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Abstract
Porewater exchange is an important yet poorly understood component of the coastal carbon cycle. Here, a high-resolution 
automated radon (222Rn, a natural porewater tracer) and  CO2 time series was conducted in the Squamish Central Estuary 
(Canada) over eight consecutive tidal cycles to assess the relative importance of porewater exchange on estuarine carbon 
dynamics. Radon and  CO2 observations revealed a clear tidal trend which is indicative of porewater exchange driven by tidal 
pumping. A radon mass balance indicated an average porewater exchange rate of 14.9 cm  day−1 (4.3% of the tidal prism). 
The estuary was a net source of  CO2 to the atmosphere (average 212 ± 19 mmol m−2 day−1). Porewater exchange accounted 
for 9%, 5% and 30% of net dissolved organic carbon (DOC), dissolved inorganic carbon (DIC) and  CO2 exported out of the 
Squamish Central Estuary, respectively, while porewater inputs of free  CO2 accounted for 38% of the atmospheric evasion. 
These flux estimates as well as strong correlations between  pCO2 and 222Rn suggest that porewater exchange has a strong 
influence on  CO2 concentrations in the estuary even though they are a small contributor to overall DIC fluxes.
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Introduction

Although occupying a relatively small area, estuaries are 
biogeochemical hotspots and are often sources of  CO2 emis-
sions to the atmosphere; largely due to elevated levels of 
biological production, remineralization and allocthonous 
organic matter inputs (Borges 2005; Chen et al. 2013; Jiang 
et al. 2008; Weston et al. 2014). The global estuarine  CO2 
efflux is estimated to be 0.25 Pg C  year−1, roughly equal to 
 CO2 uptake from continental shelves (Cai 2011). However, 
large uncertainties still remain around estuarine flux esti-
mates (± 0.25 Pg C  year−1) (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.

An important and often overlooked component of the 
carbon cycle in estuaries is the contribution of submarine 
groundwater discharge and/or porewater exchange which 
is described by Moore (2010) as any flow of water from 
sediments to the coastal ocean. This can include both fresh 
terrestrial groundwater or recirculated seawater (Sadat-
Noori et al. 2016; Santos et al. 2012a). Porewater exchange 
can significantly alter estuarine biogeochemical cycling if 
concentrations of carbon, nutrients, contaminants, metals 
and pollutants in porewater are high relative to receiv-
ing waters (Burnett et al. 2006; Slomp and Van Cappellen 
2004; Tait et al. 2017). Despite often being volumetri-
cally small, porewaters can provide a direct pathway for 
dissolved constituents to enter surface waters which can 
enhance primary production (Slomp and Van Cappellen 
2004) and  CO2 evasion to the atmosphere (Macklin et al. 
2014; Sadat-Noori et al. 2015a). In coastal systems, tidal 
pumping can be a significant driver of water column pore-
water exchange (Burnett et al. 2006; Santos et al. 2012b). 
Tidal pumping is the process whereby the action of tides 
creates regular flushing of sediments, potentially deliv-
ering solute enriched porewater to surface waters. The 
extent to which porewaters contribute to the partial pres-
sure of  CO2 (pCO2), dissolved inorganic carbon (DIC) and 
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dissolved organic carbon (DOC) in surface waters remains 
poorly quantified and is often ignored in coastal carbon 
budgets (Atkins et al. 2013; Borges and Abril 2011; Porub-
sky et al. 2014).

Quantifying porewater fluxes can be challenging due to 
the heterogeneous spatial and temporal nature of porewater 
exchange (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. 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). As part 
of the uranium decay chain, 222Rn is an ideal natural tracer 
in tidal systems due to its short half-life being compara-
ble to residence times of coastal surface waters. Further, 
radon-in-water monitoring systems provide in situ, high fre-
quency, continuous and precise observations over multiple 
tidal cycles, leading to large data sets that capture temporal 
and/or spatial variability (Burnett et al. 2006).

Past studies of global estuarine systems have found that 
most 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). 
However, the lack of data in major geographic regions, such 
as Canada, China, Russia and the Arctic, creates uncertainty 
in global estimates of  CO2 emissions (Cai 2011; Chen et al. 
2013). Further, the variability of  CO2 fluxes over diurnal 
and tidal timescales remains poorly understood (Cai 2011; 
Maher et al. 2015). North American estuaries have the larg-
est estuarine surface area globally (41%), yet data suggest 
that they have the lowest  CO2 flux per unit area of all conti-
nents (Chen et al. 2013). The paucity of data from Canadian 
estuaries suggests large uncertainties (Dinauer and Mucci 
2017; Regnier et al. 2013). Despite estuaries like the Gulf 
of St. Lawrence in eastern Canada being one of the worlds 
most studied estuarine systems, they have been omitted from 
global  CO2 flux estimates in major global reviews of estua-
rine  CO2 fluxes (Borges 2005; Cai 2011; Jiang et al. 2008; 
Laruelle et al. 2010) due to the lack of published data on 
surface water pCO2.

