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Abstract Tracer approaches to estimate both porewater exchange (the cycling of water between surface
water and sediments, with zero net water ﬂux) and groundwater inﬂow (the net ﬂow of terrestrially derived
groundwater into surface water) are commonly based on solute mass balances. However, this requires
appropriate characterization of tracer end-member concentrations in exchanging or discharging water.
Where either porewater exchange or groundwater inﬂow to surface water occur in isolation, then the water
ﬂux is easily estimated from the net tracer ﬂux if the end-member is appropriately chosen. However, in
most natural systems porewater exchange and groundwater inﬂow will occur concurrently. Our analysis
shows that if groundwater inﬂow (Qg) and porewater exchange (Qp) mix completely before discharging to
surface water, then the combined water ﬂux (Qg 1 Qp) can be approximated by dividing the combined
tracer ﬂux by the difference between the porewater and surface water concentrations, (cp – c). If Qg and Qp
do not mix prior to discharge, then (Qg 1 Qp) can only be constrained by minimum and maximum values.
The minimum value is obtained by dividing the net tracer ﬂux by the groundwater concentration, and the
maximum is obtained by dividing by (cp – c). Dividing by the groundwater concentration gives a maximum
value for Qg. If porewater exchange and groundwater outﬂow occur concurrently, then dividing the net
tracer ﬂux by (cp – c) will provide a minimum value for Qp. Use of multiple tracers, and spatial and temporal
replication should provide a more complete picture of exchange processes and the extent of subsurface
mixing.

1. Introduction
The copyright line for this article was
changed on 24 SEP 2018 after original
online publication.

©2018. The Authors.
This is an open access article under the
terms of the Creative Commons
Attribution-NonCommercial-NoDerivs
License, which permits use and distribution in any medium, provided the
original work is properly cited, the use is
non-commercial and no modiﬁcations
or adaptations are made.

Interactions between surface water, porewater, and groundwater have been the focus of hydrological
research for many decades. Flow of subsurface water into a river can be classiﬁed into (i) groundwater that
discharges to the river having originally recharged the aquifer some distance from the river, and (ii) water
that originated within the river itself and that entered the aquifer for a period of time before later returning
to the river. The latter (usually referred to as hyporheic exchange) is important for a range of biogeochemical processes and can exert an important inﬂuence on river water quality, while the former inﬂuences both
river water quantity and quality (Boulton et al., 1998). Similarly, ﬂow of subsurface waters to marine and
coastal environments can be classiﬁed into (i) net discharge of terrestrially derived groundwater, which usually has a relatively low salinity, and (ii) an exchange between surface water and subsurface porewaters
without a net water ﬂux in either direction, induced by wave and tidal processes (sometimes referred to as
seawater recirculation; Santos et al., 2009, 2012). Similar processes also occur in freshwater lacustrine environments (e.g., Rosenberry et al., 2013; Taniguchi & Fukuo, 1996).
Quantifying the magnitudes of all of these interactions represents a major challenge. Environmental tracers
are increasingly used for quantifying rates of seawater recirculation in estuarine, coastal, and marine environments (Cai et al., 2014; Santos et al., 2014; Rodellas et al., 2017), rates of hyporheic exchange in rivers
(Bourke et al., 2014; Frei & Gilfedder, 2015), and net ﬂows of terrestrial-derived groundwater to rivers, lakes,
and to the ocean (Cook et al., 2006; Garcia-Solsona et al., 2010; Krabbenhoft et al., 1990). Seawater recirculation and hyporheic exchange ﬂuxes usually are measured with radioactive tracers which are produced from
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decay of parent isotopes within the geological matrix. For these tracers, concentrations within the subsurface will always be higher than concentrations within surface water, and so porewater exchange creates a
net tracer ﬂux into surface water, even though the net water ﬂux is zero. The tracer ﬂux is determined either
from a surface water mass balance, or from porewater proﬁles. Both radon and radium have been used to
estimate seawater recirculation and hyporheic exchange (Bourke et al., 2014; Cable & Martin, 2008; Cai
et al., 2014; Lamontagne & Cook, 2007; Rodellas et al., 2017; Stieglitz et al., 2013). Numerous tracers have
been used as part of surface water balances to calculate net groundwater inﬂows to surface water, including
2
H, 18O, helium, ion chemistry, and radioactive tracers (Cook et al., 2006; Krabbenhoft et al., 1990; Oxtobee &
Novakowski, 2002). Temperature has also been used for quantifying exchange ﬂuxes (e.g., Loheide &
Gorelick, 2006; Martin et al., 2006), but it is not discussed in this paper because the processes affecting subsurface temperatures are very different to those affecting dissolved solutes.
Converting the tracer ﬂux to a water ﬂux requires dividing by the tracer end-member concentration. Characterization of the end-member concentration is thus a critical component of tracer-derived estimates of
porewater and groundwater ﬂuxes. Issues related to the selection of end-members for determining groundwater and porewater ﬂuxes from tracer mass balances have received signiﬁcant attention in the literature.
However, most of these studies have examined the impact of uncertainty and temporal variation in endmembers on estimates of groundwater inﬂow or porewater exchange (e.g., Cerda-Domènech et al., 2017;
Genereux et al., 1993; Gonneea et al., 2013). None have considered how the existence of both porewater
exchange and groundwater inﬂow affects the choice of end-members, and how the choice of endmembers affects the estimated ﬂuxes. Most previous studies have focused on the ﬂux of interest (i.e.,
groundwater inﬂow, hyporheic exchange, or seawater recirculation), and either not explicitly considered a
possible contribution from the other ﬂux (e.g., Cook et al., 2003; Schmidt et al., 2009; Wu et al., 2004), or
argued that the contribution of the other ﬂux is small (e.g., Beck et al., 2007; Bourke et al., 2014; Trezzi et al.,
2016). Other studies have claimed that their approach measures the combined porewater and groundwater
ﬂux, but without necessarily demonstrating that this is the case (e.g., Moore et al., 2008; Rodellas et al.,
2017). Very few studies have explicitly evaluated both porewater and groundwater ﬂuxes (Charette et al.,
2013; Rodellas et al., 2017; Stieglitz et al., 2013). In this paper, issues related to the deﬁnition of appropriate
end-member concentrations for estimating porewater exchange and groundwater ﬂuxes using tracer
approaches are explicitly examined with the aid of simple mixing models. Based on these simple models
we provide advice on end-members that should be used for calculation of both groundwater and porewater exchange ﬂuxes.

