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A B S T R A C T   

Studied region: Chokai volcano is composed of low-permeability andesite lava, a snowfall-influenced hydrological 
setting that has been little studied. 
Study focus: Snowfall there is expected to decrease due to climate change and expanded quarrying along its 
southern foot. To evaluate the effects of future environmental changes on the groundwater discharged from 
springs at the feet of lava flows, which is used for agriculture and domestic purposes, we used isotopic, 
hadrochemical, geologic, meteorological, and topographic information to elucidate the recharge area, major 
recharge season, and underground flow of spring waters and surface waters at Chokai. 
New hydrogeological insights for the region: Groundwater and surface water are of NaCl type with high deuterium 
excess values, indicating a strong contribution of atmospheric deposition of sea salt aerosols during winter. 
Altitude indicators based on water H and O isotopic compositions and chloride ion concentrations suggest that 
the foothill springs are recharged mainly on gentle slopes below ~700 m elevation. This area is generally covered 
with volcanic sediments, which contain wetlands and perched aquifers that continuously supply groundwater to 
the underlying lava through fractures and voids without thorough mixing in the lava aquifer. Anticipated de-
creases in snowfall and the removal of surface rocks may adversely affect not only the foothill springs supplied by 
snowmelt and the rice cultivation that depends on them, but also the wetland ecosystem.   

1. Introduction 

Climate change associated with global warming is expected to reduce 
snowfall and accelerate the melting of snow in mountains at mid- to 
high-latitudes, where snowfall is the main source of surface water, 
leading to reduced groundwater recharge and adverse agricultural ef-
fects (Barnett et al., 2005; Fyfe et al., 2017). However, the regional 
impacts on climate change vary, with some regions expected to see 
reduced snowfall (Bormann et al., 2018) and others to see increased 
annual precipitation and a corresponding increase in groundwater 
recharge (Wu et al., 2020). In snow-rich areas where cities and agri-
cultural users rely on groundwater from mountains, hydrological in-
formation on the area and periods of recharge is essential for the 
sustainable use of groundwater. 

Volcanic mountains offer groundwater investigations a distinctive 
set of research problems. Groundwater at the foot of a volcano flows out 
to the surface as gravitational flow or artesian water. Many groundwater 
studies have been conducted on marine volcanic islands, where surface 

water resources are scarce and sustainable water uses are needed. 
Hydrogeological models of basaltic volcanoes have been presented for 
the Hawaiian Islands (Ingebritsen and Scholl, 1993), Canary Islands 
(Custodio, 2007), and Mayotte Island (Lachassagne et al., 2014), and 
have been refined for other basaltic volcanoes where the recharge of 
groundwater has been characterized using the H and O isotopic com-
positions of precipitation alongside hydrometeorological data (Bertrand 
et al., 2010; Hildenbrand et al., 2005; Lee et al., 1999; Prada et al., 2016; 
Scholl et al., 1996, Scholl et al., 2002). Although there is comparatively 
little research on andesitic volcanoes, which are typical of island arcs 
and continental margins, groundwater studies have also incorporated 
various hydrogeochemical methods such as the H and O isotopic com-
positions of groundwater (Parisi et al., 2011; Toulier et al., 2019). 
However, because most groundwater studies in volcanic settings focus 
on tropical and warm regions, the contribution of snowfall to ground-
water has not yet been fully evaluated. 

At volcanoes, lava clinker, fissures, tuff breccia, and scoria with 
generally high permeability serve as aquifers, and fine-grained volcanic 
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ash and lake sediments as impermeable layers (Hahn et al., 1997; 
Kumai, 1982; Parisi et al., 2011; Toulier et al., 2019). However, the 
distributions of these features are uneven and vary depending on the 
volcano. Compared to basaltic lava, andesitic lava is more compact and 
less permeable, except for fractures. Andesitic lavas of Quaternary age 
have porosities of 5–70 % and estimated hydraulic conductivities of 
about 10− 16–10− 10 m2 (Farquharson et al., 2015; Yokoyama and Take-
uchi, 2009). Nonetheless, groundwater flow in lava settings, which is 
controlled by different factors affecting permeability, such as the dis-
tributions of voids and large and small cracks, as well as their mutual 
relationships, is poorly known. Many case studies are required to 
construct hydrogeological models of volcanoes (Custodio, 2007), but 
few studies have addressed groundwater processes, i.e., from recharge to 
flow to discharge, at andesitic volcanoes, especially those dominated by 
lava. 

In addition to variations in volcanic materials, environmental factors 
affecting groundwater recharge at volcanoes, such as weather, vegeta-
tion, and soil moisture, vary greatly depending on elevation, season, and 
topography. Wet precipitation is generally abundant at high elevations, 
and in summer, evapotranspiration is strong due to active vegetation 
and surface runoff during heavy rainfall, whereas in winter, evapo-
transpiration is low and snow is abundant (Earman et al., 2006; Lee 
et al., 1999; Parisi et al., 2011). Because snow melts slowly, it penetrates 
the subsurface more effectively than rain and makes a greater contri-
bution to groundwater recharge (Earman et al., 2006; Winograd et al., 
1998). However, the geochemistry of groundwater is generally stable 
whereas precipitation has large temporal variations; moreover, snow, 
unlike rainfall, changes its δ18O and δ2H values until it melts (Earman 
et al., 2006). These findings show that other methods in addition to the 

H and O isotopic compositions of water need to be explored to estimate 
the area and season of volcanic groundwater recharge. Chloride ions 
(Cl− ) are a conservative tracer, and although the chloride mass balance 
method has widely been used to estimate groundwater recharge (Bres-
ciani et al., 2014), but it has rarely been combined with H and O isotopic 
data. The sustainable use of groundwater at snow-laden andesitic vol-
canoes, which are poorly studied, requires hydrogeological models 
integrating meteorological, topographical, and a wide range of hydro-
chemical data. 

The Japanese archipelago is a typical island arc, and its 107 vol-
canoes, which account for 7 % of the world’s active volcanoes, erupt 
mainly andesite. Average annual rainfall in Japan is 1700 mm, about 
twice the world average, and 62 % of Japan’s land area is in cold regions 
receiving abundant snow. Chokai volcano, a Quaternary stratovolcano 
producing dominantly basaltic andesite lava flows (Hayashi, 1984a), is 
in northeastern Japan along the Sea of Japan, a climatic zone that re-
ceives heavy winter snowfall (Fig. 1). This zone is the center of rice 
cultivation in Japan, and most irrigation water originates from moun-
tain snowmelt. As global warming proceeds, the amount of snowfall in 
Japan is predicted to decrease in low elevations, but remain unchanged 
or increase at high elevations at temperatures far below freezing 
(Kawase, 2019; Kawase et al., 2020; Yamaguchi et al., 2011). Flood 
damage caused by rain-on-snow events is also highly dependent on 
elevation (Freudiger et al., 2014) and is expected to increase with global 
warming (Ohba and Kawase, 2020). Thus, identifying recharge eleva-
tions and assessing the contribution of snow to foothill springs is 
indispensable for sustainable groundwater use. Chokai volcano is 
designated as a quasi-national park, and its few inhabitants exert almost 
no influence on groundwater and river water. In these aspects, Chokai is 

Fig. 1. Map showing the location of Chokai volcano, meteorological stations (1, Kamikusatsu; 2, Sannotaki; 3, Sugasato; 4, Sakata; 5, Sasunabe; 6, Nikaho; 7, Yajima; 
8, Sasago), and precipitation sampling sites (A, Town office; B, Gakkohgawa dam; C, Ohdaira; D, Akita; E, Ajigasawa). The black bold outline in the upper right figure 
corresponds to the area around Chokai volcano, and the area in the red outline corresponds to Fig. 2a and roughly coincides with the area of Yuza town. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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a suitable site for hydrogeological studies of groundwater at snow-laden 
and lava-dominant andesitic volcanoes. 

However, although hydrochemical precipitation data are important 
for identifying groundwater recharge areas, the heavy winter snowfall at 
Chokai makes it difficult to collect continuous precipitation data in the 
highlands, where year-round meteorological observations are not con-
ducted. This difficulty can be overcome by the method of Mulligan et al. 
(2011) and Yasuhara et al. (1997), Yasuhara et al. (2017), which iden-
tifies groundwater recharge areas in the mountains by analyzing the H 
and O isotopic compositions of spring waters in small watersheds with 
short flow paths. Nonetheless, previous studies employing the isotopic 
compositions of water have shown a rain-shadow effect, in which the 
origin of water vapor in the mountains differs between the windward 
and leeward sides (Scholl et al., 1996, Scholl et al., 2002). In studies of 
inland Japanese volcanoes, the isotopic compositions of precipitation 
and spring water differ considerably depending on the slope direction 
(Asai et al., 2009; Yasuhara et al., 1997, Yasuhara et al., 2017). We 
focused our study on the southwestern slope of Chokai (Fig. 1), where 
this meteorological and topographical effect is considered minimal. 

