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A B S T R A C T   

We investigated a sediment core collected from the Geum Estuary through sedimentological and geochemical 
analyses. Three lithological units were classified based on sedimentological characteristics. Unit 1 and Unit 3 
were geochemically distinct, while Unit 2 was the transitional phase between them. The geochemical results 
suggest that the contribution of terrestrial organic carbon (OC) to the sedimentary OC pool in the coarse-grained 
Unit 1 was lesser than that of fine-grained Unit 3. The excess activity (210Pbex) and the sedimentation rate 
indicate that Unit 1 corresponded to 1977 Common Era (CE). Since the first dam construction on the Geum River 
began in 1975 CE, the deposition of Unit 1 in the Geum Estuary is likely associated with river impoundments, 
which reduce the delivery of fine-grained sediment and terrestrial OC to the estuary. This study highlights the 
role of river impoundments in altering the sedimentary OC and thus the sedimentary environment in the estuary.   

In the land-sea continuum, estuaries form when freshwater meets the 
sea in a semi-enclosed coastal body of water (Hobbie, 2000). They 
provide vital ecological services (Canuel and Hardison, 2016) and are 
often called the nurseries of the sea. Estuaries are important zones where 
terrestrial and marine organic carbon (OC) mix, which plays an 
important role in determining the OC fluxes to the adjacent coastal seas 
(Hedges and Keil, 1999; Canuel and Hardison, 2016). In the past cen-
tury, river impoundments have been disturbing the natural OC delivery 
from land to sea (Bauer et al., 2013). Since the beginning of the twenty- 
first century, every year, 13% of the total organic carbon (TOC) carried 
by rivers is buried or remineralized in impounded reservoirs (Maavara 
et al., 2017), which significantly disrupts the river-to-sea OC transfer. 

In South Korea, more than 17,000 dams including 1200 large dams 
and estuary dams have been constructed for freshwater supply, flood 
prevention, and recreation (Korea National Committee on Large Dams, 
KNCOLD, http://www.kncold.or.kr). Accordingly, river impoundments 
appear to have affected estuarine ecosystems such as phytoplankton 
communities, submerged macrophytes, mollusk growth, food web 
structure, and migratory shorebird populations (Hong et al., 2007; Sin 
et al., 2013; J.K. Lee et al., 2018; Son et al., 2018). Recently, issues about 
removal and opening of dams have been raised due to social interests in 
ecological restoration and environmental preservation (e.g., Koh and 

Khim, 2014; Kim et al., 2016). Hence, studies to improve the under-
standing of carbon cycling within estuaries and assess potential changes 
in estuarine ecosystems upon removal or opening of dams are required. 

The Geum River, which is the third largest river in South Korea, has a 
catchment area of 9914 km2 and a length of 398 km (Water Resources 
Management Information System, WAMIS, http://www.wamis.go.kr). 
Its average annual discharge rate is 425 m3 s− 1 for the period of 
2003–2018 (Water Environment Information System, WEIS, http 
://water.nier.go.kr). Since the construction of the Daecheong dam 
began in 1975, several multipurpose dams were built along the Geum 
River (Ahn et al., 2014). Two large dams (Daecheong and Yongdam) 
over 70 m high and three weirs (Sejong, Gongju, and Baekje) are in the 
upper- and mid-streams, respectively. Furthermore, an estuary dam was 
constructed in 1990. Based on the δ13C and Δ14C of particulate organic 
carbon (POC) in the surface water samples collected at the Geum Estuary 
in August 2016, Kang et al. (2020a) showed that phytoplankton-derived 
POC was the main contributor to the total POC pool in the reservoir of 
Geum Estuary. This study highlights that dams on the Geum River alter 
the source and reactivity of riverine POC, which could have been 
exported to the adjacent estuary when the water gate was open. How-
ever, such a study was based on a snapshot sampling strategy. Thus, 
information is still lacking about the impact of river impoundments on 
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the Geum Estuary over a longer period of time. 
In this study, we investigated long-term environmental changes in 

the Geum Estuary by analyzing a sediment core through sedimento-
logical (optical image, color, and grain size), organic (TOC, δ13CTOC, and 
n-alkanes) and inorganic (radioisotopes, major and trace elements) an-
alyses. Our aim was to determine the source of sedimentary OC and thus 
assess the long-term environmental changes associated with river 
impoundments. 

