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Abstract
The study demonstrates a dynamic connection between the saltwater wedge region and its underlying
aquifer. In winter, this estuary is covered with ice and the river �ow is at its lowest; that is why its
hydrological and oxygen-speci�c response to groundwater discharge is best marked in this season.
Groundwater discharge was detected in the saltwater wedge region by highly active radium isotopes:
224Ra — 66.32 ± 0.60 dpm 100L−1, 223Ra — 2.85 ± 0.17 dpm 100L−1, 228Ra — 159.15 ± 0.13 dpm 100L− 1.
The temperature of ground and river waters was +4.3 °С and +0.09 °С, respectively, that of sea water −1.2
°С, and the near-bottom layer temperature increased up to +1.2 °С in the water discharge region.
According to the data provided by an anchored autonomous station installed in the area of saltwater
discharge in�uence during the freeze-up period, the temperature reaches 2.5 °С in the saltwater wedge.
Groundwater discharge is accompanied by a lower level of oxygen saturation – 67%, at that time oxygen
saturation in sea water was 151%. Thus, we present evidence documenting the natural process that may
result in a lower level of oxygen saturation in an estuary irrespective of man-induced effects, supply of
nutrients and further intensi�cation of production-destruction processes.

1. Introduction
This study is topical largely due to groundwater discharge effects on estuary ecosystems (Rocha et al.
2021; Garcia-Orellana et al. 2021). Anoxic groundwater inputs account for oxygen de�cit in bottom
waters and radium isotopes indicate that hypoxia is caused by offshore groundwater discharge (McCoy
et al. 2011; Peterson et al. 2016; Guo et al. 2020). Groundwater discharge is often accompanied by
temperature anomalies (Anderson 2005), and thus it can affect the aquatic biota (Morin et al. 1999;
Shuter et al. 2012).

Groundwater discharge process traditionally known as SGD was de�ned as the �ow from the seabed to
the coastal ocean (Moore 1999; Burnett et al. 2006). In coastal basins, groundwater discharge has been
studied in lagoon-estuaries (Young et al. 2008; Wang and Du, 2016; Rodellas et al. 2017; Tamborski et al.
2019) and in wetlands (Carol et al. 2022). But the study of this effect using radioisotopes in the ice-
covered basins is limited to only a few publications on the Arctic region (see Lecher 2017 for a review;
Dabrowski et al. 2020). The ice-covered estuarine ecosystems with a regime known as salt-wedge
intrusion (Valle-Levinson 2010) have not been studied in terms of the impact of groundwater discharge.

We selected the Razdolnaya River Estuary, seasonally covered with ice, located in the north-western part
of the Sea of Japan as an object of our study. The water exchange of estuaries in the Sea of Japan was
previously studied both by Japanese researchers on the coast of Japan (Kasai et al. 2010; Watanabe et
al. 2014) and Russian researchers on the coast of the Russian Federation (Zvalinsky et al. 2010; Shulkin
et al. 2018; Tishchenko et al. 2020). In winter, the estuaries of the Japanese islands are subject to high
water conditions (Funahashi et al. 2013), while the estuaries of the Russian coast are in low water and
freeze-up conditions. It is in the northwestern estuaries of the Sea of Japan that, covered with ice in the
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winter season groundwater discharge is expected to occur due to tidal action when there is no wind
mixing.

Radium isotopes have been recognized as tracers for studying groundwater discharge processes because
they are geochemically conservative and have high activities in the coastal groundwater relative to
seawater (Burnett et al. 1990). Stable hydrogen (δD) and oxygen (δ18O) isotopes are also useful
conservative tracers for understanding sources of groundwater discharge (Povinec et al. 2008).

We have already found the discharge of groundwaters in the Razdolnaya River Estuary based on data on
224Ra isotopes (Semkin et al. 2021). The purpose of this article is to assess the impact produced by
groundwater discharge on the hydrological and oxygen conditions of the Razdolnaya River Estuary
during the period of winter runoff low and freeze-up, based on radionuclides 223Ra, 224Ra, 228Ra.

