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Abstract

We investigated whether submarine groundwater discharge (SGD) traced by radon (**’Rn, a
natural groundwater tracer) may drive carbon dioxide (CO;), methane (CH4) and nitrous
oxide (N20) in surface waters in Chowder Bay, a marine embayment in Sydney Harbour,
Australia. A radon mass balance revealed significant groundwater discharge rates into the bay
(8.7 £ 5.8 cm d!). The average CO,, CHs, and N,O concentrations in the subterranean
estuary were 3.5, 7.2, and 2.8 times higher than the average surface water concentrations,
indicating the possibility of coastal groundwater as a source of greenhouse gases to the bay.
SGD-derived fluxes of greenhouse gases were 5.02 + 2.28 mmol m™ d!, 5.63 + 2.55 pmol m™
d!, and 1.72 £ 0.78 pmol m? d! for CO,, CHs4 and NO, respectively. The average CO
evasion rate from surface water was 2.29 + 0.46 mmol m™ d! while CH4 and N,O evasion
rates were 12.89 = 3.05 and 1.23 + 0.25 pmol m? d™! respectively. Therefore, groundwater-
derived greenhouse gas fluxes accounted for >100% CO> and N>O and ~43% of CH4 surface
water evasion, indicating SGD is likely an important source of greenhouse gases to surface
waters. However, this may be due to observations being performed near the SGD source,
which may overestimate its contribution to the wider Sydney Harbour. On a 20-year time
frame the combined emissions of CHs and N>O from surface waters to the atmosphere
accounted for 25% of the total COs-equivalent emissions. Although this study gives
preliminary insight into SGD and greenhouse gas dynamics in Sydney Harbour, more spatial

and temporal resolution sampling is required to fully constrain these processes.

Key Words: Radon, Subterranean Estuary, Greenhouse Gases, Carbon dioxide, Methane,

Nitrous oxide, Chowder Bay.
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1. Introduction

Coastal ecosystems play an important role in the global carbon cycling with most of the
world estuaries being a source of the major greenhouse gases [i.e. carbon dioxide (CO,),
methane (CH4) and nitrous oxide (N2O)] to the atmosphere (Borges and Abril, 2011; Bange
et al., 1996). Disturbing natural coastal ecosystems and surrounding habitats may lead to
significant pollution in waterways and the release of large amounts of buried carbon to the
atmosphere (Lovelock et al., 2011; Adame et al., 2013). Previous studies have shown that
SGD can deliver significant amounts of nutrients, dissolved carbon and trace metals to
coastal waters (Beck et al., 2009; Knee et al., 2011; Porubsky et al., 2014; Lecher et al.,
2015). Recently, several studies have suggested that submarine groundwater discharge (SGD)
can also deliver large amounts of greenhouse gas into coastal surface waters (O'Reilly et al.,
2015; Maher et al.,, 2015; Sadat-Noori et al., 2016). Solute concentrations, including
contaminants, in groundwater are usually higher than in surface marine waters, making
groundwater discharge a potentially important driver of surface water chemistry (Santos et al.
2009).

SGD is defined as any water derived by terrestrial and marine forces from the sediment
into the surface water column (Moore et al., 2010). Common drivers of SGD are hydraulic
head gradient, tidal pumping, and density-driven convection (Santos et al., 2012). Despite
increased awareness, SGD remains poorly understood in several environments such as coastal
megacities. For example, SGD studies on two major urbanized Asian megacities revealed that
SGD-derived dissolved inorganic nitrogen can account for up to 130 and 46% of the rivers
nutrient input, demonstrating that SGD should be examined in more detail as an important
source of biogeochemically-active elements (Burnett et al., 2007; Taniguchi et al., 2008).

Over the last two decades there has been significant advances in the techniques used to
measure natural geochemical tracers which can quantify SGD (Burnett et al. 2006). Radon
(**Rn) is natural tracer which has proven to be an effective tool in quantitatively
investigating groundwater-surface water interactions. The main advantages of **’Rn is its
ability to integrate signals related to different groundwater pathways which may be useful in
spatially heterogeneous and temporally dynamic systems (Stieglitz et al., 2010; Burnett et al.,
2006). Additionally, **’Rn has conservative behaviour, is highly soluble compared to its
radioactive parents, occurs naturally, and has higher concentration in groundwater in

comparison to surface waters (Burnett et al. 2006). The short half-life of ?>’Rn (3.84 days) is
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advantageous as it is on the same time scale as many physical process related to groundwater
discharge and physical mixing of coastal waters (Burnett et al., 2010).

