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Abstract

Seasonal variation of water temperature, electric conductivity, and oxygen isotope composition was
determined in the Sho River alluvial fan, western Toyama Prefecture, to examine groundwater heat
utilization for indoor climate control. Samples were collected at 31 sites every 2 months for 1 year and at
11 representative sites monthly. The groundwater sources are a mixture of river water and precipitation.
The contribution of precipitation to groundwater is generally small along the Sho River but reaches as
much as 80% along the Oyabe River and in the south and west of the alluvial fan. Though the origin of
the groundwater differs regionally, water temperature is fixed at about 15°C throughout the year in the
northern part of the alluvial fan, and open ground source heat pump systems can be used for cooling and
heating there.

1. Introduction

In Toyama Prefecture, Japan, a large amount (1 million tons/year) of groundwater flows from the
mountains (~ 3,000 m in altitude) to the Sea of Japan within 100 km (Toyama Prefecture, 2006). Most
rivers in Toyama Prefecture have the highest hydraulic gradient in Japan. Because the water temperature
of shallow groundwater in Toyama is approximately 15°C throughout the year (Toyama Prefecture, 2006),
groundwater can be used as a heat source for indoor climate control of houses and industry, using the
temperature difference between air and groundwater. Geothermal heat pumps (ground source heat-pump
systems [GSHP)) effectively use groundwater as a source for indoor climate control and melting snow on
roads. In summer, groundwater that is cooler than the atmospheric temperature can be used to cool
houses. In contrast, groundwater is warmer than the atmospheric temperature in winter. In this system,
the water temperature, quality, and mode of water movement are important parameters for groundwater
use. A constant groundwater supply is required for long-term use of a GSHP device. The quality of
groundwater is also important to maintain high heat exchange efficiency during operation. Geothermal
heat pumps are generally divided into two types: open and closed. In the closed type, a heat exchange
facility is installed by drilling a well, and underground heat is recovered by passing heat-containing fluid
through a U-shaped pipe. For the open type, groundwater is pumped from the ground and used directly.
Therefore, this second type can be used only where there is groundwater. Water quality is changed by the
return of groundwater to the ground, and the problem of chemical precipitation (scale) in the heat
exchanger must be considered. However, the open type has the advantages of more efficient recovery of
geothermal heat and lower initial costs (e.g., Andritsos and Karabelas 2003; Lei et al. 2011; Wang et al.
2012).

There are many studies of water movement in alluvial fans (e.g., Mizutani and Oda, 1983; Li et al., 2008;
Hidalgo and Cruz-Sanjulian, 2001; Mizutani et al., 2001; Chkirbene et al., 2009; Yuan et al.,, 2011;
Vanderzalm et al., 2011; Tsuchihara et al., 2011). Recently, several reports have been published on the
chemical characteristics of groundwater in Japan for the purpose of using groundwater heat (Takizawa
2011; loka et al. 2013; Iwatake et al. 2013; Yamada and Ueda 2018; Mori et al., 2020; Okano et al., 2020;
Matsuura et al., 2021). There also has been research on the environmental influence on water quality and
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water temperature changes of reinjected groundwater after heat extraction (e.g., Hartog et al. 2013; Saito
and Komatsu 2014, Park et al 2015; Garcia-Gil et al. 2016; Gjengedal et al. 2019; Pophillat et al. 2020;
Pratiwi and Trutnevyte, 2021).

