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ABSTRACT

Natural apatites used in fertilizer industries often contain trace amounts of Cd, which
may reach concentrations of several tens to a few hundred parts per million. Cd is not
eliminated during the production of phosphate fertilizers, and its concentration in the final
product can exceed environmental norms. Knowledge of the chemical state of Cd in apatite
ores is a prerequisite for the design of technical processes of extraction. In the present
study, Cd K-edge EXAFS spectroscopy was used to investigate the structural environment
of Cd present in sedimentary apatite ores from West Africa. These apatites are fluorinated
and contain goethite, quartz, and crandallite as ancillary phases detected by X-ray diffrac-
tion or EXAFS spectroscopy. Cd K-edge EXAFS spectra for two natural samples were
analyzed and compared with those for Cd-containing reference minerals, including hy-
droxylapatite, goethite, otavite, and crandallite. A good spectral resemblance was observed
between natural products and synthetic apatite containing small amounts of Cd. This
spectral likeness indicates that the majority of Cd atoms are diluted in the apatitic frame-
work and do not form CdlO(P04MOH,F)2 clusters. This finding was confirmed by quan-
titative analysis of the EXAFS spectra, which indicated that Cd atoms are surrounded by
nearest 0 atoms at 2.33 A, next-nearest P atoms at -3.53 A, and a third-nearest shell of
Ca atoms at -4.02 A. A comparison of these data with those obtained for synthetic
apatites allowed us to assess that Cd occupies both Ca crystallographic sites with a slight
preference for the Ca2 site.

INTRODUCTION is consumption of vegetables, Cd intakes by human be-
ings are also increasing (de Boo 1990). The use of Cd-

Cd is one of several metals that have come under sus- free phosphate fertilizers would decrease the accumu1a-
picion within the last 20 years as an environmental con- tion rate of Cd in soils. Production of Cd-free phosphate
taminant potentially harmful to human health. Cd ac- fertilizers requires removal of Cd from phosphate ores
cumulates in the liver and kidney, increasing over the during their transformation. Obtaining a basic knowledge
course of a lifetime, and can lead to various disorders of the crystal chemistry of Cd in phosphate ores is a pre-
such as kidney disfunction (Thomas and Spiro 1994). The requisite for designing technical extraction processes.
main risks of Cd do not originate from industrial prod- Several possibilities can be envisaged for the location of
ucts containing Cd but from its diffuse dispersion into Cd: substitution or insertion in the apatitic framework or
the environment caused by atmospheric deposition in the in ancillary phases, precipitation of a pure Cd-bearing
vicinity of nonferrous metal smelters, soil application of phase such as cadmium carbonate (Stipp et al. 1992) or
municipal sewage sludge, and phosphate fertilizers (Nri- Cd-end-member apatite, or sorption on mineral surfaces.
agu 1980; Thomas and Spiro 1994). Many phosphate ores Because of the low concentration of Cd in natural phos-
contain Cd in amounts ranging from several tens to a few phate rocks, the determination of its chemical state is
hundred parts per million (Williams 1974), most or all experimentally very difficult and has not yet been
of which is not eliminated during phosphate fertilizer achieved.
production (Williams and David 1976; Hutton 1983). The Fluorescence-yield extended X-ray absorption fine-
Cd content of soils is gradually rising because of phos- structure (EXAFS) spectroscopy is one of the very few
phate amendments. Studies have shown that Cd is fairly methods capable of selectively probing the structural en-
mobile in soils and bioavailable (Mortvedt and Osborn vironment of a diluted atom and is particularly suited for
1982); thus, a rise in the Cd level of soils increases the determining the speciation of trace metals in chemically
likelihood of uptake by plants. In addition, because the and structurally complex solids. The EXAFS method was
primary source of Cd contamination of living organisms used in the present study to examine the chemical state
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of Cd in natural phosphate ores. EXAFS spectroscopy
consists of recording and analyzing the variations of the
absorption coefficient above an absorption edge for a giv-
en element (Teo 1986; Koningsberger and Prins 1988).
Variations in the absorption coefficient originate from in-
terferences between the outgoing electronic wave from
the X-ray absorber and the incoming wave that is back-
scattered by the electrons of neighboring atoms (back-
scatterers). Analysis of the absorption modulations pro-
vides structural information concerning the local
environment of the target atom, or absorber (i.e., Cd), in
terms of interatomic distances and the type and number
of neighboring atoms in the two to three nearest atomic
shells. Thus, EXAFS spectroscopy has the potential to
differentiate the various possible structural solutions pre-
viously envisaged for the location of Cd in phosphate
ores.

