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Abstract

Methods to determine the recharge elevation of groundwater using the altitude effect of 8D and 5'®0 have been extensively
applied in hydrogeological investigations. The secondary parameter d-excess has also been used as a groundwater tracer. In
this study, to examine the usefulness of these tracers along with !’O-excess, ~160 groundwater samples were collected from
a humid region at the foot of Mt. Fuji, Japan. The sampling area covered 40 X 45 km, with most sampling sites located below
1,000 m above sea level. The relatively low elevation and small scale of the basin allowed for examination of the elevation-
dependence of groundwater isotopes. Using high-precision isotope analyses, a low lapse rate but clear elevation-dependence
in spring waters was observed for d-excess (0.18%¢-100 m~"). The recharge elevation determined by d-excess correlated with
those by 8D and §'%0, indicating that d-excess has high potential as a groundwater tracer for the determination of recharge
elevation. On the other hand, '’O-excess in groundwater held small spatial variation, with an average of 25 per meg in the
horizontal direction and a lapse rate of 0.6 per meg-100 m™'. The low lapse rate compared to the analysis error inhibits its
usefulness as a tracer. The fact that the recharge elevation determined by 8D, 8'80, and d-excess were similar indicates that
the combination of these tracers could increase the reliability of the results.
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Introduction

Deuterium and oxygen-18 in water have been commonly
employed as natural tracers to estimate the origin, age, his-
tory, and flow path of groundwater (Clark and Fritz 1997;
Mazor 1997; Kendall and McDonnell 1998; Mook 2001;
Yamanaka 2020). In particular, the isotope altitude effect
(i.e., elevation effect), a phenomenon in which precipitation
becomes isotopically lighter at higher elevations, has been
useful for determining the groundwater recharge elevation
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as summarized by Jasechko (2019). The altitude effect is
produced by: (1) rain-out from vapor orographically lifted
or Rayleigh distillation with different condensation tem-
peratures with temperature lapse rate (~0.6 °C - 100 m™1),
and (2) evaporation from raindrops (Friedman et al. 1962;
Moser and Stichler 1974; Clark and Fritz 1997; Kendall
and McDonell 1998; Gonfiantini et al. 2001; Mook 2001;
Yamanaka 2020). This effect has been observed across
many areas, ranging from —0.6 to —0.1%o - 100 m~! for
8'%0 (Siegenthaler 1979; Yurtsever and Gat 1981; Mazor
1997; Machida 2000; Mook 2001; Yamanaka et al. 2016)
and changes depending on the direction of the slope against
the wind direction (e.g., Scholl et al. 1996; Machida 2005;
Yasuhara et al. 2007).

On the other hand, one of the secondary parameters,
d-excess, also has been used as a groundwater tracer in sev-
eral areas (Cruz-Sun Julian et al. 1992; Paar et al. 2019).
d-excess was defined by Dansgaard (1964) according to Eqgs.
(1) and (2):

d-excess = 8D — 85'80 (D
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where R is the ratio of heavy to light isotopes: (**0/'°0) for
180; (*H /'H) for deuterium; and the SMOW is the refer-
ence, standard mean ocean water (Craig 1961a). From this
definition, the d-excess of the Global Meteoric Water Line
(GMWL: 8D =850+ 10, as defined in Craig 1961b) is the
y-intercept (10), and reflects a kinetic isotopic fractionation
process when water vapor is formed from the ocean, whereas
the slope reflects the Rayleigh process when precipitation
is formed from vapor. When the humidity is low (<50%),
the vapor is strongly depleted of 8'80 compared to that of
the ocean, and the produced precipitation contains high
d-excess; however, at a humidity of ~85%, the precipitation
plots are very close to the GMWL (Clark and Fritz 1997).
The d-excess also tends to increase with elevation, but the
lapse rate is different by region, as well as 8D and 5'30. A
drastic change in d-excess with elevation was produced by
the mixing of the local orographic cloud (for precipitation in
Italy, ~0.6%o - 100 m~", Liotta et al. 2006) and by the mixing
of water derived from different seasons (for surface water in
Tibetan Plateau, ~2.2%o - 100 m™": Dong et al. 2018). Without
such mixings, the evaporation of raindrops below the cloud
base causes its elevation-dependence in arid and semiarid
regions (Ehhalt et al. 1963; Gat 1971; Gat and Dansgaard
1972; Clark and Fritz 1997). Additionally, some researchers
have reported that d-excess in the precipitation or river water
change with elevation in more humid areas—for example,
Cruz-San Julian et al. (1992) observed individual precipitation
with a lapse rate of ~0.5%o - 100 m™! in coastal areas in east-
ern Spain. Gonfiantini et al. (2001) observed a lapse rate of
~0.1%o - 100 m™~! for monthly precipitation observed in Cam-
eroon and Bolivia, located in tropical regions, whereas Lieb-
minger et al. (2006) compiled precipitation data for ~30 years
across 12 stations in Austria with relative humidity (RH) of
87% and found elevation changes in d-excess (lapse rate of
0.36%0 - 100 m™!). Bershaw et al. (2012) showed a lapse rate
of ~0.3%o - 100 m™~" using the data obtained by Garzione et al.
(2000), who collected stream waters in tributaries of the Kali
Gandhaki River, Himalaya. Wakiyama et al. (2013) revealed
lapse rates ranging from 0.16 to 0.32%o - 100 m™~! in precipi-
tation in central Japan, while Bershaw et al. (2020) found a
lapse rate of ~0.23-0.24%o - 100 m~! along the moist, wind-
ward side (RH > 75%) of the stream waters from the Olympic
Mountains, Oregon, United States. In particular, Gonfiantini
et al. (2001) and Bershaw et al. (2012) emphasized that such
change could be produced by rain-out, using the Rayleigh
condensation model. The current consensus would be that
the elevation dependence of d-excess is produced by two
mechanisms, the rain-out and evaporation, and the lapse
rates range from 0.1 to 0.5%o - 100 m~" in the humid regions
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unless there is mixing with other sources. The contribution
of the two mechanisms is still unknown, and may be impor-
tant because the same phenomenon can occur in many areas
on Earth. Although the lapse rate of d-excess is sometimes
only 0.1%o - 100 m™', it may be a useful tracer to determine
recharge elevation even in small-scale basins by using high-
precision analyses.

