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Chapter 1 

Introduction 

 

 

1.1. General Background 

The headwater catchment is an active site of rainfall runoff, soil 

development, and landform and forest formation [Tsukamoto, 1973; Benda 

and Dunne, 1997; Gomi et al., 2002; Gannon et al., 2014]. An 

understanding of these processes is important for the achievement of 

sustainable water resource use. Shallow landslide sites also tend to be 

concentrated in headwater catchments [Tsukamoto et al. , 1978; Reneau and 

Dietrich, 1987; Sidle and Ochiai , 2006].  

Many researchers have conducted hydrological observations to 

clarify headwater catchment hydrological processes and examine their 

effects on stream water volume and chemistry or shallow landslide 

occurrence; such observations have involved the Maimai catchment in New 

Zealand [Mosely, 1979, 1982; Pearce et al., 1986; McGlynn et al. , 2002], 

the Walker Branch watershed in the USA [Wilson et al., 1991], the LI1 

catchment in Llyn Brianne, Wales [Soulsby, 1992], the Plastic Lake basin in 

Canada [Peters et al., 1995], and the Hitachi Ohta experimental watershed 

in Japan [Sidle et al., 2000]. As a result, the following general conceptual 

model of the hydrological processes of headwater catchments has been 

deve loped .  O rgan ic  so i l  l aye rs  (OS Ls )  fo rm main l y th r ough  the 

decomposition of organic matter deposited on the surface, whereas mineral 

soil layers are solely composed of weathered bedrock material. Because 

both layers generally have high permeability, rainwater verti cally infiltrates 

the soil (Figure 1.1a), then reaches impeding layers such as bedrock and 

flows laterally along their surfaces, thus forming a transient groundwater 

zone in downslope areas (Figure 1.1a). These groundwater zones shrink and 

eventually disappear as stream water discharges after the cessation of 

rainfall (Figure 1.1b). The formation of large-volume groundwater storage 

areas has been in some catchments underlain by permeable bedrock in 

recent decades [e.g. , Montgomery et al . ,  1997; Kosugi et al. ,  2006;  
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Graham et al., 2010; Masaoka et al., 2016; Abe et al., 2020; Iwasaki et al., 

2021]. Bedrock groundwater exfiltrates into a stream channel either directly 

or through overlying soil layers, influencing the volume and chemistry of 

the stream, as well as fluctuations in groundwater level (Figure 1.1c, d). 

Although the depth of impeding layers in catchments with permeable 

bedrock remain poorly understood, recent studies have indicated that 

weakly weathered or fresh bedrock with few fractures may function as 

impeding layers [Hale et al., 2016; Masaoka et al., 2022]. The results of 

some studies have suggested that bedrock exfiltration is an important factor 

triggering shallow landslides [Montgomery et al. , 2002; Kosugi et al., 2008; 

Bogaard and Greco , 2016]. Based on the findings in these studies, 

numerous hydrological models have been developed to estimate interflow 

and streamflow rates using the Richards equation or the Boussinesq and/or 

kinematic assumptions [e.g., Trouch et al., 2003; Broda et al., 2011, 2014; 

Figure 1.1.  Conceptual models of hydrological processes in a catchment 

underlain by impermeable bedrock (a) during and (b) after rainfall, and in a 

catchment underlain by permeable bedrock (c) during and (d) after rainfall.   
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Gardner et al. , 2020]. For example, Trouch et al. [2003] presented a new 

mathematical formulation of subsurface flow, assuming that bedrock 

constituted the impeding layers (i.e., no-flow boundaries) during drainage 

and recharge events. Gardner et al. [2020] improved the accuracy of 

simulated subsurface groundwater fluctuation on hillslopes  by assuming 

that bedrock constituted a permeable layer, then integrating bedrock 

groundwater exfiltration. Other studies have combined hydrological models 

with slope stability analyses to create models that forecast the spatial and 

temporal occurrence of shallow landslides [e.g., Raia et al., 2014]. 

