
1 
 

Porewater exchange as a driver of CO2 flux to the 
atmosphere in a temperate, North American estuary. 

 

 
 

 

 

By: Rowena Diggle 

 
 

Supervisor: Dr. Douglas Tait 

 

Co-Supervisor: Prof. Isaac Santos 

 
 

  



2 
 

I certify that the work presented in the thesis, to the best of my knowledge and belief,  

is original, except as acknowledged in the text, and that the material has not been 

submitted, either in whole or part, for a degree at this or any other university. 

 

 

 

I acknowledge that I have read and understood the university’s rules and requirements 

relating to the awarding of my honours degree and to my thesis. I certify that I have 

complied with these.  

 

 

Signature:  

Candidate name: Rowena Diggle  

Dated:  



3 
 

Abstract 

 
Large gaps and uncertainties still exist in constraining carbon dioxide (CO2) fluxes in 
estuaries. Estuaries are biogeochemical hotspots and important sites for carbon cycling. 
Porewater exchange can be a significant driver of CO2 dynamics and primary production in 
estuarine systems due to its often disproportionately high enrichment in carbon relative to 
receiving waters. The use of a natural groundwater tracer, radon (222Rn), may be useful for 
investigating porewater exchange in estuaries and for providing insight into whether 
porewater exchange influences CO2 in surface waters. A high resolution automated radon 
and CO2 time series was conducted in the Squamish central estuary over eight consecutive 
tidal cycles to assess the relative importance of porewater exchange on estuarine carbon 
dynamics. Squamish central estuary is a tidal system flowing to Howe Sound fjord, a coastal 
bay connecting to the Salish Sea, and receives freshwater from the catchment and intermittent 
river inputs from a series of manmade culverts. Radon and CO2 observations revealed a clear 
tidal trend which is indicative of porewater exchange driven by tidal pumping. With the 
exception of dissolved inorganic carbon (DIC), there was no clear correlation between 
salinity and any of the measured parameters. Surface water pCO2 ranged from 720 µatm to 
10527 µatm. A radon mass balance indicated an average porewater exchange rate of 14 cm 
day-1, which is equivalent to 4.3% of the tidal prism. Further, the estuary was a net source of 
CO2 evasion to the atmosphere, with an average CO2 flux of 212 ± 19 mmol m-2 day-1. 
Porewater derived fluxes of dissolved organic carbon (DOC) and DIC were 26.2 and 219.4 
mmol m2 day-1, respectively, which accounted for 3.7% & 4.5% of the total sources of DOC 
and DIC to surface waters. The observed results, together with strong correlations between 
pCO2 and 222Rn, suggest that porewater exchange is a significant driver of CO2 production 
and transport to the atmosphere in Squamish central estuary. The study revealed that radon 
can be useful to quantify porewater and carbon fluxes over multiple tidal cycles in the 
Squamish central estuary. This study is the first of its kind to investigate and quantify 
porewater exchange in a Canadian estuary.  

 
Key Words 

 

Porewater exchange, carbon dioxide, temperate estuary, radon 

 

Correspondence  

 

r.diggle.10@student.scu.edu.au  

 

  



4 
 

Acknowledgements 

 

Dr. Douglas Tait for his endless support and expertise as my main supervisor. Thank you for 
travelling the long distance to allow the research to go ahead and your continued efforts 
despite at times coming face to face with the local wildlife. 

 

Professor Isaac Santos for being my co-supervisor and providing tremendous inspiration and 
knowledge.  

 

Thank you to Damien Maher for your input and expertise and willingness to help at any time.  

 

I further would like to thank my fieldwork assistant Xander Huggins for his energy and hard 
work throughout the sampling period. Also, to Ceylena Holloway for her help with equipment 
logistics, liaising and running samples.  

 

 

 

  



5 
 

1 TABLE OF CONTENTS 
 

2. Introduction 8 
2.1 Carbon in estuaries 8 
2.2 Porewater exchange 10 
2.3 Water-Air CO2 flux 12 

3. Aims and Objectives 13 
4. Methods 14 

4.1 Site description 14 
4.2 Surface water time series observations 16 
4.3 Porewater measurements 17 
4.4 Calculations 17 
4.5 Carbon flux 19 

5. Results 20 
5.1 Hydrological conditions 20 

5.2 Surface water time series 22 
5.3 Porewater observations 25 
5.4 Culvert measurements 26 
5.5 Radon mass balance 27 
5.6 Carbon emissions and export 27 

6. Discussion 29 
6.1 Porewater exchange 29 
6.2 Carbon dioxide dynamics 31 

6.3 Radon and carbon dynamics over tidal time scales 33 
6.4 Conclusion 35 

7. List of references 36 
 

  



6 
 

List of Figures  

 

Figure 1: Conceptual diagram of gas exchange and porewater processes in a tidal estuary. 

Flood and ebb tides flush sediments and porewaters composed of carbon species, 

contaminants and nutrients into the water column which, can cause an amplitude of 

biogeochemical reactions and intensive gas exchange. Surrounding vegetation can affect 

gas exchange, limit wind stress and be important sites for microbial decomposition of 

organic matter. Source: (Cai 2011)………………………………………………….…..9 

Figure 2: Conceptual diagram of the sources (tide, radium decay, sediment diffusion and 

groundwater) and sinks (tide, radon decay, current evasion and wind evasion) of 222Rn in 

a tidal estuary that are incorporated into the 222Rn mass balance for calculation of 

porewater exchange...………………………………………………..…………………12 

Figure 3: Map of the Squamish central estuary study site showing the location of the surface 

water time series station, the ten porewater sample sites and culvert positions…………15 

Figure 4: Depth (m), discharge (m3 s-1) and physico-chemical observations during surface 

water time series of Squamish central estuary 13/06/2016 to 18/06/2016. Gaps in the data 

lines indicate periods of low water level. Shaded columns indicate night time…………21 

Figure 5: Time series observations of surface waters sampled in the Squamish central estuary 

from the 13/06/2016 to 18/06/2016. Measurements of 222Rn, pCO2, DIC and DOC 

include interpolated data calculated using a best fit polynomial equation. Shaded columns 

indicate night time………………………………………………………………….......23 

Figure 6: Correlation between pCO2 and DO% saturation (A), salinity (B), 222Rn (C) and pH 

(D) in surface waters during time series 13/06/2016 to 18/06/2016 in the Squamish 

central estuary. Low tide (<1.8 m) and high tide (>1.8 m) separations were based on 

splitting observation count in half………………………………………………………24 

Figure 7: Ratio of porewater to surface water concentrations in measured parameters. 

Average concentrations of measured variables were used to calculate ratios………….26 

Figure 8: The net export contribution of carbon species from Squamish central estuary….28 

 

  



7 
 

List of Tables  

Table 1: Correlation coefficients (r2) between measured parameters during the time series in 

the Squamish central estuary. Measurements highlighted in bold indicate significant 

relationships (p value ≤ 0.01)......……………………………………………….…...….25 

Table 2: Porewater observations for the Squamish central estuary…………………………26 

Table 3: Average daily fluxes of 222Rn, carbon species and physico-chemical parameters for 

the culverts draining into the Squamish central estuary…….….……………………….26 

Table 4: Radon sources and sinks forming the radon mass balance assessment for Squamish 

central estuary time series including corresponding terms for Eq. (1)………..…………27 

Table 5: Carbon flux measurements of Squamish central estuary time series………..……..28 

 

  



8 
 

2. INTRODUCTION  
 

2.1 Carbon in estuaries   

Since the beginning of the pre-industrial era, atmospheric carbon dioxide (CO2) has risen by 

40%, largely as a consequence of fossil fuel burning (coal, gas and oil) and changes to land 

use (mainly deforestation). Constraining carbon budgets of regional and global scale is vital 

for understanding the movement of energy and materials between ecosystem compartments 

(Maher and Eyre 2012). The dynamic nature of organic carbon and its transformation into 

CO2 and subsequent evasion to the atmosphere along the coastal regime of rivers, estuaries, 

marshes, continental shelf and ultimately the open ocean remains poorly understood (Cai 

2011). Each year, an estimated carbon load of 4.65 Tg C yr-1 is transported from rivers to 

estuaries globally (Laruelle et al. 2015). The extent to which an estuary functions as a carbon 

filtering system and the drivers of changes in carbon species between organic and inorganic, 

particulate or dissolved are still largely unresolved (Cai 2011; Chen et al. 2013).  

