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ABSTRACT

 

The carbonate sinters of this study are aragonite and calcite which collected from 

Ho-Ya SPA hotel, located in Rui-Shui, Hualien County and Dung-Mei Hot Spring Hotel, 

in Chi-Pen, Tai-Tung County, respectively. The aim is to study what kinds of factors 

controlling precipitation of carbonate phase by compositions of hot springs.  

Chemical and physical properties of sinters, such as phases, orientations, 

misorientation angle distributions, ion species and concentrations, porosity and the size 

of crystal were analyzed by X-Ray Diffraction, Electron Backscatter diffraction, 

-XRF analysis, energy dispersive spectrometers and wavelength dispersive 

spectrometers. Those data could help us understand the differences of origin between 

aragonite and calcite, the factors controlling the color strips of aragonite in pumping 

pipe and conditions of crystal formation in hot springs. 

  The results show that the factor controlling carbonate phase of Ho-Ya and Dung-Mei 

hotspring could be the concentration of Mg2+. The high concentration of Mg2+ in Ho-Ya 

hot spring is adverse for calcite. 

  There are two particle morphologies of aragonite in Ho-Ya SPA sinter. One is small 

and round crystal gathered to strips, while the other is needle. However, crystal form of 

calcite in Dung-Mei Hot Spring sinter is characterized by mosaic granulated grains. The 

peaks of misorientation angle in aragonite are <15 ,� 50 �60 ,� and� 60 �70 , while, in 

calcite is usually less than 20 . The porosity of aragonite range from 0% to 25%, but for 

calcite is very low to zero. Because calcite is hexagonal and aragonite is orthorhombic, 

the latter is larger than the former in crystal lattice. Calcite accepts cations with radii 

smaller than Ca2+ (eg, Mg2+, and Fe2+) in lattice. Aragonite, on the other hand, accepts 
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cations with radii larger than Ca2+ (eg, Sr2+, and Ba2+). The phenomena are not changed 

by the concentrations of cations in water.  

  Precipitated minerals of pipe sinter from Ho-Ya hot spring are predominantly 

composed of aragonite (>99%) with preferred orientation analyzed by Electron 

Backscatter Diffraction (EBSD). We took the concentrations of Mg, Ba, Sr, Ca, Fe, Cr, 

Zn, Cu, Zr, Sc and Ti by ICP-AES and �XRF. The results show that there are few 

differences between strips with these ions.  

Images of crystal size and color strips show that the smallest crystal size is located in 

the whitest zone, which may be generated by oversaturation of solution. On the contrary, 

the darkest zones do not have the oversaturation strips. Relationships of SEM image, 

porosity and pore size display that the whitest zone has the highest porosity and larger 

pores. Oppositely, the darkest zone has the lowest porosity and average pore size. Those 

results can be explained by optic theory. Well elongate or higher porosity aragonites 

allow more light to penetrate and less light to be reflected from them to display a darker 

zone, while random or lower porosity crystals reflect more light back to show white 

color strips. In this case, we propose that the higher pumping rate causes the rapid 

depressurization to over-saturate quickly, then crystals nucleate and grow. This process 

may generate higher porosity and rounded shape of aragonite. 

 

Keyword: hot spring, sinter, carbonate, aragonite, calcite, porosity, colors. 
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Chapter 2

 

2.1

2.2

2.3

2.4

2.5

 

 

2.1

 

 

CO2(aq) + H2O  H2CO3  HCO3
- + H+  CO3

2- + 2H+…………..2-1  

� 2CO   

� 2CO =[CO2]T + [HCO3
-] + [CO3

2-]……………………………………2-2  

H
+

[H ] K

(Skirrow, 1965)   

      
][CO

     ][ 3
1

����
�HCOK ……………………………………..…………….2-3  

][HCO
     ][

3

3
2

2

�

� ��� �COK ……………………………………..……………...2-4  
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Ca2+ + CO3
2-  CaCO3 (S) ………………………………..……………...2-5  

K’sp Ca CO   

K’sp=[Ca2 +]sat [CO3
2-] sat  ………………………………..……………...2-6  

K’sp

 

       
spK
COCa
'

]][[ 2
3

2 ��

�	
 

……………………………………..……………...2-7  

1

pH 1

pH  

K’sp

pH

1 1

CO2 ( 2003)  

 

2.2

 

nucleation crystal growth secondary processes

1991  

( )

(solvated ion) (cluster)

(embryo)

(nuclei)
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(stable nuclei)

 

primary nucleation secondary 

nucleation

 

(readily soluble system)

(sparingly soluble system) 10 3(g/1000cm3H2O)

10 3(g/1000cm3H2O)

10 3(g/1000cm3H2O)

Sohnel and Garside, 1992  

(1)

(2)

(3)

1011-1016 no./cm3 0.1�M (4)

ripening ageing agglomeration

coagulation (5)

( 2006)  

 

2.3

 (polymorph)

CaCO3 Ca O 0.714 0.732

Ca-O Ca-O (Klein and 

Hurlbut, 1999) (Calcite)

(Aragonite) (Vaterite)
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Boettcher and Wyllie, 1968; Johnaness and Puhan, 

1971 Turnbull, 1973  

3 2/m

(Klein and Hurlbut, 

1999)  

2/m 2/m 2/m

(Klein and Hurlbut, 1999)  

 

CaCO3 + Me2+
(aq) � MeCO3 + Ca2+

(aq) 

Me

CO3
2- Sr2+ Ba2+

Pmcn Ca2+

Li+ Mg2+ Fe2+ Mn2+ (Klein and 

Hurlbut, 1999)  
 

Table 2-1  
 (Vaterite) (Calcite) (Aragonite) 

 
Crystal System 

 
(Hexagonal) 

 
(Hexagonal) 

 
(Orthorhombic) 

 
Class 

6/m�2/m�2/m� 3 2/m 2/m 2/m 2/m 

 

� -- -- -- 
� -- -- 1.530 
� -- -- 1.681 
� 1.650 1.4864 1.685 
� 1.550(syn) 1.6583 -- 

(kg/m3) 2540 2710 2930 
 ~3 3 3.5-4 

 
25  
75  

-- 
-- 

0.0014(g/1000cm3H2O) 
0.0018(g/1000cm3H2O) 

0.00153(g/1000cm3H2O) 
0.00190(g/1000cm3H2O) 
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2.4

/

(1995) (2005)

 
 

2.4.1  

Wray Daniels(1957)

Ca(NO3)2-Na2CO3

40-50

Tai et al.(1995) 58

Zeshan and Yulin(2003) CaSO4-Na2CO3 60

97%

 

(1995) (T<7 )

(T>58 ) pH

(<40 )

20um (>58 ) ( 20um)

80  
 

2.4.2 pH  

(1995) pH 8.7 9.8

(>95%) pH >11.5 pH

<9.5 pH 10.8 11.6

>85% pH <11.5

pH >12.4 pH >13.0
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2.4.3  

(Alkalinity)

(2-1 )

Lee and Morse(2010) /

Mg2+/Ca2+=1.2

10mM PCO2<2500 atm PCO2>2500 atm

Mg2+/Ca2+=1.2 5-50mM

Mg2+/Ca2+=1.7 11mM 18mM

 
 

2.4.4  

(R Ca2+/CO3
2-) (1995)

Na2CO3-CaCl2 24 ( ) 5.5

R (0.1 1.0 10) R

(2008)  
 

2.4.5  

Xyla et al.(1991) pH 8 9 25 80

Ca(NO3)2-NaHCO3

pH

(1995)

1(R=1.0) 24 ( =2.5 5.5 8.0)

=8.0

 

Sunagawa(1984) Frisia et al.,(2002) Grotte de Clamouse

(2009)
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2.4.6  

(surface sites)  

Folk(1974)

Sohnel et al.(1982) Ogino et al.(1990) Kousoukos(1993)

5.33mM

Zeshan Yulin(2004) CaCl2 MgCO3 MgCl2

MgCl2 0.05M

20-30 m Falini et al.(1994) /

 

Kevin et al. 2000 Science (Atomic force 

microscopy- AFM)

(terrace width)

(step-edge) (migrating steps)

Cabrera Vermilyea(1958) (dead zone)  

(2008) pH

9.0 0.018M 5.54 25 C 0.73~1.42

(2004)

 

Katz(1989) (batch 

crystallizer) 25 pH=8.3

Fe2+ Fe3+ FeCO3

Katz(1994) pH 7.0-8.0

15 -35 0.15M 4 Fe3+

1�M(0.056ppm)  
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Wada et al.(1995) (double diffusion)

Sohnel et al.(1982) Na2CO3 CaCl2

 
 

2.4.7  

Walter(1986)

(Simkiss, 1964; Griffin and Jurinak, 1973; Pytkowicz, 1973  Berner et al., 1978; de 