Alternatively, the precision of !0 measurement has
continued to improve (Steig et al. 2014), often represented
by an index called !"O-excess rather than the & value itself
(Barkan and Luz 2007). In the field of hydrogeology, the &
value is generally expressed by multiplying the right side by
1000 (as in Eq. 2); accordingly, '’O-excess is expressed by:

70-excess x 107° =1n (107870 + 1) — 0.5281n (107’50 + 1)

3

Corresponding to the GMWL for the 8!70-8'0 relation-

ship, Luz and Barkan (2010) proposed the following straight
line from 52 global water samples:

In (107870 + 1) = 0.5281n (107°8'80 + 1) + (33 x 107°)
“

That is, natural waters maintain a linear relationship between
In(10736'70+ 1) and In(10738'30 + 1), with a slope (0.528)
resulting from the assumption that vapor condensation occurs
in the Rayleigh process (Barkan and Luz 2007). The '"O-excess
throughout water circulation is assumed to be stable during the
phase change under equilibrium, but it changes under a non-
equilibrium evaporation process. The characteristics are similar
to d-excess, where the latter is affected by both temperature and
RH (even in equilibrium), but '7O-excess is solely sensitive to
RH during evaporation (Barkan and Luz 2007).

Hydrological studies using 7O include analyses of Ant-
arctic ice cores (Landais et al. 2008, 2012), assessing the
relationship between !"O-excess in oceanic water vapor and
RH (Uemura et al. 2010), and an examination of the global
distribution of '"O-excess in natural waters (Luz and Bar-
kan 2010). Recently, some researchers have also focused on
the relationship between d-excess and !"O-excess to exam-
ine the evaporation of water. Landais et al. (2010) analyzed
precipitation samples in West Africa, revealing a relation-
ship between d-excess and !"O-excess with RH. The ratio of
change in '7O-excess:d-excess was ~1 per meg - %¢~', and
evaporation from raindrops was a key process for controlling
the d-excess and "O-excess in precipitation. Li et al. (2015)
demonstrated a national-scale map of ’O-excess in precipita-
tion over the US (using tap water as a proxy), finding that the
170-excess was highly latitude-dependent at the continental
scale, and high correlation among 70-excess, d-excess, and
average annual precipitation near the Gulf of Mexico, likely
due to evaporation. Their observed change in !"O-excess with
respect to d-excess was ~4.0 per meg - %o~ ! near the Gulf of
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Mexico. Tsuchihara et al. (2016) found a seasonal fluctua-
tion of '"O-excess in precipitation positively correlated to
d-excess in Ibaraki Prefecture, Japan. Since it is common that
the d-excess in precipitation decreased to ~5%o in the sum-
mer and increased to ~30%o in winter within the Japanese
mainland (Tanoue et al. 2013; Ichiyanagi and Tanoue 2016),
Tsuchihara et al. (2016) attributed it to seasonal changes of
water vapor origins. In addition, there was a positive relation-
ship between d-excess and '’O-excess in the evaporated rice
paddy water, with a ratio of change of 1.2 per meg - %o
The average value of '’O-excess in the shallow groundwater
(n=52) was 26 per meg. That is, the relationship between
d-excess and '7O-excess in natural waters has been reported
to range from 1 to 4 per meg - %o~! by previous studies.
Although hydrological d-excess and '"O-excess studies
using high-precision analyses are underway, local-scale
research remains insufficient; in particular, to the best of the
authors’ knowledge, no studies have discussed their ground-
water spatial distributions for a basin with a scale of several
10s of kilometers in humid regions. In this study, these dis-
tributions were clarified, and their potential as groundwater
tracers to determine the recharge elevation was examined.
For this purpose, Mt. Fuji and its surroundings (Japan) were
selected as the research area (Fig. 1), in part for its exten-
sive historical use in hydrogeological research to aid in the
interpretation of the data obtained from this study.

