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Abstract: Sanmenxia Dam, one of the most controversial water conservancy projects in China,
has seriously impacted the lower Weihe River of the Yellow River Watershed since its operation.
At the Huaxian Station, the dam operation controls the surface water level and leads to the variation
of the surface water–groundwater interaction relationship. The river channel switched from a losing
reach during the early stage (1959) to a gaining reach in 2010 eventually. The comparison of tracer
(Cl−, δ18O and δ2H) characteristics of surface water in successive reaches with that of ambient
groundwater shows that the general interaction condition is obviously affected by the dam operation
and the impact area can be tracked back to Weinan City, around 65 km upstream of the estuary of the
Weihe River. The anthropogenic inputs (i.e., agricultural fertilizer application, wastewater discharge,
and rural industrial sewage) could be responsible for the deterioration of hydro-environment during
the investigation periods of 2015 and 2016, as the population and fertilizer consumption escalated in
the last 60 years. The use of contaminated river water for irrigation, along with the dissolved fertilizer
inputs, can affect the groundwater quality, in particular resulting in the NO3

− concentrations ranging
from 139.4 to 374.1 mg/L. The unregulated industrial inputs in some rural areas may increase the Cl−

contents in groundwater ranging from 298.4 to 472.9 mg/L. The findings are helpful for the improved
comprehensive understanding of impacts of the Sanmenxia Dam on the interaction between surface
water and groundwater, and for improving local water resources management.
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1. Introduction

Surface water (SW) and ambient groundwater (GW) are always interacting in the hydrologic
cycle [1]. Understanding the interactions between SW and GW is critical for purposes like water
resources utilization and management [2,3], water quality assessment [4,5], and ecohydrology
analysis [6,7]. One of the main factors controlling the SW–GW interaction is the hydraulic gradient [8],
which is variable since levels of SW and GW are persistently affected by various natural and
anthropic conditions.

Dams provide many benefits while also disturb the river systems and produce some unexpected
hydrologic impacts on discharge, sedimentation, and aquatic vegetation, etc. [9–12]. The SW level can be
directly affected by the storing and releasing process of dams, which may change the hydraulic gradients
of SW–GW interactions [5,13,14]. SW and GW can also be polluted by many anthropogenic sources,
such as agricultural non-point pollutants, domestic sewage, industrial wastewater [15–17]. In different
river reaches, water quality may respond differently to the SW–GW interaction changes [18,19].
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In losing river reaches, pollutants from upstream may migrate to ambient GW [20], while, in gaining
river reaches, pollutants in GW may also transport to SW [21]. Therefore, understanding the SW–GW
interaction variation is important for water resources management.

The Sanmenxia Dam is the first large-scale water conservancy project built on the Yellow River.
The purposes of the dam were to control flooding, hydroelectric power, agricultural irrigation,
and navigation. However, the dam soon suffered from the severe sedimentation problems caused after
its operation [22]. The sedimentation problem is not only confined to the reservoir but also extended
upstream to the Weihe River, which is the largest tributary of the Yellow River. The riverbed elevation
in the lower Weihe River has risen sharply due to the serious sedimentation problem, which makes the
river water level with the same discharge ascend significantly [23]. This may lead to variations of the
SW–GW interaction along the Weihe River, especially in its lower reach. The lower Weihe River Basin
has been a major agricultural area in China since the 3rd century B.C. Increasing use of fertilizers in these
farmlands during recent decades is likely to affect the SW and GW which support the rural and urban
communities with millions of people in this region [24]. Other anthropogenic sources like domestic
sewage and industrial wastewater may also deteriorate the water quality [25]. It is crucial to improve
the understanding of the impact of the Sanmenxia Dam on SW–GW interaction and their potential
consequences on the water quality for further water resources management. However, insufficient
attention has been paid to these issues in previous studies.

Since hydraulic gradients between SW and GW are the major factors controlling their interaction
process, analysis of the water level data is helpful for the investigation of SW–GW interaction [26–28].
Statistical methods like Mann–Kendall test are often used to support the analysis [29,30]. Hydrochemical
and stable isotopes methods are also widely used to understand the SW–GW interaction in many
related studies [31–35]. The general interaction condition can be acquired by separating a river into
different segments by the SW sampling sites and comparing the values of these tracers in each segment
with the values in the ambient GW samples [34].

This study investigates the impacts of the Sanmenxia Dam on the SW–GW interaction in the
lower Weihe River Basin. The objectives of this study are (i) to identify the variations of SW–GW
interaction under the impact of the Sanmenxia Dam, (ii) to reveal hydrochemical variations after the
dam operation and anthropogenic inputs, and (iii) to obtain a reliable conceptual model of the SW–GW
interaction at a typical cross-section.

