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Abstract 14 

Subsurface flow plays an important role in the functioning of wetlands and in the maintenance 15 

of their ecosystem services. Specifically, the transport and exchange of dissolved matter 16 

between sediments and surface waters is regulated by subsurface flow, which can strongly 17 

affect ecological zonation and productivity. Having a quantitative understanding of this 18 

subsurface flow is therefore important. Field techniques based on Darcy’s equation or natural 19 

tracers are often used separately to assess flows. Here, radon and heat (both natural 20 

groundwater tracers) and Darcy’s equation are used simultaneously to quantify the subsurface 21 

flow in a tidal wetland (Kooragang Island, Newcastle, Australia) and the results of the 22 

independent methods are compared. A steady-state radon mass balance model indicated an 23 

overall net subsurface exfiltration of 10.2 ± 4.2 cm/d while a 1D, vertical fluid heat transport 24 

model indicated a net exfiltration of 4.3 ± 2.9 cm/d. Flow estimated from analysis of hydraulic 25 

heads indicated an exfiltration rate of 3.2 ± 1.8 cm/d. The difference in flow rates is likely due 26 

to the localised measurement of the heat and head methods relative to radon, and therefore, 27 

these methods are less likely to capture zones of preferential subsurface flow. The main 28 

advantage of radon is that it provides the total subsurface flow regardless of the driving force. 29 

While head gradient or heat tracer method have the advantage of temporally quantify 30 

infiltration and exfiltration, we highlight that these methods may underestimate subsurface 31 

flows in highly dynamic coastal systems, such as tidal wetlands where a large portion of the 32 

subsurface flow is recirculated seawater. This could potentially lead to errors in solute flux 33 

estimates. This study highlights the importance of employing a multi-tracer approach and has 34 

implications towards quantifying the hydrological export of dissolved constituents (e.g., carbon 35 

and nitrogen) in coastal wetlands. 36 

  37 

Keywords: Coastal wetland, wetland hydrology, natural groundwater tracer, temperature, 38 

groundwater-surface water interaction.  39 
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1 Introduction 40 

Coastal wetlands are highly productive ecosystems that provide valuable ecosystem services 41 

(e.g. nutrient cycling, water quality, fisheries and recreation) (McLaughlin and Cohen, 2013). 42 

Hydrologic dynamics play a critical role in the functioning of tidal wetlands as tides are a strong 43 

driver of change (Guo et al., 2009; Johnston et al., 2011). For example carbon sequestration, 44 

sedimentological processes, natural coastal protection, and water quality depend on the 45 

hydrology of coastal wetlands (Bullock and Acreman, 2003; Muneepeerakul et al., 2008). 46 

Subsurface flow and/or porewater exchange plays an important role in coastal wetland 47 

hydrology and provides a pathway for solute transport at the sediment-water interface (Kwon 48 

et al., 2014; Sadat-Noori and Glamore, 2019; Webb et al., 2019). Identifying and quantifying 49 

the subsurface flow in wetlands can provide an improved understanding on how groundwater 50 

contributes to surface water quantity, quality and the functioning of ecosystems in coastal 51 

wetland environments (Conant et al., 2019; Knights et al., 2017; Montiel et al., 2018). 52 

However, subsurface flows are particularly complex processes due to their spatial and temporal 53 

heterogeneity, and hence, are often the least quantified component of a wetland hydrology 54 

water balance (Webb et al., 2017).  55 

Subsurface flow can occur regardless of the water composition (fresh or saline), with the 56 

driving forces being groundwater hydraulic gradients, surface water runoff events, and tidal 57 

pumping (Santos et al., 2012). Water exchange may also be driven by gradients in salinity and 58 

when unstable density distributions are created by saltwater overlying freshwater (Santos et al., 59 

2012). Different methods have been used to investigate water exchange at the sediment-water 60 

interface, including seepage meters (Rosenberry et al., 2020), artificial tracers (Cook et al., 61 

2018a), and traditional hydrometric methods analysing head data (Qu et al., 2017). To 62 

overcome the challenges of quantifying subsurface flow using hydrometric methods, natural 63 

tracers have also been widely applied (Cook et al., 2018b). Radon (222Rn) and heat are two of 64 

the most effective and established tracer techniques in hydro-geological research (Kurylyk et 65 

al., 2018; Rau et al., 2014; Ren et al., 2018). Many studies have used these techniques to 66 

quantify groundwater movement (Li et al., 2019), study groundwater-surface water 67 

interactions, (Anibas et al., 2011; McCallum et al., 2014; Sadat-Noori et al., 2016b) and/or 68 

estimate subsurface physical properties (Vandersteen et al., 2015). Several studies in 69 

freshwater environments have shown that multiple technique/tracer approaches provide more 70 

robust and reliable results, as different tracers are based on different physical principles, detect 71 

different aspects of groundwater flow and have different advantages (Unland et al., 2013).  72 
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Radon-222 is a noble gas with very low chemical reactivity that is usually enriched in 73 

groundwater relative to surface water (Peterson et al., 2019). Radon is produced in sediments 74 

via the decay of the radium-226 isotope. Radon decays with a half-life of 3.8 days, and this 75 

relative short half-life and volatility means that it does not travel far in surface waters from its 76 

location of discharge, hence, its presence indicates local subsurface water discharge (Burnett, 77 

2008). Heat tracing uses temperature variations at different depth in the subsurface to model 78 

the quantity and temporal/spatial changes of the vertical component of groundwater movement 79 

by applying analytical and/or numerical solutions of combined heat conduction and advective 80 

transport. Previous research using the heat tracing technique has focused mainly on the 81 

hyporheic zones of rivers and wetlands (Anibas et al., 2012; Bravo et al., 2002; Rau et al., 82 

2010) or tested the limits of applicability in temporal and spatial dimensions (Rau et al., 2015; 83 

Roshan et al., 2012; Sebok and Müller, 2019). In a coastal wetland, groundwater-surface water 84 

exchange is highly variable with changing flow directions during each tidal cycle (del Pilar 85 

Alvarez et al., 2015). This dynamic behavior of groundwater-surface water interaction adds to 86 

the complexity of hydrologic and thermal processes found in non-tidal wetlands and may be 87 

the reason why heat tracing is rarely used in coastal wetlands (Befus et al., 2013). Additionally, 88 

often tidal wetlands are inaccessible and the deployment of a network of measurement devices 89 

is challenging. To date, studies using the heat tracer in coastal (Kurylyk et al., 2019; Swain and 90 

Prinos, 2018) or tidal settings (Halloran et al., 2017) are limited. 91 

Radon and heat tracers can be used independently to investigate groundwater-surface water 92 

interactions (Navarro-Martinez et al., 2017). However, researchers advise that multiple lines 93 

of evidence, by combining different techniques, can validate results and overcome limitations 94 

of a single method (Dujardin et al., 2014; Gilfedder et al., 2015). The traditional technique to 95 

investigate subsurface flow is by hydraulic gradients, which may underestimate subsurface 96 

flow compared to other techniques (Mulligan and Charette, 2006; Su et al., 2016). Studies 97 

combining radon and heat tracers are limited to inland waterbodies and focus on river water 98 

infiltrating aquifers and residence time calculations of hyporheic groundwater (Cranswick et 99 

al., 2014; Hoehn and Cirpka, 2006; Vogt et al., 2010). Heat tracing in the sediment allows for 100 

the calculation of subsurface flow at shorter temporal resolution than radon and can distinguish 101 

between infiltration and exfiltration. Heat tracing, however, provides point data and spatial 102 

extrapolation is associated with large uncertainty. Radon on the other hand, does not have this 103 

problem with spatial uncertainty, as it smooths out spatial heterogeneity and provides the total 104 

subsurface flow integrated over a certain time period. Calculating an estimate of the temporal 105 
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resolution that is less than the tidal frequency via the radon technique is only possible using a 106 

detailed numerical model. Our study builds on the only available heat study in a tidal setting 107 

(tidal creek) in the literature (Halloran et al., 2017), and aims to extend subsurface flow 108 

quantification in coastal wetlands that are dominated by tidal inundation. To achieve this aim, 109 

the study utilises time series measurements of both radon and heat tracers as well as hydraulic 110 

heads.   111 

In groundwater discharge zones the flow directions are complex and varying in relation to the 112 

measurement location in the subsurface, but also varying over time with wave action and tidal 113 

stage (Rakhimbekova et al., 2018; Turner et al., 2016). Flow directions are further complicated 114 

by density effects when both fresh and saline water are discharging (Andersen et al., 2007). 115 

