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Introduction: Lunar agglutinates are rock and min-

eral clasts combined with vesicular impact glass formed 

by micrometeorite impact events and exposure to solar 

wind processes [1]. TEM imaging of agglutinate grains 

reveals nanophase Fe
0
 spherules that form by exposure 

to energetic particles. Electron energy-loss (EELS) 

analysis of agglutinate glass fragments establishes the 

degree of reduction to form Fe
0
 [2]. As impact processes 

rework the regolith, nanophase Fe
0
 and other melt prod-

ucts which include a meteoritic component are redis-

tributed in agglutinate glass. Coalescence of nanophase 

Fe
0
 spheres during this reworking may ultimately pro-

duce m-sized Fe spherules. The chemistry of Fe spher-

ules is an indicator of source material and oxygen fu-

gacity, and thus provides insight into agglutinate for-

mation. This study was initiated to evaluate the compo-

sition of Fe-rich spherules coupled with efforts to im-

prove the spatial resolution of the analytical volume 

sampled by electron-probe microanalysis (EPMA). 

Agglutinate Sample 76503,7020: Agglutinate 

76503,7020 consists of vesicular impact glass with per-

vasive submicron to micron-sized Fe-rich spherules, Ti-

rich zoned glass, and clasts of mineral grains and lithic 

fragments (Fig. 1A and B) [3]. Characterization of this 

sample has been done using backscattered-electron 

(BSE) imaging, X-ray mapping, qualitative energy-

dispersive (EDS) and quantitative wavelength-

dispersive (WDS) analysis. EPMA of Fe spherules re-

veals variable concentrations of Ni, Co, P, and S. The 

Fe and Ni X-ray maps in Fig. 1 C and E were collected 

from a Ti-rich region of glass and illustrate that all m-

sized spherules contain Ni.  No pure Fe spherules have 

been observed with a size greater than approximately 

0.25 m. Presumably, ilmenite was melted to form these 

Ti-rich zones, but no spherules or inclusions of ilmenite 

have been observed. The abundance of submicron Fe 

spherules becomes evident at high probe current using 

contrast expansion of the BSE image (Fig. 1D). 

Microanalysis Considerations: In EPMA, the ana-

lytical volume is an energy-contoured region defined by 

electron scattering and X-ray production. Quantitative 

analysis algorithms treat the region as single phase, but 

significant errors result from processing data collected 

on multiphase volumes. EPMA of submicron inclusions 

in a matrix results in excitation of matrix elements by 

electron side-scattering through the inclusion. For anal-

ysis of Fe-rich spherules, the matrix elements Mg, Al, 

Si, and Ca are excited in this way. X-rays produced 

within the spherule can also excite X-rays in the matrix 

by secondary fluorescence. The K X-rays of Ni can 

efficiently fluoresce Fe, and those of Fe can fluoresce Ti 

and Ca from matrix glass. A reduction in accelerating 

voltage improves X-ray spatial resolution especially for 

Fe, Co, and Ni, which have relatively high excitation 

energies.  Gopon et. al. [4] used low-voltage EPMA at 5 

kV to analyze submicron Fe-Si spherules from Apollo 

16 soils, but identified significant errors in measurement 

using the Fe L line. We follow an alternative approach 

due to the need to accurately analyze Fe, Co, and Ni 

using the K lines by using reduced accelerating volt-

age (e.g., 10 kV), coupled with simulation of electron 

and X-ray physics using Monte Carlo software to dis-

criminate primary vs. secondary excitation of Fe-rich 

spherules and glass matrix. 

Monte Carlo and EDS spectral simulations using 

DTSA-II [5] have been made for a model cubic inclu-

sion embedded in a matrix, using a 0.5 m cube of 

composition Fe 96.4, Ni 2.3, P 0.43 (wt.% element), and 

a representative agglutinate glass using EPMA data from 

76503,7020. The results are shown in Fig. 2 for simula-

tions at 10 kV vs. 15 kV. At 10 kV the analytical vol-

ume for Fe, Ni, and Co is within the 0.5 m cube, and is 

a 2X reduction in scattering volume compared to 15 kV. 

