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Abstract. 

Isotopic and elemental compositions of rare gases were 

investigated in gas samples collected in the Japanese Islands. 

He in volcanic gas, hot-spring gas, geothermal well gas samples, 

and most of bubble gas samples in low temperature water pool 

showed significantly high 3He/4He ratios, about 7 times the 

atmospheric ratio of 1.4 x 10-6 , in spite of the large variation 

of He concentration, and showed no systematic differences in the 

3He/4He ratios among the gas sources. Emanations of mantle He 

enriched in primordial He proved common phenomena in the Japanese 

Islands. The origin of mantle He will be discussed. 

Soil gas samples collected in the Nigorikawa geothermal 

area showed evidence for mass fractionation of the atmospheric 

rare gases. h · h 1 t' h f 20 T 1S means t at severa per cen enr1C ment 0 Ne 

relative to 22Ne is not a sufficient condition for identifying 

a primordial component of Ne in the earth. 

An enrichment of 20Ne relative to 22Ne was found in volcanic 

gases. The enrichment could not be explained as the mass 

fractionation of the atmospheric Ne. The origin of the enrichment 

will be discussed. 

40 36 . 
Ar/ Ar rat10s in gas samples investigated were lower than 

325. The contribution of radiogenic 40Ar was relatively small in 

all samples. 

Elemental abundance patterns of rare gases were similar to 

that of the atmospheric rare gases dissolved in low temperature 

water, or were enriched in Kr and Xe relative to the later pattern. 

The enrichment in Kr and Xe will be discussed. 



3He/4He and 4He/20 Ne ratios in volcanic gases from Mt. Showa-

shinzan decreased and approached to the atmospheric values with 

time. This suggests the declination of volcanic activity. 

3He/4He ratio, about 6.5 times the atmospheric ratio, first 

High 

observed in gas samples collected at the earthquake fault zone in 

Matsushiro earthquake swarm strongly suggests that the 3He/4He 

ratio is possible measure for the detection of earthquake precursors. 

High 3He/4He ratios found in hot-spring gases show that the addition 

of magmatic volatiles to the ground water is one of the heat sources 

of hot-springs. 

Continental CO2 well gases, Mid-Atlantic Ridge basalts, and 

volcanic lava were also analyzed for rare gas isotopic compositions. 

3He/4He ratios of Ridge basalts were about 1.0 x 10-5 , whereas the 

ratios of continental CO 2 well gases were about 5 x 10-7 . 

Enrichment of light isotope of Ar in volcanic lava could be 
• 

understood in terms of the mass fractionation of the atmospheric 

Ar. 
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I Introduction. 

Studies on the elemental abundances and the isotopic compositions 

of rare gases in terrestrial and extraterrestrial materials give 

useful information on the origin and evolution of the solar system, 

and have shown that there exist five components of rare gases of 

different origins: 1) a radiogenic component, 2) a fissiogenic 

component', 3) a cosmogenic component, 4) a trapped component of 

primordial, ambient gases in the early solar nebula absorbed by 

meteorite matters, 5) an atmospheric component. These components 

were acquired by the materials through physical processes such as 

the decay of natural radioactivity, the production by particle 

bombardment, and trapping of ambient gases. The quantitative 

determination of these components enables us to calculate gas-

retention ages and cosmic-ray exposure ages of meteorites and 

lunar samples, to estimate the concentration of extinct nuclides 
• 

such as 1291 and 244pu and thereby to calculate the formation 

interval between the end of nucleosynthesis and the beginning of gas 

retention in the meteoritic materials. The primordial, trapped 

component gives information regarding the circumstances in the 

primitive solar nebula at the formation of solar system. 

In addition to the information from meteorites and lunar 

samples, the recent artificial space-crafts give valuable 

information on the rare gas compositions in the atmosphere of 

other planets such as Venus and Mars. The comparative 

investigation of rare gas compositions among the planets is 

important for the study of the origin and evolution of the planets 

and the solar system. Our knowledge on the rare gas compositions 

in the solid earth, however, was quite poor relative to high 

quality data on those in extraterrestrial materials 
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such as meteorites and lunar samples. Since the terrestrial rare 

gases are used as a reference rare gas composition in the investi-

gat ion of the origin and evolution of planets and the solar system, 

high quality data of rare gases on the terrestrial materials are 

required. 

Terrestrial rare gases give also useful information on the origin 

and evolution of the earth's atmosphere. Brown [1] showed that the rare 

gases in the earth's atmosphere are highly depleted relative to the 

solar abundances and concluded that the earth's atmosphere was not 

a trapped primitive solar nebula but degassed from the interior of 

the earth. Two types of de gassing models have been proposed for 

the formation of earth's atmosphere: continuous and catastrophic 

degassing models. Rubey[2] showed that the estimated excess 

volatiles in the earth's atmosphere and ocean could be accounted 

by volatiles degassed via volcanic gases and hot-spring emanation, 
• 

and proposed a continuous degassing model for the formation of the 

atmosphere. Though a continuous degassing model [e.g. 3,4] and a 

catastrophic one [e.g. 5,6] have been proposed, it is still 

contI6versial which model is valid for the formation of the atmosphere. 

Ozima and Kudo[4] first discussed the degassing history based on 

h 40 /36 t' h 40 /36 'f 'd' 1 h teAr Ar ra 10. TeAr Ar ratlo or prlmor la Ar as 

been calculated to be 10-4 based on a nucleo-synthetic theory [7] . 

The ratio is increasing with time because of the production of 

d ' ,40 b h d f 40 H th t t' f ra logenlc Ar y t e ecay 0 K. ence e concen ra lon 0 

40Ar and 40Ar/36Ar ratio in the earth's interior depends on the 

concentration of K and the degassing rate. Assuming a value of 

about 2,000 for the 40 Ar/36Ar ratio in the present mantle, Ozima[8] 

proposed a catastrophic degassing model in the early stage of the 
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earth evolution. h d . . f 40 /36 . 11 T e eterm1nat1on 0 Ar Ar rat10 as we as 

the concentrationofAr in the present mantle is important for the 

study of degassing history of the earth. 

Recent observations of juvenile rare gas emanations should also 

provide a constraint on the earth-atmosphere evolution models. 

Excess 129xe was detected in CO2 well gas from New Mexico [9 ,10], in 

lava rock from New Mexico [11] and in xenolithic rocks from Hawaii [12, 

14,31]. Excess 129xe in these samples has been regarded to be 

evidence . 129 7 for the presence of ext1nct I(tl / 2 = 1.7 x 10 yr) at the 

period of degassing of the earth, and to support a catastrophic 

degassing model in the early stage of the earth. 

Early works on the isotopie composition of terrestrial He were 

carried out for continental natural gases and minerals containing 

radioactive elements. Observed 3He/4He ratios were lower than 

the atmospheric ratio of 1.4 x 10-6 , because of the enrichment in 

radiogenic 4H~ from U and Th[15]. However, recent i;otopic analyses 

of He in volcanic gases [16-19] , in oceanic water[20-24], oceanic 

basalts[25~27] and in mantle-derived minerals [28-32] have shown high 

3He/4He ratios. The highest 3He/4He ratio reported attains to 

4.9 x 10-5 [32], 35 times the atmospheric ratio. The high 3He/4He 

ratio has been interpreted as evidence that primordial He which has 

found in meteorites and lunar samples[33-35] is still emanating 

from the mantle[17]; If this is the case, the identification of 

primordial components as well as the determination of 40Ar/36Ar 

ratio in the mantle are important in studying the degassing history 

of the earth and the origin of the earth itself. 

The identification of primordial rare gas component also gives 

useful information about the earth sciences. As will be given 
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h h " h 3 /4 " f" b d " I later, t e 19 He He ratlo was lrst 0 serve ln gas samp es 

collected at an earthquake fault zone in the Matsushiro earthquake 

swarm[36], which suggests that the observation of 3He/4He ratio may 

be useful for the detection of earthquake precursors. Such high 

ratios were also detected in all the hot-spring gases analyzed. 

This suggests the emanation of volatiles as a heat transport from 

a magma. 

High 3He/4He ratios relative to the atmospheric value have been 

detected mainly in pillow basalts collected at oceanic ridges where 

the new crust is formed from the mantle, in rocks and minerals 

solidified in themantle and in samples from hot-spots. Hence, the 

high 3He/4He ratio is regarded to represent the ratio in the upper 

mantle underlying oceanic ridges and hot-spots. In contrast to 

these area, the Japanese Island Arc is located on a subducting zone 

of the oceanic plate. We are interested in identifying the 

component of He with high 3He/4He ratio in samples coilected in the 

sbduction zone. Craig et al. [18] d€tected a high 3He/4He ratio, 

about '6 times the atmospheric ratio, in a fumarolic gas from a Hakone 

fumarole. Wakita et al. [36] also detected a similar value of the 

3 /4 "" He He ratlo ln gas samples collected at the earthquake fault 

region in the Matsushiro earthquake swarm. These results suggested 

that He with the high 3He/4He ratio is also being released in the 

Japanese Islands as well as in the oceanic ridges and the hot-spots. 

We have investigated the isotopic compositions of rare gases in 

volcanic gases, hot-spring gases, bubble gases in low temperature 

water pool, geothermal well gases in the Japanese Islands. 

In this thesis we describe results on the isotopic compositions 

of He and other rare gases and the primordial component of He in gas 

samples of various sources and discuss an application to the earth 
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sciences such as a detection of earthquake precursors and a heat 

source of hot-springs. 

• 
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IT . Experimental techniques. 

I} Sampling localities and chemical compositions. 

Sampling localities in the Japanese Islands and classification 

of samples are given in Fig. IT -1. The sample number and the 

classification used in Fig. IT-I are summarized in Table IT-I with 

the localities and the date of collection. CO 2 well gases sampled 

in Derbecen, Hungary and Mid-Atlantic Ocean ridge basalts are not 

included in Fig. IT -1. In Table IT-I, samples are labeled according 

to the classification as follows; free-gas in hot-spring (H-) , volcanic 

gas (V-) , bubble gas in low temperature water pool (L-) , soil gas(S-}, 

geothermal prospecting well gas(G-}, well gas for earthquake prediction 

(W-), Co2-well gas in Derbecen, Hungary (DR-) , Atlantic ridge basalt 

(RB-) and volcanic lava in Japan (VL-) . Chemical compositions of gas 

samples in literature are summarized in Table IT -2. 
• 

2} Collection of gas samples. 

a} Bubble gas in water pool. 

Collection vessels were made of borosilicate glass, the inside 

volume of which was about 100 cm3 . Another type of collection vessels 

were made of Pyrex glass and the inside volume was about 20 cm3 . 

Vaccum tight stop-cocks were attached to both sides of the vessels. 

At the sampling field, a funnel and a manual pump were attached to 

each side of the collection vessel with a thick wall plastic tube 

and the funnel was dipped in water pool as shown in Fig. IT -2a. 

First, the plastic tube and the sampling vessel were filled with 

local water through the funnel with the aid of the manual pump, and 

then the funnel was placed on the bubbling site to collect the gas. 
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The water was replaced by the gas in the funnel with great care to 

avoid the atmospheric contamination. Then the gas in the funnel was 

transfered into the sampling vessel by replacing the water. In 

order to minimize the atmospheric contamination, the vessel was 

flushed several times by the sample gas collected in the funnel. 

b) Collection of soil gas. 

Soil gas samples were collected by a usual procedure for the CO 2 

prospecting method. A pipe of 1 m in length and 1.5 cm in diameter 

was sealed in a hole of 1 m in depth and 5 cm in diameter with 

bentonite as shown in Fig.TI -2b. The pipe was riddled at the lower 

end and the upper end was capped with a Tygon tube closed by a 

pinch-cock. It was left sealed for a day and the gas accumulated in 

the hole was introduced into a 20 cm3 volume of Pyrex-glass sampling 

vessel as shown in Fig. TI -2b. The vessel was flushed several 

times with the sample gas to remove the atmospheric contamination 
• 

and then the ~top-cocks were closed. 

c) Collection of furnarolic gas. 

The fumarolic gases subjected to rare gas analyses in this work 

were collected by Matsuo, Mizutani and Matsubayashi. The sampling 

technique of fumarolic gas has been shown elsewhere[37, 38]. The 

furnarolic gas was introduced into alkaline solution to remove the 

acid component and the water-vapor. The non-absorbed component of 

gas was stored in borosilicate-glass#or Pyrex-glass vessel by sealing 

off the ends with a torch. 

# SB-glass by Shibata glass factory. 
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3) Mass spectrometry. 

a) Splitting of gas samples. 

For the rare gas analyses, the collected gas samples were split 

into several ampoules of various volumes with breacable seals. The 

pressure and the temperature of gas sample at splitting were measured 

and used for calculation of rare gas concentrations. After the rare 

gas analyses, the inside volume of ampoule was also determined. The 

concentration of rare gas was calculated by, 

where 

C = in ppm ) (Eq. IT -1) 

v = total amount of rare gas isotope in the ampoule 

determined mass spectrometrically 

V = inside volume of the ampoule 

P = pressure of the gas . sample at splitting 

T = temperature of the gas sample at splitting 

Po = 760 Torr 

TO = 273 K 

• 

b) Apparatus for rare gas analysis. 

The mass spectrometer and the low blank metal system for rare 

gas analysis used in this work have been described elsewhere [39] . 

The line for rare gas analysis, schematically represented in Fig. IT -3, 

was consisted of a rare gas extraction and purification system, a 

calibration sample preparation system and a mass spectrometer. 

The mass spectrometer was of a single focussing 90° sector type 

with 20 cm of ion curvature and equipped with a ten-stage Cu-Be 

secondary electron multiplier. The resolving power was adjusted 

to about 600 to separate 3He from H3 and HD peaks. A trace of 

He spectrum is shown in Fig. IT -4. Hydrocarbon peaks were also 
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separated from isobaric Ar, Kr and Xe isotopes. To reduce the 

interference of 20Ne and 22Ne with doubly-charged 40Ar and CO
2 

ions, respectively, an electron accelaration voltage in the ion 

source was set at 40V. 

c) Mass analysis. 

The sample gas was introduced into the purification system by 

breaking the breakable seal and purified with Ti-Zr getters heated 

He and Ne were separated by adsorbing Ar, Kr and Xe on 

activated charcoal at liquid nitrogen temperature, and were admitted 

to the mass spectrometer for isotopic analysis. Ar, Kr and Xe were 

then separated each other by selective desorption on charcoal trap 

Temperature of the charcoal trap was 

controled by N2 gas vaporized from liquid nitrogen. The vaporization 

rate was controled by monitoring temperature at the charcoal trap 

with a thermo-couple. Inside the charcoal trap CH2, £ins were 

attached to improve the heat conductivity. The improved adsorbing 

power for A~ at liquid nitrogen temperature enabled us to analyze 

Ne with minimum interference with Ar++ ions in the mass spectrometer. 

A small volume of about 8 cm3 designated as Vr in Fig. IT-3 was used 

to reduce the quantity of gas to a suitable amount for mass spectro-

metry. 

Rare gases introduced into the mass spectrometer were analyzed 

for the isotopic compositions. Known amounts of the atmospheric 

rare gases were also analyzed with the same procedure as applied 

for the sample gases to determine the sensitivity of the mass spectro-

meter and to correct the mass discrimination. The mass discrimination 

3 in He was determined by analyzing an artificial mixture of pure He 

434 4 and He, the He/ He ratio of which was 1.34 x 10- . 
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The doubly-charged 40Ar and CO
2 

ions interfering with 20Ne and 

22 40 ++ 40 + Ne, respectively, were corrected with the measured Ar / Ar 

++ + ++ 22 and CO2 /C02 ratios. Correction for CO2 at Ne was less than 

1 t d 40 ++ , 1 I' 'bl f 1 per cen an Ar correctlon was a so neg 19l e or gas samp es 

++ collected in the Japanese Island. However, CO2 . correction attained 

22 to several per cent of Ne for samples DR05, DR63 and DR65 because 

of very low abundance of Ne. 

The 21Ne/20Ne ratio was affected by an accidental appearence of 

20NeH+ ions. The appearence of 20 NeH varied depending on pressure of He 

and Ne in the ion source. Fig. IT-5 shows the variation of (21Ne + 
20 20 , NeH)/ Ne ratlo against the total amount of He and Ne admitted in 

the mass spectrometer. h " 5 22 / However, as sown ln Flg. IT - ,the Ne 

20Ne ratio is approximately constant at a wide range of the ion source 

pressure. The appearence of 20NeH+ ions relative to 20Ne varied from 

7.5 x 10-4 for 1 x 10-8cm3STP of He and Ne to 7 x 10-5 for 1 x 10-5 
• 

cm3STP of He and Ne. We could not clarify how the hydride ions 

appeared. 20 Because the occurrence of NeH ions was affected by an 

adjustment of electric field in the ion source, the appearence of 

20NeH could be attributed to a drawing out efficiency of 20NeH varied 

by a change in electric field caused by different intensity of ion beam 

in the ion source, or by a difference between the sites where the 

20 NeH and rare gas ions were produced. Hence, the hydride ions may 

not appere in a condition of different adjustment of ion source in 

the mass spectrometer or in other mass spectrometers. 

21 20 , The Ne/ Ne ratlo was corrected based on the correl 

in Fig. n-5. However, uncertainty was relatively large. Therefore 

the 21Ne/20Ne ratio was less reliable than the 22Ne/20 Ne ratio. 
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The sensitivities of the mass spectrometer for He and Ne 

were also affected by the elevated pressure of He and Ne in the 

mass spectrometer as shown in Fig. IT-6. -5 3 Where 5 x 10 cm STP 

of a He and Ne mixture was admitted to the mass spectrometer, the 

sensitivities decreased by about factor of 2 and 3 for He and Ne, 

-8 3 respectively, relative to those with 10 cm STP of the gases. 

Hence, the concentrations of He and Ne were determined with the 

-7 3 amounts of He and Ne in the spectrometer lower than 1 x 10 cm 

STP, where the variations of sensitivities were within 10 per cent . 

• 
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m. Results. 

1) Isotopic compositions and elemental abundances of rare gases. 

Isotopic compositions are compiled in Table llI-l. Sample 

numbers used in Table IU-l are summarized in Table IT-l. The rare 

gas concentrations were calculated by Eg. IT-l. In this calculation, 

no correction was applied for the removed acid-forming gases in most 

of the volcanic gases. The correction for the removed components 

can be estimated with the chemical composition of gas samples listed 

in Table IT -2. 

2) 3He/4He ratios and He concentrations. 

a) Distribution of 3He/4He ratios in the Japanese Islands. 

The 3He/4He ratios relative to the atmospheric 3He/4He ratio 
• 

defined by, 

3 4 
R = <- He/ He) sample 

( Eg. m-l ) 

(3H /4H ) 
e e atmosphere 

.. 1 h h' 3 /4 .. are shown ln F1g. m- , where t e atmosp er1C He He rat10 1S 

-6 1.4 x 10 • The syrnboles which represent the classification of 

gas samples used in Fig. m-l are same as used in Fig. IT-l. 

