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This supporting information shows the details of SGD calculations for the KRE surface layer.
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S.1. SGD derived by three end-members mixing model

Plots of 22°Ra and 22®Ra activities versus salinity showed that the 22°Ra and 2?®Ra activities in the
surface water of the KRE were higher than those expected from a conservative mixing line
between Krka River and open seawater (Figure S3). These findings also indicate that there was
an excess of Ra entering the estuary from other sources, such as SGD (Moore, 2010; Peterson et
al., 2008). Because 2%®Ra has a shorter half-life than 2%°Ra, the 2?2Ra activities in the coastal
Adriatic Sea are much lower than those in the estuary, whist differences in 2°Ra activities
between the coastal Adriatic Sea and the estuary are much smaller. Therefore, using ??®Ra to
establish the three end-member mixing model is more appropriate due to its lower mixing effect
from the coastal sea. Meanwhile, we estimated another 222Ra source that desorbed from the
suspended particles. We found that desorbed 2?2Ra activity in the KRE was considerably lower
than that in the seawater (vide infra Section S.2). Therefore, a three end-member mixing model
was established based on salinity and 222Ra to estimate the fractions of (1) open seawater, (2)

river water and (3) groundwater in the KRE surface water.

We used the following equations for the types of water, salinity and %?®Ra balance as follows

(Moore, 2003):

fS+fR+fGW:l (A.1)
Ssfs +Spfr+SewSow =Su (A.2)
228Rasfs + 228RaRfR + 228RaGWfGW = 228RaM (A.3)

Here, f refers to the fraction of the open seawater (S), river (R) and groundwater (GW) end-
member; Ss, Sk, Sew and 2?Ras, ??6Rag, ?®Racw are the salinity and 222Ra activity in the open
seawater, river and groundwater, respectively. The subscript M represents the measured values
of salinity and 228Ra of an individual sample. The equations above can be solved to obtain the

fraction of each end-member:
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2Ry~ P Ra, (8,5,
= 228RaGW - 228RaR Sew — Sk
s ( zzsRaS_zzsRaR J_[ S, -8, J (A.4)

228 228
Ra., — " Ra, S —Si

S, =S, —f:(Ss=8,)
f _PuM R s\Wg R (A.5)
o SGW_SR

fRzl_fS_fGW (A.6)

The three end-member values shown in Figure S3, which were 49+8 dpm m™3 (KR13, S=36.9) for

open seawater, 33+7 dpm m3 (KR1, $=0.2) for river water and 260+56 dpm m™ (average, 5=6.8)
for groundwater. Thus, we evaluated the fractions of open seawater, river water and
groundwater in the KRE surface water. The results obtained from this model are shown in Figure
S4. As expected, in the surface water of the KRE, the fraction of the river water (4212 %) was
higher than the fraction of the open seawater (31+8 %) and groundwater (27+9 %). During the
time series observation, a smaller variation range (28-37 %) was observed for the open seawater

fraction compared to the variation ranges for the river water and groundwater fractions.

Prior to SGD flux estimation, it was necessary to assess the flushing time of KRE surface layer.
Because the KRE is highly stratified, we were interested in computing flushing time mainly for the
surface freshwater and brackish layers, which were together approximately 2.5 m deep. In this
way, assuming the KRE surface layer water above the halocline was well mixed, we used a
method based on a physical model described by Sanford et al. (1992) and Moore et al. (2006) as

follows:

V

T = Chon (A7)

Here, Tris the flushing time, V refers to the volume of the surface estuarine water layer, which is
defined as the product of the average area and depth, Q=P/T, where T is the tidal period and P is
the tidal prism, b represents the return flow into the coastal sea from the study region, and I is
the net inflow of the Krka River into the KRE during the sampling period. In the studied estuary,