Materials and Methods
Research area

The total research area covers ~40Xx45 kmz, 100 km
west—southwest of Tokyo in Japan (Fig. 1), and contains Mt.
Fuji (peak elevation, 3,776 m). The area was subdivided into
seven sections: N, E, H, SE, SW, W, and F (further details
are provided in the next section). According to the seven
weather stations located within the subsections, the average
annual rainfall ranged from 915 to 2,845 mm for 1976-2020
(Table 1; Japan Meteorological Agency 2021), with the
maximum recorded at Gotenba (E), and minimums at Lake
Kawaguchi (N) and Mishima (H; 915 and 1,011 mm - y‘l,
respectively). There are no precipitation data for the summit
of Mt. Fuji as the winds are too strong for reliable measure-
ments, although the heaviest rains occur during the rainy and
typhoon seasons (June—September), where ~60-70% of the
annual precipitation occurs within the summer. Humidity
data were obtained at two stations with the least rainfall:
Lake Kawaguchi (N) and Mishima (H) (average RH=72%).

The research area further includes Mt. Ashitaka and
Hakone distinct. The most recent eruption of Mt. Fuji occurred
300 years ago, whereby the mountain body was covered by

permeable, volcanic ejecta. Due to surface geology, there are
no ephemeral rivers except in the lower part of the mountain
body. Mt. Ashitaka and Hakone began erupting ~0.40 and
0.65 Ma, respectively, with the former terminating its activity
~0.1 Ma, and the latter still presently experiencing minor erup-
tions (Yui and Fujii 1989; Nagai and Takahashi 2008). Accord-
ingly, the geology of Mt. Fuji, Mt. Ashitaka, and Hakone is
characterized by Quaternary volcanoes.

There are two particularly important studies discussing the
spatial distributions of 8D and §'30 in natural waters across the
research area, Nakai et al. (1995) and Yasuhara et al. (1997).
The reproducibilities of the 8D and 8'%0 analyses were +1.5
and +0.1%o, respectively (Nakai et al. 1995), and for 8D it was
+1.5%o, with no mention of 8'80 by Yasuhara et al. (1997).
The Nakai et al. 1995 research project collected a total of 128
groundwater samples and found that the 8'30 ranged from
—12.2 to —7.0%0. Light and heavy & were obtained in the N
and SE areas, respectively, and this phenomenon was attributed
to the difference in elevation (i.e., the altitude effect, where
the elevation of the N area is higher than all others; Fig. 1).
They also noticed a negative linear correlation between 5'0
and d-excess in the well water of the SE area. Ultimately,
they derived a slope of 5.6 for the §'80-8D relationship.
Yasuhara et al. (1997, 2007) measured isotope components
for 60 groundwater samples, which maintained a slope of
8, and an intercept of 13.5, with an estimated lapse rate of
—2%0 - 100 m™! for 8D (Ono et al. 2018). Groundwater with
light & was found in the N area, which was attributed to the
“rain shadow effect” (Scholl et al. 1996) caused when moist
vapor coming from the windward side moves leeward of the
mountain body, losing the water vapor under the Rayleigh pro-
cess. From the estimated wind flow lines in the entire research
area during heavy rainfall (Kizawa et al. 1969), two predomi-
nant movements of vapor flow are considered: water vapor
brought from the south which moved mainly to area W, and
partly to area E. The other vapor comes from the east, passing
through the north of Hakone, bringing much precipitation to
area E, and moving to area N. Accordingly, the light & recorded
in groundwater for the N area was due to higher elevation and
water vapor movement.

All models of groundwater flow in area SW revealed “lay-
ers”, where deep and shallow groundwater are recharged at
high and low elevations, respectively (Nakai et al. 1995;
Yasuhara et al. 1997, 2007; Ono et al. 2018). Horizontally,
the groundwater recharged at Mt. Ashitaka and Mt. Fuji is
distinguished by the NO;™ concentrations (Shikazono et al.
2014) and & values (Ono et al. 2018). In addition, Ono et al.
(2018) identified groundwater mixed with the inflow of the
Fuji River, flowing west from Fuji City, by low vanadium
concentration. Accordingly, the hydrogeology in the SW
area has been well characterized and is a primary reason
why the SW area was selected for focused discussion later.

@ Springer
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Fig. 1 Research area and sampling points near Mt. Fuji, Japan. The pink dotted lines indicate the boundaries of the areas: N, E, H, SE, SW, W,
and F
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Division of research area

