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Abstract

Intermittently Closed and Open Lakes or Lagoons (ICOLLs) are dynamic coastal systems
that may be vulnerable to changes in catchment hydrology. However, little is known
regarding the role of groundwater on the hydrological cycles of ICOLLs. Groundwater
discharge in two ICOLLs (Welsby and Mermaid) and a nearby wetland (South Welsby
Lagoon) located on Bribie Island (Australia) was quantified using radon (**’Rn, a natural
geochemical groundwater tracer) from observations made during four seasonal surveys. The
distribution of radon revealed temporal and spatial changes over the study period with higher
surface water radon concentrations found in winter for Welsby ICOLL and in autumn for
Mermaid ICOLL. The average estimated groundwater discharge rates from a radon mass
balance were 3.4+2.1, 7.3+8.9 and 2.6x1.1 cm d' in Welsby, South Welsby and Mermaid
Lagoons, respectively. These values are at least 8-fold greater than the average annual
precipitation that falls directly over the ICOLLs (1420 mm per year, or 0.4 cm d!), which,
coupled with minimal surface water runoft due to the permeable sandy soils, demonstrates
that these systems are groundwater-dominated. Overall, groundwater discharge rates in these
ICOLLs was much larger than has been reported in other lake systems which is most likely

due to the high permeability of regional sandy soils and their large shoreline to volume ratio.

KEYWORDS: Submarine groundwater discharge, groundwater hydrology, permeable

sediments, coastal lagoon, sand island, coastal wetland.



44

45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76

1. Introduction

Intermittently Closed and Open Lakes and Lagoons (ICOLLSs) are brackish coastal water
bodies with a connection to the ocean that is closed periodically due to the accumulation of
marine sediment forming an entrance berm (Haines, 2006). Such systems may also be
referred to as semi-permanently closed estuaries, temporarily open-closed estuaries, or
simply, coastal lagoons in different parts of the world (Haines et al., 2006). ICOLLs are
characterised by intermittent surface water inflows and the opening of ICOLLs usually occurs
shortly after periods of high rainfall. ICOLLs are found in many parts of the world including
Australia, New Zealand, South Africa, South America and South-western parts of India and
Sri Lanka (Hadwen, 2006). In Australia, I[COLLs are mostly located along the southeast coast
extending from southern Queensland to the east coast of Victoria, of which approximately
70% are completely enclosed embayments (Ranasinghe and Pattiaratchi, 2003).

ICOLLs have distinctive physical, chemical and biological characteristics. Their shallow
nature (typically <5 m) results in a high sediment surface area to water volume ratio, which
increases the relative importance of sediment-water column interactions (Tyler et al. 2001).
In some cases where the ICOLL basin is elevated, opening of the entrance berm may
completely drain the ICOLL (Schallenberga et al., 2010). Salinity in these systems can vary
significantly, from fresh to brackish to hypersaline, depending upon the amount of freshwater
input, the climate and the frequency and duration of entrance opening (Ridden and Adams,
2008). Since ICOLLSs can act as an accumulation basin and are flushed only periodically, they
can be vulnerable to anthropogenic activities, and are considered among the most sensitive
estuary type to anthropogenic disturbance (Haines, 2006; Boyd et al. 1992). They are often
perceived as a surface expression of shallow aquifers and are thought to be fed by
groundwater seepage during most of the year (Chikita et al., 2015) and as such they may be
vulnerable to minor changes in catchment and groundwater hydrology. However, our
knowledge about the relative contribution of groundwater seepage to ICOLL water budgets
remains very limited.

Most previous studies on ICOLLs have focused on the influence of surface water inputs
(Chikita et al., 2015, Morris and Turner, 2011). Surface water contributions to the total water
budget of ICOLLSs can be minimal although can be influenced by a range of factors including
sediment permeability. The lack of previous groundwater studies in ICOLLs may be as a

result of the inherent difficulty in quantifying groundwater seepage due to the patchy, diffuse,
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and temporally variable nature of groundwater discharge (Santos et al. 2008). Attempts to
resolve a nutrient mass balance in an ICOLL in South Africa were hindered by lack of data
on groundwater discharging into the ICOLL (Human et al., 2015). Similarly, the nutrient
loads into two ICOLLs in New Zealand were likely underestimated because the groundwater
discharge was not included (Schallenberg et al., 2010). In order to advance our understanding
of ICOLL hydrology and biogeochemistry, it is therefore necessary to quantify the role of
groundwater discharge to ICOLL water budgets.

Natural geochemical tracers such as radon (**?Rn) are increasingly being used to quantify
groundwater discharge and investigate its effect on water budgets and water quality (Schubert
et al., 2011). The main advantage of using natural geochemical tracers is that they integrate
different groundwater pathways, which is useful in spatially heterogeneous and temporally
dynamic systems (Stieglitz et al., 2010, Burnett et al., 2006). Radon normally occurs in
higher concentrations in groundwater relative to surface water, and the decay rate of the
radon (half-life = 3.8 days) is on the same temporal scale as many of the physical processes
related to groundwater discharge (Burnett et al., 2008). By assessing *’Rn concentrations in
groundwater and the water column, it is possible to estimate the amount of groundwater
discharge to coastal surface waters. This is often achieved by mass balance approaches,
originally introduced by Cable et al. (1996) and refined by multiple authors over the years
(Burnett and Dulaiova, 2003; Santos et al., 2010; Burnett et al., 2010; Tait et al., 2013; Sadat-
Noori et al., 2015). However, using a **’Rn mass balance approach to estimate groundwater
fluxes has yet to be attempted in an ICOLL system.

This study uses a radon mass balance to quantify groundwater discharge into two
ICOLLs (and a nearby wetland) on Bribie Island, Australia. We hypothesize that groundwater
plays a major role in the hydrology of the ICOLLs. To determine the importance of
groundwater in these systems, we mapped the groundwater discharge points of entry into the
ICOLLs using **’Rn, and quantified the groundwater discharge into the ICOLLs over four

s€asons.

2. Methods

2.1. Site Description
Bribie Island (27.00°S; 153.12°E) is a large sand barrier island, located off the south east
coast of Queensland, Australia (Figure 1). Bribie Island contains four ICOLLs, of which
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Welsby and Mermaid were investigated in this project (Figure 1). South Welsby is located
between these two ICOLLs and has similar characteristics to the two studied ICOLLs.
However, South Welsby is classified as a coastal wetland as it does not open to the ocean,
and was selected as a control site. The wetland (26.977°S; 153.156°E) is 150 m long, 15 m
wide, has an average depth of 0.3 m and is about 150 m inland from the coastal sand dunes.
Welsby ICOLL (26.965°S; 153.154°E) is about 0.7 km long, a maximum 40 meters wide and
has an average depth of 0.4 m. Mermaid ICOLL (27.003°S; 153.167°E) is 1.3 km long, 70 m
wide and has an average depth of about 0.4 m (Figure 1).

