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Abstract

As groundwater is a vital water resource and plays an important role in sustainable use and environment maintenance, evalu-
ating the groundwater flow is crucial. To quantitatively ascertain the groundwater flow at the Echi-gawa alluvial fan, Japan,
groundwater budget was carried out by combining hydrogeological parameters (hydraulic gradient, hydraulic conductivity,
and recharge rate) and modified aquifer structures (unconfined/confined aquifers and aquitards). The groundwater budget
was calculated on the right bank (B—B' cross section) and left bank (C—C" cross section) of the Echi River, where the aquifer
structures are significantly different. The total flow rate in the unconfined aquifer was 533.2x 10° m*/year, of which the out-
flow to the confined aquifer was 14% in B—B', whereas the total flow rate in the unconfined aquifer was 433.7 x 10* m*/year,
of which the outflow to the confined aquifer was 2.7% in C—C'. The difference of the outflow to the confined aquifer between
B-B' and C-C" is derived from the difference of the updated aquifer structures. The groundwater budget indicated that 5-20-
holds amount of the groundwater infiltrates to more deeper aquifers than the aquitard the study targeted near the foot of
mountains. The groundwater pumping in the confined aquifer in B—B’ affects the infiltration of the unconfined aquifer, which
may control the groundwater quality. Results of the groundwater budget in this study are well corresponded to the previous
studies. Although separating the groundwater pumping and the upward groundwater flow rate using the groundwater budget
this study provided is unavailable due to lack of the hydraulic head in ATI in C-C’, the method used for this study is adequate
to reproduce groundwater flow systems, which may be applicable to areas, where the aquifer structures are unestablished.
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Introduction abundance of groundwater (Hamada et al. 2008; Lu et al.
2020; Xiao et al. 2022). Alluvial fans are often distributed
around the foot of mountains and show complicated geo-

logical structures by crustal deformation and composed of

Groundwater is a vital water resource and plays an impor-
tant role in sustainable use and environment maintenance

because of its widespread availability and accessibility. In
general, groundwater has a low-cost water source for pub-
lic supply and domestic use, so groundwater has increas-
ingly been exploited in preference to surface water (Zhou
2009; Takase and Fujihara 2019). Especially, groundwater
of alluvial fans is the foremost water resource in arid/semi-
arid regions, because aquifers in alluvial fans include the
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debris-flow deposits transported from mountainous areas
(Sakata et al. 2016). Farmlands and livestock, therefore, are
usually substituted for the alluvial fans located in the foot
of mountains due to the high permeability of the deposits
(Yamanaka and Sakamoto 2016). Consequently, the ground-
water depletion and deterioration of water quality in allu-
vial fans have been concerned due to anthropogenic inter-
ferences, such as nitrogen loads and groundwater abstracts
(Shimada et al. 2015; Yin et al. 2019; Lu et al. 2020; Cervi
and Tazioli 2021).

To prevent reducing groundwater resources and deterio-
ration of groundwater quality, numerous studies subjecting
to groundwater flow systems have been conducted using
analytical and numerical approaches (e.g., T6th and Millar
1983; England and Freeze 1988). The hydraulic gradient
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has both a magnitude and direction of groundwater flow,
and its velocity is proportional to the magnitude of the
hydraulic gradient and the hydraulic conductivity of an
aquifer (Barackman and Brusseau 2002). These param-
eters explain, where the groundwater flows and how long
the groundwater takes to pass through a target region.
Changes in the hydraulic gradient and groundwater lev-
els are derived from changes in precipitation pattern and
land use (i.e., recharge), and overexploitation, which could
cause progressive depletion of the groundwater resource
(Viaroli et al. 2018). Identification of aquifer structures
(e.g., unconfined/confined aquifers and aquitards) is a cru-
cial task to quantitatively evaluate the available ground-
water resource, because the flow rate is mainly dependent
on the hydraulic conductivity and depth of aquifers (T6th
and Hayashi 2010; Demiroglu 2019).

Groundwater budget is the most effective method to quan-
tify the groundwater resource, which calculates all inputs,
outputs, and changes in an aquifer (Yamamoto 1983; Demi-
roglu 2019). The groundwater balance assumes that the
inputs and outputs of an aquifer are equal over a given time
interval, considering any change in storage. The groundwa-
ter budget has usually been used for understanding safe yield
(Alley and Leake 2004; Zhou 2009; Viaroli et al. 2018),
surface—subsurface interaction (Ibrakhimov et al. 2018;
Alattar et al. 2020), and groundwater flow system (He et al.
2008; Gu et al. 2017; Viaroli et al. 2018). For instance, Gu
et al. (2017) reported that the discharge rate of the shallow
flow system was four times higher than that of the middle
flow system using the numerical model in the Qaidam basin,
China. Viaroli et al. (2018) revealed a severe water defi-
cit of approximately 40% of the total groundwater outflow
in the Riardo Plain aquifer by combining the groundwater
budget calculation with long-term (more than 20 years) aqui-
fer monitoring. They also mentioned that the groundwater
budget could not be calculated without the complete knowl-
edge of the boundary condition of a hydrogeological basin.
Genereux et al. (2005) stated that one of the most difficult
watershed fluxes to quantify is interbasin groundwater flow
(i.e., deep groundwater flow that passes beneath watershed
topographic boundaries). In other words, knowing aqui-
fer structures is important in calculating the groundwater
budget.