The Sydney Harbour Estuary is the centrepiece of Australia's largest city. This iconic
waterway has immense social, economic and biological value (Smoothey et al., 2016).
Sydney Harbour catchment accommodates approximately one-fifth of Australia’s population
(4.8 million residents) (Banks et al., 2016), putting the catchment of the estuary under
extensive industrial and coastal development pressure (Johnston et al., 2015; Birch et al.,
2015). Although Sydney Harbour Estuary has been studied from the marine, biological and
ecological perspectives in detail, the majority of these studies have focused on urban runoff
(Stark, 1998), stormwater (Birch et al., 2010) and river inputs (Birch et al., 1996; Banks et al.,
2016). Several studies on heavy metals within Sydney Harbour indicate benthic sediments are
highly contaminated with heavy metals, but much lower concentrations are found in surface
waters near the mouth of the estuary (Birch and Taylor 1999; Hatje et al., 2003; Birch et al.,
2015). There are no previous studies addressing SGD and related chemical inputs into
Sydney Harbour. Additionally, there is a lack of studies investigating hydrologic process
within the Harbour and no time series data sets that identify trends and major drivers of biotic
interactions (Johnston et al., 2015).

This study will, for the first time, quantify submarine groundwater discharge and its
associated greenhouse gases (GHG) in an embayment from Sydney Harbour. Visible
groundwater seeps around Sydney Harbour led us to hypothesize that SGD may be a major
source of water and greenhouse gases to the Harbour. We test this hypothesis by conducting
high frequency time series measurements of dissolved CO,, CH4 and N>O in Chowder Bay,
Sydney Harbour. We use a well-established groundwater tracer approach utilizing a **Rn
mass balance, to quantify groundwater advection rates and compare SGD-derived fluxes of

greenhouse gas to fluxes at the surface water-air interface.

2. Material and methods

2.1. Site description

The study was conducted in Chowder Bay, a small cove in Sydney Harbour, Australia.
Sydney Harbour is a heavily industrialized waterway surrounded by the city of Sydney
(Figure 1). Sydney Harbour Estuary is ~30 km long, has an average depth of 13 m and is a

very productive ecosystem containing a diverse variety of habitats and organisms. The
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estuary’s upper and central sections are comprised of muddy sediment whereas the lower
estuary has sandy bottom sediments (Birch et al., 2008). Estuary flushing times can vary from
less than a day at the mouth of the estuary to up to 225 days in the upper parts (Das et al.,
2006; Siboni et al., 2016). Chowder Bay is located close to the entrance of Sydney Harbour
(33°5048"S, 151°15'15"E), representing typical marine conditions with some potential
influence of urban runoff and inputs from the upper estuary. Although the bay area is
protected from dominant south easterly swells it is affected by wind-induced waves and
storm swells (Hill et al., 2011). The seafloor is generally sandy with rocky reef outcroppings
and gentle slopes (Johnston et al., 2015).

Chowder Bay has an area of about 4300 m? and a catchment size of 0.5 km?. The habitat
surrounding Chowder Bay is mainly soft sediments containing some seagrasses (Zostera
capricorni and Halophila ovalis) and shallow fringing rocky reefs (Glasby, 2001). The region
receives ~1200 mm of rainfall annually and experiences a mild, warm, temperate climate all
year round. Chowder Bay area is located at the low point within its sub-catchment and
collects stormwater. The Parramatta River is the main tributary entering Sydney Harbour and
has an annual water flux of 473 x 10> m® (Hatje et al., 2001). During dry weather conditions
fresh-water discharge is low (<0.1 m® s at all discharge locations). Precipitation, freshwater
inflow and evaporation are thought to mostly regulate salinity in Sydney Harbour (Lee et al.,
2011). During dry periods, the harbour generally has the same salinity as the ocean (~35) and
is well mixed. However, after rainfall the mouth of the Harbour can have salinity of about 30

in the upper 1-2 m (Hedge et al., 2014).

2.2. Surface water GHG and ??’Rn time series

A field campaign was carried out from 19" to the 23™ November 2015. We deployed an
automatic high frequency time series monitoring station on a jetty 80 meters from the shore
within Chowder Bay (Figure 1). The station continually monitored water depth, salinity,
temperature, dissolved oxygen, pH, fCO2, pCHa, N>O and **?Rn over the duration of the field
campaign. Surface water was pumped from 1 meter below the surface at a point where the
average water depth was ~5 m. An automated **?Rn monitor (RAD7, Durridge Co.) averaged
222Rn concentrations over 30 minute cycles for about five days. Two cavity ring-down
spectrometers (Picarro G2201-i- and G2308) coupled to a showerhead equilibrator were used
to measure dissolved CO,, CH4 and N>O at ~ 1 Hz (Mabher et al, 2013) with data averaged

over 1 minute intervals. Briefly, water was pumped at a constant rate of 3 L m™ to an