In June 2018, we manually obtained a push core (GRC1, 115 cm 
length, 35◦59.563′N, 126◦36.455′E) in the tidal flat near Yubu Island, 
13 km away from the Geum Estuary dam, using a PVC core barrel 
(Fig. 1). In the laboratory at the Korea Polar Research Institute (KOPRI), 
the sediment core was split, and described using the Munsell rock-color 
chart. After a visual inspection of the split core surfaces, optical image, 
color reflectance (L* and b*), and elemental composition were analyzed 
at KOPRI using an Itrax X-ray Fluorescence (XRF) core scanner at 5 mm 
resolution. The scanner was equipped with a Mo X-ray source operating 
at 30 kV and 30 mA with measurement times of 10 s. The color reflec-
tance data contain L* describing the lightness between black (0) and 

white (100), while b* denotes the yellow (positive values)–blue (nega-
tive values) chromaticity. 

For grain size and geochemical analyses, the split core half that was 
not used for XRF measurement was subsampled at 5-cm intervals. For 
the grain size analysis at KOPRI, sediment samples were treated with 
35% H2O2 to decompose organic matter. Then, sand-sized grains were 
separated from bulk sediments by wet sieving at 63 μm. The grain size 
for sediments smaller than 63 μm was measured using a Malvern Mas-
tersizer 3000 laser particle size analyzer. For geochemical analyses, 
sediment samples were freeze-dried and homogenized. An aliquot of 
powdered sediment samples was added into a 6-mL counting tube to 
determine total 210Pb and 226Ra activities through well-type HPGe 
gamma spectrometry at the Korea Basic Science Institute (KBSI). Briefly, 
210Pb activity was measured by photopeaks at 46.5 keV and the pho-
topeaks used for 226Ra came from 214Pb at 295.2 keV and 351.9 keV and 
214Bi at 609.3 keV (Kim and Burnett, 1983). TOC contents and δ13C of 
the TOC (δ13CTOC) were analyzed using an elemental analyzer combined 
with isotope ratio mass spectrometry at Hanyang University following 
the methods of Kang et al. (2019). The δ13C values were calibrated using 

Geum River

Yellow Sea

N

(A)

(B)

Estuary Dam

GRC1

Estuary Dam

Daecheong Dam

Yongdam Dam

SejongGongju

Baekje

Yubu island

Gunsan

China

Korea

Fig. 1. (A) Map of the study area and (B) location of the studied sediment core (GRC1).  
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the IAEA-CH-3 standard with a δ13C value of − 24.7‰ certified by the 
International Atomic Energy Agency (Austria) and expressed by δ no-
tation, relative to the standard Vienna Pee-Dee Belemnite for carbon (‰ 
VPDB). 

Lipid extraction, purification, and analysis using an Agilent 7890A 
gas chromatography coupled with flame ionization detector (GC-FID) 
were conducted following the previously reported methods of Kim et al. 
(2017). S, Ti, and K concentrations were obtained using the Perkin 
Elmer Optima 4300DU inductively coupled plasma atomic emission 
spectrometry (ICP-AES) and Zr, Sr, Mn, Ni, and Cu concentrations were 
determined with the Thermo Elemental X-7 inductively coupled plasma 
mass spectrometry (ICP-MS) at KBSI following their standard 
procedures. 