In the vast Sho River alluvial fan, there are two major rivers, the Sho and Oyabe Rivers (Fig. 1), that flow
from Nanto City into the Sea of Japan via Takaoka City in the north. There are previous reports on the
state of recharge and groundwater flow in the Sho River alluvial fan based on stable isotope and
chemical components (Mizutani and Oda, 1983; Kato et al., 1984; Mizutani et al., 1987). Recently, Iwatake
et al. (2013) reported a linear relationship between 8D and 6'80 values for groundwater and river water in
the region and posited that groundwater originated as a mixture of Sho and Oyabe River waters and
precipitation in varying proportions. The 8D and §'80 values for groundwater vary from - 47%o to - 65%o
and from - 8.1%o to - 10.6%o, respectively. The range of variation in 6D and §'80 values is smaller for
the Sho River than for the Oyabe River, and the Sho River originates from higher elevations. Iwatake et al.
(2013) also analyzed the chemical composition of groundwater collected in August 2011 and showed
that groundwater is enriched in Ca?* and HCO3~ by dissolution of carbonate rocks. They evaluated this
area for the applicability of GSHP and the degree of scale creation by chemical components such as iron
and calcium carbonate. However, these previous studies discussed single sampling results and did not
provide detailed seasonal variations over a year. It has been reported that the flow rate of groundwater in
the middle reaches of the Sho River is as fast as 10—13 m/day (Mizutani and Oda, 1983), suggesting that
seasonal variation is large in the Sho River alluvial fan.

The aim of this study is to examine annual seasonal variations of groundwater flow patterns in the Sho
River alluvial fan and to select suitable areas for open-type GSHP for industrial and domestic use. In the
northern Sho River alluvial fan, groundwater has been used for industry, melting snow on roads, and
drinking. Excessive extraction of groundwater in the past resulted in land subsidence, causing permanent
damage. Such land subsidence has been reported elsewhere, and correlations between groundwater level
and changes in surface morphology have also been studied (e.g., Chen et al., 2010). Therefore, the
ultimate goal is to apply GSHP, which uses groundwater heat, not only to indoor climate control and
winter agricultural production but also to environmental pollution. Samples were taken every month or
every two months for a year, and the geochemical characteristics of groundwater in the target area were
determined by analyzing oxygen isotope composition. The feasibility of groundwater heat utilization was
also examined.

2. Outline Of The Sho River Alluvial Fan

The Sho River alluvial fan is located in the western part of Toyama Prefecture and spans the Tonami
plain in the central part of the fan (Fig. 1a). Two big rivers, Sho and Oyabe, flow through the fan. Takaoka
city is located in the northern part of the fan and Nanto City in the southern part (Fig. 1b). A geologic map
of the area is shown in Fig. 1a (AIST, 2015). The study area consists of coarse-grained andesitic breccia
derived from the surrounding mountains and hills. There are coarse layer deposits in the upper and
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central areas of the fan. In addition, two or three clay layers are present at the end of the fan around
Takaoka (e.g., Iwatake et al., 2013). Quaternary unconsolidated or semi-consolidated sediments are
distributed on the alluvial plain and fan. They form aquifers containing abundant groundwater. In
Toyama Prefecture, approximately 1 million tons of groundwater per year flow approximately 100 km
from mountain ranges (with altitudes of 3,000 m) to the coast. The Sho and Oyabe River basins have rich
groundwater resources, and therefore, 70% of the groundwater in Toyama Prefecture exists in this area
(Toyama Prefecture, 2006).

The minimum and maximum air temperatures are 0°C in winter and 35°C in summer along the Japan Sea
in northern Central Japan (Fig. 2; Japan Meteorological Agency, 2020). A large amount of snow falls in
winter. Annual precipitation is 3,200 mm at Shirakawa, where the Sho River originates, and 2,300 mm in
Takaoka area (ocean side) (Toyama Prefecture, 2006). There is a small amount of precipitation (rain) in
summer, but more than 80 mm/day sometimes falls (Fig. 2). The Sho River alluvial fan is surrounded by
mountains, and the southern part is in a mountainous region (Fig. 1b). Underground temperatures
become nearly constant below depths of approximately 10 m and are 1°C to 2°C higher than annual
mean air temperature over the land. Underground water temperatures are commonly close to average air
temperatures (e.g., Yamamoto, 1992; Bartolino and Niswonger, 1999; Bartolino. 2003; Sekiya, 2003;
Hanova and Dowlatabadi, 2007). On the basis of these factors, the groundwater temperature in the study
area is estimated to be 14°C to 15°C.

