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Abstract 

 

This work was performed by University of Tsukuba under contract with Japan Nuclear Cycle 

Development Institute. In this study, quantitative trace element analytical techniques for minerals and single fluid 

inclusions by micro-PIXE have been developed investigate a behavior of radioactive nuclide in rocks and chemical 

compositions of deep underground water that is retained in minerals as fluid inclusions. By using the developed 

methods, trace elements in glasses and minerals were determined with average estimated relative error of ±10%.  

For single fluid inclusions, elements with concentrations of 10 to 1000 ppm were measured with average estimated 

relative error of ±7%.  For natural fluid inclusions with 30 m radius and 20 m depth in quartz, the total 

analytical errors were estimated to be ±40% relative for Ca, ±16% for Fe, ±13% for Zn, ±12% for Sr, and ±11% for 

Br and Rb, by considering uncertainties in microscopic measurements of inclusion depths.  Detection limits of 4 

to 46 ppm for elements of mass numbers 25-50 were achieved for analyses of a spherical fluid inclusion with 

30- m radius and 20- m depth in quartz at an integrated charge of 1.0 C.  The trace element compositions of 

single fluid inclusions in hydrothermal quartz veins from Nagano and Nagasaki Prefecture were also determined by 

using the developed method.  High concentration (wt.%) of Ca and Fe, and tens to thousands ppm Mn, Zn, Cu, Br, 

Rb, Sr, Pb, and Ge, were observed in the fluid inclusions, indicating higher metal contents in hydrothermal fluid 

released from granite. 

 University of Tsukuba 

2  Barrier Performance Group, Waste Isolation Research Division, Waste Management and Fuel Cycle Research 

Center, Tokai Works, JNC  
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PIXE Ca, Ti, Cr, Mn, Fe, Ni, Cu, Zn, Sr, Y K-X

Fe p 14

 Fe EPMA ) PIXE

Fe

ppm

 (Imai et al., 1995) 

9 Ca, 

PIXE

e.g., Czamanske et al., 1993; 

Kurosawa et al., 1999

 

1 PIXE
                                       

micro-PIXE Reference*1
                     
concentration concentration rel. dif

(ppm) (ppm) (%)*2
                                                  
Ca 51844  218 66500 -22
Ti 7435  33 7700 -3
Cr 383  6 392 -2
Mn 1229  9 1150 7
Ni 119  4 139 -14
Cu 58  4 56.7 3
Zn 84  3 82.1 2
Sr 361  5 442 -18
Y 23  3 24 -5
                                       
*1: Imai et al. (1995).
*2: ( -PIXE value – EPMA value)/(EPMA value)
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15 (Kurowawa et al.(2003c) ) 
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EPMA

10% L-X

L-X

 (Ti, Mn, Fe, W) Cd

Cd

EPMA EPMA

PIXE

 

 

 

 

 

 

2  PIXE *
                                       

micro-PIXE EPMA
                     
concentration concentration rel. dif

(wt.%) (wt.%) (%)**
                                                  
Ca 0.14  0.01 0.14  0.06 0
Sc 0.27  0.01 0.29  0.02 -5
Ti 3.36  0.02 4.15  0.24 -19
Mn 0.45  0.01 0.59  0.13 -23
Fe 4.92  0.02 6.35  0.36 -22
Y 7.60  0.12 6.90  0.13 10
Nb 26.89  0.28 24.83  0.18 8
Nd 0.28  0.03 0.30  0.03 -5
Sm 0.51  0.03 0.50  0.03 2
Gd 1.14  0.04 1.24  0.09 -8
Dy 2.05  0.00 1.97  0.04 4
Ho 0.57  0.04 0.61  0.05 -7
Er 1.05  0.07 1.00  0.04 4
Yb 0.95  0.05 0.98  0.03 -3
Ta 6.09  0.09 5.90  0.17 3
W 3.15  0.06 4.14  0.15 -24
Th 1.42  0.08 1.42  0.12 0
U 13.26  0.21 13.81  0.39 -4
                                       