Kanel and Morse, 1978; Walter,1986)  

Elizabeth(1993) Burton and Waltter(1990)

PO4
3- PO4

3- HPO4
2-

Fig. 2–1 5 mol/kg pH

MSW(Modern surface sweater- ) pH

pH>7 pH<7

pH  

(Kuo and Mikkelsen, 1979)  

Elizabeth(1993) Burton(1988)

Fig. 2–2 3 1

( 2 3 10)

MSW (Dolomitization)

(Sulfate Reduction)
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(Gypsum precipitation)

 

 
Fig. 2–1 (Elizabeth, 1993) 

 
Fig. 2–2 (Elizabeth, 1993) 

 

2.4.8  

( 1997 2002 2004 2006 2007)
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2.4.9  

 

Wakita et al.(1985) >50

1mm

 
 

Table 2-2  

*  
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2.5

2.5.1  

 

Fig. 2–3

 
Fig. 2–3  
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2.5.2  

 

Holcomb et al.(2009)

pH

20-100 ( Fig. 2–4 c )

pH

( Fig. 2–4 f )

Mg/Ca Sr/Ca Ba/Ca  
 

   

Fig. 2–4 (Holcomb et al., 2009) 
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Chapter 3

 

 

 

3.1

3.1.1  



 

 17

 
Fig. 3–1 ( 2000)

 

(2008)

3,500 2,292

8 107 40



 

 18

7 225

90 600

 

 
Fig. 3–2 ( 2008) 

 

 
Fig. 3–3  
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3.1.2  

2735 198.45

39.25

 

30 60 95

150 8.5

627-1816ppm 419-951ppm

 

( 198 )  



 

 20

1978  

 
Fig. 3–4 ( 2007) 

 

 
Fig. 3–5 1978  

 

1978
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73

40 /km 100 /km

( 198 )  

 
Fig. 3–6  

 

2004

2,468 (2008)

990 /

TOUCH2 50 /  

 
Fig. 3–7 ( 2004) 
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3.2

 

 

3.2.1  

92 4 6,000

11 30 85 ( 2008)

SPA

 

50

30 SPA

8.5

(Fig. 3–8)  

pH 6.9 pH 8.3

(TDS) 12,000ppm

 

A B C

D E Fig. 3–9 Table 3-1

B E E

( Fig. 3–9 e-1 e-2 ) A C D

D  

C D A B

E  
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Fig. 3–8  

 

 

Fig. 3–9  

 

Table 3-1  

 A  B  C  D  E  

 289 mm3 433 mm3 1233 mm3 1690 mm3 963 mm3 

8.3cm

8.55cm

e-1 

e-2 

7mm
9mm 5.3mm 

1.7mm

1.1mm
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3.2.2   

88 35

SPA

( )

 

25 pH 8.13-8.33 (TDS) 2320ppm  

8cm

2.3 ( Fig. 3–10) 1

( Fig. 3–11) 

 
Fig. 3–10  

 

Fig. 3–11  

7.8cm

8.1cm

2.3cm1cm
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3.3

3.3.1  

SPA

 

50

(Y) (Interal standards) 1:1

(Mg2+) (Ca2+) (Sr2+) (Ba2+) (K+)

(Na+) (Fe2+) (Mn2+)  

0.2 m

3ml (F )

(Cl ) (Br ) (NO3 ) (PO4
3-) (SO4

2-)  

0.2 m 15-20ml

50ml 0.1N

pH 2  

Fig. 3–12
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Fig. 3–12  

 

a.  

ISA(Division d’Instruments S.A.) Jobin-Yvon

JY38Plus Sequential ICP Inductively coupled 

plasma – atomic emission spectrometer ICP-AES

( 1993)  

M  E � M++  h	         M  

E  

M++  

h	  

 

 

(1)
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(2)  

(3)  

(4)  

ICP

 
 

Table 3-2 ICP ( 1993) 

Element LOD �G/l 
JY 38 PLUS LOD* �G/l Element LOD �G/l 

JY 38 PLUS LOD* �G/l 

Mg 0.07 0.14 Cd 0.60 144 
Ca 0.07 0.18 Co 2.00 5.0 
Sr 0.07 0.4 Cu 0.90 2.3 
Ba 0.7 1.20 Fe 1.0 1.7 
Si 3.3 9.0 Mn 0.20 1.3 
Pb 6.0 40.0 Ni 2.7 9.4 
Na 5.0 29.0 Zn 2.5 6.6 

 

b.  

DIONEX DX-100 Ion Chromatograph( IC)

Johnson 1986  

 

(1)  

(2)  

(3)  

(4)  



 

 28

IC  
 

Table 3-3 ( Johnson 1986) 
  Precision   Precision 

F- 0.005ppm <1.8% NO3
- 0.01ppm <3.1% 

Cl- 0.005ppm <2.1% PO4
3- 0.05ppm <4.8% 

Br- 0.01ppm <3.5% SO4
2- 0.01ppm <4.6% 

 

c.  

pH

0.1N

pH=8.3 (3-1 )

pH=4.3 (3-2 ) Fig. 3–13

 

 

CO3
2- + H+ � HCO3 …………………………...………………………….3-1  

HCO3 + H+ � H2CO3………………………...…………………...……….3-2  

 
Fig. 3–13 pH H2CO3 HCO3

- CO3
2-  

(ASTM D513 method F, 1974) 
 

pH 8.3

(3-3 ) pH 4.5-8.3 (3-4 )  
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HCO3  = (EP2 EP1*C04)*C01*C02*C03/C00………………………………..3-3  

HCO3  = EP1*C01*C02*C03/C00……………………………………………....3-4  

EP1                  C00  

EP2                  C01 HCl  

                                C02 HCO3  

                                C03 1000( ppm) 

                                C04 2(CO3
2- HCO3 H+) 

 

3.3.2  

31 29

 

X (XRD)

(EBSD)

 

(EBSD)  

X ( XRF analysis)

X (0.2mm )

X (EDS)

X (WDS)  

(FE-SEM) (SE)

Image J

 

 

50

0.08
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31 27

Fig. 3–14  

 

 

Fig. 3–14  
 

Robert C. Newton et al. (1969)

( )

 

(EBSD)

80 120 240 800 1200

Struers 3 m 1 m 0.05 m

10

( )

Table 3-4

 

 
 

SEM    FEI QUANTA 200FEG, field emission gun scanning electron Microscope 

EBSD   Oxford Nordlys S detector 
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Table 3-4  

 

X ( XRF analysis)

X

2 ( Fig. 3–15 Method 1)

( Fig. 3–15

Method 2)  

X  
 

XRF analysis   The ITRAXTM Core Scanner 

 
Fig. 3–15 X  

 

(EDS) (WDS)

(EBSD)

 

Fig. 3–16  

 

SEM conditions EBSD mapping job conditions 

High Voltage 14.4 kV No. of points 440,910 

Spot size 3.7 Step size  3.5 �m 

Aperture size 6 Duration 12:07:55-0.099s/pt 
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Fig. 3–16  

 

X (EDS)  

(EBSD) (X-Ray Diffraction) (EDS)

(WDS) Image J  

 

14C

(n) 14N (3-5 )   
14N + 1n � 14C + 1H …………………………………………….………..3-5  

14C 14CO2
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CO2
14CO2 5-6 14C

(Before Present B.P.)  
14C (3-6 )  



�

�

�

�
�

tA
At 0ln1

�
………………………………….………………………….3-6  

t ( ) (14C 1.209

10-4y-1) A0 At t  
14C

1-10

0.03

14C (3-6 )

CO2 HCO3 CO3
2- 14C

 
14C

HCO3 400mg/l 50

 
14C

( ) (3-7 ) (3-8

)  

CaCO3(s) + CO2(g) + H2O � Ca2+  2HCO3 ………………………...3-7  

0A
A

F C�� ………………………………………………………………..3-8-a  

F
A
A

A
AFt

mm

loglog19035log19035 00 ��� ………………………..…..3-8-b  
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F A0
14C ( mod) A
C

14C 14C ( mod)

F (3-7 ) 14C (3-8-b ) t

mA
A0log19035 T0 (3-8-c )  

t = T0 + 19035 log F …………………………………………………...3-8-c  

F 50

(

2009) 

 

b. X X-Ray Diffraction  

X

(3-9 ) 

2dhkl sin n ………………………………………………………….3-9  

dhkl 2 hkl

X

( )

X

(EBSD)  

 

c. EBSD  

70

90
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Kikuchi lines (Electron 

backscatter diffraction pattern, EBSP) (Kikuchi pattern)

Fig. 3–17  

 
Fig. 3–17 (Oxford ) 

 

(Calcite) (Aragonite)

Table 3-5  

 