143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175

equilibrator chamber where the gas in air and water reaches equilibrium. The equilibrated air
is then continuously pumped in a closed-loop from the headspace of the equilibrator chamber
through desiccant (Drierite), the RAD7 and the Picarros and then back to the equilibrator.
The equilibration time for CO2, CHa, and *’Rn using this set up is ~ 5 min, 20 min, and 30
minutes respectively (Webb et al., 2016; Santos et al., 2012), with the equilibration time of
N2O assumed to be similar to CO; based on their similar solubilities (Arévalo-Martinez et al.,
2013). CH4 and N>O fugacity were converted to concentrations based on the solubility
coefficient calculated as a function of temperature and salinity (Wiesenburg and Guinasso,
1979; Weiss and Price, 1980). The sampling was conducted around neap tide with a tidal
range from 0.8 m at the beginning of the campaign and increasing to 1.2 m towards the end
(Figure 2). A calibrated Hydrolab (DX5) automatic logger was used to measure salinity (+
0.2), dissolved oxygen (£ 0.2 mg L") and water temperature (+ 0.10 °C) at 15 min intervals
while a depth logger (CTD diver) measured depth (£ 0.01 m) at 10 min intervals. An Ocean
pH Sensor (SAMI) was used to measure pH (£ 0.003 units). Wind speed data (= 10%) were
obtained from a weather station (Model PH1000) on site.

2.3. Groundwater sampling and analysis

A push point piezometer system was used to collect groundwater samples (Charette and
Allen, 2006) across a salinity gradient from the high tide mark to the low tide mark. Shallow
wells ranging between 0.5 — 2 m deep were dug on the beach near to the time series station
(Figure 1) at low tide. A peristaltic pump was used to take samples after the wells were
purged. The tubing was thoroughly flushed with the sample prior to sampling. A calibrated
handheld YSI multiprobe was used to measure pH, temperature, DO and salinity for each
groundwater sample. Samples for CO>, CH4 and NoO were collected in gas-tight 250 ml
bottles. Water was overflowed at least 3 times the bottle volume and 200 pL of saturated
HgCl solution was added. Samples for groundwater >?Rn analysis were collected in six-litre
gas-tight HDPE plastic bottles. Each bottle was connected to a RAD7 radon monitor and
given at least 2 hours to achieve an air-water **’Rn equilibrium with <5% uncertainty
following well established protocols (Lee and Kim 2006). A total of 10 groundwater samples
were collected.

Groundwater CO;, CHs and N>O samples were analyzed via a headspace method
(Gatland et al., 2014). Briefly, 50 mL of sample water was drawn out using a gas syringe

fitted with a hypodermic needle head while simultaneously 50 mL of synthetic CO2, CH4 and
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N>O-free air was added to the sample. Bottles were then placed on a shaker for 1 min, placed
upside down, and left for 18-24 h at room temperature to equilibrate. Thereafter, using a gas
syringe, equilibrated air was extracted and 40 mL was expelled into gas tight 0.5 L Tedlar®
film bags, while using 10 mL for flushing the lines beforehand. Samples were diluted with
350 mL of atmospheric air before analysis via the G2201-i-I and G2308 Picarros.

2.4. 222Rn ingrowth and diffusion from sediments

To estimate 2??Rn molecular diffusion from sediments, three sediment cores were
sampled from the study area. Samples were incubated in 60 cm long and 10 cm diameter
cylinders. The cores were sealed and incubated with radium free water and left for a period of
one month. This experiment was based on the assumption that after a month (>6 half-lives for
222Rn) the only source of *’Rn (diffusion) will reach equilibrium with the only sink (decay)
within the core (Santos and Eyre, 2011). The overlying water in the incubation cores was
extracted into six-liter gas tight plastic bottles and **?Rn concentration in the water was
measured using a RAD7 and closed loop system (Lee and Kim, 2006). The entire water
column in each core was sampled from the bottom up preventing any effects of heterogeneity
within the core. The diffusion fluxes were used in a *?Rn mass balance to estimate SGD
rates.

To assess the *??Rn ingrowth from the decay of its parent isotope, *°Ra, two 80 L
containers were filled with water, at low tide, and two 80 L samples were collected at high
tide. The water was then passed through a magnesium fibre which quantitatively absorbs the
radium from the water (Moore, 2003). The fibres were then sealed and left for at least one
month before »?Ra concentration analysis was done using a Radium Delayed Coincidence
Counter (RaDeCC) (Peterson et al., 2009). These data were then used as an input to the *’Rn

mass balance.

