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1.1 General Background 

 The need to address hydrochemical problems, such as the acidification of 

surface and subsurface waters and the transport of pollutants, at the drainage 

basin scale is well recognized. Solutions to hydrochemical problems in a stream 

often involve computer models of runoff generation in the catchment; unfortunately, 

coupled hydrological and biogeochemical models (hydrochemical models) have not 

been totally successful in explaining the hydrochemical behavior of streams, 

because they do not incorporate the correct mechanisms (or the correct 

mathematical formulation of these mechanisms) (Hooper et al., 1990; Sklash, 1990). 

For example, Hooper et al. (1988) demonstrated the overparameterization of simple 

six-parameter hydrological models (that is, the inclusion of parameters whose 

values cannot be uniquely determined by the calibration data), and pointed out 

that such overparameterization reduces the power of the models to assess the 

chemical mechanisms by making them more difficult to invalidate when faulty. 

Sklash (1990) demonstrated that one of the major reasons for these failures is that 

the models often incorrectly estimate the residence time of the water in the 

catchment; that is, the flow paths assumed in the models are often wrong. These 

facts emphasize the need for more accurate determination of the hydrological 

structure in hydrochemical models. 

 Tracer studies can improve the apportioning of runoff by tracing the 

movement of water through various pathways in a catchment. Indeed, tracer 

studies have been carried out in catchments in different areas of the world using a 

variety of tracers (both chemical and isotopic) (Table 1.1). Primarily, the use of 

chemical tracers by hydrologists has been limited to hydrograph separation, 

wherein the hydrograph is separated into pre-event (also known as "old") and event 

(or "new") water (Pinder and Jones, 1969; Sklash and Farvolden, 1979). The 

pre-event and event waters are called time-source components, because they 

provide a temporal separation of stream runoff (Genereux and Hooper, 1998).  
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Table 1.1  Recent "Geographic-Source" tracer studies 

 

 DeWalle et al. (1988) found that the traditional two-component model 

failed to explain the stormflow in the catchment that they studied, often producing 

old water percentages exceeding 100%. They also found that the inclusion of a third 

time-source component, soil water, was necessary. By using both isotopes and silica 

as tracers, three components of streamflow can be distinguished (Maulé and Stein, 

1990; Rodhe, 1998) as illustrated in Figure 1.1:  

� new surface water that has only been in contact with organic soils; 

� new subsurface water that has infiltrated during the event; and  

� old subsurface water, present in the ground before the event. 

Although these classifications are primarily time-source separations, they also take 

into consideration which pathway each component has followed. 
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Hooper et al. (1990) and Christophersen et al. (1990) proposed a technique 

"as a first step towards including soilwater quality in hydrochemical models" 

(Christophersen et al., 1990) that links the chemistry of each subsurface source 

(such as groundwater or soilwater) to the resulting streamwater chemistry, 

assuming that streamwater arises from a mixture of these sources. Because these 

sources form the chemical boundaries of possible streamwater components in the 

mixing diagram, they were called 'end-members' and the technique was referred to 

as "End-Member Mixing Analysis” (EMMA). The technique produces a 

geographic-source separation of streamwater into three runoff components. EMMA 

has been applied in many studies (e.g., Mulholland, 1993; Ogunkoya and Jenkins, 

1993; Elsenbeer et al., 1995; Ohrui and Mitchell, 1999; Hagedorn, et al., 2000; 

Burns et al., 2001). In general terms, geographic source components distinguish 

among different possible sources for the water arriving at a stream. 

Strictly speaking, a two-component isotopic hydrograph separation 

(time-source separation) yields nothing more than the proportions of event and 

pre-event water in a stream (Genereux and Hooper, 1998). Genereux and Hemond 

(1990) observed, "not all old water is groundwater and, during and after storms, 

not all groundwater is old water". Because it is the mechanisms of runoff and, in 

some cases, their geographic sources that are of more fundamental significance in 

watershed hydrology, finding meaningful relationships between these components 
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Figure 1.1 Separation of streamwater into three components by simultaneous use of 

18O or D and Si (from Rodhe, 1990) 
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and time-source components (event and pre-event water) has been and remains one 

of the fundamental priorities in extracting as much hydrologic information as 

possible from isotopic data (Genereux and Hooper, 1998).  

Three-component models have been used in many studies to describe the 

components of streamwater through the mixing of throughfall, soilwater in the 

hillslope (or vadose) zone, and groundwater in the riparian zone (with some 

variations in terminology). However, the linkage between the hillslope and riparian 

zones is not well understood (Hooper et al., 1998). These authors found that the 

chemical signature of the hillslope, the largest component landform of the basin, 

was not apparent in the stream at the Panola Mountain Research Watershed, USA. 

Cirmo and McDonnell (1997) pointed out that riparian zones are thought to expand 

and contract on an event and seasonal basis, as described by the variable 

source-area concept (Hewllet and Hibbert, 1967). This implies that the riparian 

zone is important for both the hydrological processes (e.g., McGlynn et al., 1999) 

and the hydrochemical processes (e.g., Gilliam, 1994) involved in the production of 

streamwater. All hillslope water must pass through the riparian zone before 

reaching the stream. Therefore, as mentioned by McGlynn et al. (1999), further 

intensive studies of hillslope-riparian interactions, intra-riparian zone transport, 

and riparian-stream relationships are essential.  

 Streamwater chemistry in several catchments has been explained on the 

basis of geographic-source separations. Hooper (2001) emphasized the importance 

of the riparian zone to streamwater chemistry. He summarized recent and future 

problems in catchment hydrochemical studies based on observations at Panola 

Mountain Research Watershed (PMRW, 41 ha) as follows: 

  

Much of the variation in stream chemistry, at least at PMRW, reflects 

differing proportions of water coming from the upper and lower portions 

of the riparian zone. From this point of view, we have learned what can 

be learned from frequent stream sampling during events. The largest 

part of the catchment, the hillslope area, is not chemically expressed in 

the stream during events, yet certainly this area supplies water (and 

solutes) to the stream. Perhaps there are chemical reactions that occur as 

the hillslope water enters the riparian zone that radically change the 

solution chemistry. Perhaps the hillslope water is volumetrically 

insignificant compared with water resident in the riparian zone. Perhaps 

there is a delay in the translation of water from hillslope to riparian zone, 
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and the majority of transport occurs not during the storm, but between 

storms when there is also more opportunity for chemical transformations.  

 These results suggest that field studies shift their focus from the 

chemical dynamics that occur during storms to explore the connection 

between the hillslope and riparian portions of the catchment. How are 

they connected? How is water distributed between events? Does stream 

volume aggrade gradually with increasing upstream area or are there 

discrete points of large increase? Can the chemically distinct hillslope 

water be discerned in the alluvial aquifer?  

 

Recently, on the other hand, the importance of subsurface flow through the 

bedrock in hydrological and hydrochemical processes has been pointed out (e.g., 

Mulholland, 1993; Anderson et al., 1997; Montgomery et al., 1997; Onda et al., 

2001; Tsujimura et al, 2001). For example, Mulholland (1993) used a 

three-component mixing model to demonstrate that bedrock-zone flow dominated 

baseflow prior to a storm in the Walker Branch Watershed, USA. Although the 

existence of subsurface flow through the bedrock had been previously pointed out 

(Chorley, 1978), the many uncertainties in the influence this component has on 

streams still remain. One of the important hydrological problems is to clarify the 

role of subsurface bedrock zone water as a pathway for runoff generation and a 

source of streamwater; another is to determine its effects on streamwater 

chemistry. 

 Concerning the riparian and bedrock pathways, Tsujimura et al. (2001) 

pointed out that the riparian zone is important in mountainous catchments with 

relatively low relief, and that bedrock flow is important in mountainous 

catchments with relatively high relief. However, the interactions of water in the 

hillslope zone, where infiltration into the bedrock and riparian zones occurs (that is, 

the hydrological and hydrochemical processes within the hillslope/riparian 

interface or the bedrock zone), are still not well understood and are therefore of 

continuing interest. This study addresses these processes, based on studies of 

hydrometric and hydrochemical observations in small headwater catchments. 

 

1.2 Previous Hydrochemical Studies in the Kiryu Experimental Watershed 

 The Kiryu Experimental Watershed, a 5.99-ha forested catchment in Shiga 

prefecture, Japan, has been the site of many studies of hydrological processes since 

1967 (e.g., evapotranspiration by Suzuki, 1980; rainfall-runoff modeling by 
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Fukushima, 1988). Since 1989, hydrochemical and biogeochemical processes have 

been intensively studied in a 0.68-ha headwater subcatchment. The series of 

studies at the small headwater subcatchment scale are aimed at establishing an 

understanding of the hydrochemical processes in a temperate forest catchment, 

based on intensive observations of each hydrological element. The subcatchment 

has a large perennial groundwater zone, with deep soil in the downslope area. 

Shimada et al. (1993) demonstrated the processes of generation of SiO2 

concentrations in association with hydrological processes in the groundwater and 

streamwater. SiO2 is supplied mainly from soil mineral weathering, and pH values 

may affect the process of chemical weathering. Ohte et al. (1995) showed that 

biologically supplied CO2 in the soil controlled the pH. Hamada et al. (1996) 

presented the vertical profile of soil CO2 gas. Ohte and Tokuchi (1997) determined 

the spatial distribution of the acid-buffering processes and emphasized the 

importance of the buffering potential in the lower layer, where hydrogen ions are 

produced mainly by dissolution and dissociation of soil CO2 gas and are consumed 

in chemical weathering at the catchment scale. In addition, Asano et al. (1999) 

demonstrated that, as the soil depth of the catchment increases, the streamwater 

pH value after degassing (Ohte et al., 1995) also increases. These results indicate 

the importance of the perennial groundwater zone, which has considerable soil 

depth in this catchment, on the acid-buffering systems.  

 In a study of the dynamics of inorganic nitrogen, an in situ lysimeter was 

installed with controlled soil-moisture conditions in a situation representative of 

conditions at the downslope perennial groundwater zone (Ohte et al., 1997). 

Results showed that neither ammonium nor nitrate could be detected in the 

leachate. This demonstrated that reduction of NO3- by denitrification occurred 

under saturated conditions. Koba et al. (1997), using the 15N natural abundance 

method, found intermittent occurrence of denitrification when the groundwater 

zone expanded upward in the perennial groundwater zone of this catchment. 

Hobara et al. (2001) estimated the effects of a natural disturbance (involving an 

outbreak of pine wilt disease in the upslope zone of the catchment) on the 

downslope perennial groundwater and streamwater, and concluded that even a 

small-scale natural disturbance drastically altered the nitrogen dynamics. Ohte et 

al. (submitted), using a two-source conceptual model, demonstrated that 

seasonality in the groundwater level of the perennial groundwater zone is the 

dominant factor controlling seasonal changes of streamwater NO3- concentration, 

and explained the changes of seasonal patterns in streamwater NO3- concentration 
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before and after the natural disturbance from the changes of shallow perennial 

groundwater chemistry. The responses of stormflow chemistry were explained by 

Katsuyama et al. (1998), who showed that the dominant factors were the 

distributions of the sources and the perennial groundwater levels around a spring 

outflow point (that is, riparian groundwater levels; see Paragraph 1.4, 

"Terminology") and developed a conceptual model of the processes involved. 

Perennial groundwater chemistry and groundwater level play an important role in 

the hydrochemistry of the streamwater in this catchment. However, the 

hydrological or hydrochemical linkage between the hillslope and the riparian 

groundwater, in other words, how the hillslope groundwater and its chemistry 

affect processes in the riparian zone, is still unclear.  

 
1.3 Objective and Procedures of This Study 

The objective of this study is to investigate the hydrochemical processes 

within the hillslope, hillslope/riparian interface, and riparian zones, considering 

the hydrologic pathways and the geographic sources. The application of mixing 

models to the streamwater and the hydrochemical processes in the streamwater 

are discussed. A characteristic of this study is intensive, biweekly- and event-based 

sampling of rainfall, throughfall, groundwater, and streamwater, with 

simultaneous intensive hydrometric observations in the two (or in some cases, four) 

catchments. The structure of this study is shown in Figure 1.2.  

In Chapter 2Chapter 2Chapter 2Chapter 2, the characteristics of the study sites and the procedures for 

hydrometric observations, sampling, and chemical analyses are described.  

The aim of Chapter 3Chapter 3Chapter 3Chapter 3 is to clarify the hydrologic pathways in the 

catchments by using intensive hydrometric observations. The groundwater 

dynamics during a rainstorm, comprised of the saturated throughflow that occurs 

on the soil-bedrock interface, deep seepage and bedrock flow, and subsurface flow 

within the riparian groundwater body, are considered.  

Chapter 4Chapter 4Chapter 4Chapter 4 describes the spatial and temporal distributions of groundwater 

chemistry, and the geographic sources of streamwater are allocated in each 

catchment, based on biweekly groundwater sampling. The hydrochemical processes 

within the hillslope, hillslope/riparian interface, and riparian zones are discussed. 

Specifically, the reasons why chemical variability is generated are examined, 

taking into account the relationship of flow pathways and their chemistry. 
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The hydrochemical processes of baseflow are examined in Chapter 5Chapter 5Chapter 5Chapter 5. 

Mixing models are applied in each catchment, based on the hydrological pathways 

defined in Chapter 3Chapter 3Chapter 3Chapter 3 and the geographic sources defined in Chapter 4Chapter 4Chapter 4Chapter 4, and the 

mechanisms producing seasonality of the streamwater chemistry are defined. 

Chapter 6Chapter 6Chapter 6Chapter 6 discusses the hydrochemical processes of stormflow from various 

viewpoints, including rainfall duration and variable source area, the differences in 

the dominant hydrological processes between the catchments, and the estimation of 

the area contributing to stormflow. EMMA is applied to these analyses with some 

chemical tracers, including a new tracer--fluorescence of dissolved organic 

carbon--taking into consideration the hydrological pathways defined in Chapter 3Chapter 3Chapter 3Chapter 3 

and the geographic sources defined in Chapter 4Chapter 4Chapter 4Chapter 4. 

Finally, Chapter 7Chapter 7Chapter 7Chapter 7 summarizes the results from each of the preceding 

chapters. General conclusions from this study, "Hydrochemical dynamics of 

groundwater and streamwater in forested headwater catchments" are presented.  

 

1.4 Terminology 

 Some of the terms used in this paper have special meanings that are 

defined herein: 

� bedrock: The layer beneath the surface soil with N4 values over 100, but which 

may be permeable (see ChapterChapterChapterChapterssss 2, 3 2, 3 2, 3 2, 3). 

� bedrock flow/bedrock groundwater: The groundwater flow components that 

infiltrated to the bedrock (deep seepage), and flowed downward. In contrast, 

the groundwater flow component that does not infiltrate to the bedrock and 

flow on the soil-bedrock interface is called saturated throughflow.  

� riparian zone: The definition of the riparian zone given by Hill (2000) is used: 

the riparian zone is composed of the area of land adjacent to streams and 

rivers and it can often be distinguished from upland areas of watersheds by 

vegetation, soils, and topography. In this study, it is defined as "the area 

around the spring outflow point containing a body of groundwater," because the 

observed catchment has gentle slopes that are clearly distinguished from those 

upslope.  
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Chapter 2Chapter 2Chapter 2Chapter 2    

MethodsMethodsMethodsMethods    

 

2.1 Site Description 

The experiments in this study were conducted in four small headwater 

catchments: Kiryu Matsuzawa catchment, Kiryu Akakabe catchment, Jakujo 

Rachidani catchment, and Ashiu Toinotani catchment. Figure 2.1 shows the 

locations of the four catchments. Results from the Matsuzawa and Akakabe 

catchments are detailed in the following chapters; results from the Rachidani and 

Toinotani catchments are discussed in Chapter 6Chapter 6Chapter 6Chapter 6 and compared therein with those 

from the former two catchments. 

 

 

 

2.1.1 Kiryu Matsuzawa Catchment 

The Kiryu Experimental Watershed is southeast of Lake Biwa, in the 

Figure 2.1 Locations of the study sites 
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southern part of Shiga Prefecture, Central Japan. The Tanakami Mountains area, 

which includes this experimental catchment, was devastated about 1200 years ago 

by excessive timber use and remained denuded for a long period. Hillside 

restoration and reforestation works have been carried out over the last 100 years to 

prevent soil erosion. Most of this area has now been covered with plantation forest.  

Figure 2.2 Topography of the Kiryu Experimental Watershed 
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The Kiryu Experimental Watershed covers 5.99 ha; it is a forested 

watershed, located at 34°58'N, 136°00'E, with an elevation ranging from 190 m to 

255 m. Topography is shown in Figure 2.2. Hydrological observations have 

continued since 1967. Monthly rainfall and air temperature are shown in Figure 

2.3. The climate is warm temperate, with rainfall distributed throughout the year, 

peaking in summer but producing little snowfall in winter. The mean annual 

rainfall and runoff from 1972 to 2001 were 1645.0 mm and 888.5 mm, respectively. 

The mean annual air temperature from 1997 to 2001 was 14.0°C. Water budgets 

for the Kiryu Experimental Watershed and two subcatchments (the Matsuzawa 

and Akakabe catchments) are shown in Table 2.1. 

 

The Kiryu Matsuzawa catchment is one of the small headwater 

subcatchments within the Kiryu Experimental Watershed, with an area of 0.68 ha. 

Vegetation consists of mixed stands of Chamaecyparis obtusa Sieb. et Zucc. planted 

in 1959 and Pinus densiflora Sieb. et Zucc., the natural regeneration of afforested 
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Table 2.1  Water budgets for the Kiryu, Matsuzawa and Akakabe catchment 

Figure 2.3 Monthly rainfall and air temperature in the Kiryu Experimental Watershed 

note: Rainfall is averaged from 1972 to 2001. 