Within the discharge zone, vertical flows may dominate (but varying in direction with the tidal 116 

stage) while further inland flows are predominantly horizontal. This dependence of location 117 

needs to be taken into consideration when designing field studies. The radon tracer technique 118 

has the advantage of providing information on the total subsurface flow, regardless of its 119 

salinity or subsurface source (Burnett et al., 2007). For example, when used in tidal 120 

environments, radon integrates the discharge of both fresh regional and saline water originating 121 

from the surface but circulated through the subsurface (Su et al., 2014). For both heat tracing 122 

and Darcy methods the location and geometry of the observations (field deployment) needs to 123 

be considered. For heat tracing studies temperature sensors are traditionally deployed vertically 124 

in the sediment for practical reasons and therefore mostly deployed directly in the discharge 125 

zone. For such deployments the heat tracer technique will provide only the vertical component 126 

of flow, regardless of whether the water is fresh or saline (Rau et al., 2014). Depending on the 127 

relative location of piezometer screens, the Darcy method can be used to determine either 128 

vertical or horizontal hydraulic head gradients. In the discharge zone, vertical gradients can be 129 

determined by two or more piezometers with screened intervals vertically arranged. Further 130 

landward, laterally spaced piezometers can determine the horizontal fresh groundwater 131 

hydraulic head gradients. The gradients can be converted to flows provided the hydraulic 132 

conductivity distribution between the screens is known. Appropriately quantifying the 133 

hydraulic conductivity distribution is one of the main challenges and source of uncertainty with 134 

the Darcy method. When the methods described above are used alone, different quantitative 135 

results may be achieved representing either an integrated value (radon) or the particular parts 136 

of the system being observed (heat and Darcy), however when the different methods are used 137 



6 
 

in combination, they can provide a more comprehensive understanding of the system and 138 

therefore add more confidence in the findings when results are in agreement. 139 

The objective of this study is to evaluate groundwater-surface water interactions in a tidal 140 

wetland using three independent methods simultaneously to 1) compare the methods of 141 

quantifying subsurface flow against each other, 2) assess the capability of the heat tracer 142 

method in quantifying subsurface flow in tidal settings, and 3) quantify various sources of the 143 

total subsurface flow by disaggregating the subsurface processes through jointly interpreting 144 

the techniques used at the study site. 145 

 146 

2 Material and Method 147 

2.1 Site description  148 

The field site is a tidal wetland on Kooragang Island (-32.866707S, 151.715561E; Figure 1) in 149 

the Hunter River Estuary located near Newcastle, New South Wales, Australia. Approximately 150 

7 km upstream of the river mouth, the wetland is a low-lying flat area with an elevation between 151 

1.5 - 2 m above mean sea level. The field site experiences a temperate climate with an average 152 

annual rainfall of 1122 mm and an average temperature of 22.5 °C in summer and 12 °C in 153 

winter (Bureau of Meteorology; www.bom.gov.au). The wetland is connected to the Hunter 154 

River Estuary via a 170 m long and 10 m wide tidal estuarine channel. Intertidal mudflats cover 155 

an area of 113,330 m2 of the overall catchment area (240,000 m2). The wetland has no upstream 156 

surface water inputs; its hydrology is dominated by a semi-diurnal tidal regime with spring and 157 

neap tides. The wetland sediment is composed primarily of silt with numerous crab burrows 158 

across the intertidal zone that can increase permeability and facilitate porewater circulation 159 

(Stieglitz et al., 2013). The top 0.3 m of the sediment has a muddy texture with partly decayed 160 

organic matter, while the remaining sediment profile is dominated by estuarine silt and sand 161 

(until 5 meters below the surface). The area did not receive any rainfall in the 15 days prior to 162 

the fieldwork, however, on 29th November 2018 during the field sampling, there was a 20 mm 163 

rainfall event. The site was selected for its small catchment area and narrow estuarine mouth, 164 

which helps constrain the area under investigation. Additionally, the site was secure from the 165 

public interfering with installations yet accessible for deploying measurement instrumentation. 166 

The Eastern and southern parts of Kooragang Island are characterized by a combination of port 167 

facilities and industrial land use, but the majority of the island, to the North and West, is part 168 
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of the Kooragang Nature Reserve. The island consists of unconsolidated quaternary sediments 169 

(Figure 2) and its hydrogeology is comprised of two sand aquifers, a shallow unconfined and 170 

a deeper confined aquifer. The shallow aquifer extends to a depth of 5 meters. The two aquifers 171 

are separated by a clay aquitard layer, which has a thickness of 4 m (Robinson, 2006). The 172 

unconfined aquifer, of primary interest to this study, is primarily recharged by rainfall directly 173 

within the Nature Reserve and the general groundwater flow on the island in the unconfined 174 

aquifer is towards the South Channel of the Hunter River Estuary (Jones, 2013). On the island, 175 

the water table in this aquifer has been identified at depths of 0.3 to 1.5 m from the surface. 176 

2.2 Surface water measurements  177 

Fieldwork was carried out from 26th November – 2nd December 2018 to install equipment and 178 

collect surface and groundwater data including radon, hydraulic heads, temperature time series 179 

and water quality measurements. Surface water physico-chemical parameters were measured 180 

using a calibrated multiparameter water quality sonde (Yellow Springs Instrumentation - YSI 181 

EXO2). Variables including salinity, water temperature (±0.01 °C) and depth (±0.004 m) were 182 

collected at 15-min intervals. Wind speed data (±10%) was collected onsite using a weather 183 

station (Model PH1000). Current velocity, direction and water depth were measured in the 184 

center of the tidal channel using a Sontek Argonaut acoustic doppler current profiler (ADCP) 185 

(SonTek/YSI) at 10-min intervals. The channel cross-section depth was measured every 2 186 

meters at high tide assuming a homogeneous current velocity across the channel. Water level 187 

changes at shorter intervals were deemed to generally be below the measurement uncertainty 188 

and measurements at finer spatial scales than 2 m did not improve the accuracy of the flow 189 

estimate. Surface water discharge out of the wetland was estimated by multiplying wetted area 190 

per unit time by current velocity and integrating over time.  191 

2.3 Radon in surface water 192 

Radon time series measurements were conducted over the course of the fieldwork in the tidal 193 

channel at the wetland outlet (Figure 1). Surface water was pumped from 0.2 m beneath the 194 

water surface at a rate of 2.5 L/min into an air-water exchanger that allowed the radon 195 

concentrations in air and water to equilibrate. Through a closed air loop system (Burnett and 196 

Dulaiova, 2003), the air was then pumped into a radon detector (RAD7) which measured radon 197 

concentrations every 30-min by detecting the α-emitting daughters of radon, 214, 218Po 198 

(Dulaiova et al., 2005). The radon concentration in water was calculated based on the gas 199 

solubility incorporating the effects of water temperature and salinity (Schubert et al., 2012). A 200 
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30 minute lag time correction, which is required for radon to reach equilibrium using this 201 

approach, was applied to the data (Schubert et al., 2012). 202 

2.4 Radon diffusion from sediments and ingrowth  203 

Three sediment samples from the wetland and up to 0.2 m depth were collected, brought back 204 

to the laboratory, placed in gas-tight containers with radium-free water (sediment to water ratio 205 

by volume = 0.2) and sealed for at least one month for measuring radon molecular diffusion 206 

from sediments. The system was regularly mixed by tilting. The water inside the containers 207 

was then collected into a 6L gas-tight plastic bottle from the bottom up preventing any effects 208 

of heterogeneity within the core for radon measurements using a RAD7 as described above 209 

(Lee and Kim, 2006). The principle behind this experiment was that after a month (equal to 6 210 

radon half-lives), the source (emanation and diffusion) and sink (decay) of the radon will reach 211 

steady state (secular equilibrium) within the sediment core (Santos and Eyre, 2011). To 212 

estimate radon ingrowth from the decay of dissolved radium (226Ra) as radon’s parent isotope, 213 

40L containers were used to collect surface water at two low and two high tides. The water was 214 

then filtered through a column containing 0.015-0.020 kg manganese oxide impregnated fibre 215 

which absorb 226Ra (Moore, 2003). The fibres were sealed and left for at least one month before 216 
226Ra concentration analysis following established procedures (Kim et al., 2001). 217 