This paper presents H and O isotopic compositions and major dis-
solved ion concentrations, including Cl− , of spring water, well water, 
surface water, wetland water, and precipitation in this area. By 
analyzing these data together with geological, geomorphological, and 
meteorological information, we then elucidate (1) the main recharge 
season and (2) the mean recharge elevation area for foothill springs, and 
(3) the groundwater quality formation process. We integrate the ob-
tained results to propose a conceptual hydrogeological model of Chokai 
volcano and evaluate the effect of snow and land modification on 
foothill springs. 

2. Target area and hydrogeological information 

2.1. Target area 

Agriculture and other human activities are significant in the plains 
and adjoining gentle slope southwest of Chokai in Yuza town in Yama-
gata Prefecture, where surface water derived from copious springs at the 
feet of lava flows is widely used as irrigation and drinking water 
(Fig. 2a). The Yoshideyama area south-southwest of Chokai is repre-
sentative of mountain-foot springs (Fig. 2b); there, springs emerge at the 
tips of lava flows in many places. One of these, the Dohhara waterfall, is 
a tourist attraction and high-quality water source with an annual 
discharge of about one million tons. Scattered wetlands and surface 
waters in the thick volcanic sediments that mantle the gentle slopes of 
lava flows are associated with groundwater flowing from perched 
aquifers. These areas support an invaluable ecosystem comprising many 
plants and animals including bears and endangered species such as the 
tree frog Zhangixalus arboreus. For these reasons, the Yoshideyama area 
is designated as a forest conservation area in Yamagata Prefecture. At 
the quarry in the western part of the Yoshideyama area, spring water 
flows from cracks in the exposed lavas. The impact of expanded quar-
rying on the aquifer is of concern to the downstream area, where 
groundwater from the lava is used for drinking and irrigation (Misuda, 
2018). 

The upper reaches of the Yoshideyama area extend to nearly 2000 m 
elevation and are accessible by road. We targeted mainly the Yoshi-
deyama area because it is crucial for groundwater conservation and is 
most appropriate for evaluating the hydrogeological process affecting 
foothill springs. 

2.2. Geology and geomorphology of Chokai volcano 

Chokai Volcano (39◦05′57′′N, 140◦02′56′′E, summit elevation 2236 
m above sea level) is an elliptical stratovolcano 26 km long from east to 
west and 14 km long from north to south (Fig. 1). Its volcanic edifice 
overlies volcanic and sedimentary rocks of Miocene to Pleistocene age 

(Hayashi, 1984a; Nakano and Tsuchiya, 1992). The volcano is mainly 
composed of basaltic andesite lava flows, with few high-permeability 
pyroclastic rocks such as scoria and tuff breccia. 

Volcanic activity at Chokai can be divided into three stages based on 
eruption age, the distribution of volcanic ejecta, petrological charac-
teristics, and K-Ar ages (Ban et al., 2001; Hayashi, 1984a; Nakano and 
Tsuchiya, 1992). Stage I activity occurred near the center of the current 
volcano during 600–160 ka, building an ancestral edifice of lava flows. 
Stage I volcanic ejecta are exposed in the eastern part of the volcano. 
Their volume of 47 km3 represents 64 % of the total volume of Chokai. 
Stage II materials (160–20 ka) are abundant in the western part of the 
edifice, including the study area, and cover the basement rock and Stage 
I materials. Stage II lavas effused from several craters that contain lava 
domes formed by post-eruption lava intrusions. About 90 ka, the summit 
area collapsed, forming a horseshoe-shaped caldera that opens to the 
southwest, called the western caldera (Fig. 2). Stage II is subdivided into 
early (IIa and IIb) and late activities (IIc and IId) relative to this event. 
Stage II lava flows are thinner than those of Stage I, being several tens of 
meters to 100 m thick in general, and reaching a maximum thickness of 
300 m. The total volume of Stage II materials is estimated at 22 km3. 
Stage III began after 20 ka and includes the most recent activity, a 
phreatic eruption in 1974 (Hayashi, 1984a). A horseshoe-shaped caldera 
opening to the north formed in approximately 466 BCE (Mitsutani, 
2001), when lahars were generated in the northwestern part of the 
edifice (Minami et al., 2019). Stage III is subdivided into Stages IIIa and 
IIIb relative to this caldera-forming event. The volume of Stage III vol-
canic rocks is 4.3 km3. The summit lava dome (Shinzan) was formed by 
the latest magmatic eruptions, which occurred from 1800 to 1804 CE 
(Nakano and Tsuchiya, 1992). 

The hydraulic conditions of groundwater and surface water are 
influenced by topography as well as geology. Chokai generally has steep 
slopes (>10◦) above 600–700 m and gentler slopes (about 5◦) at lower 
elevations (Fig. 3). Near the center of the edifice are especially steep 
slopes (about 30◦) and low-permeability dikes. Uneven, lava-dominated 
topography (lava levees, lava waves) is well developed in the Stage II 
and III deposits. Volcanic colluvium in the troughs between lava waves 
forms an environment suitable for the formation of perched aquifers. 
The lava flows end in cliffs, where groundwater issues from clinker and 
fractures in the lava. 

2.3. Geology and geomorphology of the Yoshideyama area 

The Yoshideyama area is southwest of the western caldera (Fig. 2). 
The downstream part of the area consists of debris flow deposits 
generated by the caldera-forming event (Hayashi, 1984a). After the 
caldera formation, the Nakanosawa lavas were erupted and flowed 
southwest from the Nabemori crater at 1500 m elevation near the 
caldera rim. These lavas are divided into the Minaminokomai lavas 
(Stage IIc) and the Mansukedo lava (Stage IId) (Nakano and Tsuchiya, 
1992). The Minaminokomai lavas comprise at least three lava flows, 
each averaging 80 m in thickness, atop a tuff breccia (Hayashi, 1984a). 
They extend down to about 300 m elevation in the southwestern area 
and about 200 m elevation in the southern area. The Mansukedo lava, 
erupted from the same site, covers the Minaminokomai lava down to 
about 500 m elevation and is 20–40 m thick (Nakano and Tsuchiya, 
1992). Both lavas have similar chemical compositions. The Senjogahara 
area at the head of the western caldera contains scoria and lava from 
both eruptive periods. 

The Minaminokomai and Mansukedo lavas are flanked by two 
streams, the Minaminokomai stream on the east and the Minamiore 
stream on the northwest (Fig. 2a, 2b). The courses of these streams 
reflect the distribution and topography of two lava flows. Between 1500 
and 650 m elevation, both streams run south to southwest, separated by 
200–300 m. This narrow area has an average slope of 18◦ and contains 
well-developed lava levees and fissures. Outside the caldera and below 
about 650 m, where the Minaminokomai lavas spread into a fan shape, 
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Fig. 2. Maps of southwestern Chokai volcano. (a) Topographic and geologic map showing stream courses (blue lines) and locations of water sampling sites 
(numbered symbols, which correspond to those in Appendix Table A.1). WS, west springs; SS, south springs; GW, groundwater; SW, surface water. The area in the 
black outline is shown in (b) and the black arrow indicates the view shown in Fig. 3. (b) Topography and lava flows in the Yoshideyama area. Colors correspond to 
those in (a). (c) Shaded topography of the Yoshideyama area and elevation profile along line A-B. Geology after Nakano and Tsuchiya (1992). The green bold line is 
the contour line 20 m above sea level, almost corresponding to the highest elevation of the plain. Type 1 water, which is closer to the coastal areas in the west, is 
shown with orange symbols. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

T. Nakano et al.                                                                                                                                                                                                                                 



Journal of Hydrology 612 (2022) 128191

5

the streams diverge and run along or near the fan’s edges. Here, we refer 
to the Yoshideyama area as this lower region below 650 m. 

Lava waves are well developed on the gentle slopes between 325 and 
475 m elevation on the Minaminokomai lavas (Fig. 2c). Volcaniclastic 
sediments deposited in the troughs of these lava waves reach 30 m in 
thickness; there, scattered wetlands occur with areas of about 
2000–40,000 m2. The cliff at the lower end of the Minaminokomai lavas 
is topped by a gently sloping plateau-like terrain that is locally called 
Mount Yoshideyama because it looks like a mountain from the plain 
below (Fig. 3). 

2.4. Hydrology: Groundwater and surface water 

The daily discharge of Chokai springs ranges from 10 to 104 t 
(Ogasawara, 2005); it exceeds 103 t at several sites (Nos. 10, 14, and 
29–32 in Fig. 2), but is about 10–102 t at most sites. Most springs 
discharge from clinker or fractures at the cliffs at the ends of lava flows 
at elevations that range from 10 to 500 m but are mostly below 200 m 
(Figs. 2, 3). Because these springs yield water of stable temperature and 
quality, they are used not only for daily life and agriculture, but also for 
salmon farming. Springs in the talus area, just below the terminal cliffs 
of the lava flows, produce water with the same origin. Springs occa-
sionally emerge at higher elevations from lava joints and the scoria 
layer. 