2. Terminology
The terminology surrounding surface water—porewater exchange, seawater recirculation, hyporheic
exchange, and groundwater discharge can be confusing, and also differs between the different disciplines
which are involved in these studies (chieﬂy, marine and hydrologic communities) (Wilson et al., 2016). In
this paper, we use the term porewater exchange to refer to the cycling of water between surface water and
sediments, with zero net water ﬂux; this includes both seawater recirculation in coastal and marine environments and hyporheic exchange in rivers. The term groundwater inﬂow is used for the net discharge of terrestrially derived groundwater into surface water, while groundwater outﬂow is used for surface water that
enters the subsurface and does not subsequently ﬂow back into the surface water. As we wish to discriminate between porewater exchange and groundwater inﬂow, we deliberately avoid the term submarine
groundwater discharge (SGD), which is often deﬁned to include both porewater exchange and groundwater
inﬂow (Burnett et al., 2003).
We also distinguish between two different groups of tracers. The ﬁrst group (which we simply refer to as
radiometric tracers) comprises those tracers that are produced from radioactive decay of parent isotopes
within the subsurface and which are themselves radioactive (e.g., 222Rn, Ra isotopes). Porewater concentrations of these tracers will be greater than surface water concentrations, and their concentration proﬁles in
porewater can be used to determine exchange ﬂuxes (e.g., Cable & Martin, 2008; Cai et al., 2014). The second group of tracers (conservative tracers) are those which are neither produced nor degraded within the
subsurface. This would include many dissolved ions (particularly chloride), but also 2H and 18O. We consider
only environmental tracers, which are those that are naturally present within the environment.
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3. Models of Groundwater, Porewater, and Surface Water Exchange
In river systems, porewater exchange is often conceptualized in terms of discrete zones of upwelling and
downwelling, which can be relatively stable in time and space (Savant et al., 1987). According to this model,
groundwater inﬂows will be concentrated immediately upstream and downstream of areas of porewater
exchange (Cardenas & Wilson, 2007). A similar conceptualization can be applied in marine systems, where
the driving forces of porewater exchange produce discrete and stable zones of upwelling and downwelling.
If porewaters do not mix, but rather porewater exchange comprises ﬂow paths with different lengths and
subsurface residence times, then the porewater concentrations are likely to be highly spatially variable,
depending on the travel time along the particular subsurface ﬂow path. Considering all such ﬂow paths, the
net ﬂux of a radiometric tracer into surface water (F; M L22 T21) might be expressed
h c 
X
i
F5Qg cg 1 t qp ðt Þ
(1)
2c 12e2kt ;
k
where qp(t) is the ﬂux of porewater having subsurface residence time t (L T21), Qg is the water ﬂux due to
groundwater inﬂow (L T21), cg is the groundwater inﬂow concentration (M L23), c is the tracer production
rate in the subsurface (M L23 T21), k is the decay rate (T21), and c is the surface water concentration
(M L23). The term in square brackets is the difference between the concentration entering at the start of a
surface water ﬂow path (c), and the concentration that ultimately discharges back into the surface water
c c  2kt 
, and the summation is across all such porewater exchange ﬂow paths. Fluxes Qg and qp(t)
k 2 k 2c e
are calculated as average values across the system, and so they are already normalized by their respective
contributing areas. (Although porewater ﬂuxes occur in both directions, values of qp(t) in (1) are positive.)
However, if only the tracer ﬂux, F, is measured, then estimation of the water ﬂux from this tracer ﬂux would
require a much more detailed understanding of the discharge patterns than is usually available, and/or
extensive sampling over the discharge area. Simply dividing F by cg will overestimate the groundwater ﬂux
(Qg) and neglect the contribution of porewater exchange (qp).
Equation (1) assumes that groundwater and porewater exchange ﬂow paths do not mix and can be discretely
sampled. In reality, some degree of mixing will occur due to hydrodynamic dispersion, and this will be enhanced
if the locations of upwelling and downwelling zones change through time. Some degree of mixing will also be
created by the process of sampling. In the following sections, we examine four scenarios: the ﬁrst where only
groundwater inﬂow occurs (Figure 1a), and the second where only porewater exchange occurs (Figure 1b),
but porewater is completely mixed. The third scenario is where both porewater exchange and groundwater
inﬂow occur and porewater exchange is completely mixed, but does not mix with discharging groundwater
(Figure 1c). The fourth scenario is where groundwater and porewater mix in the subsurface, before discharging
to the surface water (Figure 1d). Derivations supporting our analysis are presented in Appendix A. In each case,
we use a simple conceptualization of water exchange between the surface water and a subsurface layer of constant thickness that is well-mixed, and thus assume complete mixing of porewater exchange ﬂow paths. Similar
models have been previously used in studies of porewater exchange in rivers and coastal lakes (Bourke et al.,
2014; Cook et al., 2006; Morrice et al., 1997; Stieglitz et al., 2013). Although this model does not represent the
complexity of porewater exchange processes, it is useful for demonstrating a number of issues. Many of these
issues would remain with more complex conceptualizations. Although we are primarily interested in quantifying
groundwater and porewater inﬂows, how groundwater outﬂow from surface water affects end-member concentrations is also discussed. Some of the issues related to end-member determination for models (a) and (b) have
been discussed in previous studies, but are brieﬂy discussed here in the interests of completeness.
3.1. Groundwater Inflow Without Porewater Exchange
We initially suppose that groundwater ﬂow represents the only source of tracer ﬂux to surface water from
sediments. If the advective ﬂux of groundwater dominates the diffusive ﬂux (or if the diffusive ﬂux is separately quantiﬁed, and subtracted from the tracer ﬂux), then the groundwater ﬂux can be determined by
dividing the tracer ﬂux by the tracer concentration in discharging groundwater:
Qg 5

