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decreased the ion concentrations as well as the δD and 
δ18O values. The δ13CDIC magnitudes showed that the 
dissolved inorganic carbon mainly originated from 
mineral weathering upstream, while the oxidation of 
soil organic materials influenced by agricultural activ-
ity became more important downstream. The 87Sr/86Sr 
ratios revealed that in the upstream regions, the weath-
ering of granite and gneiss complex was dominant, 
while in the downstream regions, the weathering of 
sedimentary rocks became more important. The weath-
ering and anthropogenic effects on the river water 
chemistry were also demonstrated using statistical 
analysis, which revealed that the water geochemistry 
was mostly influenced by the anthropogenic sources, 
including industrial complex, represented by Na, Cl, 
and SO4. The obtained results show that, as compared 
to the geochemistry of the Han River (which is also a 
major river in Korea), the geochemistry of the Nak-
dong River is more influenced by anthropogenic activi-
ties (including agriculture and the industrial complex) 
due to the different land use.

Keywords  Nakdong River · Hydrogeochemistry · 
Isotopes · Weathering · Anthropogenic effect · 
Pollution

Introduction

The geochemistry of river water is influenced by 
many different factors. Weathering is one of such 

Abstract  The Nakdong River is the longest river in 
South Korea, and flows through various geological ter-
rains with different land use characteristics; therefore, 
the geochemistry of its water is expected to be influ-
enced by many factors. In this work, the geochemical 
characteristics of the Nakdong River were examined, 
and its chemical compositions, δD, δ18O, and δ13CDIC 
values, and 87Sr/86Sr ratios were determined to inves-
tigate the geological and anthropogenic effects on 
the geochemistry of the Nakdong River water. The 
obtained concentrations of major ions were strongly 
affected by both the anthropogenic activity and weath-
ering of the rocks. With increasing the flow distance, 
the ion concentrations slightly increased; and after the 
inflow of the Kumho River, which was the largest trib-
utary running through Daegu (the fourth largest city in 
South Korea), the concentrations of Na and SO4 ions 
abruptly increased and decreased again, suggesting 
the existence of strong anthropogenic effects caused 
by sewage treatment plants and dyeing industrial com-
plex. Other activities such as agricultural ones also 
increased the NO3 concentration. In July, the high pre-
cipitation level from tropical cyclones and downpours 
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factors caused by the water–rock interaction; there-
fore, this process plays an important role in the 
cycling of elements on the Earth surface (Lee et al., 
2007; Balagizi et  al., 2015). The chemical and iso-
topic composition of river waters provides useful 
information on the sources of major ions and chemi-
cal weathering rates of basins. Other processes such 
as evaporation, precipitation, and anthropogenic 
activity partially affect the geochemistry of river 
water (Kattan, 2015; Marchina et  al., 2015; Wu 
et  al., 2018). The anthropogenic activity becomes 
more important with the urbanisation of the drain-
age basin. However, the dissolution of carbonate and 
silicate minerals is the most important factor influ-
encing the chemical compositions of major rivers in 
the world. The relationship between weathering and 
chemical compositions has been studied in detail 
for the Amazon, Ganges–Brahmaputra, Huanghe, 
Yangtze, Lena, and Mackenzie rivers (Gibbs, 1972;  
Stallard & Edmond, 1981, 1983, 1987; Sarin et  al., 
1989; Gordeev & Sidorov, 1993; Zhang et  al., 
1995; Huh et  al., 1998a, b; Galy & France-Lanord, 
1999; Chen et al., 2002; Bishwakarma et al., 2022). 
Recently, the isotopes of various elements were  
successfully applied to investigate the weathering  
process in the major rivers (Cai et al., 2020; Dellinger  
et al., 2021; Revels et al., 2021a, b).

Unlike major rivers elsewhere, the rivers in Korea 
are relatively short and are expected to be more 
severely affected by anthropogenic activities due to 
the high population density and various land uses, 
in addition to weathering. However, only the geo-
chemical and isotopic compositions of the Han River, 
which is one of the major rivers in Korea and has a 
drainage basin of 26,018 km2, have been extensively 
studied (Lee et al., 2007, 2008; Ryu et al., 2007). The 
obtained results showed that both parameters could 
be used as reliable indicators of the element origins 
and were strongly influenced by the rock types in the 
drainage basins (which can be classified into silicate 
and carbonate ones).

The Nakdong River is the second largest, but 
longest river in Korea (Fig.  1). Its length amounts 
to 506.17 km, and the drainage area of the Nakdong 
basin is 23,384.21 km2. However, the geochemical 
and isotopic characteristics of the Nakdong River 
water have not been examined at all, although sev-
eral water quality assessment studies involving 

perchlorate, polychlorinated biphenyl, nitrate, phos-
phate, and other mutagenic chemicals were per-
formed due to its importance as a public water supply 
source to the second and fourth largest cities in Korea 
(Busan, and Daegu, respectively) (Chop et al., 1999; 
Kim et al., 1998; Kwon et al., 2008; Quiñones et al., 
2007).