The Echi-gawa alluvial fan, Japan utilizes groundwater
as a water resource for residents. This artificial groundwa-
ter use caused the depression of the groundwater levels and
reduced vital groundwater resources in this region (Kob-
ayashi et al. 2008). Many studies were conducted for under-
standing groundwater flow systems using chemical compo-
sitions (Kobayashi et al. 2010), groundwater temperatures
(Yang et al. 2011), hydrogeological property (Oishi et al.
2008), and a numerical simulation (Hijii et al. 2008). How-
ever, the studies were investigated without accurate aquifer
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divisions in the study area, because the evaluation of geo-
logic columns was not supported sufficiently.

The wells for irrigation and water supply are distributed
in the Echi-gawa alluvial fan, but few studies have been car-
ried out to understand the geologic structure using observa-
tion wells. Lithologic logs of the wells are described based
on pieces of slime obtained by non-core drilling, which is
not reliable in assessing geological structures. However,
the data of the wells usually accompany the electric logs,
which is an efficient method to understand aquifer structures
(Japanese Geotechnical Society 2005). Yang and Mitamura
(2012) established the modified aquifer structures using the
electric logs of the wells with gravity anomalies and stand-
ard stratigraphy in the study area. However, the accurate
groundwater flow systems are still unclear. The present study
was conducted to quantitatively ascertain the groundwater
flow using the groundwater budget by combining hydro-
geological parameters (hydraulic gradient, hydraulic con-
ductivity, and recharge rate) and modified aquifer structure
(unconfined/confined aquifers and aquitards) at the Echi-
gawa alluvial fan, Japan. The groundwater budget was cal-
culated in two cross sections, where the aquifer structures
are significantly different.

Study area

Echi-gawa alluvial fan is located in the western foot of the
Suzuka Mountains, Japan, which is bounded by the Yokaichi
Hill, Hyakusaiji, Kozubada, and Eigenji faults (Fig. 1). Geol-
ogy in this area consists of the Paleo-Mesozoic basement
rocks, the Plio-Pleistocene Kobiwako Group, Pleistocene
terrace deposits, and Holocene alluvial deposits in ascending
order. The basement rocks distributed in the eastern moun-
tain areas are composed of Paleo-Mesozoic sedimentary
rocks and Cretaceous volcanic rocks named Koto Rhyolite
(Oishi et al. 2008). The periphery of the Echi river is com-
posed of the Pleistocene terrace deposits, which are divided
by the three terrace deposits, and Holocene alluvial deposits
(Ikeda et al. 1979; Yokoyama et al. 1979; Harayama et al.
1989). Hydraulic conductivity obtained by pumping and slug
tests ranged from107> to 10 m/s at the terrace and alluvial
deposits, from 107 to 107° m/s at the sand and gravel layers
in the Kobiwako Group, and < 1077 m/s at the slit and clay
layers in the Kobiwako Group (Oishi et al. 2008).

Methods

To assign a groundwater budget method, hydrogeology
parameters such as hydraulic conductivity, hydraulic gradi-
ent, recharge rate from the surface, and aquifer thickness are
collected. Methods to obtain these parameters are shown
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Fig. 1 Study area and the geology map in Echi-gawa alluvial fan, Japan (referring to Harayama et al. 1989). Red characters express the aquifer

units

in Fig. 2; step 1 explains how the aquifer divisions were
performed, and step 2 expresses what methods were used to
obtain the hydraulic gradient and the hydraulic conductivity
of the unconfined and confined aquifers on cross sections
that were chosen at most dominant groundwater flow paths,
finally step 3 shows a method for the groundwater budget.
The step 1 and step 2 methods are briefly reviewed; then the
groundwater budget is precisely explained below.

Aquifer structure and thickness

Geologic columns with electric logs at 44 wells in the study
area were revised based on the specific resistivity (Yang and
Mitamura 2012) (Figs. 3 and S1). The original description
of sandy-, silty-, and gravelly- in the geologic column was
revised to 5 lithologic divisions of terrace gravel, gravel,
sand, sandy silt, and mud. For example, around the depth
of 100 m at the R19 site, the original column (OG) shows
the alternation of sand and mud (Fig. 3a). Because the
specific resistivity (SR) of sand layers in this part is high
(50-60 Qm), these sand layers were modified to gravel lay-
ers in the revised column (Re). At the 126 site, sedimentary

layers are roughly divided into several parts in the original
column. The specific resistivity of this site well fluctuates,
indicating the lithologic alternation. The description in the
original column was modified to the alternation of mud,
sand, and gravel.

