Response to Referee #1:

Dear Referee, we appreciate your insightful and thorough comments and
suggestions according to which we improved our revised MS carefully. Thank you
for your time and critical evaluation and enclosed please kindly find our responses
(written in blue) as follows.

General comments:

(1) My main concern in the manuscript is the uncertainty around the Ra
concentrations. As shown by the authors, there was a great range in Ra
concentrations over the tidal cycle during their time series. Using a one off survey
to gather Ra data for a mass balance introduces a large amount of uncertainty into
how representative the survey was. More information is needed in the methods on
how the survey was conducted (ie over 1 tidal cycle? over multiple days?) and how
this might affect the Ra concentrations over the survey.

RESPONSE:

Thank you for raising these important points. In this manuscript, the uncertainty of
the Ra concentrations came from the errors of sampling, treatment and
measurement. Actually, the dominant error was from Ra measurement. Using
HPGe Gamma spectrometry (well-type, ORTEC, GWL-120-15-XLB-AWT), the
error of 22°Ra and ??®Ra can be controlled below 20 % (Du et al., 2013; Wang et
al., 2014, 2016), which was the similar case in other labs as well (e.g. Kim et al.,
2005; Liu et al., 2012).

The time series observation was conducted by sampling at every 3 hours in a
continuous 24-hour period over one complete tidal cycle. It is a very common
method to evaluate the submarine groundwater discharge (SGD) by the time
series observation (e.g. Peterson et al., 2008; Garcia-Orellana et al., 2010; Wang
et al., 2016). During the time series observation, the tide variation can result in the
change of Ra activity in the water column, because the water component is
changing. At the low tide, weaker intrusion of the open seawater with low Ra
concentration occurred along with the observation of higher percentage of
submarine groundwater with higher Ra concentration. At the high tide, the situation
was opposite, and hence the high activity of Ra was observed at low tide, whereas
low Ra activity was observed at high tide.

Moreover, some information about this time series observation has been added in
the Sampling strategy and Results and discussion sections in the revised
manuscript as follows:

“In the KRE, we also conducted a continuous 24-hour time series observation over
a complete tidal cycle by sampling the surface water at time-series (TS) station



every three hours (Figure 1), which has been widely used to evaluate the SGD
(e.g., Peterson et al., 2008; Garcia-Orellana et al., 2010; Wang et al., 2016).”

“Activities of 22°Ra and ??®Ra showed similar opposite trend with respect to salinity
due to the tidal variation (Figures 6a and 6b). At the low tide, weaker intrusion of
the open seawater with low Ra concentration occurred along with the observation
of higher percentage of submarine groundwater with higher Ra concentration. At
the high tide, the situation was opposite, and hence the high activity of Ra was
observed at low tide, whereas low Ra activity was observed at high tide.”
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(2) The authors state that trends in Ra activities were low in freshwaters, highest
at the mouth and low in the estuary based on Figure 4. While there is a clear
relationship between salinity and the sampling sites, | do not believe this is evident
in Figure 4 particularly for 226Ra with highest 228Ra concentrations corresponding
to near the lowest 226Ra. | believe, the error bars refer to analytical uncertainties
from instrumentation rather than replicate measurements so do not give an
indication a sampling variability at each site which would have been useful. A
salinity vs Ra concentration plot would also have been useful. This plot is
presented in Figure 7 and is said to include sampling “between Krka River water
and open seawater” however the estuary samples presented fall in a very narrow
salinity range (10-20) which do not correspond to those seen during the survey.
Also there are more estuary measurements than sampling sites along the estuary.
As such, it is not clear where this data comes from. This same comment applies
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to the author’s interpretation of time series data in figure 6 (Page 4, line 34) as | do
not believe a trend is evident. Statistical analysis would help quantify any trends.
Added to this is the time series took place in a location where the authors note
freshwater springs are present which is suggested to be the cause of higher Ra
concentrations during the survey. This would dramatically skew flux calculations
based on high point source Ra concentrations using the time series.