The springs at the end of the Minaminokomai lava flows lie at about 
200 m elevation at the southern foot of the flow and 313–325 m 
elevation at the western foot of the flow; they are termed the south 
springs (Nos. 5–16 in Figs. 2, 3) and the west springs (Nos. 1–4), 
respectively. The Dohhara waterfall (No.14 in Fig. 2b) discharges from a 
lava cave east of the south springs. At the quarry (No. 1, Fig. 2b) at the 
east edge of the west springs, sometimes more than 600 L/min of water 
is discharged through a perforated pipe. Both groups of springs flow 
south-southwest and are used as domestic and agricultural water sour-
ces. In the quarry, lava flows are distributed beneath a layer of volcanic 
colluvium 20–40 m thick. The lower parts of fresh gray andesite lava 
flows contain bodies of reddish-brown weathered andesite 2 to 3 m thick 
and about 20 m wide, Groundwater springs issue from fractures with 

apertures of about 1 cm in the weathered andesite, which is more fragile 
and permeable than fresh andesite. 

We distinguished three water types in this study. Surface waters of 
Chokai volcano originate mainly from springs in lava flows. The depths 
of the stream-cut valleys generally exceed 10 m and sometimes 200 m. 
Groundwater from lava bedrock and surface water originating from it 
are classified as type 1. Type 2 waters are spring and surface waters from 
perched aquifers in the volcanic colluvium that overlie lava flows. 
Volcanic clasts larger than 1 m are common below the tips of lava flows, 
suggestive of origins from clinker or other lava masses. Type 2 waters 
are present in rock masses and sediments derived from the Mansukedo 
lava flow near the center of Yoshideyama, at around 450 m elevation 
(Figs. 2, 3). Minaminokomai lavas are widely covered with volcanic 
sediments and small wetlands in the troughs of lava waves around 
300–450 m. The presence of wetlands indicates the presence of a 
perched aquifer. Water at the surface of wetlands was classified as 
wetland water (type WT), regardless of the presence or absence of flow. 
In a 30,000 m2 area in the northern and eastern parts of the quarry, 
springs and surface water from perched aquifers (type 2) are distributed 
on steep slopes, and surface water in the eastern part of the quarry can 
be traced to nearby wetlands. The type 2 water in the Yoshideyama area 
is derived from the shallow perched aquifers near recharge areas. 

Some type 2 surface waters are ephemeral. These include surface 
water flowing in volcanic sediments atop lavas above 1400 m elevations 
in the western caldera, where snow yields meltwater until summer; Lake 
Chokai (No. 71 in Fig. 2a), a caldera lake bordered by lava cliffs, 
appeared to be taking in large amounts of snowmelt in the summer when 
we sampled the lake. In the western part of Chokai volcano, the valley of 
the Ushiwatari River is underdeveloped, with a depth less than 5 m; 
stream water there flows over gravel and sediment covering lava flows 
and was also classified as type 2 surface water. 

2.5. Meteorology: Precipitation and wind 

Annual wet precipitation near the summit of Chokai has been esti-
mated to reach 12,000 mm (Tsuchiya, 1990). In particular, the western 
caldera accumulates abundant snow, and it has been estimated that 

Fig. 3. Topography of Chokai volcano as seen looking northeast over the Yoshideyama area at altitude of 1000 m above site 52 (Fig. 2a). Image created with the 
topography analysis software Kashmir 3D (version 8.5), which generates three-dimensional landscape views from the digital map issued by the Geospatial Infor-
mation Authority of Japan (Sugimoto, 2002). Vertical exaggeration is 2.5× and elevation colors are the same as in Fig. 1. The dashed red line traces the rim of the 
western horseshoe-shaped caldera. Wetlands occupy troughs in the lava flows, and springs emerge at the lower edge of lava flows. Symbols are the same as in Fig. 2. 
NB, Nabemori; SJ, Senjogahara; MO, Minamiore stream; MN, Minaminokomai stream; WS, west springs; SS, south springs; Dh, Dohhara spring (No. 14 in Fig. 2). (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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above 1000 m elevation, half of the total wet precipitation occurs as 
snowfall (Tsuchiya, 1983). Weather observations in Japan by the 
Automated Meteorological Data Acquisition System (AMeDAS) have 
been conducted at about 1300 locations since 1976 (Japan Meteoro-
logical Agency, 2021), but this heavy snowfall has precluded year-round 
meteorological observations at high elevations on Chokai. Since 2011, 
daily precipitation has been monitored only from June to October at two 
high-elevation sites on the volcano’s southwestern slope by Yamagata 
Prefecture (Yamagata Prefecture, 2021): Sannotaki (site 2 in Fig. 1, 752 
m elevation) and Ohdaira (site C in Fig. 1, 999 m). Observations from 
2011 to 2020 at 10 stations around Chokai (Fig. 1), obtained from 
AMeDAS and Yamagata Prefecture, show that daily precipitation 
amounts at the southern sites are strongly correlated, with correlation 
coefficients exceeding 0.8 among the five southwestern most sites (1, 2, 
3, B, and C), in contrast to weaker correlations (0.6–0.8) among the 
three northernmost sites (Fig. 4a). This result indicates that the southern 
slopes of Chokai are likely to receive precipitation from almost the same 
water vapor source. 

Monthly precipitation amounts at seven southern sites have similar 
seasonal variations with peaks in July (Fig. 4b). Particularly at Gak-
kohgawa dam (site B, Fig. 1) and Kamikusatsu (site 1), where precipi-
tation is recorded throughout the year, monthly precipitation changes 
are similar to those at the high-elevation sites Sannotaki (site 2) and 
Ohdaira (site C). If the high-elevation sites have the same annual pre-
cipitation pattern as sites B and 1, then the annual precipitation near the 
western caldera is estimated to be 7000 mm at 1600 m elevation and 
8000 mm near the summit. Although this is less than the previous es-
timate of 12,000 mm (Tsuchiya, 1983), it nevertheless represents a 
considerable amount of precipitation in the form of winter snow at 
Chokai. 

Wind direction and speed have been monitored by AMeDAS at two 
coastal sites, Sakata (site 4) and Nikaho (site 6), and two inland sites, 
Sasunabe (site 5) and Yajima (site 7) (Fig. 1). The predominant winds 
are northwesterly to southwesterly in coastal areas and northwesterly to 
westerly in inland areas (Fig. 5). Northwesterly to westerly winds 
become dominant in winter. Wind speeds are higher in coastal areas 
than in inland areas and higher in winter (December–February) than in 
summer (June–September) (Fig. 5). The average speed of northwesterly 
to southwesterly winds at Sakata reaches more than 4 m/s. These results 
indicate that the contribution of sea salt aerosols (SSAs) from the Sea of 
Japan is strong during the winter in coastal areas. 

3. Research method and analysis 

We collected samples of spring water, stream water, and wetland 
water on the southern slope of Chokai volcano, mainly during spring to 
autumn, from September 2010 to October 2011. Spring water was 
collected at 38 sites, well water at 2 sites, stream water at 38 sites during 
baseflow periods, and wetland water at 7 sites. Wetland water was 
stagnant except at one site (No. 79, Fig. 2b) where it was draining from 
the wetland. To investigate changes in water quality at the same loca-
tion, we sampled 25 springs, 16 streams, and 4 wetlands from two to six 
times. 

Due to its young age, Chokai volcano has not experienced extensive 
erosion, and most springs do not correspond to a distinct watershed. 
However, six spring water sites (Nos. 16, 17, 18, 20, 21, and 27 in Fig. 2) 
have small watersheds that were characterized using Kashmir software 
(Sugimoto, 2002). The average elevation (AE) of each watershed was 
calculated from cross sections and the area enclosed by contour lines at 
10 m intervals. Spring water from the same scoria layer was present in 
two adjacent locations at 1397 and 1401 m elevation (Nos. 20 and 21, 
Fig. 2a), which we grouped as one site. In addition, shallow unconfined 
wells are scattered at elevations of 10–20 m along the coast of Yuza 
Town on the inland side of a set of low hills about 1 km wide and with a 
maximum elevation of 61 m and an average elevation of about 30 m 
(Fig. 1). It is clear from the topography and characteristic water quality 
(see Section 4.3) that the water in these wells is derived from hill pre-
cipitation. Samples of shallow well water at two sites (Nos. 34 and 35, 
Fig. 2a) from this slope were grouped as one site because their average 
recharge elevations were almost the same. We estimate the error of the 
AEs for groundwater at individual sites to be within ± 20 m. The 
watershed information for each spring water and well water is given in 
Appendix Fig. A.1. 

