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Abstract Despite recent evidence suggesting that groundwater inputs of dissolved inorganic carbon
(DIC) to rivers can contribute substantially to the fluvial evasion of carbon dioxide (CO2), groundwater is
seldom integrated into fluvial carbon budgets. Also, unclear is the way equilibria between CO2 and ionic
forms of carbonate will affect CO2 evasion from rivers. We conducted longitudinal river surveys of radon and
carbon along two rivers of tropical Australia and developed a mass balance framework to assess the
influence of groundwater‐derived inorganic carbon and carbonate buffering on CO2 evasion rates. Themean
CO2 evasion flux totaled 8.5 and 2.3 g·C·m−2·day−1 for the two rivers, with considerable spatial variations
that we attributed primarily to changes in groundwater inflow rates (minima and maxima per river reach
1.2–45.1 and 0.2–13.4 g·C·m−2·day−1). In the larger river system, inflowing groundwater delivered on
average 6.7 g·C·m−2·day−1 as dissolved CO2—almost 10 times as much as the CO2 produced via river
metabolism—and 21.6 g·C·m−2·day−1 as ionic forms. In both rivers, these groundwater‐derived inputs were
a mixture of biogenic and geogenic carbon sources. Spatialized estimates of the carbonate buffering flux
revealed that in reaches where CO2 evasion was particularly high, the carbonate systemwas able tomaintain
high CO2 concentrations by adjustment of carbonate equilibria. This process was likely triggered by high
groundwater inflow rates. Our findings suggest that both groundwater inputs and carbonate equilibria need
to be accounted for in fluvial carbon budgets, particularly in high‐alkalinity rivers.

1. Introduction

The role of rivers as transporters and emitters of terrestrially derived carbon (C) is now well recognized
(Butman & Raymond, 2011; Cole et al., 2007; Raymond et al., 2013). Globally, the flux of terrestrial C
exported through freshwater ecosystems may be nearly equivalent to the land C sink (Le Quéré et al.,
2016; Sawakuchi et al., 2017), and so failure to accurately account for this flux can result in an
overestimation of the land C sink (Butman et al., 2016). Increased attention from the scientific community
over the last decade has contributed to reducing uncertainties surrounding the global fluvial C flux, yet the
paucity of field measurements in many regions still hampers development of more reliable estimates.
Tropical regions in particular remain underrepresented in global data sets (Lauerwald et al., 2015;
Raymond et al., 2013), which is concerning because tropical rivers are likely to be major hot spots of fluvial
C export (Lauerwald et al., 2015; Regnier et al., 2013; Sawakuchi et al., 2017). The likely importance of fluvial
C export in the tropics can be related to the coincidence of high primary productivity and high flow regimes
that can facilitate direct connectivity between C production zones and rivers.

Terrestrial C enters rivers via surface and subsurface pathways. While the transport of organic C to rivers
largely occurs through overland flow and shallow throughflow within the upper organic soil horizons,
dissolved inorganic C (DIC) inputs are primarily via deeper throughflow and groundwater pathways
(Deirmendjian & Abril, 2018; Jeffrey et al., 2018; Tweed et al., 2016). Water percolating through soils can
accumulate biogenic CO2 that has been produced within the soil by plant respiration and decay of organic
matter (e.g., Dawson et al., 1995; Hope et al., 1994). Where the underlying lithology includes carbonate
rocks, the weathering of calcite can also contribute geogenic C to the DIC pool in groundwater, and so in
areas where gaining conditions prevail, significant rates of biogenic and/or geogenic DIC will enter rivers.
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The isotopic signature of stable carbon isotopes in DIC (δ13CDIC) can be used to distinguish between bio-
genic and geogenic sources of inorganic carbon. Biogenic CO2 has distinct isotopic signatures depending
on the dominant photosynthetic pathway—C3 plants produce δ13CDIC values of about −23‰, while C4
plants typically yield δ13CDIC values of −10‰ (e.g., Schulte et al., 2011). By contrast, the dissolution of car-
bonate minerals along subsurface flowpaths result in less negative δ13CDIC signatures (approximately−12‰
to −5‰). Although the groundwater‐derived DIC flux is recognized as a potentially important C loss path-
way (e.g., Duvert et al., 2018; Maher et al., 2013; Tweed et al., 2016; Winterdahl et al., 2016), groundwater
inputs to rivers are seldom measured in river nor terrestrial C balance studies. In order to reduce uncertain-
ties in these individual fluxes, there is an increased need for new observations and new approaches that
explicitly consider this pathway in river C budgets (Duvert et al., 2018).

Accurate assessments of C in fluvial systems are complicated by the nonconservative behavior of DIC
(Campeau et al., 2017). Once in rivers, DIC can either be transported downstream, precipitate into mineral
forms, or return to the atmosphere as CO2 by diffusion at the water‐air interface (which we refer to as “eva-
sion”). There are three species of DIC, that is, CO2* (comprising dissolved CO2 and H2CO3), HCO3

−, and
CO3

2−, and their relative activity in water is largely a function of pH. Knowledge of the relative contribution
of each of these forms to the DIC pool is crucial because each form will behave differently in different con-
ditions. At relatively high pH (7 or higher), CO2* dissociates into the ionized species HCO3

− and CO3
2−, and

by converting CO2* into nonvolatile forms, this “carbonate buffering”may reduce the rate of CO2 evasion to
the atmosphere (e.g., Cai et al., 2008). But the carbonate system can also equilibrate in the opposite direction,
readily replacing some of the CO2 removed from the water column through evasion by adjustment of carbo-
nate equilibria. Stets et al. (2017) showed that the conversion of HCO3

− to dissolved CO2 can maintain rela-
tively high CO2 concentrations in downstream reaches of high alkalinity rivers, as opposed to low alkalinity
rivers where most of the CO2 has been exhausted by evasion in the upstream reaches. Although it has now
been established that carbonate buffering may play an important role in regulating CO2 in high alkalinity
rivers (Stets et al., 2017), this mechanism is yet to be represented in river C budgets. It is also unclear whether
the influence of carbonate buffering varies spatially along river systems together with variations in ground-
water inflow rates.

Hydrologists have developed a range of methods to spatially quantify the rate at which groundwater enters
rivers. One approach is based on longitudinal river chemistry surveys, where a solute is measured at
repeated intervals along a river and where groundwater inflow rates can be derived from the difference
between solute concentration along the river and in adjacent groundwater. The noble gas radon‐222
(222Rn), a radioactive gas that is produced in the subsurface and whose concentration rapidly decreases once
in the river, has proved particularly reliable for this purpose (e.g., Cartwright & Gilfedder, 2015; Cook et al.,
2003, 2006; Ellins et al., 1990). Atkins et al. (2013) and Sadat‐Noori et al. (2016) were the first to incorporate
222Rn‐based groundwater inflow estimates into river C budgets. Similar approaches have also been proposed
where silica concentrations (Winterdahl et al., 2016) or differential gauging (Deirmendjian & Abril, 2018;
Duvert et al., 2018) are used to derive groundwater input rates longitudinally and thereby enable determina-
tion of the groundwater‐derived C flux. In another noteworthy study, Rasilo et al. (2017) estimated ground-
water inflow indirectly by solving multiple mass balances for multiple C species (CO2, CH4, and organic C).
These mass balance approaches also show promise for the derivation of CO2 evasion rates (e.g.,
Deirmendjian & Abril, 2018), as effective alternatives to the use of less reliable empirical models
(Raymond et al., 2012).