Samples except well gases Wl-MT and Wl-KW were all enriched in 3He 

relative to the atmospheric ratio. The highest value of R = 11 

was found in Gl-ON, a geothermal prospecting well gas at Onuma, 

Akita prefecture. 3He enrichments, about seven times the atmospheric 

value, were found in many other samples. This shows that the 

emanations of He enriched in 3He are common phenomena in the Japanese 

Islands. 
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b) 1 · b 3H /4 d 4 /20 . corre at~on etween e He an He Ne rat~os. 

The 3He/4He ratios for all gas samples and Mid-Atlantic Ridge 

b It 1 tt d . t th 4He/20Ne rat;os asa s are p 0 e aga~ns e ~ in Fig. IIT-2. A 

mixing line represents a composition of a mixture between the 

atmosphere and a He-enriched gas with a high 3He/4He ratio of 1.0 x 

All data lie on or below the mixing line, except for sample 

GI-ON whose 3He/4He ratio is significantly higher than the others. 

The 3He/4He ratios below the mixing line can be interpreted as 

admixture of radiogenic 4He accumulated in crustal rock. Fig. llI-2 

also shows that there is no systematic difference in the 3He/4He 

ratios among volcanic, hot-spring and low temperature bubble gases. 

An upper limit of 3He/4He ratios for these gases is approximately 

-5 1.0 x 10 • 

To estimate the mixing ratio of He from various origins, three 

components were assumed as follows. 

atmospheric He 

1.4 x 10-6 

0.32 

crustal He 

3 x 10-8 

• 

mantle He 

1.0 x 10-5 

> 10 4 

A high 4He/20Ne ratio assumed for the mantle component is supported 

by the result for oceanic ridge basalt RB197 whose 4He/20 Ne and 3He/ 

4 -5 He ratios were 1900 and 1.0 x 10 , respectively. Higher 

4He/20 Ne ratios have been reported for natural diamonds by Takaoka 

and Ozima[28, 29] and for Mid-Atlantic Ridge basalts by Craig and 

Lupton[27] . The 3He/4He ratios higher than 6 times the atmospheric 

ratio support that the rare gases in diamonds and ridge basalts are 

of mantle origin. The 3He/4He and 4He/20 Ne ratios observed in this 

work can be expressed as, 
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3He 
lob. ( 1.4a + 0.03c + 10m ) x 10-6 ( Eq. m-2a ) 

4He 
= 

4He 
lob. 

0.32 ( Eq. m-2b ) 
20 Ne 

= --a 

a + c + m = 1 ( Eq. m-2c ) 

where "a", "c" and "m" represent the mixing ratio of 4He for 

atmospheric, crustal and mantle He, respectively. In Eq. m-2b, 

20 Ne of mantle-origin was neglected. 

Correlation between the calculated 3He/4He and 4He/20 Ne ratios 

are shown in Fig. m-3. Atmospheric contamination in 4He is less 

h 10 t 'f th 4H /20 t" th t t' th t an per cen 1 e e Ne ra 10 lS more an en lmes e 

atmospheric ratio. Fig. m-2 and Fig. m-3 indicate that most of 

1 'h h' h 4 /20 , , d '1 f samp es Wlt 19 He Ne ratlos contaln He compose maln y 0 

mantle He with a high 3He/4He ratio and of a minor component of 

crustal He enriched in radiogenic 4He . 
• 

In contrast, samples WI-MT, W2-KW, DR05, DR63 and DR65 show low 

3He/4He ratios of 10-7 , which is a typical 3He/4He ratio for crustal 

He. Two samples WI-MT and W2-KW were collected in wells used for 

the detection of earthquake precursors in the Keihin district. 

This area is covered with thick "Kanto Loam", the volcanic ashes 

ejected from Hakone and Fuji volcanoes, and there is no volcanic 

activity. Other three samples, DROS, DR63 and DR65 were collected 

in CO2 wells at Derbecen in Hungary, the depths of which were 86Sm, 

1170m and 1060m, respectively. The area is characterized by thick 

sedimentary materials and by a high heat flow[40l. 

c) 3He/4He ratios and He concentrations. 

The 3He/4 He ratios for gas samples are plotted against the He 
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concentrations in Fig. m-4. Acid components in most of the 

volcanic gas samples were removed with alkaline solution. For such 

samples, the He concentrations should be lower than those plotted in 

Fig. ill-4. In spite of the wide variation of He concentration from 

0.6 to 1800 ppm, no significant correlation was found between the 

3He/4He ratio and the He concentration. High 3He/4He ratios relative 

to the atmospheric one were found in samples with various He concent-

rations. High concentrations of more than 1000 ppm He were found 

in hot-spring gases H2-SR, H9-KI and HID-MT. He concentrations for 

most of the samples range from several to several ten ppm. Hungary 

CO2 gases DR05, DR63 and DR65 were highly enriched in radiogenic 4He • 

d) Correlation between He concentration and chemical composition. 

The concentrations of He in natural gases and liquid samples 

have been measured to survey the He resources in Japan since 1922 
• 

[41-45] . Recently, systematic surveys were carried out by the 

Geological Survey of Japan[46-56]. These surveys showed that the 

Japanese natural gases could be grouped into three types according 

as their chemical composition; CO 2-, N2- and CH 4-types of gases. 

The He concentration was highest in the N2-type gas, whereas in the 

CO2-type gas the He concentration was very low. 

The He concentrations determined in this work are plotted 

against the CO2 and N2 concentrations in Fig. m-5. Samples H6-YM, 

H7-MS and S2-MN with He concentrations higher than several hundred 

ppm are enriched in N2 . In contrast, samples HI-lW, L5-IS and 

L3-YS show high CO2 and low He concentrations. This correlation 

between the He concentration and the chemical composition is consistent 

with the previous observation noted above. 

Such correlation was not applicable to the continental CO 2 well 
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gases DR05, DR63 and DR65 because of the high concentration of 

d ' ,4 ra logenlc He. 

e) Correlation between 3He/4He ratios and CO2 concentrations 

in gas samples from the Nigorikawa geothermal area. 

The Nigorikawa geothermal area is located in a caldera about 

20 km north-west of Mt. Komagatake, one of the largest active 

volcanoes in Hokkaido. The locality is shown in Fig. TI -1. The 

area is known to have showings of oil, natural gas, hot-spring as 

well as gaseous geothermal surface manifestations. The last 

eruptive activity has been dated to be 12,900 + 270 y.B.P. by means 

of a 14C dating method[57]. 

Samples consisted of bubble gas (designated as LI-NG) collected 

at an abundand suI fer mine and five soil gases Sl-NG-l~ Sl-NG-5 

collected within 500 m of the bubble site. In-situ analysis of 

the CO
2 

concentration in the soil gas was carried out with a portable 

interferometer analyser. High 3He/4He ratios relative to the 

atmospher~c He were found in all samples. The 3He/4He ratios 

correlate with the CO2 concentration as well as the He/Ne ratios. 

Fig. TII-6 shows the correlation between 3He/4He ratios and CO2 

concentrations for six samples. Sample LI-NG with the 3He/4He 

ratio of seven times the atmospheric ratio consists of 96.8% CO2 , 

1.6% N2 , 0.9% H2S, 0.7% CH 4 and trace of H
2

[58]. Fig. TII-6 shows 

th t h ' h 3 /4, 'h' h C a a 19 He He ratlo accompanles a 19 02 concentration and 

the soil gas samples lie around the line connecting the points 

represent samples LI-NG and the atmosphere. 

Analyses of CO2 concentrations in soil gases are used for the 

determination of suitable point for the geothermal development. 

The correlation shown in Fig. TII-6 suggests that the analysis of 
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3 /4 t .. . 1 . 1 1 . b 1 th . He He ra 10 ln SOl gas lS a So app lca e to lS purpose. 

3) Isotopic compositions of Ne and Ar. 

As noted in Section TI -3, hydride ions have prevented precise 

determination of the 21Ne/ 20Ne ratio. 22 20 Hence, only the Ne/ Ne 

ratio will be discussed. 

Fig. 1lI-7 shows a correlation diagram of 0(22/20) and 0(38/36). 

A mass fractionation line of atmospheric Ne and Ar is defined by-

o(m/mOi atm) = K(X) [(m-mO)/{(m+mO)/2}] ( Eq. m-3 ) 

o(m/mOi atm) is defined by 

o (m/mOi atm) Eq. 1lI-4 ) 

• 
where mX and moX represent a rare gas element X of mass m and mO' and 

subscript "atm" means atmospheric. K(X) in Eq. 1lI-3 is the mass 

fractionation per fractional mass difference. 

Most of the samples lie around the atmospheric value, for which 

the mass fractionation effect is within 10 per mil for both 0(22/20) 

and 0(38/36). However, large deviation from the atmospheric value 

is found in the soil gas of Nigorikawa and the volcanic gases. 

As will be discussed later, the samples of Nigorikawa lie on the 

mass fractionation line through the atmospheric value, 0(22/20) = 

0(38/36) = o. In contrast to the Nigorikawa gases, the volcanic 

gas samples, VI-TK, V2-SS-4, V2-SS-6, V3-US, V4-NS, V7-KJ and V9-SI-l 

show large isotopic deviations from the atmospheric value and define 

another mass fractionation line parallel to the mass fractionation 

line defined by Nigorikawa soil gas samples. In Fig. IIT-7, the 
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8(22/20) values for volcanic gases range from -53 per mil to about 

- 10 per mil along the new mass fractionation line, the intercept 

of which at 8(38/36) = ° is about -20 per mil, corresponding to 

22Ne/20 Ne = 0.100. This isotopic composition of Ne will be discussed 

in Section ]I - 3. 

All the data of Ar except for the CO2 gases from Hungary and 

for the oceanic ridge basalts are plotted in Fig. llI-8, where 8(38/ 

36) and 8(40/36) represent the deviation of Ar isotopic ratios from 

the atmospheric composition as defined by Eq. llI-4. The mass 

fractionation line through the atmospheric value is defined by Eq. 

llI-3. Fig. llI-8 indicates that the isotopic composition of Ar can 

be understood as a mixture of mass fractionated Ar and radiogenic 

40Ar • 

40Ar/36Ar ratios observed in most of Japanese gas samples show 

small enrichment in radiogenic 40Ar relative to the atmospheric 

40 36 h" h' h 40 /36 " t' t d Ar/ Ar ratio of 295.5. T e 19 est Ar Ar rat~o lnves 19a e 

was 325. Such high 40Ar/36Ar ratios have been reported in volcanic 

gases of Kamchatka[16] which is located near the subduction zone 

and is tectonically similar to the Japanese Islands. 

The Nigorikawa soil gases, volcanic lava and some of gas samples 

lie on the mass fractionation line and show low 38Ar/36Ar and 40Ar/ 

36Ar ratios relative to the atmospheric values. 

4) Isotopic compositions of Kr and Xe. 

Isotopic compositions of Kr and Xe were atmospheric within 

experimental errors except for the Nigorikawa soil gases Sl-NG-l 

and Sl-NG-4 which showed systematic enrichment in light isotopes. 

Fig. llI-9a and Fig. llI-9b show the isotopic compositions of Kr and 

Xe in samples Sl-NG-l and Sl-NG-4 with delta values defined by 
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Eg. m-4. Such light isotope enrichments are seen in the Ne and 

Ar isotopic compositions and in the elemental abundances of rare 

gases in these samples. The Nigorikawa gas samples will be 

discussed in Section TIl -2. 

5) Elemental abundance patterns of rare gases in gas samples. 

Elemental abundances relative to the atmospheric rare gases 

are shown in Fig. TII-lO. F(m) is defined by 

F (m) ( Eq. TII-5 ) 

where mX and subscript "atm" represent a rare gas element X of 

mass m and atmospheric, respectively. A fractionated abundance 

pattern which represents the atmospheric rare gases dissolved in 

low temperature water[59] is also plotted in Fig. TII-lO for comparison. 

The elemental abundance patterns of Ne, Ar, Kr and Xe showed 

no appreciable difference among the gas samples of various sources. 

These abundance patterns are similar to a type 1 pattern classified 

by Ozima and Alexander[60], which was interpreted as the fractionation 

of the atmospheric rare gases established by the low temperature 

solubility into water. 

Significant enrichments in He were found in all of the samples 

analyzed for the elemental abundances. As discussed in Section N-l, 

most of He in these samples are mantle-derived He enriched in 3He . 

Enrichment of He should be attributed to relatively large mobility 

of He in the interior of the earth. 
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N. Discussion. 

1) Origin of high 3He/4 He ratio in terrestrial materiales. 

Early works on the isotopic composition of terrestrial He were 

carried out 'for the continental natural gases and minerals containing 

radioactive elements[15]. Observed 3He/4He ratios were lower than 

the atmospheric ratio of 1.4 x 10-6 because of radiogenic 4He from 

u and Th. However, recent analyses of the 3He/4He ratio in volcanic 

gases[16-19], oceanic water[20-24] , oceanic basalts[25-27] , and 

mantle-derived minerals [28-32] have shown high 3He/4He ratios attaining 

to 4.9 x 10-5 [32], 35 times the atmospheric ratio. 

Several hypotheses have been proposed to explain the high 3He/ 

4He ratios by Mamyrin et al. [17]. They were: 1) mass fractionation 

of atmospheric He caused by migration, 2) decay of technogenic 

tritium (t
l

/ 2 = 12.26yr) dissolved in meteoric water, 3) nuclear 

processes to produce 3He in the interior of the earth: 4) emanation of 

primordial He, the 3He/4He ratio of which is similar to He found in 

meteorites-and solar wind. 

It is difficult to estimate the enrichment in 3He caused by mass 

fractionation because of the only two stable isotopes of He. Nagao 

et al. [61] indicated evidence for the mass fractionation of rare gases 

in soil gas samples. For the most fractionated sample, 3He enrich-

ment caused by the mass fractionation was estimated to be several 

ten per cent relative to the atmospheric ratio. This enrichment 

cannot explain the observed high 3He/4He ratios. 

High concentration of technogenic tritium such as several 

hundreds tritium units (= 10-18atomsT/atOrnH) observed in meteoric 

water in 1963 and 1964 could produce high 3He/4He ratio if the 

meteoric water remained in underground with no mixing of water 

of different origin 
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and no addition of atmospheric or radiogenic He. However, such 

condition in nature is difficult for all the volcanic and hot-spring 

gas samples with high 3He/4He ratios. Craig et al. [18] estimated 

that the maximum contribution of technogeni~ tritium in fumarolic 

gas from Hakone was 1 per cent of the observed 3He concentration. 

Moreover, the technogenic tritium can not explain the high 3He/4He 

ratios found in oceanic ridge basalts and mantle-derived minerals 

which have solidified before the appearence of technogenic tritium. 

Mamyrin et al. [17] listed the considerable nuclear reactions 

to produce tritium or 3He and pointed out the most probable reaction 

was 6Li (n,a)T because of the large cross-section of 950 barns for 

thermal neutrons. Neutrons are produced from fission and (a, n) 

reactionsin the interior of the earth. However, the theoretical 

production ratio of 3He relative to 4He is 10-7 for granitic rock 

and 10-8 10-9 for radioactive minerals [62] . These ratios are 

lower than the atmospheric ratio of 1.4 x 10-6 . 
• 

A remaining possible source of He with a high 3Be/4 He ratio is 

the primordial component of He, the 3He/4He ratio of which is of 

the order of 10-4 found in meteorites and lunar samples [33-35] . 

The high 3He/4He ratios found in the terrestrial samples can be 

understood in terms of mixing between the primordial He and radiogenic 

. h d· 4 He enrlC e ln He. 

Mamyrin et al. [17] concluded that the primordial component was 

the most probable source of the high 3He/4He ratio. This means 

that the primordial component of He is now emanated from the deep 

interior of the earth. 

2) He in the Japanese Islands. 

High 3He/4He rati~relative to the atmospheric value were 

observed in most of gas samples collected in the Japanese Islands. 
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Craig et al. [18] pointed out that the 3He/4He ratios in volcanic 

gases of circum-Pacific continental-margine are about 7 times the 

-6 -5 atmospheric ratio, ranging from 8 x 10 to 1.1 x 10 • Volcanic 

gases in the Kamchatka Peninsula, tectonically similar to the Japanese 

Island Arc, also showed similar 3He/4He ratios. The highest ratio 

reported was 8.1 times the atmospheric value[16]. 

h 3 /4 . . h h' h 4 /20 t' (F' ill 2) T e He He rat10s W1t 19 He Ne ra 10S 19. -

determined in this work are consistent with those value reported 

by Craig et al. [18] and Kamenskiy[16] for volcanic gases of circum-

Pacific continental margine. These ratios are somewhat lower than 

the ratio observed in glassy margine of ridge basalts, volcanic gas 

of Hawaii and mantle-derived minerals such as diamonds, the ratios 

of which presumably represent the 3He/4He ratio in the mantle. 

Where is the He found in the Japanese Islands released from? 

A model of a tectonic structure under the Japanese Islands is 

illustrated in Fig. ]J -1. If the 3He/4He ratio in the subducting 

oceanic plate of Pacific Ocean is considered, radiogenic 4He produced 

by in sit~ decay of U and Th is admixed to initial He which 

represents the 3He/4 He ratio of upper mantle. The contribution 

of accumulated radiogenic 4He to the initial He is approximately 

calculated by, 

= 1 
[U] 

0.173 t x [He] + 1 
( Eq. IV -1 ) 

where Ra and R are the 3He/4He ratios for initial and present-day He, 

respectively, and t is the age of the plate in my. [U] and [He] 

are U concentration in ppm and the initial He concentration in 10-
6 

cm
3

STP/g, respectively. The U/Th ratio is assumed to be 1.8[63]. 

Loss of He from the plate and the contamination of atmospheric He 

22 



dissolved in the penetrating oceanic water were neglected. If for 

the downgoing plate under the Japanese Islands, t = 100my, [U] = 0.1 

ppm and [He] = 10 x 10-6 cm3STP/g are assumed, the 3He/4He ratio at 

present will be O.BSRO• If 3He/4He = 1.4 x 10-S, which is the ratio 

observed in fresh glassy margine of oceanic basalts[27] , is assumed 

for Ra, the 3He/4He = 1.2 x 10-S, B.6 times the atmospheric, is 

calculated for He in the present downgoing plate. Hence, we can 

understand the observed 3He/4He ratio in gas samples in this work 

by this model. The U concentration in oceanic ridge basalts 

reported by Aument and Hyndman[64] ranged from 0.19 to 0.70 ppm, 

whereas some of the glassy margins of oceanic basalts showed the U 

concentration less than 0.1 ppm[6S]. The He concentration in ridge 

basalts reported by Lupton and Craig[26] and Craig and Lupton[27] 

are lower than that used above, 10 x 10-6 cm3STP/g. For Pacific 

ridge basalts He concentrations are less than 2 x 10-6 cm3STP/g[27] . 
• 

Mid Atlantic .ridge basalts RE-S6 and RE-197 in Table TII-l also 

-6 3 show about 3 x 10 cm STP/g. 

If for the U concentration in Pacific oceanic plate, more than 

0.2 ppm is adopted, R will be less than 0.37RO' 

3 4 -6 the He/ He ratio less than S.2 x 10 for RO = 

which.correspond to 

-S 1.4 x 10 . In 

Cretaceous deep-sea basalt near the southern end of the Bermuda Rise, 

which has been estimated to be lOB my old[66], the 3He/4He ratio 

of (3 + 1) x 10-6 has been observed by Takaoka and Nagao[67]. 