We collected wet precipitation samples at about monthly intervals 
from 2010 to 2011 from three sites (Fig. 1) at different elevations: the 
roof of the town office building at 30 m elevation (site A), Gakkohgawa 
dam at 211 m elevation (site B), and Ohdaira at 999 m elevation (site C), 
although sampling at Ohdaira was limited to June to October because 
snow cover made the site inaccessible at other times. Sampling at each 
site followed the Acid Rain Sampling Method of the Ministry of the 
Environment, with the use of a water sampler similar to the Acid rain 
filtration type sampling device (Advantec ACDR047, Advantec, Tokyo, 
Japan) to prevent contamination. The sampler was mounted 2 m above 

Fig. 4. (a) Correlation of daily precipitation between 10 meteorological sites at Chokai volcano and the surrounding area for the period 2011–2020. Southern and 
northern sites are outlined in red and blue, respectively. Correlation coefficients above 0.8 are shown in red. Relationships between daily precipitation at 10 in-
dividual sites are shown above the diagonal line. The range of precipitation shown on the horizontal and vertical axes is 200 mm. (b) Monthly average precipitation 
for 2011–2020 at seven meteorological sites in the southern part of Chokai volcano. Annual and June–October average precipitation totals for these sites are listed in 
the inset. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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the surface and used a polypropylene funnel with an opening diameter 
of 200 mm, on which a Ping-Pong ball was placed, plus a filter of 0.80 
μm pore diameter (membrane filter A080A047A, Advantec, Tokyo, 
Japan). Samples were conveyed to a 20-L plastic container through a 
1.5-m-long PFA tube. The container was covered with a reflector to 
reduce the internal temperature changes. 

Sampled water was filtered using a disposable cellulose acetate filter 
(pore size 0.2 μm; DISMIC25CS020A5, Advantec, Tokyo, Japan) before 

storing in prewashed polyethylene bottles. Concentrations of Cl− , NO3
− , 

SO4
2− , Ca2+, Mg2+, Na+, and K+ were determined by ion chromatog-

raphy (IC3000, Dionex Co.) with analytical accuracy better than 5 %. 
Concentrations of HCO3

− were estimated from the difference in the 
concentrations of total cations and anions. The stable isotope ratios of 
hydrogen and oxygen in water were determined by wavelength-scanned 
cavity ring-down spectroscopy (WS-CRDS) using a spectrophotometer 
(L2120i, Picarro Inc.). Isotopic compositions are expressed in permil 
with respect to Vienna Standard Mean Ocean Water (VSMOW2) and the 
analytical uncertainty (1σ) was 0.2 ‰ for δ18O and 1 ‰ for δ2H. All 
analyses were carried out at the Research Institute for Humanity and 
Nature, Kyoto, Japan. Analytical data for groundwater, surface water, 
and wetland water are listed in Appendix Table A.1, data for wet pre-
cipitation in Appendix Table A.2, and monthly precipitation data 
compiled from daily data at seven sites at Chokai in Appendix Table A.3. 

4. Results 

4.1. Isotopic compositions of wet precipitation 

Our wet precipitation samples did not show clear seasonal variations 
in δ18O and δ2H, although the deuterium excess value (defined as d =
δ2H-8 δ18O; Dansgaard, 1964) was high in winter (December–March), 
low in summer (June–August), and intermediate in spring and autumn 
(Fig. 6a). These results are consistent with previous studies. According to 
Tanoue et al. (2013), seasonal changes in the δ18O and δ2H values of 
precipitation in Japan do not always depend on the climate region (as 
classified based on precipitation and hours of sunlight), whereas the 
d value is high in winter and low in summer in all seven of their climate 
regions. Our study area lies in the climate region along the Sea of Japan 
side in Northern Japan, which includes the Akita and Ajigasawa 
observation sites to the north of the study area (sites D and E, respec-
tively, in Fig. 1). The d value of precipitation shows a distinct seasonal 
variation in this climate region. The large amount of snowfall that 
characterizes this climate region is derived from water vapor with a very 
high d value generated by the rapid evaporation of warm seawater in the 
Sea of Japan (Lee et al., 1999; Pfahl and Sodemann, 2014; Waseda and 
Nakai, 1983). 

In contrast to seasonal changes, long-term changes in the H and O 
isotopic values of precipitation in all regions are reported to be small 
(Tanoue et al., 2013). Secular changes in the isotopic compositions of 
precipitation in the Kanto and Chubu regions of central Japan have not 
been significant (Yabusaki et al., 2016). Monthly average precipitation 
isotopic compositions have been reported for the periods 1982–1991 in 
Akita (Kawaraya et al., 2000) and 2003–2006 in Ajigasawa (Hasegawa 
et al., 2014) (Appendix Table A.4); these are converted to multi-year 
seasonal changes in Fig. 6a. Although this study was for only one 
year, our δ18O and δ2H values are very similar to the long-term seasonal 
averages (Fig. 6a). The summer precipitation line (δ2H = 7.92 × δ18O +
8.45) for this climate region, including the Akita and Ajigasawa sites, is 
not much different from the global meteoric water line (GMWL), but it is 
notably lower than the corresponding winter precipitation line (δ2H =
8.14 × δ18O + 26.7; Fig. 6b). Therefore, the seasonal variation of pre-
cipitation d values in this climatic region is sufficiently large to be 
applied to evaluate the main groundwater recharge periods. 

4.2. Isotopic compositions of groundwater and surface water 

The H and O isotopic compositions of groundwater and surface water 
in this study area fall between the values of winter and summer pre-
cipitation, indicating that these waters are of meteoric origin (Fig. 6a). 
However, the compositions differ depending on the water type (Fig. 6b). 
The d values of type 1 spring water and surface water are high and 
consistent (21.33 ± 1.11 ‰ and 21.63 ± 1.60 ‰, respectively). They 
distinctly differ from the average d values of summer precipitation (8.45 
‰) and are closer to those of winter precipitation (26.7 ‰), indicating 

Fig. 5. Wind data from 2010 to 2011 at Sakata, Nikaho, Sasunabe, and Yajima. 
Rose diagram (left) shows the average wind speed for each wind direction. 
Time series of wind speed (right) show the daily average (black curve) and 
monthly moving average (red curve). Data are from the Japan Meteorological 
Agency database (https://www.data.jma.go.jp/obd/stats/etrn/index.php). (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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that winter precipitation is the dominant source. Except for Dohhara 
waterfall, type 1 spring water shows small changes in isotopic compo-
sitions, especially small changes in δ2H, at the same site (Fig. 6b). 

In contrast, wetland water sites showed large changes in δ18O and 
δ2H (Fig. 6b). Wetlands are rich in aquatic plants, but they have few 
trees, and are open to the atmosphere. This environment therefore re-
sponds sensitively to the direct input of wet precipitation with a wide 
range of isotopic compositions, which explains the large isotopic 
changes in wetland water. Most wetland waters had higher δ18O values 
than nearby springs and surface waters, and some had low d values of 15 
‰ or less (Fig. 6b). This result indicates that wetland water was stag-
nant, such that the surface layer was affected by evaporation and by 
spring–autumn rainfall with low d values. 

The type 2 surface waters in the Yoshideyama area had lower 
average d values (16.4 ‰) than type 1 surface waters. Because there 
were no wetlands upstream from these sample locations, except for two 
samples (Nos. 65 and 66, Fig. 2b), these low d values did not reflect 
evaporation, but the contribution of precipitation during spring to 
autumn, when the water was sampled. This interpretation is consistent 
with the ephemeral occurrence of type 2 surface waters, which origi-
nated from perched aquifers. Four samples of type 2 surface water (Nos. 
69–72, Fig. 2a) and one wetland water (No. 85, Fig. 2a) collected at 
elevations above 1100 m in summer had δ18O < − 10.5 ‰, indicative of 
high elevations. Of these, two samples (Nos. 69 and 70) had low d values 
(12.4 ‰ and 13.4 ‰, respectively), indicating a strong contribution from 
summer precipitation. The other three samples (Nos. 71, 72, and 85) had 
high d values (21.4–25.6 ‰); they were surface water from a snow- 
covered wetland (No. 85), surface water in the caldera lake fed by 
snowmelt (No. 71), and stream water in a watershed with residual snow 
(No. 72), thus showing strong effects from winter precipitation. Type 2 
surface water thus was strongly affected by precipitation at the time of 
sampling and by the surrounding environment. 

Samples of type 1 surface water plotted almost on the same line as 
type 1 spring water (Fig. 6b), supporting a common groundwater source 
during baseflow periods. Most spring waters had higher isotopic com-
positions than surface waters, suggestive of lower elevations in their 

recharge areas. The wide seasonal variations of the isotopic composi-
tions of wet precipitation are reflected in the isotopic variations of 
wetland water, but these variations are moderated by infiltration from 
type 2 groundwater in perched aquifers to the type 1 groundwater in 
andesite lava. Precipitation from different seasons appears to blend 
during underground infiltration and subsequent flow. 

4.3. Hydrochemistry 

Na+ was the dominant cation and Cl− the dominant anion in most of 
the waters in the study area (Appendix Table A.1), which thus was 
classified as NaCl type when plotted on a trilinear (Piper) diagram; 
almost none were of the CaHCO3 type typical of freshwater (Fig. 7). Wet 
precipitation had dissolved ion concentrations that varied greatly with 
the location and season, similar to their isotopic compositions, with Na+

the dominant cation and Cl− the dominant anion (Appendix Table A.2). 
Although precipitation at the Town office and the Gakkohgawa dam 
sites had Na+ and Cl- concentrations that were more than 10 times 
higher in winter than in summer, the Cl− /Na+ ratio (1.71 ± 0.12) was 
consistently close to that of seawater (1.80). Likewise, the concentration 
of Mg2+, the second most abundant cation in seawater, was high in 
winter precipitation. The Cl− /Mg2+ ratio (14.8 ± 14.2) in wet precipi-
tation, although it varied widely, on average was almost the same as that 
of seawater (14.9). Because the main component of SSAs has the same 
ionic composition as seawater (Lewis and Schwartz, 2004), it is evident 
that SSAs contribute significantly to groundwater and surface water in 
this area. 