F
:
cg

(2)

The groundwater concentration end-member is either estimated by measuring the tracer concentration in
groundwater from near-shore or near-bank piezometers or wells (Cartwright et al., 2011; Charette et al.,
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2013; McCallum et al., 2012; Tovar-Sanchez et al., 2014) or measuring
the tracer concentration in groundwater actually discharging to surface water, usually through seepage meters or springs (Cook et al,
2003; Moore, 2006; Stieglitz et al., 2013). In the case of radiometric
tracers, it is also possible to perform sediment equilibration experiments to estimate the tracer concentration in equilibrium with sediments (Burnett & Dulaiova, 2003; Dimova et al., 2013). Since available
piezometers are often located tens of meters or more from the surface
water, sampling these to determine end-members requires that the
tracer concentration is representative of discharging groundwaters
(i.e., no further tracer additions or removals). This can be problematic
for short-lived radioactive tracers (e.g., Rn, 224Ra, and 223Ra), as the
concentration of groundwater inﬂow will reﬂect the composition of
the sediments that the water is exposed to a few days prior to discharging to surface waters (Schmidt et al., 2009). Measurement of
end-member concentrations distant from the surface water can also
be problematic for ionic tracers if other processes (e.g., evapotranspiration by riparian vegetation) result in concentration changes
between the sampling point and the point of groundwater inﬂow.
Representativeness of end-member concentrations is another issue
that needs careful consideration, and several studies have found large
spatial variability in groundwater end-member concentrations, which
can contribute to a large uncertainty in water ﬂuxes (see summary in
Cook, 2013). Groundwater inﬂow rates can also be highly spatially variable (Cey et al., 1998; Kennedy et al., 2009). Where both groundwater
inﬂow rate and concentration vary, then the end-member concentration used in equation (2) should be the ﬂux weighted mean groundwater concentration. This is difﬁcult to determine without detailed
spatial mapping of groundwater inﬂow rate and inﬂow concentration.

Figure 1. Different conceptual models for surface water-groundwater interaction. (a) Groundwater inﬂow only. (b) Porewater exchange only, that is
completely mixed. (c) Groundwater inﬂow and porewater exchange both occur,
but do not mix. (d) Groundwater inﬂow mixes with exchanging porewater,
before entering the surface water. Qg and Qp are the rates of groundwater
inﬂow and porewater exchange, respectively (L T21), c, cp, and cg are concentrations in surface water, porewater, and groundwater (M L23), h (L) is the thickness of the perfectly mixed subsurface layer, and h is the porosity. Fluxes Qg
and Qp are calculated as average values across the system, and so they are
already normalized by their respective contributing areas. Groundwater outﬂows, in which the direction of exchange with the groundwater is reversed, are
also considered.

3.2. Porewater Exchange Without Net Groundwater Inflow
or Outflow
We now suppose that porewater exchange is the only process whereby
surface water and subsurface water exchange. In the case of conservative tracers, the concentration within the subsurface will simply be
equal to the surface water concentration, and there will be no net
tracer ﬂux, thus preventing the application of these tracers to estimate
porewater exchange. For radiometric tracers, porewater exchange will
result in a net tracer ﬂux, as concentrations of these tracers in porewater should exceed those in surface water. In this case, the water ﬂux
is obtained by dividing the tracer ﬂux by the end-member concentration. In fact, since we usually measure a net tracer ﬂux, then the water
ﬂux is obtained by dividing by the difference in tracer concentration
between the porewater and the overlying surface water:
Qp 5 

