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Abstract 

 

This study presents a methodology for quantitatively estimating residence time of modern 

groundwater by using bomb-produced 
36

Cl. Total deposition of bomb-produced 
36

Cl is 

estimated for the Oderbruch region, Germany and the Tsukuba Upland, Japan, from measured 

36
Cl concentrations in groundwater. The proposed method is then applied to springs around 

Mt. Fuji, Japan. 

The 
36

Cl/Cl distribution in groundwater was investigated in the Oderbruch aquifer. The 

Oderbruch groundwaters appeared to be affected by saline water. The effect of its mixing was 

corrected using a two-component mixing model. Simulation of tracer transport for 
3
H and 

36
Cl 

derived scaling factors in the range of 0.3–1.22 (c.f. 2.5 based on the latitudinal distribution 

model). Estimated time-series variation of 
36

Cl/Cl in the Oder River basin is in satisfactory 

agreement with the 
36

Cl/Cl ratios in wine samples from the Rheingau, Germany. This suggests 

that an over-simplified model such as the latitudinal distribution model is not suitable for 

estimating the fallout pattern of bomb-produced 
36

Cl. The results also imply that the scaling 

factor can be obtained by measuring 
36

Cl in systematically-sampled groundwaters. 

Depth profile of 
36

Cl/Cl ratio in groundwater was investigated in the Tsukuba Upland. 

From the vertical distribution of 
36

Cl, the total bomb-produced 
36

Cl fallout over the upland is 

2.3 × 10
12

 atoms/m
2
, which corresponds to a scaling factor of 0.96. The ratio of the maximum 

bomb-peak fallout to the average natural background flux for the estimated local fallout 

history is consistent with measured data in Nepal. This agreement supports the validity of the 

obtained scaling factor. The results also confirmed that the local fallout history of 
36

Cl can be 

estimated from a groundwater profile. 

Residence time of spring waters around Mt. Fuji was estimated using bomb-produced 
36

Cl. 
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To estimate time-series variation of 
36

Cl/Cl ratio in the Mt. Fuji area, the Dye-3 fallout data 

was scaled using a scaling factor obtained for the Tsukuba Upland. Measured 
36

Cl/Cl ratios in 

spring waters were compared to the predicted time-series variation under the assumption of 

piston flow. Distribution of spring water residence time is reasonably consistent with previous 

studies. However, residence time in the western foot obviously disagrees with previous one. 

This may be due to the difference in the natural background 
36

Cl/Cl ratio among different 

slopes. It can be caused by the difference in the Cl
−
 concentration in precipitation. 

Condition of the recharge area (i.e. the natural background level of 
36

Cl/Cl, chloride 

concentration in precipitation, and mean annual precipitation) has to be known correctly, 

otherwise errors may be directly enlarged in estimating residence times. However, the results 

obtained show the fundamental effectiveness of the method proposed in this study. 

 

Keywords: bomb-produced 
36

Cl; modern groundwater; residence time; groundwater dating; 

environmental tracer; accelerator mass spectrometry (AMS) 
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Chapter 1 Introduction 

 

1.1 Importance of the knowledge of groundwater residence time 

Groundwater is the second smallest among the four main reservoirs of water on the earth 

(i.e. the oceans, ice, groundwater and the atmosphere), yet is a vast resource of freshwater 

which is accessible for human use. Excluding frozen freshwater preserved in polar ice caps 

and continental glaciers, up to 98% of the remaining liquid freshwater is stored in the 

subsurface as groundwater (e.g. Baumgartner and Reichel, 1975, p. 14; Kayane, 1980, p. 43; 

Schlesinger, 1997, p. 346). Currently, at least 1.5 billion people in the world depend on 

groundwater resources for their drinking water (e.g. Alley et al., 2002), and the world’s 

growing population will further increase demand on water supplies. 

During the past several decades, groundwater has been extensively used for drinking, 

agricultural irrigation and industrial purposes. As a consequence, groundwater depletion has 

become a serious problem throughout the world, e.g. in the North China Plain (Shimada, 

2000; Kondoh et al., 2001) and the High Plains of the USA (Tase, 2000). Since the mean 

residence time (renewal time) of groundwater reservoir is typically long (~1000 yr; e.g. 

Kayane, 1980, p. 43), groundwater is highly vulnerable to excess use and contamination; if 

groundwater depletion and contamination occur, aquifers will require considerably long time 

for its recovery and purification. 

Therefore, the knowledge of groundwater residence time as well as groundwater flow 

system is crucial for the development and sustainable utilization of groundwater resources. 

Groundwater residence time (or groundwater age) is generally defined as the length of time 

since a water molecule has been isolated from the atmosphere (Davis and Bentley, 1982). 

According to the definition by Kazemi et al. (2006, p. 6), however, groundwater residence 
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time is the period of time for a recharged water molecule to discharge from the aquifer, while 

groundwater age can be defined at any point in the subsurface. For simplicity, this study does 

not make a distinction between the two terms ‘residence time’ and ‘age’, and employs the 

former general definition. 

 

1.2 Use of environmental tracers in groundwater hydrology 

Groundwaters are commonly classified into three or four categories by the range of their 

residence time (Kazemi et al., 2006, p. 9): modern (or young) groundwaters (residence time 

<50–60 yr), old groundwaters (60–50,000 yr), and very old groundwaters (>50,000 yr). In 

particular, the definition by Clark and Fritz (1997, pp. 172–173) distinguishes submodern 

groundwaters (residence time 60–1,000 yr) from old groundwaters. 

Various radionuclides, stable isotopes and anthropogenic substances in groundwater can 

be very effective environmental tracers in the investigation of groundwater residence time and 

groundwater flow (e.g. Phillips and Castro, 2003; Kazemi et al., 2006). Each tracer used for 

groundwater dating has its appropriate time scale of application. For example, radiogenic 
4
He 

and the long-lived radionuclides 
36

Cl (half-life 3.01 × 10
5
 yr), 

81
Kr (2.29 × 10

5
 yr) and 

129
I 

(1.57 × 10
7
 yr) can cover the range of very old groundwaters, whereas the radionuclide 

14
C 

(half-life 5,730 yr) is the most widely used tracer for dating old groundwaters. In addition to 

these common tracers, the radionuclides 
32

Si (half-life ~140 yr) and 
39

Ar (269 yr) are possible 

candidates to date submodern groundwaters, though successful applications are few up to the 

present. 

For modern groundwaters, 
3
H (tritium) has been one of the most useful environmental 

tracers (e.g. Egboka et al., 1983; Robertson and Cherry, 1989). Since large quantities of 
3
H 

were produced during the atmospheric nuclear testing period, 
3
H concentrations in 
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precipitation reached a peak at around 1963, resulting in a ‘bomb pulse’ in the hydrological 

cycle (e.g. Shimada et al., 1994; Yabusaki et al., 2003). However, due to the short half-life of 

3
H (12.32 yr; Lucas and Unterweger, 2000), the 

3
H bomb pulse has been attenuated 

significantly through radioactive decay and has become increasingly difficult to detect. This 

fact leads to a need for another environmental tracer (i.e. dating method) applicable in studies 

of modern groundwaters. 

Recently, several alternative tracers have been successfully utilized for dating modern 

groundwaters: e.g. tritiogenic 
3
He (

3
H/

3
He method) (e.g. Schlosser et al., 1988), CFCs 

(Chlorofluorocarbons) (e.g. Busenberg and Plummer, 1992), SF6 (sulfur hexafluoride) (e.g. 

Busenberg and Plummer, 2000) and 
85

Kr (e.g. Smethie et al., 1992). Figure 1 shows the 

variations in atmospheric concentrations or fallout rates of these age-dating tracers including 

the bomb-derived radionuclides 
3
H, 

14
C and 

36
Cl. Tritiogenic 

3
He is the decay product of 

3
H, 

while CFCs and SF6 are man-made industrial gases, and the radionuclide 
85

Kr (half-life 10.76 

yr) is a fission product gas released by the reprocessing of fuel rods from nuclear reactors. 

Among these tracers, tritiogenic 
3
He and CFCs, especially, are extensively used in 

groundwater studies. 

 

1.3 Previous studies using chlorine-36 

Chlorine-36 (
36

Cl) is a long-lived radioisotope of chlorine with a half-life of 3.01 × 10
5
 yr. 

It decays to 
36

Ar by  emission (98.10%) and to 
36

S by electron capture (1.90%) (Firestone 

and Shirley (eds.), 1996, p. 114). On the contrary, chlorine has two naturally-occurring stable 

isotopes: 
35

Cl (natural abundance 75.77%; Firestone and Shirley (eds.), 1996, p. 109) and 
37

Cl 

(24.23%; Firestone and Shirley (eds.), 1996, p. 119). 

Chlorine has a high electron affinity and exists primarily as the chloride anion (Cl
−
) in the 
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environment (Bentley et al., 1986a). It generally does not participate in redox reactions and 

biochemical processes, and is not absorbed onto mineral surfaces except under low pH 

condition (Feth, 1981; Hem, 1985). Hence, it moves with water in the natural hydrological 

cycle without significant chemical interaction. 

The simple geochemistry and conservative behavior make chloride an ideal tracer in 

hydrology (Herczeg and Edmunds, 2000). It also makes sampling for chloride and chlorine 

isotopes analyses very straightforward. With these advantages, 
36

Cl has been used as an 

applied isotopic tracer in solute and water transport experiments in various scales: laboratory 

scale (e.g. Krupp et al., 1972), lysimeter scale (Saxena et al., 1994; Saxena and Jarvis, 1995), 

and small catchment scale (Nyberg et al., 1999). 

As early as during the 1950s and 1960s, several attempts were made to measure 
36

Cl in 

the natural environment: 
36

Cl in rocks (Davis and Schaeffer, 1955), in saline lakes (Davis and 

Schaeffer, 1955; Bonner et al., 1961; Bagge and Willkomm, 1966), in rivers and freshwater 

lakes (Schaeffer et al., 1960; Bonner et al., 1961), in groundwater (Schaeffer et al., 1960; 

Tamers et al., 1969), in salts on the land surface (Bonner et al., 1961; Tamers et al., 1969), and 

in salts from deep mines (Tamers et al., 1969). Some of these pioneering studies indicated the 

presence of bomb-produced 
36

Cl in precipitation and surface waters (Schaeffer et al., 1960; 

Bonner et al., 1961), and suggested the usefulness of 
36

Cl as an environmental tracer 

(Schaeffer et al., 1960; Davis and DeWiest, 1966). However, the analytical techniques at the 

time had limited practical application due to the large sample size requirement and 

insufficient sensitivity; early investigations were accomplished using a screen-wall counter 

(Davis and Schaeffer, 1955; Schaeffer et al., 1960; Bonner et al., 1961), and subsequent 

researches applied liquid scintillation counting (Bagge and Willkomm, 1966; Ronzani and 

Tamers, 1966; Tamers et al., 1969; Roman and Airey, 1981; Florkowski and Schuszler, 1986). 
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The advent of accelerator mass spectrometry (AMS) in the late 1970s allowed widespread 

application of 
36

Cl (Elmore et al., 1979). Application studies in the hydrological research field 

have been reviewed by Bentley et al. (1986a), Fabryka-Martin et al. (1987), Fontes and 

Andrews (1994) and Phillips (2000). Because of the long half-life, the main application of 

36
Cl has been the dating of very old groundwaters in large-scale aquifers, e.g. the Great 

Artesian Basin of Australia (Bentley et al., 1986b; Torgersen et al., 1991), the Milk River 

aquifer in Alberta, Canada (Phillips et al., 1986; Nolte et al., 1990, 1991), and the Aquia 

aquifer in Maryland, USA (Purdy et al., 1987, 1996). 

The basic principle of 
36

Cl decay dating was tested and validated by Bentley et al. (1986b). 

They showed a decreasing pattern in measured 
36

Cl/Cl ratios along the flow direction of 

groundwater in the Great Artesian Basin. The groundwater ages derived from 
36

Cl (~1 × 10
6
 

yr) are in satisfactory agreement with hydrodynamic ages. However, the addition of chloride 

in the subsurface leads to the most common complication. The chloride may originate from 

dissolution of bedded evaporates, and diffusion of marine-origin chloride out of low 

permeability units. 

In the case of the Milk River aquifer, the groundwater shows deceasing 
36

Cl/Cl ratios from 

its recharge area toward the distal part of the aquifer. The aquifer also exhibits a notable 

increase of chloride concentration along the flow direction. Phillips et al. (1986) concluded 

that the distribution patterns of chloride and the 
36

Cl/Cl ratio were caused by ion filtration, 

and estimated groundwater ages of ~2 × 10
6
 yr at the distal part. In contrast to their results, 

subsequent studies estimated the source of salinity to be diffusion from the aquitard (Hendry 

and Schwartz, 1988), and from low permeability units within the aquifer (Fabryka-Martin et 

al., 1991); the groundwater ages estimated from 
36

Cl were reduced to 0.25–0.5 × 10
6
 yr and 

~1 × 10
6
 yr, respectively. Different interpretations were also given by Nolte et al. (1990, 
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1991). 

Andrews and Fontes (1992) discussed the results of these studies and suggested that 

subsurface production of 
36

Cl would generally be dominant compared to atmospheric input of 

cosmogenic 
36

Cl. These studies were also reevaluated by Lehmann and Purtschert (1997) and 

Phillips (2000); they concluded that the 
36

Cl produced in the subsurface does not dominate 

under common situations. If the source of chloride in groundwater is adequately accounted for, 

therefore, 
36

Cl decay dating is feasible in most aquifers. 

Coupled with some dating techniques, groundwater can serve as an archive of past climate 

variation (Shanley et al., 1998; Edmunds, 2005; Shimada, 2005). From this perspective, 
36

Cl 

decay dating provides a time scale for reconstructing paleoclimatic variation (e.g. variation of 


18

O) beyond the 
14

C dating range (>40,000 yr B.P.) (e.g. Shimada et al., 1999). On the 

contrary, a variation of 
36

Cl concentration itself indicates paleoclimatic information, e.g. 

recharge rate, evaporation rate and precipitation (Stute et al., 1993; Andrews et al., 1994; 

Purdy et al., 1996). Recent applications of 
36

Cl decay dating include combination use of 
36

Cl 

and other age-dating tracers to better constrain the obtained groundwater ages (Patterson et al., 

2005), to understand the possibilities and limitations of each dating technique (Lehmann et al., 

2003), to validate the 
81

Kr dating method (Sturchio et al., 2004), and to calibrate or correct the 

4
He dating method (Mahara et al., 2007; Kulongoski et al., 2008). 

For modern groundwaters, bomb-produced 
36

Cl can provide a potential dating tool 

covering the last ~50 years (Bentley et al., 1982). Advantages of bomb-produced 
36

Cl as a 

hydrological tracer are the facts that the peak is well-defined, and that the long half-life of 

36
Cl makes decay attenuation negligible on the time scale of several decades to centuries (e.g. 

Fabryka-Martin et al., 1987; Fontes and Andrews, 1994). The 
36

Cl bomb pulse has heretofore 

been used to trace water movement in the unsaturated zone and to estimate infiltration rates 
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especially in arid and semi-arid regions (Norris et al., 1987; Phillips et al., 1988; Scanlon et 

al., 1990; Cecil et al., 1992; Scanlon, 1992; Walker et al., 1992; Cook et al., 1994; Liu et al., 

1995). 

However, there are few studies applying the 
36

Cl bomb pulse to groundwaters, except for 

its applications simply as a qualitative indicator of the presence of young water (e.g. Purdy et 

al., 1987; Andrews et al., 1994). In combination with 
3
H, the 

36
Cl bomb pulse has been used 

to estimate groundwater recharge rate in a fractured rock aquifer (Cook and Robinson, 2002), 

and to deduce transport parameters (flow velocity and dispersivity) of a sandy aquifer 

(Balderer et al., 2004). Studies focusing on the application of bomb-produced 
36

Cl as a dating 

tool are particularly infrequent. Vogt et al. (1994) attempted to estimate groundwater 

residence time in perched aquifers by using temporal variation in the 
36

Cl/Cl ratio over three 

years. 

The only available approach for quantitatively investigating the potential use of 

bomb-produced 
36

Cl has been the reconstruction of 
36

Cl fallout rates from 
36

Cl/Cl ratios in 

groundwater (Corcho Alvarado et al., 2005; Tosaki et al., 2007). The 
36

Cl fallout rates in 

Denmark reconstructed by Corcho Alvarado et al. (2005) exceeded the estimates based on the 

data from the Dye-3 ice core (Synal et al., 1990). They attributed it to storage and recycling of 

chlorine (including bomb-produced 
36

Cl) in the biosphere, which has been suggested by 

recent studies (Cornett et al., 1997; G.M. Milton et al., 1997, 2003; J.C.D. Milton et al., 1997; 

Scheffel et al., 1999; Blinov et al., 2000). Contrary to their results, the 
36

Cl fallout rates in 

Germany reconstructed by Tosaki et al. (2007) showed a consistent pattern with the Dye-3 

fallout data. However, no detailed methodological description has been presented in the 

literature for quantitatively estimating groundwater residence time using bomb-produced 
36

Cl. 
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1.4 Purpose and outline of the present study 

This study aims to provide a methodology on the estimation of groundwater residence 

time using bomb-produced 
36

Cl (
36

Cl bomb-pulse dating). This is the first attempt to 

quantitatively utilize bomb-produced 
36

Cl as a dating tool. The obtained results give insights 

into requirements and limitations on the application of this method. 