2. Study Area

2.1. The Lower Weihe River

The Weihe River flowing across the southern part of the Loess Plateau is the largest tributary of the
Yellow River in terms of the mainstream length (818 km) and the average annual runoff (6.8 billion m3).
The Weihe River is also the main sediment source of the Yellow River, which delivers 44.7% of the
total sediment load of the Yellow River. The Weihe River Basin with an area of 134,800 km2 is a
water-deficient region in the belt of transition between semi-arid and sub-humid zones in China.
The average annual temperature of the Weihe River Basin ranges from 6 to 14 ◦C, and the average
annual precipitation is about 545 mm.

This study focuses on the lower Weihe River Basin, with coordinates between 109◦12′ E and
110◦13′ E and 34◦22′ N to 34◦50′ N (Figure 1). According to meteorological data from 1950 to 2015
collected from the China Meteorological Data Service Center, the average monthly temperature ranged
from −7.0 ◦C in January to 26.4 ◦C in July. The average annual precipitation was 617 mm, and the
rainfall from June to September accounted for about 64.4% of the annual precipitation. The average
annual potential evapotranspiration was 941 mm. The elevations of the study area range from 243
to 2450 m above sea level and the topography of the south side is obviously higher than the north
side. The Luohe River, one major tributary of the Weihe River (annual runoff of 0.9 billion m3), flows
into the Weihe River in the Huayin County. The general geomorphic types in the research area are
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alluvial plain, diluvium-alluvial plain, and loess platform (Figure 1b). The alluvial plain is mainly
distributed along the Weihe River. The phreatic aquifer in the alluvial plain is composed of Quaternary
unconsolidated sediments with the thickness ranging from 10.5 to 63.5 m.
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2.2. Sanmenxia Dam

The Sanmenxia Dam is located on the middle reach of the Yellow River (Figure 1b). The catchment
area above the dam is about 690,000 km2, which accounts for 92% of the whole Yellow River Basin.
The construction and water impoundment of the dam were initiated in 1957 and 1960, respectively.
The designed normal water level of the dam is 350 m, and due to the estimate on the influence scope of
the dam, over 187,000 people in the Weinan City, Dali County, Huayin County, and Huaxian County
(Figure 1a) migrated from their original residences. After impoundment of the Sanmenxia Dam,
a severe sedimentation problem became evident, especially in the lower Weihe River. The highest
operation water level on record is about 333 m and the direct backwater boundary reached upstream
to the Huaxian Station. In order to solve the sedimentation problem, the operation scheme of the dam
had been changed twice, which also made the dam never meet the initial impounding expectation
since its operation. The three operation modes were as follows: (i) storing water mode (Mode A),
from September 1960 to March 1962, the reservoir maintained a high water storage level, (ii) detaining
flood water and sluicing sediment mode (Mode B), from March 1962 to October 1973, the reservoir
kept a low storage level, while detaining floods only during flood seasons (November to June) and
sluicing sediment with relatively large discharges, and (iii) storing clear water and releasing muddy
water mode (Mode C), from November 1973 to the present, the reservoir was operated at a high level
to store relatively clear water in the non-flood seasons and at a low level to release high sediment
concentrations in the flood seasons.

Time series data of the pool level of the Sanmenxia Dam during the flood and non-flood seasons
and the whole year present a similar change process (Figure 2). It shows different variation character
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corresponding to each operation mode. The pool levels in Mode A increased and reached the highest.
The pool levels in Mode B show an obvious downward trend. However, the pool levels in Mode C
remain relatively stable after a rise that ends in 1980 (Figure 2). Thus, the impacts from the Sanmenxia
Dam that were imposed on the lower Weihe River can be assumed generally unchanged since 1980.
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3. Materials and Methods

3.1. Data Collection

The hydrochemical data in 1959 (Table S1 in Supplementary Materials) were collected from the
results of a hydrogeological survey conducted by the Yellow River Conservancy Commission [36].
SW and GW samples form three campaigns in May, August, and November. A total of 19 SW samples
(five sites from the Weihe River and two sites from the Luohe River) and 55 GW samples taken from
phreatic wells (19 sites) which were adjacent to the Weihe and Luohe Rivers were chosen for this
study (Figure 1a). The gridded meteorological data were from the China Meteorological Data Service
Center. The discharge and water level of the Weihe River were measured daily at the Huaxian Station.
The ambient GW levels were measured at least every five days at three monitoring wells (B18, B561,
and B562). The population, fertilizer consumption, and groundwater exploitation data were gathered
from the China’s economic and social big data research platform (http://data.cnki.net/) which collected
statistical yearbooks of the Weinan City.