Estuaries are recognised to be important mediums for carbon exchange, however a paucity of 

data across biomes still exists (Borges et al. 2006; Cai 2011; Chen and Borges 2009; Maher 

et al. 2015). Estuaries provide a matrix of pathways between land, ocean, atmosphere, biota 

and sediments. Although occupying a relatively small area, estuaries are biogeochemical 

hotspots and often sources of significant CO2 emissions to the atmosphere, largely due to 

elevated levels of biological production, remineralisation and organic matter sedimentation 

(Borges et al. 2005; Chen et al. 2013; Jiang et al. 2008; Weston et al. 2014). The global 

estuarine efflux is estimated to be 0.25 Pg C yr-1 where the contribution of CO2 to the 

atmosphere is thought to be roughly equal to CO2 uptake from continental shelves (Cai 2011; 

Dinauer and Mucci 2017). However, large uncertainties still remain around estuarine flux 

estimates (±0.25 Pg C yr-1) (Dinauer and Mucci 2017; Laruelle et al. 2010; Regnier et al. 

2013) and closing this knowledge gap is essential in accurately quantifying the role of 

estuaries in global carbon budgets.  

Intensive gas exchange has been observed in estuaries with surrounding marshland and is 

thought to be driven by tidal flows and microbial decomposition of marsh borne organic 

carbon (Figure 1) (Cai 2011). Furthermore, estuary geomorphology and amount of nutrient 

inputs can moderate the cycling and fate of organic and inorganic carbon (Bauer et al. 2013). 

An important and often overlooked component of the carbon cycle in estuaries is the 

contribution of groundwater and/or porewater. Porewater exchange may have considerable 

influence on estuarine biogeochemical cycling due to a high enrichment of carbon, nutrients, 
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contaminants, metals and pollutants in porewater relative to receiving waters (Bobba et al. 

2012; Burnett et al. 2006; Maher et al. 2015). Despite being volumetrically small, these 

porewaters provide a direct pathway for dissolved constituents to enter surface waters which, 

can influence primary production (Santos et al. 2014; Santos et al. 2008; Slomp and Van 

Cappellan 2004) and CO2 evasion to the atmosphere (Atkins et al. 2013; Macklin et al. 2014; 

Sadat-Noori et al. 2015a; Santos et al. 2015). The extent to which porewaters contribute to 

the partial pressure of CO2 (pCO2) in surface waters remains poorly examined and is often 

ignored in carbon budgets (Atkins et al. 2013; Cole et al. 2007). 

Figure 1: Conceptual diagram of gas exchange and porewater processes in a tidal estuary. 

Flood and ebb tides flush sediments and porewaters composed of carbon species, 

contaminants and nutrients into the water column which, can cause an amplitude of 

biogeochemical reactions and intensive gas exchange. Surrounding vegetation can affect gas 

exchange, limit wind stress and be important sites for microbial decomposition of organic 

matter. Source: (Cai 2011). 

 

  

Vegetation 
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2.2 Porewater exchange 

Intertidal porewater exchange has been shown to be a source of dissolved nutrients to estuaries 

and a key driver of nutrient speciation in the water column (Maher et al. 2015; Santos et al. 

2015; Santos et al. 2014; Santos et al. 2009a). Porewater exchange, together with seawater 

recirculation, are smaller scale processes occurring within the larger scale process of 

submarine groundwater discharge, which is described as any flow of water from sediments to 

the coastal ocean (Burnett et al. 2006; Santos et al. 2012). Tidal pumping in particular can be 

a significant driver of water column porewater exchange (Burnett et al. 2006; Santos et al. 

2012). Tidal pumping is the process whereby the action of tides creates regular flushing of 

sediments, potentially delivering solute enriched groundwater to surface waters (Gleeson et 

al. 2013; Maher et al. 2015; Santos et al. 2009b; Santos et al. 2013). Tidal patterns can create 

steep hydraulic gradients which can lead to high-levels of terrestrial borne porewater 

discharge at low tide and minimal discharge at high tide, however, the modulation is not 

always linear and can change abruptly (Burnett et al. 2006; Santos et al. 2012). 

The input of dissolved organic matter and nutrients via porewater exchange to surface waters 

may have an indirect influence on CO2 fluxes by enhancing biological metabolism (Sadat-

Noori et al. 2015a; Santos et al. 2015; Santos et al. 2008; Santos et al. 2009b). The supply of 

solutes like nutrients through porewater exchange to surface waters can stimulate primary 

production and dissolved inorganic carbon (DIC) uptake, thereby decreasing CO2 release to 

the atmosphere in coastal systems (Sadat-Noori et al. 2015a; Santos et al. 2015). 

Alternatively, porewater exchange can provide metabolic CO2 directly, as well as organic 

carbon that stimulates respiration (Santos et al., 2015). The majority of studies focusing on 

porewater exchange and its influence on estuarine CO2 dynamics have been conducted in 

Australia, Germany and the USA. Very little is known about coastal systems in northern 

temperate estuaries and fjord systems; where the seasonality and dynamic nature of mountain 

areas yields wide variability in local groundwater flows, which can be attributed to a complex 

combination of soils, geology and climate (Carreira et al. 2010; Doyle et al. 2015; Laruelle et 

al. 2015). Gaining insight into drivers of porewater exchange and its effect on carbon fluxes, 

across a range of estuarine systems will build our knowledge to better constrain the global 

carbon cycle. 

Quantifying porewater fluxes can be challenging due to spatial and temporal variability 

(Burnett et al. 2006; Eller et al. 2014). The use of natural geochemical tracers to determine 

groundwater fluxes may be an effective and relatively inexpensive method to gain insight into 

porewater processes in estuarine and coastal systems (Eller et al. 2014; Santos et al. 2014). 
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Previously, studies have relied on dyes, seepage meters and hydrological modelling to assess 

porewater exchange; however, these methods vary in cost, practicality, effectiveness and 

quantification success (Burnett et al. 2006). Seepage meters can be limiting because numerous 

readings are required to capture highly variable flow rates both spatially and temporally 

(Bobba et al. 2012). Additionally, collection covers and bags on meters can impact surface 

water movements and deployment can be very labour intensive (Bobba et al. 2012). Other 

techniques such as water balance assessments and hydrological modeling can be useful for 

first estimates of fresh groundwater discharge by capturing the groundwater driven by 

terrestrial hydraulic heads; however, often don’t evaluate recharge cycles or marine processes, 

such as tidal pumping (Burnett et al. 2006). 

Radon (222Rn; half-life 3.84 days) has been used as an effective tracer of porewater seepage 

due to its natural enrichment in water that has been in contact with sediments and its 

conservative nature (Peterson et al. 2010; Santos et al. 2014). Further, recent advances in 
222Rn automation enables the collection of large datasets with less effort than traditional 

methods (Burnett et al. 2006; Dulaiova et al. 2005). As part of the uranium (238U) decay chain, 
222Rn forms from the decay of radium (226Ra) and is an ideal natural tracer in tidal systems 

due to its short half-life being comparable to residence times of coastal surface waters (Santos 

et al., 2014). When porewaters enriched in radon enter surface waters, radon immediately 

begins exiting the system through atmospheric evasion, decay and mixing (Burnett et al. 