The Nakdong River consists of several large 
tributaries. Its largest tributary is the Kumho River, 
which meets the mainstream of the Nakdong River 
at Daegu. Detailed geochemistry and isotope stud-
ies of the Kumho River were conducted previously 
(Kim & Kim, 2013). Their results indicate that the 
river water is strongly influenced by both weathering 
and the anthropogenic activity. In the upper regions 
of the Kumho River, the weathering of volcanic 
rock is the dominant process affecting the geochem-
istry of its water, while in the downstream regions, 
the weathering of sedimentary rocks plays a greater 
role, and the anthropogenic effect suddenly becomes 
the most important factor influencing the chemistry 
of the river water at the lower reaches near Daegu. 
Substantial precipitation effects on the isotopes of 
oxygen, hydrogen, and nitrogen, and major ions were 
observed as well. Because this river is the largest 
tributary of the Nakdong River, its influence on the 
geochemistry of the latter is expected to be signifi-
cant. It is also important to compare the geochem-
istry of the Nakdong River to that of the Han River 
because both rivers are two major rivers in Korea, 
and the lithologies of their drainage basins and 
land uses are very different. The catchment area of 
the Nakdong River is characterized by hilly forests, 
agricultural lands, and densely populated large cities 
including industrial complexes, while that of the Han 
River mainly consists of mountain areas. However, 
no geochemical data on the Nakdong River have 
been reported yet.

In this study, chemical composition and isotope 
data are obtained for the Nakdong River for the 
first time, and the effects of different factors such as 
weathering and anthropogenic activities on the chem-
ical compositions and isotope variations of the river 
waters are discussed. Although isotope data for Sr 
and other isotopes, and chemical data have been use-
fully applied for the estimation of multiple processes 
in rivers, including anthropogenic input and chemi-
cal weathering (Xu et al., 2011; Zieliński et al., 2017; 
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Négrel et al., 2020), usually a single isotope has been 
used to study the geochemistry of river waters. We 
investigated various isotopes, such as hydrogen, oxy-
gen, strontium, and carbon, as well as the chemical 
composition of the Nakdong River water, to contrib-
ute to understanding the weathering and land use fac-
tors controlling geochemistry and each isotope value 
in major rivers.

Materials and methods

Materials

The catchment area is characterized by hilly forests, 
agricultural lands, and industrial complexes from 
the headwater to Daegu. Daegu is a highly popu-
lated city with a population of approximately 2.47 

Fig. 1   Geologic map and 
sampling locations around 
the Nakdong River
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million. Beyond Daegu, the catchment area is mainly 
composed of agricultural lands and small-scale fac-
tory areas. Figure  1 shows the simplified geological 
map and sampling locations of the Nakdong River 
basin. The Precambrian Sobagsan Gneiss Complex 
of Yongnam Massif that lies in the north-western part 
of the river mainly comprised high-grade paragene-
sis, including biotite gneiss and granitic gneiss, and 
subordinately of banded gneiss, migmatitic gneiss, 
mica schist, and orthogneiss (Park et al., 2006). The 
granitic rocks in this area are composed of the Daebo 
(Triassic to Jurassic) and Bulguksa (Cretaceous to 
Early Tertiary) granites. The former is located in the 
northern and eastern parts of the basin, and the lat-
ter is located in its south-eastern part. The Cretaceous 
non-marine sedimentary strata and intermediate-to-
acidic volcanic rocks are the main sedimentary rocks 
distributed in this area (Chang, 1975).

Methods

Sampling

To investigate the precipitation effects and spatial 
variations of the chemical compositions and iso-
topes of both the Nakdong River and its tributary 
waters, water samples were collected three times 
during the autumn (November 2009), spring (May 
2010), and summer (July 2010) seasons. The sam-
pling period was determined by considering the 
precipitation rate because only July belonged to the 
rainy season in Korea. A total of 23 samples were 
collected; 13 samples were obtained along the main 
channel of the Nakdong River, and 10 samples—
from its tributaries. The pH and electric conductiv-
ity (EC) of the water were measured during sam-
pling using an Orion 290A pH meter and a 250A 
Trans Instruments EC meter, respectively. The 
obtained water samples were filtered through 0.45-
μm cellulose nitrate membrane filters and stored in 
pre-cleaned 100-mL high-density polyethylene bot-
tles with screw caps. Three different bottles were 
prepared for each sample to analyze the cations and 
anions as well as various isotopes of oxygen, deute-
rium, and strontium. The water samples for cation 
analysis were acidified below pH = 2 using a 1-N 
HNO3 solution to avoid precipitation and adsorp-
tion on the bottle walls. All samples were stored in 
an icebox, transported to a laboratory, and kept in a 

refrigerator until analysis. Alkalinity was measured 
on the day of sampling following the Gran titra-
tion technique (Dyrssen and Sillen, 1967; Edmond, 
1970). The accurate concentration of HCl (~ 0.05 N) 
used for the titration was calibrated using a standard 
solution (1000 μN in alkalinity) that was prepared 
using NaHCO3 (Kim et  al., 2018). The content of 
dissolved inorganic carbon (DIC) was calculated 
from the pH and alkalinity data.