3.2. Water Sampling

Three field campaigns were conducted in October 2015, June 2016, and September 2016. A total
of 22 SW samples (eight sites from the Weihe River, two sites from the Luohe River) and 41 GW
samples taken from domestic and agricultural wells (21 sites, phreatic water) adjacent to the Weihe and
Luohe Rivers were collected (Figure 1a and Table S1 in Supplementary Materials). The GW samples
were taken after purging the wells for a few minutes at each site. The polyethylene bottles (50 and
100 mL) used as sample containers were pre-rinsed three times before sample collection and sealed
with adhesive tape. All the water samples were store in the refrigerator at 4 ◦C after collection.

3.3. Analytical Techniques

Major ion compositions for each sample collected in 2015–2016 were measured at the Center for
Physical and Chemical Analysis, the Institute of Geographic Sciences and Natural Resources Research
(IGSNRR), Chinese Academy of Sciences (CAS). Major cations (Na+, K+, Ca2+, Mg2+) were measured
on an inductively coupled plasma optical emission spectrometer (ICP-OES) (Perkin-Elmer Optima

http://data.cnki.net/
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5300DV, Waltham, MA, USA). Cl−, SO4
2−, and NO3

− were determined by an ion chromatography
system (ICS1000). HCO3

− was measured by the diluted vitriol-methylic titration method using 0.016 M
H2SO4. The normalized inorganic charge balance (NICB) was applied to ensure the charge-balance
error of the water sample was in a reasonable scope [37,38]. The results of the major ion compositions
analysis were accepted when the charge-balance error was within ±10%.

Stable isotopes (δ2H and δ18O) of the water samples were measured at the Key Laboratory of
Water Cycle and Related Land Surface Processes of IGSNRR, using a liquid water isotope analyzer
(Model DLT-100, LosGatos Research Inc., San Jose, CA, USA) with measurement accuracies of ±1%�

and ±0.15%� for δ2H and δ18O, respectively. All results were normalized to internal laboratory water
standards (LRG3A, δ2H = −96.4%�, δ18O = −13.10%�; LRG4A, δ2H = −51.0%�, δ18O = −7.69%�; LRG5A,
δ2H = −9.5%�, δ18O = −2.80%�) that were previously calibrated relative to the (VSMOW, 0%�). δ2H and
δ18O values were reported in conventional per thousand deviations referred to the Vienna Standard
Mean Ocean Water (V-SMOW, 0%�). Table S2 in Supplementary Materials shows the hydrochemical
and stable isotopes data.

3.4. Statistical Method

The Mann–Kendall test (M-K test) is one of the widely used methods to detect trends of different
time series [39]. The statistic S in the Mann–Kendall test is calculated as follow:

S =
n−1∑
i=1

n∑
j=i+1

sgn(x j − xi) where sgn =


+1, i f x j > xi
0, i f x j = xi
−1, i f x j < xi

(1)

where x is the variable, n is the length of time series. If n is larger than 8, S will approximately follow a
normal distribution [40]. The mean and variance of S can be acquired by Equations (2) and (3) below.

E(S) = 0 (2)

Var(S) =
n(n− 1)(2n + 5)

18
(3)

The Z statistics for evaluating the trend is calculated by Equation (4):

Z =


S−1√
Var(S)

i f S > 0

0 i f S = 0
S+1√
Var(S)

i f S < 0
(4)

A positive (negative) Z-value indicates an increasing (decreasing) trend. Z-value also can be used
to check if the trend is significant at the selected significance level α. The null hypothesis that there is
no significant trend will be rejected when |Z| > Z1−α/2.

4. Results

4.1. Water Level Variations

The Huaxian Station is a representative station with relatively continuous data for the study area.
Moreover, most of the sediment deposition caused by the Sanmenxia Dam was in the downstream
channel of the Huaxian Station [23], which may enhance the variation of SW–GW interaction.
The temporal variations of the annual average SW level, ambient GW level, and precipitation can be
seen in Figure 3a.
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Figure 3. Comparison of surface water (SW) level, groundwater (GW) level, runoff, and precipitation:
(a) annual average SW level at Huaxian Station, GW level at B18, B561, B562, precipitation, runoff at
Huaxian Station from 1959–2010; (b–e) SW level at Huaxian Station, GW level at B18, B561, B562 in
1959, 1981, 2002, 2010.

