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Fig. 1.2: Solid-contact [SEs. Carbon black is mixed into the ion-selective membranes.
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Fig. 2.6: Transient pressure profiles measured 1 mm from the focal point of the laser at
ambient pressures of 0.1, 10, 20 and 30 MPa using long laser pulse. The laser pulse was
focused on a solid target 9 mm away in water.
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Table. 3.1: Composition of seawater.
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Fig. 3.1: Photos of the samples used in this work. (a) Jade, (b) Hatoma, (c) Yoron, (d)
Takuyo, (e) basalt and (f) limestone.
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Table. 3.2: Sample list.

sample name Type Location
(a) Jade Hydrothermal mound JADE Site (Okinawa Trough)
(b) | Hatoma | Hydrothermal chimney Hatoma Knoll (Okinawa Trough)
(¢) | Yoron Hydrothermal mound Yoron Knoll (Okinawa Trough)
(d) | Takuyo Manganese oxide #5 Takuyo Seamount (Northwest Pacific)
(e) | Dbasalt Substrate rock #5 Takuyo Seamount (Northwest Pacific)
(f) | limestone Substrate rock #5 Takuyo Seamount (Northwest Pacific)
123° 124° 125° 126° 127° 128° 129°
28° [ ] _ [ 28°
Iheya North— — Yoron
Izena Knoll s, Knoll
27° (JADE site) ‘ S 27°
26°
25°
— 2/
129°

Fig. 3.2: Map of the East China Sea around Okinawa.
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(a) Stainless mortar (b) Agate mortar

Fig. 3.3: Photos of mortars used. 0 The sample of Hatoma is crushed in (a) and that of
Yoron is crushed in (b).
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Fig. 3.4: Acid digestion method.
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Fig. 3.5: Photos of samples at different stages.
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Fig. 3.6: The device for ICP-AES.
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3.24 00U

Table 3.300ICP-AESOO0O0O0OO0OOOOOODOOODOODOOODOODOODOO
gboogobuogbbogbooooobuoobboobogbobboobbuooboo
gbbgdgoboobuogbbooboouoobbuoobbooboooboooboonn
OO0oooooooOoOooDboO0oO0oDbbo0O0oDbOoO0o0bOOdJaded Hatoma O ZnO Cull Pb
UboobooooobobodbDYorond 2000000000000 000O0DOODOOO
O0ooooooboopooboobogbodidTakuyold basalt O OO OOOOOOOOOO
Takuyo O O MnObasalt 00 AlO TiOOOOOOOOOODOOODOODOO limestone

OCab 2500000000000

Table. 3.3: The chemical composition of rock samples. (a)Jade, (b)Hatoma, (c)Yoron,

(d)Takuyo, (e)basalt and (f)limestone.

(a) (b) (c) (d) (e) (f)
Ag 0.0182 | 0.0486 | 0.0532 | 0.00151 - -
Al 0.0114 | 0.507 | 0.0357 0.976 6.79 0.25
As 0.0628 | 0.755 0.855 0.0217 | 0.00182 | 0.00106
Ca 0.0173 | 0.0647 | 0.114 6.32 9.96 25.2
Cd 0.123 | 0.0288 | 0.00492 - - -
Co - - - 0.566 | 0.00760 | 0.00585
Cu 4.39 5.25 0.105 0.0621 | 0.0236 | 0.0113
Fe 10.2 3.50 2.52 9.50 8.66 0.384
Mg 0.0216 | 0.0478 | 0.00742 1.03 4.99 0.0890
Mn 0.0766 | 0.457 | 0.00503 16.2 0.203 0.473
Ni - - - 0.461 0.0250 | 0.0272
Pb 12.2 10.3 0.761 0.211 0.0162 | 0.0042
Sb 0.0215 | 0.594 | 0.333 | 0.00289 - -
Sr 0.0205 | 0.313 0.717 0.131 0.0603 0.125
Ti 0.00507 - - 0.336 1.45 0.0354
Zn 19.8 12.0 0.640 0.104 0.0196 | 0.0076
*Remainder 53.0 66.1 93.8 64.1 67.8 73.4

*Remainder: S, Si, O, Ba etc
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Fig. 3.7: Experimental setup.
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Fig. 3.8: Example of pulse shape.

Fig. 3.9: Photo of fiber-coupling unit. The green line indicates optical path of laser and
the red line indicates that of lights emitted from plasma.
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Fig. 3.10: Scheme of Cassegrain lens. The red part indicates optical path.