RESPONSE:

In general, the Ra isotopes are conservative tracers, and their conservative
behavior is more evident in the estuaries. In the freshwater, Ra isotopes are
adsorbed on the suspended particles, then following the salinity increase in the
estuary, Ra concentration increases due to the release of Ra from suspended
particles or other Ra source input in low and middle range of salinity (below ~20).
In higher salinity (over ~20) zone, owing to mixing with the open seawater, the Ra
activity in seawater decreased with the rise of salinity, as the open seawater in
general has notably lower Ra activity (Rutgers van der Loeff et al., 2003). Such
case is very common in the estuarine zone, which is termed as inversed V type
(e.g., Moore and Krest, 2004; Liu et al., 2012). It is shown in Figure 4, in which the
228Ra variation trend is more observable than ??Ra, because the 2?8Ra (half-life
5.7 yrs) in the freshwater and open sea water is much lower than that in the estuary
relative to 22°Ra (half-life 1600 yrs) and these result in less effects from freshwater
and open sea water for 26Ra, thus the inversed V type variation trend of 2?2Ra was
more evident. Our results are in agreement with earlier studies (e.g., Beck et al.,
2007; Rengarajan and Sarma, 2015).

In this manuscript, the Ra error bars really refers to analytical uncertainties from
instrumentation (HPGe Gamma spectrometry) rather than replicate measurements,
and the measurement error bars are widely used for Ra worldwide (e.g., Liu et al.,
2012; Rodellas et al., 2015).

Figure 7 shows more measurements than sampling sites in the estuary. We
apologize that the presentation was not clear in the original manuscript. Actually
the time series observation data are also included into the Figure 7. Besides that,
only the estuarine data are plotted in Figure 7 and because of that, the salinity falls
into the narrow range of 11.2-19. Since, the survey was conducted from the
freshwater end-member to the open sea end-member, we have revised Figure 7
which now includes all the data from the freshwater end-member to the open sea
end-member.

Figure 6 shows that the Ra activity has a negative correlation with salinity (r=-0.55,
p=0.079 for ??Ra and r=-0.60, p=0.057 for ?®Ra). This is due to the fact that open
seawater has low Ra activity whilst the submarine groundwater inputs have high
Ra activities.



We used only the high point source Ra concentrations of the time series
observation to calculate the SGD flux. In fact, all the Ra data of the time series
observation are used as shown by equation (12). That is why we can calculate the
continuous variation of SGD flux at each time point during the tidal cycle, and
obtain an integrated SGD flux range using the time series observation.

Finally, we corrected the concerned parts to clarity our presentation in the revised
manuscript.
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Specific comments:

(1) Overall, I found the manuscript contains numerous grammar and structural
mistakes which at times made information difficult to follow. However, | believe this
can be easily rectified by a thorough professional proof read and will not include
those suggests below.

RESPONSE: We followed the advice of the referee, and the whole manuscript is
proof read by the professor who is a native English speaker.

(2) Page 4 Line 3. The authors variability in Ra concentrations due to hysteresis
but do not demonstrate this. Statistical analysis or including the hysteresis analysis
in a figure is needed to show that relationship as it is not clear.

RESPONSE: We agree with the referee on this point. The Ra sources, especially
SGD could not respond to the tidal variation so fast, which results in hysteresis
(e.g., Sadat-Noori et al., 2015). When the hysteresis was taken into consideration,
the correlation analysis showed that Ra concentrations and salinity had a



considerable negative correlation (r=-0.55 for ?2Ra and r=-0.60 for ??2Ra) despite
of the non-significant p-values (p=0.079 for ?°°Ra p=0.057 for ??Ra). We have
added this point in the revised manuscript.
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(3) Page 4 Line 5. As with the Ra concentrations, the nutrient trends are not clear
from the figures. Correlation analysis would help clarify if such a relationship exists.

RESPONSE: We followed the advice of the referee. Similar to that of Ra activity,
DIP and DSi variations had an opposite trend to salinity with a small hysteresis
effect observed. There was no obvious variation correlation between DIN and
salinity. Therefore, as with the Ra, with the hysteresis effect considered, we
performed the correlation analysis, which showed that none of the nutrients had a
significant correlation with salinity (r=-0.44, p=0.123 for DIP, r=-0.43, p=0.147 for
DSi and r=0.16, p=0.341 for DIN).

(4) Page 6 line 1. As queried above, itis unclear where the estuary samples come
from as they fall in a very narrow salinity range and do not come from the entire
survey. Therefore, the mass balance is based on a very narrow range of Ra
concentrations in potentially a portion of the estuary receiving point sources of Ra
(freshwater springs).

RESPONSE: As shown by the blue dashed line box in Figure 1, the Ra data in
three end-member mixing model includes only time series samples (TS-1~9) and
the samples from the estuary (KR4~7). Only the middle zone of the estuary and its
surface waters above the halocline are presented in this figure.