2. Material And Methods

2.1. Study area
The transboundary Razdolnaya River (China — Primorsky Territory of the Russian Federation) �ows into
the northern part of Amur Bay (Peter the Great Bay, Sea of Japan) (Fig. 1). The estuary measures about
50 km in length and is located within the boggy Razdolnenskaya depression and the northern part of
Amur Bay (Fig. 1). The Razdolnaya River catchment area is 16,800 km2. The average discharge of the
river when averaged over a period of 10 years from 2008 (http://gmvo.skniivh.ru/) is 97.8 m3/s. The
water regime of Razdolnaya River is characterised by the period of steady winter runoff low, with an
average monthly river �ow of 2 to 3 m3/s in January and February, and an absolute minimum stream
�ow of 0.3 m3/s in February. Spring �oods can be observed in May. The peaks of spring �oods are about
ten times higher than the average annual discharge of the river. The absolute discharge peaks exceed
3,000 m3/s during the summer and autumn �oods in occasional years. In the course of freeze-up period
from late November to early April, a saltwater wedge tends to penetrate the Razdolnaya River Estuary at a
distance of up to 28 km from the river mouth bar (Zvalinsky et al. 2010). During this period, the water
salinity is more than 34 in Amursky Bay and up to 26 above the bar (Zvalinsky et al. 2010). The average
spring tide in Peter the Great Bay ranges from 15 to 20 cm, which makes it possible to classify the
Razdolnaya River Estuary as a micro-tidal estuary with strong water strati�cation.

2.2. Field work, hydrological surveys and water sampling
Study of the structure of the water column was performed using a Conductivity-Temperature-Density
(CTD) and Turbidity sensor package (Sea Bird 19Plus) equipped with an additional optical DO sensor
ARO2-In�nity (JFE Advantech Co., Ltd., Japan) with an accuracy of 2% in the range of 0-200% water
saturation with oxygen. On 10–13 February 2020, water samples were taken from the surface and
bottom horizons using a 5-litre Niskin bottle at 17 stations. Water samples were taken to measure
radionuclides dissolved in water (223Ra, 224Ra, 228Ra), stable isotopes (δ18О and δD) and salinity (S). In
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addition to salinity pro�ling by Sea Bird 19Plus in each Niskin bottle, salinity was also measured by
salinometer (Guildline Autosal 8400B) with accuracy of 0.002.

We also took water temperature and DO concentration measurements in three water wells located in the
estuary valley. Prior to measurements, we pumped out water from these wells to measure characteristics
of the in�ow groundwater. The value of 4°C was typical of groundwater temperatures, and oxygen
concentrations were close to zero.

2.3. Radium isotopes measurements
Water samples with a volume of 25 liters were �ltered through 1 mm polypropylene cartridges and Mn
�ber at a �ow rate of maximum 1 L min−1 to obtain a Ra extraction e�ciency of at least 97% (Moore.
2008). Radioisotopes 224Ra and 223Ra were measured using the Radium Delayed Coincidence Counter
(RaDeCC) (Moore and Arnold, 1996). To make correction for the supported 224Ra, we conducted the
second set of measurements in 2 to 6 weeks so that the initial excessive activity of 224Ra (ex 224Ra)
could reach secular equilibrium with 228Th, which was also absorbed on Mn �ber (Moore and Arnold,
1996). The activity of 228Ra was measured after 6 to 12 months, with correction for the decay of 228Th,
which had initially been sorbed onto Mn �ber from original samples (Moore. 2008). To calibrate RaDeCC
systems for 224Ra, 223Ra and 228Ra measurements using 232Th standards as described by Moore and Cai
(2013).

2.4. Measurements of δ18О and δD
Isotopic signature measurements of water were conducted by a laser analyser Picarro L-2130-i.
Interlaboratory reference samples were used as standards pegged to V-SMOW-2 standard. Reproducibility
of the measurements was 0.1‰ для δ18О и 0.5‰ для δD.

2.5. Mooring observations
Long-term temperature measurements were made using sensors on the multiparametric Water Quality
Monitor ((WQM) Wet-Labs, USA) installed on the bottom layer (depth of 7 m). The location of the WQM
station is shown in Fig. 1. The period of deployment of the WQM meter was three months (January ‒
March 2014).

3. Results And Discussion

3.1. Isotopes and spatial temperature responce to
groundwater discharge in mixing zone
The saltwater wedge is a mix of seawater and freshwater with salinity of about 25 psu (Fig. 2) and is
annually observed in the winter season in the Razdolnaya R. estuary (Zvalinsky et al. 2010). The
topographic depression (stations 6–11, Fig. 2) is separated from the sea by a bar and shallow liman lake
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about 5 km long that prevents penetration of the seawater with salinity of 34 psu even during syzygial
tides.

An extreme value of all three radium isotopes is registered in the deepest-water cross-section at Station 6
and their overall increased activity rate is registered along the topographic depression at Stations 5–11
(Table 1). This extreme value is due to a �vefold decrease in the activity of 224Ra isotopes at stations 5 to
11. However, the activity of 223Ra isotopes decreased by less than two times. From this, it follows that the
period of advective water exchange in this part of the mixing zone is less than the half-life of 223Ra
radionuclides. However, this period exceeds the half-life of 224Ra radionuclides (3.66 days). No such
variation can be traced in the activity value of 228Ra isotopes, excluding st. 6, which is not a surprise
since the time spent by waters in the estuary is signi�cantly less than the half-life of these radionuclides
(half-life is 5.6 years). The names of water types are as follows: RW — river water, GWD —groundwater
discharge, SW — seawater, HTBW — high-turbidity brackish water (mixture of RW and SW), and are
presented based on the activity of isotopes Ra in end-members water (Table 1).