These well waters had Cl− concentrations (27.3 and 22.1 mg/L) and 
Na+ concentrations (15.3 and 10.0 mg/L) three times higher than the 
annual precipitation-weighted Cl− and Na+ concentrations (7.02 and 
4.00 mg/L, respectively) of precipitation at the nearby Town office site. 
These even exceeded the highest Cl− and Na+ concentrations in winter 
precipitation at the Town office (20.8 and 11.3 mg/L, respectively). The 
wetland water samples in the Yoshideyama area had δ18O and δ2H 
values showing the influence of precipitation during spring to autumn, 
when the SSA concentration was low. However, their average Cl− and 

Fig. 6. (a) Plot of δ18O vs δ2H for samples of groundwater, surface water, wetland water, and precipitation in different seasons. (b) Detail of the outlined region in (a) 
showing the average values and variation of water at each site. The black and red lines show the winter and summer precipitation lines, respectively, for the Aji-
gasawa, Akita, and studied sites. Open hexagons in (b) indicate the May–October weighted average precipitation at the Town office (A), Gakkohgawa dam (B), and 
Ohdaira (C), and open yellow-filled stars indicates the annual weighted average precipitation at the Town office and Gakkohgawa dam. The black dashed line is the 
regression line (δ2H = 7.37 × δ18O + 15.3, R2 

= 0.99) for type 1 spring waters, and the red dashed line is the regression line (δ2H = 6.42 × δ18O + 1.54, R2 
= 0.79) 

for the annual precipitation-weighted averages at Town office, Gakkohgawa dam, Akita, and Ajigasawa sites. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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Na+ concentrations (10.9 and 6.1 mg/L, respectively) exceeded both the 
annual precipitation-weighted concentrations (3.07 and 1.76 mg/L, 
respectively) and the concentrations in winter precipitation (7.5–9.4 
and 4.4–5.7 mg/L, respectively) at the nearby Gakkohgawa dam. These 
results indicates that groundwater and surface water contain Cl− and 
Na+ derived from airborne sea salt in addition to wet precipitation. 

Winds are strong during winter in coastal areas (Fig. 5). The average 
daily wind speed at Sakata is 3 m/s in summer, which corresponds to the 
generation of whitecaps, and 6 m/s in winter, often reaching 7 to 11 m/ 
s, speeds at which large sea salt particles are injected into the marine 
boundary layer (O’Dowd et al., 1997). Considering this wind informa-
tion, it is evident that, in the study area, SSAs deposited on trees and soil, 
especially during winter, dissolve in wet precipitation and enter the 
groundwater. The high SSA contribution characterizing waters of this 
area is consistent with the isotopic evidence showing a strong contri-
bution from winter precipitation. Therefore, well waters with very high 
Cl− and Na+ concentrations are derived from precipitation with high 
SSA concentrations in the coastal hills. 

On the trilinear diagram, wetland waters have much larger pro-
portions of Na+ + K+ and Cl− and smaller Ca2+ proportions than 
groundwater and surface water samples, indicating strong contributions 
of wet precipitation and airborne SSAs (Fig. 7). Type 2 waters are 
comparatively rich in NaCl owing to the SSA component, although the 
proportions of Na+ + K+ and Cl− are smaller than those of wetland 
waters. Type 1 waters are lower in Cl− and higher in Ca2+ and HCO3

−

than type 2 waters. Chokai andesite is much richer in Ca than in Na + K 
(Fig. 7). The compositional difference among water types indicates that, 
as precipitation infiltrates into the volcanic sediments and underlying 
lava, a large amount of Ca is dissolved through chemical weathering by 
carbonic acid and organic acids. This process accounts for the 

characteristics of type 1 groundwater, flowing in andesite lava, as 
opposed to type 2 groundwater in volcanic sediments, originating partly 
from wetland water that is strongly affected by atmospheric deposition. 
Thus, the chemical differences in groundwater between shallow perched 
aquifers in volcanic sediments and deep aquifers in lava are consistent 
with the isotopic results. 

5. Discussion 

5.1. Contribution of snowmelt water to groundwater 

Annual precipitation-weighted δ18O and δ2H values at the Town 
office and the Gakkohgawa dam sites align with those of precipitation at 
Akita and Ajigasawa, where long-term monthly data are reported 
(Fig. 6b). Type 1 water has d values above this line, indicating a greater 
contribution from winter precipitation. Winter snowfall in the western 
caldera area above 1000 m elevation is estimated to account for half of 
the annual rainfall (Tsuchiya, 1983), but has not been measured. Data 
from lower sites show that the ratio of winter (December–February) 
precipitation to annual precipitation ranges from 0.23 to 0.28 at 
Kamikusazu, Sakata, and Gakkohgawa dam in southwestern Chokai 
(Appendix Table A.3), where daily and monthly precipitations are well 
correlated (Fig. 4). Even if the winter period extends to Novem-
ber–March, the ratio of winter to annual precipitation is less than half 
(0.40–0.45) at the three sites (Appendix Table A.3). Changes of monthly 
precipitation amounts at the high-elevation sites of Sannotaki and 
Ohdaira, where precipitation data are available only for June–October, 
are similar to those of the low-elevation sites, and the correlation with 
precipitation at each site is strong (Fig. 4). It is likely from these results 
that the contribution of winter precipitation to type 1 water is not 

Fig. 7. Trilinear diagram of water samples of the study. Black dots, circles, and crosses represent volcanic materials of Chokai volcano from Hayashi (1984b) and 
Nakano and Tsuchiya (1992). 
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strongly affected by the proportion of snow to rainfall. 
Snowfall is uncommon from May to October, even at high elevations. 

The weighted δ18O and δ2H values of precipitation from May to October 
2011 at the three precipitation sites decrease with increasing elevation, 
indicating an altitude effect (Fig. 6b). Each value lies near the summer 
precipitation line. At these sites, May–October precipitation amounts to 
about half the annual total (0.49–0.55 in Appendix Table A.3); thus the 
precipitation amount from November to April, including winter, is 
likewise almost half the annual total. If groundwater is formed from 
precipitation only from November to April, the precipitation-weighted 
d value during this period is 21.1 ‰ in Akita and 21.8 ‰ in Ajiga-
sawa, which are in close agreement with the d values (av. = 21.33 ‰) of 
type 1 groundwaters. Given that type 1 water is contributed by precip-
itation during all seasons, this result indicates that snow-rich winter 
precipitation more effectively infiltrates groundwater than rainwater 
during other seasons. 

The average d value of type 1 spring water (21.33 ‰) is high and 
does not share the large seasonal variation of precipitation. The sub-
surface infiltration effect of snowmelt relative to that of rainwater, or 
snowmelt efficiency (fsnow), can be evaluated by comparing the pre-
cipitation weighted d values, assuming that precipitation during the 
snow season is snow and precipitation during other seasons is rain. If the 
ratio of precipitation amount (rpa) during the snowfall season to the 
total precipitation amount is frpa-s and the ratio of precipitation during 
other seasons is frps-ns, then fsnow is:  

fsnow = (21.33 – Σdns・frps-ns)/(Σds・frps-s)                                    (1) 

where ds and dns are the d values of precipitation during the snowfall 
and non-snowfall periods, respectively. The value of fsnow is unity when 
the subsurface infiltration effects of snow and rain are the same. 

Assuming that the snowfall season extends from December to 
February, fsnow is 2.28 at the Town office and 2.50 at Gakkohgawa dam. 
Both are higher than the values of 2.26 for Akita and 1.62 for Ajigasawa, 
but even the latter two sites have fsnow values well above unity. The 
ratio of precipitation amount during this period to annual precipitation 
is 0.21 at Akita and 0.29 at Ajigasawa, corresponding to those of the two 
sites in the study area. This correspondence supports our assessment of 
snowmelt efficiency for type 1 water from long-term monthly data for 
both sites. An fsnow value of 2.0 suggests that snow has twice the sub-
surface infiltration efficiency of rain. Even if precipitation from 
November to March is assumed to be entirely snowfall, the fsnow value is 
1.75 at Akita and 1.42 at Ajigasawa. These results suggest that the effect 
of snow on groundwater recharge exceeds that of rain by at least 40 % 
and in some cases is about twice as much. In areas with a large seasonal 
variation of precipitation d values, the subsurface infiltration effect of 
snow on rain, which was difficult to estimate in previous studies (Ear-
man et al., 2006; Winograd et al., 1998), can be evaluated 
quantitatively. 