The trend of the annual average SW level and runoff were analyzed by the M-K test. Statistic Z of
the SW level is 3.99 indicating a significant upward trend, while statistic Z of the runoff is−1.89 showing
a downward trend. When the riverbed is stable, the river water level with given discharge is almost
the same and the trends of river water level and runoff should be consistent. The inconsistent trends of
the SW level and runoff at the Huaxian Station indicate that the riverbed has risen after the operation
of the Sanmenxia Dam. The riverbed elevation at the Huaxian Station rose only 3 m during 2500 years
from 540 BC to 1960 AD [41]. In 1959 (before the dam operation), the annual average SW level and
runoff at the Huaxian Station are 333.4 m and 61.9 × 108 m3, respectively. However, after 50 years of
the dam operation (in 2010), the annual average SW level rose 3 m to 336.4 m with the annual average
runoff of 60.2 × 108 m3. It indicates that the dam operation might be responsible for the elevation of
the SW level at the Huaxian Station.

The M-K test was also applied for the annual average GW level series. Statistic Z of the annual
average GW at B18 from 1959 to 1985 is 1.56. The statistic Z of the annual average GW at B561 and
B561 from 1976 to 2010 is −1.82 and −2.20. The different trends of the GW levels in different periods
indicate that the controlling factor of the GW level has changed from 1959 to 2010. In order to seek the
reason why the GW levels change, the correlation coefficients among the GW levels, SW level, and the
precipitation were calculated and shown in Table 1. The GW levels at B18, B561, and B562 are highly
correlated with each other. The GW level at B18 is from 1959 to 1985. The GW levels at B561 and B562 is
from 1976 to 2010. The correlation coefficient of the GW level at B18 is significantly correlated to the SW
level (0.01 level) and the precipitation (0.05 level). It demonstrates that the SW level and precipitation
are the driving factors of the GW level from 1959 to 1985. However, the GW levels at B561 and B562
cannot present a significant correlation with the SW level or the precipitation. The GW exploitation
data in the study area increased from 1980 to 2010 (Figure 4). The correlation coefficient between the
GW levels and GW exploitation are −0.72 (B561) and −0.75 (B562), both negatively correlated at a
significance level of 0.01, indicating that the driving factor of the GW level is groundwater exploitation
after the 1980s across this region.
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Table 1. Correlation coefficient of the SW level, GW levels, and precipitation.

B18 B561 B562 SW Precipitation

B18 1
B561 0.99 ** 1
B562 0.97 ** 0.98 ** 1
SW 0.85 ** −0.32 −0.35 1

Precipitation 0.29 * 0.20 0.21 0.29 1

** significant at 0.01 level, * significant at 0.05 level.
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Figure 4. Groundwater exploitation from 1980 to 2010.

Figure 3b–e shows the relationship between the SW and GW levels. Before the dam operation,
in 1959, the GW level at B18 is above the river stage at the Huaxian station (Figure 3b), which means the
reach around the Huaxian Station is a gaining reach. After the dam operation, in 1981, the GW levels at
B18, B561, and B562 are above the SW level in non-flood season and below the SW level in flood season
(Figure 3c). In 2002 and 2010, the GW levels at B561 and B562 are below the SW level indicating a
losing reach around the Huaxian Station (Figure 3d,e). The average GW at B18 is 335.34 m in 1981 and
335.60 m in 1959, while the average SW level at the Huaxian Station is 335.2 m in 1981 and 333.36 m
in 1959, as shown in Table 2. It is obvious that the rising SW level is the main reason for the change of
SW–GW interaction pattern from 1959 to 1981 near the Huaxian Station. The GW levels at B561 and
B562 have dropped from 1981 to 2010, while the SW level is still ascending. Therefore, the rising SW
level participated in the two shifts of the interaction pattern, which makes the upward SW level the
primary cause for the interaction variations at the Huaxian Station.

Table 2. Annual average water level at the Huaxian Station and groundwater level at B18, B561,
and B562 in 1959, 1981, 2002, and 2010.

Year Huaxian Station (m) B18 (m) B561 (m) B562 (m)

1959 333.36 335.60 - -
1981 335.21 335.34 335.15 335.01
2002 336.61 - 332.35 331.10
2010 336.44 - 334.29 333.88

4.2. Hydrochemical Characteristic in Waters

4.2.1. Hydrochemical Characteristics before the Dam Operation

In 1959, the TDS values of the SW samples vary from 159.1 (W1 in May) to 363.0 mg/L (W5 in May)
in the Weihe River and from 330.0 (L1 in August) to 674.2 mg/L (L1 in May) in the Luohe River. The TDS
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values decrease along the flow direction in the Weihe River and stay almost the same in the Luohe
River. The temporal variations of TDS in the Weihe and Luohe Rivers are also different. The former
changes a little and the latter shows a sharp difference in three campaigns. The TDS values of the GW
samples vary from 118.9 (B47 in May) to 2002.5 mg/L (B269 in November). The TDS values of GW in
the southeast (including B144, B47, B50, B282, B41, and B245) are much lower than those in the rest
part of the investigated area.

