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Abstract
The large volume of groundwater stored in the Tedori River alluvial fan, Ishikawa Prefecture, Japan, is an
important source of local drinking and industrial water. The Tedori River was observed to be highly turbid
from the beginning of May 2015 to at least November 2017 due to a landslide in the upper reach of the river.
After the landslide, the groundwater level was drawn down by several to ten meters near the middle river
section during paddy irrigation periods in 2015 and 2016. This study addresses the impacts of the highly
turbid water on groundwater recharge from the river and paddy fields. In 2016, we sampled groundwater,
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river water, paddy irrigation water, paddy ponding water, and precipitation five times at two-month intervals.
We analyzed the H, O, and Sr stable isotopic compositions and major dissolved ion (and Sr) concentrations,
and compared our data to previous data obtained in June 2011. Ca, Sr, Cl, SO4 and TN concentrations and
δ18O values were higher in June 2016 than in June 2011; these increases were more extreme along the left
bank of the Tedori River than along the right bank. We explored the mixing of Tedori River water with
groundwater using a two-endmember mixing model based on their Sr concentrations and isotopic
compositions. Compared to June 2011, mixing ratios were decreased near the Tedori River in 2016, and larger
decreases were observed along the left bank and in the middle stream area. These results confirm that the
contribution to groundwater recharge from the river decreased during the turbidity event, particularly along
the left bank.

Introduction
Groundwater recharge is a key process in regional water cycles. The large volume of groundwater stored in
the Tedori River alluvial fan of Ishikawa Prefecture, Japan, is a crucial drinking and industrial water resource.
Paddy fields occupy about 50% of the land surface area of the alluvial fan (National Land Numerical
Information download service, 2014), and irrigation water in the paddy fields is considered to be one of the
major groundwater recharge sources, in addition to other surface water runoff (Iwasaki et al., 2014; Yoshioka
et al., 2016). The water in the Tedori River was observed to be highly turbid from the beginning of May 2015
to at least November 2017 due to a large landslide that occurred in the upper reaches of the river in May 2015.
Indeed, the volume of landslide deposits in 2015 was 1.3 million m3 (Yanai et al., 2016b). In the fan, the
groundwater level was drawn down by several to ten meters during the 2015 irrigation period, and this
drawdown trend persisted during the 2016 irrigation period (Yoshioka et al., 2018). The highly turbid river
water caused siltation, and may have reduced groundwater recharge from the river or paddy fields because
the irrigation water is derived from the river. Therefore, the impacts of the highly turbid river water on the
3

groundwater recharge processes require investigation.
Studies of groundwater–river water interactions typically employ direct hydrological observations
including river discharge and piezometric water levels. However, this method is limited to local scales smaller
than several kilometers. Over wider areas ranging from several to thousands of kilometers, hydrochemical
methods employing ions, stable or radioactive isotopes, or trace elements are often employed. Such
hydrochemical techniques are based on measured differences in ionic or trace element concentrations or
isotopic compositions between sites because those substances are regarded as natural tracers of groundwater
and surface water flow. These methods are particularly effective for clarifying groundwater flow and recharge
in areas with several groundwater recharge sources, and such tracers are necessary to reveal differences in
groundwater recharge originating from surface waters (e.g., precipitation and river water). Specifically, the
naturally occurring stable oxygen and hydrogen isotopic compositions (δ18O and δ2H, respectively) are
conservative and do not fluctuate underground. These isotopes are changed by the enrichment processes
associated with evaporation from water surface at paddy fields and have been used as diagnostic tracers of
water origins and mixing processes in paddy field areas (Joshi et al., 2018; Liu et al., 2014; Nakagiri et al.,
2019). The Sr stable isotopic composition (87Sr/86Sr ratio) of water, on the other hand, mainly fluctuates in
response to underground water-rock interactions, and is thus non-conservative and directly influenced by the
age and geochemical origin of the rocks and mixing processes (Capo et al., 1998). Sr stable isotopes have
been used to identify groundwater flow paths (Han et al., 2010; Négrele et al., 2007; Uliana et al., 2007) and
groundwater recharge sources (Banks et al., 2011; Calligaris et al., 2018; Guo et al., 2010; Petelet-Giraud et
al., 2007; Xie et al., 2013), and to assess the impacts of agricultural activities on surface water (Yoshida et
al., 2018; Thomsen & Andreasen, 2019) or groundwater (Böhlke & Horan, 2000; Hosono et al., 2007; Jiang,
2011; Nakano et al., 2008).
Prior to the landslide, multiple studies investigated the groundwater environments, recharge
sources, and flow paths of the Tedori River alluvial fan. Tsuchihara et al. (2011) assessed groundwater–river
4