The lithology of core GRC1 is presented in Fig. 2 along with the core 
optical image, variations in color reflectance (L* and b*), grain size data 
(sand, silt, and clay contents), and core description. Core GRC1 was 
characterized by coarse upward sediments. Three lithological units were 
classified based on sediment color, texture, and structure. Unit 1, the 
upper 19 cm was the coarsest. This unit was composed of crudely 
laminated pale olive (5Y 6/3) and yellowish brown (2.5Y 6/3) sandy 
mud. The sand content was relatively constant (47 ± 6%). The silt and 
clay contents were in the range of 4–5% and 45–57%, respectively. The 
subsequent Unit 2 (19–65 cm core depth) was mostly massive domi-
nated by yellowish brown (10YR 5/4) sandy mud with olive gray (5Y 3/ 
2) mud clasts and was characterized as a slightly lighter and more 
yellowish color than Unit 1 (highest L* and b* values). Dark brown 
mottles were also partially observed. Brownish sediments contained 
higher sand contents, reaching up to 49%. The silt content increased at 
the bottom ranging between 45 and 78%, while the mud content was 
relatively constant between 5 and 8%. The grain size of this unit was 
fining towards the bottom, which was consistent with increased olive 
gray mud clasts. Below 65 cm core depth, Unit 3 was composed mainly 
of fine-grained mud characterized by dark olive gray color (lowest L* 
and b* values). Except for the core bottom, the grain size of this unit was 
generally constant with the dominance of silt fraction (79 ± 10%) and 
low sand and mud contents (less than 10%). In this unit, sub-parallel 
laminae were faintly recognized, and laterally discontinuous. Sedi-
ment color is an important parameter for delineating redox conditions of 
the sediments (Nagao and Nakashima, 1992). Variations in b* values are 
linked to the presence of high-valence iron oxides and hydroxides 

(Deaton and Balsam, 1991), which are prone to be enriched in oxidizing 
environments. Furthermore, fine-grained sediments increase the OC 
preservation due to reduced redox potential (Hedges and Keil, 1995). 
Hence, the light yellowish color of Unit 1 with high sand contents 
indicated that this unit was deposited under a more oxidizing condition 
than Unit 3. 

The TOC contents and δ13CTOC values showed gradual changes along 
the core, ranging from 0.25 wt% to 0.74 wt% and from − 22.86‰ to 
− 21.13‰, respectively (Fig. 3). On average, the TOC was lower (0.30 ±
0.04 wt%) in Unit 1 than in Unit 3 (0.50 ± 0.10 wt%), while Unit 2 had 
intermediate values (0.37 ± 0.12 wt%). As generally shown in a positive 
relationship between the content of sedimentary OC and the surface area 
of sediments (Ransom et al., 1998), the highest TOC being in Unit 3 was 
associated with fine-grained muddy sediments with higher silt content 
(Fig. 2). In contrast, δ13CTOC values were on average slightly higher 
(− 21.6 ± 0.3‰) in Unit 1 than in Unit 3 (− 22.6 ± 0.2‰), whereas Unit 2 
also had intermediate values (− 21.8 ± 0.3‰). In general, terrestrial OC 
dominated by C3 plants has depleted δ13C values (− 32‰ to − 24‰) 
when compared to marine OC (− 24‰ to − 16‰) (Peterson and Fry, 
1987; Meyers, 1994; Lamb et al., 2006; Marwick et al., 2015). Consid-
ering the fact that C3 plants such as Phragmites spp. and Salix spp. are 
dominant in the Geum River watershed (S.-Y. Lee et al., 2018), Unit 1 
with higher δ13CTOC values appears to have a lower proportion of 
terrestrial OC to the sedimentary OC pool than Unit 3. However, it 
should be noted that the δ13C values of freshwater phytoplankton can be 
enriched depending on carbon sources used (Wang et al., 2013 and 
references therein). In the Geum River, the δ13C of POC obtained in 
August 2016 was enriched with the value of − 19.4‰, which was asso-
ciated with the phytoplankton bloom (Kang et al., 2019, 2020b). Hence, 
riverine OC with enriched δ13C values could transfer into the Geum 
Estuary and mask the δ13C signatures of marine OC. Therefore, care 
should be taken when interpreting δ13C values of sedimentary OC in this 
estuary system. 