Table 1 Depth (m), salinity (S), activities radium isotopes (dpm 100L−1) in bottom layer of the estuary.
RW: river water, GWD: groundwater discharge, TGW: transformed groundwater, SW: seawater, HTBW:
high-turbidity brackish water (mixture of RW and SW).
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St. № / water
mass

Depth S ex223Ra ex224Ra 223Ra/224Ra 228Ra 228Ra/224Ra

1 / RW 2.3 0.14 0.14 ±
0.01

9.81 ±
0.15

0.014 5.37 ±
0.03

0.5

2 / RW 1.6 0.14 0.04 ±
0.02

5.64 ±
0.30

0.007 13.75 ±
0.05

2.4

3 / RW 3.7 0.13 0.19
±0.11

1.68 ±
0.24

0.113 10.07 ±
0.08

6.0

4 / RW 2.5 0.2 0.28 ±
0.10

1.8 ±
0.13

0.156 12.26 ±
0.14

6.8

5 / GWD 3.5 21.66 1.41 ±
0.11

47.01 ±
0.15

0.030 84.91 ±
0.14

1.8

6 / GWD 7.9 25.19 2.85 ±
0.17

66.32 ±
0.60

0.043 159.15 ±
0.13

2.4

7 / GWD 7.5 25.23 1.85 ±
0.12

48.43 ±
0.69

0.038 70.69 ±
0.14

1.5

8 / GWD 6.9 25.37 1.94 ±
0.17

30.02 ±
0.60

0.065 92.21 ±
0.12

3.1

9 / GWD 6.6 25.19 1.09 ±
0.08

26.57 ±
0.33

0.041 79.49 ±
0.15

3.0

10 / GWD 6.3 24.95 1.06 ±
0.07

19.29 ±
0.32

0.055 43.52 ±
0.15

2.3

11 / GWD 4.3 25.4 1.53 ±
0.13

13.3 ±
0.30

0.115 59.55 ±
0.14

4.5

12 / HTBW 1.3 10.49 0.77 ±
0.09

22.73 ±
0.25

0.034 39.63 ±
0.15

1.7

13 / HTBW 0.6 16.63 1.45 ±
0.14

30.6 ±
0.43

0.047 49.91 ±
0.12

1.6

14 / SW 3.8 32.34 0.29 ±
0.10

9.96 ±
0.49

0.029 24.82 ±
0.11

2.5

15 / SW 7.7 34.07 0.02 ±
0.05

0.9 ±
0.49

0.022 19.79 ±
0.16

22.0

16 / SW 15.2 34.32 0.08 ±
0.05

3.82 ±
0.24

0.021 29.67 ±
0.14

7.8

17 / SW 16.8 34.36 0.58 ±
0.05

12.39 ±
0.36

0.047 29.96 ±
0.16

2.4
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As seen in Fig. 3, the highest total activity rate of radium isotopes 224Ra, 223Ra and 228Ra is observed at
Station 6 and an increased activity rate is observed all across the topographic depression with its
saltwater wedge. The discharge of groundwater in the deepest section of the estuary creates an increased
radium activity rate and a positive temperature anomaly for 15 km (Fig. 3b). This is explained by the fact
that, with distance from the estuary bar, groundwater temperatures rise from below-zero values in the sea
to +4°C within the estuary �oodplain (see the section on objects and methods).

3.2. Oxygen response to groundwater discharge
A negative correlation between the three radium isotopes and oxygen saturation exists in the estuary’s
near-bottom waters in winter (Fig. 4). Groundwater normally has a low level of DO and, when it
discharges to the shelf, there is a negative correlation between radium radionuclides and the oxygen
saturation of water (McCoy et al. 2011; Peterson et al. 2016; Guo et al. 2020).

The negative correlation of oxygen saturation is best of all seen for short-lived isotopes 224Ra (Fig. 4).
That is why we use the activity rate of 224Ra relative to salinity (Fig. 5a) to show that each body of water
also has an DO signature (Fig. 5b). The drop of oxygen saturation of the near-bottom waters to 67%
corresponded to the waters with a maximum activity rate of excess isotopes 224Ra, and, generally, the
near-bottom waters in groundwater discharge zone with virtually invariable salinity at Stations 5–11 were
under-saturated with DO. At the same time, water is oversaturated with oxygen up to 150% at salinity
more than 30 psu beyond the estuary bar (Fig. 5). The decrease of oxygen saturation to 35% in the
vicinity of Station 5 with a relatively small depth of 3.5 m is explained by over-splash of oxygen-low
waters from the downstream reach as there are reversing currents in this area.