In contrast, at Cheju Island, south of the Sea of Japan, the isotopic 
composition of groundwater nearly equals the mean precipitation- 
weighted annual isotopic composition, despite precipitation having a 
large seasonal variation in d values, as at Chokai (Lee et al. 1999). This 
island is mainly composed of highly permeable basalt, which allows 
even strong rains to easily percolate. Chokai volcano is covered with 
vegetation from late spring to autumn, and rainwater during this season 
returns to the atmosphere by evapotranspiration, as in other areas 
including Cheju Island (Lee et al. 1999). However, in Chokai’s largely of 
andesite lava with low hydraulic conductivity, rainfall heavier than 50 
mm per hour, which sometimes occurs during summer to autumn, is 
likely to generate surface runoff that directly discharges into streams. In 
contrast, snow more easily penetrates the ground than rainwater 
because it melts gradually and releases water slowly. Rainfall infiltrating 
through snowpack also penetrates the ground more readily. Further 
studies are needed to quantify permeability in these different circum-
stances, but it is clear at Chokai volcano that winter snow more 

effectively infiltrates groundwater than rainfall. 

5.2. Recharge area 

5.2.1. Recharge elevation index of spring water 
The δ18O and δ2H values of precipitation at Gakkohgawa dam, which 

is weighted by precipitation amount over the 2010–2011 year, are lower 
than those of precipitation at the Town office at lower elevation 
(Fig. 6b). The precipitation-weighted isotopic compositions during the 
period May–October decreases as the site elevation rises from the Town 
office to Gakkohgawa dam to Ohdaira (from A to C, respectively, in 
Fig. 6b), reflecting the effect of altitude on the δ18O and δ2H values of 
wet precipitation. However, the δ18O, δ2H, and d values of the two 
coastal well water samples (average − 8.31 ‰, − 45.3 ‰, and 21.2 ‰, 
respectively), differ from those of the annual weighted precipitation at 
the nearby Town office (− 8.15 ‰, − 51.1 ‰, and 14.0 ‰, respectively). 
The NO3

− concentration of this well water (~50 mg/L) is extremely high 
(Appendix Table A.1), indicating that it is strongly influenced by the 
chemical fertilizers (Mukherjee and Singh, 2022) used on the vegetable 
farms in the coastal hills. Thus, well water is clearly recharged locally. 
Although the recharge elevation of the well water (40 m) is close to that 
of the precipitation site (27 m), the notable difference between the 
isotopic compositions of the two waters suggests isotopic fractionation 
during the underground infiltration of precipitation. In the study area, 
the use of spring waters from small basins (Mulligan et al., 2011; 
Yasuhara et al., 1997, Yasuhara et al., 2017) rather than precipitation is 
suitable for estimating the recharge elevation of groundwater. 

We determined the watershed elevation range for mountain-foot 
spring waters at five sites (Nos. 16, 17, 18, 20–21, and 27 in Fig. 2a 
and Appendix Fig. A.1). Fig. 8 shows the relationship between the 
average elevation (AE, in meters) of six small watersheds (fivc spring 
waters and one coastal well water) and the δ18O (in ‰), δ2H (in ‰), Cl−

concentration (in mg/L), and electrical conductivities (ECs in μs/cm) of 
their groundwaters. In the groundwater of these watersheds, δ18O and 
δ2H decreased by 0.21 ‰ and 1.63 ‰ per 100 m, respectively, similar to 
rates determined elsewhere (Clark and Fritz, 1997). The watershed AEs 
of groundwater at six sites was related to δ18O and δ2H in the ground-
water by:  

AE = − 472.08･δ18O-4040.4 (R2 = 0.96)                                           (2)  

AE = − 61.388･δ2H-2908.9 (R2 = 0.96)                                            (3) 

AE was related to the Cl− concentration (Cl) by:  

AE = 1.9058･104Cl − 1.7651 (R2 = 0.99)                                              (4) 

or by  

AE = 1795 exp(− 0.14318･Cl) (R2=0.93)                                            (5) 

The Cl− concentrations of rainwater and associated groundwater are 
known to decrease as a power function of distance from the coast 
(Bresciani et al., 2014). In the study area, the Cl− concentration was 
about 25 mg/L in well water about 500 m from the coast and about 10 
mg/L in the spring water and type 2 surface water of the Yoshideyama 
area about 10 km from the coast. In contrast, the Cl− concentrations of 
mountain-foot spring waters tended to decrease with increasing eleva-
tion, being higher than 11 mg/L at elevations below 100 m, 5–14 mg/L 
at 100–500 m, and below 5 mg/L above 1000 m (Appendix Table A.1). 
The generation of SSAs, which delivers airborne Cl and Na, increases 
with wind speed over the ocean, and the maritime distribution of SSAs 
declines steeply with altitude, being a factor of 10 smaller at 2 km 
altitude (Murphy et al., 2019). Thus, SSAs appear to decrease expo-
nentially with altitude over the ocean, but whether this is true over land 
areas is unclear. From May to September, when the wind off the Sea of 
Japan was weak, the Cl− concentration in wet precipitation was similar 
at the Town office and Gakkohgawa dam sites (0.5–3 mg/L), which 
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differ in distance from the coast by 6 km and in elevation by about 180 
m, but was less than 0.5 mg/L at the Ohdaira site at 999 m elevation 
(Appendix Table A.2). The contribution of SSAs to Chokai volcano, 
although strong in winter, decreases with elevation and distance from 
the coast regardless of the season, resulting in an exponential or power- 
law decrease of Cl− concentrations in spring waters with elevation. 

Because the water in this area is of the NaCl type with a high SSA 
component, the ECs of spring waters in small watersheds also decreased 
with elevation as:  

AE = 8.4152105ECsw
− 1.7899 (R2 = 0.90)                                                (6) 

Or  

AE = 990.79 exp(− 0.011951EC) (R2 = 0.58)                                      (7) 

This relationship is consistent with the increase in precipitation and 
the decrease of the SSA contribution with increasing elevation. 

The average recharge elevations (AREs) of groundwater obtained 
from each equation are listed in Appendix Table A.5. It is reasonable to 
estimate the ARE value of groundwater from the Cl− concentration and 
EC value using equations (4) and (6), which are strongly correlated with 
AE. However, despite having only one site to estimate AE at elevations 
above 500 m, even small changes in the Cl– concentration or EC value 
result in large changes in AE values (Fig. 8c, d). This indicates that the 
reliability of the AE value estimated from the Cl– concentration and EC 
value becomes lower at elevations above 600–700 m. Because of this 
uncertainty in the altitudinal change in SSAs, we also estimated AREs of 
groundwater using equation (5) based on the strong correlation of Cl– 

concentration with AE. 

5.2.2. Evaluation of the recharge elevation index of spring water 
The isotopic compositions and dissolved ion concentrations in spring 

waters from the end of the lava flow are variable, differing by more than 
the analytical errors even at the same site. The six samples of spring 
water from the Dohhara waterfall (No. 14) have an exceptionally wide 
variation of 0.86 ‰ in δ18O, 4 ‰ in δ2H, 1.92 mg/L in Cl− concentration, 
and 8.3 μS/cm in EC, corresponding to variations in ARE of 406, 246, 
169, and 148 m, respectively. Nevertheless, the averages of the ARE 
values for the six samples estimated from δ18O, δ2H, Cl− concentration, 
and EC are much more consistent (636, 624, 591, and 569 m, respec-
tively), indicating that ARE values for a site are more reliably deter-
mined by the average of multiple samples than single samples. 

The AREs for type 1 spring water estimated using δ18O and δ2H range 
from 200 to 1200 m, and the two ARE values differ by no more than 100 
m for individual samples (Fig. 9a). Likewise, the AREs for spring water 
estimated using Cl− concentrations and ECs are nearly the same 
(Fig. 9b), except for high-elevation sites where these estimates have low 
reliability. However, the ARE values at a given site differ depending on 
the indicator used. Most ARE values for the mountain-foot springs range 
from 300 to 700 m in the Yoshideyama area, corresponding to differ-
ences of 1.08 ‰ in δ18O (− 9.02 to − 10.10 ‰), 5.96 ‰ in δ2H (− 52.31 to 
− 58.27 ‰), 5.15 mg/L in Cl- concentration (12.71 to 7.56 mg/L), and 
25.6 μS/cm in EC (84.4 to 58.8 μS/cm). The analytical errors for δ18O 
(0.2 ‰) and δ2H (1 ‰) correspond to elevation errors of 94 m and 61 m, 
respectively, whereas the analytical error for Cl− concentration (<5%) 
corresponds to an elevation error of about 30 m. Because spring waters 
with AREs lower than 700 m are predominant in the study area, Cl−

concentrations and EC values are more sensitive to elevation than δ18O 
and δ2H in these low-elevation areas where their values change mark-
edly (Fig. 8). 