Fig. 3.11: Pellets used in the experiments.
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Fig. 3.12: Calculated spectra of each sample. Red numbers written beside lines indicate
the intensities of the lines.
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Fig. 3.13: Spectra obtained using long-pulse LIBS. The targets are (a)Jade, (b)Hatoma
and (c)Yoron. Peaks stem from elements whose name are written near peaks. The left
spectrum of each sample is obtained in water and the right is in seawater.
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Fig. 3.14: Spectra obtained using long-pulse LIBS. The targets are (d)Takuyo, (e)basalt
and (f)limestone. Peaks stem from elements whose name are written near peaks. The left
spectrum of each sample is obtained in water and the right is in seawater.
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Table. 3.4: Lines seen in the spectra, (a)Jade, (b)Hatoma, (c)Yoron, (d)Takuyo, (e)basalt
and (f)limestone.

element | wavelength[nm] | (a) | (b) | (c) | (d) | (e) | (f)
Pb 363.96 0 0 ox

Pb 368.35 0 0 0X

Fe 373.49 of | of |o*x| oA | o

Pb 374.00 o* | of |o*x

Mn 380.67 o*A

Fe 382.04 0 0 0 o* | o
Mn 382.35 o*

Mg 383.83 o*

Fe 385.99 0 0 0

Fe 388.63 0 0

Fe 393.03

Al 394.40 0 0 0

Al 396.15 0

Fe 396.93 0 0

Mn 403.75 o}

Pb 405.78 0 0 0

Fe 419.91 0

Ca 422.67 0 0 0 0
Fe 427.18 0

Ca 430.25 0 0
Fe 430.79 o) 0 o}

Fe 432.58 0 0

Fe 438.35 0 0 0

Fe 440.48 0 0

Ca 443.50 0 0
Ca 445.48

(Ba) 457.96 0 0

Zn 468.53 0 0 0

Zn 472.22 0 0 0

7Zn 481.05 0 0 o}

Cu 510.55 0 0

Cu 515.32 0 0

Mg 517.27 o*
Mg 518.36 o*
Ca 518.88 o*
Cu 521.28 0 0 0

Ca 527.03 0 o}
(Ba) 553.55 0 0

Ca 558.87 0 0 0

o:seen clearly as peak, A:seen degradation of peak in seawater
x:cannot seen in seawater *lines combined into one peak
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Fig. 3.15: Calculated spectrum of seawater. The range of wavelength are from 200 to 800
nm in the left figure and from 350 to 570 nm in the right figure (enlarged view of the red
part).
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Fig. 3.16: Enlarged view of the spectrum of limestone obtained in seawater. Self-
absorption of the peak of Ca I at 422.67 nm is obviously seen.
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Fig. 3.17: 3000 m depth rated in-situ LIBS system ChemiCam F.
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Table. 3.5: Specification of ChemiCam F.

Name ChemiCam F
Dimensions $0.3x1.3 m
Mass ' in air 160 kg
in water 40 kg
Max Depth 3,000 m
Power 130 W
Type Nd:YAG laser, 1024 nm
Pulse 40 mJ, 15000 250 ns
Laser )
Repetation 1Hz
Method delayed Q-switch
Amp 2 x Nd:YAG Diode Amp
Detector | UW-LIB spectrograph + PIMAX3(ICCD)
Spectrograph Range 2950 585 nm
Resolution 0.8 nm
Others 4 m fiber
Cassegrain optic
Linear stage for focusing
Pump for removal of turbed water
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Fig. 3.18: 3000 m pressure-resistant laser delivery and plasma observation fiber cable used
in the sea experiments.

Fig. 3.19: Section of the bundle fiber.The one used in the sea experiments has 20 fine
fiber around.
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Fig. 3.20: Probe of ChemiCam F.

Fig. 3.21: Cassegrain lens used in sea experiments. The part marked 1 is cassegrain
dispersion mirror, 2 is Cassegrain focusing mirror and 3 is zero defraction pressure window.

36



Fig. 3.22: Pump used in sea experiments. The left picture indicates the hose which water
come through and the right pictre indicates the exit of water.
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Fig. 3.23: Hyper-Dolphin and ChemiCam F. The red line indicates the outline of Chemi-
Cam F, which is inserted in Hyper-Dolphin.

Sample
basket

.

Fig. 3.24: Sample pieces mounted on sample basket of Hyper-Dolphin.
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Fig. 3.25: Measurements of brass and mineral samples in the sea using ChemiCam F. The
upper picture shows the measurement of brass and the lower shows measurement of the
Jade sample.

Fig. 3.26: Measurements of mineral inside the hole of CO013E.
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Fig. 4.1: Outline of CF-LIBS.
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Fig. 4.2: Boltzman Plot method.
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Table. 4.1: Composition of brass samples.

Sample Cu Zn Pb the remainder
31X7835.5 || 91.25+0.12 | 6.23+0.06 1.644+0.04 0.88

31XB23 | 89.57£0.06 | 9.97+0.06 | 0.04640.002 0.414
31X7835.8 || 69.93+0.12 | 24.83+0.06 3.154+0.03 2.09

31XB21 | 69.24+0.12 | 29.5+0.14 0.1240.004 1.14

31XB2 60.13+0.1 | 39.5740.12 | 0.012940.0014 0.287

31XB20 58.534+0.1 | 37.03+0.17 4.4340.06 0.01

31X7835.5 31XB23 RID. UL RER

100 pm

31XB21 31XB20

Fig. 4.3: Images of the surface of brass samples taken at a magnification of 50x.
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Fig. 4.4: Examples of the shapes of Gaussian and Lorentzian distribution. h, zpeq, and w
were set to 1, 0, 0.5 respectively.
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Fig. 4.5: Peak fitting by Gaussian and Lorentzian distribution. The black dots indicate
observed data, the red line indicates Gaussian fitting and the blue line indicates Lorentzian

fitting.
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Table. 4.2: Physical properties of peaks used through calculation.

