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Abstract 

 

 Magnetic properties of basalts collected from 32 sites at selected locations in 

Thailand are examined. Measurements of the magnetic susceptibility (k), the anisotropy of the 

magnetic susceptibility (AMS), and the natural remanent magnetization (NRM) are performed 

and analyses of the magnetic minerals and elemental composition of the rocks are made. The aim 

of this study is to utilize the magnetic properties of basalt rocks to be a reliable indicator for 

corundum-bearing basalt in Thailand. 

 The results of rock magnetic analyses show that the high magnetic 

susceptibilities of the basalt samples in an order of 10-3 SI indicate ferromagnetic material present 

in the rocks. Magnetite (Fe3O4) and titanomagnetites (Fe3-x Tix O4) are found to be the main 

magnetic minerals in the studied basalts. Magnetic minerals in corundum-bearing basalts are Ti-

rich titanomagnetites (TM60) and in non corundum-bearing basalts magnetites (Fe3O4). The high 

intensity values of the natural remanent magnetization indicate a high stability of the remanence. 

The AMS values of corundum-bearing basalts show a high anisotropy degree (Pj) with 1.12 

(12%). In summary, the corundum-bearing basalts in Thailand are characterized by the presence 

of Ti-rich titanomagnetites (TM60) with a high degree of the AMS. 
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 (Basalt)  (Extrusive rocks) 

(Volcanic rocks) 

(Corundum) 
 (Sapphire)  (Ruby)  (Spinel) 

( , 2548) 
 

1.1  

   (Intrusive rocks) 

 (Gabbro) 
1,000 oC 

-
(basic rock) 

 (Plagioclase) ((Na, Ca)(Si, Al)AlSi2O8)  (Pyroxenes) ((Ca, Na)(Mg, Fe, 

Al)(Al, Si)2O6)  (Iron oxide) (Fe2O3, Fe3O4, Fe2TiO3)  ((Mg, 

Fe)2SiO4)  (volcanic glass)  
 

  4 
(alkaline) (Nockolds , 

1978)  

1.) (alkaline basalt)  
2.) (tholeiitic basalt)  
3.) (calc-alkaline basalt) 

 (orogenic region)  (island arc)   
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4.) (basaltic komatiite) 

 

intergranular  ophitic  

 (norm)  (basanite)  (basanitoid) 
(nephelinite)  (hawaiite)  (mugearite)  

( ) 
(undersaturated silica) 

 

10% 
 

(mafic rock) 

 ( Na-Ti-Al rich clinopyroxene) -
10 (accessory mineral) 

-  

 ( ) 
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subalkaline basalt 
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1.1 (columnar jointing) 

 ( ) ( ) 
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1.2  

(Cenozoic Extrusive Rocks) 

 1.2 
 (Oriented core 

sampling)  

 (NR) (3 Sites; S1, S2  S3) 
 (quarry) 

 

 (BR) (7 Sites) 
(5 Sites; S11, S12, N9, N10  T2) (3 

Sites; T1, S4  S5)  
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-

(roadcut) 

(WB) (3 Sites; N6, N7  N8) 
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1.1 (Saminpanya, 2000) 

 (Site) /  (N/E)   

 S1 14.620 / 102.234  

 

(NR) S2 14.625 / 102.235 Hawaiite 

 S3 14.724 / 102.275  

 S4 14.556 / 102.848  

 S5 14.520 / 102.806  

 S11 14.927 / 103.132  

 S12 14.949 / 103.126 Hawaiite 

(BR) N9 14.958 / 103.105  

 N10 14.956 / 103.125  

 T1 14.568 / 102.810  

 T2 14.962 / 103.118  

 N11 14.747 / 103.384  

 N12 14.751 / 103.391  

(SR) N13 14.746 / 103.345 Hawaiite 

 T3 14.769 / 103.392  

 T4 14.754 / 103.355  

 S6 14.514 / 105.015  

 S7 14.526 / 104.995  

- S8 14.549 / 104.912 Hawaiite, 

S9 14.506 / 105.028 Alkali olivine basalt 

(UB) S10 14.512 / 105.033  

 T5 14.676 / 104.647  

 T6 14.544 / 104.911  

 N1 17.879 / 99.877 Transition hawaiite, 

N2 17.953 / 99.961 hawaiite, basanite, 

(DC) N3 17.899 / 99.890 basaltic andesite of calc- 

 N4 17.886 / 99.878 alkali affinities 

 N5 17.831 / 99.870  
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 N6 15.757 / 101.245 Alkali olivine basalt,   

(WB) N7 15.717 / 101.157 hawaiite 

 

 N8 15.639 / 101.047  

 N14 14.328 / 99.522 Nepheline hawaiite,  

(BP) N15 14.328 / 99.524 basanitoid 

 

1.3  

(Cenozoic Extrusive Rocks) 

 

2 (Barr and Macdonald, 1978) 

(Gems bearing) (basanitoid basalts) 

(nephelinite) (basanite) (nepheline hawaiite) 
(nepheline mugearite) 

(Gems barren) (hawaiite basalts) 
 (alkali olivine basalt) (hawaiite) (mugearite) 

(tholeiitic basalts)  ( , 2550) 

 

 (The Northern Region)  

 

 (Chiangrai basalts) 
 50 

 
 

 
(Barr and Macdonald, 1978)  
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  (Lampang basalts) 

12 
20 

 (Mae Tha basalt) 
33 -

90 
(Sop Prap basalt) 

 (Mae Tha basalts) 
- 2 

-

 (scoriaceous  vesicular) 

(Barr and 

Macdonald, 1978) 

 (Sop Prap basalt)  