Bribie Island has a maximum elevation of less than 10 m with much of the island being
either just above or below the water table, which has led to the creation of an extensive
system of wetlands. The island is a sub-catchment of the Pumicestone regional catchment,
covers an area of approximately 150 km?, is around 30 km long and ranges from 5 to 7.5 km
wide. Bribie Island has a subtropical climate with cooler, dry winters and warmer, wetter
summers. Average annual rainfall on Bribie Island is 1420 mm with the majority (~60%)
occurring over summer and spring periods. Over the course of this study, summer (Dec-Feb),
autumn (Mar-May), winter (Jun-Aug) and spring (Sep-Nov) had seasonal rainfall of 191,
293, 201 and 160 mm, respectively (www.bom.gov.au). Urban development covers the
southern end of the island with the remainder of the island consisting mainly of national park,
proposed national park and state forest plantation. Pine plantation is currently being re-
established in the centre of the island. National park covers 5580 ha, or approximately 40%
of the island. Major vegetation types on the island are melaleuca open forest and wetland, and
heath. The western side of the island supports extensive areas of intertidal mudflats,
saltmarshes, mangroves and seagrasses (James and Bulley, 2004). The eastern edge of the
island supports fire-sensitive beach ridge scrub and dune communities, and is also a Ramsar
Wetland (Wetland of International Importance).

The groundwater resources of the island are divided into two water bodies. There is a
regional surficial sand aquifer (shallow) which overlays a basal semi-confined aquifer (deep).
The two aquifer units are separated by an indurated sand layer of varying thickness, porosity,
and conformity throughout the Island. Water levels in the shallow aquifer follow the
topography and groundwater occurs under unconfined conditions. For a full description of the
Bribie Island aquifer system see Spring (2006). Groundwater in Bribie Island responds
rapidly to rainfall as a result of the highly permeable sands (Armstrong, 2006). The high
permeability of the sands and the low, flat topography restrict surface water runoff, with

surface water only occurring as highly ephemeral streams, marshy swales and coastal
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lagoons. The only significant surface water flow occurs after heavy rainfall periods (Spring,
2006). This study focussed on the eastern shoreline of Bribie Island. On the eastern coast,
there is a narrow strip of foredunes. These dunes are approximately 10 m high and protect the

coastal lagoons situated immediately behind them (Armstrong, 2006).

2.2. Surface water surveys

Four sampling campaigns were performed in 2014 to enable seasonal comparison of
groundwater discharge (5-7 February; 2-4 May; 12-14 August and 27-29 October).
Automated radon monitors (RAD7, Durridge Co.) were used which averaged **’Rn
concentrations over 10 min intervals giving 2-c uncertainties of 20—-30% for each data point.
The instrumentation was deployed on a small kayak and moved around the ICOLLs with a
GPS marking the location of the readings. To measure **’Rn, a constant stream of surface
water was pumped at approximately 3 L min! into a gas equilibration exchanger (Dulaiova et
al., 2005). The equilibrated air was then pumped in a closed-loop from the headspace of the
equilibrator chamber, through Drierite desiccant, and into the radon monitor. The partitioning
of radon between the gas and the liquid phase was calculated as a function of temperature and
salinity (Schubert et al., 2012). The radon activities are determined by counting the alpha-
emitting, positively charged radioactive daughters (*'*Po and/or >'*Po), which are detected via
a silicon detector (Schubert et al., 2006). Here, we measured '*Po only, as it has a secular
equilibrium time of about 15 min. The **’Rn measurements were corrected assuming a time
lag of 20 minutes (Stieglitz et al. 2010). This assumption is based on the time-lag of radon-in-
air detectors relative to radon-in-water concentration, as the time required to detect a change
in ?Rn activity in water varies from that in air, based on the pumping rate of water and the
equilibration time in the RAD7 monitor of differing concentrations of *’Rn (Petermann and

Schubert, 2015).

2.3. *22Rn diffusive and *’Ra decay experiments

For determining ***Rn diffusion from sediments, three sediment core samples were taken
from each ICOLL and 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 1 month. This experiment
was based on the assumption that after a month (i.e. > 5.5 half-lives for ?Rn), the only
source of ??Rn (diffusion) will reach secular equilibrium with the only sink of **’Rn (decay)

within the core (Santos and Eyre, 2011). Since diffusion driven radon concentrations will
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decrease with distance from the sediments (Varhegyi et al. 2013), the entire volume of water
in the incubation cylinder was extracted into a six-liter gas tight bottle to prevent any
concentration gradient effects. Thereafter, *?Rn concentration in the water column was
measured using a RAD7 closed loop system from the bottom up preventing any effects of
heterogeneity within the core. (Lee and Kim, 2006).

Additionally, diffusion was independently calculated using a depth-independent approach
following Equation (1) (Martens et al., 1980).

Jait =(ADs)"? (Ceq - Cw) (D

where A is the ?*’Rn decay constant (0.181 day!); D; is the effective wet bulk sediment
diffusion coefficient in sediment (m?> d'). Ceq is the average **’Rn concentration in
groundwater (Bq m>) and Cy is the average *’Rn concentration in the overlying surface
water (Bq m™) (Corbett et al., 1998). We calculated Ds as a function of temperature Ds = ¢ -
(10°1O89D #1591y (Ullman and Aller, 1982), while porosity (#) was considered 0.4 based on
sediment grain density (Armstrong, 2006).

To estimate the source of radon to the water column due to the decay of dissolved
radium (**°Ra), approximately 40 L of water was collected from each ICOLL and passed
through manganese impregnated fibre at 1 L min™, which quantitatively absorbs the radium
from the water (Moore and Arnold, 1996; Burnett et al., 2006). The filters were then rinsed
with radium free water, partially dried and left for at least one month before being placed in
the a Radium Delayed Coincidence Counter (RaDeCC) for ?*°Ra concentration analysis

(Peterson et al., 2009).

2.4. Groundwater sampling

Groundwater samples were collected seasonally from eight monitoring wells (all located
in the upper aquifer) to characterize the composition of the groundwater seeping into the
ICOLLs. The wells were installed by the Queensland Bulk Water Supply Authority
(Seqwater) and located throughout the catchment (Figure 1). The wells ranged in depth from
4 to 19 m. In total 32 groundwater samples were collected. An inline pump was used to
extract water from the wells and samples were taken after the wells were purged the
equivalent of at least three times the well volume. A calibrated handheld multi-parameter
probe (YSI) was used to determine salinity, pH, temperature, DO and conductivity for each

sample. Gas tight six-liter plastic bottles were used to collect samples for radon analysis.

