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ARTICLE INFO ABSTRACT

The effects of urbanization and scales on submarine groundwater discharge (SGD) remain poorly understood.
Here, we used radium isotopes to quantify SGD-derived fluxes of nitrogen, phosphorus and dissolved organic
carbon (DOC) into Sydney Harbour estuary, Australia. Sydney is the most populated city of Oceania, with several
localised cases of historical groundwater pollution. We sampled top and bottom waters at the harbour scale
(~20km) and also at four small scale embayments (~2km). A decreasing gradient in radium isotope con-
centrations from upstream to downstream was observed. Mass balances constructed with >?*Ra, ?*Ra, and >?°Ra
revealed that total SGD ranged from 42 to 121 x 10*m®d~' depending on assumptions and isotope. These
fluxes were related mostly to saline SGD (recirculated seawater), and are equivalent to > 60 times the mean
annual freshwater river discharge into Sydney Harbour (0.68 x 10*m®d~!). The estimated SGD rates
(2.2 + 1.5emd ™ ') were comparable to the global average radium-derived-SGD in other urban estuaries
(~3.1ecmd ™). No obvious relationships were observed between SGD and scale in Sydney Harbour. However,
higher SGD rates estimated for embayments closer to the ocean indicate that a combination of waves, tides and
urbanization control SGD. SGD derived fluxes exceeded maximum riverine nutrient fluxes by a factor of 2 for
DOC, 6 for PO,>~, 40 for NH,* and 1.3 for NOy. Previous work has suggested that nutrients enter Sydney
Harbour primarily through rivers or stormwater following episodic rain events. Our results imply that diffuse
saline SGD can also be an important but overlooked source of nutrients, potentially sustaining primary pro-
ductivity in times of no river flow.
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1. Introduction balances, and numerical modelling have been used to estimate SGD

(Burnett et al., 2006). The development of isotopic (radon and radium

Accelerated urban development is significantly impacting marine
ecosystems with the largest megacities in the globe located on the coast
(Lee et al., 2006). Some of the most noticeable impacts are associated
with increases in riverine inputs of nutrients and pollutants (Syvitski
and Kettner, 2011; Zhang et al., 1999). Nutrients can also be exported
to the ocean via submarine groundwater discharge (SGD) on local
(Crotwell and Moore, 2003), regional (Paiva and Niencheski, 2018) and
global (Cho et al., 2018) scales. However, SGD inputs have received far
less attention in part because SGD is more difficult to quantify than
riverine fluxes.

Seepage meters, piezometers, natural geochemical traces, water

isotopes) techniques in the 1990s (Burnett et al., 2001; Moore, 1997;
Moore and Arnold, 1996) has led to an increase in SGD investigations in
the coastal ocean and estuaries. SGD has been demonstrated to be a
major source of nutrients (Anwar et al., 2014; Moore, 2010; Slomp and
Van Cappellen, 2004), greenhouse gasses (Sadat-Noori et al., 2018),
and heavy metals (Knee and Paytan, 2011) in several locations around
the world. SGD has been assessed in a broad range of habitats such as
saltmarshes (Krest et al., 2000), mangroves (Mcgowan and Martin,
2007; Sanders et al., 2012; Tait et al., 2016), river deltas (Peterson
et al., 2008), coral reefs (McMahon and Santos, 2017), lagoons (Santos
et al., 2008), estuaries (Moore et al., 2006) and the continental shelf
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(Moore et al., 2008). Overall, these studies highlight not only the bio-
geochemical importance of SGD but also the need to distinguish pro-
cesses occurring at different scales (Bratton, 2010; Cerda-domeénech
et al., 2017) and the influence of urbanization (Adyasari et al., 2018;
Burnett et al., 2009; Luo et al., 2014).

Effective SGD assessments may require an understanding of gov-
erning processes at multiple scales (Bratton, 2010; Santos et al., 2012;
Wilson, 2005). Three major scales has been assessed: Shelf (> 10 km),
embayment (< 10km) and nearshore (~10m) scales (Bratton, 2010)
even though ocean basin scale SGD estimates are now available (Chen
et al., 2019; Cho et al., 2018; Kwon et al., 2014; Moore et al., 2008;
Rodellas et al., 2015). At the shelf scale, SGD is dominated by topo-
graphic driven flow from up to tens of kilometres inland (Wilson, 2005)
and typically consists of fresh water flow (Burnett et al., 2006). The
embayment scale SGD is driven by processes in the upper unconfined
aquifer and the upper confined aquifer, tides and sea-level changes. At
the nearshore scale, waves and tides play a relatively more important
role in driving saline SGD fluxes. Nearshore scale processes often occur
between the high tide line and the bottom of the upper confining layer
of the coastal aquifer. SGD off beaches often occurs via the filtration of
large amounts of saline water in permeable sediments, making this
scale crucial from biogeochemical and water quality perspectives
(Bratton, 2010). Accelerated global urbanization along coastal margins
has the potential to impact SGD across all of these scales.

Impacts of urbanization have been assessed for aquifers and estu-
aries, with little data on how it may alter SGD and related nutrient
fluxes. Major impacts of urbanization on coastal aquifers include (1)
modification of aquifer recharge rates due to change in land cover and
hydraulic connectivity (Hayashi et al., 2009; Sharp et al., 2008), (2)
depletion of groundwater levels, potentially leading to saltwater in-
trusion (Hayashi et al., 2009) (3), and changes in groundwater chem-
istry due to infiltration of pollutants (Sharp et al., 2008). Impacts on
estuaries include direct impacts on the estuary chemistry and mod-
ification of hydrological and sediment transport regimes (Feely et al.,
2010; Lee et al., 2006). How SGD is affected by urbanization remains
poorly understood.

In this study, we hypothesise that SGD releases groundwater pol-
lutants to surface waters in a heavily urbanized estuary (Sydney
Harbour, Australia). We assessed the spatial variability of SGD and its
associated nutrient fluxes by solving radium mass balances with map
algebra. Three radium isotopes (***Ra, *?*Ra and *?°Ra) were employed
to quantify saline SGD over different spatial scales. SGD-derived nu-
trient fluxes were estimated for dissolved inorganic nitrogen (DIN),
phosphorus (DIP) and dissolved organic carbon (DOC). Our estimates
were compared at two spatial scales (harbour scale and embayments
scale) and to other major urban systems around the globe.

2. Study site

This study was conducted in May 2018 in Sydney Harbour (Fig. 1)
by sampling waters from the Parramatta River weir in western Sydney
(—33.81309°, 151.0097°) to the Harbour mouth (—33.8282°
151.2781°, ~28km, Fig. 1). We also performed higher resolution
sampling in four small embayments (Homebush Bay, Hen and Chicken
Bay, Rozelle Bay and Rose Bay) to analyse the effects of spatial scales on
SGD and identify potential hotspots related to different land uses
(Table 1). Our study is representative of dry conditions. Only 23.2 mm
of rain falling in the month prior to sampling, which is equivalent to
19% of the average rainfall for the month (117 mm) and 2% of the
mean annual average (1222 mm, http://www.bom.gov.au). Sampling
in dry conditions implies that our radium observations trace mostly
saline rather than fresh SGD, and prevent river inputs from confounding
interpretations in the radium mass balance.