Temperature is averaged from 1997 to 2001. 
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trees. In recent years, the P. densiflora stands have declined due to pine-wilt 

disease (Hobara et al., 2001). Some deciduous species are present on the ridge of 

the catchment. The leaf area index (LAI) measured on October 30 2000 was 4.91.  

The entire area of the Matsuzawa catchment consists of weathered 

granitic rock with abundant amounts of albite. The soil profile has no apparent 

structure; organic matter is not mixed to any noticeable degree. The A0 horizon has 

a moder humus form without any apparent H horizon, on both the upper and lower 

parts of the hillslope. The mineral soil on the upper part of the hillslope consists of 

an A and an AC horizon, which are thinner than 2 cm, and a B horizon that is not 

well established. At the lower part of the hillslope, although there is an A horizon of 

about 7 cm and a B horizon of about 30 cm, neither includes any apparent 

aggregates (Ohte et al., 1995). Detailed descriptions of the chemical characteristics 

of the soil were given by Ohte et al. (1997) and Asano et al. (1998). 

The ground surface topography and the bedrock surface topography of the 

Matsuzawa catchment are shown in Figures 2.4 and 2.5, respectively. The size of 

the grid cell in each three-dimensional map is 2 m by 2 m. The Matsuzawa 

catchment is a headwater catchment, unchanneled, but the section from point SP 

(the spring outflow point) to point W (the weir) is channeled (about 12 m long, see 

Figure 2.4). Stream flow is perennial. Gentle slopes with deep soils adjoin steep 

slopes with shallow soils. The area with a gradient lower than 15° comprises 62.8% 

of the total area; the area steeper than 25° comprises 11.2% (Kim, 1990). The 

topography of the bedrock surface does not conform exactly to the ground surface. 

There are two hollows in the ground surface (lines G1-GE-GF-G15-G34 and 

GA-GB-GC-GD in Figure 2.4.), but only one hollow in the bedrock surface (line 

G1-GE-GF-G15-G34 in Figure 2.5).  
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Figure 2.4 Ground surface topography of the Matsuzawa catchment 
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Figure 2.5 Bedrock surface topography of the Matsuzawa catchment 
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The spatial distributions of the topographic index (TPI, Beven and Kirkby, 

1979) and their frequency distributions were calculated from the 2-m digital 

terrain models (DTMs) of the Matsuzawa catchment and are shown in Figure 2.6. 

The topographic index has the form 

)tan/ln( βα=TPI  

where α is the upslope area per unit contour length contributing to a grid cell 

(derived from a raster DTM) and tanβ is the local slope angle at the cell (Quinn et 

al., 1995). High-index-value areas will tend to saturate first and will therefore 

indicate potential subsurface or surface contributing areas (Beven, 1997). In the 

Matsuzawa catchment, cells with higher index values are distributed along the 

ground surface hollows, and the cells around G1 or SP have particularly high 

values; therefore, these areas are expected to saturate easily and to contribute to 

stream flow during rainstorms. 

The spatial distribution of soil depths and their frequency distributions in 

the Matsuzawa catchment are shown in Figure 2.7. The mean soil depth of the area 

is 1.51 m; 62.4% of the area has a soil depth of less than 1 m (the area less than 0.5 

m is 37.8%), and 25.8% has a soil depth greater than 2 m. The soil is especially 

deep in the area where the bedrock hollow is present.  

The bedrock topography around the spring outflow of the Matsuzawa 

catchment was surveyed in detail using a cone penetrometer. A 20-m square plot 

was set up around the spring outflow point, and the soil depth was measured at 

each 2-m lattice point. Soil depth at each well was measured by a cone 

penetrometer with a cone diameter of 9.5 mm, a weight of 1.17 kg, and fall distance 

of 20 cm. The N4 value is the number of blows required for a 4-cm penetration; in 

this study, N4 values in excess of 100 were defined as constituting bedrock. Figure 

2.8 shows the plot map and the distributions of the soil depth. Soil depth increases 

rapidly from the northwest to the southeast within the plot. The soil to the south or 

east of the spring outflow point is especially deep, indicating a bedrock depression 

around the spring. 

 



Chapter 2     Methods 

-22- 

 

 

 

Figure 2.6 Spatial distributions of the topographic index and their frequency 

distributions of the Matsuzawa catchment 
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Figure 2.7 Spatial distribution of soil depths and their frequency distributions in the 

Matsuzawa catchment 
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2.1.2 Kiryu Akakabe Catchment 

The Kiryu Akakabe catchment is one of the small headwater 

subcatchments in the Kiryu Experimental Watershed and is adjacent to the 

Matsuzawa catchment (see Figure 2.2). The area of the Akakabe catchment is 

0.086 ha and the vegetation consists of Chamaecyparis obtusa Sieb. et Zucc. 

planted in 1959. The geology and meteorology are the same as those of the 

Matsuzawa catchment. The ground surface topography and a longitudinal section 

of the Akakabe catchment are shown in Figure 2.9. A stonemasonry dam exists in 

the catchment, which was constructed to prevent soil erosion. The catchment is 

divided into three parts, the stream channel area downslope from the dam, the soil 

sedimentation area upslope from the dam, and the hillslope area connected to the 

soil sedimentation area. A spring outflow point exists below the dam, and the 

channel length between the spring and the weir is about 16 m. Streamflow is 

perennial, although the spring outflow moves downslope and the channel length 

becomes shorter during the dry season. Groundwater persists in the soil sediment 

zone all year. The gradients of the channel, and of the catchment as a whole, are 

23.0° and 22.0°, respectively. 

Figure 2.8 Bedrock topography around the spring outflow point of the Matsuzawa catchment 
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In order to study runoff generation and the hydrochemical processes of 

saturated throughflow during rainstorms within the hillslope area, a 0.02-ha 

hillslope plot was set up and a trench was installed. The longitudinal section and 

the soil depth distributions are shown in Figure 2.10. The soil depth, which was 

Figure 2.9 Ground surface topography and a longitudinal section of the Akakabe catchment 
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measured using a boring stick at 48 points along the hollow of the plot, was 

distributed in the range of 20 cm to 126 cm. The mean soil depth of these 48 points 

was 0.7 m, with 31.2% having a soil depth less than 0.5 m and 18.8% having a 

depth greater than 1 m. The slope length is 49.8 m and the gradient is 23.4°. 

 

 

 

2.1.3 Jakujo Rachidani Catchment 

The Jakujo Rachidani catchment is within the Tanakami Mountains 

region, as is the Kiryu Experimental Watershed. In this area, hillside restoration 

works have been unsuccessful and the soils are predominantly eroded and bare. 

The topography and a longitudinal section of the lower part of the catchment are 

shown in Figure 2.11. The catchment area is 0.18 ha and the mean gradient in the 

valley is 34.1°. The mean annual rainfall and runoff from 1996 to 1999 were 1670.3 

mm and 1093.5 mm, respectively. The Rachidani catchment is less than 5 km from 

the Kiryu Experimental Watershed (Figure 2.1), so the mean annual rainfall is 

similar. However, because the vegetation is immature and there is little 

evapotranspiration, the soil-water contents differ between the two catchments. The 

eroded Rachidani catchment has only a small area at the bottom part of the hollow 

(about 10% of the area) covered with Pinus thunbergii Parl. and Chamaecyparis 

obtusa Sieb. et Zucc. A 1-m high dam has been installed at the bottom of the 

Figure 2.10 Longitudinal section of hillslope plot and soil depth distributions in the Akakabe catchment 
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catchment, and upslope from the dam the soil formed from sediment is 70 m to 100 

cm deep. Groundwater persists in the soil sediment zone year round; however, the 

scale of the saturated zone is small compared with that of the Matsuzawa 

catchment. The channel length from the spring (point SP in Figure 2.11) to the weir 

(point W) is about 3 m. More detailed descriptions of the topography and of the 

physical characteristics of the soil are given in Kimoto et al. (1999), and the 

chemical characteristics of the soil are detailed in Asano et al. (1998).  

 

 

Figure 2.11 Ground surface topography and a longitudinal section of the Rachidani 
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2.1.4 Ashiu Toinotani Catchment 

The Toinotani catchment is a headwater subcatchment of the Shimotani 

catchment (303 ha) in the Kyoto University Forest in Ashiu, located in the northern 

part of Kyoto Prefecture, Central Japan (see Figure 2.1). The topography and a 

longitudinal section of the lower part of the catchment are shown in Figure 2.12. 

The catchment area is 0.64 ha and the mean slope gradient is 35.9°. The altitude of 

the catchment ranges from 730 m to 830 m above sea level, with an average air 

temperature of 10.3°C. Mean annual rainfall and runoff from the Kamitani 

catchment (490 ha, adjacent to the Shimotani catchment) are 2885.3 mm (30% of 

which falls as snow) and 2448.1 mm, respectively (Nakashima and Fukushima, 

1994). The catchment is covered by secondary forest growth of Cryptomeria 

japonica D. Don, with some broadleaf species (e.g., Betula grossa Sieb. et Zucc.). 

The catchment is underlain by Paleozoic sedimentary rock. The outlets of some 

natural soil pipes were found about 10 m upstream from the weir along the 

longitudinal axis of the hollow, and the importance of pipe flow to storm runoff 

generation processes has been described (Uchida, 2000). Soil depth is about 10 cm 

around the spring outflow, and ranges from 20 cm to 80 cm around the pipe outlets. 

The channel length from the spring (point SP in Figure 2.12) to the weir (point W) 

is about 2 m. The outlet of one of the pipes is 6 m upstream from the spring outflow 

point (Pipe A), and six others occur 4 m upstream from Pipe A (Pipe group B) 

(Uchida, 2000).  
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Figure 2.12 Ground surface topography and a longitudinal section of the Toinotani catchment 
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2.2 Hydrological and Hydrochemical Observations 

2.2.1 Matsuzawa Catchment 

The locations of the observation facilities are shown in Figure 2.4. Rainfall 

was measured using a tipping-bucket rain gauge at the meteorological station 

located at the center of the Kiryu Experimental Watershed (see Figure 2.2). Runoff 

from the Matsuzawa catchment was continuously measured at a 30° V-notch weir 

located downstream of the spring through which groundwater emerges to the 

surface. Groundwater levels were monitored manually using maximum 

groundwater level gauges at 39 observation wells throughout the catchment and 

using continuous automatic-recording tensiometers and a programmable data 

logger (Campbell, USA, CR-10X) in the lower part of the catchment at points G1, 

G2, G10, G11, G15, G34, GA, GB, GC, GD, GE, GF, and GH. The structure of the 

observation wells is shown in Figure 2.13. These wells were made of bore pipes 6 

cm in diameter screened with small holes around their peripheries from top to 

bottom. 

 

 

The observation wells are of three types according to expected hydrological 

behavior; that is, the response of the groundwater level to rainstorms and the 
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Figure 2.13 The structure of the observation wells (Maximum rise well) 
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general groundwater condition (Ohte et al., 1995). The three categories are as 

follows: 

1) Saturated zone (SGW). This zone is saturated year-round and is adjacent to the 

stream. Points G1, G2, GE, GF, and G3 are located in this zone. 

2) Transient saturated zone (TGW). This zone is situated at the edge of the 

saturated zone. During wet seasons, from spring to fall in this region, saturated 

conditions always occur. This zone is similar to the SGW zone at these times. The 

saturated condition disappears during the dry winter season. Points GA, GB, GC, 

GD, and GH are located in this zone. 

3) Unsaturated hillslope zone (HGW). This zone has shallow soils and is located at 

the hillslope part of the catchment. It is not saturated continuously, but on occasion 

during rainstorms. Saturation disappears immediately after the rainstorms. Points 

G10, G11, and the other observation wells are located in this zone. 

The depth of the representative observation wells for each zone, soil depth 

to bedrock, and the occasions when groundwater occurred at each point are shown 

in Table 2.2. In Figure 2.14, profiles of N4 value at each point are shown. The 

observation wells in SGW are in very deep soil compared to those in zones TGW 

and HGW. The observation wells of GB, GC, and GD in TGW have been drilled 

down to bedrock. 
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    Table 2.2 (Continued) 
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In the Matsuzawa catchment, areas downslope of the SGW and TGW 

zones correspond to the riparian zone, because these zones are adjacent to the 

stream channel and have a gentle slope. They are clearly distinguished from the 

upslope regions. 

The groundwater volume existing on the bedrock was calculated based on 

the intensive observations of groundwater levels in the lower part of the catchment. 

A 2-m mesh grid was superimposed on maps of the soil surface (Figure 2.4) and the 

bedrock surface (Figure 2.5) and groundwater levels for each grid cell were 

calculated by interpolating the observed groundwater levels. These were then 

multiplied by the area of a grid cell (4 m2) and summed. Saturated soilwater 

content was uniformly assumed to 0.5.  

Observations began in June 1996. Samples were collected biweekly 

(regular sampling) and during rainstorms (event sampling). The groundwater 

samples were taken from the cups immersed in the maximum rise well (Figure 

2.13). Streamwater samples were collected regularly by manual sampling at point 

ST, and using two automatic samplers (American Sigma, USA, Model 900&702). 
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Figure 2.14 Vertical distribution of N4 value 

note: Pay attentions in the difference of Y axis in SGW and TGW, HGW 
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Spring water samples were collected manually at point SP.  

Rainfall and throughfall were sampled using bottles with funnels 21 cm in 

diameter. The rainfall was collected at the meteorological station at the center of 

the Kiryu Experimental Watershed (Figure 2.2) and throughfall was collected at 

four points within the catchment (Figure 2.4). The concentrations of throughfall 

were estimated from the weighted mean values obtained at four points. 

 

2.2.2 Akakabe Catchment 

The locations of the observation facilities are shown in Figure 2.9. The 

runoff from the Akakabe catchment was measured using a 30° V-notch weir. 

Saturated throughflow occurring within the hillslope plot was directed from the 

trench to 200-cc capacity tipping buckets and samples were taken (hereafter, these 

samples are referred to as "trench water"). Automatic recording tensiometers were 

installed at point A1 in the soil sediment zone at a depth of 137 cm and at four 

points (A3-A6) in the hillslope plot at the soil-bedrock interface depth to measure 

groundwater levels. Observation wells were installed next to each tensiometer and 

samples of the groundwater were taken for chemical analysis. At the point A1, two 

wells were installed at different depths (110 cm and 175 cm). 

 

2.2.3 Rachidani Catchment 

The runoff from the catchment was measured using a 90° V-notch weir. 

Samples were collected during rainstorms. The groundwater was sampled by the 

same method as that used in the Matsuzawa catchment. Streamwater samples 

were collected at point W (Figure 2.11) using an automatic sampler (American 

Sigma, USA, Model 702). Rainfall was bottle-sampled using funnels 21 cm in 

diameter. 

 

2.2.4 Toinotani Catchment 

The outflow of Pipe A was directed to 500-cc capacity tipping buckets. 

Runoff from the catchment was measured using a 45° V-notch weir. The 

groundwater and soilwater samples were collected by using a tension lysimeter 

during rainfall. A silicon rubber tube was connected to a porous cup and water was 

extracted by suction using a hand pump when it reached the volume required for 

chemical analysis. Streamwater samples were collected at the weir (see Figure 

2.12) using an automatic sampler (American Sigma, USA, Model 900). The 

throughfall samples were collected after rainfall by the same method as that used 
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in the Matsuzawa catchment. 

 

2.3 Chemical Analysis 

In situ measurements for each sample included pH using a glass electrode 

(TOA, Japan, HM-12P), electrical conductivity (HORIBA, Japan, ES-12), 

temperature, and partial pressure of dissolved CO2. Dissolved pCO2 was directly 

measured with a sensor (TOA, Japan, CE-331) (Ohte et al., 1995). 

Samples were sealed in 50-ml polyethylene bottles and refrigerated until 

analyzed for inorganic solutes. The analyses for solute concentrations were carried 

out in a laboratory at Kyoto University. The samples were filtered through a 

0.45-µm-pore cellulose acetate filter, and concentrations of major ions (Na+, NH4+, 

K+, Ca2+, Mg2+, Cl-, NO3-, and SO42-) were measured by ion chromatography 

(SHIMADZU, Japan, HIC-6A). HCO3- concentrations were calculated from pH and 

pCO2 values (details described by Ohte et al., 1995). SiO2 concentrations were 

measured using an inductively coupled plasma (ICP) emission spectrometer 

(SEIKO, Japan, SPS1500 VR). 

Samples for organic carbon analysis were filtered through precombusted 

filters (Whatman GF/F), sealed in precombusted 30-ml glass vials, and frozen until 

analyzed. Dissolved organic carbon (DOC) concentrations were measured using a 

total organic carbon analyzer (SHIMADZU, Japan, TOC-5000). The 

three-dimensional fluorescence excitation-emission spectra of DOC were measured 

using a fluorescence spectrophotometer (HITACHI, Japan, F-4500). Fluorescence 

occurs when electrons within molecules that have previously been excited by a 

high-energy light source emit energy in the form of light. In three-dimensional 

fluorescence spectrometry, emission and excitation wavelengths are each scanned 

sequentially and fluorescence intensity is expressed as a contour graph, the 

excitation-emission matrix (EEM). Each dissolved organic substance has a 

characteristic EEM depending on the composition or structure of component groups 

of humic substances present. 

The excitation wavelength was scanned from 225 nm to 400 nm at 5-nm 

intervals and the emission wavelength from 225 nm to 500 nm at 1-nm intervals at 

scan speeds of 1200 or 2400 nm/min. For each measurement, fluorescence was 

calibrated against a quinine sulfate unit (QSU) (e.g., Mopper and Schultz, 1993; 

Suzuki et al., 1997). One QSU is the fluorescence intensity at excitation 

wavelength 345 nm and emission wavelength 450 nm of a solution of 1 µg/l quinine 

sulfate in 0.01N H2SO4. 
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3.1 Introduction 

This chapter discusses the hydrological pathways within the catchments, 

as determined by the results of intensive hydrometric observations. Based on the 

groundwater dynamics observed in the Matsuzawa and Akakabe catchments, the 

hydrological processes from the rainfall to the stream have been deduced. The 

differences between the hydrological processes occurring in the two catchments, 

and the reasons for these differences, are also discussed. 