We hypothesize that porewater exchange influences estua-
rine CO2 emissions and contributes to the export of DIC and 
DOC to coastal waters. To investigate this hypothesis, meas-
urements of dissolved and atmospheric carbon parameters 
were coupled with continuous in situ 222Rn observations 
over multiple tidal cycles in a temperate Canadian estuary 
(Squamish Central Estuary). This enabled the investiga-
tion of the porewater drivers of  CO2 cycling over diurnal 
and tidal cycles and a 222Rn mass balance allowing for the 

quantification of porewater exchange and related dissolved 
carbon inputs to the estuary.

Methods

Site description

To assess the influence of porewater exchange on  CO2 
emissions to the atmosphere over tidal and diurnal cycles 
in a temperate estuary, a 5-day time series was conducted 
in the Squamish Central Estuary, Canada. Squamish Cen-
tral Estuary is situated at the head of Howe Sound fjord in 
south western British Columbia  (49o41′12″N,  123o10′42″W) 
(Fig. 1). The estuary has undergone significant transforma-
tion in the past 50 years, due mainly to urban and port devel-
opments. Howe Sound, the southernmost fjord in British 
Columbia, is 42 km long and connects the Squamish Cen-
tral 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. Temperatures during the summer (when this 
study took place) average 15.5 to 17.8 °C (June to August), 
while average winter temperatures range from 2.5 to 4.6 °C 
(November to January) (Government of Canada 2016). The 
average monthly precipitation is highest in winter months 
(316 mm) and lowest in summer months (69 mm) (Govern-
ment of Canada 2016). The estuarine substrate consists of 
fine silts and sands, which are exposed for 1–2 h during low 
tide before being covered by 1–3 m of water at high tide.

Time series observations

Surface water observations were conducted at the time 
series station located approximately 1 km upstream from the 
estuary mouth (Fig. 1). A calibrated multiparameter sonde 
(Hydrolab DS5) was used to measure water column salin-
ity, pH, temperature, dissolved oxygen (DO) saturation and 
turbidity at 15-min intervals. A current meter (SonTek Argo-
naut) was deployed in the middle of the estuary to monitor 
current velocity and direction of flow with data averaged 
over 10-min intervals. Windspeed data were acquired from 
an airport weather station located ~ 1 km north of the survey 
site. Salinity, temperature, DO saturation and pH within the 
culverts were measured with a calibrated multiprobe (HACH 
HQ40D).

To determine water column 222Rn concentrations, surface 
waters were pumped continuously from a depth of ~ 0.5 m 
into a gas equilibrium device (GED) at a rate of ~ 3 L min−1. 
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 
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et al. 2010; Dulaiova et al. 2005) and a non-dispersive infra-
red-analyser (LiCor 7000) to determine  CO2 concentrations. 
The silicon semi-conductor within the 222Rn monitor ena-
bles 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 temperature- and salinity-dependent solubility 
coefficients of Weiss (1974), correcting for the removal of 
water vapour from the measurement stream (Weiss and Price 
1980) as described by Pierrot et al. (2009). The gas detectors 
were continuously run with data averaged over 30-min meas-
urement intervals for 222Rn and one-minute measurement 
intervals for  CO2. When water levels were too low (< 0.5 m) 
for pumping estuary water, an interpolation was applied to 
the 222Rn and pCO2 data. The interpolation used the first four 
data points either side of the missing data gap to apply a best 
fit six order polynomial. Radon and pCO2 concentrations 
were measured in a culvert connecting the adjacent Squam-
ish River to the estuary over the period where the two were 
connected during one tidal cycle (~ 5 h).

Discrete samples of DIC and DOC were taken at every 
low- and high-tide throughout the 5-day sampling period 
and every 2 h over a 24-h period on the 17th and 18th June, 
2016. Samples were filtered through 0.7-µm filters (What-
man GF/F), treated with a saturated  HgCl2 solution 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 +) 
(St-Jean 2003).

Porewater measurements

Ten shallow bores of approximately one meter in depth 
were dug along the estuarine intertidal flats using a hand-
held auger at low tide. This prevented any mixing of sur-
face water with porewater during collection. 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, tempera-
ture and DO from each well. 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 an 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 and analysed in the 
same manner as that for surface waters.

Calculations

A 222Rn mass balance was used to quantitatively esti-
mate porewater exchange by integrating the known 222Rn 
sources (diffusion, radium-226 decay, river flow through 

Fig. 1  Map of the Squamish Central Estuary (British Columbia, Canada) study site showing the location of the surface water time series station, 
porewater sample sites and the locations of culverts which connect the Squamish River and the Squamish Central Estuary at high tide
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the culverts and incoming surface waters) and sinks (out-
going surface waters, atmospheric evasion and radioac-
tive decay). The model incorporated incoming and outgo-
ing temporal 222Rn concentration measurements for each 
half hour time step over the eight complete tidal cycles 
(approximately 4 days) to estimate an integrated porewater 
exchange rate (PW;  m3  day−1) (Tait et al. 2016):

where  Rnwc is the sum of each average 222Rn concentration 
at each 30 min time step (dpm  m−3  day−1; dpm is decays per 
minute); ΔWatVol is the change in volume of the overlying 
water  (m3);  Radecay is the 222Rn that is a result of 226Ra decay 
(dpm  day−1);  Rndiff is the input of 222Rn from sediment dif-
fusion (dpm  m−2  day−1);  Rnculvert is the 222Rn input from the 
culvert (dpm  day−1), calculated by multiplying the culvert 
222Rn concentration by the water flux; A is the upstream 
inundated area  (m2); Jatm is the 222Rn atmospheric evasion 
due to wind and current (dpm  m−2  day−1); Rnave is the aver-
age 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). 
Uncertainties were calculated based on standard propagation 
techniques similar to Sadat-Noori et al. (2015b).

