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Abstract

Since 1976, earthquake swarms have occurred beneath the southeast flank of Ontake

volcano in central Japan. Electrical conductivity surveys have shown that these earthquake

swarms are associated with the upwelling of deep-seated fluid. To investigate the nature of the

deep-seated fluid, we analyzed "Li/°Li and ¥St/**Sr ratios of water samples collected from

springs and wells around Ontake volcano in 2000, 2003, 2005, 2007, and 2009. The Li and Sr

isotopic compositions of these water samples are largely explained by binary component mixing

between near-surface meteoric water and non-surface fluid at each sampling site. On the basis

of their Cl/Li and Cl/Sr ratios, we singled out water samples whose Li and Sr isotopic ratios

were minimally affected by meteoric water contamination to represent non-surface fluids. The

Li and Sr isotopic compositions of most Ontake non-surface fluids, except for samples from the

earthquake swarm region, can be explained as the result of volcanic fluids reacting with

basement rocks, where they acquired upper crustal signatures. We attribute the fluid associated

with the region of earthquake swarms to the lower crust beneath the study area.
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1. INTRODUCTION

Knowledge of the nature and origin of fluids in the deep crust is crucial for

understanding the geochemical evolution of the Earth. Fluids in the deep crust also play an

important role in the occurrence of intraplate earthquakes (110 et al., 2002). The M6.8 western

Nagano Prefecture earthquake occurred in September 1984 beneath the southeast flank of

Ontake volcano in central Japan (Fig. 1a). Earthquake swarm activity in the region began in

August 1976 (Fig. 1a). Since the first historic eruption of Ontake volcano in October 1979,

earthquake swarms have occurred continuously. Events greater than M4 occur once or twice a

year. As shown in Figs. 1b and Ic, electrical conductivity surveys have revealed a

low-resistivity fluid conduit from at least 10 km depth to the surface beneath the earthquake

swarm region (KASAYA et al., 2002; KASAYA and OSHIMAN, 2004). The event hypocenters are

distributed around the edge of this conduit (KASAYA et al., 2002). In the earthquake swarm

region, ground uplift of 3—6 mm was detected during a period from 2002 to 2004 (KIMATA et al.,

2004). The point pressure source causing the uplift is at a depth of about 2—3 km, and the

estimated volume increase from 2002 to 2004 is 5 x 10° m® (KIMATA et al., 2004). It has been

proposed that ascending deep-seated fluid causes the crustal deformation in the southeast flank
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of Ontake volcano (KASAYA et al., 2002; KASAYA and OSHIMAN, 2004; KIMATA et al., 2004).

The origin of this fluid is still unknown.

It is difficult to research deep-seated fluids from spring and well water samples using

traditional hydrogen and oxygen isotopic compositions owing to contamination from

near-surface meteoric water. Lithium is relatively unsusceptible to contamination from meteoric

water because the Li content of deep-seated fluid is significantly higher than that of near-surface

water. The amount of Li leached from rock to fluid increases dramatically with temperature, and

the leached Li is retained in the fluid as it cools (YOU et al., 1996; JAMES et al., 2003).

Approximately 70% of Li contained initially in fresh basalt leaches into the aqueous phase at

400 °C, when fluid/rock mass ratios are near unity (SEYFRIED et al., 1984). Lithium has two

stable isotopes, 'Li and SLi, with respective relative abundances of 92.5% and 7.5%, and "Li/°Li

ratios may provide further insight into the origin of deep-seated fluids. Because Li is present

only in the +1 valence, its isotopic composition is not influenced by redox reactions. Also, Li is

not a nutrient and does not participate in biologically mediated reactions. These characteristics

make Li isotopes a promising tool for researching the origin of spring and well waters. We

therefore analyzed "Li/°Li ratios together with ¥’Sr/**Sr ratios and chemical compositions of
y g p
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spring and well waters to investigate the crustal fluid regime beneath Ontake volcano.

Documented Li isotopic data on spring waters are scarce (TOMASCAK et al., 2003;

MILLOT et al., 2007) because accurate Li isotopic measurement was difficult before Tomascak

et al. (1999) adapted a multi-collector inductively coupled plasma mass spectrometer

(MC-ICP-MS) technique.

2. GEOLOGICAL SETTING AND PREVIOUS GEOCHEMICAL RESULTS

Mount Ontake is an isolated stratovolcano (3063 m) in central Japan (35°54'N,

137°29'E). Beneath the region are two subducting slabs: the Philippine Sea plate at a depth of 70

km subducting from the southeast overlaps with the older Pacific plate at a depth of 240 km

subducting from the east (KIMURA and YOSHIDA, 1999; NAKAJIMA and HASEGAWA, 2007).

The thickness of the crust in this region ranges from 30 to 35 km, and the lower boundary of the

seismic upper crust is at 16 km depth (ZHAO et al., 1992; [IDAKA et al., 2003). Interpolating

from the depth of the seismic zone, it has been estimated that the temperature at 6 km depth is

about 250 °C (TANAKA and ITO, 2002).

As shown in Fig. 1a, Ontake volcano is underlain by a Cretaceous—Paleogene caldera
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complex consisting of the Nohi rhyolite and younger granitoids and by a Mesozoic melange

complex of the Mino belt (GEOLOGICAL SURVEY OF JAPAN, 1995). The Mino belt in this region

(Misogawa complex) consists of two lithologic units, one dominantly sandstone and the other

composed of pelagic chert and hemipelagic siliceous mudstone (SHUTO and OTSUKA, 2004). At

Ontake, volcanic activity began in middle Pleistocene time, and its volcanic products are mostly

lavas and pyroclastics of andesitic composition plus minor amounts of rhyolite, dacite, and

basalt.

Since its first historic eruption of October 1979, Ontake volcano has erupted in May

1991 and in March 2007. The Ontake area has many springs from which CO,-enriched gases

emanate (Fig. 1a). Periodic geochemical surveys of these spring gases since November 1981

have shown that their *He/*He ratios decrease with distance from the volcano (SANO et al.,

1984; SANO et al., 1998; TAKAHATA et al., 2003). It has been inferred that volcanic helium with

high *He/*He passed through the basement rocks, where they picked up upper-crustal helium

with low *He/*He (SANO et al., 1984; SANO et al., 1998; TAKAHATA et al., 2003).