In order to better constrain sedimentary OC sources, we further 
analyzed the lipid biomarkers such as n-alkanes (Fig. 3). The resolved n- 
alkanes were detected in a series of C16 to C35 with the predominance of 
n-C29 and n-C31 homologues. The summed concentration of odd‑carbon 
numbered high molecular weight (HMW) n-alkanes in the range of 
C25–C31 ranged from 0.01–0.45 μg g− 1. The average chain length 
(ACL25–31) (Cranwell et al., 1987) was 28.6 ± 0.2 and relatively stable. 

Fig. 2. (A) Optical image of core with (B) lithology, (C) variations in the color reflectance (L* and b*) and (D) grain size, including the content of sand, silt, and clay 
fractions, and (E) core description. 
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The odd to even predominance of the n-alkanes, expressed as the carbon 
preference index (CPI25–31) (Bray and Evans, 1961) was between 3.3 and 
4.3. The odd‑carbon numbered HMW n-alkanes (>C25) are mainly 
derived from terrestrial vascular land plants, with maximum n-C27, n- 
C29, and n-C31 with CPI values of >4 (Cranwell et al., 1987; Eglinton and 
Hamilton, 1967; Mazurek and Simoneit, 1984; Meyers and Ishiwatari, 
1993). Hence, the n-alkane maxima at n-C29 and n-C31 with the ACL25–31 
of ~29 and the higher CPI24–32 value than 4 in Unit 3 are indicative of an 
origin predominant with epicuticular leaf waxes of higher land plants. 
The narrow range of ACL25–31 throughout the core also suggests that the 
source of HMW n-alkanes was relatively constant. Accordingly, the 
lower HMW n-alkanes concentrations in Unit 1 indicate that the 

contribution of terrestrial OC to the sedimentary OC pool was lower in 
Unit 1 compared to Unit 3. 

The Geum River supplies POC, clay minerals and associated elements 
as suspended loads to the estuary (Park et al., 1986; Wells and Park, 
1992). Thus, we investigated changes in major and trace elements to 
determine the change in sediment sources. Because the XRF core scan-
ning data is affected by factors such as uneven surface roughness of split 
sediments, mineral heterogeneities, changes in density, and surface 
grain size (Löwemark et al., 2019), we compared the scanning data with 
the element concentration data obtained from ICP-AES and ICP-MS 
based on the Spearman’s correlation. Eight elements (S, K, Ti, Mn, Ni, 
Cu, Sr, and Zr) showed significant (rs > 0.5, p < 0.05) correlations 

Fig. 3. Depth profiles of (A) total organic carbon (TOC), (B) carbon isotopic compositions (δ13CTOC), (C) concentrations of high molecular weight (HWM) n-alkanes, 
(D) variations in CPI25–31 (black circles) and ACL25–31 (blue circles), and (E) 210Pbtotal (black circles) with the analytical error range and 210Pbex (blue circles). (For 
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