 
(Vichit , 1978) Barr and Macdonald (1978) 

 Panjasawatwong (1983) 
 

 (Denchai basalts) 

70  
-

Barr and Macdonald (1979)  
 7 1 4 

 (transition hawaiite) 5 6 7 
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( 1)  

1 6  

(spinel lherzolite) 1 6  
7 

(columnar jointing) (spinel 

lherzolite) 

 ( )  Barr and Macdonald (1979) 
7  

 (Mae Lama basalts) 
Barr and 

Macdonald (1979) 
(amygdaloidal) 

 
 

 

 (The Western Region) 
 

-  

 (Bo Phloi basalt) 
(blue sapphire) 

-
(Bo Phloi Formation) -
(Bunopas and Bunjitradula, 1975) Barr and Macdonald 

(1978) Yaemniyom (1982) 
(nepheline hawaiite) 

 (spinel lherzolite) 
 (megacrysts)  
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 (Phetchabun ranges) 

(Lam Narai basalt) 
(Wichian Buri 

basalt) 

 (Lam Narai basalt) 
70 

 
 

 (pyroclastic flows) 
 1-2 1 

  
 (Wichian Buri basalt) 

200 

30-50 

  (spinel) 2-
3 
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(The Eastern Gulf) 

-

 

 

Barr and 

Macdonald (1978) (nephelinite)  

-

 Vichit  (1978) 2  

(porphyritic to 

glomeropos-phyritic texture and holocrystalline) 

 
2 40 

(pillow lava)  

Sirinawin (1981) 

 

 
-

Barr and Macdonald (1978)  

 
-
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(olivine 

nephelinite) 

 

 

 

8 

 

 

(The Khorat Plateau) 

 

 

1400  
 ( ) 

(hawaiite) 

(Barr and Macdonald, 1978;  , 2525) 
 



20 

 
 (scoria)  (bombs) 1-2 

50  

 (hawaiite) (Barr and Macdonald, 1981) 

 
55 

Barr and Macdonald (1978) 
(mugeartie) 

 

 

1 
-  

(nepheline hawaiite) ( , 2548)  
  

2 
 (vesicular basalt)  

(
) 

 
(alkali olivine basalt) ( , 2548)   
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K/Ar, Ar/Ar Fission 

Track Paleomagnetic  

11.044.0 °  (Barr and Macdonald, 1981) 
2.06.0 °  3.08.0 °   (Sasada , 1987) 
03.092.0 °  (Barr and Macdonald, 1981) 

11.044.0 °  17.013.1 °  
17.014.3 °  

28.064.5 °  (Barr and Macdonald, 1981)  

 

48.028.3 °  (Barr and Macdonald, 1981) 

 1.2 
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 1.2 

 ( )  

K/Ar Ar/Ar Fission Track Paleomag. 

( ) 25.169.1 ° A     

( ) 18.074.1 °  A    

( ) 3.08.0 °  F 

2.06.0 °  F 

05.059.0 °  G 95.069.0 -  B 

( ) 28.064.5 °  A  06.662.5 -  A 

( ) 29.008.9 °  E 

09.082.8 °  G 

03.003.11 °  G  

 

( ) 64.029.11 °  A 7.01.18 °  E 

0.11.24 °  E 

  

( ) 17.014.3 °  A 11.017.4 °  G   

( ) 11.044.0 °  A    

( )  2.057.2 °  D  

( ) 19.000.3 °  G   

( ) 17.013.1 °  A 16.038.2 °  G   

 0.15.8 °  C    

( ) 03.092.0 °  A 26.011.1 °  H   

( ) 48.028.3 °  A    

 

A : Barr and Macdonald, 1981   B : Barr , 1976   C : Bignell and Sneling, 1977 

D : Carbonnel , 1972   E : Intasopa, 1993 F : Sasada , 1987   

G : Sutthirat , 1995         H : Charusiri , 2004  
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1.4  

1.4.1 (Magnetic susceptibility) 
  (Butler, 

1992 ) (Magnetic Minerals) 
low field 

(Applied magnetic field) 1 mT 800 A/m 
(Direct field) (Alternating field) 

 

   HkM =  
  M   

       H    

       k    

 

 
  1. Volume susceptibility (k) 

 

vM kH=  

  Mv = Volume magnetization (Am-1) 

 

  H = Applied field (Am-1)  

  2. Mass susceptibility ( c ) 
 

J H B
cc
m

= =  

  J = Mass magnetization (Am2kg-1) 

 

  B = Applied field (Wb.m-2)  

  m = magnetic permeability  

  k SI c  m3kg-1  
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1.4.2 (Magnetic Anisotropy)  

    (
) 

 

   (crystallographic structure) 
 

 

 

 
 1.9 

(Moskowitz, 1992) 

 

 [111]  (easy direction)  

[100]  (hard direction) 1.9 
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 (grain shape) 

 

 
  1.10 

(Fatima, 2002) 

 

   (Hext) 
 (Hdem) 

  1.10a 
x  (Hdem)  

1.10b y 
 (M)  (k)  (Mx>My

kx>ky)    
   (strain) 

  
 (Tectonic)  

 

1.4.3 (Anisotropy of Magnetic 

Susceptibility, AMS) 
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k min 

k int 

k max 

2 (second-order tensor) (Hrouda, 

1982)  
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ù
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==

z

y

x
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yzyyyx

xzxyxx

H

H

H

kkk

kkk

kkk

HkM

  

  

  

  

 M (induced magnetization) 
 H  (external magnetic field)  

          k    (susceptibility tensor)  
  x, y z 

( 1 mT )  k 
kxy=kyx, kxz=kzx, kyz=kzy  

 (Ellipsoid) 3 k 
(kmax) k (kint) k (kmin) k1, k2 k3 

1.11    
 

 