Na+ and HCO3
− are the dominant ions of the SW samples, with concentrations varying from

17.3 to 143.0 mg/L and from 118.9 to 251.0 mg/L, respectively. The dominant cation in groundwater is
Ca2+ in the southeast with concentrations varying from 20.2 to 77.8 mg/L a+ in the remaining part
with concentrations ranging from 38.8 to 73.9 mg/L. The dominant anion in the GW samples is HCO3

−,
which varies from 119.0 to 1296.7 mg/L and accounts for 69.3% of the anions on average.

The piper diagram can be used to distinguish different water types of the SW and GW samples
in 1959 (Figure 5). The SW has a narrower range than the GW, plotting within Area 1 and Area 5,
while the GW scatters in Areas 1, 4, and 5. Some GW samples plot adjacent to the SW on the diamond
diagram, while others do not, indicating that the different patterns of SW–GW interaction may exist
in the research area. Cl− behaves relatively conservatively and is commonly used as a tracer [42,43].
In 1959, the rivers in the research can be separated into different segments by the SW sampling sites
shown in Figure 6a,b. The tributaries of the lower Weihe River in the research area have little impact
on the tracer values since the discharge of them is quite small. The ambient GW samples are also listed
in Figure 6a,b. There are some river segments along which the concentrations of Cl− increase (decrease)
with much higher (lower) Cl− values in the ambient GW (e.g., the segments L2-L1 in May, W2-W1 in
August). It may imply that these river segments are gaining reaches. The remaining segments that
have not shown such relationships may indicate losing reaches. The Huaxian Station is in the river
segment W2-W1. In May, the Cl− values decrease from 25.2 (W2) to 20.6 mg/L (W1) while the average
Cl− values in the ambient GW (B41 and B282) is 12.5 mg/L, which means that the segment is a gaining
reach. It also occurs in August for the river segment W2-W1. The SW–GW interaction condition is
consistent with the results obtained from the water level data before the dam operation.
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4.2.2. Current Hydrochemical Characteristics

Na+ and HCO3
− are the predominant ions of the SW, with concentrations ranging from 17.3 to

143.0 mg/L and 118.9 to 251.0 mg/L, respectively. The dominant cations of the GW are Ca2+ in the
southeast with concentrations varying from 20.2 to 77.8 mg/L and Na+ in the remaining part with
concentrations ranging from 38.8 to 73.9 mg/L. The dominant anion in GW is HCO3

−, which varies
from 119.0 to 1296.7 mg/L and account 69.3% of the anions on average.

In 2015–2016, the TDS values of the SW samples vary from 479.3 (WP2 in June 2016) to 829.1 mg/L
(WP6 in September 2016) in the Weihe River and from 871.3 (LP2 in May 2016) to 1194.1 mg/L (LP2 in
September 2016) in the Luohe River. WP6 located in the lower reaches of the Weinan City shows
higher TDS values than the remaining sites in the Weihe River, which may result from the untreated
anthropogenic pollution. The TDS values of the GW samples vary from 159.3 (S4 in September 2016)
to 3152.0 mg/L (S20 in June 2016). The TDS values of some GW samples in the southeast (including S3,
S4, S6, S7, S8, S14, S15, and S16) are lower than in the remaining part of the research area.

Na+ is the predominant cation in the Weihe and Luohe Rivers, with concentrations ranging
from 84.9 to 245.4 mg/L. None of the anions show obvious predominance in the Weihe and Luohe
Rivers since HCO3

−, SO4
−, Cl− accounts for average values of 29.5%, 36.0%, and 29.8% of the total

anions, respectively. In general, the southeastern GW samples mentioned above have Ca2+ as the
dominant cation and HCO3

− as the dominant anion, while the remaining samples of GW have Na+ as
the dominant cation and HCO3

− as the dominant anion.
The piper plot can be used to show the variation in hydrochemistry of SW and GW sampled in

2015–2016 (Figure 5). The SW samples center in Areas 3 and 5, while the GW samples scatter in Areas
1, 3, and 5 with the exception of S5 and S12 located in Area 2. There are some GW samples plotting
adjacent to the surface water, while the rest are not, indicating that different patterns of SW–GW
interaction exist in the research area. Generally, the water samples in 2015–2016 move towards the
apex of Cl + SO4 + NO3 compared to water samples of 1959 in Figure 5, which may suggest increased
anthropogenic inputs in this region. Both Cl− and NO3

− are related to anthropogenic inputs and can be
regarded as two indicator ions for human activity. The average concentration of NO3