The methodology has been developed by referring to previous studies on the 
36

Cl bomb 

pulse in ice cores (Chapter 2). The basis of the proposed method was investigated in a 

river-recharged aquifer in the Oderbruch area, Germany (Chapter 4). Bomb-produced 
36

Cl 

was then applied to estimate residence time of spring waters in the Mt. Fuji area, central Japan 

(Chapter 6). For this application, a reference curve of bomb-produced 
36

Cl fallout in Japan has 

been constructed using the depth profile of 
36

Cl concentration in groundwater of the Tsukuba 

Upland (Chapter 5). 
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Figure 1 Atmospheric concentrations or fallout rates of environmental tracers used for 

dating modern groundwaters: 
36

Cl fallout rates at the Dye-3 site, Greenland (Synal et al., 

1990), 
3
H concentration in precipitation at Ottawa, Canada (IAEA/WMO, 2004), atmospheric 


14

C record at Vermunt, Austria (1959–1983; Levin et al., 1994) and Schauinsland, Germany 

(1984–1996; Levin and Kromer, 1997), and atmospheric concentrations of CFC-12, SF6 

(USGS CFC Lab) and 
85

Kr (IAR Freiburg). 
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Chapter 2 Principle of chlorine-36 dating 

 

2.1 Production and distribution of chlorine-36 in the environment 

Chlorine-36 in the environment originates from various sources (Figure 2), which can be 

broadly classified into two categories: natural production and anthropogenic production. 

Natural 
36

Cl is produced in the atmosphere, near the surface and in the subsurface, whereas 

anthropogenic 
36

Cl was produced by nuclear weapons testing in the 1950s and has also been 

released from the activities of nuclear facilities. Mechanisms and characteristics of each 

production are described in the following subsections. 

 

2.1.1 Natural production in the atmosphere 

In the atmosphere, 
36

Cl is mainly produced through spallation of 
40

Ar by energetic 

primary and secondary cosmic rays. Its formation via neutron activation of 
36

Ar is 

quantitatively insignificant as suggested from the cross-section measurement by Jiang et al. 

(1990): ~10% of total atmospheric production (Huggle et al., 1996; Parrat, 1997). 

Contributions from other nuclear reactions (i.e. spallation of potassium and calcium, and 

neutron activation of 
35

Cl) are negligible due to the low abundances of parent isotopes in the 

atmosphere. 

The global mean production rate of 
36

Cl in the atmosphere has been estimated to be 

8.7–22 atoms m
−2

 s
−1

 (Table 1), which is much lower than that of lighter long-lived 

radionuclides produced from nitrogen (N) and oxygen (O) (i.e. 
10

Be and 
14

C). Atmospheric 

production mainly occurs in the stratosphere with the remainder in the troposphere; the 

estimated contribution of stratospheric production ranges from 60–70% (Lal and Peters, 

1967; Oeschger et al., 1970) to ~90% (Huggle et al., 1996; Parrat, 1997) of total production. 
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Most of the 
36

Cl atoms in the stratosphere (~90%) are associated with gaseous HCl (Wahlen 

et al., 1991). 

After production, 
36

Cl leaves the stratosphere and enters the troposphere with a mean 

residence time of about 2 years (Synal et al., 1990). The 
36

Cl produced in the atmosphere is 

mixed with marine-derived stable chlorine (from sea spray), and falls quickly as wet or dry 

deposition onto the earth’s surface. The mean residence time in the troposphere is expected to 

be on the order of weeks, according to the estimates for atmospheric aerosols (Turekian et al., 

1977; Bleichrodt, 1978; Raisbeck et al., 1981). In addition, measurements of 
36

Cl in wet-only 

and bulk precipitation samples showed that dry deposition accounts for ~25% of total 
36

Cl 

deposition (Hainsworth et al., 1994). 

Because of the shielding effect of the earth’s geomagnetic field, production of 
36

Cl in the 

stratosphere is strongly dependent on the geomagnetic latitude (Lal and Peters, 1967). 

Maximum production occurs at the geomagnetic poles where the cut-off rigidity is minimal 

(e.g. Kodama, 1968). However, subsequent fallout of 
36

Cl is expected to follow a totally 

different latitudinal pattern, with greatest deposition at mid-latitudes (Lal and Peters, 1967). 

This pattern is primarily due to the injection of stratospheric air masses into the troposphere, 

which occurs mainly at mid-latitudes (Reiter, 1975; Holton et al., 1995). 

The variation of 
36

Cl fallout with latitude calculated by Bentley et al. (1986a) was based 

on a simplified model proposed by Lal and Peters (1967). Since the global mean production 

rate used by Bentley et al. (1986a) (16 atoms m
−2

 s
−1

) included relatively large contribution 

from neutron activation of 
36

Ar (5 atoms m
−2

 s
−1

), Andrews and Fontes (1992) proposed to 

revise the Bentley et al. model, that is, to use the original Lal and Peters model. However, 

recent studies calculated the global mean production rate as ~20 atoms m
−2

 s
−1

 (see Table 1). 

Figure 3 shows the revised Lal and Peters model scaled with a global mean production rate of 
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20 atoms m
−2

 s
−1

. 

Atmospheric chloride is mainly of oceanic origin, which decreases exponentially with 

increasing distance from the coast (Eriksson, 1960; Keywood et al., 1997). Therefore, the 

atomic ratio of 
36

Cl to total chloride (
36

Cl/Cl) in precipitation or recharging water is largely 

determined by the latitudinal pattern of atmospheric 
36

Cl fallout and delivery of marine 

chloride. The distribution of 
36

Cl/Cl ratio over the continental United States was estimated by 

Bentley et al. (1986a) using the chloride deposition data from Eriksson (1960). The estimated 

36
Cl/Cl distribution pattern is basically in agreement with measured values for pre-bomb 

groundwaters (Moysey et al., 2003). Similar approach was applied in the southeastern part of 

Australia (Davie et al., 1989). 

 

2.1.2 Natural production near the surface 

Surface production of 
36

Cl takes place in the first few meters of the ground surface (also 

in the ocean surface). The main reactions are spallation of calcium and potassium by 

energetic secondary neutrons, and thermal neutron activation of 
35

Cl in surface rocks. 

Although most types of rock contain only a small amount of 
35

Cl, the relatively large 

neutron-activation cross section of 
35

Cl leads to significant 
36

Cl production. Since cosmic 

rays are generally attenuated by the atmosphere and the upper lithosphere, the production rate 

of 
36

Cl decreases exponentially with depth, and hence is generally negligible below a few 

meters depth. The 
36

Cl production through spallation of 
40

Ar is relatively insignificant, 

because argon is not abundant at the surface. 

Production of 
36

Cl mainly occurs within mineral grains; accordingly, weathering reactions 

are essential processes for such 
36

Cl to move through the unsaturated zone and enter 

groundwater. Andrews et al. (1991) and Andrews and Fontes (1992) suggested that the 
36

Cl 
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released by weathering is more important than atmospheric input in recharge areas of many 

aquifers. However, Phillips (2000) reevaluated its contribution and concluded that surface 

production is insignificant in most temperate regions, except for the area of high elevation. 

 

2.1.3 Natural production in the subsurface 

Virtually all 
36

Cl production in the deep subsurface occurs due to thermal neutron 

activation of 
35

Cl. Because of the relatively large cross section of 
35

Cl, measurable amounts 

of 
36

Cl can be produced through the reaction. Neutron activation of 
36

Ar is infrequent in the 

subsurface due to the scarcity of argon. 

Thermal neutron flux in the deep subsurface arises from the decay of the uranium (U) and 

thorium (Th) decay series radionuclides. The uranium and thorium decay series produce both 

direct fission neutrons and secondary neutrons from alpha particle adsorption or neutron 

emission reactions on light elements such as Al, Na, O, Mg and Si (e.g. Feige et al., 1968). 

The secondary neutrons are more common than fission neutrons in most rocks (Bentley et al., 

1986a). 

 

2.1.4 Anthropogenic production 

In addition to the natural production of 
36

Cl, anthropogenic activities have also produced 

large quantities of 
36

Cl in the environment. Significant amounts of 
36

Cl were produced by 

thermonuclear testing on small islands or barges; the main sources were the explosions on 

barges at Bikini and Eniwetok atolls in 1954, 1956 and 1958 (Zerle et al., 1997). Neutrons 

released from the testing activated 
35

Cl in seawater (Dyrssen and Nyman, 1955). Part of these 

bomb-produced 
36

Cl had reached the stratosphere and spread over the globe. 

High concentrations of 
36

Cl (~6.2 × 10
8
 atoms/L; mean value of 5 samples) were 



14 

measured in precipitation collected at Long Island, New York, USA between 1957 and 1960 

(Schaeffer et al., 1960). In contrast, subsequent measurements of precipitation samples 

collected at La Jolla, California, USA in 1979 (Finkel et al., 1980), and at Tucson, Arizona, 

USA in 1982 (Bentley et al., 1982) showed lower concentrations: 1.8 × 10
6
 atoms/L and 

2.6–3.1 × 10
6
 atoms/L, respectively. These results indicated that the 

36
Cl concentration in 

precipitation had decreased by 1–2 orders of magnitude from 1960 to around 1980. 

Detailed fallout history of 
36

Cl has been preserved in ice cores, e.g. from the Dye-3 site, 

Greenland (6511'N, 4350'W) (Elmore et al., 1982; Suter et al., 1987; Synal et al., 1990), 

showing a 
36

Cl peak in the late 1950s (~7 years prior to the 
3
H peak). Figure 4 gives the 

annual fallout rates of 
36

Cl for 1945–1985 calculated from measured 
36

Cl data, ice density, 

accumulation rates and ice weight by Synal et al. (1990). As the figure shows, the 
36

Cl fallout 

rate has increased from 1950, peaked in the late 1950s by 2–3 orders of magnitude, and 

afterward declined exponentially. The enhanced fallout rate returned to pre-bomb level in 

around 1985. Ice core records of bomb-produced 
36

Cl have been obtained for other locations 

over the globe: the Upper Fremont Glacier, Wyoming, USA (43N) (Cecil and Vogt, 1997; 

Cecil et al., 1998, 1999), the Nangpai Gosum Glacier, Nepal (28N) (Green et al., 2000), the 

Inilchek Glacier, Kyrgyzstan (42N) (Green et al., 2004), the Guliya Ice Cap, China (35N) 

(Green et al., 2004) and Vostok, Antarctica (79S) (Delmas et al., 2004). 

The latitudinal deposition model for atmospheric cosmogenic nuclides’ fallout (Lal and 

Peters, 1967; Figure 3) is an empirically-developed model according to the observed pattern 

in stratospheric fallout of fission products from nuclear tests (e.g. 
90

Sr; Machta, 1959, 1965). 

Hence, the fallout of bomb-produced 
36

Cl is also expected to show a similar latitudinal 

distribution. On the contrary, Phillips et al. (1988) used the observed data for 
185

W (Lockhart 

et al., 1959) to estimate the latitudinal pattern of bomb-produced 
36

Cl fallout. This model, 
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which was later revised by Phillips (2000), also shows greatest deposition at mid-latitudes. 

For simplicity, however, the Lal and Peters model has generally been applied to estimate the 

local bomb-produced 
36

Cl fallout in most of previous studies (e.g. J.C.D. Milton et al., 1997; 

Corcho Alvarado et al., 2005). 

In addition to latitude, precipitation amount may affect fallout rates of bomb-produced 

radionuclides (e.g. Peterson, 1970). Monthly 
36

Cl fallout variation proportional to monthly 

precipitation amount was actually observed for cosmogenic 
36

Cl (Knies et al., 1994). Based 

on Knies et al.’s results, Phillips (2000) proposed a precipitation correction scheme, which 

uses local deviations in precipitation from mean latitudinal precipitation to normalize 

measured 
36

Cl deposition rates. 

However, empirical data over the United States by Moysey et al. (2003) did not exhibit a 

clear correlation between cosmogenic 
36

Cl flux and precipitation, presumably due to other 

controlling factors. Given similar precipitation dependence for bomb-produced 
36

Cl fallout, 

the application of the precipitation correction proposed by Phiilips (2000) will not necessarily 

lead to improvement of results. Therefore, this study does not employ the precipitation 

correction to
 36

Cl deposition. 

Table 2 summarizes the previously measured deposition data of bomb-produced 
36

Cl, 

showing a large variation. These values appeared to be influenced by the combination of the 

above-mentioned factors. The data have been mainly obtained from the depth–concentration 

profile of 
36

Cl in soil. As a result, most of these data are from arid and semi-arid regions. 

Anthropogenic 
36

Cl can also be produced locally through neutron activation of 
35

Cl by 

underground nuclear tests (Ogard et al., 1988; Phillips et al., 1990) and from the activities of 

nuclear facilities (Beasley et al., 1992, 1993). 

 



16 

2.2 Decay dating of very old groundwaters 

This section briefly describes the basic principle of 
36

Cl decay dating in order to 

understand the behavior of 
36

Cl in groundwater. Once in the aquifer, meteoric 
36

Cl due to 

atmospheric production gradually decays with a half-life of 301,000 yr until the 

establishment of secular equilibrium between decay and subsurface production (Figure 5). At 

the same time, the addition of chloride from the aquitard may often occur, which has the 

secular equilibrium 
36

Cl/Cl ratio. 

If these processes are accounted for, the mixing equation is described as follows (Phillips 

et al., 1986): 

 )()e1(e ieieii CCRCRCRRC tt     (1) 

where R is the 
36

Cl/Cl ratio, C is the Cl
−
 concentration, Ri and Ci are the initial values of 

36
Cl/Cl and Cl

−
, Re is the 

36
Cl/Cl ratio at secular equilibrium,  is the decay constant of 

36
Cl 

(2.30 × 10
−6

 yr
−1

), t is the groundwater age. The first term expresses the radioactive decay of 

meteoric (cosmogenic) 
36

Cl, the second term represents the buildup of 
36

Cl due to subsurface 

production, and the third term accounts for the addition of chloride in the aquifer.  

Rearrangement of Equation (1) leads to the following equation to estimate groundwater 

residence time: 

 
)(

)(
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1

eii

e
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RRC
t







. (2) 

This equation does not account for the mixing of subsurface chloride which has the 
36

Cl/Cl 

ratio markedly different from Re. 

Chlorine-36 content in water is usually expressed in two different ways: the 
36

Cl 
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concentration (the number of 
36

Cl atoms in one liter of water), and the 
36

Cl/Cl ratio (the 

atomic ratio of 
36

Cl to stable chlorine). Many processes affect these values: radioactive decay, 

in situ production, addition of chloride, evaporation or dilution, mixing, and ion filtration. 

The 
36

Cl concentration can be affected by evapotranspiration or dilution, subsurface 

production and radioactive decay, and is not changed by the addition of stable chlorine. On 

the contrary, the 
36

Cl/Cl ratio is not affected by evapotranspiration or dilution, while it 

changes with the addition of stable chlorine, subsurface production and radioactive decay. 

Several types of plots using any two components among the 
36

Cl/Cl ratio, the 
36

Cl 

concentration, and the chloride concentration are generally utilized to identify dominant 

processes affecting the 
36

Cl content in groundwater (Bird et al., 1991; Davis et al., 1998; 

Figure 6). 

Determination of the initial 
36

Cl/Cl ratio (Ri) and the secular equilibrium 
36

Cl/Cl ratio (Re) 

is most essential in 
36

Cl decay dating. The initial ratio can be determined by measuring 

long-term precipitation (e.g. Hainsworth et al., 1994; Knies et al., 1994) or shallow 

groundwater which does not include bomb-produced 
36

Cl. However, several problems on the 

determination of the initial value were discussed by Davis et al. (1998). As an example, the 

36
Cl production rate in the atmosphere is usually assumed to have been constant through time, 

whereas paleoenvironmental records from ice cores (Baumgartner et al., 1998) and packrat 

middens (Plummer et al., 1997) suggest that the production rate has undergone some 

variation. 