2006). Natural tracers such as 222Rn provide and integrated signal within the water column, 

allowing small scale variations to be captured (Burnett et al. 2006). Further, radon-in-water 

monitoring systems provide in-situ, high frequency, continuous and precise observations over 

multiple tidal cycles, leading to large data sets and capturing of any temporal variability. By 

incorporating the known sources and sinks of 222Rn, a steady-state mass balance approach 

(Figure 2) can be used to quantify porewater exchange over time (Burnett et al., 2006).   
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Figure 2: Conceptual diagram of the sources (tide, radium decay, sediment diffusion and 

groundwater) and sinks (tide, radon decay, current evasion and wind evasion) of 222Rn in a 

tidal estuary that are incorporated into the 222Rn mass balance for calculation of porewater 

exchange.  

 

2.3 Water-Air CO2 flux 
Past studies of global estuarine systems have found that nearly all estuaries are supersaturated 

with CO2, relative to the atmosphere, with low latitude estuaries often strong sources of CO2 

and mid to high latitude estuaries generally weak sources of CO2 to the atmosphere (Cai 2011; 

Dinauer and Mucci 2017; Laruelle et al. 2010; Laruelle et al. 2015). The lack of data in major 

geographic regions such as Canada, China, Russia and the Arctic, creates uncertainty in global 

estimates of CO2 emissions (Borges et al. 2006; Cai 2011; Chen et al. 2013). Further, the 

variability of CO2 fluxes over diurnal, tidal and seasonal timescales remains poorly 

understood (Cai 2011; Dulaiova and Burnett 2008; Maher et al. 2015). In many instances, 

assessments have relied on discrete sampling of CO2 concentrations that have then been 

upscaled to the entire system, which may have led to either over or under estimation of carbon 

fluxes to the atmosphere (Clair et al. 2013; Cole et al. 2007; Lauerwald et al. 2014).  

Quantifying temporal variability is important in these highly dynamic systems where there 

can be large variability in air-water CO2 fluxes over diurnal (productivity/respiration) and 

tidal (groundwater/mixing) cycles (Maher et al. 2015). A flux of CO2 from the water to the 

air occurs when pCO2 in surface waters are above atmospheric values (~ 407 µatm), due to a 
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disequilibrium in concentration at the water-air interface (MacIntyre et al. 1995). Distinct 

tidal trends of CO2 have been observed where low tide CO2 fluxes are orders of magnitude 

higher than high tide fluxes, irrespective of the time of day (Atkins et al. 2013; Maher et al. 

2015; Wang and Cai 2004). Three estuaries of varying river influences in the Georgia Coast 

of the southeastern United States (Jiang et al. 2008) had average low tide air-water CO2 fluxes 

of 128 mmol CO2 m-2 d-1, in contrast to the average high tide air-water CO2 flux of 9 mmol 

CO2 m-2 d-1. Of the three estuaries studied, the river dominated site had an annual average air-

water flux ≥2 times the marine dominated estuaries (Jiang et al. 2008). Diurnal variability has 

also been observed in mangrove dominated (Atkins et al. 2013; Biswas et al. 2004) and other 

coastal systems (Cyronak et al. 2014), attributed to a combination of ecosystem metabolism 

and wind speed.  

North American (USA and Canada) estuaries have the largest estuarine surface area globally 

(41%), yet data suggest they have the lowest CO2 flux per unit area of all continents (Chen et 

al. 2013). However, the paucity of data from Canadian estuaries suggests large uncertainties 

around this hypothesis (Dinauer and Mucci 2017; Regnier et al. 2013). Despite the Gulf of 

St. Lawrence in eastern Canada being one of the worlds most studied estuarine systems, it has 

been omitted from global CO2 flux estimates in major global reviews of estuarine CO2 fluxes 

including Borges (2005), Cai (2011), Jiang et al. (2008) and Laruelle et al. (2010), due to lack 

of published data on surface water pCO2 (Cai 2011; Dinauer and Mucci 2017; Laruelle et al. 

2015).  

3. AIMS AND OBJECTIVES  
 

I hypothesise that tidal pumping is a major driver of porewater exchange, influencing CO2 

emissions in estuaries and exports of DIC and DOC. To investigate this hypothesis, 

measurements of dissolved carbon parameters were coupled with continuous in situ 222Rn 

observations over multiple tidal cycles in a temperate Canadian estuary (Squamish central 

estuary). This enabled investigation of the hydrological (groundwater and surface runoff) 

drivers of CO2 cycling over diurnal and tidal cycles. The construction of a 222Rn mass balance 

allowed the quantification of porewater exchange in the Squamish central estuary. This study 

was the first to characterize porewater exchange and how it may drive DIC, DOC and CO2 

fluxes in a temperate Canadian estuary. 
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4. METHODS  
 

4.1 Site description  

To assess the influence of porewater exchange on CO2 emissions to the atmosphere over tidal 

and diel cycles in a temperate estuarine tidal marsh, a five-day time series was conducted in 

the Squamish central estuary, Canada. Squamish central estuary is situated at the head of 

Howe Sound fjord in south western British Columbia (49o41’12’’N, 123o10’42’’W) (Figure 

3). The estuary has undergone tremendous transformation in the past 50 years, due mainly to 

urban and port developments. The town of Squamish has a permanent population of ~17,000 

residents and is regarded internationally as a major tourist destination, predominantly for 

recreational activities and for the vast array of mountainous and geologically significant 

terrain. Temperatures during the summer average 15.5 to 17.8 oC (June to August), while 

winter temperatures range 2.5 to 4.6 oC (November to January) (Environment and Climate 

Change Canada 2006). Monthly precipitation is highest in winter (average 316 mm) and 

lowest in summer (average 69 mm) (Environment and Climate Change Canada 2006). Howe 

Sound, the southernmost fjord in British Columbia, is 42km long and connects the Squamish 

central estuary to the Salish Sea. Although the estuary is now separated from the Squamish 

River by a dyke, it is subject to tidal inundation from Howe Sound fjord and intermittent flow 

from a series of manmade culverts connecting the river and estuary. The estuarine substrate 

consisting of fine silts and sands is exposed for 1-2 hours during low tide before being covered 

by 1-3 meters of water at high tide.  
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Figure 3: Map of the Squamish central estuary study site showing the location of the surface 

water time series station, the ten porewater sample sites and culvert positions.  
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4.2 Surface water time series observations  

Surface water observations were conducted at the time series station located approximately 1 

km upstream from the estuary mouth. A calibrated multiparameter sonde (Hydrolab DS5) was 

used to measure water column salinity, pH, temperature, dissolved oxygen and turbidity at 

15-minute intervals. A current meter (SonTek Argonaut) was deployed in the middle of the 

estuary to monitor current velocity and direction of flow, averaged over 10-minute intervals. 

A local airport weather station 1km north of the survey site was used to calculate wind speed. 

Culvert salinity, temperature, DO, DO% saturation and pH observations were made with a 

calibrated multiprobe (HACH HQ40D). 

 

To determine 222Rn concentrations, surface waters were pumped continuously from a depth 

of ~0.5 m into a gas equilibrium device (GED) at a rate of ~3L/minute. The headspace of the 

GED was then sampled in a closed loop with a desiccant, a radon in-air monitoring device, 

modified for radon in-water (RAD7, Durridge) (Burnett et al. 2010; Dulaiova et al. 2005) and 

a non-dispersive infrared-analyzer (LiCor 7000) to determine CO2 concentrations. The silicon 

semi-conductor within the 222Rn monitor enables a count of positively charged 218Po and 214Po 

daughters, which are then used to derive 222Rn concentrations from the temperature and 

salinity function of solubility (Schubert et al. 2012). Carbon dioxide concentrations were 

measured from the same headspace gas and converted to in situ pCO2 using the corresponding 

temperature and salinity measurements of Pierrot et al. (2009). The gas detectors were 

continuously run at time steps of 30 minutes for 222Rn and one minute for CO2. When water 

levels were too low (< 0.50 m) for pumping estuary water, an interpolation was applied to the 
222Rn and pCO2 data. The gaps in data were filled using four points either side of the gap and 

then applying a best fit polynomial to an order of 6. Radon and pCO2 were measured in the 

culvert connecting the adjacent Squamish River using the same methods described above.  