Figure 1 shows the groundwater sampling points (spring
and well). As mentioned earlier, the isotopic composition
of precipitation in Mt. Fuji changed depending on slope
and elevation. The research area was thus divided into
seven areas: north (N), east (E), southeast (SE), south-
west (SW), west (W), Hakone (H), and the Fuji River (F).
The N-E, N-W, and E-SE boundaries are topographical
divides. The SE and H areas are bordered by the Kise River.
In area H, there were two types of groundwater: one is the
groundwater flowing from Hakone (Ueno et al. 1998 and
the other is Mishima Springs (including Nos. 10 and 11 in
Fig. 1). Mishima Springs has an estimated total discharge of
1.7%10° m* - day™! that passes through the Mishima Lava,
and originating at an elevation of 1,700 m in the E area
(Ochiai and Kawasaki 1970). Accordingly, the groundwater
in the H area must be largely influenced by external regions.
The SE-SW boundary is determined based on the differences
in recharge area, where the groundwater can be clearly identi-
fied by the NO;™ and & values (see section ‘Research area’).
The groundwater on the SE side is presumed to be recharged
on Mt. Ashitaka, and the SW side is recharged on Mt. Fuji.
The SW-F boundary is a curved line reflecting the difference
in their sources. Some groundwater in area F is mixed with
the recharged water from the Fuji River (as identified by the
low vanadium concentrations; Ono et al. 2018), whereas the
other parts of area F are recharged in the western hills of the
Fuji River. The W—SW boundary is based on the topography
and water-table map shown by Ono et al. (2018).

Measurements

Groundwater samples were collected using 100-ml polyeth-
ylene bottles after filtering using a 0.45-pm filter and sealed
tightly to prevent evaporation (Ono et al. 2016, 2018) and
stored in a refrigerator. Ono et al. (2016) collected groundwa-
ter twice in different years and confirmed that there were no
major annual changes in 8D and 8'%0 except in several well
waters. A linear relation was observed between 8D and §'30
across the 2 years, maintaining a slope of 1.000 and 0.998,
respectively, with intercepts of 0 and coefficients of determina-
tion (R?) equal to 1.000; thus, the isotope compositions in the
spring and most well waters of the research area did not show
any annual changes, and can be regarded as representatives.

Oxygen and hydrogen stable isotopic compositions
(6170, 880, and 0D) were measured using a liquid water
isotope analyzer (L2140-i, Picarro, USA) that employs
a cavity ring-down spectrometer. VSMOW-2, GISP, and
SLAP2 provided by the International Atomic Energy
Agency (Martin and Groning 2009; Wise and Watters
2012) were used as standard solutions, and all 6 values in
this study were normalized on the VSMOW-SLAP scale
(Schoenemann et al. 2013). The precision of 8’0 and
70-excess analyses, including the long-term drift, were
checked over multiple months via repeated measurements
of the GISP, revealing an '"O-excess of 22 +9 per meg,
agreeing well with previously published data, and indica-
tive of data reliability (Table 2).

Measurements of the isotopes were carried out during
2016-2017. A total of 12 measurements for each water

Table 1 Average values of

N Weather station  Area Longitude Latitude Elevation Precipitation Temperature Relative
precipitation, temperature, and ©) ©) (m) (mm/year) °C) humidity
relative humidity from 1976 (%)
to 2020 across seven weather
stations in the research area Lake Kawaguchi N 138760 35.500 860 915 10.7 73.4
(Zj(;iff‘)“ Meteorological Agency. 1o yamanaka N 138.837 35437 992 2277 92 -

Gotenba E 138.927 35.305 472 2,845 12.9 -
Mishima H 138.925 35.113 21 1,011 16.0 714
Fuji City SW  138.663 35.185 66 2,140 15.9 -
Shiraito W 138.578 35.312 530 2,286 - -
Furuseki N,W 138.615 35.528 552 1,659 12.2 -
Table 2 Isotopic ana.lyses of Source oD 5170 (%o) 5'%0 (%o) d-excess (%0) "O-excess
TAEA standard solution, GISP
%0+ 1o per meg+ lo
Wise and Watters (2012) —189.5+0.1 - —-24.78+0.01 - -
Schoenemann et al. (2013) - —-13.16 £0.05 - - 22+11
Berman et al. (2013) - —-13.12+0.06 - - 23+10
Tsuchihara et al. (2016) - - - - 2245
Present study —1889+0.3 —13.12+0.02 -24.74+0.04 9.0+0.18 22+9

(n=106)
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Fig.2 Relationship between 5180 (%)
5'80 and 8D in each area. a The
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capital letters in the legend indi-

cate the areas shown in Fig. 1.
The equation D =85'%0+12.8 a
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data with a slope of 8. b Graph
shows an enlarged view of the
plots of the SE area
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sample were conducted for enhanced precision—analyti-
cal data are presented in Table S1 of the electronic sup-
plementary material (ESM). The average analytical errors
(1o) for 8D, 8'30, d-excess, and '"O-excess were 0.24,
0.05, and 0.3%0, and 10 per meg, respectively, indicating
an ability to discuss d-excess with an accuracy <1%o.

Results

Relationship between 8D, §'20, d-excess
and 70-excess

Figure 2 and Table 3 show the relationship between 8'30 and
0D in groundwater (spring and well), classified by area. For
all data, 8D ranged from —84.2 to —41.9%o, and 8'%0 from
—12.02 to —6.82%0, which is close to those of Nakai et al.
(1995). Regressing all data, the relationship between 880
and dD is portrayed in Eq. (5):

8D = 7.728'"*0 + 104 (n = 165,R*> = 0.986) (5)

Table 3 Linear regression equations of the groundwater in each area.
The SE, SW, W, and H areas maintained a gentler slope than N, E,
and F. The slope of 5.9 in the SE area is close to that obtained by
Nakai et al. (1995)

Area Linear relationship R?