Table 3-5  

Phase Structure 
Space 

Group 

Laue 

Group 

Lattice Parameters [Å] 

a b c 

Calcite Trigonal R-3c -3m 4.99 4.99 17.06 

Aragonite Orthorhombic Pnma mmm 5.74 4.96 7.97 

 

d. XRF analysis  

Cox Analytical System Southampton Oceanographic 

Centre Itrax X (X-ray 

Fluoresceance) X (digital X-ray micro radiography)
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Itrax (The ITRAXTM Core Scanner)

X X

ppm  

Fig. 3–18 ITRAX (Ian W. Croudace et al., 2006) A

B C X

D 3000 X E X F X

X  
 

 
Fig. 3–18 ITRAX (Ian W. Croudace et al., 2006) 

 

200 m

 

 

(Energy dispersive Spectrometers)

(Wavelength dispersive spectrometers) X

X (characteristic X-rays)

(EDS) X (WDS) X
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(Fig. 3–19-a-1)

X (Fig. 3–19-a-2-1)

(Fig. 3–19-a-2-2)

X X

Fig. 3–19-b K K lines …  

Fig. 3–20 X

( 10-6mbar

X ) ( 1KeV) X

C N O Be B

X

 

Fig. 3–21 X

X

X

Rowland X L Rowland R X

L=2R sin 2d sin =n (d

n X )  

L=(R/d)n  

R d L

X

( d )

X  

WDS (90%Ar 10%CH4)

(100%Xe)

X
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Table 3-6  

 
Fig. 3–19 (a)EDS WDS X  (b) X  

 

 
Fig. 3–20 (McSwiggen & Associates, 2005) 

 

 
Fig. 3–21 (McSwiggen & Associates, 2005) 
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Table 3-6 EDS WDS  

        
 

 
(EDS) 

 
(WDS) 

 

2.5  

 

0.2  

 

130-155 eV 2-6 eV 

  
 

   

   

   

 

f.  

(SEM) 150

(SE)

100Pa 15kV  

Image J National Institutes of Health (NIH) Java
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Chapter 4

4.1 4.2

4.3 4.4

 

  

 

4.1

4.1.1  

Table 4-1 (Electrical Conductivity)

(Total Dissolved Salts) pH 7.95 8.88

8,000us/c

10,000ppm

Table 4-1  

Date PH COND 
(us/cm)24  

TDS 
(ppm) Date PH COND 

(us/cm)24  
TDS 

(ppm) 
2009.01.15 8.23 8,230 9,173 2009.06.30 8.22 8,220 11,930 

2009.01.30 8.22 8,220 10,590 2009.07.15 8.21 8,210 12,970 

2009.02.15 8.23 8,230 10,590 2009.07.30 8.14 8,140 9,690 

2009.03.22 8.24 8,240 10,090 2009.08.15 8.05 8,050 9,943 

2009.03.30 8.22 8,220 10,300 2009.08.30 7.95 7,950 11,170 

2009.04.15 8.24 8,240 10,130 2009.09.15 8.77 8,220 10,040 

2009.04.30 8.35 8,350 12,020 2009.09.30 8.88 8,260 13,220 

2009.05.15 8.56 8,560 10,320 2009.10.15 8.82 8,220 7,571 

2009.05.30 8.28 8,280 10,980 2009.11.15 8.82 8,220 9,670 

2009.06.15 8.22 8,220 11,860 2010.01.02 8.74 8,230 10,750 
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4.1.2  

Table 4-2

2,000ppm

2010.01.02 2,091ppm

 
 

Table 4-2  

 
F- 

(ppm) 

Cl- 

(ppm) 

Br-

(ppm) 

NO3
-

(ppm) 

PO4
3-

(ppm) 

SO4
2- 

(ppm) 

2009.01.15 37.8 2,069 3.80 <0.10 <0.10 1.10 

2009.01.30 68.3 2,573 4.10 0.70 <0.10 0.60 

2009.02.15 26.3 2,408 4.10 <0.10 <0.10 0.40 

2009.03.22 5.10 2,238 <0.10 <0.10 <0.10 0.70 

2009.03.30 0.00 2,265 3.70 <0.10 <0.10 0.30 

2009.04.15 0.40 2,756 3.80 <0.10 <0.10 0.90 

2009.04.30 2.80 2,757 4.70 0.30 <0.10 1.10 

2009.05.15 0.10 2,246 3.60 0.80 <0.10 1.10 

2009.05.30 2.60 2,381 4.20 <0.10 <0.10 0.50 

2009.06.15 0.50 2,385 3.70 0.50 <0.10 0.80 

2009.06.30 2.70 3,520 4.20 0.30 <0.10 0.50 

2009.07.15 0.00 3,661 4.70 <0.10 <0.10 1.20 

2009.07.30 0.50 2,098 3.50 0.20 <0.10 1.00 

2009.08.15 0.10 2,165 3.50 <0.10 <0.10 1.90 

2009.08.30 0.30 2,483 3.90 <0.10 <0.10 1.60 

2009.09.15 0.00 4,168 6.30 2.70 <0.10 2.70 

2009.09.30 0.00 5,864 7.30 2.70 <0.10 1.20 

2009.10.15 0.00 3,200 4.80 1.40 <0.10 5.40 

2009.11.15 0.00 4,536 7.30 1.10 <0.10 2.00 

2010.01.02 0.00 3,422 5.20 0.10 <0.10 2.30 
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4.1.3  

Table 4-3

( ) Fig. 4–1 Fig. 

4–9

 

Fig. 4–1 (20 )

12 73

19 33

2 12 19 106ppm

105ppm 110ppm Fig. 4–2 252

252 252 1.7

( ) 252

 

Fig. 4–3

40ppm

Fig. 4–3

( 4-10 )  

Fig. 4–1 Fig. 4–2 Fig. 4–3 20 (19

42 ) (19 56 )

(19 90 )

Fig. 4–7 Fig. 4–8 Fig. 4–9

252

252

( 50 48%

51 )  
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Table 4-3  

ppm 

2 ICP(2010.01.04 ICP)  

  Mg2+ Ca2+ Sr2+ Ba2+ Fe2+ 

0103FY_av0104 1 84.3 106 17.0 2.66 0.00 

0102AY_av0104 0 80.8 112 18.0 2.51 2.27 

0103AY_av0104 1 83.1 111 18.0 2.62 0.00 

 

12 ICP(2010.01.14 ICP)  

  Mg2+ Ca2+ Sr2+ Ba2+ Fe2+ 

0103FY_av0114 1 80.0 105 17.3 2.36 0.00 

0104FY_av0114 2 79.6 101 17.1 2.40 0.00 

0113FY_av0114 11 79.5 77.4 15.2 2.02 0.00 

0102AY_av0114 0 56.5 85.7 13.7 1.64 1.90 

0113AY_av0114cold 11 72.5 71.8 14.6 1.79 2.77 

0113AY_av0114Hot 11 81.9 82.4 17.1 2.03 2.75 

19 ICP(2010.01.21 ICP)  

  Mg2+ Ca2+ Sr2+ Ba2+ Fe2+ 

0103FY_av0121 1 82.1 110 18.3 2.42 0.00 

0104FY_av0121 2 81.4 100 17.0 2.49 0.00 

0113FY_av0121 11 80.2 74.8 14.9 2.18 0.00 

0121FY_av0121 19 75.8 35.5 9.48 1.11 0.00 

0121AY_av0121cold 19 69.7 36.5 9.43 1.03 1.92 

0121AY_av0121Hot 19 76.0 43.4 11.0 1.24 8.64 

252 ICP(2010.09.16 ICP)  

  Mg2+ Ca2+ Sr2+ Ba2+ Fe2+ 

0102FY_av09.16 0 34.5 0.87 0.62 0.00 0.00 

0103FY_av09.16 1 33.0 40.0 6.31 0.85 0.00 

0104FY_av09.16 2 32.2 37.1 5.91 0.74 0.00 

0113FY_av09.16 11 30.2 27.3 5.26 0.77 0.00 

0121FY_av09.16 19 30.0 13.5 3.62 0.35 0.00 

0914FY_av09.16 252 33.8 1.81 0.91 0.00 0.00 

0102AY_av09.16 0 29.4 39.2 6.12 0.86 1.02 

0114AY_av9.16_Hot 12 45.1 40.9 8.42 1.19 1.63 

0114AY_av9.16_Cold 12 38.6 35.4 7.15 0.96 1.53 

0121AY_av9.16_Hot 19 41.6 21.6 5.57 0.63 4.99 

0121AY_av9.16_Cold 19 36.5 17.4 4.55 0.48 1.03 

0914AY_av9.16 252 40.1 53.4 8.58 1.27 1.47 
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Fig. 4–1 (20 ) 
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Fig. 4–2 (252 ) 
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Fig. 4–3 (252 ) 
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Fig. 4–4 (20 ) 
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Fig. 4–5 (20 ) 
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Fig. 4–6 (20 ) 
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Fig. 4–7 (252 ) 
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Fig. 4–8 (252 ) 
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Fig. 4–9 (252 ) 
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Table 4-4