Water analysis

The presence of cations (Ca2+, Na+, Mg2+, and 
K+) and Si in the water samples was determined by 
inductively coupled plasma atomic emission spec-
troscopy (Jobin Yvon Ultima 2) at the Seoul Cen-
tre of the Korean Basic Science Institute, and the 
presence of anions (SO4

2−, Cl−, NO3
−, NO2

−, and 
PO4

3−) was analyzed by ion chromatography (Dionex 
ICS − 5000) at the Kyungpook National University. 
Quantification limits for ICP analysis are generally 
0.1 mg/L and those for IC analysis are approximately 
0.01 mg/L. The precision and accuracy for ion analy-
sis were verified by analyzing duplicate samples and 
by calculating charge balance errors. Most samples 
showed charge balance errors within ± 8%.

For carbon isotope analysis, river water samples 
were collected using evacuated glass septum vials, 
which were pre-filled with 85% phosphoric acid. 
CO2 gas was extracted by a gas evolution technique 
and then cryogenically purified. To conduct the oxy-
gen isotope analysis, 2 mL of the sample was equili-
brated with CO2 by shaking for 6 h at 25 °C. For the 
hydrogen isotope analysis, metallic zinc was used to 
produce hydrogen gas via a zinc reduction method. 
The oxygen, hydrogen, and carbon isotopic composi-
tions of the water samples were determined using the 
VG Prism II stable isotope ratio mass spectrometer 
at the Korean Basic Science Institute. The analytical 
reproducibility was ± 0.1‰ for δ18O, ± 1‰ for δD, 
and ± 0.2‰ for δ13CDIC. For the Sr isotopic analysis, 
60  mL of the sample was evaporated in ultraclean 
Teflon vessels and redissolved in distilled HCl solu-
tion. Strontium was separated from other ions in solu-
tion using cation exchange resin in a quartz column. 
Strontium isotopes were identified by the VG54-30 
thermal ionization mass spectrometer at the Korean 
Basic Science Institute.
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Statistical analysis

For bivariate statistical analysis, the Pearson cor-
relation analysis was implemented to calculate the 
correlation coefficient ( � ) between the paired data 
(Table 2).

Results and discussion

Water geochemistry

The changes in the physico-chemical parameters and 
chemical compositions of the Nakdong River water 
with distance are listed in Table  1 (see also Figs.  2 
and 3). The pH values of the river water along the 
flow path varied between of 7.19 and 9.13, indicating 
the absence of a visible trend. However, seasonal var-
iations with average values of 8.07 in November, 8.24 
in May, and 8.20 in July were observed, which could 
be attributed to the photosynthesis of aquatic plank-
ton during summer (Lee et al., 2007). July belonged 
to the rainy season; as a result, this effect was slightly 
decreased by the dilution of the river water with rain.

The total dissolved cations and anions 
(TZ+  = Na+  + K+ + 2Mg2+  + 2Ca2+ and TZ−  =  
Cl−  + 2SO4

2− + NO3
−  + HCO3

−, respectively) in the 
river water were generally balanced, and their charge 
balances were normally maintained within ± 8%. The 
concentrations of most dissolved ions exhibit similar 
trends with the flow distance: first increasing slightly 
until a 300-km station influenced by both weather-
ing and agricultural activities and then demonstrat-
ing more rapid increases with the inflow of high con-
centrations of dissolved ions from the Kumho River 
(especially for Na and SO4, which are considered pol-
lutant ions; Figs. 2 and 3). The concentrations of Ca, 
Na, Mg, and K in the main stream were in the range 
of 10.7–34.2, 3.1–64.1. 2.4–9.5, and 1.8–11.2 mg/L, 
respectively. The Kumho River flows near the indus-
trial complex in Daegu, the fourth largest city in 
Korea, and is significantly influenced by the sew-
age treatment plant of a dyeing industrial complex 
(Kim & Kim, 2013). From stations 13–15, the mean 
concentration of Na increased abruptly from 17.3 to 
41.4 mg/L, affected by the river water of the Kumho 
River (station 14, 99.8 mg/L). Before sampling station 
15, the mean cation concentrations in the main stream 
were ranked in the order of Ca (21.5  mg/L) > Na 

(10.2  mg/L) > Mg (5.8  mg/L) > K (3.1  mg/L), but 
afterwards, the order changed to Na (29.1 mg/L) > Ca 
(22.6 mg/L) > Mg (6.8 mg/L) > K (5.6 mg/L), which 
was especially more pronounced in November). This 
order of cation concentrations is almost identical to 
that at the lower reaches of the Kumho River before 
the latter meets the Nakdong River at Daegu. How-
ever, the cation concentrations in the Kumho River 
were higher than those in the Nakdong River, indi-
cating that after this station, the geochemistry of the 
river water was greatly affected by that of the Kumho 
River and a dyeing industrial complex, although its 
ion concentrations were partially lowered by dilu-
tion. However, after this station, the river water was 
still influenced by two sewage treatment plants and an 
auto parts industrial complex in Daegu. Among vari-
ous cations, Na exhibited the highest increase after 
this station (especially in November), strongly sug-
gesting its anthropogenic origin. In May and July, the 
corresponding Ca concentrations were close to those 
of Na after station 15.