The revised geologic columns are compared to the grav-
ity anomaly (Nishimura 1979). The gravity anomaly in this
area ranges from — 30 to — 43 mgal (Fig. 3b). The trend of
the gravity anomaly gradually decreases from the moun-
tain foot to westward. In the right bank of the Echi-gawa
River, the relatively intensive transition zone is distributed
along the edge of the fan. This gravity anomaly intensive
zone suggests a strong flexure of the Kobiwako Group in
this area (Yang and Mitamura 2012), which was entrapped
in the revised aquifer structure showing the steep dip angle
of the aquifer units.

Quaternary sediments, based on the revised columns and
the gravity anomaly, are divided into seven units of A1, Kw,
GO0, G1, A2, G2, and Gt in ascending order, which are cor-
responded with the Hino Clay, Wanami Gravel, Nakazaiji
Alternation, Uriuzutoge and Ishido Members in the Kobi-
wako Group, and terrace deposits, respectively (Table 1 and
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Fig.2 Flow chart to evaluate the groundwater budget at the cross section. R2, R9, and R17 are wells. Subscripts h and v indicate the horizontal
and vertical flows, respectively. K is the hydraulic conductivity. / stands for the hydraulic gradient

Fig. 1). These lithostratigraphic units in this area are divided
into five aquifer units of ATI, CI, ATII, CII, and UCI (ATII
and ATI are aquitards, and CI and CII are confined aquifers,
and UCI is unconfined aquifer) in ascending order. Seven
cross-sectional maps were produced by Yang and Mitamura
(2012) (Fig. S2). Particularly, the B-B" and C—C’ cross sec-
tions correspond to dominant groundwater flow paths (Kob-
ayashi et al. 2011). The groundwater budget was calculated
on the right bank (B-B') and left bank (C—C") of the Echi
River, where the aquifer structures are significantly differ-
ent (Fig. 4b).
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Hydraulic gradient and conductivity

The hydraulic gradient was estimated by groundwater level
contour in the unconfined aquifer in 2007 (Hamada et al.
2008; Fig. 4a) and groundwater potential in the confined
aquifer in annual mean groundwater head in 2007 (Kob-
ayashi et al. 2010; Fig. 4c). The groundwater levels and
heads at the observation wells were indicated in Tables 2
and 3 with the distance of each well. Darcy velocity of the
groundwater was calculated by groundwater temperature
using analytical expressions in the unconfined and confined
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Table 1 Geological correlation between Quaternary sediments on the Echi-gawa alluvial fan and the standard stratigraphy of the Youkaichi Hill

Geologic age Standard stratigraphy on Youkaichi Hill

Lithology of the Echi-gawa alluvial fan

Formation Member Lithologic Unit  Lithology
(Aquifer Unit)

Middle/Late Pleistocene Terrace Deposits ~ Terrace III, 11, I Gt (UCI) Mainly consist of terrace gravel
and intercalate sand and rare
mud

Early Pleistocene Kusatsu Formation Ishido Member G2 (CII) Gravelly layers with alternation
of sand and mud

Uriuzutoge Member A2 (ATID) Alternation layers with gravel,

Kamo Formation
ber

Hino Clay Member

Nakazaiji Alternation Mem-

sand and mud

Wanami G1, GO (CI) Kw Gravelly layers with alternation
Gravel of gravel, sand and mud
Member

Al (ATD) Mud layers with alternation of

mud and sand

aquifers (e.g., Yang et al. 2011). The Darcy velocity of the
unconfined aquifer was calculated using the horizontal one-
dimensional heat advection—diffusion equation. This study
shows the solution of it as below:

ax = —In(AT,/AT,) (1)
a=|(U*+V*/4)2 +V?/2| -V )
U=xcplkt,V =v.c,p/2k 3)

where k stands for the thermal conductivity (cal/cm s°C),
cp and c,p, are the heat capacity (cal/cm°C) of sediment
and water, respectively, AT, is the groundwater tempera-
ture change width at distance x (°C), AT}, is the groundwater
temperature change width at distance x = 0 (°C), v, repre-
sents the horizontal Darcy velocity (m/s), 7 is the period (s),
U, V,a are the constant. As the unconfined aquifer consists of
sand and gravel layers, k and cp were set to be 4.5x 107 cal/
cm s°C and 0.6 cal/cm°C, respectively. c,p, was the 1.0 cal/
c¢cm®C (Yang et al. 2011). The observed groundwater temper-
ature in the unconfined aquifer was used to the AT, and AT,.
The velocity was estimated by fitting the type curves of v,
vs. AT, (Fig. S3). The estimated velocity was 4.0 X 107> m/s
on the right bank of Echi River (B-B’) and 3.0 X 1073 m/s

@ Springer



Modeling Earth Systems and Environment (2022) 8:4359-4371

4
of 1

>

{ G -
ithology logs of wells

— Unconfined groundwater level contour (m)