Sydney Harbour is a microtidal estuary that bisects Sydney, the
most populated city in Oceania (~5 millions inhabitants). The estuary
has low fresh water inputs (6750 m3d~! on average) that come mostly

Journal of Hydrology 580 (2020) 124262

from episodic rainfall events (Lee et al., 2011). The estuary catchment
area is 500 km? with 50 km? of water surface area. The surface area of
fresh water channels within the catchment is only about 4% of the total
estuary area (Tanner et al., 2017). > 90% of the estuary catchment is
urbanised which has reduced the infiltration capacity of its soils and
increased surface runoff and storm water pollution (Hose et al., 2005).
Homebush Bay, in the western end of the harbour, is a heavily in-
dustrialised area with historical groundwater pollution, largely due to
the burial of domestic, industrial, and commercial waste. Approxi-
mately 9 Mt of waste have been deposited in this embayment since
early in the 20th century, including heavy metals and Agent Orange
(Suh et al., 2004). Hen and Chicken Bay is a relatively shallow em-
bayment characterized by medium density residential surroundings.
Rozelle Bay’s catchment contains Sydney’s main commercial and
business district and its substrate has been highly modified with man-
made fills and retention walls along the shoreline (Table 1). Finally,
Rose Bay, near the mouth of the Harbour, is characterized by dense
residential areas and sandy beaches (Fig. 1).

3. Methods
3.1. Sampling and analysis

We collected 105 samples from 15th to 25th May 2018 on a cata-
maran type vessel within the harbour. Samples were collected from 20
locations along the main axis of the harbour (Fig. 1). At each of these
locations, we collected top and bottom samples. Other 33 locations
were sampled within selected embayments (33 top samples and five
bottom samples when depths > 2 m). Top samples were collected from
within one meter of the surface and bottom samples were collected
from one meter above the bottom sediments. Seven freshwater samples
were collected to estimate radium desorption in four creeks and the
Parramatta River, and 21 groundwater samples to estimate radium,
carbon and nutrient endmembers. At each surface sampling station we
measured salinity depth profiles using an YSI Castaway CTD®. We
sampled radium isotopes by filtering 100 L of surface water or 6 L of
groundwater through 15 g of manganese (Mn) fibers (Moore and Reid,
1973). In the laboratory, Mn fibers were rinsed with radium free water
to remove salts and particles, partially dried, and analysed with a Ra-
dium Delayed Coincidence Counter (RaDeCC) for 2?°Ra and %?*Ra
(Moore and Arnold, 1996). Samples were then sealed for one month in
gas tight cartridges allowing the ingrowth of **?Rn from 2*°Ra decay
(Peterson et al., 2008) and analysed again using a RaDeCC for 2*°Ra.
Radium isotopes are released at high salinities making them ideal tra-
cers of saline SGD (Hatje et al., 2017; Swarzenski et al., 2007).

Boreholes (n = 21) were dug in the intertidal zone during low tide
to collect groundwater samples. Bore depths were variable as we dug
until the water table was reached, usually between 0.5 and 2m, and
then dug for another ~0.5m to collect the water that is most likely to
exchange with the surface. After digging, we inserted a 3” PVC pipe
with a polypropylene geotextile screen 0.5m from the bottom. We
purged the well three times with a peristaltic pump, ensuring the col-
lection of new groundwater and allowing for suspended particles to
settle.

To measure nutrients dissolved inorganic nitrogen (DIN, NH,* +
NOx) and dissolved inorganic phosphorus (DIP, PO,*~) we syringed
40 mL of sample through 0.45 um cellulose acetate filters (Nucleopore)
into 10 mL plastic vials. Samples were frozen and taken to the labora-
tory for analysis using a Lachat flow injection analyser with analytical
uncertainties < 5%. For dissolved organic carbon (DOC), 30 mL of
water were filtered through 0.7 pm Whatman GF/F filters into acid- and
pre-combusted (450 °C for 4 h) borosilicate vials, containing 100 pL of
saturated HgCl,.
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Fig. 1. Location of Sydney Harbour and sampling sites. We performed SGD radium mass balances for five different spatial units at different scales: the whole Sydney
Harbour and four small embayments. Lithology of the embayments was obtained from Geoscience Australia: (www.ga.gov.au).

3.2. Radium diffusion from sediments and desorption

In order to estimate radium desorbed from fresh water, we sampled
four tributaries entering Sydney Harbour (Fig. 1). First, we passed 30 L
of fresh water (salinity < 0.5ppt) through 15g of Mn fibers at ~1 L/
min. Salt was added to a second 30 L container until salinity exceeded
30. After three hours, we filtered the salt infused water through Mn
fibers. The difference of concentration between radium in salted sam-
ples and unsalted samples was assumed to be equivalent to desorption
(Peterson et al., 2008). Radium contamination resulting from the ad-
dition of salt was assumed to be zero as it has been found to be un-
detectable in our previous similar experiments (Sadat-Noori et al.,
2018; Stewart et al., 2015). Water discharge for the creeks was obtained
from the Water NSW service (https://realtimedata.waternsw.com.au/
water.stm).

To characterize diffusion from bottom sediments, we collected eight
sediment samples along the length of the Harbour (Fig. 1). We took
500 mL of each sediment sample and mixed it with 6.5 L of radium-free
seawater. The sediment was incubated for > 60 days to establish se-
cular equilibrium between short-lived radium isotope decay and the
sediment source (Peterson et al., 2008). The overlying water was then
filtered through Mn impregnated fibres and analysed using the RaDeCC.
This method was only applied to 2>*Ra and 2?°Ra, because >?°Ra has a
very long half-life (1600yr, Stewart et al., 2018). We assume that
after > 5 half-lives, radioactive decay (only radium sink) is equivalent
to diffusion (only radium source).

3.3. Radium ages

Radium ages were calculated based on the activity ratio (AR) of a
short lived to a longer lived radium isotope (Moore, 2000). The method
relies on a constant initial ratio in the source (AR;) gathered from the
groundwater samples, relative to a specific surface water sample
(ARops). Three possible ratios were used; 2Ra/***Ra, >?*Ra/?*°Ra and
229Ra/?*?%Ra. For each of these ratios we estimated residence times
using the average, minimum, and maximum groundwater ratio in order
to quantify a potential range of radium ages. Radium ages (t) were then
calculated using:

AR; 1

t=1In X
ARobs Ashort—llved - Along—lived (l)

where A represents the decay constant of the Ra isotope. This approach
relies on the assumption that; (1) the major source of radium is

groundwater and, (2) the estimated apparent radium ages represents
the time since the seawater sample was in contact with the source.