2.5 Radon mass balance  218 

Subsurface flow was estimated through a radon mass balance model, developed based on time 219 

series measurements of radon following Peterson et al. (2019). The  mass balance was 220 

calculated for three diel cycles with the final radon-derived subsurface flow calculated as an 221 

aggregate of the resulting net flow from each of the diel cycles. The mass balance model 222 

considers all known sources of radon (incoming flow, diffusion from sediments, ingrowth from 223 

parent isotopes and inputs from porewater) and sinks of radon (outgoing flow, atmospheric 224 

evasion and radioactive decay) and assumes the missing radon to balance the model is provided 225 

by subsurface flows as follows: 226 

𝑄𝑄𝑔𝑔𝑔𝑔 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔222 + 𝑄𝑄𝑖𝑖𝑖𝑖 𝑅𝑅𝑅𝑅𝑖𝑖𝑖𝑖222 +  𝑄𝑄𝑑𝑑𝑑𝑑𝑑𝑑𝐴𝐴 + 𝑅𝑅226 𝑎𝑎𝜆𝜆222𝑉𝑉 = 𝑄𝑄𝑜𝑜𝑜𝑜𝑜𝑜 𝑅𝑅𝑅𝑅𝑜𝑜𝑜𝑜𝑜𝑜222 + 𝑅𝑅222 𝑛𝑛𝜆𝜆222𝑉𝑉 + 𝐽𝐽𝑎𝑎𝑎𝑎𝑎𝑎227 

            (1) 228 

where 𝑄𝑄𝑔𝑔𝑔𝑔  is the subsurface flow rate (m3/s); 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔222  is the groundwater endmember 229 

concentration (Bq/m3); 𝑄𝑄𝑖𝑖𝑖𝑖 and 𝑅𝑅𝑅𝑅𝑖𝑖𝑖𝑖222  are incoming flow (m3/s) and radon concentration 230 

(Bq/m3) during incoming tide; 𝑄𝑄𝑑𝑑𝑑𝑑𝑑𝑑  is radon diffusive flux (Bq/m2/s); A is the surface area 231 
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(m2); 226Ra is surface water radium concentration; 𝜆𝜆222 is radon decay rate (2.09 × 10-6/s); 𝑉𝑉 is 232 

the volume of water in the wetland (m3); 𝑄𝑄𝑜𝑜𝑜𝑜𝑜𝑜 and 𝑅𝑅𝑅𝑅𝑜𝑜𝑜𝑜𝑜𝑜222  are outgoing flow (m3/s) and radon 233 

concentration (Bq/m3) during outgoing tide; 𝐽𝐽𝑎𝑎𝑎𝑎𝑎𝑎  is radon atmospheric evasion (Bq/s).  234 

Radon atmospheric evasion fluxes were calculated using the empirical gas exchange equation 235 

for tidal environments proposed by  (Borges et al., 2004): 236 

𝐽𝐽𝑎𝑎𝑎𝑎𝑎𝑎 = 𝑘𝑘𝑔𝑔� 𝑅𝑅222 𝑛𝑛𝑤𝑤 − 𝛼𝛼 𝑅𝑅222 𝑛𝑛𝑎𝑎𝑎𝑎𝑎𝑎� A        (2) 237 

where, 𝑅𝑅222 𝑛𝑛𝑤𝑤 and 𝑅𝑅222 𝑛𝑛𝑎𝑎𝑎𝑎𝑎𝑎 represent the radon concentration in water and air, respectively; 238 

𝛼𝛼 is the Ostwald solubility coefficient (dimensionless) describing the distribution of radon at 239 

equilibrium as the fluid-to-gas ratio; and 𝑘𝑘𝑔𝑔 is the gas transfer velocity at the air-water 240 

boundary which is driven by wind, current and water depth in tidal environments. The value 241 

of 𝑘𝑘𝑔𝑔 (m/d) was calculated for each time interval using Equations (3) and (4) separately and 242 

the sum was used in Equation (2) (Borges et al., 2004; MacIntyre et al., 1995): 243 

𝑘𝑘600𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 = 0.45𝑢𝑢1.6(𝑆𝑆𝑆𝑆 600⁄ )−𝑎𝑎         (3) 244 

𝑘𝑘600𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 1.719𝑤𝑤0.5ℎ−0.5        (4) 245 

where 𝑘𝑘600𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤  is the gas transfer velocity driven by winds, 𝑢𝑢 is wind speed (m/s); 𝑆𝑆𝑆𝑆 is the 246 

Schmidt number for radon at a given water temperature; and 𝑎𝑎 is a variable power function 247 

dependent on wind speeds (𝑎𝑎 = 0.6 for 𝑢𝑢 < 3.6 m/s, and 𝑎𝑎 = 0.5 when 𝑢𝑢 > 3.6 m/s); 𝑘𝑘600𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 248 

is the gas transfer velocity driven by currents, 𝑤𝑤 is the water current (m/s) and ℎ is water depth 249 

(m). The Schmidt number (𝑆𝑆𝑆𝑆) was determined using formulations from MacIntyre et al. (1995) 250 

and ranged from 660 to 3400. During the sampling period, wind speed ranged from 0 to 11 251 

m/s. The area of the entire wetland (113,330 m2) was used to upscale wind evasions, however, 252 

only the estuarine tidal channel area (5,637 m2) was used to determine current-driven evasions 253 

as currents in the intertidal mudflats approached zero.  254 

2.6 Radon in groundwater  255 

Groundwater samples (n=14) were collected from the intertidal mudflat zones during low tides. 256 

A hand auger was used to install shallow, 0.05 m diameter PVC pipe piezometers up to depths 257 

of 2 m, with 0.5 m long screens. The piezometers were purged three times before collecting a 258 

sample using a peristaltic pump. A 6L gas tight Nalgene HDPE (High-density polyethylene) 259 

bottle was used to collect and measure radon concentrations in groundwater. Samples were 260 

analysed in less than 24 hrs by connecting each bottle to a RAD7 radon monitor device and 261 
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running for at least 2 hours to achieve an air-water radon equilibrium with <5% uncertainty 262 

following standard protocols (Lee and Kim, 2006).  263 

2.7 Measurement of temperature time series 264 

To gather temperature and water level time series, four representative measurement locations 265 

were chosen within the tidal wetland and equipped with T-arrays; T1 to T4 (Figure 1). T4 was 266 

placed downstream near the mouth of the tidal channel of the wetland and approximately 5 m 267 

from the radon measurement location. T2 was placed upstream, where the wetlands main 268 

channel was shallow and narrow. The other two T-arrays were placed in the intertidal mudflats 269 

north (T1) and south (T3) of the tidal channel. T4 was continuously inundated, therefore, its 270 

setting was similar to measurements in a riverbed (Rau et al., 2014). The other T-arrays 271 

experienced variable tidal inundation and exposure, where due to their mud flat locations, T1 272 

and T3 experienced the longest periods of exposure. 273 

The T-arrays were purpose made (Figure 3), each consisted of two PVC pipes 0.032 m in 274 

diameter, a ~1.8 m (long) and a ~1 m (short) pipe, respectively. The bottom 0.2 m of the long 275 

pipes were screened, with a screen depth of around 1 - 1.2 m below surface, while the short 276 

pipes were screened over the entire length. The short pipes were entirely submerged during 277 

high tides; the tops of the long pipes were continuously above the highest tidal level and vented 278 

to the atmosphere. Single temperature loggers Solinst Levelogger Edge Model 3001 were 279 

installed in the long pipes. In the short pipes, Leveloggers were installed to measure surface 280 

water temperatures, while additional loggers measured at 5 depths in the sediment. At 0.02 and 281 

0.05 m depth, TidbiT® v2 (UTBI-001) were used. These loggers were small and could therefore 282 

be placed close together to measure temperature at narrow depth-intervals near the surface. The 283 

three deeper temperature loggers at 0.10, 0.23 and 0.42 m were HOBO® Water Temperature 284 

Pro v2 (U22-001). The measurement interval of all loggers was 60 s. To account for potential 285 

variations in temperature data due to different logger types, the temperature offsets between 286 

loggers were recorded in a water bath and the collected field data corrected for the offset to a 287 

common reference.  288 

Field measurements of bulk sediment thermal conductivity (k) and bulk heat capacity (𝐶𝐶) were 289 

measured using a KD2 Pro Thermal Properties Analyzer field instrument. The thermal 290 

properties were measured at different depths in the mudflats (T1 and T3), in the upper part of 291 

the channel (T2) and in the deep section of the channel near T4. Thirty-four measurements 292 

were performed in total; hence, several values were obtained at each location and depth. For 293 

https://www.solinst.com/products/dataloggers-and-telemetry/3001-levelogger-series/levelogger-edge/index.php
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the heat transport analysis, values presented in Table 1 were applied for each individual T-294 

array.  295 

2.8 Heat transport model 296 

The measured temperature time series were used to estimate vertical exchange fluxes in the 297 

tidal wetland by applying combined heat and fluid transport modelling based on the one-298 

dimensional vertical transport solution of Suzuki (1960) and Stallman (1965). They describe 299 

the one-dimensional, vertical, anisothermal transport of fluid and heat through homogeneous, 300 

porous media as: 301 

 
𝑘𝑘
𝜕𝜕2𝑇𝑇
𝜕𝜕𝑧𝑧2 − 𝑞𝑞𝑧𝑧𝐶𝐶𝑤𝑤

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕 = 𝐶𝐶

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕  

(5) 

where k is the thermal conductivity of the soil-water matrix in W/mK, 𝑇𝑇 is the temperature in 302 