These simulations were run with secondary fluorescence 

options enabled in order to more accurately match ob-

served measurements. The simulated EDS spectra show 

a significant reduction in the matrix elements Mg, Al, 

Si, and Ca at 10 kV, and these elements are sensitive to 

spherule size as they are excited either by increasing kV 

or reducing the spherule size. These simulations thus 

provide an important analytical tool for measurement. 

Fe-rich Spherules in 76503,7020: EPMA of Fe-

rich spherules was performed at 10 kV on micron and 

submicron spherules using WDS and the mean atomic 

number (MAN) background calibration to provide con-

sistent sensitivity and accuracy for P, S, and Co. Several 

areas of glass in the agglutinate with brighter BSE con-

trast reflect elevated Fe and Ti concentrations apparent-

ly due to melting of ilmenite grains. The Fe-rich spher-

ules in these zones contain Ni, P, and Co as shown in 

Table 1, suggesting that the Fe-rich melt fractionates 

available siderophile elements when in the molten state. 

The apparent Al concentration of Fe spherules is a 

measure of matrix glass sampled during analysis, and 

inspection of data using a Fe vs. Al plot shows that us-

ing Al/Fe < 0.01 is a good screening tool for data selec-

tion. The composition of agglutinate glass was also 

measured to evaluate the average composition and the 

contribution of submicron spherules to sampling by the 

electron beam. Table 2 lists data for agglutinate glass 
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that contains submicron Fe spherules. The Fe content of 

the glass exhibits a larger standard deviation which is 

likely due to variable sampling of submicron Fe in the 

analytical volume.    

Conclusion: This study establishes a combined 

method for EPMA of Fe spherules using Monte Carlo 

simulation to support interpretation of analyses. Fe 

spherules in 76503,7020 that are m-sized contain Ni, 

Co, P, and S. We are currently pursuing EPMA of ag-

glutinate glass containing smaller nm to submicron Fe 

spherules in order to compare the chemistry of spherules 

indirectly. 
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Figure 1. Agglutinate 76503,7020. A. BSE 40X image 

showing dark lithic and mineral clasts and light vesicular 

glass. Red square outlines BSE and X-ray map area. B. BSE 

5000X image of Fe spherules in Ti-rich agglutinate glass. C. 

and E. Stage X-ray maps for Fe and Ni K indicating 

spherules contain Ni and also Co (not shown). D. BSE inset 

showing pervasive submicron Fe-spherules. 

 
Figure 2. A.  DTSA-II simulation of 0.5 m cube (blue 

outline) in agglutinate glass matrix using EPMA data from 

76503,7020. Scale of box is 3.81 m for 15 kV and 1.21 m 

for 10 kV. B. DTSA-II simulated EDS spectra. Analysis at 

10 kV should excite elements Mg, Al, Si, and Ca only for 

spherules less than 0.5 m diameter; these elements are a 

sensitive indicator of spherule size and depth. 

 
Table 1. EPMA data average for Fe-rich spherules. 

Table 2. EPMA data average for agglutinate glass. 1 SD is 

actual standard deviation of measured data in wt.% element. 

Analyses performed at 10 kV, 25 nA on Washington Universi-

ty JEOL JXA-8200. 

Element Avg 1 SD

Fe 86.0 8.2

Ni 5.0 2.7

Co 0.36 0.12

P 2.2 1.8

S 1.7 2.3

Element Avg 1 SD Element Avg 1 SD

Na 0.19 0.02 Ti 0.89 0.09

Mg 7.98 0.33 Cr 0.14 0.02

Al 10.89 0.23 Mn 0.08 0.04

Si 20.16 0.21 Fe 6.29 0.40

P 0.02 0.01 Co BD

S 0.05 0.02 Ni BD

K 0.06 0.01 O 44.05

Ca 8.71 0.15 Total 99.52

Table 1. EPMA Data Average, Wt% Element
76503,7020 Fe-rich spherules, n=15, 10 kV

Table 2. EPMA Data Average, Wt% Element
76503,7020 Agglutinate glass, n=260, 10 kV
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