Element | Atomic weight | A[nm] | Ej;[eV] | gi; | Aij[s™!]
Pb 207.2 405.78 | 5.744410 | 3 | 9.124e+07
/n 65.38 481.05 | 6.654963 | 3 | 7.004e+07
Cu 63.55 510.55 | 3.816948 | 4 | 1.949¢+-06
Cu 63.55 515.32 | 6.191593 | 4 | 1.034e+08
Cu 63.55 521.82 | 6.192444 | 6 | 1.221e+08
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Fig. 4.6: Energy diagram of the levels through transitions for Cu seen in the spectrum.
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Table. 4.3: Results of CF-LIBS obtained with various compositions of brass samples.

Sample Cu % Zn % Pb %
real 91.25 6.23 1.64
31X7835.5 air 82.254+1.60 | 11.004+1.26 | 6.7541.34
seawater || 93.05+1.46 | 5.75+1.14 1.20+0.49
real 89.57 9.97 0.046
31XB23 air 79.68+1.11 | 17.04£1.12 | 3.27£0.68
seawater || 87.654+1.77 | 11.65+1.66 | 0.70+£0.18
real 69.93 24.83 3.15
31X7835.8 air 61.7442.64 | 30.264+2.48 | 8.0141.43
seawater || 70.1043.24 | 29.024+3.20 | 0.88+0.22
real 69.24 29.5 0.12
31XB21 air 63.99+2.94 | 32.504+2.54 | 3.5140.83
seawater || 63.86£3.70 | 35.04+£3.77 | 1.10%0.34
real 60.13 39.57 0.0129
31XB2 air 58.1042.95 | 39.304+2.86 | 2.6140.33
seawater || 68.3543.64 | 31.09+3.27 | 0.562+0.650
real 58.53 37.03 4.43
31XB20 air 54.784+1.75 | 38.794+1.54 | 6.4240.78
seawater || 56.96+4.07 | 40.66+4.21 | 2.394+0.43

gobbboooobbooooobn

54




Table. 4.4: Relative and actual errors of CF-LIBS.

realtive % error actual % error
Sample Cu | Zn Pb Cu Zn | Pb
air 986 | 76.5 | 312 |-9.00 | 4.77 | 5.11
31XT835.5 seawater | 1.98 | 7.69 | 27.1 | 1.80 | -0.48 | -0.44
31XB23 air 11.0 | 71.0 | 7014 | -9.88 | 7.07 | 3.23
seawater || 2.14 | 16.8 | 1420 | -1.92 | 1.68 | 0.65
31X7835.8 air 11.7 | 219 | 154 |-8.19 | 5.43 | 4.86
) seawater || 0.245 | 16.9 | 72.0 | 0.17 | 4.19 | -2.27
air 7.58 | 10.2 | 2821 | -5.25| 3.00 | 3.39
31XB21 seawater || 7.77 | 18.8 | 13.7 | -5.38 | 5.54 | 0.98
31XB2 air 3.38 10.69 | 20104 | -2.03 | -0.27 | 2.59
seawater || 13.7 | 21.4 | 4254 | 8.22 | -8.48 | 0.55
air 6.40 | 4.76 | 45.0 |-3.75| 1.76 | 1.99
31XB20 seawater || 2.69 | 9.80 | 46.2 | -1.57 | 3.63 | -2.04

Table. 4.5: The temperature calculated by Boltzman Plot using 3 peaks of Cu I.

Sample temperature [K]

: 7577£316.7

31X7835.5 seaj;;ter 792243974
: 7653+372.7

BIXB2S | o0
: 7942£222.8

31X7835.8 seaavt;ter 6332-6440.0
: 8120+373.4

BIXB2L | a0
- 8136+287.2

31XB2 seaz\?;;ter 8163£586.1
: 7653+£372.7

SIXB20 (e
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Fig. 4.7: Spectra obtained using long laser pulse in air(left) and in seawater(right). The
targets are 31X7835.5, 31XB21 and 31X7835.8.
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Fig. 4.8: Spectra obtained using long laser pulse in air(left) and in seawater(right). The

targets are 31XB2, 31XB23 and 31XB20.
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Fig. 4.9: Results of calculation by CF-LIBS. The lower figure indicates the concentrations
of Pb.
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Fig. 4.10: Relation between time after laser irradiation and optical intensity.
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Fig. 4.11: Temperature of plasma calculated by Boltzman Plot using 3 peaks of Cu I. The

right figure is the enlarged view of the red part in the left figure.
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Fig. 5.1: Diagram of Cu-Pb-Zn ratio.The broken line is drawn according to Ishihara
1968[91] and the data 'Izena’ is referred from Usui 2010[61].
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