In the warm season, the saltwater wedge in the Razdolnaya River Estuary has an DO close to zero due to
the intensi�cation of production-destruction processes as well as to the high water turbidity and,
accordingly, low photosynthetically active radiation of the near-bottom water layer (Tishchenko et al.
2017). However, suspended matter concentrations are relatively low in winter and, the photic zone
normally extends to the bottom everywhere, with nutrients concentrations being very high (Zvalinsky et al.
2010). That is why photosynthesis prevails over organic matter destruction and oxygen oversaturation is
observed in the Razdolnaya River Estuary in winter. Not excepting that the key factor of DO-speci�c
conditions for the Razdolnaya River Estuary is the balance of organic matter production-destruction
(Zvalinsky et al. 2010), results in Fig. 5 are indicative of groundwater discharge in�uence on formation of
DO-speci�c conditions of the water area.

3.3. Synoptically temperature variability as a response to
the groundwater discharge and scenario of the formation
DO regime in the estuary
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The data indicate that a temperature anomaly is formed in the area of groundwater discharge in�uence
(Fig. 3b), i.e., the bottom water temperature makes it possible to track groundwater discharge intensity
indirectly over time. The bottom water temperature variation which took place at station 9 (Fig. 1)
between 27 January 2014 and 11 March 2014 indicates that the groundwater discharge increased during
the entire freeze-up period (Fig. 6). Clear extreme values can be observed against the background of a
general increase in water temperature in the bottom layer of the estuary at roughly 2-week intervals
(Fig. 6). These extremums coincide with the two-week tidal cycle (http://esimo.oceanography.ru/tides/).
Irregular daily tides were observed on the dates indicated in Fig. 6. A temperature decrease in between the
mentioned dates falls on semi-daily tide cycles in the Amursky Bay.

We believe that the link between the sea and the area of groundwater discharge is the upper highly
permeable aquifer (pebbles and sand) and its thickness is 20 m (Chelnokov et al. 2008). This is the
alluvial-marine complex extends on 30 kilometers from the Razdolnaya River mouth bar and seawaters
penetrate into it (Chelnokov et al. 2008). It is known that еhe saline groundwater intrusion distance
balance is mainly subject to the intensity with which aquifers are loaded with meteoric water and the
difference in the density of sea and fresh water (Michael et al. 2005; Vallejos et al. 2015; Rodellas et al.
2017). Tides generate complex groundwater �uctuations in aquifers (Carr and Der Kamp 1969; Smith
2004). In turn, diurnal and semidiurnal variations in recirculated groundwater �ux also have a period of
tidal sea level �uctuations (Taniguchi et al. 2002; Burnett et al. 2006; Kobayashi et al. 2017). Tidal
�uctuations of the water level are possible in small lagoons separated from the sea by land and even in
water wells connected with the sea via the upper aquifer at a distance of many kilometers (Werner et al.
2013). If the saline groundwater intrusion meets with fresh land waters in the upper aquifer, density
gradients in the transitional zone cause convective circulation and groundwater discharge occurs in the
vicinity of this underground hydrological front (Smith and Turner, 2001). Thus, the main drivers for
groundwater discharge increasing in the inner Razdolnaya River Estuary during freeze-up and winter
runoff low period are as follows: increased proportion of seawater in the upper aquifer, slow water
dynamics as a result of ice formation / low river runoff, increased duration of hydraulic head during the
period of daily tides and the high hydraulic conductivity of the aquifer.

The combination of a high radium isotopes activity rate, above-zero temperature anomaly and oxygen
saturation drop show that the saltwater wedge with salinity of 25.2 psu (Fig. 2) is formed in winter totally
as a result of discharge of groundwater. It is known that relatively short-period seawater recirculation in
the upper aquifer is accompanied by enrichment with short-lived radium isotopes 224Ra and 223Ra only
(Rodellas et al. 2017). Admixing freshwater in this aquifer will bring long-lived isotopes 228Ra as well
(Bear et al. 1999; Taniguchi et al. 2002; Moore 2008; Burnett et al. 2006). A simultaneous increase of
concentrations of short-lived radium isotopes 224Ra and 223Ra and long-lived isotopes 228Ra can be
anticipated in case of discharge of waters consisting of a mix of pore water, fresh groundwater and
recirculated sea groundwater. The composition of stable isotopes δ18O and δD (Fig. 7) in the discharge
zone is subject to the sea water / river water ratio. It is considered that the main reason for groundwater
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discharge is that recirculated water has penetrated into the upper aquifer during the winter runoff low
period and further discharged into the deepest section lines of the estuary.