− in SW samples
is 5.1 mg/L before the dam operation and 36.2 mg/L in current status, respectively. The average NO3

−

concentration in GW samples is 6.7 mg/L before the dam operation and 52.1 mg/L in current status,
respectively. The average Cl− concentration of in SW samples is 56.7 mg/L before the dam operation
and 140.6 mg/L in current status, respectively. The average Cl− concentration of in GW samples
is 78.9 mg/L before the dam operation and 85.6 mg/L in current status, respectively. Furthermore,
the extra Cl− resulted from the anthropogenic inputs may disturb the SW–GW interaction deduced
from the relationship between Cl− values of SW and GW. Therefore, it might be more reliable to use
other tracers like stable isotopes to obtain the SW–GW interaction pattern in 2015–2016.

4.3. Stable Isotope Characteristic in Water

The values of δ18O and δ2H in the Weihe River range from −8.6%� to −7.8%� and −64%� to −51%�,
respectively. The values of the Luohe River vary from −8.2%� to −6.5%� for δ18O and from −61%�

to −52%� for δ2H, respectively. The compositions of groundwater range from −11.3%� to −7.4 for
δ18O and −80%� to 53%� for δ2H. The δ18O and δ2H values of SW and GW are plots in Figure 6.
The global meteoric water line (GMWL, δ2H = 8δ18O + 10) [30], and the local meteoric water line
(LMWL, δ2H = 7.49δ18O + 6.13, precipitation in the Xi’an Station, IAEA) are also shown in Figure 7.
The water samples are scattered along the GWML and the LWML, indicating that both the SW and GW
most likely come from modern precipitation.
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The SW samples show a narrow range in Figure 7. The Luohe River water samples are more
enriched in heavier isotopes than the Weihe River, probably resulting from the different evaporation
rate of these two rivers. The GW samples show a broader range of stable isotopes than SW. Some GW
samples are adjacent to the SW, possibly indicating the close interaction of the SW and GW. The average
deuterium excess of the Weihe River (5.6%�) is close to the intercept of the local meteoric water line
(6.13%�), so it can be assumed that the evaporation is not obvious. The average deuterium excess of
the Luo River is only 0.1%�, which may imply that the evaporation in the Luohe River is significant.
As Figure 6c,d shows, in 2016, there are also some river segments along which δ18O or δ2H enrich
(deplete) with much higher (lower) tracer values in the ambient GW. It suggests these river segments
are gaining reach, e.g., the segments LP2-LP1 in June, WP4-WP3 in August. The remaining segments
that have not shown such relationships may indicate losing reaches. In June, the Huaxian Station is in
the river segment WP5-WP3. δ18O enriches from −8.6%� (WP5) to −7.8%� (WP3) while the average
δ18O value of the ambient GW (B41 and B282) is −7.8%�, indicating the segment is not a gaining reach.
In September, the Huaxian Station is in the river segment WP6-WP4. δ18O enriches from −8.5%� (WP6)
to −8.1%� (WP4) while the average δ18O value of the ambient GW (B41 and B282) is −8.8%�, showing
that the segment is not a gaining reach. The SW–GW interaction is also consistent with the results
deduced from the water level data in current status.

5. Discussion

5.1. Surface Water and Groundwater Interaction Variations

The Cl− concentrations of the SW and GW alongside the rivers from two campaigns in May 1959
and August 1959 were selected to obtain the condition of the SW–GW interaction before the dam
operation (Figure 6a,b). δ18O and δ2H values of surface water and groundwater alongside the rivers
from two campaigns in June 2016 and September 2016 were selected to obtain the condition of the
SW–GW interaction in the current status, as shown in Figure 6c,d. The variations of the SW–GW
interaction along the Weihe and Luohe Rivers can be seen from Figure 6.

By comparing the interaction conditions before the dam operation and in current status (comparing
May 1959 with June 2016; August 1959 with September 2016), several variations of the SW–GW
interaction can be found. Before the dam operation, the channels upstream W3 are losing reaches,
whereas the channels downstream W3 are gaining reaches. In current status, some channels downstream
W3 are losing reaches, which may result from the rising SW level. As indicated by the relationship
between SW level and ambient GW level at the Huaxian Station, an assumption can be made that the
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interaction pattern of SW–GW under the predominant impacts of the dam may shift from gaining
reaches before the dam operation to losing condition after the dam operation. The shifting direction
consistent with the assumption can be found along the reach from near WP5 to WP3 and the reach
from near WP6 to WP5, indicating that the impact of Sanmenxia Dam on the interaction of SW–GW
can affect as far as to WP6. The interaction pattern shifting from losing condition to gaining condition
along the reach from WP8 to WP6 in August–September and the reach from LP2 to LP1 in May–June
may result from the obvious decline of runoff in the Weihe and Luohe Rivers with the minor influence
of the Sanmenxia Dam. In the current status, the reach WP2-WP1 nearest the Sanmenxia Dam is a
losing reach in two campaigns, indicating the reach is under stronger influence of the dam than other
river segments.