(Mg2+) (Ca2+) (Sr2+) (Ba2+)

(Fe2+) (Na+) (K+) (Cd2+) (Co2+)

(Cu2+) (Al2+) (Ni+) (Pb2+) (Zn2+)

 

Table 4-4

1,500ppm 100ppm

70ppm

0.68ppm 9.5ppm  

 

Table 4-4  

        
 

  
Mg2+ 

279.553 
Ca2+  

393.366 
Sr2+  

407.771 
Ba2+  

230.424 
Fe2+  

238.204
Na+  

588.995 
K+ 

766.490

2009.01.15 83.9 19.6 9.74 0.77 3.26 2,166 166 
2009.01.30 81.7 35.8 4.00 0.62 4.93 2,556 157 
2009.02.15 83.6 37.7 5.09 0.74 8.81 2,549 157 
2009.03.22 75.5 22.6 3.71 0.58 7.98 2,382 141 
2009.03.30 78.1 45.0 7.29 0.83 0.90 2,378 145 
2009.04.15 78.7 66.7 10.7 1.15 3.65 2,358 146 
2009.04.30 91.9 43.9 7.34 0.96 3.42 2,537 183 
2009.05.15 89.2 143 25.2 2.86 5.48 2,538 175 
2009.05.30 80.5 46.9 8.66 0.91 3.36 2,342 161 
2009.06.15 86.4 101 17.0 1.80 9.50 2,385 172 
2009.06.30 86.0 32.1 5.50 0.64 3.24 2,415 173 
2009.07.15 89.5 102 19.3 1.96 2.59 2,490 186 
2009.07.30 73.0 53.6 8.30 0.95 3.42 2,119 138 
2009.08.15 76.5 37.0 5.30 0.57 1.40 2,104 149 
2009.08.30 77.5 127 2.42 0.21 0.68 2,123 160 
2009.09.15 67.1 26.1 7.26 0.58 2.94 2,201 133 
2009.09.30 85.7 68.7 12.7 1.28 5.13 2,854 177 
2009.10.15 55.4 22.7 4.17 0.36 2.97 1,559 108 
2009.11.15 69.1 17.3 2.36 0.24 1.04 2,185 130 

ppm 
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200 180 53.2

273ppm

 

2008 50.2

Table 4-5 Table 4-6 Table 4-7

 
 
 

Table 4-5 ( ) 

2010.03.28  

 Mg2+ Ca2+ Sr2+ Ba2+ Fe2+ Al2+ Mn2+ Na+ K+ 

 80.7 105 16.0 2.18 <0.01 0.20 0.04 2,356 441 

 48.0 169 4.10 0.67 <0.01 0.37 0.19 1,606 288 

 12.1 39.0 0.53 0.16 <0.01 0.14 3.04 252 24.5 

ppm 
 

Table 4-6 ( ) 

2010.03.28  

 Mg2+ Ca2+ Sr2+ Ba2+ Fe2+ Al2+ Mn2+ Na+ K+ 

 86.0 110 20.5 2.06 2.54 0.73 0.02 1,998 258 

 85.3 274 8.62 1.24 6.64 0.74 0.38 2,800 646 

 24.2 81.8 1.16 0.41 2.00 0.52 6.08 539 68.8 

ppm 
 

Table 4-7 ( ) 

Sample 
Name 

Sample 
volume(cc)

Ar  
conc.(%) 

N2 
conc.(%) 

CO  
conc.(%)

CH4 
conc.(%)

CO2 
conc.(%) 

O2 
conc(%) 

 3 1.48% 71.9% 0.03% 9.75% 0.20% 16.7% 
 3 0.53% 12.5% 0.02% 0.07% 78.1% 8.84% 
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4.2

 

Table 4-8

( 2010) (GC)

80.4

Table 4-10

Table 4-12  

Table4-11 Table4-13

 
 

Table 4-8 ( ) 

Sample 
Name 

Sample 
volume(cc)

Ar  
conc.(%) 

N2 
conc.(%) 

CO 
conc.(%)

CH4 

conc.(%)
CO2 

conc.(%) 
O2 

conc(%) 
 3.00 1.22% 80.4% 0.16% 0.03% 3.26% 15.1% 

 

4.2.1  

Table 4-9 (Electrical Conductivity)

(Total Dissolved Salts) pH 8.13 8.33

3300us/cm 2,300ppm

8,000us/cm

10,000ppm pH

 
 

Table 4-9  

 PH COND 
(us/cm) 

TDS 
(ppm)  PH COND 

(us/cm) 
TDS 

(ppm) 
2009.03.22 8.33 3,319 2,325 2009.07.22 8.25 3,335 2,338 

2009.04.22 8.13 3,335 2,338 2009.08.22 8.19 3,216 2,246 

2009.05.22 8.20 3,330 2,335 2009.09.22 8.33 3,260 2,280 

2009.06.22 8.20 3,320 2,325 2009.10.17 8.22 3,305 2,314 
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4.2.2  

Table 4-10

Table 4-10

170ppm 35ppm

(H2S)

2009.03.22

3.29ppm 155ppm  

Table 4-11 2009

8 4 8

28

(

)

 

Table 4-10 Table 4-11

2300ppm

155ppm

 

Table 4-10 Table 4-11

2009 08

08

2,500

 

Table 4-10 Table 4-11  

Table 4-11
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Table 4-10  

 F- 

(ppm) 
Cl-

(ppm) 
Br-

(ppm) 
NO3

-

(ppm) 
PO4

3- 

(ppm) 
SO4

2- 
(ppm) 

2009.03.22 1.20 206 0.80 0.10 <0.01 44.9 

2009.04.22 <0.01 186 1.10 0.10 <0.01 44.8 

2009.05.22 1.50 189 0.70 <0.01 <0.01 50.1 

2009.06.22 3.70 186 0.90 0.20 <0.01 47.1 

2009.07.22 3.60 178 3.90 <0.01 <0.01 44.7 

2009.08.22 3.80 174 0.70 <0.01 <0.01 43.9 

2009.09.22 3.50 183 0.80 0.20 <0.01 49.2 

2009.10.17 <0.01 182 0.60 0.10 <0.01 35.0 
 

Table 4-11 ( 2009) 

 Cl-

(ppm) 
HCO3

-

(ppm) 
NO3

-

(ppm) 
PO4

3- 

(ppm) 
SO4

2- 
(ppm) 

2009.06.09 184 2,311 1.30 0.75 37.0 

2009.06.16 203 2,329 3.90 0.27 48.0 

2009.06.23 209 2,344 3.00 0.00 38.0 

2009.06.30 202 2,312 3.30 0.09 45.0 

2009.07.07 224 2,305 1.10 0.68 40.0 

2009.07.14 219 2,311 2.30 0.78 39.0 

2009.07.21 234 2,343 1.20 0.23 49.0 

2009.07.28 217 2,295 3.90 0.54 37.0 

2009.08.04 207 2,298 1.10 0.36 45.0 

2009.08.28 209 2,339 2.00 0.74 42.0 

2009.09.04 239 2,294 3.80 0.21 38.0 

2009.09.11 215 2,332 2.20 0.55 50.0 

2009.09.18 213 2,337 3.00 0.88 46.0 

2009.09.25 234 2,325 3.10 0.58 41.0 

2009.10.02 233 2,329 1.80 0.69 47.0 

2009.10.09 221 2,336 2.60 0.04 40.0 

2009.10.16 189 2,324 3.50 0.16 50.0 

2009.10.23 211 2,336 3.60 0.12 46.0 

2009.10.30 220 2,324 2.40 0.72 41.0 

2009.11.05 225 2,321 1.70 0.29 37.0 
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4.2.3   

Table 4-12

380ppm 20ppm

 

Table 4-13

60ppm 80ppm 1ppm

 

 

(

)

 

Table 4-12 Table 4-13
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Table 4-12  

 Mg2+ Ca2+ Sr2+ Ba2+ Fe2+ Na+ K+ 

 279.553 393.366 407.771 230.424 238.204 588.995 766.49 

2009.03.22 0.46 1.06 0.07 0.06 <0.01 790 20.5 

2009.04.22 0.51 0.97 0.02 0.06 <0.01 751 18.0 

2009.05.22 0.64 1.10 0.06 0.06 <0.01 742 19.2 

2009.06.22 0.61 1.05 0.07 0.06 <0.01 735 19.4 

2009.07.22 0.52 0.86 0.03 0.05 <0.01 722 19.0 

2009.08.22 0.73 1.21 0.08 0.06 <0.01 708 18.9 

2009.09.22 0.55 1.22 0.04 0.07 0.04 792 20.2 

2009.10.17 0.49 0.88 0.01 0.06 <0.01 749 20.1 

ppm 

Table 4-13 ( 2009) 