We have observed a special case of groundwater discharge, which is probably typical for channel type
estuaries with a long low-water period. As mentioned above, the seasonal variability of Razdolnaya River
discharge is large and is characterised by a 500-fold difference between winter and summer. This creates
favourable conditions for seawater recirculation in the upper aquifer during the winter runoff low period.
We suggest as the landward movement of seawater in coastal aquifers oxygen in the aquifer becomes
depleted, and further groundwater seepage through the oxygen free layer of sediments rich in organic
matter also results in oxygen depletion, similar to processes shown and discussed in other papers (Guo et
al. 2020; Moore and Joye, 2021). As a result, in the course of interaction between the upper aquifer and
estuary, we see oxygen saturation rates in the near-bottom layer reducing toward the estuary top,
simultaneous increase of water temperatures and radium isotopes activity rates.

4. Conclusions
Groundwater discharge increases the temperature of the saltwater wedge amid relatively cold river and
sea waters. Seawater recirculation in the upper aquifer proposed as a source of groundwater discharge
for the Razdolnaya River Estuary. The temperature extremes of the saltwater wedge observed in the saline
groundwater discharge area at an interval of about 2 weeks can be explained by saline groundwater
discharge variations related to the variability of tidal into the upper aquifer due to diurnal and semidiurnal
tides in the receiving basin. The oxygen saturation of the estuary’s near-bottom waters has a negative
correlation with the activity rate of isotopes 223Ra, 224Ra and 228Ra. That is why we state here in that the
groundwater discharge may be an important factor in formation of oxygen-speci�c conditions in many
other channel-estuaries, seasonally covered with ice, in the low-water level period, as well.

This work was carried out with the �nancial support of the Russian Science Foundation (grant no. 21-77-
00028), programs of the POI FEB RAS (121-21500052-9, AAAA-A20-120011090005-7).

Declarations
CRediT authorship contribution statement

Pavel Yu. Semkin: Writing - original draft, Conceptualization, Visualization, Investigation, Funding
acquisition. Pavel Ya. Tishchenko: Writing - review & editing, Conceptualization, Investigation, Funding
acquisition. Aleksandr N. Charkin: Writing - review & editing, Investigation, Methodology, Formal analysis,
Investigation, Conceptualization, Funding acquisition. Galina Yu. Pavlova: Writing - review & editing.
Ekaterina V. Anisimova: Formal analysis, Investigation. Yuri A. Barabanshchikov: Methodology, Formal
analysis, Investigation. Tatyana A. Mikhaylik: Methodology, Formal analysis, Investigation. Petr P.
Tishchenko: Writing - review & editing, Investigation.

The authors have no relevant �nancial or non-�nancial interests to disclose.



Page 10/20

This work was carried out with the �nancial support of the Russian Science Foundation (grant no. 21-77-
00028), programs of the POI FEB RAS (121-21500052-9, AAAA-A20-120011090005-7).

References
1. Anderson MP (2005) Heat as a ground water tracer. Ground Water 43:951–968.

https://doi.org/10.1111/j.1745-6584.2005.00052.x

2. Bear J, Cheng AH-D, Sorek S, Ouazar D, Herrera I (1999) Seawater intrusion in coastal aquifers:
concepts, methods and practices, 14. Springer Science & Business Media. DOI 10.1007/978-94-017-
2969-7

3. Burnett WC, Cowart JB, Deetae S (1990) Radium in the Suwannee River and estuary: spring and river
input to the Gulf of Mexico. Biogeochemistry 10(3):237–255. https://www.jstor.org/stable/1468688

4. Burnett WC, Aggarwal PK, Aureli A, Bokuniewicz H, Cable JE, Charette MA, Kontar E, Krupa S, Kulkarni
KM, Loveless A, Moore WS, Oberdorfer JA, Oliveira J, Ozyurt N, Povinec P, Privitera AMG, Rajar R,
Ramessur RT, Turner JV (2006) Quantifying submarine groundwater discharge in the coastal zone
via multiple methods. Sci Total Environ 367(2–3):498–543.
https://doi.org/10.1016/j.scitotenv.2006.05.009

5. Carol E, Pilar Alvarez Md, Santucci L, Candanedo I, Arcia M (2022) Origin and dynamics of surface
water - groundwater �ows that sustain the Matusagaratí Wetland, Panamá. Aquat Sci 84(16).
https://doi.org/10.1007/s00027-021-00847-y