1 3 /4 " " t" Such a va ueof He He ratlo seems to support the estlma lone 

If this is the case, He released from the remelting subduction 

plate under the Japanese Islands can not explain the observed high 

3He/4He ratio in gas samples. 

However, the observed U and He concentrations are from only 

the upper surface of the oceanic plate which is several ten km thick. 
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U concentration in the upper mantle was estimated to be less than 

0.05 ppm[68-70] from geochemical and geothermal studies. If 0.05 ppm 

is adopted for an upper limit of U concentration and initial He 

concentration of 2 x 10-6 cm3STP/g is assumed, R is higher than 

3 4 -6 -5 
0.7RO which corresponds to He/ He = 9.8 x 10 for RO = 1.4 x 10 • 

Hence, to resolve this question, the concentrations of U and He 

in deeper part of the oceanic plate must be determined. 

Another possible source is the deeper part of the mantle from 

which He up-rises through the melted layer[7l] along the upper 

surface of subducting plate. There the uniform 3He/4He ratio of 

about 1.0 x 10-5 will be produced by mixing of 3He-enriched mantle 

He and radiogenic 4He in the surface of the plate. 

Other source seems to be related to the mechanism of production 

of magma. If the magma is produced by partial melt of mantle 

above the downgoing plate caused by the up-rising wat~r released 

from the plat'e, He in the plate will be admixed to the He in the 

partially melted mantle. Such a process suggests the same isotopic 

composition of He in fresh basalts and andesites,-as in gas samples. 

The 3He/4He ratio in fresh igneous rocks should be determined. 

A high 3He/4He ratio of (1.54 ± 0.04) x 10-5 , 11 times the 

atmospheric value, was found in Onuma geothermal well gas Gl-ON. 

The ratio is identical to that found in oceanic ridge basalts[26, 

27]. Since this sample is the only one sample analyzed for the 

3He/4He ratio in north-east of Japan. An extensive survey is 

required in this district to understand the high 3He/4He ratio 

observed in Onurna gas sample. 

As can be seen in Fig. IIT-l, all samples with high 3He/4 He 

ratios were collected inside the volcanic front and the two samples 
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with low 3He/4He ratio of about 10-7 were collected outside it. 

To know whether the regional difference in the 3He/4He ratio exist, 

isotopic analyses of He in samples outside the volcanic front are 

required. 

'11 th h' h 3 4 .' Unti e 19 He/ He rat10 1S ubiquitousely found in the natural 

gases occurring in the Japanese Islands, He in gas and liquid samples 

observed in the previous He surveys[40-56] mentioned in Section llI-2d 

was suposed to be radiogenic He produced by a-decays of U and Th 

in crustal rocks, especially in granitic rocks underlying the area. 

He with a high 3He/4He ratio should be attributed to He in a deep 

interior of the earth such as the mantle. 

Fig. llI-5 indicates that the He concentration is higher in 

N2-rich gases than in CO
2
-rich gases, while the 3He/4He ratios in 

both gas samples are practically same. This indicates that the N2 

gas with high He content is not an atmospheric contamination • 
• 

A source of the N2 gas seems to be an oceanic sedimentary materials 

on the descending plate. Matsuo et al. [37] also attributed the 

N2 gas in volcanic gases to recycled N2 gas released by the 

decomposition of organic materials on the descending oceanic plate 

based on the high N2/Ar ratios observed in both the volcanic gases 

and the organic materials in oceanic sediments. 

The low He concentration in Co2-rich gas can be understood 

as dilution of mantle-derived He with the CO2 gas produced by 

chemical reactions in crustal materials. It has been proposed 

by Wakita et al. [36] that the CO2-rich gas, L2-MC, with 5ppm He 

collected at the Matsushiro earthquake fault zone can be explained 

as the production of CO 2 by the chemical reaction of hydrochloric 

acid from a magma with calcareous matter. 

25 



He is escaping from the upper atmosphere to the inter-planetary 

space and He in the atmosphere is considered to be in a steady state 

now. Hence, estimation of He flux from the solid earth into the 

atmosphere is important for the He budget in the atmosphere. Early 

works on 3He [e.g.73] did not consider the flux of primordial 3He from 

the earth's interior. 

After the detection of primordial He, Craig et al. [72] estimated 

3 -2 -1 
the oceanic flux of He to be 4 + 1 atoms cm sec , and pointed out 

that the primordial 3He emanation was sufficient to account for the 

calculated escape rate of 3He by Johnson and Axford[73]. 

Estimation of 3He flux in the Japanese Islands is difficult 

because of the lack of data for the flux of volcanic, hot-spring and 

other types of gases. Our estimation of 

12 Shiramine and Koyahara are 2 x 10 and 4 

3 . f h . He emanatlon or ot-sprlngs 

11 -1 x 10 atoms sec , 

respectively. Averaged flux of 3He estimated in Shimane and Yamagata 

prefectures based on the 3He/4He ratios obtained in this work and the . 
flux and the 'He concentrations of hot-spring gases reported by Hirukawa 

et al. [55] and Maki et al. [48] are 0.2 and 0.6 atom3He cm- 2 sec- l 

respectively. Since the density of hot-springs is high in the area, 
, 3 

the averaged He flux from hot-springs in the Japanese Islands should 

be lower than those values. 

Because the data on the out flow of fumarolic gases and erupted 

volcanic gases in the Japanese Islands was not available, the estimation 

of 3He flux in these gases was difficult. Released energy from a 

small eruption of volcano is comparable with the energy released from 

a superior hot-spring in a year. If it is assumed that the 3He flux 

is proportional to the released energy from hot-spring and volcanic 

activity, 3He flux in volcanic gases is not significant because of 

the lower density of volcanoes relative to that of hot-springs and 

because of the long interval between the eruptions. 
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3 From these estimation the He flux averaged in the Japanese 

Islands may not exceed 1 atom 3He cm- 2 sec- l Further investigation 

of 3He flux requires the determination of volatile flux from the 

hot-springs, volcanoes and other types of gas emanations. 

3) Isotopic anomalies of rare gases in the Nigorikawa geothermal 

area; evidence of mass fractionation. 

The localities and the description of samples used in this 

Section have been described in SectionnI-2e. Samples used are 

bubble gas LI-NG and five soil gases Sl-NG-l ~ Sl-NG-5. 

Isotopic compositions of Ne and Ar are shown in Fig.nI-7 and 

Fig. nI-8 with delta values defined by Eq. nI-4. A mass fractio-

nation line through tha atmospheric value is defined by Eq. nI-3. 

In Fig. nI-7, the data fit a mass fractionation line of atmospheric 

Ne and Ar. As given in Table nI-I, the most fractionated sample 

22 20 0 • Sl-NG-4 has a Ne/ Ne ratlo of 0.0968 ± 0.0009, more than 5 % 

enrichment in 20Ne relative to the atmospheric 

also shows the lowest 38Ar/36Ar ratio of 0.179 

ratio. This sample 

± 0.002, enrichment 

o 36 b h 4° 1 0 h 0 S h ln ,Ar y more t an ~ re atlve to atmosp erlC Ar. uc a 

1 t o 1 t t 1 0 bl to 21Ne/20Ne ratlOo because corre a lon p 0 was no app lca e of 

relatively large experimental uncertainties mentioned in Section 

IT -3. Fig. nI-8 shows a correlation diagram of 40Ar/36Ar against 

38Ar/36Ar . The enrichment in the light isotopes of Ar is also 

well expressed by the mass fractionation line with a slope of 1.95 

given by Eq. nI-3 except for a high 40Ar/36Ar ratio of 325 + 7 in 

sample LI-NG, which is due to an addition of radiogenic 40 Ar . The 

isotopic correlation given in Fig. nI-7 and Fig. nI-8 indicates 

that the isotopic anomalies of Ar in the present samples can be 
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attributed to a mass fractionation process. At present, we cannot 

specify the mechanism for the mass fractionation process which 

produced the observed isotopic variation. However, it is noted 

that a single step of the Rayleigh process cannot produce as great 

a mass fractionation in Ne and Ar as was found in samples Sl-NG-l 

and Sl-NG-4. For the most fractionated samples Sl-NG-l and SL-NG-4, 

K(X)'s,the mass fractionation per fractional mass difference defined 

by Eq. m-3 are listed in Table ]I -1. Ar is more fractionated 

than Ne, as can be seen in Table ]J -1. 

The isotopic compositions of Kr and Xe in samples Sl-NG-l and 

Sl-NG-4 which contain the most fractionated Ne and Ar are represented 

in Fig. IIT-9a and Fig. m-9b. The systematic enrichment in the 

light isotopes of Kr and Xe found in Fig. TII-9a and Fig. TII-9b 

supports the above-mentioned conclusion that a mass dependent process 

is responsible for the isotopic variations of Ne and Ar in the soil 

• 
gas samples. 

Fig. TII-IO shows an elemental fractionation patterns defined 

by Eg. TII-~ for the Nigorikawa gases. Sample LI-NG is highly 

enriched in He but has the elemental abundance pattern classified 

type-l by Ozima and Alxander[60] for the other four gases. Samples 

Sl-NG-2, Sl-NG-3 and Sl-NG-5 have almost the atmospheric elemental 

composition except for He. Samples Sl-NG-l and Sl-NG-4 are enriched 

in He and Ne, and depleted in Kr and Xe relative to Ar. This 

elemental abundance pattern can be interpreted as the mass fractio

nation of atmospheric rare gas plus the admixture of mantle He with 

a high 3He/4He ratio. It is clear that the fractionation of 

isotopic compositions of Ne and Ar is well correlated with the 

fractionation of the elemental composition except for sample LI-NG. 

Sample LI-NG shows a slight enrichment in the light isotopes of 
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Ne and Ar. The elemental abundance pattern in this sample is 

progressively depleted in the light elements except for He, while 

thefractionation trend in the soil gas samples is the systematic 

enrichment in both light isotopes and light elements. This 

difference between sample Ll-NG and other soil gases may represents 

the different origin of these gases. 

A remaining problem about the material balance in the mass 

fractionation process should be investigated in future work. 

In conclusion, mass fractionated rare gases were first observed 

in soil gas samples from the Nigorikawa geothermal area . This 

. h . 20 1· t 22 means that several per cent enrlC ment ln Ne re atlve 0 Ne, 

which was usually regarded as evidence for primordial Ne[e.g.27], can 

be produced by the mass fractionation of atmospheric Ne in the crust 

and thus it is not a sufficient condition for identifying a primordial 

component of Ne in the earth. 
• 

4) Ne in volcanic gases. 

As described in Section IIT-3, Ne in volcanic gases shows an 

isotopic variation. Fig. IIT-7 shows an isotopic anomaly of Ne in 

volcanic gases. The 22 Ne/20 Ne ratio estimated for the volcanic Ne 

is 0.100 ± 0.001, 20 per mil lower than the atmospheric ratio of 

0.1020. 

Isotopic variations of terrestrial Ne attributable to nuclear 

reactions in rocks and minerals have been reported by several 

workers and summarized by Tolstikhin[74]. Principal nuclear 

reactions responsible for the isotopic variations of Ne in the earth 

are (a, n) and (n, a)reactions on isotopes 170 , 180 , 19 p and 25Mg 

where a-particles originate from a-decays of U and Th, and neutrons 

are produced by the (a, n) reactions on environmental rocks. The 
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170 (a, n)20 Ne reaction gives a low 22 Ne/20 Ne ratio. But the 

11 1 . 18 ( ) 21 . t d . . 1 para e react10n 0 a, n Ne 1S 0 pro uce an 1SOtOP1C anoma y at 

21Ne . Such a 21Ne excess has not been found in the present samples, 

however. On the other hand, Craig and Lupton[27] have estimated 

h h h . th 22 /20 .. h th' h t at t e c ange 1n e Ne Ne rat10 1n t e ear s atmosp ere 

22 caused by an addition of Ne produced by the Mg(n, a) reaction in 

crustal rocks is at most 2 per mile This is an order of magnitude 

less than the observed isotopic variation. Hence the nuclear 

reactions cannot explain the isotopic variation in volcanic Ne. 

An alternative explanation of the low 22 20 . Ne/ Ne rat10 is 

emanation of a primordial component of Ne. Low 22Ne/20 Ne ratios 

relative to the atmospheric values have been found in ancient rocks 

[75], thermal fluids[76], Kilauea gas and submarine basalts[27] and 

amphibole[32] . Craig and Lupton[27] attributed the enrichment in 

20Ne to a solar-type primordial Ne emanation. However, since they 
• 

have not measured the isotopic composition of other rare gases than 

He and Ne, the mass fractionation effect cannot be corrected using 

the correlation plot used in this work. 

ratios relative to the atmospheric values found in amphibole[32] 

lie on the mass fractionation line through the atmospheric point 

within experimental errors. This suggests that the low ratios 

resulted from the mass fractionation of atmospheric Ne and Ar in 

amphibole. In contrast to amphibole and the Nigorikawa soil 

gases, the isotopic ratios of Ne and Ar in the volcanic gas samples, 

as shown in Fig. 1lI-7, cannot result from the mass fractionation 

of atmospheric Ne and Ar defined by the mass fractionation line 

through the atmospheric point. 

If the low 22Ne/20 Ne ratio found in volcanic Ne is due to 

. 22 20 adm1xture of solar type Ne ( Ne/ Ne = 1/13) with atmospheric Ne 
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22 20 ( Ne/ Ne = 1/9.80), the solar-type component amounts to several 

per cent of Ne. Whether such primordial Ne still remains in the 

volcanic gases or not is a very interesting problem to be clarified. 

If atmospheric Ne as well as He has escaped from the upper 

atmosphere to the inter-planetary space, the isotopic effect on 

h Id h h 22 /20 .. h h t e escape rate cou c ange t e Ne Ne ratlo ln t e atmosp ere. 

When a mass-dependent diffusive loss of atmospheric Ne is considered, 

the Rayleigh equation predicts 34% defficiency of initial Ne to 

increase the 22Ne/20Ne ratio from 0.100 to the present value of 0.102. 

Whereas the thermal escape from the exosphere is considered, 

the escape rate is calculated by[77], 

F(r) = n(r, m) ~;r))1/2 r H(r)-1/2 exp(--H~r)) Eq. N -2 ) 

where "r" is a distance from the center of the earth to the exosphere, 
• 

n(r, m) is the number density of isotope "m" at the exosphere and 

g(r) is the gravitational accelaration at "r". H(r) is the scale 

hight at "r" defined by H(r) = kT/mg(r), where "k" is the Boltzmann 

constant, "m" mass of the isotope and "T" temperature of the neutral 

atmosphere at "r". 20 22 The ratio of escape rates between Ne and Ne 

can be deduced from Eq. IV-2 as, 

= n(r, 20) 
n(r, 22) 

(~) exp { r g(r) 
22 k T 

Eq. ]V-3 

With the atmospheric ratio of about 0.1 for n(r, 22)/n(r, 20) ratio, 

the ratio of escape rate F20/F22 at the altitude of 500 to 1,000 km 

varies from 100,000 to 300 according as temperature from 1,500K to 

4,000K. This requires the Ne loss of at most 2% of initial Ne to 

increas the 22Ne/20 Ne ratio from 0.100 to 0.102. However, the 
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calculated escape rate by Eq. N-2 with Ne number density of less 

than 10 4 atoms cm- 3 [78] is too small to explain the 2% defficiency 

of Ne on the same condition of temperature and altitude used above. 

Hence the thermal escape of Ne requires some extreme condition 

such as very high temperature at exosphere. 

The origin of isotopically anomalous Ne in volcanic gases is 

not conclusive. 

5) Isotopic composition of Ar. 

h 40 /36 'f 'd' 1 h b lIt d t TeAr Ar ratlo or prlmor la Ar as een ca cu a e 0 

-4 be 2 x 10 based on nucleosynthetic theory[7]. The ratio in the 

present earth's atmosphere is 295.5. The increase in 40Ar/36Ar 

ratio is attributed to degassing of radiogenic 40Ar from the solid 

earth. Since the 40Ar concentration in the earth's interior depends 

th K t t ' dd' t th 40 /36 "h on e concen ra lon an egasslng ra e, e Ar Ar ratlo ln t e 

deep interior of the earth offers important informati9n about the 

origin and evolution of earth's atmosphere. Based on the 40Ar/36Ar 

ratio in the mantle, Ozima[8] proposed a catastrophic degassing of 

volatiles from the mantle at the early stag- of the earth's evolution. 

In gas samples plotted in Fig. nI-8, 40Ar/36Ar ratios range from 

atmospheric value of 295.5 to 325 except for mass fractionated Ar. 

These ratios are much- lower than the high ratios found in continental 

CO2 well gas (40Ar/36Ar = 845 in DR63) and Mid-Atlantic ridge basalt 

C40
Ar/ 36Ar = 451 in RB197). Such relatively small 40Ar excess can 

be understood as the large atmospheric Ar contamination. Hence the 

sufficient information about the 40Ar/36Ar ratio in the upper mantle 

beneath the Japanese Islands can not be derived from the 40 Ar/36Ar 

ratios in gas samples analyzed in this work. 
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40 Ar/36Ar ratios lower than the atmospheric value of 295.5 

have been reported in lava flows [79] , volcanic rocks [80] and CO2-rich 

soil gases[61]. Krummenacher[80] showed first that the mass 

, 40 36 fractionation effect was responslble for the low Ar/ Ar ratios 

40 in volcanic rocks. Nagao et al.[61] also showed that the low Ar/ 

36A t' "1 1 ' d wl'th low 38Ar/36Ar r ra 10S ln SOl gas samp es were accompanle 

ratios due to the mass fractionation. ( in Section JY-3 ) 

The data for volcanic lava and gas samples given in Fig. TII-8 

confirm the mass fractionation model. Three gas samples HI-lW, 

V2-SS-6 and V9-SI-l as well as the Nigorikawa gas samples lie on 

the fractionation line within experimental errors. Ar in volcanic 

lava VL-IO, VL-NS and VL-HY also show large depletions in 40Ar and 

lie on the fractionation line. Low 40Ar/36Ar ratios in Japanese 

volcanic lava were reported by Dalrymple[79], the ratios of which 

were 293.7 and 291.4 for lava from Mt. Mihara and Mt. Sakurajima, 

respectively. Although these data include no 38Ar/36Ar ratios, 

the low 40Ar/36Ar ratios may be due to the mass fractionation. 

Though a mechanism for the mass fractionation of atmospheric Ar 

is not clear, these data show that such mass fractionated Ar in 

volcanic lava and in gas samples seems to be not uncommon. A single 

step of the Payleigh process for a r.ass fractionation of at~ospheric 

Ar gives lower limit of 40Ar/36Ar ratio to be 281, corresponding 

to 0(40/36) = 51.3 per mil. In samples Sl-NG-l, Sl-NG-4, and 

40 36 ' l800°C fractions for samples VL-NS and VL-HY, Ar/ Ar ratlos were 

lower than this limit. This means that we have to consider more 

40 36 , complicated mechanisms for the low Ar/ Ar ratlos such as a multi-

step Rayleigh process. 
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6) Elemental abundances of rare gases. 