K, at depth 𝑧𝑧 at time 𝑡𝑡 in the sediment. 𝐶𝐶𝑤𝑤 is the volumetric heat capacity of the fluid in J/m3K, 303 

𝐶𝐶 the saturated volumetric heat capacity of the sediment-fluid matrix in J/m3K, 𝑞𝑞𝑧𝑧 the vertical 304 

component of the Darcy velocity in m/s. For convenience, we use the unit of cm/d. A negative 305 

𝑞𝑞𝑧𝑧 corresponds to water flowing from the surface into the sediment (infiltration), while a 306 

positive 𝑞𝑞𝑧𝑧 indicates flow from the sediment out to surface (exfiltration).  307 

The analysis of the analytical solution for Equation (5) was conducted with the open-access 308 

model environment 1DTempPro (Koch et al., 2016). The physical sediment properties needed 309 

for 1DTempPro are bulk 𝑘𝑘, 𝐶𝐶 and the porosity of the saturated sediment ϕs. A porosity ϕs of 310 

0.60 was chosen for the site as reported by the NSW Department of Primary Industries (2008).  311 

For the heat conduction and advective transport model the boundary conditions are defined at 312 

the interface between surface water and sediment (i.e. a depth of 0.0 m at the uppermost logger 313 

of the short pipe) and the location of the deepest logger in the subsurface (located in the long 314 

pipe). The other temperature time series are used to fit measured and modelled data. The model 315 

was applied to each single high and low tide and integrated over three diel cycles (i.e. the same 316 

period as for radon). Most parts of the wetland drained during low tides with visible seepage 317 

patterns. It was assumed that although seepage has happened, a saturated sediment profile 318 

remains present. The 1DTempPro model calculates and integrates vertical exchange fluxes 319 

over the modelled period by changing its value until a minimal difference between modelled 320 

and measured subsurface temperature distribution is reached. For presentation purposes, this is 321 
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expressed by the Root Mean Square Error (RMSE). The quality of the model output was 322 

classified by the average RMSE per T-array and its standard deviation.  323 

2.9 Darcy’s flow calculation 324 

The piezometers used for calculating the subsurface flow were the same as those used for 325 

groundwater sampling. Water levels were measured every 15 minutes with Solinst Leveloggers 326 

placed in each piezometer. The top of all piezometer was surveyed to Australian Height Datum 327 

(AHD) using a Trimble 5800 RTK-GPS (real-time kinematic global positioning system), 328 

accurate to less than ± 20 mm. The subsurface flow was calculated based on hydraulic heads 329 

for time increments of 15 minutes with negative values indicating infiltration and positive 330 

values representing exfiltration. Subsurface flow per unit width (i.e., through a 1 m x 1 m area 331 

perpendicular to the flow direction) was calculated for each diel cycle separately by integrating 332 

the (rising and falling) head gradient data over each diel cycle. The flow calculation was 333 

completed for all transects (piezometers A-C, F-D, G-H, J-I, and M-L), and an average 334 

calculated. Darcy’s Law follows Equation (6) (Darcy, 1856):  335 

𝑄𝑄𝑙𝑙 =  𝐾𝐾𝑠𝑠𝑠𝑠𝑠𝑠
∆𝐻𝐻
∆𝑙𝑙
𝐴𝐴           (6) 336 

where 𝑄𝑄𝑙𝑙 is Darcy’s (lateral) flow in m3/d; 𝐾𝐾𝑠𝑠𝑠𝑠𝑠𝑠 is the saturated hydraulic conductivity in m/d; 337 

∆𝐻𝐻 is the difference in the hydraulic heads of the two piezometers in a transect in m; ∆𝑙𝑙 is the 338 

distance between the piezometers in m and 𝐴𝐴 is the height determined by the difference 339 

between the maximum upper saturated surface and the minimum channel surface elevation per 340 

unit width (1 m) for each transect (m2). The results were upscaled using the length of 341 

representative shoreline for each transect. The hydraulic conductivity for coastal wetland 342 

mangrove sediments perforated with animal burrows (similar to the study site here) is 343 

suggested to range from 1 – 10 m/d (Susilo and Ridd, 2005). Based on hydraulic head gradient 344 

measurements in conjunction with heat tracer derived fluxes, a range of vertical hydraulic 345 

conductivities of 0.1 to 5 m/d was estimated for the site. Here, based on field data and the 346 

literature, a 𝐾𝐾𝑠𝑠𝑠𝑠𝑠𝑠 value of 5 m/d was used and the distance between each piezometer was 347 

determined in ArcGIS v10.5. Interpolation of hydraulic heads for creating groundwater maps 348 

was also prepared in ArcGIS v10.5 using the Inverse Weighted Distance method (Noori et al., 349 

2013). 350 

 351 

https://www.solinst.com/products/dataloggers-and-telemetry/3001-levelogger-series/levelogger-edge/index.php
https://www.solinst.com/products/dataloggers-and-telemetry/3001-levelogger-series/levelogger-edge/index.php
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3  Results  352 

3.1 Surface water time series and groundwater observations  353 

Observed surface water levels indicated a semi diurnal tidal behaviour with water depths 354 

ranging from 0.1 to 1.7 m in the estuarine tidal channel entrance of the wetland during 355 

measurements (Figure 4). Salinity was mostly at oceanic values (~ 35 ppt) and slightly 356 

increased during ebb tides. During the rainfall event, freshening occurred, and surface water 357 

salinity dropped to 17 ppt. Surface water temperature ranged between 17.2 to 29.4 °C and 358 

generally decreased at low tide. Flow velocity in the estuarine channel reduced at low tide and 359 

varied between 0.002 to 0.09 m/s. Radon followed a trend opposite to the tides with 360 

concentrations increasing at low tide and decreasing at high tide, ranging from 20 to 850 Bq/m3.  361 

Groundwater in the wetland was hypersaline and salinity varied between 42.1 to 51.7 ppt across 362 

the wetland (Table 2). Median groundwater temperature was 22.5 °C, which was one degree 363 

lower than median surface water temperature. Radon in groundwater varied between 710 to 364 

1060 Bq/m3 with a median of 882 ± 104 (1 SD), which was similar to radon concentrations in 365 

the surface water at low tide (when maximum seepage is expected). Median radon 366 

concentrations in groundwater were 2-folds greater than those observed in the surface water.  367 

3.2 Radon mass balance model  368 

Surface water radon concentrations from the channel entrance at each measured time interval 369 

were multiplied by surface water discharge for the same time interval and integrated over three 370 

diel cycles. Based on the radon mass balance of measured sources and sinks, it was found that 371 

tidal flow out of the system within each of diel cycles was the major radon loss, and on average 372 

accounted for over 60% of total radon losses (Table 3). On average, over the three diel cycles 373 

wind evasion, accounted for 30% of total losses and the remaing loss was due to current evasion 374 

and radon radioactive decay (Table 3). The average calculated gas transfer velocity was 2.2 ± 375 

0.8 m/d. 376 

The most important source and sink of radon withing the system (wetland) was from tidal flows 377 

(ebb and flood), indicating tides were the major driver of radon changes in the system. For 378 

example, the radon source to the wetland during flood tide were an order of magnitude higher 379 

than radon inputs from sediment diffusion and radon ingrowth, indicating that advective flow 380 

was the dominant process in the system. Molecular diffusion rates from wetland sediments 381 

were small (5.2 ± 1.5 Bq/m2/d) and after upscaling to the whole wetland area accounted for 382 
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less than 4% of all radon sources. Radon ingrowth from its parent isotope (Ra-226) was the 383 

smallest radon source.  384 

The missing radon source to balance the equation was assumed to be porewater inputs and was 385 

estimated by dividing the missing radon flux by the radon concentration in groundwater. This 386 

resulted in a volumetric average subsurface flow of 0.13 ± 0.05 m3/s over the three diel cycles. 387 