7

.’J
F ]
4
— Cross section

B A3
/’ %

7 p 87
. YouKaichi Hill |
LAY AT B

50

Altitude(m)

S0k

2(km) "

Legend
#12°  =F 200r
& Terrace Gravel
& Gravel
an: ilt L
=Mud 150
)
]
100 -g wl
— Hydraulic Potential ﬁ

1

2(km) J,

Fig.4 a Unconfined groundwater level contour, b location of B—B’ and C—C’ cross sections with wells, and ¢ the hydraulic potential lines of the

confined aquifers in B—B and C-C’

Table 2 Calculated groundwater velocity and flow rate on the right bank river (B-B’)

ucCI K=4.0%x10" m/s

Pond R1 R2 R9 R17 L34
d (m) 600 1258 516 1485 899
I 0.05 0.029 0.017 0.01 0.009
wl (m) 235 205 168 159 145 137
AB (m) 191 158 147 139 133
7 (m) 14 10 12 6 4
v (m/s) 2.0x10™ 1.2x10™ 7.0x107 3.8x107* 3.6x107
v, (m/s) 6.7x 107 3.9x 107 2.3x107 13x10™ L2x10™
n=0.3
0 (m®/year) 294.3%10° 123.6x10° 87.8x10° 23.7x103 149x%10°
CII K=74x107 m/s

Pond R1 R2 R9 R17 L34
I 5.8%x1073 33%x1073 8.9%x1073
z (m) 55 65 80
v, (m/s) 43%10° 2.4x107° 6.6x10°
n=0.1
O (m%/year) 7.4%10° 5.0x10° 16.6x10°

d is the distance, / is the hydraulic gradient, wl is the groundwater level, AB is the aquifer boundary, z is the aquifer thickness, v is the groundwa-
ter velocity, v, is the fluid velocity (actual groundwater velocity), n is the porosity, K is the hydraulic conductivity, and Q is the flow rate
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Table 3 Calculated groundwater velocity and flow rate on the left bank river (C-C")

UCI K=3.0%x10" m/s
Pond L1 L2 L7 L12 L19 L28 L29
d (m) 482 481 600 1321 807 1219 1266
I 0.025 0.027 0.017 0.013 0.007 0.008 0.008
wl (m) 222 210 197 187 170 164 154 144
AB (m) 181 184 177 168 158 150.5 141
z(m) 29 13 10 2 6 35 3
v (m/s) 1.0x10™ L.1x10™ 6.7x107° 5.2x107 3.0x107° 3.3x107 3.2%x107°
v, (m/s) 3.3x107™* 3.6x107™* 22%x107* 1.7x107™* 9.9x%107° 1.0x10™* 1.0x107™*
n=0.3
0 (m*/year) 230.1x10° 107.3x 103 52.7%10° 16.3%x10° 14.0%x10° 9.0x103 7.4%103
CI K=7.4x10" m/s
Pond L1 L2 L7 L12 L19 L28
I 0.012 0.0062 0.0074
7 (m) 70 80 95
v, (m/s) 8.9%107° 4.6x107° 5.5%x107°
n=0.1
0 (m*/year) 19.6x10° 11.6x10° 16.4x10°

The parameters are the same as Table 2

on the left bank of Echi River (C-C"), which was applied to
the UCI aquifer.

The horizontal Darcy velocity of the confined aquifer
was given as (Sakura 1984):

Groundwater budget

Change in groundwater storage in aquifers is expressed as
(Yamamoto 1983)

T, T. - T
Tr]” = % + ﬁ + % }; %(i COS NI — 1>exp(—pn2ﬂ2)(1 — COS M) 4
p=kx/v.c,pol? (5) AS=G, -G, )

where T, signifies the mean temperature (°C), T; and 7, are
the temperature of the lower and upper boundaries of the
confined aquifer (°C), p is the constant, L stands for the aqui-
fer thickness (m), and x expresses the length of the aquifer
(m). The parameters used were x =4000 m, L =70 m, k =
4.3x107 cal/cm s°C, T,, = 16.5 °C, T,=16.8 °C, and T, =
16.3 °C. The estimated velocity was 7.4 x 10> m/s (Yang
etal. 2011), which was applied to the CI and CII aquifers.

For the groundwater budget, hydraulic conductivity was
calculated from the estimated velocity of the unconfined
and confined aquifers using

K=v/I (6)

where K stands for the hydraulic conductivity (m/s), v,
denotes the Darcy velocity (m/s), and [ signifies the hydrau-
lic gradient (dimensionless).

where G, is recharge or inflow rate in an arbitrary aquifer,
and G is the discharge or outflow rate in an arbitrary aqui-
fer. The change in groundwater storage (AS) balances with
inflow (G,) and outflow (G,) rate and can be considered as
the steady state when the inflow and outflow rates are equi-
librium (Yamamoto 1983; Viaroli et al. 2018). Assuming
that the groundwater storage does not change in an isotropic/
homogeneous aquifer and contours of the groundwater levels
are parallel distributions, the inflow and outflow rates can
be inferred by the cross-sectional area. In other words, if
the groundwater has a dominant flow path, the inflow and
outflow rates in the cross-sectional area would be equivalent.