3.4. SGD estimates

To estimate SGD flux (Qgy, m®>d ™), the Harbour area was divided
into pixels of 39.24 x 39.24 m and used map algebra to solve the fol-
lowing equations. Moore's (2006) approach was used to solve a radium
mass balance (Fig. 2);

‘/i" [Ran]Vn

Qo = T + ,/1-'1 [Ran]/u/n = Qmy [Rariv] - [Rades] - [Radlf]
w =

[Ragy] )

where n is any interpolated pixel, [Ra,] is the concentration of Ra at any
n pixel (dpm m~3), Vn is the volume of the water column at that pixel
(m®), Tis the average residence time of the harbour (days, d), A (d~ Yis
the decay constant of Ra, Q. is the river discharge (m*d ™), [Ra,y] is
the Ra at the river (dpm m ™~ %), [Rages] is the desorbed Ra, [Ragy] is the
diffusion in the whole Harbour (dpm m %) and [Rag,] is the average Ra
concentration of the endmembers from groundwater. To minimize po-
tential uncertainties associated with spatial distribution, we generated
maps of radium concentration by applying ordinary Kriging
(Wackernagel, 2003). The mass balance was then integrated for each
area of interest (the whole Sydney Harbour and the four embayments).
We estimated SGD fluxes in units of m®d ™! and SGD rates in units of
cm d ! (often referred as specific SGD) using the area of each system
(Table 1).

We estimated SGD-derived nutrient fluxes as has been done else-
where (Charette and Buesseler, 2004; Cho et al., 2018; Hwang et al.,
2016; Lee et al., 2008; Qu et al., 2017) using:

Potential nutrient flux = Qg, * [Nutrientg,| 3)

where Qg, is the derived SGD flux, estimated in the mass balance
equation (Eq. (3)) and [Nutrientg,] is the groundwater endmembers
(umol L™ ). The [Nutrientg,] term was defined as the difference between
the average groundwater concentration and the average surface water
concentration because saline SGD (or seawater recirculation in beach
sediments) dominates total SGD (see below). This approach to quantify
the nutrient endmember resolves the net nutrient fluxes resulting from
saline SGD, and prevents us from overestimating SGD-derived nutrient
and carbon fluxes to the ocean (Santos et al., 2014). Uncertainties in the
estimations of SGD and associated nutrient and carbon fluxes, were
calculated by using the Harvard, (2007) method for error propagation.


https://realtimedata.waternsw.com.au/water.stm
https://realtimedata.waternsw.com.au/water.stm
http://www.ga.gov.au

R.E. Correa, et al. Journal of Hydrology 580 (2020) 124262

"
g 4. Results
Q.)
=) 5
> =
] 2 .
2 ; 4.1. Ancillary data
E . [3)
o T 8
s £ 2
= § k| Temperature within the surface waters of the harbour varied be-
5 E § P o .
i 2 g tween ~14.9 and ~18.5 °C, with the highest temperatures closest to the
o— Q s :
g § £ estuary mouth. Salinity ranged from 25.6 to 35.6, with the lowest
00 = 8 . e . .
§ . g 232 salinities observed in the upper harbour near the Parramatta River.
— 3 <] P . . . .
- 2 £ & ﬁ Relatively uniform salinity and temperature vertical profiles indicated
~ =l o 7 o = . ‘e epe . . . .
8 £ = i ; £ no significant stratification during the sampling (Fig. 3). The mean
g oy o N X 3y annual river discharge of Parramatta River, Haslam Creek, White Creek
%0 '!‘::'S 8 SThaoZg D09 ® T g . 3 4-1
éﬁ > 58I TE =E and Johnstone Creek combined was ~7700 m°d ™ ".
g
g r 4.2. Radium isotopes
5 o o
~ < =1
9 = g
é % g A decreasing gradient in radium isotope concentrations was ob-
S § "ug served towards the mouth of the harbour (Fig. 4). The upper Harbour,
g E g 4 Homebush Bay, and Hen and Chicken Bay had the highest concentra-
“ T £ tions of ***Ra at ~4.2 dpm/100 L. with a maximum of 6.1 dmp/100L,
é L!: g = while Rozelle Bay and Rose Bay concentrations were about half the
k= _§‘ ™ E E E upper Harbour. A minimum concentration of ***Ra (0.1 dmp/100L)
s g Ryo823 § % e was observed close to the ocean. No vertical stratification was observed
% Bl rHdmenac s =8 for *Ra. Similar spatial trends were observed for ***Ra and *?°Ra.
4 o However, vertical stratification of both isotopes was apparent in the
5 3 p PP
A 5 ; upper harbour with higher concentrations in bottom waters than in the
= S 2 .
= g = surface. **Ra concentrations ranged between ~0.3 and ~126 dpm/
=} . .
g g '?é 100L, while 22°Ra concentrations ranged between ~8.3 and
= [ o .
< R ~15.9dpm/100L (Fig. 6).
=) ¥ E In groundwater samples, the average >?°Ra and ?>*Ra concentration
e g z g p 8
g o E e was 12 times higher than surface waters concentrations, while the
o | 3 s £ average 22°Ra concentration was approximately four times higher.
g ° g £ 8 pp y g
s Tl e onowvol 283 Average riverine **Ra and ?**Ra concentrations were about seven
. o0 . . . .
g Sl laloglaligges times lower than brackish/saline harbour surface waters, while average
226Ra concentrations were comparable. Average diffusion fluxes of ra-
Z p g
B g dium from sediments (n = 8) was 1.7 + 0.5dpmm?d ™! for 22*Ra and
~§ g 80 + 25dpmm 2d~! for 2**Ra. We assume that **°Ra diffusion was
9 g 0.42dpm m?d~! based on global average estimates (Liu et al., 2014).
ko) °
= E
s ?}, 4 4.3. Nutrients and DOC
=1 5 < o =]
B4 o] 5 £
§ % L: g g High concentrations of DOC (~160 umol/L) were localized in four
g b= g £ g areas; the upper harbour, Hen and Chicken Bay, Rose Bay, and the
5 g PN SR % T s bottom waters of the lower Harbour (Fig. 5). Hen and Chicken Bay and
B eSS £ . . R 1 .
g = e aS-m =28 Rose Bay are residential areas, indicating potential input of domestic
2] y gD p
< “ wastewaters or leakage of underground waste pipelines. An area of high
8 g PO43~ concentrations was seen in the upper harbour, between Home-
I 2 4 pp s
3 © bush Bay and Hen and Chicken (0.5-1.0 umol/L). Similar to DOC, a
%2} 3 — .
N & second hotspot of PO,>~ was observed in bottom waters of the lower
23 . Harbour (Fig. 5). NH," concentrations ranged from ~2.1 to
28 = o 8 8
% §c ; -é ~4.5 umol/L while NO ranged between ~0.2 and ~0.7 pmol/L and
> g o £ were both lowest in Rose Bay. Contrary to DOC and PO,>~, NH,*, and
2 50 < 4 8 y Yy
§ § o ; = i NOx were lowest in the bottom waters of the lower harbour (Fig. 5).
L £EE All groundwater samples had higher concentrations of nutrients and
< 2|2 S EE g p g
S &8 E] S é DOC than surface waters (Fig. 6). DOC had average concentrations of
o= 2 B _ .
Té‘ gl & o BeNg NS g % § 263 + 175umol/L. PO,>~ had an average -concentration of
5 é 21 RI83S2aNE5E 1.7 = 2.2 umol/L and NH,* and NOx had average concentrations of
g g © 37 = 127 and 19 = 47 pmol/L respectively (Fig. 6). Fresh riverine
[ . —
§ § 5} samples had low concentrations of PO.37(0.5 * 0.5 umol/L) and
=23 g NH,* (2.3 = 3.5 umol/L) when compared to saline surface waters, but
= g J
58 - ~ > relatively high concentrations of DOC and NOx (510 = 88 and
= - > g 8 > y g
) .
g S icl?mg _E: ] E 46 + 31 pmol/L, Fig. 6).
5 EFSEES: £
o & 29X Sg8g§ 7 4.4. Radium ages, mass balance and nutrient fluxes
S EnS8S v Iy
S5 |Exgigizci 2
9ES| |sgEEffEiE & e ,
239 25958 E £ 8 E"? g ,{% Calculating residence times was necessary to estimate the export of
S£4E radium to the ocean and build a radium mass balance (Fig. 2). We