Considering the wetland area (113,330 m2), the subsurface flow was estimated to be 10.2 ± 4.2 388 

cm/d on an areal basis (Table 3). Over the three diel cycles, results showed the highest net flow 389 

was during the 3rd diel cycle with an exfiltration of 4.9 ± 2.2 cm/d while the lowest net flow 390 

was during the 2nd diel cycle (2 ± 0.8 cm/d) coinciding with the rainfall event (Figure 5).  391 

3.3 Measured water temperatures and heat tracer analysis 392 

Figure 6 presents the range of measured surface and groundwater temperatures per T-array 393 

during the sampling period. The temperature envelopes were drawn by connecting the 394 

maximum, minimum and average temperatures measured per depth. T4 located at the estuarine 395 

channel (wetland entrance) was constantly inundated and showed the smallest temperature 396 

range, visible near the surface-sediment interface (i.e., 0.0 m). The surface water temperature 397 

ranged from 17.1 °C to 33.8°C. For the other T-arrays a temperature maximum of 36.8°C was 398 

measured at T2 and a minimum of 12.0°C at T3. While the temperature variation near the 399 

surface was very high, it reduced strongly with depth. Below 0.23 m depth, temperature varied 400 

less than 3°C. At the deepest measurement location, around 1 - 1.2 m below surface a maximum 401 

temperature of 21.0°C and a minimum of 19.2°C was observed. While average temperatures 402 

are similar between T1 - T3, T4 had higher average temperatures.  403 

Figure 5 shows the heat tracer derived vertical water exchange fluxes per diel cycle as vertical 404 

bars. The results show temporal heterogeneity with values varying from an exfiltration fluxes 405 

of 13.9 cm/d during the 1st diel cycle to infiltration fluxes of -18.8 cm/d during the 3rd diel 406 

cycle. While the exfiltration fluxes from the heat tracing method remain almost constant during 407 

the three measured diel cycles (Figure 5b), the infiltration fluxes increase (Figure 5a). The net 408 

flux during the 1st diel cycle is positive at 7.8 cm/d, but gradually shifts to a negative value of 409 

-6.2 cm/d in the 3rd diel cycle (Figure 5c).  410 

The heat tracer derived results were spatially extrapolated by assuming relative homogeneity 411 

across the wetland and assigning each T-array to a representative part of the wetland to 412 

calculate volumetric subsurface flows. The assigned areas covered 5,637 m2 for T4 and 44,334 413 



15 
 

m2 for T3. T1 and T2 cover 23,380 and 39,949 m2, respectively. Since T4 represented only the 414 

permanently inundated parts of the wetland, its area was limited to the main channel. During 415 

the three diel cycles a volumetric exfiltration of 33,919 m3 and an infiltration of 21,480 m3 was 416 

calculated, resulting in a total exfiltration of 12,439 m3. Summing up over the three tidal cycles 417 

a net exfiltration of 4,032 ± 3,286 m3/d for the entire wetland was calculated, equivalent to a 418 

vertical net subsurface flow of 4.3 ± 2.9 cm/d (Table 4).  419 

3.4 Darcy’s flow results 420 

Hydraulic head in piezometers closest to the centre of the wetland (i.e., C, H, L, I, D) varied in 421 

a similar way following the tidal trend, whereas piezometers located furthest away from the 422 

centre of the wetland (i.e., A and F) did not show significant variation (Figure 4; heads in 423 

Piezometers A and C are shown as representative). Figure 7 shows groundwater flow maps for 424 

the highest and lowest tide during the measurement period. During the highest tide, hydraulic 425 

gradients were away from the central tidal channel and towards the fringes of the wetland, 426 

indicating water being transported from the Hunter River into the wetland via the central 427 

channel and then further distributed onto the mud flats (Figure 7a). During the lowest tide, the 428 

hydraulic gradients reverse and point towards the central tidal channel, where subsurface water 429 

is drained (exfiltration) from the mud flats and transported out of the wetland via the central 430 

channel (Figure 7b). Due to the topography, tidal waters did not affect water levels in 431 

piezometer F, creating a reducing gradient from this piezometer towards the south channel of 432 

the Hunter River during both high and low tide.   433 

Based on applying Darcy’s equation to the head data the highest net flow per unit width was 434 

from the transect of piezometers G – H, which also had the largest exfiltration at the lowest 435 

tide during the sampling period (Table 5). The smallest net flow per unit width was from 436 

piezometers E – D. Overall, estimated flows using Darcy’s equation showed nearly equal 437 

infiltration and exfiltration during each of the diel cycles over the sampling period resulting in 438 

small net flows. The highest infiltration and exfiltration over the sampling period occurred 439 

during the 3rd diel cycle and were -3.8 ± 2.0 and 6.2 ± 2.9 cm/d, respectively, as illustrated in 440 

Figure 5. The average net flow per unit width from all piezometer transects was an exfiltration 441 

of 3.2 ± 1.8 cm/d which resulted in a volumetric flow of 792 ± 420 m3/d. The resulting flow 442 

from Darcy’s equation was ~70% of those estimated from heat tracing and 30% of the flow 443 

calculated using the radon tracer.   444 

 445 
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4 Discussion 446 

Limitations associated with each field method and their uncertainties arising as a consequence 447 

are explained below. The dataset and subsurface flow processes occurring at the wetland, as 448 

well as how each method captures these processes, is then detailed. The implications of the 449 

study regarding solute transport in coastal environments are also discussed.  450 

4.1 Uncertainty and limitations of measurements 451 

4.1.1 Radon tracing 452 

The radon endmember concentration in groundwater is usually considered as the dominant 453 

source of uncertainty in a radon mass balance approach. Radon concentration can vary 454 

significantly over a small spatial scale and previous studies have used from 5 to 40 samples to 455 

determine the radon endmember concentration (Peterson et al., 2008; Su et al., 2014). Here, we 456 

collected 14 groundwater samples spatially distributed across the site and located < 1 km from 457 

the estuarine time series station to represent the groundwater radon composition at the wetland 458 

following recommendation from Sadat-Noori et al. (2015). The median radon concentration 459 

(882 ± 104, 1 SD) in groundwater samples was used as the endmember in the mass balance to 460 

calculate the radon-derived subsurface flow. The error associated with using this median 461 

concentration (i.e., the standard error of all groundwater measurements) is propagated through 462 

the subsurface flow calculations to highlight the uncertainty associated with this approach. If 463 

the minimum radon groundwater endmember (lowest value measured) was used, the 464 

exfiltration flow would increase by 25% and if the maximum radon groundwater endmember 465 

was used, the exfiltration would decrease by 16%.  466 

As radon is a gas, quantifying losses through wind evasion can also be a source of uncertainty 467 

in the mass balance model (Dulaiova and Burnett, 2006). Determining the gas transfer velocity 468 

(𝐾𝐾𝑔𝑔) through empirical gas exchange equations in dynamic coastal estuarine areas is often 469 

associated with some level of uncertainty (Burnett et al., 2007). Here, we apply the most widely 470 

accepted gas exchange equation for estuarine environments in the literature (Borges et al., 471 

2004). The way in which wind speed data is incorporated into the overall radon wind evasion 472 

can also affect the results. There is discrepancy in the literature regarding the best method to 473 

represent wind speed for radon wind evasion estimates. Previous studies have suggested using 474 

average wind speed data covering the sampling period (Dimova et al., 2013), or averaged wind 475 

speed data from 5–10 days before sampling to account for the cumulated effect of evasion from 476 

the waterbody (Gilfedder et al., 2015). In this study, we use average daily (24 hrs cycle) wind 477 
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speeds. If average daily wind speeds for a longer period (e.g., 10 day) was used, no significant 478 

changes in radon wind evasion would occur (i.e., resulting in similar subsurface flow rate) as 479 

the variations in wind regime in the 10 day period before sampling was similar to the 24 hour 480 

period before sampling. Sampling for longer periods and/or several seasons could provide 481 

further insight in the variability of the groundwater-surface water interaction processes. 482 

However, the long-term deployment of such instrumentation is logistically and technically 483 

challenging. 484 

4.1.2 Heat tracing 485 

Three sources of error were investigated as part of the heat tracer analysis, i) influence of model 486 

parameters, ii) vertical uncertainty of the logger depth and iii) model fit. For i) estimation errors 487 

on 𝑘𝑘 of ± 0.1 Wm/K and on 𝐶𝐶 with ± 0.3×106 J/m3/K were assumed. The average influence on 488 

the flux results was 1.2 cm/d. The error of a vertical misplacement of the T-arrays of ± 2 cm 489 

yielded an error in the flow of 1.7 cm/d. The obtained errors were proportional with fluxes; 490 

hence, higher errors were found for higher fluxes. The integration of errors yielded ± 2.9 cm/d 491 

which was assigned to all calculated fluxes, which is probably overstating the actual errors.  492 