Elemental abundance patterns are shown in Fig. IIT-IO. As noted 

in section IIT-5, the abundance patterns are similar to that of 

atmospheric rare gases dissolved in water. 

Matsubayashi et al. [38] have shown that the elemental abundance 

patterns of fumarolic gases in Japanese volcanoes, Tokachi-dake, 

Showa-shinzan and Satsuma-lwojima were between the atmospheric rare 

gases and the fractionated atmospheric rare gases dissolved in water. 

They explained these patterns to be the mixture of atmospheric rare 

gases with the fractionated atmospheric rare gases present in local 

low-temperature ground water. 

This model, however, cannot be applicable to some volcanic gases 

such as V2-SS-l, V3-US and V5-HK, and other bubble samples L2-MC, 

HI-lW, L3-YS, Hll-KY, H12-YN and L7-IK. These samples are more 

enriched in Kr and Xe relative to the atmospheric rare gas solubility 

into water. The enrichments in Kr and Xe suggest more complicated 
• 

degassind pro.cesses for the gas samples. 

One explanation to be considered for the heavy rare gas enrich-

-
ments in the active volcano such as Mt. Usu is the addition of heavy 

rare' gases released from the sedimentary materials on the subducting 

oceanic plate to the fractionated atmospheric rare gases dissolved 

in water. Same mechanism for enrichment in N2 gas relative to Ar 

has been proposed by Matsuo et al. [37]. Another source of the heavy 

rare gases are calcareous rocks in crust from which they are released 

by a chemical reaction of hydrochloric acid from the magma as will be 

discussed in Section Y-8. The heavy rare gases are probably enriched 

in sedimentary materials [86] . This explanation seems to be applicable 

to co2-rich bubble samples noted above. These samples are enriched 

in heavy rare gases relative to atmospheric rare gas solubility into 

water. 
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Another explanation for the heavy rare gas enrichments in the 

active volcanic gases is that the elemental abundance pttern 

represents the rare gas composition in magma, because the elemental 

abundance pattern is similar to the rare gas composition discovered 

in mantle-derived materials [28, 29, 31, 32, 81]. 

Volcanic gas collected at the active volcano Mt. Usu in 1978 

(V3-US), which showed most enrichment in Kr and Xe, and the samples 

V2-SS-l and V2-SS-4 collected at Mt. Showa-shinzan in 1958 and 1964, 

respectively, suggest that a declination of volcanic activity is 

correlated with a reduction of heavy rare gas enrichment. This can 

be explained by the increasing atmospheric contamination dissolved 

in local water to magmatic gas as the volcanic activity declines. 

This explanation is also supported by the 3He/4He and 4He/20Ne 

ratios shown in Fig. IIT-2. 

• 
7) Yearly ch~nge of rare gas composition in volcanic gas from 

Showa-shinzan. 

Mt. Showa-shinzan volcano, located near Mt. Usu volcano, erupted 

in 1944 and is now emitting fumarolic gases. 

Matsuo et al. [37] summarized the N2/Ar ratios observed in 

fumarolic gases collected in various fumaroles of Mt. Showa-shinzan 

from 1954 to 1965. The ratios decreased with time from 2,200 in 

1954 to 98 in 1965 according as the decreasing volcanic activity[37] . 

Variations in the isotopic and elemental compositions of rare 

gases investigated in this work are compatible with the result given 

by Matsuo et al. [37]. It has beenalready pointed out in Section N-6 

that the enrichment of Kr and Xe in the elemental abundance pattern 

decreased with the declination of volcanic activity. 

Table N-2 lists 3He/4 He and 4He/20 Ne ratios measured and 
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corrected for permeation of He through the glass wall of a sample 

vessel in storage time. Permeabilities of 4He used for borosilicate 

-13 glass# and Pyrex-glass were 1 x 10 and 2 

sec- l [82]. The permeability ratio of 3He 

x 10-12 cc mm cm- 2 Torr- l 

to 4He was assumed to 

satisfy the following relation, 

~3 = (M /M )1/2 
~ 4 3 

( Eq. JY -4 ) 

where ~ and M mean permeability and mass of He, respectively, and 

subscripts "3" and "4" mean 3He and 4He , respectively. The 

correction was negligibly small for borosilicate glass, while the 

correction for sample V2-SS-5 in a Pyrex-glass container lead 

to a very high 3He/4He ratio of 1.4 x 10-5 . Such high ratio for 

this sample is unreasonable because of the declination of volcanic 

activity as shown by the 4He/20 Ne and the N2/Ar ratios[37]. Hence 

the corrected ratios for V2-SS-5 and V2-SS-6 should b~ considered 

as an upper limit. 

Sample V3-US collected on October 9, 1978 at Mt. Usu volcano 

is also listed in Table JV-2 for comparison. 344 The He/ He and He/ 

20 t" d d h f Mt Sh h" Ne ra ~os are expecte to repro uce t ose or . owa-s ~nzan 

at the early stage of eruption, which was supported by similarity in 

the chemical composition between fumarolic gases from Mt. Usu and 

from ~1t. Showa-shinzan at the early stage of eruption[40]. 

The 3He/4 He ratios from C-2 and C-3 fumaroles in 1959 are 

similar to those from A-I fumaroles before 1974, and the N2/Ar ratios 

from fumaroles A-I, C-2 and C-3 in 1959 were also similar, 302, 328 

and 353, respectively[37]. 4 20 However the He/ Ne ratios from C-2 

# SB-glass by Shibata glass factory. 
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and C-3 fumaroles were significantly low relative to those for A-I 

fumarole. Because of the similarity in both the N2/Ar and 3He/4He 

ratios among these fumaroles, the low 4He/20Ne ratios for C-2 and 

C-3 fumaroles are due not to atmospheric contamination but to the 

low He concentration in C-2 and C-3 fumaroles. 

3 4 4 20. 4 20 '!he He/ He and He/ Ne ratlos except the He/ Ne ratios for 

C-2 and C-3 fumaroles have decreased with time and approached to the 

atmospheric values. Such a decrease is consistent with the result 

on the N2/Ar ratio[37]. The observed decrease in the 3He/4He and 

4He/20 Ne ratios can be explained by exhaustion of primordial He in 

magma. The low 3He/4He and 4He/20 Ne ratios in samples collected 

in 1974 and 1977 suggest the declination of volcanic activity of 

Mt. Showa-shinzan. Sample V2-SS-7 was collected in 1977, 

immediately after the eruption of Mt. Usu volcano. There was no 

. f' . th 3 /4 .. h' 1 slgn 0 lncrease 1n e He He rat10 1n t 1S samp e . 
• 

From this 

we can conclude no connection now with respect to rare gases between 

the two volcanoes. The fumarolic gas in Mt. Showa-shinzan is not 

supplied from a deep seated magma but supplied from a relatively 

shallow and small volume of magma beneath Mt. Showa-shinzan. 

8) 3He/4He ratio: a possible candidate for the detection of 

earthquake precursors. 

The detection of earthquake precursors is not only interesting 

in a scientific aspect, but also important to the earthquake prediction. 

The earthquake prediction is one of the present-day social requisites 

to science. Various geophysical and geochemical methods are bang 

applied to detect earthquake precursors. Methods for the detection 

of earthquake precursors, however, have not been established to date 

because of the lack of sufficient knowledge about the earthquake 
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mechanism, and because of the lack of sufficient observations of 

phenomena accompanied with the earthquake. 

Geochemical methods as well as geophyscal ones are considered 

to be usefull for the detection of precursory changes prior to an 

earthquake. For example, the change of Rn and He concentrations 

in ground water have been reported [13] . 

Sugisaki[83] reported the change of He/Ar and N2/Ar ratios in 

gas samples collected on a fault prior to some earthquakes, and 

attributed the change to the release of lithospheric gases expelled 

by the stress in rocks before the earthquakes. The He/Ar and N2/Ar 

ratios in the lithosphere are considered to be higher than the 

atmospheric ones because of the presence of radiogenic 4He and 40Ar , 

and of the decomposition of nitrogen-bearing compounds. Sugisaki 

[83] also suggested that the concentrations of rare gases can be 

easily changed by an admixing of other gases such as CH 4 and CO 2 

formed in the ground, so the ratios of He/Ar and N2/Ar are more 

reliable indicators of precursory phenomena. 

In this Section, it will be shown that the isotopic composition 

of He nay be a useful measure for the detection of earthquake precursors. 

The Matsushiro earthquake swarm occured during 1965 to 1967. 

Detailed description of the phenomena have been reported elsewhere 

[84] . Initially the earthquake foci were centered beneath the Mt. 

Minakami andesitic dome, and gradually spread in a northeast to 

southwest direction, and a fault was formed along this direction. 

More than 600 felt earthquakes occured in a day at the most active 

period. Large amount of ground water of about 10 7m3 with an 

anomalous chemical composition was gushed at the fault region. 

There the gases enriched in CO 2 and in N2 were emitted after the 

earthquake swarm. 
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In 1975, about ten years after the earthquakes, Wakita et al. 

[36] began to investigate the emitting gases to estimate the degree 

of the fault activity and to get information for earthquake prediction 

and for the assessment of the He budget for the earth-atmosphere 

system. Analyses of chemical compositions with a helium leak 

detector and a gas chromatograph indicated a high He concentration 

of about 300 ppm in N2-rich gas sample. The concentration of He 

in Co2-rich gas was about 5 ppm, identical to the atmospheric one. 

Estimation of He flux at the fault region was about 3 x 1010 atoms 

-2 -1 cm sec ,which was significantly higher than the average crustal 

production rate of about 106atoms4He cm- 2 sec- l [85]. 

This discrepancy was solved by the isotopic analyses of rare 

gases in 1977. Unexpectedly high 3He/4He ratios, about 6.5 times 

the atmospheric ratio, were discovered by measuring the isotopic 

composition of He in those two gas samples with a high-sensitivity, 

• rare gas mass spectrometer at Department of Physics, Osaka University. 

One of the samples consisted of 80%N2 and 20%C02 including about 

300ppmHe and another consisted of 7%N2 , 93%C02 and about 5pprnHe[36]. 

The.observed high 3He/4He ratio showed that He in these gas samples 

collected on the earthquake fault was not crustal He supplied by 

the a-decay of U and Th but mantle-derived He enriched in 3He . 

This result lead to the idea of "a diapiric magma" from the upper 

mantle as a cause of the Matsushiro earthquake swarm[36]. Volatiles 

in the diapiric magma were excluded from the crystalizing magma and 

emitted into the surface through the fault region. 

Isotopic compositions of rare gases summarized in TableDI-l 

are the averaged values of the additional several analyses. Hence 

the 3He/4He ratio slightly differs from the ratio quoted by Wakita 

et al. [36] . . 3 4 40 36 The isotopic ratlos except He/ He and Ar/ Ar were 
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t h " "th" "t I The 40Ar/36Ar ratl"o was a mosp erlC Wl ln experlmen a errors. 

higher than that of atmospheric Ar and is similar to the 40Ar/36Ar 

ratio found in various types of gas samples collected in the Japanese 

Islands as described earlier. 

Elemental abundance patterns for both samples belong to type-

I [60] as shown in Fig. Ill-IO. This type of elemental abundance 

pattern is common in gas samples collected in the Japanese Islands. 

A comparison between the abundance patterns for two gas samples 

shows that He and Ne are depleted in the CO2 -rich gas and Kr and Xe are 

enriched relative to the N2-rich gas. As noted in Section 1lI-2d, 

the He content in the co2-rich gas is much lower than that in the 

N2-rich gas. 

The diapiric magma model [36] also suggested that the CO2 gas 

might be produced by a chemical reaction of hydrochloric acid from 

the magma with calcareous rock in the crust. With this model, 

• the low He concentration in the Co2-rich gas could be attributed 

to dilution of He-rich magmatic gas with the CO2 gas produced in the 

crust. Phis mechanism may also produce the enrichment of heavy 

rare gases found in CO 2-rich gas sample L2-MC because of an admixture 

of rare gases released by the chemical reaction. The heavy rare 

gas enrichment in sedimentary materials can be suggested by the 

elemental abundance pattern in Fig Tree Shale[86]. Heavy rare 

gases such as Kr and Xe are more adsorptive relative to the light 

rare gases. 

In spite of the difference in the chemical composition between 

the two samples, the 3He/4He ratios for both of the samples were 

identical. This means the same origin of He in both of the samples 

and the negligibl abrospheric and crustal He contamination despite 
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an admixing CO2 gas produced by the chemical reaction mentioned above. 

The presence of mantle He in the gas emanation first discovered 

at the earthquake fault in Matsushiro strongly suggests that the 

isotopic composition of He is a useful measure for the detection 

of earthquake precursors. As already described, mantle He occurs 

ubiquitously in gas samples in the Japanese Islands. This fact 

means that the mantle He with a high 3He/4He ratio is easily emitted 

through the cracks in crustal rocks at a fault region. Such a 

high 3He/4He ratio can be easily detected because of the low 

abundance of atmospheric He. It is expected that the continuous 

analyses of He isotopic ratio as well as the concentration of 

He in soil gas and naturally bubbling gas at the fault region 

provide a method to detect an earthquake precursor, because many 

cracks in crustal rocks around a focal region are developed by 

the increasing stress, from which He can be release~ It is 

difficult to·estimate the contribution of crustal He enriched in 

4He released from deformation of crustal rocks prior to an earthquake 

to the mantle He emanation. How the 3He/4He ratio changes in 

naturally-occuring gas and liquid samples before and after an 

earthquake depends on the mixing ratio of the crustal He to the 

mantle He. A suggestion for this can be given by the hot-spring 

gases collected at Matsue and Shramine, both of which were drilled 

recently. The high He concentration and relatively low 3He/4He 

ratios in these samples suggest the large contribution of radiogenic 

4He accumulated in the surrounding crustal rocks. From this fact 

it is expected that at first the 3He/4He ratio decreases from 

the average value because of possible release of crustal He from 

circumstanced rocks under the increasing stress. 

As already described in this Section, Sugisaki[83] assumed that 
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the observed high He/Ar ratio compared with the atmospheric value 

(He/Ar = S.7 x 10-4 ) was owing to a crustal rare gas contribution 

based on a theoretical production ratio of radiogenic 4He to 

radiogenic 40Ar in common crustal rocks (4He/40Ar ~ 10) . For the 

gas samples S2-MN and L2-MC collected in Matsushiro, the He/Ar 

ratios observed are higher than 0.016, more than 30 times the 

atmospheric ratio and the 3He/4He ratios are 6.S times the atmospheric 

3He/4He ratio. He with the high 3He/4He ratio is not of the crustal 

origin but of the mantle origin. Therefore, if the origin of He 

is not identified, only the high He/Ar ratio observed may lead to an 

erroneous interpretation about the origin of He. As shown in Table 

m-I, gases with high He/Ar and 3He/4He ratios relative to the 

atmospheric values are common in Japanese natural gases. 

In conclusion, He with high 3He/4He , 6.S times the atmospheric 

ratio, was first observed in gas samples emanated at the earthquake 
• 

fault region -in Matsushiro. The observed high 3He/4He ratio was 

attributed to the emanation of primordial mantle He. 

ontinuous observation of He isotopic composition may provide useful 

measure for the detection of precursory change prior to an earthquake. 

9) Heat source of hot-spring. 

High 3He/4He ratios were observed in all Japanese hot-spring gases 

analyzed to date. ]>...s mentioned previously the; high 3He/4He ratio can be 

explained as a contribution of primordial He remaining in the mantle. 

Therefore the observed He is the first direct evidence for a juvenile 

volatile emanation in Japanese hot-springs. 

Some mechanisms for the heat transfer from a magmatic heat source 

to ground water were proposed to explain the heat flow of hot-spring. 

One model was a conductive heat transfer from a high temperature 

42 



igneous rock and magma. High heat flow rate greater than 108 . 5 

cal/min cannot be explained unless the magmatic high temperature 

water vapor or liquid was directly supplied to ground water[87]. 

High 3He/4He ratios observed in all hot-spring gases analyzed 

suggest that the magmatic volatiles are also supplied into ground 

water accompanied with He. This means that magmatic water is 

supplied to ground water to some extent as a heat transport in all 

hot-springs. Such volatiles should be emitted from a deep seated 

magma through faults and cracks. In comparison with the relatively 

short age of Mt. Showa-shinzan with respect to the 3He/4He ratio as 

noted in Section N-7, long period of mantle He emanation in hot

springs indicates that the heat sources are large and deep relative 

to that for Mt. Showa-shinzan. 

• 
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v. Conclusion. 

1) He in gas samples collected in the Japanese Islands showed 

significantly high 3He/4He ratios of about 7 times the atmospheric 

ratio of 1.4 x 10-6 in spite of the large variation of He 

concentration. Such high ratios were consistent with the 3He/4He 

ratios observed in circum-Pacific volcanic gases by Craig et al. 

[18] and in volcanic gases from the Kamchatka Peninsula by 

Kamenskiy et al. [16]. Those ratios were relatively lower than 

the ratios observed in Mid Atlantic oceanic basalts[27], Kilauea 

volcanic gas[27], mantle-derived minerals [28-32] . This suggests 

a relatively large radiogenic 4He contribution to the mantle He 

in the subducting zone. 

He in volcanic gas, hot-spring gas, geothermal well gas and 

most of bubble gas in low temperature water pool showed no 

systematic difference in the 3He/4He ratios. He in those samples 

consisted ~ainly of mantle He enriched in primordial He and contain 

a minor component of radiogenic 4He . An emanation of He with 

the high 3He/4He ratio is ubiquitous in the Japanese Islands. 

2) Ne in volcanic gases showed the 22Ne/20Ne ratio about 2 per cent 

lower than the atmospheric ratio. The anomaly in 22Ne/20Ne ratio 

can not produced by the mass fractionation of the atmospheric Ne. 

h .. f h 1 22 /20 t" l' 1 h T e orlgln 0 suc ow Ne Ne ra 10 ln vo canlc gas samp es as 

not been clarified and further investigation on the isotopic 

composition of Ne in volcanic gas is required. 

3) Isotopic compositions of Ar in most of samples were explained 

. t f h' f h' d d' . 40 ln erms 0 t e mlxture 0 atmosp erlC Ar an ra logenlc Ar. 
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h . b t' f d' . 40 1 t' 1 11' T e contrl u lon 0 ra logenlc Ar was re a lve y sma ln gas 

samples collected in the Japanese Islands. 

Ar in volcanic lava and soil gas samples showed systematic 

enrichment in light isotopes, which could be explained as a mass 

fractionation of atmospheric Ar. 

4) Soil gas samples collected in the Nigorikawa geothermal area, 

Hokkaido, showed evidence for the mass fractionation of the atmospheric 

rare gases in the isotopic compositions of Ne, Ar, Kr and Xe, and 

in the elemental abundances. This means that several per cent 

enrichment of 20Ne relative to 22 Ne , which.wasusually regarded 

as evidence for primordial Ne, can be produced by the mass 

fractionation of atmospheric Ne in the crust and thus it is not 

a sufficient condition for identifying a primordial component of 

Ne in the earth. 
• 

5) Elemental abundance patterns in gas samples were similar to 

type-l pattern classified by Ozima and Alexander [60] , which was 

interpreted as the fractionation established by the low temperature 

solubility into water. He was enriched in all samples studied 

relative to the atmospheric composition. 