 

Discrete samples of DIC and DOC were taken at every low and high tide throughout the five-

day sampling period and every two hours over a 24-hour period on the 17th and 18th 

September, 2016. Samples were filtered through 0.7-micron filters (Whatman GF/F) and 

refrigerated before analysis using the wet oxidation method (St-Jean 2003) with an OI Aurora 

1030 W interfaced with an Isotope Ratio Mass Spectrometer (Therma Delta V+) (Maher and 

Eyre 2012). Estuarine import (flood tide) and export (ebb tide) of DIC and DOC were 

estimated for eight tidal cycles by multiplying 30-minute discharge rates by the concentration 
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of the carbon species. Total export and import rates over the eight cycles were then divided 

by the total number of days data was collected to calculate the daily average. Measurements 

of DIC and DOC for the culvert were collected in the same manner as that used for surface 

waters.   

4.3 Porewater measurements  

Ten shallow bores that were approximately one meter in depth were dug along the estuary 

using a handheld auger. The wells were purged three times before samples were drawn from 

the bores using a peristaltic pump. A calibrated multiprobe (HACH HQ40D) was used to 

measure pH, salinity, temperature and dissolved oxygen from each of the porewater wells. 

Porewater sampling for 222Rn and CO2 was conducted by firstly filling a 250-ml glass tight 

bottle with porewater three times to overflow before capping. A closed-loop gas system 

(Durridge H2O) in line with a RAD7 and Licor 7000 was then used to measure 222Rn and CO2 

concentrations, respectively. Porewater DIC and DOC were sampled at each of the bores 

using a sample rinsed polypropylene syringe and filtered in the same manner as that used for 

surface waters.  

 

4.4 Calculations 

A radon mass balance Eq. (1) was constructed to quantitatively estimate porewater exchange 

by integrating radon sources (222Rn diffusion, radium 226 decay, river flow through the 

culverts and incoming surface waters) and sinks (outgoing surface waters, atmospheric 

evasion and radioactive decay). The model incorporates incoming and outgoing temporal 
222Rn concentration measurements for each half hour time step over the eight complete tidal 

cycles (approximately four days) to estimate a porewater exchange rate (PW; dpm m-3) (Tait 

et al. 2016): 

 

𝑃𝑤 = [(𝑅𝑛𝑤𝑐 ∆𝑊𝑎𝑡𝑣𝑜𝑙) − 𝑅𝑎𝐷𝑒𝑐𝑎𝑦 − (𝑅𝑛𝐷𝑖𝑓𝑓 𝐴) − 𝑅𝑛𝐶𝑢𝑙𝑣𝑒𝑟𝑡  + (𝐽𝑎𝑡𝑚𝐴) + (𝑅𝑛𝐶𝑢𝑟𝑟𝑒𝑛𝑡𝐴) + (𝑅𝑛𝐴𝑣𝑒λ𝑊𝑎𝑡𝑉𝑜𝑙)]
𝑃𝑊𝐸𝑛𝑑𝑚𝑒𝑚𝑏𝑒𝑟

  (1) 

 

where at each time step of 30 min Rnwc is the average 222Rn concentration (dpm m-3); ΔWatVol 

is the change in volume of the overlying water (m3); Radecay is the 222Rn concentration that is 

a result of 226Ra decay (dpm m-3); 222Rndiff is input of 222Rn from sediment diffusion (dpm m-
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2); Rncul is the 222Rn input from the culvert (dpm m-3), calculated by multiplying the culvert 
222Rn concentration by the water flux; A is the upstream maximum inundated area (m2); Jatm 

is the 222Rn atmospheric evasion (dpm m-2); Rnave is the average 222Rn concentration over a 

tidal cycle, upstream and downstream; λ is the 222Rn decay constant; and PWendmember is the 
222Rn average porewater concentration (dpm m-3). 

 

Change in water volume (ΔWatVol) was estimated using a simple tidal prism approach, 

incorporating the change in depth multiplied by the estuary area. Surface areas upstream of 

the sample site were estimated by examining satellite imagery of the estuary at different time 

steps. Discharge from the estuary was measured by multiplying current velocity by water 

column cross-sectional area for each time step and associated tide height with a constant 

current velocity across the cross-sectional area assumed. Water depth was measured at two-

meter intervals along the cross-section of the sample site to allow calculation of the cross-

sectional area. The difference in discharge between the flood and ebb tides was assumed to 

result from the culverts draining into the estuary. This was then multiplied by the average 
222Rn concentration for incorporation into the radon mass balance.   

 

The diffusion of 222Rn from sediments was determined by collecting ~1 L of sediment from 

the upper, central and mouth of the estuary. The sediments were then incubated for 30 days 

in ~5 L of radium free water similar to sediment equilibration experiments of Corbett et al. 

(1998). Radon concentrations were then measured in a closed loop system connected to a 

radon monitor where the average of the three locations was used. To determine the amount of 
222Rn that is produced from the decay of radium (226Ra), surface waters (~20 L) were filtered 

through manganese (MnO2) impregnated fibres and then analysed for 226Ra via delayed 

coincidence counter (Moore and Arnold 1996).  

 

The estimation of 222Rn flux (Jatm) to the atmosphere incorporated the effect of wind and 

current on the turbulence transfer and molecular diffusion of different concentrations at the 

air-sea interface using:   

 

𝐽𝑎𝑡𝑚  =  𝑘(𝐶𝑤𝑎𝑡𝑒𝑟  − 𝛼𝐶𝑎𝑖𝑟)𝐴   (2) 
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where Cwater and Cair are the concentrations of 222Rn in water and air respectively (Burnett and 

Dulaiova 2003). A is the maximum area of the estuary; α is the solubility coefficient of 222Rn 

and k is the piston velocity at the air-water interface (m day-1). 

An integration of wind, current and depth measurements Eq. (3) and Eq. (4) were then used 

to determine k:  

𝑘600𝑤𝑖𝑛𝑑 = 0.45𝜇1.6(𝑆𝑐/600)−𝑎    (3) 

 

where µ is the wind speed (m s-1), Sc is the Schmidt number for radon, normalised to a 

Schmidt number of 600 (Borges et al. 2004a); and a is a variable power function dependent 

on wind speed. The piston velocity resulting from currents was calculated using the 

calculations of Borges et al. (2004a):  

𝑘600𝑐𝑢𝑟𝑟𝑒𝑛𝑡 = 1.719𝑤0.5𝐷−0.5    (4) 

 

where k600current is the piston velocity resulting from current turbulence; w is the current speed 

(cm s-1) and D is the water depth. 

4.5 Carbon flux  

The atmospheric exchange of CO2 was estimated using Wanninkhof (1992):  

 

Flux = k α (Cwater -Cair)    (5) 
 

where Cwater and Cair is the partial pressure of CO2 (µatm) in surface waters and in air, 

respectively; α is the solubility coefficient as a function of salinity and temperature using the 

constants of Weiss (1974) and k is the gas transfer velocity at the air-water interface (m day-

1). The atmospheric concentration of CO2 was assumed to be constant at 400 µatm.  