In this survey, the salinity of the KRE in surface water was below 21.7 (Table 1),
similar to the salinity of the Ra samples used in the three end-member mixing
model and mass balance model. Therefore, we believe it is reasonable to calculate
the SGD flux using only the estuarine samples. In consideration of morphology
and sediment properties, freshwater spring is assumed to be similar, because
when the freshwater spring comes out it mixes with seawater immediately and
usually the salinity is in the range of the KRE samples.

(5) Page 7 Line 5. The episodic breakdown of boundary layers (ie Simpson et al
Estuar. Coast. 1990 and Scully et al Estuar. Coast. 2005) needs to be discussed.
This break down of the boundary layer may deliver high concentrations of Ra and
nutrients to surface waters both spatially and temporally.



RESPONSE: The Krka River Estuary is highly stratified and the breakdown of the
boundary layer is less likely and less important than in some other estuaries. The
boundary layer (i.e. halocline) is permanent in KRE, whilst the thickness and the
steepness of the salinity gradient change seasonally and longitudinally from its
head to mouth (Zuti¢ and Legovié, 1987; Legovi¢, 1991; Cukrov et al., 2009).
Figure 5 shows that the parameters are highly different above and below the
halocline, and it is obvious that the halocline can significantly slow down the
diffusion of nutrients from the underlying water to the surface layer water, in line
with Legovi¢ et al. (1994). Thus, we omitted the impact of diffusion of Ra and
nutrients through the halocline.
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(6) Page 8 Line 20. | believe this interpretation is limited as it does not include
evapotranspiration, aquifer recharge or surface storage. Further to this, | believe
the fact that this analysis contains significant uncertainties and it does not add to
the main scientific story of the manuscript which is the use Ra isotopes to quantify
SGD and SGD nutrient fluxes, | would omit.

RESPONSE: The water balance model includes evaporation as Qe term in
Equation (13), but really neglects the net variation of water storage with time (i.e.
over a tidal period) in this system, because this model is a classic method to build
water balance in the system (Benduhn and Renard, 2004; Wang et al., 2015). Itis
a necessary step for establishing the following nutrients budgets and emphasizing
the importance of the SGD-derived nutrients. For these reasons, we would like to
keep these results in the revised manuscript.
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Ma, Q., and Qu, W.: Submarine fresh groundwater discharge into Laizhou Bay comparable to the
Yellow River flux, Sci. Rep., 5, 8814, doi:10.1038/srep08814, 2015.

(7) Page 9 Line 23. The uncertainty in combine groundwater mass balance nutrient
fluxes and average wastewater treatment plant fluxes needs to be discussed.
Without knowing the time specific discharge of the plant and how it affected river
and estuary nutrient concentration there are large assumptions in this model.
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RESPONSE: As the water balance model, the Land Ocean Interactions in the
Coastal Zone (LOICZ) approach is extensively used to establish nutrients budgets
in the estuaries (e.g. Gordon et al., 1996; Hung and Hung, 2003; Liu et al., 2009,
2011). This model is established under several assumptions, for example, the
estuary is treated as a single box and is assumed to be at a steady state.
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(8) Figure 3. Using distance on the x axis would make the plot more easily
interpreted. Including the sampling points in the plots would also help show the
reader how accurate the interpolation of data points was.

RESPONSE: We agree with referee and have corrected it in the revised
manuscript.

(9) Figure 4. Using distance or salinity on the x axis would be more useful.

RESPONSE: We have followed the advice of referee and have revised it as
distance on the x axis.

(10) Figure 6. This was difficult to interpret due to how the legend was presented.
Using titles on the y axis and a legend on each plot would help with this.

RESPONSE: We have followed the advice of referee and corrected it.

(11) Figure 7. As above, unclear where the estuary samples are from as they have
a narrow range and there are more of them than the survey. It could be problematic
for the mass balance if the samples are from the time series due to point source
Ra discharge.

RESPONSE: The samples in Figure 7 include time series samples (TS-1~9) and
the samples from the estuary (KR4~7).



(12) Figure 8. It is unclear why only the middle section survey sites are included
here.

RESPONSE: The study was focused on the Krka River Estuary that was shown in
the blue dashed box in Figure 1. We displayed the data for this main part of the
estuary, namely the middle section of KRE presented at Figure 8.