http://www.bom.gov.au
http://www.abs.gov.au
http://www.ga.gov.au

R.E. Correa, et al.

Journal of Hydrology 580 (2020) 124262

Natural decay

I} [Ra, 1AV,
Riverine input
QrivlRaris) - [Rages) >
Export to the ocean
Estuary J; [Ra )V,
SGD —> T
([R“syW] * [R“law ])ng >
Diffusion from sediments
[Raqir)

Fig. 2. Schematic representation of the mass balance equation (Eq. (2)). In this study we solved this equation by using each of the three radium isotopes (***Ra, 2**Ra

and ?2°Ra).

A

Temperature

0

(°c)
wom High: 185

= ow: 149

Q

N
-

Depth (m)

Salinity
e High : 35.6

= Low : 25.6

0 5 10 15 20 25
Distance (km)

o

N
o

Depth (m)

Fig. 3. Temperature and salinity in the Sydney Harbour (top view and profile
along the harbour main axis). During our survey the Sydney Harbour was a
well-mixed estuary.

estimated apparent residence times by using three different isotope
ratio combinations: 22%Ra/?*?°Ra; 22°Ra/*?°Ra and 2?*Ra/**°Ra
(Table 2). By using the minimum groundwater ratios, radium ages were
estimated to range from 1.3 to 3.4 days which is unrealistic, compared
to previous studies (Das et al., 2000). The most conservative residence
times were obtained by using the maximum ratio in groundwater
samples between *?°Ra/?*°Ra with an average of 36 + 7 days and a
maximum of 70 days (Fig. 7). By using >**Ra/?>?°Ra, the net export of
radium for the whole harbour, was estimated to be
576 + 357 x 10°dpmd~'. We directly estimated diffusion by in-
cubating sediments samples in the laboratory. The measured diffusion
from each embayment was a negligible source of 2*Ra (undetected),
minimum source of >?°Ra (62 + 35 x 10° dpm d™Y) and moderate
source of ?**Ra (5966 + 3878 x 10°dpmd~'). After subtracting all
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decreasing gradient from west to east can be observed with two radium hot-
spots in the upper-top-harbour and lower-bottom-harbour.
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hot spots corresponded to radium hotspots but DIN was lowest at the radium hotspots.

comparable between embayments. Hen and Chicken Bay, Rozelle Bay,
and Rose Bay had fluxes in the same order of magnitude (1.7 and
49 x 10*m®d™"). Homebush Bay had the lowest fluxes at
0.5 + 0.2 x 10*m3d~". SGD rates (cmd™1!) increased towards the
ocean where sediments are sandier and tides and waves had more in-
fluence. Homebush Bay had the lowest SGD rates at 0.4 = 0.1cmd?,
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Fig. 6. Box plots of each measured parameter in groundwater, surface water, and river/creek water in the Sydney Harbour. Groundwater samples contain far higher
concentration in radium isotopes, nutrients and carbon, while riverine-fresh samples are enriched in DIN.
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Table 2
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Residence times estimated using different radium ratios and assumptions about the groundwater endmember. Calculations were based on three different radium
ratios (rows) contrasted with three different groundwater scenarios (columns). The selected ratio for the mass balance estimation of SGD are presented in bold with

grey background.

Average GW ratio Max GW ratio Min GW ratio
224Ra/?**Ra (days) Homebush Bay 6.4 + 4.0 8.7 + 4.1 40 = 37
Hen and Chicken Bay 6.2 = 3.4 8.4 = 3.7 3.9 =29
Rozelle Bay 9.2 £ 5.2 11.5 £ 5.3 6.8 £ 5.0
Rose Bay 5.7 = 1.4 80 =14 31 14
Sydney Harbour 36 1.8 59 = 1.8 1.3 £ 14
223Ra/??°Ra (days) Homebush Bay 325 + 12.8 45.6 + 12.7 8.6 + 10.8
Hen and Chicken Bay 39.6 = 15.7 52.7 + 15.7 14.3 = 15.3
Rozelle Bay 385 + 6.4 51.6 + 6.4 13.0 =+ 5.8
Rose Bay 23.7 £ 6.7 36.7 * 6.5 1.6 = 2.6
Sydney Harbour 229 = 7.3 36.0 = 7.3 1.4 = 20
224Ra/**°Ra (days) Homebush Bay 14.4 + 5.4 18.0 = 5.4 8.0 £ 5.2
Hen and Chicken Bay 16.4 = 5.3 20.0 = 5.3 10.0 + 5.3
Rozelle Bay 18.3 = 4.4 21.8 = 4.4 11.8 + 4.4
Rose Bay 11.1 = 2.8 14.7 = 2.8 48 + 2.4
Sydney Harbour 9.4 = 3.0 13.0 = 3.0 34 21
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Fig. 7. Radium ages estimated with the >*>Ra/*?°Ra surfaces water ratios and the maximum 2?®Ra/??Ra ratio from the groundwater endmembers. Average radium

age was estimated to be 36 days with a maximum of ~70 days.

while Rose Bay had the highest at 2.5 = 1.7 cm d~! (Table 2, Fig. 8).