More enrichments in Kr and Xe relative to the atmospheric 

rare gas solubility into water for some samples could be explained 

by the release of heavy rare gases from sedimentary materials or 

calcareous rocks. Another explanation was that the abundance 

patterns represent the rare gas composition in magma. 

6) 3 /4 d 4 /20 .. l' f He He an He Ne ratlos ln vo canlC gases rom 

shinzan decreased and approached to the atmospheric values with 
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time. This suggests the declination of volcanic activity of Mt. 

Showa-shinzan. Samples collected at Mt. Showa-shinzan immediately 

after the eruption of Mt. Usu volcano in 1977 showed no sign of 

, , h 3 /4 , h' h ' d' t t' 'th lncrease ln t e He He ratlo, w lC ln lca es no connec lon Wl 

respect to rare gases between the two volcanoes. 

7) High 3He/4He ratios were first observed in gas samples collected 

at the earthquake fault zone in the Matsushiro earthquake swarm. 

This strongly suggests that the isotopic composition of He is 

useful measure for the detection of earthquake precursors. 

8) High 3He/4He ratios observed in all hot-spring gases collected 

in the Japanese Islands suggest that the magmatic volatiles are 

also supplied into ground water to some extent as a heat transport 

in all hot-springs. 
• 
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Figure captions 

Fig. II -1. Sampling loca1ies in the Japanese Islands are shown. 

Descriptions of samples are summarized in Table II-1. 

Fig. II -2a. Collection method of bubble gases. A plastic tube 

and a sampling vessel are first filled with local water 

through a funnel with the aid of a manual pump. Then 

accumulated bubble gas is transfered into the sampling 

vessel by replacing the water. 

Fig. IT-2b. Collection method of soil gas samples. A pipe is 

sealed in a hole and left sealed a day. Accumulated soil 

gas is transfered into a sampling vessel with the aid of 

a manual pump. The vessel is flushed several times with 
• 

the sample gas to remove the atmospheric contamination. 

Fig. II -3. Schematic diagram of a line used for rare gas analysis. 

Fig. II -4. A trace of He spectrum. The resolving power w~s 

adjusted to about 600 to separate 3He from H3 and HD peaks. 

Fig. IT -5. V . t· f (21 20 H) /20 .. h arla lon 0 Ne + Ne Ne ratlo lS sown. 

An appearence of 20NeH varied depending on pressure of He 

and Ne in the ion source. The 22Ne/20Ne ratio is 

approximately constant at a wide range of the ion source 

pressure. 
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Fig. ]I -6. Variations of sensitivities of the mass spectrometer 

for He and Ne are shown. The sensitivities were also 

affected by the high pressure of He and Ne. 

Fig. lIT-I. Distribution of 3He/4He ratio in the Japanese Islands. 

The 3He/4He ratios relative to the atmospheric ratio defined 

by Eg. nI-I are shown. Symboles represent the classification 

of gas samples as used in Fig. ]I -1. 3He enrichments, 

about seven times the atmospheric ratio, are found in many 

samples. 

Fig. lIT-2. Correlation between 3He/4He and 4He/20 Ne ratios. 

A mixing line represents a composition of a mixture between 

the atmosphere and a He-enriched gas with a high 3He/4He 

ratio of 1.0 x 10-5 . -All data lie on or below the 
• 

mixing line, except for sample Gl-ON. The 3He/4He ratios 

below the mixing line can be interpreted as admixture of 

d ~ . 4 
ra logenlc He. 

Fig. lIT-3. Calculated isotopic composition for three-component 

mixture. The-components are atmospheric, crustal and mantle 

gases. The calculation is described in Section nI-2b. 

Fig. nI-4. Plot of 3He/4He ratio against He concentration. 

Because the acid component was removed for most of volcanic 

gases, the initial compositions should be represented by 

the points which were shifted leftward. 
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Fig. m-5. Correlation between He concentration and chemical 

composition of gas sample. N2-rich gas shows high 

concentration of He, whereas He concentration is low in 

Fig. m-6. Correlation between 3He/4He ratio and CO 2 concentration 

for samples collected in the Nigorikawa geothermal area. 

Fig. m-7. Correlation diagram of 0(22/20) and 0(38/36). 

The deviation relative to the atmospheric values found in 

volcanic gas samples cannot be explained by the mass 

fractionation of atmosphere. 

Fig. m-8. Correlation diagram of 0(38/36) and 0(40/36). 

Most of Japanese gas samples show small enrichment in 

radiogenic 40Ar • The samples with low 38Ar/38Ar and 40Ar/ 

36 . 11 d b h f' . Ar ratlos are we expresse y t e mass ractlonatlon 

of atmospheric Ar. 

Fig. rrr-9a. Mass fractionated Kr found in samples collected in 

the Nigorikawa geothermal area. 

Fig. m-9b. Mass fractionated Xe found in samples collected in 

the Nigorikawa geothermal area. 

Fig. m-lOa ry Fig. m-lOde Elemental abundance patterns for 

gas samples. Fractionated abundance pattern for the 

atmospheric rare gases dissolved in low temperature water 

is also shown for comparison. 
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Fig. TIT-I. A model of a tectonic structure under the Japanese 

Islands. 

• 
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Table IT -1. Sampling localities and classification of samples. 

Sample No. Locality Prefecture Date 

Volcanic gas 

l. VI-TK Tokachidake Hokkaido 1974.9. 

2. V2-SS-1 Showa-shinzan Hokkaido 1958.8.12. 

3. -2 1959.7.9. 

4. -3 1959.7.l. 

5. -4 1964.9.23. 

6. -5 1965.10.6. 

7. -6 1974.9.1. 

8. -7 1977.10.2. 

9. V3-US Usu Hokkaido 1978.10.9. 

10. V4-NS Nasudake Tochigi 1970.7.24. 

1l. V5-HK Hakone Kanagawa 1976.7.6. 
. 

12. V6-TT Tateyama Toyama 1978.9.30. 

13. V7-KJ Kuju Oita 1976.2.6. 

14. V8-KS - Kirishima Miyazaki 1978.12.30 . 

15. . V9-SI-l satsurna-Iwojima, 

Kuromoe Shita Kagoshima 1974.8.12. 

16. -2 Kuromoe Ue 1967. 

Hot-spring gas 

17. HI-IN Iwama Ishikawa 1978.9.27. 

18. H2-SR Shiramine Ishikawa 1978.9.28. 

19. H3-YN Yunomine Wakayama 1978.4.29. 

20. H4-KW Kawayu Wakayama 1978.4.30. 

2l. H5-AR Arima Hyogo 1978.8.24. 

22. H6-YM Yumura Hyogo 1978.8.25. 



23. H7-MS Misasa Tottori 1978.8.2S. 

24. H8-YB Yubara Okayama 1978.8.1S. 

2S. H9-KI Kaike Tottori 1978.11.30. 

26. H10-MT Matsue Shimane 1978.11.30. 

27. H11-KY Koyahara Shimane 1978.12.1. 

28. H12-YN Yunotsu Shimane 1978.12.1. 

29. H13-Bl? Beppu Oita 1978.12.29. 

30. H14-YK Yamakawa Kagoshima 1979.1.1. 

Bubble gas in low temperature water pool 

31. L1-NG Nigorikawa Hokkaido 1977.10. 

32. L2-MC Matsushiro 

CO2-rich gas Nagano 1977.6.13. 

33. L3-YS Yoshino Nara 1978.9.24. 

34. L4-NM Narneri Osaka 1978.8.23. 

3S. LS-IS Ishibotoke Osaka 1978.8.23. 

36. L6-KW Kawanishi Hyogo 1978.9.6. 

37. L7-IK Ikeda Shimane 1978.12.1. 

Soil gqS 

38. Sl-NG-1 Nigorikawa A1S Hokkaido 1977.10. 

39. -2 A23 

40. -3 A29 

41. -4 A31 

42. -S E26 

43. S2-MN Matsushiro 

N2-rich gas. Nagano 1977.6.13. 

44. S3-SZ Shuzenzi Shizuoka 

Geotherma1 prospecting well gas 

4S. G1-0N Onuma Akita 1976.10. 

46. G2-TK Takenoyu Oita 1977.3.13. 



Well gas for earthquake prediction 

47. WI-MT 

48. W2-KW 

Mitsubishi 

Kawasaki 

Kanagawa 

Kanagawa 

1977.l. 

1977.2.10. 

Continental CO2 well gas, Derbecen, Hungary 

49. DR-05 

50. DR-63 

51. DR-65 

Solid sample 

52. RB-56 

53. RB-197 

54. VL-IO 

55. VL-NS 

56. VL-HY 

Derbecen #5 

#63 

#65 

Atlantic Ridge basalt #56 

#197 

1978. 

1978. 

1978. 

1966. 

1968. 

Volcanic lava, Izu-Oshima 

Nishinoshima-shinto 1975.8.25. 

Hiyoshioki-no-ba 1977.5.29. 

• 



T
a
b

le
 

IT
 -

2
. 

C
h

e
m

ic
a
l 

c
o

m
p

o
si

ti
o

n
s 

o
f 

g
a
s 

sa
m

p
le

s.
 

H
o

t-
s
p

ri
n

g
 
g

a
s
e
s
 

a
n

d
 
o

th
e
r 

ty
p

e
s
 
o

f 
b

u
b

b
le

 
g

a
se

s.
, 

c
o

m
p

o
si

ti
o

n
 

H
3-

Y
N

 
H

4-
K

W
 

H
5-

A
R

 
H

6-
Y

M
 

H
II

-K
W

 
H

12
-Y

N
 

L
3

-Y
S

 
L

4-
N

M
 

L
5

-I
S

 
L

6-
K

W
 

L
7

-I
K

 

* 
* 

* 
* 

* 
* 

* 
* 

* 
* 

* 
v

o
l.

 
%

 
[5

3
] 

[5
3

] 
[5

3
] 

[5
4

] 
[5

5
] 

[5
5

] 
[5

3
] 

[5
3

 ] 
[5

3
 ] 

[5
4

] 
[5

5
] 

H
e 

"7
0.

00
05

 
o 

0
1

5
)0

·0
0

0
5

 
0

.0
3

7
 

t
r
 

0
.0

0
4

 
0

.0
0

0
 

0
.0

0
3

 
0

.0
0

0
 

0
.0

0
0

 
0

.0
0

0
 

<
0

.0
0

1
 

. 
<

0
.0

0
1

 

H
2 

0
.0

6
8

 
0

.0
0

8
 

o .
 8'

31
 

0
.1

1
1

 
0

.0
0

1
 

0
.0

2
0

 
0

.0
0

0
 

0
.0

0
0

 
0

.0
0

0
 

0
.0

0
0

 
t
r
 

°2
 

0
.4

1
 

0
.2

0
 

0
.3

8
 

0
.6

9
 

2
.0

4
 

0
.2

7
 

0
.8

2
 

0
.4

0
 

0
.1

3
 

5
.2

9
 

0
.1

4
 

N
2 

3
.2

4
 

5
7

.5
1

 
1

.1
8

 
7

7
.2

2
 

1
.1

5
 

1
0

.3
7

 
3

.6
0

 
4

.6
0

 
0

.8
2

 
2

2
.6

8
 

0
.6

4
 

CH
4 

3
.3

8
 

3
1

. 
7

1
 

0
.0

3
 

0
.6

9
 

t
r
 

0
.2

0
 

0
.1

4
 

6
.8

0
 

1
.1

6
 

0
.7

6
 

t
r
 

CO
2 

9
2

.9
1

 
1

0
.5

7
 

9
7

.5
8

 
2

1
.2

6
 

9
6

.8
1

 
8

8
.9

9
 

9
5

.4
4

 
8

8
.2

0
 

9
7

.8
9

 
7

1
.2

7
 

9
9

.2
1

 

* 
re

fe
re

n
c
e
s
 



T
a
b

le
 
rr

-2
. 

C
h

e
m

ic
a
l 

c
o

m
p

o
s
it

io
n

s
 
o

f 
g

a
s 

sa
m

p
le

s.
 

V
o

lc
a
n

ic
 

g
a
s
e
s
. 

(q
u

o
te

d
 

b
y

 
[3

8
] 

) 

C
h

e
m

ic
a
l 

c
o

m
p

o
si

ti
o

n
 

m
Il

l 

H
2 

C
O

2 

N
2 

CH
4 

S
0

2
 

H
2

S 

°2
 

H
C

l 

H
P

 

H
2

0 

# 
fu

m
a
ro

le
s 

I 

S
h

o
w

a
-s

h
in

z
a
n

 

A
-
I
 

tr
--

C
 

-
2

#
 

0
.8

3
 

1
. 

2
1

 

0
.3

2
 

3
.6

6
 

0
.2

1
 

} 
0

.0
7

9
 

8 
x 

1
0

-
3 

0
.0

8
0

 
0

.0
9

1
 

0
.0

0
8

 
0

.0
3

0
 

0
.0

1
8

 

0
.0

3
5

 

0
.1

4
 

9
9

8
.2

 
9

9
4

.1
 

N
a
su

d
a
k

e
 

S
a
ts

u
m

a
-I

w
o

ji
m

a
 

0
.1

7
 

0
.7

2
 

1
.1

2
 

4
.7

 

0
.1

9
 

0
.0

4
 

3
2

 
x 

1
0

-
3 

8 
x 

1
0

-6 

0
.2

6
 

8
.2

 

1
. 

2
2

 
0

.5
 

0
.2

5
 

4
.9

 

0
.4

0
 

9
9

6
.8

 
9

8
1

 



T
a
b

le
 
I
ll

-
la

. 
Is

o
to

p
ic

 
c
o

m
p

o
si

ti
o

n
s 

o
f 

li
e
, 

N
e 

a
n

d
 

A
r.

 

S
am

p
le

 
N

o
. 

1
. 

V
1-

T
K

 

2
. 

V
2

-S
S

-1
 

3
. 

V
2.

.,.
S

S
-2

 

4
. 

V
2

-S
S

-3
 

5
. 

V
2

-S
S

-4
 

6
. 

V
2

-S
S

-5
 

7
. 

V
2

-S
S

-6
 

8
. 

V
2

-S
S

-7
 

9
. 

V
3-

U
S

 

1
0

. 
V

4-
N

S
 

1
1

. 
V

5-
H

K
 

1
2

. 
V

6
-T

T
 

1
3

. 
V

7
-K

J 

1
4

. 
V

8-
K

S
 

3
H

e
/4

H
e 

( 
x 

1
0

-
6

) 

9
.1

9
 

+
 

0
.5

5
 

7
.4

1
 

+
 

0
.3

1
 

6
.6

7
 

+
 

0
.4

0
 

7
.0

0
 

+
 

0
.1

9
 

7
.0

4
 

+
 

0
.5

3
 

7
.0

1
 

+
 

0
.5

3
 

3
.9

1
 

+
 

0
.2

4
 

3
.1

3
 

+
 

0
.3

2
 

9
.6

2
 

+
 

0
.4

2
 

6
.6

6
 

+
 

0
.2

9
 

8
.5

1
 

+
 

0
.4

0
 

1
0

.9
 

+
 

0
.8

 

1
0

.5
 

+
 0

.3
 

1
0

.3
 

+
 

0
.7

 

1
5

. 
V

9
-S

I-
1

 
1

0
.2

 
+

 
0

.6
 

1
6

. 
V

9
-S

1
-2

 
1

0
.6

 
+

 
0

.5
 

1
7

. 
H

1
-I

W
 

1
1

.4
 

+
 

1
.1

 

1
8

. 
H

2
-S

R
 

5
.6

5
 

+
 

0
.2

7
 

2
1

N
e

/2
0

N
e 

2
2

N
e

/2
0

N
e 

3
8

A
r
/3

6
A

r 

0
.0

0
2

9
2

 
+

 
0

.0
0

0
0

6
 

0
.1

0
0

7
 

+
 

0
.0

0
0

8
 

0
.1

8
7

 
+

 
0

.0
0

1
 

• 
0

.0
0

2
9

6
 

+
 

0
.0

0
0

0
5

 
0

.1
0

1
6

 
+

 
0

.0
0

0
5

 
0

.1
8

6
 

+
 

0
.0

0
1

 

0
.0

0
3

0
1

 
+

 0
.0

0
0

0
6

 
0

.1
0

0
1

 
+

 
0

.0
0

0
4

 

0
.0

0
2

9
1

 
+

 
0

.0
0

0
1

3
 

0
.1

0
0

6
 

+
 

0
.0

0
1

2
 

0
.1

8
8

 
+

 
0

.0
0

3
 

0
.0

0
2

9
6

 
+

 0
.0

0
0

0
9

 
0

.1
0

1
4

 
+

 
0

.0
0

0
5

 

0
.0

0
2

8
2

 
+

 
0

.0
0

0
0

2
 

0
.0

9
6

6
 

+
 

0
.0

0
0

3
 

0
.1

8
5

 
+

 
0

.0
0

2
 

0
.0

0
2

9
5

 
+

 
0

.0
0

0
0

7
 

0
.0

9
8

0
 

+
 

0
.0

0
0

3
 

0
.0

0
2

9
4

 
+

 
0

.0
0

0
0

8
 

0
.0

9
8

3
 

+
 

0
.0

0
0

8
 

0
.1

8
7

 
+

 
0

.0
0

1
 

0
.0

0
2

9
5

 
+

 
0

.0
0

0
0

4
 

0
.1

0
0

5
 

+
 

0
.0

0
0

7
 

0
.1

8
8

 
+

 
0

.0
0

1
 

0
.0

0
3

0
1

 
+

 
0

.0
0

0
0

9
 

0
.1

0
1

7
 

+
 

0
.0

0
1

4
 

0
.1

8
8

 
+

 
0

.0
0

2
 

0
.0

0
2

9
3

 
+

 
0

.0
0

0
0

4
 

0
.1

0
2

2
 

+
 

0
.0

0
0

6
 

0
.1

8
6

 
+

 
0

.0
0

1
 

0
.0

0
2

8
3

 
+

 
0

.0
0

0
0

9
 

0
.0

9
7

8
 

+
 

0
.0

0
0

7
 

0
.1

8
4

 
+

 
0

.0
0

1
 

0
.0

0
2

9
2

 
+

 
0

.0
0

0
0

4
 

0
.1

0
1

6
 

+
 

0
.0

0
0

6
 

0
.0

0
2

8
5

 
+

 
0

.0
0

0
0

5
 

0
.0

9
9

5
 

+
 

0
.0

0
0

6
 

0
.1

8
6

 
+

 
0

.0
0

1
 

0
.0

0
2

8
5

 
+

 
0

.0
0

0
0

5
 

0
.1

0
1

1
 

+
 

0
.0

0
0

4
 

0
.1

8
7

 
+

 
0

.0
0

2
 

0
.0

0
2

9
9

 
+

 
0

.0
0

0
0

8
 

0
.1

0
2

5
 

+
 

0
.0

0
0

6
 

0
.1

8
7

 
+

 
0

.0
0

1
 

40
A

r
/3

6
A

r 

3
0

5
 

+
 

2 

3
0

2
.5

 
+

 
1

.2
 

3
0

3
 

+
 

2 

2
8

6
.6

 
+

 
1

.6
 

3
1

2
.9

 
+

 
1

.1
 

3
0

4
.7

 
+

 
1

.5
 

2
9

7
.7

 
+

 
0

.9
 

2
9

9
.3

 
+

 
1

.7
 

2
9

4
.9

 
+

 
0

.7
 

2
8

9
.9

 
+

 
0

.7
 

2
9

1
.5

 
+

 
2

.1
 

3
2

5
.1

 
+

 
1

.2
 



T
a
b

le
 
I
ll

-
la

. 
Is

o
to

p
ic

 
c
o

m
p

o
si

ti
o

n
s 

o
f 

H
e,

 
N

e 
a
n

d
 

A
r.