3. Sample Locality And Analytical Procedures

The study area and water sampling sites are detailed in Table 1 and Fig. 1b. Since April 2012,
groundwater samples have been collected monthly at 11 representative sites, and once every 2 months at
another 31 sites for a year (Table 2). River water was sampled 11 times a year in the upper and lower
areas of the Sho and Oyabe Rivers (Fig. 1b, Table 3). Within this region, Okakita et al. (2019) measured
precipitation at two observation stations (P1 and P2 in Fig. 1b) every month in the same time frame as
this study (May 2012 to May 2014), and their data were used in this study. Most groundwater samples
were collected from wells. Depths of groundwater wells are up to 100 m, but water levels at the sampling
sites were not known, even by the owners. Water sample for oxygen isotope ratio was collected in a 50
mL plastic bottle, after washing three times with sample water. Because the groundwater and river water
samples were colorless and transparent, filtration and acid treatment were not carried out in the field.

Water temperature, pH, electric conductivity (EC), and oxidation—reduction potential (ORP) were measured
at the sampling site using a thermometer (Y1 Chun waterproof digital thermometer), a pH meter (TOA HM-
31P), an EC meter (TOA CM-31P), and an ORP meter (TOA RM-30P), respectively.

The oxygen isotope (§'80) composition was determined by a sector mass spectrometer (VG Optima)
after pretreatment with CO,—H,0 isotope exchange equilibrium (Epsteins and Mayeda, 1953) at 25°C.
The results were reported relative to V-SMOW with an analytical precision of + 0.1%so.
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4. Results And Discussion

The results obtained in this study are shown in Tables 2 and 3 and in Figs. 3 through 11, where the
sample location numbers correspond to those in Table 1 and Fig. 1b.

4.1 Seasonal variation of river and groundwater temperature

River water temperatures show seasonal variations, reaching over 30°C in summer and dropping to about
5°C in winter (Fig. 3a). This change is linked to the air temperature variation, but the water temperature in
the Sho River is about 10°C lower than that in the Oyabe River in summer. This is judged to be due to the

fact that the catchment area of the Sho River is a mountain with a high elevation.

Water temperature variation of 11 representative groundwater samples collected monthly for 1 year are
shown in Figs. 3b and 3c. On the basis of water temperature variations, groundwater behavior similar to
the rivers, with high temperature in summer and low temperature in winter, was arbitrarily designated as
Type 1, and groundwater with little variation throughout the year was designated as Type 2 (Figs. 3b and
3c). Groundwater sites corresponding to Type 1 are sites 4, 8, 10, and 14, with the first three along the
Oyabe River and the other on the Sho River (Fig. 1b). The water temperature of Type 2 groundwater
fluctuates within the range of + 2°C per year (Fig. 3c). The month with maximum water temperature of the
Type 1 groundwater varies from region to region. Sample sites 4 and 14 are in August at the same time
as river water, sites 8 and 10 is around October (Fig. 3b). The latter two groundwaters are thought to have
sprung up several months after they infiltrated into the ground, whether they originated in river water or
precipitation. Type 2 groundwater has constant water temperature throughout a year, but the mean value
varies in the range of 12 - 16°C, with no regional differences (Fig. 3c). The annual average air
temperature in Takaoka City is 13.9°C (Japan Meteorological Agency, 2020). Underground temperatures
are generally constant throughout the year at depths of 10 m or more, which will generally match the
annual average temperature of the area (e.g., Yamamoto, 1992; Bartolino and Niswonger, 1999; Bartolino.
2003; Sekiya, 2003; Hanova and Dowlatabadi, 2007). As a result, groundwater with a residence time of 1
year or more will be close to the average air temperature value in that area. It is therefore possible to infer
the residence time of groundwater by comparing groundwater and river water temperatures to air
temperature. Water temperature is an important tracer for investigating groundwater flow. Figure 4a
illustrates the temperature differences of groundwater and river water across the region between (August
2012) and winter (March 2013). More than one-thirds of the groundwater in the study area plotted far
from the line in Fig. 4a, and some groundwater (Nos. 3, 27, and 41) has approached river water values.
The sample No. 39 was struck farther away from the other groundwater samples and showed peculiar
values of 28°C in summer and 15°C in winter. This point is located near the coastal area near the Hodatsu
Hills. These indicate that residence time is shorter as samples approach the composition of river water.
The distributions of groundwater temperatures during summer and winter and the differences between
them are shown in Fig. 5. The temperature of river water is shown by the color of the squares. There are
no differences in groundwater temperature between summer and winter except for some sites. The water
temperature variations are larger at sites 3, 39, 41, and 27 than for the other groundwater sites. The
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former two sites are located along the Hodatsu Hills and sites 27 and 41 are located in the center and
southern regions, respectively. In particular, considering that the temperature difference at the No. 3 site is
as much as 20.6°C (Fig. 5¢). This indicates that precipitation gushes out as groundwater as soon as it
infiltrates underground. In contrast, the residence time of groundwater in the areas with no temperature
differences is estimated to be more than 1 year. Such groundwater is distributed from the central area to
the northern area of the alluvial fan, except for sites 3, 27, and 39.