In contrast, the secular equilibrium ratio can be evaluated from the U and Th contents in 

rocks comprising the aquifer (Andrews et al., 1986; Lehmann and Loosli, 1991). The 

knowledge of such information in study areas is therefore necessary when one attempts to 

apply 
36

Cl decay dating. 
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2.3 Bomb-pulse dating of modern groundwaters 

Any practical method for estimating groundwater residence time using bomb-produced 

36
Cl has not given in previous studies. Hence, this study describes and proposes a possible 

methodology. As most of other age-dating tracers (e.g. CFCs, SF6 and 
85

Kr) require their 

detailed historical concentrations in the atmosphere as a reference, the local fallout history of 

36
Cl has to be estimated prior to the application of bomb-produced 

36
Cl. 

According to Green et al. (2004), the 
36

Cl concentration profiles have almost identical 

shapes for the ice cores from the Dye-3 site (Greenland) (Synal et al., 1990), the Inilchek 

Glacier (Kyrgyzstan) and the Guiliya Ice Cap (China). It can therefore be assumed that the 

fallout pattern of bomb-produced 
36

Cl is essentially uniform at least in the northern 

hemisphere. The local fallout history of bomb-produced 
36

Cl can then be estimated by 

linearly scaling the Dye-3 fallout values (Synal et al., 1990), which is currently the most 

detailed data on the 
36

Cl bomb pulse. 

Several previous studies used latitudinal correction factors based on the Lal and Peters 

model (Figure 3) to estimate local fallout rates of bomb-produced 
36

Cl (e.g. J.C.D. Milton et 

al., 1997; Corcho Alvarado et al., 2005). In these cases, the Dye-3 fallout data were directly 

scaled and the difference in latitudinal distributions of bomb-produced 
36

Cl and cosmogenic 

36
Cl has not been considered. However, results of 

36
Cl measurements in several ice cores 

suggest some differences (Green et al., 2000). Therefore, the present study deals with these 

two components separately. 

The scaling factor (SF) defined here is the ratio of bomb-produced 
36

Cl fallout for a given 

area to that for the Dye-3 site. It accounts for the difference in fallout rates mainly due to the 

differences in latitude and precipitation amount. The simplest approach for obtaining a SF 

value is to compare total bomb-produced 
36

Cl depositions between two sites (i.e. the site of 
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interest and the Dye-3 site). An estimate of total deposition can be obtained from ice core, 

soil and groundwater profiles (Table 2). 

The 
36

Cl flux for 1560–1920 AD at the Dye-3 site is 20 ± 6 atoms m
−2

 s
−1

 (Synal et al., 

1994), which can be taken as the natural background flux. This value is subtracted from 

annual values for 1945–1985 (Synal et al., 1990) to obtain yearly values of bomb-produced 

36
Cl fallout at the Dye-3 site. If a SF value is obtained for a given area, the Dye-3 values can 

be linearly scaled to predict the local fallout history of 
36

Cl. 

To allow comparison with measured 
36

Cl/Cl ratios of groundwater samples, the 
36

Cl 

fallout values has to be converted to the 
36

Cl/Cl unit. The following mass balance equation 

can be used to derive the 
36

Cl/Cl ratio (Andrews et al., 1994; Fontes and Andrews, 1994): 

 
45.35/10022.610

10156.3
23
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where R is the measured 
36

Cl/Cl ratio, F is the 
36

Cl fallout (atoms m
−2

 s
−1

), P is the mean 

annual precipitation (mm), and Cp is the Cl
−
 concentration in the precipitation (mg/L). 

Similar mass balance relationship holds for the 
36

Cl concentration as follows (Andrews et al., 

1986; Fontes and Andrews, 1994): 

 
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 (4) 

where A is the 
36

Cl concentration, E is the mean annual evapotranspiration rate (%). 

Equation (3) enables the derivation of the tentative 
36

Cl/Cl time series contributed only 

from bomb-produced component. Finally, the 
36

Cl/Cl time-series variation is obtained by 

adding the the natural background value. It can be determined from the lower limit of 



20 

measured 
36

Cl/Cl ratios in groundwater at a given study site, which have not been affected by 

bomb-produced 
36

Cl. As a consequence, a time-series variation of 
36

Cl can be estimated for a 

study area. If piston flow is reasonably assumed, comparison between the predicted 

time-series variation and measured 
36

Cl/Cl ratios gives estimates of groundwater residence 

times. 
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Table 1 

Previously calculated estimates of the global mean 

production rate of 
36

Cl in the atmosphere 

 

Production rate Reference 

(atoms m
−2

 s
−1

)  

11 Lal and Peters (1967) 

22 Oeschger et al. (1970) 

 8.7 O’Brien (1979) 

19 Blinov (1988) 

11.8 Masarik and Reedy (1995) 

19 Huggle et al. (1996) 

20 Parrat (1997) 

18.8 Masarik and Beer (1999) 

16 Lazarev (2003) 
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Table 2 

Measured total depositions of bomb-produced 
36

Cl in different locations 

 

Location Latitude 
36

Cl fallout Precipitation Profile Reference 

  (10
12

 atoms/m
2
) (mm/yr)   

Dye-3, Greenland 65°N 2.4  ,500* Ice core Synal et al. (1990) 

Hanford, WA, USA 47°N 1.1–2.5  ,160–210 Soil Prych (1998) 

Borden, ON, Canada 44°N 5.75 1,000† Groundwater Bentley et al. (1982) 

Yucca Mountain, NV, USA 37°N 6.0 ± 1.1  ,150 Soil Norris et al. (1987) 

Socorro, NM, USA 34°N 0.7–0.9  ,250* Soil Phillips et al. (1988) 

Las Cruces, NM, USA 32°N 2.5  ,230 Soil Phillips et al. (1988) 

Hueco Bolson, TX, USA 31°N 2.5  ,280 Soil Scanlon et al. (1990); Scanlon (1992) 

Murbko, SA, Australia 34°S 0.4  ,260 Soil Cook et al. (1994) 

Borrika, SA, Australia 35°S 1.3–2.4  ,340 Soil Cook et al. (1994) 

Naracoorte Ranges, SA, Australia 36–37°S 1.2–2.3  ,500–650 Soil Walker et al. (1992); Cook et al. (1994) 

* Data from Phillips (2000). 

† Data from J.C.D. Milton et al. (1997). 
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 Figure 2 Production of 
36

Cl in the environment
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Figure 3 Latitudinal variation of 
36

Cl fallout. Predicted latitudinal pattern is from Lal and 

Peters (1967). The global mean production rate (Pavg) was assumed to be 20 atoms m
−2

 s
−1

 

(see Table 1). 
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Figure 4 
36

Cl fallout history measured at the Dye-3 site, Greenland. Fallout rates of 
36

Cl 

were deduced from the Dye-3 ice core profile spanning 1945–1985 (Synal et al., 1990). 
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Figure 5 Variation of 
36

Cl/Cl ratio with time due to decay of cosmogenic input and to 

subsurface production (modified from Fontes, 1989; Mahara et al., 2006). The values of 100 × 

10
−15

 and 5 × 10
−15

 were assumed for the initial 
36

Cl/Cl ratio (Ri) and the secular equilibrium 
36

Cl/Cl ratio (Re), respectively. 
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Figure 6 Physical and chemical processes affecting 
36

Cl/Cl ratios and Cl
−
 concentrations 

(after Bird et al., 1991; Davis et al., 1998). 
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Chapter 3 Measurement of chlorine-36 

 

3.1 Sample preparation 

For the measurement of 
36

Cl, water samples were prepared as silver chloride (AgCl). 

Since the isobar 
36

S (natural abundance 0.02%; Firestone and Shirley (eds.), 1996, p. 113) 

severely interferes with the 
36

Cl measurement by AMS, chemical reduction of sulfur is of 

major importance in preparing AgCl samples. Removal of sulfur (in the form of SO4
2−

) can 

be achieved by precipitation of BaSO4 (e.g. Conard et al., 1986), by differential elution from 

an anion exchange resin (Vogt and Herpers, 1988), and by absorption onto a cation exchange 

resin (in the form of BaSO4) (Jiang et al., 2004). The sample preparation scheme described 

here (Figure 7) has been developed according to standard procedures (e.g. Conard et al., 

1986). The main part of the scheme including sulfur reduction process was performed in an 

air-conditioned room to prevent additional sulfur contamination and also under dark 

conditions to avoid the photolytic decomposition of AgCl. 

Before the first step shown in the figure, groundwater and precipitation samples with low 

Cl
−
 concentration are often required to be concentrated either by evaporative concentration, 

vacuum distillation (e.g. Conard et al., 1986), or anion exchange (e.g. Vogt et al., 1994). The 

present study employed an anion exchange column method because it can readily process 

large-volume samples with minimal risk of contamination from the atmosphere. 

An ion exchange system was originally developed in order to further increase the 

processing efficiency. This system includes a pump (Masterflex No. 7553-80, Cole-Parmer) 

with four pump heads and anion exchange columns. Each pump head uses Tygon tubing 

(inner diameter 3.1 mm) to transport the sample into a column. The employment of this 

system enabled simultaneous processing of four samples, and reduced time for sample 
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pretreatment. 

As an anion exchange column, approximately 20 mL (wet volume) of AG 4-4X anion 

exchange resin in the free-base form (100–200 mesh; Bio-Rad Laboratories) was used with a 

60 mL Bond Elute column (Varian). The resin was cleaned by passing 4 M HNO3 through the 

column. After being neutralized with Milli-Q water (resistivity greater than 18 M·cm; 

Millipore), the resin was conditioned with 0.5 M NH4OH and 2 M NH4OH, and was 

neutralized again with Milli-Q water. 

All samples were filtered through 0.20 m (DISMIC-25cs, Advantec) or 0.45 m 

(JHWP04700, Millipore) filters. The Cl
−
 concentrations of aliquots were determined by ion 

chromatography. Water samples containing ~1 mg of Cl were prepared for the 
36

Cl 

measurement. After filtration, the samples greater than ~150 mL were acidified with 0.6 mL 

of 13 M HNO3, and were run through an anion exchange resin. Chlorine was then eluted 

from the resin with 30 mL of 3 M HNO3. In contrast, the samples less than ~150 mL were 

acidified with 0.5 mL of 13 M HNO3 after filtration. The AgCl can then be directly 

precipitated from the solution. 

The samples were henceforth processed according to the steps shown in Figure 7. The 

AgCl was precipitated by adding excess AgNO3, and was separated by centrifugation. The 

AgCl precipitate was once dissolved in 3 M NH4OH and saturated Ba(NO3)2 solution was 

added to the solution. It was allowed to stand overnight in an oven at ~60°C, in order to 

effectively precipitate SO4
2−

 as BaSO4. This precipitate was removed by filtration with a 0.20 

m membrane filter, and the filtrate was acidified by the addition of 13 M HNO3 to 

precipitate AgCl again. 

The sample was purified by repeating precipitation of AgCl with HNO3 and dissolution in 

NH4OH. In order to further exclude remaining impurities, the AgCl precipitate was washed 



30 

with Milli-Q water three times and with 99.5% C2H5OH twice using ultrasonic vibration. The 

AgCl was then dried in the oven at 130°C for 3 hours. The overall chemical yield of chlorine 

was, on the average, about 80%. For subsequent 
36

Cl-AMS, a benzene solution saturated with 

fullerene (C60) was added to each sample (~5 L per 1 mg of AgCl) and the sample was 

re-dried just before the target pressing. 

 

3.2 Accelerator mass spectrometry 

Accelerator mass spectrometry (AMS) is an ultra-sensitive mass spectrometry technique 

usually based on a tandem Van de Graaff accelerator. Instead of measuring radioactive decay 

rates, AMS directly counts the number of atoms in a sample and enables measurements of 

several long-lived radionuclides, e.g. 
10

Be (half-life 1.36  10
6
 yr), 

14
C (5730 yr), 

26
Al (7.05  

10
5
 yr), 

36
Cl (3.01  10

5
 yr) and 

129
I (1.57  10

7
 yr), at very low abundances (10

−12
–10

−15
) in 

extremely small samples (<1 mg). 

In the late 1970s, Muller (1977) proposed that long-lived radioisotopes could be separated 

and directly detected using a cyclotron. It was soon followed by measurements of 
14

C with 

tandem Van de Graaff accelerators (Bennett et al., 1977; Nelson et al., 1977; Purser et al., 

1977). Shortly afterward, Elmore et al. (1979) successfully detected 
36

Cl in surface waters and 

groundwaters by using AMS. This technique was then applied to the measurements of 

Antarctic ice, rainwater, seawater and meteorites (Nishiizumi et al., 1979; Finkel et al., 1980). 

Subsequent widespread applications of AMS in numerous scientific research fields, including 

e.g. archaeology, geology, hydrology and environmental sciences, have been extensively 

reviewed by Elmore and Phillips (1987), Finkel and Suter (1993), Tuniz et al. (1998), and 

Fifield (1999). 

In the present study, the 
36

Cl/Cl ratios of the samples were measured with the AMS 
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system at the Tandem Accelerator Complex, University of Tsukuba (Tsukuba AMS system). 

The Tsukuba AMS system consists of an original Cs sputtering ion source, the 12UD 

Pelletron tandem accelerator (National Electrostatics Corporation), and an AMS beam line 

(Figure 8). Because of the advantage of a high terminal voltage (~11 MV), the system is 

especially suited for the detection of heavier nuclides including 
26

Al and 
36

Cl (Sasa et al., 

2007). 

At the Tsukuba AMS system, a molecular pilot beam is used to stabilize the terminal 

voltage of the tandem accelerator; the tri-carbon molecular ion (
12

C3
−
) is used as a pilot beam 

for 
36

Cl-AMS (Nagashima et al., 2000; Sasa et al., 2007). Due to the addition of the saturated 

fullerene solution to each sample, 
12

C3
−
 ions are produced in the ion source concurrently with 

Cl
−
 ions. Stable 

35
Cl

−
 ions are measured as a current using a Faraday cup after a 120 magnet 

just downstream of the ion source, while the 
36

Cl
−
 ions of interest are pre-accelerated with 

12
C3

−
. 

Following pre-acceleration, the negative ions with a mass of 36 are injected into the 

accelerator through a 90° inflection magnet. The negative ions are accelerated by a large 

positive voltage of 10 MV at the high voltage terminal, where they interact with a carbon foil 

(1st stripper foil). Collisions with the foil remove electrons from the ions, causing the 

molecular ions (including 
12

C3
−
) to dissociate and producing positive atomic ions (charge 

changing reaction). 

The positive voltage at the terminal, in turn, repels the positive ions, and makes them go 

through a second stage of acceleration. After passing the accelerator, the ions are bent 

through a 90° analyzing magnet that selects 
36

Cl
9+

 and 
12

C
3+

 ions. As mentioned previously, 

the beam current of 
12

C
3+

 measured at an image slit just after the analyzing magnet is used for 

the terminal voltage stabilization. 
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The ions pass through a switching magnet and enter the AMS beam line. These ions 

undergo a second step of charge changing by another carbon foil (2nd stripper foil). The 

36
Cl

14+
 ions are transported to a E–E detector by an electrostatic deflector (energy selector) 

and a 45° magnet (momentum selector), while 
12

C ions are deflected from the main beam 

path. 

The detector provides measurements of the energy loss (E) of ions in the counter gas 

(isobutane), and the residual energy (E). Since ions of different atomic number lose their 

energy at different rates, the E–E plot permits the separation of the isobar (
36

S). As shown in 

Figure 9, 
36

Cl
14+

 ions are clearly distinguished from the 
36

S
14+

 background. 

The relative ratio of 
36

Cl
14+

/
35

Cl
−
 (counts/C) derived from such measurements of a 

sample is normalized to that obtained for a standard sample yielding the 
36

Cl/Cl ratio of the 

sample as shown by the following equation:  

 
standard

sample

standardsample
RR

RR
RR   (5) 

where Rsample and Rstandard are the 
36

Cl/Cl ratios for the sample and that for the standard, 

respectively, and RRsample and RRstandard are the relative ratios of 
36

Cl
14+

 to 
35

Cl
−
 (counts/C) 

for the sample and that for the standard, respectively. The standard samples used in this study 

are the diluted NIST 
36

Cl standards (
36

Cl/Cl = 1.000 × 10
−11

 or 4.47 × 10
−11

; Sharma et al., 

1990; Nagashima et al., 2004). 

The 
36

Cl/Cl ratio of the sample is then subjected to the background correction using the 

ratio of a chemical blank prepared from NaCl reagent. The overall precision of the system is 

better than 5%, and the background level of 
36

Cl/Cl measurement is ~5 × 10
−15

. The obtained 

36
Cl/Cl ratio of the sample includes statistical error derived from uncertainties (1) of the 
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sample, the standard and the blank. 