N 8D=7.95'0+10.3 0.987
E 8D=7.85"%0+11.3 0.988
SE 8D=5.958"%0-27 0.940
SW 8D=7.05'0+4.5 0.985
W 8D=7.45"%0+74 0.994
H 8D=6.55'0+0.7 0.923
F 8D=7.85'%0+10.5 0.993

@ Springer

Regressing all data using a straight line with the slope
of 8,

8D = 88'30 + 12.8 (n = 165, R* = 0.986) (6)

Equation (6) is consistent with the results of Yasuhara et al.
(2007), who found a d-excess in groundwater of 13.5. This
research reveals that area N maintains relatively lighter 8D
(Nakai et al. 1995; Yasuhara et al. 2007) and lower d-excess
compared to others. In addition, it was confirmed that the SE
area groundwater held heavier 8D and §'%0 (Yasuhara et al.
2007), and a gentle slope of 5'80-8D (Nakai et al. 1995).

Figure 3 shows the linear relationship between 10°
In(10738'80+ 1) vs. 10* In(1073670O + 1) in groundwater,

10%In(10-35'20 + 1)

-15.0 -10.0 -5.0 0.0
1 1 0
oN OE oSE eoSW
- -1
oW aH oF N
N
__2 .
¥
-_3 9
io
L 4 1°-
£
5 &
- -6
-7

Fig. 3 Relationship between 10’ In(10736'%0+1) and
10%In(10735'70 + 1) in each area. The regression of these plots with a
slope of 0.528 yields an intercept of 25 per meg



Hydrogeology Journal (2022) 30:2027-2041

2033

16
a o
@ -
® o ° ®oa y=-0.27x + 0.1
0 o
ml R? = 0.41
—_ A%?o ©
S Cp %
;’ y=-0.07x + 8.4 @ Y =-0.14x +5.7
2 12 R2=0.44 C” R?=0.15
) )
9 ° °
© OSE y=-0.13x + 6.1
10 | | esw ° R?=0.45
ow
AH
8 1 1 1 1
-80 =70 -60 -50 -40 -30
8D (%o)
40
A
> o
g o
£ 30 |
a .AO @ © 6 o A
s 2 o o
2 ®» o %0
g eha ©
s 20 | ° A
9 oN
- OE
AH
10 1 1 1
8 10 12 14 16

d-excess (%o)

Fig.4 a Relationship between 8D and d-excess in SE, SW, W and H
areas with the regression lines and the determination coefficients, R,
of each area; b Relationship between d-excess and 70-excess in N, E,
and H areas

regardless of the area examined. Considering the GMWL, Eq.
(4), as shown by Luz and Barkan (2010), and approximating
their linear relationship with a slope of 0.528, Eq. (7) is revealed:

In (107870 + 1) = 0.528 In (107°8'%0 + 1) + (25 % 107°);

(n = 165,R* = 1.000) )

The intercept, 25 per meg, is <33 per meg of the GMWL,
and closer to the average obtained in shallow groundwater in
Ibaraki, Japan (26 per meg; Tsuchihara et al. 2016).

In the present research, although 8D, 30, 8'%0, and the
second-order parameters (d-excess and 170-excess) were
analyzed and calculated, only the relationships between 8D,
d-excess, and '7O-excess will be examined hereafter, since
both 8'70 and 8'®0 were well correlated with 8D (Figs. 2
and 3). Regarding 8D and d-excess (Fig. 4; Table 4), a nega-
tive correlation was observed in the SE, SW, W, and H areas,
all of which maintained gentle slopes on the 8'30-8D plot
(Table 3); whereas no correlation was observed in the N, E,
and F areas. From Table 4, the relationship between 8D and
170-excess has R? <0.05 for all areas except F. Because the
groundwater in area F includes those mixed with the Fuji
River (see section ‘Division of research area’), the higher
coefficient of determination is potentially erroneous, and it
was concluded that 8D and '"O-excess do not correlate. For
the relationship between d-excess and !’O-excess, some R?
values show the range 0.18-0.21 in areas N, E, and H, but
the correlation was hardly observed, taking the analytical
error of '"O-excess into consideration (16 =10 per meg;
Fig. 4b; Table 4).