1.11 3  

 

AMS parameter 

(Susceptibility ellipsoid) anisotropy degree ( jP ) shape factor 

( T ) (Jelinek, 1981).  
Anisotropy degree ( jP ) 

 jP   

   ( ) ( ) ( ){ }[ ]212
3

2
2

2
1 2exp mmmPj hhhhhh -+-+-=  
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shape factor ( T ) magnetic 

susceptibility  
( )

31

3122

hh
hhh

-
--

=T  

11 ln k=h  ;  22 ln k=h  ; 33 ln k=h  3
321 hhhh ÖÖ=m  

  T>0  (oblate or plate-like ellipsoid) 
  T<0 (prolate or rod-shaped ellipsoid) (Jelinek, 1981) 
 

1.4.4  

  

( )
 

 

 
1.12 

(Butler, 1992) 
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0 K 
 

(TC) 

 
 

770 oC 580 oC 680 oC (
1.12)  

 

 
 1.13 (Fe3-x Tix 

O4) (x) (Butler, 1992) 

 
  1.13  (Ti) 

 (Fe3-x Tix O4)( x ) 
(Fe3O4) ulvo- 

spinel (Fe2TiO4) 200 oC 60% 
(TM60)      
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1.5  

  
(Igneous rock) (Metamorphic rock) 

( , 2544) 
 

1. (Extrusive igneous rock) 
 

2.  (Intrusive igneous rock) 

 

3. (Metamorphic rock) 
 

 

(Aranyakanon and Vichit, 1983; 

, 2531) 

( ) 

( , 2531) 
(Vichit, 1992)  

 
(corundum-bearing basalt) 

 (basanitoid) 

(Vichit, 1975; Jungyusuk and Khositanont, 1992; Sutthirat, 1995) 

Suttherland (1998) 
felsic alkaline melt 

 (metasomatized lithosphere)  



30 

 
 (contact metamorphism) Guo (1994) 

. .

silisic magma carbonatitic melts 
 

(2544) 

Vichit (1975) 

Yaemniyom (1982) 
(primary magma) 

15-20  

(2524) 
 ( ) 

 
20 

 

Levinson  Cook (1994) 



31 

 
2 (plate tectonic theory) 

(subduction 

zone) 

24-50 
8-17 (lower crust) 

50 
17 (upper mantle) 

 (2540)  

 

  

6  1 12  

 

 -
 

10 

( 35 ) 
 ( 5 17-18 ) 

  

 (2537) 
  

2   ( ) 
( - )  

- 5  -
 



32 

 
 -

 2 

 
 

 

 20  

 

25         

Zhou Mukasa (1997)  (Geochemical) 

0.9 (  K-Ar 
) 1  2 

 

 Charusiri (2004) 
30 

 Ar/Ar 1  

(magnetite) 
 

  
(Hawaiite)  (Olivine alkaline)  

Bhongsuwan  Elming (2000)  
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5 

  AMS 

 
Ti-rich 

 Ti-poor 

Q-Value 

Pj 10% 

foliated  lineated 
 

(oblate ellipsoid) 

Zhang (2008) 
(sill) 

3.7x10-3 SI 5.3x10-3 SI 
 

Ti-poor 
(PSD  SD) 

(PSD MD) Ti-poor Ti-medium 
(PSD MD)  

Endale  Marcia (1999) 

 
5 3 

2 (BV CV) 1 (JS) 2 
(IC PA) BV CV /

JS /
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IC PA - kmax (k1) 

kmin (k3) 
PSD 

MD  Ti-poor  

Rixiang (2003 ) 
Hannuoba 

 (alkali basalt)  (tholeiitic basalts) 
21.4  

560-585 oC 
Pseudo-Single Domain (PSD) 

kmax 
 kmin 

kmax 
 

Mattsson Elming (2001) 
 Ratan TIB 

AMS 
3 

k3 -
k1 k2 -

k3 - k1 k2 -

k3 k1 k2 
-

 

Salminen Pesonen (2007) 
Valaam 
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k NRM Q-value 

NRM 
k Q-value 

535-560 oC 

325- 355 oC 
AMS Pj 1-6% 

Pj-T 

 

Lipka (1988) 

20x10-3 SI 
80-

130oC  
(Fe3-x Tix O4) (x) 0.7 

70% 450-500 oC 
(x) 0.2 20% (Ti, 10 ¢¢ x )

(Fe3O4) ulvospinel 

(Fe2TiO4)  

Bascou (2005) 
Monts Ramus 0.7 

( K-Ar) 3 
k-T curves Ti-rich 

(Fe3-x Tix O4) 150 oC (Ti) 60% 
(x=0.6) 

 150 oC  60% (x>0.6) Al 
Mg 

Tugui (2009) 
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3 

( 580 oC) 
( 100-200 oC) 

( 100-200 oC  500-600 oC ) 
100-200 oC 40-60% 

(Fe3-x Tix O4) (x 0.4-0.6) ulvospinel 
 

1.6   
1.) 

  

2.) 
 