3. SAMPLING AND ANALYTICAL PROCEDURES
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3.1. Sampling Procedures and Chemical Compositions

Fluid samples analyzed in this study were collected in June 2000, June 2003, June

2005, June 2007, and July 2009 (Table 1). Most water samples were from natural flow springs

and natural flow wells where CO;-enriched gases were bubbling up from the bottom of pools

(SANO et al., 1998; TAKAHATA et al., 2003), whereas water samples from sites KKH-B, KNS-C,

KYK, KRB, and NGG-B were pumped up (Table 1; site locations in Fig. 1a). Samples from

sites SRK and SJM may be contaminated with river water, because the gases were bubbling up

in pools located near riverbank. Site AKG is also located at the edge of a river, and its sample

may represent river water rather than spring water.

The samples were passed through a 0.2 wum PTFE syringe filter at the sampling site.

Subsequent procedures such as column separation were undertaken under filtered airflow

(cleanliness level better than class 1000) and using 18.2 MQ-grade water prepared by a

Millipore purification system. The clean laboratory and all analytical equipment used in this

study were at Kochi core center. To prevent precipitation during storage, ultrapure HNO;

(Kanto Chemical Co.) was added to sample solutions. Concentrations of Si were determined

with an inductively coupled plasma atomic emission spectrograph (Optima 4300DV CYCRON,
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PerkinElmer) using 100 times diluted sample solutions, and concentrations of K, Ca, Mg, Na,

and Cl were determined with an ion chromatograph (ICS-2000, Dionex) using 100 times diluted

sample solutions. An absolute calibration curve method was used to determine these

concentrations. Concentrations of Li, Rb, and Sr were determined with a quadrupole inductively

coupled plasma mass spectrometer (ELAN-DRC II, PerkinElmer) using 360 times diluted

sample solutions containing an internal standard of indium. Uncertainties for all these

measurements are better than +3%, as estimated from the reproducibility (2RSD) of standard

solutions whose salt contents are higher than analyzed samples.

3.2. Li and Sr Isotopic Measurements

3.2.1. Column Separation

Li and Sr isotope ratios were measured with a multi-collector inductively coupled

plasma mass spectrometer (MC-ICP-MS) (Neptune, Thermo Sci. Co.) and a thermal ionization

mass spectrometer (TIMS) (Triton, Thermo Sci. Co.), respectively, after two-step column

separation. Most analytical protocols followed procedures documented previously (NISHIO and

NAKAI 2002; NISHIO et al., 2004), which modified that of Tomascak et al. (1999). Because the
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Neptune MC-ICP-MS used in this study was able to determine Li isotopic ratio more precisely

than the Isoprobe MC-ICP-MS used in previous studies, we adopted additional Li purification

(two-step column separation) following procedures of Jeffcoate et al. (2004).

The first-stage separation was carried out using a quartz glass column filled to a

height of 6 cm with a 6 ml Bio-Rad AG50W X8 (200-400 mesh) cation-exchange resin.

Solution samples (1-6 ml) were evaporated, then dissolved in 3 ml of 5 wt.% ultrapure HNOs.

Just before separation, 1.5 ml of 100% electronics industry grade (EL-grade) methanol (Kanto

Chemical Co.) was added, yielding 4.5 ml of solution. After sample loading, 89 ml of 1 M

HNO3:80% v/v methanol was passed through the resin; the first 5 ml was discarded and the

following 84 ml was collected as the Li fraction. Subsequently, 60 ml of 2 M

ultrapure100-grade (UP100-grade) HCI (Kanto Chemical Co.) was passed through the resin, the

first 45 ml was discarded, and the following 15 ml was collected as the Sr fraction. The Li and

Sr fractions were further separated in independent operations.

The second Li purification was carried out using a quartz glass column filled to a

height of 2 cm with 0.8 ml Bio-Rad AG50W X12 (200-400 mesh) cation-exchange resin. The

Li fraction was evaporated and dissolved in 0.2 ml of 0.25 M ultrapure HCI. Just before the
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second column separation, 0.5 ml of 0.5 M HCI:80% v/v methanol was added. After sample

loading, 2 ml of 0.5 M HCI:80% v/v methanol was passed and discarded. Subsequently, 32 ml

of 1 M HCI:80% v/v methanol was passed and collected as the Li fraction. The Li contents of

recovered Li fraction have been measured from a comparison of the relative beam intensities of

the sample solution and L-SVEC standard solution, and we have confirmed that near 100% Li

was recovered during the two-step column separation. Both cation-exchange resins were reused

after repeated sequential cleaning with 6 M EL-grade HCl and Milli-Q H,O. Before sample

separation, ultrapure HCl was passed through both resins. This is an important procedure to

determine "Li/°Li ratios accurately (NISHIO and NAKAL 2002). If high-purity acid is not used for

the last pass, the acquired "Li/°Li ratios are subject to a matrix effect. This analytical procedure

results in a Li blank with less than 10 pg Li, far less than the amounts of Li in the analyzed

samples (25-6300 ng L1i).

The second Sr purification was carried out using a polypropylene column that was

filled to a height of 2 cm with 1 ml Eichrom Sr resin (50-100 wm). The Sr fraction from the first

separation was evaporated and dissolved in 2 ml of 3 M UP100-grade HNO;. After sample

loading, 6 ml of 3 M UP100-grade HNO3, 6 ml of 7 M UP100-grade HNO;, and 2 ml of 3 M

10
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UP100-grade HNO; were passed sequentially and discarded. Then 10 ml of 0.05 M UP-grade

HNOs; (50 °C) was passed and collected as the Sr fraction. This procedure results in a Sr blank

with less than 50 pg Sr, far less than the amounts of Sr in the analyzed samples (180-5400 ng

Sr).

3.2.2. Mass Spectrometry

The 'Li/’Li ratios were measured on the MC-ICP-MS equipped with a

high-sensitivity skimmer cone, “x-cones.” The purified Li solution diluted in 2% ultrapure

HNO; to about 10 ng g Li was introduced into the MC-ICP-MS through an Aridus desolvating

system (Cetac Technologies) with a microconcentric PTEE nebulizer (100 ul min™). Before

each sample and standard measurement, the beam intensities on m/e 6 and 7 of 2% HNO; were

measured as a background for 30 s. Subsequently, the beam intensity ratios on m/e 6 and 7 were

measured repeatedly 30 times (4 s per ratio) after 1 min of initial uptake of sample solution. A

sample injection time of less than 4 min requires 0.4 ml of sample solution, equivalent to 4 ng

Li. The Li standard solution (NIST L-SVEC) was measured before and after sample analyses to

correct for instrumental mass bias. The typical "Li intensity of the 10 ng g™ Li standard solution

11
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is 20 pA (a2 V signal with the 10" Q resistor), which is much higher than background levels of

0.2 pA. The measured "Li/°Li ratios are expressed as permil deviations from the NIST L-SVEC

standard: 8'Li = [["Li/°Li]sample/[ Li/°Li]L svEC standara — 1] x 1000. Uncertainty for the 8'Li value

was better than +0.4%o, as estimated from the long-term reproducibility, +8.28+0.39%o (2 SD, n

= 47) during a period from May 2007 to May 2009 of our in-house Li standard (Kanto Chemical

Co.). Reproducibilities of replicate 8'Li analyses for geological rock standards were also better

than +£0.4%o. The 8'Li values of the rock standard JB2 have been reported in many papers, and

the average 8'Li value was given by Rosner et al. (2007) as +4.78%o (n = 12), which agrees with

our 8'Li value of +4.60 = 0.34%o (2 SD, n = 4). Our §'Li value for the proposed seawater

standard IRMM BCR-403 was +31.3%0 (Table 2), which agrees with a previously reported

value of +31.0%o (MILLOT et al., 2004) within the +£0.4%o uncertainty.

