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Abstract 19 

Essential parameters for the applications of 36Cl as a tracer in groundwater studies include 20 

the initial 36Cl/Cl ratio, at the time of recharge, and/or the natural background deposition flux of 21 

36Cl in the recharge area. To facilitate the hydrological use of 36Cl in central Japan, this study 22 

aims to obtain a precise estimate of the long-term average local 36Cl flux and to characterize its 23 

seasonal variability. 36Cl in precipitation was continuously monitored in Tsukuba, central Japan 24 
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The spatial distribution of 36Cl in precipitation during the spring of 2007 was investigated on 1 

a continental scale in Europe (Johnston and McDermott, 2008), yielding a distribution of the 2 

36Cl/Cl ratio similar to that in the United States (Moysey et al., 2003). Thus, the most direct 3 

approach in obtaining the initial value and/or the background flux is to monitor 36Cl in 4 

precipitation (for several years to obtain reasonable estimates) (Davis et al., 1998). However, 5 

only a few studies have continuously measured 36Cl deposition fluxes for 1–2 years, at a time 6 

resolution finer than monthly (Hainsworth et al., 1994; Knies et al., 1994; Santos et al., 2004). 7 

These earlier studies revealed a seasonal trend in the 36Cl flux, with a peak in spring due to air 8 

exchange between the stratosphere and the troposphere. A longer observation period would 9 

allow seasonal changes to be distinguished from short-term fluctuations. 10 

For evaluating 36Cl flux, chlorine recycling as CH3Cl is another issue that should be 11 

mentioned. Ice core data from Greenland (Synal et al., 1990) showed that the bomb-derived 12 

enhanced 36Cl flux returned to pre-bomb level in around 1985. In a global-scale study (Scheffel 13 

et al., 1999; Blinov et al., 2000), however, measured 36Cl flux around the early 1990s was still 14 

up to one order of magnitude higher than model prediction (Lal and Peters, 1967). They 15 

attributed it to storage of chlorine (including bomb-produced 36Cl) in the biosphere and its 16 

subsequent release in the form of CH3Cl into the troposphere. Later in Europe in 2007, Johnston 17 

and McDermott (2008) concluded that 36Cl flux has returned to pre-bomb value. 18 

This study aims to obtain a precise estimate of the long-term average local 36Cl flux and to 19 

characterize its seasonal variability. The results will facilitate the use of 36Cl in hydrological 20 

applications in central Japan. In addition, we investigate the possible influence of chlorine 21 

recycling as CH3Cl, which may limit the use of 36Cl as a young groundwater tracer. Our study, 22 

which covers a period of >5 years, highlights a characteristic seasonal variation in local 36Cl 23 

flux, and constrains estimates of the annual average 36Cl flux and the initial 36Cl/Cl value. 24 
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Figure 1. Location of the precipitation sampling site. 6 
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Fig. 2. Comparison between the measured precipitation amount and meteorological data. 6 
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 1 

Fig. 6. Seasonal variations in (a) 36Cl/Cl ratio, (b) 36Cl flux, and (c) Cl flux. The error bars 2 

indicate the standard deviation of 5 or 6 values for each month. 3 
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 5 

Fig. 7. Comparison between the annual average 36Cl flux and the sunspot number (data from the 6 

Solar Influences Data Analysis Center, Belgium). 7 
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