In this study, the 
36

Cl data are basically used in the form of 
36

Cl/Cl ratios; these ratios are 

used in further discussion rather than 
36

Cl concentrations in order to minimize the possible 

influences of dilution and/or evaporation processes on the interpretation of the results. 
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 Figure 7 Sample preparation scheme for 
36

Cl-AMS. 
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 Figure 8 Schematic diagram of the Tsukuba AMS system. 
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Figure 9 Two-dimensional spectra of energy loss versus residual energy showing the 

separation of 
36

Cl from 
36

S. (A) Standard sample (
36

Cl/Cl = 1 × 10
−11

). (B) River water sample 

(Oder, 
36

Cl/Cl = 5 × 10
−14

). (C) Blank sample (
36

Cl/Cl = 4 × 10
−15

). 
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Chapter 4 Distribution of bomb-produced chlorine-36 in groundwater 

 

4.1 Study area 

The Oderbruch is a large polder (reclaimed land) area which is located in the northeastern 

part of Germany (Figure 10). At the east side of the area, the Oder River flows northward on 

the border between Germany and Poland into the Baltic Sea. The Oder River begins in the 

Oder Mountains of the Czech Sudeten in the eastern part of Czech Republic. The Oderbruch 

has a dry climate characterized by a mean annual precipitation of 434 mm (1951–1980) 

(Massmann, 2002) and a high evapotranspiration rate (greater than precipitation). 

Hydrogeology and groundwater chemistry of the Oderbruch area have been intensely 

investigated (Massmann, 2002; Massmann et al., 2003, 2004; Sültenfuß and Massmann, 

2004). Surface elevation of the investigated area is 2–3 m above sea level. The area lies 

mainly below the river water level, and the river base is highly permeable because it consists 

of coarse sand and gravel. Consequently, river water is permanently infiltrating into the 

shallow aquifer as shown in Figure 11. 

The aquifer consists of fine to medium-sized sands and the thickness is about 20–30 m on 

the average. It is underlain by a glacial till (thickness ~120 m) and overlain by an alluvial 

loam (thickness 0.4–4.0 m). Along the river banks of the area, the aquifer is confined up to 

about 3 km inland (Figures 10 and 11) and recharged by river water infiltration only. 

 

4.2 Sampling and analyses 

Groundwater sampling points are located along the major groundwater flow direction in 

the confined areas (Figure 10). At each point, groundwater samples were obtained from 

piezometers at two depths (5–7 m and 19–21 m below ground surface). These depths 
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correspond to upper and lower parts of the aquifer (Figure 11). The samples obtained in 

March 2006 include 16 groundwater samples and one river water sample from the Oder 

River.  

In addition to 
36

Cl analysis, major anions (Cl
−
, SO4

2−
, NO3

−
) were measured by an ion 

chromatography (Ion Analyzer IA-100, Dkk-Toa). Dissolved silica (SiO2) concentrations 

were determined with an ICP-AES system (ICAP-757, Nippon Jarrell-Ash) at the Chemical 

Analysis Division, Research Facility Center for Science and Technology, University of 

Tsukuba. All samples for ion chromatography and ICP-AES analyses were filtered through a 

0.20 m membrane filter. 

 

4.3 Water chemistry 

Table 3 presents the results of major anion concentration analysis. Concentrations of 

major cations (Na
+
, K

+
, Mg

2+
, Ca

2+
) and bicarbonate (HCO3

−
) were also included in the table 

(G. Massmann, pers. comm.). 

As shown in Figure 12, the Cl
−
 concentrations decrease from ~120 mg/L to ~20 mg/L 

with increasing distance from the Oder River. One possible cause of the decrease is mixing 

between the groundwater and infiltrating water from the surface. Although the aquifer is 

essentially confined up to the point No. 8 (Figure 10), the groundwater can be recharged to 

some extent by infiltration through the unsaturated zone (50–70 mm/yr; Massmann, 2002).  

The Cl
−
 concentration in the infiltrating water would be 2.1–9.5 mg/L. These values were 

calculated from 434 mm of mean annual precipitation (Massmann, 2002) with 0.34–1.1 mg/L 

of Cl
−
 concentration (southern Germany; Scheffel et al., 1999), and 50–70 mm of mean 

annual recharge rate (Massmann, 2002). The mixing rate of the infiltrating water would be 

85–90%, when the infiltration is responsible for all of the reduction in Cl
−
 concentrations. 
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However, the mean annual recharge rate (50–70 mm) is very small compared to the 

thickness of the aquifer (~20 m; Figure 11). Accordingly, the mixing of 85–90% of the 

infiltrating water should not have occurred. Other phenomena such as change in Cl
−
 

concentration of the Oder River may have caused the variation. 

The possible mixing rate of the infiltrating water would be ~18% as calculated from 70 

mm/yr of recharge rate for 50 years (as discussed later) and 20 m of the thickness of the 

aquifer. In this case, Cl
−
 derived from the infiltrating water is only 0.4–1.7% of total Cl

−
 in 

the groundwater. This contribution would not cause serious effect to the original 
36

Cl/Cl ratio. 

Therefore, any influence of the infiltrating water does not appear to be a significant driver of 

the observed variations of the 
36

Cl/Cl ratios. 

Figure 13 describes the distribution of SiO2 concentrations. Especially for the deep wells, 

SiO2 concentrations steadily increase with the distance from the Oder River. It suggests again 

that the contribution of the infiltrating water is of minor importance. Hence, the variation of 

Cl
−
 concentration may have been caused by temporal variation of Cl

−
 concentration in the 

river water. 

An increasing trend of Cl
−
 concentration has been observed in the upper part of the Oder 

River (Absalon and Matysik, 2007). This trend was possibly caused by the inflow of saline 

waters from coal mine drainage (due to the dewatering of mines) in the territories of Poland 

and the Czech Republic (Absalon and Matysik, 2007). The Cl
−
 concentration in the upper 

Oder River has reached the maximum of 1,600 mg/L over a distance of about 200 km (Helios 

Rybicka, 1996). The mixing of saline waters is, hence, the most likely cause of the Cl
−
 

concentration variation in the groundwater. This influence has to be accounted for in the 

following analysis of 
36

Cl/Cl distribution. 

In addition, variable SiO2 concentrations for the upper part of the aquifer (Figure 13) 
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suggest a relatively complex flow pattern. On the contrary, a rather simple flow pattern can 

be expected for the lower part, from steadily increasing SiO2 concentrations along the 

distance from the Oder River. Distribution of hydraulic head estimated from a hydraulic 

model by Massmann (2002) supports these conditions. Hence, further analysis and discussion 

focus on the lower part of the aquifer. 

 

4.4 Distribution of bomb-produced chlorine-36 in groundwater 

Table 4 lists measured 
36

Cl data along with 
3
H/

3
He data from G. Massmann (pers. comm.). 

Figure 14 shows the 
36

Cl/Cl ratios and the initial tritium concentrations (sum of 
3
H and 

tritiogenic 
3
He) plotted against the distance from the Oder River. As can be seen from the 

figure, the 
36

Cl/Cl ratios and the initial tritium concentrations showed similar variations with 

the distance from the Oder River (i.e. along the major groundwater flow direction). High 

values were clearly observed up to ~3 km away from the Oder River, which were derived 

from the 
36

Cl and 
3
H bomb pulses. 

The range of time scale investigated was provided by the results of 
3
H/

3
He dating. In this 

case, the groundwater residence time indicates the length of time after infiltration of river 

water. The 
3
H/

3
He ages were calculated as follows (Tolstikhin and Kamenskiy, 1969): 

 














H][

]He[
1ln

2ln 3

trit

3

2/1T
t  (6) 

where t is the 
3
H/

3
He age (yr), T1/2 is the half-life of 

3
H (12.32 yr), [

3
H] is the 

3
H 

concentration (TU), and [
3
Hetrit] is the tritiogenic 

3
He concentration (TU). According to the 

results, the residence times of these groundwater samples range from a few years to ~50 years 

(G. Massmann, pers. comm.; Table 4). 
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In order to account for the mixing effect of saline water as mentioned in the previous 

section, the following two-component mixing model was employed: 

 
BA

BBAA

BA

ABBA

)(

)(

CC

RCRC

CCC

RRCC
R









  (7) 

where R and C are the 
36

Cl/Cl ratio and the Cl
−
 concentration in water after mixing, 

respectively, RA and CA are the 
36

Cl/Cl ratio and the Cl
−
 concentration in water A, 

respectively, and RB and CB are the 
36

Cl/Cl ratio and the Cl
−
 concentration in water B, 

respectively. In the present case, water A is the original water before mixing, and water B is 

saline water. Rearrangement of Equation (7) leads to the following equation: 

 
)(

)()(

BA

ABBBA
A

CCC

CCCRCCRC
R




 . (8) 

The 
36

Cl/Cl ratio of the original water (RA) can be estimated from Equation (8). The CA was 

assumed to be in the range of 5–20 mg/L. The minimum value of 5 mg/L was calculated from 

the assumed Cl
−
 concentration in precipitation of 1 mg/L (cf. 0.34–1.1 mg/L; southern 

Germany; Scheffel et al., 1999) and estimated evapotranspiration rate of 80% (as described 

later). The maximum value of 20 mg/L is according to the lowest Cl
−
 concentration among 

the samples (Table 3). The 
36

Cl/Cl ratio in the present river water, (5.4 ± 0.5) × 10
−14

, was 

used as RB, assuming it reflects the 
36

Cl/Cl ratio in saline waters. The CB was assumed to be 

10,000 mg/L. 

Figure 15 shows the calculation results for the lower part of the aquifer. Since the 
36

Cl/Cl 

ratio of 1D, (4.6 ± 0.4) × 10
−14

, is lower than the assumed RB, it was excluded from the 

calculation. For the samples 6D, 7D and 8D, the calculated Cl
−
 concentrations would be 
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reliable, since their lower Cl
−
 concentrations indicate less influence from saline waters (Table 

3). Conversely, higher concentrations for the remaining samples suggest that the calculation 

can lead to erratic results. The natural background 
36

Cl/Cl ratio can be estimated to be in the 

range of 0.8–1.5 × 10
−13

 from the corrected 
36

Cl/Cl ratio of the sample 8D (Figure 15). 

 

4.5 One-dimensional transport model simulation 

In order to relate the measured 
36

Cl concentrations in groundwater to the fallout history of 

bomb-produced 
36

Cl, the distribution and transport of tracers in groundwater were simulated 

according to the approach described in Balderer et al. (2004). This analysis employed the 

following analytical solution of a one-dimensional advection–dispersion equation (e.g. Bear, 

1979, p. 266): 

 






 


tD

tvx

tD

nC
txC

l

a

l

e

4

)(
exp

)4(

/
),(

2

2/1

0


 (9) 

where t is the length of time after the input of tracer, x is the transport distance of tracer along 

the groundwater flow path, C(x, t) is the tracer concentration at a distance x at time t, C0 is the 

input tracer concentration, va (= vr × ne) is the advective flow velocity (Darcy velocity), vr is 

the real velocity (linear velocity), ne is the effective porosity, Dl (=  × vr) is the longitudinal 

dispersion coefficient, and  is the longitudinal dispersivity. 

The input functions for 
3
H and 

36
Cl in river water at the time of infiltration were deduced 

using the following exponential mixing model (Maloszewski and Zuber, 1982):  

 



0

inout d)exp()()()(  gtCtC , (10) 
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 









 *
exp

1
)(

TT
g


  (11) 

where t is the time, Cout(t) and Cin(t) are the output and input tracer concentrations, 

respectively,  is the integration variable representing the transit time distribution resulting 

from different flow times, g(t) is the transit time distribution function (response function), T
*
 

is the mean transit time of tracer, and  is the decay constant for radioactive tracers. The 

response function is defined as the output distribution resulting from an instantaneous 

injection of the tracer at the input (recharge area). The only or the main parameter of each 

response function is the mean transit time of tracer (T
*
). 

The period of calculation is from 1945 to 2006. Raw input data used in the analysis are 

the 
3
H concentrations in precipitation at Hof, central Germany, near the Czech border. Yearly 

values from 1962 to 1997 were obtained by averaging monthly data for each year 

(IAEA/WMO, 2004), whereas the values for 1953–1961 were estimated using the linear 

correlation with the data at Ottawa, Canada for 1962–1997 (IAEA/WMO, 2004). For the 

periods 1945–1952 and 1998–2006, concentrations were assumed to be 8.8 TU (
3
H 

concentration in the present river water; Table 4). After subtraction of the natural background 

level (8.8 TU), bomb-derived concentrations were used as Cin(t) in Equation (10) (Figure 16). 

In the case of 
36

Cl, concentrations in recharging water were estimated from the fallout 

history at the Dye-3 site, Greenland (Synal et al., 1990) by using Equation (4). For mean 

annual precipitation (P) and mean annual evapotranspiration rate (E), approximate values 

were estimated using precipitation and evaporation distribution maps (P = 600 mm, E = 80%; 

Baumgartner and Reichel, 1975, Supplement p. 5, Europe (West) P and E). Subtraction of the 

natural background (3.5 × 10
6
 atoms/L) derived input values of bomb-produced 

36
Cl (Figure 
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16). This natural background concentration was calculated from Equation (4) with the natural 

background flux of meteoric 
36

Cl at the Dye-3 site (20 atoms m
−2

 s
−1

; Synal et al., 1994). 

In a similar study in the Danube River basin (Balderer et al., 2004), the value ‘3 yr’ was 

used as the mean transit time of tracer (T
*
). This value had been estimated from the time 

series of 
3
H concentration in the Danube River (Rank et al., 1996). The same value can be 

assumed in this study, because of the similarity in situations, such as the distance along the 

flow path from the upper part of the river to the infiltration point in the Oderbruch area. Then 

Cout(t) values for the two tracers were calculated from Equation (10) (Figure 17). 

The output values of exponential mixing were then used as the input functions for the 

one-dimensional advection–dispersion transport model (C0 in Equation (9)). The effective 

porosity (ne) used here is 0.2 according to Massmann (2002). Superposition of each 

concentration from 1-yr input values generated total tracer concentrations at a distance x at 

time t. Addition of the natural background concentrations led to the simulated tracer 

concentrations. 

Optimal values for vr and  were determined by fitting the simulated 
3
H concentrations to 

measured data. Since an  value of 10 m was presented by Massmann (2002) for the 

investigated aquifer, markedly small values (by about one order of magnitude) were not 

adopted. As a result, the deduced parameters are vr = 300 m/yr and  = 3 m. With regard to 

36
Cl, output concentrations were converted to the 

36
Cl/Cl ratio assuming conservation of 

chloride during the transport. 

Figure 18 illustrates the results of the model simulation compared with the measured data. 

In the case of 
3
H, the simulated concentrations are lower than the measured concentrations 

around the peak value. This is possibly due to the fact that the raw input data used here (
3
H 

concentrations in precipitation) are simple arithmetic means of monthly values for each year. 
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The lack of several monthly data may have also induced some errors especially near the 

bomb peak period. 

These parameters were then used to simulate the distribution of 
36

Cl/Cl ratios in the 

aquifer. The Dye-3 data used as inputs were scaled by multiplying a factor. Simulated tracer 

concentrations were fitted to the three reliable measured values (6D, 7D and 8D as mentioned 

previously) by changing a factor for the input data. The analysis using the corrected 
36

Cl/Cl 

ratios for CA = 20 mg/L in Equation (8) (Figure 15) led to a scaling factor (SF) of 0.30 

(Figure 18). The calculation for CA = 5 mg/L increased the resultant SF value from 0.30 to 

1.22 (Figure 18). 

 

4.6 Estimation of 
36

Cl/Cl time series 

The time-series variation of 
36

Cl/Cl in the Oder River basin can be estimated with the 

obtained SF values of 0.30–1.22. As described in Section 2.3, the fallout history of 

bomb-produced 
36

Cl at the Dye-3 site (Synal et al., 1990, 1994) was scaled with the obtained 

SF values. The fallout values were then converted to the 
36

Cl/Cl ratio using Equation (3). The 

mean annual precipitation (P) used here is 434 mm (Massmann, 2002), and Cp was assumed 

to be 1 mg/L. The natural background 
36

Cl/Cl ratio was assumed as 5 × 10
−14

, which is the 

mean 
36

Cl/Cl ratio for the pre-bomb period in the Rheingau region, western Germany (Priller 

et al., 1990). Figure 19 shows the estimated time-series variation of 
36

Cl/Cl ratio in the Oder 

River basin. 

 

4.7 Discussion 

In Figure 19, the estimated time-series variation of 
36

Cl/Cl ratio is compared with the 

36
Cl/Cl ratios of the wine samples from the Rheingau region spanning 1930–1980 (Priller et 
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al., 1990). Also included in the figure is an estimated curve with a SF value of 2.3 based on 

the latitudinal distribution model by Lal and Peters (1967). Priller et al.’s results have been 

interpreted as reflecting the 
36

Cl/Cl ratios of soil waters in each sampled year. Hence, the 

wine values include the effect of water residence time in the vineyard soil as well as variation 

of 
36

Cl fallout itself. In light of this effect, an estimated curve using a SF value between 0.30 

and 1.22 will be in satisfactory agreement with the data from the wine samples. While the 

curve with the SF value of 2.3 obviously exceeds the wine values. 

In river-recharged aquifers like the Oderbruch aquifer, chloride in groundwater originates 

from a vast recharge area in the river basin. Hence, chloride of other than meteoric origin (i.e. 

artificial origin) may often influence chloride concentration in groundwater. In these cases, 

influence of chloride addition is rather difficult to quantify accurately. Results would be 

therefore accompanied by a certain range of uncertainty. 