*Kurosawa et al. (2003c)

**( -PIXE value – EPMA value)/(EPMA value).
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PIXE

10%

 (Ryan et al., 1990a; Campbell et 

al., 1993)
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3  PIXE  

 

PIXE

 

 

3.1  

2.1

Zhou et al., 1996; Volfinger et al., 1997; Bureau et al., 2000

Ryan et al., 1993  

Ryan et al. (1993) Campbell (1995)

 (x,y,z)  i  i(x,y,z)  

i i(x,y,z)  (x,y,z) 

16

i(x,y,z) i(x,y,z)

 i 

 i  2.1  (1)  i  C 

 

l  w  t) 16  

Frondel (1962) 

1.5

3
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d

45°

l

t

d

w
o

(x,y,z)

45

X

Z

Y

90

16 (Kurosawa et al.(2003b) ) 
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( 16) Ryan et al., 

1993

( 16)

z x,y

i(x,y,z) i(x,y,z)

 (H2O) (SiO2)

 

(x,y,z) i i(x,y,z)

(x,y,z) Ep,z,f-i

 Ep,z,f-i 4 MeV (x,y,z)

Mp ( m)  Fp ( m)

 

 

 

 

 

 

SiO2  H2O  SiO2  H2O  (g/cm3) i(x,y,z) Ep,z,f-i

Paul and Sacher (1989)  Cohen and Harrigan, (1985)  

(x,y,z) i  i,f-i(x,y,z)

Mx ( m)

Fx ( m)  
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4
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)                                             (6)

  M
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                                                                   (10)
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z

 

r l sin  cos

r w sin  sin

r t cos

                                                                                  (11)

   Fi =  f(k) r
2
 d  d  d                  (12)

f(k) =  l w t r
2
 sin  exp C

n
ln(E

p,z, f- i
)

n

n= 0
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i,SiO2

SiO2
 M X

i,H2O

H2O
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X
  

                                                                   (13)
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10  

Ryan et al. (1993)

12 12

 

 

 

 

3.2  

PIXE

Ryan et al. (1995)

0.1wt%

10-15%

ppm

 

 2.23g/cm3
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LAM-ICP-MS 1ppm

(Roedder, 1984)

 

30 50

130

SPEX  XSTC-535, XTC-534, XTC-533, XTC-532, 

XTC-531 Cr, Ni, Fe, Zn, Ga, Ge, Sr, Mo, Ag, Cd, In, 

Ba 12 1000, 500, 100, 50, 10ppm 5

30 10 20

 

10-6torr

 

 

 

3.3  

 PIXE

2.2

50 x 50  200 x 200 m

0.4nA 0.1  0.3  nA 
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1000ppm 500ppm 0.5 C 100ppm

0.75 C 50ppm 1.5 C 10ppm 2.0 C

SRM-1412

 

2.2

1

12 13  

 

 

3.4  

17  (Kurosawa et al., 

2003b) 1000ppm
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Fluid inclusion analogue
1000 ppm, 3.0 C

17 1000 ppm Kurosawa et al. (2003b)17 1000ppm (Kurosawa et al.(2003b) ) 
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Ba In Si(Li)

100ppm

In

In 500ppm

 

18  (Kurosawa et al., 2003b) 3

 (1 )  Cr, Fe, Ni, Zn, 

Ga, Ge, Sr, Mo, Ag, Cd, In, Ba 

1000ppm 10ppm

 

50ppm In 10ppm

1000ppm 7% Ryan et al. (1995)

0.1wt% 10-15% Philippot et al. (1998) 

SXRF 30%
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18 Kurosawa et al. (2003b)18 (Kurosawa et al.(2003b) ) 
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3.5  

2.4

 

st(Ymeas) Climit

 

Climit = 
3 st(Ymeas) i.K

 si.K B 
 Fi    (14) 

 

Si i  F 

 B 1.0 C

20 m

30 m 4 MeV 1.0 C

19 25 Z 50

  4-46 ppm 

1.3 mm
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19 (Kurosawa et al.(2003b) ) 
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4.1  