 

S
am

p
le

 
N

o
. 

3
H

e
/4

H
e 

21
N

e
/2

0
N

e 
22

N
e

/2
0

N
e 

3
8

A
r
/3

6
A

r 

( 
x 

1
0

-
6 

) 

1
9

. 
H

3-
Y

M
 

6
.5

6
 

+
 

0
.2

8
 

2
0

. 
H

4-
K

W
 

5
.6

5
 

+
 

0
.3

7
 

2
1

. 
H

5-
A

R
 

1
1

.0
 

+
 

0
.4

 

2
2

. 
H

6-
Y

M
 

7
.5

0
 

+
 

0
.1

8
 

2
3

. 
H

7-
M

S 
8

.3
5

 
+

 
0

.3
0

 

2
4

. 
H

8-
Y

B
 

3
.9

6
 

+
 

0
.2

2
 

2
5

. 
H

9
-K

I 
7

.6
6

 
+

 
0

.1
1

 

2
6

. 
H

10
-M

T
 

5
.9

4
 

+
 

0
.2

8
 

2
7

. 
H

11
-K

Y
 

9
.1

5
 

+
 

0
.5

2
 

2
8

. 
H

12
-Y

N
 

9
.1

2
 

+
 

0
.5

7
 

2
9

. 
H

1
3

-B
P

 
9

.0
0

 
+

 
0

.4
7

 

3
0

. 
H

14
-Y

K
 

9
.8

4
 

+
 

0
.5

6
 

3
1

. 
L

1-
N

G
 

9
.9

5
 

+
 

0
.2

5
 

3
2

. 
L

2-
M

C
 

9
.1

0
 

+
 

0
.6

9
 

3
3

. 
L

3
-Y

S
 

6
.4

4
 

+
 

0
.8

0
 

3
4

. 
L

4-
N

M
 

1
0

.4
 

+
 

0
.3

 

3
5

. 
L

5
-I

S
 

6
.4

5
 

+
 

0
.4

8
 

3
6

. 
L

6-
K

W
 

1
.5

3
 

+
 

0
.0

6
 

0
.1

0
2

6
 

+
 

0
.0

0
0

8
 

0
.0

0
3

0
8

 
+

 
0

.0
0

0
0

6
 

0
.1

0
1

8
 

+
 

0
.0

0
0

7
 

0
.1

8
8

 
+

 
0

.0
0

2
 

0
.0

0
2

9
3

 
+

 
0

.0
0

0
0

9
 

0
.1

0
1

3
 

+
 

0
.0

0
0

6
 

0
.1

8
5

 
+

 
0

.0
0

2
 

0
.1

0
2

2
 

+
 

0
.0

0
0

7
 

0
.1

8
7

 
+

 
0

.0
0

2
 

0
.1

0
2

2
 

+
 

0
.0

0
0

6
 

0
.0

0
2

9
6

 
+

 
0

.0
0

0
0

5
 

0
.1

0
2

0
 

+
 

0
.0

0
0

6
 

0
.1

8
7

 
+

 
0

.0
0

2
 

0
.0

0
2

9
8

 
+

 
0

.0
0

0
0

5
 

0
.1

0
1

5
 

+
 

0
.0

0
0

7
 

0
.1

8
8

 
+

 
0

.0
0

2
 

0
.0

0
2

9
0

 
+

 
0

.0
0

0
0

4
 

0
.1

0
2

1
 

+
 

0
.0

0
0

6
 

0
.1

8
7

 
+

 
0

.0
0

2
 

0
.0

0
3

0
1

 
+

 
0

.0
0

0
0

4
 

0
.1

0
2

8
 

+
 

0
.0

0
0

6
 

0
.1

8
7

 
+

 
0

.0
0

2
 

0
.0

0
2

9
7

 
+

 
0

.0
0

0
0

4
 

0
.1

0
1

8
 

+
 

0
.0

0
0

5
 

0
.0

0
2

9
2

 
+

 
0

.0
0

0
0

4
 

0
.1

0
1

6
 

+
 

0
.0

0
0

5
 

0
.0

0
2

9
9

 
+

 
0

.0
0

0
0

9
 

0
.1

0
0

5
 

+
 

0
,0

0
0

8
 

0
.1

8
5

 
+

 
0

.0
0

2
 

0
.0

0
2

9
2

 
+

 
0

.0
0

0
0

7
 

0
.1

0
1

6
 

+
 

0
.0

0
1

2
 

0
.1

8
6

 
+

 
0

.0
0

4
 

• 
0

.0
0

2
9

3
 

+
 

0
.0

0
0

0
3

 
0

.1
0

0
1

 
+

 
0

.0
0

0
5

 
0

.1
8

7
 

+
 

0
.0

0
1

 

0
.0

0
3

1
1

 
+

 
0

.0
0

0
0

6
 

0
.1

0
1

6
 

+
 

0
.0

0
0

9
 

0
.1

8
7

 
+

 
0

.0
0

2
 

0
.0

0
3

0
3

 
±

 0
.0

0
0

0
5

 
0

.1
0

2
5

 
±

 0
.0

0
0

8
 

0
.1

8
6

 
±

 0
.0

0
1

 

0
.0

0
2

9
6

 
+

 
0

.0
0

0
0

5
 

0
.1

0
2

1
 

+
 

0
.0

0
1

0
 

0
.1

8
9

 
+

 
0

.0
0

2
 

40
A

r/
3

6
A

r 

3
0

3
.3

 
+

 
1

.0
 

2
9

7
.6

+
1

.7
 

3
0

1
.7

+
2

.1
 

3
0

4
.9

 
+

 
1

.5
 

3
0

0
.3

 
+

 1
. 

6 

3
0

9
.1

 
+

 
1

.5
 

3
1

5
.1

 
+

 
2

.0
 

3
2

5
 

+
 

7 

3
0

4
 

+
 

8 

2
9

6
.4

 
+

 
1

.1
 

3
1

5
.9

 
+

 
1

.4
 

2
9

5
.9

 
+

 
0

.9
 

3
0

6
.1

 
+

 1
.2

 



T
a
b

le
 
I
ll

-
la

. 
Is

o
to

p
ic

 
c
o

m
p

o
si

ti
o

n
s 

o
f 

H
e,

 
N

e 
an

d
 

A
r.

 

S
am

p
le

 
N

o.
 

3 H
e

/4
H

e 
21

N
e

/2
0

N
e 

22
N

e
/2

0
N

e 
38

A
r
/3

6
A

r 
40

A
r
/3

6
A

r 
( 

x 
1

0
-

6 
) 

3
7

. 
L

7
-I

K
 

8
.5

8
 

+
 

0
.4

4
 

0
.0

0
2

9
2

 
+

 
0
~
0
0
0
0
6
 

0
.1

0
1

8
 

+
 

0
.0

0
0

7
 

0
.1

8
8

 
+

 
0

.0
0

2
 

3
0

9
.9

 
+

 
1

.6
 

3
8

. 
S

l-
N

G
-1

 
3

.0
0

 
+

 
0

.1
5

 
0

.0
0

2
9

0
 

+
 

0
.0

0
0

0
4

 
0

.0
9

7
2

 
±

 0
.0

0
0

6
 

0
.1

8
0

 
+

 
0

.0
0

2
 

2
7

6
 

+
 

2 

3
9

. 
S

l-
N

G
-2

 
2

.1
6

 
+

 
0

.2
5

 
0

.0
0

2
9

2
 

+
 

0
.0

0
0

0
5

 
0

.1
0

0
9

 
+

 
0

.0
0

0
6

 
0

.1
8

4
 

+
 

0
.0

0
2

 
2

9
3

 
+

 
2 

-
-

-
4

0
. 

S
l-

N
G

-3
 

4
.5

5
 

+
 

0
.2

7
 

0
.0

0
2

7
9

 
+

 
0

.0
0

0
0

6
 

0
.1

0
0

1
 

+
 

0
.0

0
0

9
 

0
.1

8
3

 
+

 
0

.0
0

2
 

2
8

3
 

+
 

6 
-

4
1

. 
S

l-
N

G
-4

 
4

.3
8

 
+

 
0

.2
9

 
0

.0
0

2
8

6
 

+
 

0
.0

0
0

0
6

 
0

.0
9

6
8

 
+

 
0

.0
0

0
9

 
0

.1
7

9
 

+
 

0
.0

0
2

 
2

7
6

: 
+

 
7 

-
4

2
. 

S
l-

N
G

-5
 

1
.6

0
 

+
 

0
.0

7
 

0
.0

0
3

1
9

 
+

 
0

.0
0

0
0

6
 

0
.1

0
1

2
 

+
 

0
.0

0
0

7
 

0
.1

8
6

 
+

 
0

.0
0

2
 

2
9

2
 

+
 

2 
-

4
3

. 
S2

-M
N

 
9

.1
2

 
+

 
0

.5
8

 
0

.0
0

2
9

2
 

+
 

0
.0

0
0

1
0

 
0

.1
0

1
1

 
+

 
0

.0
0

0
9

 
0

.1
8

7
 

+
 

0
.0

0
3

 
3

0
8

 
+

 
9 

-
4

4
. 

S 
3

-S
Z

 
1

.6
7

 
+

 
0

.1
7

 

4
5

. 
G

1-
0N

 
1

5
.4

 
+

 
0

.4
 

0
.0

0
2

9
7

 
+

 
0

.0
0

0
0

5
 

0
.1

0
1

7
 

+
 

0
.0

0
0

5
 

0
.1

8
9

 
+

 
0

.0
0

2
 

3
0

0
.1

 
+

 
1

.8
 

-
-

-
4

6
. 

G
2-

T
K

 
5

.7
0

 
+

 
0

.4
0

 
-

4
7

. 
W

1-
M

T 
<

 0.3
 

0
.0

0
2

9
8

 
+

 
0

.0
0

0
0

4
 

0
.1

0
2

0
 

+
 

0
.0

0
0

4
 

-
4

8
. 

W
2-

K
W

 
0

.8
6

 
+

 
0

.3
2

 
0

.1
0

1
7

 
+

 
0

.0
0

0
4

 
-

4
9

. 
D

R
-0

5 
0

.6
2

 
+

 
0

.0
7

 
0

.1
8

7
 

+
 

0
.0

0
2

 
3

6
4

.7
 

+
 

2
.3

 
-

5
0

. 
D

R
-6

3 
0

.4
2

 
+

 
0

.0
3

 
• 

0
.1

8
7

 
+

 
0

.0
0

2
 

8
4

4
.8

 
+

 
3

.8
 

5
1

. 
D

R
-6

5 
0

.4
6

 
+

 
0

.0
5

 
0

.1
8

7
 

+
 

0
.0

0
2

 
6

0
7

.0
 

+
 

3
.7

 
-



T
a
b

le
 

il
l-

la
. 

Is
o

to
p

ic
 

c
o

m
p

o
si

ti
o

n
s 

o
f 

H
e,

 
N

e 
a
n

d
 

A
r.

 

S
am

p
le

 
N

o
. 

3
H

e
/4

H
e 

21
N

e
/2

0
N

e 
22

N
e

/2
0

N
e 

3
8

A
r
/3

6
A

r 
4

0
A

r/3
6

A
r 

( 
x 

1
0

-
6 

) 

5
2

. 
R

B
-5

6
 

9
.8

8
 

+
 

0
.5

7
 

0
.0

0
3

1
2

 
+

 
0

.0
0

0
1

4
 

0
.1

0
1

2
 

+
 

0
.0

0
0

9
 

0
.1

8
8

 
+

 
0

.0
0

2
 

-
3

2
8

 
+

 
2 

5
3

. 
R

B
-1

9
7

 
1

0
.1

 
+

 
0

.5
 

0
.0

0
3

1
9

 
+

 
0

.0
0

0
1

3
 

0
.1

0
1

0
 

+
 

0
.0

0
1

5
 

0
.1

9
0

 
+

 
0

.0
0

3
 

4
5

1
 

+
 

6 

5
4

. 
V

L
-I

O
 

0
.0

0
2

9
9

 
+

 
0

.0
0

0
1

6
 

0
.1

0
4

2
 

+
 

0
.0

0
0

7
 

0
.1

8
3

 
+

 
0

.0
0

3
 

2
8

5
 

+
 

5 

5
5

. 
V

L
-N

S
 

8
0

0
0
e 

0
.0

0
2

8
4

 
+

 
0

.0
0

0
1

0
 

0
.1

0
0

7
 

+
 

0
.0

0
0

7
 

0
.1

8
2

 
+

 
0

.0
0

2
 

2
8

5
 

+
 

2 
-

1
8

0
0

0
e 

0
.0

0
3

3
4

 
+

 
0

.0
0

0
1

2
 

0
.1

0
7

6
 

+
 

0
.0

0
1

0
 

0
.1

8
1

 
+

 
0

.0
0

8
 

2
7

1
 

+
 

1
2

 

5
6

. 
V

L
-H

Y
 

8
0

0
0
e 

0
.0

0
2

7
9

 
+

 
0

.0
0

0
0

8
 

0
.0

9
8

8
 

+
 

0
.0

0
0

6
 

0
.1

8
5

 
+

 
0

.0
0

2
 

2
9

4
 

+
 

3 

1
8

0
0

0
e 

0
.0

0
2

7
9

 
+

 
0

.0
0

0
0

8
 

0
.1

0
0

3
 

+
 

0
.0

0
0

9
 

0
.1

8
3

 
+

 
0

.0
0

2
 

2
8

4
 

+
 

2 
-

• 



T
a
b

le
 
I
ll

-
lb

. 
E

le
m

e
n

ta
l 

c
o

m
p

o
si

ti
o

n
s 

a
n

d
 
c
o

n
c
e
n

tr
a
ti

o
n

s
. 

S
am

p
le

 
N

o
. 

4
H

e
(p

pm
) 

36
 A

r(
p

p
m

) 
··4

H
e/3

6
A

r 
20

N
e/

3
6

A
r 

84
K

r/
3

6
A

r 
1

3
2

x
e
/3

6
A

r 
4

H
e/

2
0

N
e 

1
. 

V
1-

T
K

 
9

.7
 

0
.2

8
 

0
.0

5
2

 
3

5
 

2
. 

V
2

-S
S

-1
 

28
 

0
.5

8
 

4
8

 
0

.3
9

 
0

.0
6

0
 

0
.0

0
5

7
 

1
2

0
 

,. 
3

. 
V

2
-S

S
-2

 
23

 
2

.1
 

4
. 

V
2

-S
S

-3
 

1
3

0
 

1
0

 

5
. 

V
2

-S
S

-4
 

1
5

 
0

.2
0

 
0

.0
3

5
 

0
.0

0
2

7
 

7
5

 

6
. 

V
2

-S
S

-5
 

5
.1

 
86

 

7
. 

V
2

-S
S

-6
 

4
.7

 
2

.0
 

8
. 

V
2

-S
S

-7
 

0
.8

2
 

0
.6

1
 

9
. 

V
3

-u
s 

1
1

 
0

.0
8

3
 

1
3

0
 

0
.2

0
 

0
.0

6
4

 
0

.0
0

7
9

 
6

5
0

 

1
0

. 
V

4-
N

S
 

1
7

 
0

.4
4

 
40

 
0

.4
1

 
0

.0
4

6
 

0
.0

0
2

8
 

97
 

1
1

. 
V

5-
H

K
 

42
 

6
.2

 
6

.7
 

0
.3

0
 

0
.0

4
8

 
0

.0
0

3
4

 
2

3
 

1
2

. 
V

6
-T

T
 

5
.1

 
0

.4
1

 
1

2
 

0
.5

7
 

0
.0

3
4

 
0

.0
0

1
6

 
2

2
 

1
3

. 
V

7
-K

J 
2

1
0

 
8

.5
 

25
 

0
.3

9
 

0
.0

3
9

 
0

.0
0

1
6

 
64

 

1
4

. 
V

8-
K

S
 

1
6

 
24

 
• 

1
5

. 
V

9
-S

I-
1

 
1

4
 

4
.6

 
3

.0
 

0
.3

1
 

0
.0

4
3

 
0

.0
0

3
3

 
9

.6
 

1
6

. 
V

9
-S

1
-2

 
1

6
 

1
7

. 
H

1-
IW

 
0

.9
3

 
0

.6
6

 
1

.4
 

0
.1

8
 

0
.0

5
3

 
0

.0
0

6
3

 
8

.1
 

1
8

. 
H

2
-S

R
 

1
2

0
0

 
8

.3
 

1
5

0
 

0
.3

2
 

0
.0

3
1

 
0

.0
0

0
7

8
 

4
7

0
 



T
a
b

le
 
I
ll

-
lb

. 
E

le
m

e
n

ta
l 

c
o

m
p

o
si

ti
o

n
s 

a
n

d
 
c
o

n
c
e
n

tr
a
ti

o
n

s
. 

S
am

p
le

 
N

o.
 

4 
H

e 
(p

pm
) 

36
 A

r(
p

p
m

) 
4

H
e/

3
6

A
r 

20
N

e/
3

6
A

r 
84

K
r/

3
6

A
r 

1
3

2
x

e
/3

6
A

r 
4

H
e/

2
0

N
e 

1
9

. 
H

3-
Y

N
 

5
8

 
6

3
 

2
0

. 
H

4-
K

W
 

1
2

 
1

.0
 

2
1

. 
H

5-
A

R
 

1
4

 
0

.4
4

 
32

 
0

.1
6

 
0

.0
5

9
 

0
.0

0
4

4
 

2
1

0
 

2
2

. 
H

6-
Y

M
 

3
0

0
 

3
3

 
9

.3
 

0
.1

5
 

0
.0

5
2

 
0

.0
0

3
3

 
62

 

2
3

. 
H

7-
M

S 
9

4
0

 
20

 
4

8
 

0
.3

1
 

0
.0

4
6

 
0

.0
0

3
0

 
1

5
0

 

2
4

. 
H

8-
Y

B
 

54
 

1
0

 

2
5

. 
H

9
-K

I 
1

3
0

0
 

32
 

40
 

0
.2

2
 

0
.0

4
5

 
0

.0
0

2
4

 
1

8
0

 

2
6

. 
H

I0
-M

T
 

1
8

0
0

 
3

8
 

4
8

 
0

.2
5

 
0

.0
4

5
 

0
.0

0
2

5
 

2
0

0
 

2
7

. 
H

II
-K

Y
 

5
.3

 
0

.5
3

 
9

.9
 

0
.0

6
5

 
0

.0
7

8
 

0
.0

0
6

4
 

1
6

0
 

2
8

. 
H

12
-Y

N
 

40
 

2
.7

 
1

5
 

0
.1

3
 

0
.0

5
7

 
0

.0
0

3
9

 
1

2
0

 

2
9

. 
H

1
3

-B
P

 
31

 
7

5
 

3
0

. 
H

14
-Y

K
 

29
 

7
.0

 

3
1

. 
L

1-
N

G
 

4
.0

 
0

.0
5

8
 

69
 

0
.2

5
 

0
.0

3
8

 
0

.0
0

3
2

 
2

8
0

 

3
2

. 
L

2-
M

C
 

5
.0

 
1

.0
 

4
.9

 
0

.2
4

 
0

.0
5

3
 

0
.0

0
4

9
 

20
 

3
3

. 
L

3-
Y

S
 

1
.0

 
0

.2
2

 
4

.6
 

0
.3

7
 

0
.0

5
9

 
0

.0
0

3
6

 
1

2
 

3
4

. 
L

4-
N

M
 

45
 

0
.3

2
 

1
4

0
 

0
.1

8
 

0
.0

4
3

 
0

.0
0

2
4

 
7

8
0

 

3
5

. 
L

5
-T

S
 

0
.6

0
 

0
.0

7
3

 
8

.2
 

0
.2

8
 

0
.0

7
0

 
0

.0
0

6
3

 
30

 

3
6

. 
L

6-
K

W
 

1
1

0
 

4
.1

 
26

 
0

.2
3

 
0

.0
4

3
 

0
.0

0
2

5
 

1
1

0
 



T
a
b

le
 
I
ll

-
lb

. 
E

le
m

e
n

ta
l 

c
o

m
p

o
si

ti
o

n
s 

a
n

d
 
c
o

n
c
e
n

tr
a
ti

o
n

s
. 