F
;
cp 2c

(3)

where F (M L22 T21) is the net tracer ﬂux, Qp (L T21) is the total porewater ﬂux (which occurs in both directions), and cp (M L23) is the
porewater tracer concentration. The problem arises because cp is not
a constant, as it depends on the residence time of porewater within
the sediments (i.e., cp will be a function of Qp). This implies that the
water ﬂux is not proportional to the tracer ﬂux. Four different
approaches have been used for estimating cp:
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1. Assuming cp is equal to the concentration in ambient groundwater (e.g., Burnett & Dimova, 2012; Stieglitz et al., 2013; Tait et al., 2017).
2. Performing sediment equilibration experiments for radiometric tracers, and assuming that the tracer concentration in equilibrium with sediments equals cp (e.g., Baudron et al., 2015).
3. Directly measuring the tracer concentration in porewater, usually within a meter of the sediment-water
interface (e.g., Cable & Martin, 2008; Garcia-Orellana et al., 2014; Lamontagne & Cook, 2007; Rodellas
et al., 2017). Where porewater concentration proﬁles are obtained, then it is common to use the shallowest measured porewater concentration, usually at 0.1–0.2 m depth (e.g., Cable & Martin, 2008; Martin
et al., 2007).
4. Using seepage meters to collect samples of porewater that is actually ﬂowing into the surface water
(Michael et al., 2011).
It is clear that the concentration of porewater that is discharging to the surface water (cp) is the concentration
immediately below the sediment-water interface, and this concentration should be used in equation (2).
Approaches (1) and (2) are not appropriate for short timescale recirculation processes as groundwater will
have a different chemical signature to porewater, and accumulation and decay rates of radiometric tracers are
unlikely to be in equilibrium within the porewater. The use of seepage meters allows direct measurement of
the tracer concentration in exchanging porewater, but their installation may alter ﬂuxes across the sedimentwater interface, and thus also the tracer concentration (Smith et al., 2009).
Porewater proﬁles for radiometric tracers inevitably display tracer concentrations that increase with depth,
with the greatest gradients occurring at the shallowest depths. Cook et al. (2018) showed that the depth at
which porewater end-member concentration should be measured depended upon the chosen hydrodynamic dispersivity. Hydrodynamic dispersivity is a modeling parameter used to describe the scale length of
mixing due to subsurface heterogeneity, and has been shown to increase with the scale of observation. For
solute transport over a distance of 0.5–1.0 m (the typical depth of porewater proﬁles), the hydrodynamic
dispersivity is approximately 0.005 m (Gelhar et al., 1992), which implies that the end-member concentration needs to be measured within 0.01 m of the sediment surface (the depth is twice the hydrodynamic dispersivity; Shanahan & Harleman, 1984). Collecting porewater at such shallow depths is possible, but the
volume of water that can be reliably sampled is very small (Harvey & Fuller, 1998; Harvey et al., 2013) which
can complicate analysis of some of the radiometric tracers. In the example presented by Cook et al. (2018),
if the concentration at 0.05–0.1 m was used in equation (3) rather
than that at 0.01 m, then the water ﬂux would be underestimated by
a factor of between 4 and 10.

Figure 2. Estimated pore water ﬂux, based on a measured net radon ﬂux of
F 5 50 Bq m22 d21, and assuming a single perfectly mixed reservoir. (a) Estimated water ﬂux based on different assumed values of mixing zone depth, h.
(b) Estimated water ﬂux based on different assumed values of mixing zone
mean residence time. Other model parameters are c 5 30 Bq m23, c 5 900
Bq m23 d21, and h 5 0.4.

Rather than directly measuring the end-member concentration, it is
also possible to relate the tracer ﬂux to the water ﬂux by assuming
either a value for the mean residence time of the porewater (tp) or the
volume of the mixing zone, hh (e.g., Cook et al., 2006; Stieglitz et al.,
2013; Webster et al., 1994). If porewater exchange is driven by tidal processes, for example, then a mean value for tp can perhaps be estimated
and used to estimate the water ﬂux (Webster et al., 1994). However, for
other driving forces, such as wave action or river ﬂows, the residence
time would need to be independently determined. h is similarly difﬁcult
to constrain and small errors in estimation of h can result in very large
errors in the water ﬂux (Figure 2). Without independent measurement
of cp, it may only be possible to deﬁne a minimum value for Qp (the
actual ﬂux will be equal to this minimum value when the porewater residence time is long; equation (A5) in Appendix A). This also allows calculation of a minimum value for the volume of the mixing zone (from
rearrangement of equation (A3); Bourke et al., 2014).
3.3. Porewater Exchange and Groundwater Inflow/Outflow as
Discrete Pathways
If porewater exchange and groundwater inﬂow occur as discrete pathways, then the relationship between tracer ﬂux and water ﬂux will
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depend on whether the tracer ﬂux is measured for the entire surface water system (e.g., using a tracer mass
balance), or at a point (e.g., using porewater proﬁles). If the tracer ﬂux is measured based on a surface water
balance, then the total net tracer ﬂux is equal to


F5Qg cg 1Qp cp 2c :
(4)
In this case, estimation of the water ﬂux is difﬁcult. For radiometric tracers, dividing the tracer ﬂux by (cp – c)
will overestimate the total water ﬂux (Qg 1 Qp), whereas dividing by cg will underestimate the total water
ﬂux, as usually (cp – c) < cg. Notice also that if porewater exchange occurs but all the tracer ﬂux is incorrectly
assumed to be driven by groundwater inﬂows, dividing F by cg will overestimate the groundwater ﬂux (Qg).
For conservative tracers, dividing the tracer ﬂux by cg will provide an exact estimate of the groundwater
ﬂux (see equations (A6)–(A11), in Appendix A). If groundwater outﬂow occurs, then the net tracer ﬂux is