The appropriate gas transfer velocity (k) is still widely contested because of limited 

measurements in estuaries (Jiang et al. 2008). Estimation of gas transfer rates in the open 

ocean is often calculated from wind speed; however, in estuaries, current velocity and bottom 

stress can be significant drivers of estuary turbulence and therefore gas exchange rates 

(Borges et al. 2004b; Ho et al. 2016). For this study, we included a parameterization which 

takes into account current and bottom stress, adapted from Raymond and Cole (2001) and 

O'Connor and Dobbins (1958) and described by Ho et al. (2016): 
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k600 = 0.77v0.5 h0.5 + 0.266 * U102  (6)  

where k600 is the gas transfer velocity (normalised to a Schmidt number of 600), v is current 

velocity (m s-1), h is depth and U10 is wind speed at 10m (m s-1).    

 

5. RESULTS  
 

5.1 Hydrological conditions  

Conditions throughout the time series were predominantly dry, with patchy rainfall totalling 

14mm over the sampling period and 67 mm for the 30 days prior to sampling.  Air 

temperatures during the week ranged from 4.7 oC to 22.9 oC and averaged 12.4 ± 4.1 oC. Low 

wind speeds were observed for most of the time series with short gusts of up to 4.5 m s-1. The 

tidal trend remained constant during the five days of sampling with depths of ~0.5 m at low 

tide and ~2.8m at high tide (Figure 4). Surface water temperatures ranged from 11.6 oC to 

20.2 oC, with an average of 14.0 ± 1.6 oC (Figure 4). Salinity levels throughout the sampling 

period remained low with an average of 2.1 ± 0.70 and peaks of up to 5.3 at the start of the 

incoming tide (Figure 4). The discharge of water out of the estuary was on average 1.6 times 

the incoming surface water (Figure 4), assumed to be due to an inflow of water from the 

nearby culverts. Estuary discharge rates reached up to 39.7 m3 s-1 whereas incoming rates 

reached 26.6 m3 s-1. A tidal trend was evident in dissolved oxygen (DO) measurements with 

the lowest saturation observed at low tide (min 66%) and highest saturation observed at high 

tide (max 108%) (Figure 4). 
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Figure 4: Depth (m), discharge (m3 s-1) and physico-chemical observations during surface 

water time series of Squamish central estuary 13/06/2016 to 18/06/2016. Gaps in the data 

lines indicate periods of low water level. Shaded columns indicate night time. 
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5.2 Surface water time series 

In contrast to DO, an opposite tidal trend was observed for both DOC and DIC, with the 

highest concentrations observed on low tide. The concentration ranges for DIC and DOC were 

335 µmol L-1 to 2181 µmol L-1 and 26 µmol L-1 to 237 µmol L-1 respectively (Figure 5). Both 
222Rn and pCO2 displayed a similar tidal trend where the highest concentrations were recorded 

at low tide and lowest concentrations at high tide (Figure 5). Radon concentrations ranged 

from 4.03 dpm L-1 to 42.6 dpm L-1 and averaged 14 ± 1.0 dpm L-1 (including interpolated 

data). Surface water pCO2 ranged from 720 µatm to 10527 µatm and averaged 3035 ± 162 

µatm (including interpolated data). Both 222Rn and pCO2 appeared to decrease over the four 

days of sampling following smaller tidal ranges.  
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Figure 5: Time series observations in surface waters sampled in the Squamish central estuary 

from the 13/06/2016 to 18/06/2016. Solid lines and symbols represent measured data and 

dashed lines indicate interpolated data, calculated using a best fit polynomial equation. 

Shaded columns indicate night time.  
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The tidal trend of pCO2 was further evidenced by the distribution of observations at low and 

high tide when correlated with other measured parameters (Figure 6). During low tide periods, 

pCO2 was highest when DO was lowest. There is a tight grouping of DO over saturation and 

lower pCO2 observations at high tide, suggesting that more than one process is driving DO. 

In contrast, there is distinct grouping of low concentrations of 222Rn at high tide when pCO2 

is also lowest. Further, pH shows an inverse tidal trend when correlated with pCO2. Although 

observations are highly dispersed, there is a weak trend evident between pCO2 and salinity, 

with tight tidal groupings at low tide. There was greater range in all parameters at low tide 

compared to high tide.  

 

 
Figure 6: Correlation between pCO2 and DO% saturation (A), salinity (B), 222Rn (C) and pH 

(D) in surface waters during time series 13/06/2016 to 18/06/2016 in the Squamish central 

estuary. Low tide (<1.8 m) and high tide (>1.8 m) separations were based on splitting 

observation count in half. 
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There were significant strong correlations between 222Rn and pCO2 (r2 = 0.92), 222Rn and depth 

(r2 = 0.83) and 222Rn and DIC (r2 = 0.84) (Table 1). Further, there are also strong correlations 

between DIC and both depth (r2 = 0.84) and pCO2 (r2 = 0.86). Relationships for all factors 

with salinity were the weakest except for DIC (r2 = 0.40). 

  
Table 1 
Correlation coefficients (r2) between measured parameters during the time series in the 
Squamish central estuary. Measurements highlighted in bold indicate significant relationships 
(p value ≤ 0.01).   
 DIC DOC DO% sat pCO2 222Rn Depth Salinity 
DIC        
DOC 0.59       
DO % sat 0.49 0.25      
pCO2 0.86 0.46 0.63     
222Rn 0.84 0.47 0.77 0.92    
Depth 0.84 0.38 0.66 0.65 0.83   
Salinity 0.40 0.11 0.03 0.06 0.08 0.10  

 

 

5.3 Porewater observations  

Porewater samples showed a high degree of spatial variability for all measured parameters 

(Table 2). Concentrations of 222Rn in porewater ranged from 12.3 to 90.0 dpm L-1 with no 

clear spatial trend evident, however the lowest concentrations of 222Rn were at PW1 and PW2, 

located near the time series station. In the upper estuary porewater (PW9 and PW10), pCO2 

was almost 4-fold higher than the highest concentration from all other porewater samples. 

Samples PW3 and PW4, located near to the estuary mouth, also had high concentrations of 

pCO2 and 222Rn. There was a general trend for higher concentrations at the groundwater 

sampling further up the intertidal mark (PW4, PW6, PW8 and PW10). The concentrations of 

all measured parameters were higher in porewater than in surface water (Figure 7). The 

average porewater pCO2 was 11,291 ± 4554 µatm which, was 3.7 times the average surface 

water values. The average porewater 222Rn concentration was 50.9 ± 8.5 dpm L-1 which was, 

3.6 times the average surface water 222Rn concentration. Concentrations of DIC in porewater 

followed a similar trend to pCO2 (Table 2), whereas DOC was highest at PW5 and PW6, 

located mid-way between the estuary mouth and time series station.   
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Table 2 
Porewater observations for the Squamish central estuary. 

 Latitude, longitude Depth Salinity DO pH pCO2             222Rn DIC DOC 
Sample ID  (m)  (% sat)  (µatm) (mM) (dpm L-1) (mM) (mM) 
PW1 49.706, 123.167 0.7 3.0 39 6.72 4404 0.21 21 1.24 0.12 
PW2 49.706, 123.167 0.7 1.6 99 6.88 1988 0.08 12 0.62 0.04 
PW3 49.692, 123.170 0.3 5.3 3 6.59 9431 0.40 70   
PW4 49.692, 123.170 1.0 7.0 23 6.96 10091 0.41 90 2.88 0.28 
PW5 49.698, 123.170 1.0 6.5 24 7.30 1769 0.07 31 2.59 0.41 
PW6 49.698, 123.170 0.3 2.1 22 7.31 1972 0.08 55 0.93 0.32 
PW7 49.707, 123.164 0.7 2.8 90 6.89 4391 0.18 27 1.32 0.11 
PW8 49.707, 123.164 1.0 2.9 89 6.85 2880 0.11 63 0.86 0.08 
PW9 49.712, 123.158 1.0 4.1 18 6.15 36364 1.49 56 1.43 0.11 
 PW10 49.712, 123.158 1.1 3.5 21 5.90 39629 1.67 85 1.95 0.18 

Average 0.8 3.9 43 6.76 11292 0.47 51 1.54 0.18 
    SE 0.1 0.6 12 0.15 4554 0.19 9 0.26 0.04 

  

 

Figure 7: Ratio of porewater to surface water concentrations in measured parameters. 