The change in water volume (ΔWatVol) was estimated 
using a simple tidal prism approach which incorporates 
the change in depth multiplied by the estuary area. The 
surface area of the estuary upstream of the sample site 
was estimated by interpolating low- and high-tide estu-
ary areas determined via aerial imagery. Discharge from 
the estuary was measured by multiplying current velocity 
by water column cross-sectional area for each time step 
and associated tide height, assuming a constant current 
velocity across the cross-sectional area. To incorporate 
the uncertainties associated with the assumption of uni-
form current velocities throughout the undulating estuary 
cross section, 20% uncertainties around current velocities 
were included in the propagation of errors techniques in 
mass balance calculations. As simultaneously measur-
ing discharge through the 10 culverts draining into the 
estuary was not feasible, the difference in discharge vol-
umes between the flood and ebb tides was attributed to 
culverts discharge. As this would attribute any fresh ter-
restrial groundwater inputs as culvert discharge, this may 
overestimate culvert inputs. However, as fresh terrestrial 
groundwater inputs have previously been shown to be only 
a minor proportion of overall porewater exchange in simi-
lar low relief intertidal flats (Sadat-Noori et al. 2016; San-
tos et al. 2014), fresh groundwater inputs were assumed to 
be negligible. Culvert discharge volumes were multiplied 

(1)PW =

[(

RnwcΔWatvol
)

− RaDecay −
(

RndiffA
)

− Rnculvert +
(

JatmA
)

+
(

Rnave�WatVol
)]

PWendmember

by the average culvert 222Rn concentration for incorpora-
tion into the radon mass balance.

The diffusion of 222Rn from sediments was determined 
by collecting ~ 1 L of sediment from locations in the upper, 
central and mouth of the estuary. The sediments were then 
incubated for 30 days in ~ 5 L of radium-free water before 
222Rn concentrations were measured in a closed loop sys-

tem connected to a radon monitor (Lee and Kim 2006) and 
the average of the three locations used. To determine the 
amount of 222Rn that is produced from the decay of radium 
(226Ra), ~ 20 L of surface water was filtered through manga-
nese  (MnO2) impregnated fibres and then analysed for 226Ra 
via a delayed coincidence counter (Moore and Arnold 1996).

The estimation of atmospheric evasion of 222Rn (Jatm) 
from both wind and current was calculated separately in 
30-min time steps according to Burnett and Dulaiova (2003):

where Cwater and Cair are the concentrations of 222Rn in water 
and air. A is the maximum area of the estuary; α is the Ost-
wald solubility coefficient of 222Rn and k is the piston veloc-
ity at the air–water interface (m day−1). An integration of 
wind, current and depth measurements Eq. (3) and Eq. (4) 
was then used to determine k (Wanninkhof 1992).

where µ is the wind speed at a height of 10 m (m s−1), Sc 
is the Schmidt number for radon, normalized to a Schmidt 
number of 600; and a is a variable power function dependent 
on wind speed and was set to 0.5 due to the non-smooth sur-
face conditions. The piston velocity resulting from currents 
was calculated using (Borges et al. 2004):

where kcurrent is the piston velocity resulting from current 
turbulence, w is the current speed (cm s−1) and D is the 
water depth (m).

Carbon fluxes to the atmosphere and to the ocean

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

where Cwater and  Cair are the partial pressure of  CO2 (pCO2 
in µatm) in surface waters and in air, respectively; α is the 
solubility coefficient as a function of salinity and tempera-
ture using the constants of Weiss (1974) and k is the gas 
transfer velocity at the air–water interface (m day−1). The 

(2)Jatm = k
(

Cwater − �Cair

)

A

(3)kwind = 0.45�1.6(Sc∕600)−a

(4)kcurrent = 1.719w0.5
D

−0.5(Sc∕600)−a

(5)CO2Flux = k�
(

Cwater − Cair

)
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atmospheric concentration of  CO2 was assumed to be con-
stant at 400 µatm.

The appropriate gas transfer velocity (k) is still widely 
debated 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 estu-
aries, current velocity and bottom stress can be significant 
drivers of estuary turbulence and, therefore, gas exchange 
rates (Borges et al. 2004; 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 (1956) and described by 
Ho et al. (2016):

where k600 is the gas transfer velocity (normalized to a 
Schmidt number of 600), v is the current velocity (m s−1), 
h is the depth and µ is the wind speed at a height of 10 m 
(m s−1).