The cross sections of B—B' and C—C" were divided by 4
and 6 segments based on the well locations, respectively.
The cross-sectional inflow and outflow rates were calcu-
lated at the wells using fluid velocity (or actual groundwater
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velocity) and the aquifer thickness on the unconfined and
confined aquifers separately (Earle 2019; step 3 in Fig. 2).
The fluid velocity in a well was calculated by the hydraulic
conductivity (K), hydraulic gradient (/) between two wells,
and porosity:

_Ki
L

V

v (3)
Therein, v, represents the fluid velocity (m/s) and n
expresses the porosity.
For instance, the change in storage of the unconfined
(ASy) and confined aquifer (AS.) between well R9 an R17
(i.e., a segment) was calculated:

ASy = Gr,.... T Grun = Gpun ~ Gpuy ©))
AS¢ = Ggey(= Gpyy) + Gren — Gpen — Gpey (10)
Grun = Vs X2 1D

where Gy, signifies the inflow rate across the wells in the
unconfined aquifer (m*/year), Gy, denotes the outflow rate
across the wells in the unconfined aquifer (m*/year), Gp;,
represents the vertical outflow rate to the confined aquifer
(m3/year), Gy, stands for the vertical inflow rate from the
unconfined aquifer (m*/year), Ggren expresses the inflow
rate across the wells in the confined aquifer (m*/year), Gpcy,
represents the outflow rate across the wells in the confined
aquifer (m*/year), Gp, is the outflow rate from the confined
aquifer to a deep aquifer (m*/year), and z indicates the thick-
ness between the groundwater level and the bottom of the
unconfined aquifer, or the aquifer thickness in the confined
aquifer (m). Since the cross sections correspond to dominant
groundwater flow paths, a right-angled groundwater flow can
be negligible. Thus, it was set to 1 m for the flow rate calcu-
lation. The porosities were set to 0.3 in the unconfined aqui-
fer and 0.1 in the confined aquifer to obtain the fluid velocity
(v,), because the terrace gravel is dominant in the unconfined
aquifer and the gravel, sand, and mud are dominant in the
confined aquifer. The annual analysis of the groundwater
budget was selected, because it covers a hydrological year
(i.e., the groundwater level rises and falls for a year) which
is suitable to evaluate the groundwater flow system.

Inflow rate from the surface to the unconfined aquifer
(Gg_,,.) was estimated by rainfall recharge and infiltration
rate from paddy fields, because the paddy fields are widely
distributed in the cross sections of B—B’ and C—C". The infil-
tration rate from the paddy fields was 740 mm/year referring
to Horino et al. (1989). The rainfall recharge was 170 mm/
year if the surface discharge was 30% of annual rainfall. The
rainfall recharge was estimated by subtracting evapotranspi-
ration calculated by the Thornthwaite method (722 mm/year;
Thornthwaite 1948) and surface discharge (380 mm/year),

@ Springer

from annual rainfall in 2007 (1272 mm/year). Consequently,
the inflow rate from the surface to the unconfined aquifer
was 0.91 m/year. For instance, the inflow rate from the sur-
face between well R9 and R17 was calculated by

Gr X d (12)

surface

where d is the distance between the wells (1485 mx0.91 m/
yearx 1 m=1.4x 10° m*/year; Fig. 5). However, 30% annual
rainfall as the surface discharge has the uncertainty, because
it was not derived from previous studies in the area, thus
the present study treated the surface discharge as a variable.
Therefore, 10%, 20%, 30%, and 40% annual rainfalls were
applied to calculate the rainfall recharge. The influence of
these variables was compared to the horizontal groundwater
flow rate against the storage.

Results
Cross-sectional flow rate at the wells

The cross-sectional flow rate in B-B" and C—C’ was calcu-
lated using Eq. (8), the distance between the wells, the eleva-
tion, the groundwater level and head, the porosity, and the
aquifer thickness. The results are represented in Table 2 for
B-B' and Table 3 for C-C".

In B-B’, the cross-sectional flow rates were calculated
at five wells. The flow rates at well R1 and well L34 in
the unconfined aquifer (UCI) were 294.3 x 10> m®/year and
14.9 x 10*> m*/year, respectively. The flow rate decreased as
the groundwater flows from the mountain area to the Echi
River. The flow rates in the confined aquifer (CII) ranged
from 5.0 10° m*/year at well R17 and 16.6 x 10* m*/year
at well L34, which are relatively lower flow rates than those
of the unconfined aquifer. In C—C’, the cross-sectional flow
rates were calculated at seven wells. The flow rates at well
L1 and well L29 in the unconfined aquifer (UCI) were
230.5% 10° m*/year and 10.1 x 10* m*/year, respectively. The
flow rate decreased the same as B—B'. The flow rates in the
confined aquifer (CI) ranged from 11.6x 10°> m*/year at well
L19 and 19.6 x 10* m*/year at well L12. The cross-sectional
flow rates in UCI and CI were the same magnitude at wells
L12.L19, and L28.

