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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
developed. Organic soil layers (OSLs) form mainly through 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 vertically 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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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.

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 Boussinesqg and/or
kinematic assumptions [e.g., Trouch et al., 2003; Broda et al., 2011, 2014;
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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; Kram 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
[Kram 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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and chemical observations in a catchment underlain by andesitic tuffs and
coarse breccias that contribute to CML formation via weathering. They
demonstrated that lateral saturated flow was generated in OSLs above
CMLs; vertical unsaturated flow and lateral saturated flow were also
generated in CMLs. These flows resulted in the generation of both lateral
and vertical saturated flow in fractured bedrock. In the catchment studied
by McGuire et al. [2010], Gabrielli et al. [2012] found that rainwater
infiltrated bedrock through CMLs, based on direct measurement of bedrock
groundwater levels. Bronnimann et al. [2013] examined bedrock
groundwater levels in a catchment underlain by conglomerate—sandstone
beds and weathered marlstone; although the bedrock was overlain by CMLs
with low hydraulic conductivity, they observed rapid fluctuation of bedrock
groundwater levels in response to rainfall. Du et al. [2016] conducted a
hydrological study of OSLs and CMLs on a forested hillslope in a
headwater catchment; they found that rainwater flowed within OSLs above
the CMLs, although it mainly infiltrated the CMLs through anomalies such
as penetrating roots and recharged the deep groundwater zone. Ishii and
Kobayashi [1995] and Yamazaki et al. [2007] conducted hydrological and
chemical observations in a forested headwater catchment underlain by tuff
breccia and CMLs produced by bedrock weathering. Ishii and Kobayashi
[1995] demonstrated rainwater infiltration into the CMLs; their data also
suggested water movement in the deepest CMLs. Yamazaki et al. [2007]
examined temporal variation in flow rates, SiO, concentrations, and stable
isotope ratios in stream and springs. They found evidence of deep water
storage with high SiO, concentrations that differed from the concentrations
in water sampled from CMLs; these high SiO;, concentrations contributed to
streamflow during base flow periods. Because bedrock groundwater
typically has high SiO, concentrations [e.g., Uchida et al., 2003; Jung et al.,
2020], the deep water storage reported by Yamazaki et al. [2007] was
presumably bedrock groundwater. These previous studies suggested
rainwater infiltration into CMLs, along with water movement between the
CMLs and bedrock, which resulted in volumetric changes in bedrock
groundwater and qualitative changes in stream water.

5
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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 risen [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 describes the effect of CMLs on hydrological processes
in a small, forested headwater catchment underlain by impermeable bedrock,
based on intensive hydrological, hydrochemical, and hydrothermal
observations. Specifically, we examined the processes of groundwater zone
formation in thin OSLs, as a result of interactions between OSLs and CMLs.

Chapter 3 discusses the effect of CMLs on hydrological processes
in a forested headwater catchment underlain by permeable bedrock based on
intensive hydrological, hydrochemical, and hydrothermal observations.

Chapter 4 summarizes the results presented Chapters 2 and 3 and
discusses differences in the effects of CMLs between the two types of
catchments; it also presents a general conclusion.
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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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in catchments with no thick clay mineral layers, cannot explain the
semi-perennial to perennial groundwater zone observed in this catchment.
Another hydrological process appeared to occur and contribute to
groundwater zone in this catchment. Using hydrometric, hydrochemical,
and thermal observations, this study explored the effects of clay layers on
hydrological processes in this catchment while focusing on the formation
process of the semi-perennial to perennial groundwater zone observed in the
OSLs.

2.2. Material and Methods
2.2.1 Study Site

The study was conducted in a very small forested headwater
catchment (0.068 ha; 44°52" N, 142°4’ E) on Kunneshiri Mountain in
Nakagawa Experimental Forest, which is managed by Hokkaido University
and located in Hokkaido, northern Japan (Figure 2.1). The elevation of the
catchment ranges from 241 to 257 m above sea level (Figure 2.1c), and a
spring is present at the catchment outlet. The region has a mean annual
temperature of 5.9 °C (1989-2019) and precipitation of 1240 mm (1989-
2019) according to data from the nearest weather station (the Japan
Meteorological Agency Automated Meteorological Data Acquisition System
(AMeDAS) Nakagawa observation station, located approximately 5 km
south-southwest of the catchment). The snowfall season in Nakagawa
Experimental Forest is from late November through late April or early May
[Hiura et al., 1998], and the maximum snow depth during this season is
about 1.7 £ 0.5 m [Kobayashi et al., 2022]. The dominant tree species in
Nakagawa Experimental Forest are Abies sachalinensis, Picea glehnii,
Picea jezoensis, Sorbus commixta, Quercus crispula, and Acer pictum
[Hiura et al., 2019]; the understory is densely covered with Sasa kurilensis
and Sasa senanensis [Hiura e al., 1999].
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Figure 2.1. Maps of (a) Hokkaido, (b) the Kunneshiri Mountain area in

Nakagawa Experimental Forest, and (c) the study catchment. In panel (b),
black and gray contours represent intervals of 10 and 2 m, respectively. In
panel (c), the contour interval is 1 m. Dotted and dashed lines in panel (c)
indicate an unchanneled hollow in the study catchment and the catchment

boundary, respectively.

The study catchment is underlain by serpentinite bedrock and
features low elevation, gentle hillslopes, and a rounded ridge with a mean
gradient of 14°. These topographic characteristics are consistent with the
characteristics of other serpentinite catchments in Japan [Suzuki, 2006]. The
surface soil type of the area underlain by serpentine is “Wet Iron Podzol”
[Nakata et al., 1987]. In this catchment, OSLs are very thin, with thickness
ranging from 10 to 50 cm. Mineral soil layers derived from weathering of
the serpentinite bedrock consist of clayey materials (referred to as CMLs in
this study), with thickness ranging from 30 to 170 cm. Each layer is thicker
in the middle of the slope and thinner in the upper and lower parts. Whereas
macropores and pipes can form within CMLs and contribute to preferential
flow in catchments with geological settings other than serpentinite [Tani,
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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.

{ Laboratory } ( Field Observations }
Measurement

Pressure Head in
OSL and CML

Groundwater EC
in OSLs and CMLs

Groundwater
Temperature in
OSLs and CMLs

Groundwater
Level in
OSLs and CMLs

Hydraulic
Properties of OSL,
CML and boundary

. N iy iy | IS SRR AR I g

Qualitative
Estimation of Source
of Groundwater Zone

Quantitative
Estimation of Source
of Groundwater Zone

Effects of CMLs on hydrological processes
in a headwater catchment underlain by
N impermeable bedrock ’,

= ——

Figure 2.2. Flowchart of methodology of this study.
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® :Sample depth

Figure 2.3. Photograph of the trench at Point S. White dotted lines indicate
boundaries between the OSLs and CMLs and between the CMLs and bedrock.
Solid red circles indicate the depths at which undisturbed core samples were

collected.

We conducted water retention tests on all core samples in the
laboratory. To obtain and characterize water retention curves for each
sample, we fitted a lognormal model [Kosugi, 1996] to the observed
relationship between volumetric water content, 6, and pressure head,
(cm). The lognormal model was derived by applying the lognormal
distribution law to the soil pore radius distribution function, and the water
retention curve is expressed as follows:

_o-6 _, (zn(w/¢m>)
05 — 0, o

where S, represents the effective saturation; 6, and 6, are the saturated

Se

2-1

and residual volumetric water contents, respectively; y,, is the pressure
head at S, =0.5; o is a dimensionless parameter characterizing the width
of the pore-size distribution; and Q is the complementary normal
distribution function:

© 1 2
Q(x)=J Eexp(—%)du 2-2)
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We determined the values of 6,, y,, and o for each sample
through minimization of the residual sum of squares, which was obtained
from the measured and calculated values of 6 at the applied y, with 6,
fixed at the measured value. Finally, the mean water retention curves of
OSLs and CMLs were obtained using the mean parameter values of core
samples collected from each layer (arithmetic means of 6, 6,, and o;
geometric mean of ,,). The water retention curve for the OSL-CML
boundary zone was obtained using parameter values determined from the
OSL-CML boundary core sample.

We also measured the saturated hydraulic conductivity, K, for all
core samples in the laboratory. The hydraulic conductivity curve was
obtained using the model proposed by Kosugi [1996]. The following
functional relationship between hydraulic conductivity, K, and 3 was
obtained by combining Equation (1) with Mualem’s [1976] model:

K@) = KS. /2 [0 (B8 4 o)) 2-3)

Mean hydraulic conductivity curves for OSLs and CMLs were
obtained using the geometric mean value of K, for core samples collected
from each layer with the mean parameter values of ,, and o, which were
determined as described above. The hydraulic conductivity curve for the
OSL-CML boundary was obtained using the measured value of K, and the
parameter values of i, and o.

2.2.3. Field Observations

Temporal variations of ¥ were measured at Point T (Figure 2.1c) at
60 min intervals from 15 May to 1 November 2019 using tensiometers. We
selected this point because it is located at the catchment boundary in the
downslope area and therefore roughly represents the average degree of
wetness for the whole catchment. The OSL depth is 31 cm at this location.
The tensiometer installation depths were 30 (in the OSLs), 50, and 80 cm
(in the CMLys).

To separately monitor groundwater levels and temperature in the
OSLs and CMLs, two pairs of observation wells (for OSLs and CMLs) were
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manually excavated at Points A and B along an unchanneled hollow in the
study catchment (Figure 2.1c). All wells were constructed using 6 cm
diameter polyvinyl chloride pipes perforated with numerous 5 mm diameter
holes. The depths of the wells for observation of the OSLs at Points A and B
(equivalent to the depths to the CML surfaces at each point) were 41 and
38.5 cm, respectively. The depths of the wells for the CMLs at Points A and
B were 209 and 164 cm (equivalent to the depths of the bedrock surfaces at
each point), respectively. To prevent groundwater in the OSLs from directly
infiltrating into the CML wells, the upper sections of the CML wells were
unperforated. The depth of the unperforated section was 60 cm at Point A
and 43 cm at Point B; it was greater than the OSL depth at each point. A
water-level gauge with a temperature recorder was installed at the bottom of
each observation well, where it measured the groundwater level and
temperature simultaneously at 60 min intervals from 15 May to 1 November
2019.

For analysis of electrical conductivity (EC; pS cm ™), water samples
were collected at intervals of approximately 4-5 weeks from mid-May
through early November 2019. Samples of groundwater in the OSLs and
CMLs were collected directly from the wells. Rainwater samples were
collected wusing a plastic bottle equipped with a mesh-covered
21-cm-diameter funnel located at Point R in a clearing in the study
catchment (Figure 2.1c). The measured EC values were converted to values
at a standard temperature of 25 °C.

All rainfall and air temperature data were obtained from the Japan
Meteorological Agency AMeDAS Nakagawa observation station.

2.3. Results
2.3.1 Hydraulic Properties

Figure 2.4 shows the water retention and hydraulic conductivity
curves of the OSLs, CMLs, and boundary layer. The parameter values are
listed in Table 1. The 6 value of the OSLs is large at ¥ =0 cm (i.e., 6, =
0.707); it shows a sharp and continuous decrease (approximately 0.204) as
Y decreases to —200 cm (Figure 2.4a). The decrease in 6 is most
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Figure 2.4. a) Water retention curves and (b) hydraulic conductivity curves of
the OSLs, CMLs, and boundary zone between the OSLs and CMLs.

Table 2.1. Parameter values for hydraulic properties.

Ks lnbm

cm 51 05 0, cm ¢
OSLs 338x 102+ 0.707 v 0.250¢® -3034- 3.05¢
CMLs 6.76 x 10+ = 0.549 ¢ 0.374¢® -3032- 2.10¢
Boundary 2.14 %102 0.718 0.442 -200.3 2.67

Note(s): * Geometric mean. * Arithmetic mean.

prominent in the wet range of ¥ > —10 cm (0.060). In contrast, 8 in the
CMLs is smaller at ¥ = 0 cm (65, = 0.549) than in the OSLs; it decreases
less sharply (0.074) from 6; as y decreases to —200 cm, with no
prominent decrease in the wet range. Because 6, is equivalent to the total
volume of soil pores and water drains earlier from larger pores than from
smaller pores as iy decreases, these water retention curves suggest that the
OSLs contain many pores of various sizes from very large (as indicated by
the prominent change in 8 in the wet range) to small, whereas the CMLs
have only a few large pores. The 6 value of the OSL-CML boundary is
similar to the 6 value of OSLs at ¥ =0 cm (6, = 0.718), and it shows an
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intermediate rate of decrease (0.138) as i decreases to —200 cm.