7
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These bottles are designed to prevent gas loss and **’Rn assessment can be immediately
started in the field after sampling (Stringer and Burnett, 2004). Each six-liter bottle was
connected to a RAD7 radon monitor and given at least two hours to achieve an air-water
radon equilibrium with <5% uncertainty following well established protocols (Lee and Kim,
2006). The RAD7 was purged with dry fresh air for at least 30 min before running each
sample to deplete all residual **’Rn. Additionally, the sample water in each bottle was well

mixed during measurements through RAD7 (Lee and Kim, 2006).

2.5. Radon mass balance

To estimate groundwater discharge into the lagoons, a **?Rn mass balance model
described by Dimova et al. (2013) and Perkins et al. (2015) was applied. The model accounts
for all known sources and sinks of **’Rn entering and leaving the system and assumes the
missing **’Rn is due to groundwater discharge. The sources include **’Rn delivered by
groundwater discharge, Rn diffusion from sediments and **’Rn ingrowth from its parent
isotope 22°Ra while the sinks consist of radioactive decay and atmospheric loss of Rn. A
conceptual model illustrating these sources and sinks is shown in Figure 2. The mass balance
model applied for estimating groundwater discharge into lakes or lagoons assuming steady-

state conditions is as below (Perkins et al., 2015):

(Few * Rngw)+ (Dair * A) + (226Ra "Mt V)= (222Rn * 2222 ° V) + Jam 2)

where Fgy is the groundwater discharge (m® d!'); Rngy is the groundwater endmember ?’Rn
concentration (Bq m™); Dyir is ***Rn diffusive flux (Bq m™ d!); A is the ICOLL surface area
(m?); ?*Ra A2V is radium decay (Bq d') where **°Ra is radium concentration in the water
column, 222, is radon decay constant and V is the volume of water in ICOLL; **?Rn\,V is
the radon decay (Bq d') where *’Rn is the *’Rn concentration in the water column and
Jam 18 ?2Rn atmospheric evasion (Bq d!). To calculate the groundwater flux for each ICOLL
in each season the area weighted average surface radon concentration was used. This was
used to prevent any bias resulting from small areas with high radon activity. This was done in
ESRI ARCGIS 9.3 by using the average pixel value of the interpolated radon concentration
map for each ICOLL in each season.

Radon flux to the atmosphere depends on molecular diffusion generated by concentration
gradients and turbulent transfer, which is dependent on physical processes (Macintyre et al.,

1995). The evaluation of ***Rn loss to the atmosphere is based on an empirical equation that

8
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relates the gas—water exchange to solubility (as a function of temperature and salinity), wind
velocity, and the air-water *’Rn gradient (Macintyre et al., 1995). The **’Rn atmospheric

evasion flux (Jam) was estimated as follows:

Jam =k (Cw' aCair) A (3)

where C,, and C,; are the ?Rn concentrations in water and air, respectively; A is ICOLL
area (m?); a is the Ostwald solubility coefficient (dimensionless) describing the distribution
of ?*’Rn at equilibrium as the fluid to-gas ratio; and k is the piston velocity or the measure of
the velocity of gas transfer at the air-water boundary (m d). Piston velocity (k) driven by

winds were estimated separately for each lagoon using (Wanninkhof 1992):

k = 0.45u"(Sc/600) ™ 4)

600 wind

where u is wind speed (m s'); Sc is the Schmidt number for *’Rn at a given water
temperature; and a is a variable power function dependent on wind speeds (a = 0.6667 for u <
3.6 ms!, and @ = 0.5 when u > 3.6 m s). The Schmidt number (Sc) was calculated based on
formulations given by Maclntyre et al. (1995). Wind speed data were acquired from the
Australian Bureau of Meteorology (www.bom.au) from the closest weather station
(Beerburrum Forest Station) located 15 km away. The uncertainty of the ?*’Rn mass balance
was calculated as a function of each individual term following the basic rules for error
propagation. ICOLL areas were measured using satellite imagery imported from google earth
and digitized in GIS. Depths were determined by taking the average of 10 random locations

within each ICOLL.

3. Results

3.1. Environmental conditions

The region’s annual total rainfall for 2014 was 875.4 mm (www.bom.gov.au), which is
about 40% lower than the average annual rainfall for Bribie Island (1420 mm y'). The dry
conditions throughout the year prevented any opening of the ICOLLs and therefore there was

no visible water exchange between the ICOLLs and the ocean over the entire course of the
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study. Antecedent rainfall totals over the previous 10 years show dry conditions prevail in the

winter and spring seasons (Table 1).

3.2. Welsby ICOLL

Radon distribution varied spatially and temporally in Welsby ICOLL (Figure 3) with the
highest concentrations observed in winter (up to ~ 54.5 Bq m™) followed by autumn (up to
53.7 Bq m?) (Table 2). During the summer, maximum 2*’Rn concentrations were 2.5 times
lower than winter. The higher *’Rn concentrations (up to 54.5 Bq m™ in winter) in the
northern area of the ICOLL in all seasonal surveys indicated a possible hotspot for
groundwater discharge. This may be due to higher topography to the north of the lagoon
creating a steeper hydraulic gradient. The ?*’Rn concentrations were lower during summer
indicating that higher rainfall directly over the ICOLL may cause dilution of the ICOLL
water. There were hypersaline conditions (43.9 ppt) observed in summer, while Autumn had
the lowest average salinity (23.4 ppt) (Table 2). The ICOLL remained closed during the
monitoring period, which prevented any direct connection with the ocean. This led to
hypersaline conditions despite higher rainfall in summer. This was likely due to higher
summer temperatures, longer hours of sunlight and evaporation of the saline ICOLL waters
following a previous inundation by seawater. There was spatial variation in salinity in the
ICOLL, however there was similar distribution patterns in different seasons except for
summer where higher peaks in salinity were seen (Figure 3). Both salinity and **’Rn

concentrations were highest in the northern parts of the ICOLL during all seasons.

3.3. South Welsby Lagoon

South Welsby Lagoon was dry in the summer and could not be surveyed. Of the other
seasons, the highest ?’Rn concentrations were observed in winter (up to ~ 52.5 Bq m?),
followed by spring and autumn (Table 2). Average *’Rn concentrations in the lagoon did not
vary considerably between seasons and ranged from 28.8+12.1 Bq m?® in autumn to
32.5+11.8 Bq m™ in winter (Table 2). The low salinities observed in the lagoon (ranging from
0.2 to 0.5 ppt) (Table 2) indicate the wetland has no connectivity with the ocean and cannot
be classified as an ICOLL. The central parts (main body) of the wetland had elevated **’Rn

concentrations indicative of a groundwater discharge hotspot (Figure 4).

