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Abstract Electron probe microanalysis ( EPMA) is a fundamental analysis technique for the study of the Earth and planets
materials. In the last decades EPMA has been developed from its essential capacity of analyzing major elements for minerals to a series
of innovative technologies including trace-element analyses in crucial minerals precise analysis of rare-earth minerals chemical
dating of accessory minerals Fe’* determination in Fe-rich minerals and applications of field-emission gun EPMA ( FEG-EPMA) and
soft X—ray emission spectrometer ( SXES) . However there are still many challenges in such innovative technologies as follows: (1)
how to lower detection limit and improve the precision and accuracy; (2) how to eliminate the influence of the secondary fluorescence
effect; (3) establishing new analytical and correction methods under low accelerating voltage conditions by using FEG-EPMA. EPMA
analyses are expected to have great potentials involving the development of reference standards secondary fluorescence effect
correction broad applications of FEGEPMA and soft X—ay emission spectrometer improvement of spectrometer and integration of
multiple microbeam techniques. Therefore EPMA would provide further abundant and accurate micron-scale information for geological
samples.
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spectrometer; Secondary fluorescence effect
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1 EPMA.SIMS.LAdCP-MS

( Miiller et al. 2003 )
EPMA SIMS  LA-HCP-MS
Fig. 1  Schematic illustration showing the typical sampling

volumes of EPMA SIMS and LAHCP-MS in a quartz
2003)

The sampling volume of EPMA is much smaller than those of SIMS
and LAJCP-MS

phenocryst ( modified after Miiller ez al.

2 SIMS(a-b)  LAACPMS( c)
EPMA ( Gotze and
Mockel 2012 )

20kV 80nA

10min

Fig.2 Backscattered electron images showing the ablation
craters of SIMS (a b) and LAICP-MS ( ¢) and EPMA
( modified after Gotze and Mockel 2012)

Analytical conditions for EPMA: 20kV accelerating voltage 80nA
beam current 7pum beam size and 10min bombardment

7pm
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)

Fig.3 X-ray mapping of P (a) and Y (b) in garnet ( Jiao Shujuan personal communication unpublished data)

2013; Treiman and Irving 2008; Lin et al.
al. 2017)

2013; Pang et
( Jiao et al. 2013;
Batanova et al. 2015) .
‘Be ~"U
o Sis

Ti.Al.Cr.Fe.Mn.Mg.Ni.Ca.Na K;

F Cl. S.
As.Fe.Co.Ni.Cu.Zn.Pb  Bi

Cr.Mn.Ga.Se.Sb.Te.Au Ag o

LA-ICP-MS  SIMS

o

SIMS LA-HCP-MS
1% ~2%
( Reed 2005; Goldstein et al. 2003) .
( . )
x 107°
2017) .

x10°°

( Donovan et al. 2011;

Batanova et al. 2015;

. (Li et

2016) . 3 Cameca SX Five
P Y X

P Y - o

al. 2016; Guo et al.

~

o

( Rao et al.
Pang et al. 2018) .
2005; Carlson 2006) .
Watson 2006; Hayden et al.
( Williams et al.

2014; Yang et al. 2017,

( Storm and Spear

( Wark and
2010) .

2008;

2008; Thomas et al.

2007; Jercinovic et al.

Hetherington et al.  2008) o
2

N N Fe’* N X
2.1

( Jercinovic et al. 2011; Rinaldi and Llovet 2015; Batanova et
al. 2018) , N N

2.1.1
(Si0,)

AlTi.Mn.Fe.Li.Ga P

( Gotze and Mockel 2012) .
/ N
( Rusk et al.
al. 2004: Miiller et al. 2003; Wark and Watson
Landtwing and Pettke 2005) . Ti
( Wark and Watson 2006; Thomas et al. 2010; Huang and
Audétat 2012)
: Al
( Rusk et al.

2008 2011; Gotze et
2006;

2008; 2017) .



