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ABSTRACT

Analysis of divalent Co, Zn, Pb, and Ba XAFS spectra of synthetic and natural calcite samples
containing trace concentrations of these heavy metals confirms their substitution in the unique Ca
site in octahedral coordination with varying degrees of local distortion. The existence of each trace
metal at the single site in the bulk crystal is significant in view of previous studies showing that these
trace elements are incorporated differentially at multiple, structurally distinct surface sites occurring
in nonequivalent growth steps on calcite surfaces. The octahedral coordination for Ba is particularly
noteworthy because of its large size (35% larger than host Ca) and the fact that it rarely exists as a
major constituent with such a low coordination number.

Analysis of the local distortion and relaxation around the impurities shows a nearly complete
contraction of the structure around?Cand Zr*. The Co-O and Zn-O first-shell distances are only
slightly longer than in CoCQand ZnCQ, with a site compliance of ~80—-90%. Displacements of
higher shells relative to those in calcite decrease rapidly, but irregularly, over a short distance, and the
relaxation may be largely confined within 67 A of the impurity. The dilation around the latge Pb
and B&* ions in calcite also shows a high degree of site compliance (85-90%). Relaxation around Pb
and Ba also appears to be restricted, but extending further for Ba than for Pb. The limited observa-
tions suggest that compliance of the octahedral site in calcite is larger than for the cation site in the
rocksalt structure. The high compliance for the metal site in calcite may reflect the corner-sharing
topology of the structure and is also probably the reason that calcite shows such a wide range of
isovalent substitutions in nature. The findings also provide a direct indication of the local strain
associated with a dilute substitutional solid solution.

INTRODUCTION the magnitude of partitioning of a given trace element between

The uptake and incorporation of dissolved trace metals iriglution and crystal (see reviews by Mucci and Morse 1990;
a mineral during growth, known as coprecipitation, has be&prse and Bender 1990; Rimstidt et al. 1998). Among these
one of the most widely studied aspects of mineral-water intégctors are the influence of coupled substitutions during
actions. A primary application for such trace element studi€gPrecipitation (i.e., correlated partitioning for two or more
has been the identification of fluids and environments of cry§ace elements incorporated simultaneously), the influence of
tallization and diagenesis of minerals and rocks. It is nogrowth rate on the partition coefficient, and the influence of
widely appreciated that coprecipitation is an important pr§_urface structure and multiple surface sites on incorporation.

cess that may control the mobility and fate of dissolved toxitelatively little attention has been given to the local structural
and heavy-metal species in near-surface environments. environment of the trace metals in the calcite structure beyond

Coprecipitation of divalent metals with calcite has receive]® Most basic issue of whether a species substitutes in the Ca
considerable attention, because calcite readily forms in a wifSition. This has been partly limited by the availability of el-
variety of environments and tends to incorporate a broad Spgelent-spe0|f|c methods that provide direct structural informa-
trum of geochemically and environmentally important tradéPn- Aspects such as distortion and relaxation around different
elements. Whereas early work focused primarily on establidface elements and the possible existence of clustering or short-
ing partition coefficients for various divalent metal ions, morEnge order are fundamental for understanding both partition-

recent works have explored the different factors that influent® behavior and stability of dilute solid solutions, and
consequently they have implications for the sequestering of

toxic metals in minerals.
Direct determination of such structural aspects is now pos-
*E-mail: rjreeder@sunysb.edu sible for individual trace elements in solids using X-ray ab-
tCurrent address: Bell Laboratories, Lucent Technologies®rption fine structure (XAFS) spectroscopy at synchrotron

X15B National Synchrotron Light Source, Brookhaven Naadiation facilities. In the present study we use XAFS spec-
tional Laboratory, Upton, New York 11973, U.S.A. troscopy to determine directly the local coordination environ-
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1050 REEDER ET AL.: XAFS OF METALS IN CALCITE

ment of divalent heavy metals (Co, Zn, Pb, and Baljffraction averages over all atoms at a given site in a crystal
coprecipitated in synthetic and natural calcite. The results alland hence provides average interatomic distances; for a dilute
a systematic characterization of the distortion and relaxation aetid solution, an average M-O distance is usually very similar
sociated with substitution of ions that are larger and smaller thanthat for the pure host and hence provides little information
the host ion. about the local environment of the impurity.
From growth experiments involving aqueous solutions,
BACKGROUND AND SCOPE Paquette and Reeder (1990, 1995) and Reeder (1996) suggested

In calcite, Ca occupies a unique octahedral site with pomat coordination and geometry of surface sites might be more
symmetry 3 Cell six Ca-O distances are identical (2.36 Ajmportant than bulk sites in controlling the partitioning behav-
and the Ca06 octahedron is only slightly trigonally elongatd®f- Evidence was found for the existence of multiple, structur-
(cf. Reeder 1983). Unlike N C&*, Zr?*, F&*, and M, all ally distinct surface sites in nonequivalent growth steps on the
of which occure commonly in octahedral coordination, tHe-014} face of calcite; incorporation of divalent metals with
larger ions S¥, P, and B& usually have a higher coordina-Sizes larger than Ca were preferentially incorporated into one
tion number; and it is well known that Srg@®bCQ, and Set of growth steps, whereas metals smaller than Ca, except for
BaCQ, form only in the aragonite structure (at ambient condf-N: are preferer_nial_ly incorpo_rated into the nonequivalent set.
tions) in which the coordination of the metal is ninefold. As ahn€ Step-selective incorporation trend of Zmas the same as
impurity, however, an ion may occur in a coordination in whicij€ divalentions larger than Ca (Reeder 1996), but no explana-
it is not commonly found as a major constituent. For exampfn for this anomalous behavior was identified. .