Rainfall recharge

Since the surface discharge has the uncertainty, the 10%,
20%, 30%, and 40% of annual rainfalls were applied to
calculate the rainfall recharge, and the influence of these
variables was compared. Equation (12) was used for the
calculation at four segments (S1, S2, S3, and S4) in B-B’
and at six segments (S1, S2, S3, S4, S5, and S6) in C-C".
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Fig.5 Groundwater budget in a
B-B' and b C-C". Blue numbers a
are the changes in storage in
each segment. * indicates the
estimated pumping rate in this
study. S stands for the segment.
UCl is unconfined aquifer; CI
and CII are confined aquifers;
ATTI and ATII are aquitards

Unit: X 10° m%/year

0 1 2(km)

' - —> >
b ﬂ 52 S(),]4 Pond

55.0

AT II

Unit: X 103 m3/year
0 1 2(km)

AT 1

The segment means the distance between the wells (e.g.,  at each segment, which was expressed as a percentage.
S1in B-B'is the distance between well R1 and well R2).  The results are expressed in Table 4. The rainfall recharge
The influence was calculated from the inflow rate from the increases as the groundwater flows (from S1 to S4 and S6)
surface to the unconfined aquifer divided by the storage  in B—B' and C—C'. The average + standard deviation of the

Table 4 Influence that was calculated from the inflow rate from the surface to the unconfined aquifer divided by the storage at each segment

Influence against storage in B-B' (%)

Rainfall recharge S1 S2 S3 S4
40% 0.3 0.3 1.3 29
30% 0.4 0.4 1.5 33
20% 04 04 1.7 3.8
10% 0.5 0.5 1.9 42

Influence against storage in C-C' (%)

Rainfall recharge S1 S2 S3 S4 S5 S6
40% 0.2 0.3 0.9 6.0 43 9.5
30% 0.2 0.4 1.0 6.9 5.0 10.9
20% 0.2 0.5 1.2 7.8 5.6 12.2
10% 0.2 0.5 1.3 8.6 6.3 13.5
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influence of the 10%, 20%, 30%, and 40% of annual rain-
falls were 0.4+0.1% at S1,0.4+0.1% at S2, 1.6+0.3%
at S3, and 3.6 +0.6% at S4 in B-B'. In C-C’, those were
0.2+0.0% at S1, 0.4+0.1% at S2, 1.1 +0.2% at S3,
73+1.1% at S4,5.3+0.8% at S5, and 11.6 +1.7% at S6.
This means that the influence of the changes in surface
discharge is at most 3.4% against the storage in the study
year and area. Therefore, the groundwater budget was cal-
culated using the 30% of annual rainfall because of the less
influence of the variables.

Groundwater budget

In B-B’, the groundwater budget in four segments is
shown in Fig. 5a. The vertical outflow rates from UCI to
CII in the segments 1 and 2 (S1 and S2 in Fig. 5a) were
171.8x 10° m*/year and 36.3 x 10> m*/year, and the inflow
rate at S3 in CII was 7.4 x 10° m*/year. This indicates that
5-20-holds amount of the groundwater infiltrates to deeper
aquifers than CII near the foot of mountains. The vertical
outflow rate from UCI to CII at S3 was 65.5 x 10° m*/year.
In contrast, the inflow and outflow rates at S3 in CII were
7.4 % 10° m*/year and 5.0 x 10°> m¥/year, respectively. It
reflects that a 67.9 x 10> m*/year amount is vertically dis-
charged to ATII. However, it is unlikely that this vertical
flow happens, because ATII is an aquitard. According to
Sawada et al. (2008), the sustained groundwater pumping
for residents is taking place near the S3 area. Therefore,
it is reasonable to consider the vertical flow rate to ATII
as the pumping rate. At S4 in CII, the inflow and out-
flow rates were 5.0x 10* m*/year and 16.6 x 10°> m*/year,
respectively, indicating that the outflow rate is greater than
the inflow. Between wells R17 and L34, the Echi River
is located, and the river water recharges the groundwater
in this district (contour in Fig. 4a). Thus, the increasing
outflow rate in S4 could be considered as the recharging
of river water.