3.4. Mermaid ICOLL

10
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Similar to Welsby Lagoon, Mermaid ICOLLwas closed during the entire duration of this
study. This ICOLL had the lowest average surface water ?Rn concentrations (average yearly
222Rn concentration was 22.8+7.4, 30.6+10.5 and 13.7+4.0 Bq m™ +SE for Welsby, South
Welsby and Mermaid, respectively). In contrast to the other two systems where *?Rn was
highest in winter, Mermaid ICOLL had the highest *’Rn concentrations in spring (up to ~
35.2 Bq m?) followed by autumn. This suggests the three systems do not necessarily follow
the same seasonal groundwater discharge pattern, despite their close proximity. Salinity in
Mermaid ICOLL had large temporal changes ranging from fresh in August (winter) to
hypersaline in summer (Table 2), and had the highest average salinity among all the studied
systems (34.5+2.4 ppt). The spatial distribution of ?*’Rn indicated that different areas of this
ICOLL could potentially be groundwater discharge hotspots. The northern part of the ICOLL
had relatively high ?Rn concentrations in every survey with higher topography in that area
likely driving groundwater discharge. Additionally, high Rn concentrations in the small
channels located in the middle parts of the ICOLL indicate groundwater seepage areas with
groundwater likely entering the ICOLL from the west side and diluting as it moves towards

the eastern side (Figure 5).

3.5. *2Rn diffusion

The estimated values using the depth independent approach were on average 0.7 Bq m? day
!, which is 60% lower than the average value estimated from sediment cores. As such we use
the diffusion estimates from the core incubations throughout the mass balance, to provide a
more conservative estimate of groundwater flow. Moreover, the peclet number defined as the
advection to diffusion ratio was calculated to be 11.2 (average for two ICOLLs), indicting
groundwater advection plays the major role in delivering groundwater to the ICOLLs, rather

than diffusion.

3.6. Groundwater observations

Radon concentrations in groundwater samples ranged from 326 to 4019 Bq m>. The
average groundwater >’Rn concentrations in all the seasons was 944 + 171 (+ SE) Bq m™ (n=
32) (Table 3). Average **’Rn concentrations varied in each season and were 1371+375,
377+75, 395+80 and 595+£119 Bq m> = SE (#»=8) in summer, autumn, winter and spring
respectively. Average *’Rn concentrations in groundwater were 1-2 orders of magnitude
higher than in the ICOLL surface waters (Table 4). Average **?Rn groundwater

concentrations from samples collected in each season were used to obtain seasonal fluxes. All

11
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groundwater samples were fresh (salinities <0.5 ppt) and no correlations were observed

between **’Rn and salinity in groundwater (not shown).

4. Discussion

4.1. Quantifying groundwater discharge rates

The radon mass balance quantified the known **’Rn sources (i.e., diffusion from
sediments and *?°Ra decay) and sinks (i.e., decay and atmospheric evasion) (Table 4) with the
missing term assigned to groundwater discharge. Considering the shallow depth (<0.5 m) of
the ICOLLs, we assumed the water was vertically homogeneous. While higher temporal
resolution data is needed to test the assumption of steady state conditions in ICOLLs, we
assume the mass balance to be valid on a daily basis because the surface water level of the
ICOLLs was seen to be stable during the period of sampling. Using wind speeds averaged
over the previous 24 h, the radon mass balance revealed average groundwater discharge rates
of 3.4+2.1, 7.3+8.9 and 2.6+1.7 cm d’' for Welsby, South Welsby and Mermaid, respectively
(Table 5). The highest rate of groundwater discharge occurred during autumn into South
Welsby Lagoon (12.5+10.6 cm d!) followed by Welsby ICOLL (5.1+3.0 cm d!) in winter.
Overall, the model was highly sensitive to atmospheric losses, with evasion rates and
associated uncertainties at least one order of magnitude higher than any other mass balance
term (Table 4). Previous investigations of groundwater discharge into lakes have also found
wind evasion to be the most important component in the radon mass balance (Cockenpot et
al., 2015; Perkins et al., 2015; Dimova et al., 2013; Corbett et al., 2000).

Previous studies using a radon mass balance to calculate groundwater discharge in lakes
have used either average daily wind speed data or wind speed data at sampling time to
estimate radon wind evasion. Wind speed data obtained during the time of surface water
surveys was used by Dimova et al. (2013), while Kluge et al., (2012) used a long term (20
years) mean daily wind velocity to calculate evasion rates. Moreover, Gilfedder et al., (2015)
suggested that by averaging wind speed measurements 5 to 10 days before sampling, more
reasonable fluxes could be obtained. Here, we used the average daily wind speeds as
sampling took place during the time of day when wind speeds were at their greatest. If we
used wind speeds during sampling time with no localized wind attenuation at the surface of
the ICOLLSs, the model estimated groundwater discharge rates would increase by 147%, 63%
and 165% for Welsby, South Welsby and Mermaid, respectively. In this scenario, average
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estimated groundwater discharge rates would be 8.4+3.0, 11.9+5.3 and 6.9+3.5 cm d™' for
Welsby, South Welsby and Mermaid, respectively (Table 5). These values seem unrealistic
considering the shallow nature of all ICOLLs. Wind attenuation due to vegetation
surrounding wetlands may be very important (Gilfedder et al., 2015). Considering the
ICOLLs are surrounded by vegetation, some wind attenuation was likely. If we assume a
50% wind attenuation, average groundwater discharge would be 1.6+1.8, 3.742.8 and 1.3+0.8
cm d! for Welsby, South Welsby and Mermaid, respectively. We interpret these values as
minimum groundwater discharge rates for the systems investigated. If an average daily wind
speed data complied of 10 days before sampling was used to estimate wind evasion effect on
radon concentration, evasion rates would not vary significantly except for autumn in South
Welsby and Mermaid lagoons (Table 4) when compared to the average daily wind speed 24 h
prior to sampling. Therefore, both approaches will result in very similar estimates (within
10%) of groundwater discharge rates. Regardless of any assumptions on wind speeds and
associated **’Rn evasion, all these groundwater discharge rates are much higher than the
potential surface water inputs into the ICOLLs (discussed later).