The ¥Sr/**Sr ratios were measured on the Triton TIMS after the purified 100-300

ng Sr samples were loaded on single tungsten filaments together with a tantalum activator

solution (BIRCK, 1986). Uncertainty for the *’Sr/*°Sr ratio was better than +0.000007, as

estimated from the long-term reproducibility, 0.7102507 = 0.0000066 (2 SD, n = 36), during a

period from May 2007 to May 2009 of the NIST SRM 987 standard (80 ng Sr). Our *’Sr/*Sr

12
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ratio of rock standard JB2 was 0.7036785 + 0.0000065 (2 SD, n =4).

4. RESULTS

The 8'Li and ¥'St/**Sr values of our water samples around Ontake volcano during the

observation period from 2000 to 2009 are listed in Table 2, together with chemical compositions.

The contents range from 0.57 ug/L to 2370 ug/L Li and from 17.8 ug/L to 4010 ug/L Sr (Table

2). The lowest contents of both Li and Sr were observed in sample AKG-03, which was

expected as it was river water rather than spring water. The Li content was 0.57 ug/L,

comparable to the flow-weighted mean world river water Li content of 1.5 ug/L (HUH et al.,

1998).

The isotopic values of our water samples ranged from —5.2%o to +12.6%o d'Li and

from 0.7056 to 0.7228 *’Sr/**Sr (Table 2). Previously reported 8'Li values range from —0.1%o to

+17.1%0 in hydrothermal-geothermal water (TOMASCAK et al., 2003; MILLOT and NEGREL,

2007), from +16.7%o to +34.4%o in lake water (TOMASCAK et al., 2003), and from +6.0%o to

+37.5%0 in river water (HUH et al., 1998; TOMASCAK et al., 2003; VIGIER et al., 2009).

Accordingly, our 8'Li values from KYK-03 (-2.4%o), KYK-09 (=3.4%0), KRB-09 (-4.9%o), and

13
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KRB-07 (-5.2%0) were lower than previously reported geological fluid values.

Figure 2a shows the d'Li variation with distance between sampling site and the

volcanic cone. The 8'Li values of most samples ranged from +2%o to +9%o. An exceptionally

high value of +12.6%o in sample AKG-03, the river water sample, is comparable to previously

reported river water values from +6.0%o to +37.5%0 (HUH et al., 1998; TOMASCAK et al., 2003;

VIGIER et al., 2009). Relatively low &'Li values (the minimum is —5.2%0) were observed in

several samples from the restricted area approximately 10 km from the volcano (Fig. 2a).

Figure 2b shows the *'St/**Sr variation with distance between sampling site and the

volcanic cone. The *’Sr/*Sr ratios of samples within 20 km of the volcano tended to rise with

distance from the volcanic cone (Fig. 2b). We found ¥Sr/**Sr ratios lower than 0.707 only at

sites YKW, NGG-C, and KRB less than 8 km from the volcanic cone (Table 2). The 7Sr/%Sr

ratios of samples farther than 20 km ranged from 0.7083 to 0.7148 (Table 2).

We also analyzed Li and Sr isotopic compositions of fresh Ontake volcanic rocks

that were drilled for core samples for paleomagnetic research (TANAKA and KOBAYASHI, 2003).

The K-Ar ages of the samples ranged from 21 ka to 86 ka (MATSUMOTO and KOBAYASHI,

1995; MATSUMOTO and KOBAYASHI, 1999; TANAKA and KOBAYASHI, 2003). Table 3 shows

14
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that the 8'Li and *’Sr/*Sr values of these rocks ranged from +1.6%o to +3.5%o (+2.7 £ 1.5%o, 2

SD) and from 0.7055 to 0.7068 (0.7063 = 0.0009, 2 SD), respectively.

5. DISCUSSION

5.1. Spatial Distribution of Isotopic Ratios around Ontake Volcano

5.1.1. Volcanic Fluid in the Vicinity of the Volcanic Center

The *’Sr/*Sr ratios of most water samples were higher than those in Ontake

volcanic rock, which range from 0.705 to 0.707 (Fig. 2b). Strontium ratios lower than 0.707

were observed only in sites YKW, NGG-C, and KRB, which are less than 8 km from the

volcanic cone (Fig. 2b). Of the water samples whose *’Sr/**Sr ratios are lower than 0.707, those

from sites YKW and NGG-C had 8'Li values from +1.7%o to +3.2%o (Table 2), which are

comparable to those of the Ontake volcanic rock ranging from +1.6%o to +3.5%0 (Table 3). In

sum, water samples with Li-Sr isotopic compositions similar to those of volcanic rock came

only from sites YKW and NGG-C, both of which are less than 5 km from the volcanic cone. It

is expected that the Li-Sr isotopic compositions of volcanic fluid that was interacted with

magma at high temperature are similar to those of volcanic rock. Researchers previously found

15
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that in spring gases, “He/*He ratios decrease with distance from the volcano, leading them to

infer that volcanic helium with high *He/*He passed through the rocks of the upper crust where

they could have picked up helium with low *He/*He (SANO et al., 1984; SANO et al., 1998;

TAKAHATA et al., 2003). These helium isotopic results are consistent with the dominance of

volcanic Li and Sr in the water samples from less than 5 km from the volcanic cone.

5.1.2. Low &'Li Fluid in Earthquake Swarm Region

Earthquake swarms have been beneath the three sites (KRB, KYK, and SRK)

whose 8'Li values were especially low (Fig. 3a). At the same time, electrical conductivity

surveys have detected a low-resistivity fluid conduit beneath the KRB-KYK-SRK area

(KASAYA et al., 2002; KASAYA and OSHIMAN, 2004) (Fig. 1). We therefore infer that the

relatively low 8’Li values observed in samples from sites KRB, KYK, and SRK reflect the

influence of deep-seated fluids associated with crustal deformation beneath the southeast flank

of Ontake volcano. Differences in *'Sr/**Sr ratios were not observed in samples from these three

sites (Fig. 3b).