Sr substitutes readily in the Ca site of calcite, as demonstrated! Ne Present study addresses whether trace metal incorpora-
by a StK-edge XAFS study of selected Sr-rich calcite samplé@” at multiple, structurally distinct surface sites results in dif-
(Pingitore et al. 1992). Heterovalent ions such 4snay also ferent coordination environments within the bulk, even though
substitute in the Ca site as was recently shown by the x Al different surface sites correspond to a single site in the bulk.
study of Sturchio et al. (1998). Plis also generally assumed'We Study Zn for its seemingly anomalous behavior (Reeder
to substitute in the Ca site of calcite even though octahed&96) and explore whether atoms of a given trace metal may
coordination is uncommon for this ion, which often shows € clustered within the bulk, such that nearest metal neighbors
preference for distorted polyhedra or off-centering, sometim@&e the same atom, rather than host Ca.

attributed to the presence of a stereoactive lone electron paifVe chose Pb and Ba for the reasons discussed above. Co
(cf. Hyde and Andersson 1989; Moore et al. 1991). In contra¥{@s included for comparison with Zn because their ion sizes
there has been some question about the coordinatiorfdhsa (0-74 Afor Zii*and 0.745 A for Cb; Shannon 1976) are nearly
calcite. Ba is ~35% larger than Ca, and it usually has a coorgientical but their incorporation preferences on the calcite sur-
nation number of 8-12 when present as a major constitud@ge differ (Reeder 1996). Calcite samples were synthesized
On the basis of coprecipitation systematics Pingitore (198@y the same methods as in previous work; when available,
tentatively concluded that Ba does not substitute for Ca, 5i@TPles from the original coprecipitation experiments of Reeder
rather occupies a kind of defect site. Here we are able to sHh@96) were used. Local coordination of the same trace metals
that octahedral coordination is indeed possible fét Becal- in natural calcite samples were measured to determine whether
cite, although not without significant distortion. the local coordination differed from our synthetic samples.

Most molecular-scale views of partitioning behavior tak&hese four trace elements have ionic radii significantly differ-
some account of the difference in size between the trace &Btfrom Ca, and hence are also well suited for a comparison of
ment and the host ion in a bulk site in the solid. Becaulf® relative distortions required to accommodate them.
coprecipitation generally results in solid solutions, many solid M ATERIALS AND EXPERIMENTAL METHODS
solution models also consider ion size differences, for examcgenthetic metal-doped calcite samples
through interaction parameters. The degree of structural |§f o
tortion associated with such size differences is important for CalCite single crystals (up to 5p@n) were grown from Ca-
understanding partitioning and solid solution behavior at &fa-COs=-Cl aqueous solutions at room temperature as de-
atomic scale and should have some influence on model par&éfibed by Paquette and Reeder (1995) and Reeder (1996). A
eters. Blundy and Wood (1991, 1994) applied this idea to tragdven solution was doped with a single divalent metal species
element partitioning behavior between melts and crystals fy©: Zn. Pb, or Ba) as an aqueous chloride salt, which was
considering the elastic strain associated with substitutidAcorporated into the calcite during growth. Heavy metal con-
Gnanapragasam and Lewis (1995) also incorporated a term%ptratlons were sufﬂme.ntly low so that the calculated satura-
elastic strain in accounting for Rapartitioning into various tion state for the respective metal carbonate was not exceeded.
calcium salts. Localized dilation or contraction around one trace Crystals used for XAFS spectroscopy were removed from
element has also been considered to have an influence ondfVth solutions, rinsed with deionized water to remove any
partitioning behavior of other trace elements (cf. Kitano et dletals adsorbed to the surface, and dried. This procedure, com-
1971; Mucci and Morse 1983; Busenberg and Plummer 10dned with the relatively low total surface area of the single
see also Mucci and Morse 1990 and references therein). CTystals, ensures that the XAFS signal is due entirely to the

Such distortions are reflected by the interatomic distanc@@sorber in the bulk crystal, and not bound on the surface.
in the immediate environment of the impurity and can be de- Inclusion-free, clear crystals were hand-picked under a mi-
termined directly by XAFS spectroscopy. In contrast, X-ra§'0SCope, finely ground in a pestle and mortar in alcohol or
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acetone, and allowed to dry. Powder XRD patterns showedfirst inflection point of the edge from BaG@as assigned the
indication of a second phase. energy 37441 eV. Rk-edge scans utilized Si(111) and Si(311)
Concentrations of the divalent metals of interest were amaenochromator crystals in separate sessions and the first in-
lyzed by synchrotron X-ray fluorescence microanalysiffection point was assigned a value of 13035 eV. The energy
(SXRFMA) at NSLS (beamline X-26A) using multiple singleresolution at the edges of interest was approximately 1-1.5 eV.
crystals and the methods described by Reeder (1996). Indggher order harmonics were rejected by detuning one mono-
much as the synthetic samples were chosen because of tbieiomator crystal (typically 30—40%) until the harmonic con-
surface-controlled differential incorporation patterns, it is amibution was negligible.
oversimplification to report a unique concentration for a given Absorption spectra for the dilute, heavy-metal-containing
sample. Nevertheless, for simplicity we report concentrationalcite samples were obtained by monitoring the fluorescence
for the synthetic samples that are averages of the high and igeld using a Canberra 13-element Ge solid-state detector.

concentration regions (Table 1). Multiple scans (typically 8-15) were collected for each sample
and then summed.
Natural samples and model compounds XAFS spectra for model compounds were obtained in trans-

Natural heavy-metal-containing calcites included sampl8&SSion mode. Powder samples of the model compounds were
from Bou Azzer, Morocco, and Peramea, Spain (Co); FrankliW,‘XEd with poron nitride in proportions to zflchleve an edge step
NJ (Zn and Pb), Tsumeb, Namibia (Pb), and Langban, Swe(fé}qrespondlng to Ihg/1) = 1-1.5. Thre_e to five scans were ob-
(Ba). Absorber metal concentrations were determined #ined for each sample (at ~77 K) in transmission mode and
SXRFMA or EPMA and are listed in Table 1. then summed. . N 3 . '