The anions also exhibited a similar trend. The con-
centrations of HCO3, SO4, Cl, and NO3 in the main 
stream were in the range of 30.0–88.6, 11.9–104.5, 
4.5–70.1, and 0.6–17.7  mg/L, respectively. Before 
station 15, their mean concentrations ranked in the 
order of HCO3 (57.3  mg/L) > SO4 (24.7  mg/L) > Cl 
(15.6  mg/L) > NO3 (7.9  mg/L), but from station 15, 
the order did not change (the mean concentrations of 
HCO3, SO4, Cl, and NO3 were 62.8, 44.6, 34.9, and 
10.8 mg/L, respectively). However, in November and 
May, the concentration of SO4 abruptly increased 
at station 15 and became close to that of HCO3. The 
mean concentration of SO4 at station 13 increased 
from 26.7 to 61.7 mg/L, mainly influenced by the river 
water of the Kumho River (144.8 mg/L) and a dyeing 
industrial complex. Although the ion concentrations in 
the river were greater than the average values obtained 
for various rivers around the world (Holland, 1978), 
the content of HCO3 ions, which was a weathering 
product (along with Ca species), was within the range 
obtained for the world rivers (Gaillardet et al., 1999) 
and slightly higher than that of the North Han River, 
but close to the magnitude determined for the South 
Han River (Lee et al., 2007).

The reported concentrations of SO4 ions in the 
Kumho River were higher than those of the anions 
present in that river, and the inflow of the Kumho 
River water was supposedly the main reason for the 
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observed increase in the SO4 concentration after the 
station. These ions can have many different anthro-
pogenic sources (Lang et  al., 2011; Li et  al., 2011; 
Ryu et al., 2007; Zhang et al., 1995), and no evapo-
rite deposits were detected in the sedimentary basin 
around this river (Chang, 1975). Therefore, similar 
to Na ions, SO4 ions originated from anthropogenic 
sources. Ryu et al. (2007) reported the SO4 concentra-
tions and sulfur isotope values of the river waters from 
the two tributaries of the Han River and attributed 
the major source of SO4 ions in the North Han River 
to the atmospheric input based on the concentration 
range (3.8–8.6 mg/L) and δ34S values. They also con-
cluded that the SO4 concentrations in the river waters 
flowing from the South Han River (3.8–30.7  mg/L) 
were higher than that from the atmospheric input and 
attributed the origin of SO4 ions to the oxidation of 
sulfides in an abandoned mine and coal-bearing sedi-
mentary rocks based on the δ34S values. Although we 
did not measure δ34S values, the SO4 concentrations 
in the Kumho River were generally higher than those 
in the North Han River. Considering the much higher 
SO4 concentrations in the river water after the inflow 
of the Kumho River, which is severely influenced by 
industrial activities, the presence of SO4 ions before 
station 15 can be mainly attributed to the oxidation of 
pyrite in the sedimentary rocks and fertilizers in the 
upstream region influenced by agricultural activities 
(Brenot et al., 2007; Lee et al., 2007). After the inflow 
of the Kumho River, other anthropogenic products 
generated by the sewage treatment plant and indus-
trial complex became more important, especially in 
November (Li et al., 2011). As with cations, the ani-
ons after this station are also influenced by two addi-
tional sewage treatment plants and auto parts indus-
trial complex.

The mean values of NO3 concentrations, which 
also had anthropogenic sources, were equal to 9.44, 
9.92, and 9.96  mg/L in November, May, and July, 
respectively, and did not significantly change after 
the inflow of the Kumho River water, suggesting a 
variety of agricultural origins. They are close to the 
magnitudes obtained for the South Han River, which 
flows through the agricultural areas, but higher than 
the values measured for the North Han River flowing 
through the mountains.

The relative contents of the major ions are plotted 
in the anion and cation ternary diagram and Piper dia-
gram depicted in Figs. 4 and 5. The water data were Ta
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plotted slightly different regions in the two diagrams, 
indicating that the water chemistry is influenced to 
some extent by the precipitation rate. They show that 
in July, the relative concentrations of Cl and SO4 and 
Na and K species, which were more closely related 
to the anthropogenic effects, clearly decreased due 
to rainwater. However, no noticeable differences 
between the relative ion concentrations in November 
and May were observed.