The measured K, values of the OSLs ranged from 1.07 x 1072 to
6.06 x 1072 cm s %, with a geometric mean of 3.38 x 1072 ¢cm s *; these
values were larger than the K, of CMLs, which ranged from 2.37 x 107 to
6.08 x 107 cm s, with a geometric mean of 6.76 x 10™* cm s* (Table 1).
Figure 2.4b depicts hydraulic conductivity curves for the OSLs, CMLs, and
OSL-CML boundary; it shows that the K of the OSLs rapidly decreases
from 3.38 x10 2 cm st t0 2.34 x 10> cm s ' as i decreases from 0 to —10
cm. In contrast, the reduction in the K values of CMLs across the same ¢
range is smaller (6.76 x 107* cm s™* to 6.58 x 10> c¢cm s ). Therefore,
although OSLs have a larger K; (K at ¥ =0 cm) than CMLs, OSLs have a
smaller K than CMLs in the range of ¥ < —1.5 cm (K < 3.00 x 107 cm
s !). At the OSL-CML boundary, K decreases from 2.14 x 1072 to 7.50 x
10° cm s tas ¢ decreases from 0 to —10 cm. In the range of 1 < —10 cm,
OSLs, CMLs, and the OSL-CML boundary all show gentler changes in K
than in the range of ¢ > —10 cm.

2.3.2 Pressure Head

Figure 2.5 shows hourly rainfall and ¥ in the OSL (30 cm depth)
and CMLs (50 and 80 cm depths) at Point T. Total precipitation during the
study period was 468.5 mm. Positive and negative 3 values indicate
saturated and unsaturated conditions, respectively. The OSLs showed a
rapid increase in y and often reached saturation in response to rainfall,
whereas periods without rainfall resulted in 3 decreases and severe drying.
Careful examination of Figure 2.5b demonstrates that y in the OSL
displayed a rapid decrease from saturation to approximately —10 cm,
followed by a gentler decrease as Y decreased further. This tendency can
be attributed to the water retention curve of OSLs (Figure 2.4a). The
observed rapid decrease in y from saturation to ¥ = —10 cm presumably
reflects rapid drainage of water through very large pores. Based on the
tendencies described here, we defined wet and dry periods in this study as
periods with OSL 3 of > —10 cm and < —10 cm, respectively. The
variations of @ are shown in Figure 2.5b, ¢ for wet and dry periods,
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Figure 2.5. (a) Rainfall and y in the (b) OSLs (30 cm) and (¢) CMLs (50 and

80 cm). Dashed line in panel (b) represents y = —10 cm.

respectively. The 80 cm sampling depth in the CMLs showed smaller y
responses to rainfall and was constantly saturated in both wet and dry
periods. The 50 cm sampling depth in the CMLs became saturated in
response to rainfall and gradually returned to unsaturation after rainfall
ceased. The y fluctuated less at 50 cm than at 30 cm (in the OSLSs); it
remained close to saturation even when 1 values at depths upward of 20
cm indicated severely dry conditions. These iy dynamics indicate wetter
conditions in the CMLs than in the OSLs, especially during dry periods.

2.3.3 Groundwater Level and Temperature

Figure 2.6 shows hourly rainfall and the groundwater level in the
OSLs and CMLs at Points A and B. The groundwater level is presented as
the depth below the ground surface, and the OSL-CML boundary is denoted
with a dashed line. In the study catchment, we observed two distinct
groundwater levels, in OSLs and CMLs (OSL groundwater and CML
groundwater, respectively). Observation data for OSL groundwater at Point
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Figure 2.6. a) Rainfall and groundwater levels at (b) Point A and (c) Point B.
The groundwater level is presented as depth below the ground surface. Dashed

lines in panels (b,c) indicate the boundary between the OSLs and CMLs.

A are missing because of equipment failure from 26 May at 13:00 through 3
July at 10:00.

At Point A, the OSL groundwater showed rapid fluctuations in
response to rainfall; it was present throughout the observation period except
in July, when low precipitation and high evapotranspiration during the
summer drought period in Hokkaido [Ishii et al., 2004] caused the
groundwater level to intermittently decrease to zero (Figure 2.6b). Notably,
OSL groundwater was sustained from 2 September through 17 September
despite extremely low rainfall (5.0 mm) during this period. In contrast, the
CML groundwater level was less responsive to rainfall. The CML
groundwater level generally did not reach the OSL-CML boundary,
although a few rainfall events increased the CML groundwater level above
the OSL-CML boundary. Even during such periods, the CML groundwater
level did not match the OSL groundwater level, suggesting distinct
groundwater zones in the OSLs and CMLs. The minimum groundwater level

25



Chapter 2  Effects of Clay Layers on Hydrological Processes in an Impermeable Bedrock Catchment

in the CMLs was —0.593 m, which was observed on 22 July at 16:00 during
the drought period; this level was 0.183 m below the boundary.

At Point B, the groundwater level in the OSLs was observed
continuously; it showed steep increases and decreases in response to rainfall
(Figure 2.6¢). Excluding the rapid decrease and recovery of the groundwater
level within the OSLs from 23 July at 1:00 to 14:00 during the summer
drought period, the minimum groundwater level was —0.282 m on 17 July at
16:00 (in a dry period), which was 0.103 m above the boundary; this finding
indicated that groundwater was permanently present at approximately 10 cm
above the OSL-CML boundary, even during dry periods. Conversely, the
CML groundwater response to rainfall was gentle and small. The CML
groundwater level did not reach the OSL-CML boundary throughout the
observation period. The minimum groundwater level in the CMLs was
—0.492 m, which was observed on 23 July at 14:00 (in a dry period) and was
0.107 m below the boundary. Note that the groundwater level dynamics at
Points A and B were similar to the pressure head dynamics at Point T
(Figure 2.5), except that Points A and B, located in the hollow, were wetter.

Figure 2.7 shows rainfall, air temperature, and the temperature
measured at the bottom of each observation well. Because groundwater was
nearly always present in all wells, we hereafter refer to the temperature in
the wells as the groundwater temperature. The groundwater temperature in
the OSLs at Points A and B showed diurnal variations that can be attributed
to changes in air or rainwater temperature, as well as a seasonal trend with a
peak in early August. In contrast, the groundwater temperature in the CMLs
at each point was minimally affected by diurnal air temperature changes or
rainwater; it showed gentle seasonal variations with a peak in
mid-September. The dynamics of groundwater temperature did not differ
between dry and wet periods.
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Figure 2.7. (a) Rainfall and air temperature and groundwater temperature at
(b) Point A and (c) Point B.

2.3.4 Electrical Conductivity

Figure 2.8 shows the EC values of water samples. Rainwater EC
(ranging from 29 to 34 uS cm ') was significantly lower than the values of
other samples based on the two-tailed t-test (p < 0.05). Two water samples
from the OSLs at Point A showed EC of 147 and 180 uS cm™'. The EC of
OSL groundwater at Point B ranged from 162 to 279 uS cm™'; this
overlapped the values of CML groundwater. Greater variation in
groundwater EC in the CML was observed at Point B than at Point A (from
221 to 379 pS cm ! and from 377 to 426 uS cm !, respectively). Overall, the
OSL groundwater had significantly lower values than the CML groundwater
(p < 0.05). Figure 2.8 also shows that the EC values of OSL groundwater
tended to be higher during dry periods than during wet periods. No such
tendency was recognized for CML groundwater.
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Figure 2.8. EC of collected water samples.

2.4. Discussion
2.4.1 Sources of Groundwater

While semi-perennial to perennial groundwater zones were present
in both OSLs and CMLs within the unchanneled hollow, their fluctuation
characteristics differed. The responses of CML groundwater to rainfall were
small and gentle (Figure 2.6), presumably because of the hydraulic
properties of CMLs, which have low permeability even under saturated
conditions and contain small numbers of large pores (Figure 2.4).
Additionally, ¥ in the CMLs at Point T was consistently high, even during
dry periods (Figure 2.5c), because the large number of small pores in the
CMLs prevents drainage of water stored in the pores during dry periods. In
contrast, the OSL groundwater level in the hollow and 1 at Point T showed
rapid fluctuations in response to rainfall (Figures 2.5b and 2.6). These
fluctuations during wet periods suggest rapid rainwater infiltration into and
drainage from large pores, reflecting the hydraulic properties of OSLs
(Figure 2.4). The process of groundwater generation in OSLs in the hollow
during wet periods can be explained by the conventional conceptual model
described in the Introduction section: rainwater vertically infiltrates into the
highly permeable OSLs until it reaches the less permeable CMLs. Water
then laterally flows along the CML surface, forming a groundwater zone
above CMLs in the downslope area. The EC of OSL groundwater tended to
be lower during wet periods than during dry periods (Figure 2.8),
suggesting that the infiltration of rainwater with low EC (Figure 2.8)
affected the OSL groundwater during wet periods.
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Surprisingly, the groundwater zone remained present for a long
period of time in the OSLs in the hollow during dry periods (Figure 2.6).
The high permeability of the OSLs does not allow groundwater in the OSLs
to be maintained consistently during dry periods. Previous studies indicated
that groundwater zone in soil layers can maintain during dry periods due to
hillslope topography such as depression or highly convergent topography
[e.g., Frisbee et al., 2007; Fujimoto et al., 2008]. However, because the
study catchment is small, with gentle hillslopes and thin OSLs, no large
depression or convergent topography is available to provide water storage.
The EC values of OSL groundwater collected from a depth of several tens of
centimeters during dry periods were high (175 to 279 uS cm™'; Figure 2.8).
In Japan, reported EC values in soil layers at a few centimeters directly
below leaf litter were high (> 300 pS cm™), especially in autumn when
many broadleaf trees drop their leaves; these values decreased with
infiltration into OSLs [Sakuma et al., 1978; Hayakawa et al., 2021].
Sakuma and Sato [1978] showed that the EC values of water collected from
OSLs overlying pyroclastic fall deposits in Hokkaido, Japan, were in the
range of approximately 30-70 uS cm™'. Miyata et al. [2003] reported that,
in OSLs at the depth of 20 cm in a granitic catchment in Gifu Prefecture,

Japan, the mean EC value of stored water was 17.36 pS cm .

In a
catchment consisting of volcanic rock and sedimentary rock in Akita, Japan,
the EC of water stored at approximately 20—-40-cm depth in an OSL was 51
uS cm ! [Hayakawa et al., 2021]. Compared with the EC values measured in
these previous studies, the OSL groundwater EC values observed in the
present study during dry periods were surprisingly high. This comparison
suggests that the high values of OSL groundwater EC during dry periods are
influenced by CML groundwater, which has high EC values (Figure 2.8);
moreover, CML groundwater is an important source of groundwater present
in the OSLs during dry periods.

One possible explanation for the contribution of CML groundwater
to the groundwater zone in the OSLs involves runoff of CML groundwater
into the OSLs via macropores or pipes within the CMLs. However, no such

structures were observed in the study catchment. The results of temperature
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observations (Figure 2.7) suggested that such runoff of CML groundwater
into the OSLs was unlikely; the groundwater temperature in the CMLs
showed moderate seasonal variations and minimal impact from diurnal air
or rainwater temperature, whereas water in the OSLs was sensitive to air
and rainwater temperature. If macropores or pipes had contributed to water
flow, the CML groundwater temperature would be affected by air or
rainwater temperature, such that it would show sensitive fluctuation during
wet periods; during dry periods, the OSL groundwater temperature would
show moderate fluctuations driven by runoff of CML groundwater. The EC
values of CML groundwater showed no clear difference between dry and
wet periods (Figure 2.8), which is consistent with these inferences.

These findings suggest that CML groundwater contributed to
maintenance of the groundwater zone in OSLs in the hollow during dry
periods through a mechanism that did not involve runoff of CML
groundwater into the OSLs via macropores or pipes.

2.4.2 Water Flow Direction and Flux Analysis across OSL-CML
Boundary
2.4.2.1 Flow Direction Analysis

To examine the contribution of CML groundwater to the OSL
groundwater zone in the hollow during dry periods, we analyzed the water
flow direction between OSLs and CMLs using the 3 values recorded at
Point T. We focused on the flow direction between the 30 and 50 cm
tensiometers, which were located immediately above and below the OSL-
CML boundary (depth: 31 cm). Figure 2.9 shows the temporal variations in
the difference in total head, H, defined as the sum of 3 and the elevation
head, between 30 and 50 cm. We used the ground surface as the reference
level for calculating elevation head. A positive value of H indicates
upward flow from the CMLs into the OSLs, whereas a negative value
indicates downward flow from the OSLs into the CMLs. Figure 9
demonstrates that the main flow direction during wet periods was
downward.

Figure 2.10 shows the relationship between simultaneous y
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measurements from the 30 and 50 cm tensiometers (3, and s,
respectively); in this plot, two groups are distinguished according to the
flow direction (upward or downward). During wet periods, downward flow
was observed for 1104 h, whereas upward flow was observed for only 1 h.
Thus, downward flow from the OSLs to the CMLs occurred mainly during
wet periods including rainfall periods, indicating that a portion of the
rainwater infiltrated into the CMLs and recharged the CML groundwater.
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Conversely, after the cessation of rainfall, downward flow decreased and
the flow direction switched from downward to upward; upward flow was
observed during dry periods (Figure 2.9). Upward and downward flows
were observed during a dry period at 2296 and 662 h, respectively (Figure
2.10). Thus, upward flow consistently occurred during dry periods. The
OSLs, with high permeability under saturated conditions and a large number
of large pores, became unsaturated and dried up during dry periods. The
CMLs, with low permeability under saturated conditions and no large pores,
remained nearly saturated even during dry periods. The frequent and
long-term occurrence of upward flow can be attributed to these differences
in hydraulic properties between OSLs and CMLs.