At least two model compounds were used for each element.Background subtraction utlll;ed a modified cubic spline
These included Zt synthetic ZnO and natural ZnG@mith- Method. Data were then normalized and convertdesace.
sonite) from Kelly Mine, NM; C#: synthetic CoO and CoGQ Background-subtracted, normalized XAFS data were fitted in
PI?*: synthetic tetragonal (i.e., red) PbO and natural PbC8-Space using the program FEFFIT (Newville et al. 1995) with
(cerrusite) from Tsumeb, Namibia; and®Baynthetic BaCQ backscattering amplitudes and phase shifts calculated from the
and BaSQ All model compounds were checked by powddprogram FEFEG (Rghret al. 1992; Zabinsky et al. ;995). Fitting
XRD to confirm their identity and to determine whether ang;sed both the imaginary and real parts of the Fourier transforms

second phase material was present. and minimized the difference between the background-sub-
tracted, normalized data and the mod®), wherex(R) is the
XAFS experiments and analysis Fourier transform calculated froxtk) by FEFF6R-space win-

dows were generally set at 0.5-4.1 A depending on the optimum

e e o LA OSn f e iU ThESpace wndows were 3o
! y '9 urce, v ' tely 3.1-15.4 A except in one cases in whikh., was re-

ratory. Powdered samples were pressed into aluminum sam ula ed to ~12 A E, was treated as a variable parameter during

holders and sealed with Kapton tape. Spectra were collecte ] g. For the Ba-containing samples a slight adjustmeR in

~77 K to minimize anharmonicity and to improve signal/noise. .
as allowed for the Ba-O shell, as was found to be necessary in
K-edges were scanned for Co (7709 eV), Zn (9659 eV), and Ba .
(37441 eV). For Pb, the-edge (13055 eV) was used. Scan € Ba XAFS work by Haskel et al. (1995). The amplitudes and
. ) 37 : i i it
of the Co and ZiK-edges utilized flat Si(111) double crystal hase shifts calculated using FEFF6 were checked by fitting at

for the monochromator. which was calibrated using the firs?tas't two model compounds for each absorber. Multiple-scatter-
. . o ' ng |n1g paths, consistent with the calcite structure, were considered
inflection point in edge scans of Co or Zn metal foils. Scans

. RA'the fitting procedure, and their contributions were evident for

the BaK-edge used Si(311) monochromator crystals, and t % Co- and Zn-containing calcites, but not for Ba- and Pb-con-
taining samples. Errors for the fit parameters were estimated on

TABLE 1. Average absorber trace element concentrations in  the basis of agreement between fitted and reported values for

calcite samples used for XAFS spectroscopy well-characterized model compounds, with consideration of sig-

Calcite Atom (ppm) nal-to-noise ratio, data range, and quality of fit. Typical errors
Synthetic (2/15/95-2) co 2150 for Rare+0.02 A for the first shell ant#0.03-0.04 A for higher
Synthetic (7/5/94-1) 375 shells. Coordination nhumber and the Debye-Waller-type factor
Natural (Peramea, Spain) 5800 (0?) are correlated; for CN, a typical error is 20%, or approxi-

7n mately+1 atom. Errors foo? are roughly 0.01 A
Synthetic (7/5/94-3) 945
Synthetic (2/1/94-1) 260 RESULTS
Natural (Franklin, N.J.) 245 Co?* in calcite
Synthetic (9/27/95-1) Ba 2125 Background-subtracted raw ®cedge XAFS spectra of the
Nim,m (Langban, Sweden) 1600 synthetic and the natural Co-containing calcite are similar (Fig. 1).

The spectrum (not shown) for a second synthetic sample con-
Pb . . . .
Synthetic (9/27/95-3) 615 taining 375 ppm Cois thg same as fpr the higher concentratlgn
Natural (Tsumeb, Namibia) 6550 sample but with poorer signal-to-noise. These spectra are dis-
Natural (Franklin, N.J.) 735 tinct from the CoC@spectrum, which precludes the presence
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scattering path (O-C) were found to be important. This was
not indicated in a report of preliminary findings (Lamble et al.
1997), which gave only single shell fits. The first shell consists
of oxygen atoms with coordination number (CN) 5.6—&) (
at a distanceR) of 2.14-2.16 A£0.02 A). The relatively small
o2 value (0.007 A indicates no significant disorder among
the distances in this shell and is similar to the value found for
the CoCQ model compound. The distance ~2.15 A is only
slightly greater than Co-O distances in octahedrally coordi-
nated Cé compounds as determined by X-ray diffraction
methods [e.g., 2.110 A in CoGQPertlik 1986) and 2.132 A
in CoO (Sasaki et al. 1979)]. This distance and the CN value
near 6 confirm that Co occupies the unique Ca site as antici-
16 pated. The CN anil values determined for more distant shells
support this finding. Table 3 gives distances for coordination
shells of Ca out to approximately 4 A in pure calcite. These
FIGURE 1. Thek-weighted, background-subtracted rawtGedge may be compared with the shells identified by fitting the spec-
XAFS data for Co-containing calcite samples and CpGfer to tra of the Co-containing calcites. Co-X distand®sfe shorter
Table 1 for sample information. than those in calcite, but the number of coordinating atoms as
well as their identity are consistent with the shells in calcite.
For example, the most distant shell modeled consists of ap-
of a minor CoCQimpurity in the synthetic samples and is conproximately six Ca atoms (5.6-5.8) at a distance of 3.93-3.97
sistent with previous TEM and electron diffraction observak. This corresponds to the shell of the nearest Ca neighbors,
tions (Reeder 1996) indicating no second-phase inclusionswhich in pure calcite is composed of six Ca atoms at a distance
Best fits for the Co-containing calcite samples yielded sheli 4.048 A (cf. Table 3). The shorter distances around Co are
readily associated with the calcite structure. Table 2 gives ¢ibnsistent with its smaller size relative to Ca. These distances
parameters for both the synthetic and natural samples, whogdntain much information about the structural response of the
show nearly identical values, confirming a similar local envialcite structure for accommodating the smallef*@m, an
ronment for Co in both. (We report fit results only for the highespect we consider in detail later.
concentration synthetic sample because of its better signal-to-No Co-Co backscattering was identified, which would be
noise ratio.) For both spectra, contributions from one multipexpected only if Co were strongly clustered in the structure or

Natural calcite

Synth. calcite (2150 ppm Co) |

kex(k)