Two samples from West Africa were collected for study
at two stages in the treatment of phosphate ore. Despite
the low concentration of Cd in these samples (90-100
ppm), the quality of EXAFS spectra was high enough to
determine the crystallographic site location of Cd atoms.
To help in this determination, the structural environment
of Cd atoms in various minerals, including synthetic hy-
droxylapatite containing various amounts of substitu-
tional Cd, as well as Cd-containing goethite (a-FeOOH)
and otavite (CdC03), was also investigated.

MATERIALS

Reference samples
Three synthetic apatite phases were studied:

CdlO(PO.)60Hz (Rl), Ca9.5Cdo5(PO.)60Hz (R2), and
Ca9.995Cdo.oo5(PO.)60Hz(R3). Hydroxylapatite [CalO-
(PO.)60HZ] crystallizes in the hexagonal system with the
space group P6/m (a = 9.424, c = 6.879 A) (Kay et al.
1964). Ca2+ ions occupy two crystallographic sites, Cal
and Ca2 (Fig. 1). The former is on a threefold axis at x
= Ih,Y = Ih (position 4j), and the latter is on a mirror at
z = 1/.or z = 3f4(position 6h). Cal atoms are surrounded
by nine 0 atoms, six at 2.43 A and three at 2.80 A. Ca2
atoms are surrounded by eight 0 atoms (seven at 2.41 A
and one at 2.71 A, Table I). In fluorapatite, F does not
occupy the same crystallographic site as OH in hydrox-
ylapatite. F atoms are found in channels along the hex-
agonal screw axes at z = 0.25 (Beevers and McIntyre
1945), whereas OH groups are located 0.3 A away from
the z = 1/.mirror. Cal possesses the same structural en-
vironment as in hydroxylapatite, but Ca2 atoms are sur-
rounded by six 0 atoms (five at 2.41 A and one at 2.69
A) and one F atom (at 2.30 A), making the Ca2 site slight-
ly smaller than the Ca 1 site (Fig. 1, Table 1). In apatites,
interatomic distances are distributed, and the resolution
of EXAFS is not high enough to differentiate all elemen-
tary distances associated with the various atomic pairs.
Consequently, atoms of the same nature, and for which
distances from the central Ca or Cd atom differ by <0.2
A, were grouped in the same atomic shell. The distance
reported in Table 1 for each atomic shell is thus an av-
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FIGURE 1. (a) Projection of the fluorapatite structure along

the c axis (Beevers and McIntyre 1945). (b) Structural environ-
ment of Cal. (c) Structural environment of Ca2.

erage of the elementary distances corresponding to all the
atoms grouped within this shell. Examination of Table 1
reveals that in the Ca2 site (Ca,Cd)-P distances are short-
er by 0.1 A and (Ca,Cd)-(Ca,Cd) distances are longer by
0.1 A, in comparison with the Cal site. Cd was shown,
by diffraction studies, to substitute for Ca in both crys-
tallographic sites but with a slight preference for the Ca2
site in the case of hydroxylapatite and for the Ca 1 site in
the case of fluorapatite at low substitution (Nounah et al.
1990, 1992; Jeanjean et al. 1994).
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TABLE 1.

Atom Ca,.(pO.).(OH), .. Ca,.(pO.).(OH).t Cd,.(PO.).(OH).:I: ca,.(po.).(:1'§
(X)* CN (d(Ca-X) (A) (d(Ca-X) (A) (d(Cd-X) (A) CN (d(Ca-X) ( )

Ct1

0 6 2.43 2.43 2.38 6 2.42
0 3 2.80 2.79 2.82 3 2.80
P1 3 3.21 3.21 3.21 3 3.20
Ct 2 3.44 3.44 3.33 2 3.44
P2 3 3.60 3.59 3.51 3 3.58
0 3 3.93 3.93 3.87 3 3.91
Ct 6 3.99 3.99 3.95 6 4.00
0 6 4.07 4.06 4.02 6 4.06

Ct2

F 1 2.30
0 7 2.41 2.41 2.41 5 2.41
0 1 2.71 2.70 2.64 1 2.69
P1 1 3.08 3.09 3.06 1 3.06
P2 4 3.52 3.54 3.45 4 3.53
0 3 3.97 3.98 3.91
Ct 10 4.08 4.08 4.00 10 4.05
F 2 4.14
0 7 4.43 4.44 4.38 7 4.40

.Atoms were grouped in coordination shells, and interatomic distances from the central atom were averaged... Hydroxylapatite from Holly Springs; X-ray and neutron diffraction. After Sudarsanan and Young (1969).

t Human tooth enamel; convergent-beam electron diffraction. After Bres et al. (1993).
:I:Synthetic Cd-end-member hydroxylapatite; X-ray diffraction. After Hata et al. (1978).
§ Fluorapatite. After Mackie and Young (1973).

