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ABSTRACT: The effect of operating conditions on the time-dependent X-ray intensity variation is of
great importance for the optimal EPMA conditions for accurate determinations of various elements in
carbonate minerals. Beam diameters of 0, 1, 2, 5, 10, 15, and 20 pm, and beam currents of 3, 5, 10, 20,
and 50 nA were tested. Ca, Mg, Zn, and Sr were found to be more sensitive to electron beam irradiation

as compared to other elements, and small currents and large beam diameters minimized the time-

dependent X-ray intensity variations. We determined the optimal EPMA operating conditions for ele-
ments in carbonate: 10 pm and 5 nA for calcite; 10 pm and 10 nA for dolomite; 5 pm and 10 nA or 10 pm
and 20 nA for strontianite; and 20 nA and 5 pm for other carbonate. Elements sensitive to electron beam
irradiation should be determined first. In addition, silicate minerals are preferred as standards rather

than carbonate minerals.

KEY WORDS: carbonate minerals, electron probe microanalysis, characteristic X-ray, time-dependent

intensity, beam current, beam diameter.

0 INTRODUCTION

Carbonate minerals (MCQOs), including mainly calcite
[CaCO:s], dolomite [CaMg(COs3)2], magnesite [MgCOs], siderite
[FeCOs], rhodochrosite [MnCOs3], smithsonite [ZnCOs], mala-
chite [Cu2CO3(OH)2], azurite [Cu3(CO3)2(OH)2], strontianite
[SrCO:s], and cerussite [PbCOs], are widely distributed in geo-
logical materials. The accurate determination of elemental con-
tent of carbonate minerals is important in earth science. Electron
probe microanalysis (EPMA) is the most commonly used ana-
lytical method for the determination of elements in solid materi-
als (Zhao et al., 2015; McGee and Keil, 2001; Sweatman and
Long, 1969) and has been widely utilized in geological research
(Yeetal.,2017; Zhang et al., 2017; Zhao et al., 2017; Yang et al.,
2015a, b; Yang and Jiang, 2013, 2012). However, many geolog-
ical materials have proven to be sensitive to electron beam irra-
diation, leading to changes in the time-dependent intensity (TDI)
of elemental X-rays in materials such as glass (Humphreys et al.,
2006; Morgan and London, 2005; Jurek and Gedeon, 2003;
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Morgan and London, 1996; Spray and Rae, 1995), apatite (Stock
et al., 2015; Goldoff et al., 2012; Marks et al., 2012; Henderson,
2011; Stormer et al., 1993), carbonate minerals (Lane and Dalton,
1994), feldspar, fluorite, zeolite, and other hydrous minerals.
Element migration in carbonate minerals under electron
beam irradiation has been discovered a long time ago (Lane and
Dalton, 1994; Essene, 1983). Essene (1983) carried out an
EPMA of carbonate minerals to determine whether the samples
or standards were damaged by electron beam irradiation. How-
ever, the EPMA operating conditions and the standard used sig-
nificantly affect the test results. A complete and detailed study of
the optimal analytical conditions for each carbonate mineral has
not yet been reported. In this work, we aimed to investigate the
effect of the operating conditions on the time-dependent X-ray
intensity changes and optimize the EPMA conditions for ele-
mental determination in carbonate minerals. Moreover, the se-
lection of standards is discussed to finally obtain the optimal
EPMA operating conditions for carbonate mineral analysis.

1 ANALYTICAL METHOD
1.1 Sample Preparation

The samples used in this study are shown in Table 1. Prior
to analysis, the samples were coated with a thin conductive car-
bon film. The precautions suggested by Zhang and Yang (2016)
were used to minimize the differences in carbon film thickness
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and therefore in X-ray excitation intensity (Kerrick et al., 1973)
among the samples, to obtain an almost uniform coating of ca.
20 nm.

