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INTRODUCTION

Quantitative applications of trace-element geochemistry to
Earth sciences require accurate data of both the concentration
and speciation of the trace elements in minerals and coexisting
fluids/melts. Recent advances in microbeam analytical tech-
niques [e.g., laser ablation–inductively coupled plasma mass
spectrometry (LA-ICPMS; Sylvester 2001), secondary ion mass
spectrometry (MacRae 1995), proton-induced X-ray emission
spectrometry (Campbell et al. 1995), accelerator mass spec-
trometry (Wilson et al. 1995), and synchrotron X-ray fluores-
cence microprobe (Dalpé et al. 1995)] have permitted the
analysis of trace elements in geological materials at ever in-
creasing sensitivity [sub-parts per million (sub-ppm) or parts
per trillion (ppt)] and resolution (£10 mm in diameter). How-
ever, our understanding of the speciation of trace elements in
minerals has lagged behind because of the general lack of tech-
niques for structural characterization of dilute species in sol-

ids. For example, the commonly used X-ray structure refine-
ment and magic-angle-spinning–nuclear magnetic resonance
(MAS-NMR) spectroscopy both require elements of interest at
several weight-percent levels of concentration. Electron para-
magnetic resonance (EPR) spectroscopy is a powerful struc-
tural probe for trace elements with unpaired electron(s) (i.e.,
paramagnetic centers), but has not been applied widely to Earth
sciences. Also, previous EPR studies of minerals and their syn-
thetic analogs were mostly carried out at the X-band frequency
(~9.4 GHz) and dealt with paramagnetic centers at the hun-
dred-ppm-level or higher concentrations (Calas 1988; Weil et
al. 1994).

During the course of a single-crystal EPR study of synthetic
fluorapatite (FAp) on a high-energy W-band (~94 GHz) spec-
trometer (Chen et al. 2002b), we observed well-resolved Gd3+

and 55Mn2+ spectra in what we originally thought to be blank
samples with respect to these elements. Subsequent LA-ICPMS
analyses showed that one sample of FAp contains only 0.8(1)
ppm Gd and 0.9(2) ppm Mn. To the best of our knowledge, the
result reported herein is the first-ever structural characteriza-* E-mail: yuanming.pan@usask.ca
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ABSTRACT

Room-temperature, single-crystal W-band (~94 GHz) electron paramagnetic resonance (EPR)
spectra of a flux-grown fluorapatite (AP30-0) containing 0.8(1) ppm Gd and 0.9 ppm Mn disclose
the presence of two even-isotope Gd3+ centers (electron spin number S = 7/2 and nuclear spin num-
ber I = 0) and a 55Mn2+ center (S = I = 5/2). The relative abundance of the two Gd3+ centers (corre-
sponding to recently established centers “a” and “b” containing Gd3+ ions at the Ca2 and Ca1 sites,
respectively) in AP30-0 has been estimated to be 0.20, indicating that “a” in this sample arises from
the presence of ~0.2 ppm Gd at the Ca2 site. In addition, high-resolution W-band spectra of this
sample at ~120 and ~77 K disclose the 155Gd and 157Gd spectra of “a,” in which these isotopes (I = 3/
2) are only ~0.02 ppm in abundance. To the best of our knowledge, this is the first-ever demonstra-
tion of structural characterization of sub-ppm-level trace elements in minerals and their synthetic
analogs. Moreover, the fact that the Gd3+ and 55Mn2+ centers in AP30-0 are detected despite the
multiplicity of lines arising from their complex fine structures, hyperfine structures, and magnetic-
site splittings, suggests that the W-band EPR technique is potentially capable of characterizing trace
elements with a single unpaired electron (S = 1/2) and zero nuclear spin (I = 0) at even lower concen-
trations.

The spin-Hamiltonian parameters of the 55Mn2+ center, including matrices g, D, A, and P, and
high-spin term of type S4, have been determined by optimization using the single-crystal W-band
EPR spectra of a Gd-doped fluorapatite containing 3.0(4) ppm Mn. The principal-axis directions of
D and the pseudo-symmetry axes calculated from the S4 parameters confirm that this center corre-
sponds to occupancy of 55Mn2+ ions at the Ca1 site. Also, the optimized parameters suggest that the
Mn2+-substituted Ca1 site in the flux-grown fluorapatite has rhombic (i.e., triclinic) local symmetry
[e.g., D/gebe = 436.2(6) G, E/gebe = 1.1(1) G], slightly different from the trigonal symmetry of the
ideal Ca1 site.