CoCO, reference

TABLE 2. XAFS fit parameters for trace metal-containing calcite samples

Shell CN R(A) 02 (A2 Shell CN R(A) a2 (A2
Synthetic Co 2*-doped calcitet Natural Co #*-bearing calcitet

o 5.6 2.16 0.007 (e} 6.1 2.14 0.006

C 6.0 3.12 0.009 C 54 3.10 0.009

O-C* 17.3 3.28 0.022 O-C* 11.2 3.14 0.030

o 6.0 3.45 0.018 (e} 6.7 3.44 0.006

Ca 5.6 3.97 0.005 Ca 5.8 3.93 0.007
Synthetic Zn ?*-doped calcite§ Natural Zn 2*-bearing calcite ||

o 6.4 2.15 0.008 (e} 6.1 2.14 0.008

C 5.6 3.13 0.017 C 6.6 3.14 0.015

O-C* 12.3 3.20 0.029 Oo-c* 134 3.22 0.031

o 55 3.41 0.010 o 6.1 341 0.010

Ca 5.3 3.94 0.004 Ca 6.0 3.94 0.006
Synthetic Ba 2*-doped calcite# Synthetic Pb  2*-doped calcite**

O 5.8 2.68 0.005 (6] 5.9 2.52 0.009

C 9.6 3.41 0.007 C 5.8 3.28 0.005

o 7.2 3.71 0.014 (e} 7.2 3.79 0.064

Ca 7.3 4.19 0.007 Ca 5.5 4.09 0.005
Natural Pb 2*-bearing calcitett Natural Pb 2*-bearing calcite ||

O 6.4 2.51 0.009 (6] 6.9 2.52 0.009

C 5.7 3.28 0.010 C 4.9 3.28 0.003

o 3.8 3.72 0.060 (e} 3.8 3.85 0.069

Ca 5.7 4.07 0.004 Ca 5.8 4.08 0.005

* Multiple-scattering path. See text for description of estimated errors.

T 2/15/95-2. # 9/27/95-1.

¥ Peramea, Spain. ** 9/27/95-3.

§ 7/5/94-3. 11 Tsumeb, Namibia.

|| Franklin, N.J.
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Natural calcite 0.7 1 Synth. calcite (2125 ppm Ba) |

06 [
Synth. calcite (260 ppm Zn) | 0.5 - BaCO, reference ]
et \/\A/\/JWV\/\W\N |
Synth. calcite (945 ppm Zn) 03 )

Natural caicite (Langban)
J 02

01+

BaSO, reference |
ool WWMMNWN 1
01 B

3 L L ' L ' L

4 5} 8 10 12 14 16

kex(k)

ZnCO4 reference

KA k(A

FIGURE 2. Thek-weighted, background-subtracted rawkzedge FIGURE 4.Thek-weighted, background-subtracted ranviBadge
XAFS data for Zn-containing samples. Refer to Table 1 for sampAFS data for synthetic and natural Ba-containing calcites and BaCO
information. and BaS@model compounds. Refer to Table 1 for sample information.

present as a discrete Co compound (e.g., Gp@ this ba- Ba?* in calcite
sis, and also because the total Co concentration in the calcitestne spectrum of the synthetic Ba-containing calcite differs

is low, we conclude that the Co is present in a dilute substifysy that of the natural sample from L&ngban (Fig. 4). Fur-
tional solid solution, even if its concentration is not unifornermore, the Langban spectrum shows a marked similarity to
throughout the sample. Therefore, despite the differential iffra; of BaSQ and subsequent detailed X-ray diffraction re-
corporation of Co at nonequivalent steps, the Co has onlygjed three of the strongest lines of Bafs6t above the back-
unique local environment in the bulk structure following i”ground. The XAFS spectrum of the synthetic Ba-doped calcite

corporation. also differs from the spectrum for Bag@s expected because
b ) BaCQ, has a different structure than calcite, with Ba in nine-
Zn?"in calcite fold coordination in an irregular polyhedron. This is also evi-

Results for the Z&tcontaining samples are remarkably simident from the Fourier transform magnitudes shown in Figure
lar to those for C8, despite the noted difference in surface-sité! for the synthetic Ba-doped calcite and the Ba@tdel
preferences. The natural and synthetic Zn-containing caloitempound. A fit of the((K) function to raw data ik-space for
samples show similar XAFS, but different than that for ZpCQ@he synthetic Ba-doped calcite (Fig. 6) yields a simple struc-
(Fig. 2), confirming that the incorporated Zn is not present aswaal picture, with Ba occupying the Ca position. The first shell
ZnCQ; impurity phase. Fitting of the Zn-containing calcite spedias 5.8 O atoms at a distance of 2.68 A (Table 2). The reason-
tra yields values for CNR, and Debye-Waller-type factors (Tableably small Debye-Waller-type factor for this sheit € 0.005
2) that are similar within errors for the synthetic and naturdP) suggests little disorder among the distances. Comparison
samples, so that Zn has similar local environments in eachofthis distance with Ba-O distances determined by X-ray dif-
contribution from one multiple-scattering path (O-C) was fourfdaction is problematic because there are very few compounds
to be important. Figure'3hows the multi-shell fit to raw datawith Ba truly in octahedral coordination. In BaO, which has
for a synthetic Zn-doped calcite. Comparison of fit parameteise rocksalt structure, the Ba-O distance is 2.77 A, some 3%
of the different shells with the results for Co-containing calcitdenger than in the Ba-doped calcite. There is a high-tempera-
and with the shells in pure calcite again demonstrate that #@me form of BaCQ@in which Ba is in octahedral coordination
occupies the unique Ca site in calcite. The first-shell distanicea rhombohedral structure analogous to the high-temperature
(Zn-0), 2.14-2.15 A, is only slightly longer than the distance florm of calcite. Its Ba-O distance at high temperature is 2.662
ZnCO, (2.111 A) and is typical for octahedral coordination. Thid (Strgmme 1975), which, in spite of the high temperature, is
Zn-O distance is distinctly longer than values typical of tetrahi+ much closer agreement with the observed Ba-O distance in
dral coordination (1.96-2.00 A), which is sometimes preferréble Ba-doped calcite. The 2.68 A first shell distance for the
by Zn. Moreover, CN values of 6.4 and 6t1) for the synthetic Ba-doped calcite is significantly shorter than the mean Ba-O
and the natural Zn-containing samples, respectively, are consis-
tent with octahedral coordination by oxygen. Comparison of

parameters from more distant shells with results for Co-contalg-or a copy of Fiqures 3 and 5. document item AM-99-017
ing calcites shows a close similarity. This can be expected Py g : .