 



2 
 

 
  

 

 
2.1  

1) (Oriented rock samples) 

2) (Portable core-drilling machine) 

3) (Orienting fixture) 

4)  (Sun compass) 

5) (Magnetic compass) 

6)  (GPS) 

7)  

8) (Spinner magnetometer) AGICO  

JR-6 

9)  (Spinning Specimen Magnetic 

Susceptibility Anisotropy Meter)  KLY-3S Kappabridge 

10) Molspin 

11)  KLY-3S CS-3 AGICO  
 
2.2  

 
   oriented sample 

(Geographic 

reference coordinate) 
(Direction of Natural Remanent Magnetization, NRM) 

susceptibility ellipsoids  
   

37 
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 2.1 (Oriented rock 

sample) 

 oriented sample  

1)  

2)  (Portable 

core-drilling machine) 3-4  

3) (Orienting fixture) 
strike 

 ( ) 2 
-

 

4)  

5)  

6) 
 

7) 
 

8)  oriented sample  
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(site) 

 (quarry) 

(road cut) 

 

 

 

 (NRM) 

( )  
NRM NRM 

 
secular variation 

(sites) 5-10  (samples) 
1-3  (specimens) 

 

   site 
2.25 

 1/2  
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  2.2 ( ) 

 2.25 ( ) 
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 (Natural 

Remanent Magnetization, NRM) (low field 

susceptibility) Q-value 

 (Alternating field 

demagnetization, AF) (Thermal 

demagnetization)  
  1)  (Spinner magnetometer)  AGICO  

JR-6  
1  2.4x10-6 A/m 
  3  mu-metal 

 
 6   NRM 

 

 

 
  2.3  AGICO  JR-6 
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  2) Spinning Specimen Magnetic 

Susceptibility Anisotropy Meter  KLY-3S Kappabridge AGICO, INC 
870 Hz 300 A/m 

0.1 SI 3x10-8 SI  ° 3% 
SUSAM SUSAR 

 

 

 
  2.4  AGICO  KLY-3S 

Kappabridge 

 

  3) Molspin 
AF 4 (1) 

(2) (3) holder 
tumbler  (4) tumbler 2 

10 nT

tumbler AC 

variometer 95 mT 
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  2.5 Molspin 

 

Anisotropy of magnetic susceptibility 
  Kappabridge  3x10-8 SI 

holder 

30  
 (Calibration) 

X Y Z 

Site, 

Specimen,  Strike  Dip 
 

 
 

  (NRM) 
JR-6 Spinner magnetometer  

 Strike  Dip 
  X 

Y Z 

 Rema6.exe 4 
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  (Progressive 

stepwise demagnetization experiment)  13  
3, 4.5, 6, 7.5, 10, 15, 20, 25, 30, 35, 40, 50 60 mT 

JR-6 Spinner 

magnetometer 
 (60 mT)  

 

 
  

(Scanning Electron 

Microscope: SEM)  JSM 5800  LV  
(Energy Dispersive X-ray Spectrometer: EDX) Oxford  ISIS 300 

 

 



 
 

 3 

 

 

 
3.1  

3.1.1  
  

 (Magnetic susceptibility, k)  (Natural Remanent 

Magnetization, NRM) Koenigsberger ratio (Q-value) 

  3.1  
 

3.1  

Site N Km (x10-6 SI) NRM (mA/m) Q-value Pj T 

(NR)     

S1 21 10096 °  2043 1599 °  803 3.96 1.011 0.109 

S2  14 11869 °  3662 1778 °  836 3.75 1.013 0.375 

S3 19 4088 °  2871 6848 °  3835 41.88 1.026 -0.486 

(BR)     

S4 29 2579 °  232 223 °  45 2.16 1.010 0.234 

S5 30 2922 °  576 164 °  41 1.40 1.044 0.582 

S11 23 27120 °  1931 2753 °  280 2.54 1.035 0.654 

S12 49 13045 °  1606 3095 °  228 5.93 1.015 0.892 

N9 33 24615 °  2003 3428 °  492 3.48 1.015 0.867 

N10 37 18734 °  4816 6397 °  865 8.54 1.008 -0.454 

T1 19 3350 °  1981 425 °  102 3.51 1.012 -0.366 

T2 16 34436 °  2803 3601 °  523 2.61 1.016 -0.062 

(SR)     

N11 36 29496 °  5922 445 °  156 0.38 1.010 0.281 

N12 31 22064 °  3540 1171 °  684 1.33 1.017 0.133 

45 
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Site N Km (x10-6 SI) NRM (mA/m) Q-value Pj T 

N13 31 16256 °  1278 643 °  137 0.99 1.033 0.797 

T3 21 27937 °  2326 514 °  149 0.46 1.027 0.738 

T4 21 55623 °  26781 1042 °  585 0.47 1.016 0.563 

- (UB)     

S6 40 12582 °  2072 5077 °  690 10.09 1.069 0.031 

S7 13 10901 °  3439 4122 °  719 9.45 1.035 -0.231 

S8 35 8275 °  5826 1897 °  1133 5.73 1.028 0.025 

S9 27 6734 °  2647 10487 °  3030 38.93 1.038 -0.539 

S10 23 2374 °  1314 4139 °  1828 43.58 1.013 0.457 

T5 18 19837 °  3696 4060 °  280 5.12 1.003 0.111 

T6 17 14849 °  6673 1952 °  814 3.29 1.026 0.192 

(DC)     

N1 19 20111 °  1134 3111 °  563 3.87 1.045 -0.014 

N2 13 18647 °  5338 1821 °  456 2.44 1.024 0.234 

N3 19 2063 °  773 5372 °  2611 65.10 1.010 0.586 

N4 8 3646 °  581 2480 °  1307 17.00 1.009 -0.438 

N5 22 5728 °  2233 1137 °  309 4.96 1.022 0.763 

(WB)     

N6 16 3848 °  846 3605 °  2359 23.41 1.016 0.361 

N7 37 20748 °  1155 820 °  244 0.99 1.030 0.241 

N8 17 27809 °  9113 633 °  712 0.57 1.054 -0.014 

(BP)     