16
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5.2. Characteristics of Low 8 Li Fluid

5.2.1. Evidence of Exposure to High Temperatures

Both Si contents and Na/K ratios are useful indicators of the maximum temperature

that a fluid has experienced: Si contents increase and Na/K ratios decrease with the temperature

of rock—fluid interaction (FOURNIER and ROWE, 1966; FOURNIER and TRUESDELL, 1973;

GIGGENBACH, 1988). Figures 4a and 4b show the correlation between 8'Li values and Si

content and between 8'Li values and Na/K ratios, respectively. The samples from sites KRB,

KYK, and SRK had §'Li values that decreased with increasing Si contents and decreasing Na/K

ratios (data around dotted lines in Figs. 4) in a trend quite distinct from trends of the other

samples (data are underlain by grey shades in Figs. 4). These data suggest that low-d'Li fluids

recovered from sites KRB, KYK, and SRK have experienced high temperatures, although their

temperatures at the time of sampling were lower than 20 °C (Table 2).

5.2.2. Non-surface Fluid

The &'Li values of the samples from site SRK collected in 2000, 2005, and 2007

varied widely, from +1.1%o to +4.9%0 (Table 2). Because these values were linearly correlated

17
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with the CI/Li ratios (Fig. 5a), we ascribe the temporal 8'Li variation in these samples to a

mixture of two components. Site SRK, being located near the river’s edge, is more likely to be

contaminated with near-surface meteoric water than the other sites. To examine this possibility,

we analyzed a river water sample (SRK-2007-river) collected about 10 m upstream from the gas

bubbling site where sample SRK-2007 was recovered: both samples were collected at the same

time. The CI/Li ratios of samples SRK-2007-river and SRK-2007 were 2100 and 240,

respectively; thus, the Cl/Li ratio of the near-surface meteoric water was higher than that of the

non-surface fluid. An exceptionally high CI/Li ratio was also observed in sample AKG-03,

which was extensively contaminated by river water (upper right corner of Fig. 5a).

Low 8'Li values were also observed in samples from sites KRB and KYK. Those of

the KRB samples were identical (-5.2%o and —4.9%0) whereas those of the KYK samples varied

widely (-2.4%o, —4.9%o, and +0.7%o). Because the d'Li values of the KYK samples were

correlated linearly with the CI/Li ratios (Fig. 5a), we ascribe the temporal 8'Li variation in the

KYK samples, like those from SRK, to binary mixing of near-surface meteoric water (high 8’Li,

high CI/Li) and non-surface (deep) fluid (low 8'Li, low CI/Li).

The temporally varied *’Sr/**Sr ratios at each sampling site are also linearly

18
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correlated with the Cl/Sr ratios (Fig. 5b). The Cl/Sr ratios of samples SRK-2007-river and

SRK-2007 were 210 and 29, respectively; thus, the Cl/Sr ratio of the near-surface meteoric

water is higher than that of the non-surface fluid.

As shown in Fig. 6a, a negative correlation between 8'Li and *’Sr/*’Sr was observed

in the SRK samples, including the river water sample. Consequently, we attribute the Li-Sr

isotopic trend of the SRK samples to binary mixing between near-surface meteoric water (high

8'Li, low *’Sr/**Sr) and non-surface fluid (low §'Li, high ¥7Sr/*Sr). We infer similar mixing in

the samples from site KYK (Fig. 6a).

5.3. Li and Sr Isotopic Systematics of Non-surface Fluids

5.3.1. Identification Method for Non-surface Fluid

Given that Li and Sr isotopic compositions of our water samples were affected by

contamination from near-surface meteoric water, we attempted to select samples free of this

contamination. The 8'Li values of water samples with CI/Li ratios less than 1100 were

approximately equal to those of non-surface fluids (Fig. 5a). The uncertainties in 8'Li of these

water samples are expected to be +0.5%o, as estimated from the 8’Li difference of two SRK

19
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samples with CI/Li ratios of 240 and 1100 (Fig. 5a"). The ¥7Sr/*Sr ratios of water samples with

relatively low Cl/Sr ratios appeared not to be appreciably shifted by near-surface meteoric water

contamination (Fig. 5b). Then, we selected the ¥7Sr/*Sr ratios of water samples with Cl/Sr ratios

less than 350 to represent the non-surface fluid values (Fig. 5b). The uncertainties in *’Sr/**Sr

ratios of these water samples are expected to be +0.003, as estimated from the *’Sr/*Sr

difference of two SRK samples whose Cl/Sr ratios are 30 and 210 (Fig. 5b). Because RS VAN

was constant regardless of varying Cl/Sr at sites KYK, DKS, NGG-C, and YY, the 7Sr/%Sr

uncertainties of samples from these sites should be much smaller than £0.003 (Fig. 5b).

5.3.2. Inactive Earthquake Sites Samples

On the basis of their CI/Li and CI/Sr ratios, we singled out water samples whose Li

and Sr isotopic ratios were minimally affected by meteoric water contamination to represent

non-surface fluids. As shown in Figure 3, earthquake swarms have been active beneath the three

sites (KRB, KYK, and SRK). Hereafter, this paper calls sampling sites other than the sites KRB,

KYK, and SRK as inactive earthquake sites. The Li and Sr isotopic data of non-surface fluids

from the inactive earthquake sites, as shown as grey shade in Fig. 6b, are distributed in a cluster.
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As mentioned in section 5.1.1, the dominance of volcanic Li and Sr in the water samples from

less than 5 km from the volcanic cone. Because only water samples from sites YKW and

NGG-C, within 5 km of the volcanic cone, had Li and Sr isotopic compositions falling within

the range of volcanic rock values (Fig. 6b), we estimated the 8’Li and *’Sr/*°Sr values of the

Ontake volcanic fluid as +3%o0 and 0.707, respectively, from the average values of the water

samples from YKW and NGG-C.