Dissolved *?°Ra was measured once during the study period and applied to all seasons.
The ICOLLs had highly variable salinities which could contribute to varying dissolved **’Ra
activities (and therefore in-situ production rates for **’Rn) throughout the study period. If
226Ra concentrations were an order of magnitude higher during the non-sampled seasons,
average annual groundwater discharge estimates would decrease by 3 to 27%. However,
222Rn produced through the decay of **’Ra was assumed to be negligible as the **°Ra decay
term has been reported previously to be a minor contributor (<5%) to the radon mass balance
in coastal environments (Burnett and Dulaiova, 2003; Tait et al., 2013; Stewart et al., 2015).

Rainfall was highest during summer which corresponded with the lowest estimates of
groundwater discharge. Lower rainfall during the winter coincided with higher groundwater
inflow than the other seasons. Autumn had the highest groundwater discharge in South
Welbsley and Mermaid ICOLLs (groundwater discharge in Welsby was fairly consistent).
Summer had higher rainfall than autumn, but autumn had higher daily rainfalls than other
seasons. This indicates that cumulative effect of smaller rainfall events during the month
prior to survey may not efficiently recharge the groundwater system of the area as most of the
rainfall happened in summer. Approximately 80% of rainfall on Bribie Island is reported to

be lost through evapotranspiration before any recharge (Armstrong, 2006).

4.2. Groundwater role in ICOLLs hydrology
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The estimated groundwater discharge rates indicate that groundwater contributed
between 1% and 31% of the ICOLLs water volume in a day (i.e. groundwater discharge
divided by ICOLL volume). There is limited surface water runoff into the ICOLLs on Bribie
Island (Spring, 2006), and no surface flows were observed during the field investigations. A
comparison between the average local annual precipitation (1420 mm y') and the average
annual groundwater discharge rates for each lagoon (12410, 26645, 9490 mm y') revealed
that groundwater input to the ICOLLs was equal to 89%, 94% and 87% of the total (rainfall +
groundwater) annual water input, for Weslby, South Weslby and Mermaid, respectively.
These estimates demonstrate that groundwater discharge plays a major role in the hydrology
of Bribie Island ICOLLs. A decrease in groundwater levels may result in longer recharge
times, leading to lower surface water levels that may potentially change the opening and
closing regime of the ICOLLs. Although we did not observe surface runoff into the ICOLLs
during sampling campaigns, it is likely that surface water inputs occur during heavy rain
events when the sand becomes saturated (Armstrong, 2006). Additionally, some seepage is
expected to occur from the ICOLL to the ocean due to the permeable berm and hydraulic
gradient.

Since the ICOLLs were closed during our field investigations, we compare our
observations to groundwater discharge estimates from a range of terrestrial and coastal lakes
to put the results in perspective (Table 6). However, consideration must be given to the
potential morphological differences between the study of ICOLLs and other lake systems due
to the high permeability of the sandy sediment underlying the ICOLLs. Past studies in lakes
have shown that a low proportion (<1%) of lake water was replaced daily by groundwater
discharge (Table 6). A recent review showed that median groundwater discharge rate into 107
lakes was 0.74 cm d!' (Rosenberry et al., 2015). Our estimated average annual groundwater
inflow is eight-fold higher than this average global rate. The higher proportion of
groundwater discharge in ICOLLs may in part be due to the ratio of shoreline to lake volume.
This ratio in previous studies of lakes was <0.006, however in this study the ratio was 0.046,
1.019 and 0.23 for Welsby, South Welsby and Mermaid Lagoon, respectively (Table 6;
Figure 6). Higher shoreline to volume ratio may increase the relative contribution of
groundwater discharge (Santos et al., 2012b). However, in most of these past studies,
groundwater discharge exceeded direct rainfall input, demonstrating the importance of
groundwater discharge in the hydrology of lakes.

There was a general negative relationship between surface lake area and the groundwater

discharge to rainfall ratio over an annual cycle suggesting that even if groundwater discharge
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rates are small (because seepage is occurring over a large lake surface water area) they are a
very important component to the lake water budgets. This highlights that groundwater is
relatively more important than rainfall in the hydrology of ICOLLs (due to smaller surface
area and shallow depth) and can have higher relative fluxes than other types of lakes. The
high discharge in ICOLLs could also be due to the high hydraulic conductivity of the aquifer
in this area. Previous studies have reported hydraulic conductivity values for Bribie Island
ranging from 7 to 25 m d!' (Harbison and Cox, 1998; Armstrong, 2006; Spring, 2006). The
well-sorted sands with high permeability and dunes overlying the regional aquifer are likely
the main reason for this high conductivity. In other sandy coastal lagoons, a similar
groundwater flux (6 cm d) to that observed in this study (between 2.6 and 7.3 cm d!) has
been reported (El-Gamal et al., 2012) (Table 6).

Calculated groundwater discharge rates are directly related to the radon concentration of
the groundwater end-member meaning that higher radon concentrations in groundwater
would result in lower groundwater discharge rates. Our radon end-member concentration was
within the range of previous studies in regional shallow coastal aquifers along Australia’s
east coast (Perkins et al., 2014; Makings et al., 2014; Gleeson et al., 2013, Maher et al., 2013,
Atkins et al., 2013), but is lower than those reported in other coastal environments elsewhere
(Dimova et al., 2013; Peterson et al., 2010).

Moreover, groundwater discharge for each ICOLL was calculated using the total area of
each ICOLL. As the soil surrounding the ICOLLs is very permeable there is likely
groundwater exchange across the barrier between the ICOLLs and the ocean which would be
driven by differential pressure heads. This subsurface outflow means that the actual
groundwater flux would be larger than the values reported since this subsurface groundwater
loss term was not considered in the mass balance calculations. In future research, the
installation of piezometers may help determine gaining and losing zones in the ICOLLs and
provide information on the magnitude of head gradients and water losses through the

permeable berm separating the ICOLLs from the ocean.

4.3. A tentative conceptual model

Our observations offer some conceptual insight into ICOLL hydrology as summarized in
Figure 7. Radon may enter ICOLLs via fresh groundwater discharge driven by local
hydraulic gradients and shallow porewater exchange driven by convection. ICOLLs often
open during periods of high rainfall. Following the rainfall, seawater infiltrates the ICOLL at

high tide. As this saline water in the ICOLLs is subject to evaporation in warmer, drier
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periods, with low fresh groundwater discharge, it becomes hypersaline. The difference in
density between the overlying hypersaline waters and the brackish porewater can drive
convective exchange at the sediment water interface and create salt fingers (Webster et al.,
1996). This coupled with lower groundwater levels in drier periods would allow saline
surface waters to permeate bottom sediments. While we have no salinity data in shallow
ICOLL porewaters to test this hypothesis, previous studies have shown convection-driven
bottom water recirculation into estuaries sediments (Santos et al., 2012a; Robinson et al.,
2007; Webster et al.,, 1996) and have mentioned the potential importance of this process
(Rocha, 2000; Santos et al., 2012b; Maher et al., 2015).