Spatial distributions of 8D, d-excess, and '70-excess

Figure 5a—c shows the spatial distributions of 6D, d-excess,
and "O-excess in the groundwater, and Table 5 shows the
averages for each area. In Fig. 5a, 8D is the heaviest in the
SE area and lightest in N, tendencies that are consistent with
those of Nakai et al. (1995) and Yasuhara et al. (1997, 2007).
The 8D in the SE area was distinct from the adjacent E, SW,
and H areas. In general, at similar basin scales (10 km), the
isotopic compositions of groundwater often vary spatially,
but such strong divisions are rare; therefore, it was expected
that the SE area has a unique background with a heavier &
value. In Fig. 5b, the d-excess spans a range of only several

Table 4 Regression lines and

L . Area Between 8D and d-excess Between 8D and 7O-excess  Between d-excess and

determination coefficients, 170-excess

R?, between 8D and d-excess,

between 8D and 7O-excess, d-excess value R? 170-excess value R? 170-excess value R?

and between d-excess and

170-excess N —0.0048D+11.4 0.00 0.076D+29.7 0.03 1.54(d-excess)+6.9 0.21
E —0.026D+12.4 0.02 0.036D+27.0 0.00 1.75(d-excess)+ 1.9 0.19
SE —-0.2786D+0.1 0.41 —0.066D +22.7 0.00 0.63(d-excess)+17.7 0.06
SW —0.136D+6.1 0.45 0.058D +27.0 0.00 —0.01(d-excess) +24.7 0.00
W —0.076D +8.4 0.44 0.058D +27.9 0.01 —0.98(d-excess) +37.7 0.05
H —0.146D +5.7 0.15 0.258D +37.9 0.02 1.97(d-excess) +0.1 0.18
F —0.026D+11.1 0.05 0.208D+15.4 0.20 —0.89(d-excess) + 36.7 0.03
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Fig.5 Spatial distribution of: a 8D, b d-excess, and ¢ 7O-excess. For »

the high contrast, the intervals of classification in the legends are not
constant (a and c)

%o, with no distinct spatial variation except in area N. The
low d-excess was distributed in the N area and at low eleva-
tions along the coastline; whereas higher d-excess values
were found in the E and W areas, and other locations at
high elevations (except for N). Thus, both elevation and
slope directions appear related to d-excess. Regarding the
70-excess (Fig. 5¢), most groundwater ranged from 23 to 27
per meg across all samples (average 25 per meg with 16+ 3
per meg). Almost no spatial variation was observed, but it
appeared to be large at high elevations.

Altitude effects of 8D, d-excess, and '70-excess

Figure 6a—c shows the relationship between 8D, d-excess,
70-excess, and elevation in spring water. Regarding the
relationship between 8D and elevation (Fig. 6a), most
springs were found in the region with a lapse rate of
—2.0%o - 100 m~!, which was similar to that obtained by
Yasuhara et al. (1997) and Ono et al. (2018). This alti-
tude effect can be seen across the entire area, not within
areas. Figure 6b shows the relationship between d-excess
and elevation, where the observed range of the former was
small, although the altitude effect was still observed in
each area, except for N. Accordingly, the altitude effect of
d-excess was more prominent than that of 8D, and can be
estimated as 0.18%¢ - 100 m~!, which was within the range
of 0.1-0.5%o - 100 m~! usually found in humid regions (see
section ‘Introduction’). Figure 6¢ shows the relationship
between "O-excess and elevation, where No. 1, located at
the highest elevation in the SW area, had a large !’O-excess.
Except for part of N and W areas, the elevational depend-
ence was visible, at a lapse rate of 0.6 per meg - 100 m~!,
within the range of results observed on the windward side
of the NW Pacific mountains in the US (0.1 and 2.3 per
meg - 100 m~!; Bershaw et al. 2020). For the N area (and
part of W), the plotted values appear as outliers from the
overall tendency, and this is true for the relationship between
d-excess and elevation as well.

Discussion

Isotopic compositions of area N

The 8D in the N area was significantly lighter than elsewhere
(Fig. 5a), revealing a similar tendency to those found by
Nakai et al. (1995) and Yasuhara et al. (2007), who pro-

posed a conceptual model for the trajectory of water vapor
masses during heavy rain. The vapor-derived precipitation
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Fig.6 Relationships between: a 6D and spring elevation (shaded area »

indicates a lapse rate of —2.0%c - 100 m~!), b d-excess and spring
elevation (lapse rate of 0.18%o - 100 m™"), and ¢ '7O-excess and ele-
vation of springs (lapse rate of 0.6 per meg - 100 m™")

in the N area came mainly from area E, following heavy
rains. Under the Rayleigh conditions, 170-excess should
not change, depending on the degree of the rain-out pro-
gress. This vapor movement is therefore consistent with the
results here, where there is nearly the same groundwater
70-excess in the E and N areas (Fig. 5¢); however, Table 5
shows that the d-excess in the N area changed by >1%o from
area E, and the relationships between d-excess—elevation,
and '7O-excess—elevation, of spring water were outliers from
the overall tendencies (Fig. 6b,c). There are several possible
explanations for these phenomena: they may be related to the
great change of the source of air mass in area N or the dif-
ference in the contribution of summer and winter precipita-
tion to recharge water (Liotta et al. 2006; Dong et al. 2018).
Alternatively, evaporation might affect the d-excess since
the amount of precipitation at Lake Kawaguchi in the N area
is small, but noticeable evaporation could not be identified
from the 7.9 slope of the §'*0-8D plots (Table 3). Overall,
the reasons for this phenomenon remain unclear, and may
possibly relate to the lower number of samples in area N
compared to other areas. More research is thus needed to
examine the isotopic compositions of groundwater there.