water interactions using a three component mixing model based on δ18O and δ2H compositions of
groundwater, river water, and paddy ponding water during 2008–2010, and showed that river water
infiltration contributed up to 80% of the total groundwater recharge even in paddy dominated areas. Iwasaki
et al. (2014) analyzed groundwater level and river discharge data, and suggested that river water flows to
groundwater along many sections of the river. This result was consistent with the previous isotope studies.
Yoshioka et al. (2015) investigated the distribution of trace element concentrations in groundwater in June
2011; they showed that trace element concentrations in groundwater were low along the river due to dilution
by infiltrating river water, but increased with distance from the river. Yoshioka et al. (2016) studied
groundwater flow paths using a two component mixing model (mixing line) based on the 87Sr/86Sr ratios and
Sr concentrations in groundwater in June 2011; they showed evidence for groundwater recharge by the river,
and a particularly important groundwater flow path on the right (north) bank of the Tedori River.
After the landslide, Tanaka et al. (2017) conducted a comparative study of percolation from paddy
fields and showed a significant decrease from an average of 12.4 mm/d in 2014 to 7.9 mm/d in 2016. This
was due to the fine sediments in the highly turbid river water supplied to the paddy fields. Using a tank model
simulation, Takase and Fujihara (2018) surmised that the turbid water may have additionally reduced the
groundwater recharge from the Tedori River. Indeed, based on hydrological analyses of river discharge
observations, Yoshioka et al. (2018) and Tanaka et al. (2018) reported that groundwater recharge from the
river decreased in 2016. Yoshioka et al. (2018) also showed that the δ18O composition of groundwater in the
left bank of the river increased by ~1.4‰ from June 2011 to June 2016, indicating that, upon reduction of
groundwater recharge from the river, the relative contribution of groundwater recharge from paddy fields
increased along the left bank and to the middle stream area of the river. Their isotopic analysis further showed
that decreased groundwater recharge from both the river and paddy fields caused the groundwater drawdown
along the right (north) bank. However, changes in groundwater recharge from other tracers remain to be
elucidated.
5

Here, we investigate the groundwater recharge process of the Tedori River alluvial fan based on
observations of major dissolved ions, trace element concentrations, and the isotopic compositions (oxygen,
hydrogen, and strontium) of surface waters and groundwater conducted once every two months from April
to December 2016. Sampling sites and analyzed components in the surveys were almost the same as those in
previous surveys (Yoshioka et al., 2015, 2016). The motivation of this paper is to assess transient state
changes in groundwater recharge processing by (1) comparing data from before and after the high turbidity
of the river waters and (2) evaluating the contribution of the river water (only the Tedori River) to
groundwater recharge using strontium concentrations and isotopic compositions.

Study Area
Hydrogeology
The study area covers the alluvial fan of the Tedori River in Ishikawa Prefecture, Japan (Figure 1 and Figure
2). The Tedori River originates in the Hakusan Mountains at a maximum elevation of 2,702 m, flows 72 km
to the Sea of Japan, and is fed by a basin covering more than 807 km2. The fan occupies an area of 191 km2,
and the distance from its apex (80 m above sea level) to the Sea of Japan is 12 km at an average seaward
slope of 1/140. It is bounded to the southwest and northeast by the Kakehashi and Sai rivers, respectively.
Most of the fan is composed of fan deposits (Figure 2b). Within the fan, groundwater is stored in a
single shallow aquifer composed of Quaternary sandy gravel more than 100 m thick and a single deep aquifer
composed of Quaternary or Paleogene–Neogene sandy gravel with some clay. The hydraulic conductivity of
the shallow aquifer is relatively large at tens to hundreds of meters per day. A more detailed hydrogeological
summary of the study area is available in Iwasaki et al. (2014).

Land use and paddy irrigation
Figure 2a shows land use conditions in the Tedori River alluvial fan in 2014. Paddy fields are dominant in
6