Structural environment of Ca and Cd for various hydroxyl- and fluorapatites as determined by diffraction data

Natural samples
The natural apatites were from sedimentary phosphate

ore deposits located in West Africa. Sample SI was a raw
material and contained some clay, crandallite (aluminum
phosphate), and quartz impurities as detected by X-ray
diffraction. These major impurities were partially re-
moved in sample S2 by granulometric, washing, and cen-
trifugation treatments. The mineralogic nature of the main
constituent was determined by X-ray diffraction and
chemical analyses (Table 2) to be apatite. The concentra-
tion ofF in these phosphates is particularly high (2.81%),

TABLE2. Chemical analysis of sample S2

Wt%

CaO
p,o.
SiO,
AI,O.
Fe,O.
Na,O
MgO
K,O
MnO
SrO
Li,O
BaO
CdO
CO,
SO.
H,O.
CI
F

Total

47.70
35.84

7.06
0.93
0.94
0.07
0.03
0.02
0.05
0.07
0.03
0.01
0.01
0.10
0.04
3.01
0.80
2.81

99.52

Note: Sample 52 is a natural polyphase material composed of
Ca,.(pO.),(OH,CI,F)" FeOOH, and SiO,.

. Evaluated by weight loss at 1000 .C.

and to determine its amount in the apatite structure, unit-
cell parameters were refined. Least-squares refinement of
hkl reflections led to a = 9.367 and c = 6.881 A for the
unit cell. By comparing these values with those of hy-
droxylapatite (a = 9.424 and c = 6.879 A; Sudarsanan
and Young 1969) and fluorapatite (a = 9.367 and c =
6.884 A; Mackie and Young 1973), and taking into ac-
count the precision of the evaluation of the unit-cell pa-
rameters (-0.005 A), we concluded that at least 90% of
the natural apatite was fluorinated. The remaining 10%
essentially consists of chlorapatite. The nature of the Fe-
containing phase, as determined by fluorescence-yield Fe
K-edge EXAFS spectroscopy, was found to be goethite
(a-FeOOH).

EXPERIMENTS AND DATA REDUCTION

Data collection

Samples were ground and placed in a sample holder,
the thickness of which was adjusted from 1 to 10 mm
depending on the concentration of Cd in the material and
detection mode. X-ray absorption spectra were collected
at ambient temperature on wiggler magnet beamlines 9.2
and 9.3 at the DRAL Synchrotron Radiation Source (SRS)
at Daresbury, Warrington (U.K.). The electron storage
ring operated at 2 GeV with an average beam current of

-200 mA. An Si(220) double-crystal monochromator was
used. Higher harmonic reflections were rejected by de-
tuning the primary beam by 30-50%. The spectrometer
was calibrated using a cadmium metallic foil. Gas-ion-
ization chambers were filled with an argon and helium
mixture to attenuate the beam intensity by 20% before
and 80% after the samples for transmission-mode mea-
surements. Synthetic samples (Rl, R2, and CdC03) were
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measured in transmission mode. Spectra for diluted sam-
ples (R3, Sl, S2, and a-FeOOH) were collected in fluo-
rescence mode using a 13-element Ge array detector with
a Be window. Multiple scans (three to eight depending on
Cd concentration) were collected and averaged for each
sample to improve the signal-to-noise ratio.

Data reduction

X-ray absorption spectra were treated following a stan-
dard procedure (Teo 1986). Cd K-edge EXAFS spectra
were derived from raw absorption spectra by normaliza-
tion to the atomic absorption jump. The kinetic energy
of the photoelectron was converted into the modulus of
the wave vector k to obtain the x(k) function. This func-
tion is the summation of the elementary contributions to
the EXAFS spectra of the very first atomic shells sur-
rounding Cd. The atomic pair-correlation function, or
radial distribution function (RDF), was obtained by Fou-
rier transformation of knx(k) spectra to real space using
a Kaiser apodization window (Manceau and Combes
1988).