In C-C’, the groundwater budget in six segments is shown
in Fig. 5b. The vertical outflow rates from UCI to CI at S1,
S2, and S3 were 123.2 x 10> m*/year, 55.0 x 10* m*/year, and
36.9 % 10° m*/year, respectively, and the inflow rate at S4 in
CI was 19.6 x 10° m*/year. It indicates that the groundwater
infiltrates deeper aquifers than CI near the foot of mountains.
At S4, S5, and S6, the vertical outflow rate from UCI to CI
was 3.5x 10° m*/year, 5.7 x 10° m*/year, and 2.7 x 10* m*/
year, respectively. These values are an order of magnitude
lower than the cross-sectional flow rate at wells L12, L.19,
and L28 in UCI. This may indicate that the horizontal flow
is dominant in the unconfined aquifer in C—C’. The amounts
of the vertical outflow to ATI at S4 and S5 might be consid-
ered as the pumping rates, but the rate was lower than that
of B-B'.

@ Springer

Discussion

Vertical outflow rate from the unconfined aquifer
to the confined aquifer

The outflow rates from the unconfined aquifer (UCI) to the
confined aquifer of B—B' (CII) and C—C' (CI) showed differ-
ent values. The hydraulic potential lines in B—B" and C-C'
indicated a different shape (Fig. 4c). In general, the ground-
water perpendicularly flows through the hydraulic potential
lines. Thus, it can be considered that the unconfined ground-
water in B—B' flows downward and that of C—C' flows in
horizontal directions. To further understand the difference
of the outflow rates, the fluid velocity was calculated using
Eq. (8) at well R17 and L19. These are observation wells
drilled for measuring the groundwater level of unconfined
and confined aquifers separately. According to Yang et al.
(2011), the groundwater level of UCI at R17 was 145 m
and the groundwater head of CII was 139 m. The distance
between UCI and CII screens was 55 m. Assuming that the
hydraulic conductivity and porosity are 7.4 x 10~ m/s and
0.1, respectively, the fluid velocity (v,) at R17 was calcu-
lated to be 8.1 x 107> m/s. Similarly, the groundwater level
of UCI at L19 was 164 m and the groundwater head of CI
was 163.3 m with 35 m of the screen distance. From the
same values of the hydraulic conductivity and porosity, the
fluid velocity (v,) at L19 was calculated to be 1.5 X 107 m/s,
indicating the fluid velocity of CI is lower than that of CII.
In this study, the results of outflow rates from the uncon-
fined aquifer (UCI) to the confined aquifer of C—C" (CI)
showed a one-order of magnitude lower value than that of
B-B' (CII). The fluid velocities at R17 and .19 were calcu-
lated using the same values of the hydraulic conductivity
and porosity, but the hydraulic gradient was significantly
different (i.e., 0.11 in B—B' and 0.02 in C-C"). Therefore, it
may conclude that the difference of the hydraulic gradient
causes the difference of the vertical outflow rates from the
unconfined aquifer of B—B" and C—C". The difference of the
hydraulic gradient might be derived from the different aqui-
fer structures between B—B' and C—C'. The main aquitards in
B—B' and C—C" are ATII and ATI, which is corresponded to
Uriuzutoge Member and Hino Clay Member, respectively.
The Uriuzutoge Member is a younger formation than Hino
Clay Member and contains slightly gravels in it (Table 1),
which may allow some groundwater to flow vertically.

Comparison between the flow rate
and the groundwater flow

Figure 6 shows the aquifer structure of B—B' and C-C'
with the groundwater temperature (Yang et al. 2011), the
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Fig.6 Aquifer structures of B—B' and C-C' with the groundwater
temperature (Yang et al. 2011; white numbers), the oxygen isotope
ratio (6]80, Kobayashi et al. 2010; red numbers), and the changes in

oxygen isotope ratio (8'80; Kobayashi et al. 2010), and the
changes in groundwater storage of each segment. In B—B’,
the total flow rate in UCI is 533.2 x 10° m*/year, of which
the outflow to CII is 14%, except for S1 and S2, because
they infiltrate deeper aquifers. The groundwater tempera-
ture converges from 15.0 to 15.5 °C in the UCI, CII, and
ATII (Fig. 6a). The 8'%0 value shows relatively heavy val-
ues of — 6.8 to — 7.7%o0 at wells R2, R9, and R17, but it
has light values of — 8.1 to — 8.3%o at wells R1 and R17.
Especially, the 5'0 value at wells R9 indicates a heavier
value than that of R17 in CII (Fig. 6a). The heavier value
of 8'80 at well RO suggests that the groundwater flows
downward, because the source of the heavier §'%0 value is
irrigation water and lowland rainfall. In addition, the light
values of — 8.1 to — 8.3%o around 80 to 100 m in altitude
are probably derived from water recharged in the mountain
and river (Kobayashi et al. 2010). In the result section, it
was carefully concluded that the vertical flow rate to ATII
is the pumping rate, because ATII is an aquitard, and the

groundwater storage of each segment (this study; blue numbers). UCI
is unconfined aquifer; CI and CII are confined aquifers; ATI and ATII
are aquitards. Altitude indicates meter above sea level

sustained groundwater pumping is taking place near S3.
Although the ATII aquitard allows slightly the confined
groundwater to infiltrate, it is reasonable that the ground-
water pumping affects the groundwater flow based on the
result of the heavier 8'80 value at well R9. Therefore,
it may assume that the groundwater pumping accelerates
downward flow (from UCI to CII), and groundwater flow-
ing downward reaches the boundary of the ATII and CII
at well RO. It affects the heavier §!%0 value of — 7.7%o in
the lower part of the CII, which means that deterioration
of water quality, if it occurs, may reach to the confined
aquifer.