The estimated nutrient fluxes indicate SGD delivered between 124
and 203 x 10°mold™! of DOC, between 0.7 x10° and
1.2 x 103mold ™! of PO,3~, from 26 x 10° to 44 x 10>mold~ ! of
NH,*, and from 8 x 10° to 14 x 10°mold ™! of NOy (Table 4). This
corresponds to 5 * 1ty~! of DOC, 33 = 9ty ! of DIP and
1570 = 408ty ! of DIN. Dividing these fluxes by the area of the
Harbour, SGD nutrient fluxes were estimated at
4 + 1 x10°umolm?d~! of DOC, 27 + 7umolm?d~?! of PO,>~,
963 = 250 umolm?d ! of NH,*and 315 + 82umolm?d ™! of NO,
Within embayments DOC ranged between 292 and 2931 ymol m?d~*,
while for the rest of the nutrients, Rozelle Bay had the highest flux rates
(PO~ =45, NH4" = 3.5 x 10®> and NO, = 1.2 x 10° pmol m?d %,
Fig. 8). Negative SGD fluxes of NH,* were observed in Homebush Bay
(=9 = —3) and Rose Bay (—15 * —6), indicating that SGD was
possibly acting as a sink by consuming nitrogen during seawater cir-
culation in beach sediments.

5. Discussion
5.1. Uncertainties in SGD estimates

Natural tracer-derived estimates of SGD are often subject to

inherent uncertainties. Unresolved temporal and spatial variability,
unquantified sources of radium, endmember natural variability and
residence times are among the most common sources of uncertainty
(Knee and Paytan, 2011; Santos et al., 2009). Here, we discuss how we
approached these uncertainties to offer a potential range in SGD esti-
mates rather than an absolute value.

Previous studies have estimated SGD by using temporal (Cerda-
domenech et al., 2017; Jeffrey et al., 2016) and spatial observations
(Stewart et al., 2015), and some have relied on both (Adyasari et al.,
2018; Sadat-Noori et al., 2015). Our spatial approach allowed for a
comparison among different embayments with SGD rates representative
of processes occurring within the isotope half-life or system’s residence
time. To develop mass balances, estuaries can be divided in volumetric
units, simplifying its geometry. For example Sadat-Noori et al. (2015)
estimated SGD fluxes by dividing an estuary with a homogeneous
channel geometry in four boxes resulting in estimated SGD un-
certainties of only 23%. Estuaries with complex geometry and circula-
tion patterns are more challenging. In order to deal with this in Sydney
Harbour, we solved the mass balance equation pixel by pixel within the
Harbour and its embayments. This approach gave us confidence when
estimating the radium inventories in the system.

Ignoring different sources of radium also leads to uncertainty in the
estimation of SGD (Stewart et al., 2015). We analysed radium inputs
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Table 3
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Summary of the mass balances models in Sydney Harbour and each embayment using the three different radium isotopes (***Ra, **Ra and ?*°Ra). Assumptions of
each estimate are presented in the right column. The residence time was calculated using the ?*Ra/??°Ra ratio with the maximum initial ratio from groundwater

endmembers to prevent overestimating final SGD rates (Table 2).

Parameter Units Isotope Sydney harbour Homebush bay Hen and chicken Rozelle bay Rose bay Source of data/Key assumptions

River endmember (dpm 100L-") 223Ra 0.3 = 0.1 0.4 = 0.1 - 0.2 = 0.1 - Meassured Ra concentration in lab
22%Ra 53 + 1.6 7.8 £ 2.3 - 47 + 1.4 - from seven samples. Average of 5%
22°Ra 9.8 + 11.0 12.2 + 13.6 - 3.7 + 4.1 - uncertainty.

Desorption from river 223Ra 01 = <0.1 01+ <01 - 02+ <01 - River salted water Ra minus fresh

particles 22%Ra 1.5 + 0.5 0.4 + 0.1 - 2.6 = 0.9 - river water Ra. < 30%
226Ra <01+ <01 3.8 56 - 1.1 + 1.6 - uncertainty.

Embayment average 22°Ra 1.5 + 1.1 4.3 + 0.9 41 + 0.9 2.0 + 24 1.4 + 0.5 Interpolated radium concentration
224Ra 19.7 = 17.3 947 + 275 715 % 21.5 13.2 = 10.3 19.5 = 5.8 meassured in lab for 105
226Ra 10.2 + 5.7 14.0 *+ 15.0 12,6 * 4.7 109 = 51 9.1 + 3.4  samples. < 20% uncertainty

assumed.

Saline groundwater 223Ra 31 = 14 33 £ 15 31 = 14 24 = 11 35 = 15 Average Groundwater Ra

endmember 22Ra 933 + 373 932 + 373 939 + 375 947 + 379 914 * 366 concentration from 21 beach
22°Ra 39 + 30 39 + 31 25 + 19 71 + 56 22 + 18 bores. ~ 42% uncertainty

Diffusion from (x10°dpmd~') ?*Ra 62 + 35 26 + 1.4 3.2 + 1.8 3.2 = 1.8 3.4 + 1.9 Diffusion coefficient estimated in

sediments 224Ra 2856 + 1399 118 = 58 145 = 71 145 = 71 156 = 76.3 lab. Uncertainties ~ 50%
226Ra 0.0 + 0.0 0.0 = 0.0 0.0 = 0.0 0.0 = 0.0 0.0 = 0.0

Decay 22%Ra 197 + 128 1.6 + 1.0 3.7 + 24 14 + 8.8 10 = 6.5 Interpolated Ra multiplied by the
224Ra?**Ra 5966 *+ 3878 110 = 71 178 = 116 271 = 176 398 + 259 decay constant. Uncertainties
226Ra 0.0 = 0.0 0.0 = 0.0 0.0 = 0.0 0.0 = 0.0 0.0 = 0.0  propagated.

Export to the ocean 22°Ra 90 * 58 1.8 = 0.7 3.7 £ 26 5.7 £ 25 4.8 = 3.2 Radium inventory divided by
22%Ra 971 = 621 40 * 13 60 + 37 37 £ 19 61 + 37 residence time. Uncertainties
226Ra 665 * 393 6.0 = 2.0 12 = 8 33 + 16 32 + 22 propagated.