  

3.2 Groundwater Dynamics in Akakabe Catchment  

Figure 3.1 shows the direct runoff ratios in the Akakabe catchment and in 

the hillslope plot. In this study, the total runoff from the hillslope plot is regarded 

as direct runoff, because it is generated only during rain. The direct runoff rates 

were calculated following the method of Hewllet and Hibbert (1967); this method 

has also been used in other studies (e.g., Harr,1977; Tsujimura et al., 2001). A line 

is projected from the beginning of any stream rise at a slope of 0.55 l/s/km2/hr 

(0.0019 mm/hr/hr) to its intersection with the falling limb of the hydrograph. This 

line was determined after examining many hydrographs from about 200 

water-years of collected records for fifteen small forested catchments. 
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Figure 3.1 Direct runoff ratios in the Akakabe catchment and in the hillslope plot 



Chapter 3     Groundwater Dynamics and Hydrological Pathways 

-39- 

Runoff was generated from the hillslope plot even when the total rainfall 

was less than 10 mm. However, the direct runoff ratio was low, at less than 1%, 

when the total rainfall was less than 20 mm, about 3% when the total rainfall was 

more than 20 mm, and only rarely exceeded 5%. The direct-runoff ratio of the 

whole catchment was about 5% when total rainfall was less than 20 mm and 

increased with increasing total rainfall to a maximum of about 20%.  

Histograms of the frequency of occurrence of saturated throughflow to the 

rainfall at each point within the hillslope plot are presented in Figure 3.2. 

Saturated throughflow was more frequent from small rainstorms at the lower slope 

points. The occurrence frequency of the trench water was similar to that at A3, 

located at the foot of the hillslope. In Figure 3.3, the relationship between the 

maximum groundwater levels at each point and the total discharge rate from the 

hillslope are shown. A clear correlation appears for site A3, and discharge from the 

hillslope was not observed when saturated throughflow did not occur at A3. On the 

other hand, no clear correlation is apparent at A4 and A6, so it can be deduced that 

the discharge from the hillslope was mainly composed of saturated throughflow 

occurring at A3.  
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Figure 3.2 Histograms of the frequency of the saturated throughflow occurrence to 

the rainfall in each point within the hillslope plot 
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As shown in Figure 3.1, the direct-runoff ratio in the hillslope plot was less 

than 5% of the total rainfall. Thus, 95% of the total rainfall was distributed 

between evapotranspiration and deep seepage, based on the water budget within 

the hillslope. Akakabe (1999) estimated evapotranspiration from the assumed soil 

column within the hillslope plot based on the water budget, and found a good fit to 

the estimated evapotranspiration in the Kiryu Experimental Watershed derived by 

Suzuki et al. (1980) by the method of short-term water budget estimation. Akakabe 

et al. (1999) also reported a strong positive correlation between the mean soil-water 

content and deep seepage within the hillslope. Terajima et al. (1993) estimated the 

deep-seepage water from the water budget in granitic catchments, and the 

deep-seepage water ratio to rainfall was higher in smaller headwater catchments. 

More than 30% of the rainfall was deep seepage in a 0.87-ha catchment. These 

facts imply that deep seepage is an important component of the water budget 

within a hillslope, especially in the middle or upper hillslope regions where water 

made little contribution to discharge through the trench. The annual mean 

evapotranspiration (the difference of the total rainfall and the total discharge rate) 

in the Kiryu Experimental Watershed averaged about 46% of the annual rainfall 

from 1972 to 2001. Thus, deep seepage in the hillslope is estimated as about 50% of 

the total rainfall.  

The rainfall, discharge rates from the catchment and the hillslope plot, and 

the groundwater level at A1 during two rainstorms are presented in Figure 3.4. 

The total rainfalls in (a) and (b) were 75.67 mm and 55.47 mm, respectively. Runoff 

from the hillslope was maintained during each rainstorm but ceased soon after the 
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Figure 3.3 Relationship between the maximum groundwater levels of each point and the 

total discharge rate from the hillslope 
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rainfall stopped. The peak of the A1 groundwater level in the soil sedimentation 

area was delayed by a few hours from the peak discharge from the hillslope. This 

means that the groundwater in the soil sedimentation area was recharged not only 

by the saturated throughflow occurring on the soil-bedrock interface but also by 

another component with lower velocity. Bedrock flow, derived from deep seepage 

flowing down through the bedrock, can be identified as this lower velocity 

component. The peak discharge rate in the catchment preceded the groundwater 

peak, so some component of runoff that did not pass through the soil sedimentation 

area, such as channel precipitation, may have contributed to the peak discharge. In 

addition, the annual discharge rate from the Akakabe catchment was similar to 

that of the Kiryu Experimental Watershed, where deep seepage must be relatively 

small because of the large watershed area (Table 2.1). Therefore, baseflow from the 

Akakabe catchment may be sustained by bedrock groundwater in addition to 

groundwater in the soil sedimentation area. 
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Figure 3.4 Rainfall, discharge rates from the catchment and the hillslope plot, and the 

groundwater level at A1 during two rainstorms in the Akakabe catchment 
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3.3 Groundwater Dynamics in the Matsuzawa Catchment 

The direct runoff ratio in the Matsuzawa catchment is shown in Figure 3.5. 

The ratios were calculated following the method of Hewllet and Hibbert (1967), as 

in the Akakabe catchment. The overall direct-runoff ratio is about 5% to the total 

rainfall, and smaller than that in the Akakabe catchment. 

The variations of the groundwater levels (or hydraulic potentials) along the 

cross and longitudinal sections and the hydraulic gradient during rainstorms are 

shown in Figure 3.6 (a-h) and Figure 3.7, respectively. The total rainfall was 165.58 

mm and the total discharge was 27.40 mm during the period of observation. The 

four observed sections are the two longitudinal sections, line SP-G1-GE-GF in SGW 

and line SP-GA-GB-GC-GD in TGW; and the cross sections, lines G10-GB-GH-GE 

and G11-GC-GF across the HGW-TGW-SGW regions. The hydraulic gradient in the 

downward direction is defined as positive in this study. No antecedent rainfall was 

recorded during the ten days prior to each event. The peak discharge rate occurred 

at the same time as the peak rainfall was recorded, but the peak groundwater 

volume was delayed by a few hours.  
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Figure 3.5 Direct runoff ratio in the Matsuzawa catchment 
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Figure 3.6 Temporal variations of the groundwater levels along the cross and 

longitudinal sections during the rainstorms 

�����������
�
� � �� �� �� �� ��
�� �� �� �� ��������� � ��¡ ¢ £ ¤  ¢¢ ¡����¥

���������� � � �� ���� �¦ �§ ��� ��������� � � �� �� ���� �¨ ���

������� � � �� �� �� �� �� ��¦��©ª���� ¢ � ©«���¬  ¥®�� �¯ �¨ �°�§

±²³²´µ ¶··¸���������� �¹���¹������ �� �� �� �� �º �» �������������º���������� � ¼� ¢�¥ ° ©«¬½��¾  ��� ¿ÀÁ

¸ÂÃ·· ÄÅ ±²³²´µ ¶¸Æ ¶··¸Ḉ ÈÉÄÅÊ Ê Ë́ ÉÌÍÎ³È ÏÈÍÐÑ
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Figure 3.6 ÜContinuedÝ 
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Comparing the soil-surface and bedrock topography in each section, the 

soil is shallow and the bedrock surface is parallel to the soil surface in HGW and 

TGW. In SGW the soil is deep, and a large depression of the bedrock exists around 

the spring outflow point (SP). Before rainfall (a), a positive hydraulic gradient was 

observed only from G1 to SP within SGW. The hydraulic gradient was negative 

from GA, at the nearest observed point to SP. Therefore, the discharge rate during 

the dryer conditions was maintained by groundwater flow from SGW around SP. 

When rainfall started (b), the hydraulic potential in HGW responded in a short 

time only at G10. Saturated throughflow occurred from G10 in HGW toward GB in 

TGW, and the groundwater level at GB rose sharply as the rainfall continued (c). 

Comparing the hydraulic responses to the rainfall between G10 and G11 in HGW, 

or GB and GC in TGW, the groundwater level rose faster at G10 and GB, the 

nearer points to SP. 

When the discharge rate was maximum (d), the groundwater levels around 

GB in TGW or GE in SGW rose, and the hydraulic gradient from GH in TGW to GE 

in SGW reached its maximum; SGW had been recharged near the soil surface. In 

addition, the groundwater level at GC was raised by the occurrence of saturated 

throughflow from G11 in HGW to GC in TGW, and the water moved toward GF in 

SGW. The groundwater level at GE in SGW approached the soil surface and a 

positive hydraulic gradient from GE toward SP was observed. However, the 

hydraulic gradient from GF to GE was negative at this time. This phenomenon is 

called "groundwater ridging” (Novakowski and Gillham, 1988; Sklash, 1990) and, 

according to Kim (1990), is important to the runoff generation processes in this 

catchment. Furthermore, the hydraulic gradient from GA to SP changed to positive 

at this time, meaning that the area contributing to the discharge broadened out. 

When the groundwater volume reached its maximum (e), the groundwater 

levels in upslope SGW and TGW rose, and during the falling limbs (f, g, h), the 

groundwater levels in SGW, particularly in the upslope SGW, continued at a high 

level, though the groundwater levels in TGW had declined earlier. This implies 

that groundwater in the soil above the bedrock in TGW flowed down to SGW 

through the surface soil with high transmissivity. The discharge rate at the falling 

limb was maintained by groundwater flow from the upslope SGW region. 
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3.4 Groundwater Dynamics within the Bedrock 

The relationship between the N4 value and the saturated hydraulic 

conductivity is shown in Figure 3.8. The soil samples were taken within the 

Matsuzawa catchment with 100-cc core samplers. Samples were divided into five 

classes by their N4 values, 0–20, 20–40, 40–60, 60–80, and over 80; four soil cores 

were sampled in each class. As the N4 value increased (that is, as the soil became 

harder), the saturated hydraulic conductivity decreased. Even in the highest class, 

with N4 over 80, (which can be considered as nearly corresponding to bedrock), the 
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Figure 3.7 Temporal variations of the hydraulic gradient during the rainstorms 
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hydraulic conductivity was of the order of 10-3 or 10-4; thus, the bedrock is not 

impermeable. The observation wells in TGW were drilled into the bedrock, and 

groundwater was sampled even during the dry season (mainly winter in this 

region) (Table 2.2). As shown in Figure 2.7, the Matsuzawa catchment is covered by 

shallow soil, except in the central part, and 62.4% of the catchment area has a soil 

depth of less than 1 m. As the Matsuzawa and Akakabe catchments adjoin each 

other and have the same bedrock material, deep seepage must contribute 

significantly to the water budget within the hillslope of the Matsuzawa catchment, 

as in the Akakabe catchment (Paragraph 3.1). Therefore, groundwater present 

within the bedrock of TGW must be derived mainly from deep seepage water from 

HGW in the Matsuzawa catchment. The bedrock water in TGW must move within 

the bedrock and recharge the deep layer of SGW. 

 

As shown in Table 2.1, the annual discharge from the Matsuzawa 

catchment was small compared to those of the Kiryu and Akakabe catchments. The 

hydrographs in Kiryu, Matsuzawa, and Akakabe catchments in the year 2000 are 

presented in Figure 3.9. The baseflow in the Matsuzawa catchment was smaller 

than that in the Kiryu Experimental Watershed. The groundwater volume in the 

Matsuzawa catchment varied little during the year (for example, it was 118.5 mm 

at January 1 2000 and 121.7 mm at December 31 2000); thus, the variations of 

groundwater storage were probably small. These facts mean that significant 

amounts of deep-seepage water, or groundwater present in the deeper layers of soil 

in SGW, may bypass the gauging weir in the Matsuzawa catchment. 

TUVWTUVXTUVYTUVTTUZ[

[ Y[ W[ \[ ][ T[[^_ `a bcd
Figure 3.8 Relationship of the N4 value and saturated hydraulic conductivity 
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Figure 3.9 Hydrographs in the Kiryu, Matsuzawa, and Akakabe catchments in the year 2000 
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3.5 Differences in the Hydrological Pathways in the Matsuzawa and Akakabe 

Catchments 

Comparing the annual hydrographs of the Akakabe and Matsuzawa 

catchments (Figure 3.9) shows that variations in the discharge rate were smaller in 

the Matsuzawa catchment. In the Akakabe catchment, the discharge rate varied 

considerably, particularly the noticeable decrease in Aug 2000. These differences 

must be caused by differences in groundwater storage or the volume of 

groundwater present. In the Matsuzawa catchment, deep soils are present in the 

depression of the bedrock, and a large volume of groundwater accumulates there. 

In contrast, in the Akakabe catchment the area of the soil sedimentation zone is 

small; thus, the groundwater storage is small. The large volume of groundwater in 

the Matsuzawa catchment acts as a buffer and maintains a stable discharge rate 

during the dry season or rainstorms. The differences in the direct-runoff ratio in 

the two catchments (Figures 3.1, 3.5) are caused by the differences in groundwater 

storage. 

The schematic diagrams of the hydrologic pathways in the Matsuzawa and 

Akakabe catchments are presented in Figure 3.10. In the Matsuzawa catchment, 

TGW is formed at the interface of HGW with shallow soil and a high gradient, and 

SGW with deep soil and a low gradient. The water is divided into two components 

at the hillslope (HGW), the largest part of the catchment: saturated throughflow 

generated on the soil-bedrock interface, and bedrock flow derived from deep 

seepage. These components flow down on the soil-bedrock interface and within the 

bedrock of TGW, and recharge the shallow layer and deep layer of SGW, 

respectively. In SGW, little of the groundwater in the deep layer can discharge from 

the spring outflow because of the depression of the bedrock. The discharge from 

TGW contributes to the stormflow. In the Akakabe catchment, part of the bedrock 

flow recharges SGW and the other part contributes directly to the streamwater. 

These differences result from variations in the bedrock topography of the 

catchments.  
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3.6 Conclusions 

The importance of bedrock flow to runoff generation processes in 

mountainous catchments has been pointed out in recent reports (e.g., Montgomery 

et al., 1997; Onda et al., 2001). The existence of hydrological pathways through the 

bedrock in was also shown in the two catchments studied. However, the roles of 

these pathways in the hydrological processes in these two catchments differ, 

because the bedrock topography and the configurations of groundwater storage are 

different. These differences in the hydrological processes impact on hydrochemical 

processes in the groundwater and streamwater, as is discussed in the following 

chapters. 
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4.1 Introduction 

Several studies have employed three-component mixing models to describe 

catchment runoff (DeWalle et al., 1988; Bazemore et al., 1994; Rice and Hornberger, 

1998), emphasizing the importance of geographic source distributions 

(Christophersen et al., 1990; Hooper et al., 1990; Ogunkoya and Jenkins, 1993). 

However, the geographic extent of each contributing end-member; that is, the 

linkage between the hillslope and riparian zones, is not well understood (Hooper et 

al., 1998). 

In this chapter, the spatial distributions of the chemistries of the rainfall, 

throughfall, groundwater, spring water, and streamwater are presented, and their 

determining factors are discussed. Using the spatial distributions of solutes and 

the hydrological pathways described in Chapter 3Chapter 3Chapter 3Chapter 3, the geographic source chemistry 

of the streamwater is also discussed.  

  

4.2 Spatial Variability of Groundwater Chemistry  

The solute concentrations (SiO2, Na+, NH4+, K+, Ca2+, Mg2+, Cl-, NO3-, SO42-, 

HCO3- and DOC) in the rainfall, throughfall, groundwater, spring water, and 

streamwater in the Matsuzawa and Akakabe catchments and in the streamwater 

sampled at the gauging weir in the Kiryu Experimental Watershed (Figure 2.2) are 

shown in Figure 4.1. Throughfall was not sampled in the Akakabe catchment, but 

the throughfall concentrations in the Matsuzawa catchment, sampled at the same 

time as the other parameters, are shown in Figure 4.1. 
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Figure 4.1 Solute concentrations of Rainfall, Throughfall, Groundwater, Spring 

water and Streamwater 
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Two patterns of concentration variations were recognized in the Akakabe 

catchment, depending on the group of chemical species involved. Both groups 

exhibited low concentrations in rainfall and throughfall, but the first group (SiO2, 

Na+, Cl-, SO42-, and HCO3-) showed higher concentrations in the processes involving 

lateral water flow, throughflow and streamflow, while the highest concentrations of 

the second group (NH4+, K+, Ca2+, Mg2+, and NO3-) were in the hillslope zone, with 

lower levels in the flowing-water processes. These patterns were similar to those in 

the Matsuzawa catchment (Ohte et al., 1991; Shimada et al., 1993); however, the 

variations within and between sampling points were smaller in the Akakabe 

catchment. This chapter focuses on identifying the potential contributing sources 

(end-members) and their chemistry, and the spatial distributions of concentrations 

of SiO2, which is commonly used as a tracer to separate runoff components. SiO2 is 

the chemical species most directly related to weathering reactions. It is not a 

significant component of precipitation, is not significantly affected by nutrient 

cycling in vegetation, and is only weakly affected by ion-exchange processes (White, 

1995). Concentrations of SiO2 generally increase with depth (e.g., Rice and 

Hornberger, 1998; Stonestrom et al., 1998), and are generally higher in bedrock 
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flow than in saturated throughflow at the soil-bedrock interface (Peters et al., 1998; 

McGlynn et al., 1999; Uchida et al., 2001).  