Structural parameters, namely interatomic distance (R)
and coordination number (CN), characterizing the atom-
ic environment of Cd atoms were determined by spectral
simulations. These simulations require the knowledge of
phase-shift and amplitude functions for each atomic pair
under consideration. Two possibilities exist for evaluat-
ing these functions (Teo 1986). The first consists of de-
termining empirical functions from a reference sample
for the desired Cd-backscatterer pair. This procedure can
be accurately applied if the contribution to EXAFS by
the atomic pair can be isolated from the reference spec-
trum by Fourier transformation. But this is often impos-
sible because of overlap of the various atomic shells in
solids, or the lack of material or compound containing
the atomic pair in question. The second possibility con-
sists of using theoretical phase-shift and amplitude func-
tions, which can be calculated with a program that mod-
els the interaction potential between the various atoms
or which can be taken from tabulated values. The theory
of EXAFS was extensively discussed by Lee and Pendry
(1975). Their exact curved-wave theory is, however,
mathematically complex and computationally time-con-
suming. This theory was simplified, among others, by
Gurman et al. (1984). Their rapid curved-wave theory is
coded analytically in the EXCURV suite of programs and
enables multiple-shell fitting to raw EXAFS spectra using
least-squares methods. More recently, McKale et al. (1988)
calculated the amplitude and phase-shift functions for
nearly every element in the periodic table by using a
curved-wave formalism. These functions can be used by
classical programs for EXAFS analysis. FITEX (home-
made software) was employed in the present study in
which atomic shells that were Fourier filtered from the
EXAFS spectra were separately fitted.

Phase-shift and amplitude functions associated with
Cd-O and Cd-Cd pairs were isolated from {J-Cd(OHL

----

a)

2 4 6 8 10 12 k(A-1)
FIGURE2. (a) Fourier-filtered Cd-O and Cd-Cd contributions

to EXAFS for ,B-Cd(OHh (solid line) fitted with theoretical spec-
trum (dotted line) using McKale's functions. (b) Whole EXAFS
spectrum for ,B-Cd(OH)2 (solid line) fitted with theoretical spec-
trum (dotted line) using the rapid curved-wave theory.

(Wyckoff 1971). But no reference compound was found
to exist for Cd-P and Cd-Ca pairs. Because theoretical
phase-shift and amplitude functions can be inaccurate,
two sets of theoretical functions were used to simulate
EXAFS spectra: (1) McKale's functions and (2) functions
generated by the EXCURV suite of programs. The valid-
ity of Cd-O and Cd-Cd theoretical functions was tested
by comparing the EXAFS results obtained with the mod-
el compound {J-Cd(OH)2. Figure 2 compares the experi-
mental and theoretical Cd-O and Cd-Cd EXAFS contri-
butions for {J-Cd(OH)2. The use of McKale's functions
and the Fourier-filtering routine (FITEX) resulted in six
o atoms at 2.33 A and six Cd atoms at 3.51 A (Table 3).
Spectral fitting using EXCURV resulted in six 0 atoms
at 2.29 A and six Cd atoms at 3.50 A. Coordination num-
bers are accurate to -10%, as are Debye-Waller factors
listed in Table 3. Interatomic distances differ from crys-
tallographic values by only a few hundredths of an ang-
strom. The precision of the evaluation of interatomic dis-
tances is 0.01 A with both methods for the Cd shell but
varies from 0.01 A (McKale's functions) to 0.03 A (EX-
CUR V) for the 0 shell, differences that may derive from
single-shell fitting in comparison with multiple-shell fit-
ting. Because each approach has its merits, we employed
both in analyzing the EXAFS of synthetic and natural
apatites.
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TABLE3. Comparison of Cd-O and Cd-Cd distances in
~-Cd(OH)2 determined by X-ray diffraction and
EXAFS

Atom
(X)

o
Cd

Rc"l'''''.
FITEX..

CN d(Cd-X) (A) d(Cd-X) (A) u (A)

6 2.32 2.33 0.08
6 3.50 3.51 0.10

EXCURV92t

d(Cd-X) (A) u (A)

2.29 0.08
3.50 0.09

Note: CN = coordination number.
. Wyckoff (1971).

.. The EXAFS analysis was performed using McKale's phase-shift and
amplitude functions.

t The calculation of phase-shift and amplitude functions was performed
using Hedin-Lundqvist (Hedin and Lundqvist 1969) exchange potential.

RESULTS AND INTERPRETATION

Synthetic phosphate samples

Qualitative analysis. Despite the poorer signal-to-noise
ratio of the k3x(k) spectrum R3, its shape is similar to
that ofR2 (Fig. 3). These two spectra are clearly diff~rent
from R 1; the frequencies are slightly different at low k,
and the main spectral features are dissimilar. The three
synthetic apatites differ mainly in Cd contents. In sample
R 1, Cd atoms are surrounded by other Cd atoms, where-
as they can be, in principle, surrounded by Ca, Cd, or

2 4 10 k(A-1}6 8
FIGURE 3. The k3-weighted Cd K-edge EXAFS spectra for

synthetic apatite samples: (a) individual spectra, (b) comparison
of the various spectra. A = comparison of Rl (solid line) and
R2 (dashed line) spectra. B = comparison of R2 (dashed line)
and R3 (solid line) spectra.