Therefore, it is important to elucidate the hydrological processes of 

headwater catchments; this information will facilitate the development of 

more accurate hydrological models that can improve the accuracy of  flood 

and slope failure predictions.   

Mineral soil layers often consist of clayey materials near base rock 

that is rich in clay minerals (e.g., serpentine, tuff, slate, or mudstone), 

potentially because of soil particle movement. Such clay mineral layers 

(CMLs) are typically sandwiched between OSLs and bedrock. Although 

OSLs can have high permeability regardless of geology [Hayashi et al., 

2006], matrices of CMLs generally have low saturated hydraulic 

conductivity because of the lower porosity associated with fine soil 

particles. These differences in hydraulic properties between CMLs and 

OSLs can lead to the formation of a perched groundwater zone on top of the 

CMLs, which induces rapid groundwater flow in OSLs [e.g., Todd et al., 

2006; Krám et al., 2009; Swarowsky et al. , 2012]. Todd et al. [2006] 

reported that perched groundwater zones formed above the clay-rich B 

horizon during storm events; this led to rapid discharge through the A 

horizon, which had a greater abundance of macropores. In a serpentinite 

catchment, mineral soil layers comprising clayey materials under the OSL 

interfered with rainfall infiltration and contributed more water to 

near-surface flow, producing flash-flood stream responses during rainfall 

[Krám et al., 2009]. Swarowsky et al. [2012] measured the temporal 

variation in volumetric water content for each soil layer in a headwater 

catchment, where CMLs had formed under the OSLs; the CMLs restricted 
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water infiltration in a hydraulic manner, resulting in subsurface flow 

through the highly permeable organic layers. Thus, CMLs have been widely 

observed to function as impeding layers because of their low permeability, 

such that the hydraulic properties of the overlying OSLs control the 

hydrological processes of subsurface flow. Models have shown that water 

infiltration into CMLs is negligible on steeper hillslopes with high 

conductivity contrasts between OSLs and CMLs [Jackson et al. , 2014].  

However, increasing numbers of hydrological studies in various 

headwater catchments with CMLs have suggested that CMLs do not 

function as impeding layers. Based on mixed model analysis and 

hydrograph separation, Newman et al. [1998] showed that a matrix of CMLs 

(B horizon) functioned as a solute sink that allowed solutes to be 

transported into a channel under saturated matrix flow. On a hillslope in a 

tropical headwater catchment, Sayama et al. [2021] observed groundwater 

zone formation in CMLs above bedrock, which constituted a significant 

response equivalent to the response during a high-intensity rainfall event. In 

a forested serpentinite catchment with CMLs produced by bedrock 

weathering, the CMLs prevented rainwater infiltration and promoted 

rainwater discharge through highly permeable OSLs, thereby increasing the 

contributions of rainwater and snowmelt to stream water [Satoh et al., 1991, 

1993; Nomura et al., 2001]. However, the excessive wetness of OSLs and 

CMLs above the bedrock hindered deep root penetration [Satoh et al., 1994], 

suggesting that the rainwater infiltrating CMLs was stored for long periods. 

On a hillslope in a serpentinite catchment near the catchment studied by 

Satoh et al. [1991, 1994] and Nomura et al. [2001], Yoshino and Katsura  

[2018] observed that CMLs functioned as impeding layers; they also used 

tensiometers to observe rainwater infiltration into the CMLs, revealing that 

water stored in CMLs contributed to springs at the slope base. These 

previous findings indicate that rainwater can infiltrate CMLs, and that water 

stored in these layers affects the hydrology and chemistry of groundwater in 

OSLs and stream water.  