2.6. SGD calculations and GHG fluxes

A non-steady state ’Rn mass balance model was applied to estimate the groundwater
discharge rate (cm d) into the cove (Burnett and Dulaiova, 2003). Briefly, the model
accounts for all sources (i.e. groundwater, diffusion from sediments, °Ra decay) and sinks
(i.e. decay and atmospheric evasion) of *’Rn entering and leaving the system. The model is
based on the temporal (hourly) change of ?’Rn inventories in surface waters and accounts for

22Rn ingrowth from dissolved *?°Ra, ?*’Rn decay (negligible at 1-hour time steps),
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atmospheric evasion losses and mixing with lower concentration offshore waters. In brief,
222Rn concentration in the water column is corrected for **’Rn not supported by *?°Ra, then
normalized to mean tidal height to remove the effect of changing inventories for each
measurement interval (i.e. at flood tide corrections would be negative due to increase in depth
and inventory). The tide normalized inventories are then corrected for atmospheric evasion
losses for each measurement interval based on the equation described below. Additionally,
mixing losses between Chowder Bay and the wider Harbour are estimated based on the rate
of decrease of the radon inventory over each tidal cycle assuming the lowest concentrations
observed during each mixing cycle (forced to match tidal cycles) represents the Harbour
waters (Burnett and Dulaiova, 2003). The model has been widely applied to near-shore
environments where no breaking waves are present such as Chowder Bay (e.g. Santos et al.,
2009; Dulaiova and Burnett, 2006; Cyronak et al., 2014). Errors regarding the **?Rn mass
balance were calculated following the basic rules of error propagation.

Greenhouse gas fluxes derived from SGD (umol m™ d!) were then calculated by
multiplying the **’Rn-derived SGD rate by the average concentration of the gases in local
beach groundwater. Greenhouse gas atmospheric water to air fluxes were calculated using the

equations of Wanninkhof (1992):

F=ka (Cwater - Cair) (1)

Where F is the flux of CO,, CH4 or N>O in units of mmol m? d!' , Cyuer and Cq;r are the
partial pressure of CO2, CH4 or N>O in the water column and in air, respectively, in units of
patm; The atmospheric pCO2, pCH4 and N2O were assumed to be constant at an average of
400, 1.8 and 0.328 patm, respectively; a is the solubility coefficient, calculated as a function
of temperature and salinity using the constants of Weiss (1974) for CO,, Weiss, and Price
(1980) for N>O and Wiesenburg and Guinasso, (1979) for CHy; £ is the gas transfer velocity
at the water—air boundary (m d!'). The main uncertainty associated with quantifying air-water
gas exchange results from the estimation of gas transfer velocity, therefore k£ was calculated
using the wind-speed based parameterization method of five different authors to provide a
reasonable range in evasion rates (Wanninkhof, 1992; Crusius & Waninnkhof, 2003;
Wanninkhof and McGillis, 1999; Raymond and Cole, 2001; and Borges et al., 2004). The
transfer velocity equations rely on wind speeds (U) at a height of 10 m (m s™), the gas

specific Schmidt number (Sc) at in situ temperatures and salinities (Wanninkhof 1992).
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Water-to-air GHG fluxes were calculated using the average daily wind speeds collected on

the site.

3. Results

3.1. Surface water

During the field campaign there was no rainfall, however the area received a significant
amount of rain (97 mm) in the 2 weeks prior to sampling. No surface runoff was present in
Chowder Bay during field investigations even though surface runoff is known to occur
following rain events. Average surface water temperature was 21.3 £ 0.1 °C while wind
speeds were on average 2.8 = 0.2 m s! leading to an average gas transfer velocity of ~ 1.8 +
0.4 m d'. Dissolved oxygen showed a diel cycle in the first half of the field campaign with
higher values during the day and lower averages at night. However, this pattern was not
apparent on the last two days of measurements (Figure 2). Salinity did not show a tidal trend
and remained within a narrow range of 33.4 to 34.4 which illustrates the oceanic nature of the
sampling location. pH showed typical oceanic values ranging from 8.05 to 8.20.

Concentrations of ?’Rn had several peaks but were not clearly aligned with tides. *’Rn
concentrations ranged from 5.6 to 15.9 Bq m™ and averaged 12.2 + 2.1 Bq m~. Similarly,
COz, CH4 and N>O did not follow a tidal trend and the daily variability decreased towards the
end of the time series as tidal amplitudes increased. The three greenhouse gases were above
atmospheric equilibrium (~ 400 patm for CO2, 2 nM for CH4 and 7 nM for N>0O), indicating
the cove was a source of CO2, CH4 and N>O to the atmosphere. Partial pressure of CO, varied
from 402 to 465 patm with an average of 434 + 2 patm. CHs ranged from 5.7 to 12.6 nM
with an average of 9.1 + 0.3 nM while average N>O was 8.1 = 0.1 nM.