1.2 EPMA for TDI Variations of Elemental X-Rays

The characteristic X-ray intensities of elements in car-
bonate minerals were determined at the State Key Laboratory of
Geological Processes and Mineral Resources, China University
of Geosciences (Wuhan), using a JEOL JXA-8100 electron
probe micro analyzer equipped with four wavelength-dispersive
spectrometers. The “chart record” function in the electronic
probe software was used to record the TDI variations of

elemental X-rays upon irradiation with different beam diameters
and under different current conditions. Under all conditions, the
total data acquisition time was 360 s in consecutive 3 s counting
intervals (no beam blanking). The operating conditions were as
follows: an acceleration voltage of 10, 15, 20 kV for Ca and C,
an acceleration voltage of 15 kV for Mg, Fe, Mn, Sr and Pb, and
20 kV for Cu and Zn, a beam current of 3, 5, 10, 20, or 50 nA,
and a beam diameter of 0, 1, 2, 5, 10, 15, or 20 pm. The X-ray
intensities of Ca (Ka, PETJ), Mg (Ka, TAP), Fe (Ka, LIFH), Mn
(Ko, LIFH), Cu (Ko, LIFH), Zn (Ko, LIFH), Sr (Lo, TAP), Pb
(Ma, PETJ), and C (Ko, LDE2H) were investigated. The de-
tailed test conditions are summarized in Table 1.

Table 1 Clinopyroxene composition (wt.%)

Sample Mineral Beam Beam Acceleration  Analytical ~ Sam- Mineral name Beam Beam  Acceleration Analytical
No. name diameter  current voltage (kV) element ple diameter current  voltage (kV) element
m (@A) No. um (@A)
CC-1 Calcite 0 10 15 Ca, C CC-15  Rhodochrosite 5 5 15 Mn
CC-1 Calcite 1 10 15 Ca, C CC-15  Rhodochrosite 5 10 15 Mn
CC-1 Calcite 2 10 15 Ca, C CC-15  Rhodochrosite 5 20 15 Mn
CC-1 Calcite 5 10 15 Ca, C CC-15 Rhodochrosite 5 50 15 Mn
CC-1 Calcite 5 20 10 Ca, C CC-15  Rhodochrosite 10 20 15 Mn
CC-1 Calcite 5 20 15 Ca, C CC-13 Smithsonite 0 20 20 Zn
CC-1 Calcite 5 20 20 Ca, C CC-13 Smithsonite 1 20 20 Zn
CC-1 Calcite 10 3 15 Ca, C CC-13 Smithsonite 2 20 20 Zn
CC-1 Calcite 10 5 15 Ca, C CC-13 Smithsonite 5 5 20 Zn
CC-1 Calcite 10 10 15 Ca, C CC-13 Smithsonite 5 10 20 Zn
CC-1 Calcite 10 20 15 Ca, C CC-13 Smithsonite 5 20 20 Zn
CC-1 Calcite 15 10 15 Ca, C CC-13 Smithsonite 5 50 20 Zn
CC-1 Calcite 20 10 15 Ca, C CC-13 Smithsonite 10 20 20 Zn
CC-2 Calcite 20 10 15 Ca, C CC-12 Smithsonite 1 20 20 Zn
CC-3 Calcite 10 20 15 Ca, C CC-12 Smithsonite 2 20 20 Zn
CC-3 Calcite 20 10 15 Ca, C CC-11 Malachite 0 20 20 Cu
CC-4 Calcite 20 10 15 Ca, C CC-11 Malachite 1 20 20 Cu
CC-5 Calcite 20 10 15 Ca, C CC-11 Malachite 2 20 20 Cu
CC-6 Dolomite 0 10 15 Ca,Mg,C CC-11 Malachite 5 5 20 Cu
CC-6 Dolomite 1 10 15 Ca,Mg,C CC-11 Malachite 5 10 20 Cu
CC-6 Dolomite 2 10 15 Ca,Mg,C CC-11 Malachite 5 20 20 Cu
CC-6 Dolomite 5 10 15 Ca,Mg,C CC-11 Malachite 5 50 20 Cu
CC-6 Dolomite 10 5 15 Ca,Mg,C CC-11 Malachite 10 20 20 Cu
CC-6 Dolomite 10 10 15 Ca,Mg,C CC-9 Azurite 0 20 20 Cu
CC-6 Dolomite 10 15 15 Ca,Mg,C CC-9 Azurite 1 20 20 Cu
CC-6 Dolomite 10 20 15 Ca,Mg,C CC-9 Azurite 2 20 20 Cu
CC-6 Dolomite 20 10 15 Ca,Mg,C CC-9 Azurite 5 5 20 Cu
CC-7 Dolomite 10 20 15 Ca,Mg,C CC-9 Azurite 5 10 20 Cu
CC-21 Dolomite 10 20 15 Ca,Mg,C CC-9 Azurite 5 20 20 Cu
CC-19 Magnesite 0 20 15 Mg CC-9 Azurite 5 50 20 Cu
CC-19 Magnesite 1 20 15 Mg CC-9 Azurite 10 20 20 Cu
CC-19 Magnesite 2 20 15 Mg CC-20 Strontianite 0 20 15 Sr
CC-19 Magnesite 5 5 15 Mg CC-20 Strontianite 1 20 15 Sr
CC-19 Magnesite 5 10 15 Mg CC-20 Strontianite 2 20 15 Sr
CC-19 Magnesite 5 20 15 Mg CC-20 Strontianite 5 5 15 Sr
CC-19 Magnesite 5 50 15 Mg CC-20 Strontianite 5 10 15 Sr
CC-19 Magnesite 10 20 15 Mg CC-20 Strontianite 5 20 15 Sr
CC-18 Siderite 0 20 15 Fe CC-20 Strontianite 5 50 15 Sr
CC-18 Siderite 1 20 15 Fe CC-20 Strontianite 10 20 15 Sr
CC-18 Siderite 2 20 15 Fe CC-16 Cerussite 0 20 15 Pb
CC-18 Siderite 5 5 15 Fe CC-16 Cerussite 1 20 15 Pb
CC-18 Siderite 5 10 15 Fe CC-16 Cerussite 2 20 15 Pb
CC-18 Siderite 5 20 15 Fe CC-16 Cerussite 5 5 15 Pb
CC-18 Siderite 5 50 15 Fe CC-16 Cerussite 5 10 15 Pb
CC-18 Siderite 10 20 15 Fe CC-16 Cerussite 5 20 15 Pb
CC-15 Rhodochrosite 0 20 15 Mn CC-16 Cerussite 5 50 15 Pb
CC-15 Rhodochrosite 1 20 15 Mn CC-16 Cerussite 10 20 15 Pb
CC-15 Rhodochrosite 2 20 15 Mn
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2 RESULTS AND DISCUSSION