264

SIMS( Jourdan et
al. 2009; Lehmann et al. 2009; Behr et al. 2011) .LA-
ICP-MS( Tanner et al. 2013; Audétat et al. 2015; Cruz-Uribe

et al. 2017)  EPMA( Miiller et al. 2003; Donovan et al.
2011) ., SIMS
H
- LACP-MS
( Audétat et al. 2015) .
( 2017)
. EPMA
Ti
Al x107° EPMA ;
EPMA
Ti Al o
Miiller et al. (2003) EPMA  20kV
200nA Na.AlLK.Ti  Fe
10 x107°° ~60 x10~° (lo)
6 x107° ~ 12 x 107%, Wark and Watson
(2006) 15kV.150nA.300s
Ti o Ti
20 x10%( 10) 11min.
Ti Al o Ti
Al 10x10°°
o Donovan et al. (2011) N
Ti 2 x107° ~3 x
10°° Al 6x107°~7x10°
33min.
2.1.2
(Mg Fe),Si0,
(>60%) . Mg.Fe  Si Ni.Mn.
Ca-Al\Ti.CrCosZn P o

~ ~

( Sobolev et al.

2007 2016; Le Roux et al. 2011; De Hoog et al. 2010;
Coogan et al. 2014; Foley et al. 2013) , LACP-MS
LA-
ICP-MS ( >60um)
( <5um)
Sobolev et al. (2007)
Ni. Ca\ Mn. Cr. Co Al 20kV.

2019 35(1)

Acta Petrologica Sinica

300nA 6x107°~15x10"%(10)
15 x107° ~30 x 10 %, Batanova et al. (2015)
25kV.900nA ( EDS)
Mg(0.2%) .Fe(0.04%)
Si(0.14%) ( WDS) Ni.Mn.Ca-
Al.Cr.Co.Ti-Zn.P  Na 4x107% ~14 x
107¢ 3x107°~9x107( 10)
LA-ICP-MS o
EDS WDS
WDS .
. WDS .
EDS
2.1.3
( TiO,)

( Brenan et al. 1994; Ewing et al.

2013; Meinhold 2010) .

Ti Nb.Zr.Fe.Cr.V.Ta.
Hf Al Si N
( Zack et al. 2004; Triebold et al.
2007; Tomkins et al. 2007; Sutton et al. 2005; Liu et al.
2014; Rudnick et al. 2000; Liang et al. 2009)
LA-CP-
MS o Zack

et al. (2002) JEOL JXA 8900RL

Ti.Fe.Mg.Al.Si.Ca.V.Cr.

Mn.Zr.Nb W 12 o 30kV  80nA
Ti.Fe( 60s) Mg.Al.Si.Ca-
V.Cr(120s) Mn.Zr.Nb(300s)  W(600s)

Mg+ Al.Si~Ca+Cr(20 x 10 ™ ~35 x 10 ™) Mn.Fe.
Nb.W(40 x107° ~45x107°%)  Zr(80x107%) (1¢) »

(2005) Fialin et al. (1999)
( CCSD) Cr.
Nb Zr o 20kV
100nA Cr( 100s) . Nb ( 200s) Zr
(300s) Cr.Nb Zr 28 x107°.28
x107*  17x107°(10) » (2006) 20kV.
100nA CCSD Cr.Nb
Zr ( Cr(150s) \Nb
(240s)  Zr(300s) ) 19 x 10 7%,
21x10°° 36 x10°°(10) - (2006)
Zr Nb.Cr. V.
Fe Al o
Sum Zr  300s Nb.Cr
240s V. Fe Al 180s 20 x107° ~30 x