Total SGD flux (x10*m®*d™")  Avg 78 + 52 0.5 + 0.2 17 = 1.5 3.9 + 1.8 4.9 + 3.4  SGD flow after solving the mass
223Ra 70 + 48 0.3 + 0.1 1.3 + 1.3 6.3 + 2.8 3.2 + 2.3  balance equation. Uncertainties
224Ra 43 + 27 0.3 + 0.1 1.0 = 0.8 1.7 = 0.9 3.2 + 2.0  propagated.
22°Ra 122 + 80 1.1 + 0.4 29 + 25 3.8 + 1.8 8.2 + 5.8

SGD rate or specific  (cmd™!) Avg 22 * 1.5 0.4 = 0.1 1.0 = 0.8 2.2 = 1.0 2.5 = 1.7  Total SGD flow divided by the

SGD 223Ra 2.0 + 1.3 0.2 + 0.1 0.7 = 0.7 35+ 15 1.6 £ 1.2 area. Uncertainties propagated.
229Ra 1.2 = 0.8 0.2 + 0.1 0.5 + 0.4 0.9 = 0.5 1.7 = 1.0
22°Ra 34 + 23 0.7 = 0.3 1.6 * 1.4 21 * 1.0 4.2 + 3.0

from fresh water creeks and radium diffused directly from the sedi-
ments in the bottom of the Harbour. Combined, these sources ac-
counted for an average of ~10 *= 9% of radium sources, highlighting
that SGD was the major source of the three radium isotopes. Sydney
Harbour receives most of its fresh water during storms (Lee et al.,
2011). Using the average annual freshwater input and radium con-
centrations observed during our survey, dissolved and desorbed radium
inputs would account for < 0.1% of radium sources. By assuming the
maximum river discharge registered for the Parramatta River
(121,973 m3d 1), riverine radium inputs would account for a max-
imum of 2.5% of estimated 2*°Ra losses. Therefore, any uncertainties in
river inputs or desorption play only a minor role in final SGD estimates.
The sewage input into the Harbour was assumed to be an negligible
source of radium as Sydney releases treated sewage offshore and ra-
dium concentrations in sewage have been reported to be minimal in
previous studies in the US (Beck et al., 2007).

The major source of uncertainty in the estimation of saline SGD is
usually related to the groundwater endmember (Moore and Arnold,
1996; Sadat-Noori et al., 2018; Santos et al., 2009). Concentration of
natural tracers in groundwater have previously been reported to have a
large spatial variability (Peterson et al., 2008; Schmidt et al., 2010).
However, increasing sample size reduces uncertainties. For example, a
previous study found that at least 12 groundwater samples may be
enough to stabilize standard errors (Sadat-Noori et al., 2015). We col-
lected 21 groundwater samples, spatially distributed along the harbour
and embayments with high standard deviation (***Ra = 30%,
229Ra = 23%, and ??*°Ra = 73%), however, samples within the inter-
quartile range (Q1-Q3) were in the same order of magnitude, indicating
that outliers are the major source of high standard deviation (Fig. 6).

The differences in the decay rates of the radium isotopes
(®**®*Ra = 11.4 days, ***Ra = 3.66 days, and *?°Ra = 1600 years) allow
the estimation of residence time or radium age (see Section 3.3,

Dulaiova and Burnett, 2008; Moore, 2000; Swarzenski et al., 2007). The
use of ??*Ra is limited by its short residence time. Therefore, >**Ra pairs
are inappropriate for sites with residence times longer than ~20 days
(Stewart et al., 2015) as expected for Sydney Harbour (Cardno and
Baird, 2015; Das et al., 2000). We calculated residence times using
three isotopic pairs (***Ra/?**Ra; ?*Ra/?*°Ra and ?**Ra/?*°Ra), by
selecting the average, the maximum, and the minimum value in the
endmembers (Table 2). The estimated residence times showed that SGD
remains for no longer than 70 days in the harbour. This is comparable
to an average residence time of 100 days estimated with a hydro-
dynamic model (Cardno and Baird, 2015). However, Das et al. (2000)
found a maximum value of 225 days using a bi-dimensional numerical
model. The residence times used in our SGD flux calculations were
based on the maximum ratio of **Ra/??°Ra in the groundwater end-
members to provide a conservative SGD estimate. The residence times
varied mostly from upstream to downstream, where radium con-
centrations and ratios were lower (Fig. 7). If we use residence times
estimated from Cardno and Baird (2015) and from Das et al. (2000) the
SGD fluxes (m®d~1) would remain on the same order of magnitude and
SGD rates would be reduced by 0.4-0.6 cmd ™! (20-30%).

5.2. The magnitude of SGD fluxes

SGD fluxes have been typically compared with riverine fluxes. On a
global scale, radium-derived saline SGD has been shown to exceed river
inputs to the ocean (Kwon et al., 2014; Moore et al., 2008). Our radium-
derived estimated SGD fluxes in the Sydney Harbour were
78 x 10*m®>d !, but may range from 42 x 10° to 121 x 103m®d ™"
depending on assumptions in the radium mass balances. These esti-
mated fluxes are greater than the maximum historical riverine flux from
the Parramatta River in June of 1991 (12.19 x 10*m®d ™!, www.bom.
gov.au). At a large scale, SGD fluxes are expected to be greater than
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Fig. 8. SGD and derived nutrient fluxes rates along the different embayments and the whole Sydney Harbour. Embayments are presented in downstream order from
left to right (west to east). At the right end is presented the whole Sydney Harbour.

Table 4

Comparison of saline-SGD nutrient fluxes and maximum riverine nutrient fluxes. Endmember nutrient concentration for river correspond to the maximum con-
centration in all the 7 riverine samples. Endmember nutrients concentration for saline SGD correspond to the average concentration of the 21 groundwater samples

minus surface water concentrations.

Max riverine input

Average saline SGD input

Chemical parameter Sydney Harbour Sydney harbour Homebush bay Hen and chicken Bay Rozelle bay Rose bay
Nutrient Endmember ~ DOC (umol 1') 614 171 + 115 387 + 259 123 + 82 95 + 64 10 + 6.8
PO~ (umol 17%) 1.2 1+1 2.3 + 3.0 0.2 + 0.2 1.8 = 2.3 0.5 = 0.7
NH, " (umol 171) 6.9 37 + 54 -12 + -1.8 10 + 16 136 + 201 -05 * -0.8
NOx (umol 171) 71 12 + 29 0.0 = 0.1 0.1 + 0.3 48 + 116 0.0 = 0.1
Fluxes DOC (mol d™ %) 74,891 157744 + 41013 4313 * 1510 2973 + 406 4482 * 2094 565 + 216
P03 (mol d™1) 150 957 + 249 25 + 9 4+1 83 + 39 28 + 11
NH,* (mol d-1) 844 34124 + 8872 -14 + 5 262 + 36 6413 + 2997 -30 + -11
NOx (mol d™1) 8689 11181 + 2907 1+0 3+0 2262 + 1057 2+ 1
Rates DOC (umolm?d ™) 2114 4453 + 1158 2931 + 1026 1650 + 225 2488 + 1163 292 + 112
PO,%~ (umolm?d~1) 4 27 +7 17 + 6 2+0 46 + 21 15 + 6
NH,* (umolm?d~1) 24 963 + 250 -9 + .3 146 + 20 3560 + 1664 -15 + -6
NOx (umol m*d ™) 245 316 + 82 0+0 2+0 1256 + 587 1+0

river fluxes along continental margins (Kwon et al., 2014). The small
catchment surrounding Sydney Harbour (480 km?) delivers small river
inputs, making SGD relatively more important. We highlight that while
rivers deliver fresh water to the Sydney Harbour, SGD is likely domi-
nated by seawater circulation in intertidal sediments. Although we did
not estimate fresh SGD (FSGD), it is likely that FSGD is negligible when
compared to saline SGD. Using both radon and radium mass balances,
Sadat-Noori et al. (2015) found that FSGD was undetectable in an