Average concentrations of measured variables were used to calculate ratios.  

5.4 Culvert measurements 

The average daily water flux from the culvert to the estuary was 2.1x105 m3 day-1. Multiplying 

the discharge by the concentrations of the measured parameters showed that the culvert 

contributed 375, 235 and 87 kg day-1 of DIC, CO2 and DOC, respectively; and 1.2 x109 dpm 

day-1 of 222Rn to the estuary (Table 3). 

Table 3  
Average daily fluxes of 222Rn, carbon species and physico-chemical parameters for the 
culverts draining into the Squamish central estuary. 

Average daily 
water discharge 

m3 day-1 

Salinity 
 

DO 
(% Sat) 

pH CO2 
(Kg day-1) 

222Rn 
(dpm day-1) 

DIC 
(Kg day-1) 

DOC 
(Kg day-1) 

2.1X105 0.1 107.4 7.42 235 1.2 x109 376 87 

3.7 3.6
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5.5 Radon mass balance  

A porewater exchange rate of 14 cm day-1 was calculated from the radon mass balance model 

(Table 4). The largest source of radon to the system is provided by the incoming tide (67.2%), 

with the culvert also providing a substantial source of radon (32.6% of the radon source). 

Major losses of 222Rn include the ebb tide (92.1%) and current evasion (5.5%), with 222Rn 

decay and wind evasion contributing to a much lesser degree.  

Table 4  
Radon sources and sinks forming the radon mass balance assessment for Squamish central 
estuary time series including corresponding terms for Eq. (1).  
Parameter 222Rn  

(dpm L day-1) 
Mass balance term 

Source 
Flood tide  
Culvert   
Sediment Diffusion 
Radium decay 
     Total  

Sink 
Ebb tide 
Current evasion 
222Rn decay 
 Wind evasion 

         Total   
Missing Rn 

PW endmember  
PW over entire area  
Maximum area 
 
Total PW exchange 

  
2.89 x109  
1.40x109  
7.93 x106  
3.73 x105  
4.3 x109 

 
4.33 x109 

2.6 x108  
8.02 x107  
2.99 x107  
4.7 x 109 

 
50870 (dpm m-3) 
31489 (m3) 
56060 (m2) 
 
14.3 (cm day-1) 

 
222Rn wc * ΔWatVol 
222Rn cul 
222Rn diff  
226Ra decay 
 
 
222Rn wc * ΔWatVol 
222Rn curr 
222Rn ave * λ 
Jatm  
 
 
PW endmember 
 
A  

  

5.6 Carbon emissions and export  

During the time series, air-sea fluxes of CO2 ranged from 13.5 mmol m-2 day -1 to 1315.2 

mmol m-2 day -1 and averaged 212.0 ± 19 mmol m-2 day-1. The flood tide was the biggest 

source of DOC, DIC and CO2 to the estuary, contributing 78.1%, 83.9% and 80.8% of inputs, 

respectively (Table 5). The culvert was the second largest input for all carbon species. The 

estuary was a net exporter of DIC, CO2 and DOC, with respective average net daily exports 

of 1.51 x105, 1.74 x104 and 1.71 x104 mol day-1 (Table 5); equivalent to 2693.5, 310.4 and 

305.0 mmol m2 day-1, respectively, if the estuary area is taken into account. The majority of 

carbon exported from the Squamish central estuary is via DIC (82%), followed by CO2 (9%) 

and DOC (9%) (Figure 8).   
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Table 5 
Carbon flux measurements of Squamish central estuary time series.  

 DOC Flux  

(mol day-1) 

DIC Flux  

(mol day-1) 

CO2 Flux 

(mol day-1) 

Inputs    

Flood tide 3.10 x104 2.30 x105 3.84 x 104 

Culvert 7.22 x103 3.13 x104 5.36 x103 

Porewater 1.47 x103 1.23 x104 3.75 x103 

Total  3.97 x104 2.74 x105 4.75 x104 

Outputs    

Ebb Tide 5.68 x104 4.25 x105 5.30 x104 

      CO2 Evasion - - 1.19 x 104 

Total 5.68 x104 4.25 x105 6.49 x104 

Net flux 1.71 x104 1.51 x105 1.74 x104 

 

 

Figure 8: The net export contribution of carbon species from Squamish central estuary.   

 

  

Net DOC flux
9%

Net DIC flux
82%

Net CO2 flux
9%
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6. DISCUSSION 
  

6.1 Porewater exchange 

The high frequency automated coupled measurements of 222Rn and CO2 measurements in this 

study showed that porewater exchange was an important driver of carbon dynamics in a 

temperate estuary. The Squamish central estuary porewater exchange rate of 14 cm day-1 is 

similar to previous estuarine studies. For example, Santos et al. (2014) calculated 222Rn 

derived porewater exchange rates of 27 ± 7 and 14 ± 6 cm day-1 in a study of two New Zealand 

estuarine intertidal flats. Burnett et al. (2006) calculated an average porewater rate of 12 ± 7 

cm day-1 in a US tidal bay. Our findings were an order of magnitude lower to studies 

conducted at lower latitude sites; for instance, Sadat-Noori et al. (2015b) estimated 222Rn 

derived groundwater fluxes of 56 ± 13 cm day-1 in wet conditions and 35 ± 12 cm day-1 in dry 

conditions in a subtropical estuary, while Atkins et al. (2013) revealed an average porewater 

flux for a flood plain creek estuary of 56.7 ± 14.2 cm day-1. The porewater exchange in our 

study was equivalent to 4% of the average tidal prism volume (4.6 x104 m3), which was 

comparable to what was reported by Santos et al. (2014) in two New Zealand intertidal flats 

(12% and 6%).  

Numerous drivers of porewater exchange have been identified by Santos et al. (2012), for 

example, pressure gradients induced hydraulically and/or topographically, aquifer changes, 

tidal pumping and changes in water levels and densities. These processes and interactions can 

influence porewater constituents, advection rates, residence times and the biogeochemical 

reactivity of the porewaters (Santos et al. 2012). Tidal pumping is assumed to be the main 

driver of porewater exchange in the estuary due to the strong correlation between tidal height 

and 222Rn concentrations (Table 1). Groundwater input from steep hydraulic gradients are 

unlikely in Squamish central estuary due to the immediate surrounding topography of the 

estuary being mostly flat, despite the mountainous terrain of the region. Temperature-driven 

convection has been shown to drive porewater exchange upon flooding of warm sediments 

(Rocha 2000), however in this study there was a general rise in temperature over the study 

period which coincided with a general decline in 222Rn concentrations.  

Radon has an integrated signal that is useful for measuring porewater exchange irrespective 

of salinity (Santos et al. 2012). However, understanding the contribution of fresh and saline 

derived water flows is essential for constraining the global effects of porewater exchange 

(Moore 2010). To determine the contribution of fresh terrestrial groundwater and porewater 
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exchange, it would be necessary to employ a range of different methods (Santos et al. 2012). 