Most heat tracing methods assume strictly 1D vertical flow within a homogeneous subsurface 493 

material. Natural sedimentary systems are usually a heterogeneous and layered structure 494 

(Karan et al., 2013). In the investigated tidal wetland, crab borrows and old root channels up 495 

to > 0.1 m in diameter may have added preferential flow paths that cannot be simulated with 496 

point measurements and an assumption of homogenous conditions. Additionally, even with 497 

perfect homogeneous conditions, subsurface flow fields are 3D (Zlotnik and Tartakovsky, 498 

2018). Hence, the predominant flow direction in the wetland may not be vertical or may shift 499 

in time from vertical to a more lateral direction. Such a behaviour could influence both the flux 500 

estimate and the volumetric flow calculation (Ferguson and Bense, 2011; Lautz, 2010).  501 

A further model assumption is a constant exchange flow during the modelled period, while the 502 

exchange flow in the tidal wetland is thought to be variable in time. The superposition of 503 

diurnal and tidal thermal signals may also influence the modelling results. A model code like 504 

1DTempro suffers from initialisation errors. The subsurface temperature distribution at the start 505 

of the modelled time series is a linear interpolation of the measured starting values, while the 506 

natural temperature distribution contains temperature information prior to the measurement.  507 
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4.1.3 Head gradients (Darcy’s flow) 508 

The largest uncertainty in the Darcy flow calculations is the assignment of a value for hydraulic 509 

conductivity. The value used in our study is derived from onsite head gradient measurements 510 

and the literature, and we assign an uncertainty of 50% to the 𝐾𝐾𝑠𝑠𝑠𝑠𝑠𝑠 value used in the calculations 511 

to account for potential errors associated with hydraulic conductivity. If we use the higher end 512 

estimate of a 𝐾𝐾𝑠𝑠𝑠𝑠𝑠𝑠 value of 10 m/d in our study (from the literature), maximum exfiltration and 513 

infiltration fluxes would increase however, the resulting net flux would not change significantly 514 

(3.8 ± 2.3 cm/day) due to the integration of exfiltration and infiltration fluxes. An additional 515 

source of error in using Darcy’s equation could be related to defining the subsurface cross-516 

section area of the flow. We account for this in our estimation by assigning an uncertainty of 517 

10% to both the length, and the width of the cross-sectional area. Further detailed geological 518 

studies would be required to get a better understanding of the subsurface cross-sectional area 519 

for the study site.  520 

4.2 Radon dynamics and related exchange fluxes 521 

Radon accounts for total groundwater exchange (i.e., fresh and saline; terrestrial and 522 

recirculated) as salinity has little or no effect on radon concentrations in groundwater (Douglas 523 

et al., 2020). Radon concentrations followed a clear tidal trend with high radon activity at low 524 

tide indicating groundwater exfiltration occurred at low tide mainly driven by the pressure 525 

gradient difference between groundwater and surface water levels at low tide (Figure 4). This 526 

is a common trend observed by others in coastal settings (Davis et al., 2020; Webb et al., 2019). 527 

In such cases, a significant inverse relationship between porewater exfiltration and tidal height 528 

is expected (Call et al., 2015; Sadat-Noori et al., 2017), as was also observed here (Figure 8) 529 

confirming that groundwater exfiltration was mostly driven by tidal pumping (Figure 4).  530 

Figure 5c showed the lowest net flow occurred during the 2nd diel cycle which was caused by 531 

a shorter peak in surface water radon concentrations. This in turn, was due to radon dilution 532 

with rainwater during the time of the rainfall event (Figure 4). Although the rainfall event could 533 

have influenced the subsurface flow, the highest net flow observed in the 3rd diel cycle was 534 

most likely attributed to tidal range with larger peaks (compared to previous tides) causing a 535 

higher gradient between groundwater and surface water, as the radon tracer was mainly driven 536 

by the tidal dynamics.  537 

 538 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/radon
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4.3 Measured temperatures and related exchange fluxes 539 

During the three diel cycles the temperature influence of tidal and radiation effects can be 540 

observed up to a depth of 0.05 m but do not affect any temperature measurements at 0.10 m 541 

and below (Figure 4). Compared to T2 and T4, T1 and T3 show a strong temperature variation 542 

near the surface, but the envelopes are narrower below 0.1 m depth, and, hence, indicate less 543 

temperature variation in depth. While the average temperatures for T1, T2 and T3 are very 544 

similar (Figure 6), T4 shows higher average temperatures. These results indicate the transport 545 

of heat from the land surface into the sediment during measurements. Two phenomena may 546 

account for this namely, i) a different sediment composition with higher thermal conductivity 547 

and lower heat capacity as indicated in Table 1, and/or ii) lower exfiltration or higher 548 

infiltration fluxes.  549 

Similar patterns of surface and groundwater temperatures were observed at another tidal 550 

location by Halloran et al. (2017), which in comparison to temperatures time series measured 551 

in rivers are considerably more complex (Anibas et al., 2016). Driven by solar radiation, diel 552 

temperature changes at the lands surface follow a sine function, where during the day it heats 553 

up and during the night it cools down. As they are also strongly influenced by tides (Figure 4), 554 

temperatures in a tidal wetland generally do not follow a sine wave. The non-stationary water 555 

levels in the wetland influences the subsurface temperatures. During high tides, high water 556 

levels dampen and delay subsurface temperature changes, indicated by slower temperature 557 

rises during day, and a delayed cooling during night. High tides transport water from the Hunter 558 

River Estuary and, hence, its heat energy into the wetland, which increases or decreases its 559 

subsurface temperature, respectively. For example, high tides during night can create a 560 

temperature peak. During low tides diel temperature changes are translated fast into the 561 

subsurface due to the decreasing heat capacity of the remaining water, and eventually due to 562 

direct solar radiation on the sediment surface when not inundated.  563 

The heat-derived vertical net subsurface flow of 4.3 ± 2.9 cm/d was less than radon-derived 564 

estimates but higher than Darcy’s flow. Heat tracer-derived results indicate an increase in 565 

vertical infiltration flux over the three diel cycles, while the exfiltration remains constant 566 

(Figure 5). This leads to a change from net exfiltration to a net infiltration during the three diel 567 

cycles. This could be a consequence of the tidal range becoming larger towards the end of the 568 

measurement period (e.g., approaching spring tide). The rainfall event shortly prior to the 3rd 569 

diel cycle could also be responsible for this change in flow direction measured by the heat 570 
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tracing method. The rainfall could have temporally affected (i.e., increased) surface water 571 

levels and caused infiltrating conditions. However, the heat tracer derived flux results and their 572 

spatial upscaling yielded comparable values to the radon tracer experiment and Darcy’s flow 573 

calculations. This clearly indicates the applicability of heat tracing in such highly dynamic 574 

environments as tidal wetlands. The analysis of longer temperature timeseries measurements 575 

could reduce potential uncertainties in the quantification of subsurface flow using heat tracer 576 

in tidal wetlands.  577 

4.4 Subsurface flow source: recirculated seawater or regional flow? 578 

Regarding the magnitude and direction of subsurface flows, the results of the three methods 579 

complimented and validated each other. The values obtained with the three methods agreed 580 

within an order of magnitude. Hence, the combination of methods increased the confidence in 581 

the flux calculations. Additionally, this combination assisted in quantifying various flux 582 

processes (explained below) compared to a single method, thereby providing a more holistic 583 

image of the system and its subsurface flows. The three methods applied for this study provided 584 

different subsurface flow rates, although all were within a similar range and indicative of net 585 

exfiltration during the study period (Table 6). While the net subsurface flow over the sampling 586 

period (three diel cycles) was positive (exfiltration), on shorter time scales, e.g., during 587 

individual high and low tides, flow direction changed from exfiltration to infiltration. Overall, 588 

the system had a net discharge, meaning that water was leaving the catchment mainly due to 589 

the general seaward gradient. 590 

The radon-derived flow represented the total subsurface flow to the wetland over the sampling 591 

period. Flows estimated from the heat and Darcy’s equation equated to 42 and 30% of the 592 

radon-derived flow, respectively. Other studies using multiple environmental methods to 593 

quantify subsurface flow in wetlands/lakes have also reported Darcy’s equation producing the 594 

lowest flow rates compared to heat and isotope methods (Hunt et al., 1996; Mulligan and 595 