Multiple studies have shown that water can infiltrate bedrock after 

percolation through CMLs. McGuire et al. [2010] conducted hydrological 
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1.2. Objectives and structure of this study 

Previous studies have revealed water movement among OSLs, CMLs, 

and bedrock, suggesting that the impacts of interactions between 

hydrological and chemical processes in headwater catchments are 

non-negligible. A recent study demonstrated the importance of infiltration 

and exfiltration through CMLs using kinematic modeling; it highlighted the 

need for process-based hydrological models in accurate modeling [Bitew et 

al., 2020]. However, water movement between OSLs and CMLs, and 

between CMLs and bedrock, has received minimal attention because the 

speed of water movement in CMLs has been considered insufficient to 

influence hydrological and chemical processes. Most studies thus far have 

been based on chemical analyses and hydrological separation, rather than 

detailed observations within OSLs, CMLs, and bedrock. Therefore, it is 

difficult to accurately model the effects of CMLs on hydrological processes 

in headwater catchments because of the lack of quantitative and qualitative 

information regarding changes to water stored within each layer. 

Considering that geology rich in clay minerals (i.e., serpentine, tuff, slate, 

and mudstone) is extensively distributed worldwide and that CMLs can 

function as landslide slip surfaces after the groundwater level has r isen [e.g., 

Sartohadi et al., 2018; Noviyanto et al., 2020], there is a need to measure 

quantitative and qualitative changes within the water stored in each layer 

(i.e., OSLs, CMLs, and bedrock) to elucidate the effects of CMLs on 

hydrological processes in headwater catchments.  

The objective of this study was to investigate the effects of CMLs on 

hydrological and hydrochemical processes in headwater catchments. To 

better understand the effects of CMLs and their roles in two conventional 

conceptual models, this thesis performed detailed hydrological, 

hydrochemical, and hydrothermal observations in two headwater 

catchments underlain by permeable and impermeable bedrock, respectively, 

with a focus on the water stored in OSLs, CMLs, and bedrock. The results 

provide quantitative and qualitative information regarding the  water in each 

of these layers.  
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Chapter 2 

Effects of Clay Layers on Hydrological Processes in a Headwater 

Catchment Underlain by Impermeable Bedrock 

 

 

2.1. Introduction 

In a headwater catchment underlain by impermeable bedrock, as 

noted in Chapter 1, it has been considered that groundwater flow 

dominantly occurs within soil layers above bedrock. In this hydrological 

process, groundwater zone formed on impeding layers shrinks through the 

discharge of water into stream after rainfall has ceased; it generally 

disappears (especially in small catchments) during dry periods because of 

the low capacity of a small headwater catchment to store water, combined 

with high permeability of soil layers.  In a headwater catchment underlain by 

impermeable bedrock rich in clayey minerals, mineral soil layers can form 

clay layers sandwiched between organic soil layers and bedrock. In this case, 

dominant groundwater flow has been thought to occur within organic soil 

layers above clay layers because clay layers act as impeding layers. 

However, some studies have suggested that clay layers may not simply 

function as impeding layers and rainwater also infiltrates to clay layers [e.g., 

Satoh et al., 1991, 1994; Newman et al., 1998; Nomura et al., 2001; Sayama 

et al., 2021]. Some studies suggested that organic soil layers and clay layers 

were too wet for roots relatively long-term to penetrate deeply into them 

and water stored into clay layers contributed to spring [Satoh et al., 1994; 

Yoshino and Katsura , 2018].  

In this chapter, we observed groundwater dynamics in a small 

headwater catchment (0.068 ha) with gentle topography underlain by  

impermeable serpentine in the same region as Yoshino and Katsura  [2018]. 

In this catchment, a semi-perennial to perennial groundwater zone, which 

would have disappeared during dry periods under the aforementioned 

process, forms in thin, high-permeability organic soil layers (OSLs) in an 

unchanneled hollow; it remains present during dry periods. The 

aforementioned hydrological processes, which were based on observations 
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1997; Newman et al., 1998], they are not observed in the study catchment 

because the CMLs consist of stiff clayey materials and the high 

concentration of nickel in serpentine soils inhibits root growth into the 

CMLs [Gabbrielli et al. , 1990]. 