As discussed in Chapter 3Chapter 3Chapter 3Chapter 3, throughfall was divided into two components 

within the hillslope: saturated throughflow generated at the soil-bedrock interface 

and bedrock flow derived from deep seepage. Lower SiO2 concentrations were 

observed at the HGW zone (A6, A4, A3, and trench water in the Akakabe 

catchment and G28, G27, G18, G17, G11, and G10 in the Matsuzawa catchment), 

where the saturated throughflow was sampled during rainstorms, although there 

was considerable variability among hillslopes in the Matsuzawa catchment. In the 

TGW zone of the Matsuzawa catchment, the SiO2 concentrations varied greatly 

between and within the sampling points, and lower concentrations were observed 

in GA and GB, located at the downslope. Lower concentrations were observed at 

G1-75 and GE in SGW, relative to the other points in SGW of the Matsuzawa 

catchment. Vertical distributions in concentrations at the same point were 

observed in the riparian zone; G1-75 (75 cm in depth) had lower concentrations 

than G1-130 (130 cm), G1-250 (250 cm), and G2-177 (177 cm, nearby G1). 

Additionally, the highest concentrations were observed at G2-400, which is the 

deepest point around the spring, although the number of samples was small 

because of the short observation period. Thus, there were vertical distributions in 

SiO2 concentrations and some concentration layers had formed within the riparian 

SGW. Concentrations in the spring water and the streamwater were similar, and 

within the range of variation in SGW, intermediate between the SGW shallow layer 

(G1-75) and SGW deep layer (G2-177). The streamwater concentrations were 

similar in the Matsuzawa and the Akakabe catchments and slightly higher at the 

outlet of the Kiryu Experimental Watershed. 

 

4.3 Hydrochemical Processes of Groundwater 

In Figure 4.2 (a) and (b), the relationship of the maximum groundwater 

levels and the SiO2 concentrations in the regular sampling program at GA and GC 

in TGW are shown, with the depth to bedrock (N4 = 100). Results were classified 

depending on whether saturated throughflow occurred at G11 in HGW, where it 

flows into GC in Figure 4.2 (b). The observation well at GA was installed to a depth 

of 76 cm, close to the bedrock depth (74 cm). The SiO2 concentrations decreased 

with rising groundwater levels at this point. On the other hand, the observation 

well at GC was installed to a depth of 217 cm, much deeper than the bedrock (82 

cm). Thus, as discussed in Chapter 3Chapter 3Chapter 3Chapter 3, it can be considered that bedrock 
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groundwater derived from deep seepage at HGW was sampled here when the 

groundwater levels existed below the bedrock. Groundwater sampled below the 

bedrock had high SiO2 concentrations, 0.31 mmol/l on average. This concentration 

was similar to those in SGW, such as GF, G1-130, or G2-177 (see Figure 4.1). When 

the groundwater level rose above the bedrock depth, lower concentrations were 

observed, as at GA. Also, when the groundwater levels at GC rose above the 

bedrock depth, saturated throughflow always occurred at G11. The vertical 

distribution of SiO2 concentrations at GC when groundwater levels were high is 

summarized in Table 4.1. Vertical variability of SiO2 concentration occurred when 

saturated throughflow occurred at G11; lower concentrations were detected in the 

shallow layers and higher concentrations in the deep layers; vertical variability 

was not observed in the absence of saturated throughflow at G11. The short-term 

variations in SiO2 concentrations and groundwater levels and the groundwater 

temperature at GC during a rainstorm are presented in Figure 4.3. The total 

Table 4.1 Vertical distributions of SiO2 concentrations at GC  ��� ����������� ��� ��� ������ � �� ���! � ���""����#"� $%!�&#� '�!�� "�#"�#���&�# $%!�&#� '�!�� "�#"�#���&�#� �(( )"%* )"%* )%%��+�* )"%* )%%��+�*��! (,- ./// 0 12( 132412( /�(, 1.(341(5( /�.56�7 (/- ./// 0 12( 132412( /�.. 1.(341(5( /�.89# 2(- .//( : 1((; 1(,;41((; /�.3 1.(341(53 /�.3�� 5- .//( : 183 1(.34183 /�., 1.(341(5( /�.,

Figure 4.2 Relationship of groundwater levels and SiO2 concentrations at GA and GC 

note: "STF" denotes the subsurface storm flow. 

<<=><=?<=@<=A

B?C< B?<< B>C< B><< BC< <DEF GHIJ KI LM KNHGOPQ RPJST LUV WXY OU D>>T LUVINU WXY OU D>>

Z[\]^^ _̀ abcde

fgfh<<=><=?<=@<=A

Bi< Bj< BA< B?< <DEF GHIJ KI LM KNHGOPQ RPJS

Z[\]^^ _̀ klcde _me _ne



Chapter 4     Geographic Sources of Streamwater and Their Hydrochemistry 

-60- 

rainfall was 56.5 mm during this period. The SiO2 concentrations decreased with 

rising groundwater levels. However, the concentrations declined when they 

approached the bedrock depth, not when the groundwater levels started rising. The 

groundwater temperature rose suddenly at the same time. The temperatures of 

source waters are relatively constant at the time scale in which streamflow is 

generated during storms in small watersheds (Shanley and Peters, 1988); thus, if 

the temperatures among the source waters differ significantly, the changes in 

water temperature imply the arrival of contributions from other sources. Therefore, 

variation in the groundwater temperature at GC indicates that another runoff 

component with a higher water temperature from a different source had mixed 

with the groundwater already present. The soil temperature is higher near the 

surface in summer; for example, the air temperature at 10:00 on June 19 2001, 

when the observations in Figure 4.3 were conducted, was 24.6o , and the 

temperatures of the unsaturated soil at 10 cm, 30 cm, 60 cm, 100 cm, and 200 cm 

in depth were 20.7o, 18.6o, 16.0o, and 13.6o, respectively. Thus, the water 

component that mixed with the groundwater at GC had a lower SiO2 concentration 

and higher water temperature, and had passed near the soil surface.  

 

The long-term variations in SiO2 concentrations at G11 in HGW, GC in 

TGW, and GF in SGW are shown in Figure 4.4. The seasonal variations in SiO2 

concentration at G11, which reached a maximum in September (the wet season) 

and a minimum in March (the dry season), are evident. Insufficient samples were 

pqrss ptrss ssrss surss pqrss ptrss ssrss surss pqrss
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ssxsysxpsxpysxqsxqysxzsxzy
pzpzxypwpwxypypyxy {|}~��� }|��� �� ��

���� p� qssp ���� qs qssp ���� qp qssp
����������� ���������� ������������ ���� ���������� ���

pypsys

Figure 4.3 Short-term variations of SiO2 concentrations and groundwater 

levels and groundwater temperature at GC 
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obtained during the dry winter season. The seasonal variations at GC had similar 

timing and higher concentrations. These results imply that the groundwater below 

the bedrock was recharged by deep-seepage water and had high SiO2 

concentrations in TGW. During rainstorms, the groundwater levels at TGW rose 

above the bedrock depth, and the SiO2 concentrations decreased because of the 

recharge by saturated throughflow generated at the soil-bedrock interface in HGW. 

The seasonal variability at GF, shown in Figure 4.4, was similar to that at 

GC, though the amplitude was smaller. The fact that groundwater at GC continued 

to be present during the dry winter (Table 2.2) indicates that bedrock flow 

recharged SGW with high SiO2 concentration water throughout the year. During 

rainstorms, saturated throughflow occurred at HGW flowing down on the 

soil-bedrock interface in TGW and recharging SGW (see Chapter 3Chapter 3Chapter 3Chapter 3). This 

component may recharge the shallow layer of SGW because of the bedrock 

topography of the catchment. The SiO2 concentrations in the saturated throughflow 

were lower; therefore, the concentrations in SGW were temporarily diluted, 

particularly during the rainy season.  

 

As mentioned above, the vertical distributions of SiO2 concentrations in 

SGW were generated by the differences in permeability of the soil and the bedrock, 

the differences of SiO2 concentrations in the saturated throughflow and the bedrock 

flow, and the bedrock topography of the catchment. As the SiO2 concentration in 

G2-400, the deepest zone within SGW around the spring, was much higher, bedrock 

groundwater with high SiO2 concentrations contributed more to the deeper 

groundwater. Additionally, G1-75 and GE, located near the spring, had lower SiO2 

  ¡ ¢£ ¢¤ ¢ ¥   ¡ ¢£ ¢¤ ¤ ¥   ¡ ¢£ ¢¤ ¤ ¥   ¡ ¢£ ¢¤ ¤ ¥   ¡ ¢£ ¢¤ ¤ ¥  ££¦£§£¦¢£¦¢§£¦¤£¦¤§£¦¨£¦¨§£¦¥
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Figure 4.4 Long-term variations of SiO2 concentrations at G11, GC, and GF 
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concentrations than those observed in the other SGW wells (Figure 4.1). This must 

have arisen from the responses of the groundwater levels to rainstorms, as 

discussed in Chapter 3Chapter 3Chapter 3Chapter 3; the groundwater levels responded to rainfall earlier at the 

points nearer to the spring in all zones. In other words, at points close to the spring, 

the soil became saturated and groundwater was generated even by small 

rainstorms. The SGW wells, located near the spring, were frequently affected by 

the presence of groundwater in TGW with low SiO2 concentrations, and 

consequently maintained lower concentrations. 

A vertical distribution of SiO2 concentration was present at A1 in SGW in 

the Akakabe catchment, similar to that observed in the Matsuzawa catchment. 

This may be due to the contribution of bedrock groundwater to the deeper 

groundwater in SGW, in addition to vertical infiltration processes (Shimada et al., 

1993). However, the SiO2 concentrations in SGW in the Akakabe catchment were 

much lower than those in the Matsuzawa catchment, and similar to the 

concentrations at GA or GB, so the contribution of the bedrock water may be 

relatively small. These differences may depend on the presence or absence of a 

TGW zone and, ultimately, on the catchment area or the bedrock topography. In the 

Akakabe catchment, saturated throughflow with low SiO2 contributed directly to 

SGW. The highest concentrations were observed in the spring water and the 

streamwater. Therefore, bedrock groundwater with high SiO2 must contribute more 

to these waters. The streamwater concentrations at the outlet of the Kiryu 

Experimental Watershed were slightly higher than those in the Matsuzawa and 

the Akakabe catchments, perhaps because the fraction of deep seepage water that 

bypassed the gauging weir was smaller in the Kiryu Experimental Watershed than 

in the two subcatchments. 

 

4.4 Mean Residence Time of Groundwaters in the Matsuzawa Catchment 

 The mean residence times (MRTs) of the groundwaters and the 

streamwater (Kabeya, personal communication, 2001), which were estimated by 

using regular sampling of stable isotopes in the waters, and the estimates of 

turnover time, calculated from the discharge rate and the groundwater volume of 

the Matsuzawa catchment, are shown in Table 4.2. In the estimations of MRT from 

the d18O and/or dD, the input value (throughfall) is transformed to the output 

(groundwater or streamwater) by means of the convolution integral (Stewart and 

McDonnell, 1991; Rodhe et al., 1996; Vitvar and Balderer, 1997). In this study, the 

d-excess was used for the estimations. 
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where Cin is the d-excess of the throughfall and Cout is that of the groundwater, the 

spring water, or the streamwater, as appropriate. The g(t') is the system-response 

function, which specifies the distribution of the transit times of water within the 

system (e.g., Zuber, 1986), and the well-mixed exponential model is assumed in this 

study. Here t represents calendar time and the integration is carried out over the 

transit times (t'). The mathematical development of the formulas that express the 

mean residence time is detailed in Kubota (2000). 

 The turnover time is defined by the following equation (Zuber, 1986): 

 QVT
m

/=  

where Q is the discharge rate of the catchment and Vm is the volume of the mobile 

water in the catchment. In this study, the annual mean daily discharge rate and 

the annual mean daily groundwater volume were designated Q and Vm, 

respectively.  
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Table 4.2 Mean residence times of the groundwaters in the Matsuzawa catchment 

(Kabeya, personal communication, 2001) 

Ú
Not with complete accuracy of the estimations by the limited sampling numbers. 

Groundwaters in GA, GB, GC, GD, G10 were sampled from Apr. 1999 to Dec. 2000. 

Spring, stream and the other groundwaters were sampled from May 1998 to Dec. 2000. 

MRT: Mean residence time, T.T: Turnover time of the groundwater in 2000 
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Variations in MRT between sample points were particularly large within 

TGW. The MRT at GC, where the well was drilled into the bedrock and the 

contribution of the bedrock water was relatively large, was greater than at GB, 

where the sampling depth of the groundwater was shallow and the contribution of 

the saturated throughflow was relatively large. The MRT in SGW, recharged by 

both the saturated throughflow and the bedrock flow, was intermediate between 

the MRT at GB and that at GC. In addition, the MRT at G1-75, located in the 

riparian zone, was smaller than at GF, located upslope in SGW. Thus, the riparian 

groundwater in SGW was more affected by the groundwater with a shorter MRT. 

The fact that the MRT of the streamwater was larger than that at G1-75 indicates 

that some other component with longer MRT, that is, water derived from the 

bedrock water, contributed to the streamwater. The turnover time of the 

groundwater was shorter than the MRT of the streamwater because the calculation 

of the turnover time considered both baseflow and stormflow conditions, but only 

baseflow conditions were considered in the estimations of MRT based on the results 

of regular sampling. This implies that during stormflow conditions, the runoff 

components, which have smaller MRT, (i.e., the 'new' water), must contribute to the 

stormflow. Kabeya (personal communication, 2001) found a positive correlation 

between the mean residence time and SiO2 concentration of the groundwater. 

These facts indicate the importance of the mean residence time in determining the 

details of the hydrochemical processes.  

 

4.5 Chemistry of Potential Geographic Sources of Streamwater 

The SiO2 concentrations in the streamwater and in the potential 

geographic sources in the Matsuzawa catchment are compared herein. The SiO2 

concentrations in the streamwater were intermediate between those in the SGW 

shallow layer and the SGW deep layer, and higher than those in throughfall and 

groundwater present at the soil-bedrock interface in TGW (N4 < 100). Considering 

the other solute concentrations in the potential geographic sources and the 

streamwater (see Figure 4.1), the concentrations of Na+, Cl-, and SO42- were similar 

to the pattern exhibited by SiO2. The concentrations of Ca2+, NO3-, and DOC were 

higher in the SGW shallow layer and lower in the SGW deep layer than in the 

streamwater; however, the vertical variations of Cl- and DOC in SGW were small. 

There were no clear variation patterns in the concentrations of NH4+, K+, and Mg2+ 

between the potential geographic sources. The HCO3- concentrations were high 

within SGW, and higher than in the streamwater. The decrease of HCO3- 
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concentrations in the streamwater accompanied a rise in pH value, which was 

caused by the degassing of CO2 due to turbulence in the groundwater flow from the 

spring (Ohte et al., 1995).  

Although the bedrock groundwater, which may affect the streamwater 

chemistry, was not sampled in the Akakabe catchment, it must have higher 

concentrations of SiO2, Na+, Cl-, and SO42- and lower concentrations of Ca2+, Mg2+, 

and NO3- than those in the SGW groundwater or streamwater, if it is assumed that 

the streamwater is formed by mixing of SGW groundwater and bedrock 

groundwater, as the SGW deep-layer groundwater in the Matsuzawa catchment 

would indicate. As mentioned above, the SGW deep-layer groundwater is recharged 

mainly by bedrock groundwater. The bedrock material is the same in the 

Matsuzawa and the Akakabe catchments, so the bedrock groundwater is likely to 

have a similar chemical composition.  

 

4.6 Conclusions 

Spatial variability in groundwater chemistry has been demonstrated, 

especially in the vertical distribution in the riparian groundwater of headwater 

catchments. This variability is produced by differences of chemistry in the 

saturated throughflow generated at the soil-bedrock interface and the bedrock flow 

originating in deep seepage at the hillslope. The former component recharges the 

shallow layer of the groundwater volume and the latter component recharges the 

deep layer of the groundwater. The chemical signature of each flow is conserved, 

with little mixing within the body of the groundwater. The mean residence time of 

groundwater composed mainly of saturated throughflow is shorter than that of 

groundwater composed mainly of bedrock flow. Since many of the reactions are 

related to the biogeochemical environment, for example, interactions between the 

water and the surrounding soil material, and since the reactions are time 

dependent, the distributions of the mean residence times of groundwaters are 

related to the distributions of the groundwater and streamwater chemistry.  

In recent studies, the importance of the contribution of bedrock 

groundwater to streamwater from small mountainous catchments has been 

demonstrated (Mulholland, 1993; Anderson et al., 1997). Hill (1990) showed that 

the groundwater in the riparian zone, which controls the runoff generation 

processes (Kendall et al., 1999; McGlynn et al., 1999) and the hydrochemical 

processes (Cirmo and McDonnell, 1997) of the streamwater, is composed of shallow 

and deep groundwater with distinguishable chemical regimes. It was determined 
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from this study that the vertical distribution of groundwater chemistry in the 

riparian zone is generated by the vertical distribution of the bedrock groundwater 

contribution to the groundwater within the catchment, depending on the 

catchment scale and the bedrock topography. 
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5.1 Introduction 

As mentioned in the Chapter 4Chapter 4Chapter 4Chapter 4, the riparian groundwater, the potential 

geographic source of the streamwater, shows vertical distributions in solute 

concentrations in the Matsuzawa catchment, and the baseflow SiO2 concentration 

is intermediate between the concentrations in the shallow and deep layers of the 

SGW (Figure 4.1). In this chapter, the effects of this spatial variability of 

groundwater chemistry on the seasonality of the streamwater chemistry baseflow 

conditions are discussed, using a two-component mixing model with a SiO2 tracer. 