265

1 R10 (  Luvizotto et al. 2009; 2017)
Table 1  Comparison of EPMA conditions for trace element analysis of rutile R10 ( after Luvizotto et al. 2009; Wang et al. 2017)
Ti A% Cr Fe Zr Nb Sn Sh Hf Ta w
LIF LIF LIF LIF  PETH PET PET PET PETH LIFH LIFH
JEOL JXA-8900
25KV X KB Ka Ka Ka Lo Lo Lo Lo Lo Lo Lo
80nA (s) 30 200 200 150 300 300 200 300 300 300 200
( ““Vi’z“(‘)‘(‘)‘; )‘” al. (s) 15 100 100 50 150 150 100 150 150 150 100
( x1079) 922 40 30 40 40 70 60 40 50 50 80
(1o x107%) 4050 160 30 60 30 100 40 100 50 100 140
Al Si Ti \Y Cr Fe Zr Nb Ta - -
TAP TAP LIF LIF LLIF  LLIF LPET LPET LLIF - -
SX Five X Ka Ka Ka Ka Ka Ka La La La - -
zzo%kn\; ('s) 120 240 10 120 120 120 240 120 240 - -
( 2017) (s) 60 120 5 60 60 60 120 60 120 - -
( x107°) 30 18 353 42 71 63 59 72 105 - -
(20 x107°) - 5 - 15 66 29 19 31 87 - -
10°° (lo) o ( 1987; Donovan et al. 2003; Hetherington ez
al. 2008) . Donovan et al. (2003) CePOj
o Luvizotto et al. Pb(  0.5% ~2%) Pb
(2009) R10 ( Pb,P,0, Ce
1), LA-CP-MS.SIMS  EPMA .
o (2017) .
Cameca SX Five R10 X
Al.Si\Ti.Fe.Cr<Zr.V.Nb Ta 9 ( Lg Lo La i
1) Zr Nb.V.Fe Cr X .
10% .
V  Fe 5% - V.Fe
Nb ‘ ‘
(1987) X
’ La\Ce\Gd\Th-ErsYbLu Y
( Gervilla et al.
) La Pr.Nd.Sm.Dy.Ho Tm
2004) | ( Weiss et al. 2008) ( Jochum et
al.  2005; Mallik et al. 2016) Lp °
. Hetherington et al. (2008)
29 Pr.Sm.Gd  Ho Lg
Allaz et al. (2013) PrLg Eu
( 1983: La o Lowers et al. (2017) EDS
1987; Donovan et al. 2003; Jercinovic et al. 2008; A
Goemann 2011; Allaz et al. 2013; Lowers et al. 2017) , 1CP-MS N
. Ca.Sr.Ba.U.Th.Pb
Ca-Al . . .
Ca-Al °

( 1987)



266

2.3
Suzuki
Chemical Th-U-otal
PblIsochron Method ( CHIME) ( Suzuki and Adachi 1991a b)
( Williams ez
al. 2007; Kusiak et al. 2018) .
( Montel et
al. 1996; Williams et al. 1999; Jercinovic and Williams
2005; Jercinovic et al. 2008; Kone¢ny et al. 2018) . Montel

et al. (1996)  Suzuki

o

( age mapping) Williams et al. (1999)

Jercinovic and Williams ( 2005)

~

U MB 0. 008cps/nA 70Ma
o Koneény et al. (2018)
( monazite age reference correction)
Pb
N ( Suzuki and Adachi

1991a b; Hetherington et al. 2008; Suzuki and Kato 2008) .

2.4 Fe'*
Fe’* - N
Fe'* ( Dyar et
al.  2006) . X ( XANES X-ay
Absorption Near Edge Structure) ( Bajt ez al. 1994) X
( XPS X-ray photoelectron spectroscopy)
( Raeburn et al. 1997) .
50pm
Feit
( Hofer et al. 1994 2000) .
( Hofer and Brey 2007; Li et al. 2018) . ( Enders et
al. 2000; Lamb et al. 2012) ( Fialin et al.
2004; Zhang et al. 2018) . Fe’*
Fe’* La LB Fe’*
Fe’* Fela TFelf Fe LB
( Hofer et al.  1994) . Fe’*

Acta Petrologica Sinica

2019 35(1)

: “ ( peak-shift method) ”
“ (flank method "o ” Fe La
Fe'* /3 Fe ( Fialin et al.  2004)
Fe La °
FeO 5%
Fe Lo Fe LB “ 7
o 7 Fe La  Fe
Lp o Fe La
Fe 18 Fe’* .
Fez +
FeB + . “ ” Fe3 +
Fe** o Hofer and Brey ( 2007)
Fe’* o
Fe'* /3 Fe
+0.02( 10) Fe 10%
Fe’* /Y Fe + 0.04. Zhang et al.
( 2018) “ ”»
Fe?. + “ ”
o FeO, 5%
Fe’* /Y Fe £0.1  FeO, 5%
+0.3 o “ 7
Fe’* o
Fe’* °
2.5
( LaBy)
( Rinaldi
and Llovet 2015)
o 4
(10kV) (100nA)
o (10 ~80nm
Berger and Nissen 2014) 3



4 ( Rinaldi and Llovet
2015 )
. ( LaBy)
10kV 5000
10nA  100nA
Fig. 4  Secondary electronic images from Au particles

( modified after Rinaldi and Llovet 2015)
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Fig.6  Schematics of soft X—ray emission spectrometer and a
traditional  wavelength  dispersive  systems spectrometer

( modified after Takahashi et al. 2014)
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Fig. 7 Schematic illustration of secondary fluorescence

effects close to the boundary between quartz and rutile
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