. S i, " dBntact the Business Office of the Mineralogical Society of
view of the similar ionic radii for Coand Zri* (0.745 and 0.74 america (see inside front cover of recent issue) for price infor-

A, respectively, for sixfold coordination). Again, no Zn-Zn backmation. Deposit items may also be available on the American
scattering was evident, indicating that clustering is either unimtineralogist web site (http://www.minsocam.org or current web
portant or nonexistent in the calcites examined. address).
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TABLE 3. Distances from M?* site and coordination number for pure metal carbonate standards from diffraction data

RA)
Atom* R (A) Atom CN BaCOst PbCO,t
CaCo; (calcite)§ BaCO ; (witherite) and PbCO ; (corrusite)
o 2.360 o1 1 2.737 2.594
C 3.213 02 2 2.742 2.659
o 3.459 02 2 2.817 2.678
Ca 4.048 02 2 2.836 2.716
o1 2 2.868 2.765

CoCOj; (spherocobaltite) || C 1 3.209 3.089
o 2.110 Cc 2 3.212 3.080
C 2.966 c 1 3.621 3.438
o 3.234 c 2 3.719 3.633
Co 3.669 02 2 4.301 4.129

Ba or Pb 2 4.369 4.180
ZnCO; (smithsonite)t
(e} 2111 Ba or Pb 2 4.382 4.218
C 2.964
o 3.231
Zn 3.672

* CN = 6 for all shells in calcite-structure carbonates.

T From X-ray structure refinement of de Villiers (1971). Space group Pmcn.

F From neutron structure refinement of Chevrier et al. (1992). Space group Pmcn.
§ From X-ray structure refinement of Effenberger et al. (1981).

|| From X-ray structure refinement of Pertlik (1986).

distance (2.807 A; range 2.74-2.87 A, Table 3) in the orthdrackscatterer, which makes determination of CN in this shell

hombic form of BaC@stable at ambient temperature (withertess certain. No Ba-Ba backscattering was identified in the

ite) and with ninefold coordination of the Ba. Thus the fiIKAFS analysis. Unlike the Co- and Zn-doped samples, no con-

parameters for the first shell of Ba in the synthetic calcite arébution from multiple-scattering paths was evident for the Ba-

entirely consistent with an octahedral local environment. doped calcite. Possibly, contraction around Co and Zn allows
Fit parameters for the three successive shells, composethef oxygen positions in the first shell to retain local symmetry,

carbon, oxygen, and finally Ca (Table 2), confirm that Ba rerhereas the large dilation around Ba moves the O atoms to

sides in the unique Ca site in octahedral coordination. The disaer symmetry positions.

tances for these shells are all longer than the corresponding ]

shells for Ca in pure calcite (Table 3), indicating a dilation t0°" in calcite

the local environment consistent with the larger size of Ba. This Given that B& occupies the Ca position in our synthetic

relaxation of the structure around the Ba ion is consideredBa-doped calcite, Pbshould also occupy this site with less

detail later. The CN value of 9.6 for the carbon shell is largdilation of the structure. Although we do find tha&Pdccu-

than the expected value of six. However, carbon is a wegiles the Ca site in both the natural and synthetic calcites, the fit

06
Synth. Ba-doped calcite —— Raw data
04l Synth. calcite (615 ppm Pb) l
1Lk 4
02} T Natural calcite (Tsumeb)
< 0.0 { g
(\if . 1 & Natural calcite (Franklin, NJ)
-0.2 }» b
PbCOQ, reference
ol ]
-04 | 1
06 . . ; 1 n | 5 4 12 14 q
] 2 4 6 8 10 12 14 8 8 10 ©

-1
k(A" k(A

FIGURE 6. Thek-space representation of the fit (dashed line) to FIGURE 7.Thek-weighted, background-subtracted ramRiedge
the raw data (solid line) for the synthetic Ba-doped calcite. FittingAFS data for Pb-containing calcites and Ph(Refer to Table 1 for
was done iR space. sample information.
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for the third shell (the second oxygen shell) is distinctly pobowever, the first-shell coordination is strongly distorted or the
relative to the other shells. The spectra (Fig. 7) of the natuPd atom is shifted from the center of an irregular coordination
and synthetic Pb-containing calcites are nearly identical, anolyhedron (e.g., orthorhombic PbO). Such effects are usually
they are noticeably different from the spectrum for PhCQattributed to a stereochemically active lone electron pair. How-
which, like BaCQ, has the orthorhombic aragonite structuresver, no evidence of such an effect is seen in the first shell of
with Pb in ninefold coordination. the Pb-containing calcites, for which the Debye-Waller-type
Fit parameters (Table 2) are similar for the synthetic aractors are not unusually large (Table 2). Nor does it seem rea-
natural samples and show well-defined first (O), second (Gpnable to suspect that the large distance for the second oxy-
and fourth (Ca) shells with an arrangement similar to that fgen shell might reflect such an effect.
Ba-doped calcite. The fit to the third shell (i.e., the second oxy- Fit parameters for the carbon and calcium shells give re-
gen shell) yielded large Debye-Waller-type facta®H0.06— sults similarly close to the Ca environment in calcite (Table 3).
0.07 &) and a distance of 3.7-3.8 A, which is distinctly longevloreover, these distances (the ambiguity of the second oxy-
than would be expected on the basis of the Ba results. This as shell notwithstanding) indicate an overall dilation of the
found to be true for the natural Pb-containing calcite as well lasal environment around Pb, as expected on the basis of its
the synthetic sample, with only minor differences. We collectesize (1.19 A) relative to Ca (1.0 A), but a smaller dilation than
spectra on a second natural Pb-containing sample, with neavys observed for Ba, also consistent with its size relative to Ba
identical results, indicating a similar local environment for PEL.35 A). Finally, we note that no Pb-Pb backscattering was
in all these samples. The reason for the poor fit remains udentified.
clear. It is possible that the fit to this shell is influenced by
multiple scattering, although no such contribution could be DISCUSSION
readily identified as in the cases of Co and Zn in calcite. Aubstitution mode in calcite

example of a multi-shell fit to raw data is shown in Figure 8.  our XAFS results provide direct confirmation that?Go
Regardless of the ambiguity for this particular shell, it ignz+ pi3+, and B&', with sizes either significantly smaller or

evident that P% occupies the Ca site in calcite. First-shell fifarger than host G5 substitute in the Ca site in the calcite
parameters give 5.9-6.9 O atoms at 2.51-2.52 A. These digycture with varying amounts of local distortion. Moreover,
tances are only slightly shorter than values determined by &gr finding that the local environment of each trace element
ray diffraction for P& compounds with fairly regular octahedralexcept B&) is the same in both synthetic and natural calcite
coordination. Examples include Pl (Losilla et al. 1995) samples suggests this to be the dominant substitution mode for
and PbSHD; (Hill 1987), which have regular octahedra withyost trace-element-containing calcites. There is little surprise
Pb-O distances of 2.530 and 2.563 A, respectively. Ajfat trace CH (¢r = 0.745 A) and Z# (©r = 0.74 A) are ac-
PbNhOs has slightly distorted octahedra with Pb-O distancegmmodated in the sixfold coordinated Ca site, despite the facts
of 2.554 and 2.598 A (Mahe 1967). In somé&*Rbmpounds, that their ionic radii are 25% smaller than that of'G&r =