EPMA is based on the principle that when a solid mate-
rial is bombarded with an accelerated and focused electron
beam, the incident electron beam causes each element in the
sample to emit X-rays at a characteristic frequency, which can
be detected by the electron probe micro analyzer. After meas-
uring the X-ray counts of an element in both unknowns and
standards using the same instrument, the element content in the
unknowns can be obtained by the following formula (Sweat-
man and Long, 1969)

I:nk y ZAFunk
I ZAF"

where Ca is mass concentration of element A (wt.%), /a is X-

CA:nk — C:d x

ray intensity of element A (cps/pA), std is standard specimen,
unk is unknown specimen, ZAF is correction factor.

The formula shows that characteristic elemental X-ray
intensities are key in accurately determining unknown element
contents. In the following, we will discuss the effect of beam
diameter and current density on the TDI variation of elemental
X-rays in carbonate minerals.

2.1 Effect of Accelerating Voltage on the TDI Variation of
Elemental X-Rays

In this study, Ca and C in calcite were selected to inves-
tigate the effect of accelerating voltage on the time-dependent
X-ray intensity variation. The accelerating voltage are 10, 15,
and 20 kV, the beam current is 20 nA, the beam diameter is 5
pum, and the results are shown in Fig. 1. When the accelerating
voltage are 15 and 20 kV, the Ca X-ray intensity increases dur-
ing the first 30 s of beam irradiation, and then the intensity de-
creases in the next 30 s and then remain constant over the fol-
lowing 360 s of beam irradiation (Fig. 1a). With 10 kV accel-
eration voltage, the Ca X-ray intensity became nearly constant.
The C X-ray intensities gradually decline (Fig. 1b). It seems
that the lower accelerating voltage can reduce changes in TDI
of Ca and C in calcite. However, during the EPMA of car-
bonate minerals, other cautions such as Fe and Mn usually in-
volve in the analysis. In EPMA, the accelerating voltage is de-
sirable to set higher than 2 or 3 times of excitation energy of
the element interested. Consequently, the accelerating voltage
of 15 kV is recommended during the EPMA of carbonate min-
erals (and 20 kV should be used when Cu is involved).

