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Introduction: Rare Earth element (REE) abun-

dances in calcium-aluminum-rich inclusions (CAIs) re-
flect oxygen fugacity and fractionation processes pre-
sent during their formation. In situ analysis of REEs in 
small (<100 µm) grains is possible with Secondary Ion 
Mass Spectrometry (SIMS), though it is complicated by 
the presence of molecular isobars, especially oxides, 
over the heavy REEs (HREE, see Figure 1). High mass 
resolving power is not sufficient to separate these inter-
ferences. To achieve percent-level uncertainties in REE 
abundances by SIMS, time-intensive calibration of the 
oxide-to-atomic-ion yields (MO+/M+) must be per-
formed while biasing the sample voltage, which reduces 
all ion yields, but suppresses molecules more intensely 
than atomic ions [1‒3]. Ion intensities are then measured 
on the tails of the energy distributions, thus the overall 
yield is at least one order of magnitude lower than with-
out a bias voltage, but the interferences are minimized. 
Abundances are further deconvolved through a least-
squares fit of some 47+ atomic and oxide masses, which 
relies upon knowing the isotopic abundances a priori. 
Resonance Ionization Mass Spectrometry (RIMS) can 
eliminate many of these issues, however only 2 to 3 el-
ements may be typically measured in an 
analysis before laser retuning is required. 
Using a Single-Stage Accelerator Mass 
Spectrometer (SSAMS) connected to the 
output of a SIMS instrument, we are able 
to directly measure the REEs in standards 
and samples without molecular interfer-
ences. 

Methods: The NRL SIMS-SSAMS 
consists of a Cameca ims 4f SIMS connected 
to a National Electrostatics Corporation 

(NEC) SSAMS, both significantly modified [4]. 4.5 
keV ions from the SIMS are accelerated by 300 kV in 
the SSAMS and transit a gas stripping cell filled with Ar 
where collisions with the gas dissociate molecules. Mo-
lecular fragments or atomic ions are selected magneti-
cally and electrostatically on the high-voltage “Deck” 
following the stripping cell. Electrostatic peak switch-
ing (EPS) allows for the selection of masses up to ±6.5% 
of the Deck magnet’s central mass. An electron multi-
plier (EM) counts the high-energy ions. 

Wavelength- & Energy-Dispersive X-Ray Spectros-
copy (WDS; EDS; U. Chicago) were used to quantify 
the major and minor elements in polished chips of Mad-
agascar hibonite (MH; Table 1). The NRL SIMS-
SSAMS was used to measure the REEs, Ba, and Hf 
from chip G4 of MH, using NIST Standard Reference 
Material (SRM) 610 as a standard [5]. While not an 
ideal matrix match, the ion yields of REE+ relative to 
Ca+ have been found to be similar between phosphates, 
silicates, and hibonite [1,2]. The La abundance of MH, 
quantified by WDS, was used as an anchor for the REE 
abundances measured by SIMS-SSAMS. Four analyses 
each of the light REE (LREE) and HREE from two 

Chip MgO Al2O3 CaO TiO2 FeO La2O3 Ce2O3 ThO2 

G1 2.46 77.40 5.58 2.92 4.85 2.14 3.45 1.20 
G2 2.36 77.91 5.84 2.98 4.79 1.98 3.25 0.89 
G4 2.47 77.29 5.65 3.00 4.85 2.10 3.51 1.13 
Mean 2.45 77.42 5.64 2.96 4.84 2.11 3.44 1.13 
1σ 0.05 0.29 0.11 0.08 0.04 0.07 0.25 0.11 

Table 1: WDS & EDS quantification of different MH chips (wt. %). 
Average for each chip shown, plus mean of all analyses. 

Figure 1: Mass scan of Madagascar hibonite on SIMS EM. Gd isotopes (measured with SSAMS) in red. 
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spots were performed with a 10 nA, 15 keV 16O- Köhler 
beam focused on a 65-µm-sized spot. From a 150 µm 
imaged field, a 100 µm aperture was used to limit the 
analyzed area at the crater centers to ~40 µm to avoid 
crater wall effects. Higher transmission would be 
achieved without this aperture. Two Deck magnetic 
fields were used to measure the REE, centered on mass 
~146.5 u for LREE and mass ~166.5 u for HREE. EPS 
was used to select 138Ba+, 139La+, 140Ce+, 141Pr+, 146Nd+, 
147Sm+, 152Sm+, 153Eu+, 155Gd+, and 156Gd+ for LREE; 
and 157Gd+, 158Gd+, 159Tb+, 163Dy+, 165Ho+, 166Er+, 
169Tm+, 172Yb+, 175Lu+, and 178Hf+ for HREE. Gd iso-
topes were used to check for fractionation between the 
two Deck fields. Analyzed isotopes were chosen to be 
the most abundant species lacking or with minimal nu-
clear isobars. An Ar flow rate of 0.3 standard cubic cen-
timeters per minute (SCCM) was used during the meas-
urements, as this satisfactorily eliminated molecular 
isobars in NIST610 glass (Figure 2) where all elements 
are of roughly equal abundance. In hibonite, the oxide 
isobars over HREE are relatively more intense, so 0.3 
SCCM was chosen over 0.2 SCCM as a precaution, 
even though it further lowered transmission. 

Results: The CI chondrite-normalized [6] REE ele-
mental abundance pattern in MH is shown in Figure 3, 
ranging from 0.26 ± 0.01 at. % La to 6.2 ± 3.5 at. ppb 
Tm. Hf and Ba abundances are 1.0 ± 0.2 and 8 ± 0.4 at. 
ppm, respectively, though the Ba concentration in 
NIST610 was found to be heterogeneous spot-to-spot, 
limiting its usefulness in determining Ba’s relative sen-
sitivity. Our measurements qualitatively agree with 
those reported in [2,7] for MH determined by spark 
source mass spectrometry, neutron activation, and 

SIMS, though we have additionally directly measured 
Ba, Gd, Er, Tm, Lu, and Hf. Our abundances are ~5× 
lower than previously measured for MH, either a reflec-
tion of heterogeneous concentration in different samples 
or our increased ability to remove molecular isobars. Lu 
is enhanced over Yb by ~10× relative to an extrapola-
tion from HREE, though this feature has also been ob-
served in the meteoritic HAL hibonite [8,9]. Gd and Sm 
isotope ratios matched terrestrial composition, within 
uncertainties. Counting statistics were the largest com-
ponent of the total propagated uncertainties. 

Discussion: We have directly measured the REE 
abundances in MH by SIMS-SSAMS. These measure-
ments provide high sensitivity, even to the low-abun-
dance HREE, and enable their quantification from sin-
gle analysis spots. This analysis, no more complex than 
a routine SIMS measurement, would facilitate greater 
throughput of CAIs and other samples where REEs are 
of interest, e.g. [8-10]. The ability to directly measured 
REEs free of molecules also facilitates REE imaging. 
These measurements allow MH to be used as a reference 
for REE measurements of CAIs and presolar grains. 
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Figure 2: Gd isotope ratio deviation vs. Ar flow rate. 
Interferences are labeled. 

Figure 3: CI chondrite-normalized REE abundances in 
Madagascar hibonite chip G4 by SIMS spot analysis. 
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