1.00 A) and solid solution in the CagO0CQ, and CaC@

ZnCO;joins is extremely limited at low temperatures (cf. Gold-

0.3 smith 1983). It is well known that ions smaller than a host may
Synth. Pb*'-doped calcite — Data be readily accommodated at low concentrations. This is not so
------ Fit evident for PB and B&*, however, which are larger than host
02} 1  Ca ®rpp- = 1.19 A;Elrg2- = 1.35 A), form end-member car-

bonates having the aragonite structure at ambient temperature,
and rarely occur in sixfold coordination as major constituents.
0.1 7 In fact, Pingitore (1986) interpreted his Ba coprecipitation re-
sults to suggest that Ba is not accommodated in the octahedral
. Casite, and instead they favored a defect substitution site. Our
00~ 7 XAFS results for the synthetic Ba-containing calcite clearly
demonstrate substitution in the Ca site, although not without
significant local distortion. In contrast, in the natural Ba-rich
calcite from the Langban carbonatite, the Ba occurs dominantly
as a second phase impurity (BagO
Our finding of PB* substitution at the Ca site is consistent
with the X-ray standing wave results of Qian et al. (1994) and
Sturchio et al. (1997) who showed that aqueodsdXehanges
dominantly with Ca at the calcite surface. Moreover, the XAFS
5 3 4 5 6 7 8 9 10 study of Pingitore et al. (1992) showing the incorporation of
Se* (Brg2+ = 1.17 A) at the Ca site in calcite suggests the same
k (A'1) mode for the similarly sized PbA point worth emphasizing
FIGURE 8. The k-space representation of the fit (dashed line) tBere is that these substitution modes (i.e., in the octahedral Ca
raw data (solid line) for the synthetic Pb-doped calcite. Fitting w&ite) exist for trace and minor concentration levels, whereas
done inR space. this may not be the case at higher concentrations.
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Surface incorporation sites vs. bulk sites in which actual distances correspond to a weighted average of

We noted earlier that our synthetic trace-element-containifgptances in the pure end-members. XAFS results, mostly for
calcite crystals grew by advance of nonequivalent growth stéj§ary semiconductors but also for a few alkali halides and
at which trace elements were incorporated differentially inf¥ides, |_n_d|c_ate that some variation in first-shell distance with
structurally distinct surface sites (Paquette and Reeder 198@8MPposition is always observed, but not so great that Vegard's
Reeder 1996). Our XAFS results allow us to conclude that, #§¥ behavior is ever closely apprqachgd. . .
the case of growth on the {T@}ifaces of calcite, the presence  OUr XAFS results allow determination of site compliances
of multiple surface sites does not result in different local enJier both large and small impurities in calcite and comparison
ronments for the trace elements after their “burial” into the butkith other binary solutions, but only for the very dilute case. In
structure during growth. Once the impurity cation attaches at ti§W Of the findings of Martins and Zunger (1984) and Boyce
surface site, addition of subsequent growth units (i.es, 3O and Mlkkelgen (1985), one yvould predict that first-shell _Co-O_
ions) completes the coordination sphere around the impurity@ Zn-O distances should lie between their corresponding dis-
it does around Ca, but with some distortion. This indicates ti{ghces in CoCoand ZnCQand the Ca-O distance in calcite.
the differences in coordination geometry that distinguish the dffo" trace concentrations of Pb and Ba in calcite, first-shell Pb-
ferent surface Ca sites are subtle, able to cause differences iffd Ba-O distances should be less than their values in hypo-
amount of incorporation but not able to effect changes in coorffi€tical calcite-structured PbG@nd BaC@but greater than
nation for imperfectly sized impurity ions. the Ca-O distance in calcite.

Is there clustering of trace metal ions? First-shell distances

The calcite crystals studied here may be considered as di-A consistent observation for both the Co- and Zn-contain-
lute substitutional solid solutions. Even though the trace met3® calcite samples is that first-shell M-O distances are only
distributions are not strictly uniform throughout the crystaly€"y slightly longer than corresponding distances in their re-
our XAFS results failed to show any indication of backscatte$Pective end-member carbonates: 2.14-2.16 A in the Co-doped
ing from an atom of the same type as the absorber, i.e., Co-egcites VS, 2.110 Ain CogOand 2.14-2.15 A'in the Zn-
Zn-Zn, etc. Therefore, we may conclude that in the bulk crydoped calcites vs. 2.111 A in ZnG0n contrast, these dis-
tal the nearest cation neighbors for each trace element arei@f¢€s are much smaller than the Ca-O distance in calcite (2.360
atoms (excluding C), and no significant clustering of the trad® (Fig. 10). And hence for Co and Zn we can conclude that

metal occurs on the length scale corresponding to the foutipe polyhedral linkage of calcite shows little resistance to col-
coordination shell in the calcite structure. i.e.. 4—5 A. lapse around these small impurities. The site compliance for

both Co and Zn is large, 80—-90% in both cases. Although con-
Distortion and relaxation around impurity ions

An isovalent substitution of an ion necessarily creates some
distortion of the structure if its size differs from that of the
host: alocal contraction for smaller ions and a dilation for larger , Pauling lirmit
ions. The extent to which the structure adjusts to the size of theurey 2. —————————ow—n
ion was described as the compliance of the site by Dollase actual Ax
(1980), who concluded that various structures, depending.gng \*'/\egg(d,%
their topology and coordination, may exhibit different tenderfy ® R
cies to resist collapse or dilation around the substituent. Tife.2 actual B.x
magnitude of such distortions and the distance over which they — . ]BX

extend are important parameters affecting the stability and re- Pauling limit (pure)
activity of solid solutions, and they clearly have a bearing on
the magnitude of equilibrium partitioning of trace elements. o