F5Qp cp 2c 2 Ql c;
(5)
where Ql is the groundwater outﬂow (L T21), and so dividing the total net tracer ﬂux by (cp – c) will underestimate the porewater ﬂux, Qp (equations A12, A13).
When the tracer ﬂux is measured using porewater proﬁles, the estimated ﬂux will only capture the mechanism (i.e., porewater exchange or groundwater inﬂow) occurring at that given point. The water ﬂuxes at
each given point will be estimated by dividing by porewater or groundwater concentrations (in the porewater exchange and groundwater inﬂow zones, respectively), as described in sections 3.1 and 3.2. An estimation of the total water ﬂux will thus require including sites that cover all the mechanisms and an
appropriate estimation of the relative areas of porewater exchange and groundwater inﬂow and/or outﬂow
zones.
3.4. Porewater Exchange and Groundwater Inflow Mix Prior to Discharge
If groundwater inﬂow mixes with exchanging porewater before entering surface water, then this mixing will
inﬂuence the concentration at the sediment-water interface. The mass balance of the mixing zone can be
expressed
Qp c1Qg cg 1chh5Qp cp 1Qg cp 1khhcp ;

(6)

where h (L) is the depth of the subsurface mixing zone, c is the production rate within the subsurface
(M T21 L23), k is the radioactive decay rate (T21), h is the subsurface porosity, and other parameters are as
previously deﬁned (Figure 1d). The net tracer ﬂux into the surface water is


F5 Qg cp 1Qp cp 2c :
(7)
Dividing by (cp – c) and substituting for cp using (6) and rearranging then gives


F
khh
E
F
2
;
 Qp 1Qg 
cp 2c
E E11
cp 2c
c

(8)
c

where E5 cg 21 (see equations (A15)–(A20) in Appendix A). Thus, for large values of cg (and hence also of E),
the total water ﬂux can be approximated by dividing the net tracer ﬂux by (cp – c). Although this approximation will overestimate the total water ﬂux, the degree of overestimation will be small (notice that these overestimates will be less than if porewater and groundwater inﬂow do not mix prior to discharging to surface
water; compare equations (A8) and (A17).) Of course, if cp  c, then dividing the tracer ﬂux by cp rather
than (cp – c) also provides a reasonable approximation of the water ﬂux. Dividing F by cg will overestimate
Qg, but the overestimation will be less than in the scenario where porewater and groundwater inﬂow do
not mix prior to discharge (compare equations (A10) and (A22)). Of course, measurement of groundwater
end-member concentrations must be made beyond the zone inﬂuenced by porewater exchange. For river
systems, bank storage exchange can create mixing zones between groundwater and river water that can
extend for many tens of meters (McCallum et al., 2010; Welch et al., 2013), and so measurements of groundwater end-members need to be made at greater distance. For conservative tracers, although porewater
exchange alone will not create a tracer ﬂux into the surface water, if groundwater and exchanging porewater interact, then concentrations within the porewater will still be affected by the porewater exchange
ﬂux, and so porewater concentrations can provide information on this ﬂux (see equations (A17)–(A23) in
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the Appendix A).The approaches described above for estimating water ﬂuxes thus apply for conservative as
well as radiometric tracers. If groundwater outﬂow occurs rather than groundwater inﬂow, dividing the total
ﬂux by (cp – c) will underestimate Qp, and the degree of underestimation can potentially be large (see equations (A24)–(A26)).
3.5. Comparison Between Porewater Mixing and Flow Path Models
If porewater exchange occurs along discrete ﬂow paths that do not mix, then cp will be highly spatially variable, reﬂecting differences in subsurface residence times of the ﬂow paths. In the case of a single ﬂow path,
the subsurface travel time is given by (A4), and so the concentration at the discharge point will be
c  c  2hhk
cp0 5 2 2c e Qp :
(9)
k
k
In contrast, for the porewater mixing model (Figure 1b), the concentration of porewater is related to model
parameters by
cp 5

Qp c1chh
;
Qp 1khh

(10)

(see A1 in Appendix A for derivation). Minimum and maximum values of the ratio of cp to cp0 are difﬁcult to
evaluate analytically, but it can be numerically shown that cp/cp0 lies between 0.75 and 1.0. Since the porewater ﬂux is proportional to (cp – c), the difference between calculated tracer ﬂuxes from the two conceptualizations will be less than 25%, irrespective of the number of ﬂow paths. However, this assumes that the
value of cp used by the mixing model is the mean (ﬂux-weighted) concentration in porewater discharge.
Clearly, collection of numerous samples to estimate the variability of porewater concentrations is recommended. Ultimately, this is likely to prove to be one of the limitations of the tracer approach.