Evaporation effect and the gentle slope in D-5'20

From Table 4 and Fig. 4, the areas with high R? between
8D and d-excess maintained a gentle slope of the §'30-8D
relationship (SE, SW, W, and H areas). Notably, the climate
in the gently sloped SE area has high temperatures and low
precipitation (close to Mishima City, Table 1), while the E
area, which experiences high precipitation, does not show
this tendency. Using Henning’s formula and meteorological
data (Table 1; Morimoto et al. 2013), the lifted condensation

Table 5 Average isotopic compositions in each area

8D (%0) 8'%0 (%0) d-excess(%o) 7O-excess(per

meg)

N -71.4 -10.37 11.6 25

E —58.1 -8.95 13.4 25

SE —46.7 —=7.40 12.5 26

SW -53.7 -8.34 13.0 25

' -59.0 —8.98 12.8 25

H -50.9 —7.96 12.7 25

F =527 -8.11 12.1 26

Total —54.38 —-8.387 12.72 252

d-excess (%) 6 D (%)

70-excess (per meg)
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Table 6 Results of recharge elevations for five well waters (Ono et al. 2018)

Present study

Ono et al. (2018)

No. Elevation Well depth 6D 50

(m) (m) (%o)  (%0) (%o)
2 579 313 =593 -9.14 13.8
9 108 245 -534 -8.36 13.4
10 116 246 —-61.8 —-9.42 13.6
37 10 18 -53.6 834 13.0
40 6 200 —-65.6 —10.05 14.8
Analytical error 0.24 0.05 0.3

d-excess

70-excess  No. Temp. D 50 Recharge elevation
(per meg) O (%) (%)  (m)
25 W7 13.1 -60 -9.2 1,800
23 W13 149 -54 83 1,500
23 Wi12 13.6 -62  -9.6 1,900
23 w28 157 -54 =82 1,500
19 W30 14.2 -66 -10.2 2,050-
2,100
10 - - 1 0.2 -

level around Mt. Fuji was estimated to be ~700 m asl; thus,
the elevations of most springs were lower than the average
cloud base in the SE area. Considering the studies conducted
in humid regions (Crzu-San Julian et al. 1992; Liebminger
et al. 2006; Wakiyama et al. 2013; Bershaw et al. 2020), the
influence of evaporation would affect the 8D, d-excess, and
70-excess in groundwater.

Calculations according to Gonfiantini (1986) were
performed to quantitatively evaluate the maximum influ-
ence of evaporation on each parameter in the SE area
(ESM). Assuming No. 1 (8D =—49.6%0, 8'%0 = —8.13%o,
and d-excess =15.4%0), and No. 25 (8D = —43.6%o,
380 =—6.82%0, d-excess = 11.0%o¢) are given as the ini-
tial and final water states, respectively, ~6% of evapora-
tion from the whole water body was necessary to produce
a change of 4.4%o in d-excess. For comparison, the cal-
culation by Liebminger et al. (2006) showed that a 1%
evaporation caused a change of 1%o in d-excess under
their local climatic conditions. Overall, because only a
small amount of evaporation is required for the transi-
tion from the initial to final water, it seems a likely pro-
cess from both qualitative and quantitative aspects. The
influence of evaporation on !"O-excess can be calculated
in the same way. As a result, 6% of evaporation should
cause only a change of 7 per meg in '’O-excess, which
is estimated to be the maximum change found here but
less than the analytical error. The preceding calculations
consistently explained why the heavy & value and low
d-excess in groundwater were distributed in the SE area,
but 7O-excess had a small spatial distribution (Fig. Sa—c)
and revealed little correlation between d-excess and
70-excess (Fig. 4b,d; Table 4). Thus, the isotopic proper-
ties depend largely on the area. Therefore, it is necessary
to analyze isotope properties within the area to determine
the recharge area by using them as tracers.

@ Springer

Determination of recharge elevation using water
temperature, 8D, §'80, d-excess, and 70-excess

Ono et al. (2018) estimated the recharge elevations for five
well waters (Table 6) located on a survey line in the SW area
by using the recharge line, which is produced by 8D in small
spring water assumed to be equal to that in the recharge
water shown by Yasuhara et al. (1997). In this section, the
recharge elevations will be calculated in the same way, but
using not only 8D but also water temperature, 5'%0, d-excess,
and '7O-excess as tracers. Seven springs discharging perched
water, located in the SW area (Nos. 1, 3, 4, 5, 6, 8, and
13), are assumed to represent recharge water. For ground-
water temperature, the averaged data obtained by Ono et al.
(2018) were used. The lapse rates were fixed as follows: the
water temperature was set to —0.6 °C - 100 m~!, which is the
local lapse rate in the research area (Japan Meteorological
Agency 2021), and 8D and §'%0 were set to —2%o - 100 m™!
and —0.24%o - 100 m™!, which were reported by Yasuhara
et al. (1997) and Yasuhara et al. (2007). The lapse rates for
d-excess and '7O-excess were given as 0.18%o - 100 m~! and
0.6 per meg - 100 m™!, respectively (from Fig. 6).