Estuarine import (flood tide) and export (ebb tide) of DIC 
and DOC were estimated for eight tidal cycles by multiply-
ing 30-min discharge rates by the linear interpolation of car-
bon species concentration between high- and low-tide times. 
Total export and import rates over the eight cycles were then 
divided by the total number of days to calculate the daily 
average. The contribution of porewater exchange to fluxes 
of DOC, DIC and  CO2 was calculated as the percentage of 
porewater-derived flux in the net flux (outputs minus inputs). 
Free  CO2 was calculated using the solubility coefficient of 
 CO2 at a given temperature and salinity (Weiss 1974) and 
the measured pCO2.

Results

Hydrological conditions

Conditions throughout the time series were predominantly 
dry, with patchy rainfall totalling 14 mm over the sampling 
period and 67 mm for the 30 days prior to sampling. Air tem-
peratures during the week ranged from 4.7 to 22.9 °C and 
averaged 12.4 ± 4.1 °C. 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 5 days of sam-
pling with depths of ~ 0.4 m at low tide and ~ 2.8 m at high 
tide (Fig. 2). Surface water temperatures ranged from 11.6 to 
20.2 °C, with an average of 14.0 ± 1.6 °C. Salinity remained 
low with an average of 2.1 ± 0.7 PSU and peaks of up to 5.3 
PSU at the start of the incoming tide. The discharging vol-
ume of water out of the estuary during the ebb tide was ~ 1.6 
times greater than the volume of water entering the estuary 
during the flood tide (Fig. 2), with the excess water assumed 
to be due to an inflow of water from the nearby culverts.

(6)k600 = 0.77v0.5h−0.5 + 0.266�2

Surface water time series

A tidal trend was evident in DO saturation with the lowest 
saturation observed at low tide (min 66%) and highest satu-
ration observed at high tide (max 108%) (Fig. 2). A simi-
lar tidal trend was observed for both DOC and DIC, with 

Fig. 2  Depth (m), discharge  (m3 s−1) and physico-chemical observa-
tions during surface water time series of Squamish Central Estuary. 
Gaps in the data lines indicate periods of low water level. Shaded col-
umns indicate night time
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the highest concentrations observed on low tide although 
the relationship is not entirely consistent (Fig. 3). Concen-
trations of DIC ranged from 335 µmol  L−1 to 2181 µmol 
 L−1 and DOC concentrations ranged from 26 µmol  L−1 to 
237 µmol  L−1, respectively. Both 222Rn and pCO2 displayed 
a similar tidal trend where the highest values were recorded 
at low tide and lowest at high tide (Fig. 3). Radon concentra-
tions ranged from 4.0 dpm  L−1 to 42.6 dpm  L−1 and averaged 
14.0 ± 1.0 dpm  L−1 (including interpolated data). Surface 
water pCO2 ranged from 720 to 10,527 µatm and averaged 
3035 ± 162 µatm (including interpolated data) (Fig. 3). Max-
imum 222Rn and pCO2 values decreased over the 4 days of 
sampling which followed smaller tidal ranges during the 
smaller nighttime tide towards the end of the time series.

Significant correlations (p < 0.05) between  pCO2 and 
other variables were seen over the 4 day time series (Fig. 4). 
Salinity was weakly correlated with  pCO2 (r2 = 0.06) with 
lower salinity during high tides. There was a significant neg-
ative correlation (r2 = 0.63) with DO saturation and  pCO2 
with lower DO saturation and higher  pCO2 at low tide. In 
contrast, there was a significant positive correlation between 
222Rn and  pCO2 values (r2 = 0.92) with higher 222Rn and 
 pCO2 at low tide. In all parameters beside salinity, there 
was a much greater range in values at low tide compared to 
high tide. There was a significant strong correlation between 
222Rn and depth (r2 = 0.83) and 222Rn and DIC (r2 = 0.84) 
(Table 1). Further, there is also a strong correlation between 
DIC and both depth (r2 = 0.84) and  pCO2 (r2 = 0.86) with 
higher DIC concentrations at low tides. With the exception 
of DIC (r2 = 0.40), salinity was decoupled from all the other 
variables. 

Porewater and culvert observations

Porewater observations showed a high degree of spatial vari-
ability for all parameters (Table 2). Concentrations of 222Rn 
in porewater ranged from 12.3 to 90.0 dpm  L−1 with the low-
est concentrations of 222Rn located near the time series sta-
tion. In the upper estuary porewater (PW9 and PW10), pCO2 
was almost fourfold higher than the highest value from all 
the other porewater sampling sites. There was a general trend 
of higher 222Rn and pCO2 values in samples collected fur-
ther up in the intertidal zone (PW4, PW6, PW8 and PW10). 
The average porewater to average surface water ratio of all 
measured parameters ranged from a low of 0.4 (DO%) to 
3.8 (pCO2) (Fig. 5). The average porewater  pCO2 and 222Rn 
were much higher than surface waters (3.8 and 3.7 times, 
respectively). Concentrations of DIC in porewater followed 
a similar spatial trend to pCO2 (Table 2), whereas DOC was 
highest at PW5 and PW6, located mid-way between the estu-
ary mouth and time series station. 