Fig. 8. Relationship between the δ18O, δ2H, Cl− concentration, and EC values of groundwaters at six small watersheds and the average elevation (AE) of the wa-
tersheds. Bold lines in (c) and (d) correspond to power-law relationships (Eqs. (4) and (6)), and dotted lines to exponential relationships (Eqs. (5) and (7)). 
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Because type 1 surface water is very similar to type 1 groundwater, 
both in terms of water isotopic compositions (Fig. 6) and water qualities 
(Fig. 7), δ18O, δ2H, Cl− concentration, and EC value in surface water can 
support estimates of the average watershed elevation (AWE) at a given 
site. The AWEs estimated from the four indicators (Appendix Table A.5) 
were almost the same for the two type 1 waters, although the agreement 
was poorer for stream water than for spring water (Fig. 9). This close 
agreement reflects the fact that type 1 stream water represents base 
flow, in which the groundwater component is dominant. However, for 
type 2 waters, the agreement of AREs or AWEs from the different in-
dicators was less good. Values based on δ18O were generally lower than 
those based on δ2H (Fig. 9a). Summer precipitation, owing to its low 
d values, had larger δ18O than δ2H values compared to annual average 
precipitation (Fig. 6b). Accordingly, samples of type 2 water with a large 
contribution of summer rainwater had higher ARE or AWE values from 
δ18O than from δ2H. The agreement between ARE and AWE values based 
on Cl− concentrations (Eq. (4)) and on EC values (Eq. (6)) was poor 
(Fig. 9b). Similar to δ18O and δ2H, we attribute this difference to SSA 
concentrations and EC values of precipitation being lower in summer 
than winter (Appendix Table A.2). Most of the waters for which the 
AREs and AWEs vary with different indicators show the influence of 
rainfall in the season when the water was sampled, such as type 2 surface 
waters. 

Since δ18O and δ2H are both indicators based on water molecules, 
they yield closely consistent ARE values (Fig. 9a). However, because the 
δ2H values of type 1 waters vary over a smaller range than δ18O values in 
the study area (Fig. 6b), it is preferable to estimate ARE or AWE from 
δ2H rather than δ18O, as is commonly done. For type 1 water, the ARE 
and AWE values based on Cl− concentrations (Eq. (4)) agree well with 
those based on EC value (Eq. (6)), except at high elevations where both 

indicators have low sensitivity (Fig. 9b). Of the two equations based on 
Cl− concentration, Equation (5) is more sensitive at high elevations than 
Equation (4) (Fig. 8c). For type 1 water from the western low-elevation 
area within about 4 km of the coast, ARE values obtained from Cl−

concentrations (Eq. (5)) are clearly lower than those from δ2H (Fig. 9c), 
suggesting that one indicator alone is inaccurate in estimating ARE or 
AWE. The average ARE or AWE values for type 1 water obtained from 
combined δ2H and Cl− concentrations (Eqs. (3) and (5)) agree well with 
those based on all four indicators (Eqs. (2), (3), (4), and (6)) as shown by 
the tightly clustered data points in Fig. 9d. These values of type 2 water 
in the Yoshideyama area are only about 100 m higher than those of the 
sample site (Appendix Table A.5). This is consistent with the origin of 
type 2 water, described in Section 2.4, in a perched aquifer near the 
sample site. Furthermore, despite the large contribution of precipitation 
during the sampling season, the average AWE values of most wetland 
waters obtained from δ2H and Cl− concentrations are within about 150 
m of the sampling site elevation (Appendix Table A.5). These results 
indicate that the combined use of two indicators (Eqs. (3) and (5)) or 
four indicators (Eqs. (2), (3), (4), and (6)) is most effective for estimating 
the elevations of groundwater recharge and source watersheds of sur-
face waters. 

The ARE and AWE values from the two indicators (Eqs. (3) and (5)) 
agree closely in the Yoshideyama area and the western caldera area at 
high elevations (Fig. 9c). Because this area lies within a narrow range of 
distance from the coast (8–11 km) but contains a large range of eleva-
tions (1800 m), this agreement indicates the strong elevation depen-
dence of water vapor and SSAs. That inference is consistent with the 
view of Kirchner et al. (2010) that Cl− concentrations and water isotopic 
compositions in stream water can be used as conservative tracers in 
catchments due to their similar behaviors. Chloride ion concentrations 

Fig. 9. Plots of water samples in this study showing the relationship of ARE of groundwater and AWE of stream water as determined on the basis of (a) δ18O (Eq. (2)) 
and δ2H (Eq. (3)), (b) Cl− concentration (Eq. (4)) and EC (Eq. (6)), (c) δ2H and Cl− concentration (Eq. (5)), and (d) the average of δ18O and δ2H and the average of 
δ18O, δ2H, Cl− concentration (Eq. (4)), and EC value (Eq. (6)). Type 1 water is shown in orange symbols as in Fig. 2a. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.) 
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in atmospheric deposition decrease rapidly as a power function of dis-
tance from the coast, reported in some cases to be nearly constant at 
about 10 km (Bresciani et al., 2014). In the marine boundary layer, the 
amount of SSAs is well correlated with that of water vapor, with both 
decreasing with altitude (Murphy et al., 2019). It is likely, then, that in 
mountains near the sea, where both SSA contributions and elevation 
differences are large, the concentration of Cl− in precipitation decreases 
with altitude. 

5.2.3. Recharge area of spring water in Yoshideyama area 
The ARE values for spring waters from the end of the lava flow in the 

Yoshideyama area are 219–697 m from δ18O, 302–631 m from δ2H, 
291–591 m from Cl− concentration, and 300–574 m from EC. They 
signify that the spring water is recharged mainly from the gently sloping 
area below 700 m elevation, in the fan formed by the Minaminokomai 
and Mansukedo lava flows (Figs. 2 and 3). Fig. 10 shows the average 
recharge area of the spring waters, assuming that the flow direction is 
parallel to that of the lava flow. These ARE values ranged from 300 to 
600 m. 

The mean AWE value estimated from δ2H and Cl− (Eqs. (3) and (5)) 
in the Minaminokomai stream, which flows on the east side of the 
Yoshideyama area, is 1064 m at the upstream site (490 m elevation) and 
1128 m at the downstream site (140 m elevation) (Fig. 10). In the 
Minamiore stream, which flows on the northwest side, the AWE is 898 m 
at the upstream site (626 m elevation) and 660 m at the downstream site 
(114 m elevation). Even at their lowest sites, both streams have AWE 
values higher than the highest ARE values of the mountain-foot spring 
water in the Yoshideyama area. Even at their lowest sites, both streams 
have AWE values higher than the highest ARE values of the mountain- 
foot spring water in the Yoshideyama area. These results indicate that 
recharge from both streams to the lava aquifer in the Yoshideyama area 
is small at most. Both streams flow through eroded lava, and recharge 
from the Minaminokomai stream to the Yoshideyama aquifer is unlikely 
below 400 m elevation, because the valley there is deeper than 100 m. 
The geomorphology and the water quality of the uppermost surface 

water of the Yoshideyama area support the view that the Yoshideyama 
foothill springs are mainly recharged from the lower reaches of the 
Minaminokomai and Mansukedo lava flows below 700 m elevation. 

The hydraulic conductivity of andesite in a volcano varies greatly 
depending on many factors, including age and the distribution of py-
roclastic rocks, lava flows, weathering, and hydrothermal alteration 
(Asai et al., 2009; Toulier et al., 2019; Vittecoq et al., 2019). Nonethe-
less, the Yoshideyama area and the upper western caldera are composed 
largely of lava flows younger than 20 ka, and their geochemical and 
physical properties are homogeneous. These simple geological condi-
tions are probably the reason why the AWE of streams and the ARE of 
springs are separated by topography. In areas such as the Yoshideyama 
area, i.e., at similar distances from the coast, Cl− concentrations, EC 
values, and water isotopic compositions can be used together to identify 
groundwater recharge elevations with a high degree of accuracy. 
Further improving the accuracy of these methods requires comprehen-
sive studies that include topographical and geological data, as well as 
water quality indicators. 

The springs in the mountain-foot groups are close to each other in 
location and elevation, suggesting that they share the same aquifer. 
However, in the west springs the δ18O, δ2H, Cl– concentration, and EC 
values increase at three sites from west to east. They increase even more 
in the drainage from the quarry, about 200 m east of the easternmost 
spring in this group. Accordingly, the ARE value decreases eastward in 
the west springs discharging from the same lava flow (Fig. 10). In the 
south springs, these indicator values tend to increase between the 
western site and the eastern Dohhara waterfalls site, with a decrease in 
the middle. Although the watershed of each spring water cannot be 
specified from the topography like the surface streams, these differences 
in water quality, even at similar elevations, suggest that groundwater 
generated by infiltration into the lava flow at different areas is not fully 
mixed within the aquifer before it is discharged. 