Even allowing for uncertainty in chloride concentration, the measured wine data fall in 

the range of estimated results from simulating the distribution of 
36

Cl in the aquifer. In 

contrast, the application of the Lal and Peters (1967) model leads to higher SF values, which 

seem to overestimate the actual time-series variation of 
36

Cl/Cl. This suggests that such an 

over-simplified model is not suitable for estimating the fallout pattern of bomb-produced 
36

Cl. 

The results may also imply that the local SF value can be obtained by measuring 
36

Cl in 

systematically-sampled groundwaters. 

Most of the previous estimates of total bomb-produced 
36

Cl fallout have been obtained 

from the 
36

Cl concentration profile in soil in arid or semi-arid regions (Table 2). In temperate 

regions, however, the 
36

Cl bomb pulse had already passed through the unsaturated zone into 

groundwater. Therefore, groundwater is the only available archive of bomb-produced 
36

Cl 

fallout. Total fallout of bomb-produced 
36

Cl has been obtained from groundwater in favorable 
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conditions (e.g. Bentley et al., 1982). 

As shown in this study, simulation of tracer transports (
36

Cl and 
3
H) in a simple 

groundwater system can also allow estimation of bomb-produced 
36

Cl fallout. Estimation of 

the 
36

Cl/Cl time series by using such archives in a given region, in turn, will enable 

bomb-produced 
36

Cl to be applied as a dating tool for groundwater in the region. 

 

4.8 Summary 

The 
36

Cl/Cl distribution in groundwater was investigated in the Oderbruch aquifer, 

northeastern Germany. The groundwater is recharged by the Oder River, which appeared to 

be affected by saline waters from mining activities. After correcting the mixing effect using 

the two-component mixing model, a one-dimensional advection–dispersion equation was 

employed to simulate the distributions of 
3
H and 

36
Cl in groundwater. The parameters 

determined through the distribution of 
3
H were used to simulate the 

36
Cl distribution. 

Simulated values were fitted to the corrected 
36

Cl/Cl ratios by changing the factor for the 

Dye-3 data used as inputs. This analysis derived SF values in the range of 0.3–1.22. The 

time-series variation of 
36

Cl/Cl in the Oder River basin was estimated using these factors and 

compared with the 
36

Cl/Cl ratios in wine samples from the Rheingau region, western 

Germany. 

These are in satisfactory agreement, whereas the application of the well-known latitudinal 

dependence of nuclides’ fallout tends to overestimate the time series. This suggests that such 

an over-simplified model is not suitable for estimating the fallout pattern of bomb-produced 

36
Cl. The results may also imply that the local SF value can be obtained by measuring 

36
Cl in 

systematically-sampled groundwaters. Simulation of tracer transports (including 
36

Cl) in a 

simple groundwater system can lead to estimation of local bomb-produced 
36

Cl fallout (and a 
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scaling factor). If the 
36

Cl/Cl time series is predicted in a given region by using a SF value, 

residence time of groundwater can be estimated from bomb-produced 
36

Cl.



 

4
9

 

Table 3 

Chemical composition of the Oderbruch groundwaters 

 

Sample Sample type Distance Na
+
* K

+
* Mg

2+
* Ca

2+
* Cl

−
 SO4

2−
 NO3

−
 HCO3

−
* SiO2 

  (m) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) 

Oder River water    0 64.2  6.7 13.5  78 116.4   98.9  15.6  158  11.9  

1S Shallow groundwater  181 57.6  7.3 13.0  77 110.0  104.9   0.0  170  10.2  

2S Shallow groundwater  766 52.4  0.7  9.5  85  99.5   98.6   0.0  183  18.4  

3S Shallow groundwater 1134 32.2  1.4  6.9  65  68.7   34.5   0.0  208  21.5  

4S Shallow groundwater 1719 76.0 32.5 30.0 220 187.1  387.1   0.0  323  17.5  

5S Shallow groundwater 2142 32.3  2.4 12.4  98  73.4  129.6   0.0  207  18.2  

6S Shallow groundwater 2558 18.7  1.8 11.5 126  47.7  164.3   2.8  247  23.4  

7S Shallow groundwater 2984 14.7  2.4  1.5  97  31.6  112.7   0.0  256  20.7  

8S Shallow groundwater 3551 19.4  2.1  8.0  75  21.3    0.7   0.0  335  23.7  

1D Deep groundwater  181 67.0  6.3 12.0  73 115.8   90.7   0.0  180  10.5  

2D Deep groundwater  766 63.0  8.1 13.0  83 115.8  107.0   0.0  186  11.8  

3D Deep groundwater 1134 59.5  7.2 12.9  80 102.4  101.5   0.0  188  12.7  

4D Deep groundwater 1719 65.0  6.3 11.8  86 113.7  109.4   0.0  186  14.6  

5D Deep groundwater 2142 40.0  4.5 12.5 105  93.3  126.9   0.0  206  17.1  

6D Deep groundwater 2558 27.5  2.4  9.5  85  55.7  104.1   0.7  243  18.6  

7D Deep groundwater 2984 16.6  2.6 12.4 105  41.8  136.9   0.0  249  20.7  

8D Deep groundwater 3551 19.1  2.8  8.8  80  28.9   34.2   0.0  303  22.6  

* Concentrations of cations and bicarbonate ion from G. Massmann (pers. comm.). 
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Table 4 
36

Cl and 
3
H data for the Oderbruch groundwaters 

 

Sample Sample type Distance Cl
−
 

36
Cl/Cl 

36
Cl 

3
H* 

3
Hetrit* 

3
H/

3
He age* 

  (m) (mg/L) (10
−15

) (10
6
 atoms/L) (TU) (TU) (yr) 

Oder River    0 116.4   54 ± 5 107 ± 11  8.8 ± 0.1   –  0 

1S Shallow groundwater  181 110.0   52 ± 5  98 ± 10  8.8 ± 0.1  1.8 ± 0.5  3 

2S Shallow groundwater  766  99.5  114 ± 9 193 ± 15 13.5 ± 0.2 59.7 ± 0.5 30 

3S Shallow groundwater 1134  68.7  143 ± 8 167 ± 9  8.7 ± 0.2 82.1 ± 0.6 42 

4S Shallow groundwater 1719 187.1  202 ± 11 642 ± 34 13.2 ± 0.1 67.2 ± 0.3 32 

5S Shallow groundwater 2142  73.4  231 ± 11 288 ± 13 13.7 ± 0.1 73.5 ± 0.1 33 

6S Shallow groundwater 2558  47.7  216 ± 11 175 ± 9  5.6 ± 0.4 35.1 ± 0.5 36 

7S Shallow groundwater 2984  31.6  167 ± 7  89 ± 4  1.8 ± 0.2  9.8 ± 0.2 34 

8S Shallow groundwater 3551  21.3  100 ± 6  36 ± 2  0.6 ± 0.0  6.9 ± 0.5 45 

1D Deep groundwater  181 115.8   46 ± 4  91 ± 8  8.8 ± 0.1  0.9 ± 0.3  2 

2D Deep groundwater  766 115.8   62 ± 4 122 ± 8  8.8 ± 0.2  3.2 ± 0.2  6 

3D Deep groundwater 1134 102.4   63 ± 4 110 ± 6  8.8 ± 0.1  3.5 ± 0.5  6 

4D Deep groundwater 1719 113.7   61 ± 6 117 ± 12  8.7 ± 0.2 12.8 ± 0.1 16 

5D Deep groundwater 2142  93.3  148 ± 13 235 ± 20 11.9 ± 0.4 52.4 ± 0.1 30 

6D Deep groundwater 2558  55.7  196 ± 11 186 ± 10 11.9 ± 0.2 74.3 ± 0.4 35 

7D Deep groundwater 2984  41.8  209 ± 12 148 ± 9  4.9 ± 0.1 32.8 ± 0.2 36 

8D Deep groundwater 3551  28.9   71 ± 5  35 ± 3  0.4 ± 0.0  3.3 ± 0.0 42 

1 TU (tritium unit) means one 
3
H atom in 10

18
 
1
H atoms. 

* Concentrations of 
3
H and 

3
Hetrit, and 

3
H/

3
He ages from G. Massmann (pers. comm.). 
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Figure 10 Location of the Oderbruch polder and groundwater sampling points (modified 

from Sültenfuß and Massmann, 2004). Also indicated is groundwater flow direction based on 

a hydraulic model by Massmann (2002). 
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Figure 11 Cross section through the aquifer with major hydrological units (modified from Sültenfuß and Massmann, 2004). This section 

is along the projection line shown in Figure 10, and the figure has been vertically exaggerated for clarity. The arrows in the aquifer show 

groundwater flow paths (after Massmann, 2002). Closed and open circles indicate the depths of filter screens of shallow and deep 

piezometers, respectively. 
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Figure 12 Variation of Cl
−
 concentration along the distance from the Oder River. Chloride 

concentrations in the unconfined groundwater are from G. Massmann (priv. comm.). 



54 

 

 

 

 

 

 

 

 

 

 

01000200030004000
0

5

10

15

20

25

30

Distance from the river (m)

S
iO

2
(m

g
/L

)

Shallow wells

Deep wells

River

 

 

Figure 13 Variation of SiO2 concentration along the distance from the Oder River. 
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Figure 14 Variation of 
3
H + 

3
Hetrit concentration and 

36
Cl/Cl ratio along the distance from 

the Oder River. The sum of 
3
H and 

3
Hetrit concentrations is equal to the initial 

3
H tritium 

concentration at the time of recharge. 
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Figure 15 Calculated Cl
−
 concentrations using the two-component mixing model. 

Calculations focused on the groundwaters from the lower part of the aquifer. 
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Figure 16 Input functions of 
3
H and 

36
Cl for the exponential mixing model. 
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Figure 17 Input functions of 
3
H and 

36
Cl for the one-dimensional advection–dispersion 

transport model simulation. 
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Figure 18 Results of the one-dimensional advection–dispersion transport model simulation.
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Figure 19 Estimated time-series variation of 
36

Cl/Cl ratio in the Oder River basin 

compared with the 
36

Cl/Cl ratios in wine samples from the Rheingau region, Germany (Priller 

et al., 1990). 
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Chapter 5 Estimation of local fallout history of chlorine-36 from the 

  depth profile of groundwater 

 

5.1 Study area 

The groundwater sampling and monthly bulk precipitation sampling were conducted at 

two separate sites in the central part of the Tsukuba Upland (approximately 60 km northeast 

of Tokyo) in the Kanto region, central Japan (Figure 20). The climate of the area is humid 

temperate, with an annual precipitation of 1235.6 mm and an annual mean temperature of 

13.5°C (average values for 1971–2000; data from the Aerological Observatory at Nagamine 

near the groundwater sampling site). 

The Tsukuba Upland is a Pleistocene upland surrounded by the Sakura River and Lake 

Kasumigaura on the east, the Tone River on the south, and the Kokai River on the west. At 

the northeast of the upland, the Tsukuba Mountains (including Mt. Tsukuba, elevation 877 m) 

extend north and south. Although the upland surface is dissected by small rivers, the 

elevation typically falls in the range of 20–30 m for the most part (Unozawa et al., 1988). 

Geologic information on the upland and its surrounding areas has been described in detail 

by Unozawa et al. (1988). Basement rocks in the area consist of granitic and metamorphic 

rocks forming the Tsukuba Mountains. They are overlain by the Kazusa Group sediments of 

Pliocene to middle Pleistocene age. The overlying Shimosa Group sediments of middle to 

late Pleistocene age mainly constitute the upland. It consists of six formations (i.e. the Jizodo 

Formation, the Yabu Formation, the Kamiizumi Formation, the Kamiiwahashi Formation, the 

Kioroshi Formation and the Joso Formation in ascending stratigraphic order), with the upland 

surface covered by the Kanto Loam Formation, which is derived from volcanic ash. 

The geologic columns for the groundwater sampling site were previously given in 
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Unozawa et al. (1988) for 0–62.5 m, and in Taguchi (1981) for 0–300 m (Figure 21). 

Underlying the surface soil are a loam layer (1.5–2.5 m; the Kanto loam), a clay layer (2.5–9 

m; the Joso clay, which is the upper most part of the Joso Formation), a sand layer (9–30 m), 

a fine sand layer (30–47.5 m), and a sand & gravel layer (47.5–55 m) in descending order. 

The groundwater table is generally observed within the Kanto loam or the Joso clay. The 

lower part of the sand layer (ca. 20–30 m) and the sand & gravel layer (ca. 45–55 m) act as 

shallow confined aquifers; the latter belongs to dominant aquifers in the area (Unozawa et al., 

1988). Several sand or gravel aquifers, respectively confined by clay layers, are additionally 

observed at greater depth down to ~300 m (ca. 80–110 m, 130–145 m and 230–245 m) 

(Taguchi, 1981). 

According to Yasuhara et al. (1991), the Joso clay exhibits remarkably low saturated 

hydraulic conductivity compared to the overlying Kanto loam (by 2–4 orders of magnitude) 

and the upper part of the underlying sands (by 3–5 orders of magnitude). The Joso clay, 

therefore, may have a great influence on the downward flow of groundwater. 

Conversely, previous studies have revealed that the hydraulic head of the groundwater 

decreases with depth (Kayane and Li, 1983; Shimada et al., 1990), to ~55 m (Yasuhara et al., 

1990). This observation suggests that the upland surface is essentially acting as a recharge 

area. Therefore, vertical groundwater movement especially in the central part of the upland 

can be expected at least for the upper 55 m. Since small rivers dissecting the upland surface 

are gaining streams for the most part (Unozawa et al., 1988), the shallow aquifers can be 

assumed to be recharged only from the surface. 

 

5.2 Sampling and analyses 

The observation wells of the Geological Survey of Japan (GSJ), the National Institute of 
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Advanced Industrial Science and Technology (AIST) were used for depth-profile sampling of 

groundwater. The wells are located on the premises of the GSJ in the central part of the 

Tsukuba Upland (Figure 20). The six wells used in this study include three deep wells for 

continuous groundwater level monitoring (Taguchi, 1981). 

Groundwater samples were collected using a bailer sampler in February 2004. Each 

sample mostly corresponds to the upper four layers below the Kanto loam (i.e. the Joso clay, 

the sands, the fine sands, and the sands & gravels) and the two deep aquifers (Figure 21). 

Since the two deeper wells (Nos. 5 and 6) have multiple screens, the corresponding samples 

were collected around the top screens. Due to the spatial variability of the layer’s thickness, 

the well No. 1 is actually screened in the upper-most part of the sands (just beneath the Joso 

clay). However, when the downward groundwater flow is dominant, it may be reasonable to 

assume that the sample taken from the well corresponds to the Joso clay. 

Monthly bulk precipitation samples were collected from April 2004 at the roof of the 

Natural Sciences Building, University of Tsukuba. The precipitation sampler used in this 

study consists of a PE funnel (diameter 15 or 21 cm), a HDPE bottle (3 or 5 L) and a 

specially developed glassware with a ping-pong ball, which prevents evaporative loss of the 

sample (Kazahaya and Yasuhara, 1994; Shimada et al., 1994). 

The analyses for chloride (Cl
−
) concentration and 

36
Cl/Cl ratio were carried out in the 

laboratory. The samples for Cl
−
 and 

36
Cl analyses were filtered through a 0.20 m membrane 

filter. The Cl
−
 concentrations of aliquots were measured by ion chromatography analysis 

(QIC Analyzer, Dionex; Ion Analyzer IA-100, Dkk-Toa). 

 

5.3 Vertical distribution of chlorine-36 in groundwater 

Table 5 summarizes the measured 
36

Cl data and Figure 21B illustrates the depth profile of 
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36
Cl/Cl ratio in the groundwater. The obtained results clearly show the influence of 

bomb-produced 
36

Cl in the upper ~50 m; the highest 
36

Cl/Cl ratio is about one order of 

magnitude greater than the natural background level. This vertical distribution agrees with the 

depth profiles of 
3
H concentrations (Figure 21C). 

It is also consistent with the previous observation in the central part of the upland by 

Kayane and Li (1983), who reported no detectable 
3
H in the groundwater at depths greater 

than 36 m in 1982. In contrast, Yasuhara et al. (1990) calculated the downward groundwater 

flux through the Joso clay as 27 mm/yr based on Darcy’s law; it leads to a mean residence 

time of 30–50 yr in the upper part of the underlying sand layer. The highest 
36

Cl/Cl ratio 

observed in the sand layer is also consistent with their estimation. 

As can be seen from Figure 21, 
3
H concentrations had gradually decreased from 1999 to 

2003 due to both radioactive decay and groundwater flow, while 
36

Cl/Cl ratios showed 

distinct difference from the natural background level (by one order of magnitude) in 2004. 

This suggests the potential usefulness of bomb-produced 
36

Cl as a tracer in modern 

groundwater as described in previous studies (Bentley et al., 1982; Balderer et al., 2004; 

Tosaki et al., 2007). 