2.4.2.2 Upward Flux Analysis during Dry Periods

Next, we analyzed the vertical water flux across the OSL-CML
boundary at Point T using H. According to Darcy’s Law, water flux, q, at
the boundary can be calculated as follows:

H
q= _Kbo(wm)? (2-4)

where K,, is the hydraulic conductivity of the OSL-CML boundary, s,
is Y at the boundary (at 31 cm depth), and s is the distance in the
direction of flow (20 cm). We computed 5, as follows:

WYs0S30 + W30S50
31 = S (2-5)

where s;, and sgo, are the vertical distances from the boundary to the 30
and 50 cm tensiometers (i.e., 1 and 19 cm), respectively. K,,(i3;) was
calculated using the hydraulic conductivity curve of the OSL-CML
boundary shown in Figure 2.4b.

Figure 2.11b, ¢ shows the temporal variations in upward and
downward gq, respectively. Note that downward q in Figure 2.11c is plotted
on a logarithmic scale. The maximum upward flux during dry periods was
0.36 mm h™!, observed on 1 July at 17:00, which was extremely small
compared to the maximum downward flux during wet periods of 983 mm h™ %,
which was observed on 9 October at 0:00. However, the upward flux during
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Figure 2.11. (a) Rainfall, (b) upward and (c¢) downward water flux at Point T,
and (d) rate of specific groundwater flow at the midpoint between Points A and

B.

dry periods averaged 0.16 mm h™* and totaled 360 mm, equivalent to
three-quarters of the total precipitation (468.5 mm). This similarity suggests
that the accumulation of water that moved upward from the CMLs into the
OSLs in areas where the OSLs were dry (yp < —10 cm; Figure 2.10)
contributed to the maintenance of the groundwater zone in the OSLs along
the hollow (including Points A and B) during dry periods.

To determine whether the calculated upward g can explain the
observed groundwater level in the OSLs in the hollow during dry periods,
we conducted a crude calculation of the specific groundwater flow rate in
the OSLs at the midpoint between Points A and B. The rate of specific
groundwater flow in the OSLs at the midway point, Q,,, can be
approximated as follows:

A
m
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where g¢q,, is groundwater flux at the midway point, A, is the
cross-sectional area of the groundwater zone at the midway point calculated
assuming a triangular area, and A,, is the catchment area at the midway
point (0.056 ha). By applying Darcy’s law to saturated groundwater flow in
the OSLs between Points A and B, g, can be approximated as follows:

dm = s_OSLsHS_ASB 2-7)
where K ps.s 1S the mean saturated hydraulic conductivity of OSLs (3.38 x
102 cm s 1Y), Hyp is the difference in elevation of the groundwater table in
the OSLs between Points A and B, and S; is the slope length from Points A
to B (19.0 m).

Figure 2.11d shows the temporal variations of Q,, (data are missing
from 26 May at 13:00 though 3 July at 10:00 due to the lack of the
groundwater level data at Point A). The maximum Q,, was 0.18 mm h™ %,
observed on 31 August at 14:00 during a wet period. During dry periods,
Q,, reached its maximum (0.072 mm h™*) on 27 July at 3:00 and averaged
0.018 mm h™!. The findings in Figure 2.11b,d indicate that upward g was
larger than @,, for nearly the entire observation period when upward flux
was generated. The sums of upward g and Q,, during dry periods with
upward flux from 1 July to 31 October were 172.5 and 9.76 mm,
respectively. Kondo et al. [1992] estimated that mean transpiration in July
through October in this region (including the study catchment) was 172 mm.
Comparison of these values suggests that most of the upward g is
consumed by transpiration (some water that flowed only through the OSLs
was presumably also consumed by transpiration), whereas the remaining g
could generate the observed saturated groundwater flow in the OSL in the
hollow. Thus, water supplied from the CMLs to OSLs as upward flux
accumulated and contributed to the groundwater zone in the OSLs in the
hollow during dry periods.

2.4.3 Conceptual Model of Hydrological Processes in a Headwater
Catchment with Thick CMLs Underlain by Impermeable Bedrock
Based on the discussion above, Figure 2.12 illustrates the
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hydrological processes in the study catchment. During wet periods
including rainfall periods (Figure 2.12a), rainwater vertically infiltrates into
the highly permeable OSLs until it reaches the less permeable CMLs; it then
becomes perched groundwater above the OSL-CML boundary. The perched
groundwater flows downslope along the OSL-CML boundary as saturated

Rainfall ‘
(a) Wet periods ’ | ‘

Water

’¢ movement

(b) Dry periods

Groundwater zone

Water

movement

Figure 2.12. Hydrological processes in the study catchment during (a) wet

periods and (b) dry periods.
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lateral flow, thereby expanding or increasing the depth of the groundwater
zone in the OSLs in the hollow. In areas where the OSLs are wet (yp > —10
cm), a portion of this water infiltrates into the CMLs as downward flux
(Figure 2.10) and slowly recharges the CML groundwater.

In contrast, during dry periods (Figure 2.12b), the contribution of
rainwater to the OSL groundwater zone decreases and upward flow from the
CMLs occurs mainly in areas where the OSLs are dry (¥ <—10 c¢cm) (Figure
2.10). This water then flows downslope along the OSL-CML boundary as
unsaturated or saturated lateral flow, forming the groundwater zone in the
OSLs in the hollow of the downslope area.

2.4.4 Importance of Water Supply from CMLs to OSLs as Upward Flux
during Dry Periods

Groundwater zone within the soil layers of a headwater catchment
has been recognized as one of the most important factors controlling
volumetric [Katsuyama et al., 2002; Detty et al., 2010; Martinez-Carreras
et al., 2016] and chemical [Bishop et al., 2004; Gannon et al., 2015]
changes in streamflow and in the induction of shallow landslides [van Ash
et al., 2005; Sidle et al., 2016]. Therefore, upward flux that contributes to
the formation of groundwater zone in soil layers has long been focused.
Upward flux in a headwater catchment has been reported previously
[McGlynn et al., 1999; Harria et al., 2006], and two mechanisms of upward
flux generation have been proposed. One mechanism is unsaturated upward
flux resulting from the balance of the matrix potential of soil layers (i.e.,
unsaturated matrix flow), as observed in this study, which occurs as soil
layers become dry and the groundwater level decreases [Tsujimura, 1992;
Tsurita et al,, 2009; Gannon et al. 2016]. The other mechanism is saturated
upward flux, which occurs in association with the local exfiltration of
bedrock groundwater into soil layers through fissures and cracks in the
bedrock [Montgomery et al., 1997; Haga et al., 2005; Masaoka et al., 2016].
In catchments underlain by permeable bedrock specifically, this local
exfiltration of bedrock groundwater are recognized as important contributor
to groundwater zone in soil layers during dry periods [Uchida et al., 2003;
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Katsura et al., 2008] and stream discharge and quality during baseflow
periods [Uhlenbrook et al., 2002; Gabrielli et al., 2012; Zhao et al., 2019].
Although saturated upward flux is often considered as an important water
supply process for soil layers, unsaturated upward flux caused by matrix
flow has attracted minimal attention because of the small fluxes involved
relative to saturated upward fluxes. Frisbee et al. [2007] reported
large-volume groundwater storage in a depression located near the base of
the slope in a 0.60 ha catchment during periods of low water table position.
In this case, the soil thickness of the depression was as much as
approximately 4 m. From the results of this study, unsaturated upward flux
may be an important process that sustains wet soil layers during dry periods
in still smaller, impermeable bedrock headwater catchments with thinner
soil layers.

At Point T in the study catchment, upward flux from the CMLs to the
OSLs generally occurred as unsaturated flow during dry periods. Although
the maximum upward flux was small (0.36 mm h™!), the total upward flux
over the entire observation period was large (360 mm). This continuous
upward flux contributed to the maintenance of the groundwater zone in the
OSLs in the hollow of the downslope area during dry periods, which
presumably caused subsequent volumetric and chemical changes in
streamflow. Moreover, in a serpentinite catchment in Hokkaido, Japan,
Aipassa [46] described the occurrence of surface slides (a type of slope
failure) with the slip surface located at the OSL—CML boundary; such slides
were reported to occur on steep slopes when rainfall is sufficiently heavy to
saturate the slip surface. Although no traces of such slides were found in the
study catchment, presumably because of the low gradient, continuous
unsaturated upward flux can influence such slides by raising the
groundwater level or expanding the groundwater zone in the OSLs of
hollows during rainfall periods through the generation of a small
groundwater zone before the rainfall, which reduces the stability of the
OSLs. Thus, the present findings emphasize the important role of water
supply from CMLs to OSLs during dry periods in the formation of a
groundwater zone in OSLs in hollows, in addition to its effects on
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streamflow and shallow landslides.

2.5. Conclusions

Detailed hydrological, hydrochemical, and thermal observations in a
forested serpentinite headwater catchment containing mineral soil layers
composed of thick clayey materials produced by weathering of impermeable
bedrock (i.e., CMLs), along with hydraulic property measurements in the
laboratory, were conducted to elucidate the effects of CMLs on hydrological
processes in the study catchment. The groundwater temperature and
chemistry suggested that runoff of the CML groundwater into the OSLs via
macropores or pipes is unlikely. Instead, water flux analysis across the
OSL-CML boundary revealed that unsaturated upward flow from the CMLs
into OSLs occurs in areas where the OSLs are dry (pressure head < —10 cm).
Accumulation of this upward flux can explain the groundwater zone
observed in the OSLs of the hollow during dry periods. We conclude that
water infiltrates from the OSLs into CMLs during wet periods (including
rainfall periods) and then is supplied into the OSLs as upward flux during
dry periods; this upward flux contributes to the generation of a
semi-perennial to perennial groundwater zone in the OSLs in the hollow.

This study has clarified the effects of clay layers on hydrological
processes, specifically that CMLs act not only as impeding layers during
wet periods but also as water supplier by unsaturated upward flux to OSLs
during dry periods. Land users and management organizations of
catchments underlain by thick CMLs should pay attention to volumetric and
chemical changes in streamflow and the surface slides that could be caused
by the semi-perennial to perennial groundwater zone formed by upward flux.
In future research, detailed observations of other serpentinite catchments
and catchments underlain by other bedrock types with thick CMLs (e.g.,
mudstone and slate catchments) are needed to determine the generalizability
of the present findings.
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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 breccias, which form clay
layers as a result of weathering. Bronnimann 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).

Kanai catchment K \ "
___________ (in Uryu Experimental m\* Nt ;’_71_,;.'_...._.___44° N
SAPPORO ~ 7+
........................................................................................ 40° N

132°E 136°E  140°E  144°E

Figure 3.1. Location of the study site.
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3.2.1.1 The Uryu Experimental Forest and the Moshiri Experimental

Watershed
The Uryu Experimental Forest is a natural, cool-temperate, mixed
broadleaved and conifer forest managed by Hokkaido University. The
dominant tree species are Abies sachalinensis, Quercus crispula, Tilla
japonica, Betula ermanii, and Aver pictum, and the dominant understory is
dwarf bamboo (Sasa senanensis and S. kurilensis) [Fukuzawa et al., 2020].
The annual mean temperature and precipitation from 1956 to 2014 were
3.1°C and 1390 mm, respectively. Approximately 50% of the precipitation
falls as snow, which covers the ground from November to May [AKkitsu et al.,
2020]. Weather observations have been ongoing since 1993.
The Moshiri Experimental Watershed is a 120 ha forested watershed
located at 44°22'N, 142°17'E, with an elevation ranging from 290 m to 545
m. The entire watershed is underlain by tuff breccia and clay layers
produced by bedrock weathering. A topographical map of the Moshiri
Experimental Watershed is shown in Figure 3.2a. Detailed hydrological
observations together with determinations of the water balance of the
watershed were conducted from 1988 to 1998 (Figure 3.3) [Ishii et al.,
2004]. The dominant trees species are Picea jezoensis, Abies sachalinensis,

Figure 3.2. Topography of (a) the Moshiri Experimental Watershed and (b)

Kanai catchment. The solid line between A and B in (b) indicates an

unchanneled hollow.
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Quercus cirspula, and Betula ermanii, and the understory is S. kurilensis
[Yamazaki et al., 2007]. Ishii and Kobayashi [1995] described the soil layer
structure in the Moshiri Experimental Watershed as organic at a depth of
10-20 cm below the ground surface, with clay layers formed by bedrock
weathering at a thickness of 3—6 m below the soil layers. Other parameters
identified in that study were a saturated hydraulic conductivity (Ks) at
depths of 70 and 170 cm of 6.48 x10® and 3.72 x10°® cm s™, respectively.
Their study also included water retention curves (Figure 3.4) using soil
samples obtained from a slope in the Moshiri Experimental Watershed.
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Figure 3.3. Mean annual water balance from 1988 to 1998 [Ishii et al., 2004].
P, Q, E, and dS are precipitation, discharge, evapotranspiration, and storage

change, respectively.
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Figure 3.4. Water retention curves at depths of 70 cm and 170 cm below ground

surface, measured by Ishii and Kobayashi (1995).
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3.2.1.2 Kanai Catchment

The Kanai catchment is a 3.3 ha forested headwater and zero-order
catchment of the Moshiri Experimental Watershed, with an elevation
ranging from 440 m to 545 m (Figure 3.2b). The gradient of Kanai
catchment becomes gradual at around 510 m elevation. The average gradient
between 440 m and 510 m elevation is 18° and that from 510 m elevation to
the top is 6°. The vegetation, geology, and meteorology are almost the same
as in the Moshiri Experimental Watershed. Soil thicknesses to bedrock,
confirmed by two boreholes (MB1 and MB2, described below), are 4.0 m
and 5.1 m, respectively, and thus generally consistent with those of the
Moshiri Experimental Watershed reported by Ishii and Kobayashi [1995]. A
spring outflow point is present at the base of the catchment, at 437 m
elevation. This spring flows on clay layers and finally, at an elevation of
423 m, on bedrock. A ~4 m deep trench was excavated at 460 m elevation in
2020. Based on the soil profile of the trench, the boundaries between the
organic soil layers and clay layers are not distinct when viewed with the
naked eye but the soil layers form clay layers at a depth of least 150 cm
below the surface. Soil layers in Kanai catchment can be divided into
organic soil layers (OSLs), which extend from the ground surface to a depth
of 150 cm below the surface, and clay mineral layers (CMLSs), beginning at
a depth of 150 cm. The deeper the CML, the greater its content of gravels,
which may be as large as 30 cm in diameter. The CMLs in Kanai catchment
are highly compacted and hardened, thus far preventing the trench’s
collapse.