Cd-O
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R1

1 2 3 4 5 R(A)
FIGURE 4. Fourier transformations of k3-weighted EXAFS

spectra for synthetic apatite samples. Radial distribution fUnc-
tions were not corrected for phase shift; accordingly, RDF peaks
are shifted toward shorter distances by -0.3-0.4 A with respect
to crystallographic values. Real distances obtained from least-
squares fits are reported in Table 4.

both in the two other samples depending on the distri-
bution of Cd in the apatitic framework. If Cd atoms were
segregated in clusters in samples R2 and R3, their spectra
would be similar to that of Rl. This simple comparison
of the three reference spectra indicates that Cd atoms do
not form clusters within the apatite structure of diluted
references but are actually well dispersed at the atomic
scale.

Quantitative analysis. The k3x(k) spectra were Fourier-
transformed over the 3.5-12 A-I k range to produce the
RDFs with five main peaks (Fig. 4). On the basis of crys-
tallographic data (Table 2), these peaks are attributed,
with increasing distances, to Cd-a, Cd-PI, Cd-P2, Cd-a,
and Cd-Ct (Ct = Cd or Ca) contributions. Because the
apatite structure is common to R1, R2, and R3, the rel-
ative intensity of the various peaks necessarily depends
on Cd concentration. In particular, we note a small but
systematic increase in next-nearest-neighbor distances as
Cd concentration decreases (Fig. 4).

The results obtained using McKale's functions are pre-
sented first, then the results obtained using the rapid
curved-wave theory are presented. For the use of Mc-
Kale's functions, first RDF peaks were Fourier filtered
and analyzed with a single-shell model. For all samples,
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TABLE 4. Structural parameters determined by EXAFS using McKale's functions (FIT EX) and the rapid curved-wave theory with
calculated phase-shift and amplitude functions (EXCURV92)

FITEX* EXCURV92** Diffraction

Atom (X) (R) (A) (CN)t a (A) T (A-'):j: (R)(A) (CN)§ a (A) (R)(A) (CN)II

R 1 [Cd,.(PO.).(OH).]

0 2.33 6.6 0.10 2.0 2.28 6.6 0.10 2.40 6.6
0 2.76 2.2
P1 3.13 1.8 0.13 1.9 3.07 1.8 0.10 3.16 1.8
Cd 3.33 0.8
P2 3.45 3.0 0.14 1.9 3.45 3.0 0.16 3.47 3.0
0 3.93 5.4 0.09 2.0 3.91 5.4 0.07 3.95 5.4
Cd 3.95 8.4 0.15 1.3 3.93 8.4 0.13 3.98 8.4
0 4.38 4.8

R2 [Ca...Cd...(PO.).(OH).]

0 2.30 6.0 0.11 2.0 2.26 6.0 0.10
P1 3.11 1.5 0.14 1.9 3.07 1.5 0.11
P2 3.47 3.4 0.16 1.9 3.44 3.4 0.18
Ca 4.00 9.0 0.17 1.8 3.97 9.0 0.13
0 4.35 7.0 0.13 2.0 4.03 7.0 0.10

R3 [Ca..HlCd.....(PO.).(OH),]
0 2.32 6.0 0.11 2.0 2.27 6.0 0.11
P1 3.39 0.8 0.07 1.9 3.11 0.8 0.14
P2 3.63 3.0 0.12 1.9 3.63 3.0 0.19
Ca 4.05 9.8 0.16 1.8 4.02 9.8 0.14

Note: CN is the coordination number, and a is the Debye-Waller factor.

* In the FITEX program, the deviation (.:lEa) from the threshold energy taken at .:lJ.<l2was refined but held identical for each atomic shell: .:lEa= 9.2
eV for R1, .:lEa = 10.6 eV for R2, and.:lEa = 6.7 eV for R3.

** In the EXCURV program, the Fermi energy E, was defined: E, = -4.4 eV for R1, E, = -9.0 eV for R2, and E. = -8.8 eV for R3.
t Values held fixed, equal to averaged crystallographic values, during the spectral fitting of R1 and refined for R2 and R3.
:j:The parameterT is relatedto the meanfree path of the electron,", by the relation" = kiT.The value" was determinedfor eachatom type for

sample R1 and was held fixed for samples R2 and R3. The value of" for Ca is between the values determined for P and Cd, proportional to the atomic
number.

§ Values held fixed, equal to values determined using McKale's functions, during the spectral fitting.