It can be surmised that the deeper the sample, the greater the uncertainty about the 

corresponding recharge area. Thus, the deepest sample (No. 6; 233.2–244.6 m) was excluded 

from further discussion. The natural background 
36

Cl/Cl ratio was then estimated as 1 × 10
−13

 

from the result of the sample No. 5 (Figure 21). This is supported by the 
36

Cl/Cl ratio for a 

sample from a shallow well screened in the Kanto loam (0.7–2.0 m): (1.19 ± 0.48) × 10
−13

 in 

October 2003; the well is located in the Terrestrial Environment Research Center, University 

of Tsukuba, which is about 6 km northwest from the sampling site at the GSJ. 
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5.4 Estimation of total bomb-produced chlorine-36 fallout 

In a similar way like soil profiles (e.g. Prych, 1998), the total bomb-produced 
36

Cl fallout 

in the Tsukuba Upland can be estimated by integrating bomb-produced 
36

Cl observed in the 

profile (grayed area in Figure 21). The following equations were used to calculate the total 

bomb-produced 
36

Cl fallout: 

   )10( 3

 bomb, iii nhAD , (12) 

 
45.35

10022.610
)(

233

b bomb,






i
ii

C
RRA  (13) 

where D is the total bomb-produced 
36

Cl fallout (atoms/m
2
), Abomb, i is the concentration of 

bomb-produced 
36

Cl (atoms/L), hi is the thickness of the layer (m), ni is the porosity (%), Ri is 

the measured 
36

Cl/Cl ratio, Rb is the natural background 
36

Cl/Cl ratio, and Ci is the Cl
−
 

concentration (mg/L). 

In the calculation, the obtained values were assumed to be representative for the total 

thickness of the corresponding four layers below the Kanto loam, and the porosity was 

assumed to be identical to the effective porosity (for unconsolidated materials; e.g. Todd and 

Mays, 2005, p. 37). The porosity used for the Joso clay was 62%, which is the arithmetic 

mean of the 19 measured values over the Tsukuba Upland by Yasuhara et al. (1991). For 

other layers, representative values were adopted from Morris and Johnson (1967): 39% for 

sand (as medium sand), 43% for fine sand, and 34% for sand & gravel (as fine gravel). The 

natural background 
36

Cl/Cl ratio was set to 1 × 10
−13

 as mentioned in the previous section. 

Consequently, Equation (12) gives the total bomb-produced 
36

Cl fallout of 2.1 × 10
12

 

atoms/m
2
. Because the 

36
Cl deposited onto the ground may be partly lost with surface waters, 
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2.1 × 10
12

 atoms/m
2
 would be the minimal estimate. General surface runoff rate in 

Pleistocene upland and alluvial lowland region is ~20% (e.g. Kotoda, 1968; Miyake, 1978), 

whereas surface runoff rate measured in an experimental field at the central part of the 

Tsukuba Upland is ~5% (Itadera and Shimada, 1992). Here it was assumed that 10% of 
36

Cl 

is lost by surface runoff. Total bomb-produced 
36

Cl fallout of 2.3 × 10
12

 atoms/m
2
 was 

obtained after incorporation of this loss. Dividing this value by 2.4 × 10
12

 atoms/m
2
 (fallout at 

the Dye-3 site; Synal et al., 1990), a SF value of 0.96 was obtained for the Tsukuba Upland 

(c.f. 2.5 based on the simplified latitudinal fallout distribution model by Lal and Peters, 

1967). 

It should be noted that the screen length of well No. 2 is wide (11 m) and the thickness of 

the corresponding sand layer is 21 m (Figure 21). This indicates that the highest 
36

Cl/Cl ratio 

in the profile is fairly representative of the layer. Therefore, the calculation described in this 

section will not lead to erratic results. 

 

5.5 Natural background flux of meteoric chlorine-36 

Table 6 and Figure 22 present the results of 
36

Cl measurement for monthly precipitation 

samples (from April 2004 to July 2007, except for December 2005, June 2006 and July 2006). 

Figure 22 shows a clear seasonal variation in 
36

Cl flux with peaks in the spring (April or 

May). Similar spring maximum has been observed in other locations (Hainsworth et al., 

1994; Knies et al., 1994) and for other cosmogenic radionuclides, e.g. 
7
Be (e.g. Viezee and 

Singh, 1980) and 
10

Be (e.g. Raisbeck et al., 1979). As pointed out in previous studies, the 

seasonal pattern would be attributed to annual variation of tropopause height (Staley, 1962). 

According to Staley (1962), the tropopause begins to rise rapidly in April or May at 

mid-latitudes (especially about 30–40°N). As the tropopause rises, stratospherically produced 
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36
Cl is transported into the troposphere and washed out from the atmosphere after about one 

week. This mechanism would explain the observed results. 

Yearly-averaged 
36

Cl fluxes are 33, 29, and 33 atoms m
−2

 s
−1

 for April 2004–March 2005, 

April 2005–March 2006, and April 2006–March 2007, respectively: 31 ± 2 atoms m
−2

 s
−1

 for 

3 years. This value is in good agreement with the expected value from the latitudinal 

dependence of 
36

Cl fallout with recent estimates of the global mean production rate (Figure 3). 

Therefore, recycling of bomb-produced 
36

Cl as methyl chloride (CH3Cl) from the biosphere 

(Scheffel et al., 1999) is not evident in the present study area. From the observed results, the 

natural background flux of meteoric 
36

Cl is estimated to be 30 atoms m
−2

 s
−1

 in the Tsukuba 

Upland. 

 

5.6 Estimation of local fallout history 

The local fallout history of 
36

Cl in the Tsukuba Upland was estimated by using the 

obtained SF value of 0.96. The procedure is essentially similar to that described in Section 

2.3, except for the conversion to the 
36

Cl/Cl ratio. The fallout history of bomb-produced 
36

Cl 

at the Dye-3 site (Synal et al., 1990, 1994) was scaled with 0.96 for the Tsukuba Upland. 

Then the natural background 
36

Cl flux of 30 atoms m
−2

 s
−1

 was added to obtain the local 

fallout history of 
36

Cl. Figure 23 shows the estimated fallout history for the Tsukuba Upland, 

compared with the original Dye-3 data.  

 

5.7 Discussion 

In order to allow comparison of the estimated fallout history with several measured data 

for ice cores at different locations, the ratios of the bomb-peak fallout (Fmax) to the natural 

background flux (Fb) of meteoric 
36

Cl were calculated. Table 7 lists previously reported 
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Fmax/Fb ratios for the two mid-latitude sites and the Dye-3 site. The Fmax/Fb ratio for the 

Dye-3 site was recalculated from Fmax of 3.9 × 10
7
 atoms cm

−2
 yr

−1
 (Synal et al., 1990) and 

Fb of 20 atoms m
−2

 s
−1

 (Synal et al., 1994), instead of using the value ‘310’ given in Green et 

al. (2000). 

It is worth noting that the Fmax/Fb value determined with the scaling factor of 0.96 

reasonably agrees with data from Nepal (Table 7). Supposing that the bomb-produced 
36

Cl 

fallout and cosmogenic 
36

Cl fallout depend similarly on the amount of precipitation (Phillips, 

2000), the Fmax/Fb ratio would be controlled by latitude or local effects. The estimated 

Fmax/Fb value for the Tsukuba Upland can be comparable to data from Nepal, because of 

relatively-near localities. 

Concerning the Upper Fremont Glacier, the depth–concentration profile of 
36

Cl exhibits a 

somewhat different shape from that of other sites (e.g. the Dye-3 site, the Inilchek Glacier 

and the Guiliya Ice Cap) (Cecil et al., 1999). This may suggest local effects or 

post-depositional disturbance of investigated ice layers. Therefore, it should be excluded 

from the direct comparison of Fmax/Fb values. 

The agreement of the estimated Fmax/Fb value for the Tsukuba Upland and data from 

Nepal supports the validity of the obtained SF value. The obtained results also confirmed that 

the local fallout history of 
36

Cl can be estimated from a groundwater profile as indicated by 

Bentley et al. (1982). 

 

5.8 Summary 

The depth profile of 
36

Cl/Cl ratio in groundwater was investigated in the Tsukuba Upland 

of central Japan. The obtained results clearly show the influence of bomb-produced 
36

Cl; the 

highest 
36

Cl/Cl ratio is about one order of magnitude greater than the natural background 
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ratio (1 × 10
−13

). The vertical distribution of 
36

Cl is consistent with previous observations 

using 
3
H and Darcy’s law. From the profile, the total bomb-produced 

36
Cl fallout in the 

upland is 2.3 × 10
12

 atoms/m
2
 after the correction for surface runoff (c.f. 2.4 × 10

12
 atoms/m

2
 

at the Dye-3 site, Greenland) and a scaling factor of 0.96 was obtained (c.f. 2.5 based on the 

simplified latitudinal fallout distribution model). 

The local fallout history of 
36

Cl was estimated based on the Dye-3 data (scaled with a 

factor of 0.96 for the Tsukuba Upland) and the mean 
36

Cl flux, produced in the atmosphere 

from cosmic rays and measured 30 atoms m
−2

 s
−1 

in the upland. The ratio of the maximum 

bomb-peak fallout (Fmax) to the average natural background flux (Fb) of meteoric 
36

Cl is 

consistent with that of measured data in Nepal. This agreement supports the validity of the 

obtained SF value. The obtained results also confirmed that the local fallout history of 
36

Cl 

can be estimated from a groundwater profile. 
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Table 5 
36

Cl and 
3
H data for the Tsukuba groundwaters 

 

Well 

No. 

Screen depth Cl
−
  

36
Cl/Cl 

36
Cl  

3
H (TU)‡ 

(m) (mg/L) (10
−15

) (10
6
 atoms/L) 1998 1999 2003 

1  6.75–7.00  6.4  820 ± 38  89.2 ± 4.1  5.6  5.0  3.1 

2  21.0–32.0  5.7 1166 ± 76 113.8 ± 7.4 22.7 16.8 11.0 

3  38.0–39.5 15.9  570 ± 31 154.2 ± 8.5  5.0  5.3  3.7 

4  45.1–56.5  4.0  135 ± 45   9.2 ± 3.1  0.4   –   – 

5  82.4–109.0*  3.5  100 ± 24   5.9 ± 1.4 <0.4   –   – 

6 233.2–244.6†  4.3  205 ± 42  14.9 ± 3.1 <0.4   –   – 

* Also screened in a deeper aquifer (136.5–140.3 m). 

† Also screened in deeper layers (255.6–259.4 m and 264.9–272.5 m). 

‡ Concentrations of 
3
H from M. Yasuhara (pers. comm.). 
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Table 6 
36

Cl data for precipitation samples collected in Tsukuba 

 

Sample Precipitation* Cl
−
 

36
Cl/Cl 

36
Cl 

36
Cl flux 

 (mm) (mg/L) (10
−15

) (10
6
 atoms/L) (atoms m

−2
 s

−1
) 

Apr-04  61  3.0  25 ± 6 1.30 ± 0.31  30 ± 7 

May-04 149  0.6 107 ± 20 1.17 ± 0.22  65 ± 12 

Jun-04  89  0.7  50 ± 6 0.58 ± 0.08  20 ± 3 

Jul-04 143  1.0  42 ± 6 0.68 ± 0.10  36 ± 6 

Aug-04  95  1.0  38 ± 6 0.65 ± 0.11  23 ± 4 

Sep-04 167  0.9  26 ± 4 0.40 ± 0.07  26 ± 4 

Oct-04 471  0.6  38 ± 9 0.37 ± 0.08  66 ± 15 

Nov-04  94  1.0  14 ± 3 0.23 ± 0.06   8 ± 2 

Dec-04  61  2.5  20 ± 3 0.84 ± 0.14  19 ± 3 

Jan-05  94  0.7  47 ± 7 0.55 ± 0.08  19 ± 3 

Feb-05  41  1.2  33 ± 5 0.65 ± 0.11  11 ± 2 

Mar-05  77  1.1  37 ± 6 0.70 ± 0.12  20 ± 3 

Apr-05  86  1.0  60 ± 8 1.00 ± 0.14  33 ± 5 

May-05  74  1.2  70 ± 10 1.46 ± 0.21  40 ± 6 

Jun-05  53  0.6 115 ± 8 1.08 ± 0.08  22 ± 2 

Jul-05 153  1.5  24 ± 4 0.62 ± 0.09  35 ± 5 

Aug-05 231  1.1  44 ± 14 0.81 ± 0.25  70 ± 22 

Sep-05  53  2.5  33 ± 4 1.41 ± 0.19  29 ± 4 

Oct-05 181  0.8  30 ± 4 0.42 ± 0.06  28 ± 4 

Nov-05  42  0.9  34 ± 4 0.53 ± 0.07   8 ± 1 

Dec-05   1  5.9   –   –   – 

Jan-06  49  0.7  84 ± 7 1.01 ± 0.09  19 ± 2 

Feb-06  85  1.4  29 ± 4 0.70 ± 0.10  25 ± 4 

Mar-06  61  1.5  40 ± 5 1.01 ± 0.11  23 ± 3 

(continued on next page) 
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Table 6 

(continued) 

 

Sample Precipitation* Cl
−
 

36
Cl/Cl 

36
Cl 

36
Cl flux 

 (mm) (mg/L) (10
−15

) (10
6
 atoms/L) (atoms m

−2
 s

−1
) 

Apr-06  90  1.5  69 ± 6 1.76 ± 0.16  61 ± 6 

May-06 108  1.1  74 ± 6 1.34 ± 0.11  54 ± 5 

Jun-06 124  0.5   –   –   – 

Jul-06 227  0.2   –   –   – 

Aug-06  54  1.6  44 ± 5 1.23 ± 0.15  49 ± 6 

Sep-06 164  1.0  32 ± 4 0.53 ± 0.07  33 ± 5 

Oct-06 222  0.3  42 ± 5 0.22 ± 0.02  18 ± 2 

Nov-06 112  1.2  32 ± 3 0.65 ± 0.06  28 ± 3 

Dec-06 166  0.4  40 ± 5 0.28 ± 0.03  17 ± 2 

Jan-07  32  1.6  66 ± 6 1.80 ± 0.15  22 ± 2 

Feb-07  45  1.8  19 ± 4 0.58 ± 0.12  11 ± 2 

Mar-07  46  4.8  13 ± 2 1.04 ± 0.17  18 ± 3 

Apr-07 109  1.3  56 ± 6 1.28 ± 0.14  54 ± 6 

May-07 172  1.1  88 ± 8 1.64 ± 0.15 106 ± 10 

Jun-07  54  0.8 116 ± 8 1.52 ± 0.11  32 ± 2 

Jul-07 218  0.4  57 ± 5 0.40 ± 0.03  32 ± 3 

* Calculated from the amount of samples collected. 
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Table 7 

Ratios of the maximum flux to the average natural background flux for the 
36

Cl bomb 

pulse at different locations 

 

Location Latitude Method Fmax/Fb Reference 

Tsukuba, Japan 36N Estimated 396 This study 

Dye-3, Greenland 65°N Measured 618 Synal et al. (1990, 1994) 

Upper Fremont, WY, USA 43N Measured  21 Green et al. (2000) 

Nangpai Gosum, Nepal 28N Measured 416 Green et al. (2000) 
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Figure 20 Location of the sampling site in the Tsukuba Upland (after Unozawa et al., 

1988). 
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Figure 21 Depth profiles of (B) 
36

Cl/Cl ratio and (C) 
3
H concentrations in the groundwater 

of the Tsukuba Upland. Vertical error bars indicate widths of each screen. (A) A geologic 

column for the sampling site (after Taguchi, 1981; Unozawa et al., 1988). 
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Figure 22 
36

Cl flux variation in monthly bulk precipitation samples collected in Tsukuba.
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Figure 23 Estimated 
36

Cl fallout history in the Tsukuba Upland, compared with measured 

data at the Dye-3 site, Greenland (Synal et al., 1990). 
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Chapter 6 Residence time of spring waters around Mt. Fuji, Japan 

 

6.1 Study area 

The Mt. Fuji area, ~150 km southwest from the Tsukuba Upland, was selected for 

applying 
36

Cl bomb-pulse dating of groundwater. Having an elevation of 3,776 m, Mt. Fuji is 

one of the largest composite stratovolcano in Japan. Geological structure of this volcano has 

been extensively investigated as described in Tsuya (1968), Tsuya et al. (1988) and Miyaji et 

al. (1992). 

Mt. Fuji primarily consists of alternating basaltic lava flows and coarse-grained 

pyroclastic rocks (e.g. Tsuya et al., 1988). It can be structurally divided into three parts (i.e. 

Komitake, Older Fuji and Younger Fuji volcanoes in ascending order) based on the 

geological and petrological investigations of volcanic ejecta (Tsuya, 1940). Underlying 

basement rocks are mainly Neogene marine sediments belonging to the Misaka Group (e.g. 