Fig. 3  Time series observations in surface waters sampled in the 
Squamish central estuary. Solid lines or symbols represent measured 
data. Dashed lines indicate interpolated data, with the missing data 
calculated using a best fit polynomial equation. Shaded columns indi-
cate nighttime
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Calculated from the estuary water balance, the average 
daily water flux from the culverts to the estuary was 2.1 × 105 
 m3  day−1. Multiplying the discharge by the average concen-
trations of the measured parameters showed that the culvert 
contributed an average of 3.1 × 104, 4.8 × 103 and 7.2 × 103 
mol day−1 of DIC,  CO2 and DOC, respectively, and 1.4 × 109 
dpm  day−1 of 222Rn to the estuary (Table 3).

Radon mass balance

A porewater exchange rate of 14.9 ± 3.1 cm day−1 was cal-
culated from the radon mass balance model (Table 4). The 

largest source of 222Rn to the system was provided by the 
incoming tide (67.2%), with the culvert also being a substan-
tial source (32.6%). By far the largest sink of 222Rn was the 
ebb tide (92.1%) with current-driven evasion (5.5%) being a 
much smaller sink followed by 222Rn decay and wind-driven 
evasion contributing to a much lesser degree.

Carbon emissions and lateral 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 aver-
aged 212.0 ± 19 mmol m−2  day−1. The flood tide was the 

Fig. 4  Correlations between 
pCO2 and salinity (a), pH (b), 
DO% saturation (c) and 222Rn 
(d) in surface waters dur-
ing time series 13/06/2016 to 
18/06/2016 in the Squamish 
Central Estuary. Samples were 
delineated as either low tide or 
high tide based on water depths 
being either below or above the 
median tide height of 1.8 m

Table 1  Correlation coefficients 
(r2) between measured 
parameters during the time 
series in the Squamish Central 
Estuary

Values 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
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largest source of DOC, DIC and  CO2 to the estuary, con-
tributing 78.1%, 85.1% and 80.6% of inputs, respectively 
(Table 5). The culvert was the second largest input for all 
carbon species. The estuary was a net exporter of DIC and 
DOC, with respective average net daily exports of 1.5 × 105 
and 1.7 × 104 mol  day−1 (Table 5); equivalent to 2693 and 
305 mmol m−2  day−1, respectively, if the estuary area is 
taken into account. Similar to the proportion of DIC in 
porewater (89%), the majority of carbon losses from the 

Squamish Central Estuary is via DIC (83%), followed by 
DOC (10%) and  CO2 evasion (7%) (Fig. 6).

Discussion

Porewater exchange

Coupled high-frequency measurements of 222Rn and  CO2 
showed that porewater exchange has a strong influence on 
 pCO2 concentrations in the estuary but they are a relatively 
small contributor to overall DIC fluxes. The Squamish 
Central Estuary porewater exchange rate of 14.9 ± 3.1 cm 
 day−1 was within the range of 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 
two New Zealand estuarine intertidal flats. Sadat-Noori et al. 
(2017) found porewater exchange rates between 13.6 and 
27.8 cm  day−1 using radium isotopes in a subtropical estuary 
with the higher exchange rates associated with the mangrove 
vegetation in the estuary. Burnett et al. (2006) calculated 
an average porewater rate of 12 ± 7 cm day−1 in a US tidal 
system. The porewater exchange in our study was equiva-
lent to 4% of the average tidal prism volume (4.6 × 104  m3), 
which was comparable to what was reported in the two New 
Zealand intertidal flats (12% and 6%) in the Santos et al.’s 
(2014) study.

Table 2  Porewater observations for the Squamish central estuary

Sample ID Latitude, longitude Depth 
(m)

Salinity DO (% 
sat)

pH pCO2
222Rn (dpm 
 L−1)

DIC 
(mM)

DOC 
(mM)

(µatm) (mM)

PW1 49.706, 123.167 0.7 3.0 38.5 6.72 4404 0.21 21 1.24 0.12
PW2 49.706, 123.167 0.7 1.6 99.0 6.88 1988 0.08 12 0.62 0.04
PW3 49.692, 123.170 0.3 5.3 30.1 6.59 9431 0.40 70
PW4 49.692, 123.170 1.0 7.0 23.2 6.96 10,091 0.41 90 2.88 0.28
PW5 49.698, 123.170 1.0 6.5 23.7 7.30 1769 0.07 31 2.59 0.41
PW6 49.698, 123.170 0.3 2.1 21.8 7.31 1972 0.08 55 0.93 0.32
PW7 49.707, 123.164 0.7 2.8 89.6 6.89 4391 0.18 27 1.32 0.11
PW8 49.707, 123.164 1.0 2.9 89.1 6.85 2880 0.11 63 0.86 0.08
PW9 49.712, 123.158 1.0 4.1 17.8 6.15 36,364 1.49 56 1.43 0.11
PW10 49.712, 123.158 1.1 3.5 20.7 5.90 39,629 1.67 85 1.95 0.18