II Averaged coordination numbers. After crystallographic data of Hata et al. (1978).

least-squares fits indicate approximately 6-6.6 0 atoms
at 2.30-2.33 A (Table 4). Peaks corresponding to Cd-PI,
Cd-P2, and Cd-Ct contributions were backtransformed
together because of the distance-related overlap of the
various contributions. Because EXAFS spectroscopy pro-
vides only a weighted average in cases in which several
crystallographic sites exist, average coordination num-
bers and interatomic distances were calculated for the
Cd-end-member hydroxylapatite (Rl) by applying a
weighted linear combination of the values determined for
Ctl and Ct2 sites by X-ray diffraction (Table 4) (Hata et
al. 1978). The weights correspond to the relative propor-
tion of the Ctl and Ct2 sites within the unit cell (four for
Ct 1 and six for Ct2) (Harries et al. 1986). For example,
the Cd atom is surrounded at long distances by six Cd
atoms at 3.95 A in site 1 and ten Cd atoms at 4.00 A in
site 2. The weighted linear combination of these two shells
results in an averaged shell of 8.4 [(6 x 4 + lOx 6)/10
= 8.4] Cd atoms at the weighted distance of 3.98 A. The
contributions to the EXAFS signal of the second 0 shell,
which contains 2.2 0 atoms at the average distance of
2.76 A, and the short-distance Cd shell, which contains
0.8 Cd atoms at 3.33 A, are very weak, resulting from
indirectly bound neighbors. To limit the number of free
parameters in the fitting procedure (Nindep.< 2t:.kf:1Rhr,
where t:.k is the k range for the spectral fitting, and f:1Ris
the width of the backtransform window), these two shells

were omitted in the following study. Fitting trials for
next-nearest neighbors were performed using a four-shell
model: PI, P2, 0, and Cd. Interatomic distances and
Debye-Waller factors were refined for each shell, but co-
ordination numbers were held constant and equal to the
averaged crystallographic values. There were nine free
parameters, which is thus below Nindep.= 12 in this case.
The experimental and theoretical curves for the back-
transformed first 0 and Ct shells of sample Rl are shown
in Figure 5a, and the structural parameters obtained with
this four-shell model are listed in Table 4. Least-squares
fitting resulted in two P shells at 3.13 and 3.45 A, one 0
shell at 3.93 A, and one Cd shell at 3.95 A.

The least-squares fitting of samples R2 and R3 used
the same coordination numbers as for Rl as a starting
point, but it was found necessary to replace Cd backscat-
terer atoms by Ca. For sample R2, the least-squares fit
led to two P shells at 3.11 and 3.47 A, one Ca shell at
4.00 A, and one 0 shell at 4.35 A (Table 4, Fig. 5a). In
the case of sample R3, because of the high dilution (600
ppm), the EXAFS signal became very noisy for k > 10
A-I and Nindep.= 9. Accordingly, the number of adjust a-
ble shells was reduced to three. The three-shell model
obtained for R3 was composed of two P shells at 3.39
and 3.63 A and one Ca shell at 4.05 A (Table 4, Fig. 5a).

The three spectra for the synthetic samples were also
analyzed using the rapid curved-wave approximation.
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b)

4 6 8

FIGURE S. (a) Fourier-filtered Cd-a, Cd-P, and Cd-(Cd,Ca)
contributions to EXAFS for synthetic apatites (solid lines) fitted
with theoretical spectra (dotted lines) using McKale's functions.
(b) Whole EXAFS spectra for synthetic apatites (solid lines) fit-

ted with theoretical spectra (dotted lines) using the rapid curved-
wave theory.

Whole EXAFS spectra were fitted to all 0 and Ct shells
at the same time, and the structural models employed the
same coordination numbers determined by the previous
FITEX analyses for each sample. Experimental and the-
oretical k3x(k) curves for each synthetic sample are pre-
sented in Figure 5b, and structural parameters are re-
ported in Table 4. Examination of these parameters shows
that interatomic distances determined by EXCURV are
comparable to those obtained with McKale's functions,
although 0 and Ct distances are marginally shorter, as
we found in analyzing {J-Cd(OHh (Table 3).

From Table 4 it is clear that agreement, in the Cd en-
vironment, between EXAFS and X-ray diffraction
(weighted Cd 1 and Cd2 sites) in Cd-end-member hy-
droxylapatite is good, with all five main neighboring shells
quantitatively differentiated. 0 nearest neighbors, how-
ever, are significantly shorter using either method of
EXAFS analysis in comparison with crystallographic
values, which may indicate a non-Gaussian distribution
of the elementary Cd-O distances (Teo 1986).