3.2. Groundwater

Salinity in groundwater samples ranged from fresh (0.3) to saline (34.8) with an average
of 18.1 = 4.1. The average **Rn concentration was 358 + 107 Bq m~, 29-fold higher than
average surface water observations. The average CO,, CH4, and N>O concentrations in
groundwater were 3.5, 7.2, and 2.8 times higher than the average surface water
concentrations (Table 1, Figure 3), indicating the possibility of groundwater as a source of

greenhouse gases to the bay.
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3.3 Flux estimates

The non-steady state **’Rn mass balance model indicated that groundwater was
discharging into the bay at an average rate of 8.7 = 5.8 cm d”!' (Figure 4). Estimated diffusive
fluxes from the sediment core incubation experiment were 9.3 Bq m™ d"! which was less than
15% of the advection rates from the mass balance, indicating groundwater advection is the
major contributor of groundwater to the bay rather than diffusion. There were similar
dissolved **°Ra activities at low and high tide (average of 0.5 + 0.1 Bq m™). The production
of ?*’Rn through the decay of **°Ra was negligible as average radium concentrations were
<5% of ?*?Rn activities in surface water. Previous studies have also reported *°Ra decay and
sediment diffusion to be a minor component of the **’Rn mass balance in coastal areas
influenced by SGD (Burnett and Dulaiova, 2006; Sadat-Noori et al., 2015; Tait et al., 2016).

Average atmospheric evasion losses were calculated at 10.1 Bq m? d' while average
losses from Chowder bay water mixing with the wider Harbour were estimate to be 38.2 Bq
m d!. The average piston velocity calculated by multiple methods available in the literature
was 1.8 £ 0.4 m d' (Table 2). The highest piston velocity and consequently highest GHG
evasion rates were estimated by formulation suggested by Borges et al., (2004) while the
lowest piston velocity was estimated when the Wanninkhof & McGillis (1999) empirical
equation was used. Average CO> evasion from surface water was calculated to be 2.29 + 0.5
mmol m? d! while average CHs4 and N,O evasion rates were 12.89 + 3.05 and 1.23 = 0.25
umol m? d! (Table 2).

Using the calculated discharge rate, groundwater-derived CO; fluxes were estimated to
be 5.02 +2.28 mmol m? d'!, while the groundwater-derived CHs4 and N>O fluxes were 5.63 +
2.55 and 1.72 = 0.78 pmol m™? d!, respectively (Table 2, Table 3). These CO, and N>O
groundwater-derived fluxes were 2 and 1.5-fold larger than average surface water fluxes

while groundwater CH4 was about half of surface water fluxes.

4. Discussion

4.1. Submarine groundwater discharge

SGD rates based on the continuous **’Rn measurements in Chowder Bay showed semi-
diurnal variability which suggests tidal pumping as a potential driver of SGD overlapping
fresh SGD (Figure 4). The average groundwater advection rate (8.7 + 5.8 cm d') was
indicative of considerable amount of groundwater discharging and interacting with bay

surface water. Previous studies have reported a direct link and a significant inverse
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relationship between SGD and tidal height (Santos et al., 2011; Barnes et al., 2006; Bouillon
et al., 2007; Call et al., 2015). Here, surface water >’Rn had no clear relationship with water
levels (Figure 5) indicating that tidal pumping was not the only mechanism driving ***Rn
dynamics. ?Rn concentrations in surface water peaked on low-low tides (day of 19/11 and
night of 21/11 in Figure 2) and increased on high-low tide showing that tidal pumping may
have occurred during larger tides. A potential additional driver of *’Rn was freshwater inputs
from the upper Sydney Harbour, but this is unlikely because most of the upstream **’Rn
would degas and decay by the time it reaches the outer Harbour area where we made our
observations.