As mentioned in section 4, the ¥’ Sr/**Sr ratios of water samples within 20 km of the

volcano tended to rise with distance from the volcanic cone (Fig. 2b). The non-surface fluid data

(CI/Li ratios less than 1100 and Cl/Sr ratios less than 350) also showed the ¥’Sr/**Sr increase

with distance from the volcanic cone. The basement rocks of the Ontake region have distinctly

higher ¥7Sr/*Sr ratios than Ontake volcanic rocks: the Mino sedimentary rock ranges from 0.715

to 0.730 (ASAHARA et al., 2006), the Naegi-Agematsu granite ranges from 0.729 to 0.750

(ASAHARA et al., 2006), and the Nohi rhyolite ranges from 0.710 to 0.736 (OKAMOTO et al.,

1975). Then, we infer that the volcanic fluids with low *’Sr/**Sr ratios passed through basement

rocks, where they could have picked up high *’Sr/**Sr strontium from the basement rocks of the

Ontake region.
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The 8’Li values of non-surface fluids from the inactive earthquake sites, as shown as

grey shade in Fig. 6b, range from +2%o to +7%o, while the ¥7Sr/*Sr ratios vary widely from

0.707 to 0.723. Thus, some non-surface fluids from the inactive earthquake sites have 8'Li

values lower than the volcanic fluid (about +3%o, as discussed above in this section 5.3.2). As

well as Sr isotopic ratios, a plausible explanation therefore is that the lithium in water samples

with 8'Li values higher than those of the volcanic rock derived from the basement rocks of the

Ontake region. The 8'Li values of basement rocks of the Ontake region are unknown, while

those of the upper continental crust have been estimated from shales (-3%o to +5%o), loess

(=3%o to +5%o), granites (—3%o to +3%o), and upper crustal composites (—5%o to +3%o) from

North America, China, Europe, Australia, and New Zealand (TENG et al., 2004). The average

d’Li value of upper continental crust has been estimated as 0 + 4%o (2SD) (TENG et al., 2004),

which is rather lower than the average Ontake volcanic rock value, +3%o (Table 3).

Lithium is found in an 8-coordinate position in most minerals and in a 4-coordinate

position in water. Because the lighter isotope has a greater affinity for the most highly

coordinated site, fluid-rock interactions lead to fluids with 8’Li value higher than the associated

rock (OI et al., 1989; WENGER and ARMBRUSTER, 1991; ZACK et al., 2003; WUNDER et al.,
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2006). The &'Li difference between fluid and rock (A’Limiarock) decreases with reaction

temperatures. The A'Liguidrock value is given as

A'Liguigroa= 4.61x(1000/T [K])) — 2.48 (WUNDER et al., 2006; MARSCHALL et al., 2007).

)

As mentioned above, it is observed the dominance of volcanic Li and Sr in the water samples

from less than 5 km from the volcanic cone: Water samples from sites YKW and NGG-C,

within 5 km of the volcanic cone, had 8'Li ranging from +1.7%o to +3.2%o, equal to the Ontake

volcanic rock values (+1.6%o to +3.4%o). The A7Liﬂuid_rock value is therefore +1.6%o0 at maximum,

and the fluid-rock reaction temperature higher than 860°C is estimated from the formula (1).

Thus, it is expected that the Ontake volcanic fluid reacted with the host volcanic rock (magma)

at high temperatures.

Subsequently, such high temperature volcanic fluid would become cold as it passes

through the basement rocks around magma reservoir. As mentioned above, the ¥ St/**Sr ratios of

the basement rocks are distinctly higher than those of volcanic fluid. We therefore estimated

that the Ontake upper crustal signature is 8'Li of +6%o, from the sample DKS-07 whose

¥7Sr/*Sr ratio was the highest among non-surface fluid data (Fig. 6b). Assuming the Ontake
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upper crustal d'Li value of +0%o0, the A Liguiarock value would be +6%o and the fluid-rock

reaction temperature of 250°C is estimated from the formula (1).

Interpretations mentioned above are not considered about effects from preferential

decomposition of rock-forming minerals. Each mineral in a source rock is going to have

different *’Sr/**Sr ratio due to in-situ *’Sr-growth, therefore, it is expected that the *’Sr/**Sr

discrepancy between fluid and whole rock occurs from preferential decomposition of minerals.

The experimental result indeed shows that the ¥7Sr/*Sr ratios of the fluids interacted with basalt

at high temperatures (>250°C) range from 0.705 to 0.706, which are higher than the bulk-basalt

value, 0.703 (JAMES et al., 2003). However, more wide *’Sr/**Sr variation (0.707 to 0.723) has

been observed in the Ontake non-surface fluid that has once experienced high temperature.

Accordingly, we ascribe that the *’Sr/**Sr variation observed in the non-surface fluids from the

Ontake inactive earthquake sites is mainly a result of interaction between the volcanic fluid and

the basement rocks of the Ontake region.

In contrast to the *’Sr/**Sr ratio, it is expected that the 'Li/°Li ratios of every high

temperature rock-forming minerals are homogeneous, because both 'Li and SLi are stable

isotopes and the Li isotope fractionation at per mil level does not occur during high-temperature
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processes (TOMASCAK et al., 1999). Therefore, the Li isotopic difference between fluid and

whole rock is not caused by preferential decomposition of rock-forming minerals. As mentioned

above, the Li isotopic fractionation between fluid and rock is rather dependent on the

temperature.

5.3.3. Active Earthquake Sites Samples

As discussed in above section 5.3.2, the Li and Sr isotopic distribution of most

non-surface fluids can be explained as follows: volcanic fluids passed through the basement

rocks, where they could have acquired an upper crustal signature. This model, however, cannot

explain the Li and Sr isotopic distribution of non-surface fluids from active earthquake sites,

KRB, KYK, and SRK (Fig. 6b). Instead of volcanic fluid, another hot end-member fluid (fluid

X) is required to explain the Li and Sr isotopic data of non-surface fluids from the active

earthquake sites (Fig. 6b). Then, the Li and Sr isotopic distribution of non-surface fluids from

the active earthquake sites can be explained as follows: hot fluid X passed through the basement

rocks, where it could have acquired an upper crustal signature. We estimate the 8'Li and

Sr/*Sr values of fluid X as below —5%o and below 0.705, respectively, on the basis of the
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non-surface fluid from site KRB.

5.4. Origin of Fluid-X related to Earthquake Swarms

The major basement rocks beneath the active earthquake region, the southeast flank

of Ontake volcano, are sedimentary rock and granite, whose *’Sr/**Sr ratios range from 0.715 to

0.750 (OKAMOTO et al., 1975; ASAHARA et al., 2006). The estimated *’Sr/*Sr ratio of fluid X is

much lower at 0.705, a value that cannot be produced by interaction with any of these basement

rocks. The *’Sr/*Sr ratio of fluid X is rather comparable to that of the Ontake volcanic rock,

whereas its 8'Li value below —5%o is distinctly lower than that of the Ontake volcanic rock. As

mentioned in section 5.3.2, fluid-rock interactions tend to raise the 8'Li values of the fluid (01

et al., 1989; WENGER and ARMBRUSTER, 1991; ZACK et al., 2003; WUNDER et al., 2007).