the regular semidiurnal tidal period was approximately 0.47 days as determined by the time
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series observation. The tidal prism P can be determined by multiplying the average surface area
by the tidal range during the sampling period, which was estimated to be 2.6 x 10° m3. In this
model, b is equivalent to the open seawater fraction, while the fraction of open seawater
calculated above represents only the surface water. Based on the salinity profiles of the KRE
surface layer water, we calculated the fraction of open seawater in the total surface layer water
(up to the depth of 2.5 m) of the KRE to be 0.49+0.21. Therefore, the estimated flushing time of
the KRE surface layer water was 2.8+1.2 days. Of note, the flushing time calculated in this study
was obtained from only a part of the KRE brackish water (within blue dashed line in Figure 1),
whereas the reported flushing time of the whole KRE brackish water was approximately 20 days
in September (Legovi¢, 1991). In our study, the river flow is much greater and the volume of
analyzed water for the flushing time is smaller compared to the conditions presented by Legovi¢
(1991) for September. Legovi¢ (1991) also does not include the impact of SGD, which should
reduce the flushing time of the upper layer above the halocline in the KRE. Therefore, these
factors (i.e. flow rate, water volume above the halocline, and impact of SGD) could have

contributed to the shorter flushing time reported in this study.

Based on the three end-member mixing model, we also calculated the fraction of groundwater
in the estuary to be 0.20+0.07. Assuming this value represents the fraction of groundwaterin the

KRE surface layer of our study, we can obtain the flux of SGD by using the following equation:

,
SGD = % (A.8)
f

Therefore, the flux of SGD into the KRE surface layer was calculated to be (6.5-26.7) x 10° m3d™,

with an average of 16.2 x 10° m3d™.

S.2. SGD derived from Ra mass balance model

Generally, in a defined system with a presumed steady state, the Ra mass balance is equal to the
sum of inputs (which are usually from river supply, sediments diffusion and SGD) and the
outputs/loss (which include open seawater mixing and Ra decay) (Moore, 1996; Moore et al.,
2006). Based on these facts, the Ra mass balance model is another approach to quantify the

magnitude of SGD. This model has been widely applied to estuaries around the world (Liu et al.,
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2017; Moore et al., 2008; Rengarajan and Sarma, 2015). We carried out a mass balance model of
228Ra to estimate the SGD flux in the KRE surface layer (Figure S5). The existence of a permanent
halocline in the KRE could prevent *2®Ra diffusion from the sediments through the halocline into
the surface layer water and therefore the term of sediment diffusion was disregarded.

Atmospheric deposition was also eliminated because it is negligible.

We formulated Eq. (A.9) for the 2?2Ra mass balance model in the KRE surface layer as follows:

F(*Ra, )+ F(*Ra, )+F(*Rag,)=F(*Ra,,) (A.9)

river Susp

Here, 228Rariver, 228Rasusp and 2%Rasep represent the 2Ra flux input from the Krka River,
suspended particles and SGD, respectively; and 22 Ramix represents the 222Ra loss by mixing with
the open seawater. Then, SGD-derived ??Ra flux and SGD flux into the KRE surface layer can be

obtained by Eq. (A.10) and Eq. (A.11):

F( 228RaSGD) (A 10)
=[C(**Ray) - fs x C(**Rag, )-C(**Ra,, )| x Ay xH,,,, x(1/T,)~C(*Ra,,, )% F,,, '
F( 228Ra )
QSGD = C( 228R;:j) (All)

Here, C(**Ray), C(**Ragy,) , C(*Ra,,,), C(**Ra,, ) and C(*Ra,,)are the >®Ra activity in the KRE

susp river

surface layer, open seawater, suspended particles, the Krka River and groundwater, respectively.

4, and H

upper

are the area and depth of the KRE surface layer (2.5 m), respectively. Fer is the

Krka River flow (i.e. discharge) during the sampling period. In this study, the desorption of 222Ra
activity from suspended particles was calculated from the equation A=Asus,xSPMxf, where Asusp
is the 228Ra activity from the suspended particles. We used the maximum 228Ra activity in the
surface sediment which is 1.0 dpm g (Cukrov and Barisi¢, 2006). SPM is the concentration of
suspended particles in our study area and we used the highest value of 6.0 g m™ (Cindri¢ et al.,
2015); fis the maximum 222Ra desorption fraction of 0.38 (Gu et al., 2012). Thus, 2*®Ra activity
desorbed from suspended particles in the KRE surface layer was estimated to be 2.3 dpm m?3,
which was considerably lower than 228Ra activity (100 dpm m3) in the estuarine water. Based on

Egs. (A.10) and (A.11), we determined the SGD flux in the KRE surface layer to be (4.7-21.0) x 10°
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m3 d?, with an average of 12.8 x 10° m3 d1. The definitions and values of parameters are

summarized in Table S1.