Oxygen and hydrogen isotopes

Previous studies showed that δ18O and δD could be 
good indicators of the origin or mixing of waters in riv-
ers (Kendall & Coplen, 2001; Lambs, 2000; Winston & 
Criss, 2003; Barth & Veizer, 2004; Li et al., 2016). The 
two isotope compositions of the Nakdong River plot-
ted in Fig. 6 are close to the global meteoric water line, 
but slightly below the local meteoric water line. The 

Fig. 2   Comparison of the 
major cations in the water 
samples collected at differ-
ent sampling stations along 
the Nakdong River. The 
lines show the data from the 
main stream
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corresponding δ18O and δD values range from −9.13 
to −6.33 and −65.8 to −48.4‰ with the means of −7.92 
and −57.7‰, respectively (Table 1). However, the iso-
topic values had different ranges and mean values in 
different seasons. The river waters were lightest and 
least scattered during July than during other seasons. In 
general, the annual temperature cycle is the main fac-
tor affecting the isotopic variations of precipitation in 

different seasons with the highest value observed dur-
ing summer (Clark & Fritz, 1997; Fricke & O’Neil, 
1999; Hoefs, 2004). In contrast, the precipitation in 
Korea generally exhibits the lowest isotopic concentra-
tions during summer and the highest ones during win-
ter, which is mainly due to tropical cyclones and down-
pours (Lee & Chang, 1994; Lee et  al., 2003), which 
was also observed for the Nakdong River with lower 

Fig. 3   Comparison of the 
major anions in the water 
samples collected at differ-
ent sampling stations along 
the Nakdong River
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isotopic concentrations in July, indicating that different 
sources of precipitation and downpours were the prob-
able reasons for the lower values. These results are dif-
ferent from the isotopic data obtained for the Kumho 
River (Kim & Kim, 2013) and for the North and South 
Han Rivers (Ryu et al., 2007). The highest δ18O and δD 
values measured for the Kumho River during summer 
were attributed to the severe water evaporation from a 
dam at high temperatures. The large δ18O and δD mag-
nitudes obtained for the North and South Han River 
waters also indicate a high evaporation level. The oppo-
site trend observed for the δ18O and δD values between 
the Nakdong River and Kumho River indicate that 
the ions dissolved in the Nakdong River were greatly 

influenced by the Kumho River, but the δ18O and δD 
values of the Nakdong River water were more strongly 
affected by the precipitation, although the evaporation 
effect was observed in November.

The δ18O and δD values increased in the down-
stream (Fig. 7), showing high isotopic concentrations 
in the precipitation due to the preferential condensa-
tion of the isotopically heavier water vapor and rain at 
low altitudes (Clark & Fritz, 1997). This can also be 
due to the evaporative enrichment during downstream 
transport or evaporative enrichment of soil water 
in downstream areas. The relationship between the 
δ18O and δD values and altitude showed that during 
November and May, the isotope values decreased with 
increasing altitude (Fig. 7). However, during July, this 
trend is unclear, which can be interpreted as a result of 
dilution of those effects by high precipitation rate.

Stable isotope analyses can provide important 
information on the origins and evaporative history 
of urban water supplies impacted by human activi-
ties. Li et  al. (2019) reported that δ18O and δD val-
ues of river water in urban areas are higher than those 
in non-urban areas depending on the degree of river 
development and utilization. In our study area, par-
ticularly in May, the increase of those two isotopic 
values was observed after 300 km, at which point the 
river water was influenced by the urban area (Daegu). 
This increase can be explained by the anthropogenic 
effects, because the river water may be least affected 
by precipitation during in May. During November 
and July, this effect was not clear.

Strontium isotope

Strontium isotope compositions in water are influ-
enced by the differential weathering rates of differ-
ent minerals in the rock (Bataille & Bowen, 2012; 
Bataille et al., 2014). For example, more reactive min-
erals or rocks such as carbonate, evaporite, and basalt 
can have more influence on the 87Sr/86Sr ratio in 
water. Therefore, the 87Sr/86Sr ratio in water can dif-
fer from that of the bedrock. The different abundances 
of 87Sr and resultant 87Sr/86Sr ratios are caused by the 
formation of the isotope 87Sr through the radioactive 
decay of 87Rb and can vary due to the chemical frac-
tionation between Rb and Sr as well as to the elapsed 
time in the closed system. Therefore, the 87Sr/86Sr 
ratio can be used as a parameter that helps to identify 

Fig. 4   Ternary diagrams showing the anion and Si (upper 
panel) and cation (lower panel) compositions
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the sources of dissolved ions in river waters (Andrew 
et al., 2016; Brennan et al., 2014).