In this study we set out to quantify the influence of groundwater inputs on the C cycling of high alkalinity
tropical rivers and to assess the role of carbonate buffering in controlling CO2 evasion. We combine longitu-
dinal river surveys of 222Rn, C (pCO2, DIC, and δ13CDIC), and a river DIC mass balance to derive spatialized
estimates of DIC export and CO2 evasion. We test our approach in two contrasting river systems of the sea-
sonal tropics of northern Australia under baseflow conditions. In particular, we aim to address the following
questions:

(1) How significant are fluvial DIC export and CO2 evasion in the seasonal tropics of Australia?
(2) What is the contribution of groundwater to the DIC pool of these systems?
(3) Does carbonate buffering enhance or diminish the evasion of CO2 in high alkalinity rivers?
(4) How do our CO2 evasion estimates compare to estimates from empirical models?
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2. Methods
2.1. Site Description

The study area is located in the tropical savanna region of northern Australia, south of Darwin in the
Northern Territory (Figure 1). It is subjected to a tropical wet and dry climate (Aw in the Köppen classifica-
tion) with >90% of rainfall occurring between November and April as monsoonal bursts. We selected two
river catchments within the study region, namely, the Howard River (130 km2 upstream of the lowest sam-
pling point) and the Daly River (47,100 km2 upstream of the lowest sampling point). While these two rivers
differ widely in catchment size, annual rainfall, morphology, and geological features, both are known to be
largely groundwater‐fed during the dry season (Cook et al., 2003, 1998), making them ideal sites to address
our research questions.

The Howard River catchment is located 30 km east of Darwin (Figure 1). It is a lowland area (elevation gra-
dient from source to mouth of ~40 m), dominated by tropical savanna with several seasonal swamps and
rainforest thickets. The median annual rainfall for years 1986–2016 was 1,879 mm/year (Bureau of
Meteorology [BoM] rain gauge at Howard Springs; range 1,335–2,881 mm/year). An initial assessment of
the hydrological budget of the catchment showed that about 10% of annual rainfall reaches the water table,
most of which then enters the river as baseflow (Cook et al., 1998). Rudge (2015) showed that the ground-
water contained in a shallow sandstone deposit is supersaturated with biogenic, C3‐derived C (pCO2

107,000 ± 16,000 μatm; δ13CDIC –25.6 ± 1.1‰), while deeper groundwater in an underlying dolomite forma-
tion likely contains a mixture of biogenic and geogenic C (pCO2 73,000 ± 15,000 μatm; δ13CDIC –

16.8 ± 1.7‰). The dolomite aquifer is thought to contribute surface water to the downstream reaches of
the river only.

The Daly River (Figure 1) is a large perennial system, with median annual rainfall in the catchment of
1,212 mm/year for the period 1986–2016 (BoM rain gauge at Douglas River Research Farm; range 1,003–
1,808 mm/year). Dry season flows are dominated by groundwater contributions originating from a mixture
of shallow, local sandstone formations as well as deeper, regional carbonate aquifers (Cook et al., 2003;
Smerdon et al., 2012). The segment of the Daly River we studied is located approximately 200 km south of
Darwin and extends between the Claravale and Daly crossings. The river has been the subject of detailed
work on internal C metabolism, with Townsend et al. (2011) reporting that the rates of CO2 internal produc-
tion (respiration) exceeded the rates of CO2 uptake (photosynthesis) by a factor of 2.

Figure 1. Location of the Howard (a) and Daly (b) River catchments in northern Australia. Black circles and crosses represent the location of river and groundwater
(borehole) sampling sites, respectively. Squares represent the Northern Territory Government gauging stations, and diamonds represent the BoM rain gauges used
in this study. River reaches marked in light red correspond to the most significant groundwater discharge zones for each river, as discussed in the text.
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2.2. Field Surveys and Laboratory Analyses

We conducted longitudinal river surveys during the dry season in June and August 2017. A total of 9 and 10
river locations were sampled along the Howard and Daly Rivers, respectively (Figure 1). The Howard River
sampling locations were all accessed by foot, while due to remoteness and the presence of crocodiles, the
Daly River sampling locations had to be accessed by boat. At each river location, temperature, electrical con-
ductivity (EC), pH, and dissolved oxygen were measured using a Hydrolab multiparameter probe. Both
pCO2 and

222Rn were also directly measured at each sampling point. An eosGP infrared gas analyzer (range
0–50,000 μatm; Eosense) connected to a CR3000 datalogger (Campbell Scientific) was used for pCO2 mea-
surements, while 222Rn activities were obtained via a RAD7 detector coupled with a RAD‐AQUA gas
exchanger (Durridge Co.). A continuous inflow of river water was drawn into the gas exchanger at a flow rate
of about 3 L/min via a small submersible pump (Cyclone, Proactive). It took on average 30–40 min at each
location to reach equilibration for pCO2 and

222Rn readings. The eosGP sensor was calibrated before and
after fieldwork using 0‐, 5,000‐, and 10,000‐μatm Calgaz standards. In addition, unfiltered samples were col-
lected for later determination of DIC and δ13CDIC. All samples were stored in a cold room and kept in dark
until they were analyzed at Charles Darwin University (Environmental Chemistry and Microbiology Unit).
DIC and δ13CDIC were measured with an ISO‐CADICA instrument, which consists of an extraction chamber
connected to a Picarro cavity ring‐down spectrometer (further details can be found in Bass et al., 2012).

A number of boreholes were also sampled along the two river systems in order to characterize the ground-
water end‐member (Figure 1). Groundwater was pumped from bores into a 5‐L bucket using a submersible
pump (Tornado, Proactive). Once the pH and EC of pumped water had stabilized, measurements were
made, and sample bottles were filled within the bucket to avoid contact with the atmosphere. The same para-
meters as in the rivers were measured (temperature, pH, EC, dissolved oxygen, pCO2, and

222Rn), and sam-
ples were collected for further analysis of DIC concentration and δ13CDIC. In this study, all δ13CDIC values
are reported as per mil deviation from the standard Vienna Pee Dee Belemnite.