�. Chelnokov GA, Kharitonova NA, Zykin NN, Vereshchagina OF (2008) Genesis of the mineral
groundwaters of the Razdol’nenskii occurrence in Primorye. Russ. J. of Pac. Geol 2(6):521–
527. https://doi.org/10.1134/S1819714008060067

7. Craig H (1961) Isotopic variations in meteoric waters. Science 133(3465):1702–
1703. http://dx.doi.org/10.1126/science.133.3465.1702

�. Dabrowski JS, Charette MA, Mann PJ, Ludwig SM, Natali SM, Holmes RM, Schade JD, Powell M,
Henderson PB (2020) Using radon to quantify groundwater discharge and methane �uxes to a
shallow, tundra lake on the Yukon-Kuskokwim Delta, Alaska. Biogeochemistry 148:69–89.
https://doi.org/10.1007/s10533-020-00647-w

9. Funahashi Т, Kasai А, Ueno M, Yamashita Y (2013) Effects of short time variation in the river
discharge on the salt wedge intrusion in the Yura estuary, a micro tidal estuary, Japan. J of Water
Res and Protect 5:343–348. http://dx.doi.org/10.4236/jwarp.2013.53A035

10. Garcia-Orellana J, Rodellas V, Tamborski J, Diego-Feliu M, van Beek P, Weinstein Y, Charette M,
Alorda-Kleinglass A, Michael HA, Stieglitz T, Scholten J (2021) Radium isotopes as submarine
groundwater discharge (SGD) tracers: Review and recommendations. Earth-Science Reviews.
Available online 14:103681. https://doi.org/10.1016/j.earscirev.2021.103681

11. Guo X, Xu B, Burnett WC, Wei Q, Nan H, Zhao Sh, Charette MA, Lian E, Chen G, Yu Zh, (2020) Does
submarine groundwater discharge contribute to summer hypoxia in the Changjiang (Yangtze) River

https://doi.org/10.1016/j.scitotenv.2006.05.009
https://doi.org/10.1134/S1819714008060067
http://dx.doi.org/10.1126/science.133.3465.1702
http://dx.doi.org/10.4236/jwarp.2013.53A035
https://doi.org/10.1016/j.earscirev.2021.103681


Page 11/20

Estuary? Sci Total Environ 719.
https://www.sciencedirect.com/science/article/pii/S0048969720309608

12. Kasai A, Kurikawa Y, Ueno M, Robert D, Yamashita Y (2010) Salt-wedge intrusion of seawater and its
implication for phytoplankton dynamics in the Yura Estuary, Japan. Est, Coast and Shelf Sci
86(3):408–414. https://doi.org/10.1016/j.ecss.2009.06.001

13. Kobayashi S, Sugimoto R, Honda H, Miyata Y, Tahara D, Tominaga O, Shoji J, Yamada M, Nakada S,
Taniguchi M (2017) High-resolution mapping and time-series measurements of Rn-222
concentrations and biogeochemical properties related to submarine groundwater discharge along
the coast of Obama Bay, a semi-enclosed sea in Japan. Prog. Earth Planet. Sci 4.
https://doi.org/10.1186/s40645-017-0124-y

14. Lecher A (2017) Groundwater discharge in the Arctic: a review of studies and implications for
biogeochemistry. Hydrology 4:41. https://doi.org/10.3390/hydrology4030041

15. McCoy C, Viso R, Peterson RN, Libes S, Lewis B, Ledoux J, Voulgaris G, Smith E, Sanger D (2011)
Radon as an indicator of limited cross-shelf mixing of submarine groundwater discharge along an
open ocean beach in the South Atlantic Bight during observed hypoxia. Cont Shelf Res 31:1306–
1317. DOI 10.1016/j.csr.2011.05.009

1�. Michael HA, Mulligan AE, Harvey CF (2005) Seasonal oscillations in water exchange between
aquifers and the coastal ocean. Nature 436:1145–1148. https://doi.org/10.1038/nature03935

17. Moore WS, Arnold R (1996) Measurement of 223Ra and 224Ra in coastal waters using delayed
coincidence counter. J Geophysical Res 101:1321–1329. https://doi.org/10.1029/95JC03139

1�. Moore WS (1999) The subterranean estuary: a reaction zone of ground water and sea water. Marine
Chem 65(1–2):111–125. https://doi.org/10.1016/S0304-4203(99)00014-6 

19. Moore WS (2008) Fifteen years experience in measuring 224Ra and 223Ra by delayed coincidence
counting. Marine Chem 109(3–4):188–197. https://doi.org/10.1016/j.marchem.2007.06.015

20. Moore WS, Cai P (2013) Calibration of RaDeCC systems for 223Ra measurements. Marine Chem
156:130–137. https://doi.org/10.1016/j.marchem.2013.03.002