2.2 Effect of Beam Diameter on the TDI Variation of Ele-
mental X-Rays

We investigated the effect of beam diameter on the time-
dependent X-ray intensity variation of elements in carbonate
minerals, and representative results are shown in Figs. 2 and 3.
Analysis of carbonate minerals irradiated with a 15 kV accel-
erating voltage and a 10 nA beam current with different beam
diameters of 0, 1, 2, 5, 10, 15, and 20 um showed TDI varia-
tions in Ca and C X-ray intensities. We found that, in calcite,
the characteristic Ca and C X-ray intensities changed signifi-
cantly using small beam spots (0, 1, and 2 pm) (Figs. 2a, 2b).
The intensity of Ca fluctuated slightly using beam diameters of
10, 15, and 20 pm as compared with the use of a 5 pm beam

diameter (Fig. 2a). Using a 0, 1, or 2 pm electron beam spot,
the Ca X-ray intensity in calcite fluctuated largely and irregu-
larly, first increasing and then decreasing. Conversely, the Ca
X-ray intensity increased steadily using 5, 10, 15, and 20 um
diameter spots, with a smaller magnitude of change for spot
diameters smaller than 20 um. Moreover, for all beam diame-
ters, calcite showed fluctuations in C X-ray intensity (Fig. 2b),
with the widest variation observed using a 0 pm diameter spot,
which generated an irregular fluctuation. Using 1, 2, 5, 10, 15,
and 20 pm beam diameters, the C X-ray intensity decreased
steadily.

For dolomite, we observed TDI variations in Ca, Mg, and
C X-ray intensities using beam diameters of 0, 1, 2, 5, 10, and
20 pm, under an acceleration voltage of 15 kV and a current of
10 nA (Figs. 2c—2e). The Ca and Mg X-ray intensities in-
creased more quickly with the use of a focused beam spot (0
um) as compared with the use of 1, 2, and 5 pm beam diameters
(Figs. 2c, 2d). When analyzed with a 10 or 20 um electron
beam spot, the Ca and Mg X-ray intensities remained constant.
The C X-ray intensity was inversely proportional to those of
Ca and Mg, and decreased most quickly using a 0 um beam
diameter (Fig. 2e).

For other types of carbonate minerals, a 20 nA beam cur-
rentand 0, 1,2, 5, and 10 pm beam diameters were used to test
the TDI variations of element M, and the results are shown in
Fig. 3. In magnesite, the X-ray intensity of Mg increased stead-
ily using a 0 um diameter spot. When analyzed with a 1 or 2
pum diameter spot, the Mg intensity remained constant for 120
s and then slightly increased between 120 and 360 s, whereas
a constant intensity was observed using beams of 5 and 10 pm
diameter (Fig. 3a). The X-ray intensities of Fe in siderite (Fig.
3b), Mn in rhodochrosite (Fig. 3¢), and Pb in cerussite (Fig. 3h)
remained constant for 360 s using 0, 1, 2, 5, and 10 um diam-
eter spots. The Zn X-ray intensity in smithsonite (Fig. 3d)
showed an increase of about 35%—40% over 360 s when using
a beam diameter of 0 or 1 pm. On the other hand, using a 2 or
5 um beam diameter the intensity was initially constant (about
120-180 s) and then steadily increased, whereas it remained
constant with a 10 um beam diameter (Fig. 3d). The Sr X-ray
intensity of strontianite (Fig. 3g) increased steadily and simi-
larly using beam diameters of 0, 1, or 2 um beam diameter. The
Sr intensity slightly increased when a 5 pm beam diameter was
used, and remained constant with a 10 um diameter spot. The
TDI variations of Cu in malachite (Fig. 3e) and azurite (Fig. 3f)
are similar. The Cu intensity decreases steadily using 0 um di-
ameter spots. When analyzed with a 1 or 2 um diameter spot,
the Cu intensity decreased slightly in malachite and more sig-
nificantly in azurite, whereas it remained constant using a 5 or
10 pm beam diameter.

In summary, element M in carbonate minerals showed an
increasing X-ray intensity under electron beam irradiation (ex-
cept for Cu), whereas element C showed an opposite trend. Small
beam diameters resulted in variable X-ray intensities, whereas
constant X-ray intensities were obtained with large beam diame-
ters. This is consistent with previous research results on glass and
apatite (Goldoff et al., 2012; Morgan and London, 2005; Morgan
and London, 1996; Stormer et al., 1993).
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Figure 2. Effect of beam diameter on the X-ray TDI variations of Ca and C in calcite (a)—(b), and Ca, Mg, and C in dolomite (c)—(e).

2.3 Effect of Beam Current on the TDI Variation of Ele-
mental X-Rays

A low beam current is often used to minimize X-ray inten-
sity fluctuations; on the other hand, increasing the beam current
will increase the X-ray intensity, thereby improving the preci-
sion of analysis but only provided that the TDI remains constant
(Goldoff et al., 2012; Stormer et al., 1993). Thus, experiments
were carried out to assess the TDI variation of elemental X-rays
in carbonate minerals using different beam currents (3, 5, 10, 20,
and 50 nA). We used a beam diameter of 10 um for calcite and
dolomite, and of 5 um for other carbonate minerals.