Charette, 2006; Su et al., 2016). Here, we interpret the Darcy-derived flow as mainly lateral 596 

subsurface flow and flow from heat tracing as vertical flow as the measurements are being done 597 

either along a predominantly horizontal plane or vertical plane, respectively. Radon 598 

incorporated both (total) flows over the sampling period. The difference in the estimated flows 599 

is likely because radon takes into account the discharging recirculated surface or seawater, in 600 

addition to regional subsurface flows from the adjacent wetlands, whereas the Darcy 601 

calculation ignores the contribution from vertical gradients (i.e., vertical upward gradients 602 
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during low tide discharge). The difference in fluxes can also indicate the influence of crab 603 

burrows and roots canals in increasing the porosity in the wetland’s sediments which is not 604 

accounted for by heat tracing and head gradient methods. Figure 9 illustrates a conceptual 605 

model of the processes occurring and measured by each method at the wetland.  606 

Although the differences between the estimated fluxes are thought to be due to the vertical and 607 

horizontal orientation of the heat and head methods, respectively, the spatial scale of 608 

measurements can also explain part of these differences. It is possible that exfiltration does not 609 

happen equally across the site due to spatial heterogeneity. Discharge can be high at certain 610 

locations where a narrow seepage face exists, and consequently lower elsewhere. The small-611 

scale heat and head installations may be localised and overlook exfiltration hotspots elsewhere 612 

on the tidal flat. However, radon integrates over the entire wetland, including all zones of high 613 

and low flow. The comparison of the three methods in Table 6 indicate that the radon method 614 

provides a total discharge that is two to three times larger than the discharge estimated by the 615 

heat and head methods, respectively. This could indeed indicate that some seepage hotspots 616 

are not detected by the heat and head measurements. While no information on the width of the 617 

seepage face is available for this wetland, investigations elsewhere have shown seepage faces 618 

in the range of 1 - 200 m (Taniguchi et al., 2003).  619 

Surface water flow measurements at the entrance of the wetland indicated a net surface water 620 

discharge of 0.6 m3/s over the sampling period. Based on the subsurface flow estimates derived 621 

by the radon tracer, which represented the total subsurface flow (0.13 m3/s), subsurface flow 622 

contributed about 20% to the surface water exiting at the mouth of the wetland over this period. 623 

This includes all subsurface flows, from recirculated surface water (seawater) to regional fresh 624 

groundwater discharge leaving the catchment. We assume the flow estimated by Darcy’s 625 

equation only represents the lateral regional subsurface flow and hence, if subtracted from 626 

radon-derived flow, the remaining is likely to represent the recirculated surface water 627 

exchange. This is defined as water that infiltrates the wetland during the flood tide and 628 

exchanges back out again during the ebb tide. Based on this approach, the different components 629 

of the subsurface flow were separated and the contribution of the recirculated surface water 630 

component to the total subsurface flow leaving the wetlands was estimated to be 70% (Table 631 

6). Previous studies have shown that the recirculation component of the overall discharging 632 

subsurface flow in various coastal settings (including tidal estuaries) can be significant 633 

(Andersen et al., 2007; Beebe and Lowery, 2018; Hays and Ullman, 2007; Sadat-Noori et al., 634 

2016a).  635 
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4.5 Implications for dissolved material transport  636 

As coastal wetlands are amongst the most productive ecosystems on earth, flow discharging 637 

from their sediment acts as a source and pathway for transporting solutes such as nutrients, 638 

carbon, trace metals and any other dissolved chemical into coastal waters (Porubsky et al., 639 

2014). On a global scale, studies have shown that nutrient delivered to coastal waters through 640 

subsurface flow can rival those delivered by rivers (Cho et al., 2018). Additionally, studies 641 

from Asia (Hwang et al., 2005), North America (Su et al., 2014), Europe (Leote et al., 2008), 642 

Australia (Makings et al., 2014), and the Mediterranean (Rodellas et al., 2015), have linked 643 

coastal water eutrophication to dissolved chemicals delivered by subsurface flow. This 644 

subsurface flow can either be meteoric regional groundwater or recirculated surface (sea) 645 

water, each having different chemical signatures and nutrient loads (Moore, 2010). Therefore, 646 

it is important to separate and accurately estimate these two flow components as this is essential 647 

for understanding their effect on the function and maintenance of coastal ecosystems (Burnett 648 

et al., 2001; Weinstein et al., 2011).  649 

Solute or dissolved chemical transport from sediments is usually estimated by multiplying the 650 

endmember concentration of the chemical in groundwater by the discharging subsurface flow 651 

rate (Beck et al., 2015) with the latter part playing a significant role in the overall flux 652 

estimation. The three methods used here had inherent differences and quantified overlapping 653 

physical processes however, this allowed for distingushing the two components of the 654 

discharging subsurface flow within the system. In studies focuing on biocgeochemical cycles 655 

and element budgets, such information will contribute to better understanding the export flux 656 

of dissolved matter, which has implications for quantifying coastal wetland chemical budgets 657 

such as for carbon and nitrogen (Moore, 2006; Santos et al., 2019). In this study, the resulting 658 

discharge estimates show that a variety of methods are needed to understand subsurface flow 659 

regimes across the land–water boundary in coastal wetlands and quantify sediment solute 660 

transport. 661 

 662 

5 Conclusions  663 

This study relied on three independent methods including head gradients and two natural 664 

groundwater tracers, radon and heat, to quantify subsurface flow in a coastal tidal wetland. The 665 

simultaneous application of the three techniques in a tidal environment revealed that results 666 

from the radon mass balance were ~3-folds larger than the heat tracing technique and those 667 
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calculated by hydraulic gradient. We highlight that these differences are thought to be driven 668 

by the different nature of the methods and by method-specific sources of bias, but more 669 

important that each method measures separate parts of the system. While radon accounted for 670 

the total subsurface flow (terrestrial regional flow and recirculated seawater), head gradients 671 

represented lateral flow exfiltrating into the wetland surface water. On the other hand, heat 672 

tracers presented vertical subsurface flows. Solely relying on head gradients or heat may 673 

underestimate the flow rate and consequently the solute flux transported from tidal wetland to 674 

coastal waters. However, using heat or head methods provides additional valuable information 675 

to determine the terrestrial component of the subsurface flow. Radon measurements do not 676 

allow for high resolution temporal flux estimates, which heat and head methods are capable of 677 

producing. Our work has implication for subsurface flow quantification in tidal environments 678 

as subsurface flow in tidal wetlands can significantly control the transport of dissolved matter 679 

to surface water via different pathways.  680 

In the future, we recommend improving the robustness of field studies based on the methods 681 

employed in this study by increasing the spatial density of measurement points and longer field 682 

deployments to extend the observation periods. It should be noted that this is usually 683 

constrained by the budget and availability of personnel. For example, having an additional 684 

radon measuring station located at the upstream parts of the wetland (in addition to one at the 685 

mouth) would allow for dividing the wetland into two compartment and thereby disaggregating 686 

the measurements. This would help reducing some of the uncertainties when developing the 687 

radon mass balance model. Deploying two piezometers next to each other with screens at 688 

different depths can provide measurements of vertical hydraulic gradients and the vertical 689 

subsurface flow using Darcy’s equation (if the hydraulic conductivity is also measured). 690 

Longer observation periods would provide a wider range of conditions and natural variability 691 

regardless of the method. In particular, longer periods of temperature observations (e.g., >1 692 

month) would reduce data inversion uncertainties associated with this method. Overall, a robust 693 

assessment of subsurface flow at any tidal wetland requires a combination of several methods. 694 
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Table 1. The measured thermal parameters k and c of the mudflats (T1 and T3), the upstream 701 
part of the estuarine channel (T2) and the downstream part of the estuarine tidal channel (T4). 702 
For T1, T2 and T3 two measurements in depth were performed, creating individual values for 703 
0.3, 0.4 and >0.4 m of the sediment profile. An increasing trend of k is visible between the 704 
mudflats and the channel, as well as with depth. An inverse correlation between k and c is 705 
observed. 706 

T-array Depth (m) Thermal conductivity k (W/mK) Volumetric heat capacity c (MJ/m3/K) 
T1, T3 0.0-0.4 0.99 3.5 
T1, T3 >0.4 1.18 3.3 

T2 0.0-0.3 1.10 3.7 
T2 >0.3 1.31 3.1 
T4 >0.0 1.52 3.0 

Average  1.05 3.4 
 707 

  708 
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Table 2. Groundwater depth, salinity, temperature, and radon observations. 709 