For example, Sadat-Noori et al. (2015b) performed simultaneous 222Rn and radium time series 

measurements at numerous stations along a tidal estuary in New South Wales, Australia, to 

investigate the location of porewater discharge and reduce uncertainties when estimating the 

porewater discharge rate. In the same study, deep fresh porewater was distinguishable from 

shallow saline porewater, however the total estimated porewater flux from the radium mass 

balance was within the range of the 222Rn mass balance porewater estimation. Any inputs 

from fresh terrestrial groundwater would increase the amount of water attributed to the 

culverts and increase the contribution to the overall mass balance. However, the relatively flat 

topography of the area immediately surrounding the estuary may limit terrestrial groundwater 

inflows and as such we attributed all of the missing 222Rn to porewater exchange. If fresh 

groundwater was the source, we would expect 222Rn to have a strong correlation with salinity, 

however a weak correlation between 222Rn and salinity was found (r2 = 0.08). In the future it 

may be useful to apply an additional tracer such as radium, which has multiple isotopic ratios, 

to determine the source of fresh water inputs in Squamish central estuary and over seasons 

time scales.  

The major contributor to the radon mass balance was inputs from the flood tide (67.2%), 

followed by the culvert, which delivered 32.6% of total radon sources to the system. Minor 

sources of radon to the system included sediment diffusion and radium decay, which 

accounted for less than 1% of sources and are in agreement with previous coastal groundwater 

studies (Peterson et al. 2010; Santos et al. 2014). Radon evasion was primarily driven by the 

ebb tide, with currents, wind and 222Rn decay contributing a total of just 7.9%. While the 

estuary is not directly fed by Squamish River, it is indirectly connected through the culverts, 

which may create additional uncertainty due to variable water flow into the estuary, and 

therefor provide a variable radon source which may affect the calculated discharge rate. The 

inflow of water through the culverts wasn’t directly measured, but instead was estimated 

through a water balance of the estuary. Uncertainties also exist around 222Rn concentrations 

during periods of low tide with 222Rn interpolated for 18% of the time of the tidal cycles. 

However, this accounted for 6.5% of the tidal flows and as such is assumed to be a minor 

uncertainty of the mass balance.  

An important component of uncertainty when estimating porewater exchange using a radon 

mass balance is deriving the porewater endmember (Dulaiova and Burnett 2008). Due to the 

highly variable nature of porewaters, it has been suggested that increasing the number of 

porewater samples may reduce uncertainties (Santos et al. 2014). Sadat-Noori et al. (2015b) 
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showed that a sample size of approximately 12 is when the standard error begins to stabilize. 

There was strong variability between porewater samples, which were taken within a short 

distance of ~2 Km, ranging from 12.3 dpm L-1 to 90.0 dpm L-1. If we used the highest 

concentration in porewater when constructing the radon mass balance, the porewater 

exchange rate would have been 8.1 cm day-1, or if the lowest concentration was applied to the 

mass balance, the porewater exchange rate would be 59.0 cm day-1. We believe that using the 

average porewater endmember concentration in the mass balance provides the best estimate 

as it incorporates a range of porewater 222Rn inputs throughout the porewater exchange area.  

 

6.2 Carbon dioxide dynamics  
 

The Squamish central estuary was shown to be a source of CO2 to the atmosphere with an 

average flux of 212 ± 19 mmol m-2 day -1 (77 mol C m-2 yr-1) and a surface water pCO2 average 

of 3035 ± 162 µatm. There is limited data available for air-sea CO2 fluxes in Canada. In the 

upper estuary of the St Lawrence River, Canada, an average pCO2 of 571 ± 72 µatm was 

observed, with air-sea gas ranges in the upper estuary between 6.1 ± 3.0 (using Wanninkhof 

(1992) k values) to 12.3 ± 5.4 (Raymond and Cole (2001) k values) (Dinauer and Mucci 

2017). In contrast, in the partially ice-covered Canada Basin (77-80oN) pCO2 ranged from 

250 to 368 µatm and was found to be a net sink of atmospheric CO2 (6.5 ± 1.3 Tg yr-1) (Sun 

et al. 2017). Comprehensive reviews of air-water CO2 fluxes of regional (Laruelle et al. 2015) 

and global (Cai 2011; Chen et al. 2013; Regnier et al. 2013) estuarine systems either have not 

included Canadian estuary estimates or Canadian systems were poorly represented, most 

likely attributed to a lack of published data (Dinauer and Mucci 2017). The CO2 flux of 212 

mmol m-2 day -1 and surface water pCO2 of 3035 µatm observed for Squamish central estuary 

is comparable to the global average of upper estuary fluxes calculated by Chen et al. (2012) 

of 188 ± 70 mmol m-2 day-1 and average pCO2 of 3033 ± 1078 µatm. Squamish central estuary 

is likely similar to upper estuaries due to its low salinity. At periods of absolute low tide, CO2 

was unable to be measured due to equipment limitations, however gaps in surface water pCO2 

was interpolated. Actual CO2 data was used to calculate air-sea fluxes due to the numerous 

input variables, and therefore our estimates are considered conservative; however, as 

discussed previously, with the missing portion of the hydrograph being ~6.5% of tidal flows 

it is assumed the contribution is minimal. 

Comparing different estuarine and river systems can be extremely challenging, owing to the 

numerous variability from site to site but also seasonality differences, sampling methods, 



32 
 

selecting appropriate gas transfer velocities, in addition to temporal and spatial variability 

(Laruelle et al. 2010; Laruelle et al. 2015). Inner estuaries with similar topography and latitude 

to Squamish central estuary may provide the closest comparison. For example, a shallow tidal 

creek estuarine salt marsh system in Rio San Pedro, Spain (36.6oN) is a well-mixed system 

approximately 12 km long, a width range of 15-30 m and a maximum depth of ~5-6 m. A 

study by Ferrón et al. (2007) found Rio San Pedro to have a pCO2 range of 981-4680 µatm 

and a CO2 atmospheric flux range of 73 to 177 mmol m-2 day-1. The Duplin River in Georgia, 

USA (31.5oN) is also a marsh dominated tidal estuary, where the only freshwater sources are 

rainfall and groundwater, however sometimes receives freshwater input from an adjacent 

Altamaha River. The Duplin River was found to have a pCO2 range of 500-3000 µatm  and 

an annual average CO2 air-sea flux of 58.5 mmol m-2 day-1 (Wang and Cai 2004). The lower 

annual average air-sea flux in Duplin river, compared to Squamish central estuary, may be 

due to a lower freshwater input and high primary production of the surrounding marshlands 

during spring and summer. A seasonal study of Squamish central estuary may provide a more 

comprehensive comparison, as the annual average CO2 flux in Squamish central estuary may 

be lower at other times of the year.  

A significant uncertainty when estimating air-sea gas exchanges is determining the gas 

transfer parameterization (k) (Ho et al. 2016). Wind speed, bottom and surface friction, 

current velocity and depth are major forces driving turbulence and therefor CO2 evasion at 

the water-air interface in shallow estuaries (Borges and Abril 2011; Borges et al. 2004a; Ho 

et al. 2016). A study by Borges et al. (2004b) found that when assessing (k) in the Scheldt 

estuary, wind speed had the biggest effect on CO2 flux and water current had a significant 

effect on turbulence, however the relative effect from currents reduced with increasing wind 

speed. Further, the effects of interactions between the driving forces of CO2 evasion can be 

enhanced if certain forces are in opposing directions (eg. wind and currents) (Borges and 

Abril 2011). A study by Ferrón et al. (2007) evaluated fluxes based on different gas transfer 

velocities where significant differences between the methods was found. The 

parameterization by Ho et al. (2016) is an adaptation of O'Connor and Dobbins (1958) and 

Raymond and Cole (2001) which takes into account bottom generated shear and wind stress. 