the study area; they occupy about 47% of the land area in the alluvial fan, with 2% of the fan occupied by
uplands, 37% by urbanized areas, 4% by river water, and 12% by various other land uses. After two years of
rice cultivation in upland areas, soybean (in summer) and barley crops (in winter) are typically planted in
rotation with rice; in 2016, crops were thusly rotated in 22% of the upland area. On the northeast area of the
fan there has been substantial urban expansion of the Kanazawa city area.
In the study area, the paddy irrigation period is from 13 April to 10 September every year. Normal
paddy irrigation management proceeds as follows: (1) soil is puddled in late April to make a thin clay layer
that reduces water infiltration, requiring a large portion of the annual irrigation water budget; (2) rice
seedlings are planted at the beginning of May; (3) paddy fields are kept submerged under ten and several
centimeters of water during May; (4) a mid-summer drainage is performed in early to mid-June, in which the
ponded water is drained and the paddy soils are dried for about two weeks; (5) the paddies are irrigated
intermittently from late June to late August; and (6) ponded water is released before harvesting in early
September. Irrigation water is withdrawn from the headworks, 17 km upstream of the outlet of the Tedori
River, and distributed through 11 main irrigation canals and numerous subsidiary canals totaling 252 km in
length (Figure 2c). At the start of the main irrigation canal in the left bank area, a settling pond removes
suspended sediment particles larger than 0.3 μm (Yanai et al., 2016a). This irrigation canal supplies water to
24.6 km2 of paddy fields. Based on on-site observations, Yanai et al. (2016a) estimated the trapped sediment
volume during irrigation periods to be 11,264 m3 (458 m3/km2) in 2015 and 2,816 m3 (114 m3/km2) in 2016.

Hydrology
Precipitation (daily, monthly, and annual), turbidity and river discharge of the Tedori River, and groundwater
levels are shown for six wells near the Tedori River (among 17 wells in the fan) in Figure 3 (observation
points shown in Figure 1b).
From 1981 to 2010, the average annual precipitation and snow depth were 2,399 and 2,810 mm,
7

respectively, and the average annual temperature was 14.6 °C. Average monthly precipitation amounts ranged
from 137 mm in April to 282 mm in December. Total precipitation during the irrigation periods in 2011, 2015,
2016, and 2017, were 877, 813, 809, and 1,134 mm, respectively. The precipitation amounts during the
irrigation periods in 2015 and 2016 were relatively small (Figure 3a).
After May 2015, the turbidity fluctuated greatly and frequently rose to over 3000 degrees (mg/L),
even when river discharge was small, until January 2016 when fluctuations decreased (Figures 3b and 3c).
In some observation wells at the upper and middle river sections, groundwater levels during the
irrigation periods in 2015 and 2016 were depressed by 5 to >10 m below that during the 2014 irrigation
period (Figures 3d and 3e). Such large groundwater level depressions were observed at wells within 4 km
buffer zone from the river and that had never been previously observed in the study area. At the downstream
section or far from the river had, the depressions were less than 5 m (Figure 3f).
Yoshioka et al. (2018) reported that groundwater depression was larger near the river, especially
along the right bank. Prior to the landslide (2014) and three years later (2017), groundwater levels generally
increased in response to rising river waters during the beginning of the paddy irrigation period (late April),
the autumn rainy or typhoon season (September to October), and the snowy season (December to March).
Groundwater levels at the end of 2017 were almost the same as in 2014, suggesting that groundwater levels
in those wells have recovered almost to their normal range.
Based on field observations of river water balance, Yoshioka et al. (2018) reported that groundwater
flows toward the river in the most downstream and upstream river sections (0–3 km and 12–16 km from the
outlet), but that river water recharges the shallow groundwater throughout the intermediate 12 km (Figure
2d). They reported net water exchange volumes ranging from –5.1 (losing river) to 1.3 m3/s (gaining river).
Figure 2d also showed that contour maps of the surface elevation and groundwater levels; the latter were
measured at more than 140 wells before/after the landslide event. The surface elevation contours expand
almost radially from the fan apex to the coastal side. The groundwater level contour lines at the left bank area
8

(zone I) are approximately parallel to those of the surface elevation. On the other hand, the groundwater
levels contour lines at the right bank along the river (zone II) are roughly perpendicular to those of the surface
elevation. These results delineate that predominant flow direction of groundwater recharge with origin from
the Tedori River water is to right bank area. Furthermore, the groundwater flows from the Sai River and the
Kakehashi River to the fan area are not confirmed.

Water sampling
We performed regular water sampling at the sampling sites shown in Figure 4 from April to December 2016
at two-month intervals. We collected 33 groundwater samples (sites 2–34), 1 spring water sample (S1) at the
edge of the fan, and 11 river water samples (RT1–RT6 from the Tedori River, RS1–RS3 from the Sai River,
and RK1–RK2 from the Kakehashi River) during each survey. We also collected ponded water near paddy
plot drainage ditches (P1–P6) and paddy irrigation water at the irrigation canal when there was available
water. Although sampling numbers varied slightly during each survey, we collected a total of 335 water
samples. Previous the Sai River and paddy water sampling sites in 2011 were different from those in 2016.
We thus distinguished these sites with different names (RS′1–RS′3 for the Sai River, P′1–P′6 for paddy water)
and compared the nearest Sai River sites between 2011 and 2016.
Except for several wells, groundwater is usually pumped with electric pumps. At site 8, we used
groundwater sampling bailers. Precipitation samples were stored in bottles with the evaporation prevention
mechanism and collected one-month interval. In accordance with the groundwater characteristics identified
by Yoshioka et al. (2016), we classified the alluvial fan into four zones (Figure 4a): zones I (the left/south
bank of the Tedori River), II (the right/north bank and areas close to the Tedori River), III (the central fan),
and IV (areas near the Sai River).

