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Abstract The electron microprobe ( EMP) analysis is a quick and non-destructive method for qualitative and quantitative analyses
upon samples from material science and geoscience which plays a fundamental and vital role in these subjects. It is of great scientific
significance in the geological research to use EMP to determine the in-situ contents of Fe with different valences ( ferric and ferrous) in
minerals. The newly developed microprobe-based Flank Method measurement to quantify the Fe’* content in minerals is comparatively
of much higher precision and greater credibility than the early experimental approaches. The Flank Method measures the defined flank
positions instead of the actual peaks of the iron’ s X—ray characteristic L. emission spectra ( FeL) ; those flank positions correspond to
the maxima ( FeLa' ) and minima ( FeLB" ) values of the iron’ s absorption difference spectrum. Meanwhile a spectrometer
calibration procedure is designed for the peak shift error correction prior to the Flank Method measurement in order to maintain the
analytical reliability and reproducibility. This calibration procedure should be performed in each working session within a proper time
duration. In this work we propose a modified and improved Flank Method measuring procedure after the early suggestions to analyze
the Fe’* content in the garnet by using JEOL JXA-8100 microprobe in our facility. The feasibility —reliability and repeatability of this
method has been well tested on several standard garnets with known Fe’* contents in our laboratory and then it is applied on some
natural garnet samples. The analyzed garnets are from the typical oceanic subduction type medium-ow temperature and ( ultra- high—
pressure eclogites of SW Tianshan ( Habutengsu) Lhasa terrane ( Songduo area) and North Qilian ( Baijingsi foliate zone) . The

results show that the Fe’*

content serves a good indicator of the oxidation state and its ( zonal) change in garnet corresponds to the
metamorphic P-T' path suggesting that the oxygen-fugacity is probably prone to decline in the subduction process.
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(a) JEOL JXA-8100( TAP CH2)  (b) JEOL JXA-8230( TAP CH4) 15kV 80nA . Flank Method
(FeLa™  Felp™) ( Max.) ( Min. )

Fig.1 The Fe Ldine X—ray emission spectra of almandine ( Fe’*) and andradite ( Fe’*) with their difference spectrum ( And. —
Alm. )
Data acquired by ( a) JEOL JXA-8100( TAP CH2) and ( b) JEOL JXA-8230( TAP CH4) microprobes at 15kV  80nA. The flank method

measurement positions ( FeLa" and Fel8" ) are defined by the maxima( Max. ) and minima( Min. ) of the difference spectrum
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. JEOL JXA-8100 CH2 TAP

Fig.2  The regression line calculation results in the spectrometer calibration for Flank Method measurement in 8 working sessions

(Set 1 to Set 8)

The peak search samples are 18 standard pure iron standards ( Z] METAL SET 18) by GB/T17359-4998A/B. JEOL JXA-8100 microprobe CH2 TAP

spectrometer crystal 25kV 80nA

( spectrometer calibration)

( calibration value) o
Hofer et al. (2000)
Fe Ka, X (Fe Ko, 9"
order) ( 189.417mm TAP )
FeLa( 191.218mm TAP )  Felp
( 187.631mm TAP )
s ( )
""FeKe, (25kV 80nA)
( PHA/SCA)
( Integral) TAP " FeKa,
( peak search) fe, (
) fe, + 14mm
fe, fe, (fe, =fe, — 14 fe, =fe, + 14)
( 6
) cps fe, /cps fe,
( peak shift) (y=ax

+b) R( 2)
0. 6% ( Hofer et al.
2000) .
( self-absorption)
Fe N
SFe o 15 ~
20kV Fe L
(LB/La ) ( Pavicevié et al. 1989;
Hofer and Brey 2007) Fe La LB
( )
(15kV) Flank Method
SFe o
Flank Method
(1) : Flank
Method (10 )



1062
Fel. LB) ( Tossel et
al. 1974) o
Flank Method FelLB
( Hofer and
Brey 2007);(3)
( ) Fe
L ""FeKa,
2 Flank Method
Flank Method
(JEOL) ( SHIMADZU) ;
( standard data)
SFe o
( Hofer and Brey 2007)
Flank Method o
N Flank
Method °
2.1
25kV 80nA
1 ~Opm( spot ) o TAP

Flank Method
( PHA/SCA)

( Integral)

. Step = 10/20pm+ Dwell =20000/15000ms~ PHA gain = 64,

( detector slit)

(open)
)
( resolution) o
1998A/B 18
Fe

Qualitative Analysis) ""FeKa,
fe, o fe,

(JEOL

fe, (fe) (fe,)

( 2
Excel

(300pm JEOL

Fe X
GB/T17359-
(ZJ METAL SET 18)
( Quick
( peak ID)
+ 14mm
2000)

fe, fe,

Hofer et al.