From late September to mid October 2020, two boreholes, MB1 and
MB2, were drilled in the Kanai catchment (Figure 3.2b), with total depths
of 35 and 25 m, respectively, and each with a diameter of 6.6 cm.
Undisturbed bedrock cores 5.0 cm in diameter were obtained by drilling
through the total depth of the boreholes (Figure 3.5) and were classified
according to weathering class as D, CL, and CM, defined as highly,
moderately, and weakly weathered bedrock, respectively [Yoshinaka et al.,
1989]. Table 3.1 summarizes the characteristic of each weathering class.
Figure 3.6 shows the weathering profile of the MB1 and MB2 cores. The
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Figure 3.5. Photographs of the core samples obtained from boreholes MB1 and

MB?2 at Kanai catchment.

Table 3.1. Characteristics of each weathering class [Yoshinaka et al., 1989].

Weathering class Degree of weathering
A « Significantly fresh
* Rocknodules are rarely distributed
«  Very hard
B * Fresh
* Distribution of rock nodules is sparse
* Hard
Cy ¢ Generally fresh and hard

+ Rocknodules are faitly well distributed
* Nodular surface are often discolored and contaminated by weathering. but are
generally adhere well

Chg *  Generally somewhat weathering
+ Rocknodules are open. often interspersed with clay or weathered material

Cp + Significantly weathering
+ Rocknodules are open. with significant interbedding of clay and weathered material

D + Significantly weathering with sandy and clayey potions
« Distribution of rock nodules rather indistinct
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Figure 3.6. Weathering degree profile at boreholes MB1 and MB2 and
estimated for Kanai catchment. The catchment drawing range is corresponds to

the unchanneled hollow shown in Figure 3.2b.

matrix of the highly weathered bedrock had turned partially to sediment and
to clay, thus obscuring any cracks, but it remained brittle because it did not
become compacted like the clay layers situated above. At MB2, highly
weathered bedrock was located 5.1 m below the surface and its thickness
was 4.5 m, whereas at MB1, located upslope in the Kanai catchment, the
highly weathered bedrock was shallower (4.0 m below the surface) and
thinner (0.7 m thickness). The moderately weathered bedrock was hard,
with well-defined cracks due to the limited, non-clayed sedimentation of the
surrounding matrix. The thickness of the matrix at boreholes MB1 and MB2
did not significantly differ (4.2 and 3.4 m, respectively). The weakly
weathered bedrock was located just beneath the moderately weathered
bedrock and extended to the lowest depth of the boreholes (35 and 25 m,
respectively). It was generally hard with little sedimentation.

Suzuki [2022] conducted water retention tests and measured the K
values of the soil layers and bedrock matrix in Kanai catchment using core
samples collected from the trench and undisturbed bedrock cores. The water
retention and hydraulic conductivity curves are shown in Figure 3.7, and the
K, values of the soil layers and bedrock matrix in Table 3.2. The in situ K
values of moderately and weakly weathered bedrock from the boreholes are
also presented in Table 3.2. Suzuki [2022] showed that the hydraulic
properties of OSLs and CMLs greatly differ. The relatively high K, value
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(9.79 x107 cm s') of the OSLs indicates a rapid 6 decrease in the water
retention curve as Y decreases to —100 cm. For the CMLs, the saturated
hydraulic conductivities and water retention curves result in a low K, value
(7.81 x 10°® cm s!) and a flat water-retention curve as i decreased to —100
cm. Thus, while OSLs have a high permeability and pore sizes ranging from
very large to small, CMLs have a low permeability and few large pores.
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Figure 3.7. (a) Water retention curves and (b) hydraulic conductivity curves of
organic soil layers (OSLs), clay mineral layers (CMLSs), and bedrock divided
by degree of weathering (D, C. and Cy).

Table 3.2. K, of each layer and the in situ K; measured in the boreholes.

K. of matrix In situ K
(cms™) (ems)
OSLs 9.79 x 1073
CMLs 7.81 x 1076
D 229 x 1073
Cp 1.34 x 1077 1.04 x 1078
Cu 239 x 1078 2.90 x 1073
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The characteristics of the matrix of highly weathered bedrock are
similar to those of CMLs, with a low K, value (2.29 x10° cm s™) and a flat
water-retention curve. Suzuki [2022] also found no significant difference
between the hydraulic conductivity of the CMLs and that of the matrix of
highly weathered bedrock (P > 0.05, two-tailed t-test). These similarities
were consistent with the characteristics of the clayed matrix of the highly
weathered bedrock. The lack of clear cracks due to clayey matrix filling
accounts for a low permeability, as in the CMLs. The hydraulic properties
of the matrices of moderately and weakly weathered bedrock were similar,
with significantly low K values (1.34 x107" c¢cm s and 2.39 x10® c¢m s,
respectively) and flat water-retention curves. Based on these characteristics
and a comparison with the in situ K; values determined from the boreholes,
Suzuki [2022] concluded that, in moderately and weakly weathered bedrock,
water flow is mostly through crack and fissure rather than through the
matrix. As a result, the permeability of moderately and weakly weathered
bedrock is higher than that of either CMLs or highly weathered bedrock.
Kanai catchment can thus be hydrologically described as a headwater
catchment underlain by impermeable soil layers situated above relatively
permeable bedrock.

53



Chapter 3  Effects of Clay Layers on Hydrological Processes in a Permeable Bedrock Catchment

3.2.2 Hydrological, Hydrochemical and Hydrothermal Observations

A flowchart of the methodology used to explore the effects of clay
layers on the hydrological processes in Kanai catchment is shown in Figure
3.8, and the instrumentation used in the study is illustrated in Figure 3.9.
The pressure head, i, in the OSLs and CMLs was measured at points TO,
T1, T2, T3, and T4 along the main hollow (Figure 3.9). T1 and T2 neighbor
MB1 and MB2, respectively. The depths of the tensiometer installation are
listed in Table 3.3. The y was recorded automatically at 10 min intervals

from 1 November 2021 to 7 June 2022.
) ) Hydrochemical Hydrothermal
’ )’

Pressure Head in OSL and Groundwater Level in Water Quality in OSLs, Soil and Groundwater
CML OSLs and CMLs CMLs and bedrock Temperature
! l i
s N
Direction Analysis Lag Time Analysis Source Area Analysis Ap}:ﬂlcatn?p of Thermal
Conduction Theory
AN _/
l | ]
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Figure 3.8. Flowchart of the methodology.
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450
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400

A B

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

Point Layer Depth of tensiometer installation from
ground surface (cm)
TO OSL 37
CML 223.5
T1 OSLs 35.87
CML 227.5
T2 OSLs 36. 90
CML 227.5
T3 OSLs 37. 86
CML 227.5
T4 CMLs 86. 228.5
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The locations of the observation facilities are also shown in Figure
3.9. To sustain boreholes MB1 and MB2, steel gas pipes, with strainer
sections at the bottom 30 m (MB1) and 18.9 m (MB2), were inserted. The
groundwater level and groundwater temperature in the boreholes were
monitored using water-level gauges fitted with temperature recorders.
Measurements were obtained at 10 min intervals from 1 November 2020 to
7 June 2022. Observation wells were manually excavated at T1, T2, T3, and
T4 (Figure 3.9b) using a 6 cm diameter polyvinyl chloride pipe perforated
with numerous 5 mm diameter holes. At T4 (30 cm), the well depth
corresponded to the boundary between the OSLs and CMLs. At T1, T2, and
T3 (29.5, 39.5, 37 cm, respectively), the well depths were within the OSLs.
The groundwater level and groundwater temperature at the four wells were
monitored using the same equipment and observation interval. At T4, the
monitoring duration was the same as that of bedrock groundwater at MB1
and MB2. At T1, T2, and T3, monitoring was conducted from 16 October
2021 to 7 June 2022. When groundwater was generated in the well, the
temperature in the well represented that of the groundwater; otherwise, it
represented that of the soil at the bottom of the well. The rate of spring flow,
determined using a V-notch weir with an angle of 30°, and the spring
temperature were measured simultaneously at 10 min intervals, with the
same equipment, observation interval, and monitoring duration as applied to
the bedrock groundwater at MB1 and MB2 (Figure 3.9b). The weir was
installed to collect only the spring water flowing above the CML surface.

For chemical analysis, groundwater samples were collected once or
twice every few months. Bedrock groundwater samples of MB1 and MB2
were collected directly from the wells, and groundwater and spring water
samples were collected directly from T4 and the weir, respectively.
Unsaturated water stored in the OSLs and CMLs was sampled by applying
suction pressure (50 kg cm®) at depths almost the same as those of
tensiometer installation in the vicinity of T2. Collected samples were sealed
in 100 mL polyethylene bottles and refrigerated until analyzed for inorganic
solutes. Solute concentrations were analyzed in a laboratory at Hokkaido

University. The samples were filtered through 0.45 um cellulose acetate
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filters and their ion (AI®*, Ba®*, Ca®*, K*, Li*, Mg®* and Na*) concentrations
were measured using an inductively coupled plasma (ICP) emission
spectrometer (PerkinElmer, Waltham, Massachusetts, United States, ELAN
DRC-e).

For thermal analyses, the soil temperature profile at point E in
Figure 3.9b was measured at 60 min intervals, using thermosensors, from 20
October 2020 to 7 June 2022. Measurement depths were 10, 30, 60, 100, and
200 cm.

All precipitation and air temperature data were obtained from the
Uryu Experimental Forest. Micrometeorology data were drawn from front
yard measurements at the Uryu Experimental Forest Office, located at
44°22'N, 142°15'E, with an elevation of 288 m. To account for the effect of
snowmelt, the amount of water that ultimately reached the ground surface
(i.e., meltwater and/or rainwater; MR) was calculated as follows. First,
precipitation on a day with a daily mean temperature > 2°C was defined as
rainfall; otherwise, it was considered snowfall. Rainfall was assumed to
reach the ground surface immediately, and snowfall was assumed to form or
accumulate as snow cover. The snow cover was assumed to melt in response
to rising temperatures and to reach the ground surface immediately
thereafter. Snowmelt was calculated based on the degree-day method, by
multiplying the positive daily mean temperature by the snowmelt
coefficient of 6 mm °C™* day . For days with a negative daily mean
temperature, the snowmelt coefficient was assumed to be 0 mm °C™! day ™.
Finally, MR was calculated by adding rainfall to snowmelt.

Snowfall and snowmelt periods were defined based on calculated
snow water equivalents and snowmelt volume, respectively. A snowfall
period was defined as one in which the calculated snow water equivalent
was positive, and a snowmelt period was define as one in which the
calculated snowmelt volume was positive. Precipitation outside of snowfall
and snowmelt periods delimited different rainfall events. A new rainfall
event was defined if the rainfall began after 24 h without rainfall and if the
rainfall began after the end of the snowmelt period. The end of a rainfall
period was defined as if a rainless period lasted 24 h or the snowfall period
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began.

3.3. Results

Snowfall and snowmelt periods occurred intermittently from
November to December. The main snowfall periods were from 21 November
2020 to 22 March 2021 and from 13 December 2021 to 24 March 2022. The
main snowmelt periods were from 23 March to 15 May 2021 and from 25
March to 22 April 2022. Table 3.4a shows the rainfall events during the
observation periods, as well as the total precipitation and strongest rainfall
intensity of those events. There were 35 rainfall events in total. During
those events, the maximum total rainfall was 84 mm and the maximum
rainfall intensity was 35 mm h™'. Total precipitation during the hydrological
year (i.e., from 1 November 2020 to 31 October 2021) was 1923.8 mm and
that during the observation periods was 2373.5 mm.
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Table 3.4. (a) Rainfall and (b) snowmelt events during the observation

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

each event. (b) Total volume of MR during each event.