Average 0.8 3.9 42.7 6.76 11,292 0.47 51 1.54 0.18
SE 0.1 0.6 11.3 0.15 4554 0.19 9 0.26 0.04

Fig. 5  Ratios of average porewater to surface water concentrations in 
measured parameters. Error bars were calculated using standard error 
propagation techniques

Table 3  Average daily influxes of 222Rn, carbon species and physico-chemical parameters from the culverts draining into the Squamish Central 
Estuary

Discharge  (m3  day−1) Salinity DO (% Sat) pH 222Rn (dpm  day−1) DIC (mol  day−1) DOC (mol  day−1)

Average
SE

2.1 × 105

(1.3 × 104)
0.1
(0.0)

107.4
(5.2)

7.42
(0.30)

1.4 × 109

(9.0 × 107)
3.1 × 104

(3.5 × 103)
7.2 × 103

(8.1 × 102)
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Table 4  Radon sources and 
sinks forming the radon 
mass balance assessment for 
Squamish Central Estuary 
time series including the 
corresponding terms for Eq. (1)

All values were integrated over ~ 4 days of observations

Parameter 222Rn Units Mass balance term

Source
 Flood tide 2.9 × 109 ± 3.8 ×   108 dpm  day−1 RnwcΔWatVol

 Culvert 1.4 × 109 ± 9.0 × 107 dpm  day−1 Rnculvert

 Sediment diffusion 8.1 × 106 ± 5.2 × 105 dpm  day−1 RndiffA
 Radium decay 3.9 × 105 ± 4.1 × 104 dpm  day−1 Radecay

 Total 4.3 × 109 ± 3.9 × 108 dpm  day−1 RnwcΔWatVol

Sink
 Ebb tide 4.4 × 109 ± 2.9 × 108 dpm  day−1 Jatm

 Current evasion 2.6 × 108 ± 3.6 × 107 dpm  day−1 RnaveλRnwcΔWatVol

 222Rn decay 8.0 × 107 ± 5.2 × 105 dpm  day−1

 Wind evasion 3.0 × 107 ± 1.9 × 107 dpm  day−1 Jatm

 Total 4.8 × 109 ± 2.9 × 108 dpm  day−1 PWendmember

 PW222Rn 5.0 × 108 ± 3.8 × 107 dpm  day−1 A
PWendmember 50,870 ± 9180 dpm PW
PW over entire area 8336 ± 1504 m−3

Maximum area 56,060 m3  day−1

Total PW exchange 14.9 ± 3.1 m2

Table 5  Carbon fluxes in and 
out of the Squamish Central 
Estuary, Canada

DOC flux (mol  day−1) DIC flux (mol  day−1) CO2 evasion (mol  day−1)

Inputs
 Flood tide 3.1 × 104 ± 1.5 × 103 2.3 × 105 ± 9.6 × 103

 Culvert 7.2 × 103 ± 8.1 × 102 3.1 × 104 ± 3.5 × 103

 Porewater 1.5 × 103 ± 3.2 × 102 1.2 × 104 ± 2.1 × 103

 Total 4.0 × 104 ± 1.7 × 103 2.7 × 105 ± 2.1 × 104

Outputs
 Ebb tide 5.7 × 104 ± 2.8 × 103 4.3 × 105 ± 1.9 × 104

 CO2 evasion – – 1.2 × 104 ± 6.0 × 102

 Total 5.7 × 104 ± 2.8 × 103 4.3 × 105 ± 1.9 × 104

Net flux 1.7 × 104 ± 1.8 × 103 1.5 × 105 ± 2.5 × 104 1.2 × 104 ± 6.0 × 102

Fig. 6  The contribution of 
carbon species DIC, DOC,  CO2 
and  CO2 evasion (losses) in 
porewater and losses from the 
Squamish Central Estuary
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Drivers of porewater exchange can include pressure 
heads, tidal pumping and density inversions at the sedi-
ment–water interface (Santos et al. 2012a). These processes 
and interactions can influence porewater constituents, advec-
tion rates, residence times and the biogeochemical reactiv-
ity of the porewaters. Tidal pumping was assumed to be 
the main driver of porewater exchange in the estuary due to 
the strong correlation between tidal height and 222Rn con-
centrations (Table 1). If fresh groundwater was entering in 
the upper parts of the estuary, a strong correlation between 
salinity and 222Rn concentrations would have been expected 
despite only brackish waters (maximum salinity 5.2) enter-
ing the estuary from the Squamish River fed Howe Sound. 
However, the relationship was fairly weak (r2 = 0.08).