N14 26 46536 °  2699 6704 °  2177 3.60 1.017 -0.120 

N15 13 52959 °  4005 12572 °  7612 5.93 1.056 -0.317 

N , Km , NRM 
, Q-value   Pj T  (Jelinek, 

1981)  
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3.1.2  

Koenigsberger ratio Q-value 
NRM

Q - Value =
40000k

 NRM 

mA/m  k  ( SI )  Q-value 
Q>1  

 (Collinson, 1983)  Q-value 
3.2   

 

3.1.3 AMS Pj-T  
AMS kmax( ), kint( ) 

 kmin( ) oriented sampling kmax, kint kmin 
k (principal axis) k (magnitude 

ellipsoid) kmax, kint kmin 

  

kmax = kint = kmin k 
k kmax = kint > kmin 

(oblate ellipsoid) kmax > kint = kmin 
(prolate ellipsoid) T shape factor 
Pj  anisotropy degree Pj 

 

(1) Pj (magneto-crystalline 

anisotropy) 
(2) (shape anisotropy) 

 (3) (tectonic stress-

induced anisotropy) 
  Pj-T 3.3 

AMS 3.4 - 3.10   
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S-01S-01

 

S-02S-02

 
S-03S-03

 

  kmax 

 kint 

  kmin 

3.4 AMS 

(NR) 
 

N-06N-06

 

N-07N-07

 
N-08N-08

 

  kmax 

 kint 

  kmin 

3.5 AMS (WB) 
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S-04S-04

 

S-05S-05

 
S-11S-11

 

S-12S-12

 
N-09N-09

 

N-10N-10

 
T-01T-01

 

T-02T-02

 
 kmax ,  kint ,  kmin 

 

3.6 AMS 

(BR) 
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  kmax 

 kint 

  kmin 
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  kmax 
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  kmin 

3.9 AMS (DC) 
 

N-14N-14

 

N-15N-15

 
 kmax ,  kint ,  kmin 

3.10 AMS (BP) 
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3.1.4 AMS 

 AMS 
k1 

k3 (Endale  Marcia, 1999., 
Rixiang , 2003) 3.11 - 3.18 

AMS  3.2 k1 
k3  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.11 AMS 
( ) 
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3.13 AMS 
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3.15 AMS 
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3.16 AMS 
( ) 
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3.17 AMS 
( ) 
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3.18 AMS 
( ) 
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3.2 The mean maximum and minimum axes of susceptibility ellipsoids. 
Site n Maximum axes (k1) Minimum axes (k3) 

Dec (o) Inc (o) conf.angle(o) Dec (o) Inc (o) conf.angle(o) 

       

S1 21 214.9 11.6 14.8 / 5.5 107.4 55.7 21.8 / 6.1 

S2 14 267.2 16.3 31.7 / 16.1 25.2 58.1 34.2 / 18.8 

S3 19 9.0 1.9 14.6 / 5.6 263.4 82.9 22.8 / 7.6 

       

S4 29 249.8 2.2 36.9 / 9.1 157.4 48.2 33.0 / 10.3 

S5 30 77.2 22.0 11.7 / 5.3 246.0 67.6 5.9 / 3.8 

S11 23 134.4 11.7 20.2 / 4.3 40.3 19.0 5.2 / 3.9 

S12 49 281.8 5.1 84.1 / 16.3 132.2 84.0 25.2 / 16.4 

N9 33 55.4 15.0 66.4 / 8.1 169.9 57.1 13.6 / 8.7 

N10 37 294.4 0.9 27.4 / 18.7 202.9 59.8 53.5 / 19.2 

T1 16 273.7 4.4 16.5 / 6.6 6.7 33.8 52.2 / 6.5 

T2 19 274.7 14.0 22.7 / 11.6 109.3 75.6 22.9 / 9.6 

       

N11 36 52.9 18.5 44.5 / 23.7 165.6 49.1 35.7 / 28.0 

N12 31 101.2 10.6 20.3 / 12.4 340.7 69.8 45.1 / 9.6 

N13 31 78.7 21.0 16.9 / 5.9 286.3 66.6 10.1 / 5.4 

T3 21 293.9 24.2 18.7 / 5.8 120.9 65.6 7.8 / 4.2 

T4 21 277.9 0.1 48.0 / 23.2 187.2 81.2 25.4 / 12.7 

-       

S6 40 4.0 1.1 10.0 / 4.6 263.6 84.2 5.9 / 4.8 

S7 13 238.5 2.4 14.2 / 4.6 24.3 87.1 10.9 / 4.7 

S8 35 142.9 2.4 20.1 / 7.9 46.8 68.9 35.2 / 9.4 

S9 27 316.6 1.8 20.5 / 10.3 68.6 85.2 35.5 / 8.6 

S10 23 22.6 7.9 44.2 / 20.2 269.6 70.4 28.7 / 17.8 

T5 18 186.1 7.8 17.8 / 8.2 303.2 73.2 16.7 / 5.9 

T6 17 334.9 2.4 21.2 / 13.6 102.2 86.0 18.1 / 12.9 
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N1 19 209.0 19.0 14.3 / 6.7 69.0 65.7 15.5 / 9.5 

N2 13 48.6 12.2 24.4 / 19.3 318.5 0.3 23.8 / 14.7 

N3 19 343.1 12.6 54.0 / 15.2 94.7 58.8 22.9 / 12.6 

N4 8 95.9 3.4 29.7 / 20.3 0.2 59.0 44.1 / 22.7 

N5 22 50.0 16.0 31.7 / 4.4 289.5 60.6 15.2 / 4.0 

       