The 87Sr/86Sr ratio of the Nakdong River water 
generally decreased downstream in the range of 
0.70691 ~ 0.72660 with mean values of 0.71507, 
0.71560, and 0.71429 obtained in November, May, 
and July, respectively (Fig.  8). These magnitudes 
are very close to each other, and no noticeable sea-
sonal variations were observed. The variations in the 
87Sr/86Sr ratio resulted from the weathering of differ-
ent rock types. The geology of the study area is very 
complex, and in the upstream region, it was influenced 
by both the granitic and gneissic rocks and partially 
by the sedimentary rocks. Flowing downstream, the 
river waters were more strongly affected by the sedi-
mentary rocks. Lee et al. (2007) measured Sr isotope 
values in the two large tributaries of the Han River 
and found that the North Han River was influenced by 
the weathering of granite with a higher 87Sr/86Sr ratio 
and the South Han River—by the carbonate and sedi-
mentary rocks with lower 87Sr/86Sr ratios. Most gra-
nitic metamorphic rocks have initial 87Sr/86Sr ratios in 

Fig. 5   Piper diagram of 
water chemistry for the 
Nakdong River

Fig. 6   δD plotted as a function of δ.18O for the water samples 
collected during three different seasons
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Fig. 7   Changes in the δ18O and δD values of the water samples as functions of the distance from the first sampling station and the 
variations of δ.18O and δD values with altitude

Fig. 8   Changes in the 
87Sr/.86Sr ratios of the sam-
ples collected during three 
different seasons as func-
tions of the distance from 
the first sampling station
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the range of 0.709 − 0.725, and limestones exhibit the 
ratio equal to that of seawater (0.706–0.709) (Faure, 
1977; Bierman et  al., 1998). The sedimentary rocks 
comprising the Nakdon River basin mostly consist of 
shale, sandstone, and conglomerate, which contain 
calcite components. These sedimentary rocks were 
deposited in a lacustrine environment, whose Sr iso-
tope ratio might be different from those of the marine 
environments. However, considering the decrease in 
the 87Sr/86Sr ratios in the downstream of the Nak-
dong River, it is clear that these compositions in the 
sedimentary rocks are lower than those in the granitic 
and gneissic rocks, indicating that the weathering of 
rocks in river basins plays an important role in con-
trolling their geochemical compositions; however, the 
contributions from various rock types are almost the 
same during different seasons. In May, before 300 km 
(P13), abrupt increase of 87Sr/86Sr ratio was observed. 
Considering there were no appreciable lithologi-
cal changes, other anthropogenic factors maybe have 
caused this increase (Zieliński et al., 2021). That area 
is heavily cultivated, and the 87Sr/86Sr ratio of ferti-
lizer was previously reported to be as high as 0.740 
(Borg & Banner, 1996; Vitòria et al., 2004), suggest-
ing that agricultural activity may increase 87Sr/86Sr at 
this location.

Carbon isotope

Many different factors including biogenic CO2, atmos-
pheric CO2, and DIC resulting from carbonate weath-
ering contribute to the δ13CDIC values of the river 

water (Wachniew, 2006). The δ13CDIC values of the 
Nakdong River varied with the distance and season 
(Fig. 9). In the upstream regions, they were relatively 
high, especially during November (−9.0 ~  −7.1‰) 
and May (−8.0 ~  −5.6‰), but decreased abruptly and 
became relatively constant except for the month of 
July. The δ13CDIC values of the tributaries were lower 
than those of the mainstream in May and July, but not 
in November (they also varied during different sea-
sons). The mean δ13CDIC values obtained in Novem-
ber, May, and July were −10.7, −9.1, and −12.24‰, 
respectively. Their variations strongly indicate that 
the sources of DIC in the river water were different 
in the upstream regions and other areas. The high val-
ues of δ13CDIC suggest that 13C-enriched carbonate-
derived DIC, which is also equivalent to the weather-
ing of the rocks, is the main source of DIC. However, 
the decrease in δ13CDIC with distance indicates the 
dominant input from the 13C-depleted soil-derived 
DIC, which results from the CO2 species derived 
from the root respiration and microbial decomposi-
tion of soil organic matter. Because weathering is the 
dominant process supplying ions and DIC into the 
river water in the upstream regions, their δ13CDIC val-
ues were relatively high. However, in the downstream 
regions, a larger amount of DIC originated from soils, 
which lowered the corresponding δ13CDIC values. 
Considering that most area is used for agricultural 
activities in the downstream regions, the main source 
of DIC in this area is anthropogenic activity (Barth 
et  al., 2003). The other factors that can increase 
the δ13CDIC magnitude include the photosynthetic 

Fig. 9   Variations of the 
δ.13CDIC values of the water 
samples collected during 
three different seasons as 
functions of the distance 
from the first sampling 
station
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assimilation of CO2, which increases the 13C content 
in the DIC remained in water and CO2 exchange with 
atmosphere. However, these processes do not appear 
to be dominant because of the constantly decreasing 
δ13CDIC values with the flow distance, and the latter 
was reported to be a slow process even in the largest 
rivers (Ryu et al., 2007; Wachniew, 2006).

The variations of δ13CDIC values in different sea-
sons may result from the different oxidation rates of 
soil organic matter. In July, the highest oxidation rate 
and lowest δ13CDIC value were observed due to the 
high temperature and high precipitation level. The 
high precipitation rate also reduces mineral–water 
reaction, lowering the contribution of weathering to 
δ13CDIC value (Li et al., 2008). In November, the DIC 
produced during the summer still had an effect on the 
river water. However, in May, the oxidation of soil 
organic matter was limited through the winter; as a 
result, the highest δ13CDIC values were obtained.