The major contributor to the radon mass balance was 
222Rn inputs from the flood tide (61.3%), followed by the 
culvert (29.8%) and then porewater exchange (8.6%). Minor 
sources of radon to the system included sediment diffusion 
and radium decay, which accounted for less than 0.3% of 
sources and are in agreement with previous coastal ground-
water studies (Peterson et al. 2010). Radon evasion was pri-
marily 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 con-
nected through the series of culverts joining the two sys-
tems. This may create additional uncertainty due to variable 
water flow into the estuary and, therefore, provide a variable 
radon source which may affect the calculated discharge rate. 
Additional uncertainties also exist around 222Rn concentra-
tions during periods of low tide with 222Rn concentrations 
interpolated for 18% of the time of the tidal cycles due to 
low water levels. 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 deriv-
ing the porewater endmember (Dulaiova and Burnett 2008). 
Sadat-Noori et al. (2015b) showed that a porewater end-
member sample size of > 12 can stabilize the standard error 
to < 30%. Here, we collected 10 porewater samples with 
222Rn concentrations ranging from 12.3 to 90.0 dpm  L−1 
and a standard error of ~ 17%. Our mass balance estimate 
of 14.9 ± 3.1 cm  day−1 was calculated using the average 
222Rnendmember; however, 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.

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  year−1) and an 
average surface water pCO2 of 3035 ± 162 µatm. There are 
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 fluxes in the upper estuary ranging between 
6.1 ± 3.0 mmol m−2  day−1 using Wanninkhof (1992) k val-
ues and 12.3 ± 5.4 mmol m−2  day−1 using Raymond and 
Cole (2001) k values (Dinauer and Mucci 2017). In con-
trast, in the partially ice-covered Canada Basin (77–80 oN), 
pCO2 ranged from 250 to 368 µatm and seawater was found 
to be a net sink of atmospheric  CO2 (6.5 ± 1.3 Tg  year−1) 
(Sun et al. 2017). The  CO2 flux of 212 mmol m−2  day−1 
and surface water pCO2 of 3035 µatm observed for Squam-
ish Central Estuary are comparable to the global average 
of upper estuary fluxes calculated by Chen et al. (2013) of 
188 ± 70 mmol m−2  day−1 and average pCO2 of 3033 ± 1078 
µatm. Sampling was not possible during the lowest part of 
the tidal cycle and interpolated data were not used to calcu-
late the air–sea fluxes. Hence the estimates are considered 
conservative.

A significant uncertainty when estimating air–sea gas 
exchanges results from the gas transfer parameterization (k) 
(Ho et al. 2016). Wind speed, current velocity and depth are 
major forces driving turbulence and, therefore,  CO2 evasion 
at the water–air interface in shallow estuaries (Borges and 
Abril 2011; Borges et al. 2004; Ho et al. 2016). The param-
eterization by Ho et al. (2016) is an adaptation of O’Connor 
and Dobbins (O’Connor and Dobbins 1956) which takes into 
account bottom-generated shear and wind stress. Observed 
and modelled data in a study in the Shark River, Florida 
found that replacing the coefficient of 1.539 in O’Connor 
and Dobbins (1956) to 0.77 was a better fit in a tidal estuary 
(Ho et al. 2016). O’Connor and Dobbins (1956) parameteri-
zation is based on reaeration coefficients in streams and does 
not include wind stress, while the Ho et al. (2016) param-
eterization incorporates wind-generated turbulence. As such, 
we believe that the parameterization developed by Ho et al. 
(2016) best fits the Squamish Central Estuary hydrology 
and physical conditions. However, it must be noted that the 
current velocities in the study were measured at only one 
location and then applied to the entire domain which would 
increase uncertainties around estimates.

Directly comparing different estuarine and river systems 
can be problematic due to the different hydrological and geo-
graphic settings, seasonality, different sampling methods, 
and the use of different models for calculating gas transfer 
velocities (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 study by Ferrón et al. (2007) in a shallow mid-
latitude estuarine salt marsh system had a pCO2 range of 
981–4680 µatm and a  CO2 atmospheric flux range of 73 to 
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177 mmol m−2  day−1. The Duplin River in Georgia, USA 
(31.5 oN) is also a marsh-dominated tidal estuary and has 
been reported 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 greater uptake by marsh macrophytes and autotro-
phy in the Dulpin River (Wang et al. 2018). The study did 
not account for fluxes from sediments or exposed seagrass 
vegetation at low tide which can be a significant proportion 
of a carbon budget (Borges and Abril 2011) and as such may 
lead to an over estimation of the contribution of porewater 
to the total carbon pool.

Porewater as a driver of carbon dynamics

Carbon dioxide in estuaries has been suggested to be pre-
dominantly 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 a tight cou-
pling between pCO2 and porewater exchange (222Rn con-
centrations) (Fig. 4; r2 = 0.92, n = 217, p < 0.001). Strong 
relationships have been found between 222Rn and  CO2 fluxes 
in a range of coastal areas (Atkins et al. 2013; Jeffrey et al. 
2016; Maher et al. 2015). In a coastal floodplain creek estua-
rine system, Atkins et al. (2013) found 222Rn to be tidally 
driven, with a strong inverse relationship to depth (r2 = 0.71, 
p < 0.01, n = 157) and porewaters were suggested to drive 
 pCO2 in the upper estuary (r2 = ~ 0.80). A tidal trend was 
also found in Squamish Central Estuary, with significant cor-
relations between depth and pCO2 (r2 = 0.65) and depth and 
222Rn (r2 = 0.83). In stratified salt wedge estuaries, ground-
water may also be an important driver of other more pow-
erful greenhouses such as methane, with Tait et al. (2017) 
showing tight coupling of 222Rn and methane in anaerobic 
bottom waters of an Australian estuary.