N6 16 58.3 51.0 44.4 / 16.0 308.5 15.3 27.7 / 15.6 

N7 37 10.9 29.3 24.9 / 7.3 273.7 12.6 11.9 / 10.6 

N8 17 70.9 37.4 11.0 / 5.5 229.3 50.6 6.8 / 5.1 

       

N14 26 133.1 31.6 31.0 / 25.0 226.9 6.1 43.7 / 26.1 

N15 13 30.5 11.6 10.5 / 9.4 170.9 75.1 20.0 / 9.3 
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3.1.5       
 25 

- 700 oC (heating cycle) (cooling cycle) 
k thermo-magnetic experiment 

-  
3.19 

thermo-magnetic  (heating 

cycle)  (cooling cycle) 
 

3.1.6  

  NRM 
Median Destructive Field (MDF) 

NRM (50%) MDF 
5  40 mT 

(SSD, stable single domain) 
MDF 40 mT (MD, 

multidomain) MDF 5 mT 

 3.20 NRM 
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 3.1.7 SEM-EDS 

   
(SEM) 

SEM-EDS 
(semi-quantitative) 

(Ti)  
(Fe3-x Tix O4)  

Ti Levinson  Cook (1994)  
3.3 
SEM-EDS 

 
3.21-3.28 

 

 3.3 ( %) 
SEM-EDS 

 Specimen C O Na Mg Al Si P K Ca Ti Fe 

 NR S2-08 7.14 17.34 2.14 1.85 11.31 30.07 0.35 3.60 14.58 1.01 10.61 

  S3-04 5.72 15.62 1.36 2.35 9.31 27.87 0.29 2.59 12.65 3.25 18.98 

  S5-11 11.54 14.73 2.27 1.57 9.18 32.12 0.37 4.23 8.28 1.81 13.91 

 BR S11-06 7.35 13.44 2.04 0.89 9.32 27.70 0.77 4.37 17.55 2.84 13.71 

  S12-06 6.05 17.84 1.87 4.41 8.77 31.19 1.38 4.82 7.93 0.63 15.11 

  S6-02 10.21 16.49 2.11 1.22 10.56 28.80 1.21 5.96 12.20 1.22 10.02 

 UB S8-02 6.93 14.16 1.23 4.71 7.77 27.60 0.63 3.70 7.42 2.57 23.29 

  S9-13 4.68 15.64 1.42 2.01 9.48 27.93 0.68 4.62 14.08 2.72 16.74 

 SR N13-02 11.28 17.98 2.57 1.78 9.60 31.54 0.87 4.10 7.79 1.96 10.52 

 DC N3-03 8.58 14.10 1.85 1.00 10.15 28.47 0.49 5.05 13.25 3.25 13.81 

  N4-03 5.88 18.12 2.12 2.33 10.44 29.38 0.37 4.91 8.77 2.70 14.97 

 WC N6-10 5.23 15.98 1.41 5.86 10.05 29.43 0.36 0.92 13.85 1.72 15.20 

  N8-03 6.26 14.76 1.96 1.96 11.36 29.71 0.32 0.73 14.06 1.42 17.45 

 BP N14-06 7.88 15.72 1.90 2.07 8.59 29.52 0.18 12.83 10.82 1.72 8.76 

  N15-02 6.80 16.42 1.89 1.34 8.54 23.48 0.57 10.92 17.93 1.77 10.34 
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3.21 

(S3-04)  
 

 
3.22 

(S3-04) 
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3.23 

(S12-06) 
 

 
3.24 

(S12-06) 
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3.25 

(N6-10) 
 

 
3.26 

(N6-10) 
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3.27 

(N15-02) 
 

 
 

3.28 
(N15-02) 
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3.2   

 3.2.1 (NR)  
  (km) 3 site (S1, S2 S3) 
10096, 11869 4088 (x10-6 SI)  10-3 SI 

(Elming , 2009) 
k site S1 S2 

site S3 ( 3.1) NRM 

site S3  NRM 6848 mA/m 2 site (S1  S2) 1599 1778 mA/m  

Q-value Q-value  site S1 3.96  site S2 
3.75  site S3 41.88 1 

(Q-value >1) (high stability of NRM)(
3.2) 
  ( 3.3) 

Pj 1.01 -  1.03 1-3% 
Shape factor T AMS  site S1  site 

S2 (T>0) AMS  (oblate 

ellipsoid)  site S3 74% AMS  (T<0, prolate ellipsoid) 

k (susceptibility ellipsoid) 
3 kmax( ), kint( ) kmin( ) 

3.4 AMS  site S1 
3 (triaxial) (Tarling 

and Hrouda, 1993) k 
95%  kmax  

-
NE-SW (vent)  

site S2 S3 k   

site S2 AF 
 50% (median destructive fields, MDF) 

25-40 mT coercivity (Hc) 
(  3.20) 20% 
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60 mT Q-value site S2 
(MDF=25-40 

mT) (single domaim grain, SD) 

(pseudo-single domain, PSD) (Dunlop and Özdemir, 1997) 
site S1 thermo-magnetic 

200 oC 580 oC (  3.19) 
 

(Fe3O4) (Dunlop and Ozdemir, 1997) 200 oC 
(Fe3-x Tix O4) x=0.5 (Dunlop and Özdemir, 1997) 

 

site S3 k 
150 oC Ti-rich (Fe3-x Tix O4) x=0.6 (TM60) 

 (  3.21) Fe Ti 
 (  3.3) Ti 3.25% k 

 TM60 
 

3 sites Ti-rich 

  

3.2.2  (BR) 

3 sites (S4, S5 T1) 