21. Moore WS, Joye SB (2021) Saltwater intrusion and submarine groundwater discharge: acceleration
of biogeochemical reactions in changing coastal aquifers. Front. Earth
Sci. https://doi.org/10.3389/feart.2021.600710

22. Morin A, Lamoureux W, Busnarda J (1999) Empirical Models Predicting Primary Productivity from
Chlorophyll a and Water Temperature for Stream Periphyton and Lake and Ocean Phytoplankton
JN Am Benthol Soc 18(3):299–307. https://doi.org/10.2307/1468446

23. Peterson RN, Moore WS, Chappel SL, Viso FR, Libes SM, Peterson LE (2016) A new perspective on
coastal hypoxia: the role of saline groundwater. Marine Chem 179:1–11.
10.1016/j.marchem.2015.12.005

24. Povinec PP, Bokuniewicz H, Burnett WC, Cable J, Charette M, Comanducci J-F, Kontar EA, Moore WS,
Oberdorfer JA, de Oliveira J, Peterson R, Stieglitz T, Taniguchi M (2008) Isotope tracing of submarine

https://doi.org/10.1016/j.marchem.2013.03.002
https://doi.org/10.3389/feart.2021.600710
https://doi.org/10.2307/1468446


Page 12/20

groundwater discharge offshore Ubatuba, Brazil: results of the IAEA–UNESCO SGD project J.
Environ. Radioactiv 99 (10):1596–1610.

25. Rocha C, Robinson CE, Santos IR, Waska H, Michael HA, Bokuniewicz HJ (2021) A place for
subterranean estuaries in the coastal zone. Estuar Coast Shelf Sci 250:107167.
10.1016/j.ecss.2021.107167

2�. Rodellas V, Garcia-Orellana J, Trezzi G, Masqué P, Stieglitz TC, Bokuniewicz H, Cochran JK, Berdalet E
(2017) Using the radium quartet to quantify submarine groundwater discharge and porewater
exchange. Geochimica et Cosmochimica Acta 196:58–73.
https://doi.org/10.1016/j.gca.2016.09.016 

27. Semkin PYu, Tishchenko PYa, Charkin AN, Pavlova GYu, Tishchenko PP, Anisimova EV,
Barabanshchikov YuA, Leusov AE, Mikhailik TA, Tibenko EYu, Chizhova TL (2021) Discharge of salt
groundwater in the Estuary of Razdolnaya River (Amursky Bay) in February 2020. Water Res
48(3):254–259. https://doi.org/10.1134/S009780782103012X

2�. Shulkin VM, Tishchenko P.Ya, Semkin PYu, Shvetsova MG (2018) In�uence of river discharge and
phytoplankton on the distribution of nutrients and trace metals in Razdolnaya River estuary, Russia.
Est, Coast and Shelf Sci 211:166–176. https://doi.org/10.1016/j.ecss.2017.09.024 

29. Shuter BJ, Finstad AG, Helland IP, Zweimüller I, Hölker F (2012) The role of winter phenology in
shaping the ecology of freshwater �sh and their sensitivities to climate change. Aquat Sci 74:637–
657. https://doi.org/10.1007/s00027-012-0274-3

30. Smith AJ, Turner JV (2001) Density-dependent surface water-groundwater interaction and nutrient
discharge in the Swan-Canning Estuary. Hydrol Processes 15:2595–2616.
https://doi.org/10.1002/hyp.303

31. Smith AJ (2004) Mixed convection and density-dependent seawater circulation in coastal aquifers.
Water Resour. Res 40: W08309. https://doi.org/10.1029/2003WR002977

32. Taniguchi M, Burnett WC, Cable JE, Turner JV (2002) Investigation of submarine groundwater
discharge. Hydrological Processes 16, 2115–2129. https://doi.org/10.1002/hyp.1145

33. Tamborski J, van Beek P, Rodellas V, Monnin C, Bergsma E, Stieglitz T, Heilbrun C, Cochran J.K,
Charbonnier C, Anschutz P, Bejannin S, Beck A (2019) Temporal variability of lagoon–sea water
exchange and seawater circulation through a Mediterranean barrier beach Limnol Oceanogr
64:2059–2080. https://aslopubs.onlinelibrary.wiley.com/doi/full/10.1002/lno.11169

34. Tishchenko PY, Semkin PJ, Tishchenko PP, Zvalinsky VI, Barabanshchikov YuA, Mikhailik TA,
Sagalaev SG, Shvetsova MG, Shkirnikova EV, Shulkin VM (2017) Hypoxia of bottom waters of the
Razdolnaya River estuary. Dokl. Earth Sc. 476:1207–1211.
https://doi.org/10.1134/S1028334X17100208