The δ13CDIC values are plotted as functions of 
alkalinity (the HCO3 concentration) in Fig.  10. In 
general, negative correlations between these param-
eters were obtained. If the oxidation of organic mat-
ter is the main source of DIC in the river water, the 
corresponding δ13CDIC values exhibit a negative cor-
relation due to the increased alkalinity resulting from 
the increase in the 12C-enriched soil-derived DIC. 
If the sedimentary carbonates are a major source of 

the riverine DIC, the obtained δ13CDIC values show a 
positive correlation. In Fig. 9, only a small portion of 
the upstream regions exhibits relatively high δ13CDIC.
values suggesting that weathering was the main DIC 
source only in the restricted regions and that its rela-
tively large amounts originated from soils. The North 
Han River showed a positive correlation of δ13CDIC 
values with alkalinity, while the South Han River 
exhibited the opposite trend, indicating that the North 
Han River was likely affected by the DIC produced 
by the carbonate dissolution in the catchment area, 
and the South Han River—by the soil-derived DIC 
(Ryu et al., 2007).

The tributaries are distributed in the agricultural 
areas, and the soil organic matter mostly contributes 
to the DIC in the Nakdong River. Therefore, in the 
downstream regions, the oxidation of soil organic 
matter became more important in supplying DIC to 
the river water.

Statistical analysis

Table 2 reveals that the majority of ions have strong 
(0.60 ≤ |𝜌| < 0.80) or very strong (0.80 ≤ |𝜌| < 1.00) 
correlations with a high statistical significance with 
other ions except Si. In particular, Na+ shows signifi-
cantly strong positive correlations with Cl and SO4 
ions. The concentrations of those three ions, which 
were considered to originate from an anthropogenic 
source, abruptly increased at station 15, indicating 
that those three ions were mainly from the industrial 
complex in Daegu. However, NO3 ion, which was also 
considered to originate from an anthropogenic source, 
showed a relatively weak correlation with those three 
ions, indicating another source for this anion, prob-
ably from an agricultural source. With the exception 
of the relationship between δD and δ18O ( � = 0.89), it 
is difficult to observe a distinctive relationship among 
δD, δ18O, δ 13CDIC, and 87Sr/86Sr in situ (i.e., EC and 
alkalinity) and in ion data ( |𝜌| < 0.5).

Principal component analysis (PCA) was applied 
to quantitatively evaluate the multivariate relation 
of the observed data. In this study, EC was not con-
sidered, and HCO3

− was used instead of alkalinity 
for PCA. Table 3 gives the evaluated eigenvectors of 
three principal components (PC) corresponding to 
each data. Approximately 80% of the total data were 
conserved using three PCs. As seen in the table, the 
first PC (PC1) explains 45.63% of the total variance 

Fig. 10   Plots of δ.13CDIC versus alkalinity constructed for the 
water samples collected during different seasons
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of the data and is characterized by the positive load-
ings of K, Na, Cl, and SO4, which are major ions from 
anthropogenic sources. This indicates that the Nak-
dong River is severely influenced by anthropogenic 
sources, especially from the industrial complex of 
Daegu, which is located downstream. The second PC 
(PC2) showed a positive loading for Si and negative 

loadings for δD, δ18O, and δ13CDIC with 19.78% 
of the total data. The components in the second PC 
are mainly controlled by weathering, and Si shows a 
negative correlation with δD, δ18O, and δ13CDIC. Si in 
river water is supplied only by weathering of silicate 
minerals. The weathering of carbonate rocks with 
high δ13CDIC decreases the relative concentration of 
Si in the river water, resulting in the negative corre-
lation between Si and δ13CDIC. The concentrations of 
Si were generally higher in July, in which the values 
of δD and δ18O were relatively low in the Nakdong 
River, causing the negative correlation of Si with δD 
and δ18O. The high Si concentrations in the flood 
season were also observed in The Yangtze River, 
which was interpreted to be related to the erodibility 
of parent rocks in the river basin during the monsoon 
precipitation (Li et  al., 2007). In addition, 87Sr/86Sr, 
which did not show a noticeable correlation with 
other data, was evaluated as the third influential data 
that characterize the water chemistry of this river.

To visualize the relationship between the data, 
they were represented in two-dimensional data 
space reduced using the extracted PCs from the 
PCA (Table  3). Figure  11 presents the visualization 
result. In the figure, the x- and y-axis represent PC1 
and PC2, respectively, and each circle corresponds 
to each data, with the different colored vectors indi-
cating the direction of the variance of corresponding 
data. In addition, to evaluate the time-variant char-
acteristics of the data, the data acquired at different 

Table 3   Extracted eigenvectors corresponding to each data for 
three principal components (PC) based on the principal com-
ponent analysis (PCA), and the percentage of the conserved 
information of each PC ( V

i
 , i = 1,⋯ , 3 ) to the total variance of 

the multivariate data, and its cumulative values

PC1 PC2 PC3

K+ 0.3524 −0.0192 −0.0240
Ca2+ 0.2659 0.1270 0.1731
Mg2+ 0.2798 0.0420 0.1254
Na+ 0.3657 −0.0260 0.0613
Si+ −0.0171 0.5891 −0.3985
HCO3