(columnar) 5 sites (S11, S12, N9, 

N10 T2) site S4, S5 T1 k 2579 
3350 (x10-6 SI) k 

13045 34440 (x10-6 SI)  NRM 
site S4, S5 T1 223, 164 425 mA/m 

2753 6397 mA/m 
Q-value 1.40 8.54 1 
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(high stability of NRM) 
 site S5 (Q-value<0) ( 3.2) 

Pj-T (
3.3) AMS  (oblate ellipsoid) (T>0) 100% 

 site S5 S11 T>0 site N10, T1  T2 
AMS  (prolate ellipsoid) Pj 

4% (Pj<1.04) 5 
site S5 Pj 6% AMS  

( 3.6) site S4, S12, N10, T1  T2 

 site S5 3 (triaxial) 
k 95% 

kmax -
E-W (vent) 

 site S11 N9 girdle kmax kint 

kmin kmax 
kint (Tarling and Hrouda, 1993)  site S11 kmin 

- kmax kint -
NW-SE  site N9 

kmin - 60 
(  

3.12 3.13) 
site S12 thermo-magnetic  k 

580 oC (  3.19) 
 (Fe3O4) 

( 3.21)  
AF site S12  MDF 

30-40 mT coercivity (Hc) ( 3.20) 
60 mT 10% 

 (SD)  (PSD) (Dunlop and 

Özdemir, 1997) Q-value site S12 5.93 
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 (high stability of remanence) site 

S11 thermo-magnetic  k 
150 oC 450 oC (  3.19) 

TM0-TM60  k 
580 oC  (

3.3) Ti 2.84% Fe Ti 
k 

( -Fe2O3) 600 oC k 

  (2533) 
Ti-poor 

 

3.2.3 (SR) 
(km) 

(5 sites)  16260 55620 (x10-6 

SI)  k site T4 
 NRM 445 1171 mA/m k 

 NRM Q-value 1 0.38 0.99 
(low stability of NRM) 

site N12 Q-value 1.33  
AMS 

 (oblate ellipsoid) (100%) site N12, N13  T3  

T>0 site N11 (8%)  T4 (48%)  T<0 
AMS  (prolate ellipsoid) Pj 

3% (<1.03) 2 site T4 1.06  AMS 

 (  3.7) site N11, 

N12  T4  site N13 T3 girdle kmax 
kint kmin site N13 

kmax -  
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E-W site T3 

kmax -  
NW-SE (  3.14) 

AF coercivity (Hc) 
site N13 50% 

(MDF) 25-30 mT 

25% 60 mT (  3.20) 
 (SD)  (PSD) (Dunlop and Özdemir, 1997) 

k 
580 oC (Fe3O4) 

 (  3.3) 
Fe 10.52% 

20% 
(  3.19) 

 (Bhongsuwan and Elming, 2000) 
  (2533) 

  

 

 

3.2.4 -  (UB) 

NRM -
1897.1 10487.0 mA/m (km) 

2374 19840 (x10-6 SI) 173 k 
Q-value (3.29-43.58) 

 

Pj site S6, S7, S8, S9, S10, T5  T6 
1.069, 1.035, 1.028, 1.038, 1.013, 1.003 1.026 AMS 
1-7% AMS 

site S6, S8, S10, T5  T6 T 
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  site S7 S9 T -0.231 -0.539 
AMS  ( 3.3) AMS 

- (  3.8) site S8, S9, S10, T5  T6 

site S6 3 
k 95% 

kmax - kmin 
N-S 

(vent)  site S7 girdle kmin kint 

kmax NE-SW 

NE-SW 
(  3.15) 

site S7 AF 
(MDF) 5-20 mT 

coercivity (Hc)  

40 mT (  3.20) 
 (MD) (Dunlop and Ozdemir, 1997) k-T site 

S7, S8  S10 100-
200 oC k 580 oC (  3.19) 

Ti-rich 
100-200 oC Ti-rich (Fe3-x Tix O4) 

x=0.6-0.7 (TM60-TM70)  (Lipka , 1988) 
 (  3.3) Ti S8 2.57% Ti  Fe 

k 
 (Fe3O4) 550 oC k 

  
- Ti-rich 

TM60-TM70  
  

 

 



81 
 

3.2.5 (DC) 
km  site N3 (2063x10-6 SI) 

site N1 (20110x10-6 SI) k site N1 N2 
site N3, N4 N5   NRM 

1136.7 5372.0 mA/m 
Q-value  site N3 65.10 site 

2.44 17.00 ( 3.2) 
 Bhongsuwan and Elming (2000) 

7 sites  km 3705 25734 (x10-6 

SI)  NRM 
494 4188 mA/m  Q-value 

Pj-T 

Pj 1-5% 

AMS site N2, N3 N5 

0.234, 0.586 0.763  (oblate ellipsoid) 
 site N1 N4 AMS  (prolate ellipsoid) T 

 - 0.014 -0.438 AMS site N2, N3 N4 
 (  3.9) site N1 3 

k kmax 
NE-SW kmin NE-

SW  
 site N5 girdle kmax kint 

kmin 95% 
NW-SE 60 

(  3.16) 
site N5 

 (MDF) AF 25-30 mT 
coercivity (Hc) 10% 

60 mT  (  3.20) Q-value 
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site N5  Q-value 4.96  
 (SD)  (PSD) 

Bhongsuwan and Elming (2000) 
 MDF 20-40 mT 

 (PSD)  

thermo-magnetic site N3 N4 

150-300 oC  
580 oC (  3.19) 
Ti-rich (TM50-TM60) y, 

1984) Fe Ti 
 (  3.3) Ti  site N3 N4 3.25 2.70 

k 

 (Fe3O4) 550 oC k 
 

Ti-rich 
TM50-TM60 

  