 Mg2+ 

(ppm) 
Ca2+

(ppm) 
Si4+ 

 (ppm) 
Na+

(ppm) 
K+ 

(ppm) 
2009.06.09 0 50 162 776 16 

2009.06.16 1 84 230 811 25 

2009.06.23 3 81 280 777 32 

2009.06.30 2 78 210 819 24 

2009.07.07 2 61 149 801 17 

2009.07.14 0 77 192 760 33 

2009.07.21 1 72 210 760 36 

2009.07.28 1 69 220 808 27 

2009.08.04 2 81 174 759 22 

2009.08.28 1 68 220 770 30 

2009.09.04 2 72 234 802 24 

2009.09.11 0 63 243 805 33 

2009.09.18 0 62 223 772 27 

2009.09.25 1 66 207 763 28 

2009.10.02 1 64 201 796 29 

2009.10.09 1 71 228 785 24 

2009.10.16 2 76 219 806 33 

2009.10.23 0 78 192 770 31 

2009.10.30 1 69 196 792 31 

2009.11.05 2 64 226 790 22 
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4.3

4.3.1  

Table 4-14

 

3-9-c t = T0 + 19035 log F 

( 25‰) t = T0 + 19035 log ( 13Csample / 25‰) 13Csample

-1.7‰ T0 50,000 t 27,777(B.P.)

 

 

Table 4-14  

 
 

4.3.2  

Table 4-15

Table 4-15 Fig. 4-10 13C Fig. 4-11
18O  

Table 4-15 Fig. 4–10 �13C 2.92‰

3.37‰ U �13C B

�13C E �13C

�13C Fig. 4–12

Table 4-15 Fig. 4–11 �18O -10.6‰

-11.5‰ B
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Table 4-15  

 
( ) 

�13C:-48.572  
(‰ vs. PDB) std error w.r.t. SMOW �18O:-19.542 

(‰) std error 

HoYa 01 -2.94 0.003 19.8 -10.6 0.006 

HoYa 02 -3.04 0.004 19.4 -11.1 0.008 

HoYa 03 -3.19 0.003 19.1 -11.4 0.004 

HoYa 04 -3.37 0.002 18.9 -11.5 0.004 

HoYa 05 -3.34 0.002 18.9 -11.5 0.005 

HoYa 06 -3.34 0.004 19.0 -11.4 0.003 

HoYa 07 -3.30 0.004 19.0 -11.4 0.007 

HoYa 08 -3.31 0.004 19.1 -11.4 0.006 

HoYa 09 -3.27 0.002 19.2 -11.2 0.007 

HoYa 10 -3.22 0.005 19.3 -11.1 0.007 

HoYa 11 -3.26 0.004 19.2 -11.2 0.007 

HoYa 12 -3.33 0.003 19.1 -11.3 0.006 

HoYa 13 -3.33 0.003 19.0 -11.4 0.007 

HoYa 14 -3.18 0.003 19.3 -11.1 0.003 

HoYa 15 -3.25 0.004 19.2 -11.2 0.006 

HoYa 16 -3.29 0.004 19.3 -11.2 0.004 

HoYa 17 -3.27 0.002 19.2 -11.2 0.007 

HoYa 18 -3.31 0.003 19.2 -11.3 0.004 

HoYa 19 -3.21 0.002 19.3 -11.2 0.003 

HoYa 20 -3.20 0.003 19.3 -11.2 0.004 

HoYa 21 -3.16 0.005 19.3 -11.1 0.007 

HoYa 22 -3.13 0.002 19.4 -11.0 0.018 

HoYa 23 -3.18 0.004 19.3 -11.1 0.006 

HoYa 24 -3.10 0.002 19.5 -11.0 0.006 

HoYa 25 -3.10 0.005 19.4 -11.1 0.009 

HoYa 26 -3.10 0.002 19.3 -11.1 0.003 

HoYa 27 -3.07 0.005 19.3 -11.1 0.006 

HoYa 28 -3.04 0.004 19.4 -11.0 0.008 

HoYa 29 -3.09 0.002 19.4 -11.1 0.008 

HoYa 30 -2.95 0.003 19.6 -10.8 0.006 

HoYa 31 -2.92 0.005 19.7 -10.7 0.006 
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Fig. 4–10 �13C 

 
Fig. 4–11 �18O 

 
Fig. 4–12 �13C �13C  
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4.3.3  

Fig. 4–13 Fig. 4–14 Fig. 4–15 Fig. 4–16 XRD

A B C D E (2-theta 26.2

27.27 33.17 37.96 ) (2-theta 29.4 39.34

39.52 43.07 )

Fig. 4–17 (EBSD)

99.4% 0.6%

Fig. 4–18 D

E e-1

Fig. 4–19

 

 

4.3.4  

(EBSD)

(orienatation) Fig. 4–20

001( ) 010( )

Fig. 4–21 Fig. 4–19

Fig. 4–21(a)

Fig. 4–21(b) 001

010 (b)

100

Fig. 4–22

15 15 50 50

60 60 70  
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Fig. 4–13 A B XRD  

 
Fig. 4–14 C XRD  

 
Fig. 4–15 D XRD  

 
Fig. 4–16 E XRD  
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Fig. 4–17  

 
Fig. 4–18  
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Fig. 4–19  

 

 

Fig. 4–20  
 

  
 Fig. 4–21 (a)  (b)  

 

 
Fig. 4–22  
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4.3.5  

Fig. 4–23 Fig. 4–28

( -XRF) Fig. 4–23 Fig. 4–24 Fig. 

4–25

E e-1 e-2

 

Fig. 4–26 Fig. 4–27 Fig. 4–28

e-1 e-2

 

e-1 e-2

 

-XRF (EDS) e-1

Fig. 4–32 Table 4-16 EDS spectrum1

E ( ) spectrum2 e-1 ( ) spectrum3 D ( ) EDS

(Table 4-16) D E

e-1 D E

 

(WDS)

(Table 4-17) D E 4.9 5.6

( ) e-1

( ) 0.85 D E

e-1 0.4 D E e-1

12.6  

A B C D

E
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Fig. 4–23  

 

 
Fig. 4–24  

 

 
Fig. 4–25  

A B C D Ee-1 e-2

A B C D Ee-1 e-2

A B C D Ee-1 e-2
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Fig. 4–26  

 

 
Fig. 4–27  

 

 
Fig. 4–28  

A B C D Ee-1 e-2

A B C D Ee-1 e-2

A B C D Ee-1 e-2
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Fig. 4–29  

 

 
Fig. 4–30  

 

 
Fig. 4–31  

A B C D Ee-1 e-2

A B C D Ee-1 e-2

A B C D Ee-1 e-2
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Fig. 4–32 e-1 EDS  

 

Table 4-16 e-1 EDS  

Spectrum 
In 

stats.
C O Na Mg Cl Ca Fe Sr Ba Total 

Spectrum 1 Yes 15.84 38.88 0.77  0.27 36.98  6.32 0.94 100.00

Spectrum 2 Yes 15.18 45.42 0.33 0.83  33.99 2.65 1.61  100.00

Spectrum 3 Yes 17.96 47.92 0.40   27.04  6.10 0.59 100.00

All results in weight% 
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Table 4-17 e-1 WDS  
Standards : 

C    Calcite_20kV   9/29/2010 1:49:26 PM       O     BaTiO3_20kV   10/5/2010 3:34:34 PM

Na    Albite_20kV   6/30/2010 3:29:32 PM       Mg    Olivine_20kV   9/29/2010 2:03:13 PM

K      KCl_20kV   9/24/2010 3:28:13 PM        Ca    Calcite_20kV   9/29/2010 3:45:14 PM

Fe    IRON_20kV   9/28/2010 10:06:03 AM       Sr       SrF2_25kV   9/29/2010 1:57:49 PM

 

spectrum1 

Element 
Data 
Type 

Line 
App 

Conc. 
Stat. 

Sigma
k ratio

k ratio 
Sigma

Intensity 
Corn. 

Weight%
Weight % 

Sigma 
Atomic%

C WDS Ka 10.2 2.46 0.04 0.01 0.74 15.2 3.11 23.8 

O WDS Ka 27.5 0.52 0.07 0.00 0.57 52.9 2.00 62.4 

Na WDS Ka 0.26 0.02 0.00 0.00 0.70 0.40 0.03 0.33 

Ca WDS Ka 22.8 0.19 0.21 0.00 0.97 25.9 1.00 12.2 

Sr WDS La 4.34 0.21 0.04 0.00 0.85 5.63 0.34 1.21 

Totals 100 

           

spectrum2 

Element 
Data 
Type 

Line 
App 

Conc. 
Stat. 

Sigma
k ratio

k ratio 
Sigma

Intensity 
Corn. 