S.3. Tidal effects on SGD

We employed a method based on the Ra activity from the time series observation of tidal cycles
to evaluate the tidal pumping effect on SGD flux in the KRE surface layer. Following the approach
of Peterson et al. (2008) and Wang and Du (2016), the SGD flux was calculated using Eq. (12):

(Ra

_ total
QSGD -

—Rahkgd)xAES x H

upper

(A.12)
T, xRa,,

Here, we used the following steps to evaluate the SGD flux:

i) Since each measured Ra activity (Rawta) in the KRE surface layer was the result of total Ra
sources, we calibrated each measured Ra activity by subtracting the estuarine background Ra
activity (Rapkga) from Raiotal. We chose the minimum activity from measured values in the time
series observation as the background of estuarine water for a conservative SGD estimation. In
this way, we could conclude that the excess Ra activity came exclusively from SGD.

ii) Assuming that the Ra activity in time series observation can represent the Ra activity in the
KRE surface layer, we estimated the excess Ra inventory by multiplying excess Ra activity by the
KRE surface layer depth (Hupper, 2.5m) and the studied estuarine area (Ags, 9.3 x 10° m?).

iii) The excess Ra inventory is divided by the estimated flushing time of the surface estuarine
water (Ty, 2.8 days) to obtain Ra flux only from SGD.

iv) Finally, after dividing the Ra flux by the Ra activity in the groundwater end-member (Ragw),

which was 260 + 56 dpm m3 for 228Ra, we obtained the SGD flux in the KRE surface layer (Qssp).

Therefore, based on the Ra activities in time series observation and by applying Eq. (A.12), we
were able to determine the SGD flux for each time series sample as shown in Figure S6, suggesting
a clear hysteresis effect. The range of SGD fluxes in the KRE surface layer during the tidal cycles

was (3.2-18.1) x 10° m3 d"* with an average of 7.8 x 10° m3d™.
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Figure S1. Vertical distributions of (a) salinity, (b) temperature and (c) dissolved oxygen (DO) from Krka
River, along the estuary up to the Adriatic Sea. Dotted lines represent hydrological data of all samples.

The X-axis is the distance from the end-member of freshwater.
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Figure S2. Vertical profiles of (a) hydrological parameters and (b) nutrient and DIC concentrations for
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Figure S3. Plots of (a) 2%°Ra and (b) #?®Ra activities versus salinity in the surface water (including time
series observation) and groundwater of the KRE. Dashed lines represent the expected conservative

mixing between Krka River freshwater and open seawater.



I:l River water - Groundwater - Open seawater
100

80+

[=a)
=
2

Fraction (%)

£
=
1

201

KR4 KR5S KR6 KR7 KR8 KR9

TS-1 TS-2 TS-3 TS-4 TS-5 TS-6 TS-7 TS-8 TS-9
Station

162
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Figure S5. A schematic depiction of 22Ra mass balance (dpm d) in the KRE surface layer.
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174  Table S1. Definitions and values of parameters used in the equations for 2 Ra mass balance and

175 calculations of SGD flux in the KRE surface layer.

Parameter Definition Value Unit
228Rags 228Ra activity in the KRE surface layer 100 + 20 dpmm?3
228Rasw 228Ra end-member in the open seawater 49+8 dpmm?3
228Rasusp 228Ra activity desorbed from suspended particles 2.3 dpmm?3
228Rariver 228Ra end-member in the Krka River water 33+7 dpmm?3
28Ragw 228Ra end-member in the groundwater 347 +8 dpmm?3
Ags Surface area of the KRE 9.3x10° m?
Hupper Water depth of the KRE 2.5 m

T¢ Measured flushing time in the KRE surface layer 2.8+1.3 d

Friver Krka River freshwater discharge 4.8 x 10° m3d?

176
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