4. Discussion
Where either porewater exchange or groundwater inﬂow to surface water occur in isolation, then the water
ﬂux is easily estimated by dividing the net tracer ﬂux by an appropriately chosen end-member concentration. In the case of porewater exchange, this means measuring the tracer concentration within a few centimeters of the surface water-porewater interface. In the case of groundwater inﬂow, it means measuring the
tracer concentration in samples representative of groundwater actually discharging to the system (i.e., after
the tracer has undergone all geochemical transformations). However, when both porewater exchange and
groundwater inﬂow occur, absolute estimation of ﬂuxes is more difﬁcult (Table 1). Dividing the net tracer
ﬂux by the difference between the porewater and surface water concentration (cp – c) will provide a maximum value for the combined ﬂux (Qp 1 Qg) (assuming that the tracer concentration in groundwater is
higher than in porewater ﬂuids, as is commonly the case). Dividing the net tracer ﬂux by the groundwater

Table 1
Methods for Determination of Water Fluxes for Different Conceptual Models
Conceptual model

Tracer flux

Tracer ﬂux only due to Qg
Tracer ﬂux only due to

Qpa

Both Qg and Qp contribute to tracer ﬂux, but do
not mix prior to dischargea

F5Qg cg


F5Qp cp 2c


F5Qg cg 1Qp cp 2c

Water flux estimation
Qg 5 cFg
Qp 5 cpF2c
F
cg

< Qg 1Qp < cpF2c

Qg  cFg

Both Ql and Qp contribute to tracer ﬂux, but do
not mix prior to dischargea
Both Qg and Qp contribute to tracer ﬂux
and mix prior to discharge