 

2.2.2 Laboratory Measurement 

Figure 2.2 shows a flowchart of the methodology used to explore the 

formation process of the semi-perennial to perennial groundwater zone 

observed in the OSLs of this catchment. First, to measure the hydraulic 

properties of OSLs, CMLs, and the boundary layers between them, we 

collected undisturbed core samples (100 cc in volume) from a trench 

(Figure 2.3) excavated at Point S in Figure 2.1c. The thicknesses of the OSL 

and CML at this point are 10 and 33 cm, respectively. In total, three, one, 

and four samples were collected from the OSL, boundary layer, and CML, 

respectively. We confirmed that the soil and bedrock structure at this point 

is almost the same as the structure at other points (e.g., Points A, B, and T; 

mentioned later). Moreover, the area of the study catchment is very small 

(0.068 ha). Hence, we assumed that the collected samples were 

representative of each layer in the catchment.   

Figure 2.2. Flowchart of methodology of this study.  
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Chapter 3 

Effects of Clay Layers on Hydrological Processes in a Headwater 

Catchment Underlain by Permeable Bedrock 

 

 

3.1. Introduction 

The effects of subsurface flow through bedrock on hydrological 

processes in headwater catchments underlain by permeable bedrock have 

been the focus of several studies [e.g., Montgomery et al. , 1997; Kosugi et 

al., 2006, 2008; Graham et al., 2010; Masaoka et al. , 2016; Abe et al., 

2020; Iwasaki et al. , 2021]. Kosugi et al. [2006] demonstrated a large 

potential for bedrock infiltration and exfiltration based on a water balance 

calculation and hydraulic observations in granitic catchments. Abe et al. 

[2020] calculated the rate of rainwater infiltration into bedrock and the 

exfiltration of bedrock groundwater in two granodiorite catchments using 

the hydrological cycle model. Their results suggested that the rate of deep 

infiltration into bedrock influenced both the runoff rate and base flow 

generation. 

In a study of catchments underlain by permeable bedrock with clay 

layers, McGuire et al. [2010] found deep infiltration into bedrock and a 

contribution of subsurface flow through bedrock to streamflow in a 

catchment underlain by andesitic tuffs and coarse brecc ias, which form clay 

layers as a result of weathering. Brönnimann et al.  [2013] measured the 

fluctuation of the bedrock groundwater level in a catchment underlain by 

conglomerate-sandstone beds and weathered marlstone overlain by clayey 

soil layers. They proposed that clayey layers inhibit bedrock groundwater 

exfiltration, increase the water pressure at the soil -bedrock interface, and 

reduce the stability of the soil layers, thus triggering shallow landslides. 

Those studies therefore demonstrated that clay layers influence 

hydrological processes in headwater catchments underlain by permeable 

bedrock and have the potential to cause landslides. However, because the 

rate of deep infiltration into bedrock through clay layers is assumed to be 

small, due to the low permeability of clay layers, the hydrological processes 
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in headwater catchments, where clay layers are formed, have received scant 

attention. In addition, most studies that have suggested water movement 

between clay layers and bedrock have been based on chemical analyses and 

hydrological separation, not on detailed observations. The lack of 

information on quantitative and qualitative changes in water stored within 

clay layers and bedrock has hindered the understanding of the effects of 

clay layers on hydrological processes. In this chapter, the effect of clay 

layers on hydrological processes is discussed based on the knowledge 

gained in hydrological, hydrochemical, and hydrothermal observations.  

 

3.2. Methods 

3.2.1 Site Description 

The experiments described in this chapter were conducted in the 

Kanai catchment, a headwater catchment of the Moshiri Experimental 

Watershed in the Uryu Experimental Forest (Figure 3.1).  

 

Figure 3.1.  Location of the study site. 
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Figure 3.5. Photographs of the core samples obtained from boreholes MB1 and 

MB2 at Kanai catchment. 

 

Table 3.1. Characteristics of each weathering class [Yoshinaka et al. , 1989]. 
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Figure 3.9. Instrumentation used at Kanai catchment. A and B are the same as in 

Figure 3.2b. 