For calcite (Fig. 4a), we found that, with a 20 nA current,
the TDI of Ca X-ray changed dramatically, increasing by about
11% in the first 180 s and then rapidly decreasing to below the
initial value. On the other hand, using a 10 nA current, the Ca X-
ray intensity increased steadily by about 20% over 360 s,
whereas with a beam current of 5 or 3 nA, the Ca intensity re-
mained nearly constant. The TDI variations of C in calcite (Fig.
4a) showed an opposite trend. Using a 20 nA beam current, the
characteristic C X-ray intensity decreased over the first 180 s and
then slightly increased, whereas it was most stable with a 3 nA
beam current.
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malachite (e), and azurite (f), Sr in strontianite (g), and Pb in cerussite (h).

For dolomite, we recorded the TDI variations of Ca, Mg,
and C X-rays using beam currents of 5, 10, and 20 nA (Figs. 4c—
4e). The Ca and Mg X-ray intensities increased steadily with the
use of a 20 nA current, and remained constant with 10 and 5 nA
currents (Figs. 4c, 4d). The C X-ray intensity in dolomite de-
creased steadily with 5, 10, and 20 nA beam currents, and most
rapidly at 20 nA (Fig. 4e).

For other types of carbonate minerals, we investigated the
time-dependent X-ray intensity variations of element M under 5,
10, 20, and 50 nA beam currents, and the results are shown in
Fig. 5. Under beam currents of 5 and 10 nA, the X-ray intensities
of Mg in magnesite (Fig. 5a), Fe in siderite (Fig. 5b), Mn in rho-
dochrosite (Fig. 5¢), Zn in smithsonite (Fig. 5d), Cu in malachite

(Fig. 5e), Cu in azurite (Fig. 5f), Sr in strontianite (Fig. 5g), and
Pb in cerussite (Fig. Sh) remained constant. When using a beam
current of 20 nA, the X-ray intensities of Zn in smithsonite and
Sr in strontianite increased steadily whereas those of M elements
in other carbonate minerals remained constant. Under a beam
current of 50 nA, the X-ray intensities of Fe in siderite and Pb in
cerussite remained constant whereas those of M elements in
other carbonates showed some fluctuations.

Hence, the TDI variations of M elements in carbonate min-
erals varied more slowly at low beam currents, which is con-
sistent with previous studies of glass and apatite (Goldoff et al.,
2012; Morgan and London, 2005; Morgan and London, 1996;
Stormer et al., 1993).
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Figure 4. Effect of beam current on the X-ray TDI variations of Ca and C in calcite (a)—(b), and Ca, Mg, and C in dolomite (c)—(e).

2.4 Differences in the TDI Variation of Elemental X-Rays
in Various Carbonate Minerals

In order to examine the differences in the TDI variation of a
specific elemental X-ray in various carbonate minerals, we inves-
tigated the TDI variations of Ca in five calcite samples and three
dolomite samples, Mg in three dolomite samples and one magne-
site sample, and Zn in two smithsonite samples, under the same
conditions. The results shown in Fig. 6 were obtained by setting
the first intensity value as 1 and dividing the other data by the first
value. Using a beam diameter of 20 um and a beam current of 10
nA, the five calcite samples showed different time-dependent fluc-
tuations of the Ca X-ray intensity (Fig. 6a). For example, in sample
CC-2, the Ca X-ray intensity increased rapidly by 15% over 360
s, whereas it remained constant in sample CC-3. Under a beam
diameter of 10 pm and a beam current of 20 nA, different Ca X-
ray TDI variations were also observed in two calcite and three
dolomite samples (Fig. 6b). A comparison between dolomite and
magnesite samples showed that the Mg X-ray intensity in three
dolomite samples increased with time, whereas it remained

constant in the magnesite samples (Fig. 6¢). Different Zn X-ray
TDI variations were also observed in two different smithsonite
samples under a beam diameter of 1 or 2 um and a beam current of
20 nA (Fig. 6d). In summary, different X-ray TDI fluctuations were
observed for a specific element in various carbonate minerals.