2.3. Quantification of Groundwater Inputs

Groundwater inflows were quantified using 222Rn as a tracer. This method is particularly well‐suited to our
study because of the large differences between the 222Rn activities in groundwater relative to those in the two
rivers. We used a 222Rn mass balance similar to the one developed by Cook et al. (2003) and Cook et al.
(2006). After correcting for lateral inflow from tributaries, any longitudinal change (x) in river discharge
(Q) can be directly related to groundwater inflow (I):

dQ
dx

¼ I xð Þ: (1)

Incorporating the 222Rn activities measured in the river (Rr) and adjacent groundwater (Rgw) gives

dQRr

dx
¼ I xð Þ·Rgw: (2)

Once in the water column, 222Rn is removed from parent decay and is affected by evasion to the atmosphere,
and so Cook et al. (2003) and Cook et al. (2006) derived amass balance that accounts for both turbulence and
natural decay

I xð Þ ¼ Q xð Þ· dRr
dx þ dwRr xð Þ· kRn xð Þ þ λð Þ

Rgw−Rr xð Þ ; (3)

where d and w are the river depth and width, respectively, λ is the radioactive decay rate for 222Rn (0.181/
day), and kRn is the gas transfer coefficient for

222Rn (per day), calculated from empirical relationships (see
section 2.5). We hypothesized that 222Rn production in the hyporheic zone was negligible relative to 222Rn
delivery from groundwater inputs, which was a reasonable assumption given the two rivers were almost
entirely groundwater‐fed during our surveys, and 222Rn activities in groundwater were significantly higher
than those measured in river water. We also assumed that evaporation had negligible effect on the 222Rn
budget, because gas evasion due to turbulence is expected to be several orders of magnitude higher than
gas loss through evaporation (Cook et al., 2006). For each river, groundwater inflow was assigned a

10.1029/2018JG004912Journal of Geophysical Research: Biogeosciences

DUVERT ET AL. 315



unique 222Rn activity corresponding to the median of all groundwater samples (n = 5 for the Daly River and
n = 1 for the Howard River).

Equation (3) was solved using a finite element method implemented in Matlab by Frei and Gilfedder (2015)
and coupled to the PEST optimization software. Mean daily river discharge data were retrieved for the dates
of our surveys from Northern Territory Government gauging station G8150179 (Koolpinya Stockyard) for
the Howard River and gauging stations G8140067 (Dorisvale Crossing), G8140098 (Theyona Station), and
G8140040 (Mount Nancar) for the Daly River (Figure 1). These Q values were linearly interpolated in order
to yield one approximation of Q for each study reach, and all values were subsequently entered as input to
the model (Frei & Gilfedder, 2015). Once accurate groundwater inflow estimates were obtained through
modeling, Q was recalculated as follows:

Q xð Þ ¼ Q0 þ∑xI: (4)

Q0 being the river discharge at the furthermost upstream location. Note that computing Q(x) also involved
correcting for tributary inflows to the main river, that is, the contributions of Whitewood Rd Creek for
the Howard River and Stray Creek and Douglas River for the Daly River. For the latter, our groundwater
inflow estimates were compared to data obtained by Cook et al. (2003) and Smerdon et al. (2012) who used
the same tracer under relatively similar flow conditions in the Daly River.

2.4. Quantification of C Fluxes

We developed a mass balance framework based on the conservation of mass of different inorganic C spe-
cies within the river. Our approach explicitly addresses the effect of carbonate buffering on C speciation,
hence allowing us to (i) explore the relative contributions of dissolved CO2* and carbonate hardness (CH;
sum of HCO3

− and CO3
2−) to the inorganic C flux and (ii) solve for the CO2 evasion term for each seg-

ment of the river. For a given river reach, the CO2* inputs (left) and outputs (right) to and from the river
can be expressed as

FCO2
r up þ FCO2

gw þ FCO2
m ¼ FCO2

a þ FCO2
r down þ FCO2

b ; (5)

where FCO2
r up and FCO2

r down are the upstream flow CO2* input and downstream flow CO2* output, respectively;
FCO2
gw is the CO2* flux delivered by groundwater; FCO2

m represents CO2* production from internal metabolism
(DOC mineralization minus photosynthesis); FCO2

a is the evasion of CO2 to the atmosphere; and FCO2
b is the

amount of CO2* that is lost to carbonate buffering (can be positive or negative). The carbonate buffering term
FCO2
b was obtained by first calculating CH for all river and groundwater locations based on our measure-

ments of pCO2 and DIC:

CH ¼ DIC− K0·pCO2ð Þ; (6)

where K0 corresponds to the temperature‐dependent Henry's law constant for CO2 (mol·m−3·atm−1), and
CH and DIC are expressed in mol/m3 and pCO2 in atm. We then derived a mass balance for CH, its residual
being equal to −FCO2

b , because a C loss as CO2* through carbonate buffering would generate an equivalent
molar quantity of C as CH and vice versa

−FCO2
b xð Þ ¼ FCH

b xð Þ ¼ FCH
gw xð Þ− dFCH

r

dx
; (7)

where dFCH
r =dx is the upstream to downstream change in the CH flux for a given reach and FCH

gw xð Þ the CH
flux delivered by groundwater along that reach. Here we assumed that river metabolism does not affect CH
significantly. Rearranging equation (5) and solving for FCO2

a gives

FCO2
a xð Þ ¼ I xð Þ· CCO2

gw þ CCH
gw

� �
þ Q xð Þ· dCCO2

r

dx
−
dCCH

r

dx

� �
þ FCO2

m xð Þ; (8)

where FCO2
a xð Þ is expressed in g·C·m−2·day−1, I(x) is derived from equation (3), Q(x) is derived from equa-

tion (4), CCO2
gw and CCH

gw are the median CO2* and CH concentrations in adjacent groundwater, and dCCH
r =

dx and dCCO2
r =dx are the CH and CO2* gradients with distance in the river. For the Howard River, we

10.1029/2018JG004912Journal of Geophysical Research: Biogeosciences

DUVERT ET AL. 316



used two separate sets ofCCO2
gw andCCH

gw values for the upstream and downstream reaches, because there was a
clear variation in groundwater properties from upstream to downstream (Wilcoxon rank sum test on CO2*
and CH, p< 0.001), which is in agreement with the dolomite aquifer contributing water to the river in down-
stream reaches only. The six upstream reaches were therefore assigned groundwater values taken from the
shallow sandstone aquifer (n = 4), while the two downstream reaches were assigned groundwater values
taken from the dolomite aquifer (n = 2). For the Daly River, we assigned the same values for all reaches.

A unique value Fm was used for FCO2
m xð Þ based on an average dry season primary productivity of 2.0 g·O2·m

−2·day−1 and an average dry season respiration of−4.2 g·O2·m
−2·day−1 (Figure 6a in Townsend et al., 2011),

which were converted into a net C production of 0.71 g·C·m−2·day−1 using a photosynthetic quotient of 1.2

and a respiratory quotient of 0.85 (Song et al., 2018). Using a constant value for Fm rather than spatialized
data is unlikely to affect our calculations because the production of CO2* from internal metabolism was
one to two orders of magnitude lower than groundwater inputs of CO2* and CH.