Martins and Zunger (1984) and Boyce and Mikkelsen (1985)  ax mole fraction BX ij
provided similar views of the variation of bond lengths around
isovalent substituents in simple binary solid solutions. The Ficure 9.Schematic diagram showing possible trends of actual first-
important finding of their experimental studies is that the ashell M-X bond distances for a binary solid solution (AX-BX). The
tual first-shell bond distance (i.e., as determined by XAF®puling limitlines (dashed) correspond to individual bond distances that
around a substituting ion is not invariant with composition i€ invariant with composition of the solid solution, whereas a
the compound but shows a small, progressive change Over%posmon-welghted average of these gives a continuous variation with

o e . mposition (for both A-X and B-X) that is consistent with Vegard's

composition range of the substitution (Fig. 9). They noted t & X . - ;

. . . . law behavior. XAFS studies (see text) indicate that actual M-X distances
this beh,awc,)r falls between two ?Xtrempfs‘ Or?e in which the Ig'olid lines) lie somewhere between these extremes and deviate most
ter‘i_t9m'c distance may .be .Cons'dered, invariant over the Cof, the Pauling limit at dilute compositions (e.g., the A-X distance in
position range of substitution (sometimes referred to as th&arly pure BX). Our observations for trace elements in calcite relate
Pauling limit, reflecting one viewpoint that bond distance shoulgclusively to this dilute composition region, yet show that the actual
be a conservative property), and the other representedNpy distances are much closer to values given by the Pauling limit than
Vegard’s law (also known as the virtual crystal approximatiomy Vegard’s law. (Modified from Martins and Zunger 1984.)
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29 -

- octahedra in the calcite structure. Within the errors of the dis-
méﬂgpe& %?:'St‘rzcture) ) tances, thg compliance values all IiPT within the same range and
Mcoz (PMCN structure) - are essentially independent of the size of the substituent; there-
i ¢ fore compliances must be characteristic of the structure. We
26 note, however, that the Sr-O distance iff-Boped calcite de-

e g % Pb termined by Pingitore et al. (1992) does not seem to agree well
with the systematic behavior shown here. The Sr-O distance
E___ _ _ CaOdstanceincalite | predicted for a rhombohedral Srg@sing the sum of appro-

2aF priate ionic radii (1.18 + 1.36 = 2.54 A) is shorter than their
22 Ezn o XAFS-determined Sr-O distance (2.%8.03 A), rather than
e longer (as was the case for Pb and Ba in calcite). Hence, calcu-
21 & © lation of the site compliance gives a value greater than 100%.
2,0 e

28

40O @

270

24 F

M-O distance (A)

e Despite the obvious uncertainty, we believe it is reasonable to
07 08 0.9 10 14 12 13 14 assume that the actual site compliance for Sr is large.
lonic radius (8-fold) (A) The XAFS results presented by Waychunas et al. (1994) for
substitution of F& in MgO is one of the few systematic stud-
FIGURE 10.Observed first-shell M-O distances (solid circles) ines of bond length variation with composition for a simple ox-
the synthetic M-doped calcites plotted as a function of ionic radiusigfa structure. The dilute Feportion of their work offers a useful
the impurity M. Open circles are M-O distances in the respective pyi§ o rison for the present results. Their observed Fe-O dis-
MCO; compounds with the calcite structuRR3€); values for PbC®O tance for approximately 1 mol% Fe in MgO is ~0.03 A shorter

and BaCQare the sum of appropriate ionic radii (see text) and agrerg'e h di o N di .
with values extrapolated from data for knoRBc structures. The M- than the Fe-O distance in “pure” FeO, corresponding to a site

O distances for the metal impurities are only slightly greater (Co aR@MPliance of 50%, which is smaller than the range of compli-
Zn) or slightly less (Pb and Ba) than corresponding distances in @@ce values for calcite. The EXAFS results of Boyce and
respective pure rhombohedral metal carbonates. For comparison,Mikkelsen (1985) for the RbBr-KBr solid solution, also hav-
ranges are shown for first-shell Pb-O and Ba-O distances in timg the rocksalt structure, show a compliance for the cation
orthorhombic PbC@and BaC@structuresRmcn) site of about 54%. Vernon and Stearns’ (1984) XAFS data for
Sr substitution in fluorite indicate a compliance of 60% at the
Ca site. For anion substitution in rocksalt halides, the XAFS
sistent with the model described by Martins and Zunger (198&4jidy by Sato et al. (1992) for the RbCI-RbBr binary and the
and Boyce and Mikkelsen (1985), the large compliances ingtudy by Boyce and Mikkelsen (1985) for the RbI-RbBr binary
cate a large deviation from a Vegard's law type behavior fopth show compliances of about 60%. All these compliance
first-shell distances (Fig. 9). Therefore, at a microscopic scat@jues are consistently smaller than the range of values for the
the notion that a substituting ion smaller than the host nec€s site in calcite.
sarily occupies a “large site” may not always be justified. On the basis of distance-least-squares modeling Dollase
Similar comparisons for Pb and Ba in calcite are hinderét®80) proposed that site compliance should be controlled by
by the lack of end-member Pb and Ba carbonates with the &glnnectivity of the structure, and particularly the coordination
cite structure. However, good estimates can be obtained for Phthe nearest neighbors of the impurity. Our present results
O and Ba-O distances in hypothetical calcite-structugipport this view. The greater compliance for substitution in
end-members by using the sum of the appropriate ionic ragéilcite relative to the rocksalt structure reflects their different
(Shannon 1976); such sums agree well with measured distariogologies. Polyhedra in the rocksalt structure are exclusively
for actual calcite-structure carbonates. This yields a Ba-O dggge sharing, whereas in calcite they are exclusively corner
tance of 2.71 A in a hypothetical rhombohedral Ba@ad sharing. Edge sharing also dominates in the fluorite structure.
hence a site compliance of ~90% for the Ba-doped calcite. Wae greater flexibility afforded the corner-sharing topology in
also noted earlier that the Ba-O distance (2.66 A) in the higtglcite is apparently expressed as a higher site compliance for
temperature rhombohedral form of Ba{@ which the Ba is substitution. Furthermore, the high compliance values we ob-
in octahedral coordination, is very close to that in the Ba-dopg@rved for the calcite structure (80-90%) are consistent with
calcite. Using that estimate yields a site compliance of ~100@pllase’s predicted inverse correlation between site compli-
The estimated Pb-O distance for a rhombohedral Rlg@®n ance and coordination number of the ligand; a coordination
by the sum of ionic radii is 2.55 A, which yields a site complirumber of 3 (for oxygen in calcite) corresponds to a compli-
ance of ~85% for Pbin calcite. Alternative estimates of Ba-Oance of approximately 80%.
and Pb-O distances using known values in the few compoundsGaloisy et al. (1995) also found that the XAFS-determined
in which PB* and Ba occur as major constituents in octahedraiean Ni-O distance in San Carlos olivine is similar to that
coordination also yield large compliances, consistently greaterend-member N8iO, and shorter than the mean M1-O dis-
than 75%. tance in MgSiO,. Although the actual difference in this ex-
The significance of these large compliances is shown &mple is very small (0.016 A), it also suggests a large
Figure 10 where it is seen that the first-shell distances are shifeegnpliance. All these findings emphasize that actual distor-
only very slightly toward the value of the Ca-O distance iions at imperfectly sized impurities are not represented well
calcite (2.36 A), a nominal measure of the size of unsubstituteyi X-ray diffraction studies, which average over different atom
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types at a given site. As a consequence, Vegard's law-type be-*8 1
havior for interatomic distances in a solid solution does not