4.2 Seasonal variation of groundwater EC

The EC value of groundwater, regardless of whether it originates from precipitation or river water, is
expected to increase as the residence time increases due to the reaction with surrounding rocks after
infiltration into the ground. Therefore, EC values are also a good indicator of residence time. There are
two precipitation observation sites in the study area, and EC values of precipitation were below 6 mS/m
throughout the year. EC values tend to increase in winter (Okakita et al., 2019), when precipitation mainly
comes from air masses originating in mainland China. Winter precipitation is more acidic, and rich in
S0,2" than precipitation in summer (Okakita et al., 2019). The EC value of river water is higher than that
of precipitation and also tends to rise slightly in winter (Fig. 6a), reflecting the contribution of
precipitation. Precipitation in the study area infiltrates into the ground and becomes Ca%*-HCO;™ type
(Iwatake et al., 2013) groundwater by reaction with surrounding rocks before flowing out to the river.

Types 1 and 2 groundwaters had almost constant EC throughout the year (Figs. 6b, 6¢, and 4c) with
values that were comparable to or higher than river water (10 £ 5 mS/m). In particular, the water
temperature of the groundwater in type1 shows seasonal variation, but the EC value is constant.

Figure 7a shows the distribution of groundwater EC values in the study area. EC values of groundwater
along the Sho River and in the southern region are low. In contrast, sites 2 and 39 in the northern region
show high values. These two sites are located along the Oyabe River and close to the Hodatsu Hills
(Fig. 1b).

4.3 Seasonal variation of groundwater 6180

At two observation sites in the study area, Okakita et al. (2019) reported 8D and §'80 for precipitation
every month for 2 years starting in May 2012. The §'80 values vary widely throughout a year from -
16.0%o0 to - 6.2%o0 with a weighted average of - 9.0%o0 considering the amount of precipitation. There is a
relationship between 86D and §'80 (8D = 8580 + d; Craig, 1961; Dansgaard, 1964) in precipitation, and it
has been reported that d values varied continuously from about 10%o in summer to 30%o in winter with
an average of 15.7%o in this region. This d value has been observed intermittently since 1982 and
fluctuates in the range of 10.0 - 26.6%0 (Okakita et al., 2019).

The river waters of the Sho and Oyabe Rivers had approximately constant §'80 values throughout a year,
and no significant difference was found between upstream and downstream sampling points of the
same river (Fig. 8a). The §'80 value for the Sho River was approximately 1%o lower than that of the
Oyabe River. This is a result of the fact that the Sho River originates from precipitation in mountainous
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areas at high elevations (Mizutani and Oda, 1983; Iwatake et al., 2013). The mean 6'80 values for the
Sho River and Oyabe River are - 10.7%o0 and - 9.6%o, respectively.