Acta Petrologica Sinica

FeL o

2.2
Analysis) 11 ( Mg
Mn Cr- Ni)

TAP (
Flank Method

FelLa
150s  300s
0 )
( Diff) .

1.
2um SPI 53

53 Minerals) o

Flank Method

2019 35(4)

( Quantitative

vCa.K.Na.Si.Al.Ti. Fe.

TAP2)
As Br
Felp

: 15kV.10nA
( SPI Standards

( standard data)

o

SPI (STD #41) . (STD #28) .
( STD #34) . ( STD #35)
( STD #37)
2.3  Flank Method
( grid analysis)
6pm x6pm  20pm x 20pwm
3um  Spm
9 25 o
(1) As  Br ( intensity)
( current) 1;(2) As  Br
( offdine correction) (11 )
(wt%) . ( atom%) .

( intensity) . ( current)

( standard data) 2,
Excel
( ) o
24 )
Hofer PeakFitH
JEOL
JEOL

8230)

( stage)
Fe’* /SFe
(
( UNIX ) Q
Excel
(JXA8100  JXA-
JXA-8100



Fe'* : Flank Method 1063

1 Flank Method
Table 1 Microprobe spectrometer (4 channels CHI ~CH4) settings for the Flank Method analysis

Spect. Pos.  Back ( +) Back ( -) Mes. Time  Bac. Time

Element Standard Channel Crystal ( mm) ( mm) ( mm) ( sec) ( sec) PHA/SCA
Mg Ka diopside CH3 TAP 107. 407 5.000 5.000 20.0 10.0 Diff
Ca Ka diopside CH1 PET] 107. 456 5. 000 5. 000 20.0 10.0 Int
Ka sanidine CH1 PETJ 119. 683 5.000 5.000 10.0 5.0 Int
Na Ka jadeite CH3 TAP 129. 424 5.000 5.000 20.0 10.0 Diff
Al Ka jadeite CH3 TAP 90.517 5.000 5.000 20.0 10.0 Diff
Si Ka jadeite CH3 TAP 77.300 5. 000 5. 000 10.0 5.0 Diff
Ti Ka rutile CH4 PETJ 87. 985 1. 500 2.500 10.0 5.0 Int
Fe Ka hematite CH4 LIFH 133. 843 4. 000 4. 000 20.0 10.0 Int
Mn Ka rhodonite CH4 LIFH 145. 396 3.000 3.000 10.0 5.0 Int
Cr Ka Cr-oxide CH4 LIFH 158. 467 5. 000 5. 000 10.0 5.0 Int
Ni Ka Ni-silicide CH4 LIFH 114. 478 1. 500 1. 500 10.0 5.0 Int
As La fake CH2 TAP 190. 537 0. 000 0. 000 150. 0 1.0 Diff
Br La fake CH2 TAP 189.912 0. 000 0. 000 150.0 1.0 Diff
Set 1 JEOL JXA-8100
3 Flank Method
Alm_oxy( McGuire et al. 1992) FRAI( Woodland et al. 1995) Damknolle Mirl Mi2 Mirl3 Mir23( Rankenburg et
al. 2004) UA5 UAL0( Vasilyev 2016). 8 (Set1~Set8) (a b: 15kV 200nA; c-h: 15kV 10nA) : Flank Method
(1o = +0.01)

Fig.3  The results of microprobe Flank Method and Méssbauer spectroscopy analysis on the different standard garnets

Standard garnets: Alm_oxy ( McGuire et al. 1992) FRAI ( Woodland et al.  1995) Damknolle Mirl Mir2 Mirl3 Mi23 ( Rankenburg et al.
2004) and UA5 UAIO ( Vasilyev 2016) . There are eight working sessions completed ( Set 1 ~Set 8) at (a b) of 15kV  200nA and ( c-h) of

