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Introduction: The technique of electron-probe mi-

croanalysis (EPMA) is fundamental to the study of lunar 

and meteoritic samples. Advances in EPMA include 

improvements in instrumentation and automated analy-

sis capabilities that enable better imaging and quantita-

tive analysis routines. Improvements in Φ(ρz) correc-

tion algorithms have resulted in more accurate quantita-

tive analysis. Point analysis utilized in EPMA provides 

fine spatial chemical information which can be paired 

with large-scale mapping to enable micro- and macros-

cale analysis of samples. Backscattered-electron (BSE) 

and large-area X-ray images are used to construct mo-

saic maps for detailed analysis of complex samples and 

for location of quantitative analysis points. 

Real-world samples contain submicron multiphase 

assemblages which cannot be resolved in the electron 

scattering volume of EPMA, and large area X-ray maps 

sample a significant number of phase boundaries and 

composite phases. It is also desirable to obtain local 

bulk analyses of complex mineral assemblages for com-

parison over varying spatial scales. Thus, the quantita-

tive analysis of multiphase domains continues to be a 

requirement for microanalysis at both small and large 

scales. 

Improvements in Quantitative X-ray Analysis: 

Improvements in Φ(ρz) algorithms and more accurate 

sets of MAC data have improved quantitative analysis. 

EPMA quantitation corrects for atomic number (Z) ef-

fects of electron scattering and retardation during X-ray 

generation, absorption (A) of X-rays in the sample 

along the path to the detector, and fluorescence (F) of 

X-rays by both characteristic and continuum X-rays. 

Improvements in Φ(ρz) algorithms include more accu-

rate analytical formulations of the Φ(ρz) curve and 

more accurate treatment of the surface X-ray generation 

and emission quantity Φ0. These improvements have 

resulted in more accurate analysis of silicates in general 

and light elements in particular. 

The measured X-ray intensity in the sample relative 

to the standard is the k-ratio, and the calculated concen-

tration C is determined by iterative calculation from C = 

k * ZAF. While current microanalysis software uses a 

full Φ(ρz) correction, the Bence-Albee (BA) α-factor 

algorithm was originally used which utilized a hyper-

bolic relationship between measured k-ratio and calcu-

lated composition C as C/k = α + C(1 - α), and applied 

to multielement systems via C = kβ where β = Σ Cα / Σ 

C and was referenced relative to oxide standards [1]. 

Accuracy issues identified from use of constant term α-

factors have been eliminated by use of compositionally-

dependent polynomial α-factors (i.e., α1 + α2C + α3C
2
 ) 

that duplicate Φ(ρz) algorithms for typical composition-

al systems [2]. The β factor of this polynomial BA for-

mulation is equivalent to the ZAF factor from a Φ(ρz) 

algorithm and is referenced relative to elemental stan-

dards. This permits correction of data for metals and 

silicates. 

Analysis of Multiphase Sample Volumes: EPMA 

is a comparative technique where conventional quantita-

tive analysis requires that both samples and standards 

are flat, polished, homogeneous single phase materials 

with no internal structure. EPMA provides a spatial res-

olution of ~1 µm in spot mode, but in defocused beam 

mode a spot size of 50-100 µm is used and the emission 

volume is a disk of diameter equal to the beam size and 

thickness equal to the X-ray production depth which is 

typically 1-3 µm. DBA has been used for analysis of 

lunar samples and meteoritic chondrules for some time.  

Significant errors result if measurements of multi-

phase materials are processed using conventional cor-

rection algorithms, as the assumption of homogeneity is 

no longer true. The minerals in the analyzed volume 

have different densities and weight percent contribution 

to the bulk, but are sampled in terms of area or volume 

fraction by the electron beam. The chemical contrast 

between phases is important via the ZAF factors so the 

appropriate correction factors must be used for the 

phases in the analyzed volume. This requires knowledge 

of the phases in the volume and indeed image 

processing coupled with phase chemistry can provide 

the equivalent of DBA; however, all digital images 

sample phase boundaries and deconvolution of the sig-

nal is still necessary. 

With reference to analysis of homogeneous mate-

rials, it is necessary to know the phase composition for 

iterative correction, and the phase density for conver-

sion from sampled area fraction to weight fraction of the 

phase. In DBA the contribution from each discrete 

phase is included as a weight fraction term in the itera-

tion loop, and requires either explicit knowledge of the 

mineral chemistry or an approximation using a CIPW 

normative mineral calculation. The DBA technique and 

errors inherent in the calculation have been discussed 

previously [3-8].  