S
am

p
le

 
N

o
. 

4 
H

e 
(p

pm
) 

36
 A

r(
p

p
m

) 
4

H
e/

3
6

A
r 

20
N

e/
3

6
A

r 
84

K
r/

3
6

A
r 

1
3

2
x

e
/3

6
A

r 
4

H
e/

2
0

N
e 

3
7

. 
L

7
-I

K
 

1
1

 
0

.6
3

 
1

7
 

0
.0

9
5

 
0

.0
7

6
 

0
.0

0
5

3
 

1
8

0
 

3
8

. 
S

l-
N

G
-l

 
4

.9
 

3
.6

 
1

.4
 

1
.4

 
0

.0
0

9
5

 
0

.0
0

0
1

6
 

1
.0

 

3
9

. 
S

l-
N

G
-2

 
5

.4
 

20
 

0
.2

7
 

0
.5

8
 

0
.0

2
3

 
0

.0
0

0
5

8
 

0
.4

5
 

4
0

. 
S

l-
N

G
-3

 
4

.0
 

8
.7

 
0

.4
6

 
0

.6
1

 
0

.0
1

8
 

0
.0

0
0

9
4

 
0

.7
5

 

4
1

. 
S

l-
N

G
-4

 
4

.0
 

2
.6

 .
 

1
.5

 
1

.6
 

0
.0

0
8

5
 

0
.0

0
0

0
8

7
 

0
.9

5
 

4
2

. 
S

l-
N

G
-5

 
4

.7
 

2
1

 
0

.2
3

 
0

.5
2

 
0

.0
2

1
 

0
.0

0
6

2
 

0
.4

3
 

4
3

. 
S

2-
M

N
 

3
0

0
 

7
.2

 
4

8
 

0
.2

7
 

0
.0

3
1

 
0

.0
0

1
7

 
1

8
0

 

4
4

. 
S

3
-S

Z
 

4
.8

 
0

.2
7

 

4
5

. 
G

I-
0

N
 

5
.3

 
3

.5
 

1
.5

 
0

.6
5

 
0

.0
2

8
 

0
.0

0
1

3
 

2
.3

 

4
6

. 
G

2-
T

K
 

0
.7

5
 

4
7

. 
,n

-M
T

 
39

 
2

3
 

4
8

. 
~,

oJ
2-

K"
v 

1
.4

 
0

.7
2

 

4
9

. 
D

R
-0

5
 

1
4

0
 

0
.3

6
 

4
0

0
 

0
.1

7
 

0
.0

3
4

 
0

.0
0

2
4

 
2

3
0

0
 

5
0

. 
D

R
-6

3
 

2
5

0
 

0
.2

2
 

1
2

0
0

 
0

.1
4

 
0

.0
2

6
 

0
.0

0
5

4
 

8
1

0
0

 

5
1

. 
D

R
-6

5
 

3
0

0
 

0
.3

7
 

8
0

0
 

0
.1

8
 

0
.0

3
7

 
0

.0
0

3
3

 
4

4
0

0
 



T
a
b

le
 
I
I
I
-
lc

. 
Is

o
to

p
ic

 
c
o

m
p

o
si

ti
o

n
s 

o
f 

K
r 

a
n

d
 

X
e.

 

7
. 

V
2

-S
S

-6
 

9
. 

v
3

-U
S

 
1

1
. 

V
5-

H
K

 
3

2
. 

L
2-

M
C

 
3

8
. 

S
l-

N
G

-l
 

78
K

r 
0

.6
3

6
 

+
 

0
.0

0
9

 
0

.6
3

1
 

+
 

0
.0

1
0

 
0

.6
1

3
 

+
 

0
.0

1
9

 
0

.6
1

8
 

+
 

0
.0

1
1

 
0

.6
3

6
 

+
 

0
.0

0
6

 

80
K

r 
4

.0
6

 
+

 
0

.0
4

 
4

.0
2

 
+

 
0

.0
4

 
3

.9
6

 
+

 
0

.0
6

 
3

.9
9

 
+

 
0

.0
6

 
4

.0
6

 
+

 
0

.0
3

 

82
K

r 
2

0
.5

 
+

 
0

.1
 

2
0

.5
 

+
 

0
.2

 
2

0
.5

 
+

 
0

.2
 

2
0

.4
 

+
 

0
.2

 
2

0
.5

 
+

 
0

.1
 

-
-

8
3

K
r 

2
0

.4
 

+
 

0
.1

 
2

0
.4

 
+

 
0

.2
 

2
0

.3
 

+
 

0
.2

 
2

0
.3

 
+

 
0

.3
 

2
0

.4
 

+
 

0
.1

 

84
K

r 
=

 1
0

0
 

=
 1

0
0

 
=

 1
0

0
 

=
 1

0
0

 
=

 1
0

0
 

8
6

K
r 

3
0

.2
 

+
 

0
.3

 
3

0
.5

 
+

 
0

.1
 

3
0

.5
 

+
 

0
.3

 
3

0
.6

 
+

 
0

.2
 

3
0

.2
 

+
 

0
.2

 

1
2

4
x

e
 

0
.3

5
1

 
+

 
0

.0
1

1
 

0
.3

7
1

 
+

 
0

.0
1

1
 

0
.3

6
6

 
+

 
0

.0
1

8
 

0
.3

5
2

 
+

 
0

.0
2

8
 

0
.3

7
1

 
+

 
0

.0
1

1
 

1
2

6
x

e
 

0
.3

2
6

 
+

 
0

.0
0

8
 

0
.3

4
6

 
+

 
0

.0
1

3
 

0
.3

3
1

 
+

 
0

.0
0

7
 

0
.3

2
5

 
+

 
0

.0
1

5
 

0
.3

3
3

 
+

 
0

.0
1

1
 

1
2

8
x

e
 

7
.1

3
 

+
 

0
.0

6
 

7
.2

1
 

+
 

0
.0

8
 

7
.2

1
 

+
 

0
.1

2
 

7
.1

1
 

+
 

0
.1

6
 

7
.2

4
 

+
 

0
.1

1
 

1
2

9
x

e
 

9
8

.1
 

+
 

0
.9

 
9

9
.1

 
+

 
0

.7
 

9
8

.7
 

+
 

0
.6

 
9

8
.2

 
+

 
0

.2
 

9
9

.7
 

+
 
1

.1
 

-
1

3
0

x
e
 

1
5

.2
 

+
 

0
.2

 
1

5
.3

 
+

 
0

.1
 

1
5

.3
 

+
 

0
.1

4
 

1
5

.2
 

+
 

0
.3

 
1

5
.3

 
+

 
0

.2
 

-
1

3
1

x
e
 

7
9

.1
 

+
 

0
.6

 
7

8
.7

 
+

 
0

.5
 

7
9

.1
 

+
 

0
.4

 
7

8
.8

 
+

 
0

.5
 

7
9

.1
 

+
 

0
.4

 

1
3

2
x

e
 

=
 1

0
0

 
=

 1
0

0
 

=
 1

0
0

 
=

 1
0

0
 

=
 1

0
0

 

1
3

4
x

e
 

3
9

.0
 

+
 

0
.4

 
3

8
.5

 
+

 
0

.2
 

3
8

.7
 

+
 

0
.3

 
3

8
.7

 
+

 
0

.6
 

3
8

.5
 

+
 

0
.4

 

1
3

6
x

e
 

3
3

.2
 

+
 

0
.5

 
3

2
.6

 
+

 
0

.4
 

3
2

.8
 

+
 

0
.3

 
3

2
.9

 
+

 
0

.6
 

3
2

.5
 

+
 

0
.3

 
-



T
a
b

le
 
I
I
I
-
lc

. 
Is

o
to

p
ic

 
c
o

m
p

o
si

ti
o

n
s 

o
f 

K
r 

a
n

d
 

X
e.

 

4
1

. 
S

l-
N

G
-4

 
4

3
. 

S
2-

M
N

 
4

9
. 

D
R

-0
5

 
5

0
. 

D
R

-6
3

 
5

1
. 

D
R

-6
5

 

78
K

r 
0

.6
3

3
 

+
 

0
.0

0
9

 
0

.6
1

6
 

+
 

0
.0

1
9

 
0

.6
3

4
 

+
 

0
.0

1
9

 
0

.6
2

7
 

+
 

0
.0

0
7

 
0

.6
2

2
 

+
 

0
.0

0
7

 
80

K
r 

4
.0

5
 

+
 

0
.0

3
 

4
.0

0
 

+
 

0
.0

6
 

4
.0

1
 

+
 

0
.0

6
 

4
.0

1
 

+
 

0
.0

3
 

3
.9

9
 

+
 

0
.0

3
 

-
82

K
r 

2
0

.6
 

+
 

0
.1

 
2

0
.6

 
+

 
0

.1
 

2
0

.4
 

+
 

0
.2

 
2

0
.4

 
+

 
0

.1
 

2
0

.2
 

+
 

0
.1

 
-

8
3

K
r 

2
0

.4
 

+
 

0
.1

 
2

0
.3

 
+

 
0

.1
 

2
0

.3
 

+
 

0
.1

 
2

0
.3

 
±

 
0

.1
 

2
0

.2
 

+
 

0
.1

 
84

K
r 

=
 1

0
0

 
=

 1
0

0
 

=
 1

0
0

 
=

 1
0

0
 

=
 1

0
0

 
86

K
r 

3
0

.2
 

+
 

0
.3

 
3

0
.5

 
+

 
0

.3
 

-
3

0
.5

 
+

 
0

.4
 

3
0

.3
 

+
 

0
.2

 
3

0
.4

 
+

 
0

.1
 

1
2

4
x

e
 

0
.3

7
2

 
+

 
0

.0
1

2
 

0
.3

5
7

 
+

 
0

.0
2

1
 

0
.3

7
4

 
+

 
0

.0
2

1
 

0
.3

6
0

 
+

 
0

.0
1

3
 

0
.3

5
5

 
+

 
0

.0
1

2
 

1
2

6
x

e
 

0
.3

4
0

 
+

 
0

.0
0

8
 

0
.3

3
3

 
+

 
0

.0
1

1
 

0
.3

3
4

 
±

 0
.0

1
8

 
0

.3
3

4
 

+
 

0
.0

0
5

 
0

.3
2

8
 

+
 

0
.0

0
9

 
1

2
8

x
e 

7
.2

3
 

+
 

0
.0

5
 

7
.1

6
 

+
 

0
.1

5
 

7
.1

9
 

+
 

0
.1

6
 

7
.1

4
 

+
 

0
.0

6
 

7
.0

4
 

+
 

0
.1

4
 

-
1

2
9

x
e
 

9
9

.4
 

+
 

0
.9

 
9

8
.7

 
+

 
1

. 
3 

9
8

.6
 

+
 

1
.4

 
9

8
.8

 
+

 
1

.1
 

9
7

.5
 

+
 
1

.7
 

1
3

0
x

e
 

1
5

.3
 

+
 

0
.2

 
1

5
.2

 
+

 
0

.2
 

1
5

.2
 

+
 

0
.2

 
1

5
.2

 
+

 
0

.1
 

1
5

.1
 

+
 

0
.2

 

1
3

1
x

e
 

7
9

.2
 

+
 

0
.6

 
7

9
.1

 
+

 
0

.5
 

7
8

.7
 

+
 

0
.8

 
7

9
.2

 
+

 
0

.5
 

7
8

.5
 

+
 

0
.7

 

1
3

2
x

e
 

=
 1

0
0

 
=

 1
0

0
 

=
 1

0
0

 
=

 1
0

0
 

=
 1

0
0

 
1

3
4

x
e
 

3
8

.6
 

+
 

0
.3

 
3

8
.7

 
+

 
0

.5
 

3
8

.9
 

+
 

0
.4

 
3

8
.8

 
+

 
0

.4
 

3
8

.9
 

+
 

0
.4

 

1
3

6
x

e
 

3
2

.7
 

+
 

0
.3

 
3

2
.9

 
+

 
0

.5
 

3
3

.2
 

+
 

0
.4

 
3

2
.8

 
+

 
0

.6
 

3
3

.4
 

+
 

0
.6

 



T
a
b

le
 
I
I
I
-
lc

. 
Is

o
to

p
ic

 
c
o

m
p

o
si

ti
o

n
s 

o
f 

K
r 

a
n

d
 

X
e.

 

5
2

. 
R

B
-5

6
 

5
3

. 
R

B
-1

9
7

 
5

4
. 

V
L

-I
O

 
5

5
. 

V
L

-N
S

 
0 

0 

8
0

0
 

C
 
fr

a
c
ti

o
n

 
1

8
0

0
 

C
 
fr

a
c
ti

o
n

 

78
K

r 
0

.6
2

8
 

+
 

0
.0

3
8

 
0

.5
4

7
 

+
 

0
.0

3
0

 
0

.6
2

8
 

+
 

0
.0

4
1

 

80
K

r 
4

.0
3

 
+

 
0

.1
0

 
4

.1
1

 
+

 
0

.1
8

 
4

.1
9

 
+

 
0

.1
9

 
4

.0
5

 
+

 
0

.1
2

 
4

.0
7

 
+

 
0

.1
6

 

82
K

r 
2

0
.3

 
+

 
0

.4
 

2
0

.4
· 

+
 

0
.3

 
2

0
.5

 
+

 
0

.4
 

2
0

.4
 

±
 0

.4
 

1
9

.9
 

+
 

0
.8

 

8
3

K
r 

2
0

.4
 

+
 

0
.4

 
2

0
.2

 
+

 
0

.2
 

2
0

.2
 

+
 

0
.5

 
2

0
.3

 
+

 
0

.3
 

1
9

.8
 

+
 

0
.2

 

84
K

r 
=

 1
0

0
 

=
 1

0
0

 
=

 1
0

0
 

=
 1

0
0

 
=

 1
0

0
 

86
K

r 
3

0
.5

 
+

 
0

.3
 

3
0

.1
 

+
 

0
.5

 
3

0
.4

 
+

 
i.

o
 

3
0

.2
 

+
 

0
.5

 
3

0
.3

 
+

 
1

.0
 

1
2

8
x

e
 

7
.1

7
 

+
 

0
.3

6
 

7
.6

1
 

+
 

0
.6

8
 

7
.5

2
 

+
 

0
.3

8
 

7
.4

4
 

+
 

0
.5

5
 

6
.8

7
 

+
 

0
.6

1
 

1
2

9
X

e 
9

8
.0

 
+

 
1

.7
 

1
0

0
.1

 
±

 2
.3

 
1

0
2

.3
 

+
 

1
.9

 
1

0
1

.8
 

+
 

3
.0

 
9

8
.4

 
+

 
4

.2
 

1
3

0
x

e 
1

5
.1

 
+

 
0

.6
 

1
5

.8
 

+
 

0
.7

 
1

6
.3

 
+

 
0

.8
 

1
4

.5
 

+
 

0
.7

 
1

4
.6

 
+

 
0

.6
 

1
3

1
x

e
 

7
8

.9
 

+
 

2
.2

 
8

0
.5

 
+

 
2

.7
 

8
1

.2
 

+
 

3
.3

 
7

8
.7

 
+

 
2

.5
 

7
8

.6
 

+
 

2
.8

 

1
3

2
x

e
 

=
 1

0
0

 
=

 1
0

0
 

=
 1

0
0

 
=

 1
0

0
 

=
 1

0
0

 

1
3

4
x

e
 

3
7

.9
 

+
 

1
. 

0 
3

8
.8

 
+

 
1

.8
 

3
8

.3
 

+
 

0
.5

 
3

9
.1

 
+

 
1

.4
 

3
7

.4
 

+
 

0
.8

 

1
3

6
x

e
 

3
2

.1
 

+
 

1
. 

2 
3

2
.1

 
+

 
1

.0
 

3
1

.8
 

+
 

1
.2

 
3

3
.6

 
+

 
1

.0
 

3
2

.6
 

+
 

1
.3

 



T
a
b

le
 
I
ll

-
le

. 
Is

o
to

p
ic

 
c
o

m
p

o
si

ti
o

n
s 

o
f 

K
r 

a
n

d
 

X
e.

 

5
6

. 
V

L
-H

Y
 

0 
0 

8
0

0
 

C
 
fr

a
c
ti

o
n

 
1

8
0

0
 

C
 
fr

a
c
ti

o
n

 

78
K

r 
0

.5
7

9
 

+
 

0
.0

4
4

 
0

.6
0

1
 

+
 

0
.0

6
3

 

SO
K

r 
3

.9
6

 
+

 
0

.1
4

 
4

.0
4

 
+

 
0

.1
7

 
-

82
K

r 
2

0
.1

 
+

 
0

.4
 

2
0

.,
3

 
+

 
0

.5
 

8
3

K
r 

2
0

.3
 

+
 

0
.5

 
2

0
.2

 
+

 
0

.4
 

84
K

r 
=

 1
0

0
 

=
 1

0
0

 

86
K

r 
3

0
.6

 
+

 
0

.6
 

3
0

.0
 

+
 

0
.8

 

1
2

8
x

e
 

6
.9

7
 

+
 

0
.5

0
 

-
1

2
9

x
e 

9
8

.9
 

+
 

2
.6

 
-

1
3

0
x

e
 

1
5

.0
 

+
 

0
.7

 

1
3

1
x

e
 

7
9

.9
 

+
 

2
.1

 
-

1
3

2
x

e
 

=
 1

0
0

 

1
3

4
x

e 
3

8
.5

 
+

 
0

.9
 

1
3

6
x

e
 

3
1

. 
9 

+
 

1
. 