Weight%
Weight % 

Sigma 
Atomic%

C WDS Ka 15.3 3.11 0.06 0.01 0.78 11.5 2.07 20.5 

O WDS Ka 39.4 0.69 0.10 0.00 0.57 40.8 1.07 54.9 

Na WDS Ka 2.20 0.06 0.01 0.00 0.63 2.07 0.08 1.93 

Mg WDS Ka 0.55 0.02 0.00 0.00 0.72 0.45 0.02 0.40 

K WDS Ka 15.6 0.33 0.12 0.00 1.22 7.52 0.24 4.14 

Ca WDS Ka 39.5 0.28 0.36 0.00 0.96 24.1 0.62 13.0 

Fe WDS Ka 17.7 0.72 0.18 0.00 0.82 12.7 0.55 4.88 

Sr WDS La 1.15 0.12 0.01 0.00 0.80 0.85 0.09 0.21 

Totals 100 

           

spectrum3 

Element 
Data 
Type 

Line 
App 

Conc. 
Stat. 

Sigma
k ratio

k ratio 
Sigma

Intensity 
Corn. 

Weight%
Weight % 

Sigma 
Atomic%

C WDS Ka 8.64 2.26 0.04 0.01 0.76 9.40 2.23 16.5 

O WDS Ka 26.6 0.50 0.07 0.00 0.47 46.4 1.24 61.3 

Na WDS Ka 0.72 0.03 0.00 0.00 0.70 0.85 0.04 0.78 

K WDS Ka 4.66 0.17 0.03 0.00 1.23 3.12 0.14 1.68 

Ca WDS Ka 41.6 0.29 0.39 0.00 0.97 35.3 0.94 18.6 

Sr WDS La 5.08 0.23 0.04 0.00 0.85 4.92 0.23 1.19 

Totals 100 
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4.3.6  

Fig. 4–33 (SE)

Fig. Fig. 4–33 (b) 120 A B

C D E 150

Fig. 4–33 (a)

Image J Table 4-18

Fig. 4–34 Fig. 4–35  

Fig. 4–34 Fig. 4–35

D 25%

B 1%

E  

Fig. 4–36 SEM

D

B e-1 e-2  
 

Table 4-18  

picture Average Size 
(ppi) 

Area Fraction
(%) Picture Average Size 

(ppi) 
Area Fraction 

(%) 
Ho_0.jpg 24.8 0.9 Ho_15.jpg 136 27.1 

Ho_1.jpg 40.7 5.1 Ho_16.jpg 114 26.8 

Ho_2.jpg 81.8 15 Ho_17.jpg 91.4 24.3 

Ho_3.jpg 59.1 12 Ho_18.jpg 95.0 23.6 

Ho_4.jpg 19.9 0.8 Ho_19.jpg 120 24.9 

Ho_5.jpg 18.7 0.6 Ho_20.jpg 143 26.5 

Ho_6.jpg 78.6 19 Ho_21.jpg 129 22.4 

Ho_7.jpg 44.7 5.1 Ho_22.jpg 42.7 6.80 

Ho_8.jpg 70.2 22 Ho_23.jpg 62.6 16.6 

Ho_9.jpg 58.2 13 Ho_24.jpg 55.6 15.3 

Ho_10.jpg 139 27 Ho_25.jpg 49.6 12.4 

Ho_11.jpg 27.5 12 Ho_26.jpg 29.7 5.60 

Ho_12.jpg 48.3 8.2 Ho_27.jpg 40.2 11.7 

Ho_13.jpg 89.4 21 Ho_28.jpg 49.0 15.2 

Ho_14.jpg 77.6 18 Ho_29.jpg 26.7 3.50 
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Fig. 4–33 SEM (a) 150 (b) 120  

 

 
Fig. 4–34  

 

 
Fig. 4–35  

A   B      C                D                 E 

A   B      C                D                 E 
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Fig. 4–36 SEM  
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4.3.7  

Fig. 4–37 (a)

Fig. 4–37 (b)

 

Fig. 4–37 A

B  

C

D

D

Fig. 4–37 (b)  

E B

e-1 ( 1 mm 0.5 mm)x

 

A

C D B E

B E

D

C D

 

e-1  
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Fig. 4–37  (a)  (b)  
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4.4

4.4.1  

Table 4-19

47,000  

3-9-c t = T0 + 19035 log F 

( 25‰) t = T0 + 19035 log ( 13Csample / 25‰) 13Csample

-2.6‰ T0 47000 t 28,289(B.P.)

 

(2009)

(Table 4-20)

 
 

Table 4-19  

 

Table 4-20 ( 2009) 

   
14C  

(BP) 

13C 

(‰) 
 

(BP) 
 

 
 

 
38700±900 -2.2 18600*a-24300*b 

 
 

  41500±900 -4.3 27000*a-33000*b 

 
 

 
 

40100±800 -3.6 24100*a-29800*b 

  
 

 
>47000 -2.6 >28289*a 

*a 13C -25‰ *b 13C -12.5‰� t = T0 + 19035 log ( 13Csample / 13Cnow) 
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4.4.2  

Table 4-21

Table 4-21 Fig. 4–38 Fig. 

4–39  

Table 4-21 Fig. 4–38 �13C

-2.64‰ -2.86‰ �13C -2.41

Fig. 4–12 �13C �13C �13C

�13C

Table 4-21 Fig. 4–39 �18O -9.40

-10.16  

 
Fig. 4–38  

 

 
Fig. 4–39  

�2.9

�2.85

�2.8

�2.75
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�2.6
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Table 4-21  

d13C:-48.572 
(‰ vs. PDB) std error w.r.t. SMOW d18O:-19.542 

(‰) std error

DungMei01 -2.69 0.003 21.2 -9.40 0.006 

DungMei02 -2.69 0.004 21.1 -9.46 0.006 

DungMei03 -2.74 0.004 21.0 -9.55 0.005 

DungMei04 -2.76 0.003 21.0 -9.56 0.005 

DungMei05 -2.77 0.002 21.0 -9.59 0.007 

DungMei06 -2.82 0.003 20.9 -9.66 0.006 

DungMei07 -2.78 0.003 20.9 -9.65 0.004 

DungMei08 -2.78 0.001 20.8 -9.69 0.007 

DungMei09 -2.85 0.005 20.7 -9.88 0.007 

DungMei10 -2.86 0.004 20.6 -9.90 0.004 

DungMei11 -2.81 0.005 20.8 -9.79 0.007 

DungMei12 -2.79 0.004 20.7 -9.80 0.007 

DungMei13 -2.74 0.005 20.7 -9.85 0.006 

DungMei14 -2.69 0.002 20.9 -9.69 0.002 

DungMei15 -2.41 0.002 20.7 -9.87 0.007 

DungMei16 -2.71 0.003 20.7 -9.81 0.005 

DungMei17 -2.82 0.006 20.6 -9.92 0.007 

DungMei18 -2.75 0.003 20.8 -9.79 0.004 

DungMei19 -2.74 0.002 20.7 -9.84 0.004 

DungMei20 -2.75 0.004 20.7 -9.89 0.004 

DungMei21 -2.78 0.004 20.6 -9.96 0.005 

DungMei22 -2.75 0.002 20.6 -9.97 0.004 

DungMei23 -2.72 0.003 20.6 -9.96 0.003 

DungMei24 -2.72 0.004 20.6 -9.99 0.006 

DungMei25 -2.74 0.005 20.4 -10.2 0.011 

DungMei26 -2.70 0.006 20.4 -10.1 0.010 

DungMei27 -2.64 0.005 20.4 -10.1 0.011 
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4.4.3  

Fig. 4–40 Fig. 4–41 X

Fig. 4–40 Fig. 4–41

(2-theta 29.4 39.34 39.52 43.07 ) 

(2-theta 26.2 27.27 33.17 37.96 )

(Fig. 4–42 Fig. 4–43)

X

Fig. 4–43

 

 

 
Fig. 4–40 XRD  

 

 

Fig. 4–41 XRD  
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Fig. 4–42  

 

           
Fig. 4–43  
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4.4.4  

Fig. 4–44 Fig. 4–47

 

Fig. 4–44

001

010 Fig. 4–45 (a) 001

010  

Fig. 4–45 (b)

 

Fig. 4–46 Fig. 4–47 (

)

20 5

5 10 40

50 55 60 70  

Fig. 4–46 Fig. 4–47
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Fig. 4–44  

 

 
Fig. 4–45 (a) (b)  

 

 
Fig. 4–46  

 
Fig. 4–47  
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4.4.5  

Fig. 4–48 Fig. 4–56 X

Fig. 4–48 Fig. 4–50

Fig. 4–53  

Fig. 4–51 Fig. 4–52

 

Fig. 4–57

Fig. 4–57 (BSE)

(EDS) (WDS)

( EDS 300 )

(

100 150 )