Observed and modelled data in Shark River, Gulf of Mexico, found that replacing the 

coefficient of 1.539 in O'Connor and Dobbins (1958) to 0.77 was a better fit in a tidal estuary 

(Ho et al. 2016). O'Connor and Dobbins (1958) parameterization is depth dependent and does 

not include wind stress, while solely relying on the parameterization of Raymond and Cole 

(2001) may over estimate fluxes at wind speeds greater than 7 m s-1.  Using the 
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parameterization developed by Ho et al. (2016) is believed to be representative of the 

Squamish central estuary hydrology and physical conditions.  

 

6.3 Radon and carbon dynamics over tidal time scales 
 

Carbon dioxide in estuaries is predominantly driven by the net heterotrophy of the system and 

direct input of CO2 from upstream surface waters (Borges and Abril 2011). However, our 

study showed an almost identical trend in pCO2 and porewater exchange (222Rn 

concentrations) (r2 = 0.92, n = 217, p < 0.001). Strong relationships have been found between 
222Rn and CO2 inventories and measured seepage fluxes in a range of coastal areas (Atkins et 

al. 2013; Burnett et al. 2006; Maher et al. 2015; Sadat-Noori et al. 2015b; Santos et al. 2015). 

In a coastal floodplain creek estuarine system, Atkins et al. (2013) found 222Rn to be tidally 

driven, with a calculated inverse relationship to depth (r2 = 0.71, p < 0.01, n = 157) and 

porewaters were suggested to drive pCO2 in the upper estuary (r2 values of 0.77 and 0.82). A 

tidal trend was also found in Squamish central estuary, with significant correlations between 

depth and pCO2 (0.65) and depth and 222Rn (0.83).  

Processes that contribute to variability in pCO2 include changes in gas solubility driven by 

temperature, sediment water convection, biological production and respiration, wind speed 

and evasion rates (Maher et al. 2015). A diurnal effect of temperature can lead to higher pCO2 

during the day and lower pCO2 at night, however this study found that small peaks were also 

observed during night time and the largest peak in pCO2 occurred in the morning before day 

time temperatures occurred. Biological activity in surface waters generally leads to lower 

pCO2 during the day, driven by CO2 uptake by primary producers and higher pCO2 at night 

from in situ respiration, which is opposite to what was observed in this study. There was an 

inverse trend evident in correlated pCO2 and dissolved oxygen, suggesting that some 

photosynthetic processes may be driving observations, however there is also a distinct 

segregation between low and high tides (Figure 6). Consistent peaks of DO occurred during 

night time and coincided with high tides, followed by troughs during low tide, with the lowest 

DO levels observed during daytime. If photosynthesis were the dominant driver, DO would 

be expected to peak during the day rather than decrease, as was seen in our study. 

Supersaturation of DO occurred when pCO2 was also supersaturated, suggesting an external 

source of dissolved CO2. Supersaturation of dissolved oxygen may also be a result of 

freshwater inputs from the culverts, which had an average DO saturation of 107%. When 
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these highly oxygenated waters enter the estuary at periods of high tide together with high 

DO waters of the flood tide, DO saturation in surface water rises.  

Over the course of the study there was a distinct tidal trend in pCO2, 222Rn and DIC and to a 

lesser extent, DO saturation. Several processes are thought to drive the tidal trends evident in 

surface water pCO2 including inputs and mixing of fresh and saline water, porewaters 

enriched in CO2, lateral inputs from vegetated areas and biological processes activated by 

organic matter and/or nutrient input (Maher et al. 2015). Dissolved inorganic carbon and 

pCO2 in estuarine surface waters is thought to be controlled by the breakdown of organic 

carbon by in situ microbial degradation and inorganic carbon laterally transported from 

adjoining conduits, such as rivers, wetlands and porewaters (Bauer et al. 2013). This is 

supported in our results where DIC showed strong correlations with 222Rn, pCO2 and depth, 

suggesting that it too is tidally influenced. The average DIC concentration of 802 ± 54 µmol 

L-1 is comparable to observations in the upper estuary of the St. Lawrence River where the 

average DIC concentration was 1514 ± 242 µmol Kg-1 (Dinauer and Mucci 2017). In the same 

study, temperature and DIC dynamics resulting from biological processes and water mixing 

were suggested to be the most important drivers of pCO2 in surface waters. In Squamish 

central estuary, the porewater contribution of DIC is an order of magnitude less than the DIC 

from the flood tide, however is comparable to the amount of DIC delivered by the culverts, 

suggesting that porewater exchange and culvert inputs may be important sources of pCO2 in 

surface waters. The porewater derived fluxes of DIC and DOC in our study of 220 and 26 

mmol m2 day-1, respectively, are similar to dry season shallow porewater fluxes in a sub-

tropical estuary, Australia (Sadat-Noori et al. 2015a). In this same study, porewater derived 

DIC fluxes were 213 ± 129 mmol m2 day-1, however the DOC flux (183 ± 521 mmol m2 day-

1) was much higher than in our study. 

Tidal estuaries are known to have lower photosynthetic activity, and carry larger loads of 

suspended particulate matter which serve as hot spots for organic recycling (Statham 2012). 

Particulate organic matter that is either produced photosynthetically or transported from 

autochthonous sources, settles to the sediment, where biological activity results in high 

concentrations of DIC and nutrients (Burt et al. 2013; Moore 2010). While DOC did not have 

a clear correlation with any of the parameters measured (Table 1), it did display a similar 

trend to DIC (r2 = 0.59). Further, DOC from porewater has been shown to influence respiration 

in surface waters and therefor pCO2 (Maher et al. 2015). In Squamish central estuary, 

porewater exchange accounted for 4.5% (DIC), 7.8% (CO2) and 3.7% (DOC) of the respective 

carbon inputs to surface waters (Table 5). In a similar study, Sadat-Noori et al. (2015a) found 
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that groundwater-derived inputs of free CO2 accounted for 54% of observed water to air fluxes 

in a subtropical estuary. In the future, it may be useful to employ a multi-station time series 

approach to reduce uncertainties of spatial variability and gain further insight into the role of 

porewater exchange on CO2 evasion to the atmosphere.  

Porewater exchange in estuaries has been shown to be highly temporally variable and it is 

therefore essential in accurately quantifying estuarine carbon dynamics to design studies that 

incorporate multiple tidal cycles to reduce uncertainty (Santos et al. 2014). Further, seasonal 

patterns of pCO2 and DIC have been observed in estuaries along the Georgia Coast which 

were attributed to varying organic matter decomposition rates and changes in river discharge 

(Cai 2011; Jiang et al. 2008). A seasonal study of DOC and TOC export completed by Clair 

et al. (1999) of 32 Canadian rivers and estuaries found that in the south-western region of 

Canada, winter and fall had the largest exports which were driven by high levels of rainfall. 

Our study was completed at the end of winter, leading into spring, and therefore our estimates 

may be in the upper range for the Squamish region. It is suggested by Clair et al. (1999) that 

in the future, export of carbon through rivers and estuaries in Canada will increase in winter 

and spring due to greater runoff resulting from more frequent and earlier snowmelt. Future 

studies in the Squamish region that incorporate seasonal effects would reduce uncertainties 

around our estimates.  

 

6.4 Conclusion  
 

This study shows that 222Rn can be a useful tool when investigating porewater exchange in 

temperate North American estuaries. The 222Rn observations during the time series followed 

a clear tidal trend that suggests that seawater recirculation (tidal pumping) was occurring. A 

strong correlation was seen between pCO2 and 222Rn concentrations, suggesting that tidal 

pumping is a key process driving carbon dynamics in the estuary. Squamish central estuary 

was found to be a net source of CO2 evasion to the atmosphere, and this was largely driven 

by porewater exchange. Additionally, the estuary was also a net exporter of DIC and DOC, 

with the majority of exported carbon in the form of DIC. Enhancing our understanding of 

temperate coastal systems and the drivers of CO2 flux to the atmosphere is paramount for 

reducing uncertainties and constraining estuarine carbon budgets.  
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