The relationship between water temperature and isotope
properties was plotted within a range with a lapse rate, since
they vary with respect to the elevation. Taking the analytical
error into consideration, the possible recharge elevation (the
range between upper and lower limits of recharge elevation)
became the “RE” in Fig. 7. As a result, the range of RE for
water temperature became 282 m, and 975 m for 8D, 646 m
for 830, 827 m for d-excess, and 4,528 m for O-excess.
It should be noted that water temperature seems to have a
small RE, but its seasonal fluctuation was not considered;
nevertheless, a maximum 5 °C change was observed in these
springs by Ono et al. (2018).

Figure 8 shows the upper and lower limits of the
recharge elevations of the five wells in Table 6 calculated
from the RE in Fig. 7. Considering the altitude effects of
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8D (=2.0%0 - 100 m™") and 8'%0 (—0.24%0 - 100 m™"),
the effect of analytical errors for 8D (0.24%0) and §'30
(0.05%0) can cause 12 and 21 m of the changes in recharge
elevations, respectively. Therefore, analytical errors for
8D and 8'80 were unlikely to have caused the increase of
RE. The 8D and 8'%0 do not change linearly with respect
to elevation but have their own variabilities (Fig. 7); these
variabilities might be due to the difference in recharge
area in springs, local meteorological conditions, or degree
of evaporation, which is also influenced by the perme-
ability and vegetation on land surfaces (Gat 1971). On

the other hand, d-excess seems to have small variability,
but a relatively low lapse rate results in great RE (827 m)
in Fig. 8. Although "O-excess seems to depend on the
elevation (Fig. 6), it is difficult to apply it as a tracer,
especially in a small basin because of its large analytical
error (160 =10 per meg). It is, however, expected that it
will become a useful tracer in the future by improving
the analytical accuracy. In this way, the recharge eleva-
tions determined by 8D, 8'80, and d-excess are similar
(Fig. 8), which indicates the usefulness of these tracers,
including d-excess.
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The average recharge elevation (the midpoint of upper
and lower limits of recharge elevation in Fig. 8) for all well
waters located in the SW area (29 points: see the ESM) were
calculated using water temperature, 8D, 8'%0, and d-excess,
and compared with each other (Fig. 9). The relationship
between the recharge elevations obtained by 8D and 830
forms almost one straight line (Fig. 9a), and the recharge
elevation is slightly higher in 8D in the low elevation. On

the other hand, the plots vary, but correlations were found in
dD-d-excess (Fig. 9b) and dD-water temperature (Fig. 9¢).
From the relationship between temperature and d-excess, a
positive relationship can be seen, and the recharge elevations
calculated by temperature were lower than those by d-excess
(Fig. 9d). In this way, the recharge elevation calculated by
the tracer increases in the order of 8D > 8'80 > d-excess
> temperature. The recharge elevation calculated from
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temperature could have become the lowest due to the geo-
thermal gradient in the volcanic area, which raises the
groundwater temperature or due to insufficient data on sea-
sonal fluctuation. The reason for the difference in recharge
elevations between 8D, §'30, and d-excess is unknown; the
overlap among different tracers is an important indicator for
determining the groundwater protection zones.

Conclusion

The purpose of the present study was to examine the spa-
tial changes in stable isotopes, including d-excess and
170-excess in groundwater in a small-scale basin, and exam-
ine their usefulness to determine the recharge elevation of
groundwater. For this, ~160 groundwater samples (spring
and well water) were collected from slopes with different
aspects at the foot of Mt. Fuji, the highest mountain in Japan.
The research area maintains a humid climate with >70%
RH, and 900-2,800 mm - year™' of precipitation, covering
an area of 40X 45 km in which most springs and wells are
distributed below 1,000 m (m asl).

The high-precision isotope analyses revealed the distinct
characteristics of 8D and d-excess in groundwater in each
area. In area N, the leeward side of the wind direction was
characterized by light 8D and low d-excess, which was an
outlier from the overall tendencies of the elevation relation-
ship. Areas SE, SW, W, and H were characterized by a <8
slope of the 8'30-8D plot and a high correlation between
0D and d-excess, both of which supported the evaporation
effect. Although the research area is relatively small, isotope
properties were different.

Accordingly, the SW area was selected for examining
the usefulness of d-excess and !"O-excess to determine
the recharge elevations. While the d-excess had clear ele-
vation dependency (0.18%o - 100 m™!), the '"O-excess in
most groundwater was ~25 per meg with a lapse rate of 0.6
per meg - 100 m~!. The recharge elevation determined by
d-excess was similar to those obtained from 8D and §'30,
indicating that d-excess can be used as a tracer in a small
basin. The low lapse rate compared to the analysis error
(16=10 per meg) of "O-excess inhibits its usefulness as
a tracer. The combination of 8D, 530, and d-excess can
increase the reliability of the results obtained through this
method. However, the reason for the difference in recharge
elevations determined by different tracers could not be clar-
ified by the present study. To enhance the isotopic tracer
method, it is necessary to carry out more studies, including
the application of other tracers and more intensive and long-
term observation regarding groundwater.
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