No. Event Total Strongest Rainfall
Initiation Precipitation Intensity (mm b1y
(mm)
1 2020/11/1 345 7.5
2 2020/11/6 36.5 5.5
3 2021/5/16 41.5 2.5
4 2021/5/19 1 0.5
5 2021/5/21 0.5 0.5
6 2021/5/23 58.5 2.5
7 2021/6/4 43.5 3.5
8 2021/6/8 4 1
9 2021/6/20 18.5 6.5
10 2021/7/5 325 5
11 2021/8/5 20.5 5
12 2021/8/7 355 35
13 2021/8/9 34 3.5
14 2021/8/18 4 1
15 2021/8/25 17.5 5.5
16 2021/8/31 16 4.5

33
34
35

2021/9112
2021/9117
2021/9/23
2021/9/30
2021/10/4
2021/10/8
2021/10/10
2021/10/12
2021/10/15
2021/10/24
2021/10/25
2021/11/28
2021/11110
2021/11/13
2022/5/3
2022/5/7
2022/5/13
2022/5/22

2022/5/28

41.5

0.5

33
84

1.5

[

0.5

(b)

No. Event Total MR (mm) Strongest MR
Initiation (mm day )
1 2021/3/23 26.3 16.3
2 2021/3/28 62.6 20.2
3 2021/4/3 323 211
4 2021/4/7 4.6 4.6
5 2021/4/11 49.1 83.2
6 2021/4/16 34.1 174.7
7 2021/4/27 141 43
8 2021/5/3 506.8 72
9 2022/3/25 47.1 17.3
10 2022/4/3 53 17.1
11 2022/4/9 110.8 32.7
12 2022/4119 79.8 39.5
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3.3.1 Results of Hydrological Observations
3.3.1.1 Pressure Head in OSLs and CMLs

Figure 3.10 shows the hourly rainfall and ¥ in the OSLs (~35 and
~90 cm depth) and the CMLs (~230 cm) and the groundwater level in the
OSLs at TO, T1, T2, T3, and T4.

At TO (Figure 3.10b), data on i were obtained only during the
snowfall and snowmelt periods from 2021 to 2022. y in the OSL at a depth
of 37 cm increased at a faster rate in response to rainfall and snowmelt
water than in the CML at a depth of 223.5 cm. The OSL y indicated almost
saturated conditions (about —10 cm) before snowfall periods, but it
decreased slowly, to approximately —40 cm, during snowfall periods.
During snowmelt periods, the OSL y fluctuated rapidly while sustaining
nearly saturated conditions. CML v increased rapidly following the
increase in OSL v, but its fluctuations were larger than those in the OSL.
The maximum values of ¥ in the OSL and CML during the snowmelt
period in 2022 were 10.1 cm, recorded on 27 March, and 22.0 cm, recorded
on 13 April, respectively. Larger values for iy were recorded at the peak in
the CML than in the OSL.

At T1 (Figure 3.10c), the vy in the shallower OSL at 35 cm depth
underwent a conspicuous decrease in July 2021. In 2022, after 8 July, there
was no rainfall until 5 August, resulting in a decrease in ¥ in the shallower
OSL to —285.1 ¢cm and to drought. In the deeper OSL, at 87 cm depth, the
response of ¥ was similar to that in the shallower OSL but its fluctuations
were smaller in the former. During snowfall periods, Y in the shallower
and deeper OSLs decreased to approximately —50 cm and —40 cm,
respectively. As the snowmelt period began, ¥ in both OSLs increased and
indicated almost saturated conditions. Although higher values of Y were
recorded at the deeper than the shallower OSL throughout the observation
periods, during rainfall but not during snowmelt periods the y in the
shallower OSL occasionally exceeded that in the deeper OSL. In response to
rainfall and snowmelt water, the CML at 227.5 cm depth was characterized
by both sharp and gentle fluctuations in . Sharp increases in ¥ resulted
in higher values in the CML than in the OSL. Sharp decreases in y in the

60



Chapter 3  Effects

)
S
]
S

Z.

]

2021

of Clay Layers on Hydrological Processes in a Permeable Bedrock Catchment

9-Feb 20-May 28-Aug 6-Dec 2022 |6-Mar

Rainfall (mm/h)
[\
(e ()

N
e

(a)

(b) TO

—CML (223.5 cm)
OSL (37 cm)

— 0
I LI
B

408

(=N

<

Rainfall (mm/h) —MR (mm/day)

-100 -
2200 —CML (227.5 cm) Shallower OSL (35 cm)
----- Deeper OSL (87 cm)
-300
200
d) T2
g 0 R TN {fhrdi gt / '
= -100
=200
—CML (227.5 cm) Shallower OSL (36 cm)
A Deeper OSL (90 cm)
-400
200
100 l (e) T3 |
1 ! i
0 M M TR | T T B e e oy
i :
-100 ¥
-200
300 —CML (227.5 cm) Shallower OSL (37 cm)
:400 ----- Deeper OSL (86 cm)
400
f) T4
300 l (f) ~ IAM’ | Am
200 -
100 - —Deeper CML (228.5 cm) Shallower CML (86 cm)
0 |
2020 1-Nov 5 0219-Feb 20-May 28-Aug 6-Dec —_— 16-Mar

Figure 3.10. (a) Rainfall and combined meltwater and/or rainwater (MR) and the

pressure head at t

he OSLs and CMLs determined at (b) TO, (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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CML were followed by gentle decreases and the maintenance of wetter
conditions than in the OSL. The shallower depths of T1 were drier for
almost all observation periods.

At T2 (Figure 3.10d), ¥ values in response to rainfall and snowmelt
were higher in the shallower OSL (depth of 36 cm) than in the deeper OSL
(depth of 90 cm). Hence, saturated conditions more often occurred in the
shallower OSL at T2 than in the shallower OSL at T1. The vy values
recorded in the shallower OSL were lower than those recorded in the deeper
OSL, both immediately after rainfall and during snowfall periods. The
shallower OSL tended to respond immediately and to become saturated
faster than the CML. Fluctuations in y in the CML (227.5 cm depth) were
sharper and larger than those at T1. Although T2 was located downslope
from T1, the CML y at T2 more often indicated dryer conditions than at T1.
This tendency was significant during snowfall periods, when y at T2
decreased to approximately —50 cm, compared to approximately —25 cm at
T1. Therefore, the wettest conditions were at the deeper OSL during
snowfall periods but the driest condition were also detected at the deeper
OSL, due to the sharper and larger increases in i in both the shallower
OSL and the CML during snowmelt periods and large rainfall events.

At T3 (Figure 3.10e), gentler increases in ¥ at the CML (227.5 cm
depth) characterized the period from early August 2021 to early September
2021, but each sharp increase and decrease in ¥ was more distinct than in
the CML at TO, T1, and T2. However, during drought and snowfall periods,
the CML was drier at T3 than at the other observation points. In the
shallower OSL, vy increased sharply and became saturated in response to
rainfall and snowmelt water. In the deeper OSL (86 cm depth), conditions
were wetter than at either the shallower OSL or the CML during all
observation periods except the drought period.

At T4 (Figure 3.10f), the recorded ¥ values were in the CML, at
depths of 86 cm and 228.5 cm. Because the groundwater level was several
cm below the surface (see Section 3.3.1.3), both vy indicated perennial
saturation. Larger fluctuations were detected at the deeper than the
shallower CML.
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Table 3.5 shows the number of hours of saturation at TO, T1, T2, and
T3 during the observation periods as well as the number of hours in which
all layers were saturated at the same time. At TO, the OSL and CML were
saturated for 315 and 224 h, respectively, but the two layers were
simultaneously saturated for only 35 h, suggesting that the groundwater
level was often located in the OSLs, above the unsaturated CMLs, when the
OSL was saturated. The wetter condition in the CML at T1 was well
reflected by the large number of saturation hours (3656 h) but all layers
were simultaneously saturated for only 97 h: 42 h during the snowfall and
snowmelt periods and 55 h during other periods. At T2, the deeper OSL
indicated relatively wetter conditions during snowfall periods, but the
number of hours of saturation at the deeper OSL of T2 was the shortest,
given the sharper rise of ¥ in its shallower OSL and CML. Although all
layers were saturated for 1257 h, the majority (1066 h) occurred during the
snowfall and snowmelt periods. A comparison of the time in which all
layers were saturated with the duration of saturation in each layer showed
that in half, the shallower OSL likely formed over the unsaturated zone in
the deeper OSL or CML. At T3, the CML had the fewest saturation hours,
reflecting the distinct, sharp, and instantaneous increases and decreases in
Y. The differences in the number of hours of saturation between the OSL

Table 3.5. Number of hours of saturation of the OSLs and CMLs at TO,
T1, T2, and T3 during the observation periods. The number of hours that
all layers were simultaneously saturated is also shown, distinguishing
between snowfall and snowmelt periods and other periods.

Shallower OSL Deeper OSL CML All layer saturated
Saturated Unsaturated Saturated Unsaturated Saturated Unsaturated Raigf;n Snmm;lielt
periods periods
TO 315 4521 224 5217 27 8
Tl 167 11198 563 13969 3656 12935 55 42
T2 2505 13599 1542 13990 2207 13990 191 1066
T3 2932 13991 3182 13991 379 13991 102 180
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and CML suggested that the groundwater level formed above the
unsaturated CML.

Compared to other observation points, more hours of saturation
occurred at the shallower and deeper OSL in the lower point of the study
catchment and at nearly the same depth. The opposite was determined for
the CML, as more hours of saturation occurred at the higher point of the
catchment. In addition, at T3 the saturated zone in the OSL often formed
above the unsaturated CMLs. Thus, saturation zones formed separately in
the OSLs and CMLs. At T4, due to the sustained saturation of the OSL and
CML, the two saturation zones merged to form a single saturation zone.

3.3.1.2 Direction Analysis of Water Movement

The direction of water movement between the OSLs and CMLs and
in the CMLs was analyzed by calculating the differences in the total head,
H, defined as the sum of i and the elevation head between the deeper
OSLs and CMLs. Figure 3.11 shows the temporal variation in H between
the deeper OSLs and CMLs at T1, T2, and T3, and between the shallower
CML and deeper CML at T4. A positive value indicated upward flow from
the CMLs into the deeper OSLs or from the deeper CML into the shallower
CML, whereas a negative value indicated downward flow from the deeper
OSLs into the CMLs or from the shallower CML to the deeper CML. With
the exception of the upward flow observed instantaneously at T2 on 20
November 2021 (Figure 3.11c), no upward flow was observed. However,
upward flow from the deeper to the shallower CML was observed constantly
at T4. As seen in Figure 3.11, downward flow dominated between the deeper
OSLs and CMLs at T1, T2, and T3, and upward flow in the CML at T4,
where the CMLs were perennially saturated.
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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.

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.
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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)
MBZ2, 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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A groundwater level in the OSL at T2 (Figure 3.12b) was observed
for 696 h during the observation period. In October and December 2021, the
groundwater level occurred at =25 cm and —30 cm (i.e., 25 cm and 30 cm
below the ground surface), respectively. While the saturation times
measured by tensiometers did not necessarily correspond with the
groundwater level, due to the differences in installation depths between the
tensiometers and wells and to observation well plugging, the groundwater
level formation times nonetheless corresponded to the saturation times
measured for the shallower OSL ¥ at T2. During the snowmelt period in
2022, a groundwater level formed at T2, with the maximum level reached at
—15 cm on 22 April 2022. A groundwater level in the well was observed
intermittently during the snowmelt period; it rose and fell daily, with a
maximum difference between of ~2 cm. The daily rise during the snowmelt
period usually occurred between 12:00 and 16:00. Snowmelt water was no
longer supplied after 22 April 2022, according to calculated snowmelt water
volume, and the groundwater level disappeared on 27 April 2022. After the
end of the snowmelt period, a well-developed groundwater level in the OSL
appeared temporarily, on 4 May 2022, in response to rainfall.

A groundwater level in the OSL at T3 (Figure 3.12c) developed for
512 h through the observation period, and thus for fewer hours than the
groundwater level at T2. During the snowmelt period, a groundwater level
formed intermittently from 4 April to 1 May 2022, at a maximum of —10 cm.
Similar to the groundwater level at T2, the groundwater level at T3 formed
intermittently in the well during the snowmelt period and underwent daily
fluctuations. However, in contrast to T2, there was little response of the
groundwater level to rainfall before the snowfall period.

At T4 (Figure 3.12d), a groundwater level was observed perennially
in the OSL, with a minimum during the observation period at —18 cm. The
maximum level was at —2 cm, occurring in early December 2021 and thus
before the snowfall period. During the snowfall period, the groundwater
level decreased slightly and slowly. While the groundwater levels in the
OSLs at T2 and T3 were characterized by daily fluctuations during the
snowmelt period in 2022, there were almost no daily fluctuations in the
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groundwater level at T4. The groundwater level in the OSL at T4 also did
not respond significantly to rainfall from the snowmelt periods in 2021,
which in that year lasted until early October.