To verify whether carbonate precipitation was likely to occur within the water column, thereby reducing the
CH pool, we calculated calcite saturation indices (SI) for each river site using PHREEQC (Parkhurst &
Appelo, 2013). Because we did notmeasure calcium concentrations in the field, we used historical dry season
data from each site and derived a range of possible SIs for the lowest, median, and highest concentrations
available in the data set. For samples with SI > 1, thermodynamics will favor calcite precipitation, with
1 mol each of CaCO3 and CO2* produced from 2 mol of CH, as predicted by the equilibrium reaction:

Ca2þ aqð Þ þ 2 HCO3
−

aqð Þ ¼ CaCO3 sð Þ þ CO2
* þH2O:

We can therefore assume that for waters with SI > 1, −FCO2
b xð Þ ¼ 1

2F
CH
b xð Þ. In such cases, equation (8) will

become

FCO2
a xð Þ ¼ I xð Þ· CCO2

gw þ CCH
gw

2

 !
þ Q xð Þ· dCCO2

r

dx
−
1
2
dCCH

r

dx

� �
þ FCO2

m xð Þ: (9)

For one reach of the Daly River (reach 2) and for two reaches of the Howard River (reaches 5 and 6), our

mass balance yielded a negative FCO2
a . Because all water‐to‐air CO2 gradients are positive across the two riv-

ers, a negative evasion flux is physically unrealistic. To circumvent this issue, we constrained all negative

FCO2
a to a “minimum” evasion flux corresponding to the model of Alin et al. (2011) considering no wind.

We also note that because we did not measure CH and CO2* concentrations in tributaries, the inflows from
tributaries were not explicitly integrated into our C mass balance. However, we can reasonably assume that
any change in the river chemistry due to a given inflow would be captured by the river sample taken imme-
diately downstream of the confluence.

To estimate uncertainties on each flux term, we performed a Monte Carlo analysis where 10,000 sets of
values were randomly generated for I, pCO2, and CH based on individual uncertainties for each variable.
In the results, we report median values together with the 10th and 90th percentiles derived from
10,000 simulations.

2.5. Comparison to Empirical Models

We sought to compare our spatialized estimates of CO2 evasion to estimates obtained from a variety of
empirical models available in the literature. The CO2 flux evading a water body can be expressed as the pro-
duct of the pCO2 gradient at the water‐air interface and the CO2 gas transfer coefficient kCO2 (e.g., Raymond
& Cole, 2001):

FCO2
a mod ¼ kCO2 · Cr−Catm

� �
; (10)

where FCO2
a mod is in mol·day−1·m−2, kCO2 in m/day, and Cr and Catm in mol·C·m−3. The atmospheric pCO2

was assumed to be constant at 401 μatm. The gas transfer coefficient is difficult to measure and is generally
approximated using empirical relationships that relate this parameter to physical drivers of turbulence such
as riverbed slope and wind speed. In the Howard River, we used equations (1), (2), and (7) of Raymond et al.
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(2012) which are better adapted to smaller rivers, because we expected the
dominant controls on kCO2 to be flow velocity and channel morphology.
The Daly River is characterized by much wider channels (30 to 80 m)
and low gradients, so we assumed that wind will be an important driver
of CO2 evasion in this system. We therefore based our calculations for
the Daly River on the models proposed by Borges et al. (2004) and Alin
et al. (2011). All models provide an estimate of k600, which was then
expressed as kCO2 and kRn (Jähne et al., 1987):

kCO2 ¼ k600·
ScCO2

600

� �−0:5

and kRn ¼ k600·
ScRn
600

� �−0:5

; (11)

where ScCO2 and ScRn are the Schmidt numbers for CO2 and 222Rn,
respectively, estimated according to the coefficients provided in
Wanninkhof (2014). Wind data were taken from the Howard Springs
and Douglas River Research Farm BoM weather stations.

2.6. Estimation of C Provenance

We used the isotopic composition of DIC to evaluate the likely sources of
groundwater‐derived CH and CO2* to the two studied rivers. Our mea-

surements of the δ13C of soil CO2 in a range of tropical savanna ecosystems around Darwin yielded values
of −22.0 ± 3.0‰, typical of C3‐C4 mixtures (n = 290; unpublished data), and so after correcting for fractio-
nation due to diffusion (+4.4‰) and CO2 dissolution (−1.1‰; Clark & Fritz, 1997), we predicted that the
CO2* sourced from soil respiration would yield δ13CDIC values of −18.7 ± 3.0‰ (respiration end‐member).
By contrast, purely geogenic C with a δ13C of ~0‰ is expected to produce a δ13CDIC of around −9.3 ± 3.0‰
(mineral end‐member), considering our respiration end‐member as the source of dissolving CO2 (e.g.,
Telmer & Veizer, 1999). Using a simple linear mixing model, we assessed the relative contributions of each
of these two end‐members to the river DIC samples:

f br ¼ 1−f gr ¼
δr−δg
δb−δg

; (12)

where fbr and fgr are the fraction of biogenic and geogenic C in a given river sample, δb and δg are the respira-
tion andmineral δ13CDIC end‐members, and δr is the δ

13CDICmeasured in a given river sample. We note that
this simplified mixing model does not account for further fractionation due to (i) the evasion of CO2 once in
the river and (ii) the hydration of CO2* into HCO3

−, which can both lead to less negative δ13CDIC signatures.
We only take this mixing exercise as a first approximation of C sources in our river samples.

All calculations and plotting were conducted using MATLAB version R2017b. Table 1 briefly summarizes
the variables used in this study.

3. Results
3.1. River Discharge

In the Daly River, flow rates measured during the sampling period ranged between 12 m3/s at the furthest
upstream location (Claravale crossing) and 36 m3/s at the furthest downstream location (Daly crossing).
The last rainfall over the region occurred 127 days before our sampling started; therefore, it is reasonable
to assume that discharge was nearly entirely groundwater‐fed. In the Howard River, upstream discharge
was estimated at 0.05 m3/s, while discharge measured at the gauging station (downstream‐most location)
was 0.16 m3/s. Again, the river was at baseflow with a significant period without rain (57 days) prior
to sampling.