Water quality analyses
9

Water temperature and electrical conductivity were measured on site. Water samples for isotopic and ion
analyses were filtered with 0.2 µm polypropylene syringe filters on site. Total nitrogen (TN) and total
phosphorus (TP) were measured by spectrophotometric regression method. Major dissolved cation (Ca2+,
Mg2+, Na+, and K+) and anion concentrations (NO3–, NO2–, SO42–, and Cl–) were analyzed in the laboratory
by ion chromatography (LC-10A, Shimadzu Corp., Japan). We determined HCO3– concentrations as the
difference between the total equivalent concentrations of cations and anions according to Nakano et al. (2008).
Sr concentrations were analyzed by inductively coupled plasma mass spectrometry (7500cx, Agilent
Technologies, USA) and δ18O and δD values were determined using a laser-based cavity ring-down
spectrometer (L2120- and L2130-i, Picarro Inc., USA) at Research Institute for Humanity and Nature (RIHN).
87Sr/86Sr

ratios were analyzed with a thermal ionization mass spectrometer (TRITON, Thermo Fisher

Scientific, Inc., USA) at RIHN. The 87Sr/86Sr ratio of the sample normalized to the standard was 0.71025.
Each sample for δ18O and δD analyses was measured 6 times and, its analytical results were averaged on the
last 3 measurements to reduce inter-sample memory effects. Three working standards ranging from -97.3 to
-9.2‰ of δ18O and from -13.4 to -2.7‰ of δD and, were used for calibration of measurement results. Details
of analytical protocols are described in Maruyama and Tada (2014). The standard errors of δ18O and δD were
0.025‰ and 0.1‰, respectively.

Results and Discussion
Dissolved ions, TN, and δ18O
Figure 5 shows TN concentrations in the shallow groundwater and hexadiagrams for shallow groundwater,
river water, and paddy water in June 2011 and June 2016. In this area, there are two major sources of
groundwater recharge: river water recharge from the Tedori River, and downward infiltration of precipitation
and paddy water during the irrigation period from paddy fields. As an illustrative example of the dilution
effect in groundwater by river water recharge, TN concentrations are low along the Tedori River and tend to
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increase with distance from the river, with the highest TN concentrations being measured in the northern
areas of the fan (zone IV in Figure 4a).
Almost all hexadiagrams of groundwater samples are classified as Ca-HCO3-type, which is
generally regarded as shallow, unpolluted groundwater. Water quality differences are seen between the deep
groundwater and shallow groundwater (not shown). Thus, the deep groundwater does not flow upward and
does not mix with the shallow groundwater. Furthermore, seawater intrusion to the groundwater does not
occur in the fan as well. Our research target is the shallow groundwater has the high cyclicity with the
groundwater recharge mainly from the irrigated paddy water, and river water. Total ion concentrations in
shallow groundwater samples were higher than those in river waters. The highest Ca2+ concentrations were
in the central fan (zone III), where paddy fields are relatively widespread and far from the any river. The total
ion concentrations in Tedori River water in 2016 were slightly higher than those in 2011, and the largest
changes in ion concentrations were observed for Ca2+ and HCO3– ions in groundwater along the left bank
(zone I) and in the central fan (zone III).
We evaluated the differences between the June 2011 and June 2016 surveys to elucidate indicators
of groundwater recharge variations (Figure 6). On the concentrations (Figures 6a-6h), if more than the half
number of each zone changed more than 10 % of the average value in 2011, then we judge the samples in
2016 increase/decrease compared with 2011. Because the trends shown by δD values were similar to those
of δ18O, we present only the δ18O values. Ca2+, Sr2+, Cl-, SO42- and TN concentrations and δ18O compositions
of groundwater in zone I were higher in June 2016 than in June 2011. Groundwater in zone II showed little
change for most ionic concentrations. Although the δ18O values of groundwater in zone III were similar in
2011 and 2016, Na+, Ca2+, Mg2+, Cl–, SO42–, and TN concentrations increased in 2016. Near the Tedori River,
paddy fields dominate the land use. Our previous study in June 2011 (Yoshioka et al., 2016) clarified that
increased Ca2+, Mg2+, Sr2+, HCO3–, and SO42– concentrations and δD and δ18O values of groundwater are
indicators of paddy agricultural activities because they may reflect the influence of fertilizers used in paddies,
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dissolution and desorption of soil and bedrock in the fan, or both. Thus, the observed increases of these
components in 2016 suggests greater contributions of groundwater recharge from paddy fields than from the
river in zone I. There is no evidence that anthropogenic or hydrological changes enhanced the amount of
groundwater recharge from the paddy fields. Tanaka et al. (2017) reported that average groundwater recharge
from paddy fields at 92 plots in May 2016 was reduced by 36% and a significant reduction of groundwater
recharge from paddy fields occurred in the middle and lower part of the fan in the right bank area of the
Tedori River. It appears that the difference in groundwater recharge between the left and right banks resulted
from the installation of a settling pond in the irrigation canal along the left bank. We thus conclude that the
river contribution to groundwater recharge decreased, particularly in the left bank area, and groundwater
recharge from paddy fields complemented the decreased recharge. From groundwater qualities, we did not
observe a significant decrease in groundwater recharge from the paddy fields. Indeed, decreased groundwater
recharge from both the river and paddy fields caused little change in their contributions during the large
groundwater drawdown along the right bank in 2015 and 2016.
Figure 7 presents temporal variations of the ionic concentrations and stable isotopic compositions
of groundwater during the study period using box-plot diagrams. In April, around the start of paddy irrigation,
average concentrations of Na+, K+, Ca2+, Mg2+, and SO42– were lower than those in June and August. During
the non-irrigation period, Na+, K+, Ca2+, Mg2+, and SO42– concentrations and δ18O values decreased or
remained relatively low. These temporal changes suggest that paddy agricultural activities affect groundwater
quality directly due to fertilizer components and indirectly due to cation elution from paddy soils. Figures 5
and 7 demonstrate that seasonal differences in groundwater ionic concentrations and isotopic compositions
were smaller than spatial differences. This result indicates that groundwater quality is dominated by the
dilution effect of groundwater recharge from the Tedori River water (of lower ionic concentrations), even if
groundwater recharge from paddy fields predominated while the river was turbid.
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Sr/86Sr ratios of surface water