The wide range of salinities (0.3 - 34.8) observed in groundwater samples supports the
notion of groundwater and surface water mixing in the subterranean estuary beneath the
beach. This mixing within the subterranean estuary may explain the lack of correlation
between 2>’Rn and salinity in groundwater samples (not shown) and suggests that combined
marine (tidal pumping) and terrestrial (hydraulic gradient) forces drive SGD into the bay.
Salinity often has little or no effect on radon concentrations in groundwater (Swarzenski,
2007; Burnett et al., 2007). Based on the morphology of the bay which is nestled between the
harbour and steep hills, hydraulic gradient is assumed to also driver SGD. The wet conditions
prior to measurements may have increased groundwater levels and related groundwater
inputs. The **?Rn versus salinity scatter plot displayed a significant negative correlation
(Figure 5). This implies that terrestrial freshwater inputs were dominant rather than
recirculated seawater. The zero salinity intercept from **’Rn-salinity observations (143 + 45
Bq m™) was about 50% of the average **’Rn concentration in beach groundwater (285 + 87
Bq m excluding the high concentration outlier sample GW 7 in Table 1). Considering ***Rn
losses in surface water via decay and atmospheric evasion, the intercept further suggests that
much of the ?’Rn was related to fresh rather than recirculated saline groundwater discharge
to the bay.

The average ***Rn concentration in groundwater samples was used as the endmember in
the mass balance to calculate SGD. The error associated with using this average
concentration (i.e. the standard error of all groundwater measurements) is propagated through
the groundwater discharge calculations to highlight the uncertainty associated with this
approach. Surface water runoff from storm water was not included in the mass balance
because there was no visible surface flows into Chowder Bay over the course of the study.
We suggest future studies use a combination of radioisotope tracers (radon and radium) along

with comprehensive spatial and seasonal sampling to better identify water circulations
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patterns within Sydney Harbour and fully separate the contribution of fresh SGD and

recirculated seawater to total SGD.

4.2. Greenhouse gas dynamics

A series of recent studies have shown a direct link between surface water fCO,, CH4, and
N20 and groundwater exchange in coastal and estuarine systems (Wong et al., 2013; Santos
et al., 2015; Call et al., 2015; Maher et al., 2015; O'Reilly et al., 2015). Here, surface water
222Rn versus fCO; scatter plot did not show a significant correlation (Figure 6), indicating
groundwater may not be the primary driver of fCO> in the Bay. However, the positive
correlation between **’Rn concentrations in surface water and CHs4 and N>O implies that
groundwater discharge may be driving these gases in surface waters (Figure 6). Any
freshwater inputs from the wider estuary were unlikely to be an important driver of fCO; in
Chowder Bay implied by the non-significant correlation between fCO> and salinity (Figure
7). Interestingly, both methane and nitrous oxide had stronger correlations with *?Rn than
with fCO,. This may be related to CO, uptake by phytoplankton (Figure 8) driving fCO>
concentrations on a diel cycle.

Salinity mixing plots imply that freshwater is a major source of CH4 and N>O to the bay
surface waters (Figure 7). The positive correlation with ?**Rn, in spite of large scatter, implies
that SGD was a source of these gases. The y intercept of the equation explaining CH4 and
N2O versus **Rn correlation implies that in the absence of ?*’Rn (i.e., SGD approaching
zero) CHs would be 4.3 nM, which is higher than atmospheric equilibrium (2.1 nM)
suggesting sources of CH4 different than just SGD. However, the y intercept would be 7.3
nM for N>O which is close to the average surface water observations (8.1 + 0.1) and similar
to atmospheric equilibrium concentrations of 7.3 nM, suggesting groundwater as the main
source of N2O. There was no direct rainfall during the field campaign, therefore upstream
river inputs and urban runoff are inferred as the main additional sources of CH4 and N2O. The
Parramatta River had higher than base flow conditions at the time of sampling due to a total
rainfall of 54.8 mm distributed over the week prior to sampling. High flow conditions are
associated with high amounts of total nitrogen being delivered to the Harbour by river flow
(Hedge et al., 2014) and may be responsible for higher concentrations of N>O being delivered
into the Harbour.

If we use the surface water CHs and N>O zero salinity intercepts from the regression

equations of the mixing plots (CH4 = 205 nM at zero salinity; NoO = 37.8 nM at zero salinity)
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and compare with the groundwater endmember we observed that surface water zero salinity
intercepts were 3- and 2-fold higher, respectively, than the average beach groundwater
concentrations. This indicates sources other than groundwater may drive the gases and/or
some consumption of these gases occurs in the subterranean estuary. Estuarine surveys from
the freshwater endmember to the mouth would help elucidate the role of upstream freshwater
inputs of greenhouse gases to Sydney Harbour. When these zero salinity intercept
concentrations are compared with river water endmember concentrations detected elsewhere,
a close match is observed. A study on Brisbane River Estuary, Australia, with a water depth
of 10 meters reported river CHs and N>O concentrations to be 277 and 20 nM, respectively
(Sturm et al., 2016), which were similar to the concentrations observed during this study.
This supports the notion that a combination of SGD inputs and fresh surface water inputs

from upstream may drive CH4 and N>O in Chowder Bay.