 Table 3.3. Depth of tensiometer installation 
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Table 3.4. (a) Rainfall and (b) snowmelt events during the obser vation 

periods. (a) Total precipitation and the strongest rainfall intensity during 

each event. (b) Total volume of MR during each event.  
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Figure 3.10. (a) Rainfall and combined meltwater and/or rainwater (MR) and the 

pressure head at the OSLs and CMLs determined at (b) T0, (c) T1, (d) T2, (e) T3 

and (f) T4. Blue and red shaded areas in (a) are the main snowfall and snowmelt 

periods, respectively.  
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3.3.1.3 Groundwater Level in OSLs and Bedrock and Specific Discharge  

Figure 3.12 shows the hourly rainfall and groundwater levels in the 

OSLs at T2, T3, and T4, the bedrock groundwater levels at MB1 and MB2, 

and specific discharge through the OSLs at the catchment outlet. A 

groundwater level was not detected at T1.  

Figure 3.11. (a) Rainfall and MR, the differences in the total pressure head 

between the deeper OSL and the CML at (b) T1, (c) T2 and (d) T3, and the 

differences in total pressure head between shallower and deeper CMLs at T4. 

Blue and red shaded areas in (a) are the main snowfall and snowmelt periods, 

respectively. 
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Figure 3.12. (a) Rainfall and MR, the OSL groundwater level at (b) T2, (c) 

T3 and (d) T4, the bedrock groundwater level at boreholes (e) MB1 and (f) 

MB2, and (g) the rate of specific discharge of the spring. Blue and red shaded 

areas in (a) are the main snowfall and snowmelt periods, respectively. Dashed 

lines in (e) and (f) indicate the boundaries between CML and bedrock.  
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second, and third conditions was 971, 110, and 355, respectively. As seen in 

Figure 3.14, when the groundwater zones in the OSLs and CMLs were 

combined and extended (i.e., as in the third group), the OSL groundwater at 

T4 and the rate of specific discharge were noticeably higher. Although the 

first condition was the most frequently observed, the contributions of the 

extent of the saturated zone in the OSLs to OSL groundwater at T4 and to 

the specific discharge of the spring were small. However, the extent of the 

saturated zones in the CMLs, as described by the second condition, 

contributed more than those of the OSLs to the OS L groundwater at T4 and 

to the spring water during the fewest number of hours. These results suggest 

a greater contribution of the groundwater formed in the CMLs than within 

the OSLs to the OSL groundwater at T4 and to spring discharge 

fluctuations. 

 

3.3.2 Results of Chemical Observations 

Groundwater chemistry analyses can provide insights into the 

sources of groundwater and stream water. The concentrations of solutes 

(Al
3+

, Ba
2+

, Ca
2+

, K
+
, Li

+
, Mg

2+
, and Na

+
) in the bedrock groundwater in 

MB1 and MB2, in the OSL and CML water at T2, in the OSL groundwater at 

T4, and in spring water are shown in Figure 3.15.  

Table 3.14. Relationship between the OSL groundwater and the specific 

discharge of the spring. Extents of saturated zones in OSL and CML are also 

shown. 
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Figure 3.15. Solute concentrations of bedrock groundwater, water collected 

by applied suction, OSL groundwater, and spring water.  The sides of the box 

closest to and fastest from zero indicate the 25th and 75th percentiles, 

respectively, and the line within the box denotes the median. The line to the 

left and right of the box respresent the 10th and 90th percentiles, repectively. 

The number of analyzed is given in parentheses.  
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Figure 3.15. (Continued) 
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The solutes in Kanai catchment could be grouped according to two 

patterns. The concentrations in the first group (Al
3+

, Ba
2+

, K
+
, Li

+
) were 

higher in the OSL water collected by applying suction pressure at T2. Other 

water samples showed similar variation except for the Li+ concentration of 

MB1 bedrock groundwater. The concentrations of solutes in the second 

group (Ca
2+

, Mg
2+

, Na
+
) were higher in MB1 bedrock groundwater. For this 

group, the variation in concentration was similar between MB2 bedrock 

groundwater and OSL and CML water at T2. Asano et al. [2004] chemically 

analyzed soil water, groundwater, springs, and streams in granitic 

catchments and found that Na
+
 concentrations could be used to identify 

bedrock spring and bedrock groundwater. Nakamura et al.  [1973] 