87Sr/86Sr

ratios in seven precipitation samples ranged from 0.7083 to 0.7112 with an average of 0.7097.

87Sr/86Sr

variations in water samples from each river are shown in Figure 8. The 87Sr/86Sr ratios of the Tedori

River were consistently the highest of the river waters (and higher than groundwater values, Figure 7) during
all survey periods, most likely due to the older geologic units exposed in the mountainous areas of the Tedori
River basin. This characteristic is suitable for tracer. The maximum and minimum 87Sr/86Sr values of Tedori
River water in 2016 were observed in August and December, respectively. Although this variation was not
consistent with the

87Sr/86Sr

ratios in precipitation, it did correspond to changes in Tedori River water

discharge: the maximum ratio was obtained during a low flow discharge in which base flow was thought to
dominate, and the minimum value was obtained during a high flow discharge in which surface runoff was
thought to dominate (Figure 3). This seems to indicate that the 87Sr/86Sr ratios of the Tedori River represent
a mixture of the local geology and runoff processes. Indeed, 87Sr/86Sr ratios in the upper section of the Tedori
River (sites RT1 and RT2) decreased relative to other sampling sites along the river only during August 2016
when river discharge was low; we attribute this to seepage of around shallow groundwater into the river.
However, because river water recharges shallow groundwater at almost all other sections and during all other
survey durations, this lengthwise Sr isotopic variation of the Tedori River was considered to be negligibly
small. These results demonstrate the effectiveness of 87Sr/86Sr ratios as tracers of groundwater recharge from
the river.
The 87Sr/86Sr ratios of the Sai and Kakehashi Rivers were lower than the groundwater values, and
temporal variations were smaller than spatial variations in each river. In the lower sections of the two rivers
(sites RS3 and RK2), 87Sr/86Sr ratios increased because of inflowing irrigation drainage water or recycled
irrigation water (irrigation management water) that originated in the Tedori River. In addition, site RS3 was
in the estuary, and river water showed relatively high Cl– concentrations (maximum of 160 mg/L) except for
October 2016, suggesting that river water at site RS3 was influenced by brackish water, and the observed
13

87Sr/86Sr

ratios were increased by a contribution from seawater (seawater 87Sr/86Sr = 0.70918). Because site

RS3 is located very close to the sea, the river water has only subtle influence to groundwater.
The 87Sr/86Sr ratios of irrigation water in 2016 were almost the same as those of the Tedori River
water (Figure 10). After it was irrigated into paddy fields, the 87Sr/86Sr ratios of irrigation water decreased
quickly by 0.001, reflecting exchange with the paddy soil. The 87Sr/86Sr ratios of paddy water were in the
range 0.711–0.712.