Piezometer  Depth (m) Salinity (ppt)  Temp (°C) Radon (Bq/m3) 

A 1.5 51.3 23.7 1060 
B 1.2 48.3 22.6 950 
C 1.1 48.2 21.2 790 
D 1.1 46.5 21.5 850 
E 1.3 45.9 22.7 820 
F 1.4 50.2 23.5 910 
G 1.3 53.4 23.8 985 
H 1.2 51 24.4 879 
I 1.2 51.2 21.2 994 
J 1.2 42.1 21.8 980 
K 1.3 49.4 20.1 810 
L 1.2 48.4 22.3 710 
M 1.0 51.7 22.3 725 
N 1.3 47.4 24.6 884 

 Average 48 22 882 
  Std Dev. 3 2 104 

 710 
  711 
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Table 3. Radon mass balance parameters and the resulting radon-derived subsurface flow 712 
over three diel cycles. All radon source and sink units are in Bq/s.  713 

   Parameters Radon flux Contribution (%) 
Sinks       
 Radon decay 8.8 ± 1.5 2.7 
 Wind evasion 98.5 ± 42.5 30.1 
 Current evasion 15.4 ± 5.9 4.7 
 Radon outflow 205.1 ± 98.2 62.6 
  Total radon outputs 327.7 ± 107.2 100 
Sources     
 Diffusion from sediments 5.2 ± 2.1 1.6 
 Radon ingrowth from 226Ra 6.2 ± 1.7 1.9 
 Radon inflow 198.1 ± 58.4 60.4 
 Missing radon (groundwater) 188.3 ± 56.5 36.1 
  Total radon inputs 327.7 ± 81.4 100 
 Subsurface flow (m3/s) 0.13 ± 0.05  

  Subsurface flow (cm/d) 10.2 ± 4.2   
 714 

 715 
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Table 4. Time averaged vertical subsurface flow derived from the 1DTempPro simulations for 716 
each T-array and as a summation. The values are weighted by the respective wetland areas. 717 
Note that a positive sign (+) indicates groundwater exfiltration.  718 

T-array  Location Area (m2) Vertical groundwater 
flux (cm/d) 

Net groundwater 
volumetric flux (m3/d) 

T1  Mudflats north 23,380 + 7.3 ± 2.9 + 1706 ± 678 
T2  Channel upstream 39,949 + 2.6 ± 2.9 + 1039 ± 1159 
T3  Mudflats south 44,334 + 2.3 ± 2.9 + 1003 ± 1286 
T4  Channel downstream 5,637 + 5.0 ± 2.9 + 385 ± 164 
Total  113,330 + 4.3 ± 2.9 + 4032 ± 3286 

 719 

 720 

  721 
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Table 5. Subsurface flow estimated using Darcy’s equation per unit width for each 722 
piezometer transect.  723 

Parameter  Diel 
cycle 

Piezometers  
A - C 

Piezometers  
E - D 

Piezometers  
G - H 

Piezometers  
J - I 

Piezometers  
M - L 

Average flow 
for all 
piezometer 
transects 
(cm/d) 

 Net ΔH (m) 

1st  0.32 ± 0.02 0.15 ± 0.01 0.25 0.15 ± 0.01 0.20 0.15 ± 0.01 0.18 0.15 ± 0.01  

2nd  0.41 ± 0.02 0.19 ± 0.01 0.32 ± 0.02 0.24 ± 0.01 0.24 ± 0.01  

3rd  0.52 ± 0.03 0.18 ± 0.01 0.42 ± 0.02 0.23 ± 0.01 0.28 ± 0.01  
Distance ∆L (m)  87 ± 10 32 ± 3 34 ± 3 37 ± 4 41 ± 4  

𝐾𝐾𝑠𝑠𝑠𝑠𝑠𝑠 (m/d)  5 ± 2.5 5 ± 2.5 5 ± 2.5 5 ± 2.5 5 ± 2.5  

 1st  1.8 ± 0.74 2.3 ± 0.94 3.7 ± 1.47 2.7 ± 1.08 2.2 ± 0.90  

Flow (cm/d)  2nd  2.4 ± 0.94 3.0 ± 1.19 4.7 ± 1.88 3.2 ± 1.30 2.9 ± 1.16  

  3rd  3.0 ± 1.20 2.8 ± 1.13 6.2 ± 2.47 3.1 ± 1.47 3.4 ± 1.37  
Average flow over the three 
diel cycles (cm/d) 2.4 ± 1.66 2.7 ± 1.88 4.9 ± 3.36 3.0 ± 2.09 2.8 ± 1.97 3.2 ± 1.8 

   724 
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Table 6. Net subsurface flow estimated over three diel cycles using multiple methods and the contribution of subsurface flow to net total surface 725 
water discharge out of the wetland.  726 

 Flow 
(cm/d) 

Volumetric flow 
(m3/s) 

Subsurface flow 
contribution to surface 
water discharge (%) 

Recirculated seawater 
contribution to 
subsurface flow (%) 

Regional flow 
contribution to 
subsurface flow (%) 

Surface water  0.6 - - - 
Radon 10.2 ± 4.2 0.13 ± 0.07 22 70 30 
Heat 4.3 ± 2.9 0.05 ±0.04 9 - - 
Darcy 3.2 ± 1.8 0.016 ± 0.01 3 0 100 

 727 
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 728 

 729 
 730 
Figure 1. Map of the study area showing the position of the T-arrays 1-4 and the location of 731 
the continuous radon measurement. The dark solid line indicates the cross-section location 732 
illustrated in Figure 9 covering Piezometers A to F.  733 
 734 
 735 
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 736 

Figure 2. The hydrogeological map of the region showing the entire study area is 737 
characterised as quaternary deposits including sand, silt and clay. 738 



32 
 

 739 

Figure 3. Schematic view of a T-array installed in the tidal mudflats and the estuarine channel. 740 
The T-array consisted of two PVC pipes, a vented long pipe measured groundwater 741 
temperature and head, 1.0 m below surface. A short pipe completely inundated during high 742 
tides measured surface water temperature and groundwater temperatures at several depths 743 
below the interface and head at the sediment surface.  744 

  745 
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 746 
Figure 4. Surface water time series observations at the entrance of the wetland. Groundwater 747 
level times series for Piezometers A and C is also shown. Shaded areas indicate low tide 748 
periods. Temperature arrays show data for the 7 loggers in T4 T-array with depths of 0.02, 749 
0.05, 0.1, 0.23, 0.42, 1.2 m.  750 
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 751 

Figure 5. The (a) infiltration, (b) exfiltration and (c) net subsurface flow during each diel cycle 752 
over the sampling period based on the methods used. (The radon method only produced net 753 
flow). Positive values indicate exfiltration and negative values infiltration. Notice the variable 754 
scale of the vertical axes.  755 
 756 

 757 

 758 

 759 
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 760 

Figure 6. Temperature envelopes of the T-arrays on the mudflats (T1 and T3), the upstream 761 
part of the estuarine channel (T2) and the downstream part of the estuarine channel (T4) as 762 
dotted line graphs. The dots indicate the measured values of the maximum, minimum and 763 
average temperatures measured during sampling. Temperatures within the yellow bars were 764 
above or below the values measured at T4. T4, constantly inundated, shows the smallest range 765 
of temperature, especially near the surface (see yellow bars). Temperature variations are strong 766 
near the surface-sediment interface but decrease quickly with depth. T4 shows the highest 767 
average temperatures. The stronger temperature variation of the 0.23 m logger of T1 was likely 768 
related to a technical problem, hence it was not used for the heat transport analysis.  769 
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 770 

Figure 7. Subsurface flow maps for the study site based on spatial interpolation of measured hydraulic heads for (a) highest and (b) lowest tide 771 
during the experiment period. The shown values are interpolated hydraulic heads above an Australian Head Datum (AHD) measured in m. The 772 
solid black line indicates catchment boundary while the solid blue line shows the tidal extent at (a) highest and (b) lowest low tide during sampling.  773 

 774 
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 775 

Figure 8. Surface water radon versus depth in the estuary channel indicating tidal pumping as 776 
the major driver of subsurface flow at the site. 777 

  778 
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 779 

Figure 9. Conceptual figure illustrating the subsurface flow dynamics during highest and lowest tide in the wetland. Head gradients quantify lateral 780 
flow, temperature measurements quantify vertical flow and radon quantifies total (lateral + vertical) flow. Solid lines indicate measured surface 781 
water level and water table at highest and lowest tide while dash lines indicate assumed location of water table at lowest tide.  782 
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