With the discharge of ?*’Rn enriched fresh groundwater into saline surface waters, a
negative relationship between groundwater discharge and salinities was found (Figure 8) as
has also been reported for other coastal lagoons (Su et al., 2014; El-Gamal et al., 2012). In
both Welsby and Mermaid ICOLLs, groundwater discharge was lower in summer (high
evaporation) while salinity was at its highest. These ICOLLs were closed to the ocean over
the study period but have the highest salinity in the first sampling period (summer) indicating
saltwater (ocean water) intrusion shortly before the commencement of the study. During
wetter times, when groundwater levels rise, the shallow brackish to hypersaline porewater
(now enriched in **Rn) under the ICOLL may be forced back into surface waters creating
localised **Rn hotspots with high salinity. To explain these instances of the localised
coupling of high salinity and high radon concentrations, we present a conceptual model. As
ICOLLs are shallow in nature (< 40 cm) and bottom sediments are made up of coarse sands,
recirculation of the surface waters may be significant. This can occur through drivers such as
density driven porewater exchange, bioirrigation and bioturbation (Santos et al., 2012) which
cause surface water to infiltrate into the sediment, picking up a radon signal and discharging
back into surface waters. However, the inverse relationship between salinity and groundwater
discharge rates (Figure 8) implies a second scenario that fresh groundwater discharge (rather
than saline porewater exchange) dominated **’Rn sources during our investigations. Radon
acts as a tracer for both fresh groundwater flux and recirculated groundwater flux.

We are unable to quantitatively separate the relative contribution of fresh groundwater
discharge versus saline porewater exchange driven by convection using **’Rn data only.
Since fresh groundwater would be a source of new nutrients, and porewater would be a
source of recycled nutrients (Weinstein et al., 2011), we suggest future studies use a
combination of chemical tracers such as radium to resolve the contribution of these two water

pathways to biogeochemical cycles in ICOLLs.
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5. Conclusions

This study relied on the natural geochemical groundwater tracer **’Rn to quantify
groundwater inflow into a coastal wetland and two ICOLLs. There was substantial spatial and
temporal variability in **Rn concentrations within the lagoons. The radon mass balance
approach provided evidence that groundwater supplies a significant proportion of the
recharge to Welsby, South Welsby and Mermaid Lagoons on Bribie Island with an average
annual groundwater discharge rates of 3.4+2.1, 7.3£8.9 and 2.6+1.7 cm d' respectively. The
estimated groundwater discharge rate in the ICOLLs was much larger than has been reported
in other lake systems probably because of the high permeability of surrounding soils and the
high shoreline to lake volume ratio in ICOLLs. Over the study period, ~ 90% of water inputs
to the ICOLLs were of comprised of groundwater, demonstrating that the hydrology of Bribie
Island ICOLLs is dominated by groundwater discharge.
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Table 1. Rainfall in the region the month prior to sampling over a 10 year average, one
month prior to sampling and one week prior to sampling.

10 year average one  One month prior One week prior
Season )
month prior (mm) (mm) (mm)
Summer (5" February) 223 63 0.5
Autumn (2™ May) 160 110 31
Winter (12" August) 48 16 0
Spring (27" October) 88 13 7

22



739  Table 2. Maximum, minimum and average *?’Rn concentrations and salinity in Welsby,

740 Mermaid ICOLLs and South Welsby lagoon during each survey time.
741
Welsby South Welsby Mermaid
Summer Min. Max. Ave. Stdv. Min. Max. Ave. Stdv. Min. Max. Ave. Stdv.
Radon 0.3 225 103 53 nd. nd.  nd nd. 1.7 195 118 42
(Bqm?)
Salinity ~ 42.8 447 439 0.5 nd. nd  nd n.d. 307 543 476 4.9
Autumn
Radon 45 537 272 9.7 103 423 288 12.1 25 294 142 6.8
(Bqm?)
Salinity 172 189 180 0.2 0.3 04 03 0.1 22.1 244 231 3.7
Winter
Radon 23 545 292 11.1 9.4 525 325 11.8 08 254 92 6.1
(Bqm?)
Salinity 117 274 195 2.1 0.2 04 03 0.1 18 362 336 0.5
Spring
Radon 1.3 432 245 9.5 24 471 306 1.9 1.1 352 200 7.9
(Bqm?)
Salinity ~ 18.6 245 215 2.3 0.2 05 03 0.2 325 351 338 0.8

742 n.d. = no data.