F5Qp cp 2c 2Ql c

Qp > cpF2c



F5Qg cp 1Qp cp 2c

Qg 1Qp  cpF2c

Both Ql and Qp contribute to tracer ﬂux and mix prior to discharge



F5Qp cp 2c 2Ql c

a

Qg  cFg
Qp > cpF2c

For conservative tracers cp 5 c, and so there is no tracer ﬂux due to porewater exchange.
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concentration will provide a maximum value for the groundwater ﬂux (Qg). In both cases, the maximum
value will be closer to the actual ﬂux, if porewater exchange and groundwater inﬂow completely mix prior
to discharge. If porewater exchange and groundwater outﬂow occur concurrently, then dividing the net
tracer ﬂux by (cp – c) will provide a minimum value for Qp, which will be closer to the true value if porewater
exchange and groundwater outﬂow occur as discrete processes and do not mix in the subsurface.
In most natural systems, both porewater exchange and groundwater exchange will occur, and estimation of
exchange ﬂuxes is considerably simpliﬁed if ancillary data can indicate that one of these contributions is
small and can be neglected. Thus, some previous studies have argued that porewater exchange is negligible in comparison with groundwater inputs, based on low permeability of ocean or lake sediments, and
thus assumed that the tracer ﬂux is entirely due to groundwater inﬂow (e.g., Beck et al., 2007). Bourke et al.
(2014) demonstrated the absence of groundwater inﬂow to a river based on comparison of groundwater
and river levels, and hence used radon concentrations to estimate the porewater exchange ﬂux. Some
authors have argued that because radium sorbs to aquifer material at low salinities, it will not be inﬂuenced
by inﬂow of entirely fresh groundwater and so in marine environments it is most sensitive to porewater
exchange (e.g., Tait et al., 2017). Although this might be the case if fresh groundwater and porewater
exchange represent discrete pathways (Figure 1c), it may be problematic where groundwater mixes with
porewater exchange before discharging to surface water (Figure 1d). For most marine environments,
groundwater discharges to the sea as brackish water (even in karstic springs; e.g., Garcia-Solsona et al.,
2010) and thus concentrations of radium in groundwater (and thus groundwater ﬂuxes) are not negligible
(Rodellas et al., 2015; Cho & Kim, 2016). Our analysis does not consider the implications of mixing of water
masses on radium sorption and desorption. If porewater exchange and groundwater have different salinities and mix in the subsurface prior to entering the surface water, then the relationship between radium
ﬂux and water ﬂux becomes more complex, and the simple relationships developed in this paper cannot be
applied. The effect of salinity on radium sorption remains a major unresolved issue in the many studies
using radium as a tracer for these exchange processes.
A number of coastal zone studies acknowledge that porewater exchange and groundwater ﬂows are not
easily discriminated, and thus deﬁne the term submarine groundwater discharge (SGD) to comprise both
sources (Burnett et al., 2003). However, to estimate this combined ﬂux, they often divide the tracer ﬂux by
the groundwater concentration (e.g., McCoy et al., 2007; Swarzenski et al., 2007). Because the tracer concentration in porewater exchange usually will be much lower than the groundwater concentration, this
approach will generally greatly underestimate the total subsurface water ﬂux. As shown here, if the tracer
ﬂux is divided by (cp – c), then the combined ﬂux will be overestimated, and the degree of overestimation
will depend upon the extent of subsurface mixing between groundwater inﬂow and porewater exchange
and the difference between cp and cg.
A possible approach for discriminating between porewater and groundwater ﬂuxes is based on either temporal or spatial variations of ﬂuxes. Yu et al. (2013) assumed that the tracer ﬂux due to porewater exchange
is constant along a river, but that groundwater inﬂow varies spatially. They then assume that the smallest
tracer ﬂux along the river is equal to the tracer ﬂux from porewater exchange, and that higher tracer ﬂuxes
in other river reaches must be due to groundwater inﬂow. Similarly, if groundwater inﬂow is constant in
time and porewater exchange varies (perhaps due to variations in wind speed, in the case of a lake or estuary), then it might be possible to discriminate between porewater and groundwater ﬂuxes based on temporal variation in the total ﬂux. Others have tried to combine different tracers to differentiate porewater and
groundwater ﬂuxes (e.g., Colbert & Hammond, 2008; Stieglitz et al., 2013; Rodellas et al., 2017). The combination of radon and a conservative tracer such as chloride would appear to have potential, particularly in
riverine settings.
Some of the problems in estimating water ﬂux also apply if the water ﬂux is then used to determine nutrient ﬂuxes to surface water, or inputs of other solutes (e.g., trace metals). A number of studies have estimated nutrient discharge to surface water by multiplying the tracer-derived water ﬂux (from both
porewater exchange and groundwater ﬂow) by the nutrient concentration in the end-member (e.g., Charette & Buesseler, 2004; Hwang et al., 2016; Santos et al., 2008; Tovar-Sanchez et al., 2014). Aside from the discussed uncertainties associated with the tracer-derived estimates of groundwater and porewater ﬂuxes, it is
often difﬁcult to determine the most representative nutrient concentration in the end-member, since most
of the dissolved compounds display nonconservative behavior due to biogeochemical transformations
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occurring in the subsurface, and reaction rates can vary over small spatial scales (Santos et al., 2008; Slomp
& Van Cappellen, 2004). Some studies have directly used the concentration in groundwater (e.g., measured
from coastal wells) as the nutrient end-member (e.g., McCutchan et al., 2003; Tait et al., 2017). This will overestimate the mean nutrient concentration in total water exchange (and thus the nutrient ﬂux to surface
water) if the nutrient concentration in fresh groundwater is greater than in recirculated porewater (e.g.,
Weinstein et al., 2011). Even when porewater concentrations are used, such samples are usually collected
from between 0.2 and 1 m depth (Charette, 2007; Santos et al., 2008; Rodellas et al., 2014), and so the nutrient concentration in exchanging porewater may still be in error, due to the potential for biogeochemical
transformations at shallower depths (Kennedy et al., 2009). If porewater and groundwater mix prior to discharge, then a better approach is to measure the nutrient concentration in very shallow porewater samples
or from seepage meters (e.g., Gilmore et al., 2016). This should represent nutrient concentrations discharged
after all biogeochemical processes have occurred, and also integrate the relative importance of porewater
and groundwater sources. Of course, the concentration of nutrients in seawater needs to be subtracted
from the porewater concentration, to determine the net nutrient ﬂux.
Although the mixing models presented in this paper are idealized, they nevertheless are useful for demonstrating some of the complexities of estimating surface water-groundwater exchanges. Whether or not
porewater and groundwater mix prior to discharge will depend on the nature of the surface water—
groundwater system. The existence of discrete pathways for groundwater inﬂow is more likely in karstic or
fractured rock systems. However, even in the absence of such geological heterogeneities, groundwater
inﬂow to lakes and coastal waters tends to concentrate near the shoreline (Bokuniewicz, 2001; Genereux &
Bandopadhyay, 2001; Pfannkuch & Winter, 1984), and so some separation between areas dominated by
groundwater inﬂow and those dominated by porewater exchange will often occur (Michael et al., 2011).
Mixing between groundwater inﬂow and porewater exchange is more likely when porewater exchange is
driven by changes in surface water level (e.g., driven by tides, seiches, and wave action; Rosenberry et al.,
2013) than under conditions of stable surface water level and stable bed forms, when zones of upwelling
and downwelling are also likely to be stable (e.g., Savant et al., 1987). However, neither the ﬂow path nor
complete mixing model are likely to occur in reality, and the true situation probably lies somewhere in
between these extremes. One of the key limitations of both of these models is that they assume that both
groundwater inﬂow and porewater exchange are constant in time, which is not commonly the case. In river
systems, changes in surface water levels give rise to bank storage exchange ﬂuxes, which can be directed
either towards or away from the river. Similarly, temporal changes in water levels in lakes and lagoons can
be introduced by winds and tidal processes. The time of sampling can thus inﬂuence the exchange ﬂux that
is calculated, and sampling at different times is recommended in these systems.

5. Conclusions
Groundwater inﬂow and porewater exchange between surface water and underlying sediments can be estimated from tracer mass balances, although determining water ﬂuxes from tracer ﬂuxes requires careful
selection of tracer end-member concentrations. The most appropriate method for determining these endmembers will depend upon both the nature of the tracers and the nature of water exchange. If both porewater exchange and groundwater inﬂow occur, and mix prior to discharge, then the total water ﬂux (porewater exchange plus groundwater inﬂow) usually can be approximated by dividing the tracer ﬂux by the
difference between the porewater and surface water concentration. If porewater exchange and groundwater inﬂow occur without mixing prior to discharge then the total water ﬂux can only be constrained by minimum and maximum values. In both cases, maximum estimates of Qg can also be separately determined. If
river loss mixes with porewater prior to discharge, the minimum values of Qp can be derived. Use of multiple tracers, and spatial and temporal replication should provide a more complete picture of exchange
processes.