Of the springs in this area, the Dohhara waterfall spring issuing from 
the lava cave is unique in that it has the largest volume of water and the 
greatest variation in water quality. The velocity of the groundwater in 

Fig. 10. Estimated averaged recharge locations of type 1 groundwater and stream water, indicated by the points of arrows leading from sampling locations. Lo-
cations correspond to the mean value of AREs for type 1 groundwater and the mean value of AWEs for type 1 river water, which are determined from δ2H and Cl−

concentration. In the case of groundwater, locations (red dotted arrow) were determined by projection upslope in the direction of lava flows, whereas in the case of 
river water, locations (black arrow) were assumed to correspond to the mean AWE value upstream of the river. The green bold line is the same as in Fig. 2a. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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the large fissures here must be much higher than in the lava voids 
elsewhere. The ARE of this spring (about 600 m) lies near the narrow 
area where the Minamiore, Minaminokomai, and the Kokesawa streams 
diverge, and these surface waters may enter the lava through volcanic 
sediments. The groundwater originating from these streams mixes with 
groundwater derived from precipitation at the lower elevation, which 
may explain the large fluctuations in the water quality of the Dohhara 
spring. If this is the case, and for the conservation of the Dohhara spring 
(Misuda, 2018), it is necessary to evaluate the contribution from these 
stream waters at around 600 m to the lava aquifer in the Yoshideyama 
area. 

5.3. Formation model of spring water from the fractures in andesite lava: 

Even outside the Yoshideyama area, most AREs of type 1 spring 
waters are below 700 m, whereas the AWE of major rivers is above 600 
m, even in the plains (Fig. 10). This result is consistent with the fact that 
on Chokai volcano, the headwaters of 32 rivers extend up to an average 
elevation of about 1300 m and a maximum of 2100 m. The volcano’s 
southern slope has a topographical inflection around 600–700 m 
elevation, with steep slopes above and gentle slopes below (Figs. 2 and 
3). Because the upper slopes consist largely of andesite lava with low 
permeability, precipitation at those elevations is less likely to infiltrate 
and more likely to flow over bedrock and thin sediments. This difference 
in surface environment appears to explain the difference between the 
high AWE values of rivers and the low ARE values of mountain-foot 
springs. Because the highlands tend to shed precipitation as runoff 
without penetrating deep into the subsurface, river water in the plains 
has a higher source elevation, even when spring water mixes with it in 
the foothills. 

In contrast, the gentle slope at lower elevations has many recesses 
and deposits of large lava masses and sediments, which provide favor-
able environments for infiltration. Wetlands are more likely to form in 

the presence of less permeable sediments, and perched aquifers form in 
sediment layers beneath wetlands and above impermeable lava surfaces. 
Many voids in Quaternary andesitic lavas (Farquharson et al., 2015; 
Yokoyama and Takeuchi, 2009) are connected to large and small cracks 
and can become aquifers. It is likely that type 2 perched groundwater in 
volcanic sediments infiltrates into voids and small cracks in the lava, 
sometimes through larger cracks such as joints, and discharges as type 1 
spring water through large cracks and clinker at the end of lava flows 
(Fig. 11). This view would also explain why type 1 waters from andesitic 
lavas have smaller variability and higher Ca2+ and HCO3

− concentrations 
than the type 2 waters of perched aquifer origin in volcanic sediments. 

Considering basalt volcanoes with high permeability, it has been 
reported that local perched aquifers lie above impermeable layers at 
high altitudes in the Hawaiian Islands (Ingebritsen and Scholl, 1993). 
Elsewhere, a continuous basal aquifer from high to low elevations has 
been proposed for the Canary Islands (Custodio, 2007) and a discon-
tinuous aquifer, regardless of elevation, for Mayotte Island (Lachassagne 
et al., 2014). Although our study area has few high-elevation examples, 
the west and south springs in the Yoshideyama area are located at almost 
the same elevation (Fig. 3). Given the porosity of Quaternary andesite 
lava (about 10 % on average; Farquharson et al., 2015; Yokoyama and 
Takeuchi, 2009), these foothill springs are likely to constitute a 
continuous basal aquifer (Fig. 11). The differences in ARE values within 
the west or south springs (Fig. 10) indicate that they vary in their 
recharge areas or their mix of sources. Groundwater in lava exists in 
highly permeable fractures or low permeability interstitial voids. If the 
fractures are well connected to each other, groundwater mixing will 
increase and the water quality in the aquifer will become homogeneous. 
However, the difference in spring water quality at different sites sug-
gests that groundwater flows through fractures discharge without 
thorough mixing in the lava aquifer. This difference is rather consistent 
with the model by Lachassagne et al. (2014), in which aquifers are 
discontinuous and separated by aquicludes. The observations at the 

Fig. 11. Schematic hydrogeological model of groundwater in Chokai volcano. Precipitation on steep, relatively impermeable lava slopes at high elevations tends to 
become surface water, whereas precipitation on gentle slopes is retained by volcaniclastic debris and infiltrates into the lava, then discharges from voids in the clinker 
at the ends of lava flows. 
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quarry may suggest that the fractured and surrounding weathered an-
desites, with their high porosities, may function as an aquifer, and the 
surrounding fresh andesite as an impermeable layer. As shown in 
Fig. 11, mountain-foot spring water discharges from basal aquifers in 
lava flows that receive infiltrating wet precipitation at different eleva-
tions. On gentle slopes, type 1 groundwater from different elevations 
that infiltrated through sediment layers would contribute to the basal 
aquifer, but to a degree that varies depending on the spring. These dif-
ferences may account for the observed variation in water quality and 
ARE values. 

The discontinuity of the basal aquifer within the lava suggests that 
the groundwater resource is limited (Lachassagne et al., 2014). This 
suggestion is consistent with the finding in Section 2.3 that most of the 
daily discharges of mountain-foot springs are as low as 10 to 102 t. Even 
with high annual precipitation of about 3000 mm, the lower slopes of 
Chokai Volcano are limited in groundwater resources, indicating that 
this area is susceptible to environmental changes. On the east side of the 
quarry, groundwater from higher elevations appears to flow south- 
southwest through the lava. Accordingly, the extension of quarrying to 
the east could damage the lava aquifer and decrease the discharge of the 
south springs at lower elevation, which are in urgent need of conser-
vation (Misuda, 2018). Further, the removal of sediments overlying lava 
by quarrying could reduce infiltration into bedrock and adversely affect 
the sustainability of wetlands, which play an important role in hydro-
logical processes (Hayashi et al., 2016) and ecosystem services (de Groot 
et al., 2018). 

The impact of climate change on groundwater resources is an acute 
concern in places such as the Middle East and the southwestern United 
States, where aquifers depend on mountain snow (Famiglietti, 2014； 
Wu et al., 2020). This concern is heightened by the growing knowledge 
that snowmelt infiltrates more effectively than rainwater. Snowfall 
amount decreases as altitude decreases in the Annapurna Range in the 
Nepal Himalaya (Putkonen, 2004). Snowfall in Japan is predicted to 
decrease at lower elevations where temperatures are higher (Kawase, 
2019; Kawase et al., 2013, 2020; Yamaguchi et al., 2011). The lower 
parts of lava flows, which are the main recharge area of the mountain- 
foot springs, cover a larger area than the upper slopes and are more 
susceptible to a decrease in snowfall. A decrease in snowfall would add 
to the effect of quarrying on these springs with a limited groundwater 
resource. 

6. Conclusions 

We classified spring waters and surface waters on the southwest side 
of Chokai volcano into type 1, derived from groundwater in lava with 
low permeability, and type 2, derived from perched aquifers in soil and 
sediments above the lava. Both waters are of the NaCl type and have 
high d values due to large snowfall and SSA contributions in winter, but 
type 1 water has smaller variations in water quality and higher Ca 
concentrations derived from the andesite lava. 

We used chloride ion and electrical conductivity in addition to water 
isotopic compositions to examine the recharge zones of foothill springs 
and the hydrologic processes from precipitation to groundwater. In the 
Yoshideyama area, where both types of water are widely distributed, the 
evidence shows that type 1 spring waters at the foot of the mountain are 
recharged from the area of gentle slopes downstream from the lava. 
Compared to higher areas with steep slopes and thin sediments, the 
gentle slopes with large areas and thick sediment deposits in the troughs 
of lava waves are more favorable for infiltration of rainwater and 
especially snowmelt that feeds the foothill springs. Snowfall contribu-
tion to groundwater was estimated to be several 10 % to twice as high as 
rainfall. In mountainous areas at similar distances from the coast, the 
combination of Cl− concentrations and water isotopic compositions 
yields a more accurate estimate of groundwater recharge elevations. 

The water quality and ARE of the foothill springs vary locally, even 
where the discharge elevations are similar, and the groundwater appears 

to undergo minimal exchange of water between permeable fractures in 
the lava. The linkage, though unclear, between fast flow in the fractures 
and slow groundwater in the lava voids is an important hydrogeological 
aspect of lava aquifers. 

This study clarifies the role of hitherto undocumented factors 
affecting groundwater in fractured andesitic lava in cold regions, such as 
the form of precipitation (rain or snow) and the presence and perme-
ability of sediment overlying the lava. For the sustainable use of 
groundwater from snow-topped andesitic volcanoes, the effects on the 
water cycle of land alteration and precipitation changes due to global 
warming need to be comprehensively studied with consideration of local 
geology, topography, and meteorology. Future monitoring of mountain- 
foot springs and rain and snow, along with detailed petrographic 
investigation of volcanic sections by boring, will help clarify the hy-
drology of groundwater in lava, with its many unknowns, as well as the 
sustainable use of spring water in response to climate change. 
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