5 



T
a
b

le
 

IV
-l

. 
M

as
s 

fr
a
c
ti

o
n

a
ti

o
n

'p
e
r 

fr
a
c
ti

o
n

a
l 

m
as

s 
d

if
fe

re
n

c
e
. 

* 
E

le
m

e
n

t:
 

X
 

K
 (X

) 

S
l-

N
G

-l
 

S
l-

N
G

-4
 

M
ea

n 

N
e 

0
.5

3
 

0
.5

7
 

0
.5

5
 

A
r 

0
.6

9
 

0
.7

9
 

0
.7

4
 

K
r 

0
.3

9
 

0
.3

5
 

0
.3

7
 

X
e 

0
.4

3
 

0
.4

0
 

0
.4

2
 

* 
in

 
u

n
it

 
o

f 
%

 p
e
r 

1 
%

 m
as

s 
d

if
fe

re
n

c
e
. 



T
a
b

le
 

IV
-2

. 
3H

e /
4

H
e 

a
n

d
 

4
H

e/
2

0
N

e 
ra

ti
o

s
 

in
 

sa
m

p
le

s 
S

h
o

w
a
-s

h
in

z
a
n

 
a
n

d
 

U
su

 
v

o
lc

a
n

o
e
s
. 

S
h

o
w

a
-s

h
in

z
a
n

 
U

su
 

S
am

p
le

 
N

o
. 

V
2

-S
S

-1
 

V
2

-S
S

-2
 

V
2

-S
S

-3
 

V
2

-S
S

-4
 

V
2

-S
S

-5
 

V
2

-S
S

-6
 

V
2

-S
S

-7
 

V
3-

U
S

 

y
e
a
r 

1
9

5
8

 
1

9
5

9
 

1
9

5
9

 
1

9
6

4
 

1
9

6
5

 
1

9
7

4
 

1
9

7
7

 
1

9
7

8
 

fu
m

a
ro

le
 

A
l 

C
2 

C
3

· 
A

l 
A

l 
A

l 
A

l 

g
la

s
s
 

SB
 

SB
 

SB
 

SB
 

P
y

re
x

 
P

y
re

x
 

SB
 

P
y

re
x

 

(3
H

e/
4

H
e

) 
* 

7
.4

 
0 

6
.7

 
7

.0
 

7
.0

 
7

.0
 

3
.9

 
3

.1
 

9
.6

 

(3
H

e/
4

H
e

)*
 

7
.6

 
6

.7
 

7
.1

 
(1

4
) 

(4
 .

7
) 

3
.1

 
c 

(4
H

e/
2

0
N

e
) 

1
2

0
 

2
.1

 
0 

1
0

 
7

5
 

86
 

2
.0

 
0

.6
1

 
6

5
0

 

(4
H

e/
2

0
N

e
) 

1
3

0
 

2
.2

 
1

1
 

8
4

 
2

.0
 

0
.6

1
 

c 

* 
. 

. 
1

0
-6

 
u

n
lt

 
In

 
• 

S
u

b
s
c
ri

p
ts

 
"
0

"
 

a
n

d
 

"c
" 

m
ea

n
 

o
b

se
rv

e
d

 
a
n

d
 
c
o

rr
e
c
te

d
 
fo

r 
p

e
rm

e
a
ti

o
n

 
o

f 
H

e,
 

re
s
p

e
c
ti

v
e
ly

. 



~, 
, 

, 
I 

I 
I
'
 l 

~I 
I 

1 r
nJ 

1
1

 
I 
~
 

o 
81

~ 
.J

 

-
~ 
I
.
 

I 
G, 

~ 
. 

1
-

~ 
, 

" 
,
\
 

0J
 

o N
 

N
O

 

O
d

 

N
 ""0

 

r/J
 

'" 010
 

-c e - .~ C
 cs ~
 

o >
 

F
ig

. D
-l

 

vo
lc

an
ic

 
g

a
s
 

h
o

t-
s
p

ri
n

g
 g

a
s 

b
u

b
b

le
 g

a
s
 i

n 
lo

w
 t

e
m

p
e

ra
tu

re
 

w
a

te
r 

p
o

o
l 

<0
 

so
il 

g
a

s
 

!;
i 

g
e

o
th

e
rm

a
l p

ro
sp

e
ct

in
g

 
w

el
 g

a
s
 

~
 

w
e

ll 
g

a
s
 

fo
r 

e
a

rt
h

q
u

a
ke

 
p

re
d

ic
ti

o
n

 
S 

vo
lc

an
ic

 l
a

v
a

 



Co 
E 
:1 
Co 

-a 
:1 
c 
a 
E 

GJ 
..a 
:1--u :;:: 
U) 

a 
Co 

a; 
c 
C 
:1 - o 

o 0 g 
o 

.. o 

o 

0 

• 0 

• 0 

• • 0 .. 
0 



Fig.IT -2b 

manual pump 

E I\.'!",,"~ bE'ntoni tE' 

-



Fi
g.

 
1I

-3
 

sa
m

pl
e 

ho
ld

 e
r 

I 

ca
lib

ra
ti

o
n

 
s
a

m
p

le
 

p
u

ri
fi

ca
ti

o
n

 s
ys

te
m

 

I.G
. 

_
V

r 

io
n 

so
ur

ce
 

t;a
xt

ra
ct

io
n 

ov
en

 
Ti

·Z
r 

C
H

2 
Ti

:Z
r 

C
H

l 

®
 

v
a

lv
e

 

I.G
. 

io
n

 g
a

u
g

e
 

T
i·Z

r 
Ti

 . 
Z

r 
g

e
 tt

e
r 

C
H

 
ch

a
rc

o
a

l 
tr

a
p

 

liq
.N

2 
Iiq

. N
2 

tr
a

p
 

tr
a

p
 

di
ff.

 p
um

p 
" 

d
if

f.
 p

um
p'

 

ro
ta

ry
 

p
u

m
p

 

m
a

ss
 s

p
e

ct
ro

m
e

te
r 

liq
. N

2 
tr

a
p

 

di
ff.

 p
u

m
p

 

ro
ta

ry
 

p
u

m
p

 

se
co

n
d

a
ry

 e
le

ct
ro

n
 

m
u

lti
p

lie
r 



Fig. II-4 

Q, 

ClI J: 
:c M 

T 
..:t 

T 
a.. a.. .... t-
U') U') 
U U 
U U 

LO 0 
I .. 0 - 0 
)( -X - -

1 
0 

1 :::r: 
+ 
M 

:c 



:c • Cb 
Z 

0 
N 

+ 
Cb 

2 -N 

11 

*Cb 
z -N 

0 0 0 

I· 
:} 

0 

• .. 1·· 
J 
I 

i~ 

Cb 

0
2 

N 
........... 
cJ-
N 2 

d 

0 
0 -

.... 

-Cb 
Z 
+ 
Cb 

:::t: 

lO 
I o .... 

U) 

10 -

~ 
0 -X .... 

co 
I 
0 -



lO 
I 

t:::t 
ch . -

lL. 

-I 
>, ..... . -> .-..... . -
tn 
C 
QJ 
tn 

0 

N 

ID 

-a. 
tn 
u 
u -QI 
Z 
+ 
QI 
:c 

I o -_X 

Le) 

ID 

• 

-

(0 

'0 

X 

co 
b -)( 



.--
I 

8 
• 

Cl .-
lL. 



Fi
g.

 m
-2

 

A
 

vo
lc

an
ic

 g
a

s
 

o 
ho

t 
sp

rin
g 

g
a

s
 

<>
 

so
il 

g
a

s 

* b
u

b
b

le
 g

as
 in

 l
o

w
 t

em
pe

ra
tt

Jr
e 

w
a

te
r 

po
ol

 

tiI
 

g
e

o
th

e
rm

a
l 

p
ro

sp
e

ct
in

g
 w

e
ll 

g
a

s
 

~
 

w
e

ll 
g

a
s 

fo
r 

e
a

rt
h

q
u

a
ke

 
p

re
d

ic
ti

o
n

 

o 
A

tl
a

n
ti

c 
R

id
ge

 
b

a
sa

lt
 

9 
co

n
ti

n
e

n
ta

l 
C

02
 

w
e

ll 
g

a
s
 

C
I
J


J
:U

) 
..

.:
 

I 
,
~
 

CIJ
 

')(
 

M
J:

 
....

....
 

1
0

 

5 

0.
5 

0.
1 

I L
-

L
-

1 'X
l 0

-1 

I 
tj

l4
5 

-

&
 

•• Y
 

,,~
/ti

l4&
 2

0
 

A
3

 
~
v
 

0 

I 
4~

~ 
A

7
 

.1 A
s 

<>
 3

8 

44
 

<>
39

 
I 

<
>
.
~
 

a
ir

 

I 5 

~8
 -
1 )(

10
0 

1 I 5 

I 
I 

I 
1 

1 
l 

~ 1
7 

I 
16

 
12

 
I 

o
~
~
 

13
 

A
 

21
 

'4
 

32
 

11
 

.0.
1 
.
-

02
 

2
8

2
7

 0
 
fl

 
52

 

ft"
 

*3
5 
2r
~r
~~
,m
 

.ii
M,~

 
0 

53
 

-

~ 24
 

. 
1 

026
 

r~ 
-

I 1 X
l0

1 

~
4
7
 

'" 

I I I 5 

*
3

6
 

I 1 X
l0

2
 , 

I 5 

-
-

I 
9

4
9

 5
1

9
 +

-- 5
09 

I 
I 

--.
J 

5 
1 

1 x
1

0
3 

4
H

e/
2

0
N

e
 



. 
Cl .-
lL 

" 
EI~ _ 

;:; 
0 
CS 

" a 

:£ Ci 

-

In 
0 0 
d 0 

Lt') .- Lt') 

cl 
. 

0 0 
cl 

.... 
GI 
:z 

Ln 0 
0 

N 
fI "-GI 

J: 
~ 

("t) 
0 .-.... X 

tn 

-I 0 -- X 
.-
0 
cl 



ID 
N 
0 

III 
Ndl 

0 0 
0,., 

N 

M 
"':N 

<>~ 

. :=!<J 

4 ID 
M{r 

en ...: 
0 N 

rt~~ 
0 

len 
gO~N I <J,., 
~<J <J~ 
N~c-. 00 
en~ N 

III c-. ~.!: 
"':N N ID dl 0'" 0 

l!"<J-~4-~-'b00 
_ ~ ~ N 
,., 0_ ...: 

"1'...: 

," ,., 
c-. ~~ -0 ~ III 

1x 

. o 
Cl .-

lL 
(9_0lX) .-

aH~/aH£ 

en ...: 
(J) 

co 
...: 
~ 

.-

-III 
CD 
a>g 

I.t) 

o 

c-. 
~...: 

0 

8 
I.t) 

0 
0 
0 .-

0 
0 
LO 

o 
o .-

o 
I.t) 

o .--

I.t) 

d 

-E 
a. 
a. -Cb 
J: 
~ 



Fig.m-s 

-E 
a. 
a. 
'-' 

GJ 
:I: 
~ 

I I 

0 
0 r-O .-

0 
0 r-
Ln 

0 
·0 r-.-

0
19 

0 -' 8fa Ln 

021 

0~37 .... 

o 
I 

100 

20 
I 

80 

I I 

*36 

40 
I 

60 

I I 

60 
I 

40 

, I I 

g-

-
<>43 
022 

-

-

-

-

-

-

80 
I 

20 



Fig. m-6 

- I .. I I I I I I I 

w 
'0 -)< · -

· 

10-

5 - -3 -4 <> <> 
51-NG-1 

<> 
-2 

<> 
-5 
<> 

0 air 

1 - -

· 
I I I - I I I I I I 



F
ig

.m
-7

 
, / 

~
 

Q
I 

I 

,/
1

 

/ 
/ , 

,. 
/ 

_ T~J
;;,,

-LI~
~~'-

---'
L~12

:C* 
~Ol. 

,
/
 

1 
A

 
23

 
/ 

<
 

1 
1 

1 
O

,F
 

3
6

 
/ 

.(
3

8
/3

6
) 

0.
18

15
 

2'
 0

 
/1

0
25

 
* I

 
,
/
'
 2

0 
%

0 
13

 '
t!

tl
.2

 
. 

A
 '&

" 
1 

/1
 

1 
21 0 

*'1
34

 
11

 
0 

IJ
45

 /
 

0.
19

0 
38

A
r:/36

 
I 

~2
 

26
 

/ 
:4

r 

~
 2

0 
N

 
%

0 
.....

. 
c.o

 

Z
 

o 
0
.
1
0
4
~
 

z N
 

N
 

~39
 

4~
7 

/ 
T

 
/ 

.A
. 

.6
1 

I 

~e 
J.C

" 
31

 
1 

~5
 

4
0

<
>

 
?fe

 
./

 2'
.1

0
 

~
 

33
 

-:a.
.~ 

-2
0

 I 
0.

10
0 

C>
 

,.
 

~
 

1
5

.6
 

/ 
~
 

I 
. 

. 
0 

/ 
§'

 
/ 

.~
 

/ 
~
 

, 
~
 

/ 

~v
 

I' 
"'~ 

/ 
~O'

 
&

-

.6
 

9 
0.

09
8 

/ , 

/
/
/
/
 

/ 

/ , 
/1

1
3

 

ty
p

ic
al

 e
rr

o
r 

-
5

0
%

 • 
.6

7 

.0
96

 
. ~
:
 v

o
lc

an
ic

 g
as

 



Fig.m-a 

u .-c 
CII 
en 
.Q 
"0 

~ 

1.1~ 
-<>jflYPiCQI error 

12A 
~(38/36) 

280 

270 



Fig. m-9a 

S(nV86:atm) 

• Sl-NG-l 

50 • Sl-NG-4 

---L:--Eir---1-~t 86 
80 Mass 



.c 
m 
I 

El . 
. 21 
LL 

- -.:r 
I I 

<.!> <.!> 
Z Z 
I I -U') U') 

• • 

.. 
<D 
(Y') 

" E o~----,-,----,-+=----L 
-0 
t..O -



-r E 
i:L 

Fig.m-10a 

4r-----------------------------------------------------~ 

3 

2 

1 

A 1. Vl-TK 
A 2. V2-S5-1 
• 5. V2-SS-4 
A 9. V3-US 
A 10. V4-NS 
• 11. V5-HK 
o 12. VG-TT 
a 13. V7-KJ 
~ 15.V9-SJ-l 

atmosphere dissolved in water 

o~-+----~~==~~------------~--------------~------~ 
132Xe 

-1~----------------------------------------------------~ 



-E -lL.. 

en 
0 
-J 

Fig.ill-10b 

4.---------------------------------------------------------~ 

• 

~ 
3 

I 

Cl)' 
I , 

2 

o 

1 

o 17. Hl-IW 
• 18. H2-SR 
A 21. HS-AR 
c 22.H6-YM 
v 23.H7-MS 
• 2S.H9-K I 
~ 26.Hl0-MT 
e 27. Hll-KY 
Cl) 28.H12-YN 

.... .. .. atmosphere dissolved in water 

O~4-----W~---~~~---------~-----------~~----~ 

-1~----------------------------------------------------~ 



-E -lL 
Cl 
o 

...J 

Fi g.m-l Qc 

4r------------------------------------------------------, 

3 

2 

1 
. , , 

\ I . ~ 
\. 

\'aON 

* 32. L2 MC 
o 33. L3 VS 
f::,. 34. L4 NM 
• 35. L5 IS 
• 36. L6 KW· 
8 37. L7 I K * 43. 52 MN 
v 45. G1-0N 
G 49. OR-OS 
• 50.0R-63 
D 51. DR-S5 

l ~ ~ i atmosphere dissolved in water 

fl-. e 
O~-+----~'~·-~··~--==----------~--------------~------~ 

84Kr 132Xe 

-1 ~----------------------------------------------------~ 



-E -u. 

'" o 
...J 

Fig.ill-10d 

4~----------------------------------------------------------, 

3 

2 

1 

• . 

A 

\. 
\. 
\. 

\ 

• 31. U-NG 
• 38.S1-NG-l 
c 39.S1-NG-2 
A 40. Sl-NG-3 
• 41 .Sl-NG-4 
o 42 .Sl-NG-5 

........ 

.... .... atmosphere dissolved in water 

" . 
.. .. " .:::::: :::::::::: : ... ::::: ...... 

. . : : : "; ; : ; ! : : : : : .. 
_ .. -A. 

--.------ ... --- ... -- .. 
Or---~------~~~~~~~~~~~~~~~~----~~~~~~ __ ~~~==~_-__ --~-~-_-~--+-----------1 

3He : ! '36Ar '~'":~::::::""::-... 4Kr 132Xe 
~ : ... :-:-:-.. -:-:-.... 
: ...... '":::::"' ..... ............... .... ..... , .... ...... ...... ... , ........... 

....... ' ...... ........... ...... ................ .... ...... .... ....... ....... ....... 
.•............ ,. 

-1 ~----------------------------------------------------------------4-



Fig. N-l 

volcanic fro nt 

t 

i 
.. _____ ...... -.---. --_a ~iJ, Th~4H.-=-e ___ _ 



List of Publications 

1) K. Nagao and N. Takaoka, An ion source with electrostatic 

quadrupole lens pair for rare gas mass spectrometry, Ann. 

Rept. OULNS(Osaka University, Laboratory of Nuclear Studies), 

76-3, 46 (1976). 

2) K. Nagao and N. Takaoka, Preliminary studies of concent-

rations and isotopic compositions of noble gases in the 

Allende carbonaceous chondrite, Ann. Rept. OULNS, 77-7, 

65 (1977). 

3) N. Takaoka and K. Nagao, Rare gas studies of Yamato-7301(j), 

-7304(m) and -7305(k), Memoirs Natl. Inst. Polar Res., 

special issue 8, 198 (1978). 

4) H. Wakita, N. Fujii, S. Matsuo, K. Notsu, K. Nagao and 

N. Takaoka, "Helium Spots": Caused by a diapil!ic magma 

from the upper mantle, Science, 200, 430 (1978). 

-
5} N. Takaoka and K. Nagao, Rare gas studies of Cretaceous 

deep-sea basalts, "Leg 51-53 Initial Report", DSDP-IPOD 

(Deep Sea Drilling Project- International Phase of Ocean 

Drilling), (in press). 

61 N. Takaoka and K. Nagao, Isotopic compositions of rare gases 

in terrestrial and extraterrestrial materials, Ann. Rept. 

OULNS, 78-2, 56 (1978). 

7) K. Nagao and N. Takaoka, Rare gas studies of Antarctic 

meteorites, Memoirs Natl. Inst. Polar Res., special issue 

(1979) , (in press) . 



8) K. Nagao, N. Takaoka and o. Matsubayashi, Isotopic anomalies 

of rare gases in the Nigorikawa geothermal area, Hokkaido, 

Japan, Earth Planet. Sci. Lett., (in press). 

40 36 . 9) N. Takaoka and K. Nagao, Mantle Ar/ Ar trapped ln Cretaceous 

deep-sea basalts, Nature, 276, 491 (1978). 

10) O. Matsubayashi, K. Nagao and N. Takaoka, Magmatic isotopic 

anomaly of He found in various natural gases along the 

Japanese Islands, Bull. Vo1canol. Soc. Japan, (in Japanese) 

(in press) . 

• 