 

5.2 Temporal Variations of Streamwater Chemistry 

The long-term variations of SiO2 concentration in the streamwater in the 

Matsuzawa catchment, at sites G1-75 (representative of the SGW shallow layer) 

Figure 5.1  Long-term variations of SiO2 concentration of streamwater, SGW shallow and 

deep layer in the Matsuzawa catchment 
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and G2-177 (representative of the SGW deep layer), are shown in Figure 5.1. The 

streamwater SiO2 concentrations were intermediate between these groundwater 

concentrations. The coefficients of variation of concentrations at each of the 

observation points during the period of observation were 10.5% in the streamwater, 

19.8% at G1-75, and 7.7% at G2-177. The concentrations at G1-75 had large 

seasonal variability, with lower concentrations in the dry season and higher 

concentrations in the rainy season. These variations are similar to the seasonality 

exhibited at G11, GC, and GF (see Figure 4.4). On the other hand, the seasonal 

variability was small at G2-177. The seasonality of streamwater SiO2 

concentrations was similar in phase, but with a smaller range. Comparing the 

concentrations of the streamwater, G1-75, and G2-177 at each sampled observation, 

the SiO2 concentration was highest at G2-177 and lowest at G1-75 in 79.5% of 

cases, and highest at G2-177 and lowest in the streamwater in 19.7% of cases. 

Therefore, it may be considered that the streamwater during baseflow conditions 

was composed substantially of a mixture of the groundwaters in the shallow and 

deep layers of the SGW in the Matsuzawa catchment. When the concentrations at 

G1-75 were higher than in the streamwater, a runoff component other than that 

from the SGW, with lower SiO2 concentration, may have contributed to the 

streamwater.  

The long-term variations of SiO2 concentrations in the streamwater in the 

Akakabe catchment, the groundwater at A1-175, and trench water are shown in 

Figure 5.2. The streamwater SiO2 concentrations had little seasonality, with a 

minimum in March or April and a maximum in September or October, except for 

the extremely dry summer of August, 2000, when the highest concentrations were 

observed. The seasonality in A1-175 was similar to that of the streamwater, though 

the concentrations were lower. In August 2000, especially high concentrations were 

detected at each observation point. In Figure 5.3, the variations of the groundwater 

level at A1 and the pressure heads upslope (near A6) and downslope (A4) from 

March 2000 to November 2000 at a depth of 30 cm are shown. The dry conditions 

began abruptly in early July and continued until September. Higher concentrations 

were observed at each point during this period, and it is clear that the 

concentrations in the streamwater increased with the progress of the dry 

conditions. In the trench water a "flushing effect" (the phenomenon where the 

concentrated solutes within the soil are flushed out after a dry period; Walling and 

Foster, 1975) might have occurred during this period. The concentrations at A1-175 

were raised by the admixing of trench water, which had high concentration. In 
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addition, the contribution of bedrock flow with high concentration might have 

increased proportionately when the saturated throughflow decreased. Similarly, it 

seems likely that the relative contribution of bedrock flow might have increased in 

the streamwater with the continuation of dry conditions and as higher SiO2 

concentrations were measured. 
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Figure 5.3  SGW groundwater level and 30-cm depth pressure head at hillslope 

in the Akakabe catchment 

 

Figure 5.2  Long-term variations of SiO2 concentration of streamwater, SGW and 

Trench water in the Akakabe catchment 
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5.3 Two-component Mixing Model of Baseflow for the Matsuzawa Catchment 

Assuming that the baseflow consisted of a mixture of waters from the 

shallow and deep levels of the SGW, the contribution of each component was 

calculated by using SiO2 concentrations at G1-75 and G2-177 as a tracer. These 

contributions were calculated by solving the following simultaneous mass balance 

equations: 

stddss

ds

CfCfC

ff

=+

=+ 1
 

where C is the concentration of the tracer and the subscripts s, d, and st refer to 

the SGW shallow-layer component, the SGW deep-layer component, and the 

streamwater, respectively. The f refers to the fraction of each component 

contributing to the streamwater. These equations were solved for each available set 

of streamwater chemistry data. 

The temporal variations of the proportion from G1-75 are shown in Figure 

5.4. The G1-75 proportion was higher after the large discharge peaks and during 

the dry season. These higher contributions after large discharge peaks must have 

been caused by the fact that the discharge rate from the SGW shallow layer 

increased with rising groundwater levels. As discussed in Chapter 3Chapter 3Chapter 3Chapter 3, the 

groundwater volume rose to a maximum later than the discharge peak; higher 

groundwater levels continued in the upslope SGW zone, and the source area spread 

upslope. The SiO2 concentrations in G1-75 groundwater and in the streamwater 

V WXYZ[\ZW ]̂ _`abbc^à bdcef[Zghij W XYZ[\ZW ]̂ à bdc^_`abbcef[Zghik lmnYZ[\ZW ]̂ _`abbcef[Zghc^à bdiaoopq r st u q r st u q r st u q r st u q r st u qvwsv
swtvtw

vvxsvxtvxuvxyvxwvxqvxzvx{vxrs
_||a_|||aoooaoo}aoob

Figure 5.4  Temporal variations of SGW shallow layer contributions 

note: the diverged values are plotted as "1" or "0". 
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were higher in the rainy season (Figure 5.1). This seasonality was caused by the 

contribution from the upslope SGW, with high SiO2 concentrations, through the 

SGW shallow layer. At the peak discharge rate, higher SiO2 levels were sometimes 

measured in G1-75 groundwater than in the streamwater. At these times, runoff 

components with low SiO2 levels, other than groundwater from the shallow and 

deep layers in SGW, must have contributed to the streamwater (see Chapter 6Chapter 6Chapter 6Chapter 6). 

Schematic diagrams of the hydrochemical processes of the baseflow in the 

Matsuzawa catchment using the two-component mixing model are presented in 

Figure 5.5. The contribution from the SGW shallow layer was higher during the 

dry period, as was seen in the winter season of 1999–2000, when the discharge rate 

was especially small. These phenomena seem to relate closely to the bedrock 

topography of the Matsuzawa catchment, where there is a large depression in the 

bedrock upslope of the spring outflow (see Figure 2.7 and 2.8). Groundwater has 

been present at G1-75 since 1996, and discharge from the SGW shallow layer has 

not ceased, even in the driest season. On the other hand, the groundwater of the 

SGW deep layer, pooled in the depression of the bedrock, may have been 

unavailable for discharge when the groundwater level decreased. Thus, only the 

groundwater of the shallow layer around the spring contributed to the stream 

during the dry season. The SiO2 concentrations in G1-75 were lower in the dry 

seasons, so the streamwater SiO2 concentrations were lower at these times. 

During the wetting period, the contribution from the SGW shallow layer 

decreased. As discussed in ChapterChapterChapterChapterssss 3 3 3 3 and 4444, saturated throughflow did not occur 

in HGW and, therefore, the groundwater levels in TGW did not rise to the surface 

during relatively small rainfalls. On the other hand, groundwater existed below the 

soil-bedrock interface in TGW even in the dry season (see Table 2.2), indicating 

that the SGW deep layer was recharged by bedrock flow from TGW during wetting 

periods. This means the bedrock flow responses relatively fast to rainfall. As the 

discharge rate from the SGW deep layer increased with the increasing volume of 

groundwater in this layer, the contribution from the SGW shallow layer became 

proportionately lower. SiO2 concentrations increased with contribution from the 

SGW deep layer, which had high SiO2 concentrations during this period.  

The contribution from the SGW shallow layer decreased during the drying 

period, because the discharge rate from the SGW shallow layer decreased as the 

groundwater level was depressed. With reduction in the fluxes from the upslope 

SGW toward the spring outflow, the supply of groundwater with high SiO2 

concentrations to the SGW shallow layer became exhausted, and even during this 
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period the riparian SGW shallow layer was diluted by rainwater or saturated 

throughflow from the downslope TGW. Thus, the groundwater SiO2 concentrations 

declined in the SGW shallow layer around the spring, and consequently the SiO2 

concentrations in the streamwater also declined. 

The hydrochemical processes of the baseflow in the Matsuzawa catchment 

have been explained on the basis of the two-component mixing model of the shallow 

and deep layers of the SGW, and the seasonality of the streamwater chemistry has 

been shown to result from variations in the mixing-ratio, particularly from changes 

in the contribution from the SGW shallow layer. In the Akakabe catchment, 

bedrock groundwater, which is one of the main components contributing to the 

streamwater, was not sampled, and the chemistry or discharge rate of that 

component is unknown, so the contribution of each runoff component could not be 

determined. However, since the bedrock groundwater chemistry observed in a 

small headwater granitic catchment close to the Kiryu Experimental Watershed 

was constant (Uchida et al., 2001), the bedrock groundwater in the Akakabe 

catchment probably corresponds to the groundwater in the SGW deep layer in the 

Matsuzawa catchment. The seasonality of the streamwater SiO2 concentrations in 

the Akakabe catchment is caused by the changing contribution of the groundwater 

in the soil sedimentation zone, A1, which could be considered equivalent to the 

groundwater from the SGW shallow layer in the Matsuzawa catchment. The most 

important difference in the baseflow hydrochemistry of the two catchments is that 

the bedrock groundwater passes through the riparian groundwater in one, and not 

in the other. Soil has accumulated in a large depression on the bedrock of the 

Matsuzawa catchment, forming a riparian zone with abundant groundwater. The 

bedrock groundwater is pooled in this zone. In the Akakabe catchment, in contrast, 

the soil-sedimentation area is relatively small, with thin soil. As mentioned in 

Chapter 4Chapter 4Chapter 4Chapter 4, the groundwater in the riparian zone (soil-sedimentation zone) is 

strongly affected by saturated throughflow occurring at the soil-bedrock interface; 

however, the bedrock groundwater contributes little. There is a sizeable difference 

between the solute concentrations of the streamwater and the groundwater in 

SGW in the Akakabe catchment, resulting in the contribution of the groundwater 

in SGW being relatively small during the baseflow condition, and the riparian zone 

control of baseflow hydrochemistry is relatively weaker in this catchment than in 

the Matsuzawa catchment. 
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5.4 Conclusions 

In some previous studies (Sklash, 1990; Burns et al., 2001), riparian 

groundwater has been considered to be one of the sources of streamwater and to 

have a homogeneous chemistry similar to that of streamwater. Others have pointed 

out that groundwater dynamics within the riparian zone affect tracer 

concentrations (Hill, 1993; Tanaka and Ono, 1998) or biogeochemical processes 

(Mulholland, 1992; Lischeid, 2001). Thus, it is necessary to reevaluate the 

heterogeneities of groundwater chemistry when applying the mixing-model 

approach to the study of runoff generation and hydrochemical processes within the 

riparian zone. Following Hill (1990), this study shows that medium- or long-term 

phenomena, such as the seasonality of baseflow chemistry, are largely affected by 

the spatial variability of the groundwater chemistry within the riparian zone. 
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Chapter 6Chapter 6Chapter 6Chapter 6    

Hydrochemical Processes of StormflowHydrochemical Processes of StormflowHydrochemical Processes of StormflowHydrochemical Processes of Stormflow    

 

6.1 Introduction 

 How runoff is generated in a watershed governs, to a large extent, the 

temporal changes in streamwater chemistry during storm runoff events (Sklash, 

1990). Many studies of small catchments have used hydrograph separation 

techniques to identify the principal source components of Stormflow, or to clarify 

how the mechanisms controlling streamwater chemistry behave and how they may 

change during stormflow (see reviews in Buttle, 1994; and Genereux and Hooper, 

1998). The tracer-based hydrograph separation technique involves the use of a 

mixing model for the stream. Christophersen et al. (1990) and Hooper et al. (1990) 

considered that streamwater chemistry is determined by the mixing of spatially 

different soilwater components, and called this technique "End-members mixing 

analysis” (EMMA).  

In this chapter, the hydrochemical processes that occur during rainstorms 

are considered from three aspects: 1) the scale of the rainfall, 2) the differences 

between the hydrological processes in different catchments, and 3) the source area 

of the stormflow. Hydrograph separations using EMMA were undertaken with 

certain tracers, including a new tracer—the fluorescence of dissolved organic 

carbon. 

  

6.2 Hydrochemical Processes of Stormflow in the Matsuzawa Catchment: A 

Three-component End-member Analysis 

6.2.1 Introduction 

Herein, the results of intensive hydrometric and hydrochemical 

observations at the Matsuzawa catchment for three consecutive rainstorms are 

presented, and EMMA is used to quantitatively estimate the processes controlling 

streamwater chemistry during rainstorms.  

 

6.2.2 Rainstorm Characteristics 

The rainstorm characteristics are summarized in Table 6.1. Event M97-1 

was caused by Typhoon No. 9708, and Event M97-3 was caused by Typhoon No. 

9709. The rainfall of Event M97-2 was caused by a seasonal rain front. 



Chapter 6     Hydrochemical Processes of Stormflow 

 -79-

 

6.2.3 Hydrologic Responses of Groundwater Levels  

The contour maps of groundwater levels at the peak discharge rate of each 

rainstorm and temporal variations of groundwater levels at points G1, GC, and 

G10 are shown in Figure 6.1. Points G1, GC, and G10 represent SGW, TGW, and 

HGW, respectively. The starting point of groundwater levels is the spring outflow 

(SP). In Event M97-1, the duration of the saturated condition was short at point 

G10, and the variations of groundwater levels at points G1 and GC were small 

relative to the other rainstorms. The contour map showed that only the 

groundwater in SGW around the spring (SP) discharged to the stream, and the 

groundwater in TGW flowed into SGW. In Event M97-2, saturation overland flow 

started at around 11:00 on July 12 and continued even after the rainfall ceased; 

therefore, Event M97-2 was divided into two halves, with July 12 as the boundary 

date. In the first half of Event M97-2, the saturated condition continued at point 

G10 and the groundwater level at point GC rose sharply. These facts imply that 

HGW was saturated and the saturated throughflow at the soil-bedrock interface 

discharged down into TGW, causing the groundwater levels to rise sharply in TGW 

(as seen in Chapter 3Chapter 3Chapter 3Chapter 3). The contour map further showed that the groundwater 

levels of TGW rose and the fluxes toward SGW increased. In the second half of 

Event M97-2, the groundwater levels of TGW rose even more, and fluxes directly 

toward SP also occurred as the fluxes toward SGW increased. Saturation overland 

flow occurred at the peak of the discharge rate and continued contributing to the 

streamflow. In Event M97-3, the range of the variations in groundwater level is the 

same as for those noted in Event M97-1, but the duration of the saturated 

condition at point G10 was longer and the groundwater levels were higher, 

especially at point GC. The contour map showed that the fluxes from TGW toward 

SP continued.  

Table 6.1 Rainstorm characteristics of the Matsuzawa catchment ����� ����	 ����� ����
 ����� ���������� ���� ������� ������������ ������ ����� ��� 
�� 	��� ��� �� 	��� ��� 	
� 	��� ��� 
 � 	������� ��� 
�� 	��� ��� 		� 	��� ��� 	!� 	��� ��� 
�� 	���"���� ������� ���� ��#$ 	�!# 		$# �%# ��&# ������� ��������' ���(	%���� $# 	$ 	�# �"���� �������)� ���� �#! 
%#% �	#% 

#
��&# �������)� ��������' ���(	%���� %#	 %#$ %#� %#	*��������� ������������� � ��'�� ���� 	�#
 	#� 	��#$ %*��������� ������������� �	% ��'�� ���� �!# �	#� 	!$#�  
#�
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6.2.4 Spatial Distribution of Tracer Concentrations 

Na+ and SO42- were selected as tracers, because this combination provides 

the best separation of sources. Large spatial variations in the concentrations of 

these solutes were seen between the groundwater zones, similar to those observed 

for SiO2 concentration, as noted in Chapter 4Chapter 4Chapter 4Chapter 4 (see Figure 4.1). There were also 

large spatial and temporal variations in the concentrations within TGW. The ion 

compositions from the long-term regular sampling of groundwater and 

streamwater in the Matsuzawa catchment are shown in Figure 6.2. The 

concentration of Na+ in rainfall and throughfall is very low, and increases in the 

soil profile due to chemical weathering. Na+ is the most dominant cation in the 

streamwater of this catchment. SO42- exists in the throughfall to a certain extent 

from acid deposition over this catchment, and is concentrated in the soil. SO42- is 

the most dominant anion in the streamwater. 

++,-+,.+,/+,0+,1+,2
3453675859:;5<4;5

+,2+,1+,0+,/+,.+,-+ < =>3?@>A?7;>6<?@>

Figure 6.2 Ion compositions of the Matsuzawa catchment 

note: Each value was averaged data of regular sampling. 
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6.2.5 Temporal Variations in Streamwater Chemistry  

Temporal variations in rainfall, discharge rate, and Na+ and SO42- 

concentrations for each rainstorm are shown in Figure 6.3. Na+ and SO42- 

concentrations were inversely related to the discharge rate. Shanley and Peters 

(1993) found that streamwater sulfate concentration increased as flow increased at 

their Panola Mountain, Georgia site, because an increasing proportion of shallow, 

high-sulfate groundwater and soilwater contributed to the streamflow. In the 

Matsuzawa catchment, however, SGW groundwater SO42- concentrations were 

similar to those in the streamwater (and lower in the others), so the streamwater 

must have been diluted. After the rainfall ceased, these concentrations returned to 

prestorm levels in Event M97-1 and Event M97-3. However in the second half of 

Event M97-2, Na+ concentration remained below prestorm levels even after the 

rainfall ceased. 

 

 

 

Figure 6.3 Temporal variations in rainfall, discharge rate and Na+ and SO42- concentrations 

of the Matsuzawa catchment 

BC BD BE
FGFFHFGFHFGHH
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6.2.6 Analysis of the End-members 

The changes in the streamwater chemistry during and after rainstorms 

were caused by changes in the mixing ratio of the water components that 

contribute to the streamwater runoff. EMMA was applied to each event to 

quantitatively evaluate the contribution of each component.  