Variability in pCO2 can be driven by changes in gas sol-
ubility driven by temperature, sediment water convection, 
wind speed and evasion rates and also biological production 
and respiration (Maher et al. 2015). A diurnal temperature 
effect 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 higher 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. However, in this study, both DO and 
pCO2 were more strongly controlled by tidal dynamics than 
diurnal oscillations in metabolism (Figs. 2, 3) If metabolism 
was the dominant driver of DO and pCO2, DO would be 
expected to peak during the day and pCO2 would peak dur-
ing the night. Interestingly, supersaturation of both DO and 

pCO2 was observed simultaneously, suggesting an external 
source of dissolved  CO2, most likely porewater exchange 
counteracting photosynthesis-driven  CO2 uptake.

There were distinct tidal trends in pCO2, 222Rn and DIC 
and DO saturation. The tidal trends in surface water pCO2 
may be driven by carbon inputs and mixing of fresh and 
saline water, porewaters enriched in  CO2, lateral inputs 
from vegetated areas and biological processes mediated by 
organic matter and/or nutrient input (Maher et al. 2015). 
Dissolved inorganic carbon and pCO2 in estuarine surface 
waters are thought to be controlled by the breakdown of 
organic carbon by in situ microbial degradation and inor-
ganic carbon laterally transported from adjoining conduits, 
such as rivers, wetlands and porewaters (Bauer et al. 2013). 
Here, the strong correlation between DIC and 222Rn along 
with the calculated porewater DIC inputs suggests that pore-
water exchange is an important driver of DIC dynamics in 
the Squamish Central Estuary, as found in other systems 
(Maher et al. 2013; Porubsky et al. 2014; Sadat-Noori et al. 
2015a; Wang et al. 2015). This is supported in our results 
where DIC showed strong correlations with 222Rn, pCO2 
and depth (Table 3). The average DIC concentration of 
802 ± 54 µmol  L−1 was less than 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 that study, temperature and DIC dynam-
ics 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-derived 
fluxes of DIC and DOC of 220 and 26 mmol m−2  day−1, 
respectively, are similar to shallow DIC and DOC porewa-
ter fluxes in a subtropical estuary, Australia (Sadat-Noori 
et al. 2015a). In that same study, porewater-derived DIC 
fluxes were 213 ± 129 mmol m−2  day−1; however, the DOC 
flux (183 ± 521 mmol m−2  day−1) was much higher than 
that in our study. Porewater exchange accounted for 9%, 
5% and 30% of net DOC, DIC and  CO2 exported out of 
the Squamish Central Estuary, respectively, and for 39% of 
the  CO2 atmospheric evasion. The relatively low contribu-
tion of porewater exchange-driven carbon flux to the overall 
exports is due to the large inputs of carbon from the series 
of culverts connecting the nearby Squamish River to the 
estuary. If the carbon inputs from the culverts are removed, 
then porewater exchange accounts for 15%, 6% and 43% of 
DOC, DIC and  CO2 exports from the estuary. Sadat-Noori 
et al. (2015a) used a multi-time series approach to show that 
groundwater-derived inputs of free  CO2 accounted for 54% 
of observed water to air fluxes in a subtropical estuary while 
in the Squamish Central Estuary porewater inputs of free 
 CO2 accounted for 38% of the atmospheric evasion.

Porewater exchange in estuaries has been shown to be 
highly temporally variable and it is, therefore, essential 
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in accurately quantifying estuarine carbon dynamics to 
design studies that incorporate multiple tidal cycles (San-
tos 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 Cana-
dian 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 in the summer months and, therefore, our esti-
mates may be in the lower range for the Squamish region.

Implications and conclusion

This study addresses a major geographic knowledge gap in 
global  CO2 emissions from estuaries. With a fourfold dif-
ference in the range of  CO2 emissions in low-latitude estu-
aries (Laruelle et al. 2010), it is essential to incorporate as 
many of the major geographic coastal regions as possible, 
namely Canada, China, Russia, Africa and South America, 
which are underrepresented in global estimates (Cai 2011). 
This study showed that the temperate Squamish Central 
Estuary was a net source of  CO2 to the atmosphere and a 
net exporter of DIC and DOC.

This study also builds on the published literature by 
highlighting that porewater exchange can be an impor-
tant driver of estuarine carbon dynamics. Previous major 
reviews of estuarine  CO2 degassing have failed to account 
for the role of porewater exchange in driving high  CO2 
fluxes (Cai 2011; Dinauer and Mucci 2017; Laruelle et al. 
2010; Laruelle et al. 2015). The clear tidal trend in 222Rn 
observations during the time series shows that seawater 
recirculation (tidal pumping) may be an important driver 
of porewater exchange. As estuarine sediment can be a 
ready source of bioavailable carbon and provide ideal con-
ditions for a range of biogeochemical cycling, understand-
ing the exchange of water through sediments is essential to 
the greater understanding of estuarine carbon dynamics.
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