87

Sr/86Sr ratios of groundwater

The spatial distribution of the
Figure 9. The

87Sr/86Sr

87Sr/86Sr

ratios in groundwater, river water, and paddy water are shown in

ratios of groundwater in fan sediment were greater than 0.711, whereas those in

groundwater around the Sai and Kakehashi Rivers, whose beds are composed of marine sediment (see Figure
2a), were lower than 0.711. These results indicate that the 87Sr/86Sr ratios of groundwater samples correspond
to the surface geology. Figure 9 illustrates that in 2016 groundwater flowed toward the central fan from the
southern Tedori River and then out to the sea, as was the case before the landslide. At sampling sites within
3 km of the Tedori River, the 87Sr/86Sr ratios of most groundwater samples changed by <0.0003 between
June 2011 and 2016, a negligible change compared to temporal variations of ~0.003 in Tedori River water.
This result demonstrates that the turbid river water did not greatly affect the 87Sr/86Sr ratios of groundwater
in the fan deposits. Furthermore, because the principal flow path of groundwater in the right bank area was
not changed after the landslide, groundwater recharge from the river there was not greatly reduced.
87Sr/86Sr

ratios are often plotted against the reciprocal of Sr2+ concentrations as shown in Figure 10.

These diagrams show that any simple relationship cannot be found betweem groundwater and surface waters.
Along the left bank (zone I) and the gaining river section, a portion of groundwater 87Sr/86Sr ratios is plotted
between those of paddy water and Kakehashi River water. Whereas groundwater 87Sr/86Sr ratios along the
right bank (zone II) is plotted between those of Tedori River water and the agricultural runoff. For the losing
14

river section, endmembers and mixing lines can be discerned. Tedori River water is characterized by high
87Sr/86Sr

ratios and low Sr2+ concentrations (endmember A). Waters originating from the Sai or Kakehashi

Rivers have low

87Sr/86Sr

ratios and low Sr2+ concentrations (endmember B). The third endmember has

intermediate 87Sr/86Sr ratios (0.7117–0.7118) and high Sr2+ concentrations (endmember C), corresponding to
the central part of the right bank area (i.e., zone III, and specifically sites 11, 12, and 14) far from endmembers
A and B. Therefore, groundwater in this area evolved from paddy water by leaching Sr2+ from soils and fan
sediments, which affected by the fertilizer use. Considering the groundwater flows near the Tedori River
shown in Figure 2d, many groundwater samples near the Tedori River are plotted between endmembers A
and C, suggesting that they are formed by mixing of Tedori River water with groundwater mainly recharged
by paddy water (agricultural runoff).

Mixing model analysis
To evaluate changes in groundwater recharge from the Tedori River, we employed a two-endmember mixing
model between endmembers A and C. Yoshida et al. (2018) suggested that

87Sr/86Sr

ratios are suited to

endmember mixing analyses better than the stable isotopes of oxygen or hydrogen because 87Sr/86Sr ratios
are more sensitive to slight changes in surface water composition. We used the mixing equation for two
endmembers shown as follows:
Cm =CA X + CC (1–X),

(1)

Rm =

RA CA X + RC CC (1–X)

(2)

Rm =

CA CC (RC –RA )

,

Cm

CA –CC

1

∙C +
m

RA CA –RC CC
CA –CC

,

(3)