3.2. Groundwater Inputs

Radon activities in surface water were highly variable along the two river systems, with values ranging
between 80 and 590 Bq/m3 in the Daly River and between 0 and 730 Bq/m3 in the Howard River
(Figure 2). By comparison, the activities measured in groundwater were 4,400–17,500 Bq/m3 (median

Table 1
Summary of the Variables of Importance for This Study

Variable Description (unit)

CH Carbonate hardness = HCO3
− + CO3

2− (mol·C·m−3)
CO2* Dissolved CO2 + H2CO3 (mol·C·m−3)
DIC Dissolved inorganic carbon = CH + CO2* (mol·C·m−3)
δ13CDIC Stable isotopic signature of DIC (‰ VPDB)
EC Specific conductance (μS/cm)

FCO2
a

Evasion flux (g·C·m−2·day−1)

FCO2
b

Buffering flux (positive if CO2* converts to
CH; g·C·m−2·day−1)

FCO2
m

River metabolism flux (g·C·m−2·day−1)

I Groundwater inflow rate (m3·m−1·day−1)
kCO2 CO2 water‐to‐air transfer velocity (m·day−1)
kRn

222Rn water‐to‐air transfer velocity (m·day−1)
pCO2 Partial pressure of CO2 (μatm)
SI Calcite saturation index (SI > 1 means supersaturation)

Note. VPDB = Vienna Pee Dee Belemnite; DIC = dissolved inorganic
carbon.
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5,840 Bq/m3; n = 5) for the Daly and 5,200–12,600 Bq/m3 for the Howard (n = 2). In the Daly River, values
first increased in the downstream direction and reached a maximum around a major spring discharge zone
near the confluence with Stray Creek and Oolloo crossing (middle reaches, see Figure 1). Activities then
decreased with distance downstream and were the lowest in the lower reaches of the study area (Daly
crossing). In the Howard River, 222Rn activity was high at the most upstream site before decreasing in the
downstream direction and then increasing regularly throughout the downstream reaches (Figure 2).

The finite element method yielded a reasonably good fit between observed and modeled activities along the
two rivers, with root mean‐square errors between 46 (Howard River) and 92 Bq/m−3 (Daly River; Figure 2).
In the Daly River, modeled groundwater inflows were highly spatially variable, and as expected, they peaked
around the middle reaches, with inflow rates between 20.9 and 60.1 m3·day−1·m−1 for this spring discharge
zone. The inflow rates along upper and lower reaches ranged between 0.6 and 25.9 m3·day−1·m−1 and
between 0 and 8.6 m3·day−1·m−1, respectively. In the Howard River, modeled groundwater inflows were
relatively low and less variable spatially, despite higher rates in the downstream section (Figure 2). Values
downstream ranged between 0.9 and 1.7 m3·day−1·m−1 as compared to inflow rates in the range 0–
0.3 m3·day−1·m−1 for reaches located further upstream (Figure 2).

3.3. Inorganic Carbon in Groundwater and River Water

The two studied rivers were consistently supersaturated with CO2 with respect to the atmosphere (mean and
standard deviation of pCO2 were 3,870 ± 1,160 μatm for the Daly River and 1,890 ± 1,020 μatm for the
Howard River; Figure 3). There was no clear spatial trend for CO2* concentrations in the Howard River apart
from an initial decrease from 3,890 to 680 μatm in the upstream reaches. The Daly River had higher CO2*
concentrations in the middle reaches (5,200 ± 360 μatm) relative to concentrations in the upper
(2,940 ± 120 μatm) and lower reaches (3,030 ± 40 μatm; Figure 3, see data in supporting information S1).
Spatial patterns in CO2* mirror those observed for 222Rn relatively well. The pH was always higher and less
variable in the Daly River (7.94 ± 0.10) than in the Howard River (6.85 ± 0.67; supporting information S1).
The δ13CDIC values were relatively stable along the Daly River, with ratios between −15.5‰ and −12.5‰,
whereas they were more variable along the Howard River, ranging from −25.5‰ (more 13C‐depleted) in
the headwaters to −15.8‰ (more 13C‐enriched) near the downstream gauging station (Figure 3). The

Figure 2. Observed and modeled 222Rn activities along the Daly (top left) and Howard (top right) rivers. Green markers
are observations, and dashed lines are modeled values. Groundwater inflow rates (I) along the Daly (bottom left) and
Howard (bottom right) Rivers as obtained using equation (3) and a finite element optimization approach (Frei &Gilfedder,
2015). The axis break for Daly River data is between 70 and 120 km. RMSE = root mean‐square error.
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Daly River waters were all supersaturated with respect to calcite, whereas this was never the case for the
Howard River waters (SI between 5.6 and 7.9 in the Daly and between <0.01 and 0.5 in the Howard; see
supporting information S1).

Both catchments had groundwaters that were supersaturated with CO2*, with mean values of
59,020 ± 14,870 μatm or 1.64 ± 0.41 mol/m3 for the Daly River and 32,820 ± 17,480 μatm or
0.93 ± 0.49 mol/m3 for the Howard River (Figure 4), an order of magnitude higher than river waters.
Groundwaters were also more acidic than river waters for both rivers (groundwater pH of 6.38 ± 0.79
and 4.73 ± 1.23 for the Daly and Howard Rivers, respectively; see supporting information S1). CH concen-
trations were substantially higher than CO2* concentrations in both groundwater and river water
(Figure 4). The difference was particularly significant for the Daly River, with CH ranging between

5.31 ± 2.21 mol/m3 in groundwater and 5.11 ± 0.36 mol/m3 in the river.
Values spanned a wider range in the Howard River but still greater than
CO2*, with CH ranging between 1.09 ± 1.28 mol/m3 in groundwater
and 0.48 ± 0.53 mol/m3 in the river. At both rivers and for both CO2*
and CH, the concentrations in groundwater were significantly higher
than those in rivers (Wilcoxon rank sum test, p < 0.0001).

3.4. CO2 and DIC Export

We used the mass balance approach to derive an average CO2 evasion flux
as well as spatialized estimates of evasion along the two rivers studied
(Figure 5). The evasion flux varied between 1.2 and 45.1 g·C·m−2·day−1

in the Daly River (length‐weighted mean 8.5 g·C·m−2·day−1), with eva-
sion rates peaking where the river received more groundwater inflow in
its middle section. In the Howard River, the modeled flux varied between
0.2 and 13.4 g·C·m−2·day−1 (length‐weighted mean 2.3 g·C·m−2·day−1),
with higher values in the downstream sections. Our estimates were com-
pared to estimates based on empirical equations from the literature and
computed for each river reach (Figure 5 and Table 2). For the Daly
River, the average flux was 9.9 and 6.1 g·C·m−2·day−1 according to the
models of Alin et al. (2011) and Borges et al. (2004), respectively, with

Figure 3. Partial pressure of CO2 (bluemarkers; top) and carbon isotopic ratios in DIC (redmarkers; bottom) as measured
in the Daly (left) and Howard (right) rivers. The origin on each x axis corresponds to our highest (upstream‐most) sam-
pling point. The axis break for Daly River data is between 70 and 120 km. DIC = dissolved inorganic carbon.

