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ABSTRACT
Eu L3 X-ray absorption near edge structure (XANES) spectroscopy was conducted with a wavelength dispersive (WDS) spectrometer to determine the valence state of europium in a natural, Mnand REE-rich apatite from Llallagua, Bolivia. Europium exists in both the divalent and trivalent
states in the Llallagua apatite with a Eu2+/Eu3+ ratio between 0.12 and 0.22. With the enhanced
energy resolution of WDS the EuLα1 fluorescence line can be resolved from the MnKα line, allowing for significant reduction of background in the EuL3 absorption edge region and resolution of
the Eu XAS, which is difficult by conventional methods because of fluorescence peak interference.
The anomalous partitioning behavior of Eu in these samples (Rakovan and Reeder 1996) can be
explained by the observed presence of Eu2+ and Eu3+ and is consistent with the suggested size effect
on intrasectoral zoning of REEs in apatite.

INTRODUCTION
Apatite is a ubiquitous accessory mineral and has a very
high affinity for the REEs. For this reason, the REE chemistry
of apatites is used extensively for petrogenetic studies. The
presence of apatite can strongly influence REE signature and
evolution during petrogenesis. Physiochemical factors that affect the partitioning of REEs into apatite are many. Heterogeneities in crystal surface structure can strongly influence trace
element incorporation during apatite growth (Rakovan and
Reeder 1994, 1996; Rakovan et al. 1997). Rakovan and Reeder
(1994 and 1996) found that REEs were segregated during
growth between symmetrically nonequivalent steps on the
{100} crystal face of apatite, leading to intrasectoral zoning.
Furthermore, the partitioning behavior between subsectors associated with the nonequivalent growth steps was found to be
correlated with the size of the REE ion relative to Ca2+, for
which it substitutes in the structure. REEs with an ionic radius
larger than Ca2+ (e.g., La3+) are enriched in the [001] subsector
relative to the <011> subsectors. All of the REEs analyzed,
except Eu, with ionic radii smaller than Ca2+ (e.g., Sm3+) are
depleted in the [001] subsector relative to the <011> subsectors
(Fig. 1b).
Europium is the only REE that was not found to show a
differential distribution between subsectors. This anomalous
behavior was postulated to be the result of roughly equivalent
proportions of Eu2+ and Eu3+ in the crystals, assuming that the
distribution coefficients for Eu2+ and Eu3+ are approximately
the inverse of one another (Rakovan and Reeder 1996). In apatite, the ionic radii (r) of Ca2+ in the sevenfold Ca2 site is 1.06
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Å and in the ninefold Ca1 site is 1.18 Å (Shannon 1976). Eu3+
(r = 1.01 Å for sevenfold coordination and r = 1.12 Å for ninefold coordination) has a smaller ionic radius than Ca2+, whereas
Eu2+ (r = 1.2 Å for CN = 7 and r = 1.30 Å for CN = 9) is larger
(Shannon 1976). If Eu2+ follows the same partitioning behavior as the trivalent REEs that are larger than Ca, it will be enriched in the [001] subsector; the opposite is true of Eu3+. To
determine the presence and relative concentration of Eu2+and
Eu3+, and ultimately to better understand the role of crystal surface structure in trace element incorporation into apatite, Eu
X-ray absorption near edge structure (XANES) spectroscopy
was conducted in this study.
Because of interference from the high concentration of Mn,
which is almost ubiquitous in natural REE containing apatites,
conventional XANES detection of Eu is not possible. To overcome this problem in the Mn-rich apatite studied by Rakovan
and Reeder (1997), Eu L3 XANES spectroscopy with a wavelength-dispersive spectrometer (WDS) was used to determine
the valence state of Eu. In the XANES experiment the WDS is
set to the energy of the EuLα1 fluorescence peak (5845 eV).
The synchrotron X-ray monochromater is then scanned across
Eu L3 absorption edge. With the WDS the closely spaced EuLα1
and MnKα fluorescence lines can be individually resolved,
which is not possible using EDS detection. This significantly
reduces the background around the Eu L3 absorption edge
caused by the MnK absorption edge, at approximately 6539
eV, and increases the peak to background ratio to a value necessary for detection of the Eu absorption edge. This is one of
the first applications of WDS to XAS and shows great promise
for addressing problems where increased energy resolution is
critical.