 

3.2.6 (WB) 
km 3 site N6, N7  N8 3850.0, 20750.0 

27810.0 (x10-6 SI)  NRM  site N6 (3605.0 mA/m) 

site N7  N8 (820.3 633.0 mA/m) Q-value 
site N6  (Q-value=23.41) 

 site N7  N8 0.99 
0.57 Bhongsuwan and Elming 

(2000)  NRM 417 mA/m  Q-value 
 0.4  k 32990x10-6 SI  

Pj-T Pj 
site N6, N7 N8 1.016, 1.030 1.054 AMS 

2 5 % shape factor T  site 
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N6 N7 0.361 0.241 AMS  (T>0, oblate 

ellipsoid) site N8 - 0.014 (T<0, prolate 

ellipsoid) AMS (  3.5) site N6 

 site N7 girdle kmax 

kint - kmin 
-

- site N8 

3  k 
95% kmax -

40 -
(  3.17) 

site N6 AF 
 50% (MDF) 20-25 mT coercivity 

(Hc)  (  3.20) Q-value 
site N6  Q-value 23.41  

Bhongsuwan and Elming (2000) 
 MDF 15-40 mT 

 (SD)  (PSD) site N7 
thermo-magnetic 

100-300 oC Ti-rich (
3.19)  
TM50-TM60 k   

 (Fe3O4) 580 oC k 

site N8 k 550 oC 
580 oC 

(Fe3O4) (  3.19) 
 site N8  
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Ti-rich 
TM50-TM60 

 

 

3.2.7 (BP) 
  site N14 

 N15 6704.0 12572.0 mA/m (km) 
46540 52960 (x10-6 SI)  k 

Bascou (2005) k  20000x10-6 

SI 40000x10-6 SI 

Q-value 
  3.60 5.93 

 ( 3.2) 
  site N14 N15 Pj 1.017 1.056 

AMS 2 - 6% -  shape 

factor T - 0.120 - 0.317 AMS 

 (prolate ellipsoid, T<0) AMS site N14 

(  3.10)  site N15 

3 k 
95% kmin kint girdle 

kmax -
 

NE-SW (  3.18) 
coercivity (Hc) 

AF 
5-10 mT 25 mT 

95% 5% 
(  3.20) (MDF=5 mT) 

 (MD) site N15 
thermo-magnetic 
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200-250 oC (  3.19) 
Ti Fe (  3.27) 200-

250 oC Ti-rich (Fe3-x Tix O4) TM50-TM60 

site N14 k 
150-200 oC Ti Fe 

site N15 Ti-rich 
TM60-TM70  (  3.3) Ti 

site N14 N15 1.72% 1.77% 
site N14 k 

 (Fe3O4) 580 oC k 
  

Ti-rich 
TM60 
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3.3  

  3.29 Pj-T 
Pj 

1.06 6% shape factor T - 0.5 +0.5 
Pj 1.06 T>0.5 T<-0.5  
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3.29 Pj-T  

 

  
( 3.30) shape factor T - 0.5 +0.5 

Pj 1.12 12% 
(Xenolith) 

 

 ( , 2542; Guo , 1994) 
Pj  

Pj-T 
( 3.31) 
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3.31 Pj-T 
( )  ( ) 
 

 



 
 

4 

 
 

 

4.1  
  

 32 
   

  

   

  Q-value 

 

 
 

  
10-3 SI 

Q-value 
 Q-value 

(stability of NRM) 
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 Ti-rich 

- Ti-

rich  (Fe3-x Tix O4) ( x 0.5-0.6) 
-

 (MD)   
 (SD)  (PSD) 

coercivity (Hc) SD/PSD 
coercivity (Hc)  MD coercivity 

(Hc)  Pj-T 
Pj 1.06 6% 
Pj 1.12 

12% (Xenolith) 

 

  
Ti-rich  (Fe3-x Tix O4) (TM60) 

(Lipka , 1988; Tugui , 2009) Pj 
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 1 2 3NRM = PrimaryNRM + SecondaryNRM + SecondaryNRM + SecondaryNRM  

 
 3 ( 0 

 
 ( 3-6) 1 2  

(Butler, 1992) 

 

Median Destructive Field (MDF) 

milli-Tesla (mT) 
 (50%) 

(single domain grain, SD) 
MDF (multidomain grain, MD) 

Fe2O3 (hematite) MDF  Fe3O4 (magnetite) 
 

Koenigsberger  
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                 NRM
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40000k
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Q-value 1 
Q-Value ( 1) 

Q Value º1 (single domain grain, SD) 

Q Value º  0.5 

(Collinson, 1983)  

 

  (Tarling and Hrouda, 1993) 

Mineral Curie/Neel 

Temp. (oC) 

Saturation 

magnetization 

(A m2/kg) 

Mass 

susceptibility 

(x 10-8 SI/kg) 

Density 

(kg/m3) 

Pj T 

Magnetite 575 90-93 578 5200 1.18 -0.3 

Maghaemite 350 80-85 500 4800 - - 

Haematite 680 0.2-0.5 25 5300 >100 1.0 

Goethite 120-130 0.001-1 0.5-1.5 4300 - - 

Pyrrhotite 320 1-2 0.1-20 4600 3-400 0.8 

Franklinite 60 0.006-3 - 5340 - - 

Jacobsite 300 0.7-3 - 4870 - - 

Chromite -84 0.003-0.007 - 5090 - - 

Cobaltite - 0.0005-0.2 - 6300 - - 

 