Because the 8'Li values of Ontake volcanic rocks range from +1.6 to +3.5%o (Table 3), fluid

d'Li values lower than +1.6%o cannot be produced solely by interaction with the Ontake

volcanic rocks at any temperature. Then, the fluid X would be reacted with rock bodies with a

¥3r/%Sr ratio of 0.705 and 8'Li values below —5%o, but no such rock bodies have ever been

observed in island arc upper crust.
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Many earthquake swarms have occurred beneath sites KRB, KYK, and SRK, where

low 8'Li values were observed (Fig. 3a), and electrical conductivity data (Fig. 1c) suggest that

deep-seated fluid is rising from at least 10 km depth in this area (KASAYA et al., 2002; KASAYA

and OSHIMAN, 2004). The thickness of the crust in this region ranges from 30 km to 35 km, and

the lower boundary of the seismic upper crust is at a depth of approximately 16 km (ZHAO et al.,

1992; IDAKA et al., 2003). We speculate that the fluid conduit beneath the KRB-KYK-SRK

area is connected to the lower crust, and we infer that fluid X is a lower crustal fluid.

Data from gabbroic inclusions suggest that the *’Sr/*Sr ratios of lower crustal rocks

beneath the northern Fossa Magna region (about 120 km north of Ontake volcano) range from

0.704 to 0.706 (SHUTO et al., 1988), which is consistent with the values for fluid X (0.705).

Although the 8’Li value of the lower crust of an island arc is unknown, that of the lower

continental crust has been estimated using granulite-facies xenoliths from Australia and China

(TENG et al., 2008). Analyses of eight xenoliths that reached intermineral isotopic equilibria,

considered most likely to preserve the initial Li isotopic signature of the lower crust, suggest

that the lower continental crust is extremely heterogeneous, with 8’Li ranging from —14%o to

+14%o (TENG et al., 2008). The distinctly low 8'Li value of fluid X is within the range of these
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data. Hamelin et al. (2009) also suggested that the 'Li value of a portion of lower continental

crust may be lower than —5%o, based on the observed 8Li variation (from 0%o to +7%o) in a

suite of continental volcanic rocks from Chaine des Puys (French Massif Central).

The 8'Li values of the non-surface fluids from sites KRB, KYK, and SRK also

decreased with the decrease in *’Sr/*Sr (Fig. 6b). This correlation can be explained by lower

crustal fluid (fluid X) passing through basement rocks where it acquired an upper crustal

signature. Although sites SRK and KYK are close (about 700 m apart), their non-surface Li and

Sr isotopic compositions were quite different (Fig. 6b). Samples at SRK were recovered from a

spring, while those at KYK were recovered from a well. It may be that the lower crustal fluid

signature is present in deep well water samples rather than in spring water samples.

As discussed in sections 5.2.2, we assumed both Cl/Li and CI/Sr ratios of

non-surface fluids to be significantly lower than those of near-surface meteoric water. If the Li

and Sr isotopic compositions of the non-surface fluids from sites KRB, KYK, and SRK can be

explained by interaction of lower crustal fluid and upper crustal materials, then both CI/Li and

Cl/Sr ratios of these fluids should be significantly lower than those of near-surface meteoric

water. Lower crustal fluids contain both Cl and Li in abundance (MARKL and BUCHER, 1998;
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SVENSEN et al., 1999; SVENSEN et al., 2001), although their Sr contents are unknown. From

omphacite-hosted and garnet-hosted fluid inclusion data, it has been estimated that Cl/Li ratios

of lower crustal fluids range from 300 to 4000 (SVENSEN et al., 2001), distinctly lower than

those of water samples contaminated by near-surface water (the maximum is 110000).

Figure 7 shows a schematic illustration for non-surface fluid circulation beneath

studied region. As shown in this Fig. 7, we ascribe that the fluid-X associated with the

earthquake swarms is not simple volcanic fluid, but is rather influenced from the lower crust.

The origin of deep crustal fluid still remains unrevealed, but two possible origins are as follows:

The first possible origin is slab-derived aqueous fluid (Fig. 7), because of the shallow geometry

(70 km depth) of the subducting Philippine Sea plate beneath the studied area (KIMURA and

YOSHIDA, 1999; NAKAJIMA and HASEGAWA, 2007). The second possible origin is aqueous

fluid dehydrated (degassed) from the deep magma (Fig. 7). The aqueous fluids derived from

subducted slab and/or deep magma reacted with the lower crust, and then low &'Li and low

7Sr/*Sr compositions of the fluid-X might be acquired (Fig. 7). However, further research is

necessary before we reveal origin of the fluid-X associated with the earthquake swarms.
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6. CONCLUSIONS

The Li and Sr isotopic compositions of spring and well water samples around

Ontake volcano are mainly accounted for by binary component mixing between near-surface

meteoric water and non-surface fluid. Using data from water samples whose 8'Li values and

7Sr/*Sr ratios were not greatly altered by near-surface meteoric water contamination, we

estimated that the Li and Sr isotopic compositions of non-surface fluids are approximately equal

to those in water samples whose CI/Li ratios are less than 1100 and CI/Sr ratios are less than

350.

The Li and Sr isotopic compositions of most non-surface fluids near Ontake can be

explained as the result of volcanic fluids passing through basement rocks, where they acquired

an upper crustal signature. The estimated 8'Li and *’Sr/**Sr values of the Ontake volcanic fluid

were +3%o and 0.707, respectively, from the average values of the water samples from sites

YKW and NGG-C within 5 km of the volcanic cone. The 8’Li and ¥'Sr/**Sr values of the

Ontake upper crustal end-member component, respectively +6%o and 0.723, were estimated

from sample DKS-07 whose *’Sr/**Sr ratio was the highest among non-surface fluid samples.