In borehole MB1 (Figure 3.12¢), a groundwater level within bedrock
was observed perennially during the observation period. Although the
borehole depth was deep (35 m), the groundwater level showed relatively
rapid and large responses to rainfall and snowmelt water. The maximum
groundwater level throughout the observation period was located at —3.1 m,
occurring in response to snowmelt water on 20 November 2020. Thus, the
groundwater level was higher than the CML depth at MB1, since the
boundary between the CML and bedrock at MB1 was at —4.0 m. Except
during this snowmelt period, the groundwater level never exceeded —5.0 m
and thus never reached the interface between the CML and bedrock. The
minimum groundwater level was at —16.6 m. A groundwater level of—5.5 m
was reached during the snowmelt period in 2021, but it decreased slowly
and gradually after that year’s snowmelt period, finally reaching —16.4 m. A
large, sharp rise of the groundwater level occurred in response to the
rainfall event on October 2021 (4-5 October 2021, total rainfall: 84 mm).
During the subsequent snowfall period in 2021-2022, the groundwater level
dropped again, to —16.0 m. Large, sharp rises of the groundwater level were
likewise recorded during the early snowmelt periods in both 2021 and 2022.
The groundwater level increased stepwise during early snowmelt periods
followed by fine daily fluctuations, with a maximum variation of ~1 m, as
well as relatively large fluctuations, with a maximum variation of ~3 m,
later in the snowmelt period. The bedrock groundwater level, however,
fluctuated without fine fluctuations in response to rainfall.

In Dborehole MB2 (Figure 3.12f), fluctuations of bedrock
groundwater level were smaller and gentler than those in MB1. The
maximum and minimum levels during the observation period were —2.9 m
and —6.7 m, respectively. The boundary between the CML and bedrock at
MB2 was —5.1 m, but the groundwater level was often higher. Although the
borehole depth was as deep as 25 m and the groundwater level in MB2
consistently formed at shallower depths than in MB1, the groundwater level
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in MB2 responded more slowly to rainfall and snowmelt water. Despite a
few temporal and quantitative differences in the groundwater level between
MB1 and MB2, the overall fluctuation characteristics were similar; for
example, the groundwater level in MB2 also decreased slowly and gently
during snowfall periods, with fine daily fluctuations during snowmelt
periods. Figure 3.13 shows the relationships of MB1 and MB2 to bedrock
groundwater levels. The strong correlation between MB1 and MB2
emphasizes the similarity of their fluctuation characteristics. Kosugi et al.
[2011] reported localized bedrock aquifers with completely different
fluctuations in their bedrock groundwater level, whereas, as can be inferred
from Figure 3.13, the two groundwater levels in MB1 and MB2 were not
localized and originated from the same aquifer.
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Figure 3.13. Relationships between MB1 and MB2 and the bedrock groundwater

level.

The rate of specific discharge was calculated semi-perennially, and
the maximum and minimum were determined to be 14.8 mm h™*! and 1.06 x
10~ mm h?%, respectively (Figure 3.12g). Total specific discharge during
the observation periods and hydrological year were 837.6 and 472.3 mm,
respectively. Of the total precipitation in the hydrological year, 24.6% was
discharged from the Kanai catchment. Significant rate fluctuations were
recorded before the snowfall period (from October to December) and during
snowmelt periods. In response to some rainfall events, flash-like increases
and decreases in the discharge rate were triggered; for example, in
September 2021 and May 2022. Outside of these rainfall events, there was
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significant increase in the discharge. The fluctuation characteristics of the
specific discharge were similar to those of the groundwater level at T4
rather than those at T2 and T3 or MB1 and MB2.

3.3.1.4 Lag Time Analysis of Increase of Pressure Head and
Groundwater Level in the CMLs and Bedrock in Response to Rainfall
and Snowmelt Periods

The hydrological observations (Figures 3.10-12) showed the
occurrence of water movement in the CMLs and bedrock despite the
significantly low saturated hydraulic conductivity of the CMLs. Tsukamoto
[1998] reported the characteristics of soil pipes formed in clay layers: pipe
formation by washing with water took longer in clay layers than in sandy
layers, but once the pipes had formed in the clay layers, they were
supported by the hardness of the soil. Indeed, some studies have reported
preferential flow in clay-rich soils [Djodjic et al., 1999; Glaesner et al.,
2011]. In soil pipes formed in clay layers, rainwater can rapidly transit
through them to flow out rapidly, despite the low saturated hydraulic
conductivity of the clay layer matrix [Feyen et al., 1996; Tani, 1997]. Thus,
following rain events in the Kanai catchment, which is overlain by thick
CMLs, the presence or absence of preferential flow should be noted.

The lag time between increases in ¥ and the groundwater level
provides information about the presence or absence of preferential flow,
such as subsurface flow through pipes and its anomalies, especially in the
longitudinal direction. Lin and Zhou [2008] described the occurrence of
subsurface preferential flow, as a faster response of 1, in deeper soil than
in shallower soil. In this study, the route and form of water movement were
assessed by determining the lag time following rainfall events in each layer,
and in particular the lag time between the increase in Y and that in the
groundwater level at OSLs, CMLs, and bedrock. Specifically, the lag times
of ¥ in the OSLs and CMLs at T1, T2, T3, and T4, and the groundwater
level in OSL at T4 and boreholes MB1 and MB2 were investigated. The lag
time between the start of iy and the rise in groundwater level was defined
as: the time until arise in ¥ > 1 cm compared to ¥ 1 h before the start of
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the rainfall event (hereafter, initial ), the time until a >0.5 cm rise in the
OSL groundwater level compared to the OSL groundwater level 1 h before
the start of the rainfall event (hereafter, initial level), and the time until a
rise in the bedrock groundwater level > 10 cm from the initial level of
bedrock groundwater. Rainfall events in which the strongest intensities
were <2.0 mm h™* and the total rainfall was <5.0 mm were excluded because
the fluctuations in ¥ and groundwater level were too small to allow an
assessment of the lag times. Ten min interval datasets were used for the lag
time analysis. Preferential flow was assumed to have occurred if the CML
Y or bedrock groundwater level responded to rainfall events > 10 min
before both i and the groundwater level in the OSL responded.

During snowmelt periods, the lag time between when snowmelt
water penetrates the snowpack and reaches the ground surface is difficult to
determine. Indeed, two studies of rain-on-snow events showed that
rainwater penetrates snowpack so quickly that rainwater flows laterally in
snowpack [Whitaker and Sugiyama, 2005; Ishii, 2012]. MR, used to
calculate snowmelt water volume in this study, is suitable for rough
estimates of daily snowmelt water volume but provides little information on
when the snowmelt water was supplied to the ground surface. Therefore,
based on the presence or absence of MR, the two main snowmelt periods
were divided into several snowmelt events. A snowmelt event was defined
as the period from the day when the value of MR was positive to the day
when it was 0. Assuming that the peak time for snowmelt is 14:00, we
investigated the lag time in the rise of ¥ and the groundwater level at
13:00 on the day when the snowmelt event began. The definitions of a rise
in Y and in the groundwater level and the occurrence of preferential flow
were the same as for rainfall events.

Table 3.4b shows the snowmelt events and their total rate of
snowmelt water. Table 3.6 shows the number of times the CML responded
faster than OSL, and includes the number of total events as well as the
geometric mean of the lag time for rainfall events and snowmelt events. The
arithmetic means of the initial ¥ and groundwater level and the peak
and groundwater level in each event are also shown in Table 3.6.
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Table 3.6. Number of times the CML responded faster than the OSL, the

number of total events, and the geometric mean lag time during (a) rainfall

events and (b) snowmelt events. Arithmetic means of the initial 1 and level

and of the peak 3 and groundwater level for each event are also shown.

T1 (MB1) T2 (MB2) T3 T4
Lag time Initial Peak Lag time Initial Peak Lag time Initial Peak Lag time Initial Peak
Am‘v (minute) Y (em) or (cm) or (minute) | 1 (cm) or (cm) or (minute) P (em) (cm) (minute) Y (em) or (cm) or
level (m) | level (m) level (m) | level (m) level (cm) | level (cm)
Shallower OSL 2254 517 2.4 130.4 -66.7 12.8 103.8 -13.2 19.3 192.3 -10.9 9.3
Deeper OSL 2349 -20.9 3.8 245.7 -27.6 3.8 1413 -19.0 11.4
Shallower CML 796.8 55.1 583
Deeper CML 435.8 -10.9 13.6 146.2 -22.9 19.1 244.9 -40.7 1.2 340.4 259.2 269.2
Bedrock 1523.4 -12.7 9.5 1988.2 5.2 3.1
Groundwater
Faster response/ 2/18 11/21 2/21 6/19
Total events
T1 (MB1) T2 (MB2) T3 T4
Aﬁuv Lag time Initial Peak 1 Lag time Initial Peak 1 Lag time Initial Peak Lag time Initial Peak
(minute) | i) (cm) or (cm) or (minute) | 1) (cm) or (cm) or (minute) Y (cm) (cm) (minute) | 1) (cm) or (cm) or
level (m) | level (m) level (m) | level (m) level (cm) | level (em)
Shallower OSL 134.8 314 -11.0 65.0 2.7 238 117.2 9.2 17.5 627.8 -7.5 5.1
Deeper OSL 238.7 -8.2 1.7 1384 -4.1 20.2 187.5 1.2 17.9
Shallower CML 1280.9 54.7 58.7
Deeper CML 3242 1.4 275 125.8 1.8 100.3 805.9 -26.6 46.5 461.6 269.5 2934
Bedrock Groundwater 581.3 -10.3 -7.0 542.5 4.6 3.5
Faster response/ Total 3/12 4/12 1/12 4/12
events
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At T1 and T3, there were fewer faster responses in the y of the CML and
little difference in the number of rainfall vs. snowmelt events. The average
lag time at T1 and T3 also showed the order of ¥ and groundwater level
responses, with the shortest lag time at the shallower OSL and the longest at
bedrock, indicating a nonsignificant contribution of preferential flow to
rainwater infiltration. During rainfall events and to some extent snowmelt
events, CML vy responded faster than OSL i more often at T2 than at the
other observation points. In Kanai catchment, vertical pipes and anomalies
could not be ruled out during excavation of the trench adjacent to T2. Thus,
it is possible that pipes and anomalies account for the rapid response in the
CML at T2, similar to the pipes and anomalies formed in clay layers as
described in previous studies [e.g., Redding and Devito, 2010; Du et al.,
2016]. Almost all faster responses of the CML at T1, T2, and T3 occurred
under conditions in which all layers were unsaturated. This was also
evidenced by the relatively large negative values (less than —10 cm) of the
average initial ¥ in the OSLs and CML. Rapid responses in unsaturated
OSLs and CMLs in Kanai catchment are unlikely without preferential flow,
due to the significantly low unsaturated hydraulic conductivities (¢ less
than —10 cm) (Figure 3.7b). In addition, when faster responses in the CML
were observed at T2, there was only one event (snowmelt event 1) in which
the CML at T1 responded even faster. Therefore, the rapid responses of the
CML at T2 can be attributed to vertical preferential flow through pipes and
anomalies rather than to groundwater flow from T1. However, during
rainfall events, the bedrock groundwater response was faster at MB1 than at
MB2, although there was little preferential flow at T1, adjacent to MBL1.
Moreover, at MB2, bedrock groundwater responded more quickly to
snowmelt events than to rainfall events, while the occurrence of preferential
flow decreased significantly at T2 during snowmelt events. Taken together,
these results suggest that preferential flow contributed to the development
of a saturated zone in the CML of T2 but its contribution to increasing the
bedrock groundwater level was small.

At T4, the significantly slower increase in iy at the shallower CML
revealed faster increases in i in the deeper CML. These rapid responses of

73



Chapter 3  Effects of Clay Layers on Hydrological Processes in a Permeable Bedrock Catchment

the deeper CML could be attributed to vertical preferential flow from the
OSL to the deeper CML, bypassing the shallower CML. However, because
all layers were perennially saturated at T4 (Figures 3.10 and 3.12), the
water supply from the OSL to the deeper CML through pipes and anomalies
was always accompanied by a rise in the OSL groundwater level. Moreover,
if the OSL and deeper CML are connected by pipes and anomalies, any
increase in ¥ or the groundwater level in one should be promptly
transmitted to the other. However, as the average lag time between the OSL
and the deeper CML was at least 60 min, the rapid increase in the deeper
CML 3 was more likely due to lateral subsurface flow in the deeper CML
and to bedrock groundwater exfiltration into the deeper CML rather than to
vertical preferential flow through pipes and anomalies. While a single
groundwater zone was probable at T4, two different sources of water
movement seemed to occur at this site, via the OSL and the CML.

3.3.1.5 Contribution of Extent of Saturated Zone in the OSLs and CMLs
to Specific Discharge of Spring

In Kanai catchment, two separated but occasionally connected
saturated zones were determined, in the OSLs and CMLs (Figure 3.10 and
Table 3.5). The importance of the extent of the saturated zone on stream
discharge is well documented [e.g., McNamara et al., 2005;
Martinez-Carreras et al., 2016]. We therefore investigated how the extent
of these two saturated zone affected the increase in the rate of specific
discharge of the spring.