Figure 4. Distribution of the dissolved concentrations of CO2* and carbo-
nate hardness (CH) for groundwater (GW) and surface water (SW) from
the Daly (left) and Howard (right) catchments. Boxplots show the median
and interquartile range, circles show the mean, and whiskers show the
maximum and minimum data points. Note the different y axis limits.
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fluxes ranging longitudinally between 7.0 and 14.3 g·C·m−2·day−1 and
between 4.3 and 8.8 g·C·m−2·day−1. For the Howard River, there was good
agreement between the three tested models from Raymond et al. (2012),
with average fluxes from 1.2 to 1.7 g·C·m−2·day−1, the per‐reach minima
and maxima being 0.4 and 3.3 g·C·m−2·day−1 (Figure 5).

We also calculated a DIC export flux from the furthest downstream sam-
pling site for each river. As a means of comparison, fluxes presented here
were normalized per catchment area. At the time of sampling, the Daly
River exported an estimated 3.79 mg·C·m−2·catchment·day−1 as down-
stream DIC, while the CO2 evasion to the atmosphere was much larger
at approximately 11.80 mg·C·m−2·catchment·day−1. Note that the latter
value is relatively uncertain due to (i) the difficulty of accurately measur-
ing the whole river surface area for this large catchment and (ii) the likely
disproportionate contribution of small tributaries to the evasion flux
(Marx et al., 2017). The Howard River exported an estimated
1.59 mg·C·m−2·catchment·day−1 as downstream DIC, with a comparable
CO2 evasion flux of 1.84 mg·C·m−2·catchment·day−1.

4. Discussion
4.1. CO2 Evasion From Australian Tropical Rivers

Weestimated aCO2 evasionflux from theDaly River of 8.5 g·C·m−2·day−1,
which is significantly higher than the estimates from Aufdenkampe et al.
(2011) and Lauerwald et al. (2015) for large tropical rivers globally (4.4 and
3.0–4.8 g·C·m−2·day−1, respectively). The high evasion flux could be
attributed to the extreme pCO2 values measured in the Daly River, a major
driving force of evasion in lowland areas. The CO2 evasion flux for the
Howard River was threefold lower than that for the Daly River (Table 2)
and closer to global averages (Aufdenkampe et al., 2011; Lauerwald
et al., 2015). In both catchments, however, we may be underestimating
the overall evasion flux by not accounting for CO2 evasion from flood-
plains and wetlands. While wetlands are generally considered as a C sink,
they can also transfer high amounts of CO2 to connected streams and riv-
ers (Abril et al., 2014; Aho & Raymond, 2019). Seasonal wetlands and
floodplains of the tropics in particular are known to contribute significant

amounts of CO2 to rivers and the atmosphere (Abril et al., 2014; Borges et al., 2015), and so these systems
might represent a significant term in the C budget of freshwater systems across northern Australia, where
annual flooding occurs (Douglas et al., 2005; Jardine et al., 2015). Bass et al. (2014) reported an average eva-
sion flux of 2.1 g·C·m−2·day−1 from wetland sites associated with the Mary River floodplain, a catchment
~100 km east of the Howard River. Given that the inundated floodplains of the Howard River catchment

extend over a much larger area (~35 km2) than that occupied by the river
itself (<1 km2), it is likely that wetland evasion would represent a large
proportion of the total CO2 evasion flux for that river. The transfer of
wetland‐derived CO2 to the river may also be a significant process, since
we found that the bulk of river flow originated from wetland and flood-
plain drainage during the first 2 to 3 months of the dry season (unpub-
lished data). Further work will be required to better constrain this
seasonal contribution to the evasion flux from wetlands, as this pathway
may be highly significant at catchment and regional scales.

There is abundant evidence that seasonal changes in flow regime can
cause changes in fluvial C export dynamics (e.g., Jeffrey et al., 2018;
Liu et al., 2017; Rasera et al., 2013). Here we recognize that our DIC
and CO2 estimates only reflect low flow, dry season C exports. Both

Figure 5. CO2 evasion flux (Fa) per river area along the Howard (top) and
Daly (bottom) river systems according to mass balance and models from
the literature. For the Howard River, models A–C are equations (1), (2), and
(7) in Raymond et al. (2012). For the Daly River, models 1 and 2 correspond
to empirical equations developed by Alin et al. (2011) and Borges et al.
(2004), respectively. The shaded areas around each line represent uncer-
tainty bounds (10–90th percentiles based on 10,000 random calculations).
The axis break for Daly River data is between 70 and 120 km. Reaches
marked with a blue asterisk correspond to reaches for which the mass bal-
ance yielded negative evasion fluxes and for which we assigned a “mini-
mum” evasion flux corresponding to the model of Alin et al. (2011)
considering no wind.

Table 2
Mean CO2 Evasion Flux (g·C·m−2·day−1) per River Area as Derived From
Equations (8) and (9) and From Different Empirical Models

Mass balance
A
1

B
2 C

Howard River 2.3 (2.4a) 1.2 1.4 1.7
Daly River 8.5 (7.0a) 9.9 6.1 —

Note. For the Howard River, models A–C correspond to equations (1), (2),
and (7) in Raymond et al. (2012), while for the Daly River, models 1 and 2
correspond to the equations in Alin et al. (2011) and Borges et al. (2004),
respectively.
aEvasion flux if excluding the effect of carbonate buffering.
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downstream DIC export and CO2 evasion flux are likely higher during the wet season, due to higher flow
rate (DIC) and higher turbulence (CO2). For instance, high in‐stream pCO2 values were correlated with
high discharge rates in a range of Amazonian rivers (Rasera et al., 2013), ensuring high rates of CO2 eva-
sion. Because of our sampling bias toward low flow conditions, we may also have missed other seasonal
“hot moments” (McClain et al., 2003) such as during the transient drainage of wetlands in the early dry
season or during episodes of enhanced groundwater discharge. While it is also possible that C sources
might become more depleted under sustained high flow conditions, it is unlikely to be the case in our
systems due to the ready availability of biogenic C at periods of high terrestrial primary productivity
and of geogenic C via weathering. Overall, we believe that our results should be regarded as lower bounds
of the annual fluvial C export from rivers of the seasonal tropics of Australia.

4.2. The Role of Groundwater in Fluvial C Export

As a foreword on groundwater inflow rates, we note that our inflow rate estimates along the Daly River
are lower than those reported by Cook et al. (2003) and Smerdon et al. (2012) for the same river system.
For instance, Smerdon et al. (2012) found inflow rates between 50 and 180 m3·day−1·m−1 at the spring
zone around our middle reach. This discrepancy is likely due to different sampling locations along the
river between their study and ours. Due to remoteness and absence of a boat ramp, we were not able
to collect samples near the major spring discharge hot spot, upstream of the confluence with Stray
Creek, where we would anticipate higher 222Rn activities hence higher groundwater inflow rates.