 

Nordstrom et al., 1989; Gascoyne et al., 

1992; Pitkänen et al., 1992, 1994, 1996

PIXE 

 

 

 

 

4.2  
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150 m c  

 

 

 

 

 

 10 m 6 
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m NaCl

20 20 100 m NaCl

NaCl 272-406 NaCl

30%
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NaCl

360  

( , 1959)

150 m  

 

12.5 m 10 m  10 m  25 m 25 m

25 m NaCl

21

21 100 m 30%

Imai et al., 1971)  

 

 

 

 

 

 PIXE

3.3

21  
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10 m

( 0.4nA)

0.5 C  

H2O

1.10 g/cm3  

 

 

4.3  

Ryan et al., 1993  

1 m

 (Heinrich et al., 1992)

 

5mm×5mm×10mm  20-50 m

±2.6 m Kurosawa et al., 2003b

±2 m

30 m  20 m

±2.6 m 4 MeV

Ca ±33% Fe ±9% Zn ±6% Sr

 ±5% Br  Rb ±4%
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Cl  K  K  ±1 m

 (Ryan et al., 1995) 4 MeV Cl 

1.9 MeV 

 

±7%

Ca 40% Fe ±16% Zn ±13% Sr ±12%

Br  Rb ±11% Kurosawa et al., 2003b  

H2O NaCl  

3.1

±0.9-3.6%

± 0.8-3

 

NaCl 30% H2O

1.10 g/cm3

30 m  10 m Mn, Fe, Cu, Zn, Sr, Pb

+7% +5% +1% +1% -3% -1%  

NaCl NaCl

NaCl

 NaCl NaCl 24%  (Vanko 

et al., 2001) NaCl

Kurosawa et al., 2003b  
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22  Ca, Mn, Fe, Cu, Zn, 

Br, Rb, Sr K-X  Pb, Ba, La, Ce L-X

Cu Ge Br Pb X

Ba, La, Ce

Cu

Cu X

 

0.2-9 wt  Ca  Fe, 300-8000 ppm  Mn  
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5 10 15
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Mn
Fe
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Br
Rb
Sr

6781
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(ppm)

22  

(Kurosawa et al.(2003b) ) 
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Zn  40-3000 ppm  Cu 100-4000 ppm  Br, Rb, Sr, Pb, 100 ppm 

Ge Kurosawa et al., 2003b

Mole Bingham

 (Ryan et al., 1991; Heinrich et al., 1992; 

Audétat et al., 2000; Vanko et al., 2001)

Mn, Fe, Cu 

1985 1000

Mn, Fe, Cu

Ba, La, Ce

Audétat et al., 2000

 

H2O

Audétat and Günther, 1999

 

Mn, Fe, Cu, Zn, Pb Cu Ge Pb

 Ge

0.8-3.3 ppm  (Bernstein, 1985)

Ge Ge

Ge 70-500 ppm

, 1964 Ge
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NaCl 23  
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NaCl NaCl
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700 ppm Ca 0.7-13 wt  Fe 700-40000 ppm
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Ca Zn Pb

Ca Zn Pb

Cu 

Cu 

 

ppm  Ca, Mn, Fe, Cu, Zn, Br, Rb, Sr, Pb Ba

NaCl

14 17 Ma



ＪＮＣ ＴＹ８４００ ２００３‐００５

｜ ４７ ｜

5    

 

PIXE

Campbell (1995)

NIST SRM-1412

3%

PIXE

±10%

PIXE

Ryan et al. (1993)  Campbell 

(1995)

±7%

Kurosawa et al., 2003b

30

20 Ca ±40% Fe ±16% Zn ±13%

Sr ±12% Br Rb ±11% Kurosawa et al., 2003b

H2O NaCl

20

30 4 MeV 1.0

 4-46 ppm

ppm  Ca, Mn, Fe, Cu, Zn, Br, Rb, Sr, Pb

Ba
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