where X is the predetermined (see next paragraph) mixing ratio of endmember A, C and R are the average
Sr2+ concentrations and 87Sr/86Sr ratios, respectively, of the endmembers (subscripts A and C) and mixture
(subscript m). From equation (3), the two-endmember mixing line is represented by a line on the 87Sr/86Sr vs.
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Sr2+ plot (Figure 10). For each survey, endmembers A and C were the average value of all the Tedori River
samples and three groundwater samples in zone III (see Figure 10), respectively.
The five red crosses in Figure 10 show the theoretical mixing ratio of Tedori River water with
groundwater at 20% intervals. However, groundwater samples do not necessarily fall along this line. The
shallow reservoir extends enough deep (up to 40 m depth) that the arrival of groundwater recharge in the
reservoir is delayed. As mentioned above, 87Sr/86Sr ratios of Tedori River water temporally fluctuates about
0.003, which should be considered in the endmember mixing analysis. This is because there would exist time
delays between the water dynamics in the rivers and the ground water, which is conceptually considered
using the following polygonal diagrams in Figure 10a-f. We connected six points from all survey representing
the same mixing ratio (i.e., 0, 20, 40, 60, 80, and 100%); the areas between two connecting lines (bold lines
in Figure 10a-f) define five mixing areas (shaded in Figure 10a-f).
Using these mixing areas, we estimated the mixing ratio for each groundwater sample.
Groundwater samples plotted beyond the mixing areas were considered to be dominated by recharge from
endmember B and were assigned mixing ratios of zero seemingly. We carried out an additional analysis using
another date set by Tsuchihara et al. (2011). They estimated the mixing ratios of the precipitation, the Tedori
River water, and paddy ponding water by three-endmember mixing analysis with δ18O and δD. Notice that
their survey years (before the landslide) were different from ours (before/after the landslide); we compared
mixing ratios of the Tedori River water between results of the closest calendar days. The end member mixing
analysis using δ18O and δD is based on the features that river water shows low isotope ratios while paddy
ponding water shows high isotope ratios affected by isotope fractionation during evaporation. The isotope
ratios do not fluctuate underground. So, if the groundwater shows low isotope ratios, the high mixing ratio
of Tedori River water can be inferred. It is commonly recognized that in an alluvial fan groundwater is
recharged at the apex or upper area of the fan and discharges as spring water at the edge area of the fan (Ikawa
& Kagabu, 2009). There is a belt-shaped area where several water springs can be seen near site S1. This area
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is also in the gaining river section (Figure 2d). The low isotope ratios in the groundwater over the area can
be accounted for these facts and the mixing ratios of Tedori River water should be seemingly high (up to
100%). This suggests a little effect of recharge from the paddy field on the groundwater quality.
Figure 11 shows mixing ratios with δ18O and δD are mostly higher than ratios with 87Sr/86Sr ratios.
Tsuchihara et al. (2011) adopted average values of paddy ponding water and irrigation water taken from the
Tedori River as the groundwater recharge from the paddy fields (one of the endmembers). This might have
caused an overestimation of mixing ratios of the Tedori River water. Figure 2d and Figure 10 show that there
is no evidence of groundwater recharge from the Tedori River to the downstream area in the left bank area
with relatively low 87Sr/86Sr ratio than that of the fan deposits (Figure 2a). Once again here, the aim of this
paper is to evaluate contributions of the groundwater from the Tedori River; the groundwater near the gaining
river sections of the river is outside our scope. Considering the abovementioned, the mixing ratios not near
gaining river sections and the spring belt are reasonably consistent between the two methods.
Figure 12 shows the calculated mixing ratios around the Tedori River for each sampling survey. In
zone I, three sites in the downstream area and one site in the upstream area showed mixing ratios of zero.
These results are reasonable because groundwater flows toward the river in the downstream section, and the
upstream sampling site is located near the higher terrace and fan deposits (see Figure 2a) and those geological
differences might have affected the 87Sr/86Sr ratios observed at that site. In zone II, sites S1, 16, 22, and 24,
near the downstream section, plotted just outside the mixing areas and were assigned mixing ratios of zero.
Otherwise, the mixing ratios in zone II decreased with increasing distance from the Tedori River, in
agreement with results from other tracers indicating the dilution effect of the river. In June 2011, the mixing
ratios in zones I and II were mostly greater than 60%, but decreased to less than 40% in zone I and less than
60% in zone II by June 2016. Compared to June 2011, mixing ratios were relatively low during all surveys
in 2016, and mixing in zone I decreased more than in zone II. Slight seasonal variations of the mixing ratio
were observed along the right bank and in the upper-to-middle stream area of the river. Specifically, the
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smallest mixing ratios were observed in October 2016. Low river discharge was observed in August 2016,
and we attribute this two-month delay between the river flow conditions and their effect on the mixing ratio
to the recharge time of the shallow reservoir.

Conclusions
This study applied multiple water quality analyses to investigate transient changes in groundwater recharge
sources in response to river turbidity caused by a large landslide. Spatial and temporal variations of ionic
concentrations and Sr isotopic ratios were examined by simultaneous sampling of groundwater, river water,
paddy water, and precipitation. The research provides potentially reliable indicators of groundwater recharge
in paddy-dominated fan areas. Noticeable results were as follows:
1. Some water quality indicators, including oxygen isotopic ratios and divalent ion (Ca2+, Sr2+, Cl-, SO42-)
and TN concentrations, were higher in June 2016 than in June 2011, and these increases were greater along
the left (south) bank of the Tedori River than along the right (north) bank. These increased ionic
concentrations and oxygen isotopic compositions suggest greater contributions to groundwater recharge from
paddy fields than from the river during the study period, indicating that the contribution to groundwater
recharge from the river decreased, particularly along the left bank.
2.