Miyaji et al., 1992). Figure 24 illustrates the general surface geology of Mt. Fuji and its 

vicinity. 

Eruptive history of Mt. Fuji can be outlined as described subsequently (e.g. Tsuya et al., 

1988; Miyaji et al., 1992). Komitake volcano started its activity in the middle Pleistocene 

with the eruption of andesite lava flows. According to tephrochronological studies (Machida, 

1964), Older Fuji volcano began to form about 100,000 yr ago (Machida, 2007). Its activities 

are characterized by repeated eruption of tephra (volcanic ash) and basaltic lava flows 

(including mudflows mainly derived from pyroclastic flows and debris avalanches. The 

following activities of Younger Fuji volcano started in the late Pleistocene with the effusion 

of enormous lava flows. After a subsequent relatively dormant period during the early 

Holocene, Younger Fuji volcano became active again about 6,000 yr ago to form the present 
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Mt. Fuji (Machida, 2007). 

The surface of Quaternary volcanoes is generally covered with high-porosity sediments 

and the resulting high permeability permits them to hold large groundwater reservoirs. The 

same characteristics are true for Mt. Fuji, which has a number of springs on the foot as well 

as Fuji Five Lakes on the northern foot (e.g. Yamamoto, 1995, 1996). These water bodies 

originate from the groundwater in Mt. Fuji recharged by precipitation at the area of high 

elevation. Annual precipitation over the Mt. Fuji area ranges from 1500–2000 mm on the 

northern slope to 2750–3000 mm on the eastern slope (Kizawa et al., 1969, p. 143; 

Yamamoto, 1970); Mt. Fuji receives a total volume of ~2 × 10
9
 m

3
 of precipitation over a 

year (Kurata, 1966; Kizawa et al., 1969, p. 141; Yamamoto, 1970). 

Most of the springs are located at the distal part of the lava flows which were formed in 

the early Holocene. This is because alternate lava layers consisting of rapidly-cooled cracked 

parts and slowly-cooled solidified parts serve as multiple confined aquifers (Tsuchi, 1992). 

Such groundwater stored in Mt. Fuji has been an important water resource in the region. Due 

to the extensive use of groundwater, however, its depletion (including depletion of springs 

especially in the southeastern foot) and salinization (in the southern coastal part) has become 

a serious problem in 1960s (e.g. Ozaki, 1978; Mitsui, 1982; Ikeda, 1995). 

Early hydrogeological data in the Mt. Fuji area were summarized by Kurata (1966) and 

Yamamoto (1970, 1971). For understanding the basic hydrological processes in Mt. Fuji, 

Yamamoto (1970) compiled early data and presented a basic mathematical model on the 

groundwater in Mt. Fuji. Yamamoto (1970) also proposed a hydrological classification of Mt. 

Fuji: upper recharging zone (>2,000 m), intermediate flowing zone (700–2,000 m), and lower 

spring zone (<700 m) (Yamamoto, 1995). Subsequent studies provided characteristics of 

springs distributed on the foot (Ino, 1976, 1987; Yamamoto et al., 1981), and also of interest 



80 

was groundwater in the southern foot (Ikeda, 1982, 1989; Nagae, 1984). In 1990s, a 

comprehensive study was designed to reveal groundwater flow system in Mt. Fuji, which 

includes investigations on stable isotopic composition (Yasuhara et al., 1995, 1997, 2007), 

chemical composition (Sato et al., 1997), and water temperature (Sato and Suzuki, 1996) of 

spring waters and groundwaters. Additionally, intensive investigations by Tsuchi (1992, 2001, 

2002, 2007) including boring surveys considerably revealed the mechanisms of springs and 

groundwater flow in Mt. Fuji. 

In parallel, previous studies have also focused on the residence time of groundwater in Mt. 

Fuji. Most of the previous estimates have been based on 
3
H concentrations. Table 8 lists 

3
H 

concentrations previously reported for major springs on the foot of Mt. Fuji, except for the 

springs on the northern foot. In the pioneering works during 1960s and 1970s (Takahashi et 

al., 1969; Ochiai and Kawasaki, 1970, 1972a, b), groundwaters (including springs) in shallow 

aquifers (i.e. older lava flows of Younger Fuji volcano) generally exhibited high 
3
H 

concentrations derived from atmospheric nuclear tests; estimated residence times are several 

years. In contrast, groundwaters in deep aquifers (i.e. mudflow deposits of Older Fuji 

volcano) showed low 
3
H concentrations; they estimated residence times of 20–30 years. 

Yoshioka et al. (1993) showed relatively high 
3
H concentration (~38 TU; measured in 

1983) for the springs at the eastern foot. It is obviously higher than that found in the 

southeastern part (Table 8), and estimated residence times are ~30 yr using an exponential 

type model. By using the 
3
H/

3
He dating method (measured at Kakitagawa in 1988), Mahara 

et al. (1993) deduced the groundwater age of ~10 yr in the southeastern foot. On the contrary, 

Tsuchi (1992) interpreted 
3
H concentration of 6.2 TU in the southern foot (measured at 

Wakutamaike in 1988) as indicating residence time of ~50 yr, while the estimated residence 

time was revised to ~15 yr in later studies (Tsuchi, 2001, 2002, 2007). 
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6.2 Sampling and analyses 

Water samples collected in August 2006 and March 2007 include 28 spring water samples 

distributed over the Mt. Fuji area (Figure 25), excluding the northern foot. Additionally two 

groundwater samples were obtained from artesian flowing wells on the foot of Mt. Ashitaka. 

Electrical conductivity (EC), pH and temperature were measured in the field. Samples were 

analyzed for major ions, silica (SiO2), stable isotopes (D and 
18

O) and 
36

Cl in the laboratory. 

Bicarbonate (HCO3
−
) concentrations were determined by titration with dilute H2SO4 solution. 

Other major ions (Na
+
, K

+
, Mg

2+
, Ca

2+
, Cl

−
, SO4

2−
, NO3

−
) were measured by ion 

chromatography analysis (Ion Analyzer IA-100, Dkk-Toa). Dissolved SiO2 concentrations 

were determined with an ICP-AES system. All samples for ion chromatography analysis and 

ICP-AES were filtered through a 0.20 m membrane filter. Stable isotopic ratios (
18

O and 

D) were measured with a mass spectrometer (MAT252, Thermo Finnigan). 

 

6.3 Stable isotopic composition and water chemistry  

Results of 
18

O and D analyses are listed in Table 9. Figure 26 shows the spatial 

distribution of 
18

O values in spring waters and groundwaters. As shown in the figure, 

investigated springs and groundwaters can be classified into five regions (i.e. eastern, 

southeastern, southern and western foots of Mt. Fuji, and foot of Mt. Ashitaka) using the 

altitude effect on 
18

O values. Except for the area around Mt. Ashitaka, the classification is 

basically after Kurata (1966) and Yamamoto (1970). 

The southeastern foot of Mt. Fuji is located around the distal part of the Mishima lava 

flow (Figure 24) and is surrounded by the eastern foot of Mt. Ashitaka (1458 m) and the 

western outer rim of the crater in Mt. Hakone (~1100 m). As shown in Figure 26, the 
18

O 

values of the springs in the southeastern foot (from −8.5 to −8.1‰; Nos. 8–11) are lower than 
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those distributed around Mt. Ashitaka (from −7.4 to −7.8‰; Nos. 7 and 12–14). Similar 

isotopic characteristics have previously been reported by Yoshioka et al. (1993). This 

indicates that these springs on the southeastern foot mainly originate from areas of higher 

elevation than Mts. Ashitaka and Hakone, i.e. the foot of Mt. Fuji through the Mishima lava 

flow. In the eastern foot, the springs Nos. 1 and 2 have higher 
18

O values than other springs. 

Considering the locations of these springs, they would originate from the foot of Mt. Hakone 

or lower mountains. 

Figure 27 shows the chemical composition of spring waters using stiff diagrams. The 

spring waters in the Mt. Fuji area are dominantly Ca-HCO3 type as previously observed 

(Yoshioka et al., 1993; Sato and Suzuki, 1996; Sato et al., 1997). Some spring waters are 

more enriched in Na
+
 than the general composition (e.g. No. 26). Increase in concentrations 

of Na
+
 with groundwater flow has been observed for groundwater in other areas (e.g. the 

Nobi Plain; Sugisaki and Shibata, 1961; Mori, 1985). Such trend might be resulted from 

cation exchange reactions between Ca
2+

 in groundwater and Na
+
 in the aquifer matrix 

materials (e.g. Chapelle and Knobel, 1983; Edmunds and Walton, 1983), and it suggests 

longer residence time.  

Several spring waters from the southern foot exhibits high NO3
−
 concentration (Figure 

27). Most of these spring waters have higher 
18

O values than nearby springs. This implies 

that their recharge elevation is relatively low and that they originate from shallow aquifers. 

These waters would have been affected by nitrate from agricultural sources (e.g. fertilizer in 

tea plantation), and are possibly under the influence of anthropogenic Cl. Therefore, the 

samples with high NO3
−
 concentration (>10 mg/L) were excluded from further analyses (e.g. 

Davis et al., 2003). 
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6.4 Residence time of spring waters estimated from bomb-produced chlorine-36 

Measured 
36

Cl/Cl ratio is presented in Figure 28 and listed in Table 9. The 
36

Cl/Cl ratios 

range from 4.3 × 10
−14

 to 4.12 × 10
−13

. Relatively high values were found in the eastern part. 

In order to estimate residence time of these waters, time-series variation of 
36

Cl/Cl in the Mt. 

Fuji area was estimated using a scaling factor of 0.96 obtained in the previous chapter for the 

Tsukuba Upland. Yearly values of bomb-produced 
36

Cl fallout at the Dye-3 site were scaled 

using the factor of 0.96 for the Mt. Fuji area. The fallout values were converted to the 
36

Cl/Cl 

ratio using Equation (3). 

Typical annual precipitation in the Mt. Fuji area, 2500 mm (e.g. Kizawa et al., 1969, p. 

143; Yamamoto, 1970), was used as P. From the results of a previous study, mean recharge 

elevations for the springs at south, east and west slopes are 1100–2000 m, 1250–2200 m and 

1600–2250 m, respectively (Yasuhara et al., 1995, 2007). Therefore, the mean value of four 

measured Cl
−
 concentrations at 780–2390 m in the investigated slopes (0.6 mg/L; Hiyama et 

al., 1995) was used as Cp. This value is reasonably consistent with previous data: 0.67 mg/L 

(average for June 1989–November 1989) at 1100–1150 m on the southern foot (Inoue et al., 

1993), and 0.75 mg/L (average for September 1990–July 1992) at 1300 m on the eastern foot 

(Maruta et al., 1993). Annual Cl
−
 deposition flux calculated from assumed P and Cp (42.3 

meq m
−2

 y
−1

) also agrees with an observed value at 1300 m on the eastern foot during July 

2006–July 2007 (38.9–40.9 meq m
−2

 y
−1

; Funakura et al., 2007). The natural background 

36
Cl/Cl ratio in the Mt. Fuji area was then added to the obtained R values. It was assumed to 

be 5 × 10
−14

 from the lower limit of measured 
36

Cl/Cl ratios shown in Figure 29B. Figure 29A 

shows the estimated 
36

Cl/Cl values obtained for the Mt. Fuji area. 

As reported in previous studies (e.g. Tsuchi, 1992), most spring waters around Mt. Fuji 

originate from confined aquifers between lava layers or from the aquifer lying over the Older 
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Fuji mud flow, which has low permeability. Piston flow would be therefore a reasonable 

approximation in this area. Based on this assumption, residence times of spring waters can be 

estimated by comparing Figure 29A and Figure 29B. Considering the earlier results in 1960s 

(Table 8), which showed elevated level of tritium, most of the spring waters would have been 

recharged in the post-bomb period. Hence, estimated residence times were obtained using the 

post-peak part of the curve shown in Figure 29A. One exception is the spring No. 26, which 

showed low 
18

O value relative to the values for nearby springs. It would have been 

recharged in higher part of the slope. Its low 
36

Cl/Cl ratio, (5.3 ± 0.7) × 10
−14

, additionally 

suggests that it was recharged in the pre-bomb period. 

Figure 30 shows distribution of estimated residence time for spring waters and 

groundwaters. Spring water residence times estimated for the eastern foot of Mt. Fuji (25–35 

yr) are generally longer than those for other foots. In contrast, spring waters with short 

residence time were found in the southeastern foot (<20 yr). Springs in the southern foot 

exhibited variable residence times. 

 

6.5 Discussion 

Estimated residence times of less than 20 yr for the southeastern foot are consistent with 

previous results of ~10 yr by the 
3
H/

3
He dating method (Mahara et al., 1993). Residence 

times of 25–35 yr estimated for the eastern foot are also in agreement with the fact that higher 

3
H concentrations (~38 TU) were measured in the eastern foot than those of the southeastern 

foot in 1983 (Table 8; Yoshioka et al., 1993). While, residence time of 25–30 yr obtained for 

the western foot obviously disagrees with the result by Ochiai (1995), which indicated 

bomb-derived 
3
H in 1969 (137.3 TU; Table 8). 

Four samples from the western foot have 
36

Cl/Cl ratios of ~1 × 10
−13

 (Figure 28), which is 
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more than twice of the assumed natural background level (5 × 10
−14

). However, the spring No. 

30 shows especially low dissolved ion concentrations, which suggest its short residence time. 

One reasonable explanation for the disagreement in residence times may be that the natural 

background level of 
36

Cl/Cl for the western foot is higher than that for other foots under 

investigation. This can be caused by the difference in the Cl
−
 concentration in precipitation; 

lesser stable chloride supply leads to the higher 
36

Cl/Cl ratio (Bentley et al., 1986a). The 

springs located on the western foot has greater recharge elevation (1600–2250 m) than the 

springs on other foots (see the previous section; Yasuhara et al., 1995, 2007). Their results 

support the explanation mentioned here. 

Another possible cause of the disagreement is that piston flow is not a reasonable 

assumption for some of the springs. If exponential mixing is the dominant process, residence 

times would be reduced to ~8 yr in the western foot. At present, however, available data are 

not enough for further discussing this issue. 

Although the springs located on the southeastern foot mainly originate from the 

groundwater of Mt. Fuji, mixing of groundwater from Mt. Ashitaka or Mt. Hakone has been 

suggested (Yoshioka et al., 1993; Yasuhara et al., 2007). Measurement of chloride deposition 

around Mt. Fuji by Togo et al. (1995, 1997) indicated that the southeastern foot receives 

greater chloride with airborne salts. Then, the groundwater from the foots of Mt. Ashitaka 

and Mt. Hakone should contain higher concentrations of chloride. Relatively high Cl
−
 

concentrations in the spring waters on the southeastern foot may be the result of such mixing 

effect. Therefore, the estimated residence times for the southeastern foot may include some 

errors. 

Estimated residence time for the spring No. 26 (>55 yr) can be related to the fact that the 

spring is located along the Agoyama Fault (Tsuchi, 2002). It suggests that this spring water 
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originates from groundwater in deeper aquifers including the mudflow deposits of Older Fuji 

volcano. This is reasonably consistent with observation in the field that this spring actually 

discharges from the opposite side of the direction of Mt. Fuji. 

Figure 31 shows obtained 
36

Cl/Cl ratios plotted against SiO2 and HCO3
−
 concentrations, 

which generally serve as indicators of groundwater residence time. No clear relationship was 

found between SiO2 concentrations and 
36

Cl/Cl ratios (Figure 31A), whereas Figure 31B 

shows reasonable correlation between HCO3
−
 concentrations and 

36
Cl/Cl ratios. From the 

figure, the samples with higher 
36

Cl/Cl ratio generally have greater HCO3
−
 concentration. The 

spring No. 26 has the highest HCO3
−
 concentration among the springs in the southern foot. 

Increasing trend in HCO3
−
 concentration along groundwater flow direction has been found in 

the southern foot (Ikeda, 1982, 1989). Figure 31B may provide support for the interpretation 

that investigated groundwaters are recharged in post-bomb period. 

In this study, investigated groundwaters were mainly interpreted as post-bomb waters 

according to the previous 
3
H data in 1960s. However, combined use with other residence time 

indicators is necessary to distinguish the pre-peak and post-peak waters. Measurement of 
3
H 

may be still effective for this purpose, since there is a time lag between the 
36

Cl bomb peak 

and the 
3
H peak by ~7 yr (Figure 1). In addition, HCO3

−
 can be a supporting indicator of 

residence time as shown in Figure 31B. 