The distances of the two P shells in sample R2 are
comparable to those in sample Rl, meaning that Cd at-
oms in sample R2 occupy both crystallographic sites in
similar proportions as in Cd-end-member hydroxylapa-
tite. The increase in the distances of P shells for sample

/
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FIGURE 6. (a) The k3-weighted Cd K-edge EXAFS spectra
for natural apatites. (b) Radial distribution functions (RDFs)
produced by Fourier transformation of EXAFS spectra over the
3.6-10 A-I k range (uncorrected for phase shift). EXAFS spectra

and RDFs for the two samples have very similar line shapes.

R3 in comparison with samples Rl and R2 allows us to
infer that the proportion of Ct 1 sites occupied by Cd at-
oms in this sample is greater than in samples Rl and R2
(Tables 2 and 4). Cd atoms may preferentially occupy the
Ctl site at a very low substitution rate (0.005 atom per
unit cell) in synthetic hydroxylapatite. The reverse trend
was observed at a high substitution rate (0.5 atom per
unit cell; Nounah et al. 1992; Jeanjean et al. 1994).

Natural samples
Qualitative analysis. EXAFS spectra and RDFs for the

two natural samples are shown in Figure 6. The signal-
to-noise ratio is good up to the k value of ~ loA-I, which

reflects the reliability of the measurements at these very
low concentrations of Cd. The spectral likeness indicates
that Cd atoms in both samples have a similar atomic
environment and that the mechanical and chemical treat-
ments of the ores did not alter this environment.

The two spectra possess a clear beat pattern at ~4.7
A-I, which points to the existence of multiple frequencies
and, therefore, to the presence of more than one atomic
shell around Cd. To determine the location of Cd atoms
at the atomic scale, these EXAFS spectra were compared
with those of reference materials. In Figure 7, the EXAFS
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FIGURE7. Comparison of the k'-weighted Cd K-edge EXAFS
spectrum for the natural apatite ore S2 (dotted lines) and those
for various reference compounds (solid lines): (A) goethite co-
precipitated with Cd (after Spadini et al. 1994), (B) Cd-adsorbed
goethite (II % surface loading) (after Spadini et al. 1994), (C)
otavite (CdCO,), (D) Cd-containing crandallite (theoretical spec-
trum), (E) synthetic sample RI, and (F) synthetic sample R3.

spectrum for S2 (the most concentrated in Cd) is super-
imposed on the EXAFS spectra for Cd-containing and
Cd-sorbed goethite (Spadini et al. 1994), CdC03 (otavite),
Cd-containing crandallite, Cd-end-member hydroxyla-
patite (R 1), and Cd-containing hydroxylapatite (R3) [in
the absence of a crandallite sample, its EXAFS spectrum
(D) was calculated from crystallographic data (Blount
1974) and by replacing Ca with Cd as the central atom].
The salient point of these comparisons is the close simi-
larity of R3 and S2 spectra. The only apparent difference
is the shift to high k values of the shoulder at 7 A-I for
S2 (Fig. 7). This qualitative analysis proves that the ma-
jority of Cd is located within the apatitic structure of the
phosphate ore.

Quantitative analysis. RDFs for the two natural sam-
ples, Sl and S2, are in close agreement with one another
(Fig. 6) and provide real-space information regarding the
similarity of the Cd environment in both apatite ore sam-
ples and their distinction with respect to synthetic apa-
tites. The RDFs of S2 and of the synthetic hydroxylapa-
tite containing a small amount of Cd (R3) are shown in
Figure 8. Real-space structure beyond the nearest-neigh-
bor 0 peak for S2 is shifted toward slightly shorter dis-
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FIGURE8. Comparison ofRDFs (uncorrected for phase shift)
for the natural apatite ore S2 (dotted line) and the synthetic
apatite R3 (solid line). Note that the amplitudes of the second
and third RDF peaks are similar but are shifted toward shorter
distances for S2. This similarity of the amplitudes indicates that
Cd atoms are located within the apatite structure and not at the
grain surface or at grain boundaries.

tances relative to those ofR3. Nevertheless, this structure
of next-nearest neighbors in the RDF for sample S2 is of
the apatite local structure; the first peak being assigned to
P neighbors and the second to Ca neighbors.

The fitting procedure was initially performed for nat-
ural samples Sl and S2 using McKale's functions. The
least-squares fit of the backtransform of the first RDF
peak led to six 0 atoms at 2.33 A for sample S2 (Table
5). A minimum of three shells were necessary to obtain
a good fit for the subsequent structure (Fig. 9), yielding
two P shells at 3.17 and 3.52 A and one Ca shell at 4.04
A for S2 (Table 5). Note that this structural model repro-
duces the beat pattern at -7.7 A-I rather well. In the
rapid curved-wave analyses, coordination numbers were
held constant to values corresponding to the average of
both crystallographic site environments (Table 4). Ex-
amination of Table 5 shows that structural parameters
derived from the EXCUR V analysis are in good agree-
ment with those determined using McKale's functions.