determined the chemical compositions of groundwater in a landslide area 

mainly underlain by tuff. They reported that contact with groundwater 

caused chemical weathering of the rock, resulting in the elution of Ca
2+

 and 

Mg
2+

 ions. Those results supported the higher concentrations of 

second-group ions in MB2 bedrock groundwater than in the other water 

samples. However, the concentrations of those ions in MB2 bedrock 

groundwater were lower than in MB1 bedrock groundwater and more 

similar to those in the OSL and CML water at T2. Considering the similarity 

of their concentrations of first-group ions, CML water and MB2 bedrock 

groundwater seemed to be of similar quality. Regardless of the group, there 

was little variability in ion concentrations in the OSL groundwater at T4 and 

in the spring water.  

The potential contributing water sources and their chemistry were 

also considered. The OSL groundwater at T4 appeared to have contributed 

directly to the spring water in Kanai catchment. Although the depths at 

which OSL water samples were collected at T2 and T4 were almost the same, 

the respective concentrations of first -group ions deviated significantly. 

Specifically, the ion concentrations of OSL groundwater at T4 plotted 

roughly between those of CML water at T2 and bedrock groundwater in 

MB1 or MB2. 
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ranged from 333 to 407 mm in the Moshiri Experimental Watershed, which 

includes Kanai catchment, a mountainous headwater catchment. Even 

assuming a larger evapotranspiration rate of 450 mm in Kanai catchment, 

approximately 50% of the total precipitation in the hydrological year 

infiltrated the CMLs. Given the relatively large fluctuations of bedrock 

groundwater levels (Figure 3.12), about half of the annual precipitation was 

stored in the CMLs and bedrock of Kanai catchment.  Previous studies 

highlighted the importance of the bedrock infiltration rate in headwater 

catchments and calculated the rate of bedrock infiltration [e.g., Katsuyama 

et al., 2010; Oda et al., 2013; Abe et al., 2020]. Katsuyama et al.  [2010] 

calculated the annual bedrock infiltration in headwater catchments 

underlain by Cretaceous biotite granite. For an annual precipitation of 

1521.1 mm, they reported annual bedrock infiltration rates of 89.9 and 

112.0 mm at 5.99 ha and 1.75 ha catchments, respectively. Oda et al. [2013] 

reported an annual bedrock infiltration of 730 mm, equal to 23% of total 

precipitation, in a 7 ha catchment underlain by sedimentary rocks. In Abe et 

al. [2020], bedrock groundwater infiltration at 3.8 ha and 3.1 ha catchments 

underlain by granodiorite was 34% and 3% of total precipitation, 

respectively, a difference attributable to the significant spatial variability. 

Because it is difficult to calculate the rate of bedrock and CML infiltration 

separately at Kanai catchment, the infiltration rates could not be compared 

with those determined in previous studies. However, it is clear that a larger 

volume of rainwater infiltrated the CMLs and bedrock of Kanai catchment 

than in other studied areas.  

Rainwater stored within CMLs is expected to in filtrate vertically and 

to finally form saturated zones in the CMLs above bedrock. The duration of 

the saturated zone above bedrock is an important factor controlling th e rate 

of bedrock infiltration [e.g., Bockgård and Niemi , 2004; Rodhe and 

Bockgård, 2006]. Bockgård and Niemi  [2004] described three situations of 

bedrock infiltration: the soil layers are unsaturated and the water table is 

located in the bedrock, the water table is located in the soil and the bedrock 

is saturated, erched groundwater in the soil overlays an unsaturated zone in 

the upper bedrock. Kosugi et al. [2006] noted the importance of the duration 
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reached 5.5 m, also contributed to bedrock infiltration. Thus, in Kanai 

catchment, bedrock infiltration is enabled by the thick OSLs and CMLs, 

which maintain the saturated zone above bedrock for a relatively long 

period of time and facilitate an increase in the extent of the saturated zone.  