The results of hydrometric observations (see Chapter 3Chapter 3Chapter 3Chapter 3 and Figure 6.1) 

indicate that SGW shallow layer, SGW deep layer, TGW, and throughfall can all 

contribute to stormflow. As noted in Chapter 5Chapter 5Chapter 5Chapter 5, baseflow chemistry was controlled 

by the mixing of SGW shallow-layer and SGW deep-layer waters. During 

rainstorms, however, the SGW shallow layer is strongly affected by the saturated 

throughflow generated at the soil-bedrock interface; that is, HGW or TGW, as noted 

in Chapter 4Chapter 4Chapter 4Chapter 4. Therefore, in the study of rainstorms (short-term phenomena), the 

SGW shallow layer should not be treated as an end-member, because this would be 

contrary to the assumption of independence of the end-members, which must be 

significantly different from each other (Christophersen et al., 1990). Therefore, the 

SGW deep layer can be treated as the first end-member of streamwater. The 

groundwater sampled from the G2-177 well before each rainstorm was used in the 

analysis. 

Throughfall can be treated as the second end-member, because it is mixed 

directly into the streamwater as channel precipitation. According to Kim (1990), 

the spatial extent of the saturated zone and the variation of groundwater levels are 

mainly caused by the subsurface stormflow and are the main factors regulating the 

discharge rate during and after the rainfall. In addition, it is also clear that the 

groundwater level presents two different responses to rainfall: 1) when the rainfall 

is low and the soil is dry, only the saturated zone near the stream channel 

contributes to the discharge rate of the catchment; and 2) as the rainfall increases, 

the contribution of subsurface stormflow to the discharge rate increases. Thus, 

subsurface stormflow plays the role of the third end-member. As noted in Chapter 3Chapter 3Chapter 3Chapter 3, 

as the rainfall increases, saturated throughflow occurs on the soil-bedrock interface 

in HGW, flows down, and accumulates in TGW. The groundwater levels rise more 

rapidly in TGW than in SGW, and as a consequence, the hydraulic gradient 

becomes larger, with fluxes from the TGW zone to SGW to the stream discharge 

occurring, as seen in Figure 6.1. Hence, the groundwater in TGW can be treated as 

subsurface stormflow. The soilwater component is selected as one of the 

end-members in many studies (e.g., Mulholland, 1993; Ohrui and Mitchell, 1999). 

The TGW groundwater plays the same role as soilwater because it develops in 
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response to rainstorms, and contributes to the discharge. The concentrations at the 

GC well sampled before each rainstorm were used in the analysis. 

Three-component mixing diagrams are shown in Figure 6.4. The 

end-member of each event is as follows: 

Event M97-1: SGW deep layer and throughfall (TF) (two components) 

Event M97-2, 3: SGW deep layer, TGW, and TF (three components). 

Figure 6.4 Three-component mixing diagram 

note: "SOF" denotes saturation overland flow. 

| }~������~��� ����������}

Event M97-2; the first half

��������������������

� ��� ��� ��� ��� ������ ����� ��TF

SGW

TGW

Event M97-3

��� ����� ����������������������

� ��� ��� ��� ��� ���TF

SGW

TGW

Event M97-2; the second half

��� ����� ����������������������

� ��� ��� ��� ��� ���
SOF

SGW

TGW

TF

Event M97-1

��� ����� ����������������������

� ��� ��� ��� ��� ���TF

SGW

TGW



Chapter 6     Hydrochemical Processes of Stormflow 

 -85-

In Event M97-1, since the rainfall was light and short in duration 

compared to the other two events, the subsurface stormflow would have 

contributed little to the streamwater. In Event M97-2 and 3, the TGW component 

corresponding to subsurface stormflow contributed to the streamwater (see Figure 

6.1). In both the first and second halves of Event M97-2 (comparing the right top 

panel and left bottom panel in Figure 6.4), the end-members were the same, but 

the shapes of the corresponding diagrams are considerably different. The 

concentration of the TGW component fluctuated greatly. The mechanism of this 

fluctuation is as follows (see ChapteChapteChapteChapter 3r 3r 3r 3 and Chapter 4Chapter 4Chapter 4Chapter 4): the groundwater level at 

GC before Event M97-2 was below the bedrock depth and the groundwater 

chemistry was affected by groundwater flow through the bedrock, seeped at HGW. 

Saturated throughflow was generated at the soil-bedrock interface of HGW, the 

groundwater level of GC increased considerably, and the tracer concentrations 

changed. As noted in Chapter 4Chapter 4Chapter 4Chapter 4, the groundwater chemistry of GC is affected by the 

chemistry of the saturated throughflow generated at G11. Na+ and SO42- 

concentrations of G11 groundwater are lower than those at GC (see Figure 4.1); 

these tracer concentrations at GC are therefore diluted and this is reflected in the 

stormflow chemistry. Hooper et al. (1998) showed that the choice of one 

end-member ("A-horizon") (Hooper et al., 1990) was justified by the fact that a 

large change in the chemistry of this end-member was reflected in the streamwater 

chemistry throughout the long-term period of observation. The same effects 

occurred in this study, despite the short period of the phenomena. The chemistry of 

the saturation overland flow that occurred in the second half of Event M97-2 

("SOF" in Figure 6.4) is similar to that of the TGW component, because saturation 

overland flow was produced when the groundwater level of TGW reached the 

ground surface.  

 

6.2.7 Contributions of Each Runoff Component  

The runoff was separated into two components (as for Event M97-1) or 

three components (as for Event M97-2 and 3) using Na+ and SO42- concentrations. 

In Event M97-1, the hydrograph was separated into two components using Na+ and 

SO42-, respectively, and the results were then averaged.  

The contributions of each end-member were calculated by solving the 

following simultaneous mass balance equations: 
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where C1 and C2 are the concentrations of the tracers and the subscripts a, b, and 

c refer to each component of the three end-members. The subscript st refers to 

streamwater, and f refers to the fraction of each component that contributes to the 

streamwater. These equations were solved for each set of available streamwater 

chemistry data. 

The results of hydrograph separations are shown in Figure 6.5. In Event 

M97-1, when the groundwater level was low, the SGW deep-layer component 

accounted for more than 90% of the throughout for most of the period, except at the 

peak of rainfall, when the throughfall component accounted for about 35%. In 

Event M97-2, the proportion of the TGW component increased as the saturated 

zone spread during the first half of the event, and after the occurrence of 

saturation overland flow (the second half), this component became dominant, 

accounting for about 80% after rainfall ceased. In Event M97-3, when groundwater 

levels were high, the SGW deep-layer component was dominant, while the TGW 

component accounted for about 20% throughout the observation period.  

 

Figure 6.5 Hydrograph separations 
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6.2.8 Hydrochemical Processes of Stormflow 

The results of analysis by the EMMA method, using Na+ and SO42- 

concentrations, indicate the importance of the contribution of the TGW component 

to the discharge rate and to streamwater chemistry in this catchment. The 

chemistry of the TGW component varies widely and is clearly different from the 

chemistry of the other components. The rise of groundwater levels and the spread 

of the saturated zone determine whether the TGW component contributes to the 

discharge rate, and whether this component discharges as subsurface flow or as 

overland flow. It was observed that when consecutive rainstorms occurred, the 

saturated zone enlarged with the continuation of rainfall. The hydrochemical 

processes of the streamwater are regulated by the source of solutes, hydrological 

pathways, and the contribution of each flow component. The spread of the 

saturated zone, which is decided by antecedent rainfall and by the total rainfall of 

each storm, impacts on these three factors, and on the streamwater chemistry.  

 

6.3 Effects of Pathways and the Scale of the Riparian Zone on Stormflow 

Chemistry: Comparative Study in Four Catchments 

6.3.1 Introduction 

Herein, the results of comparative observations of the differences in the 

hydrological processes and in the vegetation of the catchments are discussed. In 

addition to the results from the Matsuzawa and the Akakabe catchments, the 

results from the Rachidani catchment, which has a small groundwater body and is 

unvegetated, and the Toinotani catchment, where pipe flow plays an important role 

in the hydrological processes, are included. 

 

6.3.2 Hydrochemical Processes of Stormflow in the Akakabe Catchment  

Event-based observations were conducted in the Akakabe catchment 

during two consecutive rainstorms. The rainstorm characteristics and the temporal 

variations of the rainfall, discharge rate, and groundwater levels of A1, SiO2, and 

Mg2+ concentrations are shown in Table 6.2 and Figure 6.6. The rapid increase in 

the discharge rate during Event A99-2 coincided with a large increase in A1 

groundwater levels. The SiO2 concentrations were related inversely, and the Mg2+ 

concentrations directly, to the discharge rate. As discussed in earlier chapters, in 

this catchment the effects on the streamwater of bedrock flow are important. The 

contribution of the bedrock flow, probably with high SiO2 and low Mg2+ 

concentrations, to the baseflow chemistry are especially important (ChapterChapterChapterChapterssss 4, 5 4, 5 4, 5 4, 5). 
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Thus, a runoff component that is low in SiO2 and high in Mg2+ must also contribute 

to the stormflow. The hydrological pathways to the streamwater are throughfall as 

channel precipitation and the groundwater flow from SGW, in addition to the 

bedrock flow (ChapteChapteChapteChapter 3r 3r 3r 3). Based on the spatial distribution of solutes (Figure 4.1), 

the throughfall has lower SiO2 and similar Mg2+ levels, and SGW has lower SiO2 

and higher Mg2+ levels, than those of the streamflow. 

  

 

 

Figure 6.6 Temporal variations in rainfall, discharge rate, groundwater levels and 

SiO2 and Mg2+ concentrations of the Akakabe catchment 
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Table 6.2 Rainstorm characteristics of the Akakabe catchment éêëìí îïïðñ éêëìí îïïðòóôõëöêë÷ øëöùú÷ ûüöúýþ ÿ�ì ñ�� ñïïï ÿ�ì òò� ñïïïûíúþ ÿ�ì òò� ñïïï ÿ�ì ò�� ñïïï�úí�� ö�ùìü��� ûýýþ ���� ñññ��	�
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A mixing diagram using SiO2 and Mg2+ concentrations as the tracers is 

shown in Figure 6.7. The concentrations of solutes in the throughfall and in 

groundwater in A1-110 and A1-175 shown in Figure 6.7 are averaged values and 

their standard deviations were based on samples taken before the rainstorms. The 

bedrock groundwater was not sampled in this catchment, so the streamwater 

concentrations at August 10 2000, when conditions in the catchment were driest 

and the contribution of the bedrock groundwater was probably at its highest, are 

assumed to result from the bedrock groundwater as the missing end-member. In 

Event A99-1, the streamwater was formed by mixing with the missing end-member 

(the bedrock groundwater) and throughfall. In Event A99-2, in contrast, the effects 

of SGW with a higher Mg2+ concentration are seen. The separate contribution from 

each component cannot be quantified, because the bedrock groundwater 

concentrations were not determined; however, the SGW component contributed 

significantly during the periods of heavier rainfall. That is, the groundwater level 

in SGW rose with the onset of heavy rain, and the runoff from the groundwater 

body, strongly affected by the saturated throughflow occurring on the soil-bedrock 

interface during the rainstorm, rose considerably; thus, the stormflow chemistry is 

affected by the groundwater chemistry.  
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Figure 6.7 Mixing diagram of the Akakabe catchment 
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6.3.3 Hydrological Processes in the Rachidani and Toinotani Catchments 

The saturated hydraulic conductivity of the soil in the Rachidani 

catchment is of the order of 10-1 cm/sec in the surface layer (a few cm from the soil 

surface) both in the upslope and downslope. Under the surface layer of the 

downslope, hydraulic conductivity is similar to that in the surface layer, but under 

the surface layer of the upslope it is much lower (of the order of 10-3 cm/sec), and 

the soil-bedrock border is clearly marked (Kimoto et al, 1999). These authors made 

intensive hydrometric observations, and showed that subsurface stormflow was 

generated in the upslope zone where soils are thin, and that saturated overland 

flow occurred in that part of the catchment during heavy rains. Based on in situ 

sprinkling experiments, Uchida et al. (1999) showed that during small rainstorms 

only subsurface stormflow occurs; in heavier storms, saturation overland flow is 

generated, but Horton-type overland flow is insignificant. As in the Matsuzawa 

catchment, preferential flow pathways were not detected and the dominant flow 

pathway apparent in this catchment was groundwater flow from the soil matrix. 

 In the Toinotani catchment, Uchida et al. (1998) demonstrated that 

pipe-flow rate increased with increasing rainfall intensity and regulated the 

discharge rate of the catchment. In addition, with the occurrence of pipe flow the 

transmissivity of the whole hillslope was enhanced, and the discharge from the 

spring increased more than the contribution of the pipe flow. Regarding the 

mechanisms of pipe-flow generation, when the throughfall infiltrated to the 

aquiclude layer, a saturated condition occurred and water entered the soil pipe and 

discharged (Uchida et al. 1996). During the rainstorm of this study, no discharge 

was detected from Pipe group B, so only discharge from Pipe A is discussed. 

  

6.3.4 Comparison of Rainstorm Characteristics 

The characteristics of the rainstorms in the Matsuzawa, Rachidani, and 

Toinotani catchments are summarized in Table 6.3. The season, observed period, 

total rainfall, and maximum rainfall intensity were similar in each catchment for 

all the rainstorms. Antecedent precipitation was also similar in the Matsuzawa and 

Rachidani catchments, since they are in close proximity to each other.  
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6.3.5 Temporal Variations in Streamwater Chemistry  

Figure 6.8 shows the temporal variations in the groundwater levels around 

the spring outflow points (G1 in the Matsuzawa and R1 in the Rachidani 

catchment) and the flow rate in Pipe A in the Toinotani catchment, in addition to 

the rainfall, discharge rate, and solute concentrations. The concentrations of Na+, 

SO42-, and SiO2, which were higher in the deeper layer than in the surface layer, 

and of NO3- and NH4+, which were higher in the surface layer than in the deeper 

layer, are discussed in this study.  

The groundwater levels in the Matsuzawa and Rachidani catchments 

varied considerably, and peaked sharply in the Rachidani catchment. The 

hydrographs were similar to the groundwater level variations in both catchments. 

The maximum discharge intensity was larger by one order of magnitude in the 

Rachidani catchment than in the Matsuzawa catchment. 

The concentrations of Na+, SO42-, and SiO2 were considerably lower at the 

peak discharge and decreased to some extent during the falling limb from the 

levels applying before the peak in the Matsuzawa catchment. The NO3- 

concentrations were slightly higher after the peak discharge and NH4+ was barely 

detected during the observation period. 

  The concentrations of Na+, SO42-, and SiO2 were lower at the peak 

discharge in the Rachidani catchment. The NO3- concentrations were slightly 

higher after the rainfall stopped. The NH4+ concentrations were relatively higher 

before the peak discharge and not detected after it. 

  In the Toinotani catchment, all solute concentrations were affected by pipe 

flow. The concentrations of Na+, SO42-, and SiO2 decreased when pipe flow occurred, 

and lower concentrations of Na+ and SiO2 were observed after the rainstorm. The 

NO3- concentrations increased when pipe flow occurred and NH4+ concentrations 

increased considerably after the pipe flow stopped.  

Table 6.3 Comparison of Rainstorm characteristics =>?@AB>C> D>EFGH>IG JKGIK?>IGLM@NOPNH QNOGKH RSOKTU VNW XYZ Y[[\ VNW XYZ Y[[\ VNW Y]Z Y[[^R?KU VNW X_Z Y[[\ VNW X_Z Y[[\ VNW Y\Z Y[[^JK?>` O>GIS>`` RTTU [Xab \[ac ^bab=>da O>GIS>`` GI?NI@G?e RTTf_cTGIU ^ac ^ac ^abJK?>` HG@EF>OgN RTTU X\a] _\a^ bab=>da HG@EF>OgN GI?NI@G?e RTTf_cTGIU cab Xa[ ca_hI?NENHNI? WONEGWG?>?GKI Rb H>e@U RTTU i^ac i\ab XbabhI?NENHNI? WONEGWG?>?GKI RYc H>e@U RTTU ]bac ]Xab [cab
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  In the Matsuzawa and Rachidani catchments, the variations of solute 

concentrations were relatively small, except at the peak discharge, when they 

varied for a short time. In contrast, the solute concentrations varied considerably 

with the occurrence of pipe flow, and even after pipe flow stopped, particularly in 

the case of NO3- concentrations, which did not return to the concentration recorded 

before pipe flow occurred in the Toinotani catchment. 

  

 

6.3.6 Analyses of Chemical Variations in Each Catchment with EMMA 

EMMA was applied to each event, using Na+ and SO42- as tracers. The 

mixing diagrams are shown in Figure 6.9. The end-members in each catchment 

were as follows: 

Matsuzawa: SGW and throughfall (two components) 

Rachidani: SGW and rainfall (two components) 

Toinotani: SGW, pipe flow, and throughfall (three components). 

Figure 6.8 Temporal variations in rainfall, discharge rate and solute concentrations of 

each catchment 
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In every catchment, throughfall or rainfall was one of the end-members, 

because they all had small stream channels and the channel precipitation mixed 

directly with the stormflow.  

Baseflow chemistry is similar to perennial groundwater chemistry in the 

Rachidani catchment, and similar to that in the Matsuzawa catchment (Asano et 

al., 1998). Thus, the SGW groundwater was one of the end-members in both of 

these catchments. Groundwater flow from the perennial groundwater body to the 

stream was also observed in the Toinotani catchment, except in an extremely dry 

summer, so the SGW groundwater was one of the end-members. The groundwater 

concentrations in G2-177 in Matsuzawa and R1 in Rachidani were used in the 

analyses. The TGW component did not contribute to stormflow in the Matsuzawa 

catchment during this period of observation, as seen in Event M97-2, outlined 

above. 

Pipe flow, the third end-member, could not be sampled directly; however, 

soilwater from around the soil pipe would have been discharged from the pipe 

(Uchida et al., 1997), so soilwater samples from around the soil pipe during the 

observation period were used in the analyses.  