® M-Ca (M-doped calcite}
O M-Min R3cMCO,

hold at a microscopic scale. aal ¥ MMin PMCNMCO,

Higher shells z | o
The dilation or contraction around the impurity diminishe$ 21 v §
with increasing radial distance from the impurity. We can gaif} $ Fo Ba

some insight to this relaxation field by comparing observed 4o} Co
distances in all the coordination shells for the impurity witF an%
the corresponding distances around Ca in pure calcite. In Fig-
ure 11, the valuR — R,, the difference between the observed 88 t—
shell distanceR) and the corresponding value in calci®g)(
is plotted as a function of shell distan&® from the trace im-
purity (i.e., the absorber). In this type of plot, the vdueR,
= 0 corresponds to an absence of distortion. Hence, with in-
creasing distance from the trace meRak R, values should
tend toward zero. This behavior is indeed shown for all the FIGURE 12.0bserved M-Ca distances (solid circles) in the synthetic
trace metals in calcite, although the trend line for Ba remaiMsdoped calcites plotted as a function of ionic radius of the impurity
displaced well above a value of zero even at the most distihopen circles are the corresponding M-M distances in the pure;MCO
shell that we fitted &f4.0 A). This fourth shell is composed of¢0MPounds with the calcite structurigs(); values for PbCoand
the nearest Ca neighbors (at 4.048 A in calcite, Table 3) < are extrapolated from the trend Of.knomc. structures. .The

. . . -Ca distances are closer to the Ca-Ca distance in ideal calcite than to
gives the separation between ?enters of unlike octahedra responding distances in their respective pure metal carbonates.
vs. Ca) shared at one corner. Figure 12 compares the Obse':r‘f%qules give the shortest M-M distances in orthorhombic RlzD@
M-Ca distances of the trace-metal-containing calcites with c@facq, which fall between values in the rhombohedral structures.
responding M-M distances in both the rhombohedral and orthor-
hombic MCQ structures. The observed M-Ca distances for all
the metal-doped calcites are much nearer the 4.048 A distance
in calcite than to corresponding values in their respective pure
carbonates with the calcite structure (or with the orthorhombiee relaxation shown by successive shells does not appear to be
structure for Ba and Pb). a smooth function of radial distance. (Here we have excluded

By inspection of the overall trends in Figure 11, we cathe third shell in the trend for Pb because of the ambiguity

estimate that most of the relaxation is confined within a radiadted earlier.) This is consistent with the behavior predicted by
distance of 6-7 A from the metal. If this is the case, the regiB®llase (1980) and reflects partly that the displacements in a
that is significantly affected by structural distortion around ai®al structure are transmitted though bonds, whose directions,
impurity may be extremely limited in calcite. We note, howdepending on the structure, will generally not be co-linear.
ever, that, within the estimated errors of the fitted distancédgence, displacements are not transmitted uniformly as a func-
tion of radial distance alone. In the calcite structure, the first
three atomic shells around the Ca site are all associated with
the six nearest-neighbor G@roups. Because the G@roups
behave as rigid units (Reeder 1983), the observed displacements
within the first three atomic shells almost certainly include a
small component of rotation or tilting of the €0nit. This
may contribute to the irregularities in the relaxation trend.
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Bulk structural controls on substitution and relaxation
behavior
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These observations for Pb and particularly for Ba empha-
size the fact that as a substitutional impurity a metal cation
may occur in a coordination environment in which it rarely
occurs as a major constituent, and it may substitute for a spe-
cies that is of significantly different size. Such behavior (in-
cluding the high compliance) may be favored by the calcite
structure (Fig. 13) because of the ready modes of tilting and

FIGURE 11.Deviation of the observed absorber-shell distafye ( bending at shared corners of polyhedra. We believe the corner-
from the corresponding shell distance in ideal cal@g glotted as a sharing topology of calcite is one of the primary reasons that
function of (radial) distance from the metal absorber. The trend linealcite shows such a wide variety of substitutions at trace and
are not smooth but indicate a convergence to an undistorted structuighor concentration levels, among them both small (e.g., Mg,
perhaps within 67 A of the impurity. Co, and Ni) and large (e.g., Pb, Sr, and Ba) divalent metals.

Distance from absorber metal (A)
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FIGURE 13.Polyhedral drawing showing
the linkage of the Cafctahedra and planar
CO; groups in the calcite structure. The
divalent metal impurities substitute in the Ca
octahedra, which share corners with planar
CO; groups and neighboring octahedra from
layers above and below. Unlike the rocksalt
structure, there is no edge sharing in calcite.
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