5.2. Anthropogenic Sources and Impacts on Surface Water and Groundwater

Human activity is one important factor influencing water quality. The general increase of the Cl−

and NO3
− ions may result from the rapid growth of the population and the fertilizer consumption in

this area from 1959 to 2020 [44,45]. The population and the fertilizer consumption increase from 158.4
to 325.9 million tons and from 0.1 to 12.4 million tons, respectively (shown in Figure 8). There are serval
kinds of anthropogenic inputs including agricultural activities, domestic wastewater, and untreated
industrial or urban sewage that may affect the SW and GW. The threshold values of Cl− and NO3

− that
can be used to distinguish whether water samples are potentially affected by anthropogenic inputs can
be estimated by cumulative probability plots [46,47] (Figure 9). By referring to the national standard of
Cl− (250 mg/L) and NO3

− (10 mg/L), the background levels of Cl− and NO3
− (shown in Figure 10) are

determined as 203.6 and 24.5 mg/L, respectively. Based on the background levels, four water types are
identified among the water samples taken from sampling sites shown in Figure 1a for the research area.
A detailed water type classification is provided as Figure 10a, the spatial distribution of the dominant
anthropogenic input types for each sampling site are shown in Figure 10b,c. The percentages of each
water type in different water bodies and periods are estimated and shown in Table 3.
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Table 3. Results of water type classification.

Type Relative Abundance Period
Percentage of Different Water Types

SW GW

A Low Cl−–low NO3
− Pre 1 100.0% 78.2%

B Low Cl−–High NO3
− Pre 0.0% 12.7%

C High Cl−–low NO3
− Pre 0.0% 7.3%

D High Cl−–High NO3
− Pre 0.0% 1.8%

A Low Cl−–low NO3
− Post 2 13.6% 43.9%

B Low Cl−–high NO3
− Post 72.7% 34.1%

C High Cl−–low NO3
− Post 0.0% 19.5%

D High Cl−–high NO3
− Post 13.6% 2.4%

1 Pre means before operation, 2 Post means current status.

All the SW samples in 1959 are below the threshold values of Cl− and NO3
− (Type A area) that can

be identified as no obvious anthropogenic input. 72.7% of the SW samples in 2015–2016 are in Type B
area. Since there is little application of chemical fertilizer in 1959, while chemical nitrogen fertilizer has
been excessively used in China nowadays. Moreover, the SW samples in September 2016 have higher
concentrations of NO3

− than the samples in June 2016, showing the precipitation or irrigation during
June to September has a positive influence on the concentrations of NO3

− (e.g., the NO3
− of WP2 is
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28.2 mg/L in June and 40.8 mg/L in September). Therefore, the increased NO3
− in SW may result from

the polluted surface runoff flow through the agricultural areas [19]. A total of 12.7% of GW samples in
1959 are in Type B area. These GW samples are only distributed along the Luohe River and have not
shown higher NO3

− in August 1959 than that in May 1959, indicating that they are more likely affected
by domestic sewage, which could have a minor relationship with precipitation or irrigation. A total
of 34.1% of groundwater samples in 2015–2016 are in Type B area. The water samples BP5 and BP12
(Figure 10c), classified as Type B, have much greater NO3

− (average value 224.5 mg/L) than that in the
rest of the groundwater samples in Type B area (average value 49.9 mg/L). Since most of the cropland
is in the northern Weihe River area, the agricultural activities may be responsible for the higher NO3

−

in BP5 and BP12. A well-established canal irrigation system is located in the northern Weihe River area
and the main irrigation source is the river water already characterized as high NO3

−. The irrigation
water with high NO3

− and the return flow carrying nitrate from agricultural fertilizer together make
S5 and BP12 heavily concentrate NO3

−. Most of the population gathers in the southern Weihe river
area, so that BP9 and BP10 are more likely affected by domestic sewage. The GW samples of BP2,
BP11, and BP17 are in Type C (Figure 10c) characterized as high Cl− and low NO3

−. Anthropogenic
sources of Cl− such as fertilizers, wastewater, sewage, and manure can lead to higher NO3

− values
in GW. Since BP2, BP11, BP17 have little spatial connection and other samples near these sites are
in Type B or Type A both having relatively low Cl− concentrations, it is improbable that BP2, BP11,
BP17 are obviously under the impact of saline water. These sites are in rural regions and relatively far
from cities and counties. Therefore, there may be unregulated industrial waste discharge in BP2, BP11,
and BP17 which is not rare in the rural areas of China [48]. There are no SW samples in Type C area,
indicating no untreated industrial sewage directly draining into the Weihe and Luohe Rivers.