23



743  Table 3. Groundwater observations.

222
Séll\lrrifle Date SC;;):;: Lat. Long. D(ig;h T(eér;p Sal  pH cond Po o
(mSem')  (mgL!)  (Bqm?)

1 6/02/2014  Welsby S$26.965  E153.144 15.6 21.7 0.1 7.6 0.1 0.3 1344
2 6/02/2014  Welsby S$26.965  E153.144 8 22 03 54 0.5 0.2 1765
3 6/02/2014  South Welsby ~ S26.981  E153.149 16.5 22.9 0.1 5.1 0.3 0.1 881
4 6/02/2014  South Welsby ~ S26.981  E153.149 6 24.6 0.1 4.8 0.3 0.1 4019
5 6/02/2014  Mermaid $26.994  E153.156 18.8 26.4 0.1 5.6 0.2 0.2 698
6 6/02/2014  Mermaid $26.994  E153.156 12.8 249 0.1 49 0.2 0.2 884
7 6/02/2014  Mermaid S26.994  E153.156 10 28.3 0.1 5.6 0.3 0.4 617
8 6/02/2014  Mermaid S26.994  E153.156 4 24.5 02 6.6 0.5 1.4 761
9 3/05/2014  Welsby S26.965  E153.144 15.6 20.9 0.1 5 0.1 1 326
10 3/05/2014  Welsby S26.965  E153.144 8 22 0.1 43 0.2 33 333
11 3/05/2014  South Welsby =~ S26.981  E153.149 16.5 214 0.1 52 0.2 3.2 361
12 3/05/2014  South Welsby ~ S26.981  E153.149 6 23.9 0.1 42 0.2 0.8 368
13 3/05/2014  Mermaid $26.994  E153.156 10 21 0.2 5 0.4 0.7 389
14 3/05/2014  Mermaid $26.994  E153.156 4 22.9 0.1 43 0.2 2.5 396
15 3/05/2014  Mermaid $26.994  E153.156 18.8 214 0.1 47 0.3 1 416
16 3/05/2014  Mermaid S26.994  E153.156 12.8 21.2 0.1 42 0.3 0.4 430
17 13/08/2014  Welsby S26.965  E153.144 15.6 21.2 0.1 42 0.2 2.6 357
18 13/08/2014  Welsby S26.965  E153.144 8 20.5 0.1 53 0.2 32 350
19 13/08/2014  South Welsby ~ S26.981  E153.149 16.5 213 0.1 4.5 0.2 3.2 385
20 13/08/2014  South Welsby =~ S26.981  E153.149 6 20.1 0.1 42 0.2 3.1 382
21 13/08/2014  Mermaid $26.994  E153.156 18.8 21.8 0.1 4 0.3 2.8 416
22 13/08/2014  Mermaid $26.994  E153.156 12.8 21.9 0.1 47 0.3 2.7 409
23 13/08/2014  Mermaid $26.994  E153.156 10 213 02 43 0.5 2.7 434
24 13/08/2014  Mermaid S26.994  E153.156 4 19.9 0.1 43 0.2 2.7 430
25 28/10/2014  Welsby S26.965  E153.144 15.6 225 0.1 3.7 0.1 0.7 541
26 28/10/2014  Welsby S26.965  E153.144 8 22.6 0.1 46 0.2 22 562
27 28/10/2014  South Welsby ~ S26.981  E153.149 16.5 23.7 0.1 43 0.2 0.3 583
28 28/10/2014  South Welsby ~ S26.981  E153.149 6 22 0.1 39 0.2 1 576
29 28/10/2014  Mermaid $26.994  E153.156 18.8 21.8 0.1 44 0.3 0.3 618
30 28/10/2014  Mermaid $26.994  E153.156 12.8 222 0.1 43 0.3 0.3 597
31 28/10/2014  Mermaid $26.994  E153.156 10 21.2 02 46 0.5 0.3 646
32 28/10/2014  Mermaid $26.994  E153.156 4 22.2 0.1 42 0.2 0.9 640
Min. 2 19.9 0.1 3.7 0.1 0.1 326

Max. 18.8 29.2 03 76 1.2 32 4019

Ave. 10.1 22.8 02 49 0.3 1.3 944

STDV. 5.8 22 0.1 0.9 0.2 1.1 968

744
745

746
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750
751

Table 4. A summary of the terms used in the >*?Rn mass balance model in the ICOLLs.

Welsby Lagoon South Welsby Lagoon Mermaid Lagoon
Summer Autumn Winter Spring Summer Autumn Winter Spring Summer Autumn Winter Spring
Wei. Ave. SW 22Rn (Bq m?) 10.3+4.4 27.0+7.8 29.348.1 245467 n/d 28.849.6  32.548.9  30.6+8.1 11.8+7.8 14.1£5.8 9.1+5.3 20.245.8
595.5+ 19194+  377.6% 395.8+ 595.5+ 1919.4+ 377.6% 395.8+ 595.5+
222 -3
Ave. GW 222Rn (Bqm™) 1919.4+384.0  377.6£75.1  395.8+80.1 1165 384.0 751 201 162 384.0 751 201 165
Ave. Depth (m) 0.3+0.04 0.4+0.04 0.4+0.04 0.420.04 0 04004  03£0.04  03+0.04 0.4£0.04  0.4+0.04 0.3+0.04 0.420.04
Ave. area (m?) 88,386.2 88,386.2 88,386.2 88,386.2 0 4,183.1 2,0005 24163 40,5212 67,4292 100,132.4 34,725.1
Volume (m?) 30,935 35,354 44,193 35,354 0 1,673 700 725 16,208 26,971 35,046 13,890
Ave. wind speed at sampling 5.241.0 5.9+1.2 6.0£1.2 61412 6.1 76515 62412 3.940.8 54411 102420 4.6+09 72414
time (m s™)
Ave. daily wind speed (m s™!) 4.240.8 3.3+0.7 3.6£0.7 3.9+0.8 4.1+0.8 5.8+1.2 3.9+0.8 3.1£0.6 3.0£0.6 6.1£1.2 3.9+0.8 3.1£0.6
Ave. 10 day prior to sampling 4.0+0.8 3.0£0.5 3.4+0.6 3.840.8 40£08  3.0£05  34:06  3.8+08 4.0+0.8 3.0£0.5 3.440.6 3.840.8
daily wind speed (m s™)
22Rn decay (Bqm?d) 0.7+0.3 2.0£0.8 2.1209 1.7+0.8 0 2109 21208 1.7+0.7 0.9+0.6 1.0£0.6 0.6+0.4 1.4+0.6
222Rn evasion ( Bqm2 d™) 2.5+0.5 17.4%3.5 21.6+4.3 27.3£7.5 0 47495 254441 187437 8.1%1.6 22.5+4.5 8.3+1.7 12.1%1.4
226Ra ingrowth ( Bqm?2 d) 0.3£0.1 0.30.1 0.30.1 0.30.1 0 0.1£0.04  0.1£0.04  0.1+0.04 0.4+0.2 0.4+0.2 0.4+0.2 0.4+0.2
222Rn diffusion ( Bqm? d) 3.1£0.2 3.1£0.2 3.1£0.2 3.1£0.2 2.0£0.1 2.0£0.1 2.0£0.1 2.0£0.1 0.8+0.1 0.8+0.1 0.8+0.1 0.8+0.1
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752 Table 5. The groundwater discharge in Welsby and Mermaid ICOLL and South Welbsy lagoon calculated from the *’Rn mass balance model.
Welsby ICOLL South Welsby lagoon Mermaid ICOLL
Summer Autumn Winter Spring Annual Summer  Autumn Winter Spring Annual Summer Autumn Winter Spring Annual
GW discharge
estimates
(Daily wind speed
averaged over the
previous day)
GW discharge (m® d) 0 372342031 451842461 379742061 30061637 0 525+594  128+157 74499 2424284 163£90 394442625 1934+1356  718+358 1697+1107
GW discharge (cm d) 0 42424 5.1£3.0 4.3+2.5 3.442.1 0 12.5£10.6  6.4+8.0 3.1+4.2 7.3£8.9 0.4+0.2 5.944.1 1.9+14 2.1+1.1 2.6£1.7
V)
GW % of lagoon water 10.5 12.7 10.7 113 N/A 313 183 10.2 14.9 1.0 14.7 55 5.1 6.5
volume per day
GW discharge
estimates
(Wind at sampling
time)
GW discharge (m* d')  530+200 10146+2925 10543+£3064  8361+2416 739542151 0 7244402 274+147 11647 3714254 420497  9248+5005 2827+1474 351642577 4003+£1976
GW discharge (cmd')  0.6+0.3 11.5+4.0 11.9+4.2 9.5+3.3 8.4£3.0 0 17.3+10.2 13.74£7.9 4.842.2 11.9+5.3 1.0£0.3 13.7+7.9 2.8+1.6 10.1+4.3 6.9£3.5
V)
GW % of lagoon water 28.7 29.8 237 20.9 NA 433 39.1 16.0 32.8 2.6 34.3 8.1 253 17.5
volume per day
GW discharge
estimates
(Wind speed = 50%)
GW discharge (m® d) 0 1683 £903 2108+908 17724755 1373+633 0 262+166 64+38 36+17 121+£75 77442 1966+127& 887+612 364+176 823+527
GW discharge (cm d) 0 1.9£1.1 2.4+1.1 2.0£0.9 1.6+1.8 0 6.3+4.2 3.242.0 1.5+0.8 3.7+2.8 0.2+0.1 2.9+2.0 0.9+0.6 1.1£0.6 1.3+£0.8
V)
GW % of lagoon water 48 6.0 5.0 3.9 N/A 15.7 9.2 5.0 9.9 0.5 7.3 2.5 2.6 32