15kV  10nA conditions. Corresponding 1 uncertainties in microprobe Flank Method and Méssbauer spectroscopy ( 1o = 0. 01) analyses are shown

( CH2) TAP SFe) ( ) (SFe
Fe =8% ~20%) : Alm_oxy( McGuire et al. 1992) FRAI

( ) L ( ( Woodland et al. 1995) Damknolle Mirl Mir2 Mirl3

1) Flank Method Mir23( Rankenburg et al. 2004) UAS UA10( Vasilyev
. 8 (Set 1 2016) Fe** (Fe’*/

~ Set 8) 4 ~7 Fe’* (Fe’*/  SFe) 4
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4 Flank Method 8 (Setl~Set?8)
8 FelB/Fela Fe** ( )

Fig.4 Microprobe Flank Method analysis for all 8 working sessions ( Set 1 ~ Set 8)

The correlation of measured FeLf/FeLa ratio and corresponding Fe?* content (%) of measured standard garnets shows good regression line equations

(y=ax+b) from all 8 working sessions
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o Set 1+ R?
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JXA-8100 +0.4% ( D. L
=100 x107° ~120 x 10 °%; S.D. =0.8% ~1.2%)
( 9 o
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o 3 Fe'*
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( 3a-h) € ) -
F83+ o
SFe : UA5 ( Fe'* /3Fe = °
0.126 SFeO0=7.8%) UAIO( Fe’* /SFe =0.068 3FeO = -
7.5%) ( Udachnaya - - °
Vasilyev 2016) , ( )
(1) ( H141)
1(2) ( 2007; Lii et al. 2009 2012a
Set 6  Set 7 b; Wei et al. 2009a; Zhang et al. 2013) .
( 25C) ( )

( Hofer and Brey -
2007) . (
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5 UA5( a) SFe (%)

SFe  (7.9% ~8.3%);

UAILO( b)
SFe
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A= +0.4%

Fig.5 Microprobe grid analysis results for modeling 3Fe contents on a micro area of the standard garnets of UAS ( a) and UAIO ( b)

The grey intensity denotes the XFe contents (7.9% ~8.3%) ;
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6 Flank Method (avcve) Fe’* /3Fe ( b~d-f)
(a.b) ( HI41G2): (c.d) ( SD0062): (e.f) ( Q054)
Fig. 6 The microprobe Flank Method analysis results of the major components (a ¢ e) and the Fe'* /SFe ratios (b d ) of the
natural garnets

(a b) Habutengsu eclogite Tianshan ( Sample H141-G2) ; (¢ d) Songduo eclogite Lhasa ( Sample SD006¥2) ; (e f) Baijingsi eclogite North
Qilian ( Sample Q05-)
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al. 2018) . (
2014) ( 7a path 2)
( 2007; Fe'” ( 7b)
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7 ( 1 2007; Zhang et al. 2013) . ( 2 2014)
( 3 Weietal 2009b) (a) Fe’* /3Fe
(b)
H141 ; SD006 ; Q054

Fig. 7 The metamorphic P-T paths of the host eclogites ( a) from Tianshan ( path 1 after Liiet al. 2007; Zhang et al. 2013)
Lhasa ( path 2 after Yang et al. 2014) and North Qilian ( path 3 after Wei ez al. 2009b) and the correlation of the Fe’* /SFe
zonal changes in the analyzed garnets and corresponding pressure and temperature ( b)

H141-G2 Habutengsu eclogite Tianshan; SD006-E2 Songduo eclogite Lhasa; Q054  Baijingsi eclogite North Qilian

8 Fe’* ( ) Flank Method
Fig.8 The comparison of the charge-balance calculation results and the microprobe Flank Method analyses on the Fe’* content

(Fe’* /SFe) for the standard garnets with known Fe’* content ( by Méssbauer spectroscopy)

Alm_oxy ( McGuire et al. 1992) FRAI ( Woodland et al.  1995) Damknolle Mirl Mir2 Mirl3 Mi23 ( Rankenburg et al. 2004) and UAS
UA10 ( Vasilyev 2016)

Flank Method Fe X
L “ ”»
F63 +

3
Fe’*
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