 DBA is ideal for samples with grain size larger than 

the primary electron scattering volume, and the primary 

emitted intensity is still obtained from discrete mineral 

phases. For grain size that is similar to the electron scat-

tering volume (i.e., ~1 µm), the roles of differential 

backscattering, X-ray absorption and fluorescence are 

important. For example, agglutinates containing nano-

phase Fe enclosed by silicates exhibit enhanced X-ray 
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production in the silicates due to differential electron 

backscattering from the Fe particles. The behavior of 

electrons and X-rays in these materials is best treated 

using Monte Carlo scattering simulations.  

An Excel VBA Tool for DBA: An Excel spread-

sheet has been constructed that uses Visual Basic for 

Applications macro code to perform the DBA correc-

tion. This interface can be used for correction of homo-

geneous and heterogeneous samples for comparison, 

and can be used to calculate either C or k from C = k β 

for the case of homogeneous materials, which allows 

comparison with the heterogeneous case. The procedure 

used for DBA correction follows the functional algo-

rithm outlined by Albee et. al. [4,5]. In the algorithm, 1) 

the measured k-ratios from a DBA area are first cor-

rected assuming a homogeneous material; 2) the con-

centrations obtained are next processed using a cata-

norm routine in order to obtain the normative phases 

that would be expected to form; 3) the weight percent 

normative minerals and their known β factors are used 

to calculate a β factor for the heterogeneous mixture of 

minerals which is weighted by the abundance of the 

normative mineral; 4) this heterogeneous β factor is 

then used to correct the original k-ratio data to obtain a 

new estimate of concentration; 5) this new concentra-

tion is used to calculate the catanorm again; and 6) the 

process is iterated to conclusion. Generally it is ob-

served that the most significant step occurs from homo-

geneous to initial normative mineralogy with relatively 

insignificant changes following that step. 

The advances in our DBA algorithm include the in-

corporation of the more accurate quantitative analysis 

procedures outlined above, coupled with the ability to 

modify the VBA code as needed to improve the norma-

tive algorithm. The normative phases are currently 

treated as fixed in composition but will be modified to 

address lunar mineralogy and also the ability to use ac-

tual mineral compositions for processing. 

Two examples of DBA are shown in Table 1 and Fig 

1. The first example is a hypothetical mixture comprised 

of equal area fractions of anorthite and an En80Fs20 py-

roxene, and illustrate the capability to take a known 

material, calculate the emitted intensities and then 

process these synthetic data using the DBA algorithm. 

The ideal weight percent analysis was calculated from 

the known area fraction and density values for the two 

phases. The k-ratios for anorthite and the pyroxene were 

assumed to vary linearly with area and were input in the 

DBA correction using the ZAF factors for anorthite and 

pyroxene. The k-ratio data was also used to calculate an 

analysis for an assumed homogeneous sample. 

DBA correction has been applied to measurements 

made on Meteorite Hills (MET) 01210 as illustrated by 

the BSE image in Fig. 1 which shows a symplectite in-

tergrowth of fayalite (bright), hedenbergite (interme-

diate), and silica (dark) [9].  A 30 micron spot size was 

used during analysis. 

Significant differences are observed in comparing 

the results for processing assuming homogeneous vs. 

multiphase material. Using the conventional correction 

on multiphase materials typically results in overcorrec-

tion that is applied to an assumed elemental mixture that 

is in reality segregated into discrete phases, and can in 

principle apply to all components of the ZAF correction. 

Note in comparing the data for Mg and Fe in the two 

examples the difference in correction for assumed ho-

mogeneous phase vs. multiphase that these elements are 

corrected in opposite directions due to the composition 

of the phases considered.  

 
Figure 1  BSE image of MET 01210 symplectite with fayalite 

(bright), hedenbergite (medium), and silica (dark). Width of field 

300 um. 

Table 1. 

 AE 

Ho 

AE 

DBA 

Beta 

Ho/Ht 

Symp. 

Ho 

Symp. 

DBA 

Beta 

Ho/Ht 

Mg 8.60 9.09 0.95 1.17 0.95 1.18 

Al 10.45 9.45 1.11 0.27 0.22 1.17 

Si 22.63 22.66 1.01 22.87 22.18 0.99 

Ca 6.98 7.02 1.00 3.73 3.74 0.96 

Ti    0.22 0.20 1.07 

Fe 5.09 5.07 1.01 31.46 31.17 0.97 

O 46.24 46.71 0.99 39.80 41.52 0.92 

Key: 1 and 2. An-En80Fs20 hypothetical 50:50 volume mixture 

processed assuming single homogeneous phase (1) vs. DBA (2) 

3. Ratio of β factor for homogeneous vs. DBA for An-En80Fs20. 

4 and 5. MET 01210 symplectite analysis processed assuming 

homogenous phase (4) vs DBA (5). 

6. Ratio of β factor for homogeneous vs. DBA for MET 01210. 
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