Condition of the recharge area (i.e. the natural background level of 
36

Cl/Cl, chloride 

concentration in precipitation, and mean annual precipitation) has to be known correctly, 

otherwise errors may be directly enlarged in estimating residence times. However the results 

obtained in the Mt. Fuji area show the fundamental reasonability of the method using 

bomb-produced 
36

Cl to estimate groundwater residence time. 
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6.6 Summary 

Residence time of spring waters around Mt. Fuji was estimated using bomb-produced 

36
Cl. To estimate time-series variation of 

36
Cl/Cl ratio in the Mt. Fuji area, the Dye-3 fallout 

data was scaled using a scaling factor obtained for the Tsukuba Upland in the previous 

chapter. After being converted to the 
36

Cl/Cl ratio, the natural background 
36

Cl/Cl ratio 

estimated from the lower limit of measured values was added to derive the time-series 

variation. Measured 
36

Cl/Cl ratios in spring waters were compared to the estimated 

time-series variation under the assumption of piston flow. 

Distribution of spring water residence time is reasonably consistent with previous studies. 

However, residence time in the western foot obviously disagrees with previous one. This may 

be due to the difference in the natural background 
36

Cl/Cl ratio among different slopes. It can 

be caused by the difference in the Cl
−
 concentration in precipitation. Mean recharge elevation 

for each foot estimated in a previous study supports the explanation. 

Condition of the recharge area (i.e. the natural background level of 
36

Cl/Cl, chloride 

concentration in precipitation, and mean annual precipitation) has to be known correctly, 

otherwise errors may be directly enlarged in estimating residence times. However, the results 

obtained in this study show the fundamental effectiveness of the method proposed in this 

study. 
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Table 8 

Previously measured 
3
H concentrations in major springs on the foot of Mt. Fuji 

 

Spring Date 
3
H Reference 

  (TU)  

Southeastern foot    

Suisen-en May 21, 1965  71 ± 7 Takahashi et al. (1969) 

Kakitagawa May 23, 1965  76.0 Ochiai and Kawasaki (1970) 

Kohamaike May 23, 1965  80.0 Ochiai and Kawasaki (1970) 

Suisen-en May 23, 1965  73.0 Ochiai and Kawasaki (1970) 

Kakitagawa Jul. 21, 1965  77 ± 8 Takahashi et al. (1969) 

Kakitagawa Aug. 8, 1967  69.2 Ochiai and Kawasaki (1970, 1972a) 

Kohamaike Aug. 8, 1967 116.3 Ochiai and Kawasaki (1970, 1972a) 

Kakitagawa Jul. 12, 1969 124.3 Ochiai (1995) 

Suisen-en Jul. 12, 1969 117.9 Ochiai (1995) 

Kohamaike Jul. 6, 1983   0 ± 3 Yoshioka et al. (1993) 

Suisen-en Jul. 6, 1983   5 ± 5 Yoshioka et al. (1993) 

Kakitagawa Jul. 7, 1983  12 ± 3 Yoshioka et al. (1993) 

Maruike Jul. 7, 1983   8 ± 3 Yoshioka et al. (1993) 

Fujiyusuichi Jul. 7, 1983   7 ± 4 Yoshioka et al. (1993) 

Ichibancho Nov. 9, 1988   9.1 ± 0.5 Mahara et al. (1993) 

Kakitagawa Nov. 10, 1988   7.4 ± 0.5 Mahara et al. (1993) 

Ichibancho Nov., 1990   6.2 Masuda et al. (1994) 

Kakitagawa Nov., 1990   6.4 Masuda et al. (1994) 

Maruike Nov., 1990   6.7 Masuda et al. (1994) 

Kakitagawa 1993 or 1994   5.6 ± 0.2 Kakiuchi (1995) 

Kakitagawa Aug. 22, 1995   5.0 ± 0.4 Tsuchi (2001, 2002) 

Kohamaike Aug. 22, 1995   5.4 ± 0.4 Tsuchi (2001, 2002) 

Maruike Aug. 22, 1995   5.5 ± 0.4 Tsuchi (2001, 2002) 

(continued on next page) 
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Table 8 

(continued) 

 

Spring Date 
3
H Reference 

  (TU)  

Eastern foot    

Iwanami Aug. 9, 1967  68.9 Ochiai and Kawasaki (1970) 

Iwanami Jul. 8, 1983  14 ± 9 Yoshioka et al. (1993) 

Nakashimizu Jul. 8, 1983  38 ± 12 Yoshioka et al. (1993) 

Numata Jul. 8, 1983  11 ± 12 Yoshioka et al. (1993) 

    

Southern foot    

Wakutamaike Jul. 12, 1969 126.2 Ochiai (1995) 

Harada Jul. 12, 1969 119.8 Ochiai (1995) 

Wakutamaike Oct. 19, 1988   6.2 ± 0.2 Tsuchi (1992) 

Aomi Jul. 12, 1993   5.1 ± 0.4 Tsuchi (1996) 

Wakutamaike Jul. 12, 1993   4.5 ± 0.4 Tsuchi (1996) 

Yodoshi Jul. 12, 1993   5.5 ± 0.4 Tsuchi (1996) 

Kansekien 1993 or 1994   6.1 ± 0.2 Kakiuchi (1995) 

Wakutamaike 1993 or 1994   4.7 ± 0.2 Kakiuchi (1995) 

    

Western foot    

Inokashira Jul. 11, 1969 137.3 Ochiai (1995) 

Inokashira (1) 1991   8.7 ± 0.4 Nakai (1996) 

Inokashira (2) 1991   8.1 ± 0.4 Nakai (1996) 

Inokashira 1993 or 1994   6.8 ± 0.2 Kakiuchi (1995) 

Shiraito 1993 or 1994   5.9 ± 0.2 Kakiuchi (1995) 

Shiraito Jan. 12, 1994   6.2 ± 0.4 Tsuchi (1996) 

    

Foot of Mt. Ashitaka   

Hirayama Jul. 7, 1983   7 ± 9 Yoshioka et al. (1993) 

Mizujinja Jul. 7, 1983   2 ± 3 Yoshioka et al. (1993) 

Keigashima Jul. 8, 1983   0 ± 8 Yoshioka et al. (1993) 
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Table 9 
36

Cl and stable isotopic data for the Mt. Fuji spring waters and groundwaters 

 

No. Name Date 
18

O D Cl
−
 

36
Cl/Cl 

36
Cl 

   (‰) (‰) (mg/L) (10
−15

) (10
6
 atoms/L) 

1 Yubune Mar. 5, 2007 −7.9 −49 2.8  70 ± 6  3.3 ± 0.3 

2 Kuwaki Mar. 6, 2007 −8.1 −50 2.5 314 ± 16 13.5 ± 0.7 

3 Nimaibashi Aug. 24, 2006 −9.9 −66 2.1 412 ± 16 14.8 ± 0.6 

4 Nakashimizu Aug. 24, 2006 −8.9 −57 2.5 105 ± 9  4.4 ± 0.4 

5 Numata Aug. 23, 2006 −9.5 −62 2.6 201 ± 12  8.8 ± 0.5 

6 Futagosuijin Aug. 24, 2006 −9.4 −62 2.2 202 ± 14  7.4 ± 0.5 

7 Hirayama Aug. 23, 2006 −7.7 −48 5.7  99 ± 8  9.6 ± 0.8 

8 Komoike Aug. 21, 2006 −8.1 −52 7.5  68 ± 9  8.7 ± 1.2 

9 Suisen-en Aug. 21, 2006 −8.2 −53 6.9  70 ± 9  8.2 ± 1.1 

10 Fujiyusuichi Aug. 21, 2006 −8.2 −52 7.7  51 ± 8  6.6 ± 1.0 

11 Kakitagawa Aug. 21, 2006 −8.5 −55 6.6  43 ± 7  4.8 ± 0.7 

12 Mizujinja Mar. 8, 2007 −7.8 −48 2.5  70 ± 6  2.9 ± 0.2 

13 Hiyoshijinja Aug. 21, 2006 −7.4 −46 5.9 217 ± 12 21.7 ± 1.2 

14 Hara Aug. 21, 2006 −7.6 −48 4.5 113 ± 10  8.7 ± 0.7 

15 Iouji Aug. 23, 2006 −8.0 −50 6.8  42 ± 6  4.8 ± 0.7 

16 Kansekien Aug. 21, 2006 −8.4 −54 3.6  67 ± 8  4.1 ± 0.5 

17 Takifudou Aug. 21, 2006 −8.5 −54 3.5  61 ± 7  3.7 ± 0.4 

18 Youmeiji Aug. 21, 2006 −8.5 −55 3.4  78 ± 8  4.5 ± 0.5 

19 Hounji Aug. 23, 2006 −8.2 −52 5.1  52 ± 7  4.4 ± 0.6 

20 Sugita (1) Mar. 8, 2007 −7.6 −49 8.3  39 ± 4  5.5 ± 0.6 

21 Sugita (2) Mar. 8, 2007 −7.7 −50 7.2  42 ± 4  5.1 ± 0.5 

22 Izurimizu Aug. 22, 2006 −7.8 −49 5.8  62 ± 7  6.1 ± 0.7 

23 Kamikoizumi Aug. 22, 2006 −8.4 −54 3.4 121 ± 10  7.0 ± 0.6 

24 Wakutamaike Aug. 22, 2006 −8.5 −55 4.6  96 ± 9  7.5 ± 0.7 

25 Hagoromo Aug. 23, 2006 −8.6 −55 5.3  65 ± 6  5.9 ± 0.6 

26 Yoshimaike Aug. 23, 2006 −9.3 −61 6.6  53 ± 7  5.9 ± 0.7 

27 Shiraitonotaki Mar. 7, 2007 −9.5 −63 4.2 129 ± 8  9.3 ± 0.5 

28 Shiraitoyusui Mar. 7, 2007 −9.2 −61 5.2 109 ± 7  9.6 ± 0.6 

29 Inokashira Aug. 22, 2006 −9.3 −61 3.6 130 ± 11  8.0 ± 0.7 

30 Jinbanotaki Mar. 7, 2007 −8.7 −57 2.7 124 ± 7  5.8 ± 0.3 
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Table 10 

Chemical composition of the Mt. Fuji spring waters and groundwaters 

 

No. Na
+
 K

+
 Mg

2+
 Ca

2+
 Cl

−
 SO4

2−
 NO3

−
 HCO3

−
 SiO2 

 (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) 

1  4.7 1.1 5.3 10.2 2.8  3.4  2.2 58.6 52.7 

2  4.5 1.0 3.7 13.8 2.5  4.6  3.0 58.6 40.3 

3 11.3 1.8 4.8 14.5 2.1 18.2  0.6 72.6 25.2 

4  6.8 1.6 4.7 12.8 2.5  7.0  3.7 63.4 36.6 

5  8.4 1.5 5.6 15.0 2.6 14.3  1.9 71.4 32.7 

6  7.8 1.5 5.1 13.4 2.2 12.7  2.1 65.9 32.8 

7  7.5 1.5 4.0 12.4 5.7  9.0  5.7 52.5 39.6 

8 11.2 2.1 5.9 16.8 7.5 10.9  3.4 82.4 44.9 

9  9.7 1.8 5.0 14.9 6.9 15.4   6.2 60.4 41.4 

10  8.2 1.9 4.3 12.4 7.7  9.3  6.3 51.2 42.8 

11  9.6 1.9 4.8 14.5 6.6 17.0  4.7 58.6 41.1 

12  3.4 1.1 0.9  3.6 2.5  1.4  2.3 16.5 30.6 

13  7.3 1.2 4.9 11.2 5.9  1.1  2.6 63.4 46.3 

14  7.2 1.0 2.1  7.0 4.5  2.6  0.5 39.7 39.3 

15  7.1 2.7 5.0 12.5 6.8 13.6 16.7 40.3 45.6 

16  6.3 1.5 2.7  7.8 3.6  6.3  5.0 36.0 38.9 

17  6.3 1.6 2.7  7.8 3.5  6.4  5.2 36.0 38.2 

18  6.7 1.4 2.7  7.7 3.4  6.5  5.1 36.0 37.6 

19  8.0 2.3 5.3 14.9 5.1 16.4 19.0 47.6 40.5 

20  6.4 5.5 8.2 28.0 8.3 39.7 64.1 22.6 38.1 

21  6.6 3.8 6.2 21.2 7.2 31.1 40.6 25.6 38.7 

22  7.0 2.5 4.9 19.1 5.8 18.9 24.0 47.6 43.7 

23  6.8 1.6 5.1 12.9 3.4 14.2  9.4 50.6 43.6 

24  7.5 2.0 4.0 11.7 4.6  9.0  9.4 48.8 43.1 

25  7.7 2.1 3.5 11.4 5.3  7.4  8.2 48.2 44.3 

26 14.2 1.7 4.4 12.6 6.6 18.4  7.6 58.0 44.5 

27  8.6 1.6 3.5  9.7 4.2  8.9  7.1 44.5 37.0 

28  9.2 1.9 3.7 10.5 5.2 10.9  8.3 45.8 35.0 

29  5.9 1.0 2.4  8.2 3.6  7.7  3.2 32.9 24.6 

30  4.0 0.9 1.7  7.8 2.7  5.9  3.0 27.5 20.0 
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Figure 24 General surface geology of Mt. Fuji (after Tsuya, 1968; Machida, 1977, p. 51). 
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Figure 25 Location of sampling points in the Mt. Fuji area (based on the Digital Map 50 m 

Grid (Elevation) published by the Geographical Survey Institute). Sampling points include 28 

spring waters and two groundwaters from artesian flowing wells. 
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Figure 26 Spatial distribution of 
18

O values in spring waters and groundwaters in the Mt. 

Fuji area. 
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 Figure 27 Spatial distribution of water chemistry in the Mt. Fuji area. 
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Figure 28 Spatial distribution of 
36

Cl/Cl ratios in spring waters and groundwaters in the Mt. 

Fuji area. Values in parentheses represent the samples with high NO3
−
 concentration (>10 

mg/L). 
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Figure 29 Estimation of residence time of spring waters and groundwaters using bomb-produced 
36

Cl. (A) Predicted time-series 

variation of 
36

Cl/Cl in the Mt. Fuji area. (B) Measured 
36

Cl/Cl ratios in spring waters and groundwaters. 
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Figure 30 Spatial distribution of residence time of spring waters and groundwaters in the 

Mt. Fuji area, estimated from 
36

Cl. 
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Figure 31 
36

Cl ratios in spring waters and groundwaters compared with (A) SiO2 and (B) HCO3
−
 concentrations. 
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Chapter 7 Conclusions 

 

This study has presented a methodology for quantitatively estimating residence time of 

modern groundwater by using bomb-produced 
36

Cl. Total deposition of bomb-produced 
36

Cl 

was estimated for the Oderbruch region, Germany and the Tsukuba Upland, Japan, from 

measured 
36

Cl concentrations in groundwater. The proposed method was then applied to the 

springs around Mt. Fuji, Japan. 

The 
36

Cl/Cl distribution in groundwater was investigated in the Oderbruch aquifer. The 

Oderbruch groundwaters appeared to be affected by saline water. The effect of its mixing was 

corrected using a two-component mixing model. Simulation of tracer transport for 
3
H and 

36
Cl derived scaling factors in the range of 0.3–1.22 (c.f. 2.5 based on the latitudinal 

distribution model). Estimated time-series variation of 
36

Cl/Cl in the Oder River basin is in 

satisfactory agreement with the 
36

Cl/Cl ratios in wine samples from the Rheingau, Germany. 

This suggests that an over-simplified model such as the latitudinal distribution model is not 

suitable for estimating the fallout pattern of bomb-produced 
36

Cl. The results also imply that 

the scaling factor can be obtained by measuring 
36

Cl in systematically-sampled groundwaters. 

Depth profile of 
36

Cl/Cl ratio in groundwater was investigated in the Tsukuba Upland. 

From the vertical distribution of 
36

Cl, the total bomb-produced 
36

Cl fallout over the upland is 

2.3 × 10
12

 atoms/m
2
, which corresponds to a scaling factor of 0.96. The ratio of the maximum 

bomb-peak fallout to the average natural background flux for the estimated local fallout 

history is consistent with measured data in Nepal. This agreement supports the validity of the 

obtained scaling factor. The results also confirmed that the local fallout history of 
36

Cl can be 

estimated from a groundwater profile. 

Residence time of spring waters around Mt. Fuji was estimated using bomb-produced 
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36
Cl. To estimate time-series variation of 

36
Cl/Cl ratio in the Mt. Fuji area, the Dye-3 fallout 

data was scaled using a scaling factor obtained for the Tsukuba Upland. Measured 
36

Cl/Cl 

ratios in spring waters were compared to the estimated time-series variation under the 

assumption of piston flow. Distribution of spring water residence time is reasonably 

consistent with previous studies. However, residence time in the western foot obviously 

disagrees with previous one. This may be due to the difference in the natural background 

36
Cl/Cl ratio among different slopes. It can be caused by the difference in the Cl

−
 

concentration in precipitation. 

Condition of the recharge area (i.e. the natural background level of 
36

Cl/Cl, chloride 

concentration in precipitation, and mean annual precipitation) has to be known correctly, 

otherwise errors may be directly enlarged in estimating residence times. However, the results 

obtained show the fundamental effectiveness of the method proposed in this study. 
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