2.5 An Optimized Procedure for EPMA of Carbonate Minerals

EPMA with a small beam spot provides a high spatial resolu-
tion, and the use of a large beam current can improve the character-
istic elemental X-ray intensity. However, small beam spot and/or
large beam current can cause element migration or sample damage,
leading to TDI variations of elemental X-rays in some materials.
Various methods have been developed to minimize sample damage
and reduce the X-ray intensity fluctuations, including increasing (or
decreasing) accelerating voltage, reducing the beam current, increas-
ing the beam spot size, the use of metal coatings to increase the ther-
mal conductivity, sample motion during analysis, and TDI correc-
tion during analysis (Kearns and Ben, 2016; Kearns et al., 2014;
Meier et al., 2011; Morgan and London, 2005; Smith, 1986).
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Based on this work, we developed an optimized EPMA
procedure for carbonate minerals. For calcite, a beam current of
5 nA and a beam spot of 10 pm, which caused insignificant Ca
X-ray TDI variations, were identified as optimal conditions (Fig.
4a). For the analysis of Ca and Mg in dolomite, the optimal con-
ditions were 10 or 15 nA beam current and 10 pm beam spot
(Fig. 4c). A 10 nA beam current and 5 pm beam spot or a 20 nA
beam current and 10 pm beam spot were optimal for the EPMA
of Sr in strontianite (Figs. 3g, 5g). For other carbonate minerals,
a 20 nA beam current and a 5 pm beam spot gave the best results
causing insignificant TDI variations of Mg in magnesite (Fig.
5a), Fe in siderite (Fig. 5b), Mn in rhodochrosite (Fig. 5¢), Zn in
smithsonite (Fig. 5d), Cu in malachite (Fig. 5¢) and azurite (Fig.
5f), and Pb in cerussite (Fig. 5h).

Base on the studies above, the order of TDI fluctuation is
Ca>Zn>Sr>Mg>Cu>Mn, Fe, Pb. The natural samples generally
have completive components for the substitution between differ-
ent cations. The higher the content of the elements with signifi-
cant X-ray TDI variations, the smaller beam current and the
larger beam spot size should be used. For analysis of carbonate
minerals, elements with significant X-ray TDI variations should
be examined first and reduce the counting time, followed by
analysis of other minor and trace elements having small TDI
fluctuations with increasing counting time. During image obser-
vation, a small current should be used to prevent element migra-
tion or sample damage due to electron beam irradiation. For
small mineral grains or in the presence of mineral zoning, a small
beam spot should be used; however, TDI variations under elec-
tron beam irradiation cannot be avoided, and TDI correction
(Morgan and London, 1996; Stormer et al., 1993) is required.

To date, the use of silicate or carbonate minerals as a stand-
ard for carbonate microanalysis is controversial. An important
requirement for standard materials is stability under electron
beam irradiation (Carpenter, 2008; Sweatman and Long, 1969),

and this study demonstrates that carbonate minerals do not meet
this criterion. In addition, different TDI variations of an element
were observed in carbonate minerals, and TDI variations in both
standard and unknown samples under the same operating condi-
tions cannot be compared. Hence, for EPMA of carbonate min-
erals, silicate minerals are preferred as standards rather than car-
bonate minerals.

3 CONCLUSION

An investigation of the effect of operating conditions on
the time-dependent X-ray intensity variation for elements in car-
bonate minerals showed that the X-ray intensities of Ca in calcite
and dolomite, Mg in dolomite, Zn in smithsonite, and Sr in stron-
tianite were more sensitive to electron beam irradiation than
other elements. A small current and a large beam diameter were
found to minimize the time-dependent X-ray intensity variations,
and the following optimal EPMA operating conditions were de-
termined for various elements: 10 pm beam diameter and 5 nA
current for calcite; 10 um beam diameter and 10 or 15 nA current
for dolomite; 5 pm beam diameter and 10 nA beam current or 10
pm beam diameter and 20 nA beam current for Sr in strontianite,
and 20 nA beam current and 5 pm beam diameter for magnesite,
siderite, thodochrosite, smithsonite, malachite, azurite, and ce-
russite. The 15 kV accelerating voltage for Ca, Mg, Mn, Fe, Pb,
and Sr, and 20 kV for Cu and Zn, are selected, due to that it pro-
duces robust X-ray counts for most elements analyzed. Elements
sensitive to electron beam irradiation (Ca, Mg, Zn, and Sr)
should be determined first, and counting time should be short,
followed by longer counting times for trace and minor elements.
a small beam current should be used during image observation.
Moreover, for small mineral grains or in the presence of mineral
zoning, a small beam spot should be used, and TDI correction is
needed. In addition, silicate minerals are recommended as stand-
ards rather than carbonate minerals.
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