Although Cd-Ca distances determined for the natural
samples are similar to those for dilute synthetic apatite
(R3), Cd-P distances are shorter (Fig. 8), with d(Cd-Pl)

= 3.17 A and d(Cd-P2) = 3.52 A for S2, and d(Cd-Pl)
= 3.39 A and d(Cd-P2) = 3.63 A for R3. This shortening
of the two Cd-P subshells in natural fluorapatite in com-
parison with synthetic hydroxylapatite accounts for the
difference in their EXAFS wave frequency near 7 A-I

(Fig. 7). We note from Table 2 that Cd-P distances are
shorter for site 2 than for site 1, suggesting that Cd in the
apatite ores preferentially occupies Ct2 sites. Note that
these sites contain bonded F.

DISCUSSION

The possible presence of a secondary Cd-bearing min-
eral admixed with apatite was investigated by attempting

---



81 82

Atom
FITEX' EXCURV92" FITEX' EXCURV92"

(X) R(A) CNt 11 (A) T (A-2) R(A) CN:\: 11(A) R(A) CNt 11(A) T (A-2) R(A) CN:\: 11(A)

0 2.32 7.0 0.11 2.0 2.27 6.6 0.10 2.33 7.0 0.11 2.0 2.28 6.6 0.10
P1 3.17 0.6 0.08 1.9 3.18 1.8 0.08 3.17 1.1 0.10 1.9 3.18 1.8 0.10
P2 3.53 3.0 0.12 1.9 3.48 3.0 0.08 3.52 3.1 0.12 1.9 3.49 3.0 0.09
Ca 4.02 9.0 0.14 1.8 4.01 8.4 0.14 4.04 7.0 0.14 1.8 4.02 8.4 0.15
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TABLE5. Comparison of structural parameters of samples 51 and 52 determined using McKale's functions (FITEX) and the rapid
ourved-wave theory (EXCURV92)

Note: CN is the coordination number, and 11 is the Debye-Waller factor..The value t.E;, ~ 8.2 eV for 81 and 7.7 eV for 82 (FITEX).
.. EF ~ -10.8 eV for 81 and -10.7 eV for 82 (EXCURV92).
t Values refined during the spectral fitting.
:\: Values held fixed, equal to the values determined for each atomic shell for sample R1, during the spectral fitting.

linear decompositions of S2 with R2, R3, Cd-containing
goethite, and otavite EXAFS spectra. Attempts to repro-
duce precisely the natural apatite spectrum over the whole
k range, and specifically the distinctive structure at 7 A-I,

were unsuccessful. On the basis of the close resemblance
of the spectra of R3 and the natural samples, the maxi-
mum percentage of Cd possibly located outside the apa-
tite is believed to be <20%, if any.

The fact that the amplitudes of the second and third
RDF peaks for the natural samples and R3 are compa-
rable indicates that Cd atoms are located in the apatitic
framework and not adsorbed at the mineral surface or at
a grain boundary. Moreover, the structural parameters
obtained for Cd atoms enable us to assess that Cd sub-
stitutes for Ca on both crystallographic sites and is not
located in interstitial sites (i.e., in apatite channels). The
decrease in distance of the Cd-P correlation peaks for
natural apatite in comparison with R3 (Fig. 8) can be
interpreted by assuming that the proportion of Ca2 sites
occupied by Cd is greater for natural fluorapatite samples
than for the synthetic hydroxylapatite sample R3, al-
though the amount of Cd in each compound is about the
same (0.005 Cd atom for R3 and 0.001 Cd atom for the
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FIGURE 9. Fourier-filtered Cd-P and Cd-Ca contributions to
EXAFS (solid line) and theoretical spectrum (dotted line) for
natural sample S2 obtained using McKale's functions.

natural samples, per unit cell). Sorption experiments have
shown that dissolved Cd2+ may easily diffuse into chan-
nel in apatite and then substitute for Ca in the Ca2 site,
which is located in the vicinity of channels (M. Fedoroff,
personal communication). The partitioning of Cd into the
Ca2 site of natural apatites, in comparison with the co-
precipitated reference samples, suggests that the source
of some of the Cd in this phosphate ore was the circula-
tion of Cd-containing fluids.

The substitution of Cd for Ca in the apatite structure
implies that the process of extraction of Cd from phos-
phate ores must include a calcination or a dissolution
stage to break the apatitic framework for liberating Cd.
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