estuary located 500 km north from Sydney. Our estimated SGD rates are
about 60-fold greater than river derived freshwater inputs, but we
found no significant freshening of the harbour where radium hotspots
were observed. If fresh SGD was important, lower salinities would be
expected to occur near the radium hotspots which was not the case,
especially in the bottom of the lower harbour, where a radium hot spot
was observed (Fig. 4). Streams’ base flow (which is comparable to the
minimum river discharge) is supplied by fresh groundwater (Chow,
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1965; Meixner, 2008; Smakhtin, 2001) assuming negligible inputs from
sewage or irrigation (Capesius Joseph, 2012). Consequently, the Par-
ramatta River base flow is an indicator of the potential scale of fresh
groundwater flows into the estuary. The ephemeral nature of the
streams in the region impplies that fresh groundwater flow is not en-
ough to keep the water flowing through the year, and that surface flows
are mostly supplied by rainfall events. Nevertheless, if we ignore no
flow periods and assume that the base flow of the Parramatta river is

equal to the first quartile, the base flow (or fresh groundwater) would
be equal to 18 m® d ™!, which is four orders of magnitude lower than the
minimum of our saline SGD estimates (43 + 27 x 10*m3d ™).

SGD fluxes are expected to change when measured at different
spatial and temporal scales (Rodellas et al., 2017; Wilson, 2005). Our
study considered two different scales; the entire harbour scale (in the
order of tens of kilometres) and the embayment scale (in the scale of
kilometres). SGD rates (cm d ~ 1) were not related to scale, implying that

10
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other factors, such as lithology and ocean forces could be more im-
portant (Anwar et al., 2014; Fig. 8). SGD rates for Sydney Harbour were
higher near the ocean than in the upper harbour. This could be related
to the modified infiltration capacity of its soils due to urbanization and
wall construction in the upper harbour (Hose et al., 2005) and the
occurrence of permeable sandy beaches towards the mouth. The lower
harbour sandy beaches are also more exposed to tides and waves, po-
tentially enhancing saline SGD (Robinson et al., 2018). Based upon our
measurements it is not clear whether urbanization or proximity to the
ocean is the main factor explaining the spatial variability of SGD. At
different temporal scales, different isotopes can trace processes occur-
ring around the half-life of the isotope (Cerda-domeénech et al., 2017;
Rodellas et al., 2017). In Sydney Harbour, SGD fluxes estimated with
226Ra (122 = 80 x 10*m®d™') were higher by a factor of 1.7 than
SGD fluxes estimated with 2?°Ra (70 = 48 x 10*m®d 1) and about
three times higher than SGD fluxes estimated with 22Ra
(43 + 27 x 10*m3d ™~ '). Estimations made with ??°Ra allows for the
differentiation of long term SGD fluxes. Shorter lived isotopes (***Ra
and *2°Ra) are more responsive to short-term processes such as wave
and tidally-driven SGD (Rodellas et al., 2017) that occur at shallower
and shorter groundwater flow paths (Wilson, 2005). The slightly higher
SGD fluxes estimated from ?2°Ra could imply that SGD in Sydney
Harbour may also include recirculation of seawater in the aquifer
deeper flow paths with longer groundwater residence times (Bratton,
2010).

5.3. SGD-derived nutrient fluxes

We compared our estimated SGD-derived nutrient fluxes to riverine
fluxes into Sydney Harbour and to the broader literature. We found that
the inflow creeks and the Parramatta River had comparable nutrient
concentrations to the groundwater endmembers, but that the creek/
river water discharge is lower than radium-derived SGD flux by two
orders of magnitude. While the maximum riverine nutrient end-
members can be higher than the groundwater endmembers (Table 4),
the average annual river water flow is < 1% of total SGD, making
riverine inputs of nutrients minor compared to SGD during average
conditions. During storm conditions, fresh water delivers high nutrient
and carbon loads to Sydney Harbour that can remain in the estuary for
about three weeks (Hose et al., 2005; Lee et al., 2011). Nutrients and
carbon can settle down in the bottom sediments, and be later trans-
ported to the water column via SGD (Tait et al., 2014). The maximum
riverine nutrient flux was calculated by multiplying the maximum nu-
trient concentration in the riverine endmember by the maximum re-
gistered river discharge. Even with this extreme assumption, the
average SGD derived nutrient fluxes still exceeded riverine nutrient
fluxes by a factor of 2 for DOC, 6 for PO,>~, 40 for NH4" and 1.3 for
NOx (Table 4). Birch et al. (2010) used a storm water model to estimate
the nutrients delivered through rivers into the Sydney Harbour. They
estimated a total annual load of 475t of nitrogen and 40 t of dissolved
phosphorus. In comparison, our maximum riverine fluxes would be
330ty ! of nitrogen (NH,* +NOy) and 5.2ty ! of PO,>~. Regardless,
our saline SGD fluxes for PO,>~ were still greater than Birch et al.
(2010) estimates and are equivalent to 33 + 8ty~' while nitrogen
(NH,* + NOy) was still higher by a factor of 3.5 and equivalent to
1570 + 408ty L.

To further explore the relation between SGD fluxes and nutrients we
performed linear regression analysis. This revealed significant positive
correlations between 22*Ra and DOC (R?=0.52), and PO,3~
(R? = 0.45), while significant negative correlations where found be-
tween 2?*Ra and ammonium (R?>=0.78) and 2?**Ra and NOx
(R? = 0.68) (Fig. 9). Positive correlations of groundwater tracers and
DOC have been observed in previous studies due to higher concentra-
tions of DOC in groundwater compared to surface waters (Stewart et al.,
2015; Webb et al., 2019). Similar to our study, Stewart et al. (2018)
found negative correlations between radium isotopes and nitrogen
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species in a New Zealand harbour. Contrary to our findings, they found
negative correlations between radium isotopes and PO,>~, indicating
that the relation of SGD with this nutrient can be site specific. Release
of phosphorus in sediments through saline SGD may explain the posi-
tive correlations found in Sydney Harbour. With residence times on
scales of several weeks, it is likely that SGD-derived nutrient con-
centrations are modified by biological processes while radium isotopes
are modified by physical processes only. The stronger correlations ob-
served between short-lived isotopes (***Ra and 22°Ra) rather than then
longer lived isotope (**°Ra), indicate that processes occurring on time
scales of hours to days (e.g. tidal pumping) can release more sediment
nutrients than long term circulation processes. Longer residence times
are expected to reduce nutrient delivery due to greater retention in the
aquifer (Cerda-domenech et al., 2017; Rodellas et al., 2017; Santos
et al., 2012; Slomp and Van Cappellen, 2004).