– 0.2368 0.1769 0.1056
Cl– 0.3378 −0.0683 −0.0296
NO3

– 0.1780 0.0819 −0.0576
SO4

2– 0.3401 −0.0751 0.2259
d18O 0.1939 −0.3629 −0.2712
d2HD 0.1581 −0.4894 −0.3707
d13CDIC −0.1615 −0.4158 0.3454
87Sr/86Sr −0.1406 0.0759 0.6052
% of variance ( V

i
) 45.63 19.78 12.95

Cumulative V
i

45.63 65.41 78.36

Fig. 11   The time-variant 
characteristics of the data 
distribution in the two-
dimensional data space that 
reduced by using the PCA 
result

Environ Monit Assess (2022) 194: 487 Page 17 of 22    487



1 3
Vol:. (1234567890)

Environ Monit Assess (2022) 194: 487487 Page 18 of 22



1 3
Vol.: (0123456789)

time periods were represented with circles of differ-
ent colors (November: red circles; May: green circles; 
July: blue circles). As can be seen from the figure, 
the data acquired at the same period are close to each 
other and have an independent zone of dispersion in 
the data space. This means that the water chemistry 
of this river differs according to the sampling periods. 
In particular, November data (red circles) are distrib-
uted along the x-axis (PC1), which indicates that the 
concentration of PC1-related data (i.e., K, Na, Cl, and 
SO4) tends to increase during November. Moreover, 
because the variance of blue circle data is high along 
the y-axis, it can be inferred that the Si concentration 
is likely to be high in July. However, the Si concentra-
tion conversely decreases in May, and δD, δ18O, and 
δ13CDIC increase.

Figure 12 shows the value of the PC score at each 
station (from P1 to P23) for different sampling peri-
ods of November, May, and July with the blue, green, 
and yellow bars, respectively. In the figure, the height 
of each bar quantifies the impact on the water chem-
istry data corresponding to the evaluated PC. Only 
scores higher than 0.5 are presented; the results for 
PC1–PC3 are shown in Fig. 12. Overall, the influence 
on the water chemistry data for PC1 (K, Na, Cl, and 
SO4) is relatively higher downstream of the river. In 
particular, station 14 (P14) shows the highest impact 
of PC1, and its influence is consistently high regard-
less of the sampling period, indicating that the data 
for PC1 are mainly influenced by the anthropogenic 
sources, especially in the downstream regions, includ-
ing station 14. By contrast, as shown in Fig.  12c, 
the water chemistry upstream of the river is strongly 
influenced by weathering, which is represented by 
87Sr/86Sr.

Conclusions

The results of this study showed that the concentra-
tions of major ions and stable isotope values of the 
Nakdong River were influenced by both weathering 
and anthropogenic activities, including the industrial 
complex and agriculture. The stable isotope values of 

δ13CDIC and 87Sr/86Sr ratios provide useful informa-
tion on the weathering process in the Nakdong River. 
In the upstream regions, weathering was the dominant 
process affecting the geochemistry of the rivers, which 
was also supported by the relatively high δ13CDIC val-
ues, while Ca and HCO3 were the main dissolved ions. 
In addition, the 87Sr/86Sr ratios indicate that upstream, 
the weathering of granite and gneiss complexes was 
significant, while downstream, the weathering of 
sedimentary rocks was more important. The concen-
trations of major ions and δ13CDIC values also pro-
vide good information on the anthropogenic sources 
of contaminants. The concentrations of major ions 
gradually increased in downstream due to both weath-
ering and agricultural activity, and after the inflow of 
the Kumho River, which was severely contaminated 
by the industrial complex and sewage treatment plant 
in Daegu, all ion concentrations (especially those of 
Na and SO4 having anthropogenic origins) abruptly 
increased and gradually decreased again. These results 
suggest that the Nakdong River was mainly affected by 
the anthropogenic activities at the industrial complex 
and sewage treatment plant in Daegu. However, the 
obtained δ18O and δD values indicate that the effects 
of the water isotopes in the Kumho River were neg-
ligible. The δ13CDIC values showed that in the down-
stream regions, its magnitudes depended on the oxida-
tion of soil organic matter, which was enriched by the 
agricultural activity. The statistical analysis also dem-
onstrates that anthropogenic sources, including indus-
trial complex, have a significant influence on the water 
geochemistry (Na, Cl, and SO4) in the downstream 
region, while weathering is the main factor affecting 
the river water chemistry in the upstream region. The 
geochemical characteristics of the Nakdong River sig-
nificantly differed from those of the Han River, which 
was another major river in South Korea. Unlike the 
Han River, the chemical compositions in the Nakdong 
River were more strongly controlled by the anthropo-
genic activities.
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Fig. 12   The distribution of the scores of a PC1, b PC2, and c 
PC3 at each station for different sampling periods. The blue, 
green, and yellow bars indicate the score for November, May, 
and July, respectively
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