The contributions of each end-member were calculated by solving the mass 

balance equations. In the case of the Matsuzawa and the Rachidani catchments, 

the contributions were calculated using Na+ and SO42- concentrations in each and 

averaged over the two results. The results of the hydrograph separations are 

£¤¥¦§¨©ª«¬«¬®¯¤° ¦±²®¬³«´³²¬®µ̄ ¶·¬¸¹®¬ ²º¬ ¹»»¼®®¬¨»¬ ¹¸ ½ ¾½¬ ¸¿¹´°¶À¸²¬® ²º¬ ¹»»¼®®¬¨»¬ ¹¸ ½¾½¬ ¸ ¿¹´ÁÂÃÄÅÃÆÇÅÄÈÈÉÈÈÊÈÉÈËÈÉÈËÊÈÉÈÌÈÉÈÌÊÈÉÈÍ
È ÈÉÈÎ ÈÉÈÏ ÈÉËÌ ÈÉËÐÑÒÓ
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Figure 6.9 Mixing diagrams of each catchment 

note: "RF", "TF", and "Pipe" denotes rainfall in Rachidani, throughfall in Matsuzawa and Toinotani, and 

the soilwater around the soil pipe, respectively. "SGW/A" denotes the groundwater of the saturated zone 

after the storm event. 
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shown in Figure 6.10. The SGW component was dominant during the period of 

observation, except during the peak discharge, when the contributions of the 

throughfall or rainfall component increased in both the Matsuzawa and Rachidani 

catchments. The pipe flow component was dominant when present and, even after 

pipe flow stopped, the contribution of this component was sizeable. In a comparison 

of the pipe-flow rates observed (Figure 6.8) with those calculated from EMMA, the 

calculated rate was the larger. For example, at the peak of pipe flow the observed 

rate was 0.039 mm/30 min in observed value, whereas the calculated value was 

0.206 mm/30 min. The total pipe flow observed was 0.356 mm, whereas 2.377 mm 

was calculated. This indicates that some soilwater around the soil pipe discharged 

without passing through Pipe A during and after pipe flow occurred. That is, the 

observed pipe flow was one part of a component with the same source which 

discharged through different pathways. This corresponds with the results obtained 

by Uchida et al. (1998), who found that when the pipe flow occurred the 

transmissivity of the whole hillslope was enhanced and the discharge from the 

spring outflow was increased by contributions other than that from pipe flow.  

 

Figure 6.10 Hydrograph separations of each catchment 
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In the Matsuzawa and the Rachidani catchments, the stormflow chemistry 

comprised the mixing of the perennial groundwater and the throughfall or rainfall, 

and the perennial groundwater was dominant throughout the observation periods. 

Therefore, the groundwater, which had relatively constant chemistry, always came 

from the SGW in these catchments. As mentioned previously, saturated 

throughflow occurring in the upslope of the catchment during the rainstorm mixed 

with the perennial groundwater body; thus, it did not contribute directly to the 

stream during relatively small rainstorms. Therefore, the stormflow chemistry did 

not fluctuate appreciably, other than at the rainfall peak. 

On the other hand, in the mixing diagram for the Toinotani catchment 

(Figure 6.9), the streamwater samples were plotted around the SGW component 

before the occurrence of pipe flow, and after pipe flow, the streamwater samples 

were plotted close to the Pipe component. This indicates that water from a source 

other than SGW was transported to the stream through the soil pipe. Based on the 

hydrograph separations (Figure 6.10), a water component with the same source as 

the pipe-flow component continued to contribute to streamflow after the pipe flow 

stopped. In this way, the streamwater chemistry was changed considerably when 

pipe flow discharged and, even after the pipe flow stopped, solute concentration 

levels did not return to pre-pipe-flow values. The saturated throughflow discharged 

through the soil pipe contributed directly to the streamwater, and strongly affected 

streamwater chemistry. 

 

6.3.7 Effects of Hydrological Differences on the Stormflow Chemistry 

To discuss the effects on streamwater chemistry of other factors besides 

conservative mixing (e.g., biogeochemical factors), the SiO2 and NO3- 

concentrations were simulated from the mixing ratio and observed concentrations 

in each end-member. The results of the simulations are shown in Figure 6.11. The 

SiO2 concentrations were reproduced well in three catchments, but in the 

Rachidani catchment the simulated results did not fit as well, especially after the 

rainfall stopped. As discussed in Chapter 4Chapter 4Chapter 4Chapter 4, the chemistry in the SGW deep layer is 

constant in the Matsuzawa catchment, and it did not vary after the rainstorm (see 

SGW/A in Figure 6.9). However, in the Rachidani catchment the SO42- 

concentrations decreased after the rainstorm, and the streamwater samples plotted 

were closer to SGW/A, than SGW. Using the concentrations in SGW/A and RF 

produced a better fit than that obtained by using SGW and RF (see Figure 6.11). 

This indicates that in the Rachidani catchment SGW chemistry is easily affected by 
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rainstorms, because the groundwater body is smaller than in the Matsuzawa 

catchment. In catchments where matrix flow is the dominant pathway, stormflow 

chemistry is more easily affected when there is a smaller groundwater body, since 

the groundwater chemistry is relatively less stable in response to rainstorms.  

The simulated NO3- concentrations fitted less well to the observed values 

in the Matsuzawa and Rachidani catchments. NO3- concentrations are easily 

affected by biological mechanisms and the effects are distributed unevenly within 

the soil profile; it is difficult to reproduce these effects using a conservative mixing 

model. In a catchment where matrix flow is dominant, the NO3- concentration in 

the source profiles can change within a short time, so it is difficult to reproduce the 

streamwater NO3- concentration by considering only the hydrological pathways. 

In contrast to the cases of the Matsuzawa and the Rachidani catchments, 

the falling limb could be well-simulated in the Toinotani catchment. This implies 

that soilwater with high NO3- concentration was transported via the soil pipe, and 

the NO3- concentrations did not change in appearance after the occurrence of pipe 

flow. The increase of streamwater NH4+ concentration during the falling limb 

implies that biological activities like nitrification are inhibited or moderated by 

changes in environmental conditions as the soil-water contents change, and the 

NO3- concentrations were not changed within the end-members. In the catchment 

in which preferential flow was dominant, the surface soilwater with high NO3- 

concentrations was mixed directly into the streamwater, with a direct effect on the 

Figure 6.11 Calculated SiO2 and NO3- concentrations of each catchment 

note: "Calc./A" denotes the calculated values using the concentration of the 

groundwater of the saturated zone sampled after the rainfall stopped 
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streamwater chemistry. 

 To investigate the nitrogen dynamics of subsurface stormflow via 

preferential flow pathways on forested hillslopes that receive elevated levels of 

atmospheric N deposition, Hill et al. (1999) conducted observations in a 

subcatchment of the Plastic Lake Watershed, Canada. They demonstrated that 

more than 97% of subsurface stormflow occurred at the soil-bedrock interface, and 

a considerable fraction of this subsurface flow was event water that infiltrated by 

preferential flow paths to the bedrock surface; however, the NO3- losses were low, 

because the surface-soil horizon was a strong sink for inorganic N in throughfall. In 

contrast, surface soilwater discharges with high NO3- concentrations occur and 

streamwater NO3- concentrations increase during rainstorms in the catchments 

where lateral preferential flow paths exist within the surface soil layer, as in the 

Toinotani catchment. On the other hand, if matrix flow is dominant, NO3- 

concentrations can easily change within the end-members or during transport to 

the stream if biological activities such as denitrification (Koba et al., 1997) occur 

during the short time the water spends in the catchment, as in the Matsuzawa and 

Rachidani catchments. 

 The relationship between stormflow chemistry and the dominant 

hydrological pathways were investigated based on comparative studies of four 

catchments with different prevailing hydrological processes. In catchments where 

the groundwater flow from the perennial groundwater body is dominant, saturated 

throughflow is mixed with the groundwater body and does not contribute to the 

stormflow directly, so stormflow chemistry does not fluctuate much, except at 

rainfall peaks. In catchments where bedrock flow is dominant, the discharge from 

the groundwater body on top of the bedrock contributes when the groundwater 

level rises considerably during a heavy rainstorm, and thus streamwater chemistry 

is affected. In catchments where preferential flow such as pipe flow is dominant, 

stormflow chemistry depends absolutely on whether or not preferential flow occurs.  

 

6.4 Estimation of the Contributing Area: Mixing Model Approach with a New 

Tracer- Fluorescence of Dissolved Organic Carbon 

6.4.1 Introduction 

This section describes the assessment of the spatial distributions of 

dissolved organic carbon (DOC) by the application of three-dimensional 

fluorescence spectrometry to waters sampled in the Matsuzawa catchment. Once 

the sources of streamflow components have been determined, riparian control of 
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stormflow quality can be introduced using the fluorescence properties as a tracer. 

The mixing model approach has been used for many catchments using 

various tracers (e.g., Hinton et al., 1994; Hensel and Elsenbeer, 1997; Ohrui and 

Mitchell, 1999). These studies showed that the sources of streamwater are 

groundwater, soilwater, and throughfall; in particular, the importance of soilwater 

has been emphasized in studies in recent decades (e.g., DeWalle et al., 1988; 

Mulholland, 1993; Bazemore et al., 1994). The soilwater component corresponds to 

the TGW of this study, because it develops in response to rainstorms, and the 

soilwater, which was unsaturated before the rainstorms, contributes to the 

discharge (see Paragraph 6.2). 

The use of DOC as a tracer for estimating runoff sources and to separate 

the contribution from soilwater has been validated. Brown et al. (1999) used DOC 

concentration and d18O in hydrograph separations and estimated the contribution 

from oxygen in the soil. Easthouse et al. (1992) used fractions of DOC, combined 

with inorganic tracers, to estimate the sources of runoff more accurately. In general, 

however, DOC is a complex mixture of organic materials of many differing 

molecular weights and structures; it is difficult to discriminate between two DOC 

components if they have the same concentrations and different compositions, and 

for this reason DOC is not always a satisfactory tracer. 

In the fields of marine chemistry and limnology, three-dimensional 

fluorescence spectrometry is used to characterize the different components of 

dissolved organic carbon (e.g., Coble et al., 1990; Mopper and Schultz, 1993). The 

method involves determining the intensity of fluorescence as a function of 

excitation and emission wavelengths, with results presented as a 

three-dimensional contour graph. The characteristic signatures of different humic 

or protein components from different water sources can then be determined (Coble, 

1996). Application of this method might circumvent earlier problems in using DOC 

as a tracer. Generally, DOC is distributed in different amounts across a catchment, 

and it seems that three-dimensional fluorescence spectrometry may permit more 

precise estimation of source locations and amounts. 

 

6.4.2 Rainstorm Characteristics 

Rainstorm characteristics are summarized in Table 6.4 and temporal 

variations in rainfall, discharge rate, and groundwater levels at points GF and GD 

are shown in Figure 6.12. The origin for groundwater levels is the soil surface at 

each point. Points GF and GD are located at the upslope of SGW and TGW, 
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respectively. The groundwater level at GD rose rapidly, by a considerable amount, 

during storms, and fell more steeply relative to that at GF, which remained high 

even after a rainstorm ceased (see Chapter 3Chapter 3Chapter 3Chapter 3). Runoff as a proportion of total 

rainfall was very high (62%). The antecedent precipitation for the five previous 

days was 171.2 mm, and the groundwater level at points G1 and GA, located 

around the spring outflow, reached the soil surface. 

 

6.4.3 Sources of Stormflow Estimated from Fluorescence Properties 

As mentioned previously, stormflow in the Matsuzawa catchment consists 

of three components, SGW, throughfall, and TGW, and the contribution of each 

component changes in response to the amount of rainfall. 
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Figure 6.12 Temporal variation in rainfall, discharge rate, groundwater levels at 

points GF and GD 
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Figure 6.13 shows the 

temporal variation of the 

Excitation-Emission Matrix (EEM) 

in streamwater. The two straight 

black lines seen in the EEM are due 

to Rayleigh scattering of the 

excitation, and Raman scattering in 

the water produces the gray line 

below one of these black lines. There 

is a fluorescence peak at 

excitation/emission (Ex/Em) = 

320±10/435±10 nm in all the 

streamwater samples. Since the 

peak positions reflect the 

composition or structure of dissolved 

substances, it seems that all the 

streamwater samples contained 

similar DOC compounds. Suzuki et 

al. (1997) found that the peak 

positions of fulvic acid extracted 

from brown forest soil and from river 

water samples were almost the same 

as those found in this study. 

Similarly, the fulvic acid peak has 

been detected at almost the same 

position in many studies (e.g., Coble 

et al., 1990; Senesi et al., 1990; 

Mopper and Schultz, 1993). 

Following these earlier studies, the 

fluorescence peak detected in this 

study can be identified as due to 

fulvic acid. Fulvic acid is one of the 

fractions of humic material, and is 

soluble under all pH conditions. 

More than 90% of humic substances 

in streamwater are fulvic acids 
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(Malcolm, 1990). Figure 6.14 shows the temporal variations in the maximum 

fluorescence peak intensity around the Ex/Em = 320±10/435±10 nm point, rainfall, 

discharge, and DOC concentrations. The arrows in Figure 6.14 indicate the peak of 

EEM shown in Figure 6.13. A positive correlation between the fluorescence 

intensity and the discharge rate is seen in Figure 6.14. A positive correlation 

between fluorescence intensity and DOC concentration has been found in seawater 

(Chen et al., 1993) and in streamwater (Suzuki et al., 1997). From these results, it 

seems that the fluorescence intensity reflects the fulvic acid concentrations of 

streamwater in this catchment. 

The EEM of SGW and TGW, sampled on June 29 1999 (before a rainstorm), 

and July 1 1999 (after the rainstorm), and that of rainfall and throughfall sampled 

on July 1, 1999, are shown in Figure 6.15. Two EEMs are shown in each 

�� �� �� � �
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Figure 6.14 Temporal variation in the relative fluorescence intensity and DOC 

concentration of streamwater 
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groundwater zone, sampled at the upslope sites (GF for SGW, GC for TGW) and in 

the downslope zone (G2-177 for SGW and GA for TGW), respectively. The 

characteristics of the observation wells and the variation in groundwater levels 

during the rainstorm gauged at each well are shown in Table 6.5. There was no 

clear fluorescence peak in the streamwater at 18:00 on June 28, before the 

rainstorm (Figure 6.13). Moreover, there were no clear fluorescence peaks in either 

the upslope or downslope SGW samples before the rainstorm (Figure 6.15 a, c). In 

the EEM of downslope SGW sampled after the rainstorm (Figure 6.15 b), there was 

a slight rise relative to the level seen before the rainstorm, but the intensity was 

weak and the peak was not well defined. The upslope SGW (Figure 6.15 d) showed 

no clear peak, even after the rainstorm. 

There were clear fluorescence peaks in the downslope TGW at 

Ex/Em = 320±10/435±10 nm, the same position as that for the streamwater (Figure 

6.13), sampled before and after the rainfall (Figure 6.15 e, f); this indicates that 

TGW contained fulvic acid. The upslope TGW also had the same fluorescence peak 

(Figure 6.15 g, h), and the peak intensity was higher after the rainfall than it was 

before the rainfall, showing that the organic carbon present in the surface soil layer 

dissolved in the groundwater as the groundwater level rose. 

In the throughfall (Figure 6.15 i), there were fluorescence peaks at Ex/Em 

= 285/410 and 340/410 nm. These peak positions differ from the fulvic acid peak of 

streamwater, so the organic matter dissolved in throughfall is not fulvic acid. As 

the rainfall (Figure 6.15 j) did not have the same peak as the throughfall, the 

substance producing the fluorescence in the throughfall was probably washout or 

leached material from the trees. 

 

�� ¡¢ £� ¤ ¥¦§¢¨©ª«¬ ¦¤¤ ¥¦§¢¨©ª«¬ ®¯�°¡¥±²¢¦¯ ¤¦³¦¤ ´¯�« µ� ¤ µ° ´̄²ª¦ ©ª«¬©¶·¸¹ºº¬ »¦´�¯¦ ¢¨¦ µ¢�¯« §¦²¼ �´ ¢¨¦ µ¢�¯«£® ½§µ¤�§¦ ®¾ ¿ÀÁ Âºº ÃÄÀ ÃÅºÆ�±¡µ¤�§¦ ®¹ ÇÅº ÅÀ ©�³¦ ´̄¤�±¬ ©�³¦¯´¤�±¬È® ½§µ¤�§¦ ®É ÊÂ Â¹Å ÃÁÅ ºÆ�±¡µ¤�§¦ ®Ë ÅÇ ÅÁ Ã¹¹ ÃÁ
Table 6.5 Characteristics of observation wells 
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These results show that the fulvic acids detected in the streamwater were 

supplied mainly from the TGW component, not from the SGW component or from 

throughfall, the other runoff components of this catchment (Paragraphs 6.2, 6.3; 

Katsuyama et al., 2000; Katsuyama et al., 2001). The fluorescence increased in 

upslope TGW when the groundwater level rose toward the soil surface and the 

fluorescent substances dissolved into the groundwater. In contrast, high 

fluorescence intensity was detected in the downslope TGW throughout the 

observed period. Therefore, downslope TGW was the major source of streamwater 

fulvic acids. 

 

6.4.4 Contribution of Each Runoff Component 

EMMA was applied to evaluate the contribution of each runoff component 

by using SiO2 and DOC concentrations and the maximum fluorescence intensity at 

Ex/Em = 320±10/435±10 nm as tracers. The mixing diagrams plotted by the 

combinations of SiO2 - DOC and SiO2 - fluorescence intensity are shown in Figure 

6.16. The concentrations and error bars of SGW and TGW represent the averages 

and standard deviations from samples taken before and after the rainstorm; those 

for throughfall are the weighted-mean values and standard deviations from four 

points (see Figure 2.4). The fluorescence intensity of throughfall is derived from the 

value obtained at only one point, and is the basis of the peak of 

Ex/Em = 340/410 nm, which is not a fulvic acid peak. The concentrations at G2-177 

are used for SGW and those at GA are used for TGW in the analysis. 