 

Figure 3.21. Relationship between the rise in the bedrock groundwater level at 

MB1 and MB2 and the duration of OSL and CML saturation at T1 and T2 in 

each (a, b) rainfall and (c, d) snowmelt event.  
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bedrock groundwater level at MB2 is only ~1 m below the boundary 

between the CMLs and bedrock. Information on the bedrock groundwater 

level between MB2 and T4 is lacking. Given the aforementioned pressure 

propagation from bedrock groundwater to the deeper CML, however, the 

bedrock groundwater level met the OSL and CML groundwater at least at T4, 

where both the OSL and CML were under perennial saturation. This 

suggests that, at least in the vicinity of T4, bedrock groundwater is in 

constant contact with CML groundwater. Then, by a dilution mechanism 

similar to that reported by Iwagami et al. [2010], CML groundwater and 

bedrock groundwater are likely to mix at the boundary.  This would explain 

the similar ion concentrations of the bedrock groundwater at MB2 and the 

CML water at T2, because the MB2 groundwater level was often higher than 

the boundary between CML and bedrock, inducing the mixture of CML 

water and bedrock groundwater (Figure 3.15). The low hydraulic 

conductivity of the CMLs also promoted mixing, by increasing the contact 

times between saturated zones in the CMLs and bedrock groundwater. At 

MB1, however, bedrock groundwater was not mixed because the 

groundwater level was farther from the boundary. A sustained saturated 

zone that forms in the CML directly above bedrock would allow mixing 

with bedrock groundwater, resulting in a similar water quality.  

 

3.5. Conclusion 

This study investigated the effects of the CML on  hydrological 

processes in headwater catchments underlain by permeable bedrock. 

Detailed hydrological, hydrochemical, and thermal observations were 

conducted in a forested tuff breccia headwater catchment containing 

mineral soil layers composed of thick clayey materials produced by the 

weathering of bedrock. The hydrological observations suggested the 

formation of two separate saturated zones above the bedrock, in OSLs and 

CMLs, indicating that the latter acted as an impeding layer. The OSL and 

CML located at the end of Kanai catchment (i.e., at T4) were saturated 

throughout the observation period. Broad fluctuations in the bedrock 

groundwater levels in Kanai catchment in response to rainfall and snowmelt 
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were observed. Although downward flow from the OSL to  CML was the 

dominant subsurface flow direction at almost all observation points, upward 

flow in the CML occurred at T4. A lag time analysis indicated the presence 

of preferential flow, but its contribution to the subsurface flow system in 

Kanai catchment was small. Based on the extent of the saturated zones 

formed in the OSLs and CMLs, the contribution of the saturated zone in the 

CMLs to OSL groundwater at T4 and to the spring discharge was larger than 

that of the saturated zone in the OSLs. Chemical and thermal observations 

provided further evidence of the CML water as the source of the perennial 

groundwater zone in the OSL at T4 and of the spring water. Although 

fluctuations in bedrock groundwater levels indicated the occurrence of 

bedrock infiltration, bedrock groundwater did not contribute directly to the 

OSL groundwater at T4 and in the spring. These results indicate that while 

CMLs act as the impeding layers, water infiltration to bedrock occurred via 

the CMLs, with the latter also acting as an important source of spring water.  

In Kanai catchment, about half of the annual precipitation infiltrates 

the CMLs and bedrock. The longer that saturated zones exist in the OSLs 

and CMLs, the greater the amount of bedrock infiltration. Therefore, both 

water infiltrating into the CMLs and the formation of relatively stable 

saturated zones in the OSLs and CMLs just above bedrock contribute to 

bedrock infiltration. The high groundwater level formed by thick OSLs and 

CMLs also contributes to bedrock infiltration. Exfi ltration of bedrock 

groundwater was inhibited by the significantly low saturated hydraulic 

conductivity of the CMLs, resulting in a small contribution of bedrock 

groundwater to spring water quality. However, the inhibition of bedrock 

groundwater exfiltration increased the pressure head of the deeper CML at 

T4, causing upward flow to the shallower CML. In addition, the longer 

contact time between CML groundwater and bedrock groundwater as a 

result of the inhibition resulted in a dilution of bedrock groundwat er quality 

at MB2.  