volume per day

753
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754  Table 6. Groundwater role in lake Hydrology from previous studies. Table updated from
755  Perkins et al. (2015). ICOLLs are more groundwater-dominated than most other lakes.

Lake .
Ave Shoreline volume GW:Rain Shoreline
System name ; Ave. surface ~ Volume GW flux Rainfall ratio over
. depth ) 3 length 1 .y Teplaced length: lake  Authors
(location) area (m?) (m?) (cmd!) (emd!) . an annual
(m) (m) in a day 1 volume
%) cycle

Welsby .ICOLL 0.4 88,386 36,459 1680 4.00 0.24 11.35 16.83 0.046 This study (2015)
(Australia)
South Welsby
Lagoon 0.3 3,137 785 800 5.40 0.24 14.9 16.74 1.019 This study (2015)
(Australia)
Mermaid ICOLL 67,429 154,344 3560 3.40 024  6.50 1433 0.023 This study (2015)
(Australia)
Sale Common .
Wetland 2.0 3x10% 6x10% 10500 0.40 0.16 020 2.50 0.002 Gilfedder et al.,

. (2015)
(Australia)
Lake Ainsworth N . Perkins et al.,
(Australia) 4.4 1.25 x10"5 550 x 1073 1690 0.67 0.49 0.37 1.37 0.003 (2015)
Little lagoon A n
(AL, USA) 1.5 10.5% 1076 1575x 104 27555 1.45 0.45 0.01 3.22 0.002 Suetal., (2015)
Newmans lake " N Dimova et al.,
(Florida, USA) 1.5 298 x10"7 44,700 x 10”3 19500 0.50 0.36 0.002 1.39 0.000 (2013)
Butler lake N N Dimova et al.,
(Florida, USA) 42 6.38x10°6 26,796 x 10"3 17000 0.30 0.36 0.56 0.83 0.001 (2013)
Clear lake N N Dimova et al.,
(Florida, USA) 3.7 1.45x10°6  5,365x 10"3 4500 0.30 0.36 0.36 0.83 0.001 (2013)
Haines lake N N Dimova et al.,
(Florida, USA) 2.1 291 x10%6  6,111x 103 7100 1.00 0.36 0.48 2.78 0.001 (2013)
Shipp lake A " Dimova et al.,
(Florida, USA) 1.5 1.12 x 106 1,680x 103 3770 0.10 0.36 0.07 0.28 0.002 (2013)
Josephine lake A A Dimova et al.,
(Florida, USA) 1.8 5.8 x10%6 10,440x 10"3 14370 1.60 0.36 0.43 4.44 0.001 (2013)
Marina lagoon N N El-Gamal et al.

35 4x10°6 14x10"6 22000 6.00 0.13 0.02 46.2 0.002
(Eygpt) (2012)
Round lake Dimova & Burnett
(Florida, USA) 2.1 34,900 73,290 700 0.0 0.36 - - 0.009 011)
SMS (Canada) 0.9 191x10°%6 1,719 103 6700 0.05 0.12  0.56 0.42 0.004 (Szcélln(;l)dt ctal,
Lake Schmid et al
Ammelshainer 100 53x10°5 56%105 3265 186 016  17.61 116 0.006 et al,
(2009)
(Germany)
Mangueira N N Santos et al.,
(Brazil) 4.5 9 x 10”8 4,050 x 106 216264  0.60 0.34 0.01 1.76 0.0001 (2008)
Willersinnweiher N . Kluge et al.,
(Germany) 8.0 1.45x 1075 1,160x 103 2200 0.40 0.18 0.05 2.22 0.002 (2007)
756
757
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Figure legends

Figure 1. Map of the study site. Red points indicate location of groundwater wells. The grey

circle on Australia map indicates the study area.

Figure 2. Conceptual model of ?Rn mass balance approach used to quantify groundwater
discharge into the ICOLLs. All relevant sinks and sources of **’Rn were quantified and the

missing **’Rn was assigned to groundwater discharge.

Figure 3. Contour maps of ?*’Rn concentrations and salinity for Welsby ICOLL during
seasonal field measurements. Note the different colour coding to highlight spatial trends in

each season.

Figure 4. Contour maps of **?Rn concentrations and salinity for South Welsby Lagoon
during seasonal field measurements. Dark parts indicate areas with no data due to very

shallow water. Note the different colour coding to highlight spatial trends in each season.

Figure 5. Contour maps of *Rn concentrations and salinity for Mermaid ICOLL during
seasonal field measurements. Dark parts indicate areas with no data due to very shallow

water. Note the different colour coding to highlight spatial trends in each season.

Figure 6. Shoreline length versus percentage of lake volume replaced in a day. Lake
Ammelshainer in Schmidt et al. (2009) study has a very high lake volume replacement in a

day and is considered an outlier.

Figure 7. A conceptual model describing groundwater discharge processes in ICOLLs. The
upper panel demonstrates conventional salt fingers at the sediment-water interface when
groundwater levels are low while the lower panel illustrates fresh groundwater discharge and

saline groundwater forcing process when groundwater levels are higher.

Figure 8. Groundwater discharge versus salinity plots. South Welsby is not shown here as

salinity did not vary in the wetland.
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795  Figure 2

796
WAtmospheric evasion =k (C,, - aCai,)AW
k=0.45u'6
Diffusi
797
798

30



799  Figure 3
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802  Figure 4
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805  Figure 5
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