
Appendix D 

Measurements of minor and trace elements in rutile were made using wavelength 

dispersive X-ray spectrometry, using the JEOL JXA-8500F electron microprobe housed 

at the Peter Hooper GeoAnalytical Laboratory, part of Washington State University’s 

School of the Environment. Measurements were made using a 15 keV accelerating 

potential, a beam current of 200 nA, and a spot size of 5 µm. Measured X-ray lines, 

counting times, diffracting crystals, and calibration standards are given in Table 1.  

To improve both the accuracy and efficiency of these measurements, the 

combined mean atomic number (MAN)/“blank” correction method of Donovan et al. 

(2016) was used for these measurements. The advantage of this method is that the MAN 

method (as implemented by Donovan and Tingle, 1996) does not require off-peak 

measurements of continuum intensity, which significantly reduces acquisition time 

without sacrificing precision or accuracy, if a blank correction is employed. To 

summarize the Donovan et al. (2016) method, continuum intensity at a given energy can 

be estimated from a modified form of Kramers’ law (Kramers, 1923; Donovan and 

Tingle, 1996): 

𝐼(𝐸) = 𝑖�̅� {[
(𝐸0−𝐸)

𝐸
] 𝑓(𝑥)} 𝑑𝐸        Eq. 1 

where I(E) is the intensity of the continuum emission of energy E, i is the beam current, �̅� 

is the sample mean atomic number, E0 is the beam energy, and f(x) is the matrix 

correction, all integrated over the energy range (Donovan et al, 2016, and references 

therein). In the analyses presented here, a suite of natural and synthetic standards to 



determine the relationship between continuum intensity and sample mean atomic number 

for each element (Fig. 1).  

The “blank” correction, a variation of ICP-MS blank corrections adapted for 

electron microprobe use by Donovan et al. (2011), is used to correct for minor systematic 

errors due to continuum artifacts or minor systematic errors in background measurement. 

A sample similar in matrix to the unknown with no or small amounts of the element of 

interest is measured to obtain the blank level, using the exact same conditions (beam 

parameters, counting times, etc.) as the unknown samples. This measurement is used to 

correct the measured X-ray intensities up or down based on the measured blank level; this 

correction is included in the matrix correction iteration (Donovan et al., 2011) In this 

study, the blank correction was made using the synthetic “Synth” rutile, characterized by 

Luvizotto et al. (2009), as a blank standard.  

Corrections for pathological spectral interferences were made where necessary 

(Table 1) using the method of Donovan et al. (1993). The natural R10 rutile, also 

characterized by Luvizotto et al. (2009), was measured before, after, and at regular 

intervals during each analytical session to verify analytical accuracy, monitor any 

instrumental drift (none was observed), and to ensure consistency between datasets 

acquired during different analytical sessions. Luvizotto et al. (2009) identified some 

inhomogeneity in the R10 rutile, so some deviation from the published reference values 

are not unexpected; however, our measurements fall within the range of the Luvizotto et 

al. (2009) EPMA measurements of the R10 standard (Table 2). 



 To further verify the accuracy of this method, and the rutile measurements 

presented herein, a nominally pure synthetic rutile was measured, using traditional off-

peak backgrounds, and the acquired X-ray data processed using both the MAN and off-

peak background corrections (Fig. 2). A comparison of the concentrations obtained from 

the two background corrections shows good agreement between the two methods, 

suggesting that if these measurements were performed with “traditional” off-peak 

background methods, the data would not change meaningfully. Furthermore, as described 

by Jercinovic et al. (2012, and references therein), measurement of a sample free of the 

element of interest can be a powerful tool for investigating analytical accuracy in EPMA, 

as measurements of a sample free of the elements of interest should, within analytical 

precision, yield zero concentration. If the measurements yield systematically positive or 

negative concentrations, this indicates a problem with background modeling over- or 

underestimating continuum intensity, which will be the major source of inaccuracy in 

low-concentration EPMA measurements (Donovan et al., 2011; Jercinovic et al., 2012). 

The measurements of the nominally impurity-free synthetic rutile made in this study 

yielded average concentrations below the minimum limit of detection, and within one 

standard deviation of 0 ppm (Fig. 2), which gives further credence to these 

measurements.  

 

 

 



 

Element/ 

X-ray Line 

Counting 

Time (s) 

Diffracting 

Crystal 
Spectrometer Calibration Standard 

Interfering 

X-ray Line 

Si Kα 140 TAP 1 Wollastonite #2 (C.M. Taylor) - 

Al Kα 240 TAP 1 Al2O3 (C.M. Taylor) Ti Kβ 

Fe Kα 120 LiF 2 Hematite #2 (C.M. Taylor) - 

Cr Kα 120 LiF 2 Chromite #5 (C.M. Taylor) V Kβ 

Zr Lα* 800 PET 3,5 Zircon #1 (C.M. Taylor) - 

Nb Lα 400 PET 4 LiNbO3 (C.M. Taylor) - 

Ti Kα 10 LiF 2 Synth. Rutile (C.M. Taylor) - 

V Kα 120 LiF 2 YVO4 (MTI Corp.) Ti Kβ 

 

Table 1: Analytical conditions for electron microprobe analyses of minor and trace 

elements in rutile. *Zr counts were acquired on two spectrometers simultaneously. 

 

 

 

 

 

 

  Fe Cr Zr Nb 



Reference1 - - 789 2633 

Std. Dev.1 - - 13 280 

Probe Min.1 2926 611 731 2071 

Probe Max.1 4570 797 914 3073 

Measured2 4145 707 850 2743 

 

Table 2: Measurements of the R10 rutile standard (in ppm) from (1) Luvizotto et al. 

(2009) and (2) this study.  

 



 

Figure 1: Representative MAN curves for rutile MAN measurements, showing the 

relation between sample mean atomic number (�̅�) and continuum intensity based on 

measurements of the indicated synthetic and natural standards. Rutile �̅� shown for 

reference (dashed line).  

 



 

 

Figure 2: Measurements of a nominally pure synthetic rutile, using both MAN and off-

peak backgrounds. Data points represent the same measurements, re-processed using the 

different background corrections: all other parameters (raw X-ray counts, standard 

intensities, blank corrections, interference corrections, etc.) were the same.  
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