Our findings have several important implications. First, the increase 

in bedrock infiltration and the inhibition of bedrock groundwater 

exfiltration can act as major triggers of landslides, which may shift the 
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Chapter 4 

Summary and Conclusion 

 

 

4.1. Introduction  

Detailed hydrological, hydrochemical, and hydrothermal 

observations were conducted in two headwater catchments underlain by 

impermeable and permeable bedrock, respectively, to elucidate the effects 

of thick CMLs on hydrological processes in headwater catchments. This 

chapter summarizes the results presented in Chapters 2 and 3 and discusses 

differences in the effects of CMLs between the two types of catchments; it 

also presents a general conclusion. 

 

4.2. Effects of Thick Clay Layers on Hydrological Processes in a 

Headwater Catchment Underlain by Impermeable Bedrock 

In Chapter 2, we described detailed hydrological, hydrochemical, 

and hydrothermal observations in a headwater catchment underlain by 

impermeable serpentinite bedrock, with a focus on quantitative and 

qualitative changes in water stored in OSLs and CMLs. We also described 

flux analyses of groundwater levels in OSLs; pressure head in OSLs and 

CMLs; and the hydrological properties of OSLs, CMLs, and boundaries 

between them. The results of these analyses can be summarized as follows: 

1. In the study catchment, OSLs showed high saturated hydraulic 

conductivity and contained many pores of various sizes. In 

contrast, CMLs showed lower saturated hydraulic conductivity 

and had only a few large pores. Their boundaries had 

intermediate properties. 

2. Distinct groundwater zones were observed within OSLs and 

CMLs.  

3. Although rainwater rapidly discharged through OSLs because 

CMLs functioned as impeding layers during wet periods, 

groundwater zones were observed semi-perennially within the 

OSLs during dry periods despite the high permeability and thin 
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groundwater quality. This effect increased the pressure head at the interface 

between the CML and bedrock. These effects of CMLs on hydrological 

processes have been suggested in previous studies; however, their 

importance has been obscured by commonly used research methods, such as 

chemical analysis and hydrograph separation. 

 

4.4. General Conclusions 

Our results demonstrate that in catchments with either impermeable 

and permeable bedrock, CMLs function both as impeding layers and as 

conduits for water movement. These effects influence hydrological 

processes such as groundwater level and pressure head fluctuations, as well 

as the quality of groundwater, spring water, and stream water. Figure 4.1 

shows conceptual models that incorporate the effects of CMLs into two 

conventional conceptual models. In headwater catchments underlain by 

impermeable bedrock, CMLs function as impeding layers and groundwater 

zones form in OSLs above CMLs during rainfall (Figure 4.1a). A portion of 

the rainfall infiltrates into CMLs to form groundwater zones. After the 

cessation of rainfall and as catchments dry up, water stored in CMLs is 

supplied to OSLs via upward unsaturated flow (Figure 4.1b). This water 

quantitatively and qualitatively contributes to groundwater zones in OSLs. 

In headwater catchments underlain by permeable bedrock, CMLs function 

as impeding layers, such that groundwater zones form in OSLs. A portion of 

the rainwater infiltrates into CMLs, where it forms groundwater zones. 

Groundwater stored in CMLs infiltrates into bedrock, where it also forms 

groundwater zones. Although bedrock groundwater levels increase to reach 

the boundary between CMLs and bedrock, CMLs inhibit bedrock 

groundwater exfiltration. Because of this inhibition, bedrock groundwater 

has minimal effects on groundwater in OSLs and spring water at the 

headwater catchment outlet. This inhibition also increases pressure within 

CMLs and dilutes bedrock groundwater quality (Figure 4.1b). 

The effects of CMLs differed between catchments; CMLs functioned 

as water suppliers through unsaturated upward flux in the impermeable 

bedrock catchment; they functioned as inhibiting layers for bedrock 
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sediment disasters such as landslides, such that these aspects of headwater 

catchment hydrology should be further investigated. 

 

 

 

 



 

 

 

 