BSE

b (Black) w (White)

m (Mix)  

EDS

 

3 (WDS)

15.3 (Table 4-23-w1)

(Table 4-23-b1 Table 4-23-b4)

0.2 0.4
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Fig. 4–48  

 

 
Fig. 4–49  

 

 
Fig. 4–50  
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Fig. 4–51  

 

 
Fig. 4–52  

 

 
Fig. 4–53  
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Fig. 4–54  

 

 
Fig. 4–55  

 

 
Fig. 4–56  
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Table 4-22 EDS  

Spectrum 
In 

stats. 
C O Na Mg K Ca Sc Mn Fe Sr Yb Total

w 1 Yes 16.7 49.2 0.51 30.7 2.87 100

m2 Yes 13.9 51.5 2.39 0.55 0.89 27.7 0.28 1.46 1.31 100

w3 Yes 17.2 50.1 0.80 29.0 2.87 100

w4 Yes 16.9 50.2 0.81 28.9 0.43 2.89 100

w5 Yes 15.5 49.0 0.75 31.9 2.96 100

b1 Yes 13.6 53.3 1.29 0.82 0.26 28.5 2.19 100

b2 Yes 16.5 50.0 0.75 0.78 28.8 0.28 2.19 0.64 100

b3 Yes 16.4 51.0 0.67 1.09 29.1 1.83 100

b4 Yes 16.1 51.8 0.70 0.79 28.3 2.28 100

b5 Yes 15.9 49.9 0.48 0.82 29.1 2.36 0.66 0.85 100

All results in weight% 

 

 
Fig. 4–57 EDS  
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Table 4-23 WDS  
Standards : 

C    Calcite_20kV   9/29/2010 1:49:26 PM       O     BaTiO3_20kV   10/5/2010 3:34:34 PM

Na    Albite_20kV   6/30/2010 3:29:32 PM       Mg    Olivine_20kV   9/29/2010 2:03:13 PM

K       KCl_20kV   9/24/2010 3:28:13 PM        Ca    Calcite_20kV   9/29/2010 3:45:14 PM

Fe   IRON_20kV   9/28/2010 10:06:03 AM       Sr       SrF2_25kV   9/29/2010 1:57:49 PM

w1 

Element 
Data 

Type 
Line 

App 

Conc. 

Stat. 

Sigma
k ratio

k ratio 

Sigma

Intensity 

Corn.
Weight% 

Weight % 

Sigma 

Atomic

% 

C WDS Ka 10.0 0.95 0.04 0.00 0.52 15.4 1.25 27.3 

O WDS Ka 53.4 0.97 0.06 0.00 1.07 39.8 0.83 53.1 

Na WDS Ka 0.35 0.02 0.00 0.00 0.76 0.37 0.02 0.34 

Ca WDS Ka 35.1 0.21 0.33 0.00 0.96 29.1 0.57 15.5 

Sr WDS La 17.0 1.13 0.15 0.01 0.89 15.2 0.90 3.72 

Totals 100 

b1 

Element Data 
Type 

Line App 
Conc. 

Stat. 
Sigma

k ratio k ratio 
Sigma

Intensity 
Corn. 

Weight
% 

Weight % 
Sigma 

Atomic
% 

C WDS Ka 11.1 2.29 0.05 0.01 0.83 20.5 5.01 33.3 

O WD Ka 36.2 0.73 0.04 0.00 1.37 40.7 7.60 49.7 

Na WD Ka 0.16 0.02 0.00 0.00 0.61 0.40 0.08 0.34 

Mg WD Ka 0.19 0.01 0.00 0.00 0.72 0.40 0.08 0.32 

K WD Ka 0.27 0.02 0.00 0.00 1.22 0.34 0.07 0.17 

Ca WD Ka 14.3 0.12 0.13 0.00 0.99 22.2 4.15 10.8 

Fe WD La 2.69 3.16 0.03 0.03 0.27 15.5 15.4 5.43 

Totals 100 

b4 

Element 
Data 

Type 
Line 

App 

Conc. 

Stat. 

Sigma
k ratio

k ratio 

Sigma

Intensity 

Corn. 

Weight

% 

Weight % 

Sigma 

Atomic

% 

C WD Ka 11.1 2.41 0.05 0.01 0.74 24.6 5.68 39.1 

O WD Ka 47.7 0.89 0.06 0.00 2.00 39.1 6.71 46.7 

Na WD Ka 0.42 0.02 0.00 0.00 0.56 1.23 0.22 1.03 

Mg WD Ka 0.07 0.01 0.00 0.00 0.66 0.17 0.04 0.14 

K WD Ka 0.29 0.02 0.00 0.00 1.17 0.40 0.07 0.20 

Ca WD Ka 4.80 0.06 0.04 0.00 0.99 7.97 1.35 3.79 

Fe WD La 5.20 3.19 0.05 0.03 0.32 26.5 12.0 9.06 

Totals 100
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4.4.6  

(FE-SEM)

(BSE) (Fig. 4–58) Image J

Table 4-24 Fig. 4–60 Fig. 4–61  

13

(Fig. 4–59)

17 27 (Fig. 4–60 Fig. 4–61)  

 
Fig. 4–58 SEM  

 

Table 4-24  

picture Average Size 
(ppi) 

Area Fraction
( ) 

picture Average Size 
(ppi) 

Area Fraction
( ) 

Ch_1.jpg 37.7 7.40 Ch_16.jpg 19.2 0.50 

Ch_2.a.jpg 45.5 11.6 Ch_17.jpg 20.0 0.20 

Ch_2.b.jpg 40.7 12.4 Ch_18.jpg 23.6 0.70 

Ch_3.jpg 33.4 10.2 Ch_19.jpg 18.0 0.30 

Ch_4.jpg 50.6 12.0 Ch_20.jpg 21.1 0.40 

Ch_5.jpg 39.2 9.50    

Ch_6.jpg 34.7 5.60 pore10_a.jpg 114 27.1 

Ch_7.jpg 28.9 3.70 pore49_a.jpg 118 20.7 

Ch_8.jpg 28.2 3.90 pore70_a.jpg 62.9 17.8 

Ch_9.jpg 19.5 0.70 pore70_b.jpg 51.2 19.7 

Ch_10.a.jpg 17.9 3.80 pore90_a.jpg 74.8 20.3 

Ch_10.b.jpg 28.2 3.70 pore90_b.jpg 61.8 21.3 

Ch_11.jpg 24.5 4.10 pore110_a.jpg 86.2 25.8 

Ch_12.jpg 20.8 1.10 pore130_a.jpg 75.4 24.0 

Ch_13.jpg 23.7 2.80 pore143_a.jpg 99.1 27.3 

Ch_14.jpg 20.1 2.30 pore162_a.jpg 92.3 22.8 

Ch_15.jpg 18.4 1.30 pore162_2.jpg 107 17.6 

1   2     3    4    5     6    7    8    9    10   11   12    13    14   15   16   17   18    19  20 
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Fig. 4–59 (a)SEM  (b)BSE  

 

 
Fig. 4–60  

 

 
Fig. 4–61  
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4.4.7  

(Fig. 4–62) (Fig. 4–62-a)

(Fig. 4–62-b)

(Fig. 4–62-d)  

(Fig. 4–62-c)  

(Fig. 4–62-c)

90

(Fig. 4–63) A D

E  
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Fig. 4–62  

 

 
Fig. 4–63  
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Chapter 5

Chapter 4 5.1

5.2

5.3

5.4

5.5

 

 

5.1

( )

 

(Table 4-12 Table 4-13) 1ppm

70ppm Table 5-1 Table 5-2

 
 

 Si4+ 
(ppm) 

Na+ 
(ppm) 

K+

(ppm) 
Mg2+ 

(ppm) 
Ca2+ 

(ppm) 
( ) 56.1 899 18.3 <1 <1 

 72.6 1009 23.0 <1 <1 

( ) 105 1098 27.6 <1 <1 

Table 5-1 ( 2001) 

 
1 (m)248756 (m)2510361  ( )-  
2 (m)251252 (m)2510525  ( )-  

 Si4+ 
(ppm) 

Na+ 
(ppm) 

K+

(ppm) 
Mg2+ 

(ppm) 
Ca2+ 

(ppm) 
2001.01.08 45.5-93.1 419-951 11.3-20.7 <1 1.02-2.55 

2001.09.10 53.4-99.4 741-1006 4.25-26.7 <1 1.08-3.97 

2002.02.05 31.9-118 310-901 8.02-29.5 1.02-6.08 1.07-32.6 

Table 5-2 ( 2002) 
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5.1.1  

( )

 

Table 4-3 Fig. 4–1 Fig. 4–9

20

( )

 

 

0.2 m

 

Table 4-3 

 

( )
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5.1.2  

Table 4-3 Fig. 4–1 Fig. 4–9

(ICP-AES)