Figure 3.14 shows the relationship between the OSL groundwater
and the specific discharge of the spring. Three conditions could be
distinguished according to the extent of the saturated zones in the OSLs and
CMLs at T2 and T3. In the first, only the shallower OSLs, not the CMLs,
were saturated. Thus, the saturated zone in the OSLs extended above the
unsaturated CMLs. In the second, only the CMLs were saturated, not the
shallower OSLs. Thus, the saturated zone in the CMLs extended from T2 to
T4 but that in the OSLs did not extend to T2. In the third, both the OSLs and
CMLs were saturated. The number of hours of saturation under the first,
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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 OSL 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.

14

s Saturated zone extent in OSL and CML N
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Saturated zone extent in CML . 10 E
Saturated zone extent in OSL e g &
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Groundwater level in OSL at T4 (cm)
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.

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
(AI**, Ba®*, Ca®*, K*, Li*, Mg?*, 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.
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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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The solutes in Kanai catchment could be grouped according to two
patterns. The concentrations in the first group (AI®*, Ba®**, 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®*, Mg**, 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®* and
Mg®* 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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3.3.3 Results of Thermal Observations
3.3.3.1 Soil Temperature at Point E

Groundwater and soil temperature can provide insights into the
sources of groundwater and spring water. Figure 3.16 shows the air and soil
temperatures measured at Point E. In Kanai catchment during snowfall
periods, however, the soil temperature was not influenced by the air
temperature, since during snowfall and snowmelt periods the ground surface
is covered with snowpack. The minimum soil temperature throughout the
observation periods was —0.2°C, measured at a depth of =10 cm on April
2021, when snowmelt began and the snowpack decreased slightly despite
minimum annual air temperatures below —30.7°C. The snowpack insulation
influenced the temperature at =200 cm, the deepest thermal measurement in
this study, at the outset of the snowfall period in 2020-2021. Although
insulation by the snowpack was confirmed at all measurement depths, the
soil temperature measured at Point E underwent sinusoidal seasonal
variations, except during snowfall and snowmelt periods. The amplitude and
phase of the temperature at each depth were damped and delayed as the
measurement depth increased. The soil temperature at —200 cm exhibited
the smallest variation, ranging from 2.7°C to 10.4°C, although there were

many missing measurements due to equipment failure (Figure 3.16e).
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Figure 3.16. Variation in (a) air temperature and soil temperature measured at
Point E. The sinusoidal curve fitted to the observed temperature is also shown.
The temperature at (b—e) is shown for the main snowfall and snowmelt periods

and rainfall periods.
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3.3.3.2 Temperature in OSL Wells at T2—T4, Boreholes in MB1 and MB2,
and Spring Water

Figure 3.17 shows the groundwater level and temperature in the OSL
wells at T2—T4 and at boreholes MB1 and MB2.

At T2 (Figure 3.17c), the recorded temperature during the snowfall
period in 2021-2022 was ~2°C, because snowpack on the ground surface
insulated and stabilized the temperature, although the minimum air
temperature during this period was —30°C. When the snowmelt period began
and a groundwater level formed in the OSL well at T2, the recorded
temperature in the well decreased gradually after 27 March 2022. The
temperature in the OSL reached its lowest value, 0.3°C, on 10 April 2022,
when 24.7 mm day ' of snowmelt water was being supplied to Kanai
catchment, based on the calculated snowmelt water volume. As the air
temperature increased, so did the recorded temperature in the OSL well.

At T3 (Figure 3.17d), the recorded temperature in the OSL well
dropped in response to the formation of a groundwater level, similar to the
temperature dynamics at T2. Formation of a groundwater level and a decline
in temperature began on 10 April 2022. The minimum value of 0.1°C was
recorded on 22 April 2022, when the volume of daily snowmelt water was
7.0 mm. After formation of a groundwater level had ceased, the temperature
in the OSL well at T3 gradually increased.

At T4 (Figure 3.17e), the temperature in the OSL showed seasonal
variation, with highest and lowest values of 8.1° C and 4.1°C, respectively.
The maximum temperature was recorded on 7 August 2021, a week after the
peak in seasonal air temperature dynamics at Kanai catchment. During
snowfall periods, the temperature was stable (5.0-6.0°C) and remained
higher than at T2 and T3. Notably, while the temperature in the OSL wells
at T2 and T3 decreased at the same time as the formation of a groundwater
level, the temperature in the OSL at T4 increased as the groundwater level
rose. The maximum temperature during the snowmelt period in 2022 was
6.0°C, recorded on 14 April 2022. Throughout the observation periods, the
temperature at T4 showed little seasonal variation with less variation than
the air temperature.
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Figure 3.17. (a) Rainfall and MR, (b) air temperature, the OSL groundwater
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and rainfall periods.
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At MB1 and MB2 (Figure 3.17f,g), the temperature in each borehole
during the snowfall period of 2020-2021 dropped to 4.5°C and 3.5°C and
then stabilized, with little variation during the observation period despite
the increase in the bedrock groundwater level. The higher temperatures at
MB1 and MB2, which occurred immediately after the observation began,
reflected the drilling of the boreholes, which was conducted just prior to the
observation period. Except for these higher temperatures, the temperature
variation at MB1 and MB2 ranged from 3.5°C to 3.1°C and from 4.5°C to
4.3°C, respectively.

The temperature of the spring water was influenced by the air
temperature because the weir collecting the spring water was exposed to the
open air, except during snowfall periods (Figure 3.17g), when the
temperature dropped to ~4°C. However, with the start of the snowmelt
period, the temperature suddenly began to rise, eventually reaching 6°C.
Throughout the observation period, spring water temperature ranged from
2.4°C to 12.6°C. Although the variation in temperature of spring water was
slightly higher than that in the OSL well at T4 throughout the observation
period, the temperature fluctuation patterns were similar.

In summary, the variation in temperature in OSL wells and boreholes
can be described as follows: a rapid decrease during snowmelt periods, as
observed in the OSL wells at T2 and T3; a smaller seasonal variations than
that of the air temperature and increases during snowmelt periods, as
observed in the OSL well at T4 and the weir; and no temperature variation,
as observed at boreholes MB1 and MB2.

3.3.3.3 Application of Thermal Conduction Theory to Observed
Temperature

The soil temperature at Point T showed nearly sinusoidal variation
across the measurement depths, except during snowfall and snowmelt
periods (Figure 3.16). When water movement does not affect the thermal
response and the thermal diffusivity of the soil is vertically homogeneous,
thermal diffusion can be described by Equation. 3.1:
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dT(z,t) ” 02T (z,t)
at 922
where t is the time, z is the depth (positive upward), T(zt) is the

(3-1)

temperature, and x is the soil thermal diffusivity, defined as the thermal
conductivity. If the amplitude of the annual thermal variation at the soil
surface (z = 0) is represented by A,, the amplitude of the annual soil
temperature variation at depth z, A(z), can be expressed as shown in
Equation. 3.2:

A(z) = Ay exp (Z\/%) (3-2)

where t is the period of one cycle (1 year) [Jury et al., 1991], indicating
that depth A(z) decreases exponentially with increasing depth. The
amplitude at each measurement depth at Point E was determined by fitting a
sinusoidal curve to the observed temperature variation outside the snowfall
and snowmelt periods (Figure 3.16). Figure 3.18 shows the relationship
between the amplitude of the thermal responses and the measurement depth.
The amplitude decreased exponentially with increasing depth. In addition,
the value of k at Point E, calculated from the slope of the regression line in
Figure 3.18, was obtained (k = 4.2 x 10-3 cm? s ') and was similar to that
determined in previous studies, ranging from 2.5 x 107% to 6.0 x 102 cm?
s ! [Tani et al., 1979]. These results suggest that the thermal responses at
Point E were hardly influenced by water movement outside the snowfall and

snowmelt periods.
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Figure 3.18. Relationship between In A and depth z.
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Figure 3.19 shows the sinusoidal curve fitted to the observed
temperature at depths of =30 and —200 cm at Point E, and the temperature in
the OSL well at T4. In terms of an increasing peak in temperature variation,
the peak at =200 cm was significantly delayed, while the increasing peaks at
—30 cm and the OSL well occurred around the same time, presumably
because the depth of the OSL well at T4 was also —30 cm. However, the
amplitude of the temperature variation in the OSL well was obviously
smaller than that at —30 or —200 cm. The temperature at the bottom of the
OSL well at T4 was also fitted to the sinusoidal curve using the method
described above. The relationship between the amplitude of the thermal
responses at the OSL well at T4 and the measurement depth is plotted in
Figure 3.18. The amplitude at T4 was significantly different from that at
—200 cm, which was the smallest amplitude determined in this study. Based
on the regression line in Figure 3.18, the amplitude of the variation in
temperature becomes progressively smaller with increasing depth, if the soil
temperature changes without the influence of advection due to water
movement. The smaller amplitude in the OSL well was disproportionate to
the depth of the well and cannot be explained by the thermal conduction
equation. These results suggest that the groundwater in the OSL well at T4
were not derived from groundwater flow through the OSLs.
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Figure 3.19. Variation in soil temperature fitted with sinusoidal curves at Point E
at =30 and —200 cm, and in the OSL groundwater temperature at T4. Variation in
temperature of the OSL groundwater is shown for the main snowfall and
snowmelt periods and rainfall periods. The black dashed line is the sinusoidal

curve fitted to the OSL groundwater temperature at T4.
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3.4. Discussion
3.4.1 Hydrological Processes in Study Catchment

Figure 3.20 schematically depicts the hydrological processes in
Kanai catchment, based on the results and discussion above. During rainfall
and snowmelt periods, rainwater and snowmelt water infiltrated the OSLs.
The OSLs were more likely to become saturated than the CMLs at a depth of
230 cm below the surface, except at T1 (Figure 3.10 and Table 3.5). Some
water infiltrating the OSLs percolated to the CMLs as preferential flows
through pipes and anomalies (Table 3.6), but without a noticeable effect on
increases in bedrock groundwater. Instead, vertical unsaturated or saturated
flow through the CML matrix likely contributed more to the increase in
bedrock groundwater level in Kanai catchments. Although the saturated
zones that formed in the OSLs and CMLs, sometimes combined, they were
usually not connected, especially at T3. Saturated zones tended to form in
the OSLs above unsaturated CMLs, but the extent of the saturated zones in
the CMLs contributed more to the OSL groundwater at T4 and the spring
than did saturated zones of the OSLs (Figure 3.14). These results imply that
CMLs act as impeding layers and stimulate water movement within OSLs
and that CMLs are an important source of OSL groundwater and spring
water.

These inferences are supported by chemical and thermal analyses.
Chemical analyses of the groundwater in the OSL at T4 and in spring water
showed that the solute concentrations were between those of CML water and
the bedrock groundwater in borehole MB1 or MB2 rather than similar to
those of the water flowing through the OSLs (Figure 3.15). The chemical
analyses indicated only a small contribution of the OSL water at T2 to the
OSL groundwater at T4 and to the spring water, but the sources of the OSL
groundwater and spring were not determined.

Based on the thermal analyses, the temperature amplitude of the
OSL groundwater at T4 was smaller than that of the soil at =30 and —200 cm
(Figure 3.19). In addition, during snowmelt periods, the temperature of the
groundwater in the OSL wells at T2 and T3 decreased when groundwater
levels were observed in the OSL wells. While the OSL groundwater
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Figure 3.20. Schematic diagram of the hydrological processes at Kanai

catchments.

temperature at T2 and T3 fell to nearly 0°C, the temperature of the OSL
groundwater at T4 and of the spring water rose as both the groundwater
level and the discharge rate increased (Figure 3.17). These results indicate
that the formation of both groundwater at the OSL and spring water requires
groundwater stored deeper than —200 cm. Because the variation in
temperature of the OSL groundwater and spring water significantly differed
from that of bedrock groundwater in MB1 and MB2, the OSL groundwater
at T4 and the spring water could be attributed to CML water. Presumably,
CML water drained to the OSL at T4 via the CML matrix or as preferential
flow via the connection of the OSL with the CML through pipes, as inferred
from a lag time analysis at T2.

3.4.2 Effects of CMLs on Hydrological Processes in the Study
Catchment
3.4.2.1 Effects of CMLs on Bedrock Infiltration

As noted in Section 3.3.1.3, ~25% of total precipitation in the
hydrological year was collected at the weir installed at Kanai catchment.
Because this weir only collected the water that flowed on the CML surface,
the remaining ~75% of total precipitation infiltrated the CMLs. Ishii et al.
[2004] noted that the rate of annual evapotranspiration during 1988-1998
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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 infiltrate 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 the rate
of bedrock infiltration [e.g., Bockgard and Niemi, 2004; Rodhe and
Bockgard, 2006]. Bockgard 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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of the saturated zone above bedrock for bedrock infiltration, based on
hydrological observations and modeling. They demonstrated that, in highly
weathered bedrock, where water flow through matrix is more important than
flow through cracks, an increase in the bedrock infiltration rate can be
expected when the saturated zone is sustained at a high level for a long time.
Langston et al. [2015] examined water flow through cracks in bedrock as
determined from hydrological observations and numerical simulations.
They showed that the formation of a saturated zone in soil layers above
bedrock increased the rate of bedrock infiltration through bedrock cracks.
The presence of a saturated zone above bedrock for longer periods and at
higher water tables is important in increasing the infiltration of bedrock
through its matrixes and cracks. Figure 3.21 shows the relationship between
the rise in bedrock groundwater levels at MB1 and MB2 and the durations
of saturation (i.e., all tensiometers indicated positive values) in both the
OSL and CML at T1 and T2 during each rainfall and snowmelt event. The
longer the saturated zone exists in the OSLs and CMLs, the greater the
amount of bedrock infiltration. These results provide further evidence of the
importance of saturated zone duration to bedrock infiltration in Kanai
catchment.