We observed anomalous Li and Sr isotopic compositions in non-surface fluids from
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sites KRB, KYK, and SRK above vigorous earthquake swarms. We propose another

end-member fluid (fluid X) for these sites. Fluid X must have been produced by interaction with

rocks with *’St/*®Sr ratios of 0.705 and 8'Li values below —5%o, a combination not found in

upper crustal samples from the island arc. Given that a low-resistivity fluid conduit leads from

the deep crust to the surface beneath the earthquake swarm region (KASAYA et al., 2002;

KASAYA and OSHIMAN, 2004), we consider fluid X to be a lower crustal fluid. Our new Li and

Sr isotopic data suggest that the fluid associated with the earthquake swarms beneath the

southeast flank of Ontake volcano is not a simple volcanic fluid, but rather is influenced by the

lower crust.
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Figure Captions

Fig. 1

Locations of sampling sites (open circles) and geology in the Ontake volcano area (a). The

epicenter of the 1984 western Nagano Prefecture earthquake (M6.8) and the causative fault are

shown as a star and dashed line, respectively. Dots are epicenters of earthquakes during

2001-2005 at depths of —1 to 40 km (NAKAMICHI et al., 2009). The electrical conductivity

profiles along X—X' (b) and Y-Y' (c) are from Kasaya et al. (2002). Circles in (b) and (c) are

earthquake hypocenters during the period October—December 1995. A low-resistivity fluid

conduit from deep crust to the surface is inferred beneath the southeast flank of Ontake volcano

near this earthquake swarm region (KASAYA et al., 2002; KASAYA and OSHIMAN, 2004).

Fig. 2

Variations of 8'Li values (a) and *’St/**Sr ratios (b) with distance from the volcanic cone. The

large open circles show the non-surface fluid data, defined by CI/Li ratios less than 1100 and

Cl/Sr ratios less than 350. The dotted line loops are around the active earthquake site data and

the weak grey shades underlay inactive earthquake site data.
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Fig. 3

Correlations between §'Li values and the number of earthquakes (a) and between ¥7S1/*Sr ratios

and the number of earthquakes (b). Earthquakes selected from the Japan Meteorological Agency

earthquake catalog were bigger than M1, shallower than 30 km, within 1 km of each sampling

site, and occurred from January 1, 1995 to November 1, 2009. Earthquake swarms have

occurred beneath sites KRB, KYK, and SRK, where relatively low d’Li values were observed.

Fig. 4

Correlations between 8'Li value and Si content (a) and between 8'Li value and Na/K weight

ratio (b). The Si contents and Na/K weight ratios respectively increase and decrease with the

temperature of rock—fluid interaction (FOURNIER and ROWE, 1966; FOURNIER and TRUESDELL,

1973; GIGGENBACH, 1988). The dotted line loops and the weak grey shades are as same as those

in Fig. 2. The 8’Li values of the active earthquake site samples decreased with increasing Si

contents and decreasing Na/K ratios (data around dotted lines), trends that differ strongly from

those of the inactive earthquake site samples (data are underlain by grey shades).
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Fig. 5

Correlations between CI/Li weight ratio and 8’Li value (a) and between Cl/Sr weight ratio and

¥7Sr/*Sr ratio (b). Fig. 5a’ is an enlargement of Fig. 5a. Different linear CI/Li-8’Li correlations

were observed in samples KYK and SRK (a). Different linear Cl/Sr-*'Sr/*Sr correlations were

also observed in samples KYK, SRK, DKS, KKH-A, NGG-C, and YY (b). We infer that these

reflect binary component mixing between near-surface meteoric water (high CI/Li, high Cl1/Sr)

and non-surface fluid (low Cl/Li, low Cl/Sr).

Fig. 6

Correlations between *’Sr/*Sr ratio and 8'Li value for all analyzed fluid samples (a) and for

non-surface fluids (b). Non-surface fluid data were selected from water samples with Cl/Li

ratios less than 1100 and Cl/Sr ratios less than 350, showing relatively little contamination by

near-surface meteoric water. Fig. 6b also shows ¥7S1/*Sr ratios and 8'Li values of the Ontake

volcanic rocks analyzed in this study (Table 3). The dotted line loops and the weak grey shades

are as same as those in Fig. 2.
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Fig. 7

A schematic illustration for non-surface fluid circulation beneath studied region. We ascribe that

the fluid-X associated with the earthquake swarms is not simple volcanic fluid, but is rather

influenced from the lower crust. We have speculated that this fluid-X associated with the

earthquake swarms may be originated from aqueous fluids derived from subducted slab and/or

deep magma.
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Table 1
Location of sampling sites of spring and well water samples analyzed in this study

Sampling Latitude Longitude Distance from Type Sampling year
site (°N) (’E) cone (km) fluid gas’

AKG 35.99 137.40 12.1 N 2003 1981-2007
DKS 35.82 137.63 16.5 N 1993-2007 1993-2007
KKH 35.81 137.69 21.9

KKH-A N 2000-2009 1981-2009

KKH-B P 2005 2005
KNS 3591 137.56 7.4

KNS-A N 2000-2003 1981-2003

KNS-B N 2005-2009 2005-2009

KNS-C P 2009 -
KYK 35.88 137.60 10.7 P 2003-2009 2003-2009
KRB 35.86 137.55 7.4 P 2007-2009 2007-2009
NGG 35.93 137.45 4.5

NGG-A N - 1981-1993

NGG-B P 2000 1996-2000

NGG-C N 2003-2009 2003-2009
OTK 35.84 137.53 7.1 N 2009 2009
SRK 35.87 137.60 11.0 N 2000-2007 1985-2007
SIM 35.78 137.69 23.5 N 2000-2007 1981-2009
YKW 35.89 137.51 2.7 N 2007 1993-2007
YY 35.91 137.31 11.5 N 2000-2009 1981-2009

*: N= natural flow water; P= water pumped up.
$: The gas data before 2000 have been already reported in Sano et al. (1984;1986;1998) and Takahata et al. (2003).



Table 2

Li and Sr isotopic compositions and chemical compositions of spring and well water samples from Ontake area