Fig. 4. Examples of comparisons between element count rates (cps) and concentration (ppm) datasets.  
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between the two datasets (Fig. 4). Among them, two elements (Ni and 
Cu) were excluded from further consideration due to their low con-
centrations (lower than 100 ppm). Note that Cl, indicating the effect of 
seawater (Vengosh et al., 1999; Dongmei and Matthew, 2018) was 
included for the principal component analysis (PCA) even though it was 
not quantified like other elements. For PCA, data were normalized by 
the auto-scaling method. The first two PCs had a cumulative percentage 
of 50% with eigenvalues higher than 1. The first principal component 
PC1 (29%) showed that marine-derived elements, Cl and Sr (Vengosh 
et al., 1999; Dongmei and Matthew, 2018), were positively loaded 
(Fig. 5A) whereas, Ti, a terrestrial-derived element (Goldberg and 
Arrhenius, 1958; Arz et al., 1998; Jansen et al., 1998; Jennerjahn et al., 
2004; Chen et al., 2010), was negatively loaded (Fig. 5A). Accordingly, 
the relative contribution between terrestrial- and marine-derived ele-
ments governs PC1 as reflected by the highest Cl/Ti ratio in Unit 1 
(Fig. 5B). Moreover, grain-size related elements such as Zr were posi-
tively loaded in the second principal component PC2 (21%). The Zr/Ti 
ratio is a variable related to the grain-size mineral fractionation, where 
Zr is relatively enriched in sand and medium to coarse silt minerals, 
while Ti is concentrated in finer minerals (Ishiga et al., 2000; Kylander 
et al., 2013; Taboada et al., 2006). For the core GRC1, the Zr/Ti ratios 
closely mimicked the variation in silt contents showing the highest value 
in Unit 3 (Fig. 2), suggesting that the PC2 was strongly related to the 
grain (especially silt) size of the sediments. Accordingly, Unit 1 con-
tained higher seawater-derived elements in the sandy sediments than 
Unit 3. 

To constrain the time frame of Unit 1, we analyzed 210Pbtotal and 
226Ra activities, which ranged between 21.0 and 63.6 mBq g− 1 and 
22.0–32.6 mBq g− 1, respectively (Fig. 3). The excess activities (210Pbex) 
expressed as 210Pbtotal minus 226Ra were between 11.6 and 35.6 mBq g− 1 

for Unit 1 (0–19 cm) and decreased logarithmically with depth. The 
estimated sedimentation rate was 0.49 cm yr− 1 (R2 = 0.73) for Unit 1, 
which based on the 19 cm of the core depth corresponded to roughly 
1977 CE. Interestingly, the construction of the Daecheong dam on the 
Geum River began in 1975 CE. Hence, it is tempting to think that the 
deposit of Unit 1 is associated to the construction of the artificial 
structures along the Geum River. In general, dam constructions in 
midstream and estuary decrease the water discharge resulting in the 
accelerated accumulation of fine sediments in reservoirs, thereby 
decrease the supply of suspended loads to the estuary (e.g., Yang, 2014). 
In the case of the Geum River, 128 g m− 3 of suspended loads were 
delivered to the estuary in 1985–1986 (Jeong et al., 2014), but the de-
livery of suspended, fine sediment loads to the estuary decreased to 42 g 
m− 3 after increased river impoundments in 1994–2008 (Jeong et al., 
2014). Therefore, the coarse, sandy-grained deposit of Unit 1 was likely 
associated with river impoundments, whereas the fine, silty-grained 
deposit of Unit 3 was accumulated under a more natural estuarine 
condition. 

In summary, Unit 1 and Unit 3 showed distinct sedimentological and 
geochemical characteristics, while Unit 2 revealed a transitional phase 
between them. In brief, Unit 1 consisted of generally light yellowish 
coarse sediments (sandy with lower Zr/Ti ratios), whereas Unit 3 was 
mainly constituted of dark gray fine sediments (silty with higher Zr/Ti 
ratios). Unit I, when compared to Unit 3, showed lower TOC and HMW 
n-alkanes and higher δ13CTOC and Cl/Ti ratios. Accordingly, our sedi-
mentological and geochemical data suggest that the contribution of 
terrestrial OC to sedimentary OC pool was reduced in Unit 1 compared 
to that in Unit 3. Thus, river impoundments along the Geum River 
appear to have reduced the delivery of terrestrial OC to the estuary, 
affecting the source of sedimentary OC and the sedimentary environ-
ment in the estuary. Further works are needed to evaluate long-term 
impacts of river impoundments on the estuarine ecology, by analyzing 
more sediment cores collected from different Geum Estuary areas. 
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