4.3. SGD-derived GHG fluxes

The water to air GHG fluxes showed that the bay was a source of CO> (2.29 mmol m™ d-
), CHs (12.89 umol m? d') and N>O (1.23 umol m™? d!) to the atmosphere (Table 2).
Chowder Bay had CO> evasion rates much lower than the average fluxes observed in other
lower estuaries with salinities higher than 25 (23.83 mmol m? d!; Chen et al., 2013). For
example, Maher et al. (2015) found average CO, fluxes of North Creek lower estuary, a
subtropical tidal estuary located at NSW, Australia to be 10 mmol m? d!. Call et al. (2016)
reported an average CO» evasion rate of 9.4 mmol m™ d! at the mouth of a tidal estuary
located at Southern Moreton Bay, QLD, Australia. Here, primary productivity consuming
CO: and mixing with near atmospheric equilibrium shelf waters are probably the main cause
for the lower than average CO> fluxes. The influence of tidal dilution can also be seen in
Figure 2, whereas when tidal amplitude increases towards the end of the time series, there is
lower variability in ?*?Rn and GHG concentrations. This gradual increase of salinity could be
a decrease in fresh groundwater discharge due to higher water levels (head) in the bay and/or
a decrease in freshwater inputs to the wider Sydney Harbour.

Greenhouse gas concentrations in groundwater were much higher than those observed in
the bay (Figure 3), resulting in a net greenhouse gas fluxes from groundwater to surface water
and surface water to atmosphere (Table 3). The **?Rn mass balance provided quantitative
results to build on the interpretation from the correlation analysis. The estimated fluxes of
groundwater-derived fluxes can account for 100% of the CO> and N>O and 43% of the CH4

surface water evasion fluxes, implying SGD was the major source of GHG to the Harbour.
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There was however a significant wind event during sampling which produced maximum
wind speeds up to 8.1 m s™! leading to k values as high as 7.5 m d! which corresponded to a
decrease in CHs and N,O concentrations, but no obvious influence on fCO, or **’Rn
concentrations.

The reported high contribution of SGD to GHG evasion is related to groundwater
discharge being confined to a narrow seepage face near the location where measurements
were conducted. While no information on the width of the seepage face is available for
Chowder Bay, investigations elsewhere have shown seepage faces in the range of 1-200 m
(Taniguchi et al., 2003; Paytan et al., 2006; Santos et al., 2009). Therefore, while SGD inputs
of GHGs may only occur in this narrow seepage face close to our sampling station, evasion to
the atmosphere can occur over a much larger area (Sydney Harbour is about 1500 m wide
near Chowder Bay). This may create a false perception that groundwater is important in the
entire Harbour. Since our estimates are localized and representative of a small embayment
only, more spatial and temporal sampling is required to investigate this hypothesis in the
wider Sydney Harbour. However, these flux estimates associated with the correlation analysis
support our initial hypothesis that SGD is an important source of greenhouse gases in Sydney

Harbour embayments.

4.4 COz-equivalent GHG emissions

Different greenhouse gases have different global warming potentials. In order to
compare the overall contribution of the different greenhouse gases, CHs and N>O were
converted to CO»-equivalent emissions from the bay assuming a 20 and 100 year sustained-
flux global warming potential (Figure 9). Over a 20-year time frame, CH4 and N2O are 96
and 250 times more potent to impact global warming compared to CO2 on a mass basis
(Neubauer and Megonigal, 2015). Over a 100-year time frame, CH4 and N>O are 45 and 270
times more potent to impact global warming compared to CO; on a mass basis (Neubauer and
Megonigal, 2015). On a 20-year time frame the combined emissions of CHs and N>O
accounted for 25% of the total COz-equivalent emissions in surface water while on a 100-
year time frame this was 19% (Figure 9). For SGD-derived fluxes, CH4 and N>O accounted
for about 10% of COz-equivalent emissions. Therefore, not accounting for SGD-derived CH4
and N>O emissions could overlook an important transport pathway of greenhouse gases into
receiving waters. Our approach combining measurements of these three greenhouses gases
offers insights not only into their drivers, but may also help constraining local, regional and

global greenhouse gas budgets.
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5. Conclusion

We presented the first ??Rn, carbon dioxide, methane and nitrous oxide surface water
time series for a Sydney Harbour embayment (Chowder Bay). This is of importance for
investigating the role of SGD on GHG emissions in urbanized aquatic environments. The
results showed a significant amount of groundwater (8.7 = 5.8 cm d™!') was entering the bay as
traced by 2*’Rn. Chowder Bay was a source of greenhouse gases to the atmosphere even
though water—air fluxes were smaller than similar systems. A radon mass balance suggested
that SGD was a major source of greenhouse gases to the bay. Since our results are site
specific, broader spatial and temporal coverage including the upper and middle parts of
Sydney Harbour are required to better understand SGD rates and GHG dynamics in the

Harbour.
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Table 1. Groundwater observations in Chowder Bay, Sydney, Australia.