The 880 values for groundwater are approximately constant throughout the year, varying between -
11%o0 and - 8%o with no differences between Types 1 and 2 (Figs. 8b and 8c). Figure 7b shows the
distribution of 6780 values in August 2012. Groundwater with low §'80 values is distributed along the
Sho River and values rise as distance from the river increases (Fig. 7b). As shown in the legend of Fig. 7b,
the 6'80 values of the Oyabe River are intermediate between those of precipitation falling on the Hodatsu
Hill and Sho River water, and the same result is obtained from the 8D-6'80 diagram by Iwatake et al
(2013). Therefore, it is difficult to determine whether the groundwater around the Oyabe River is formed
by seepage water from the Oyabe River water or a mixture of precipitation from the Hodatsu Hill and river
water from the Sho River. Figure 7b also shows the 6'80 values (green squares) of the summer river
water of the Oyabe River, but the areas of high river water infiltration are not clear. This trend is also
observed in the results of the analysis of the geographical distribution of the 680 values of groundwater
collected every two months (not shown as a figure). This suggests that the groundwater around the
Oyabe River is likely to be formed mainly by a mixture of precipitation and Sho River water, although
some areas may be contributed by seepage water from the Oyabe River. Based on these results, we
assumed that the groundwater in the Sho River alluvial fan is a mixture of precipitation and Sho River
water, and the mixing ratio was examined using the §'80 values obtained in this study. The contribution
of precipitation to groundwater is shown in Eq. 1.

Percent contribution (%) = (61809roundwater - 6180river water) / (6180precipitation - 6180river water) x 100 (1)

The 6'80 values for precipitation and river water were set as - 9.0%o and - 10.7%o, respectively, which
are the annual weighted averages (Okakita et al., 2019) at observation site P1 (Fig. 1b) and for Sho River
water in this study, respectively (Table 3). The percentages of precipitation in groundwater during four
seasons (April, August, and December 2012 and March 2013) are shown in Fig. 9. The contribution of
precipitation to groundwater varies widely from region to region, with more than 80% in the southern
consistent with the results of Mori et al. (2020) and eastern areas of the study area and in the western
part of the Oyabe River. In contrast, it ranges from 10—60% in other regions, and it was 20% or less in the
region near the Sho River where river water infiltrates. The percentage of precipitation in groundwater
varies with the season, and especially in southern regions, the contribution is higher in winter. Iwatake et
al. (2013) collected groundwater at almost the same site as our sampling in August 2011 and determined
5180 values. Okakita et al. (2019) used the weighted average values of precipitation and the average
values of river water to show variations in the contribution ratio of precipitation (the inset of Fig. 9b
shows an illustration from Okakita et al. (2019) with some additions and modifications). In this study, the
average measured value was set as the river water value, and it agreed with the value used by Okakita et
al (2019). Compared with the results of this study, the percentage of precipitation in groundwater in 2011
was as high as 70% or more in the western part of the study area and changed over the course of a year.
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This suggests that even if the water temperature is almost constant throughout the year, the percentage
of precipitation in Sho River water changes.

4.4 Groundwater flow in the Sho River alluvial fan and heat
utilization

To use GSHP safely, water movement and groundwater quality are important parameters. In particular,
the use of open-type GSHP is recommended in areas with high groundwater flow, such as the Sho River
alluvial fan, as it is inexpensive. In this case, groundwater must be abundant, have a stable temperature,
and contain few scale components that could precipitate in a heat exchanger or piping. Groundwater EC
values range from 8.8 to 37.1 mS/m with the exception of site 39 (75 to 114 mS/m) (Table 2) which is
almost the same as or slightly higher than river water (7.7 and 37.8 mS/m; Table 3).