Figure 6.16 Mixing diagrams plotted by the combinations of SiO2 - DOC and SiO2 - 

fluorescence intensity 
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Both diagrams show that the streamwater is composed of a mixture of 

three runoff components: SGW, throughfall, and TGW. In the case of SiO2 and 

fluorescence intensity, the streamwater plots around the SGW-TGW line and the 

contribution of TGW is larger than in the case of SiO2 and DOC. DOC is a complex 

mixture of various organic materials of different molecular weights and structures, 

and the fulvic acid in streamwater is supplied mainly by the TGW component. The 

organic matter in throughfall is leached from trees, and is not fulvic acid. Therefore, 

for quantifying the contribution of the TGW component in this catchment, 

fluorescence intensity is more important than DOC as a tracer, after removing the 

effect of DOC from throughfall. 

The contribution of each runoff component was calculated using SiO2 

concentration and fluorescence intensity. The contributions of the SGW, throughfall, 

and TGW components to the total discharge were 28.7%, 7.9%, and 63.4%, 

respectively; the contribution from TGW was clearly dominant. During the rainfall 

period, from 6:00 on June 29 to 19:00 on June 30, 1999, the contribution of TGW 

was even larger; the contributions of the SGW, throughfall, and TGW components 

were 7.9%, 6.6%, and 85.5%, respectively. This underlines the importance of the 

TGW component to the peak flow. 

 

6.4.5 Source Area of the Transient Saturated Zone 

The source area of TGW is calculated assuming that the saturated 

throughflow discharges as laminar flow from the transient saturated zone. The 

discharge rate of TGW is calculated from the total discharge rate and the 

contribution of the TGW component. This contribution was calculated by 

substituting the average SiO2 concentrations and the fluorescence intensity in the 

mass-balance equations. At measuring point GA in the riparian zone, the 

groundwater level was reached and the soil became saturated to the surface; the 

water depth of the laminar flow of TGW was therefore assumed to be 74 cm, equal 

to the soil depth at this point. The saturated soilwater content was taken as 0.6 

from the soil surface to a depth of 15 cm, and 0.5 at deeper than 15 cm (Ohte and 

Suzuki, 1990). 

The temporal variations of the ratio of the TGW source area to the total 

catchment area are shown in Figure 6.17. The variation in the source-area ratio 

was less than 1% throughout the observation period and only 0.56% at the 

maximum. During the four-day observation period, the total TGW source area was 

11.1% of the catchment area. According to Kim (1990), the groundwater body 
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enlarges to a maximum of 24% of the catchment area. Therefore, the TGW 

component of the groundwater increase drains from a small well-defined area 

within the riparian zone during storm runoff. Since 63.5% of the total discharge 

was supplied from this small area and fluorescence was barely detected in SGW 

even after the rainstorm, the downslope (riparian) TGW component must discharge 

directly to the stream through the highly permeable surface soil layer, with 

negligible mixing with SGW. Many studies (e.g., Hooper et al., 1998; Tanaka and 

Ono, 1998) have demonstrated the importance of the contribution from 

groundwater, or soilwater, from the riparian zone, to storm runoff generation 

processes and their chemistry. It is evident from this study that the source area of 

these components is very small, less than 1% of the total catchment area at any one 

time. 

 

 

6.5 Conclusions 

In recent studies, the fluorescence of DOC has been used estimate the 

sources of groundwater (Baker and Genty, 1999) and streamwater (Newson et al., 

2001). The results of this study show that three-dimensional fluorescence 

spectroscopy is also a useful tool for estimating the sources and source area of 

stormflow, in combination with EMMA. The ratio of the source area of the 

transient saturated zone to the total catchment area was less than 1% during a 

storm event, so the increment in groundwater was drained quickly from a small 

area in the Matsuzawa catchment. The source area of the stormflow in this 

Figure 6.17 Temporal variations of the ratio of TGW source area to total catchment area 
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catchment was very small, although the total rainfall was more than 100 mm. This 

small area seems important to streamwater chemistry as the source of 

biochemically-reactive substances (e.g., NO3-), which could not be well simulated in 

the Matsuzawa and Rachidani catchments with the mixing model. In Event M97-2 

(Paragraph 6.2), the total rainfall was 249.5 mm and the source area was enlarged 

to include the upslope of TGW, GC. In that case, the saturated zone was enlarged 

by the effects of saturated throughflow that was generated on the soil-bedrock 

interface during the rainstorm, and the end-member of the streamwater was 

changed. The results of comparative studies showed that differences in the 

dominant runoff processes of each catchment controlled the stormflow chemistry. 

The chemistry of the riparian groundwater end-members was more variable in the 

catchment with the smaller riparian zone, because of the effects of the saturated 

throughflow generated on the soil-bedrock interface during the rainstorm. The 

three factors—the spatial distribution of the sources of solutes, the hydrological 

pathways, and the time sequential variations in the contribution of the each flow 

component—were affected by the change of end-members; that is, the variation in 

the source area (Hewllet and Hibbert, 1967), and consequently the streamwater 

chemistry was changed.  

In order to understand hydrochemical processes, it is generally considered 

important to collect information on the hydrological pathways of catchments (e.g., 

Buttle, 1994). In earlier studies using EMMA (e.g., Hooper et al. 1990), 

end-members were fixed and the contribution of each end-member during the 

rainstorm changed. The EMMA method is adaptable to hydrochemical analysis of 

streamwater in a catchment where end-members change incrementally, if 

combined with information on the hydrological processes. 
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Chapter 7Chapter 7Chapter 7Chapter 7    

Summary and ConclusionsSummary and ConclusionsSummary and ConclusionsSummary and Conclusions 

- Hydrochemical dynamics of Groundwater and Streamwater 

in Forested Headwater Catchments - 

 

7.1 Introduction 

Intensive observations were conducted in small headwater catchments to 

elucidate the hydrochemical dynamics of groundwater and streamwater, and 

mixing-model approaches were applied to examine the hydrological pathways of 

the catchments and the sources of the streamwater. Comparative observations 

were conducted in two catchments (the Matsuzawa catchment and the Akakabe 

catchment, subcatchments of the Kiryu Experimental Watershed, Shiga prefecture, 

Japan) during baseflow conditions, and in four catchments (the Rachidani 

catchment and Toinotani catchment, together with the above two catchments) 

during stormflow conditions.  

 

7.2 Hydrological Pathways of the Catchments 

 The discussion of hydrological pathways is based on the intensive 

groundwater level observations outlined in Chapter 3Chapter 3Chapter 3Chapter 3 (see Figure 3.10). For the 

hillslope zone, the groundwater was divided into two flow components (ignoring the 

evapotranspiration component). Saturated throughflow occurred at the soil-bedrock 

interface during stormflow and bedrock flow, which infiltrated into the permeable 

bedrock and flowed downward. From the small hillslope-scale observations in the 

Akakabe catchment, the saturated throughflow runoff was less than 5% of each 

rainfall event, and the estimated bedrock infiltration was about 50%. Saturated 

throughflow and bedrock flow recharged the groundwater body above and below 

the bedrock, respectively, in the transient saturated zone where it connected with 

the hillslope zone. Subsequently, the groundwater in the saturated zone, which had 

very deep soil in the Matsuzawa catchment, was recharged by shallow saturated 

throughflow and by deep bedrock flow. Part of the bedrock flow in each catchment 

appeared to discharge directly to the stream without recharging the groundwater 

body. During rainstorms in the Matsuzawa catchment, subsurface or surface water 

flowed directly to the stream. 

Comparing the annual hydrographs of the Akakabe and the Matsuzawa 

catchments (Figure 3.9) shows that variations in the discharge rate were smaller in 

the Matsuzawa catchment. In the Akakabe catchment, the discharge rate varied 
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considerably. These differences must be caused by differences in the groundwater 

storage or the volume of groundwater present. In the Matsuzawa catchment, deep 

soils are present in the depression of the bedrock, and a large volume of 

groundwater had accumulated there. In contrast, in the Akakabe catchment the 

area of the soil sedimentation zone is small; thus, the groundwater storage is small. 

The large volume of groundwater in the Matsuzawa catchment acts as a buffer and 

maintains a stable discharge rate during the dry seasons or rainstorms. The 

differences in the hydrological processes, whether groundwater pass through 

riparian zone or not in this case, must have an impact on the hydrochemical 

processes in the groundwater and the streamwater. 

 

7.3 Geographic Sources of the Catchments and Their Hydrochemistry 

 The geographic sources of the catchments and their hydrochemistry were 

discussed in Chapter 4Chapter 4Chapter 4Chapter 4. The spatial and temporal distributions of the groundwater 

chemistry in the Matsuzawa and Akakabe catchments were observed. Spatial 

variability was generated by differences in the saturated throughflow and bedrock 

flow chemistry. The saturated throughflow had low concentrations of SiO2, whereas 

SiO2 concentrations were high in bedrock flow.  

Bedrock flow persisted year round, and SiO2 concentrations were always 

high in the deeper groundwater. On the other hand, SiO2 concentrations in the 

saturated throughflow were seasonal, reaching a maximum in September (the wet 

season) and a minimum in March (the dry season). During rain, saturated 

throughflow occurred at the soil-bedrock interface, and vertical distribution 

patterns were generated by differences in the depth of groundwater. Chapter 3Chapter 3Chapter 3Chapter 3 

showed that there are two pathways that contribute to the perennial groundwater 

zone from the transient saturated zone, the soil-bedrock interface and the bedrock, 

and Chapter 4Chapter 4Chapter 4Chapter 4 showed that the chemical signature of each flow was preserved with 

little intermixing, and that vertical variation patterns were generated. The 

different contribution levels of these flows at each point results in spatial 

variability among the sampling points. The groundwater chemistry in the riparian 

zone is heterogeneous. The mean residence time of the groundwaters estimated 

from the stable isotopes were also strongly correlated to the chemical spatial 

variability. In these processes, the seasonal variation in the saturated throughflow 

chemistry affected the groundwater, with some reduction in the range of variation, 

so seasonal variations in the groundwater chemistry were observed. This indicates 

the hydrochemical processes of groundwater are mainly controlled by the 
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hydrological processes in catchments, i.e., the geographic-source hydrograph 

separations with conservative chemical tracers are adequate here.  

 

7.4 Hydrochemical Processes of the Streamwater: Mixing Model Approach 

 In Chapter 5Chapter 5Chapter 5Chapter 5, a two-component mixing model was applied to the baseflow 

chemistry of the Matsuzawa catchment. The seasonality of baseflow chemistry was 

generated by changes in the mixing ratio and by the seasonality of the 

groundwater chemistry in the shallow layer (see Figure 5.5). Following Hill (1990), 

this study sows that medium- or long-term phenomena, such as the seasonality of 

the baseflow chemistry, are largely affected by the spatial variability of the 

groundwater chemistry within the riparian zone. Thus, it is necessary to 

reevaluate the heterogeneities of groundwater chemistry when applying the 

mixing-model approach to the study of runoff generation and hydrochemical 

processes within the riparian zone. 

 In ChapChapChapChapter 6ter 6ter 6ter 6, two- or three-component mixing models were proposed to 

model the stormflow chemistry of the Matsuzawa, Akakabe, Rachidani, and 

Toinotani catchments. In the Matsuzawa catchment, groundwater in the transient 

saturated zone is the third end-member that contributes to stormflow, in addition 

to throughfall and the groundwater in the perennial saturated zone. The 

contributing area of the third end-member in the catchment extended upwards 

during heavy rainfall of long-duration, and became the dominant source. However, 

if the rainfall was about 100 mm or less, the contributing area of the third 

end-member was relatively small, less than 1% of the total catchment area at the 

discharge peak. In the Rachidani catchment, where the dominant source of 

baseflow is riparian groundwater, the stormflow hydrochemical processes are 

similar to those in the Matsuzawa catchment, but because the riparian 

groundwater body is small, the groundwater chemistry can change more readily 

and stormflow chemistry is affected. The dominant source of baseflow is bedrock 

flow in the Akakabe catchment, and riparian groundwater in the Toinotani 

catchment. During rainstorms, the contribution of the groundwater above the 

bedrock in the Akakabe catchment increases, while in the Toinotani catchment, 

pipe flow occurs and transports the solutes present in the surface soil. The three 

factors—the spatial distribution of the sources of solutes, the hydrological 

pathways, and the time sequential variations in the contribution of the each flow 

component—were affected by the change of end-members; that is, the variation in 

the source area (Hewllet and Hibbert, 1967), and consequently the streamwater 
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chemistry was changed. The EMMA method is adaptable to the hydrochemical 

analysis of streamwater in a catchment where end-members change incrementally, 

if combined with information on the hydrological processes. 

 

7.5 General Conclusions 

 This study made intensive hydrological and hydrochemical observations 

have undertaken of small headwater catchments, and can respond to the 

challenges posed in a recent paper by Hooper (2001), in which present difficulties 

and future problems in catchment hydrochemical studies were outlined (see 

Chapter 1Chapter 1Chapter 1Chapter 1). The linkage of water flow between the hillslope — hillslope/riparian 

interface — riparian zones is dominated by two flows; saturated throughflow that 

occurs at the soil-bedrock interface during heavy rain, and bedrock flow, which 

probably occurs throughout the year, except during the driest season (Figure 7.1). 

These two flows are distinguishable hydrologically (through their flow rates and 

velocities) and hydrochemically (by their chemical characteristics and mean 

residence times). In the hillslope zone, the infiltrated rainwater divides into two 

components (omitting the evapotranspiration component): saturated throughflow, 

which occurs on the soil-bedrock interface during stormflow; and bedrock flow, 

which infiltrates into the permeable bedrock and flows downward. The bedrock 

flow rate is not negligible, and indeed is larger than the saturated throughflow. 

Most of the water that certainly contributes to the stream discharge infiltrates in 

the largest part of the catchment — the hillslope area. These flow components 

move downward, interact little with each other, and may collect in the groundwater 

body, where the chemical signature of each flow is conserved. There is little mixing 

between the components and vertical distribution patterns develop, depending on 

the bedrock-surface topography. The variation in stream chemistry in the 

catchments studied reflects the differing proportions of water coming from the 

relatively small area of the riparian zone. The baseflow chemistry reflects the 

differing proportions of water coming from the soil-bedrock interface and from the 

bedrock. During rainstorms, the flow source area varies and a third end-member, 

which does not contribute during baseflow conditions, occurs around the spring 

outflow point and flows along the specific pathways of the catchment; the 

stormflow chemistry reflects the contribution of this component.  
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The relative importance of the riparian groundwater or the bedrock 

groundwater to runoff generation and streamwater chemistry varies for several 

reasons. Tsujimura et al. (2001) noted the significance of the relief ratio of 

catchments, and pointed out that the riparian zone is important in mountainous 

catchments with relatively low relief ratio (relief ratio less than 0.4, PMRW by 

Hooper et al., 1998; Kawakami by Tanaka and Ono, 1998; Sleepers River by 

McDonnell et al., 1998a), while bedrock flow is important in mountainous 

catchments with a relatively high relief ratio (relief ratio more than 0.8 at Koshibu; 
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Figure 7.1 Schematic diagram of the linkage of water flow between the hillslope - 

hillslope/riparian interface - riparian zones and the streamwater 
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Tsujimura et al., 2001). These differences are caused by the topography; in 

headwater basins with high relief ratio, a well-defined, wide riparian zone is 

generally not present, because the valley bottoms are very narrow. However, 

though the Rachidani and the Toinotani catchments in this study have high relief 

ratios (0.68 and 0.72, respectively), groundwater flow from the riparian zone and 

preferential flow through soil pipes are dominant in each catchment (see Chapter Chapter Chapter Chapter 

6666). There is a riparian zone in the Rachidani catchment in the soil sediment zone 

around the artificial dam. Additionally, although the Akakabe catchment in this 

study has a low relief ratio (0.40), bedrock flow is dominant (see ChapterChapterChapterChapterssss 3 3 3 3----6666). The 

Matsuzawa catchment has a low relief ratio (0.37) and the riparian zone is 

important to the streamwater chemistry. However, the bedrock groundwater exists 

in the deep riparian zone in this catchment, and the discharge of this component is 

controlled by riparian groundwater levels and bedrock topography (see ChapterChapterChapterChapterssss    

3333----6666). McDonnell et al. (1998b) also found that the bedrock topographic surface 

exerts the greatest control on spatial patterns of subsurface flow and Br tracer 

movement in the Maimai Watershed, New Zealand.  

Recent research has indicated that the chemical signatures of hillslope 

runoff may not be apparent in stormflows in many catchments on an event time 

scale, such as at PMRW (Burns et al., 2001) or Sleepers River (McGlynn et al., 

1999). McGlynn et al. (2002) pointed out that the volume of the riparian zone in 

relation to the volume of the hillslope zone might be an important factor in this 

phenomenon. In this study, hillslope signatures were apparent in the Toinotani 

catchment when transported through the soil pipe; as the transient saturated 

groundwater that was derived from the saturated throughflow generated on the 

soil-bedrock interface in the Matsuzawa catchment; and as saturation overland 

flow during particularly large rainstorms (see Chapter 6Chapter 6Chapter 6Chapter 6). Although the Matsuzawa 

catchment has a relatively large volume of water in the riparian zone, the runoff 

components are less intermixed within the riparian zone because of the topography 

of the bedrock and its permeability, and a runoff component that retains the 

chemical signature of the hillslope groundwater can contribute to the streamwater 

during large rainstorms. Therefore, bedrock topography is the most important 

factor controlling hydrochemical processes in this catchment. 

 From the results of this study, it was reconfirmed that the hydrochemical 

processes in the catchments were highly controlled by the specific hydrological 

processes of each catchment during both the baseflow and stormflow conditions. 

The chemical dynamics of groundwater and streamwater was clarified and the 
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baseline for more accurate determination of the hydrological structure in 

hydrochemical models was determined. 
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