 

 

5.2

(99.4 )

(98.9 )

 

 

5.2.1 pH  

50.8

70 40 -50

(Wray and Daniels,1957)

pH  

pH pH 7.95-8.88

pH 8.13-8.33 pH

pH pH

 

 

5.2.2  

( )

(Lee and Morse, 2010)
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5.2.3  

R Ca2+/CO3
2-

( 1995)

 

( 1995 2008)  

pH

(1)

(2) pH

pH [H+] [CO3
2-] [HCO3

-] [CO2(aq)]

(3)

( 80ppm) (4)

(

)

4.7 0

 

 

5.2.4  

( )
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0.1ppm 1ppm

 

1ppm

30ppm

 

 

5.2.5  

(Sohnel et al., 1982)  

70ppm

3ppm( 1ppm ) 2.4.6

Kevin et al. 2000 Science (Atomic force microscopy-

AFM)

(terrace width)

 

( 9ppm)

(<0.01ppm)

(2008)
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5.3

5.3.1  

 

15 50-60 60-70

15-50

20  
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5.3.2  

e-1

 

5.6% 1/5

e-1

0.4% 12.6%  

( 0.4%) (

26.4%)

13.3%  

( ) Ca2+ Mg2+ Fe2+

Mn2+ ( ) Ca2+

Sr2+ Ba2+ Klein and Hurlbut(1999)  

 

 

5.4
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5.4.1  

99.4%

A B C D E E e-1

D ( Fig. 4–17 Fig. 4–18 )

B E D

 

( Fig. 4–20 ) A B C

D E  

Fig. 4–23 Fig. 4–28

(EDS) (WDS)

 

Fig. 4–34 Fig. 4–35 Fig. 4–36

B

(<1%)

E E D

( 25% )

 

Fig. 4–37 D

C D C

B E

 

Fig. 5–1

(Fig. 5–1-a) (Fig. 5–1-c)
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(Fig. 5–1-b) (Fig. 5–1-d)  

(Fig. 

5–1-e) (Fig. 5–1-c)

(Fig. 5–1-f)

(Fig. 5–1-d)  
 

 
Fig. 5–1  

 

5.4.2  

(Fig. 4–37)

Holcomb et al.,(2009)

(A C D )

 

 

5.4.3  

A
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B

E B C D

 

B E

( )

(Fig. 5–2-a)

(Fig. 5–2-b)  

( )

(Fig. 5–2-d)

(Fig. 

5–2-c)  

C D

 

( Fig. 5–3)
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Fig. 5–2  

 
Fig. 5–3  

 

5.5

5.5.1  

RockWare Aq•QA (saturation indices

SI) RockWare Aq•QA

(USGS) PHREEQC

(Thermaldynamic ion-association)

 

1 4 24.0 5 50.8

1

2 ( )
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3 4

5 24 pH8.74 50.8 pH6.88

 

Fig. 3–13 pH H2CO3 HCO3
- CO3

2-

pH

pH pH ( Fig. 3–13 

pH H2CO3 HCO3
- CO3

2- )

 

RockWare Aq•QA

SI

( 5.2.5 )  

1

2 PHREEQC (

3) (Katz, 1989&1994)

PHREEQC 4 25

5

pH  

( 2,000ppm)

( 2003)

 
14C

( )

�13C -2.92‰ -3.37‰  

�18O -11.51‰ -10.64‰ (

>100m) �18O (-11.26‰ -10.0‰)

�18O �18O -10‰
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�18O -11‰ ( 2007) (Table 4-15

Fig. 4–11) B C C D

�18O -10 -12

�18O -7 -9

�18O

-3.3±3.3‰  

Fig. 4–10 Fig. 4–11 �13C �18O

�13C

500

  

5.5.2  

RockWare Aq�QA SI ( Appendix Table 2)

24 pH 8.2 70 pH

6.87 SI 0

SI 24

70 SI

pH  

2005
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pH

(1995) 

Sunagawa(1984) Frisia et al.,(2002) (2009)

 

2009

�18O -7.42±3.4‰ �18O -3.94±2.6‰ �18O

-9.90±0.7‰ �18O -9.82±0.6‰ �18O -9.69±0.4‰

�18O -9.59±0.3‰ �18O

-9.40 -10.16

( 47,000 )
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Chapter 6

 

(1) ( )

 

(2)

 

(3)

 

(4)

( )

15 50-60 60-70 20
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(6) B E

D

C D

D

C B 0
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Appendix Fig. 1 XRD  

 
Appendix Fig. 2 XRD  

 
Appendix Fig. 3 XRD  
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Appendix Fig. 4 10  

 
Appendix Fig. 5 20  

 
Appendix Fig. 6 50  
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Appendix Fig. 7 1.18mm 3,500rmp 

 
Appendix Fig. 8 1.18mm 5,000rmp 

 
Appendix Fig. 9 1.18mm 20,000rmp 
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2.1 2-3 2-4 H
+

 

][CO
10    ][ 3

1

pHHCOK
����  

][HCO
 10    ][

3

3
2

2

�

�� ���
pHCOK

 

(K’1 K’2)

Roy(1993a) 

5-45 0 -45

(Lloyd and Heathcote, 1985)

( T )  

log K’1  6.549  0.009002 T  0.0001021 T2  

 2.762 10 7 T3 3.561*10 10 T4 

log K’2  10.61  0.01277 T  0.0001203 T2  

 3.017 10 7 T3 2.694*10 10 T4 

(saturation indices SI)

SI>0 SI=0

SI<0  

SI = log Q/K = log Q – log K          Q: (ion activity product) 

K: (equilibrium constant) 

Q �CO3 [CO3
2-] �Ca [Ca2+]         � (activity coefficients) 
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(Calcite) K  

log Kcalcite  8.539  0.001499 T  0.0001263 T2 

                          4.477*10 7 T3  6.883*10 10 T4 

(Aragonnite) K  

log Karagonite  8.371  0.001671 T  0.0001253 T2 

                          4.466*10 7 T3  6.884*10 10 T4 

 

RockWare Aq�QA RockWare 

Aq�QA RockWare AquaChem (USGS)

PHREEQC v.2.15 (Thermaldynamic ion-association)

 
 

Appendix Table 1 RockWare Aq�QA SI  

1 2 3 4 5 

 

Ca2+ (ppm) 112 112 112 112 112 

Fe2+ (ppm) 0 0 2.27 2.27 2.27 

Mg2+ (ppm) 0 0 0 80.8 80.8 

Sr2+ (ppm) 0 0 0 18.0 18.0 

Ba2+ (ppm) 0 0 0 2.51 2.51 

Na+ (ppm) 0 2,166 2,166 2,166 2,166 

K+ (ppm) 0 166 166 166 166 

HCO3
- (ppm) 2,091 2,091 2,091 2,091 2,091 

T ( ) 24.0 24.0 24.0 24.0 50.8 

pH 8.74 8.74 8.74 8.74 6.88 

 

HCO3
- (mmol) 32.8 32.7 32.7 33.0 28.6 

CO3
2- (mmol) 1.52 1.73 1.73 1.76 0.03 

CO2 (aq) (mmol) 0.12 0.11 0.11 0.11 5.94 

SI -Calcite 
Saturation state 

2.672 2.439 2.439 2.429 0.87 
(supersaturated) (supersaturated) (supersaturated) (supersaturated) (supersaturated)

SI-Aragonite 
Saturation state 

2.507 2.274 2.274 2.265 0.71 
(supersaturated) (supersaturated) (supersaturated) (supersaturated) (supersaturated)
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Appendix Table 2 RockWare Aq�QA SI  

1 2 1 2 

 

Ca2+ (ppm) 1.05 1.05 84.0 84 

Fe2+ (ppm) 0 0 0 0 

Mg2+ (ppm) 0.61 0.61 1.00 1.00 

Sr2+ (ppm) 0.07 0.07 0.07* 0.07* 

Ba2+ (ppm) 0.06 0.06 0.06* 0.06* 

Na+ (ppm) 735 735 811 811 

K+ (ppm) 19.4 19.4 25 25 

HCO3
- (ppm) 155 155 2329 2329 

T ( ) 24.0 70.0* 24.0* 70.0* 

pH 8.20 6.87* 8.20* 6.87* 

 

HCO3
- (mmol) 2.49 2.06 37.4 30.9 

CO3
2- (mmol) 0.03 0.00 0.45 0.03 

CO2 (aq) (mmol) 0.03 0.48 0.48 7.35 

SI -Calcite 
Saturation state 

-1.12 -1.92 1.98 1.19 
(undersaturated) (undersaturated) (supersaturated) (supersaturated) 

SI-Aragonite 
Saturation state 

-1.28 -2.08 1.82 1.03 
(undersaturated) (undersaturated) (supersaturated) (supersaturated) 

*  

 

 