Iwatake et al. (2013) and Mori et al. (2021) examined the saturation index of scale components from
groundwater in the Sho River alluvial fan and pointed out that Fe compounds tend to precipitate in
groundwater with high Fe concentration. In this study, considering these results, the areas circled in blue
in Fig. 10 were judged to be recommended areas for the use of open-type GSHPs because the water
temperature fluctuations were within + 2°C throughout the year and problems such as scale did not occur
in these areas. The three areas shown in green were judged to use of open-type GSHP because the
groundwater level is expected to be stable, although the temperature difference between water
temperature and air temperature is not large due to the large water temperature fluctuation. In the
southern region and the western region near Hodatsu Hill, the use of closed-type GSHP was more
promising because there were scale problems and large fluctuation of groundwater throughout a year.

5. Conclusions

The Sho River alluvial fan in Toyama Prefecture is saturated with groundwater, and the use of
inexpensive open-type GSHP is proposed. In a previous pilot study, the chemical and isotope composition
of groundwater and river water were determined at a single site, and the hydrology was discussed. In this
study, samples were collected at 11 sites every month and at 31 sites every 2 months to examine
seasonal variations of chemical and oxygen isotope composition. It was found that groundwater mainly
formed by mixing of Sho River water and precipitation, but it varied seasonally. More detailed sites as
suitable sites for open-type GSHP were selected. These sites are areas where the annual water
temperature is almost constant, but the source water varies from region to region.
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Figure 1

(a) Geological map of the study area (AIST, 2015) and (b) location of water samples in Sho River alluvial
fan. The contour intervals are 10 m. Note: The designations employed and the presentation of the
material on this map do not imply the expression of any opinion whatsoever on the part of Research
Square concerning the legal status of any country, territory, city or area or of its authorities, or concerning
the delimitation of its frontiers or boundaries. This map has been provided by the authors.
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Seasonal variation of water temperature of river water and groundwater (Types 1 and 2) at 11

representative sites.
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March. The broken lines indicate constant values throughout a year at each sampling site.
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Figure 5

Contour map of groundwater temperature in (a) 2012/8/23-8/28 and (b) 2013/3/5-3/8. (c) Water
temperature differences between 2012/8 and 2013/3. Temperatures of river water are shown by color of
the squares. Note: The designations employed and the presentation of the material on this map do not
imply the expression of any opinion whatsoever on the part of Research Square concerning the legal
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status of any country, territory, city or area or of its authorities, or concerning the delimitation of its
frontiers or boundaries. This map has been provided by the authors.
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Seasonal variation of electric conductivity in river water and groundwater (Types 1 and 2) at 11
representative sites.
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Figure 7

Contour maps of EC and 6180 for groundwater samples in August 2012. Note: The designations
employed and the presentation of the material on this map do not imply the expression of any opinion
whatsoever on the part of Research Square concerning the legal status of any country, territory, city or
area or of its authorities, or concerning the delimitation of its frontiers or boundaries. This map has been
provided by the authors.
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Seasonal variations of 6180 values for river water and groundwater (Types 1 and 2) at 11 representative

sites.
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Figure 9

Contour maps of contribution of precipitation to groundwater in (a) 2012/4/24-5/1, (b) 2012/8/23~-
8/28, (c) 2012/12/13-12/21, and (d) 2013/3/5-5/8. In Fig. 9b, a contour map in August 2011 is also
shown, which was modified from Okakita et al. (2019). Note: The designations employed and the
presentation of the material on this map do not imply the expression of any opinion whatsoever on the
part of Research Square concerning the legal status of any country, territory, city or area or of its
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authorities, or concerning the delimitation of its frontiers or boundaries. This map has been provided by
the authors.
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Figure 10

A map showing the study area where open-type ground source heat-pump systems (GSHPs) are
recommended. Note: The designations employed and the presentation of the material on this map do not
imply the expression of any opinion whatsoever on the part of Research Square concerning the legal
status of any country, territory, city or area or of its authorities, or concerning the delimitation of its
frontiers or boundaries. This map has been provided by the authors.
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