Sample name Sampling  Temperature  pH d'Li* Y8181 Li* Rb* Sr Si* K* Ca’ Mg®  Na’ cr
date ((®)] (%0) Qug/l) (/L) (ug/l) (mg/l) (mg/L) (mg/L) (mg/L) (mg/L) (mg/l)
AKG-03 June 2003 11.9 7.74 12.6 0.709228 0.57 0.88 17.8 532 0.78 25.1 1.06 3.80 63.0
DKS-00 June 2000 15.8 5.57 5.45 0.722624 63.2 1.89 133 20.7 0.30 71.1 14.8 20.0 79.6
DKS-03 June 2003 13.7 5.87 5.44 0.722757 136 3.97 351 35.6 1.17 205 42.1 54.4 151
DKS-05 June 2005 - 3.30 4.99 0.722773 72.2 245 129 23.8 0.63 71.3 14.5 22.1 87.8
DKS-07 June 2007 12.3 5.83 5.72 0.722762 108 3.28 258 30.2 1.03 129 26.4 352 3.71
KKH-A-00 June 2000 16.0 4.92 3.90 0.708333 4.26 6.64 126 27.9 1.57 12.2 2.64 6.29 94.6
KKH-A-03 June 2003 17.8 491 6.45 0.708325 6.64 7.86 186 31.5 291 17.2 342 8.98 185
KKH-A-07 June 2007 14.9 5.01 6.67 0.708633 6.65 7.57 173 352 3.52 16.6 3.57 11.6 9.25
KKH-A-09 July 2009 15.2 5.12 5.92 0.708500 5.66 7.99 169 33.0 342 14.8 2.86 10.8 6.96
KKH-B-05 June 2005 - 4.67 1.87 0.713345 110 20.3 122 345 4.08 38.6 6.63 21.7 79.9
KNS-A-00 June 2000 27.7 6.04 4.79 0.710276 1000 189 807 54.2 57.9 132 82.7 422 276
KNS-A-03 June 2003 27.6 6.10 4.12 0.710271 1030 199 848 62.3 65.4 149 93.3 474 281
KNS-B-05 June 2005 24.7 6.07 6.29 0.707925 631 113 478 60.1 39.1 84.5 53.1 279 198
KNS-B-07 June 2007 23.7 6.19 6.33 0.707709 537 99.0 405 53.7 32.1 67.0 42.5 224 103
KNS-B-09 July 2009 22.4 6.30 6.16 0.708014 467 85.5 342 479 26.8 58.2 36.4 211 83.1
KNS-C-09 July 2009 37.1 6.76 323 0.716137 2370 331 4010 32.1 71.5 353 214 738 682
KRB-07 June 2007 11.0 5.77 -5.17 0.705603 239 36.5 646 47.8 12.7 71.5 28.7 12.8 1.51
KRB-09 July 2009 12.6 5.69 -4.91 0.705577 21.6 33.7 616 41.2 9.6 61.2 23.5 10.6 0.73
KYK-03 June 2003 14.8 5.83 -2.35 0.712781 5.77 4.65 31.6 36.2 1.53 4.86 2.37 3.29 44.4
KYK-05 June 2005 13.8 5.08 0.70 0.712051 5.07 5.82 332 352 2.05 5.56 2.67 5.40 125
KYK-09 July 2009 13.6 7.01 -3.37 0.711864 5.71 7.57 46.6 374 2.95 6.71 3.89 6.29 0.60
NGG-B-00 June 2000 49.4 6.23 3.76 0.709084 1090 117 924 88.1 60.5 149 90.1 377 188
NGG-C-03 June 2003 34.0 6.00 2.82 0.706817 310 63.5 473 74.0 28.9 85.7 48.2 165 284
NGG-C-05 June 2005 36.8 5.89 3.05 0.706842 316 64.4 464 74.0 30.9 87.6 49.5 174 110
NGG-C-07 June 2007 36.2 6.15 3.16 0.706840 321 66.2 504 76.7 30.1 88.6 49.9 169 69.7
NGG-C-09 July 2009 37.1 6.22 2.99 0.706845 320 66.0 481 74.0 28.2 85.0 47.4 178 78.5
OTK-09 July 2009 20.7 6.30 6.96 0.714595 817 56.4 1360 51.9 31.7 194 78.3 405 216
SIM-00 June 2000 16.7 5.53 9.02 0.714771 8.51 4.95 54.2 6.66 0.74 10.1 1.81 4.92 21.5
SIM-03 June 2003 13.4 5.93 8.36 0.710533 132 13.1 230 21.7 3.59 55.6 7.44 49.9 190
SIM-05 June 2005 21.6 5.15 4.30 0.710850 47.3 7.63 101 14.6 248 20.4 2.58 13.5 137
SIM-07 June 2007 17.0 5.46 5.66 0.710597 96.1 8.63 140 19.1 2.88 31.8 4.22 249 19.3
SRK-00 June 2000 14.2 6.80 4.89 0.709571 5.02 3.59 31.0 9.31 0.34 3.63 1.17 1.99 96.5
SRK-05 June 2005 16.5 5.00 1.55 0.716163 32.6 8.32 164 17.9 233 18.5 393 11.6 349
SRK-07 June 2007 15.7 5.36 1.08 0.717768 50.1 12.2 415 20.1 4.13 41.0 8.48 214 12.0
SRK-07-river June 2007 13.8 523 2.83 0.715157 15.7 6.70 162 20.4 2.63 21.9 4.15 8.3 335
YKW-07 June 2007 30.1 531 1.73 0.706434 102 93.1 366 64.9 232 95.3 23.0 133 87.5
YY-00 June 2000 13.2 5.95 2.55 0.710479 76.6 13.6 39.5 4.85 0.68 6.08 0.53 20.8 64.3
YY-03 June 2003 13.8 5.58 3.82 0.710782 507 59.2 190 10.0 5.38 18.3 1.53 132 193
YY-05 June 2005 15.9 5.65 3.19 0.710794 652 72.3 213 11.4 7.01 20.6 1.79 170 119
YY-07 June 2007 13.5 5.77 4.11 0.710832 1150 115 361 13.9 11.4 29.3 2.49 279 166
YY-09 July 2009 14.1 5.99 4.56 0.710351 106 12.8 70.5 5.11 1.80 9.90 0.52 33.8 18.6
Fluid Standard (ng/L)  (png/L) (mg/L) (mg/L) (mg/L) (mg/L) (g/L) (g/L) (g/L)
BCR-403 31.3 0.709180 179 111 7.58 4.44 391 393 1.28 10.5 19.8

$: Li and Sr isotopic compositions were detrmined by MC-ICP-MS and TIMS, respectively.
#: Li, Rb, and Sr contents were by ICP-MS; Si contents were by ICP-AES; K, Ca, Mg, Na, and CI contents were by IC.



Table 3
Li and Sr isotopic compositions of Ontake volcanic rocks® (bulk)

Sample name K-Ar age d'Li" 'Sr/*°Sr’
(ka) (%60)
OT13 59+7° 3.37 0.705476
OT37 66+5° 1.82 0.706266
OT40 48+4* 3.26 0.706508
OT43 36+3° 2.70 0.706215
0T49 81+23° 3.46 0.706708
OT>53 21+5° 2.72 0.706008
OT63 86+6° 1.61 0.706812
Mean 2.70 0.706285
2SD 1.49 0.000910

$: fresh drilled core samples for paleomagnetic research

#: analyzed by MC-ICP-MS

*: analyzed by TIMS

a: reported in Tanaka and Kobayashi (2002)

b: reported in Matsumoto and Kobayashi (1999); TKN-29, TKN-46
c: reported in Matsumoto and Kobayashi (1995); SNTK-72

d: reported in Matsumoto and Kobayashi (1995); NGRG-240
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