The different anthropogenic inputs into one part of the SW and GW may impact the other part
through the SW–GW interaction. The industrial input in BP17 increases Cl− in the Weihe River from
WP6 to WP5 by the SW–GW interaction of GW recharging surface water in June 2016. The agricultural
input from upstream area in WP1 may increase NO3

− in BP2 by the SW–GW interaction of surface
water recharging groundwater since the NO3

− in BP2 has an upward trend in three campaigns from
2015 to 2016.

5.3. Conceptual Model and Environmental Implications

Previous studies have not paid much attention to the SW–GW interaction under the impact of the
Sanmenxia Dam. However, the SW–GW interaction has changed since the Sanmenxia Dam operation.
A conceptual model of the SW–GW interaction at a representative section (the Huaxian Station) is
presented as Figure 11. In order to give some environmental implications, several components like
unregulated rural industrial input and domestic input that are not found around the Huaxian Station
at current status but appear in the whole research area are also integrated into this model. Thus, this
model helps to draw a more comprehensive picture of the SW–GW interaction and the potential
aquatic environment problems. The uplifted riverbed caused by the Sanmenxia Dam makes the river
water level higher in the current status and eventually induces the variation of SW–GW interaction.
Anthropogenic sources like industrial wastewater, domestic sewage, irrigation return flow, and surface
runoff both affected by agricultural activities are also influencing the water quality.

The SW and GW are not two isolated parts but an interconnected system. The pollutants
discharging into SW may migrate to GW, of which the inverse process can also happen in the lower
Weihe River Basin, through the SW–GW interactions. Since the dam has an obvious impact on the
interaction, it is essential to take the dam operation into account when coping with the serious water
environment in this area.
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6. Conclusions

The Sanmenxia Dam has dramatically increased the water level in the lower Weihe River since
1959. The SW level rise has inevitably affected the SW–GW interaction that plays a vital role in
hydro-environment. Meanwhile, the lower Weihe River area is being faced with hydro-environment
pressures. Therefore, it is crucial to assess the impact of the dam on the SW–GW interaction. The main
conclusions of the study are as follows:

(1) At the Huaxian Station, the dam operation plays a key role in raising the SW level. After the
1980s, the GW level decreased because of the increased groundwater exploitation. The variations
of SW and GW levels induced the shift of SW–GW interaction. Three different patterns of the
SW–GW interaction can be identified in the past 60 years including (i) gaining reach during the
early stage (i.e., in 1959), (ii) gaining reach in non-flood season and losing reach in flood season
(i.e., in 1981), and (iii) losing reach in 2002 and 2010.

(2) Detailed SW–GW interaction patterns along the lower Weihe River are first examined from the
multi-environmental tracers (Cl−, δ18O, and δ2H) of the water samples. Before the dam operation,
the channels upstream W3 are losing reaches, while downstream W3 are gaining reaches. In the
current status, the distribution of SW–GW interaction along the Weihe River is more complex.
Some channels downstream W3 are losing reaches, which may result from the rising SW level
induced by the dam operation. Gaining reaches also appeared upstream W3, indicating the
impact of the dam lessens as the distance increase. The impact of the dam on the SW–GW
interaction can reach to W3 (65 km from the estuary of the Weihe River).

(3) In general, the hydro-environment deteriorates in 2015–2016 especially for the NO3
− and Cl−

concentrations as the population and fertilizer consumption escalated during the last 60 years.
Four water types can be distinguished in the lower Weihe River Basin. No SW samples showed
obvious anthropogenic input in 1959, but, in 2015–2016, 72.7% of SW samples (mean nitrate
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concentration of 34.7 mg/L) were affected by agricultural input. A total of 78.2% of the GW
samples in 1959 show no obvious anthropogenic input, while 34.1% of GW samples (mean nitrate
concentration of 124.7 mg/L) in 2015–2016 are affected by agricultural or domestic inputs.
GW sampling sites of BP2, BP11, and BP17 (mean Cl− concentration of 372.2 mg/L) might be
affected by industrial input in the rural area.

(4) Evidence has also shown that different SW–GW interaction patterns may produce different
influences on the water system. The impacts of the dam which change the SW–GW interaction
patterns and make the water system more variable present a challenge to water resource
management in this area. Further research may focus on how the different SW–GW interaction
patterns affect the pollutant migration and make a suitable operation mode of the dam to improve
the local water resources management.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4441/12/6/1671/s1,
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