Groundwater contributed significant CO2* fluxes to the two studied rivers. In the Daly River, inflowing
groundwater delivered between 0 and 27.2 g·C·m−2·day−1 as dissolved CO2* (length‐weighted mean
6.7 g·C·m−2·day−1), which is almost 10 times as much as the CO2 produced through river metabolism
(0.7 g·C·m−2·day−1; based on data from Townsend et al., 2011). In the Howard River, inflowing groundwater
delivered between 0 and 7.7 g·C·m−2·day−1 as CO2* (length‐weighted mean 1.7 g·C·m−2·day−1), almost
three times as much as internal CO2 production (Townsend et al., 2011). There is growing evidence for
the overwhelming importance of external C sources in maintaining the high fluvial CO2* pool, even in large
river systems (e.g., Hotchkiss et al., 2015; Ran et al., 2017), and our study corroborates these findings.

Under the assumption that there is no preferential evasion of external versus internally produced CO2*
(i.e., assuming equivalent proportions of evading CO2), we found the groundwater‐derived CO2* inputs
to account for between ~70% (Howard) and ~90% (Daly) of the total CO2 evasion flux. These results
are in reasonable agreement with Hotchkiss et al. (2015) who found a decreasing influence of external
CO2* inputs with river size, where external (groundwater‐derived) inputs accounted for 81–90% of CO2

evasion in small streams and 46–75% in large rivers. It is worth noting though that Hotchkiss et al.
(2015) did not include tropical sites in their analysis and that their study focused on biogenic C inputs
only, whereas the two river systems studied here may contain geogenic C as well (see section 4.3).

The influence of groundwater inflows on C export was also highly spatially variable. Our synoptic survey
shows a clear link between hot spots of groundwater inflow and enhanced CO2 evasion, such as for the
middle reaches of the Daly River and the downstream reach of the Howard River (Figure 5). The occur-
rence of higher evasion rates in areas where groundwater preferentially emerges has been reported else-
where, although only in smaller streams (Boodoo et al., 2017; Duvert et al., 2018). We also note that our
results for the Daly River have relatively poor spatial resolution—it is likely that we missed other coupled
groundwater inflows and CO2 evasion hotspots along reaches that we were not able to sample due to the
remote nature of the catchments.

Perhaps more importantly, groundwater was also a major conveyor of CH to river waters, with average
fluxes of 21.6 and 2.4 g·C·m−2·day−1 for the Daly and Howard Rivers, respectively, much larger than their
corresponding CO2* fluxes. This is significant because CH has the potential to convert into CO2* upon
CO2 evasion (Stets et al., 2017), as detailed below.

4.3. Sources of Groundwater‐Derived C

We found that groundwater‐derived C inputs were a mixture of biogenic and geogenic sources in both rivers.
In the Howard River, the upstream reaches were fed by shallow groundwater drainage contributing largely
biogenic C to the river (−20.7 ± 3.1‰; >95% biogenic C; Figure 3), although these values were less 13C‐

10.1029/2018JG004912Journal of Geophysical Research: Biogeosciences

DUVERT ET AL. 322



depleted compared to those obtained in boreholes intercepting the shal-
low sandstone aquifer (−26.8 ± 1.7‰). The discrepancy between
δ13CDIC in shallow groundwater and the upstream river could be due to
the effect of CO2 evasion, as also suggested by the decrease in pCO2

observed within the first few reaches (Figure 3). Doctor et al. (2008)
showed that δ13CDIC tends to increase exponentially as pCO2 decreases
upon evasion. Another explanation for the difference between ground-
water and river water δ13CDIC may be the likely 13C enrichment due to
the hydration of CO2* into ionic species (Clark & Fritz, 1997), as river
samples had a proportionally higher contribution of CH to the DIC load
than groundwater samples. By contrast, the high rates of groundwater
inflow in the downstream area were attributed to an increased contribu-
tion of water and geogenic C from the underlying dolomite aquifer, as
attested by relatively enriched δ13CDIC values in the downstream area
(−15.8 ± 0.1‰; ~30% geogenic C). The observed 13C enrichment from
upstream to downstream could also be due to a shift in biogenic sources
from predominantly C3 tree species in the largely swampy, tree‐covered
headwaters to a mixture of C3‐C4 typical of savanna environments.
However, we believe the dominant process here would be the contribu-
tion of geogenic C from the carbonate aquifer, because of the concomitant
increase in pH, EC, and CH in the downstream locations. There was no
indication of marine influence in the lower reaches, which would have
contributed to 13C enrichment too.

In the Daly River, the δ13CDIC values measured in boreholes in the vicinity
of the river (−18.3 ± 2.1‰) were indicative of a mixture of geogenic and
biogenic C sources in the aquifer. We observed very consistent, relatively
enriched δ13CDIC in the river regardless of the sampling location
(−13.2 ± 0.9‰; Figure 3), with a biogenic C contribution to the river fluc-
tuating between 30% and 65% of the total DIC flux. The difference
between groundwater and river isotopic ratios may be due to a lack of
representativeness of the sampled groundwater and/or (as already dis-
cussed) to the effect of CO2 evasion upon groundwater emergence, which

is known to favor the heavier isotope (Doctor et al., 2008; Polsenaere & Abril, 2012). The middle reaches,
known to host higher groundwater inflow rates, had a slightly higher biogenic C contribution relative to
the upstream and downstream reaches (47 ± 13% vs. 36 ± 2% and 40 ± 2% biogenic C, respectively), which
may be related to these inflows of 13C‐depleted, biogenic C‐rich groundwater. Importantly, the lower spatial
variability in δ13CDIC observed along the Daly River as compared to the Howard River may simply relate to
the differences in catchment area and flow rate. The waters in the Daly River were indeed highly buffered,
and themeasured δ13CDICmay reflect a whole catchment signature, whereas the waters in the Howard River
were significantly influenced by new groundwater inflows and/or changing geomorphic controls, as can be
observed in the upstream (turbulence inducing δ13CDIC enrichment) and downstream (new geogenic C
inflows) reaches of the river (Figure 3).

4.4. Carbonate Buffering in High Alkalinity Rivers

Our calculations point to a clear effect of C speciation on the size of the fluvial CO2 pool. For both rivers,

spatialized estimates of the carbonate buffering flux (FCO2
b ) show successive phases of CO2 losses to, and

gains from, CH (Figure 6). Highly negative FCO2
b values, corresponding to conversion of CH into CO2*, were

observed in reaches where groundwater inflows are the highest, such as the middle reaches of the Daly
River. This mechanism may be attributed to the ready replacement of evading CO2 by groundwater‐derived
CH. We argue that a positive feedback occurs along these reaches, whereby high inflow rates of CH and
CO2* via groundwater drive high CO2 evasion, which in turn triggers the conversion of CH into CO2*.