35. Tishchenko PYa, Semkin PYu, Pavlova GYu, Tishchenko PP, Lobanov VB, Marjash AA, Mikhailik TA,
Sagalaev SG, Sergeev AF, Tibenko EYu, Khodorenko ND, Chichkin RV, Shvetsova MG, Shkirnikova EM
(2018) Hydrochemistry of the Tumen River Estuary, Sea of Japan. Oceanology 58 (2):175–186.
https://doi.org/10.1134/S0001437018010149

https://doi.org/10.1134/S009780782103012X
https://doi.org/10.1016/j.ecss.2017.09.024
https://doi.org/10.1007/s00027-012-0274-3
https://doi.org/10.1029/2003WR002977
https://doi.org/10.1002/hyp.1145


Page 13/20

3�. Tishchenko PYa, Tishchenko PP, Lobanov VB. Mikhaylik TA, Sergeev AF, Semkin PYu, Shvetsova MG
(2020) Impact of the transboundary Razdolnaya and Tumannaya Rivers on deoxygenation of the
Peter the Great Bay (Sea of Japan). Est, Coast and Shelf Sci
239:106731. https://doi.org/10.1016/j.ecss.2020.106731

37. Vallejos A, Sola F, Pulido-Bosch A (2015) Processes In�uencing Groundwater Level and the
Freshwater-Saltwater Interface in a Coastal Aquifer. Water Resour Manage 29:679–697.
https://doi.org/10.1007/s11269-014-0621-3

3�. Valle-Levinson A (2010) Contemporary Issues in Estuarine Physics. Cambridge University Press,
Cambridge.

39. Watanabe K, Kasai A, Antonio ES, Suzuki K, Ueno M, Yamashita Y (2014) In�uence of salt-wedge
intrusion on ecological processes at lower trophic levels in the Yura Estuary, Japan. Est, Coast and
Shelf Sci 139:67–77. https://doi.org/10.1016/j.ecss.2013.12.018

40. Wang X, Du J (2016) Submarine groundwater discharge into typical tropical lagoons: A case study in
eastern Hainan Island, China Geochem. Geophys. Geosyst 17:4366–4382
https://doi.org/10.1002/2016GC006502

41. Werner AD, Bakker M, Post V, Vandenbohede A, Lu Ch, Ataie-Ashtiani B, Simmons CT, Barry DA (2013)
Seawater intrusion processes, investigation and management: Recent advances and future
challenges. Advances in Water Resources 51:3–26.
https://doi.org/10.1016/j.advwatres.2012.03.004

42. Young MB, Gonneea ME, Fong DA, Moore WS, Herrera-Silveira J, Paytan A (2008) Characterizing
sources of groundwater to a tropical coastal lagoon in a karstic area using radium isotopes and
water chemistry. Marine Chem 109:377–394. 10.1016/j.marchem.2007.07.010

43. Zvalinsky VI, Maryash AA, Shvetsova MG, Sagalaev SG, Tishchenko PYa, Stonik IV, Begun AA (2010)
Production and hydrochemical characteristics of ice, under-ice water and sediments in the
Razdolnaya River estuary (Amursky Bay, Sea of Japan). Russian J of Mar Biol 36(4):270–
281. https://doi.org/10.1134/S106307401004005X

Figures

https://doi.org/10.1016/j.ecss.2020.106731
https://doi.org/10.1016/j.ecss.2013.12.018
https://doi.org/10.1134/S106307401004005X


Page 14/20

Figure 1

Layout and numbers of stations.
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Figure 2

Salinity — longitudinal pro�le of the Razdolnaya River Estuary. The distance is measured from the river
mouth bar (station 13). Dotted lines «1» — the area of long-term exposure of the WQM station.
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Figure 3

Activity of radium isotopes (a) and water temperature (b) in the longitudinal pro�le of the Razdolnaya
River estuary. GWD – groundwater discharge, GW – groundwater.
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Figure 4

Inverse relationship between DO (% saturation) and 224Ra (а), 223Ra (b), 228Ra (c) (radium data are from
table 1).
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Figure 5

Relationship between 224Ra (a) and DO (% saturation) (b) from salinity at the bottom water layer.
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Figure 6

Temperature of the bottom saltwater layer measured with WQM meter in winter 2014 (St. 9) and ice
thickness downstream the Razdolnaya R. (St. 1). 
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Figure 7

Distribution of isotopic composition of δ18О and δD relative to the global meteoric water line “1” (Craig
1961) and the local line “2” (Tishchenko et al. 2018), “3” — the waters of the Razdolnaya River estuary.
The area highlighted on the graph corresponds to the bottom waters in the area of groundwater discharge
(station 6, 7, 8, 9, 10, 11).