Appendix A
A1. Mixing Model for Porewater Exchange Without Groundwater Inflow or Outflow
In the case of a simple subsurface reservoir with constant volume that is perfectly mixed, the mass balance
for a radiometric tracer only subject to porewater exchange is given by
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(A1)

where Qp (L T21) is the water ﬂux (both into and out of the subsurface); cp and c (M L23) are the tracer concentrations within the subsurface and within the surface water, respectively; h (L) is the depth of the subsurface mixing zone; c is the production rate within the subsurface (M T21 L23); k is the radioactive decay rate
(T21); and h is the subsurface porosity. The left-hand side of equation (A1) represents the addition of tracer
to the subsurface and the right-hand side represents the losses, which must balance the inputs at steady
state. The net tracer ﬂux (F; M L22 T21) from the subsurface into the surface water is then


F5Qp cp 2c :
(A2)
We can calculate the relationship between water ﬂux and tracer ﬂux by solving (A1) and (A2) simultaneously
(by elimination of cp).


chh2khhc
F5Qp
(A3)
Qp 1khh
Thus, if we know the residence time of porewater (tp), then we can use the relationship between mean residence time and Qp:
tp 5

hh
;
Qp

(A4)

to develop a relationship between F, Qp, and tp:
F5Qp

!
c2kc
:
tp21 1k

(A5)

Notice that for conservative tracers c 5 k 5 0 and so cp 5 c, implying that there is no net tracer ﬂux (F 5 0).
A2. Porewater Exchange and Groundwater Inflow as Discrete Pathways
Suppose that porewater exchange and groundwater inﬂow occur as discrete pathways, but porewater is
internally well-mixed. The mass balance of the porewater mixing zone is simply given by (A1). The net tracer
ﬂux into the surface water is


F5Qp cp 2c 1Qg cg
(A6)
and so
cg
F
5Qp 1Qg
:
cp 2c
cp 2c

(A7)

Since the residence time of groundwater in the subsurface is long, radiometric tracers with short half-lives
will usually be at secular equilibrium, so that cg 5 c/k. Substituting for cp using (A1) and for c using c 5 kcg
then gives



cg
F
Qp 1khh
5Qp 1Qg
(A8)
> Qp 1Qg :
cg 2c
cp 2c
khh
Similarly
F
cp 2c
5Qg 1Qp
cg
cg

(A9)

F
khh cg 2c
5Qg 1Qp
;
cg
Qp 1khh cg

(A10)

and thus,

so
Qg 

F
< Qg 1Qp :
cg

(A11)

The equality in (A11) occurs for conservative tracers, for which c 5 k 5 0.
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A3. Porewater Exchange and Groundwater Outflow as Discrete Pathways
Suppose that porewater exchange and groundwater outﬂow occur as discrete pathways, but porewater is
internally well-mixed. The mass balance of the porewater mixing zone is given by (A1). The net tracer ﬂux
into the surface water is


F5Qp cp 2c 2Ql c;
(A12)
where Ql (L T21) is the rate of groundwater outﬂow. Thus,
F
c
5Qp 2Ql
< Qp :
cp 2c
cp 2c

(A13)

A4. Porewater Exchange Mixes With Groundwater Inflow
If both porewater exchange and groundwater inﬂow mix before discharging to surface water, then the
mass balance of the mixing zone can be expressed
Qp c1Qg cg 1chh5Qp cp 1Qg cp 1khhcp :

(A14)

The net tracer ﬂux into the surface water is


F5Qp cp 2c 1Qg cp

(A15)

F
cp
5Qp 1Qg
:
cp 2c
cp 2c

(A16)

and so

Substituting for cp using (A14) and recognizing that c5 cgk gives
c
F
cg Qp cg 1Qg 1khh
5Qp 1Qg
 Qp 1Qg :
Qg 1khh
cg 2c
cp 2c

(A17)

We can also rewrite (A17) as
!


F
Qg c
khhQg c


1 
:
5 Qp 1Qg 11 
cp 2c
Qg cg 2c 1chh2khhc
Qg cg 2c 1chh2khhc

(A18)

Thus (assuming c > kc), we get




F
1
khh
 Qp 1Qg 11 1
Qp 1Qg 
cp 2c
E
E

(A19)

and so


c


F
khh
E
F
2
:
 Qp 1Qg 
cp 2c
E E11
cp 2c

where E5 cg 21: Thus for large values of

cg
c

(A20)

(and hence also of E), Qp 1Qg is reasonably well constrained.

Dividing F by cg gives
F
cp 2c
cp
5Qp
1Qg :
cg
cg
cg

(A21)

Substituting for cp using (A14) and using c 5 cgk then gives
cg 2c
F
khh
5Qg 1Qp
cg
Qp 1Qg 1khh cg

(A22)

and hence,
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F
< Qg 1Qp :
cg

(A23)

A5. Porewater Exchange Mixes With Groundwater Outflow
If a net groundwater ﬂow occurs from the surface water to the groundwater, and porewater exchange and
groundwater outﬂow completely mix within the porewater zone, then the mass balance of the mixing zone
can be expressed
Qp c1Ql c1chh5Qp cp 1Ql cp 1khhcp ;

where Ql (L T21) is the rate of groundwater outﬂow. The net tracer ﬂux into the surface water is


F5Qp cp 2c 2Ql c

(A24)

(A25)

and so,



F
c
c
Qp 1Ql 1khh
5Qp 2Ql
5Qp 2Ql
< Qp :
cp 2c
cp 2c
cg 2c
khh
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