5.4. SGD in urban estuaries

Urbanization can play an important role modifying aquifers and
estuaries, (Hayashi et al., 2009; Sharp et al., 2008), potentially altering
SGD. One of the most notable features of urbanization in Sydney Har-
bour is the large areas of reclaimed lands, especially around the most
upstream embayments (Table 1, Suh et al., 2004, Geoscience Australia:
www.ga.gov.au). Around 1.3 X 107 m? of coastal land surrounding the
harbour results from landfills, which is ~35% of the harbour area. Less
landfills are present towards the lower harbour (Fig. 1). For example,
Rose Bay is characterised by marine sands and has the highest SGD
rates (Fig. 8). We suggest that combined effects of urbanization, sedi-
ment type, and distance to the ocean explain the greater SGD rates in
the lower harbour even though it is not possible to separate their re-
lative contribution with the data available.

It has been pointed previously that extensive urbanization is likely
to increase nutrient fluxes to Sydney Harbour (Birch et al., 2010). Man-
made infilling may not only change SGD rates through modification of
hydraulic conductivity, but may also release buried pollutants to
groundwater and eventually to surface waters of the harbour. Re-
claimed land in Homebush Bay consists of about 9 Mt of industrial
waste, including pollutants such as dioxins and heavy metals (Suh et al.,
2004). We found that SGD fluxes in that embayment are equal to
5000 + 2000m>d~! or 0.4 + 0.1cmd™'. Hence, SGD delivers sig-
nificant amounts of DOC (2931 * 1025pmolm?d~1), PO,
(17 = 6 umolm? d™'), and NOx (2 + 0.8 umolm?d™1!), but seems to
be acting as a sink of NH,* (—=9 * —3pumolm*d™!) in this embay-
ment. Among all the embayments, SGD derived DOC fluxes were
comparable (from 292 to 2931 umolm?d '), however nitrogen and
phosphorus SGD fluxes were highest at Rozelle Bay (PO4>~ =45,
NH,* = 3.5 x 10 and NOy = 1.2 x 10® pmolm?d~!, Fig. 8). Iso-
lating how urbanization is influencing SGD derived nutrient fluxes is
challenging. Previous studies suggested that sewage and fertilizers are
the major anthropogenic sources of SGD derived nitrogen and phos-
phorus (Slomp and Van Cappellen, 2004), indicating that potential
sewage leaks could drive the higher SGD-nutrient fluxes at Rozelle Bay.

Numerous studies have been carried out to estimate SGD in urban
estuaries around the globe (Fig. 10). The greatest number of studies
were conducted in Asia (37%), followed by North America (25%). For
example, SGD rates ranged from 4 x 10™% emd ™! in Osaka, Japan
(Taniguchi et al., 2003) to 50 cm d-? Bangkok, Thailand (Burnett et al.,
2009). In these studies, 54% used radium isotopes, 16% radon, 4%
Darcy’s Law-based estimations, and 20% seepage meters (Fig. 10).
Different methods can quantify different SGD components. For ex-
ample, radon and Darcy’s Laws estimates often account for both fresh
and saline SGD (Bratton, 2010; Wilson, 2005). Radium, in turn, is re-
leased from aquifer particles at high salinities, making it primarily a
tracer of sal

ine SGD (Hatje et al., 2017). Therefore, our estimates account for
mostly saline SGD and include small scale processes from embayment
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Fig. 10. Submarine groundwater discharge rates in urban estuaries estimated through different methods and our study site in Sydney Harbour (Sources: Baudron
et al., 2015; Bishop et al., 2015; Burnett et al., 2009; Charette and Buesseler, 2004; Ganguli et al., 2012; Garcia-Orellana et al., 2014; Gu et al., 2012; Hatje et al.,
2017; Hwang et al., 2016; Johannes and Hearn, 1985; Kim et al., 2005; Lee et al., 2008; Luo et al., 2014; Martin et al., 2004; Qu et al., 2017; Rapaglia, 2005; Smoak
et al., 2012; Stewart et al., 2015; Swarzenski et al., 2007, 2006; Taniguchi et al., 2005; Taniguchi and Iwakawa, 2004).

scale to nearshore scale (10 m-10 km), usually the distance where the
saline plume can penetrate the aquifer (Arfib et al., 2007; Sharp et al.,
2008).

Infiltration rates in the Sydney Harbour has been reduced due to
urbanization (Hose et al., 2005), and large areas of natural soil have
been replaced with infills (Fig. 1). In order to put the total SGD rate in
context, we compared our estimations with a range of other large urban
estuarine systems (Fig. 10). For all the papers reviewed, the average
SGD rate in urban estuaries was 8 + 11 cmd ™' while SGD rates from
radium-based estimations were equal to 3.1 + 2.4cmd™'. Radium-
derived SGD remained relatively low compared to the other methods
ranging from ~0.014 to ~8 cm d ~ ! while SGD rates derived from radon
and seepage meters were on average ~20% higher (Fig. 10). This is to
be expected as seepage meters and radon account for both fresh and
saline SGD, while radium tracers account primarily for saline. The lit-
erature radium derived SGD average (3.1 * 2.4cm d™1) is similar to
our estimates for Sydney Harbour (2.2 = 1.5cmd ™) indicating that
urbanization effects on SGD can be comparable to other sites. While
SGD has been shown to be important in multiple urban systems, the
direct effects of urbanization still need further research.

6. Conclusions

We used radium isotopes to assess SGD-derived nutrient fluxes (N, P
and C) into Sydney Harbour. The total SGD fluxes ranged from
42 x 10% to 121 x 10*m>®d 1. These fluxes are likely related to saline
SGD (recirculated seawater) rather than fresh SGD, and are equivalent
to > 60 times the mean annual river discharge into Sydney Harbour
(0.68 x 10*m3d~1). Larger fluxes were estimated with long-lived
isotopes, showing that long term processes contributes to higher SGD
fluxes for Sydney Harbour. Urbanization and ocean forces, seemed to be
major SGD drivers. For example, SGD rates increased towards the
ocean. Proximity to the ocean exposes the aquifer to tidal and wave
actions enhancing saline SGD traced by radium. The upper harbour
embayments had a greater area of infills than the lower harbour
(Fig. 1), which could explain lower SGD rates. The estimated SGD rates
in Sydney (2.2 *+ 1.5cmd ') were comparable to the global average
of radium-derived SGD in other urban estuaries (3.1 + 2.4cmd™b).

Yearly, SGD can deliver high nutrient and carbon loads to Sydney
Harbour. SGD derived nutrient fluxes exceeded maximum riverine nu-
trient fluxes by a factor of two for DOC, six for PO,3~, 40 for NH,* and
1.3 for NOx. Although the major source of new nutrients is likely to be
fresh riverine waters, saline SGD plays an important role in the
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recycling and releasing of sediment nutrients to surface waters and may
play a major role sustaining primary productivity in Sydney Harbour
even in periods of no river inputs.
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