. (2007) further concluded that
als appears to be important for commonly used quantitativea suite of appropriate reference materials will be required
XANES approaches, such as least-squares linear combinde tackle these issues by XANES. By considering 81 Ca-P
tion fitting. reference materials of 17 spectral libraries, this study pro-

Further, Rajendran et al. (2013) speculated that dried boneides evidence that P K-edge XANES is indeed excellently
probably contained HAP ang-TCP. Indeed dried bone ap- suited for investigations on apatite formation. This study also
atite (Fig. S2 in the Supplement) showed a much lower secprovides evidence that authigenic apatite formation proceeds
ondary peak than synthetic HAP, which could theoretically most likely via an OCP precursor pathway, in addition to
indicate the presence of more soluble precursor phases. Falirect nucleation. The numerous controls on the two path-
instance, all secondary peaks of dried bone apatite were evemays in sediment can be summed up by the terms “saturation
smaller than those of OCP. However, the secondary peaktate” (e.g. supersaturation with respect to CFAP or precur-
height of dried bone was also comparable to that of poorlysors; Atlas, 1975; Gunnars et al., 2004; Van Cappellen and
crystalline HAP. From a closer observation of the entire specBerner, 1991), “kinetic factors” (Atlas and Pytkowicz, 1977;
trum it may be deduced that dried bone actually consistedsulbrandsen et al., 1983; Gunnars et al., 2004, Jahnke et al.,
of poorly crystalline apatite because both of these had rela1983; Schenau et al., 2000; Sheldon, 1981) and “inhibitors”
tively broad oxygen oscillations (Fig. 2b). This assumption (Eanes and Rattner, 1981; Golubev et al., 1999; Gunnars et
would be in line with the conclusion of Rey et al. (2009), al., 2004; Martens and Harriss, 1970; Van Cappellen and
who inferred from a thorough review of several studies thatBerner, 1991). In consideration of the still limited knowledge
no substantial evidence has been established for the presenabout the complex interplay of these factors in CFAP forma-
of any Ca-P phase in bone except for poorly crystalline ap-tion, Slomp (2011) recently emphasized the need for detailed
atite. As it was not possible to unequivocally identify more studies on this subject.
soluble precursor phases in bone, apatite may form only by
direct nucleation in bone. 3.5 Limitations, possible sources of error

Interestingly, this direct nucleation in bone is opposed to and recommendations
the well-documented apatite formation by precursor phases
in sediment (Gunnars et al., 2004; Jahnke et al., 1983; KraBased on the relatively large number of naturally occurring
jewski et al., 1994; Oxmann and Schwendenmann, 2014Ca-P species, numerous identifying features are required to
Schenau et al., 2000; Van Cappellen and Berner, 1988; seebtain adequate analyte specificity. The spectral breakdown
also Morse and Casey (1988) and Nancollas et al. (1989presented considered a representative set of the most abun-
for the Ostwald step rule of successive crystallization; notedant Ca-P species in environmental and biological matrices
also the significant apparent OCP levels in high pH sub-and should therefore be well suited for studies in different
strates determined, e.g., by Beauchemin et al. (2003) usinfjelds. Constraints due to the presence of P species other than
linear combination fitting of XANES spectra). This precur- those of Ca-P appear to be insignificant because features of
sor pathway for the formation of authigenic CFAP, which Ca-P at the P K-edge were found to be distinctive. For in-
appears likely, is also substantiated by the second examplstance, spectra of Ca-P are easily distinguishable from those
of the applicability of the proposed method. Post-processingf potassium phosphates, aluminium phosphates, iron phos-
of WXANES spectra from two sedimentary Ca-P particles phates and organic P compounds (e.g. Brandes et al., 2007;
(Brandes et al., 2007) revealed that the secondary peak heigkiguet-Covex et al., 2013; Sato et al., 2005).
of one particle was comparable to that of FAP (Fig. 4, Sedl), Further, self-absorption effects impair the identification
whereas the secondary peak of the other particle very closelpf species by XANES. However, using diluted or finely
matched the averaged secondary peak of OCP (Fig. 4, Sedfround and thinly mounted samples during FY measure-
and Sed2*). That the latter particle most likely comprised ments appears to efficiently mitigate these effects because
OCP was also confirmed by all other important spectral feaspecies-specific features were comparable for TEY and FY
tures, such as a missing shift of the secondary peak for exspectra (see thin and thick grey lines in Fig. 4). Spectral
clusion of DCPD (Fig. 4, D), an OCP-typical shoulder height distortions due to self-absorption attenuate especially low-
and a broader shoulder feature. Finally, the spectrum exenergy regions of the spectral range investigated (Tannazi
hibited a well-separated oxygen oscillation that rules out Pand Bunker, 2005). However, the use of peak-height ratios
adsorbed on CaCfand poorly crystalline apatite. In view is obviously advantageous precisely because self-absorption
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may attenuate not only main but also other peaks. Significanical research on Ca-P and that the method developed allows
linear correlations between main and secondary peak heighter a high degree of differentiation among Ca-P species.
for edge-jump-normalized spectra of certain species ( Important applications for the method were demonstrated
0.0001; Fig. 1c) clearly demonstrated that a consideratiorby two examples: (i) application of the method to bone ap-
of peak-height ratios was crucial for distinguishing betweenatite spectra confirmed that bone material likely comprises
spectra of different species. However, this differentiation wasonly poorly crystalline apatite, which confirms direct nucle-
more reliable for spectra with intense peaks (Fig. 1c), sug-ation of apatite in bone. This direct nucleation in bone is ap-
gesting that self-absorption should be efficiently mitigated.parently opposed to the well-documented authigenic apatite
Known effects of inappropriate particle sizes may also influ- formation by precursor phases in sediment. (ii) Application
ence peak-height ratios and should therefore be considereof the method to pXANES spectra of sediment particles pro-
during measurements. vided evidence for the occurrence of OCP in sediment and

Quantitative estimates by bulk XANES measurements re-therefore for the probability of apatite formation by succes-
quire thorough analysis because spectral features of differsive crystallization according to the Ostwald step rule. Fi-
ent species overlap (Beauchemin et al., 2003; Doolette andally, the method presented also revealed that reference ma-
Smernik, 2011). However, due to the poor resolution of bulkterials were occasionally inconsistent or incorrectly assigned
XANES analyses in complex matrices even a qualitativedue to apparent contamination. Hence, this study also offered
detection may not be feasible, e.g. if the species of inter-a basis for standard selection and appropriate standard syn-
est is a minor component. In this case uUXANES analysistheses.
which also allows for X-ray fluorescence mapping of P and
other elements at a sub-micron spatial resolution (Brandes et
al., 2007; Diaz et al., 2008), appears to be the instrumentabupplementary material related to this article is
method of choice. available online athttp://www.biogeosciences.net/11/

The spectral analysis presented in this study also provideg169/2014/bg-11-2169-2014-supplement.zip
recommendations for standard selection and synthesis. For
example, only few spectra were available for Ca-P com-
pounds that exhibited relatively broad oxygen oscillations.
These spectraincluded P adsorbed on Ca&x@ amorphous
or poorly crystalline phases, such as ACP or poorly crys-
talline apatite. Precisely those reference compounds tende mments on an earlier version of the manuscript. Thanks also to

to be more unreliable due to gq-pre0|pltaFlpn. Therefore,Peter Kraal (Utrecht University; Faculty of Geosciences) and an
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