This mechanism is supported by estimates of FCO2
b , where the most negative values almost always coincide

Figure 6. Carbonate buffering flux (FCO2
b ) along the Howard (top) and Daly

(bottom) river systems and its indirect effect on the riverine CO2 pool. F
CO2
b

was calculated as per equations (8) (Howard) and (9) (Daly). A negative
buffering flux means that the CO2 pool increases through conversion of
HCO3

− to CO2 (and, for the Daly River, to an equivalent amount of CaCO3),
whereas a positive buffering flux means that the CO2 pool decreases due to
conversion of CO2 into HCO3

−. The shaded areas represent uncertainty
bounds (10–90th percentiles based on 10,000 simulations). The axis break in
(b) is between 70 and 120 km, and the x axis origin corresponds to the
highest sampling location.
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with reaches with the highest CO2 evasion (Figures 5 and 6). In these reaches, the combination of high
groundwater inflows and a high carbonate buffering capacity tended to increase CO2 evasion rates. Along
the middle reaches of the Daly River, the generation of CO2* via carbonate buffering accounted for between
6% and 44% of the total evasion flux, while this value reached up to 60% for the lowest reach of the
Howard River.

Of note is the highly positive FCO2
b in the Howard River along one reach located at the start of the down-

stream groundwater inflow area (Figure 6), which is at odds with our interpretations. We explain this posi-

tive value of FCO2
b as the possible effect of a lower elevation gradient along this reach, which induced lower

CO2 evasion (see Figure 5), and in turn may have modified the carbonate equilibrium toward CH generation
from CO2*. Alternatively, we may have overlooked the fact that groundwater with different chemical prop-
erties may be discharging along this reach. Because our model does not account for groundwater heteroge-
neity (see discussion below), it may have yielded an inaccurate flux for this reach.

We recognize that for a few reaches, our mass balance approach provided unrealistic (negative) estimates of
the CO2 evasion flux (asterisks in Figure 5). We attribute this to the fact that our survey consisted of discrete
measurements at irregular intervals along the river, which may have induced numerical instability and large
uncertainties when linearizing the mass balance (see discussion in Frei & Gilfedder, 2015). Another factor
potentially responsible for incorrect evasion estimates may be the representativeness, or lack thereof, of
our groundwater end‐members. Natural heterogeneity within the subsurface will cause varying ground-
water compositions along the river, but due to limited sampling options, we were only able to capture this
variability to a certain extent—for instance for the Howard River, we assigned different CH and CO2*
groundwater end‐members for the upstream and downstream reaches. The choice of a representative
groundwater end‐member has often been a challenging enterprise in 222Rn studies (Mullinger et al.,
2007), and in the future, our approach will need to be better constrained with, if possible, a better spatial cov-
erage of discharging groundwater.

Despite these limitations, we believe our work gives an initial representation of the potential effect of carbo-
nate buffering on CO2 evasion rates. We show that both groundwater inputs and the carbonate buffering
capacity of rivers need to be taken into account in fluvial C budgets, particularly in high alkalinity rivers
of the tropics where groundwater can contain high quantities of CH and dissolved CO2. Unless direct mea-
surements of CO2 evasion are undertaken, there is a risk of underestimating evasion rates from these rivers if
we do not consider the complex interplay between different carbonate species (Stets et al., 2017), as we report
here for the Daly River.

4.5. Measured Versus Modeled CO2 Evasion Estimates

For both rivers, we found minor differences in evasion estimates between empirical models. This was parti-
cularly the case for the Howard River, with the three models from Raymond et al. (2012) yielding very simi-
lar CO2 evasion rates (1.4 ± 0.3 g·C·m−2·day−1). The estimates for the Daly River spanned a wider range, the
model from Alin et al. (2011) predicting higher evasion rates than that from Borges et al. (2004), with a
relatively constant difference between the two (Figure 5). When averaged at the whole river scale, the
CO2 evasion flux estimates based on our synoptic survey and mass balance were in good agreement with
those estimates from empirical models (Table 2). However, a closer look at spatial variations along the river
suggests that small‐scale changes in the evasion flux were not captured by themodels (Figure 5). The reaches
of the Daly River associated with enhanced groundwater inflow, that is, middles reaches, are a notable
example of the mismatch between mass balance and models, with a measured evasion of 10.6 to
45.1 g·C·m−2·day−1 while models estimated an evasion rate of 7.8 to 14.3 g·C·m−2·day−1. Likewise, models
were blind to the evasion hotspot identified along the last reach of the Howard River (13.5 g·C·m−2·day−1

with the mass balance versus 2.5 to 3.3 g·C·m−2·day−1 with the models; Figure 5). These results come as
no surprise given the limited amount of input data necessary to the predictive models available. A number
of studies have shown that modeled evasion rates based on equations from Raymond et al. (2012) did not
match measured evasion rates, particularly under high flow conditions (McDowell & Johnson, 2018;
Natchimuthu et al., 2017) and in high gradient, turbulent systems (Crawford et al., 2015). Empirical models
adapted to larger rivers, such as the one proposed by Alin et al. (2011), were also found to underestimate eva-
sion rates when compared to flux chamber measurements (Liu et al., 2017; Ran et al., 2017). While in this
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study we did not measure evasion rates directly with floating chambers; it is reasonable to assume that our
mass balance approach yielded more reliable, spatialized estimates of the CO2 evasion flux compared to the
tested models.

5. Conclusions

We document the significance of groundwater‐derived DIC inputs (both CH and CO2*) into two tropical riv-
ers of northern Australia and provide evidence that single river systems can comprise localized hotspots of
CO2 evasion, in particular in areas where both groundwater inflows and turbulence are high. We also show
how carbonate buffering can modulate the rates of CO2 evasion in high‐alkalinity systems. This approach is
a step toward better integration and understanding of the buffering capacity of the carbonate system in river
C budgets. Clearly, the empirical models used here as a comparison failed to reproduce the evasion hotspots
that were attributed to changes in groundwater inflow rates and in carbonate buffering conditions. This
highlights the critical need to (i) move away from single observation points, even in large river systems,
and (ii) better integrate groundwater inputs and the effect of C speciation into river C budgets.

There are several benefits in using the mass balance framework developed here. First, it does not require
measurements of CO2 evasion using floating chambers, which can yield uncertain results (Lorke et al.,
2015), or tracer injections, which can be labor intensive and whose implementation is virtually impossible
in large river systems. Second, it provides a spatially explicit estimate of CO2 evasion that is more reliable
than empirical equations. Our approach would benefit from further refinement (higher spatial resolution
and finer characterization of the groundwater end‐member) and in the future will need to be tested against
direct CO2 evasion measurements.

We also acknowledge that our results are biased toward low flow conditions, which may lead to underesti-
mations of annual CO2 evasion fluxes. As such, our study only provides a snapshot of river C cycling, and
further detailed investigations of CO2 and CH temporal dynamics will be needed to obtain a more holistic
understanding of C evasion in these highly seasonal river systems. Also required is a more systematic attri-
bution of the groundwater‐derived C inputs to biogenic versus geogenic C pools (e.g., Campeau et al., 2017),
as this is an important consideration when evaluating the importance of land C sinks.
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