87Sr/86Sr

ratios of groundwater recharge sources were distinguishable even after turbidity in the river

ceased. The similar distributions of groundwater 87Sr/86Sr ratios before and after the turbidity event indicate
that there was no drastic change in the groundwater flow path in the right bank, which began with the Tedori
River. Groundwater recharge from the Tedori River was characterized by high 87Sr/86Sr ratios and low Sr
concentrations, whereas that from paddy soils had intermediate 87Sr/86Sr ratios and high Sr concentrations.
Sr concentrations and isotopic compositions provided important information on the chemical evolution of
paddy soils and sediments during downward infiltration.
3. We estimated mixing ratios of Tedori River water with groundwater samples near the river by a two18

endmember mixing model. Between June 2011 and June 2016, mixing ratios decreased along the left bank
and in the middle stream area, consistent with our analyses of other dissolved ions and stable isotopes.
This study demonstrates the need for obtaining reference data or map is advantageous to perform
a post-project evaluation of the unexpected hydrological event. This study presented intensive observations
using multiple tracers during April to December 2016. Future studies should evaluate the mending processes
of groundwater recharge after the turbidity event and quantitatively assess the contributions to groundwater
recharge from each source by utilizing transient groundwater simulation models. Finally, determining the
recovery mechanism of the groundwater drawdown would further advance our understanding of the
hydrological processes occurring in the fan.
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Figure 1. Maps showing (a) the regional location of the Tedori River basin, and (b) the Tedori River basin
watershed and the neighboring Sai and Kakehashi River basins. Red rectangle in (b) delineates the area of
the Tedori River alluvial fan.
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Figure 2. Detailed maps of the study area showing (a) surface geology (modified from the Geological Survey
of Japan, 2015), (b) land use conditions in 2014 (data from the National Land Numerical Information
download service, 2014), (c) irrigation channel, and (d) contours of surface and groundwater levels and river
sections of groundwater - river water interactions.
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Figure 3. Temporal variations of (a) monthly precipitation (gray bar) and annual precipitation (black dash
line), (b) Tedori River water turbidity, (c) river discharge (blue curve) and daily precipitation (black bar), (d)(f) groundwater levels along the left (red curve) and right banks (blue curve).
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Figure 4. Detailed maps of the study area showing (a) sampling sites of groundwater and (b) sampling sites
of surface water.
Note: 1, 7, 18, 19 sites are not shown and data are unavailable.

27

Figure 5. Distribution of TN concentrations (grey scale) and hexadiagrams indicating dissolved ion
concentrations in groundwater in (a) June 2011 and (b) June 2016. Hexadiagram symbol colors indicate the
zone of the study area (see Figure 4a).
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Figure 6. Comparison of dissolved ion concentrations, TN, oxygen isotopic compositions, and Sr isotopic
ratios between June 2011 and June 2016.
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Figure 7. Box plots of chemical and isotopic groundwater components from (a) zone I, the left bank of the
Tedori River, (b) zone II, the right bank area near the Tedori River, (c) zones III and IV, the right bank area
farther from the river, and (d) and river waters from the Tedori, Sai, and Kakehashi Rivers. Horizontal lines
in the boxes show the median values, the boxes encompass the second and third quartiles, and whiskers show
maximum and minimum values.
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Figure 8. 87Sr/86Sr ratios of Tedori (RT-), Sai (RS-), Kakehashi (RK-) River waters and precipitation.
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Figure 9. Distribution of shallow groundwater

87Sr/86Sr

ratios (circles and background interpolated color

map) in the study site in (a) June 2011 and (b) June 2016. The

87Sr/86Sr

ratios of river waters and paddy

ponding waters are shown as triangles and rectangles for comparison (see Figure 4 and d for symbols).
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Figure 10. Groundwater (circles) and surface water 87Sr/86Sr ratios vs the reciprocal of Sr concentration in
(a) June 2011 and (b) April, (c) June, (d) August, (e) October, (f) December 2016, and (g) all sampling periods
and the conceptural models. Red cross shows mixing rate with 20％ increments in each survey time. Twoendmember mixing areas between average values of all the Tedori River water (100％) and three groundwater
samples in zone III (0%) are shown in 20% increments by the light to dark gray shaded areas. See text for
details of the mixing model. Overlapping mixing areas are not shaded.
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Figure 11. Comparison of mixing ratios of the Tedori River water between end member mixing analysis using
δ18O and δD (Tsuchihara et al., 2011) and

87Sr/86Sr

Figures represent the sampling location (see Figure 3).
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and Sr concentration (this study). Numbers in the

Figure 12. Mixing ratios of Tedori River water to zone III/IV groundwater (percent) in (a) June 2011 and
(b) April, (c) June, (d) August, (e) October, and (f) December 2016. Black symbols plotted outside of the
mixing areas in Figure 10, and were assigned mixing ratios of zero.
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