These findings together imply that the relatively large fluctuation in
the groundwater level in the bedrock at Kanai catchment, which is covered
by CMLs with low permeability, can be attributed to the durability of the
saturated zone and the high groundwater level in the OSLs and CMLs. In
Kanai catchment, half of the annual precipitation infiltrated was stored in
the CMLs without subsequent discharge, which likely facilitated the
formation of a saturated zone above bedrock. In addition, the deepest depth
at which y was measured in this study was 228.5 cm (at T4), which was >2
m shallower than the soil thickness in Kanai catchment. The longest
saturation period in the CMLs was 3656 h (at T1), but a saturated zone of
even longer duration may have formed just above the boundary between the
CMLs and bedrock, because water movement in the CMLs was slow due to
low hydraulic conductivities in saturated systems. Moreover, the
significantly high groundwater level above bedrock, which may have
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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.

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.
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3.4.2.2 Effects of CMLs on Exfiltration of Bedrock Groundwater

Bedrock groundwater contributes to the groundwater formed in soil
layers and stream water, due to direct exfiltration through cracks or pipes
into high-permeability soil layers and stream channels [e.g., Miyata et al.,
2003; Gabrielli et al., 2012]. This effect is more pronounced during
baseflow periods. In Kanai catchment, the groundwater level at borehole
MB2 rose above the interface between the CMLs and bedrock during large
rainfall events and snowmelt periods. The altitude of the minimum
groundwater level at MB2 was 456 m. Thus, bedrock groundwater in MB2
had enough total potential to flow toward T4 (altitude of 440 m), but direct
exfiltration to the OSL at T4 was hindered by the differences in the thermal
dynamics of bedrock groundwater vs. OSL groundwater at T4. Indeed,
previous studies have shown that, when bedrock groundwater exfiltrating
into soil layers forms a groundwater zone in soil layers, the changes in
temperature in the groundwater in soil layers are similar to those in bedrock
groundwater [Katsura et al., 2008].

However, upward flow occurred constantly in the CML within the
groundwater zone at T4 (Figure 3.11), which indicated that the pressure on
the deeper CML was strong enough to turn the flow direction upward.
Possible sources of this strong pressure in the deeper CML were
groundwater flow through the deeper CML and bedrock exfiltration into the
CML. In previous studies, bedrock exfiltration occurred as saturated upward
flux in association with the local exfiltration of bedrock groundwater into
soil layers through fissures and cracks in the bedrock [e.g., Montgomery et
al., 1997; Masaoka et al., 2016]. To detect the causes of the upward flow,
the lag times of the increasing peak of the deeper CML 3 at T4 and the
bedrock groundwater level in MB2 during rainfall and snowfall events were
investigated. Figure 3.22 shows the relationship of the lag time from the
time of event initiation to the peak of the deeper y and bedrock
groundwater level in MB2 during the events. When the bedrock
groundwater level did not exceed the boundary, the deeper CML 3 peaked
faster than the bedrock groundwater level. In Kanai catchment, the
initiation of a rise in the bedrock groundwater level in response to rainwater
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level below and above the boundary between the CML and bedrock.

and meltwater was slower than the rise in CML v, because the depth of
bedrock groundwater formation at MB2 was deeper than the depth of the
deeper CML at T4. Therefore, the difference in the start time of the rise in
the CML i at T4 and the groundwater level at MB2 was directly reflected
by the order of their peak appearances. When the bedrock groundwater level
exceeded the boundary, it tended to peak faster. This suggests that the
delayed peak in the deeper CML reflects propagation of the peak in the
bedrock groundwater level at MB2. Bedrock groundwater in Kanai
catchment did not exfiltrate into the OSLs, due to the low permeability of
the CMLs, but it likely came in contact with CML groundwater and thus
caused a pressure buildup in the deeper CMLs. Interference with bedrock
exfiltration by clayey soil layers was reported by Bronnimann et al. [2013].
They also found that an increase in water pressure at the soil-bedrock
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interface reduces the stability of soil layers, triggering the occurrence of
shallow landslides. Because iy at the boundary between CMLs and bedrock
was not measured in this study, the boundary pressure was unknown.
However, many landslides occur around the study area [Kobayashi et al.,
2020], which can perhaps be explained, at least in part, by the pressure
increase resulting from the disturbance of bedrock groundwater exfiltration.
The flow direction of disturbed bedrock groundwater in Kanai catchment is
unclear. While the ratio of discharge to annual precipitation at Kanai
catchment is approximately 25%, Ishii et al. [2004], in their study of
Moshiri Experimental Watershed, reported a ratio of discharge to total
precipitation of 80%. This difference indicates that water infiltrating the
CML and bedrock in Kanai catchment eventually discharges in the Moshiri
Experimental Watershed. Compared to the Kanai catchment, the Moshiri
Experimental Watershed has a larger area, deeper and larger valleys, and
exposed rock, all of which may allow bedrock groundwater to discharge
directly into stream channels through fractures, without inhibition by the
CMLs.

In this study, chemical analyses did not allow identification of the
source of the OSL groundwater at T4 and the spring, because the water
quality of the bedrock groundwater in MB2 was similar to that of the CML
water, despite the supposedly strong influence of bedrock weathering. As
noted in Section 3.3.2, the water quality of the bedrock groundwater at MB1
was consistent with inputs from bedrock weathering, while at MB2 those
inputs were diluted. Previous studies have described the dilution system of
bedrock groundwater [e.g., lwagami et al., 2010: Iwasaki et al., 2015].
Iwagami et al. [2010] reported that a chemical mixture of soil layers and
bedrock groundwater occurred when the bedrock groundwater level rose
above the boundary between the soil layers and bedrock. lwasaki et al.
[2015] showed that the exfiltration of deeper bedrock groundwater, whose
quality was strongly influenced by bedrock weathering, was not observed in
a zero-order catchment, but was present in a larger-order catchment. They
attributed this variation to the buffering and dilution of bedrock
groundwater exfiltrating into riparian zones. In Kanai catchment, the
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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. Exfiltration 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 groundwater 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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boundary between CMLs and bedrock. In addition, a dilution of bedrock
groundwater quality may occur even in bedrock, depending on the height of
the bedrock groundwater level. Hydrologists should be aware of this local
dilution when conducting component separation based on bedrock
groundwater quality in catchments where bedrock is overlain by thick
CMLs or bedrock groundwater is in prolonged contact with the saturated
zone in soil layers above bedrock. Detailed studies of the boundary between
CMLs and bedrock are needed to evaluate the pressure intensity due to flow
inhibition.
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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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soil thickness of OSLs (maximum, 50 cm).

4. During dry periods, the electrical conductivity of groundwater
within OSLs ranged from 175 to 279 puS cm ', approaching the
electrical conductivity of groundwater within CMLs, which
ranged from 221 to 426 pS cm .

5. Upward flux from CMLs to OSLs frequently occurred for long
intervals during dry periods, whereas downward flux from OSLs
to CMLs mainly occurred during wet periods.

6. The rate of upward flux was sufficiently large to cultivate
groundwater flux in the OSLs during dry periods, despite the
effect of transpiration rate.

Based on these results, the following effects of CMLs on
hydrological processes in the study catchment can be inferred. During
rainfall, downward flow from OSLs to CMLs recharged the CML
groundwater; during dry periods, water supplied from CMLs to OSLs as
unsaturated upward flow accumulated in downslope hollows, which
sustained groundwater zones in the OSLs during dry periods. Frequent
long-term occurrence of upward flow may be attributed to differences in the
hydraulic properties of OSLs and CMLs. This effect prevented OSLs in the
hollows from drying, presumably causing volumetric and chemical changes
in groundwater and streamflow.

4.3. Effects of Thick Clay Layers on Hydrological Processes in a
Headwater Catchment Underlain by Permeable Bedrock

In Chapter 3, we described detailed hydrological, hydrochemical,
and hydrothermal observations in a headwater catchment underlain by
permeable tuff breccia bedrock (Kanai catchment), with a focus on
quantitative and qualitative changes in water stored in OSLs, CMLs, and
bedrock. Semi-perennial springs flowing over the CMLs were observed at
the catchment outlet. The Kanai catchment had thick, highly permeable
OSLs (~1 m), thick CMLs (4-5 m) with extremely low permeability, and
bedrock with greater permeability than CMLs in previous studies. The
results of these analyses can be summarized as follows:
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In the Kanai catchment, three distinct groundwater zones that
fluctuated in response to rainfall or snowmelt were observed in
OSLs, CMLs, and bedrock.

Preferential flow such as bypass or pipe flow was not
predominant, but vertical downward infiltration from OSLs to
CMLs and from CMLs to bedrock was almost continually
observed.

Upward flow (as described in Chapter 2) was not observed,
whereas saturated upward flow was measured in the CML
groundwater zone near the catchment outlet.

Bedrock groundwater collected from a downslope borehole had a
lower concentration of ions derived from bedrock weathering,
compared with bedrock groundwater collected from upslope
boreholes.

CML groundwater contributed to the OSL groundwater zone near
the catchment outlet and to spring water, whereas OSL
groundwater upslope of the Kanai catchment and bedrock
groundwater did not.

Bedrock groundwater contributed minimally to the OSL
groundwater zone and spring water, although bedrock
groundwater levels often reached and exceeded the CML-
bedrock boundary downslope of the catchment.

Bedrock groundwater levels tended to peak faster than the
pressure head in CMLs at the outlet when the bedrock
groundwater level exceeded the boundary, although the increase
in bedrock groundwater level was initiated later than the
increase in the CML.

Based on these results, although CMLs functioned as impeding

layers, rainwater and snowmelt also infiltrated into CMLs and bedrock.

Additionally, CMLs inhibited bedrock groundwater exfiltration and stored

water, which strongly contributed to OSL groundwater and streamflow at

the catchment outlet. This study speculates that this inhibitory effect of

induced upward flow in the CMLs, which diluted bedrock
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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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Figure 4.1. Effects of clay mineral layers incorporated into two
conventional conceptual models: a headwater catchment underlain by
impermeable bedrock (a) during and (b) after rainfall (dry periods), and
a headwater catchment underlain by permeable bedrock (c) during and
(d) after rainfall.

groundwater exfiltration in the permeable bedrock catchment. Bedrock
permeability is regarded as the primary cause of these differences. CML
saturated hydraulic conductivity measurements were higher in the
headwater catchment underlain by serpentinite bedrock than in the
headwater catchment underlain by tuff breccia bedrock (Tables 2.1 and 3.2).
However, groundwater levels and pressure head observed in the CMLs
tended to be higher in the serpentinite catchment than in the tuff breccia
catchment, even after the catchment had dried up. For example, in the
serpentinite catchment, when pressure head in the OSLs (depth, 30 cm) was

approximately —150 cm, pressure head in the CMLs (depth, 50 cm) was
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approximately —20 cm (Figure 2.5). In contrast, in the tuff breccia
catchment, when pressure head in the OSLs (depth, ~35 cm) was
approximately —150 cm, pressure head in the CMLs (depth, 227 cm) was
lower, ranging approximately from —76 to —20 cm (Figure 3.10d, e).
Considering the large influence of gravity on groundwater flow, water
stored in CMLs was assumed to have vertically percolated to bedrock in the
tuff breccia catchment. In contrast, in the serpentinite catchment, water
stored in CMLs exhibited minimal vertical percolation because of
impermeable bedrock; it remained within the CMLs for a longer period.
Moreover, the thinner OSLs in the serpentinite catchment led to faster
drying of the OSLs, resulting in a pressure head gap between OSLs and
CMLs. Therefore, unsaturated upward flow was more likely to occur in the
serpentinite catchment. No such gap occurred in the tuff breccia catchment
because CMLs were likely to dry up as a result of bedrock percolation.
Instead, the low permeability of these CMLs prevented bedrock
groundwater exfiltration.

These results indicate the effects and importance of CMLs on
hydrological processes in headwater catchments underlain by impermeable
and permeable bedrock based on hydrological, hydrochemical, and
hydrothermal observations. It is clear that CMLs function as impeding
layers; however, water can also penetrate into CMLs and then interact with
both OSLs 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. Thus, our findings emphasized the
importance of detailed observations in OSLs, CMLs, and bedrock to
improve the methods used in this study, as well as the broader
understanding of hydrological processes in headwater catchments with
CMLs. In future research, detailed observations of other catchments
underlain by other bedrock types with thick CMLs (e.g., slate and mudstone
catchments) are needed to determine the generalizability of the observed
effects. Additionally, the hydrological processes identified in this study may
affect the quantity and quality of stream water, as well as the occurrence of
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sediment disasters such as landslides, such that these aspects of headwater
catchment hydrology should be further investigated.
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