Sample ID Date Latitude  Longitude Salinity @ pH  Temp (C) Depth (m) “Rn €0 cH R0
(Bqm?®)  (patm) (M)  (aM)

*GW 1 18/11/2015 33.83844  151.2543 0.3 6.89 25.1 3.5 340.9 123129  8056.9 17.0
GW 2 19/11/2015 33.83853  151.2542 0.5 9.24 23.5 3.0 177.6 1260.2 97.7 13.7
GW 3 18/11/2015 33.83865  151.2540 0.9 8.75 22.9 2.5 144.6 2028.7 79.3 13.4
GW 4 18/11/2015 33.83856  151.2544 17.5 7.81 21.7 2.0 119.2 1761.5 53.8 12.9
GW 5 18/11/2015 33.83858  151.2543 20.9 7.93 21.5 1.8 164.5 1893.3 87.4 15.5
GW 6 18/11/2015 33.83856  151.2544 34.8 7.75 21.0 1.0 181.9 2638.3 59.2 29.6
GW 7 19/11/2015 33.83858  151.2543 28.9 7.49 20.8 1.5 1018.5 1490.9 54.1 27.4
GW 8 19/11/2015 33.83861  151.2544 22.6 7.76 22.4 1.7 867.8 1226.3 55.9 234
GW 9 19/11/2015  33.8386 151.2543 26.6 7.92 22.6 1.0 394 2280.7 534 234
GW 10 19/11/2015 33.83855  151.2543 28.6 7.84 23.7 1.0 525.6 1009.9 41.2 20.9
Average 18.1 7.93 22.5 358.0 1732.2 64.7 19.7

Std. dev. 13.1 0.65 1.3 338.2 535.6 18.8 6.0

Std. error 4.1 0.2 0.4 106.9 169.3 6.2 1.9

*QOutlier excluded from CO; and CH4 averages.
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Table 2. Greenhouse gas emmision from surface water calculated using multiple piston velocity (k) methods available in the literature.

Uncertainties indicate standard errors.

Average k (600/CO,) Average CO; Flux Average CHsFlux  Average N,O Flux

Equation Reference

(md") (mmol m? d) (umol m? d1) (umol m? d1)
K =0.31UP (Sc/660)"” 1.4 1.79 9.90 0.93 Wanninkhof (1992)
K=0228U%+0.168 1.5 1.94 10.74 1.01 Crusius & Wanninkhof (2003)
K =0.028307 (Sc/660) "7 0.8 1.07 5.82 0.53 Wanninkhof & McGillis (1999)
K = 1.91e"3"(Sc/660) 7 2.4 3.05 17.33 1.65 Raymond & Coles (2001)
K = 5.141u%7%% (Sc/660) 17 2.9 3.61 20.67 2.01 Borges et al. (2004)
Average 1.8+0.4 2.29+0.46 12.8943.05 1.23+0.25




668  Table 3. Groundwater advection rate and GW-derived GHG fluxes.

Discharge rate CO; CH4 N0
(cmd™) (mmolm?d") (umolm?d') (umolm?d")
GW fluxes 8.745.8 5.02+2.28 5.63£2.55 1.72+0.78
Atmospheric evasion 2.29+0.46 12.89+3.05 1.2340.25
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671  Figure 1. Map of the study site in Chowder Bay, Sydney, Australia.
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674  Figure 2. Time series of surface water physico-chemical parameters, *>Rn and greenhouse

675  gases. Shaded areas indicate night time.
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677  Figure 3. Groundwater to surface water 2*’Rn and greenhouse gases ratios.
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680  Figure 4. Groundwater advection rates over the study period. Error bars show propagated

681  uncertainties.
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683  Figure 5. Surface water >*?Rn concentration versus depth and salinity.
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685  Figure 6. Surface water >?Rn concentration versus greenhouse gas correlations.
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688

689

Figure 7. Greenhouse gases in surface and groundwater versus salinity indicating fresh

surface water is the primary source of GHG.
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690  Figure 8. Fugacity of CO> and dissolved oxygen (% saturation) correlation indicating CO>
691  uptake and release is regulated by photosynthesis.
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694  Figuer 9. The contribution of the three major greenhouse gases in CO» equilivants using the
695  20- and 100-year sustained-flux global worming potential of Neubauer and Megonigal
696  (2015).
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