In C—C', the total flow rate in UCI is 433.7 x 10° m3/year,
of which the outflow to CI is 2.7%, indicating the lower
amount than that in B—B'. The unconfined groundwater tem-
perature converges from 16.0 to 16.3 °C in CII and upper
CI (Fig. 6b). The confined groundwater temperature rises
from 16.0 to 17.4 °C with depth (Fig. 6b). The 8'%0 value
has heavy values of — 6.8 to — 7.7%o in CII and the upper CI
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and light values of — 8.0 to — 8.2%o in ATII and the middle
of CI. The lightest value of — 8.4%0 was confirmed in ATI.
Especially, the '30 value shows the light values of — 8.0%o
in CI and of — 8.4%o in ATI at well L19 (Fig. 6b). The verti-
cal outflow rates to the ATI aquifer were considered as the
pumping rates in the same way as B—B'. However, results
of the increasing groundwater temperature, the lighter 5'30
value, and an order of magnitude lower outflow rate than
those of B—B’ suggest that the pumping rate is lower than
that of B—B’. In addition, the upward groundwater flow
from ATI to CI at well L19 may happen considering the
hydraulic potential line of 165 m around ATI (Fig. 4c). How-
ever, separating the groundwater pumping and the upward
groundwater flow rate using the groundwater budget this
study provided is unavailable, because the hydraulic head
data in ATI exist only at well L.19. Therefore, the author con-
cludes qualitatively that upward groundwater flow indicating
17.4 °C and — 8.4%o in ATI has a somewhat role in forming
the temperature and the $'30 value in CI at well L19.

In the study, the flow rates in each segment in B—B' and
C-C'" were calculated based on the cross-sectional ground-
water flow systems using the groundwater budget. The
results well correspond to the previous studies, but this study
found that the groundwater pumping and the seepage from
the aquitard somewhat affect the groundwater flow in the
confined aquifer in C—C'. To elucidate the unsolved issue,
further analysis such as the measurement of the hydraulic
head at the field and three-dimensional numerical modeling
is necessary, which will be a future study.

Conclusions

The present study was conducted to quantitatively ascer-
tain the groundwater flow using the groundwater budget by
combining hydrogeological parameters (hydraulic gradi-
ent, hydraulic conductivity, and recharge rate) and modified
aquifer structures (unconfined/confined aquifers and aqui-
tards) at the Echi-gawa alluvial fan, Japan. The groundwater
budget was calculated on the right bank (B—B") and left bank
(C-C") of the Echi River, where the aquifer structures are
significantly different, and the groundwater flow paths are
dominant.

The cross-sectional flow rates were calculated at five
wells in B—B'. The flow rates from well R1 to well L34 in the
unconfined aquifer (UCI) were decreased as the groundwater
flows from the mountain area to the Echi River. The flow
rates in the confined aquifer (CII) indicated relatively lower
flow rates than those of the unconfined aquifer. In C—C’, the
cross-sectional flow rates were calculated at seven wells.
The flow rates from well L1 to well L29 in the unconfined
aquifer were decreased the same as B—B'. The flow rates in
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the confined aquifer (CI) showed the same magnitude of the
unconfined aquifer at wells L12. L19, and L28.

The groundwater budget was conducted in four and
six segments in B—B' and C—C’, respectively. The vertical
outflow rates from the unconfined aquifer to the confined
aquifer near the foot of mountains indicated that 5-20-holds
amount of the groundwater infiltrates to more deeper aqui-
fers than the confined aquifer. From the comparison of the
8130 value, the groundwater pumping may accelerate down-
ward flow (from UCI to CII) at well R9 in B-B'. In C-C",
the vertical outflow rate from UCI to CI at S4, S5, and S6
showed an order of magnitude lower than the cross-sectional
flow rate at wells L12, .19, and L28 in UCI. This may indi-
cate that the horizontal flow is dominant in the unconfined
aquifer. The difference of the vertical outflow rates from the
unconfined aquifers of B—B' and C—C" is derived from the
different aquifer structures between B—B' and C-C".

Results of the groundwater budget in this study are well
corresponded to the previous studies. Although separating
the groundwater pumping and the upward groundwater flow
rate using the groundwater budget this study provided is
unavailable due to lack of the hydraulic head data in ATI,
the method used for this study is adequate to reproduce
groundwater flow systems, which may support evaluation
of the groundwater flow quantitatively on the other alluvial
fan areas.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s40808-022-01394-7.
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